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The collision-free gAA,(n*)] thiophosgene, with small{3484 cn1?) and large #9284 cnt?) excess
vibrational energies, does not exhibit radiationless transitions to bound electronic sfates$ T3, as evidenced

by intense A— X fluorescence with nearly constant lifetimes. The lack of radiationless transitions can be
traced to the absence of the promoting mode fort#he— *A; internal conversion and the vanishingly small
spin—orbit coupling and very small FranekCondon factor for théA,(nz*) — 3A,(nz*) intersystem crossing.

In the intermediate range of excess energies (34284 cm?), fluorescence is not observed, consistent
with the occurrence of predissociation. Quantum beat-modulated fluorescence decays, attributable to
A (n*) —3A 4 (tr*) perturbations, have been observed for excitation'@af34! and nearby Svibronic levels.

This places theA,(nr*) state at about 20 350 crhabove the ground electronic state, in excellent agreement
with the existing estimate. Interestingly, ther&diative lifetime is about an order of magnitude shorter in a
supersonic jet as compared to the vapor phase at room temperature, indicating that the probability of the
vibronically induced AAx(nz*) —X!A; radiative transition is significantly reduced at higher temperatures,
due probably to Coriolis coupling.

Introduction determined by the condition that the direct prodii¢f;) ®
A central concept in the theory of electronic radiationless T(Qr) ['(y) contains the totally symmetric irreducible

~ ) L ) . - representation of the point group.

transitions is the classification of molecular vibrations into ) ! .
“promoting” and “accepting” modekThe promoting mode A molecule tailor-made for testing the fundamental theoretical
renders the electronic matrix elements finite, whereas the CONCepts of electronic radiationless transitions is thiophosgene,
accepting mode provides the FrargRondon factor for radia- CI,CS, which is vibrationally deficieAtdue to the lack of a
tionless transitions. For internal conversion between the initial hormal mode vibration of asymmetry (the internal motion of
electronic state;) and the final electronic statey(), the a& symmetry is a rotation about the=€S bond axis). The first
vibrational symmetry of the requisite promoting modg,)(@ and second excited singlet states of thiophosgene are, respec-
tively, an nt* state of A, symmetry and arz* state of A;

;Corrzsponding author. Fax: 330-972-6407. E-mail address: elim@ symmetry* The AlA,(nz*) state, located at 18 716 crhin the
uakron.eau. gas phaselies approximately halfway between thé/ (z*)

 The University of Akron. state at 34 278 cnt and the XA; ground state (Figure 1).
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Figure 1. Time-resolved $— S and S — S fluorescence excitation spectra of jet-cooled thiophosgene in the energy range-13770I0 cn?,

recorded with different time-gate arrangements: (a) first 20 ns, (b) starting at 140 ns with a 300 ns width; (c) all time-integrated. Total emissions

were monitored and normalized to input laser powers. The broad unstructured feature at about 370@0 lmtieved to be the B— X

(or S — &) transition of the thiophosgene dimer, as its intensity is much weaker in warmer supersonic beams. Inset: Schematic energy level

diagram of thiophosgene.

A A

and the AA, — X!A; internal conversions, resulting from the from S;, establishes the energy threshold for predissociation,
absence of the;gpromoting modé,the quantum yields of B> locates the second triplet statesot* character, and unveils a

X and A— X fluorescence have been reported as uhithe very unusual temperature dependence of the@ative decay.
lack of a significant §A) — T1(3) intersystem crossing, also

evident from the high efficiency of the A~ X fluorescence, Experimental Section

can be tracetdto the very small &-T; electronic gap (1224
cm™1)8 and the lack of direct $nz*)—Ti(nz*) spin—orbit
coupling® The small electronic gap renders an irreversible S
T intersystem crossing impossible in the absence of collisions
even if vibronic spir-orbit coupling® provides sufficient
electronic matrix elements for the radiationless transition.

Strictly speaking, the symmetry forbiddeness of the internal
conversion, arising from the lack of a promoting mode, applies
to molecules with low degrees of vibrational excitation. For an
S; or S; molecule with a high degree of vibrational excitation,
an anharmonic coupling of the kibration (out-of-plane wag)
with a by vibration (antisymmetric €CI stretch or SSC—Cl
bend) can provide a promoting mode gfsymmetry, as b®
b, = &. Moreover, when the molecule is excited into the high-
lying vibrational levels of § the vibrational density in the T
state may become large enough to allow irreversible intersystem
crossing to the triplet manifold. In addition, the Frarc&ondon
factor for the $ — S internal conversion would increase with
increasing vibrational enerdlyin S; due to the nonplanar
geometry qf ) vis-avis the planar &st_ate‘?_ Thus,_e_ven if the counting technique.
quantum yield of the internal conversion is negligibly small at Thiophosgene was used with and without fractional distilla-
low excess energies (accurate determination of quorescencetion Ng Si g31ificant difference in the fluorescence excitation
quantum vyield is very difficult), it could be significant at high ) Y C o
excess energies. These considerations suggest that the Iohotos_pectra was found between samples distilled and not distilled.
physical properties of vibrationally highly excited Biophos-
gene could be significantly different from those afrSolecules
with low degrees of vibrational excitation. Predissociation. Figure 1 presents the time-resolved fluo-

In this Letter, we describe the excess vibrational energy rescence excitation spectra (total emission) in the energy range
dependence of the intensity and temporal characteristics of thel8 700-37 700 cn!. The spectrum (a) recorded with a short
S, — S fluorescence of jet-cooled thiophosgene. The result gate (6-20 ns) is identical to the fluorescence excitation
demonstrates the absence of electronic radiationless transitionspectrum of the 5— Sy emission (not shown), and it can be

In the experiments described herein, a tunable dye laser
(Lambda Physik ScanMate) pumped by an excimer laser
(Lambda Physik COMpex 102) was used, with and without

" frequency doubling, to excite thiophosgene seeded in a super-
sonic beam of He carrier gas. Helium gas at a stagnation pressure
of 3—4 atm was bubbled into the liquid sample of thiophosgene
maintained at about 3C, and expanded through a solenoid-
driven valve (General Valve) of diameter 0.5 mm operating at
repetition rates of 10 Hz and a pulse duration<&00us. The

cold supersonic beam of thiophosgene so generated was
intersected by the laser beam 15 mm downstream: Sy and

S, — S fluorescence were observed at right angles to the
molecular and laser beams, and detected by a photomultiplier
through a variety of band-pass and sharp cutoff filters, to
seamlessly record an entire range of the S, and § — S
excitation spectra. The dispersed fluorescence spectra were
recorded using a CCD spectrograph (Oriel InstaSpec V) with a
spectral resolution of1.6 nm. The temporal characteristics of
the emission were measured by a time-correlated single photon

Results and Discussion
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Figure 2. Comparison of the low-resolution dispersed fluorescence spectratbfophosgene, obtained following excitation of thd2vibronic

level and a high-energy vibronic feature at 29 106 tifsee Figure 1).

readily assigned to the features due 16-SS; absorption. The
spectrum (b) recorded with a long gate (3420 ns), on the
other hand, has its intensities at energies below ghé&&nd of
the S(B) — Sy(X) absorption. On the basis of the dispersed
fluorescence and fluorescence lifetimes following excitation of

above the electronic origin of;Sin excellent agreement with
the existing estimafeof 34544 190 cm~1,

Electronic Relaxation. The assignment of the higher energy
fluorescence excitation spectrum, centered at about 31 500 cm
(see Figure 1b), to the;S— S absorption of thiophosgene is

these lower energy features (vide infra), we assign the latter supported by dispersed fluorescence experiments. Figure 2

spectrum to the S— S absorption. The occurrence of the
intensity maximum at about 12 800 cfrabove the false origin

compares the dispersed fluorescence spectrum of a vibronic level
at 29 106 cm? above the ground electronic state with that of a

(4oY) is consistent with this assignment for two reasons. First low-lying vibronic (24%) level of S thiophosgene. It should

1B,—1A; vibronic coupling (vide infra), which induces tha,—
1A transition, is expected to bp more efficient for the higher
lying vibronic levels of the!A,(A) state due to smalleB,—

be noted that the long-wavelength tail of the former contains
features that closely mimic the resonance fluorescence from the
2141 level. This correspondence can be accounted for if the

1A, vibronic energy gaps. Second, owing to the nonplanarity vibrationally highly excited $ level undergoes extensive

and the large €S bond length of the &A,) state relative to

intramolecular vibrational energy redistribution (IVR)to

the planar ground state, a vertical transition from the ground produce levels that contain low degrees of excitation in the

state would most likely occur into the high-lying vibrational
levels of the excited state, by the FrarcBondon principle.
The most striking feature of the excitation spectra in Figure
1 is the breaking-off of the S— S fluorescence that occurs at
3484 cnt! above the Sorigin and the reappearance of the
emission at about 9284 crh Thus, over a wide energy range
of about 5800 cmt, there is no observable emission whatsoever
from the S thiophosgene. This behavior is consistent with the
occurrence of predissociatitnleading to the production of
Cl(®Py2) and CICS(X'3 (see inset of Figure 1). The character-
istic feature of the predissociation, as probed by the-SS,

optically active modes 1, in particular). The dispersed
fluorescence from other high-lying vibronic levels also bears
the spectral characteristics of levels that undergo extensive IVR.
Figure 3 compares the fluorescence decay from a low-lying
S, vibronic level (@) and those from low- and high-lying; S
vibronic levels. The §lifetimes, which fluctuate between about
2 us and about s, do not vary in any systematic manner
over the excitation energies 18 1784 000 cntl.
The essential identity of the fluorescence lifetime at very small
and very largeE, indicated! that the $ thiophosgene does not
exhibit significant radiationless decay to bound electronic states,

fluorescence of thiophosgene, would be that there is a regioneven when the molecule is endowed with very high degrees of

of Eyip in which the emission intensity (or lifetime) is extremely

vibrational excitation. The lack of 1A;) — Sy(A1) internal

weak (or extremely short) due to a transition to the repulsive conversion from the vibrationally highly excited $olecule

state. FoIE,;, far below and far above the intersection region,

implies that the higher order promoting mode& b,, with &

the fluorescence intensity (or lifetime) is expected to be normal symmetry, is not efficient in inducing the radiationless transition.
due to very small nonadiabatic interactions between the boundThe near constancy of the fluorescence lifetime also indicates
and repulsive states (see inset of Figure 1). To state it differently, that S — T intersystem crossing from the high-lying vibrational
far below the crossing point the molecule has insufficient energy manifold of S is also inefficient. This can be attributed to a
to dissociate, whereas far above the crossing point the moleculesmall Franck-Condon factor for the radiationless transition that
moves rapidly past the crossing point as it vibrates. On the basisarises from the small;S T, electronic energy gap (1224 cf)®

of the observed onset of the fluorescence break-off, we placeand very similar equilibrium geometries of tA&,(nz*) and

the curve crossing (leading to predissociation) at 3484'cm

3A,(n*) states® In combination with the forbidden nature of
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Figure 3. Fluorescence decay from a low-lying vibronic levet)of
the B(S;) state and that from the'4nd high-lying vibronic levels of
the A (S)) state.

direct S—T; spin—orbit coupling, they could render thg S
T1 intersystem crossing unimportant even at very ld&ge As
intersystem crossing from;So the higher lying BA; (z7*)
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Figure 4. Quantum beat-modulated fluorescence decay, and its Fourier
transform, for the 1213'4! level of S thiophosgene.

whereby the electric dipole-forbiddéA,(nz*) < A transition
gains intensity from the allowetB, — 'A; Rydberg transition.
Consequently, the;S— Sy absorption spectrum exhibits a false

state is not possible for collision-free thiophosgene, due to the origin 4* (and 4°) and all intense bands contain one quantum,

much smaller vibrational density of thedate relative to that
of the A state, the only available decay channel of the S
thiophosgene is the radiative transition t§ S

Radiative Transition. Another interesting feature of the
S — S fluorescence of thiophosgene is its short lifetime in
the supersonic jet (34 us) as compared to the collision-free
lifetimes of 25-35 us, reported for the low-lying vibronic levels
of thiophosgene vapor at room temperatifr&.1¢ Since the
measured quantum yield of the emission is known to be unity
in the vapor phase at room temperatUtiee measured lifetimes
must represent the radiative lifetime of théAa(nz*) state.
Consistent with this conclusion, 3&s is also the radiative
lifetime (z;) expected from the approximate equation=
1.5/72, using the observed oscillator strengt(1.2 x 104)7
and transition frequency = 19 000 cnl). Thus, there is little
doubt that the measured 35 lifetime of McDonald and Brd3
represents the;Jadiative lifetime of the thiophosgene vapor
at room temperature. Since it is highly unlikely that nonradiative

decay, unimportant at room temperature, would become im-

or odd quanta, of the, vibration.

The radiative transition probability between #ie(nr*) state
and the ground state would be sensitive to Coriolis interaction,
which couples the vibronically active vibrationsf with other
vibrational modes of the molecule. To be more specific, the
oscillator strength of the ;S— Sy absorption, or the S— S
radiative decay rate, would decrease by the Coriolis coupling.
Since the matrix elements of Coriolis coupling depend strongly
on the rotational quantum numbéfsthe decrease in the
radiative decay rate (or the increase in the radiative lifetime)
could be significant at high rotational temperatures. We therefore
propose that the increased radiative lifetime pffSophosgene
at high temperatures has its origin in a Coriolis coupling of the
optically active v4 mode with optically inactive vibrational
modes of the molecule. Consistent with this proposal, the
measured S— S fluorescence lifetime of jet-cooled thiophos-
gene was found to increase as the temperature of the supersonic
beam is raised by reducing the backing pressure of the carrier
gas.

portant under the low-temperature conditions of supersonic free  Quantum Beats. Interestingly, thiophosgene exhibits quan-

jet1 the much longer lifetime of the;S— S fluorescence at
room temperature must have its origin in the smaller radiative
decay rate of Sat elevated temperatures. This is possible if
Coriolis coupling affects the S~ S radiative transition to a
significant degree.

The A'A, — X!A; system of thiophosgene is electric dipole
forbidden and gains its intensity by vibronic couplinghe out-
of-plane vibration #4) of b; symmetry induces interaction
between théA,(nz*) state and the higher lyingB,(n4s) state,

tum beats in emission when it is excited intpv@bronic levels
lying in the vicinity of 20 340 cm? above the ground electronic
state. Figure 4 displays the beat-modulated fluorescence decay
of the 1121341 |evel. Fourier analysis reveals two major
frequency components at 6.8 and 12.0 MHz (Figure 4). Similar,
but more complex, beat patterns were also observed for S
vibronic levels lying slightly above 1213141,

We attribute the quantum beats to singlet){Sriplet (T>)
interaction of the AA,(nz*) state with the BAy () state,
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