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Kinetic Study on Vibrational Relaxation of SO(B3X~, v = 1 and 2) by Collisions with He
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Rate constants for vibrational relaxation of SEXB, »/ = 1 and 2) by collisions with He have been determined.
SO(X=") was generated in the photolysis of 5@ 193 nm, and excited to a single vibrational level of the
B3X~ state with a tunable UV laser. Dispersed fluorescence spectra were recorded as a function of buffer gas
pressures (He, 30150 Torr). Observed spectra are composed of fluorescence from the initially excited level
and those from levels populated by vibrational relaxation. Kinetic analyses of relative fluorescence intensities
give rate constants for both single- and double- quantum vibrational relaxation=(Z.0) x 10713 for o/
=1—¢v=0,(1.0+£02)x 10%forv' =2— ' =1, and (1.7 0.3) x 102 for s/ =2— ' =0, in

units of cn? molecule® s! (the quoted errors ares®. It has been found that the branching ratios between
guenching and vibrational relaxation of SG{Aand B’Z~) by monatomic gases are strongly dependent on

the number of perturbed rotational levels.

Introduction

The SO radical has been a target as a medium of optically,
chemically, or discharge pumped tunable UV lasé&rMiller
et al8 have succeeded in observing optically pumped lasing via
the B®=~—X32 system. They pumped the-@ vibrational band
and observed lasing of the-@"" progressiony' = 8—11). The
0—2 band, however, has a very small Fran€kondon factor,
0.00869 or 0.0078 and pumping to vibrational levels with larger
Franck-Condon factors might be more efficient in lasing. When
SO is optically pumped to the vibrationally excited levels of
the BT~ state, predissociation, quenching, and vibrational
relaxation must be taken into account. It is well-known that
vibrational levels higher than the = 3 of B3~ are nonfluo-
rescent because of efficient predissociation t#PH¢ O(CP)
by way of the CII state?10 Vibrational level v/ = 3 also
undergoes predissociation at relatively low rotational levdls (
> 10):° therefore,2’ = 1 and 2 are suitable for lasing.

In the present study, we have observed buffer gas (He)
pressure dependence of dispersed fluorescence spectra, and
determined rate coefficients for vibrational relaxation of ST(B
v = 1 and 2) by He. We present, for the first time, evidence
that 15% of vibrational relaxation of = 2 are double-quantum
relaxation ¢’ = 2 — ¢/ = 0). We also discuss the mechanism
of fast quenching and vibrational relaxation of SCXB) by
He.

Experimental Section

An experimental apparatus has been described previsitisly,
and specific features for the present study are given herg. SO
(3 mTorr) in a buffer gas (Hes150 Torr) was photolyzed at
193 nm with an ArF excimer laser (Lambda Physik LEXtra50,
19 Hz) at 298+ 2 K, and SO(X=") was generated. Vibrational
levels of SO(BX™, v/ = 0—2) were excited via the-92, 1-1,
and 2-2 bands in the BE~—X3=~ system with a N&":YAG
laser (Spectron SL803) pumped frequency doubled dye laser

Unfortunately, there have been no reports on the kinetics of (Lambda Physik LPD3002 with LD489/MeOH and BBO

vibrational relaxation of SO("). It is thus the goal of the

crystal). The line width of the light from the dye laser is

present study to measure the rate constants for vibrationalA¥(fwhm) = 0.3 cnt?, i.e., 0.002 nm at 250 nm. Time delays

relaxation of SO(BX-, v/ = 1 and 2), and to clarify the
mechanism governing photochemical processes.

Recently, Stuart et aF have reported the overall removal
rate constant of SO, v/ = 2) by He to be (1.3t 0.3) x
10710 cm?® molecule® s™1. They observed time-resolved fluo-
rescence decay of SOfB, v/ = 2) as a function of buffer gas
pressuresRye < 10 Torr); however, they did not evaluate the
contributions of vibrational relaxation to overall deactivation.
In general, vibrational relaxation of electronically excited states
with short lifetimes is difficult to observe, because fast radiative

between the photolysis (ArF) and excitation (dye) laser were
20 us in all measurements. Generation of3X, v/ = 5 is
energetically possible by the excess energy of Blbtolysis

at 193 nmt*and it is well-known that 6870% of the SO(X=")
product is ine’ = 214719 |t might, therefore, be suggested that
excitation to a single vibrational level is disturbed by vibrational
cascade in the 3~ state by collisions with bath gases. We
have ascertained that none of the three vibrational bands for
excitation [0-2 (256.16 nm), +1 (245.14 nm), and 22
(248.30 nm)] are overlapped with other vibrational bands, and

and/or nonradiative processes are likely to obscure vibrational that a single vibrational level can be excited at all pressures

relaxation. Furthermore, rate constants for multiquantum relax-
ation (Av = 2) are not readily obtained, because single-quantum
vibrational relaxationfv = 1) is predominant over multiquan-

and delay times from the photolysis.
The ASTT-X3Z" transitions of SO may appear over the nearly
identical wavelength range with thé3 —X32~ systemt520-30

tum relaxation and because both types of relaxation always occur€Vertheless, fluorescence via thélA-X3~ system is neg-

simultaneously.

* Corresponding author. Fax:+81-25-262-7530. E-mail:
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ligibly weak due to a relatively small effective absorption cross-
sectiono(ASIl — X3Z7)/o(B3Z~ <— X327) = 0.027!1 Photo-
emission from S@is also negligible, because the photoabsorption
cross sections of S{at the excitation wavelengthg & 250
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Figure 1. Dispersed fluorescence spectra of th&B-X32~ system
of SO excited to a single vibrational level & 2) at different pressures
of a buffer gas (He). The excitation wavelength is 248.30 R{2Q)
of the 2-2 band).Psg, = 3 mTorr, andPia(He) = 5 (a) and 100 Torr
(b). The delay times between the photolysis (193 nm) and excitation
laser are 2Qus. The assignment shown in part a is the transition
wavelengths of the 2" bands. New peaks appearing in part b are
fluorescence from’ = 0 and 1 populated by vibrational relaxation by
collisions with He.

nm), 1 x 10719 cm? 11.3L.323re smaller than that of SO{B~ —
X327) by a factor of 2.5x 10* which more than offsets the
concentration ratio [SE/[SO] ~ 200 in the present study.
Clerbaux and Coli have observed a broad emission, peaking
at 350 nm, attributed to the S® O — SO,* recombination

reaction. The time constant of this reaction is estimated to be
~10 ms under the present experimental conditions, even if the

J. Phys. Chem. A, Vol. 107, No. 24, 2008797
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Figure 2. Component fluorescence spectra of tfEB-X3Z~ system

of SO. The spectra correspond to f&j1), (b) Ai(4), and (c)As(4) in

eg 1. The ratios between the intensities of fluorescence from the three
levels are calculated from the area of these componefs{) di/
SJA(L) dA/fAg(L) dA = 0.75/0.14/0.11.

He buffer gas. All the peaks are assigned to the'2bands of

the B3~ —X3X~ system, and the intensity distributions clearly
reflect Franck-Condon factorg:® The wavelengths of vibra-
tional bands were calculated using vibrational constants reported
by Clerbaux and ColiA? At high buffer gas pressures, new
peaks assignable to the-2'" and 0-2" bands appear as shown

in Figure 1b. Observed dispersed fluorescence spect(in,
following excitation tov = 2, consists of fluorescence from
=0, 1, and 2 which are designated By(4):

A) = AfA) + A4) + Ay4)

= Coagl) + Ciau(2) + a2 (1)

reaction proceeds at the gas kinetic rate, and actually, nowhereA,(1) = c,a,(1) (v = 0, 1, and 2)a,(1) represents the

emission due to S& O — SO* reaction was observed.
Fluorescence from SO&™) was collected with a quartz lens

(f = 80 mm), focused on the entrance slit of a monochromator

(JEOL JSG-1259,= 125 cm,AA(fwhm) = 3 nm), and detected

dispersed fluorescence spectrum of a lewvekcorded at low
total pressure<5 Torr) at which vibrational relaxation hardly
occurs, andt, is the pressure-dependent contributionagft)

to A(A). The factorsc, at a given pressure can be determined

with a photomultiplier tube (Hamamatsu R928). Signal from from A,(1) anda,(1)'s by a least-squares analysis using eq 1.
the PMT was averaged with a gated integrator (Stanford SR- Figure 2 shows an example of the components obtained from

250), and stored on a disk of a PC after A/D conversion. the spectrum shown in Figure 1b. The sum of the three spectra
Wavelength dependence of the sensitivity of photo detection reproduces the spectrum shown in Figure 1b.

system was calibrated with a superquiet Xe lamp (Hamamatsu Vibrational Relaxation of SO(B3X~, »/ = 1) by He. A

L2273). kinetic scheme of excited SOtB™, +') in a He buffer gas is as
The flow rates of all the sample gases were controlled with fgllows:

calibrated mass flow controllers (Tylan FC-260KZ and STEC

SEC-400 mark3) and mass flow sensors (KOFLOC 3810). SO(B,U')E’SO(X )+ hw

Linear flow velocity was 10 cm irrespective of buffer gas ©)
pressures. Total pressure (He buffer) was monitored with a , Kav

capacitance manometer (Baratron 122A). The total pressure SO(By) + He——S0O(X)+He or S+O+He (3)
measurement together with the mole fractions as measured by , Ky

the flow controllers gave the partial pressures of the reagents. SO(By) + He—SO(By) + He (4)

SO, (>99.9%) and He (99.9999%) delivered by Nihon-Sanso
were used without further purification. @as stored in a glass
bulb of 3 dn? with He (3% dilution).

Results and Analysis

Dispersed Fluorescence Spectra and Buffer Gas Pressure
DependenceFigure 1a shows a dispersed fluorescence from
v = 2 of the BPZ"~ state excited via the-22 band at 5 Torr of

Herek., kos, andk, , are rate constants for radiative decay,
electronic quenching, and vibrational relaxation, respectively.
Quenching is due to deactivation t§X" and/or predissociation.
Rate constants for vibrational up-conversiort & v) are
negligibly small (5%) compared to those for downward relax-
ation at 298 K, because vibrational quantum energyaf s

620 cn11,1020
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First, consider the case of excitation tb = 1. The rate
equation ofy' = 0 is given as follows:

dN§(t
#(g LJHEIND(D) — (ko + kodHEDNS()  (5)

Here N“)(t) is the number of molecules in a levelat timet
after excitation to a level'. The intensity of fluorescence from
the levelv at timet, 1)(t), is related to the population in the
level » by 1¥(t) = k,N*)(t). Equation 5 can be written in
terms of fluorescence intensities:

di§e
ﬁt%mem«ﬁwmew>

Integration on both sides of eq 6 frotm= 0 to « gives
15t = o) -
ko

krldHﬂj;I“h)m (ko + kodHe]) £0180(t) dt (7)

There is no population im’ = 0 att = 0 or «, i.e., It = 0)

It=0)=

Mt = ) = 0, and consequently, eq 7 leads to the
following equation:
Kk

K?laHeLﬁ 19(0) dt = (ko + koHeD) f; 15(t) ct (8)

When the width of the sampling gatAt) is sufficiently larger
than that of fluorescence lifetime, then the entire time history
of the B’=~ state population is collected, and the integrated
fluorescence intensitiegfl(ff"') dt) in eq 8 are in proportion to
the areas of component fluoresce¢él) (see eq 1):

SO duatD [CAMR) di=c, [ a, i) di=S" (9)

The factorc, has already been obtained by the analysis using

eq 1. At is fixed to be 100 ns in the present experiments, and
is sufficiently larger than the fluorescence lifetimes3Q ns)

of the B’=~ state!?13thus, the following equation is derived
from egs 8 and 9:

s _
L
According to this equation, the slope of the straight line fit from

regression analysis of the plot &{/S{" against 1/[He] gives
ka/kio. Figure 3a shows the plot &"/S" vs 1/[He]. It should

krl 1
Ko [He]

Kikqo
krOklO

(10)

be noted that steeper slopes in Figure 3 give smaller vibrational
relaxation rates. We have recently measured the radiative decay

rate constant of’ = 1 to bek;; = [3.3 & 0.3(2)] x 107 s1,13
giving the rate constant for vibrational relaxation= 1 — ¢/
= 0 by He iskig = [7.7 &£ 1.0(2)] x10~12 cm® molecule’?
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Figure 3. Total pressure dependences of relative fluorescence intensi-

ties. The ordinates represegiP/S”, S2/S?, andSPH(SP — aS”) for
parts a-c, respectively (see egs 10, 11, and 16). The slopes of the
straight lines fit from regression analysis corresponé o, k2/kz1,
andk/ky for parts a-c.

Vibrational Relaxation of SO(B3X™, ' = 2) by He. As
shown in Figure 1b, fluorescence froth= 1 andv' = 0 is
observed on excitation td = 2. There is no doubt that thé
= 1 is populated from’ = 2 by collisions with He; however,
it is not readily concluded how th& = 0 is generated. There
are two possible ways to populate the= 0: one is direct
relaxation fromy’ = 2, the other is stepwise relaxation wia
= 1. To clarify the relaxation mechanism gf= 2 by He, it is
necessary to determine the branching ratios between2 —

=landy =2—v =0.

From the rate equation of = 1 on excitation ta' = 2, the
ratios between observed intensities of fluorescence ffom
1 and 2 are derived in the same manner as eq 10:

iz):& 1 +kr2(kQ1+k10)
S2 Ky [He] Ki1Kog

Figure 3b shows the pl&?/S? vs 1/[He], and its slope i/
ko1. We have measured the radiative decay rate constasit of
= 2 to be [3.74 0.5()] x 10" s 1,13 giving ky; = [1.0 £
0.2(20)] x107** cm?® molecule s,

Rate constant for direct relaxation froth= 2 to o' = 0 is
obtained using the fluorescence intensities'cf 0 on separate
excitation too’ = 1 and 2. Rate equation for the fluorescence
intensity of' = 0 on excitation ta' = 2 is given as follows:

Ko Ko
"k, ke

(11

SIS ONE

i 2o HelI (D) + 1~

1Hell (2)(t)
(ko + koo HEDIP(M) (12)

0 after integration

Taking account of (t = 0) = 1(t = c0) =
fromt = 0 to 0, we obtain

fﬂHﬁw%mmﬁEMﬁ%wwﬁ(m

Note that dispersed fluorescence spectra’of 1 observed
following excitation tos’ = 1 and 2 at the same buffer gas

sL. The error derives mainly from the scatter in the data points pressures are identical except for their intensities. A ratio,

of the plots shown in Figure 3 and the confidence level of the
radiative decay rate constant. The rate condtgintan also be
obtained to be (1= 0.8) x 10712 cm?® molecule’! s~ from the
intercept of the plot shown in Figure 3a. Unfortunately, the
errors of the intercepts are too large£80%) to givekio, and

S2/SY = a, can be determined from the areas of observed
spectra. Equation 8 (or eq 10) gives

K,

Qdmﬁbmw%wwﬁ (14)

consequently, rate constants of interest have been determined

using the slopes.

and the following expression is obtained from eqs 13 and 14
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%kzo[He]sé” = (ko T kodHEN(S? — af”)  (15)

indicating thatkyo = 0 if S? = aS". Therefore, it can be
concluded that double-quantum relaxatign= 2 — ' = 0
occurs, if the intensities of fluorescence freh 0 are different

in the spectra in which the intensities of fluorescence fidm
= 1 on separate excitation 10 = 1 and 2 are so scaled to be
identical using the factoa. Figure 4, parts a and b, shows
dispersed fluorescence spectra recorded on excitatigntdl
and 2, respectively. The fluorescence froin= 1, 1-12, and
1-13 bands, is adjusted to have identical intensity on excitation
to o' = 1 and 2. Clearly, fluorescence from = 0, e.g., the
0—12 band, following excitation to' = 2 is stronger than that
on excitation to' = 1 @S < ), indicating thatkyo = 0.
This fact is conclusive evidence for the double-quantum
vibrational relaxation’ = 2 — ' = 0 of SO(BZ") by He,
and is shown for the first time in the present study. The
following equation is obtained from eq 15:

S22) :E 1 n erkQO
P —ag? kolHel  koky

(16)

Figure 3c shows the pld?/(S? — a§") vs 1/[He], and its
slope givek/kao. The rate constant for relaxatioh= 2 — ¢/

=0, koo = [1.7 & 0.3(2)] x 1072 cm® molecule® s™1 has
been obtained using the radiative decay rate constasit-ef2

measured by the authols.

Discussion

In general,V—T energy transfer by monatomic gases is
usually inefficient €1 x 10715 cm?® molecule? s71).33 Ac-
cording to the basic theory for vibrational energy transfer of
harmonic oscillato?? the probabilities o/—T energy transfer
increase linearly with vibrational quantum number The
selection rule for vibration relaxation of a harmonic oscillator
is Av = 1, and relaxation witlAv = 2 is usually small. Rate
constants for the vibrational relaxation of SGB, ' = 1 and

J. Phys. Chem. A, Vol. 107, No. 24, 2008799
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Figure 4. Dispersed fluorescence spectra recorded following excitation
to a single vibrational level of SO, v = 1 and 2) along with the
assignment of the vibrational bands of th&&B—X3Z~ system, with
excitation tos' = 2 (a) andv’ = 1 (b). Psg, = 3 mTorr andPieta(He)

= 100 Torr. Both spectra are so scaled to make the intensities of
fluorescence from' = 1 the same. The difference in the intensities of
fluorescence fromv' = 0 gives evidence for the double-quantum
vibrational relaxation/ = 2 — ' = 0.

relaxation by collisions with the bath gases promotes some
molecules in the low and middl& levels to the highl' levels
predissociating to 8P) + O(P). This is observed as quenching
by buffer gases. The probability 6f—T energy transfer is
usually smaller than thB—T andV—V mechanisms by a few
orders of magnitudé? and this might be the case for the levels
with low J in the vibrational levels of the ¥~ state. Rotational
levels with middleJ' perturbed by the T state, on the other
hand, can couple to other vibrational levels through enhanced
interactions via the &1 state by collisions with bath gases. As
described above, all the rotational levels lower tias 38 of

v = 2 are classified as middl@, and the large number of
perturbed rotational levels in' = 2 result in the large cross
sections for vibrational relaxation.

We have recently measured overall deactivation rate constants
of v/ = 1 and 2 by He to be (3.2 0.2) x 1071 and (1.3+

2) by He, measured in the present study, are larger than0.2) x 101cm® molecule* s™%, respectively: These are the

expected. Also, overall rate constants for relaxation'cf 2,
is 15 times larger than that ef = 1, although the vibrational
anharmonicity of SO(BZ") is small: wexe = 4.79 cnt1 20 or
2.6 cnT 119 Furthermore, 15% of relaxation from = 2 by He
are double-quantum relaxation’ (= 2 — v = 0). The
extraordinarily large efficiency of vibrational relaxation (par-
ticularly of v/ = 2) can be explained by a large number of
nonpredissociating rotational levels perturbed by tRH Gtate.
According to the spectroscopic studfe8;3537 rotational
levels in a given vibrational level of the’B™ state are classified
into three groups based on the extent of perturbation: Jow
levels are unperturbed; some levels of middllare perturbed
by the CII state but do not predissociate; high levels
predissociate to $P) + O(P) by way of the CII state. For
the ' = 0 of the BPX~ state, lowJ' levels areJ < 30, middle
J levels are 30s J < 65, and highJ' levels are 66< J; for
v =1,7 <20 (lowJ), 20 s J <53 (middleJ), and 54< J
(high J) (Figures 4 and 5 in ref 10). Far = 2, all the levels
J < 37 belong to middleJ', and 38=< J' are highJ'. It should
be noted that the I state is not a repulsive electronic state
but has a shallow minimum and that not all the levels perturbed
by the CII state predissociafe'®3>The main process of the
low and middleJ levels under collision-free conditions is
radiative decay to the 3~ state ¢ = 30 ns)!113 Rotational

sum of the rate constants of electronic quenching and vibrational
relaxation, and consequently, pure quenching rate constants are
ko1 = (3.8+ 0.3) x 10 for o' = 1 andkg, = (1.2 £ 0.2) x
1071 cm?® molecule® s for v/ = 2. The contributions of the
vibrational relaxation to the overall removdlgiax = Z,[Ky ./
(ky,» + ko], are 0.02 for/ = 1 and 0.09 for' = 2. Therefore,
vibrational relaxation by He is a minor process compared to
electronic quenching. This provides a striking contrast to the
case of the’ = 1 of SO(AII). McAuliffe et al?® have
employed a technique similar to the present study, reporting
the rate constant for vibrational relaxation of SGIR ' = 1)
by He to bekjo(A) = (4.3 4 0.3) x 1072 cm® molecule’ s
They have also found that the electronic quenching fronvthe
= 1in the A1 state by He is negligibly slow, giving an upper
limit: koi(A) < (2—3) x 10713 cm® molecule® s7* (frelax >
0.95). The large difference in the contributions of vibrational
relaxation ofs' = 1 in the A’I1 and BX~ states can be explained
by the extent of perturbation.

As stated above, about 15 rotational levels within20" <
53 of the BX~, v/ = 1 are perturbed by the3 state. On the
other hand, onlyJ’ = 15 of thes’ = 1 in F»(A3[1;) component
is perturbed by the &A state?* Therefore, it can be concluded
that perturbations increase the probability of quenching more
efficiently than relaxation. This propensity can be applied to
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perturbation between the’B- and CII states. The perturbation
accelerates quenching more efficiently than vibrational relax-
ation, which accounts for the small contributions of vibrational
relaxation to the overall removal of thééB- state fejax= 0.02

(v = 1) and 0.09 ¢ = 2).
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Figure 5. Schematic representation of photochemical processes relatedResearch (C) (Contract No. 10640486) of the Ministry of

to SO(BZ-, v' = 0—2) by collisions with He. Vibrational relaxation:
k21 = (le: 02) X 10_11, k10 = (77:|: 10) X 10_13, andkzo = (17
+ 0.3) x 107*2in units of cn¥ molecule s™1. Quenching:kqo = (6.3
+0.3) x 10712 Koy = (3.8 0.2) x 107, andKg, = (1.2 + 0.2) x
1079 in units of cn? molecule s™1. Radiative decayko = (3.5 +
0.3) x 10" s (284 2 ns); ks = (3.34+ 0.3) x 10’ s (30 £ 3 ns);
ko = (3.74 0.5) x 107 s7* (27 & 4 ns). All the quoted errors arer2

other vibrational levels in the 31 state. McAuliffe et af® have
measured quenching rate constant of the= 0 of ASIT by He
to bekgo(A) = (4.0£ 0.8) x 102 cm?® molecule s~, which
is close to the (5.3 0.9) x 10713 cm?® molecule’® st reported

by Lo et al® These rate constants are larger than the upper limit

for ' = 1 (koi(A) < (2—3) x 10713 cm® molecule! s%). Stuart
et all! have reported the rate constant for quenching f 5

in the AT state by He to bégs(A) = (4.1 + 0.8) x 1071
cm® molecule® s%. Clyne and Liddy have given no evidence
of vibrational relaxation ot/ = 5 at pressures less than 300
mTorr of various bath gases. Therefore, the efficiency in
quenching of the ATl state by He goes in the ordkg,(A) <
koo(A) < kos(A). Also, quenching of the AT state by Ar shows
the identical tendency: (8% 1) x 107135and (5.14 1.7) x
10718 29for o/ = 0, <(3—4) x 108 for o/ = 1,22 and (7.5+

1) x 10722 for o/ = 5% in units of cn? molecule’* s, It is
surprising that the efficiency in quenching of thélAstate is
not monotonically dependent an. Colin and co-workers-24
have given evidence that the’| state is perturbed at = 0
andv' = 5 using the Birge-Sponer analysis, concluding that
the levelsy’ > 5 are perturbed by the3O state. Lo et a.
have reported that the = 0 of ASIT can collisionally couple
to a perturbing state 'AA. The strong perturbation occurring
on ther’ = 0 and 5 of the AII state accounts for the efficient
quenching ofs’ = 0 and 5 of ARII. The findings suggest that

collisions with the bath gases enhance the interaction between

mutually perturbing levels, resulting in the large probability of

guenching even by monatomic gases. Figure 5 shows photo-

chemical processes related to SEYB, v/ = 0—2) collisions
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