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Fluorescence from the electronically excited thiophosgene (C12CS) in its first excited singlet state (Si) is efficiently 
quenched by collision. Rates of the collision-induced electronic relaxation were obtained for various vibrational levels 
in the Si state by measuring the fluorescence lifetimes. We found that the relaxation process is strongly energy
dependent; the rate consistently increases by a factor of ~40 with the increase of vibrational energy from 0 to 
1450 cm-1. Collision-induced intersystem crossing from the Si to the first triplet state (Ti) is attributed^ to the major 
process responsible for the electronic relaxation.

Introduction

Collision-induced nonradiative relaxation of electronically 
excited molecules is unique of various collisional processes 
in the sense that the process transforms an electronic energy 
into vibrational energy. It plays an important role in combus
tion or photochemical reactions where significant amount of 
electronically excited species are formed and involved in the 
reactions.1,2 Despite its importance it has been slow to under
stand the process since the final states reached through the 
nonradiative decay are highly vibrationally excited levels 
which are extremely difficult to characterize even with the 
state-of-the-art lasers and molecular beam technique. In or
der to better understand the process, more information on 
the dependence on nature of the initial vibronic states, colli
sion partners, and the distribution of final states, should be 
accumulated.

Thiophosgene (CkCS) is one of a few favorable molecules 
which allow such state-resolved investigation into the inter- 
and intramolecular nonradiative processes owing to its ex
traordinary photochemistry and well-established spectros
copy. Since fluorescence from both the Si(A1A2)and S2BA1) 
states observed two decades ago,3,4 plenty of information on 
its gas- and liquid-phase photochemistry5,6 and photophy- 
sics7~10 has been stockpiled. The molecule has been charac
terized spectroscopically by electron diffraction and micro
wave studies of its SoO^Ai) state.11 Analyses of the optical 
absorption and laser-induced fluorescence spectra have pro
vided the band assignments, location of electronic origins, 
geometries, and vibrational frequencies of the Ti(a3A2)?2,13 
Sb14 and S2 states.4,7,8,15,16 Fluorescence from the singlet exci
ted states renders laser-induced fluorescence (LIF) a sensi
tive diagnostic tool for the photophysical processes.

The first singlet excited state (Si) of thiophosgene, which 
corresponds to the (nn*) configuration, is located 18716 cm-1 
above the ground state zero-point level?4 and the first triplet 
state (TO is at 1224 cm-1 below the Si origin.13

In this work we have measured the collisional relaxation 
rate of thiophosgene molecules prepared in the single vibro
nic levels in its Si state. The decay rates show strong depen
dence upon the vibrational energy of the levels. The origin 
of the decay process is ascribed to collision-induced intersys
tem crossing comparing the observed vibrational energy de

pendence with the theoretical model for non-radiative decay 
proposed by Freed17 and Bixon and Jortner.18

Experimental

The schematic of the experimental setup employed in this 
work is shown in Figure 1.

The laser source for excitation of thiophosgene consists 
of a pulsed dye laser (Lambda Physik SCANmate 2E) pum
ped with a Q-swih:hed Nd : YAG laser (Spectra-Physics GCR- 
150-10), Two dyes, Coumarin 500 and Coumarin 540A, were 
used to cover the spectral region of 490-556 nm with a typi
cal output energy of 1.0 mj/pulse and bandwidth of 0.15 
cm-1. A linear Pyrex cell, 25 cm long and 1 inch in diameter, 
equipped with quartz windows on both sicks, and painted 
black on the exterior, was used for the fluorescence excita
tion spectroscopy and fluorescence lifetime measurement. At 
the center of the cell a viewport with a quartz window was 
attached to detect the fluorescence from the excited thiopho
sgene.

Figure 1. Schematic of the experimental apparatus. PD: photo
diode, PMT: photomultiplier tube, PC: personal computer, BD: 
beam dump.
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The unfocused output of the dye laser, tuned to excite 
vibronic bands of 난le 易(入丛2)。&)(須A】) was sent through 
the cell at room temperature. The fluorescence was collected 
with a T dia. quartz lens, filtered from the scattered excita
tion light with two glass filters (Schott RG 610 and OG 570) 
and a narrow slit, and then detected with a photomultiplier 
tube (PMT : Hammatsu R928). In 나fluorescence excitation 
spectroscopy, the PMT output was integrated in a gated inte
grator (SR 250) and stored in a personal computer (PC) with 
the laser wavelength. A small portion of the excitation laser 
beam was split in front of the cell with a quartz plate and 
detected with a photodiode to monitor the laser intensity 
fluctuation. The PMT output signal was sent to a 300 MHz 
digital oscilloscope (LeCroy 9450A) to obtain the time evolu
tion. Each decay curve was digitized and averaged for 500 
decay profiles in the oscilloscope, and stored in a PC for 
further analyses. The fluorescence lifetimes were determined 
by fitting the decay profiles to a single exponential function 
with a commercial least-square regression routine. This de
tection system allows accurate measurement of lifetime as 
short as about 7-8ns with the time resolution being limited 
mostly by the 5-6ns duration of the excitation laser pulse.

The fluorescence excitation spectrum of thiophosgene in 
a collisionless condition was obtained with an unskimmed 
pulsed jet expansion system. A detailed description of the 
system is provided elsewhere.19 In brief, the premixture of 
thiophosgene in He was expanded into a vacuum chamber 
through a pulsed valve with a 0.5 mm nozzle diameter and 
the laser beam crossed 25 mm downstream from the nozzle. 
The fluorescence from the excited molecules was detected 
and processed in the same manner as in the cell experiment 
at room temperature.

The thiophosgene sample was used as obtained from the 
Aldrich Chemical Co.

Results

Figure 2 shows a portion of two fluorescence excitation 
spectra for the (A<~X) transition of thiophosgene obtained 
in two different conditions, in a static cell at room tempera
ture and in a supersonic jet expansion. It is easily noticeable 
that the band intensity of the spectrum in a collisional condi
tion in a static cell significantly declines with increasing vib
rational energy compared with that in a collisionless condi
tion. This observation indicates that the C12CS molecules ex
cited to the higher vibrational levels of the Si are quenched 
by collision more efficiently than those in the lower levels, 
which invoked us to endeavor a more quantitative measure
ment on the energy dependence.

The fluorescence lifetimes of various vibrational levels of 
the Si state were measured at the sample pressure of 0.8 
Torr up to 1500 cm-1 of vibrational energy. Although the 
fluorescence from the Si state decays biexponentially in the 
collisionless condition,20 all of the decay curves obtained in 
this work were well fit to single exponential functions, (see 
Figure 3) The lifetimes obtained in the fitting are listed in 
Table 1 with the level assignments and corresponding vibra
tional energies. The fast component of the fluorescence decay 
of thiophosgene in the collisionless condition have lifetimes 
longer than 10 卩sec for the levels investigated in this work.20
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Figure 2. A portion of fluorescence excitation spectra of 나lio- 
phosgene (C12CS) obtained in (a) collisionless and (b) collisional 
conditions. It is easily noticeable that the band intensity of the 
spectrum in a cell at room temperature significantly decreases 
with increasing vibrational energy.

Figure 3. Fluorescence decay trace of the 41 level at 0.8 Torr. 
The trace was fit to a single exponential decay with a lifetime 
of 308.8ns. The spike around t=0 is from the scattered light 
of the excitation pulse.

Since the observed decay rates are >50 times more rapid 
than those in the zero-pressure limit, the contribution of 
intramolecular relaxation and radiative processes to the ob
served decay rate is negligible. Hence the inverse of the 
fluorescence lifetimes (r) gives the collisional relaxation rates 
of those vibronic levels excited by the laser, from which 
the rate constants (kreiax) for the collision-induced relaxation 
process are deduced. The rate constants are also listed in
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Table 1. Fluorescence Lifetimes and Collisional Relaxation Rate 
Constant

Vibrational energy Assignment r(ns) 糸賦(1/r, cm%—】)
0.0 0° 313.6 1.23X10^10
0.4 41 308.9 1.25X10-10

245.0 31 142.7 2.71X10-10
245.4 314" 133.7 2.89X10-10
245쇼 314s 137.4 2.81X10-10
279.6 42 139.2 2.77X10~10
292.5 43 137.5 2.81X10~10
447 44 101.7 3.79X10*10
480.4 2141 90.9 4.25X1"
490.4 3241 69.0 5.60X10-10
537.5 3143 56.6 6.83X10'10
725 436^ 50.8 7.60X10-】°

가3쇼 i”
907.9 1U1 45.0 8.57 X IO"10
970.0 213241 29.2 1.32 X10~9

1152.4 134】 15.6 2.47X10"9
1204.2 V43 18.9 2.29X10-9

1387.3 「2141 19.5 2.04 X10-9
1451.5 1" 〜7 ~5.52X](厂 9

The same level was reached via two different transitions. ”The
two bands are overlapped.

Figure 4. Collisional relaxation rate constants and density of 
state of the Ti state as a function of the vibrational energy of 
CLCS(Si). Note the pertinent ordinates to the rate constant and 
the density.

the last column of Table 1 and graphically shown in Figure
4. The rate constant consistently increases from 1.23X1O-10 
cm3 sec-1 for the electronic origin and to 5.52 X10-9 cm3 
sec-1 for the level even though there exists some fluc
tuation.

This observation is in sharp contrast to the previous report 
by McDonald and Brus,3 which shows a slight decrease of 
the rate with energy. This discrepancy is supposed to arise 
from the 200-500ns long pulse duration of the laser that 
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McDonald and Brus utilized in their work? With such a long 
pulse laser it might not be possible to accurately determine 
the lifetimes shorter than 1 gs. Furthermore the spectral 
bandwidth of their excitation laser was as wide as 2-6 A 
which prevented from exciting a single vibronic level.

Discussion

The experimental results suggest that collision opens (an) 
additional nonradiative decay channel(s) to the excited CI2CS 
(Si). The feasible candidates for the collision-induced proces
ses are the internal conversion (IC) to the So state and inter
system crossing (ISC) to the Ti state as shown below.

Cl2CS(S1) + Cl2CS(So) T Cl2CS*(So) + Cl2CS(So) (IC)
CLCS(Si) + C12CS(So) t C12CS(Ti)+C12CS(So) (ISC) 

where * symbol represents that the molecule is vibrationally 
hot. Collisionally induced predissociation is excluded here 
since the threshold for predissociation is known to be located 
at ~3400 cmT above the origin of the Si state.

Bixon and Jortner18 and Freed17 have proposed that the 
rate constant for nonradiative relaxation processes is given 
by Eq. (1) in the statistical limit where the condition of vp>l 
is satisfied.

妳=쁘 v2 p (1)

where p is the density of the state of the final state and 
v is the nonadiabatic coupling matrix element The internal 
conversion of the Cl2CS(Si) to the So state may be regarded 
as the limiting case since the state densi
ty21 of the So is ^2000/cm 1 in the energy range studied 
in the present work, and the rate is not enhanced by colli
sions. The density21 of the triplet state is only 0.3-3/cm1 
in the same energy range, which may be regarded as an 
4intermediate* case in the collisionless condition. In the ca
ses where collisions exist, however, the collisional broade
ning of vibronic levels converts the intermediate case to the 
statistical limit as proposed by Freed. In such cases collisions 
significantly enhance the nonradiative decay rate.

According to Eq. (1), the rate constant of nonradiative de
cay is proportional to the density of state of the final state 
assuming the coupling matrix element v does not vary signi
ficantly in the statistical limit The p of the So state is ~ 1500 
/cm-1 at the origin of the Si and slowly increases to ~2200 
/cm-1 with vibrational energy up to 1450 cm-1 in the Sb 
If internal conversion is the major channel for the collisional 
relaxation, the ratio of the rate constants for the lowest and 
highest energy levels would be ~1.5, which is much smaller 
than the observed value, ~40. Furthermore the observed 
decay rate is strongly collision-dependent in sharp contrast 
to the prediction that the rate should be independent of 
pressure since the internal conversion to the So corresponds 
to the statistical limit even in collisionless environments. He
nce the collision-induced IC drops off from the possible can
didate.

Intersystem crossing is the only feasible process left. The 
ISC to the Ti state may be enhanced by collisions as stated 
above, in agreement with our observation. A solid, evidence 
supporting the ISC as the major decay channel comes from 
comparison of the energy dependence of the Ti state density 
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with the measured rate constants, which is shown in Figure 
4. The density of the triplet state shows an increase by a 
factor of ~10 for the same energy range, which is much 
closer to the observed value than the IC. More importantly 
the triplet state density keeps track of the overall trend of 
the rate constant variation w辻h energy. These agreements 
lead us to the conclusion that the major channel for the 
c이lisional relaxation of the Si state is the intersystem cros
sing to the Ti and the contribution of internal conversion 
is negligible or minor if any.

Now that the excited CLCS in its Si state are confirmed 
to collisionally relax to the Ti state, the fate of the CUCS 
molecules in the Ti state should be established to complete 
the electronic relaxation mechanism. A conceivable process 
is the radiative decay to the So state, i.e., phosphorescence. 
However, the lack of phosphorescence13,22 following the exci
tation to the Si state in the gas phase eliminates the radia
tive decay of the thiophosgene molecules relaxed to the Ti 
state. In addition, the molecules excited directly to the Ti 
state exhibit no emission23 even though the oscillator stre
ngth of the T1-S0 transition is as large as an 1/6 of that 
for the S1-S0 transition.12 These results unambiguously sup
port that the Ti state decays through an intramolecular ra
diationless process which should be the intersystem crossing 
to the So. The decay path of CI2CS excited to the S】state 
in the collisional condition may be summarized as follows.

CkCSCSO+CkCSCSo) T CLCS(Ti) + C12CS(So) 
(collision-induced ISC)

C12CS(Ti) t C12CS*(So) (intramolecular ISC)

Although our attention has been paid only for the electro
nic relaxation, collision may also cause vibrational relaxation 
in the same electronic manifold when the vibrationally exci
ted levels of CLCS(Si) are accessed. If the vibrational relaxa
tion occurs at a comparable or higher rate to the electronic 
decay, the time evolution of fluorescence would not follow 
the single-exponential function, and the measured lifetimes 
appear longer than the true values since the relaxation popu
lates lower vibrational levels which have longer fluorescence 
lifetimes. In the present work, however, the vibrational rela
xation turned out to be insignificant. Several fluorescence 
decay curves for levels with vibrational energies >1000 cm-1 
have shown some deviation from the single-exponential func
tion but the extent was trivial. This result is consistent with 
the previous observation that the emission spectrum of the 
ChCS(Si) is insensitive to the pressure of the sample.22,24 
Thus it is obvious that collision mostly brings about the elec
tronic relaxation to the ChCS(Si) rather than the vibrational 
energy transfer.

Mode or state specificity has been a controversial topic 
in many aspects of chemical kinetics and dynamics.25 The 
question lying in collisional relaxation processes is whether 
the rate constants are a simple function of energy or depend 
upon the identities of the initial states. Let us address the 
problem for the collision-induced relaxation rate constants 
of Cl2CS(Si) here. The rates shown in Figure 4 and Table 
1, do not increase smoothly with energy but exhibit some 
fluctuation. The most noticeable example is the 12사 and 
1呼43 levels. Those are only 64.2 cm-1 apart but the rates 
differ by almost a factor of 3. Although it may not be possible 

to offer a quantitative analysis, a qualitative explanation can 
be provided for the difference for these tjvo levels; since 
both the Si and Ti states have a non-planar geometry, exci
tation of the V4 (out-of-plane bend) mode would increase the 
coupling between the initial Si level and the final Ti ones, 
resulting in significant increase of the relaxation rate. There
fore the levels with higher excitation in the 냐4 mode may 
decay more rapidly than others as one can see for the 1241 
and 1呼43 levels. The lx43 level is also a good example for 
the argument. It has 183.1 cm-1 less energy than the 
level but show a comparable lifetime. In order to better un
derstand the state specificity pertinent to the collisional rela
xation of CI2CS, more extensive experimental data and theo
retical calculations may be required.

It is worth of consideration that the collision-induced ISC 
is highly efficient for Cl2CS(Si). For example, the quenching 
rate constant of the electronic origin is 1.23 X1O-10 cm3s-1. 
This value corresponds to the cross section of 37.5 A2, which 
is 1.3 times larger than the hard sphere cross section.26 At 
higher energies the efficiency becomes even higher. Such 
a large cross section is common for self-quenching and origi
nates from the resonant energy transfer between two equiva
lent molecules. Heavy atoms in the thiophosgene molecule 
may contribute further to the high efficiency through the 
external heavy atom effect. Nearly the same quenching effi
ciency has been observed for glyoxal in which the additional 
interaction is provided by hydrogen-bonding forces.27

Conclusion

Fluorescence from the ChCSCSi) is efficiently quenched 
by collision. The collision-induced electronic relaxation rates 
have been measured for various vibrational levels from the 
fluorescence lifetimes. The relaxation process strongly depe
nds on the energy and identity of the vibrational levels 
where the molecules are populated. The rate consistently 
increases by a factor of ~40 with the increase of vibrational 
energy from 0 to 1450 cm-1 and the levels with higher exci
tation in the v4 (out-of-plane bend) mode decay more rapidly. 
Collision induces intersystem crossing from the Si to the 
first triplet state (TJ and to consequently quench the fluore
scence from the Si state. The observed vibrational energy 
dependence is likely from the increase of the density of vib
rational levels in the triplet manifold. The C12CS molecules 
relaxed to the Ti state seem to decay to the ground state 
via intramolecular hitersystem crossing.
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The rotationally cooled but electronically excited m-xylyl radical has been generated in a jet from the gas mixture 
of precursor m-xylene and buffer gas He by a technique of corona excited supersonic expansion. The visible vibronic 
emission spectra in the transition of of m-xylyl radical in the gas phase have been, recorded using a
Fourier transform spectrometer. The spectra have been analyzed for the assignments of the vibrational frequencies 
in the electronic ground state with combination of the torsional frequencies reported previously.

Introduction

The vibronic structure and spectra of benzyl and three 
isomeric xylyl radicals have long been of interest to spectro- 
scopists. They have been studied by a variety of techniques.1 
Substitution of a methyl group for a hydrogen in an aromatic 
compounds is supposed to have least perturbation on the 
aromatic ring. However, in the xylyl radicals, it is likely to 
have more significant effects. The small splitting between 
the A and B electronic states may be largely altered as well 
as the shift in the torsional and vibrational frequencies of 
the xylyl radicals. The information about the internal dyna

mics of methyl groups may be provided by spectroscopic 
experiments at higher frequencies, in the visible and ultra
violet regions of the electromagnetic spectrum,2,3 This is be
cause the properties of the potential energy surface along 
the methyl group torsional coordinate often change upon ele
ctronic excitation. A vibrationally resolved electronic spect
rum may provide information about the difference in the 
barrier shape, height, or even conformational preference.

The xylyl radicals have been studied by numerous experi
mental and theoretical works. Most of earlier works on the 
xylyl radicals were limited to low resolution vibronic studies 
in either the gas phase4 or the solid phase.5,6 The earlier


