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Fluorescence from a single vibronic level of SO(B3Σ-, V′ e 3) prepared by a pulse excitation has been detected
and thorough kinetic analyses for the photochemical processes have been made. Deconvolution analysis by
the integrated-profiles method of the time-resolved fluorescence profiles recorded at various buffer gas (Ar
and N2) pressures has given the deactivation rates of initially prepared vibrational levels. Componential analysis
of the dispersed fluorescence measured at different buffer gas pressures has provided the rate coefficients for
level-to-level vibrational relaxation. It has been found that not only the single-quantum relaxation (∆V ) 1)
but also the multiquantum relaxation (∆V ) 2 and 3) occurs by collisions with Ar and N2. The efficiency of
quenching is strongly dependent on the vibrational levels and correlates with the energies of the lowest
nonfluorescent rotational levels. Candidates for the electronic states governing the quenching process have
been discussed based on the kinetic and spectroscopic data.

Introduction

The dipole transitions between two electronic states with
largely different internuclear distances are appropriate for
making widely tunable lasers. For example, SO has been a target
as a medium of optically, chemically, or discharge pumped
tunable ultraviolet laser.1-7 The lasing in the B3Σ--X3Σ-

system (Figure 1) with many closely spaced rovibrational dipole-
allowed transitions offers a line-tunable ultraviolet source.

The ultraviolet lasing by optically pumped SO has first been
reported by Miller et al.6 They have generated SO in the
photolysis of SO2 at 193 nm and demonstrated stimulated
emission in theV′ ) 0 f V′′ ) 8-11 bands of the B3Σ--X3Σ-

system. Stuart et al.7 have also photolyzed SO2 at 193 nm and
found six new bands of lasing from vibrationally excited levels
in the B3Σ- state: V′ ) 1 f V′′ ) 6 and 7 andV′ ) 2 f V′′ )
4, 5, 6, and 10. They have measured the effects of rotational
mixing (relaxation) and saturation fluence by collisions with
buffer gases (He and Ar), finding that quenching and/or
vibrational relaxation lower the efficiency of lasing. Their data
are useful to improve the gain of the SO lasing; however, the
results are limited to the phenomenological properties. More
basic kinetic measurements of quenching and vibrational
relaxation are necessary for characterizing the lasing action of
SO(B3Σ-).

The rotational levels ofV′ ) 0-3, 66e N′ (V′ ) 0), 54e N′
(V′ ) 1), 38e N′ (V′ ) 2), and 11e N′ (V′ ) 3), and all ofV′
> 3 of the B3Σ- state of32S16O are nonfluorescent.8 The cause
of nonradiative decay has been thought to be predissociation
via a repulsive or weakly bound3Π state8,9 for almost 70 years
since Martin9 found the cutoff in the rotationally resolved
emission spectra. Ornellas and Borin,10,11however, have recently

performed the ab initio calculations, suggesting that the perturb-
ing 3Π state has a distinct well formed by avoided crossing
with another3Π state and has eight vibrational levels. The
energetically low and high adiabatic3Π states have designated
C3Π and C′3Π states, respectively. Ornellas and Borin have also
shown that the potential energy curve of the C3Π state crosses
the B3Σ- state at an internuclear distance of 0.164 nm and that
the rotational levels corresponding to the energies at the
intersection,N′ ) 66 (V′ ) 0), 54 (V′ ) 1), 40 (V′ ) 2), and 16
(V′ ) 3), are in good agreement with the lowest nonfluorescent
levels reported by Clerbaux and Colin.8 Furthermore, Archer
et al.12 have directly observed two vibrational levels (V′ ) 0
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Figure 1. Potential energy curves for the electronic states of SO. The
solid curves are triplet states and the dashed curves are singlet and
quintet states.
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and 1) of the C3Π state by jet cooled 1+ 1 multiphoton
ionization spectroscopy and reported thatV′ ) 0 of C3Π is
located betweenV′ ) 4 and 5 of the B3Σ- state. They also have
observed no fluorescence on exciting the vibrational levels of
the C3Π state, suggesting a predissociation.

These findings have motivated us to clarify the mechanism
governing the photochemical processes in the B3Σ- state. We
have reported the radiative lifetimes and deactivation rate
coefficients of SO(B3Σ-, V′ e 3) by collisions with He.13-15

The present study lays a target on the photochemistry of the
fluorescent vibrational levelsV′ e 3 of the B3Σ- state by
collisions with Ar and N2 based on the thorough kinetic analysis
of time- and wavelength-resolved fluorescence from a single
vibrational level.

Experimental Section

The experimental apparatus has been described previously.13-15

SO2 (3 mTorr) at 298( 2 K in a buffer gas (Ar or N2, e 200
Torr) was photolyzed at 193.3 nm with an ArF excimer laser
(Lambda Physik LEXtra50, 19 Hz) and SO(X3Σ-) was gener-
ated. The following two channels are energetically possible in
the 193.3 nm photolysis [hν (193.3 nm)) 619 kJ mol-1].

The heats of reactions were calculated from the heats of
formation recommended by NASA/JPL.16 Channel 1 is the only
possible path in the present study, because the reported threshold
wavelengths of channels 1 and 2 are at 219.2 nm17 and shorter
than 180 nm, respectively.18 The number density of SO(X3Σ-)
generated in the photolysis,n, is given by the following
equation:7

wheren0 is the concentration of parent molecule (SO2), φ is
the quantum yield of photofragment (SO),F is the area photon
density of the photolysis laser, andσ is the photoabsorption
cross section of parent molecule.F is estimated to bee1015

cm-2 from the energy density of the photolysis laser at the
entrance window of the reaction cell (e1 mJ cm-2), σ is reported
to be 7.9× 10-18 cm2 and 6.3× 10-18 cm2,7,19 andφ ≈ 1.20

Thus,n is calculated to bee7 × 1011 cm-3 at typical pressure
(3 mTorr) of SO2.

The vibrational levelsV′ ) 0-3 of SO(B3Σ-) were excited
via the 0-2, 1-1, 2-2, and 3-2 bands in the B3Σ--X3Σ-

system with a frequency-doubled dye laser (Lambda Physik
LPD3002 with LD489/MeOH and BBO crystal) pumped with
a Nd3+:YAG laser (Spectron SL803). The line width (full width
at half-maximum, fwhm) of the dye laser is∆ν̃ ) 0.3 cm-1.
Fluorescence from SO(B3Σ-) was collected with a quartz lens
(f ) 80 mm), focused on the entrance slit of a monochromator
[JEOL JSG-125S,f ) 125 cm, ∆λ (fwhm) ) 3 nm], and
detected with a photomultiplier tube (PMT) (Hamamatsu R928).
The wavelength dependence of the detectivity of the photo
detection system was calibrated with a super-quiet Xe lamp
(Hamamatsu L2273). The step motor of the monochromator also
was controlled with the computer interface (Stanford Research
System SR-245) and a typical scanning rate was 8 nm min-1.
The number of data points in a dispersed fluorescence spectrum
was 4000. All the rotational lines of a single vibrational band
are included in the spectral bandwidth of the monochromator

(fwhm ) 3 nm). The output from the PMT was averaged with
a gated integrator (Stanford Research System SR-250) after
being amplified [homemade preamp with LF356 (× 10)]. A
recorded data point represents averaged signals from 10 laser
pulses. The averaged signals were digitized with the computer
interface (Stanford Research System SR-245) and stored on a
disk of a PC after A/D conversion. Dispersed fluorescence
spectra were recorded at different buffer gas pressures (1-200
Torr).

To measure the fluorescence lifetimes of the vibrational levels
of the B3Σ- state, the time profiles of the fluorescence following
excitation to a single vibrational level were recorded. The

SO2 f SO(X3Σ-) + O(3P) ∆H° ) 551 kJ mol-1 (1)

f S(3P) + O2(X
3Σg

-) ∆H° ) 574 kJ mol-1

(2)

n ) n0φ[1 - exp(- Fσ)] (3)

Figure 2. Laser-induced fluorescence excitation spectra of the B3Σ--
X3Σ- system of SO. The rotational lines of the (a) 3-2 band cannot
be assigned because of lack of information on rotational term values.
The lines in the (b) 2-2 band are partly assigned after ref 7. All the
rotational lines in the spectra of the (c) 1-1 and (d) 0-2 bands are
assigned to the P- and R-branches.

TABLE 1: Excited and Observed Vibrational Bands of the
SO(B3Σ- - X3Σ-) System

ν′
excited
band

excited rotational
linea λex/nmb

observed
band λobs/nm

0 0-2 P11(17) + P33(17) 256.16 0-12 350.8
1 1-1 P11(15) + P33(15) 245.14 1-14 368.5
2 2-2 R(20)c 248.30 2-17 401.2
2 2-2 R(14)c 248.06 2-17 401.2
3 3-2 d 244.23 3-19 423.1

a The labels of rotational lines are defined to be∆Nij(N′′) whereN
is the quantum number of total angular momentum without electronic
spin and the subscriptsi and j represent spin sublevels of upper and
lower states.bWavelengths in the air.cSpin sublevels are not assigned.
dThe rotational quantum number is not known.
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wavelengths of the monochromator were tuned to the 0-12
(350.8 nm), 1-14 (368.5 nm), 2-17 (401.2 nm), 3-19 (423.1
nm) bands, respectively, for monitoring the fluorescence from
V′ ) 0-3. These vibrational bands detected with a resolution
of 3 nm do not overlap with any other bands of the B3Σ--
X3Σ- system, and fluorescence from a single vibrational level
can be detected using these bands even if vibrational relaxation
populates different vibrational levels of SO(B3Σ-). When the
fluorescence decay curves were recorded, the output from the
PMT was fed into a digital oscilloscope (Tektronix TDS420A,
effective time resolution: 20 ps, sampling data points: 15 000)
after being amplified [Stanford Research System SR-445 (×
25)] and the signals from 10 000 laser pulses were averaged.
The applied voltage to the PMT remained constant during all
the measurements of time profiles, because the response time
of the PMT depends on the applied voltage. We, therefore,
adjusted the time delays between the photolysis and excitation
(5 µs-1 ms) and varied the number of molecules excited to
the B3Σ- state to gain appropriate laser-induced fluoresence
(LIF) signal intensities. The oscilloscope was triggered with an
output from a PIN photodiode (Hamamatsu S1722-02) detect-
ing the light of the YAG laser. When the time profiles of
excitation laser pulse were recorded, the wavelength of the
monochromator was tuned to that of excitation laser and
scattered light in the cell was detected. At least three profiles
were recorded and averaged to obtain a sufficient signal-to-
noise ratio.

The flow rates of all the sample gases were controlled with
calibrated mass flow controllers (Tylan FC-260KZ and STEC
SEC-400 mark3) and mass flow sensors (STEC SEF-410). The
linear flow velocity was 10 cm s-1 irrespective of buffer gas
pressures. The total pressures of the buffer gases were monitored
with a capacitance manometer (Baratron 122A). The total
pressure measurement together with the mole fractions as
measured by the flow controllers gave the partial pressures of
the reagents. The cylinders of sample gases, SO2 (>99.9%),
Ar (>99.9999%), and N2 (>99.9999%), were delivered by
Nihon Sanso, and used without further purification.

Results and Discussion

LIF Excitation Spectra of SO(B3Σ--X3Σ-). Figure 2, parts
a-d, shows the laser-induced fluorescence excitation spectra
of the 3-2, 2-2, 1-1, and 0-2 bands in the B3Σ--X3Σ-

system of SO. The rotational lines of 0-2 and 1-1 band are
assigned to the main branches using reported spectroscopic
data.8,9,21-24 No decisive rotational assignment forV′ ) 2 has
been reported and the lines tentatively analyzed by Stuart et
al.7 are shown in Figure 2b. None of the rotational lines of the
3-2 band is assigned because all the rotational levels of theV′
) 3 are strongly perturbed25 and no accurate rotational con-
stants or term values ofV′ ) 3 have been reported. The
vibrational bands for excitation and observation are listed in
Table 1.

Radiative Lifetimes and Deactivation Rates of SO(B3Σ-).
Figure 3 shows the time-resolved fluorescence following
excitation toV′ ) 3 at different buffer gas (Ar) pressures. All
the profiles are normalized by their maximum intensities. Simple
semilogarithmic analysis is not applicable to determine the
apparent fluorescence decay rates because the duration of
excitation laser is not sufficiently short compared to the decay
period of fluorescence. Therefore, deconvolution analysis26

based on the integrated-profiles method27,28 has been made to
derive fluorescence decay rates.

The possible fates of an excited single vibrational level of
SO(B3Σ-, V′) are represented by the following scheme:

Figure 3. Time-resolved fluorescence from SO(B3Σ-, V′ ) 3) excited
via the 3-2 bands in the B3Σ--X3Σ- system at various total (Ar)
pressures. The partial pressure of SO2 was 3 mTorr. The large signals
shown by the black dots represent fluorescence signalI(t), the small
signals (gray dots) are the time profiles of the excitation laserL(t),
and the red lines show the convoluted signals calculated by eq 12.

Figure 4. Plots of the integrated-profiles analysis made by the time
profiles of the fluorescence from SO(B3Σ-, V′ ) 3) shown in Figure 3.
Total pressures (Ar) were: (a) 3 Torr, (b) 5 Torr, (c) 7 Torr, (d) 10
Torr, and (e) 16 Torr. They(t) and x(t) are defined by eq 11 in the
text. The red lines show the results of a linear regression analysis and
the slopes give the first-order deactivation rates of the excited levels.
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E(t) is the time-dependent rate of excitation in units of molecule
cm-3 s-1. kr is the rate coefficient for radiative decay,kv and
kQ are the rate coefficients for vibrational relaxation and
quenching by collisions with M (M) Ar or N2). SO(Y) in
process 6 represents a nonfluorescent electronic state. The rate
equation for the initially prepared vibrational level SO(B,V′) is

and it can be transformed into the following equation for
deactivation27,28

where I(t) is a time-resolved fluorescence intensity,I(t) )
C1[SO(B,V′)], L(t) is the intensity profile of the excitation,L(t)
) C2E(t), C is the ratio of the constantsC1/C2, andk {) kr +
(kv + kQ)[M] } is an apparent first-order deactivation rate at a
given pressure of M. The following linear regression equation
is obtained:

where

Thus, a plot ofy(t) versusx(t) gives a straight line with a slope
k and an interceptC. Typical plots are shown in Figure 4 which
is made by the profiles shown in Figure 3.

We also have calculated the convolution integrals26

to confirm whether the values of apparent decay rates deter-
mined by deconvolution are reliable. CalculatedI(t) using eq
12 is shown in Figure 3 and all the observed profiles are well-
reproduced. All the deactivation rates of other vibrational levels
V′ ) 0-2 also have been obtained in the same manner.

The buffer gas pressure dependence of the first-order
fluorescence decay rates is shown in Figure 5. The slopes of
the straight line fit from regression analysis give the second-
order rate coefficients for deactivation of vibrational levels of
SO(B3Σ-) by collisions with Ar and the intercepts correspond
to the collision-free (radiative) lifetimes. While the radiative
lifetimes of the four vibrational levels are nearly identical and
independent of the collision partners, deactivation rate coef-
ficients are strongly dependent on the vibrational levels. Because
the collisional deactivation of B3Σ- (V′ ) 1-3) is due to
vibrational relaxation and quenching (kv + kQ), rate coefficients
for vibrational relaxation or quenching need to be determined
to evaluate the contributions of both processes to deactivation
of SO(B3Σ-).

Level-to-Level Vibrational Relaxation of SO(B3Σ-). Fig-
ures 6 shows typical dispersed fluorescence spectra on excitation
to a single vibrational level (V′ ) 2) at different buffer gas (Ar)
pressures. The peaks at≈248 and≈496 nm are the first- and
second-order diffracted lights of the scattered excitation laser.
The spectrum shown in Figure 6a was recorded at 1 Torr and
all the fluorescence peaks are assigned to 2-V′′ bands of the
B3Σ--X3Σ- system. At high buffer gas pressures, new peaks
assignable to the 1-V′′ and 0-V′′ bands also appear as shown in
Figure 6, parts b and c, indicating that vibrational relaxation in
the B3Σ- state occurs by collisions with Ar.

Dispersed fluorescence spectrum on excitation to a levelV′,
AV′(λ), consists of fluorescence fromV (eV′), FV

(V′)(λ), and
scattered laser light,LV′(λ):

Figure 5. Total pressure dependence of the first-order decay rates of
SO(B3Σ-, V′) by collisions with Ar. The ordinate represents the overall
decay rate coefficient defined bykr + (kv + kQ)[Ar] in eq 8.

Figure 6. Dispersed fluorescence spectra of the B3Σ--X3Σ- system
of SO excited to a single vibrational level (V′ ) 2) at different total
pressure of a buffer gas (Ar). The partial pressure of SO2 was 3 mTorr.
The assignment shown in part (a) is the transition wavelength of the
2-V′′ progression. The new peaks appearing in parts (b) and (c) are the
fluorescence from the levelsV′ ) 0 and 1 populated by vibrational
relaxation by collisions with Ar.

SO(X,V) + hν 98
E(t)

SO(B,V′) (4)

SO(B,V′) 98
kr

SO(X,V′′) + hν′ (5)

SO(B,V′) + M 98
kQ

SO(Y) + M or S + O + M (6)

SO(B,V′) + M 98
kv

SO(B,V′ - ∆V) + M (V′ g1) (7)

d[SO(B,V′)]
dt

) E(t) - {kr + (kv + kQ)[M] }[SO(B,V′)]
(8)

I(t) ) C∫0

t
L(t′)dt′ - k∫0

t
I(t′)dt′ (9)

y(t) ) - kx(t) + C (10)

x(t) ≡ ∫0

t
I(t′)dt′/∫0

t
L(t′)dt′ andy(t) ≡ I(t′)/∫0

t
L(t′)dt′

(11)

I(t) ) C∫0

t
L(t′) exp[-k(t - t′)]dt′ (12)

Quenching and Vibrational Relaxation of SO(B3Σ-) J. Phys. Chem. A, Vol. 111, No. 7, 20071203



wherefV(λ) represents the dispersed fluorescence spectrum of a
level V recorded at low total pressures (1 Torr) at which
vibrational relaxation hardly occurs,lV′(λ) is the spectrum of
the scattered laser light on excitation to a levelV′, andaV

(V′) and
bV′ are the weights of the componentfV(λ) andlV′(λ), respectively.
The values ofaV

(V′) andbV′ can be obtained with a least-squares
analysis using eq 13.

The kinetic scheme of SO(B3Σ-, V) is given by processes 5,
6, and 7. We shall henceforth write the rate coefficients for
radiative decay of a levelV, krV; electronic quenching of a level
V, kQV; and vibrational relaxationV f j, kVj. The rate equation
of a vibrational levelV following excitation to vibrational level
V′ is given by

whereNV
(V′)(t) is the number of molecules in a levelV at time t

after excitation to a levelV′. The intensity of fluorescence from
the levelV at time t, IV

(V′)(t), is related to the population in the
level V by IV

(V′)(t) ) krVNV
(V′)(t) and integration of eq 14 fromt )

0 to ∞ gives

Since the entire time history of the B3Σ- state population is
collected with the sampling gate, the integrated fluorescence
intensities are replaced with the areas of component fluorescence
SV

(V′). SV
(V′)is calculated by∫aV

(V′)fV(λ)dλ and the kinetic analysis
of level-to-level vibrational relaxation can be made by the
following equations derived by eq 15.13-15 For the sake of
simplicity, the coefficient of the integral on the right side of eq
15 is written bykV. For single-quantum relaxation (∆V ) 1; V
f V - 1)

for double-quantum relaxation (∆V ) 2; V f V - 2)

and for triple-quantum relaxation (∆V ) 3; V f V - 3)

wherea ≡ S1
(2)/S1

(1), b ≡ S2
(3)/S1

(2), andc ≡ S1
(3)/S1

(1). Typical plots
based on eq 17 are shown in Figure 7. The radiative decay rates
krV have already been determined and the level-to-level vibra-
tional relaxation rate coefficientskV,V-1, kV,V-2, andkV,V-3 can

be determined from the reciprocals of the slopes of the plots
using eqs 16-18. The rate coefficients of level-to-level relax-
ation determined by the present study are listed in Table 2 along
with those in the previous study using He.14,15

According to the basic theory for vibrational energy transfer
of harmonic oscillator,29 the probabilities of the energy transfer
from vibration to translation (V-T) increase with vibrational
quantum numberV. The overall vibrational relaxation rates
(ΣV kV′V) of a levelV′ ) 2 by the three buffer gases (He, Ar, and
N2) are larger than those ofV′ ) 1 by more than an order of
magnitude. The efficiency in overall relaxation ofV′ ) 3 on
the other hand is comparable to those ofV′ ) 2. The anomalous
relation between overall relaxation rates,ΣVk1V << ΣVk2V ≈
ΣVk3V, is due partly to the effect of vibrational relaxation
followed by quenching. The highest fluorescent rotational level
N′ ) 10 of V′ ) 3 is energetically close (≈60 cm-1) to the
lowest nonfluorescent levelN′ ) 38 of V′ ) 2,8 and relaxation
from V′ ) 3 to the nonfluorescent levels ofV′ ) 2 is observed
as quenching instead of relaxation. This effect sets thek32 values
estimated in the present study to a lower limit. This, however,
is by no means certain because such a large jump in rotational
quantum number might be inefficient.

The efficiency of relaxation with∆V g 2 is usually very small
because the selection rule for vibrational relaxation of a
harmonic oscillator is∆V ) 1.29 In the present study, the
extraordinarily high contribution of multiquantum relaxation (∆V
) 2 and 3) to overall relaxation has been measured despite small
anharmonicityωexe(B3Σ-) ) 2.6 cm-1:8 fV′V ) kV′V/(ΣV kV′V) are
f20 ) 0.10, 0.15, and 0.11,f31 ) 0.57, 0.72, and 0.47, andf30 )
0.08, 0.11, and 0.12 for He, Ar, and N2, respectively. The cause
of the high efficiency of multiquantum relaxation might be
attributed to the strong coupling between the vibrational levels
of B3Σ- and (an)other unknown electric state(s) (designated Z
in this paper). The interactions through the coupled state Z
enable the multiquantum relaxation: B(V′ e 3) f Z(V) f B(V′
- ∆V) with ∆V * 1. In fact, Clerbaux and Colin8 and Liu et
al.25 have found many perturbed rotational levels inV′ ) 0-3
of the B3Σ- state. The C3Π and d1Π states are ruled out of the
candidates for the coupled states, not only because the levels
of V′ ) 0 of the C3Π and d1Π states are located at higher than
V′ ) 4 and 3 of the B3Σ- state, respectively, and neither of
C3Π and d1Π interacts with the fluorescent rotational levels of
V′ e 3 in the B3Σ- state but also because the vibrational levels
of the C3Π and d1Π states are nonfluorescent due to predisso-
ciation.12 Archer et al.12 reported that there were unassigned

Figure 7. Total pressure dependence of relative fluorescence intensities
on excitation toV′ ) 1 and 2. Note that the abscissa is a reciprocal
total pressure.V′excite represents the initially prepared vibrational level.
The ordinates represent (a)S1

(1)/S0
(1), (b) S2

(2)/(S0
(2) - aS0

(1)), and (c)S2
(2)/

S1
(2) for the plots a-c, respectively, (see eqs 16 and 17). The slopes of

the straight lines fit from regression analysis correspond to (a)kr1/k10,
(b) kr2/k20, and (c)kr2/k21 for the plots a-c, respectively.

AV′(λ) ) ∑
V

FV
(V′)(λ) + LV′(λ) ) ∑

V
aV

(V′)fV(λ) + bV′lV′(λ)

(13)

dNV
(V′)(t)

dt
) ∑

i)V+1

V′

kiV[M] Ni
(V′)(t) -

{krV + (kQV + ∑
j)0

V-1

kVj)[M] }NV
(V′)(t) (14)

∑
i)V+1

V′ krV

kri

kiV[M] ∫0

∞
Ii
(V′)(t)dt )

{krV + (kQV + ∑
j)0

V-1

kVj)[M] } ∫0

∞
IV
(V′)(t) (15)

SV
(V)

SV-1
(V)

)
krV

kV,V-1

1
[M]

+
krVkV-1

kr,V-1kV,V-1
(16)

SV
(V)

SV-2
(V) - aSV-2

(V-1)
)

krV

kV,V-2

1
[M]

+
krVkV-2

kr,V-2kV,V-2
(17)

SV
(V)

SV-3
(V) - aSV-3

(V-1) - (c - ab)SV-3
(V-2)

)
krV

kV,V- 3

1
[M]

+
krVkV-3

kr,V-3kV,V-3

(18)
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four bands with well-resolved rotational structure at≈42 660,
≈43 065,≈43 155, and≈43 270 cm-1. The energies of these
bands are nearly identical to those of the vibrational levelsV′
) 0-2 of the B3Σ- state, suggesting that there are unknown
electronic states perturbing the levelsV′ e 3 of the B3Σ- state.

The small rate coefficients even by N2 might be due to the
large vibrational energy mismatches between SO(B3Σ-, V′) and
N2: the vibrational quantum energies between the adjacent levels
of SO(B3Σ-, V′ ) 1-3) are 607-613 cm-1 and the fundamental
vibrational energy of N2 is 2330 cm-1.30 Therefore,V-T rather
than V-V process might govern the energy transfer between
SO(B3Σ-) and N2 as well as He and Ar. The contribution of
vibrational relaxation in deactivation is small (less than 15%)
for all the levels and collision partners. Quenching is a main
channel in deactivation and the mechanism is discussed in the
following section.

Quenching of SO(B3Σ-, W′ ) 0-3). The quenching rate
coefficients of SO(B3Σ-, V′) by collisions with Ar and N2
determined in the present study are listed in Table 3 along with
the values obtained by He.13-15 The higher vibrational levels
are more efficiently quenched by all collision partners. Stuart
et al.7 have measured the deactivation rate coefficient of
SO(B3Σ-, V′ ) 2) by He to be (1.3( 0.3) × 10-10 cm3

molecule-1 s-1, which is in perfect agreement with ours,
although they did not estimate the contribution of vibrational
relaxation. They have also measured the saturation fluence of
the optically pumped SO(B-X) laser, giving the effective
rotational mixing time ofV′ ) 2 by He to be 0.4 ns at 100 Torr
and 1.3 ns at 30 Torr. The effective rate coefficient for rotational
relaxation≈ 8 × 10-10 cm3 molecule-1 s-1, therefore, is almost
gas kinetic and faster than quenching. Unfortunately, there has
been no report on rotational relaxation by Ar or N2. It can be
assumed that the efficiency of rotational relaxation by Ar and
N2 is nearly identical with that by He because of the small effect
of mass on rotational relaxation.29

It is not likely that the efficiency of collisional deactivation
to the X3Σ- state shows the strong dependence on the vibrational
levels of the B3Σ- state. Alternately, the quenching might
proceed via a collision-induced transition from the B3Σ- state
to nearby nonfluorescent or dissociating (repulsive) states. The
onset of missing rotational levelsN * in emission spectra of the
B3Σ- state is low at high vibrational levels:N * ) 66 (V′ ) 0),

54 (V′ ) 1), 38 (V′ ) 2), and 11 (V′ ) 3)8 and, consequently,
quenching efficiency is high at the vibrational levels with small
N * . The fast rotational relaxation plays a role as activation
process transferring the initially prepared rotational level toN*

; therefore, the quenching rate coefficientkQ can be represented
by the Arrhenius type formula:kQ ) A exp(-Ea/RT), in which
Ea is an effective activation energy,R is a gas constant, andT
is a temperature. According to the Tolman’s interpretation31 of
activation energy,Ea is <Ereactive reactant> - <Eall reactant> , where
< > denotes an average over thermal distributions. In the
present system,<Ereactive reactant> is approximately the energy
of the lowest nonfluorescent rotational levelE* and<Eall reactant>
≈ RT, giving kQ ) A exp[-(E* - RT)/RT] ) A′ exp(-E*/RT).
LogarithmickQ is

indicating that the plot of lnkQ vs E* shows a straight line with
a slope-(RT)-1, whereT is an effective rotational temperature
of SO.E * is approximated by a rigid rotor,E * ) BV'N*(N* +
1), because the effect of centrifugal distortion of the B3Σ- state
is negligibly small (DV ≈ 1 × 10-6 cm-1): DV[N′(N′ + 1)]2/
[BVN′(N′ + 1)] < 1 × 10-2 overN′ e N *. Figure 8 shows the
correlation between the logarithm of the quenching rate coef-
ficients and the energies of the lowest nonfluorescent rotational
levels. The regression lines of the plots give the transient
rotational temperatures of SO(B3Σ-): 820 ( 40 K (He), 720
( 50 K (Ar), and 950( 110 K (N2). The nearly identical
rotational temperatures for the three collision partners suggest
that the quenching of the B3Σ- state proceeds via the rotational
relaxation followed by a transfer to nonfluorescent states.

Ornellas and Borin10 proposed that the C3Π state is the
candidate for governing the quenching of the B3Σ- state because
the rovibrational energies of the first missing levelsN* of B3Σ-

(V′ ) 0-3) correspond to that at the curve crossing of the B3Σ-

TABLE 2: Rate Coefficients for Level-to-Level Vibrational Relaxation of SO(B3Σ-, W′ ) 1-3)a

kif
d

Vi′ b Vf′c Hee Ar f N2
f

1 0 (7.7( 1.0)× 10-13 (7.7( 2.0)× 10-13 (6.6( 1.0)× 10-13

2 0 (1.4( 0.6)× 10-12 (3.4( 0.5)× 10-12 (5.8( 0.8)× 10-12

1 (1.1( 0.4)× 10-11 (1.9( 0.5)× 10-11 (4.7( 0.5)× 10-11

3 0 (9.8( 4.0)× 10-13 (2.6( 0.5)× 10-12 (3.6( 1.0)× 10-12

1 (7.1( 2.3)× 10-12 (1.8( 0.2)× 10-11 (1.4( 0.4)× 10-11

2 (4.3( 1.2)× 10-12 < g (4.2( 1.0)× 10-12 < g (1.2( 0.6)× 10-11 < g

a The quoted errors are 2σ. bInitially prepared vibrational level.cVibrational level generated fromVi by relaxation.dIn units of cm3 molecule-1

s-1. eRefs 14 and 15.fThis work. gA lower limit for k32.

TABLE 3: Rate Coefficients for Quenching of SO(B3Σ-, W′
) 0-3)a

kQV′
b

V′ Hec Ard N2
d

0 (6.3( 0.3)× 10-12 (5.4( 0.3)× 10-12 (9.0( 0.5)× 10-12

1 (3.8( 0.3)× 10-11 (4.8( 0.3)× 10-11 (7.5( 0.4)× 10-11

2 (1.2( 0.2)× 10-10 (1.2( 0.2)× 10-10 (8.7( 2.0)× 10-11

3 (2.8( 0.5)× 10-10 (4.4( 0.6)× 10-10 (3.0( 0.5)× 10-10

a The quoted errors are 2σ. bIn units of cm3 molecule-1 s-1. cRefs
13 and 15.dThis work.

Figure 8. Plots of the quenching rate coefficients vs the rotational
energies of the lowest nonfluorescent levels.E* is given byBV′N*(N*

+ 1), whereN * is the quantum number of the lowest nonfluorescent
rotational level.

ln kQ ) - E*

RT
+ ln A′ (19)
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and C3Π states. It, however, should be noted that Kronig’s
selection rules for perturbation32 requires that both perturbing
and perturbed levels have the identical rotational quantum
number:∆N ) 0 for the Hund’s case (b). The lowest vibrational
level of the C3Π state is located higher thanV′ ) 4 of the B3Σ-

state and the rotational constant8 Be(C3Π) ) 0.578 cm-1 is larger
than that of the B3Σ- state (0.5016 cm-1),12 and as a conse-
quence, none of the rovibrational energies withN′ in V′ ) 0-3
of the B3Σ- state coincides with those with the sameN′ of the
C3Π state. Therefore, the C3Π state hardly relates to the
quenching of the levelsV′ ) 0-3 of the B3Σ- state. The d1Π
state also is ruled out by the similar reasons:V′ ) 0 of the d1Π
state is located higher thanV′ ) 3 of the B3Σ- state and the
rotational constantBe(d1Π) ) 0.562 cm-1 is larger than that of
B3Σ-.12 Liu et al.25 have recently reported that any state of SO
correlating with S(3P) + O(3P) can interact with the B3Σ- state
and that theV′ ) 1 is perturbed by the A3Π (V ) 10) and A'3Σ+

states and theV′ ) 2 by the A'3∆ and/or a1∆ states. The level
V′ ) 3 also undergoes significant perturbations although the
origin is not identified. Another candidate is the5Π state;
however, this state has been found only by the ab initio
calculation.12 Evaluation of the off-diagonal spin-orbit matrix
elements〈B3Σ-|HSO|5Π〉 are needed to judge whether the
quenching of the B3Σ- state proceeds via the5Π state.

Summary

The kinetic measurements of the rate coefficients for photo-
chemical processes of SO(B3Σ-, V′ ) 0-3) in Ar and N2 buffer
gases have been carried out. The rates of deactivation have been
determined from time-resolved fluorescence intensities and the
level-to-level vibrational relaxation rates have also obtained by
the buffer gas pressure dependence of dispersed fluorescence
spectra. Deconvolution using the integrated-profiles method
made it possible to determine the fluorescent lifetimes shorter
than the temporal width of the excitation laser. Vibrational
relaxation kv is less efficient than quenchingkQ on all the
vibrational levels (kv/kQ < 6). Multiquantum vibrational relax-
ation (∆V * 1) was observed and its large contribution suggests
the presence of unknown perturbing electronic states. The higher
vibrational levels undergo more efficient quenching, and the
highest fluorescent vibrational levelV′ ) 3 is quenched at almost
gas kinetic rates irrespective of the collision partners. Quenching
proceeds via rotational relaxation followed by a radiationless
transition to nearby electronic states.
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