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ABSTRACT: The time-resolved total emission of SO2 at were moni-1 1(B B : X A ) 354.9 nm1 1

tored following the direct excitation by a laser pulse. A three-level model was proposed266 nm
to deal with SO2 (X1A1, A1A2, B1B1) system. From a kinetic treatment of these measurements,
the coupling coefficient, j, and the relaxation time, t, relating to the high vibronic levels of
A1A2 and B1B1 states were first obtained. It is found that j and t values keep basically constant,
reflecting the characteristics of the studied system. In addition, the quenching rate constants
of SO2 (A1A2, B1B1) by some alkane and chloromethane molecules were measured at room
temperature. The formation cross sections of complexes of SO2 (A1A2, B1B1) and quenchers
were calculated by means of a collision complex model. It is shown that the dependence of
the formation cross section of complex on the number of C9H or C9Cl bonds is generally
in agreement with that of the measured quenching cross section. q 1998 John Wiley & Sons, Inc.

Int J Chem Kinet 30: 831–837, 1998

INTRODUCTION

In view of the effects of sulfur dioxide pollution in the
atmosphere, much effort has gone into the study of the
photochemistry and photophysics of SO2. The intrinsic
complexity of the electronically excited states in the

[1–4] has made the kinetic stud-240–340 nm region
ies of single electronic state of SO2 very difficult in
this region, where several kinds of couplings happened
among X1A1, A1A2, B1B1 states of SO2 [5–7].

The main absorption in the near ultraviolet,
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has been assigned to transitions into the240–340 nm,
A1A2 state which borrows intensity through vibronic
coupling with the neighboring B1B1 state [5,6]. The
latter is intensively perturbed through Renner–Teller
coupling with the ground state [7] and excitation into
the B1B1 state is associated with a weak underlying
“quasi-continuum” in the absorption spectrum. The
studies of single vibronic level fluorescence spectra by
Shaw et al. [8,9] gave credence to the explanation that
the bulk of the emission is due to the B1B1 levels
spread among the A1A2 levels.

Most of the previous kinetic studies on SO2 in the
region have been dealing with A1A2 and240–340 nm

B1B1 separately and have much controversy [1]. Here,
we propose a three-level model to process SO2 (X1A1,
A1A2, B1B1) system. According to this model, the ki-
netic behavior of A1A2 and B1B1 is regarded as unity.
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Figure 1 Schematic diagram of a three-level model.

EXPERIMENTAL METHOD

The experiments were performed in a stainless steel
reactor. The experimental arrangement was described
in detail previously [10]. SO2 molecule and the
quenching molecules were diluted in the bath gas, He,
and stored in 10 l reservoirs prior to experiments.
Three gas mixtures flowed continuously into the re-
action vessel: f1, a flow of about 6.6% SO2 in He; f2,
a flow of the quenching molecule mixed with He; and
f3, a flow of pure He. Keeping f1 and the sum of f2 and
f3 constant, the ratio of f2 to f3 was varied, resulting in
a change of the concentration of added quenchers in
the reaction vessel. The three flows were measured by
massflowmeters. The total pressure was about 5 torr
and the partial pressure of SO2 in the reaction vessel
was about The quadrupled YAG laser at150 m torr.

was focused by a lens with focal length of266 nm
and irradiated into the center of the reactor. SO250 cm

(A1A2, B1B1) was populated by absorption of radiation
from a laser pulse. The spontaneous fluores-266 nm
cence of was collected by a lens1 1SO (B B : X A )2 1 1

with focal length and focused into the entrance5 cm
slit of a monochromator. A photomultiplier was con-
nected onto the exit slit of the monochromator. The
photomultiplier output was taken to a digital storage
oscilloscope. A microcomputer was interfaced with a
digital oscilloscope allowing software control of the
data collection and signal averaging. Before analysis
of the time-resolved signal, a small background signal,
which is resulted from the laser irradiation of the
empty reactor, was subtracted from the gross signal to
get a net value. The digital oscilloscope was triggered
by the output of a photodiode which was irradiated by
the doubled YAG laser at 532 nm.

He (99.999%, Wuxi) was used without further pu-
rification. Added gases n-C H , n-C H , n-C H ,5 12 6 14 7 16

and were all analytical reagentCH Cl , CHCl , CCl2 2 3 4

grade. CH3Cl (C.P. grade) and SO2 (anhydrous grade)
were purified further by freeze-pump-thaw cycles in a
vacuum.

DESCRIPTION OF KINETIC MODEL

The kinetic processes of SO2 (X1A1, A1A2, B1B1) sys-
tem which is produced by laser excitation are266 nm

266nm
X 99: A and B main absorption (a)

(b)j1

A 99: B

(b)j2

B 99: A

A Bk (k )M M

A(B) 1 M 99: X 1 M or other products (c)

A Bk (k )Q Q

A(B) 1 Q 99: X 1 Q or other products (d)

Akf AA 99: X 1 hy (e)f

Bkf BB 99: X 1 hy (e)f

where X, A, and B represent X1A1, A1A2, and B1B1

states, respectively. Q is quencher, M is other mole-
cules (including SO2, He, etc.) than Q.

In order to deal with more detailed information
about SO2 (X1A1, A1A2, B1B1) system, we think it is
necessary to investigate a general three-level model
which is schematically shown in Figure 1. Since what
we shall discuss afterwards is a fast-pump process (the
pulse width of YAG laser is and laser intensity8 ns)
is not too high focal length is(5–10 mJ/pulse,

we assume pump and dump will not influence50 cm),
the description of kinetic behavior after laser irradia-
tion [11].

Immediately after laser pulse, we assume the partial
densities of level 1 and 2 are and respectively.N N ,10 20

In Figure 1, and represent the Ein-A , q , j (i 5 1, 2)i i i

stein spontaneous emission coefficients, the quenching
rates, and the transition rates of level 1 and 2, respec-
tively.

The kinetic equations of N1 and N2 can be ex-
pressed as

dN1 5 2 (A 1 q 1 j )N 1 j N (1)1 1 1 1 2 2dt

dN2 5 j N 2 (A 1 q 1 j )N (2)1 1 2 2 2 2dt
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Figure 2 Typical signal of SO2 fluorescence and its semi-
logarithmic plot.

(N , N ) 5 (N , N ) (3)1 2 t50 10 20

Equations (1) and (2) can be simplified as

dN1 5 2AN 1 BN (4)1 2dt

dN2 5 CN 2 DN (5)1 2dt

where

A 5 A 1 q 1 j , B 5 j ,1 1 1 2

C 5 j , D 5 A 1 q 1 j (6)1 2 2 2

Meanwhile we assume

a 1 b 5 A 1 D, ab 5 AD 2 BC,
b . a . 0 (7)

Thus, we can arrive at

1
2atN 5 {[(b 2 A)N 1 BN ]e1 10 20b 2 a

(8)2bt1 [(A 2 a)N 2 BN ]e }10 20

1
2atN 5 {[CN 1 (A 2 a)N ]e2 10 20b 2 a

(9)2bt2 [CN 2 (b 2 A)N ]e }10 20

Noting a and b can bej , j .. (A 1 q ), (A 1 q ),1 2 1 1 2 2

simplified as

j A 1 j A j k 1 j k2 1 1 2 2 q1 1 q2a < 1 [Q] (10)
j 1 j j 1 j1 2 1 2

b < j 1 j (11)1 2

where

k [Q] 5 q , k [Q] 5 q (12)q1 1 q2 2

and are second-order quenching rate constantsk kq1 q2

of level 1 and 2, respectively. [Q] is the concentration
of quenching molecule.

Consequently equations (8) and (9) can be simpli-
fied as

1
2atN 5 [j (N 1 N )e1 2 10 20j 1 j1 2

2bt1 (j N 2 j N )e ] (13)1 10 2 20

1
2atN 5 [j (N 1 N )e2 1 10 20j 1 j1 2

2bt2 (j N 2 j N )e ] (14)1 10 2 20

When N1 is a sum of two exponen-j N . j N ,1 10 2 20

tial decay terms, while one exponential decay term
subtracted from another gives N2. Equations (13) and
(14) reflect kinetic behavior of “donor state” (N1) and
“acceptor state” (N2), respectively.
Let i.e.,j 5 b,

j 5 j 1 j (15)1 2

Here, j is called coupling coefficient between level 1
and 2.

The time-resolved fluorescence signals of excited
SO2 at can all be divided into ascending part354.9 nm
and descending one. From the semilogarithmic plot of
a typical signal (Fig. 2), we can see that the descending
part is a broken line, which tells us the fluorescence
signals should be determined by eq. (14), i.e., the flu-
orescence emission of excited SO2 is supposed to be
from “acceptor state”. In SO2 (X1A1, A1A2, B1B1) sys-
tem, the “acceptor state” is thought to be B1B1 state
[8,9].

According to the above-mentioned three-level
model, we can arrive at

1
2Kt[B] 5 [j ([A] 1 [B] )e1 0 0j

2jt2 (j [A] 2 j [B] )e ] (16)1 0 2 0

where
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Table I j and t Values for the Same Collision Partner
at Different Concentration of CH2Cl2 (l 5 354.9nm)

[CH2Cl2]
(1015 molecule 23cm )

j
7 21(10 s )

t
(ns)

0 1.48 6 0.08 68 6 4
2.59 1.41 6 0.08 71 6 4
5.38 1.28 6 0.08 78 6 5
8.07 1.84 6 0.12 54 6 4

10.76 1.89 6 0.13 53 6 4
13.21 1.95 6 0.14 51 6 4
16.15 1.46 6 0.09 68 6 4
20.18 1.35 6 0.09 74 6 5

Average value 1.58 6 0.27 65 6 10

Table II j and t Values for Different Collision
Partners (l 5 354.9nm)

Quencher T(K) 7 21j (10 s ) t (ns)

He 289 1.66 6 0.14 61 6 6
CH3Cl 291 3.01 6 0.46 34 6 7
CH2Cl2 295 1.58 6 0.27 65 6 10
CHCl3 293 3.00 6 0.56 34 6 5
CCl4 291 2.55 6 0.19 39 6 3
n-C5H12 291 2.34 6 0.64 46 6 14
n-C6H14 291 3.03 6 0.65 34 6 7
n-C7H16 290 1.42 6 0.24 72 6 13

Average value 2.36 6 0.65 47 6 15

K 5 k 1 k [M] 1 k [Q] (17)f O M Q
M

A Bj k 1 j k2 f 1 fk 5 (18)f j

A Bj k 1 j k2 M 1 Mk 5 (19)M j

A Bj k 1 j k2 Q 1 Qk 5 (20)Q j

Formula (20) shows that the quenching of SO2 excited
by laser pulse includes the quenching of both266 nm
A1A2 and B1B1 states by coupling of these two states.

Since the fluorescence intensity is proportional to
[B], the detected signal I should appear with the same
double exponential decay behavior as [B], i.e.,

BI 5 fk [B] 5 I exp(2Kt)2 I exp(2jt) (21)f 1 2

Utilizing PLOT-50 software to fit the detected sig-

nal I, we can obtain j and K. Here, let t is
1

t 5 ,
j

called the relaxation time of the coupling equilibrium
between A1A2 and B1B1. Considering that the total
pressure in the reaction vessel and SO2 partial pressure
are constant in our experiment, and the concentration
of quenching molecules is far higher than that of ex-
cited SO2 molecules, formula (17) can be simplified
as

K 5 k [q] 1 Const. (22)q

The second-order quenching rate constant is thekq

slope of the linear plot of the first-order decay rate
constant K vs. the concentration of added quencher,
namely [Q].

In addition, we can get the quenching cross section
according to the following equationsq

s 5 k /V (23)q q

where is the averaged relative ki-1/2V(5[8kT/(pm)] )
netic velocity.

RESULTS AND DISCUSSION

j and t

The coupling coefficient j and the relaxation time t
under different experimental conditions are summa-
rized in Table I– III. From these values, it is found that
the order of magnitude of j is and t varies7 2110 s
slightly from about 30 ns to 80 ns. We can draw a
conclusion that j and t have little to do with collision,

at least under our experimental conditions. Since
and j and t should only be de-j 5 j 1 j t 5 1/j,1 2

termined by the transition rates of excited SO2 in its
high vibronic levels belonging to A1A2 and B1B1

states. So it is assumed j and t are not to be influenced
by the concentration of added quenchers, the quality
of collision partners and the total pressure of the ex-
perimental system. We can reach a conclusion that the
constancy of j and t values reflects the intrinsic char-
acteristics of SO2 (X1A1, A1A2, B1B1) system.

kq and sq

For example, the time-resolved fluorescence signal of
SO2 (B : X) and its semilogarithmic plot with CHCl3

being quencher are shown in Figure 2 (see section 3).
The Stern–Volmer plot of first-order decay rate con-
stant K vs. [CHCl3] is shown in Figure 3. The mea-
sured quenching rate constants and corresponding
cross sections of SO2 (A, B) by some alkane and chlo-
romethane molecules are given in Table IV.

Following a method based on a collisional complex
model [12,13], we calculated the complex formation
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Table III j and t Values for Different Pressure of Pure
SO2 Gas (l 5 354.9nm)

(torr)PSO2
7 21j (10 s ) t (ns)

0.16 3.41 6 0.18 29 6 1
0.40 3.75 6 0.23 27 6 2
0.64 2.53 6 0.14 40 6 2
1.76 2.91 6 0.29 34 6 3
2.16 3.49 6 0.43 29 6 4
7.92 3.77 6 0.27 27 6 2

Average value 3.31 6 0.49 31 6 5

Table IV Quenching Rate Constants kq and Cross
Sections sq for SO2(A1A2, B1B1) at 290 6 5 K

Quencher T(K) 2 21 21k (cm molec s )q
22 2s (10 nm )q

He 289 2.08 6 0.12 1.17 6 0.07
CH3Cl 291 9.22 6 0.49 19.7 6 1.1
CH2Cl2 295 10.6 6 1.0 25.6 6 2.3
CHCl3 293 12.1 6 1.0 31.4 6 2.6
CCl4 291 15.3 6 0.6 41.5 6 1.6
n-C5H12 291 10.4 6 0.5 24.3 6 1.3
n-C6H14 291 13.7 6 0.7 33.3 6 1.7
n-C7H16 290 20.3 6 0.4 51.2 6 1.0

Figure 3 Plot of pseudo-first-order decay rate constants (K) of SO2 (A1A2, B1B1) vs. the concentration of CHCl3.

cross section of SO2 (A1A2 and B1B1) with thescf

above-mentioned quenchers. The parameters used in
the calculation, the experimentally measured quench-
ing cross sections, and calculated complex formation
cross sections are summarized in Table V.

The quenching of SO2 (A, B) is a complicated pro-
cess, including not only physical quenching but also
chemical one. From Table IV, it is shown that bearskq

in order of magnitude. Gener-210 3 21 2110 cm molec s
ally, such order of magnitude indicates the quenching
process is mainly due to the contribution of chemical
reaction [19].

From Table IV, we can also see that the quenching

rate constants and cross sections all increase with in-
creasing the number of C9H or C9Cl bonds. It is
shown in Table V that the dependence of the formation
cross section of complex on the number of C9H
bonds contained in alkane molecules is in agreement
with that of the measured quenching cross section.
This tendency might be accountable to the increase of
dipole and quadruple moments, polarization ratio, and
dispersion force with increasing the number of C9H
bonds. As for chloromathane molecules, however,

increases from CH3Cl to CH2Cl2, then decreasesscf

from CH2Cl2 to CCl4, which obviously deviates from
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Table V Calculated Complex Formation Cross Sections scf and Measured Quenching Cross Sections sq at Room
Temperature with Parameters Used in Calculation

Quencher
ma

(D)
aa

23 3(10 nm )
Qc

226 2(10 esu cm )?
I.P.a

(eV)

22 2s (10 nm )q

SO2(A,B)

22 2s (10 nm )cf

Max.
SO2(A)
SO2(B)

Ave.
SO2(A)
SO2(B)

SO2(A) 1.63b 3.89b 4.40 8.87
SO2(B) 1.59 3.72 4.40 8.37
He 0.00 0.21 0.00 24.6 1.17 6 0.07 31.31

30.44
30.89
30.02

CH4 0.00 2.59 0.00d 12.6 68.15
66.44

67.01
65.30

C2H6 0.00 4.47 0.65d 11.5 84.18
82.19

79.63
77.66

C3H8 0.08 6.37 1.50e 11.1 100.9
98.70

89.82
87.66

n-C4H10 0.03 8.20 2.00e 10.6 107.4
105.0

97.32
95.02

n-C5H12 0.10 9.99 2.60 10.4 24.3 6 1.3 118.3
115.8

103.9
101.5

n-C6H14 0.05 11.9 3.00 10.2 33.3 6 1.7 123.3
120.6

109.9
107.4

n-C7H16 0.10 13.7 3.50 9.90 51.2 6 1.0 131.2
128.4

115.0
112.3

CH3Cl 1.87 4.72 1.23e 11.3 19.7 6 1.1 164.5
162.1

95.75
93.99

CH2Cl2 1.60 6.48 4.10d 11.4 25.6 6 2.3 169.5
166.9

107.5
105.4

CHCl3 1.01 9.50 3.50 11.4 31.4 6 2.6 154.4
151.7

107.6
105.2

CCl4 0.00 11.2 0.00d 11.5 41.5 6 1.6 109.7
107.0

107.8
105.1

Ref. [14].a

Ref. [15].b

Ref. [16].c

Ref. [17].d

Ref. [18].e

the progressively increasing tendency of This de-s .q

viation may result from the ignorance of activation
barrier in calculation. In addition, the of SO2 (A)scf

is larger than the corresponding value of SO2 (B), be-
cause the dipole moment and polarization ratio of SO2

(A) may be larger than that of SO2 (B). From the above
discussion, a general conclusion can be drawn that
multiple attractive forces play an important role in the
quenching of electronically excited SO2 (A1A2, B1B1)
molecules.
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