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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 sulfid8QO»
following excitation at several wavelengths within the first absorption band-<229 nm). Analysis of
measured time-of-flight profiles of the nascent{jidoducts indicates a strongly anisotropic photodissociation,
with approximately 76-80% of the available energy appearing as fragment recoil translation. A hybrid
statisticat-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. S0d994 116, 11444) that both the'A" and 2A" excited states play an important role

in the photodissociation process. An analysis of nascent(fZl¥, J) vector correlations, where the fragments

are assumed to recoil axially along the £ CD; 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 2'A", and located a seam of conical intersections occurring close
. . . . to the excited FranckCondon region accessed from the ground
3 - {

Since the pioneering work of WilsonBersohrr,® and co XA, state? The calculations predicted that both the propensity

workers, great progress has been made in the study of theof initial states prepared by absorption and their subsequent
photodissociation dynamics of polyatomic molecules. Becaused namics shouldprefFI)eCt the gtron ir?teraction between %Aéql
more than one excited state must usually be considered upon y g

absorption at ultraviolet wavelengths, the influence of nona- and 2, states facilitated by the conical intersection. A

1 H H IA T
diabatic interactions on product observables has attractedigxerze'z,s,'t'snrf(;fc\éf.rsat'(r)ggl s;%t?;lgn.gmg tcﬁgﬁnAog t?\r(g"rst
particular attention. An interesting example that has been the 2 )su IS produ wing excitat !

subject of recent theoretidalnd experimentat® work is absorption band. Thel&" state can only dissociate nonadia-
provided by the photodissociation of GBCH (DMS) in its batically to the ground-state fragments, a process that can occur

. . : : efficiently via the surface of conical intersections with tha1
first absorption band~215-230 nm). The electronic config- - . 3
uration of DMS in its ground state can be written as state, accessed by stretching of the CS bond and distortions of

the CH; and CSC bond angles. This readily accessible region
2 2 2 2. o1 of electronic nonadiabaticity has attracted several experimental

--(18)"(82)"(4b,)"(3b,)" XA, investigations on the UV photodissociation of DMS. Early

studies using flash photoly3fs16in the absorption wavelength

where the highest occupied (nonbonding) Bimlecular orbital region 206-300 nm indicated that breakage of the-§ bond
is dominated by the 3porbital of atomic sulfur, directed ;3 he process

perpendicular to the €5—C planel®1in C,, symmetry, two
low-lying excited electronic states!®; and £A,, resulting from .

the promotion of a 3pelectron to a Rydberg-like sulfur 4s CH,SCH, 4 ho = CH,S + CH, @)
orbital (9a) and to a C-S antibonding valence-like orbital (§b
respectively, are energetically accessible from the grouf#l; X
state in the excitation wavelength region of the first absorption
band!213 Only the £B; — X!A; transition is electric-dipole-
allowed in the limit ofC,, symmetry, although vibronic coupling
of the 1!B; and %A, excited states through the CSC asymmetric
stretching vibration allows thetA, — XA transition to steal
intensity. Employing theCs point group, Yarkony et al.
calculated potential energy surfaces of the two stafes; and

is the dominant dissociation pathway. This was later confirmed
by Nourbakhsh et &f and Lee et al® at the photolysis
wavelengtiMpyor = 193 nm using translational spectroscopy,
which also allowed the direct determination of the {SSHCHj3
bond dissociation energ9o ~ 314 kJ motf?,

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) spectroscopy and velocity map ion

T Part of the special issue “Richard Bersohn Memorial Issue”. imaging® techniques. Spectroscopy of the nascent methyl
* Corresponding author. E-mail: aociz@quim.ucm.es. fragments, with the analysis of time-of-flight (TOF) profiles
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and ion images, indicated that approximately 80% of the total , , i TOF
available energy is deposited into fragment translation, ap-
proximately 5% is disposed into internal girhodes, and the
remaining 15% appears as internal excitation of the $CH
fragment—8 In addition, the spatial anisotropy parametevas
found to be close to the limiting value expected for a LASER
perpendicular-type transitiof & —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 translattoh.

Although the energy partitioning and anisotropy provide a Figure 1. Schematic representation of the experimental geometry
coarse-grained picture, understanding of the photodissociationshowing the counterpropagating photolysis and probe laser beams
mechanism can be greatly enhanced by specifying the correlationdirected perpendicularly to the TOF axis. The anglgsandy are
between th vectod e angular momentur,aie recol - 29SEL 107 21 200 e obets s o U ploctys
velocity Of the fragments, in a molecular frame def'nEd’by_ samgling of ions v,vith r%ducedyvelocity projectigﬂ/v ~1 fapcilitated
the transition dipole moment of the parent molecule at the time p, gperation of the TOF mass spectrometer with a low ion extraction
of excitation. To this end, a recent stddyf DMS in the first field, rejecting off-axis-traveling CPfragments.
absorption band (at 219 nm) sought to characterize the labora-
tory-frame ¢, J) alignment of the methyl photofragments the free jet such that cluster formation is minimized. Around
immediately after dissociation. Invoking an impulsive dissocia- 10 ns later, the tunable frequency-doubled output of a separate
tion model, where the fragments recoil axially along thes&H Nd:YAG-pumped dye laser (285287 nm) delivers the probe
CHz bond, core-sampléd REMPI spectra of the nascent radiation. Two double FresneRhomb prisms controlled the
fragments were adequately simulated. The success of the simpleolarization direction of the photolysis and probe radiation
dissociation model allowed the nascent rotational populations independently. The Cfphotofragments were selectively ionized
and molecular-frame alignment (i.¢&;state propensity, where by (2 + 1) REMPI via the (4p2A5 <— X2A} transition?! lons
K is the quantum number of the projection dfonto the are extracted from the interaction region using continuous
symmetric top axis) of the methyl fragment to be deconvoluted voltages applied to a series of stainless steel plates @x
from laboratory-frame alignment effects, an important procedure 0.1 ¢cm) that each house a 2-cm-diameter aperture and are ar-
if the latter are strong. ranged in a Wiley-McLarer??type setup. The extraction region

In light of this new insight into the dissociation mechanism, consists of two plates, the repeller (P1) (furthest from the de-
the present work describes measurements, using the REMPI+ector), and the extractor (P2), mutually separated by 1 cm and
TOF technique, over a range of photolysis wavelengthsdr thus creating the extraction fieldy, which can be adjusted
= 215-230 nm) corresponding to diffuse vibrational features between 0 and 2000 V cmh A third plate (P3), an additional
on the first absorption band, exploring three key aspects. First, 1 cm closer to the detector, is held at ground potential and de-
the photofragment recoil energy distributions ghparameters  fines the Wiley-Mclaren acceleration regici.The ions pass
are obtained from the TOF profiles using an accurate instru- an additional 12 cm upstream before encountering the final col-
mental response function, revealing quite a striking correlation limating plate (P4), also of 2-cm aperture diameter, which is
between energy disposal/anisotropy and photolysis wavelength.held at ground potential. After traversing a second field-free
Second, the aforementioned characterization ofth)(align- region (~16-cm flight path) the ions are detected by a micro-
ment of the methyl photofragments, where cylindrical symmetry channel plate detector. The resulting ion signal is amplified and
of the J vector aboutv is presumed, is extended to include passed to a computer-interfaced digital oscilloscope for data
possible coherence in a frame attachegk td-inally, the nas- analysis.
cent methyl rotational distributions and molecular-frame align- ~ The REMPI-TOF method is sensitive to the projection of the
ment K-state propensity) obtained from REMPI spectra, de- 3D velocity distribution of photofragments onto the TOF
convoluted from laboratory-frame-alignment effects, are exam- detector axis. To extract meaningful information, this transfor-
ined in closer detail, indicating a correlation with the internal mation must be accurately simulated, taking into account any
motion of the dissociating parent in accordance with an axial, inherent velocity discrimination effects of the system. Taking
impulsive-type dissociation. These findings, together with the Z" as the TOF detector axis, then, for a trajectory with an off-
results of previous experimental and theoretical work, are usedaxis component of velocityy- (or vx-), it can be shown that an
to discuss further the qualitative features of the excited-state ion formed at the center of the extraction region will reach the
surface, upon which the dynamics of the photodissociation detector only if
intimately depend.

PHOTOLYSIS

ot

PROBE LASER

Vx*

et <R (2)

Il. Experimental Procedures . . . . .
wheret is the time of flight to P4 andR is the radius of the

The REMPI-TOF apparatus has been described in detail aperture in P4. Thus, for sufficiently high recoil energies, small

previously®20 Briefly, approximately 200 Torr of pure GP extraction voltages (longer time discriminate against laterally
SCD; (hereafter, DMSHs) vapor was expanded through a pulsed traveling photofragments.
valve (nozzle orifice diameter 0.05 cm, opening timez 300 The capability of the REMPI-TOF system to discriminate
us) into an evacuated chamber (typical working pressut& 6 against photofragments recoiling laterally to the TOF axis with
mbar), forming a free jet that is perpendicularly intersecté&d vyt > Rcan be employed to generate an arrival distribution of
cm downstream by two counterpropagating laser beams. photofragments that is a one-dimensional sample through the
The photolysis laser, the frequency-mixed output of a Nd: core of the complete velocity sphere, as depicted schematically
YAG-pumped dye system, is fired at an optimal time4Q0 in Figure 1. In the extreme case of this “core-samplifig®

us) after the pulsed valve, interacting with the early edge of detection scheme, only fragments recoiling up or down, parallel
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Figure 2. REMPI-TOF profiles (open circles) of the GBragments following photodissociation of DM&-at Appor = 215 nm measured on the
maximum of the Q branch of the (4pA5 — X2A5 Og transition for three different angle8p, between the photolysis laser electric vectgr,and
the TOF detector axisZ". The solid curves represent calculated simulations of the profiles (see text).

to the extraction direction, i.e., with reduced velocity projection
along the TOF axigz»/v ~ 1, are detected. As has been shown
in previous worlk® this apparent disadvantage of the detection
system is particularly useful for the characterization of \(,
J) correlations.

In the present work, photofragment recoil energy and dis-

different polarizations of the photolysis lasép, imply that
the photodissociation occurs with a significantly negative recoil
anisotropy parametef, in agreement with previous investiga-
tions® at Apnor = 229 nm.

The use of the REMPI-TOF techniqgue as a means of
measuring kinetic energy release and anisotropy in molecular

sociation anisotropy information, where nascent rotational state photodissociation has been described by several awthars.
selection is not necessary, was extracted from TOF profiles For a single-photon dissociation process induced by linearly
measured on the maximum of the Q branch of the two-photon polarized light in an isotropically oriented sample, the angular

(4p)2AYy — X2Ay 0 transition. No core sampling was em-

distribution of photofragment$(0), is axially symmetric with

ployed in those experiments, with the ion extraction field chosen respect to the electric field vectdip, of the light and can be

to satisfy eq 2 (typicallyEex &~ 240 V cnt?) 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 advantag

of a core-sampling detection scheme is then two-fold. First,
velocity selection dramatically increases the sensitivity of the
experiment to they v, J) correlations created by the photo-
dissociation process. Second, the low extraction field (typically,
Eex ~ 80 V cmiY) 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 CRR* ions formed by multiphoton dissociative
ionization of the parent molecule (adiabatic ionization potential
= 8.71 eV)!8allowing clean REMPI spectra to be obtained.

lll. Results and Analysis

A. REMPI-TOF Profiles: Anisotropy and Recoil Energy
Distributions. The REMPI-TOF profiles](t;0p), of the Cy
fragments measured following the photodissociation of DMS-
ds at Apyot = 215 nm for different angle8p between the TOF
axis and the photolysis laser electric field vedprare shown

expressed 8%
1(6) = 211+ fP(cos0) 3)

where@ is the fragment ejection angle relativedg, j is the

éecoil anisotropy parameter, ari®y 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 th&' axis is the TOF-MS axis
and summing over the recoil speed distributigfy), gives the
projected distributiof?

me9(V)

Uy
f(o2,60) = f| 1+ ﬁ(u)PZ(COSOD)PZ(j)] dv (4)

vzl 2
whereuvz- is the velocity component along tl# axis, v is the
speed of the fragments, arflh is the angle between thg’

axis and the photolysis electric field vect&y. Other terms in

eq 4 caused byv( J) correlationg* which are the focus of
section 111.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 ghesX
correlation. The inclusion of these extra terms does not change

in Figure 2. The profiles were obtained at the probe laser the extracted anisotropy parameters and speed distributions
wavelength corresponding to the maximum observed intensity within experimental uncertainty. Under space-focusing condi-
on the congested Q branch of the methyl photofragmesi34p  tions?? the experimental TOF spectri(t:fp), can be trans-
transition. In accordance with previous studigbe CD;* ion formed to the velocity domair(vz+,0p), by the relation
signal showed a roughly linear dependence on the photolysis

laser photon flux, indicating that the methyl fragments are E(t — t)

produced at the one-photon excitation level. The slight asym- vz = m

metric appearance of the profiles is a consequence of the less

efficient detection of ions flying away from the detector (longer whereq and m are, respectively, the charge and mass of the
timest in eq 2), although it is evident from the excellent photofragment anth is the mean time of flight of the ion. To
agreement between the experimental and simulated profiles thasimulate the velocity-domair(vz+,0p), profile and extract the
this effect is well modeled by the instrumental response function dynamically significant termg(v) andj(v), the expression for
(see below). The contrasting appearances of the profiles atf(vz,0p) (eq 4) must be convoluted with an appropriate

(%)



Photodissociation Dynamics of DMS

151 Lo.80
A N
+ ° lors & \\

. 1.0 * i & \
5 Loro 5
2 . . . by 4
= 54 56 58 i) Y
X ) Y
o EPHOT leV ..'/

4 i/
05 i
i) ——222nm
A4/ ——-2185nm
R/ 215nm
At
0-0 T T T i T v T T T
0.0 0.2 0.4 0.6 0.8 1.0
X

Figure 3. Recoil energy distributiong(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 bandAgnuor = 215, 218.5, 222, and 229 nm). The inset
plot shows the photolysis energleror, dependence of the average
recoil energy,X[] correlating with ground-vibrational-state methyl
products.

instrumental response function, including the duration of the
laser pulse, small deviations from the space-focusing conditions,
contamination by the nonresonant £Dsignal described earlier,
and any velocity-discriminating effect of the TOF detector (see
section Il). The latter was calculated with the aid of ion trajectory
simulations using the SIMION 5.0 computer progrém.

At the “magic angle” oftp = 54.7, f(vz,0p) is independent
of 3, allowing the speed distributiag(v) to be obtained directly
by differentiation of eq 4

g(v) = —2v %f(U,SAf.T) (6)

UZu:U

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-
workerg® 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(Ereq|dEred/dv| from a modified Gaussian recoll
energy distribution functich

<]
AX

wherex = EredEmaxis the fraction of the total available energy,
Emax appearing as fragment translational recoil enexgynd

Ax are fit parameters; andl 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 distributiés), the s para-

P(X) = Nx(1 — x) ex;{—( @)

meter can be determined by iterative simulation of the measure-

ments atdp= 0° and 90, with the fits at the three different
geometries providing confidence for the predetermig@q.

J. Phys. Chem. A, Vol. 108, No. 39, 2004939

length studied. The distributions indicate that a high fraction
of available energy is deposited into fragment translational
recoil, X0~ 0.7-0.8 (see inset of Figure 3), decreasing
progressively as a function of excitation energy. Identical best-
fit anisotropy parameterg, = —0.8 £0.1, were determined at
the three different photolysis wavelengths, in agreement with
the near limiting value determined in previous Woek Apport

= 229 nm.

B. Internal Energy and Alignment of the CD3 Fragment.
Previous investigations of the photodissociation of DWSR
the first absorption bafidreported 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 4)3 transition of the
nascent methyl fragments. Figure 4a shows the high-frequency
part (Q, R, and S branches) of the{21) REMPI spectrum of
this transition after the photodissociation of DM&{pHor =
218.5 nm) at three different angleg,= 0°, 35°, and 90,
between the probe laser electric vectés, and the TOF
detection axisZ'. The O and P branches were not included in
the analysis because of contamination of those transitions by
the 2 hot banct

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 Il) 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 tBevector, rather
than the weaker, translationally averaged anisotropy that is
observed if the entire velocity “sphere” is collected. Evidently,
the effects of theseu( 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 fz, v, J) vector correlations has involved the measure-
ment of Doppler-resolved laser-induced fluorescence (LIF) line
shapes! REMPI/TOF profiles?* or ion image® 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 Di¥oim which the
mutual arrangement of both angular momentum and velocity
are described by a correlated, J) angular distributiorP(ws,
wy), wherew(6;,¢1) and w(0,,¢;) are the angular coordinates
of v andJ defined in the molecular frame that has #saxis
parallel to the parent transition dipole momegnt(see lower
panel in Figure 5). This distribution is expressed as an expansion
on the basis of the bipolar harmoniBgg(ki,ko,w;,w;), whose
coefficients bg(kl,kg) are the bipolar moments, which com-
pletely characterize the angular relation between the vegtors
v, andJ.

To relate the body-fixed frame<( y', Z) bipolar moments
bg(kLkz) 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

As can be seen in Figure 2, excellent agreement between thedissociation frameX, Y, Z) is defined with theY axis as the

measured and simulated profiles is found using the function
P(x) with a single velocity-independent anisotropy parameter
B. Figure 3 shows the translational energy distributions obtained

using the forward-analysis procedure at each photolysis wave-

direction of propagation of the dissociation laser andZlzis
as the direction of its electric field vector, i.€.|l ¢p. The other
two important laboratory frames are defined in terms of Euler
rotations with respect to this frame. The TOF detector frame
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Figure 4. (a) Experimental (2+ 1) REMPI spectra of the CH(4p,)? Ay — XZA'2’08 transition for three different angleg,= 0°, 35°, and 90,
between the probe laser electric vecte,and the TOF detector axig,'. The simulated spectra are shown iad In d,J is cylindrically symmetric
about thev vector; in b and c, thd vector lies in theXZ andx'y' planes, respectively (see text).
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=

=

(X", Y, Z") is obtained by an Euler rotation (@p, 0) from ref 35. ModeIAs(k) moments can then be calculated and used
the dissociation frame and has #$ axis defined as the TOF-  to simulate the REMPI spectra at the different experimental
MS axis. The probe frameX(", Y, Z"") is defined with the ~ geometries. Comparison of the calculated polarization-dependent
Y axis as the propagation direction of the probe light Ztd REMPI spectra with experiment serves as an evaluation of the
as the direction of its electric field vectoZ” Il ép, and is model @, v, J) correlation.
obtained by the rotation (@p, 0) from the dissociation frame, A model photodissociation is proposed in which a pure
6p being the angle betwees andép. perpendicular-type absorption is immediately followed by an
Dixon3® and Cline et af® have described the transformation impulse passing axially along the breaking-8Sbond, directly
of the body-fixedP(wy,w;) to the velocity-dependent angular  through the center of mass of the methyl fragment. This is
momentum polarization momeAtsin the dissociation frame  reasonable because previous investigations have indicated a
XY, 2, Aﬁ(k), for single-photon electric dipole excitation of  strongly anisotropic photodissociation, where most of the
the parent molecule, thus allowing the bipolar moments to be available energy is channeled into translational motion of the
related to the intensity of a probing transition for a given velocity fragments, imparting only weak internal excitation of the methyl
projection along the detector axis. Several auttefs*®®have fragment. Within this model, only parent vibrational and
described fitting procedures for experimental TOF profiles where rotational motion can transfer angular momentum to the methyl
the geometry and polarization of the dissociating and probe fragment, although under the free-jet-cooled conditions of the
radiation are controlled, allowing for the determination of the current work, only lowd states are excited, the rotation of which
various bipolar moments related to thg, (v, J) vector will be mostly converted into orbital angular momentum of the
correlation. half-collision. For this reason, only the effect of parent
In the present work, the nonresonant ion signal mentioned vibrational motion (mostly zero-point) on the methyl fragment
in section Il prevents the measurement of clean TOF profiles rotational distribution and alignment is considered here.
on all probe transitions of the methyl photofragment exceptthe  Of the 21 fundamental vibrations of DMS discussed by
spectrally congested Q branch. Instead, a forward-analysis-typeAllkins and Hendra? the two torsional 4; and »,) and four
approach is applied with a presumed ¥, J) correlation, based =~ CDs rocking (vs—v9) modes are most strongly correlated with
on a dissociation mechanism suggested by previous studies thamethyl fragment rotational excitation. Most of the torsional
is used to calculate the expectation values of the bipolar energy will be transferred to spinning rotational motion of the
moments from the semiclassical arguments listed in Table 2 of fragments, as no corresponding vibrational modes exist in either
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Figure 5. Frames of reference used in the analysis. Upper panel: The

dissociation frameX, Y, 2) is defined with theY axis as the direction

of propagation of the dissociation laser and Zhaxis as the direction

of its electric field vectorZ Il ép. The TOF detectorR') and probe
(R") frames are obtained by respective g, 0) and (0,0r, 0) Euler
rotations from the dissociation frame. Lower panel: The body-fixed
system used to calculate the model bipolar moments, witz thgis
parallel to the parent transition dipole momeanéat the instant that the
photolysis radiation is absorbed.

CDj3 or SCD;. 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 ti@& axis of the methyl
fragment is parallel to the recoil velocity vector, the torsional
vibrational modes will give rise to higK!' state propensityv(
[I'J alignment), whereas low' state propensity( O J
alignment) would be expected from the contribution of the
rocking modes.

The angled;, between the parent molecule transition mo-
ment # and the translational velocity vectar of the CD;
fragment, is fixed to 90 for this purely perpendicular-type
transition. Within the model, the angt, (w;, in the notation
of ref 38) between) andv and the angl&), can be estimated
by invoking the vector model of the angular momentar#f
The state|JKOof the CD; fragment is then represented by a
vector of lengthy/J(J+1) making a fixed projectiork on the
methyl C3 axis that is also coincident with the velocity vector
v. The average angl®;[lis then given by

K

[JQ+ 1)]1’2} ®

@, (= cosl{
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Figure 6. (2 + 1) REMPI ion signal (spheres) of the nascentsCD
(4p)Ay — X2A5 08 R(5) transition versus the angje between the
electric field vector of the probe lase®, and the TOF axisZ'. The
dotted line shows a constrained least-squares fit of eq 9 to the data

with R”Agio = 0. The dashed line represents a least-squares fit of eq
12 to the data.

e

In previous work® the distribution of] 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) Thevector is confined to the plane
X'Z; thus,¢; — ¢; = 0, and the angl®, between) andy is 6,
= /2 — 6. (i) J is restricted to lie in the plangy’; thus, 6,
= n/2, and B;,0= ¢, — w;. In both cases, highk values
converge tal, v O g at increasing values af.

The two-photon intensity of the nascent CPfragment 4p
0j transition can be written &%

| = CriN" ") 5 PN .K'2) FATIN ) (9)
d

whereC is a detection constam;is the total population of the
nascent state\', K"'); and theP'g| are two-photon line-strength
factors, the calculation of which is described elsewHg(blote
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 fad®rBor
consistency with earlier wofkhe alignment parametesAY

are defined in the detection laboratory frame with respect to
the TOF-MS axisZ". These are obtained from tf& mo-
ments in the dissociation laboratory frame by the transformation

k
RAY = > Di(0.05,0) "AY (10)
q=—k

Note that, for the present case, whete/v ~ 1, theR'A¥
are equivalent to the molecular-frame polarization parameters
agk)(lj) 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 ApparBnt
Agf')(app) MomentsFigure 6 plots the intensity of the R(5)
transition as a function gf, the angle between the electric field
vector of the probe lasetp, and the TOF axig". In accordance
with eq 9, a linear combination of the individual unresolved
K'"-state alignment moments weighted by the population
n(N",K"), and appropriaté’g(Ni,Ki;Nf,Kf;Q) line-strength fac-
tors determine the intensity change that is observed. In previous
work,? a constrained least-squares fit to the data in Figure 6
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TABLE 1: Experimentally Determined Apparent Moments
R'AY)@app)R' AP @pp) for the R(5) Transition of the Nascent
Methyl Fragments

R AK)(app)F AY(app)

experimental value

k=2,q=0 0.7+0.1
k=4,g=0 -1.3+0.1
k=2,q=1 ~0.6+0.1
k=4,q=1 —0.06+ 0.04

with R'Aly = 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,

Barr et al.

TABLE 2: Model ®Al(app)” Al (app) Parameters for the
N'" = 5 State of the Nascent Methyl Fragments, where J is
Confined to the Planex'z?

K' RpA@  RrRpA@ R'A(4) R'A(%) R’ (2)(app) R’ (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 0429 -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.

the asymmetric intermediate maximum was barely present in TABLE 3: Model R”Ag[f)(app)/R”Aéo) Parameters for the N"" =
en

the simulations. The reason for this discrepancy was postulate

as the contribution of' Al moments withq = 0, which are
zero within the assumption that tllevector is cylindrically
symmetric abouv. When the probe laser propagation direction
is fixed, the noncylindrically symmetric moments have line
strengthsP'g that are linearly dependent on those for the
cylindrically symmetric moments, thus impeding the unique
determination of the real moments. Kummel et*%fd243
expressed thePE of eq 9 in terms of a set of mutually
independemPg',(ind) over the plane of space in which the
probe laser electric field vector rotates

PA(INL KN K Q) = Zc(k,q,k',q’,Ni,Ki,Nf,Kf) x
d
Pi(NLK;NGK;, Q)(ind) (11)

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 analyticalihy multiplying
both sides of eq 11 bi]’g',(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 edééﬁ(ind)

go State of the Nasc

Methyl Fragments, where J is
Confined to the Planex'y'2

K" RA@ R'A(2) R'A(O4) R'Agl) R (2)(app) R'Agl)(app)
0o -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 —06 -0.531 -0.048 0.013 —-0.25 —0.09
3 -01 -0429 -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

aSee text for details.

For linearly polarized photolysis and probe radiation, within
the approximation of a perfect core-sampling experimegit

= 1) with a pure, single-photon, perpendicular transitién~
—1), RA}) moments with oddg or evenq > 2 are zero.
Deviations from the model give rise to the experimental nonzero
R’ AP(app) andR'A”(app) moments (see Table 1); only the
R'A¥)(app) parameters can be compared with the values
obtained from the model impulsive dissociation. The experi-
mentally obtained® A?(app)R' A% (app) and R'A{(@app)F’
A9(app) parameters listed in Table 1 show a better qualitative

factor, and renaming these coefficients as the apparent momentgorrelation with those predicted for th€' = 4 andK"” = 5

R"Agf)(app) gives an expression for the total intensity in terms
of mutually independent line strengths

I — Cn(N”,K”);PI(;(N”,K”;N',K’;Q)(ind) R'Ag’(’)
a
(N",K",N',K")(app) (12)
where

A (app)= Zc(k,q,k',q'mgk) (13)
.d

In eq 13,k andq' are restricted to the ranks and components

of the independent moments of the line stren@{i{ind), butk

states where thé& vector is restricted to lie in th€Z plane of
the body-fixed frame (see Table 2).

B.2. REMPI Spectra: Nascent GRotational Population
Distributions.High-sensitivity, velocity-selected REMPI spectra
of the 4p0] transition were collected for fixed geometries of
the probe lasery(= 0°, 35°, 90°) after photolysis of DMSis
at Appor = 215, 218.5, and 222 nm. Typical REMPI spectra at
218.5 nm are shown in Figure 4a; assignments of thARE
+1) and S AN = +2) rotational branches can be found in ref
9. Calculated REMPI spectra with intensities computed from
eq 9, using a line-width function described elsewh&reccount
for natural and instrumental line-broadening effects (fwhm
1.6 cnT?), are shown for comparison with experiment in Figure

andq are completely general. Although the current experimental 4b—d. The nascent population distribution was obtained by

configuration cannot provide a measurement of the real align-

empirical weighting of the((N"",K'") quantum states to achieve

ment moments, its sensitivity to the apparent moments is usefulthe best fit with the experimental spectra. The simulations begin

for comparison with theoretical values derived from the model

with comparison of the spectra gt = 0°, because at this

dissociation process. Least-squares fitting of the data shown ingeometry, theP'; line-strength factors witlg = 0 are zero and,

Figure 6 to eq 12 yields th&' A} (app)F'AY(app) moments
listed in Table 1. Also shown in the figure is a comparison with
the constrained fit from previous woPkusing eq 9, where
R"Agk) moments withq = 0 were assumed to be zero. Evi-

hence, fitting is dependent on only the, (J) correlation;
consequently, the simulations shown in Figure-dbfor y =
0° are identical. Th&" population distribution within eacN"
manifold is modeled empirically following the methodology of

dently, the apparent moments provide a much more satisfactoryPisano et at® Within that formalism, thd<"" population function

fit to the experimental data.
Calculated®'AY(app)R AP(app) moments within the im-

for each value oN" is assumed to have the form of a Boltzmann
distribution with an effective temperature ©k-(N""). For the

pulsive model dissociation, using Table 2 of ref 35 and eqs oblate methyl fragment, a low, positivig- value corresponds
8—13, are reported in Tables 2 and 3 for the two limiting cases to a propensity for rotation about ti@3 axis (igh K', spinning

whereJ is confined to thexZ and X'y’ planes, respectively.

motion), whereas at the other extreme, a negalivevalue
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for an instantaneous, perpendicular-type transitr(—1) at
0.2 the onset of the first absorption band230 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. (vju( v, J) correlations are shown
to be well approximated by an axial impulsive model, with a
noncylindrically symmetric distribution of th@ vector with
0.1 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

0.0 k- - . - I 1 repulsive surface, where one would generally expect the
0 2 4 6 8 10 12 anisotropy and fraction of available energy in translation to be
N" invariant with respect to excitation energy. In the following
Figure 7. Empirically fitted N" state populations extracted from section, each of the_ above flnt_jlngs_ls_ratlonallzed _W'th a V'ew
simulations of the REMPI spectra of nascent{@fagments following toward understanding the dissociation mechanism that is
photodissociation atpHor = 218.5 nm. Circles, squares, and triangles  responsible. It is shown that the set of results presented here is
indicate highK" (spinning motion), lowK" (tumbling motion), and consistent with the earlier picture developed for the photodis-
intermediateK™ propensities, respectively. sociation of the lighter sulfur homologue$imolecule4 where

. o photoabsorption to a bright bound state 8; symmetry is
corresponds to a tendency for rotation about an axis in the planestrongly predissociated by a repulsive dark state af

of the methyl radicallpw K", tumbling motion). symmetry.

As a consequence of the differir’ dependencies of the B. Energy Partitioning. Knowledge of the way in which
P';(N”,K",N’,K’) line-strength factors for the R and S branches, the available energ\ga,,, is partitioned into the photofragment
Tk for eachN" state could be estimated by comparing the degrees of freedom can provide information on both the
relative intensities of common R and S transitions. Li- energetics and dynamics of the reaction. Simple models predict-
states " = 1—3) are better described by a |o@/* propensity ing this energy partitioning following molecular photodissocia-
[e.g., in both spectra, the S(3) transition is stronger than its R(3) tion can be divided into two categorieStatistical modelare
counterpart], whereas a higfi- propensity better describes the most appropriate for slow reactions occurring on barrierless
higherN" states (e.g., fol"" > 5 the S branch is barely observed potential energy surfaces; all product states are equally likely
in any of the spectra). An intermediak&-propensity was found  within a series of constraints. Examples include prior distribu-

n(N") / a.u.

for the states between these limit¢’'(= 4 andN" = 5) and tions* in which energy and linear momentum are conserved,
for the stateN” = 11. The spectrum gt = 90° is particularly and phase space theéffyPST), which also conserves angular
sensitive to theF"t‘4 line-strength factors witlg = 0 so that, momentum.Impulsive model$” are more suitable for direct

provided that the(N",K"") is reliable, comparison of experiment  dissociation on a repulsive potential.

and simulation at this geometry provides an indication of the  The energy availablel,, to be partitioned between the
full (u, v, J) correlation. The simulations in Figure 4b represent degrees of freedom of the photofragmentssGIdd SCI is
the best qualitative agreement with experiment, indicating that given by the following expression

theJ vector lies preferentially in th€Z frame after dissociation

and that the nascent (v, J) correlation is well described by Eav = Epnoton ™ Do(CD3S—CDy) + Ey (14)
the axial impulsive model. ) _
The N” distribution determined from the data &tnor = whereEpnotonis the photolysis photon energpo(CDsS—CDs)

218.5 nm is plotted in Figure 7 and cannot be fitted with a IS the zero-point bond dissociation energy (313.59 kJ#rfobm
Boltzmann distribution of nascent rotational €Btates; this  'ef 17), andEiy; is the internal energy of the parent molecule.
finding is examined in section IV. Most of the contributions toE,: should involve the low-
The above analysis was repeated for the REMPI Spectrafrequency modes, skeletal bends, and methyl torsions that are
obtained following photolysis at the other wavelengths studied. €XPected to undergo partial or complete relaxation in the
The empirically fitted\" distributions were found to be almost ~ SUPErSONIC éxpansion. ) N
identical in each case, with an average rotational energy of the _Although weak excitation of the “umbrella” vibrational mode
nascent CBy,—o) fragment, [ErorJ~ 200 cnT?, representing of the nascent CPfragments to that reported in a previous
only ~1% of the total available energy, in reasonable agreement SoMmunication from our grotig{ <4% of the available energy)

with previous experimenfts? at other photolysis wavelengths ~Was also observed in this work at all photolysis wavelengths,
within the first absorption band. 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 folX[can then be directly compared with average
A. Implications of the Experimental Data. The most translational release fractiondi[] calculated by theory. The

important experimental results are as follows: (i) DMS dis- average fraction&Cobtained from the experimental measure-
sociates via reaction 1 across the entire first absorption bandments are listed in Table 4 for each photolysis wavelength
(215-230 nm). (ii) A large fraction of the available energy is studied.

deposited into photofragment translatio[] ~ 0.7—0.8, The large fraction of available energy found in product
decreasing as a function of excitation energy. (iii) The anisotropy translation clearly indicates that statistical theories are inap-
parametep is negative and converges toward its limiting value propriate for describing the dissociation dynamics of this system.

IV. Discussion
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TABLE 4: Experimentally Determined Anisotropy The observed decreasing fraction of available energy depos-
Bgrb%ns]%ta%rs'ﬁ/t;é %r;% tﬁ}’%ﬁ%gﬂ'i??gﬁg;@;?&%'gg"?: Errl]cet'rgr);s ited into translation with increasing excitation energy (see Table
i i ion, uncti . . f . _
of the Photolysis Laser Wavelengtheuor® 4), also reported in a recent ion imaging study of the undeu
terated molecule in the first absorption b&nslggests that an

observed impulsive exit barrier on the excited potential energy surface mediates
Apror (NM) A+ 0.1 XH0.02 BWIHDO V-AID GrO hybrid &0 the dissociation dynamics. This would certainly be consistent
220G ~09 0.80 0.66 0.87 0.83 with the work of Manaa and Yarkorfywhere a surface of
222 -0.8 0.77 0.66 0.87 0.77 conical intersections caused by the avoided crossing of the
2185  —08 0.75 0.66 0.87 0.75 excited £A" and 2ZA" surfaces (amccidental same-symmetry
215 —0.8 0.72 0.66 0.87 0.73 conical intersection in the classification of Yark&fywas
3 Experimental values are compared with calculation&hdfbased located in the FranckCondon region of the ¥, state. Figure
on the Bush and Wilson (BW) impulsive (ref 47), V-AID impulsive  8a depicts the excited!B;(11A") and FA,(2!A") surfaces of
(ref 51), and hybrid models for energy partitionirigzef 6. Manaa and Yarkony,calculated as a function of the €&

) ) ) ) dissociation coordinate with all other geometrical parameters

The impulsive model is based on the assumption that the fixeq to the ground-state equilibrium structure. A qualitative
availablg energy acts asqrepulsjve potential along the breakingexplanation of the experimental results can be obtained by
bond, with the conservation of linear and angular momentum considering the following points: After one-photon absorption,
.determlining the energy partitioning am.qng.fragments. Alimiting 4 superposition of states on both tHB8{1!A") and TA,(2'A")
impulsive formalism for energy partitioning between photo- potential energy surfaces is produced, the latter as a result of
fragment degrees of freedom was devised by Busch andypronic coupling of the 3B; and %A, states through the CSC
Wilson®*” (BW) for the modeling of triatomic molecular pho-  asymmetric stretching mode. In the case of the dominant,
todissociation. The basic idea of this model, based on the symmetry-allowed excitation to the'B; state, dissociation
spectator stripping model used for nucféand bimoleculaf’ proceeds mainly as a consequence of zero-point nonsymmetric
reactions, is that the atoms of the dissociating bond recoil so yjprational motion, through nonadiabatic coupling to the
sharply that the energy is released before the other atom hasepuisive 1A, surface over a barrier in the dissociation
had time to respond. The model has been used frequently sincegordinate formed by the avoided crossing. In the case of the
and has undergone several refinements, including the EXtenSiOWibronically allowed absorption to théA,(2!A") state, excita-
to polyatom-polyatom half-collision§? A modification of the  tjon at wavelengths corresponding to the region of conical
impulsive model was proposed by the same autfosbere intersections, at the base of the excited potential in Figure 8a,
product vibrational degrees of freedom were decoupled from facilitates almost instantaneous dissociation. However, at shorter
the dissociation coordinate. Later, Lihmoted that this modified 4,01, molecules are produced with higher, Framneondon-
impulsive model does not conserve linear momentum and fayored, asymmetric stretching vibrational excitation. These
implemented a new vibrationally adiabatic impulsive dissocia- excited molecules must undergo, at least partially, intramolecular
tion model (V-AID), in which the method of undetermined vibrational redistribution (IVR) to reach a surface of conical
Lagrange multipliers was used to decouple vibrations from the intersections at their corresponding energy. These processes are
dissociation reaction coordinate. depicted schematically in Figure 8b and c using the torsional

Calculations using the BW and V-AID impulsive models, degree of freedom as an example energy redistributing vibra-
where it is assumed that the geometry of the excited parenttional mode through which the evolving excited system could
molecule is that of the ground state calculated by Manaa andbe funneled toward a seam of conical intersections. IVR
Yarkony# are compared with the experimental data in Table 4. processes are particularly facile in polyatomic molecules, where
This is a reasonable approximation, given that the dominant low-frequency torsional and/or bending modes can dramatically
excitation is nonbonding (3bto Rydberg (9@ and, conse- increase rovibrational state densities.
quently, would not be expected to provoke a dramatic change Because energy partitioning in the purely impulsive type
in equilibrium geometry. The preferential partitioning of avail- models is based solely on mass factors, such models predict
able energy into translational recoil is qualitatively reproduced that the fraction of available energy in translation is invariant
by the BW model; however, this model predicts substantial with respect to the excitation energy. However, the nature of
vibrational excitation of thev, umbrella mode of the CP  the dissociation mechanism implied by the above discussion
fragment (~24% of the available energy). In contrast, only weak requires a model that reflects both the impulsive nature of the
excitation (<4% of the available energy) of this mode has been half-reaction at the conical intersection and the statistical
observed experimentalfy.As a consequence, the BVE[ redistribution occurring at higher energies. For the excited-state
fractions are smaller than the experimental values. Accounting dissociation of a polyatomic molecule with as many degrees of
for this observation, it is suggested that the dissociation of DMS freedom as DMS, accurate quantum dynamical calculations are
mimics the photolysis of ICklin its first absorption banef—56 not yet feasible. Nevertheless, qualitatively useful impulsive
where the CHmoiety gradually relaxes to its equilibrium planar  statistical treatments have been proposed by Sonobe %t al.,
geometry prior to cleavage of the-G bond. The surplus energy ~ Gejo et al3° North et al.8% and Osborn et & The common
not observed as C{vibrational excitation must be partitioned theme of these models is the partitioning of the available energy,
into the other available degrees of freedom of the fragments. E,,, for the products into two independent reservoiksiy; the
Comparison of the experimental data with the V-AID model, available energy in excess of the barrier, &, the height
where vibrational energy in the methyl fragment is assumed to of the barrier with respect to the products (see Figure 8a). The
be frozen at its zero-point energy, predicts the translational treatment of each energy reservoir is dependent on the respective
energy release to within 10% of the observed value at 229 nm, theories, although the qualitative predictions are not expected
supporting the suggestion that the photodissociation occurs alongo change significantly. Here, we assume that the V-AID nfddel
a path in which the potential energy in the ¢€bending accurately represents the impulsive “vibrationally adiabatic” part
coordinate is a minimum for a given €& distance. of the dissociation mentioned above, while the partitioning of
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Figure 8. (a) Schematic diagram illustrating the electronic states involved in the photodissociation of DMS-&281Bm with the various

energy quantitiesEjmp and Esia) used in the hybrid statisticaimpulsive model described in the text. (b) Schematic representation of a 2D cut of

the 1B,(1'A"") and EA,(2'A") excited potential energy surfaces as a function of the torsional ardCG8action coordinates. The vertical double

arrows indicate a seam of conical intersections. Excitatighd¢Eow asymmetric stretching vibrational levels on tH&3(2'A") surface facilitates

almost instantaneous dissociation by direct access of the conical intersection. (c) Excitatioh l{igher asymmetric stretching levels on the

1A ,(2*A"") 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-ds Vibrational Energies
Calculated at the B3LYP/6-31G(d,p) Level of Theory Using

in this work, ground-state DMS vibrational frequencies calcu-
lated at the B3LYP/6-31G(d,p) level of theory with the

Gaussian98 Gaussian98 softwafewere used as an approximation to those
energy product of the excited state; these are listed in Table 5, together with
mode (cm™)  assignmerit their respective product mode assignments. The Whitten
CDs asym. torsion; 128.9 rotation Rabinovitch metho# was used to calculate the vibrational
CD;s sym. torsior, 130.5 density of states for all ensembles. Because the calculations of
C—S—C deformatiorvs 221.5 Manaa and Yarkory indicate that the surface of conical
C—S—C sym. stretchy, 623.8 translation intersections occurs in the Franekondon region accessed from
C—S—C asym. stretcls 689.4 the ground XA; state, the first feature in the absorption
in-plane CD asym. rockvs 684.3 rotation spectrum €234 nm) of ref 8 is taken as a lower limiting value
out-of-plane CR asym. rockey 710.3 for the excitation energy corresponding to the impulsive barrier.
out-of-plane C3 sym. rockus 7512 Eimp therefore takes the valnoton— Do = 16 538 cnt above
in-plane CI3 sym. rockuvg 837.2 . . .
) o the ground-state products, while the statistical reservdisis
ggS 2Sr¥nma2g$r:]”;;‘gg}mm 18421‘2‘% vibration = Ephoton — Eimp- The predictions from thigybrid model are
out?of)-/pléne asym. deflérmationz 1061.4 listed in Table 4 for comparison with the experimental data.
out-of-plane sym. deformatiomns 1068.5 Although the excellent agreement between the values might be
out-of-plane asym. deformatian, 1074.9 fortuitous, it does suggest that the above model provides a
out-of-plane sym. deformations 1078.1 qualitatively correct description of the dissociation mechanism
in-plane sym. G-H stretchuie 2174.7 taking place.
in-plane asym. EH stretchu;; 2176.9 C. Anisotropy and Vector Correlations of the Photoprod-
out-of-plane sym. stretchys 2305.7 . . - .
out-of-plane asym. stretaho 23115 ucts. C.1. Recoil Anisotropy. The anisotropy parametgris
out-of-plane asym. stretal, 2319.4 sensitive to both the lifetimer, and the geometry of the
out-of-plane sym. stretchp; 2320.5 dissociating molecule. For an instantaneous dissociafias,

a product degree of freedom assignments used in the partitioning of related to the dissociation geometry by
the statistical reservoiEsw (see text) are indicated.

the statistical fraction follows the recipe of North ef&ivhere
energy is assumed to be freely distributed among the parent
vibrational modes. Distribution of the statistical energy among where6; is the angle between the absorbing transition dipole
photofragment degrees of freedom is achieved by the judicious momentu and the recoil velocity of the photofragmentThe
assignment of three ensembles of vibrational parent modesanisotropy parameter therefore ranges fr6m= —1, for a
correlating with translational, rotational, or vibrational motion dissociation where is perpendicular tge, to 5 = 2, where the

of the product$? For the calculation of the statistical reservoir

B = 2[P,(cosH)0 (15)

two vectors are parallel. Because the transition moment for the
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Figure 9. Rocking methyl parent vibrational modes can induce rotational angular momentum of the photofragmdrpevggkndicular ta/(x").
The two in-plane modes (upper) exert a torque abourthgis of the molecule-fixed framé (n planex'Z), whereas the two out-of-plane rocking
modes (lower) result in angular momentum aboutythaxis ( in planex'y’).

11B; — XA, transition is directed perpendicular to the plane Figure 9 shows a schematic diagram of the dissociating parent
containing the &S—C framework, the axial recoil limiting DMS molecule. Strictly speaking, because the model impulse
anisotropy parameter for excitation in the first absorption band passes through the center of mass of the methyl fragment, only
is p = —1. As shown in Table 4, the measured recoil anisotropy vibrational motion of the excited parent molecule can induce
parameterf is close to this limit at all of the photolysis its rotational excitation. As shown in the figure, the two in-
wavelengths studied, although this observation should be treatedhlane rocking modes/§ andwg) exert a torque about treaxis

with care given that, for a jet-cooled sample of a polyatomic of the molecule-fixed framel(in planex'Z), whereas the two
molecule, the rotational period is long and so, therefore, is the out-of-plane rocking modesv{ and vs) result in angular
time scale required for significant loss of anisotropy. Assuming momentum about the/ axis ¢ in plane Xy'). Hence, a
that parent rotation is the dominant factor in the “washing out” cylindrically symmetric distribution of) aboutv should be

of the limiting anisotropy, then an approximation for the excited- expected, unless a further source of in-plane torque can be
state lifetimez, can be obtained from the classical expression jnyoked to explain the experimental observation thais

for the reduced effective anisotropy parameter used for the preferentially located in planez. In the hybrid model
treatment of diatomic molecul&s calculations mentioned above, theC—S—C deformation mode
was included in the rotational product ensemble, following the
guidelines of North et.af? 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

wherew is the angular velocity of the parent rotation. Calculat- P€ the source of the additional in-plane torque, as well as the
ing the average rotational period of the excited state assumingdistortion of the CSC bond angle (105.4t the equilibrium
a rigid ground-state geometrpredicts upper limiting excited- geometry pompared to 112n the surfac_e of conical mtersecf
state lifetimes of~1.3 and~1.9 ps for the experimentally '_uons) tha_t is expected to occur on reaching the surface of conical
measured anisotropy paramet@eg = —0.9 (atAppor = 229 intersections.
nm) andfe = —0.8 (atAppor = 222, 218.5, and 215 nm), D. Rotational Excitation of the Methyl Fragment. As noted
respectively. These values would certainly seem reasonable,on above, parent vibrational motion is the main source of the
bearing in mind the suggestion that at least partial IVR occurs angular momentum imparted to the methyl fragments, giving
before bond rupture and given that the benchmark for relaxation rise to the rotational stat population distribution shown in
in molecules that are about the same size as DMSligs®? Figure 7. The two torsional{ and ;) and four CI3 rocking

C.2. (, v, J) Correlations.Although far from providing a  (vs—v9) modes are most strongly correlated with methyl
comprehensive analysis, forward simulations of the polarization- fragment rotational excitation. Particularly, in a Franack
dependent REMPI spectra provide strong evidence that theCondon-type picture, the torsional modes are expected to be
proposed axial impulsive model adequately describes the well correlated with “spinning”, highk"-state propensity methyl
dissociation mechanism. As was suggested to be the case in dragments, because the parent vibrational wave function is very
previous study,the analysis here indicates that thevector similar to that of the product free rotor. Reference to Table 5
does not have cylindrical symmetry about shows that the two torsional modes vibrational frequencies are

1+ wzrz) (16)

Per =1 (1 + 40’7
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TABLE 6: Average Energies of theN"” = 6 and N" = 9
States Compared with the First Three Parent Torsional
Energy Levels

torsion torsion average

(v1, v2) energy (cnm?) N energy (cm?)
(0, 0) 131.8 6 126.2
1,0),(0,1) 258.6, 260.2 9 256.2

almost the same; the zero-point & 0, v» = 0) combination
has an energy o130 cnt!. This energy is not quite sufficient
to account for the average excitation observe@@0 cnr?),
although a significant contribution to product angular momen-
tum should also be expected from the £DBcking modesfs—

vg). Previous investigatiofi$56.65.660n the dissociation of cold
ICDj3 following absorption to the A bandifnor ~ 266 nm)
reported “tumbling”, lowK" -state-propensity, nascent methyl
fragments. It was concluded that approximately half of the
rotational energy observed-@4 cnt?) originates from zero-
point I-C—D3 bending vibrational energy and approximately
half from a torque exerted by the bent superposition of excited
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processes considered previously. The correlation of parent
vibrational motion with fragment rotation is less clear for the
prominent peak obtained &t'= 11. As remarked in section
I11.B.2, this N state is associated with an intermedi&teé
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 woPk? measurements of REMPI-
TOF profiles of the nascent Gproducts indicate a strongly
anisotropic dissociation, with approximately 780% 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 CSC bond. This finding is rationalized in

states. Assuming that a similar quantity of energy is channeled terms of a vibrationally adiabatic dissociation that mirrors that

from the DMS “rocking” modes, then this would approximately
make up the balance that is observed experimentally.

Continuing the comparison with IGphotodissociation, the
N" states in the present workl( = 3—12) that favor a higher-
K" propensity mirror more closely the study of the A band
photodissociation of warm ICPreported by Black et &
Presumably, in that case, the warm, spinning motion of the
prolate ICD parent preferentially correlates with the higH-
propensity of the methyl photofragment. In contrast, the
rotational motion of the cold, tumbling IG{Zan only correlate
with orbital angular momentum of the fragments. Rotational
excitation of the methyl fragment must then originate from }CD
zero-point vibrational motion that can only correlate with a
nascent lowK" propensity given that there are no parent
torsional modes.

following the excitation of ICI to its first absorption band,
where the Cmoiety gradually relaxes to its equilibrium planar
geometry prior to cleavage of the €€ 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 SCD
fragment.

At Apnor = 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 CQ3 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 above considerations allow some tentative comments tothe modified impulsive model or a statistical model in which

be made on th&" 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

too little translational excitation is predicted. A possible
interpretation of the qualitative features of the excited-state
surface, aided by previous theoretical calculatibsisggests that

a more realistic picture should combine at least partial statistical

torsional energies are expected to be preferentially populated.redistribution prior to an impulsive release of energy. A hybrid
Shown in Table 6 is a comparison of the average energies of statisticat-impulsive dissociation model predicts a photolysis

the promineniN" = 6 andN" = 9 states, both found to have

wavelength dependence of the translational energy release that

highK'-state propensity, as evidenced by the nonappearancecompares favorably with experimental measurements.

of their corresponding S transitions, with the first three torsional

energy levels of the parent molecule. The energies are suf-

Rotational excitation of the methyl fragments is thought to
arise mainly from zero-point vibrational motion of the dis-

ficiently close to be speculatively assigned as resonantly sociating parent. LoviN" states ''= 0—3) are produced with

associated with the torsional modes, bearing in mind the
approximate nature of thE¢: temperature and the ground-state
approximation to the torsional frequencies of the dissociating
DMS parent. As one might expect for a cold sample,NHe=

6 state corresponding to the (0, 0) zero-point torsional vibration
is preferentially populated, though some population of the (1,

a lowK" propensity, indicating that they originate from rocking
vibrational motion. In contrast, high&* states are formed with

a highK" propensity, correlating with torsional parent modes.
Preferentially populatetl” states are tentatively suggested to
be resonantly associated with torsional vibrational frequencies
of the dissociating DMS parent. A simple model used to

0) and (0, 1) levels should also occur, as a consequence of bothapproximate the correlations of tjpev, andJ vectors just after

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 statd$’ = 0—3 appear to be formed with a
low-K'" propensity, it would seem reasonable to assign their
origin to the rocking vibrational motiorv§—ug) of the parent
DMS. The remainind\" states are presumably populated by a

dissociation satisfactorily reproduces the observed probe-
polarization-dependent, velocity-selected REMPI spectra.
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