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Photodissociation of Sulfur Dioxide: The EState Revisited
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The pump-probe technique has been employed to study the photodissociation processes of sulfur dioxide
(SOy). The SQT transient has been fit to a biexponential with decay times of 230fs and 8+ 4 ps. The

growth of32SO" was determined to be 225 10 fs with a decay of 373 27 fs. The response of the isotope
3450,* was also fit to a biexponential decay with lifetimes of 185314 fs and 4+ 1 ps. The decay o¥*SO"

was fit to 381+ 30 fs. The results display that an inverse kinetic isotope effect is operative during dissociation
of SO, through the Estate.

Introduction Current research regarding sulfur dioxide cluster systems has
led us to revisit the dynamics of the monomer. In this article
we present the results of two multiphoton processes. By
employing the pumpprobe technique, we populate an excited
state by the absorption of 312 nm photons and may access either
the A (1By) state through the absorption of one photon orthe E
state by the absorption of two pump photéh%? By adjusting

the delay of the 612 nm ionizing (probe) pulse, we record the
evolution of the respective excited states. Puipmbe scans

are extended to longer delay times and power studies are
employed to elucidate the contribution of both states to the
transient response. The technique is also applied3@;, and

our interpretation is presented.

Many of the sulfur-containing molecules present in the
atmosphere are introduced initially as sulfur dioxide through
the combustion of fossil fuels as well as the natural emission
of volcanic activity. Sulfur dioxide is readily oxidized in the
atmosphere by chemical reaction or photolysis. Once oxidized,
SO, may undergo a series of reactions ultimately leading to
the formation of acid rain. The significance of these processes
has stimulated research by our grdtpand other§ 8 in an
effort to understand photochemical properties of sulfur dioxide
when irradiated with UV photons. Sulfur dioxide has also been
detected in the atmospheres of Venus and Jupiter'$ lo,
indicating it may be significant to astrophysical processes as
well. Additionally, the question of isotopic influence over the
photodissociation has been raised by a survey of geologic

records? Investigation of the fundamental dissociation pro- Sulfur dioxide is introduced to the laser interaction region

cesseslof S@is necessary to discern the molecule’s role in the by the nascent expansion of sulfur dioxide vapor through a

above issues. o _ _ pulsed valve. The molecular beam is collimated by a skimmer
The Estate was observed by Vkavic and Trajmat" during before entering the expansion region. The extent of clustering

electron impact excitation and_assigned to the region consisting .o, pe controlled by adjusting the amount of time the pulsed
of a band of states at approximately 8 eV. An early report of |56 is open.

the photochemistry S{hear the Estate by Lalo and Verméif
using one photon excitation at 147 nm&.5 eV) concluded
two dissociation products are observable, 8@ and S+ O,.
Effenhauser et &.employed photofragment translational spec-
troscopy and published a quantitative report of the decay fraction
obtained when photodissociation is initiated with two photons
at 308 nm. The primary dissociation products are assigned to
SO (X=7) and SO (&A). )
: L analysis.

Zhong et al studied the metastable decay of sulfur dioxide o . .
and sulfur dioxide-water binary cluster systems and reported Sulfur dioxide is ionized via the resonant absorption O.f
the core structure of the cluster cations after excitation of the photon§ generated by afs laser system which has been described
sulfur dioxide chromophore. Information regarding the influence n (je_tan elsewheré Briefly, fS pulses are the output (.)T a
clustering has on the S@hromophore was extended by Hurley c_olhqlmg p_ulse mOde'kaed rlng_dye Ia_ser (CPM). Amphﬁcg_—
et al.2 who determined the primary dissociation process of the tion is achieved in four stages using a six-pass bOWt.'? a”.‘p"f!ef
C(2'A") state. Dynamics of thé Etate were reported previously follqwed by three successive Bgthune cells. Ampllflgatlon is
by our group? where the formation of sulfur monoxide was achieved in all f(_)ur stages V|a.transverse pumping W'Fh
observed. The SQransient was fit to an exponential decay of thesecond harmonic of a 10-Hz Nd:YAG laser (Spectra Physics

2714 8 fs, in good agreement with the growth of the product SCFiT4)' AffielrSSnprllflczztlcin, the (;egomp:essedlptglse hf;s. a
SO. However, meaningful fits were not obtained for all uration o S as determined Dy autocorrelation and 1S

dissociation fragments and the role of an isotope effect was notcentered at 624 nm. . .
addressed. The results reported here are obtained via a two-color pump
probe experiment. Ultraviolet radiation, centered at 312 nm, is

* Author to whom correspondence may be addressed. E-mail: awc@ achieved by frequency doubling of the fundamental by focusing
psu.edu. through ap-barium borate (BBO) crystal. The fundamental

Experimental Section

Upon ionization, the distribution of the molecular beam
is detected with a reflectron time-of-flight mass spectro-
meter. The mass spectrometer consists of several compon-
ents!314an acceleration region, two field-free drift regions, a
reflectron, and a pair of microchannel plate (MCP) detectors.
The MCP plates are coupled to a digital oscilloscope (Agilent
Technologies 54820A) which is then coupled to a PC for data
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Sulfur dioxide dissociation products

component to the total signal. The functions presented above
o 5O are by their nature decay functions and intended to represent
the disappearance of signal with time. When the transient
contains a growth component, which represents the reappearance
of signal, the corresponding amplitude coefficient will take on
a negative value.

Intensity (arb.)

Results

Typical distributions of photodissociation products are shown
. in the mass spectrum of Figure 1, when sulfur dioxide is passed
through the pulsed valve. Peaks corresponding to 16 and 32
amu are assigned d80™ and 32S*, respectively. The peak
occurring at 32 amu was determined to®B8" and not®0,"
due to the isotopic abundance reflecting that of atomic sulfur.
Figure 2 depicts the temporal ion signalésl0, under two
different pump-probe conditions. In the case of high probe
power, the ion signal remains elevated at all times after zero
A\ Pri234ev delay for the duration of the scan, approximately 3.5 ps. The
‘ transient obtained while employing the lowest probe photon
density of our studies is characterized by a very fast decay as
the signal rapidly returns to baseline. We believe the inset of
Figure 2 reflects the differences in the purprobe transients.
A'B, (4 eV) As the results of Vileovit et al!! demonstrate, our pump step
can populate both the &d AlB; states. The scenario with high
— probe fluence enables ionization of Sf@m either excited state,
\ e o, e while the experiment employing low fluence only provides
L enough energy in the probe step to promote electrons populating
the Estate to the ion state. The fast decay, which is the only
feature present in the low fluence case, must reflect the dynamics
of the excited Estate, while the elevated signal at long delay
Time (ps) time is a result of the lower ¥B; state. Further, the 18, state

Figure 2. Comparison of Setransient under conditions of high probe  is below the dissociation energy of sulfur dioxide, which was

power (25 mW) and low probe power (13 mW) represented by triangles determined experimentally to be 5:30.1 V16 Therefore the
anq dots, respectively. The inset is a schematlc of the energy Ievels|ong decay is a consequence of the population of a bound state.
believed to be accessed in each configuration.

To better resolve the characteristics of the temporal response,
photons not converted to the second harmonic are harvestedscans were conducted at longer delay times. As the wave packet
and used as the probe pulse. The generated UV light traversegvolves over a duration of 17 ps, the decay converges to the
a movable delay stage so that the differences in optical pathbest fit as a biexponential decay. Only the values obtained for
length can be employed for dynamic studies. It should be noted the decay rates are presented in the text; we report the standard
that experimental conditions are set such that signal is not deviation of each component in Table 1. The fast component,
generated by either beam operating independently; rather, signapttributed to dissociation via the $fate, fits to a decay of 230
is observed only through the enhancement when both beamds. The slow component, arising when ionization is promoted
are present. from the AB; state, fits to a decay of 8 ps. Additionally, at

The fitting procedure we use employs a least-squareslow probe power, the SPtransient fits only to a single-
method and has been adopted from that described in detailexponential decay with a lifetime of 231 fs, shown in Figure 6.
by Zewail and co-worker¥. The pump-probe data pre-  Asis evidentin the mass spectrum of Figure 1, it is possible to
sented herein are fit to either single or biexponential decays of distinguish between the sulfur isotopes. The inset of Figure 3
the form includes the lifetimes for the decay of both isotopes at long

it time delays. The temporal response of #80, species was
t — L fit when the fast and slow components are fit to 195 fs and 4
SUA Af .90 eX[{T—1) dt 1) ps, respectively, an indication of a possible isotope effect on
the photodissociation process when compared to the decay of
. ; t—t, the 2SO, species. Again, the results of the study at low probe
dt+B f,mg(t) ex . dt power only fit well to a single-exponential decay of 194 fs.
2
@)

1'0 2‘0 3‘0 4’0 E
Figure 1. A truncated time-of-flight spectrum showing a typical mass
spectrum of sulfur dioxide dissociation products.
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sH=A /90 exp( -
! The Estate is expected to be responsible for the dissociation
observed in our experiment, and it resides approximately 2.7
1 exp— (1)2 3) eV above the dissociation energy. Figure 4 reflects the temporal
o2 o behavior of the dissociation products obtained when enough

probe power is employed to detect ion signal at all delay times
where the componerg(t) is a Guassian function included to as well as the time constants fitting the dynamics. The species

account for the response generated by the correlation of the lasepresented in Figure 4 are those containt#g. Focusing only
pulses. The ternw is related to the laser full width at half- on the fast component of tféSO, transient, the decay is again
maximum (fwhm) by the relation = (fwhm/+/1.6651).A and fit to 230 fs. The SO transient exhibits a growth of 224 fs and
B are amplitude coefficients reflecting the contribution of each a decay of 393 fs. The sulfur monoxide growth is in good

9t =
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Sulfur dioxide pump-probe transient
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Figure 3. Temporal response &SQ," at extended pumpprobe delay times extending 17 ps after the zero overlap. The decay fits to a biexponential
decay with the fast component decay at 28@® fs while the slow decay fits to 8.4 3.7 ps. The response f&SO," is similar except that the
fast component decays in 19514 fs and the slow component decays in £8.0 ps. The data were obtained by employing high fluence.

TABLE 1: Lifetime and Standard Deviation Obtained for The pump-probe response of2S-containing species is
Each Component When Employing Low (left) and High presented in Figure 6 when a low probe fluence is employed.
(right) Probe Laser Fluence o i ; i ; ;
The SQ response is fit to a single-exponential decay with a
speties low fluence high fluence lifetime of 231 fs. Likewise, the growth of SO is fit to a rise
time of 225 fs with a decay of 373 fs. The atomic sulfur ion
32 +
SC ggggﬁ 231 7fs ddeecfayylz 23% Z LSS displays features similar to the SO response with a growth and
S0 decayl 194t 8fs decayl 193 18fs decay of 228 and 385 fs, respectively. Studies conducted at low
decay 2 decay 2 4 1ps probe power did not provide a sufficient number of photons to
250" growth 225+ 10fs growth 224+ 11 fs surmount the ionization threshold of molecular oxygen. The
. decay 373t 27fs  decay 39% 32 dynamics exhibited by those species containing*{Beisotope
S g;oc"‘a’th 13%& g(ﬁs greocv;th %%%t& g;ﬁs are presented in Figure 7. The dissociation processes proceed
a2gH grow%/h 298+ 5 fs deca;);l 212 17 fs in the same manner but are fit to different lifetimes. P80,
decay 2 385+ 8 s decay2  36% 20fs decays in 194 fs while the growth 61S0 is fit to a rise and
o* growth ND growth 229+ 12 fs decay of 187 and 381 fs, respectively.
decay ND decay 791 57 fs
Discussion
agreement W|th the decay f|t to Sulfur d?OXide indicating an A The pump_probe transient 0}4802 Observed in our experi_
— B dissociation, where A is S{and B is SO. ment is fit to a biexponential decay, with the fast component

The remaining products represented in Figure 4 are those ofdecaying in 230 fs and resulting in predissociation to SO. The
32S and'®O. The®s fragment is best fit to biexponential decay fast component is attributed to the $ate, which is located
of 212 and 369 fs. Th&O fragment, shown in Figure 4d, grows above the dissociation threshold. Furthermore, the best fit of
in at 229 fs and decays at 791 fs. The temporal behavior of thethe SO transient converges to a rise of 225 fs as the growth
32S ion signal is characterized by a biexponential decay and component of this species. The mechanisms associated with
the maximum signal intensity occurs when pump and probe product formation are illustrated in the kinetic model shown in
pulses overlap at time zero. The decay times of the two Figure 8. It should be noted that previous studies published by
components are in good agreement with the decay time obtainedour groug concluded the decay of this state proceeded in 271
for the SQ* and SO signal indicating $ is formed as anion  + 8 fs, differing slightly from the present findings. We believe
state product of both species when high probe powers arethe differences in the fit can be attributed to the presence of the
employed. Thé®O response is characterized by a growth similar SO,* ion signal obtained when electrons are ionized from the
to the decay of S@and a unique decay indicating it is a product |ower lying AlB;. Care has been taken in the present study to
of S, predissociation. elucidate the influence the!R; state can have on the temporal

Figure 5, similar in nature to Figure 4, reflects the dissociation SO, signal. At short pumpprobe delays, as reported earlier,
process of thé*S-containing species at the same laser probe the contribution of the lower state can increase the lifetime of
power. The fast component of $0s fit to 195 fs and is a single-exponential decay. Employing probe power studies as
displayed in Figure 5a. The growth component of the mass 50 well as extending the pumfprobe scan to longer delay times
transient fits well to 192 fs while the decay fits to 399 fs, Figure has led us to determine that the ion signal is a reflection of two
5b. The dynamical processes leading to the dissociation of thestates with the lifetime of the Btate being 23& 9 fs and that
34S0;, species appear to mirror those B80,; however, they of the AlB; state being 8 4 ps. As was described in the
occur more rapidly. Experimental Section, the fitting function is comprised of a
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Pump-Probe transients of dissociation products: 32S species Pump-Probe transients of 34S species: high probe power
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Figure 5. Photodissociation products #80," after excitation to the
E state ionized with high probe power (25 mW). The dynamics are
analogous to those &S0O,™; however, the decay times are significantly
- . shorter. The species include (ASO," and (B)3*SO".
B0 0 05 1 15 2 25 3 35
2 Dissociation at low probe power: 32§
i
C. Al
Tdecay1= 212 +/-17fs Tyeeay = 231 +/-7fs
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*
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Time (ps)
Time (ps) Figure 6. Photodissociation products #50;" after excitation to the

. . L _ E state ionized with low probe power (13 mW). The species include
+
Figure 4. Photodissociation products 50, after excitation to the (A) 2SO, (B) 2SO, and (C)¥S". Notice atomic oxygen is not

E state ionized with high probe power (25 mW). The dissociative ionized in the low-power study.
channels are investigated over a period of 3.5 ps after the temporal

overlap as the dissociative channel decays rapidly. The data were: ; S i At
obtained by employing high fluence. The species include® 8D, in the probe step and provide 1.55 eV over the ionization

(B) ¥S0", (C) S', and (D) O. _thr(_esh(_)ld. Thomz_;ls et élind_icates 3.627 eV _in excess of the
ionization potential of S@is necessary to induce ion state

Gaussian component to convolute the laser pulse shape fromdissociation. Therefore, the only product resulting from ioniza-

the observed kinetics. It should be noted that our pulse width tion via the AB; state would be the SOmolecular ion.

was measured by direct cross correlation. The value obtained The decay of the Spisotopes were fit to either single or

from the DataFit fitting program is in very good agreement with biexponential decays when employing low and high probe

this measured value. power, respectively. A Guassian function was incorporated to
Employing power studies is essential when studying mul- deconvolute the laser pulse shape. The transient of the SO

tiphoton processes not only to determine the appropriate fit to species was fit by a series of rate equations in a consecutive

each component but to ensure each component is attributed taeaction

the proper state. We first consider population of tH8Astate

by absorption of one 312-nm pump photon. Since this state is A & B K C

not predissociative, only ion-state products need to be consid-

ered. lonization from the B, state would require five photons ~ Where A is SG, which decays to SO in the first step followed
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Dissociation at low probe power: 34S species to exhibit significant enhancement at the zero overlap of the
two laser pulses typically associated with strong field effects.
Rather, the most intense ion signal occurs after the temporal
overlap, indicating the sulfur monoxide signal is a result of the
predissociation of sulfur dioxide. As was mentioned previously,
absorption of as many as five probe photons appears to lead to
ionization of SQ through the AB; state. lonization through

Tioery = 194+ 8 5

g . the E state by absorption of up to five photons must also be
; 05 0 05 1 15 2 25 3 35 considered. This scenario would provide 5.525 eV in excess of
g the SQ ionization potential. Referring to photodissociation
E‘j B studies on S@ion states reported by Thomas et’ahe ability

to access levels of the $Qon state 3.907 eV above the
ionization potential would yield the sulfur atomic ion. It appears
that under our conditions, we promote electrons from tiseale
directly to a dissociative ion state producing, 8nd as a result
the ion signal obtained in the high probe power case is due to
05 0 05 1 15 2 25 13 135 formation of S as an ion state product of both $@nd SO.
The SO cations detected in our experiment are primarily a result
. of predissociation from the Btate, thus explaining the delayed
Time (ps) maximum intensity of the SO temporal ion signal.
Figure 7. Photodissociation products #60," after excitation to the Lalo and Vermeit® reported results on the photolysis of SO
E state ionized with low probe power (13 mW). The species include 5t 147 nm, and Effenhauser et ®apublished two-photon
(A)¥SQ," and (B)*SO". dissociation of sulfur dioxide at 308 nm. Both groups indicated
. . that SO was a likely dissociation product, while Effenhauser et
Kinetic Model al® concluded that the likely products resulting from the
absorption of two 308-nm photons by $@ould be

Tgown = 1874~ 9 5
Tgocsy = 381 +£ 30 fs
[ ]

[P=1234ev 4
L SO, + hv (2 @ 308 nm)—~ SO (}*%") + O¢P):1

— S0 (dA) + OCP):2
— S0 (X27) + o('D):1

SO, E The above products are followed by their branching ratios.
Furthermore, they noted that they could not discount the

SO, (A'B))

a
produced the ground-state product, absorption of six probe
photons would be required for ionizatié While this cannot
SO be dismissed, we believe formation of an SO excited state is
R more likely. lonization of SOYA), or a product in a higher
excited state, would only require absorption of five or less probe
photons?® being more consistent with our interpretation of the
SO, transient. The decay of the SO transientin Figure 5, is
393 fs, however measurable signal is present for the duration
Figure 8. Kinetic model used to explain the dynamics observed as Of the scan lasting 3.5 ps. Although the decay is fit to 393 fs,
sulfur dioxide dissociates to form sulfur monoxide as well as the the excited population appears to relax to a bound state.
formation of S and O in the ion state. Wisniewski et aP previously reported the decay of $S@
be that of a single exponential of 156 fs. The current investiga-
by the decay of excited SO to a lower energy level. The rate tion regarding the influence laser probe power has on the dis-
constant reflecting the growth of SO is representeé;aand sociation dynamics of S{brings us to conclude the appropriate
the subsequent decay of the excited product decays at a rate o{ajue of this decay is 390 fs. The previous study was conducted
kb, shown Schematically in the kinetic model of Figure 8. The with pump photon intensities that generatedzmd SO ion
rates are obtained from the inverse of the decay times reportedsignals even without a contribution from the prdB&leasures
in the results section. were taken in the present study to ensure that this was not the
The dissociation dynamics associated with thetgte are case. The pump-induced dissociation of the previous study may
explained through interpretation of the results obtained from have complicated the temporal response, and the fit may not
the best fits and comparison with the kinetic model of Figure have solely reflected dissociation of the neutral state species.
8. Absorption of two 312-nm photons by sulfur dioxide results ~ The sulfur and oxygen atomic ions are formed in much less
in excitation to the Estate. Population of this state, which is abundance than the molecular ions. The decay of sulfur is fit
coupled to a dissociative channel, leads to a rapid decay, 230to a biexponential with decay times of 212 and 369 fs with
fs, as is reflected in the corresponding growth of sulfur maximum intensity at the temporal zero when high probe power
monoxide, 225 fs. Interestingly, sulfur monoxide does not appearis employed. This agrees with our interpretation of ionization

SO, (X'A)

A
\ formation of the energetically possible SCXb), although it
l\ was not observed in their experiment. It is anticipated that this
state would be short-lived as it undergoes spontaneous emission
as a relaxation mechanism. If dissociation of the, &state
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TABLE 2: Required Energy (AE) and Number of Photons were reported. The results showed that théRg)(state couples
Necessary To lonize Parent and Products Studied in This to a bending channel that proceeds as the bond angle increases
Experiment from the ground-state equilibrium structure of 1Pa®a linear
product parent AE (eV) no. of photons configuration at 189 at which point dissociation occuféThe
SOt SO, (B) 4.34 3 results of our experiments are consistent with the suggestion
SO* SO (A 1B1) 8.43 5 that a bending mode and its crossing with a repulsive state may
SO* SG; (B) 7.96 4 be responsible for the predissociation observed for the SO
sof SO (x) 10.29 6 isotopes.
SOt SO (14) 9.54 5
g goz ® 1%_23‘2'3 % Conclusions
o* o 13.62 7 Sulfur dioxide is shown to dissociate via the excitedtite
o* O, 18.69 10

resulting in the cleavage of an—® bond to form sulfur
monoxide in 230+ 9 fs. Photodissociation to SO is believed
to form the SO excited-state product. It has also been demon-
strated that the #3; state of SQ is accessed, whose long
lifetime results in the ion signal at long delay time. The pump

from the SQ E state, that $ is a directly formed ion state
product. The slower decay time is similar to that obtained for
SO, suggesting it is also an ion state product of sulfur

monoxide. The ion signal of atomic oxygen is fit to a growth ,rohe experiment has been used to elucidate the photochemical
of 229 fs and a decay of 791 fs and closely resembles the growthy, g herties of molecules containing sulfur isotopes and conclude

behavior of the sulfur monoxide transient, indicating it arises a1 an inverse kinetic isotope effect is present for sulfur dioxide.
from processes associated with the predissociation of sulfurtpg regyits indicate the influence of the isotope is significant
dioxide. It appears that one of the dissociation products of sulfur j, jetermining the decay rate of the photodissociation process.
dioxide is an excited oxygen atom, which decays in 791 fs and g resylts glean information toward a better understanding of
remains present in a bound state at long time delays. As is g |eyant dissociation processes occurring in the photochemistry
evident by the mass spectrum of Figure 1, the intensity of the ot 5o, This preliminary body will be extended to the study of
atomic oxygen ion signal is significantly less than the rest of ¢ysters, which provide a significant model for the understanding

the dissociation products, indicating its formation is not a f the mechanism associated with the heterogeneous chemistry
primary pathway. The energy required for the formation of the ¢ ¢.,1fur oxides.

various fragments is shown in Table 2. The values presented
indicate that formation of Ois the most energetically expensive Acknowledgment. Financial support by the Department of

process. Energy, Grant No. 428.21-480F, is gratefully acknowledged.
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