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   The relaxation kinetics for the electronically excited SO2(
1
A2) was investigated by measuring the time 

profiles for the laser-induced fluorescence intensities after the excitation of Clements F band of SO2

molecules at around 303 nm. The semi-log plots for these time profiles were bent  at 150 s after the 

UV-laser excitations and thus co-existence of the fast and slow relaxation mechanisms was suggested for 

the relaxation of the electronically excited SO2(
1
A2). The quenching rate constants of the electronically 

excited SO2(
1
A2) with several kinds of alcohols were also investigated and it was found that the collisional 

quenching cross sections q were well correlated with the well-depth  of the interactions between the bath 

gases.
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1.  INTRODUCTION

Since sulfur dioxide (SO2) is known as one of the 

most widely recognized atmospheric pollutants, a 

number of authors have investigated the reactions of 

SO2 in air. Although the photochemical reactions 

between the electronically excited SO2 and 

hydrocarbons are known to produce the unvolatile 

products,
1), 2)

 the reaction mechanism was complex 

and still remained unclear. This is partly due to the 

complicated interactions among the excited states of 

SO2 as well as the unresolved relaxation kinetics of 

the electronically excited SO2 formed by the UV 

light illuminations.

Fig. 1 is the schematic diagram of the electronic 

structures of SO2. As shown in Fig. 1, the 
1
A2 state, 

the
1
B1 state and the 

3
B1 state overlap with each other. 

Especially the vibronic couplings between  the 
1
A2

state and 
1
B1 state are so strong that  the internal 

conversions from 
1
A2 level to 

1
B1 level occurred very 

efficiently,  

SO2(
1
A2)  SO2(

1
B1)

followed by the subsequent relaxations from the 
1
B1

state to the 
3
B1 state via the intersystem crossings. 

Furthermore the relaxation processes from the 
1
A2

state to the 
1
A1 ground state also occurred simultane-

ously via the resonant or non-resonant fluorescence.
3)  

In the presence of the hydrocarbons these  quenchi-

ng processes were influenced by collisional 

quenching between the electronically excited SO2

with hydrocarbons and therefore the detailed 

understanding of such quenching processes is very 

important.

In the present work we have attempted to monitor 

the relaxation kinetics after the UV-excitation of SO2

using the laser-induced fluorescence technique and 

to find the relationships between the collisional 

quenching cross sections and molecular properties.
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Fig. 1 Energy diagrams for the ground and excited states  

           of  SO2.
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2.  EXPERIMENTAL 

 The arrangement of the experimental setup have 

been described elsewhere.
4)

 Briefly, the glass cell 

was evacuated up to 10
-4

 Torr before the experiment 

and then filled with about 1 Torr of SO2. For the 

quenching measurements the mixed gas of 

alcohol/SO2 were introduced in the glass cell and 

flowed slowly to avoid contaminations inside the 

glass cell. 

  The probe laser, which was generated by the 

frequency doubling of the dye laser pumped by the 

Nd:YAG laser, was irradiated to the glass cell and the 

fluorescence was collected by the photomultiplier 

tube which was placed perpendicular to the probe 

laser beam. The time-resolved fluorescence decays 

were monitored by the digitizing oscilloscope with 

the averaging of about 3000 measurements.  

3.  RESULTS AND DISCUSSIONS 

Fig. 2 shows a typical example for the laser-induced 

fluorescence (LIF) spectra obtained when 1 Torr of 

SO2 was filled in the glass cell. As shown in Fig. 2,

the Clements E, F and G bands of SO2 were observed 

as the fluorescence peaks.
5)  

By fixing the wavelength 

of the dye laser at the Clements F band, the time 

profiles for the laser-induced fluorescence intensities 

were measured. Typical examples of the 

fluorescence decays and the semilog plots were given 

in  Fig. 3(a) and Fig. 3(b). As shown in Fig. 3(b)  the 

semi-log plot of the SO2 LIF intensities was bent at 

around 150 s and therefore they had two decay 

components, indicating that the radiative decay proc- 

ess for the electronically excited SO2 was not a single 

process.

To confirm such multiple decay processes for the 

SO2-LIF intensities, we have measured the time 

profiles of the dispersed fluorescence through a 

monochromator. For these measurements the 

excitation wavelength was changed from that of the 

Clements F band to 266 nm, which was generated by 

the 4th harmonic of Nd:YAG laser. The semilog 

plots for the dispersed fluorescence of SO2 were 

given in Fig. 4. When the wavelength of the 

fluorescence detection became longer than 350 nm, 

the semilog plots of the fluorescence decays was 

almost straight, but the wavelength of the 

fluorescence detection became as short as 280 nm, 

the bent structures for the semilog plots of the 

fluorescence intensities became prominent (see Fig. 

4). This could be explained when the dispersed 

fluorescence longer than 350 nm was originated only 

from 
1
A2 state, but the dispersed fluorescence 

observed at 280 nm was combination of the 

fluorescence for the pure 
1
A2 state and for the mixed

states of the 
1
A2 and 

1
B1 states. This is consistent with 

the energy diagram of Fig. 1 that shows the energy 

level of the 
1
B1 state is higher than that of the 

1
A2

state. 

Bae et al.
6)

 also investigated the relaxation kinetics 

on the first singlet excited state of SO2 from the 

time-resolved fluorescence intensities in the 300-450 
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Fig. 2    Laser-induced fluorescence spectra of SO2.
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Fig. 3  A typical examples for the time profiles and semilog 

plots of SO2-LIF intensities.  

Fig. 4  Semilog plots of the dispersed fluorescence of    

SO2 with excitation of 266 nm laser light. 
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nm region. They found the semi-log plot of time 

profiles of the SO2 LIF intensities had fast and slow 

decay components. They further analyzed the time 

resolved emission spectra with different delay times. 

They found many sharp fluorescence peaks appeared 

just after the excitation of SO2 and then broad 

continuum emission appeared at 100 - 300 ns after 

the excitation of SO2. Finally the phosphorescence 

between 400-450 nm appeared after 1 s of the 

excitation. They assigned the sharp fluorescence 

peaks and the broad continuum as the 
1
A1 state and 

the strong mixing state of  
1
A1 and 

1
B1, respectively. 

Their conclusions are consistent with our previous 

conclusions. Thus the different decay rates observed 

in Fig. 2(b) were probably due to the different 

radiative lifetimes for these excited states between 

the
1
A1 and the mixing state of 

1
A1 and 

1
B1.

Next we have tried to measure the quenching rate 

constants for these excited states by adding several  

kinds of alcohols. Fig. 5(a) and Fig. 5(b) shows the 

Stern-Volmer plot for the fast and slower 

components of the SO2 LIF decays. As seen in these 

figures, relatively good linearities were obtained. By

 fitting these decay profiles with linear regressions, 

the quenching rate constant of SO2 with alcohol for 

each of the fast and slow components was obtained.    

The results were summarized in Table 1. Since the 

quenching rate constant is dependent of the colliding 

velocities, the quenching rate constants kq were 

converted to the quenching cross section q via the 

following equation  

q = kq / v         (1) 

where  v is the thermal velocity of colliding gases.  

     As you can see in Table 1, the quenching cross 

section became larger when the size of alcohols 

became larger. Since Parmenter and  co-workers
7)

have found the correlations between the quenching 

cross section q  and well-depth  for the interactions 

between the electronically excited molecules and the 

quenching gas, we have attempted to adopt their 

theory to our experimental results. 

According to their previous reports in Ref. 7, for  

the reaction of

             A* + M   A + M           (2) 

where A* is the electronically excited species and M 

is the molecules or atoms that quench A
*
. For such 

reaction the quenching cross section q can be 

expressed as follows, 

             q = C exp( A*M / kT)          (3) 

where k and T are the Bolzmann constant and the 

temperature, respectively. A*M is the well-depth for 

the interactions between A
*
 and M. C is a constant  

obtained with empirical fit to the experimental 

expressed as the combination relationship values. 

Assuming the well-depth A*M can be A*M=( A*A*   
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Fig. 5 Stern-Volmer plot for the decay rates of SO2

fluorescence. (a) Faster component and (b) slower 

component. (solid line): ethane, (solid line): 

propane, (solid line): methanol, (solid line): 

ethanol, (dashed line): 2-propanol, (dashed 

line): 1-propanol, (dashed line): t-buthyl alcohol. 
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A*M)
1/2

, the above equation can be transformed to 

become 

ln ( q) = ln(C) +  ( MM / k)
1/2

          (4) 

where  = ( A*A* / kT
2
)

1/2 
and MM is the well-depth for 

the interactions between M themselves. Thus the 

plots for the logarithm of  q versus ( MM / kT
2
)

1/2 

should be linear. Since the well-depths MM are often 

not available for a substantial number of gases, 

therefore we have adopted the following empirical 

rules

            MM / k  1.5 Tb           (5) 

where Tb is the boiling point of gases in K. 
 8)

   The results of the plots for the logarithm of q

versus ( MM / kT
2
)

1/2
 in the present SO2/alcohol

system are shown in Fig. 6.

As shown in Fig. 6, good correlations were obtained 

in the the plots for the logarithm of  q versus ( MM / 

kT
2
)

1/2
 in the present SO2/alcohol system (both for (a) 

fast and (b) slow components). However the slope in 

the present SO2/alcohol systems was two time higher 

than those of the  SO2/alkane system. The reason is 

not clear, but such difference might suggest some 

possibilities that alcohol/SO2 system has different 

quenching mechanism because of the existence of 

hydrogen bondings between alcohols. Including the 

accurate measurements of the well-depth MM, further 

work is still needed for clarifying the differences. 

4.  CONCLUSIONS 
Temporal decays for the SO2-LIF intensities 

were found to have fast and slow components. 

Based on the dispersed fluorescence analysis, it 

was suggested that the fast component was the 

fluorescence from 
1
A2 and the slower component 

was that from the mixing state of 
1
A2 and 

1
B1

states. 

     The quenching cross sections of the 

electronically excited SO2 with alcohols were 

measured and it was found that the good linear 

relationships were obtained in the the plots for the 

logarithm of  q versus ( MM / kT
2
)

1/2 
. However the 

slope of the plots for ln( q) versus ( MM / kT
2
)

1/2
in

the SO2/alcohol system was about two times 

higher than that in  the  SO2/alkane system and 

therefore the roles of the hydrogen bondings to the 

quenching processes in the SO2/alcohol system 

was suggested.
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Fig. 6  The semilog plots for the quenching cross sections 

q versus ( MM / kT2)1/2 in the  present SO2/alcohol 

system 
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