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Photobleaching of the SO2 C̃1B2← X̃1A1 transition caused by
optically pumping thẽa3B1 state
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Abstract

Fluorescence emerging from theC̃1B2 state of jet-cooled SO2 was examined while pumping thẽa3B1← X̃1A1 transition, prior to
exciting theC̃1B2 ← X̃1A1 transition. TheC̃1B2 ← X̃1A1 transition is photobleached because the SO2 molecules are ‘shelved’ in the
triplet manifold, thereby reducing the occupation number of molecules in the ground state. The formation of [SO2]n van der Waals (vdW)
complexes significantly reduces the photobleaching of the ‘hot’ bands, which indicates that triplet SO2 molecules are quenched within
the environment of the clusters. In contrast, no significant changes in intensity is presented by the fundamental band possibly because
the two-photon fragmentation of SO2 into the O+SO fragments is taking place. © 2000 Published by Elsevier Science S.A. All rights
reserved.
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1. Introduction

The spectroscopy of SO2 has been the subject of detailed
studies [1–9]. Six electronic states of this molecule lie in
the 9000–43 000 cm−1 spectral region, four of which can
be reached optically from the ground̃X1A1 state: (a)̃a3B1
[1,12–16], (b)Ã1A2 [2–6,11], (c)B̃1B1 [2–6], and (d)C̃1B2
(τ f=30–40 ns) [7–9]. An energy level diagram related to
the present work is presented in Fig. 1. The collisionless
lifetimes of theÃ1A2 andB̃1B1 states are strongly dependent
on the excitation frequency [17–20]. The3B2 triplet state is
metastable, whereas the3A2 triplet is optically unobservable
[10,11].

In the present work, it was observed that the relative flu-
orescence intensities of the vibrational bands of jet-cooled
SO2, probed through thẽC1B2 ← X̃1A1 transition, show
a strong laser fluence dependence. In part, this is because
the main transition exhibits saturation effects, unlike the
hot bands. Moreover, we find that the fluorescence intensity
emerging from thẽC1B2 state decreases upon exciting the
ã3B1← X̃1A1 transition prior (1t≈100 ns) to scanning the
C̃1B2← X̃1A1 transition, and the spectra become ‘cooler’.
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The experiment involved two separate measurements. First,
laser induced fluorescence was observed from theC̃1B2
state, scanning thẽC1B2 → X̃1A1 transition with a pulsed
dye laser. The relative populations of different vibrational
levels of the S0 state can be extracted monitoring fluo-
rescence from this transition. Second, theã3B1← X̃1A1
transition was excited prior to scanning theC̃1B2← X̃1A1
transition. Note that both transitions originate from S0 and
posses the following distinct characteristics: TheC̃1B2 ←
X̃1A1 transition is dipole-allowed and ‘strong’, whereas the
ã3B1← X̃1A1 transition is spin-forbidden and ‘weak’. It
follows that an intense light source was needed to optically
populate thẽa3B1 state, and this was afforded employing
the 355 nm output of a Nd:YAG laser. Even though in the
absence of collisions thẽa3B1 state can undergo a number
of intramolecular processes (see Fig. 1), none of them places
population back into S0. In other words, with respect to the
time scale of the present experiments, triplet SO2 molecules
may be regarded as being ‘shelved’ in the triplet manifold.
The reduction in the occupation number of molecules in S0
associated to the excitation to the triplet manifold was mon-
itored by measuring the depletion in fluorescence intensity
(or photobleaching). On the other hand, the recovery of
the fluorescence signal was observed working under con-
ditions at which [SO2]n van der Waals clusters (vdW) are
formed. This observation provided circumstantial evidence
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Fig. 1. Diagram of the electronic states of the SO2 molecule relevant to
the present work. ThẽC1B2← X̃1A1 transition was examined monitoring
fluorescence. In some experiment theã3B1← X̃1A1 transition was excited
using the 355 nm output of a Nd:YAG laser, prior to exciting the singlet
transition.

suggesting that triplet SO2 molecules are undergoing elec-
tronic deactivation to the ground state within the ‘cage’ of
the [SO2]n vdW clusters.

Similar photochemical processes in clusters have attracted
considerable attention in recent years [21–27]. The dissoci-
ation and cage recombination of I2 molecules under cluster
conditions has been presented by Roncero et al. [28]. Stud-
ies of the I2(Arn) clusters [29–31] have provided a detailed
microscopic picture of the caging effect. The concept of the
solvent cage has been extended to explain why the predisso-
ciation of diatomic molecules such as OH and SH is blocked
when the OH–Ar and SH–Ar vdW clusters are formed [32].

2. Experimental

2.1. Description of the apparatus

The molecular beam apparatus employed in the present
experiments has been described elsewhere [33]. A pulsed
electromagnet valve (General Valve Series 9) with a 0.8 mm
nozzle diameter was used to rotationally cool the SO2
molecule and to form [SO2]n van der Waals clusters. The
fluorescence signal from the expanded Ar/SO2 mixtures was
observed 25 nozzle diameters down stream. The background
pressure in the chamber prior to operating the pulsed valve
was about 10−6 Torr. The third harmonic (λex=355 nm) of
a Nd:YAG laser (Continuum Surelite II) was utilized to
pump theã3B1← X̃1A1 transition of SO2. Laser pulses
of 3 mJ were focused onto on area of 1 mm2 using a lens

(f=100 cm). An excimer pumped-dye laser (3-Physik LPD
3002) equipped with a BBOI doubling crystal allowed the
scan of the laser excitation spectra. Coumarin-47 was the
dye employed. The dye laser beam was colinearly counter
propagated to that of the Nd:YAG laser. A time delay of
100 ns between the lasers pulses was controlled by a digital
delay pulse generator (Stanford Research DG535). The laser
induced fluorescence was recorded by a frontal photomulti-
plier (Thorn EMI) and the signal was integrated by a boxcar
(Stanford Research SR 250). The data acquisition was per-
formed by a personal computer (Macintosh IIci) linked to
the boxcar integrator and other devices through a GW inter-
face (GW Instrument MacAdios II card), programmed with
MPW fortran. Each data point was averaged for five laser
pulses. The dye laser pulse energy was measured at ev-
ery wavelength using a pyroelectric joulemeter (Molectron
Mod. J3), and the signal was fed into the computer to correct
the spectra. The spectral resolution was 0.1–0.2 cm−1.

Commercial SO2 (Air Products) was used without further
purification. The SO2 samples were diluted in Ar to a 3–5%.
The total pressure above the pulsed valve was varied in the
0.5–6.0 bar range.

2.2. Spectroscopic simulations

The position of the SO2 vibrational bands in thẽC1B2←
X̃1A1 laser fluorescence excitation spectra were assigned us-
ing a computer simulation. To this end, the following equa-
tion was used:

ωC̃←X̃ = ω0−0− n′′1ν
′′
1 − n′′2ν

′′
2 − n′′3ν

′′
3

+n′1ν
′
1+ n′2ν

′
2+ n′3ν

′
3 (1)

wheren′′i and ν′′i denote the vibrational quantum numbers
and vibrational frequencies of the vibrational modes of SO2
in the ground state,n′i and ν′i are the vibrational quan-
tum numbers and vibrational frequencies of the vibrational
modes of the SO2 C̃1B2 state, andω0–0=42 625.75 cm−1.
For the ground state, the values forν′1, ν′2, ν′3 are 1151.38,
517.69 and 1361.76 cm−1, respectively, whileν′′1, ν′′2, ν′′3 for
stateC̃1B2 are 963, 377 and 284 cm−1, respectively [1–16].

3. Results and discussion

3.1. Laser fluence dependence of the SO2 C̃1B2← X̃1A1
transition

Fig. 2(a) displays a laser fluorescence excitation spec-
trum of the SO2 on the C̃1B2 ← X̃1A1 transition in the
234.5–237.0 nm region. A 5% SO2/Ar mixture was ex-
panded in a supersonic free jet at a backing pressure of
4 bar. To simulate the spectrum shown in Fig. 2(a) it is
sufficient to include the (0,0,0), (0,1,0) and (0,2,0) vibra-
tional levels in the ground state. The most intense band,
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Fig. 2. (a) Laser fluorescence excitation spectrum of SO2 on the
C̃1B2← X̃1A1 transition. A 5% SO2/Ar mixture was expanded in a su-
personic free jet at a backing pressure of 4 bar. (b) Theã3B1← X̃1A1

transition was excited a 100 ns prior to exciting theC̃1B2← X̃1A1 tran-
sition. In both spectra the laser pulse energy was low to avoid optical
saturation and non-linear processes.

centered around 234.6 nm (5.28 eV), corresponds to the
C̃1B2(0,0,0)← X̃1A1(0,0,0) transition (from now on de-
noted the fundamental band). The rest of the bands in the
spectrum are ‘hot’ bands. Fig. 1 displays the relative posi-
tion of theC̃1B2 andX̃1A1 states along with other electronic
states relevant to the present work. The laser fluence de-
pendence of thẽC1B2(0,0,0)← X̃1A1(0,0,0) transition was
studied monitoring fluorescence intensity at the maximum
of the band. It is noted from Fig. 3 that the fluorescence
intensity from this band increases linearly with laser pulse
energy, reaches a plato, and then decreases to half of its
maximum intensity. In contrast, the fluorescence intensity
from theC̃1B2(0,0,1)← X̃1A1(0,1,0) ‘hot’ band exhibits a
linear behavior in the same laser fluence range.

The non-linear behavior displayed by the fluorescence
intensity from theC̃1B2 state fundamental band against
dye laser fluence is consistent with the occurrence of
multiphoton processes. Accordingly, we identified other
molecular processes that could become important at high
laser fluences. Specifically, the SO2 photodissociation and
ionization thresholds are at 5.64 eV (220 nm) and 12.34 eV,

Fig. 3. (a) Fluorescence intensity from theC̃1B2(0,0,0)← X̃1A1(0,0,0)
fundamental band, which increases linearly as the laser pulse energy
is increased, reaches a plato, and then decreases, (b) the fluorescence
intensity from theC̃1B2(0,0,1)← X̃1A1(0,1,0) ‘hot’ band exhibits a linear
behavior in the same laser fluence range.

respectively. The C̃1B2(0,0,0)← X̃1A1(0,0,0) transition
(5.28 eV) lies below those limits. On the other hand,
the two-photon absorption of SO2 at 234.6 nm (10.6 eV),
SO2+2hν→O+SO, is above the dissociation limit, but
below the ionization threshold. The SO2 ionization at
234.6 nm would require the absorption of three photons
(15.85 eV): SO2+3hν→SO2

++e−. Considering that we
are exciting with a dye laser with relatively low energy
per pulse (0–2.7 mJ per pulse), the two-photon dissociation
process seems to be the most probable one.

3.2. Optical reduction of the SO2 occupation number in
the ground state

If the ã3B1← X̃1A1 transition is pumped at 355 nm
(3.49 eV) 100 ns prior to exciting thẽC1B2 ← X̃1A1 tran-
sition, the fluorescence intensity from the fundamental
band as well as that of the ‘hot’ bands decreases a 50%,
as Fig. 2(b) depicts. The spectra displayed in Fig. 2 were
collected at a laser fluence well below the non-linear region
exhibited by the fundamental band. The fluorescence inten-
sity emanating from thẽC1B2 state is reduced because the
Nd:YAG laser populates̃a3B1(υ1,υ2,υ3) levels from the
ground state. This experiment provides indirect evidence
that we are pumping thẽa3B1← X̃1A1 transition with the
third harmonic of the Nd:YAG laser, as thẽC1B2← X̃1A1
transition also originates from the ground state.

3.3. Transitions in the triplet manifold

The 355 nm output of the Nd:YAG laser can excite the
ã3B1(0,2,0) triplet state, as Fig. 1 schematically shows. For
numerical analysis, Eq. (1) was also applied, employing
the corresponding frequencies for theã3B1 state [1,12–16].
It has been shown [1] that triplet state levels lying above
the ã3B1(0,2,0) level are strongly perturbed by intramolec-
ular interactions (e.g. electronic-vibrational, spin-orbit) in-
duced by the neighboring levels of the3A2 triplet. Thus,
intramolecular transitions can occur between vibrationally
excited levels of thẽa3B1 state and levels of the state. More-
over, transitions between the3A2 and3B2 the state are elec-
tric dipole allowed [34–38]. However, the ground state is not
populated back by any of such transitions or processes and
the triplet SO2 molecules are ‘shelved’ in the triplet mani-
fold.

3.4. Clustering effects

Fig. 4(a) shows a laser excitation spectrum of SO2 in
the same spectral region examined in Fig. 1, but scanning
the dye laser at the maximum fluence reached in Fig. 3. At
this laser fluence, the main transition is being saturated and
we believe the SO2 photodissociation is taking place. These
spectra were collected expanding a 3% SO2/Ar mixture from
a stagnation pressure of 480 Torr into the vacuum chamber.
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Fig. 4. (a) Laser fluorescence excitation spectrum of jet cooled SO2 on the
C̃1B2← X̃1A1 transition. A 3% SO2/Ar mixture was expanded in a su-
personic free jet at a backing pressure of 480 Torr. (b) Theã3B1← X̃1A1

transition was excited a 100 ns prior to exciting theC̃1B2← X̃1A1 tran-
sition. In both spectra the dye laser fluence was the highest shown in
Fig. 3. At this dye laser fluence thẽC1B2(0,0,0)← X̃1A1(0,0,0) transition
is saturated, although the ‘hot’ bands are not.

Rotational cooling is achieved working at this low stagna-
tion pressure, while SO2 clustering is minimized. The fluo-
rescence intensity from the ‘hot’ bands decreases to a 15%
when the Nd:YAG laser is driving thẽa3B1← X̃1A1 transi-
tion, as Fig. 4(b) shows. This clearly reflects a decrease in
the population of ground state molecules.

A much cooler spectrum is obtained upon increasing the
stagnation pressure to 6 bar, as Fig. 5(a) shows. These strong
expansion conditions favor the formation of [SO2]n vdW
clusters. Moreover, in this experiment the dye laser out-
put is high (the same used in Fig. 4), which means that
the main band exhibits non-linear behavior. A reduction
to only a 50% in the fluorescence intensity of the ‘hot’
bands is observed when the Nd:YAG laser is pumping the
ã3B1← X̃1A1 transition, as displayed in Fig. 5(b). The same
experiment was performed at backing pressures of 1.7 and
4 bar and a gradual increase in the relative fluorescence was

Fig. 5. (a) Laser fluorescence excitation spectrum of SO2 on the
C̃1B2← X̃1A1 transition. A 3% SO2/Ar mixture was expanded in a su-
personic free jet at a backing pressure of 6 bar. (b) Theã3B1← X̃1A1

transition was excited a 100 ns prior to scanning theC̃1B2← X̃1A1 tran-
sition. In both spectra the dye laser fluence was the highest shown in
Fig. 3. At this dye laser fluence thẽC1B2(0,0,0)← X̃1A1(0,0,0) transition
is saturated, although the ‘hot’ bands are not. At the backing pressure
employed in this experiment the SO2 molecules excited to the triplet
manifold are relaxed within the environment of the [SO2]n clusters.

also observed (data not shown). This means that a larger
number of SO2 molecules are clustered upon increasing the
backing pressure, thereby enhancing the probability of re-
laxation of triplet molecules. In contrast, the intensity of the
fundamental band does not change significantly because this
band is being observed in the non-linear region and at this
laser fluence only a small fraction of the molecules end up
being excited to thẽC1B2 state. In fact, the fluorescence in-
tensity that one should expect can be estimated extrapolating
the initial slope in Fig. 3 (the first four points in the curve
for the 0–0 transition) to the highest laser fluence. Clearly,
the SO2 molecules are undergoing a photochemical process,
one of which could be two-photon photodissociation.

The reduction observed on the magnitude of the photo-
bleaching of the ‘hot’ bands as the backing pressure is in-
creased may be explained as follows. At the higher backing
pressures triplet SO2 molecules undergo electronic relax-
ation to S0 in the environment of the clusters. This happens
before the probe laser pulse excites theC̃1B2← X̃1A1 tran-
sition. In other words, since the fluorescence intensity from
the ‘hot’ bands as a function of backing pressure converges
towards the value when the Nd:YAG laser beam is turned
off we can conclude that there is triplet relaxation within the
cluster environment. Note that the linear behavior exhibited
by the ‘hot’ bands as a function of laser fluence indicates
that we are exciting the electronic transition without induc-
ing other processes.

One can anticipate that the ‘cage’ effect due to the forma-
tion of [SO2]n vdW clusters should favor the O+SO→SO2
recombination process, if this is happening when we ex-
cite the fundamental band at the higher laser pulse ener-
gies. However, changes in the intensity of the fundamental
band are not observed upon increasing the backing pressure
(to favor the formation of [SO2]n vdW clusters) and we do
not have evidence to argue that the recombination is taking
place. This may be because the available energy (5.0 eV) to
be distributed between the O+SO fragments, formed from
the two-photon dissociation process, is much larger than the
energy required for the fragmentation of the [SO2]n vdW
clusters. Thus, the SO2 clustering seems to be effective to
relax theC̃1B2 state, but not to recombine the O+SO frag-
ments to form the S0 state.

4. Concluding remarks

Marked changes are observed in theC̃1B2← X̃1A1 laser
fluorescence excitation spectra if theã3B1← X̃1A1 transi-
tion is pumped using the third harmonic of the Nd:YAG
laser, prior to exciting thẽC1B2 state. This effect is due to
the trapping of the SO2 molecules in the triplet manifold.
The SO2 molecules excited to the triplet state return to the
ground state when triplet SO2 molecules are embedded in
the [SO2]n clusters. Clustering effects do not appreciably
affect the behavior of the SO2 fundamental band when the
probe laser fluence is high. This may be attributed to the



V.I. Makarov, E. Quiñones / Journal of Photochemistry and Photobiology A: Chemistry 135 (2000) 1–5 5

two-photon dissociation of the SO2 molecule, but this result
was not experimentally confirmed.
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