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A new experimental approach to explore the mode-selected chemistry is proposed and demonstrated here. In
this approach a double-resonance excitation scheme is exploited to prepare a well-defined mode or state of
a parent ion. A time-sliced velocity imaging technique interrogates the fragment ion from the subsequent
predissociation. Application to the title process reveals remarkable mode-specific behaviors despite the long
dissociation time associated with the indirect bond-breaking process. A qualitative interpretation of the major
findings is surmised.

I. Introduction
B%s*
Mode-specific and/or bond-selected chemistry is a fascinating
subject for investigations:2 Besides its potential application,
the observation of this selectivity can lead to a better under-
standing of the mode couplings and intramolecular energy flow
while a chemical bond is broken and formed. Pioneered by
Crim,! Zare? and others, the past decade has witnessed a
number of remarkable studies from which the concetadie
andconseredmodes as well as ttepectatoparadigm emerge.
In those experiments a neutral parent molecule or one of the
polyatomic reagents is first prepared in a particular vibrationally
excited state by laser excitation; the subsequent vibrationally '
mediated photodissociation or reaction outcome is then probed.
Because of the limitations of the initial preparation in this
approach-requiring an IR- or Raman-active mode and the
limited wavelength range of a typical preparation laseot all
vibrational modes/states can readily be accessed, rendering a
complete mode-specific comparison impossible.

Reported here is an alternative experimental approach that
enables us to scrutinize the full mode specificity in a given ionic
system. To demonstrate its power and feasibility, we chose the
predissociation process of OC® 2=+) for illustration. As
depicted in Figure 1, a state(s)-specific parent ion is initially
prepared by a resonance-enhanced multiphoton ionization
(REMPI) process. A second laser is fired after a short delay to
induce the photodissociation of interest. The dynamical attributes .
of the predissociative fragment ions are then mapped by a newly C-S coordinate
developed, tieslced velocty maging techvidBhe basle [P L, St % it sy i e 1S
idea of this approach is simple: merely reversing the roles of ; o . LA
the dissociatirc))[; and ionizatﬁ)n lasers )i/n a typicgl pump-and- and photolysis excitation schemes used in this work.
probe experiment. The use of REMPI to prepare state-selectedmentation of a state-selected diatomic ion'Bin which a (2

ions is not totally new. For example, previously Anderson and + 1) REMPI process was used to select the initial state gf Br
co-worker§’ used REMPI to prepare a parent ion in a collision- (X ],

induced dissociation experiment to examine the effects of
mode(s)-specific vibrational excitation. Weinkauf and B&&$| II. Experimental Section
combined REMPI and photofragmentation yield spectroscopy

for studylr)g the spectroscopy of electronic excited states of apparatus? About 10% of OCS seeded in He (total pressure
molecular ions. More recently, Ashfold and co-workéepplied h
of ~3 atm) was expanded from an Even-Lavie valve (pulse

velocity map ion imaging methods in studying the photofrag- duration of 30us, and 0.5 mm nozzle diameter) and skimmed

to form a cold molecular beam into a second differentially

*To _whom correspondence should be addressed. E-mail: kpliu@ pumped chamber. After passing through an 1 mm hole on the
gate.sinica.edu.tw.

T Also Department of Chemistry, National Taiwan University, Taipei, repgller plate,_ OCS_ was ioni;ed_, Wit_hin a set of ion optics
Taiwan 106. designed for time-sliced velocity imaging measurenidny,a
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The experiment was conducted in a modified molecular beam
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Figure 2. (a) Portion of the (2+ 1) REMPI spectrum for generating the parent ion, OQ®) Photofragment yield (Scation) spectrum with the
ionization laser frequency fixed at the peak of théAFO transition, indicated as an arrow in part a. The assignments of the fé[iy % B 23
vibronic transitions used in acquiring the fragment-ion images are labeled.

(24 1) REMPI process via the A Rydberg intermediate state.
(The molecular beam was directed along the ion time-of-flight
axis, whereas the lasers were perpendicular to it.) By parking
the ionization laser wavelength at a particular REMPI peak, the
dissociation of OCScations was initiated by a second, counter-
propagated laser whose wavelength was tuned to a proper X
MMN12— B 23 * vibronic transitiont3 The predissociated product
ion St was then probed using a time-sliced velocity imaging
technique. A fast high-voltage switch-80 ns duration) was
pulsed to gate the gain of the Chevron-type microchannel plate
(MCP) for mass selection as well as the time slicing of the ion
packet. The fluorescence from a P46-phosphor was capture gy
by a CCD camera and transferred to a computer on an every-
shot basis for event counting and data analysis. Both lasers werg
cylindrically focused using f.l= 50 cm lenses. To further
minimize the one-color background of $ons generated from
the ionization laser alone, the dissociation laser was offdet
mm downstream from the ionization laser and delay-fired by
~600 ns to account for the traveling time of the parent ions.

It is worthwhile pointing out that a double-resonance spectro-
scopic scheme was exploited in this study. Although the initial
(2+ 1) REMPI process already yields rather high propensity in
the vibrational state selectivity of OCEX ?[112), the amountof  Figyre 3. Time-sliced velocity-mapped images of thé Bagments
contaminations from other states is not negligible, as eviQencedfrom the state-selected OCEB 23 *) ions. The four panels correspond
from previous photoelectron studi&st®It is the subsequent X to the (000) level (a), (100) level (b), (010) level (c), and (001) level
M1, — B 23+ transition that singles out a particular upper vi- (d). The polarization of the photolysis laset;) is in the vertical
bronic mode/state for investigation. Because, in general, both thedirection. The slight anisotropy of the image arises from the nonuni-
REMPI process and the subsequent bound-to-bound transition[0"MitY Of the detector, which was verified by a nearly identical image
have their own FranckCondon envelopes, combination of the obtained for polarization lying perpendicular to the imaging detector.
two spectroscopies offers a flexible vehicle to access many more

modes/states for studies than the IR/Raman pumping approachaccording to previous studié$.*’ Figure 2b displays a photof-
ragment (S) yield spectrum when the predissociation laser

Ill. Results and Discussion wavelength ) was scanned with the ionization lasér)(fixed
A small portion of the (2+ 1) REMPI spectrum of OCS is  at the peak of the FA O transition, as indicated by the arrow
shown in Figure 2a. All spectral features can readily be assignedin Figure 2a. On the basis of known vibrational frequenéiés,
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Figure 4. Product speed distributions and the anisotropic parameigaf the S fragments. The sticks marked on top of each panel correspond

to the ro-vibrational energy levels of the cofragment of CO, assumin

all spectral features can be assigned to thé[K— B2 ¥
vibronic transitions of OCS For clarity, only the four transi-

gtherSSis born in the?D, state.

indicated in Figure 1, two fragment channels are energetically
accessible in this study,"8'S)) + CO(X=") and S(°Dy) +

tions reported here in acquiring the fragment-ion images are CO(X'="). The ro-vibrational energy level sticks marked on

labeled.

The equilibrium structures of OCSin both the ground X
21 and excited B’y * states are of linear geometry. The three
vibrational modesss v, andugsin the B22+ state have funda-
mental frequencies of 1870, 490, and 830 &mespectively.318
The symmetric stretchv{y corresponds roughly to a locaHD
stretch and the antisymmetric stretchyg( to a local C-S
vibrator. Figure 3 presents the raw images of tHeffl@gment
when one quantum of each individual vibrational mode of
OCSf(B 2y ) was excited along with that of the vibronic ground

top of each panel are based on the assumption that the
cofragment $ is born in the?D, state. As can be seen, it is
entirely consistent with the experimental data. Even the fine-
spaced peaks can readily be assigned to the jHigvels of the
CO( = 0, j) + S*(?Dy) fragment pair, except for the (001)
B2=" predissociation where the higHevels of CO¢{ = 1, j)

+ S*(?Dy) may also make a significant contribution. In terms
of the fraction of translational energy release, they are 29%,
37%, 24%, and 35% for the (000), (100), (010), and (001)
predissociating states, respectively. As to the product angular

state for comparison. A casual inspection of their appearancesdistribution, all four cases display an isotropic of¥ex{ 0), as

immediately reveals some similarities as well as significant
differences. All four images are dominated by a series of distinct
fine-structural rings. The strong similarity between the vibra-
tional ground state (shown in Figure 3a) and the first bend-
excited state (Figure 3c) is striking. They are in distinct variation
with one quantum excitation of symmetric stretch (Figure 3b)
or antisymmetric stretch (Figure 3d) of OCEB 25 ).

Analysis of the images provides more quantitative compari-
sons. As detailed previoush/?2%a time-sliced velocity-mapped
image vyields directly the product density distribution in the
center-of-mass (c.m.) velocity frame. To obtain the desired
conventional differential cross sectiorfgttud(coso), a simple
u? weighting to the density distribution suffices. The resulted
P(u) distributions of the probed“Sfragments and the corre-
sponding anisotropy parametef @re shown in Figure 4. As

anticipated, in general, for a slow predissociation process. The
, very slight negatives value for the (010) state is likely within
our measurement errors. More precise measurement will be
needed. Due to the heavy overlap of the ro-vibrational features,
unfortunately, it is impossible to quantitatively determine the
CO-fragment ro-vibrational distributions. Nonetheless, the onset
of each CO vibrational level is apparent. Hence, qualitatively
one can conclude that the coincident CO fragments (to the
S™(2D,) product) are formed with significant vibrational excita-
tion, and for the low vibrational states, particulatly= 0, the
CO are characterized by very high rotational excitations.
Hubin-Franskin et a1 were the first to perform a detailed
study on the decay of the OCSations from a dissociative
photoionization process. In that study the ions were produced
by photoionization of OCS with synchrotron radiation in the



Imaging the Mode-Selected Predissociation J. Phys. Chem. A, Vol. 109, No. 6, 2008025

13.5-16.5 eV range. The predissociation dynamics was inves- similar to that from the (010) B state, suggestive of the
tigated by a threshold photoelectrophotoion coincidence  identical mechanism. One plausible way to rationalize these
spectroscopic technique. It was concluded that the fate of theobservations is that the & — A 2[] conical intersection lies
B 25+ state, similar to the A state, is predominantly a  slightly above the first bend-excited state of B, i.e., between
nonradiative decay to the ground (] state, followed by a 1.02 and 1.06 eV above the?f] state, thus essentially shutting
crossing to théy ~ surface, leading to the major product channel off this pathway for both (000) and (010) states. On the other
of SF(*S,) + CO(XZ, high »). A minor channel of $(°D,) + hand, the above two pathways can contribute to the predisso-
CO(Xx) was also inferred from a small feature in the TOF ciation of the (100) and (001) By states so that their fragment
data. Similar experimental results were obtained later by Morse P(u) distributions comprise of both components and possibly
et al?2 Owing to the limited resolution, however, the state the interferences, resulting in more complicated patterns.
assignments of both the predissociating parent ion and the In summary, an incisive and versatile experimental approach
fragment channels in these works were not without ambiguity. is exemplified here to unravel the mode-specific predissociation
In the present study, the initial state selection was governed bydynamics. In this approach a double-resonance spectroscopic
a double-resonance excitation scheme and the fragment statscheme is exploited to select a particular mode or state. A time-
assignment deduced from a high-resolution product image wassliced velocity imaging technique maps the subsequent predis-
made with rotational resolution. Contrary to the previous sociation dynamics. The combination of these two techniques
conclusiortl-22we found that all fragmentations are associated is quite versatile and could have a wide range of variants and
with the $'(?D,) + CO(XZ=") channetno sign of the formation ~ applications. As demonstrated in the present O@3Y) study,
of ST(*Sy) + CO(X2=™), which clearly excludes the role of the it enables us to examine the dynamical consequences from all
spin—orbit coupling in this predissociation process. three different vibration modes. A significant mode dependence,
As depicted in Figure 1, both By + and A7[] states correlate  i.e., mode-specific memory is retained despite the long dis-
asymptotically to the §2P,) + CO(XY) pair, whereas the  sociation time, was found. A qualitative interpretation is

ground X?[] state correlates to the"8D,) + COZ") limit. proposed which awaits further theoretical investigations. Studies
The latter also leads to two repulsive surfaces of?he and of higher vibronically excited states, including the quasi-bound
2A symmetries that can cross the?f] and B2y + states at  states lying above the'®P,) + CO(X!=*) asymptote, are in
shorter C-S distances. From symmetry argumefitthe pre- progress and will be reported in the future.
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