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The pressure saturation effect on the phosphorescence decay rates of the 3B, state of SO; has been reinvestigated
by the laser induced phosphorescence method in pure SO. We have attempted to fit the pressure dependence of
the phosphorescence decay rates using the radiationless transition model by introducing different coupling constants
for each vibrational level of the 3B, state. The experimental decay rates can be fitted well, when the coupling constants
for the (0,0,0), (0,1,0) and (0,2,0) levels of the *B, state are 72X107%, 2.2X107% and 59X107° cm™?, respectively.

Introduction

The 3B, state of SO, has been extensively studied by seve-
ral research groups because it is of interest not only to un-
derstand its intrinsic molecular properties, but also its prac-
tical role in the atmospheric photochemistry.”~® The °B, state
located about 25,700 ¢cm~! above the ground state has an
extremely long radiative lifetime and relatively small quen-
ching rate constants. The deactivation of the B, state in

S0, has been represented by the following three processes.'™®
350, —25 SO,+hv, w
330,-+50, %> 250, @
350+ S0, <> 50,480 ®

The unimolecular nonradiative decay is ignored because the
phosphorescence quantum yield for Eq. (1) was found to be
0.95+ 0.29 at zero pressure.

Strickler and Rudolph® prepared the °B, state of SO; by
collisional relaxation of higher-lying singlet vibronic states
which were generated by exciting the ground state molecules
with the nitrogen emission line at 3156 nm, and studied
the pressure dependence of the decay rates of the °B; state
of SO, up to 1400 Torr. They found that the decay rates
of the 3B, state at high pressures are much slower than
those expected from the extrapolation of the low pressure
data. It was found that the decay rates could be fitted well
by the following empirical formula,

1_1 k1[502]

=7 +k[SO. ]+ 1+ ak,[SO,]

where ™ is the radiative lifetime of the °B; state of SO,
o is a constant, and &, and k, represent chemical and physical
quenching rate constants, respectively. Eq. (4) clearly shows
that the physical quenching process, Eq. (2), is saturated
at high pressures since the last term on the right-hand side
of the Eq. (4) is reduced to a constant (1/0) at high pressu-
res. Strickler and Rudolph® proposed two models, the kinetic
and the radiationless transition models, to explain this pres-
sure saturation of the phosphorescence decay rates of the
3B, state of SO, and they found that the experimental data
were better fitted with the kinetic model. The kinetic model,
however, is not appropriate to explain the pressure satura-
tion effect (see section III B).

@

Strickler and Ito® investigated the temperature dependence
of the pressure saturation effects as well as the phosphores-
cence spectra. They observed strong temperature depende-
nce of the limiting decay rates at high pressures, but the
phosphorescence spectra showed emissions only from the
@®B,—X'A, transition. They found that the results from the
temperature dependence experiments could also be rationali-
zed by both models. Nevertheless, the absence of any fluore-
scence or phosphorescence emissions other than the a@B—>X
1A, transition favored the radiationless transition model even
though the fitting of the experimental data was not so good.

In this work, we have prepared directly the °B; state of
SO, molecules by laser excitation of the 3B4(0,0,0) level from
the ground state molecules at 388.3 nm, and reinvestigated
the pressure saturation of the phosphorescence decay rates.
It is found that the experimental decay rates can be fitted
well using the radiationless transition model of Strickler and
Rudolph® when different values of the coupling matrix ele-
ment B are used for the vibrationally excited levels of the
3B, state. We have also investigated the phosphorescence
spectra in the 400-800 nm range, but no evidence for extra
emissions other than the a’B;—X'A, transition was detected.

Experimental Setup

Details of the experimental setup were reported in else-
where® The phosphorescence cell was made of a 2/ (ra-
dius=7.8 cm) Pyrex bulb, and two pairs of 1 inch Pyrex
O-ring joints were attached for the windows of the laser
beam path and for the connection of the cell to a gas hand-
ling vacuum rack. The phosphorescence was collected th-
rough a 15 inch observation window attached to the bulb
with a short (<15 c¢cm) arm. The SO, gas was purchased
from Matheson and purified by the freeze and thaw method
before storing in a storage bulb. The pressures in the cell
were measured with an oil manometer at low pressures, but
a mercury manometer was used for the pressures above 40
Torr. The Nd : YAG pumped dye laser (Quantel YG681-TDL
60) with 8 ns pulse width was tuned at 388.3 nm to populate
the 3B4(0,0,0) level of SO, The phosphorescence time profiles
from the 3B, state were monitored at 90° from the laser
beam direction using a Hammamatsu R928 photomultiplier
(PM) tube and a cutoff filter set. However, the phosphores-
cence emission spectra were obtained by using a monochro-
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Figure 1. The phosphorescence time profiles from the °B; state
of SO, at several different pressures: (@) 1.5, (b) 10.1, (¢0) 52.0,
(d) 100, and (e) 500 Torr.
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Figure 2. The pressure dependence of the phosphorescence
decay rates of the ®B; state of SO, in the pure SO, at 26.0 .
The solid lines are the least square fitting lines for the low
(£5.0 Torr) and high (2500 Torr) pressure data.

mator (Spex 500M) equipped with a holographic grating. The
signal from the PM tube was fed to a digitizing oscilloscope
(Tektronix TDS520) for the digitization and signal averaging
and transferred to a laboratory computer for storage and
analysis. Experiments were done in both static and slowly
flowing (~0.5 mmoles/min) conditions but the decay rates
at a given pressure were the same.

Results and Discussions

Pressure dependence of the phosphorescence de-
cay rates. The phosphorescence from the B, state of SO,
molecules following laser excitation exhibited a good single
exponential decay behavior as shown in Figure 1 We have
collected the time profiles at 26 C and analyzed them to
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Figure 3. Phosphorescence emission spectrum taken from 3B,
(0,1,0) excitation at 100.0 Torr of SOz The emissions were colle-
cted for 0-8.0 ps period following the laser excitation, which cor-
responds to about ten times of the phosphorescence decay rates
at 100.0 Torr of SO..

obtain the phosphorescence decay rates. The pressure depe-
ndence of the phosphorescence decay rates is plotted in Fi-
gure 2, which shows basically the same features as those
reported by other groups>~"® There appears two linear re-
gions in Figure 2. The slope and intercept for the low pres-
sure region are (6.7 0.2)X107* cm®molecule™'s™" and (120
+ 40) s 1, respectively. At the low pressure limit, £,[SO,1<1,
the third term of the right-hand side in Eq. (4) reduces to
k,[SO,). Therefore, the slope and intercept obtained from
the low pressure data correspond to (k,+k:) and 1/t° respe-
ctively, and they are in good agreement with the quenching
and radiative decay rate constants of the *B; state of SO,
reported previously.? On the other hand, the slope and inter-
cept in the high pressure region are (8.7£0.2)X10 ™" cm’
molecule™? s! and (1.6 0.2)X10°% s7!, respectively. When
the pressure is high enough to fulfill £,[SO;1>1, then the
physical quenching term in Eq. (4) reduces to a constant.
Thus the slope from the high pressure data corresponds to
the chemical quenching rate constant (k) and the intercept
is basically 1/a since the contribution of radiative decay rate
to the intercept is negligible.

Phosphorescence Emission Spectra and the Kine-
tic Model. Strickler and Ito® prepared indirectly the °B,
state of SO, by exciting the ground state molecules to the
1A, state at 315.6 nm and allowing collisional decay to the
3B, state. They investigated the plausible phosphorescence
in the visible region for the 3A,—X"A; transitions. They were
unable to observe any evidence of the 3A;—>X"A,; phosphores-
cence in the visible region. We have prepared the °B;(0,0,0)
and 3B,(0,1,0) molecules directly pumping the ground state
SO, molecules at 388.3 and 382.5 nm, respectively, and inve-
stigated the emission spectra in the 400-800 nm region. A
typical emission spectrum obtained from the °By(0,1,0) level
excitation at 100.0 Torr of SO; is shown in Figure 3. The
spectrum was taken by collecting emissions for 0-8 ps after
the laser excitation. The observation period corresponds to
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about ten times of the phosphorescence decay time of the
3B, state at 100.0 Torr. As shown in Figure 3, all the struc-
tured emission peaks appeared in the 400-500 nm region
correspond to the @®B;—=X'A; vibronic transitions® and no
new band was observed. This result agrees with that of Stri-
ckler and Ito®

The kinetic model suggested by Strickler and Rudolph®
is based on the Hiller and Saunders’ theoretical calculations!
and the experimental observations of the rotational line per-
turbation in the °B; state by Brand et al.'® The kinetic model
is based on the assumption of the strong coupling between
the °B, state and the near-lying 3A, state which is expected
to have a radiative decay path to a lower-lying 3B, state.
However, Avouris ef al.’? investigated those low-lying electro-
nic states of SO, using the electron energy loss spectroscopy,
and found that the °B; state is-the lowest triplet. Also, the
recent more reliable theoretical calculations by Kamiya and
Matsui'® showed that the ®A, state located much higher in
energy than the °B; state. Another negative evidence for the
location of the A, state is found from the recent vibrational
relaxation studies in the °B; state® If the %A, state were
to be located in about 300 cm™! above the °B;(0,0,0) level,
the interaction between the °By(0,1,0) level and 3A, state
should be strong and affect on the equilibrium kinetics bet-
ween the °B(0,0,0) and the 3B.(0,1,0) levels, because the
energy gap between them is just about 50 cm™'. However,
the time profiles from the °B;(0,0,0) and 3B,(0,1,0) levels ob-
tained by exciting either the °B;(0,0,0) or the °B;(0,1,0) level
were fitted well- by the well-known three-level kinetic
scheme' without considering other near-lying electronic
state. Thus, the kinetic model is not appropriate to explain
the pressure saturation of the phosphorescence decay rates
of the °B, state of SO,.

Radiationless Transition Model. The pressure satu-
ration effect of the phosphorescence decay rates of the *B,
state of SO, is qualitatively explained by the Freed’s theory
of collision-induced intersystem crossing (CIISC).’* However,
the pressure saturation of the °B; state of SO. molecules
was observed at much lower pressures than predicted by
the Freed’s theory of CIISC.

The radiationless transition model proposed by Strickler
and Rudolph is based on the time-dependent perturbation
theory." They calculated the probability of the collisional
intersystem crossing from the individual vibronic levels of
the °B; state to the nearly isoenergic, high-lying vibrational
levels of the ground state. According to this model, the ra-
diative decay and the chemical quenching terms remain the
same as in Eq. (4), however, the physical quenching term
is given by the following Eq. (5),%®

nB%Z nBpZ - £,LS0,] ®)

VAPHHZE T 1+ FZ/4ABD T \/1+0%, SO,

where B is a coupling matrix element between the two states,
p is the density of ground-state vibrational levels, Z is the
average frequency of collisions giving rotational relaxation,
k,=nPpZ/[SO.] and 1/a=2nP%p/# are the physical quen-
ching rate constants at low- and high-pressure limits, respec-
tively. The p can be obtained by direct count!” of the vibra-
tional energy levels of the ground state located near the
low-lying vibrational levels of the 3B, state and the energies
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Figure 4. Comparison of the experimental (@—®) and calcula-
ted (—) pressure dependence of the phosphorescence decay ra-
tes. The parameters for the calculated data in (a), (b), and (¢)
are given by Egs. 6, 10 and 11, respectively.

of the ground state vibrational levels are calculated using
the known molecular constants.’® Since the 1/a obtained from
the experiment is (1.6+ 0.2)X10° s, and since the obtained
from the direct counting method” is 0.63-0.68 /cm™!, the
magnitude of the coupling constant, B, is (1.3-1.4)X107* cm™!
on the average. This value of the coupling constant is in
good agreement with that of Strickler and Rudolph.® Using
the B obtained from the high pressure data, the Z can be
estimated to be 2.1X107° [SO,] s7! from the difference
between the magnitude of the slopes for the low- and high-
pressure regions. Because the slope from the low-pressure
data corresponds to the sum of physical and chemical quen-
ching rate constants while that from the high-pressure region
represents the chemical quenching rate constant.

We have investigated the pressure dependence of the de-
cay rates over the whole pressure range. The decay rates
at various pressures are calculated from the Egs. (4) and
(5) using the following values of B8, p and Z assuming that
the coupling matrix elements are the same for all of the
interacting vibrational levels.

f=135X10"% cm™!
p=064 /cm™!
Z=21X107" [SO.] s7! (6)

However, the pressure dependence of the phosphorescence
decay rates in the 30-350 Torr range cannot be fitted well
as shown in Figure 4(a). The misfit in the medium pressure
region could be the consequence of ignoring the variation
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of B for the different vibrational levels. Thus, we have looked
for the improvement of fitting by assigning different coupling
constants for those low-lying vibrational levels of the °B,
state, since substantial amounts of the molecules are distri-
buted in the (0,1,0) and (0,2,0) levels due to the relatively
small fundamental vibrational frequency of the bending mode
(361 cm™1). Since the vibrational relaxation rates are much
larger than the quenching rate constants® the vibration po-
pulation ratios among the vibrational levels of the °B; state
should be Boltzmann. When the coupling matrix elements
are not the same for the different vibrational levels, the phy-
sical quenching term given by Eq. (6) can be rewritten as
Eq. (7),

{ JoPopo SiBaps S }
V1+ (ﬁ22/4[302) V1t (ﬁz2/4312) V1+@GZZ4BD)
{ k,,(fo kyfi kofo }
\/ 1+ (10 [Sozjz \/ 1+012k412[502]2 \/ 1+(122kq22[502:|2
X{S0,] (7

where the subscripts (0, 1 and 2) are. used to represent the
0,0,0), (0,1,0) and (0,2,0) levels, respectively, and f is the
fractions of the molecules in each vibrational level of the
3B, state. At the low- and high-pressure limits, the physical
quenching rate constants are given by Eq. (8).

{foBopo+/1B1p1+foB1p1 +/2B2p2) [Szé)z]

=58%10"1 ¢m® molecules 's! 8a)
sl los 27’1(7’030290 TAB 1B p) = 16X 10° 571
[0 1) ay (03]
(8b)

The population ratios among the (0,0,0), (0,1,0), and (0,2,0)
levels of the 3B, state in equilibrium are 0.829 : 0.145 : 0.026
at 26 C, and the density of the ground state vibrational le-
vels in the vicinity of these vibrational levels of the °B; state
are 0.63, 0.66, and 0.68 /cm ™!, respectively.”” Substituting ap-
propriate numerical values into the Eq. (8) and dividing both
side by nfpo and 2nfopo/#, respectively, Eq. (9) is obtained.

(Bo+0.183231+0.03385[32)[’s—€]—
2.

=3535X10"8 cm® molecule™!s™! 9a)
o’ +0.1832p,%+0.033858,°=2.589X 1075 cm 2 (9b)

Eq. (9) are undetermined coupled equations, so they have
numerous solutions. If we assume an equal contribution (33
%) from each vibrational level, we obtain the following set
of coupling constants and Z.

Bo=9.29%X10"* cm™!

B1=2.17X107% ¢m™!

B,=9.29%X107% cm™!

Z=236X107" [SO.] s! (10
The curve fitting using the above coupling constants also
showed substantial deviations in the medium pressure region
as plotted in Figure 4(b). However, it was found that the

curve fitting could be improved by adjusting the ratios of
contribution from each vibrational level to the intersystem
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Table 1. Temperature dependence of the calculated 1/a;

Temp. 1T 1/a, In
(©) @102 KM fo hi fe 10° 571 (V/aewe)

26.0 3.342 0829 0.145 0026 1597 14.284
35.0 3.245 0.820 0.151 0029 1700 14.346
45.0 3.143 0810 0.158 0.032 1807 14407
55.0 3.047 0801 0164 0035 1910 14463
65.0 2.957 0792 0170 0038 2014 14516

“‘(foﬁo po+fiBip1+/f2B2%B2)

crossing. When the contributions from the (0,0,0), (0,1,0) and
(0,2,0) level were assumed to be in the range of 20-25%,
30-35% and 45-50% of the total physical quenching rate at
high-pressure limits, respectively, the whole range of the
experimental curve could be fitted well as plotted in Figure
4(c). Thus, we obtain the following constants for §; and Z
assuming that the contributions from (0,0,0), (0,1,0) and (0,2,
0) levels are 20, 35, and 45%, respectively.

Bo=72X10"* cm™!
B;=22X10"% em™!
B,=59X107% cm™!
Z=27X107" [SO,] s7! (1

The Z value obtained in this work seemed to be about 20%
larger than the gas kinetic rate constant, 2.3X1071° cm mole-
cule s, calculated from the van der Waals radius (4.1 A)
of the ground state SO, molecules. When the ground state
SO, molecule is excited to the °B, state, the geometry of
the molecule changes the bond length of the molecule inc-
reases from 1432 A to 1493 A and the bond angle also
increases from 119.5° to 126.2°.1% Thus the wan der Waals
radius of the °B; state should be larger than that of the
ground state, which might result in the larger Z value.
We did not investigate the temperature dependence of the
physical quenching rate at high-pressure limits in this work.
However, the saturated physical quenching rate should have
a component of temperature dependence, because the rela-
tive populations in Eq. (7) change as the temperature cha-
nges. The saturated quenching rate, 1/a, is given by Eq.
(12),
'L"’ fl _(foBo potf1B1"p1+/2B"p2)

(’-s

= ﬁQ BozpoeXD( - ﬁ) +B’m exp(ﬁ) + B2 exp(%ﬂ (12)

where @ is the vibrational partition function of the B, state.
Although the above Eq. (12) can not be reduced to the simple
Arrhenius form, the temperature dependence of 1/a, can be
examined by a numerical method. The temperature depen-
dence of 1/a, calculated from Eq. (12), using the B, given
in Eq. (11) and energy level densities obtained by direct
counting method, is given in Table 1. When the In (1/ay)
vs. 1/T is plotted as shown in Figure 5, the slope corresponds
to the apparent activation energy of ~420 cm™ .. This appa-
rent activation energy is substantially smaller compared with
the (700% 100) cm™! reported by Strickler and Ito.* However,
a closer look at the experimental data of Strickler and Ito
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Figure 5. Temperature dependence of 1/o, calculated using the
constants given by Eq. (11). The apparent activation energy ob-
tained from the slope is ~420 cm™.

showed that they might make an overestimation of the acti-
vation energy by including those data in the medium pres-
sure region to obtain 1/a. When the decay rates in the me-
dium pressure region are included, the evaluated 1/a should
be smaller than the saturated quenching rate. When the 1/a
is reestimated from the Strickler and Ito's data for p=500
Torr, we obtain (500+ 100) cm™! as the apparent activation
energy from the temperature dependence of the 1/a. This
value is in fair agreement with the one obtained from Figure
5, and supports the model suggested in this work.

Conclusion

We have reinvestigated the pressure saturation effect on
the phosphorescence decay rates of the *B; state of SO, by
the laser induced phosphorescence method. It is shown that
the pressure dependence of the phosphorescence decay rates
of the 3B, state measured in this work can be fitted well
by the Strickler and Rudolph’s radiationless transition model
assigning different magnitude of the coupling matrix element
to the different vibrational levels of the B, state. The tempe-
rature dependence of the saturated physical quenching rate
can also be explained by the larger coupling matrix elements
for vibrationally excited levels since the relative populations
in each vibrational level change as the temperature changes.
It is shown that the physical quenching of the °B; state of
SO, should occur primarily through the vibrationally excited
levels, and the (0,2,0) level is the most important channel
for the physical quenching process.
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