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Photodissociation reaction of;@llowing ultraviolet photon excitation around the thermodynamic threshold

of the dissociation channel of &) + Ox(a'Ag) at 309.44 nm has been studied under room-temperature and
jet-cooled conditions. Both @) and OfP) photoproducts are detected by a technique of vacuum ultraviolet
laser-induced fluorescence (VUV-LIF) spectroscopy. Photofragment excitation (PHOFEX) spectra for the
O(*D) and OfP) atoms are obtained by scanning the photolysis laser wavelength between 297 and 316 nm
while monitoring VUV-LIF signal intensities at 115 and 130 nm fof)and OfP), respectively. From the
behavior of the PHOFEX spectra for the®@) and OtD) atoms around the threshold into’D§ + O(a'Ay),

the existence of an exit barrier along the-O, dissociation coordinate in the photoexcited electronic state

of Oz is suggested. Analysis of the line widths in the jet-cooled PHOFEX spectralb) @id OfP) suggests

that the quasi-bound states below the barrier and above the threshold have lifetimes@B®2. The

O(*D) guantum yield values from thez®hotolysis are obtained from the PHOFEX spectrum fotRpat

295 K. The OD) quantum yields between 297 and 305 nm are almost independent of the photolysis wavelength
(~0.89), which is smaller than the current NASA/JPL recommendation for atmospheric modeling (0.95).
The physical model for GD) formation in the photolysis of ©in the wavelength range 36529 nm is
presented, which can quantitatively explain the temperature and wavelength dependend) ofu@gtum

yield.

Introduction O, +hw (1 < 309 nm)— O('D) + O,@'Ay) (1)

The photodissociation reaction of;@llowing photoexci- 0.+ hv (4 < 1180 nm)— OCP) + O.(X3s ~ 2
tation by solar ultraviolet (UV) radiation plays a key role in 3w ymO(P)+0X°2, ) (2)
atmosph_eric chemistry and _its importance has motivz_ited a lot O, + hv (1 < 411 nm)— O(lD) + 02(X32g_) (3)
of experimental and theoretical studie$.Photoabsorption of
Os in the ultraviolet region consists of two bantis:the wide 0, + hv (1 < 463 nm)— o(3p) + Oz(blE‘;) (4)
bell-shaped absorption peaked at around 250 nm is called
Hartley band, while a vibrational structure in the long wave- O, + hv (4 <612 nm)— o¢P) + Oz(alAg) (5)

length edge of Hartley band in the 331860 nm region is called
Huggins band. Figure 1 shows a schematic diagram of the
intersections for the ©potential energy surfaces (PESs) as a
function of the bond length for one of the-@ bonds. The
Hartley band is attributed to the transitions onto the saddle-
geometry region of the electronically excitéd, PES corre-
sponding to ground-state equilibrium configurations with strong o, iteq state!,) gives rise to channel (1) dissociation, while
Franck-Condon (FC) overlap (Figure £)The origin of the o otential crossing between thB, and R states leads to
Huggins band has been the subject of controversial discussiong.pannel (2) dissociation (see Figure 1). The experimental
and there are two explanations. One is that the Huggins bandgy,gied5.21 at wavelengths longer than about 320 nm suggested
structure is attributed to the transitions to some bound statesinat the channel (3) products are formed as a result of the
on the excitedB; PES displaying small FC overlaps with the  ¢rossing of the singlet exit channel (R state), which leads to
ground state, so that the Huggins band comes from the saméne channel (2) products, by triplet states correlating with the
transition as the Hartley barfd** The other is the transition to  channel (3) products. Theoretical studies about theriplet
the ZA; PES, and small cross sections are due to its orbitally states correlating to the spin-forbidden products-(3) have
forbidden characté#™'> The potentical curve for the'&; state  not been carried out. The inferred triplet state” which is
is not depicted in Figure 1. responsible for the channel (3) products is schematically depicted
The UV ozone photolysis in the wavelength region around by a broken curve in Figure 1.
300-330 nm can proceed via five energetically allowed Among the photoproducts from the UV photolysis of, @e

where wavelengths given in parentheses indicate the thermo-
dynamic cutoff for each channel. Recent experimental sttidiés
confirmed that not only the spin-allowed channels (1) and (2)
which are predominant in the Hartley band but also spin-
forbidden channels (3)(5) occur in the Huggins band. When
ozone is photoexcited in the Hartley bandiat 309 nm, the

channels:3 O('D) atom plays active and ubiquitous roles in the photo-
chemical processes of the Earth’s atmospAéiduch attention
* Electronic mail: matsumi@stelab.nagoya-u.ac.jp. Fax81-533-89- has been paid into the wavelength and temperature dependence
5593. of the quantum vyield of the @D) formation from the @
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Figure 1. Schematic section through the approximate low-lying
potential energy surfaces (PESs) of&long a dissociation coordinate
R(0O,—0). The potential curve diagram presented by Hay étial.

Energy —»

O(3P) + 0x(X33g)

modified. A broken curve is added as the potential curve representing

the triplet state which is responsible for the spin-forbidden formation
of O(*D). A dotted curve is also added for the 1Of + O(*Ag)
formation without an exit energy barrier (see text). Symmetry repre-
sentations are shown in tl&, point group.

photolysis at around 315 nm, since it is very important to

evaluate the oxidative capacity in the troposphere and lower
stratosphere. Numerous previous studies indicated that channe

(1) is predominant at wavelengtidis< 306 nm and the GD)

quantum yield is almost independent of the photolysis wave-

length, with a reported quantum yield of 6:0.95 throughout
the Hartley band.For A > 306 nm, the OD) quantum yield

decreases sharply with increasing the photolysis wavelength

1,16.1820-23 since the energetic threshold for channel (1) lies at
309.44+ 0.03 nm?® Even below the energetic threshold into
channel (1), the GD) quantum yield does not simply reach to
zero. This is because there are other processes to prodiap O(
atoms even at > 309.44 nm. Between 309 and ca. 320 nm,
the O(D) atoms arise predominantly from the photodissociation
of vibrationally excited @ molecules which are thermally
populated under atmospheric conditions. Takahashi ét al.
pointed out that prior excitation in the asymmetric stretching
(v3) vibration extensively promotes the photoabsorption, which
results in the fragmentation into &) + O.(a'Ay) through
channel (1). The high effectiveness of themode in the hot
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included in the current NASA/JPL recommendation. Talukdar
et al?2 suggested a model to calculate thé@)(yield, ®(4,T)

at wavelengthAi and at temperaturd, using an analytical
function:

BA
®(1,T) =0.06+ A, exp(—7) (6)

where A, and B, are the wavelength-dependent constants. In
eq 6 the offset of 0.06 corresponds to the contribution of the
spin-forbidden channel (3), which is not included in the NASA/
JPL formulatior?”

In this paper, we report experimental studies on the formation
processes of GP) and OID) atoms from photolysis of ©
around 309 nm under room-temperature and jet-cooled condi-
tions. The PHOFEX spectra are measured by scanning the
photolysis laser wavelength while monitoring VUV-LIF intensi-
ties at 115 and 130 nm for &§) and O¢P,), respectively. The
existence of an exit barrier along the—@, bond breaking
direction on the PES of the photoexcité, state of Q is
suggested from the analysis of the PHOFEX spectra near the
hermodynamic threshold for channel (1) at 309.44 nm. The

(*D) quantum vyields in the wavelength range 28312 nm
are obtained from the room-temperature PHOFEX spectrum for
O(P). A new numerical model to explain the mechanism and
the quantum yield values for @) formation from the
photolysis of Q in the wavelength range 365329 nm has been
presented.

Experimental Section

The experimental apparatus used to study ozone photochem-
istry in our laboratory has been described in detail elsevifiere
and we give only brief description pertinent to the current study
here. Q was prepared by passing ultrapurg @ihon Sanso,
99.9995%) through a commercial ozonizer and collected on
silica gel at a liquid nitrogen/methanol slush temperature (ca.
175 K). Once sufficient @ was produced, residual gas was
pumped away and the ozone desorbed into a blackened storage
glass bulb. Ozone photolysis was performed (a) under conditions

band excitation was explained by the large enhancement of theof substantial cooling in a pulsed expansion and (b) under flow

Franck-Condon factors between the photoexcitBg state and
thevs excited levels in the ground electronic state. Theoretical
calculations on the ©PESs indicate that the energetically

conditions at room temperature (295 K). In the supersonic jet
experiments, a gas mixture (typically-3% Os in He, at a total
pressure of ca. 1000 Torr, 1 Torr 133.3 Pa) was injected

minimum point in the ground electronic state is located at an through a pulsed nozzle (General Valve, Series 9, hole diameter

equal length position for the two-©0 bonds, while theB,

0.8 mm) into the stainless steel vacuum chamber, evacuated by

photoexcited state has minimum points at unequal length a liquid-nitrogen trapped oil diffusion pump. During the

positions?10.12.13|n the wavelength region of > ca. 320 nm,
the formation of OYD) does not result predominantly from the
hot band excitation but from the spin-forbidden dissociation
channel (3}5-23 Although the quantum yield of @D) from
channel (3) is small#£0.06-0.08)2°-23 its contribution has a
great impact on the @D) production rate in atmospheric
chemistry?2.23

On the basis of the laboratory studies on thepBotolysis
in the near UV region, mathematical expressions for thé&{(
quantum vyield as functions of photolysis wavelength and

experiments, typical background pressure in the vacuum cham-
ber was 1x 107 Torr when the pulsed nozzle was operated at
a repetition rate of 10 Hz with a duration of 288. In the flow
cell experiments, a mixture of {J1%) in Helium gases was
slowly flowed into a photodissociation cell which was pumped
by a rotary pump (330 L/min) through a liquid nitrogen trap.
The total pressure in the flow cell was maintained at 1 Torr.
The G; molecules were photolyzed by the tunable laser light
in the wavelength range 29816 nm, which was generated
by a Nd:YAG pumped dye laser (Lambda Physik, Scanmate

temperature have been proposed for application to atmospheri2EC-400) with a second harmonics generation crystal (KD*P).

modeling. The NASA/JPL recommendatidnadopted the
formulation presented by Michelsen e€aRecent experimental
studies have verified that the NASA/JPL recommendation
underestimates the atmospherict@)( production yield, espe-
cially at the longer photolysis wavelengthis¥ 320 nm). The
discrepancy is attributable to contribution from thé@(atoms

The typical photolysis laser pulse energies were 0.5 mJ. The
wavelength of the fundamental visible light was calibrated by
simultaneously measuring the laser-induced fluorescence excita-
tion spectrum of iodine vapor and comparing it with published
chart??

The O@P) photofragments from ©were detected by VUV-

generated via the spin-forbidden channel (2), which is not LIF method for the 3§S°—2p 3P, transition at 130.22 nm for
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j =2, 130.48 nm fof = 1, and 130.60 nm fgr= 0. The VUV

laser around 130 nm was generated by four-wave difference Ng O; absorption
mixing (2mw1—w,) in krypton gas® using two dye lasers o 4 295K
simultaneously pumped by a XeCl excimer laser (Lambda "9

Physik FL3002’s and Lextra-50). Typical pressure of the Kr ~ 2t

gas in the mixing cell was 15 Torr. The dye laser output (Bis- =

MSB laser dye in 1,4-dioxane) was frequency-doubled by a 0

BBO crystal forw; wavelength of 212.56 nm, which was two-
photon resonant with Kr 5hblo. The wavelength ofw,
(Coumarin 540A in methanol) was around 578.1, 572.8, and
570.6 nm forj = 2, 1, and 0, respectively.

For the detection of the @D) photofragments from ©
photolysis, the probe laser system was rearranged to observe
the VUV-LIF of the 3s'D°—2p 1D transition at 115.22 nm.
The 115.22 nm laser light was generated by phase-matched
frequency tripling of the output from a dye laser at 345.6 nm
in Xe (40 Torr)/Ar (120 Torr) gas mixturé- The dye laser 0
pumped by the XeCl excimer laser was used with PTP dye
solution to generate the 345.6 nm light§ mJ/pulse incident
laser intensity). The laser beam(s) for the four-wave mixing or Figure 2. Photofragment excitation (PHOFEX) spectrum forPR)(
the frequency tripling were focused with a lefis{ 200 mm) atoms produced from the photolysis of taken under flow conditions

into the Kr or Xe/Ar containing cell. The generated VUV laser 2t 295 K. The PHOFEX spectrum was obtained by scanning the
photolysis laser wavelength between 297 and 314 nm while monitoring

Iight was introduced .into the reaction chamber thrpugh a LiF the VUV-LIF intensity of OfP) atoms at 130 nm. The PHOFEX

window. The bandwidth of the 115 nm VUV radiation was  gpectrum was corrected for intensity variations of the photolysis and

estimated to be 0.65 crh (fwhm). probe lasers. Photoabsorption spectrum gfn@lecules at 295 K is
The photolysis and probe laser pulses were counterpropagated!so shown in the upper panel for comparison, which is reported by

and separated in time by 100 ns using a pulse delay controllerMalicet et al’ The broken curve in the lower panel represents the virtual

(Stanford Research, DG535). The VUV-LIF signals associated PHOFEX spectrum for GP) (see text).

with both the OtD) and the OfP) photoproducts were detected TABLE 1: Fine Structure Branching Ratios for the Oxygen

along the vertical direction, orthogonal to propagation direction Atom O(3P;) from O3 Photolysis at Various Photolysis

of both VUV probe and photolysis laser beams, using a solar- Wavelengths

blind photomultiplier tube (EMR, 541J-68L7). The output from populatior

the photomultiplier was recorded using a boxcar (Stanford Ja T =2 =1 =0

Research, SR-250) and stored on a pc. The signal intensity in

O(°P) PHOFEX
295 K

LIF intensity / arb.units

300 304 308 312
Photolysis Wavelength / nm

the PHOFEX spectra was corrected to the intensity of the VUV 297 295 0.64:0.03  027£0.02  0.09£001

laser by recording the photoionization current from a sample ggg %gg 8'23‘; 8'83 82& 8‘8% 8'8& 8'81

of NO contained (typically 2 Torr) within a cell with lithium 309 227  060£002 031+002 010+0.01

fluoride window located after the main a vacuum chamber. 308 295 0.65+£0.02 0.27+£0.02  0.08+0.01
statisticall 0.56 0.33 0.11

Results a Photolysis wavelength in units of nthSample gas temperature

. . in units of K.°¢Normalized populations! Reference 21¢ Reference
Figure 2 shows the photofragment excitation (PHOFEX) 16. Degeneracy ratiosj2+F1).p

spectrum for GP) atoms produced in the photodissociation of

O3 under room-temperature conditions (295 K). For measure- forbidden channels (4) and (5) is very small in this wavelength
ments of the PHOFEX spectrum, the wavelength of the VUV range. We also measured the branching ratios among the j-levels
probe laser was fixed to the center of the 3®—2p 3P, of the O€P)) atoms produced from thes®hotolysis at several
resonance line at 130.22 nm for3®y), while the wavelength photolysis wavelengths. The results obtained for the j-branching
of the UV photolysis laser was continuously scanned between are listed in Table 1. The j-branching remained almost constant
297 and 314 nm. Two factors should be considered to verify in the wavelength range 29816 nm, and were in good
that the obtained PHOFEX spectrum for*By) is proportional agreement with the previous repol®g1-32Thus, these measure-

to the total OfP, j=0, 1 and 2) yield in the photolysis ofzO ments confirmed that the PHOFEX spectrum for théRg)(

one is the Doppler profiles of €®) fragments and the otheris  fragments in Figure 2 is proportional to the total yield spectrum
the fine structure branching ratio (j-distribution) among the spin- for OCGPR).

orbit levels of the OP,) fragments. The line width of the VUV Figure 3 shows the PHOFEX spectra for'DY and OgP)
probe laser light£0.83 cnt?) is narrower than the Doppler  fragments produced in the photodissociation gfudder jet-
spectral width of the nascent ) fragments. If the Doppler  cooled and 295 K conditions. For measurements of tH®)D(
width of the nascent GR) were strongly dependent on the PHOFEX spectra, the wavelength of the VUV probe laser was
photolysis wavelength, the PHOFEX spectrum might not be fixed to the center of the 3¥D° — 2p 1D resonance line at
proportional to the Gf) yield spectrum. The width of the  115.22 nm for O{D), while the wavelength of the UV photolysis
O(P,) Doppler line shapes was found to be independent of the laser was continuously scanned. The invariance of the line
photolysis wavelength and remained almost constant value (1.05widths of O¢D) in the wavelength range of Figure 3 was also
cm1). No obvious variation in line width was discernible over checked to ensure that the PHOFEX spectrum was proportional
the photolysis wavelength range 29314 nm. This is reason-  to the yield spectrum of @D). The line width of the nascent
able because the spin-allowed dissociation process of channeD(!D) fragments from @ photolysis at room temperature was
(2) is predominant and the &R) formation via the spin- also found to be independent of the photolysis wavelength (0.67
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0 360 3()4 368 31'2 316 Figure 4. Detailed PHOFEX spectra of &) and OfP) atoms from

the photolysis of @under jet-cooled conditions in the wavelength range
306—310 nm. Spectra were corrected for the intensity variations of
Figure 3. Comparison of photofragment excitation (PHOFEX) spectra the photolysis and probe lasers.

taken under room temperature (295 K) and supersonic free-jet conditions

for both O(D) and OfP) atoms produced from the photolysis o£ O airibyted to the vibrationally hot-band excitation of the parent

The PHOFEX spectra were obtained by scanning the photolysis laser . - o
wavelength while monitoring the LIF intensity of &) or OCP) atoms. 0_3 m_olecules. _Under the supersonic free_"Jet Cond_'t'_ons' the
Spectra were corrected for intensity variations of the photolysis and Vibrational cooling of the parent molecules is less efficient than

probe lasers. A vertical broken line indicates the thermodynamic the rotational cooling? On the other hand, such a cutoff is not
threshold for the dissociation channel to'D) + O(*Ag) (=309.44+ clearly identified in the room-temperature PHOFEX spectrum
0.03 nm)z® for O(D). This is due to contribution from the photolysis of
o ) rotationally excited @in the thermal sample. As shown in the
cm™). This implies that the GD) atoms probed are predomi-  Ejgyre 3, the spectral features are more resolved in the jet-cooled
nantly produced via channel (1), sincg i® photolyzed around spectra than those at 295 K for both of the')and OEP).
the channel (1) threshold and the resultan(ragments can  These aspects indicate that the spectral broadening at 295 K is
have only a little translational energy. The PHOFEX spectra qye to the overlaps of rotational envelopes among the vibrational
for O(*D) were corrected for photolysis and probe laser intensity pands.
variations. The linear dependence of the LIF signal on photolysis Figure 4 shows the detailed PHOFEX spectra fofd@nd
laser power at various photolysis wavelengths ensured that theO@p) atoms between 306 and 310 nm taken under jet-cooled
O('D) atoms come from one-photon dissociation of pareat O congitions. In both spectra, sharp peaks are discernible. The
Thus, the OfD) PHOFEX spectrum shown in Figure 3 can gy ctures resemble to each other between tABYHNd OFP)
quantitatively reflect the relative yield of the ) production. spectra, although the contributions of the background continuum
_The free-jet experiments were carried out with several are gifferent. The line widths of the sharp peaks are measured
different GJ/He mixing ratios in expansion gas-{5%) and to be in the range %35 cnt! in fwhm, which correspond to
under different stagnation pressure conditions (70000 Torr). the lifetimes of 0.2-0.8 ps by the uncertainty principle. The
The PHOFEX spectra obtained were dependent neither on thephotoabsorption spectrum fors@t 218 K7 was also shown
O3 concentration in the expansion gas nor on the stagnationsq, comparison.
pressure. This indicates that van der Waals complex or dimer Figure 5 shows the quantum yield of D{ formation from
molecules does not affect the PHOFEX spectra foiDp@nd  the Uv photolysis of @at 295 K, as a function of the photolysis
O(P) atoms. To estimate the rotational temperature §fnO wavelength between 297 and 314 nm. The quantum vyield

the supersonic jets, the LIF spectrum of carbon monoxide (CO) spectrum for OD) production shown in Figure 5 is calculated
was measured around 115 nm under the same jet conditionsy, gq 7:

The rotational lines associated with the (0,0) band of the

Photolysis Wavelength / nm

electronic transition B2T—X1=" 33 were recorded. Analysis of

the spectra revealed that the rotational populations were well D,,(4) = OLW =1- il =1- SoeY arl) @)
reproduced by a Boltzmann distribution at a rotational temper- Oand#) Oand ) Oandh)

ature ofT,o; = 3 K. Similar rotational cooling should be achieved

in the G; experiment. where ®;p(1) is the OfD) quantum yield at a photolysis

As shown in Figure 3, the @) yield in the supersonic beam  wavelengthl, oapd4) is the total absorption cross section of
decreases as the photolysis wavelength increases and a cleas, 01p(1) and osp(1) are the partial cross sections forDJ
cut-off for the OfD) formation appears at 309.44 nm. The cutoff and OfP) formation, respectively, ands¥4) is the PHOFEX
wavelength corresponds to an appearance potential of thespectrum for GP) recorded at room temperatusg: represents
dissociation path into GD) + Ox(a'Ag) (channel (1)) which is the sensitivity factor in the GP) detection. In the wavelength
indicated by a broken lin€ Accordingly the signal intensity ~ range shown in Figure 5, only the two states of O atoms can be
of the O{D) drastically changes at the threshold wavelength. produced from the photolysis ofsQthat is,capdd) = o1p(L) +
A small amount of the GD) formation atA > 309.44 nm is asp(1). The absorption cross sections of @ported by Malicet



8940 J. Phys. Chem. A, Vol. 104, No. 39, 2000 Taniguchi et al.

D)+ 0y('A,) PHOFEX spectrum of jet-cooleds@Figure 3) corresponds to
the energetic threshold into channel (1). The threshold energy
of channel (1) has been measured to be 30%:4@.03 nm?2¢

The quantum vyield spectrum for &) production from Q
photolysis in Figure 5 indicates a marked falloff /at~ 306

nm. Many studies on the @) quantum yield have shown that
the O¢D) quantum vyield starts to decline & ~ 306
nm1-31820-23 |t has been thought that the decrease of thP(
guantum yield toward the longer photolysis wavelength should
be due to the thermochemical threshold for formation ¢)(

via channel (1). However, the exact threshold wavelength for
it has been measured to be 309:44.03 nm2® Therefore, the
wavelength of 306 nm where the marked falloff is observed in
the O{D) quantum yield spectrum is shorter than that of the
exact channel (1) threshold. There has been no explanation about
the “early decrease” of the &f) formation at wavelengths
shorter than the exact threshold. Photolysis of the internally
Figure 5. Quantum yields of the @) formation from the ultraviolet ~ excited Q molecules cannot explain the early decrease of the
photolysis of @ at room temperature (295 K) as a function of the O(*D) formation at wavelengths shorter than the threshold,

photolysis wavelength. The @) quantum yields are obtained from . . .
the O€P) PHOFEX spectrum in Figure 2, using eq 7 obtained in this although it can explain the formation of &) at wavelengths

study for 297-314 nm (see text). The dot curve shows the NASA/JPL longer than the threshold. 2326
recommendaticii for use in the stratospheric modeling. Open triangles ~ The sum of quantum yields for €¥) and O{D) must be

0.5+

+ —— :Our group
4 Talkudar et al.
| - . NASA/JPL '97

o('D) Quantum Yield

300 304 308 312
Photolysis Wavelength / nm

indicate the recent experimental results by Talukdar & &he filled unity at wavelengthg > 237 nm, in wihich the wavelength is
circle at 308 nm indicates the referer)ce value poirld.79). A vertial the thermochemical threshold for channel ofE)¢- OZ(X3EQ‘)3.
l_)i_rocl)(e(?Allr;e indicates the thermochemical threshold for channel*&f)O( The jet-cooled PHOFEX spectrum for () shows the clear-
2T cut-off at the channel (1) threshold of 309.44 nm, as shown in
TABLE 2: O('D) Quantum Yields from the Photolysis of G Figure 3. At the wavelengths longer than the threshold of 309.44
in the Wavelength Range 295308 nm at 295 K nm, photoexcited @molecules mainly dissociate into channel
A (nmp this work Talukdar et aF. NASA/JPLY (2) by changing the surface from the photoprepéaiggstate
205 0.91+ 0.01 0.95 to the R state (see Figure 1). When the photon energy exceeds
297 0.89+ 0.02 0.95 the channel (1) threshold, the direct dissociation path {®P(
298 0.88+ 0.02 0.95 + Oy(a'Ag) is opened in the photoexcited state. Therefore, a
%gg 8'3% 8'8% 8'32 sudden decrease of the®J formation yield is expected at the
301 0.90+ 0.01 0.88+ 0.01 0.95 channel (1) threshold, since the direct dissociation to tH®PD(
302 0.90+ 0.01 0.85+ 0.02 0.95 + Oz(atAg) products should be more efficient than the potential
303 0.90+ 0.01 0.87+ 0.09 0.95 switching to form the ) + Ox(X3%4") products. However,
304 0.89+0.01 0.88+ 0.09 0.95 the PHOFEX tra for GR) at der 295 K and iet
305 0.90+ 0.01 0.89+ 0.10 0.95 c X spectra for CF) atoms under and jet
306 0.88+ 0.01 0.85+ 0.07 0.91 cooled conditions does not show such a sudden decrease at the
307 0.84+0.01 0.85+0.10 0.85 shorter wavelength side of the threshold. Both of théP)(
308 0.79 0.79 0.02 0.74

PHOFEX spectra show gradual decrease from the threshold
a Photolysis wavelengti.Determined from the PHOFEX spectrum  (309.44 nm) toward the shorter wavelength and then have

for OGP) measured in this study, by using 0.79 at 308 nm as a referenceminima around 306 nm, as shown in Figure 3. The considerable

value (see text). Uncertainties of the values at-28¢7 nm do not formation of OBP) atoms between 306 and 309.44 nm in Figure

include that of the reference valu€Taken from ref 22. It has been - :
reported that the QD) yield value is 0.89+ 0.02 between 289 and 3 is responsible for the early decrease of théDp(@uantum

305 nm, almost independent of temperature 2820 K). ¢ NASA/ yield spectrum shown in Figure ,5' Th.e product branching
JPL recommendation for atmospheric modeling (ref 27). between the OD) and O¢P) atoms is decided by the dissocia-

tion rates to each product. The early decrease in th®)O(

et al.” are used asapd1). The PHOFEX spectrum for €R) at quantum yield spectrum between 306 and 309.44 nm indicates
295 K in Figure 2 is proportional to the partial cross-section that the dissociation rate to @) + O(a'Ag) [channel (1)] at
spectrum, that issp(1) = sspY3p(4). Since the vertical scale of  those wavelengths is suppressed and/or that the dissociation rate
the OFP) PHOFEX spectrum in Figure 3 is not absolute but to OGP) + O,(X3%,") [channel (3)] is enhanced.
relative, the value of coefficierggp is determined so that the The early decrease in the ) quantum yield spectrum can
values. of. the OQ) yield at 308 nm is 0.79. Severql stuqlies be interpreted by the presence of an exit barrier onlBe
have indicated that the absolute ‘DY quantum vyield is  photoexcited-state surface along the bond breaking coordinate
0.792122:35:3%0ur O(D) quantum yields shown in Figure 5were  jhio 0@D) + O2(alAg). The exit barrier can reduce the rate of
thus obtqlned in the photolysis wavelength range-2314 nm. direct dissociation of g{!B,) into O(D) + O,(a'A), when the
Table 2 lists the GD) quantum yield values from{photolysis  eycitation energy is below the barrier top. Existence of the exit
at room temperature. The uncertainties of théI)(uantum barrier has also been suggested by theoretical calculdfiords?
yields listed in Table 2 come from the run-by-run fluctuations ¢ O¢D) PHOFEX spectrum measured under jet-cooled
in the OfP) PHOFEX spectrum measurements. conditions shown in Figure 3 supports the existence of the
barrier. The jet-cooled PHOFEX spectrum for!D) shows
sharp structure in the range 366 4 < 309.44 nm, while it

A. Photodissociation Processes of {around the Threshold exhibits broad features at< 306 nm. The broad features At
into O(*D) + Oo(alAy). The cutoff wavelength in the D) < 306 nm may be attributed to the bound-free transition, that

Discussion
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is, O; molecules are excited to the repulsive part of tBe yield spectrum between 305 and 316 nm coincides with that of
state above the barrier top. They dissociate predominantly into the absolute measurements by Takahashi €tEbey obtained
O('D) + Ox(a'Ag) quickly. On the other hand, the sharp structure the absolute GD) quantum yield between 305 and 328 nm by
in the jet-cooled PHOFEX spectrum for D) in the range 306 adjusting the sensitivity factorsgp ands;p, so that the sum of

< 1 < 309.44 nm is caused by long lifetimes in the upper state. the PHOFEX spectra for @) and O{D), that is Yap(4) and
This is due to the transitions onto quasi-bound states below theY 1p(4), fitted to the total absorption spectrum of,Wapd1):

exit barrier top in the'B, surface. The line widths (fwhm) of

the peaks in this wavelength range in the jet-cooled PHOFEX Oapd) = 01p(A) + 0554)
spectrum of OD) (Figure 4) are in the range-B5 cnt?, which .
correspond to the lifetimes of 0-D.8 ps. The sharpest peak = S3pY 3e(A) + S1pY 1p(4) 8)

observed at 309.1 nm has the line width of 7¢érm fwhm,

the value of which is as small as the rotational broadenings of In the eq 8,01p(1) andose(4) are the partial cross sections for
the structural peaks in the jet-cooled PHOFEX spectrum for Producing OfD) and OfP) fragments, respectively. From the
O(D) generated from the Huggins band photolysis af &b measurements, they reported the absolute value of tha)O(

321 < A < 328 nm which is below the threshold to ‘D + guantum vyield to be 0.7% 0.12 at 308 nm. Greenblatt and
Ox(atAg) under jet-cooled conditiors. Wiesenfeld® reported the value of 0.7% 0.02 for the O{D)

The formation of OYD) atoms is still observed even when quantum yield from the 308 nm photolysis ot @t 298 K.

- - ; Talukdar et aP? reported the value of 0.7% 0.10 at 298 K.
the G; molecule is excited to the quasi-bound state below the
exit barrier on théB, PES between 306 and 309.44 nm. The Another study by Talukdar et 8t reported the value of 0.7

5,36 i 1
05 molecule in the quasi-bound levels in th@, state may 0.02 at 298 K. In these studiés>36the time profile of the

change its potential surface to another electronic state surfacg Sonance quor(_escence_ intensity for the®(products was
which leads to OQ) + O.(alAg) fragmentation without any measyred by using a mlcrowavg-powered Oxygen atom lamp.
barrier in the exit channel, and also change surfaces to the RThe time profile was characterized by a rgpld initial jump
surface which leads to €R) + Ox(X35,") fragmentation (see followed by a slower increase. The rapid rise is due to the direct

Figure 1). There are nine states correlating to channel (1) Otherproduqtlon of OtP), while the .S'°V_Vef Increase Is to the |nd|_rect
than thelB, state. However, the studies about them have been formation from the O(D) deactivation. By analyzing the profile,

well performed neither theoretically nor experimentally. The the absolute quantum yields of D) were obtalned. Thg results
rates of the crossings from tH&, state to the two different at 308 nm from the resonance lamp experiments are in excellent
states compete with each other in the quasi-bound states belo gr_? e;(m;nt \l,1viltht g]laltnfllr:c:m :h% P'[E'O&E)X sper?:r?nmie?jl;:er;nents
the barrier. The barrier height is estimated to be about 400 cm tﬁ/e Sva if)tole sis. of Qgrueforﬁmgnde(} %uaNKSA)//JePY_ agd

from the energy difference between 306 and 309.44 nm. P Y Y

Theoretical studies on thes(®B,) PES also predicted the exit the experimental results measured by Talukdar & ale also

- . lotted for comparison. It should be noted that the'l(
barrier to the OD) + Oa(a'Ag) products. Leforestier et &F. P . ;
carried out theab-initio calculations for the ¢*B,) PES and quantum yield between 297 and 305 nm obtained from the

showed that the surface has the exit barrier along th€®9 present study is almost independc_ent of the wavelength anq is
bond breaking coordinate. The barrier height from the dissocia- ;g?gcgna}[brlﬁei)s'u?;%;?slf a':'eallhnkggrczgc?anltw E\;?r:ﬁ;mtigt with
tion limit into O(*D) + O(a'Ag) was calculated to be about y y

1 ) ; . reported the GP) quantum yield between 289 and 305 nm is
rlessgrtggﬁe-lge value predicted theoretically is larger than that 0.89+ 0.02. On the other hand, the NASA/JPL recommenda-

) o ) tion?” is 0.95 in this photolysis wavelength range.

In the wavelength region of < 306 nm, it is interesting In the wavelength range < 308 nm, the PHOFEX spectrum
that the spectral features of the two jet-cooled PHOFEX spectra ot o@p) reflects the change of the ) quantum yield more
for O('D) and OFP) are different from each other (see Figure cjearly than that of GP), since the OD) quantum yields are
3). The O(D) PHOFEX spectrum has broad features in this ¢jose to unity. Figure 2 shows the PHOFEX spectrum fGR((
wavelength region, while the &) PHOFEX spectrum shows 4t 295 K. The dotted curve drawn in Figure 2 indicates a
sharp peaks with high aspect ratios. This fact suggests that the,ypothetical spectrum of the &) PHOFEX, based on the
upper electronic states leading to the channel (2) products have;ssymption that the @) quantum yield increases from the
longer lifetimes than those to the channel (1) products. The yajye of 0.79 to 0.95 with decreasing the photolysis wavelength
initially photoprepared upper electronic states which is respon- from 308 to 305 nm as recommended by NASA/JPL. The large
sible for the both product pairs should be on the sde gifference between the actual and hypothetical spectra clearly
surface. The states on th®, surface, which have longer  gyggests that the @) quantum yield is not as high as 0.95 at
lifetimes and more chances to cross the seam with the R surfacegos nm. The GP) PHOFEX spectrum between 297 and 305
appears in the OP) PHOFEX spectrum as sharp structure. On nm shown in Figure 2 is almost proportional to the absorption
the other hand, the states which have relatively shorter lifetimes gpectrum. This results in the almost constant behavior in the

dissociating into OQ) + Ox(a'Ag) are reflected in the GD) O(*D) quantum vyield spectrum between 297 and 305 nm
PHOFEX spectrum as the broad features. Detailed analysis of(~0.89), as shown in Figure 5.

the vibrational structure in the jet-cooled®f PHOFEX above C. Model Calculations for O(*D) Production from the O

the threshold wavelength will be presented in a future paper. photolysis. Figure 6 shows the schematic diagram which
B. O(*D) Quantum Yield in the Range4 = 297—308 nm. indicates the contribution of the various photodissociation

Figure 5 shows the quantum yield of the!D) formation from processes to the quantum vyield spectrum fofD)(atoms

the UV photolysis of Qat 295 K, as a function of the photolysis  produced from @ photolysis in the wavelength range 305
wavelength, which are obtained from the 3P PHOFEX 329 nm. This diagram is taken from the paper presented by
spectrum shown in Figure 2. In this study, the absolute values Takahashi et &' In Figure 6, the region | indicates the
of the O{D) quantum yield are determined by referring the value contribution of the hot band excitation followed by dissociation
of 0.79 at 308 nm, as mentioned in the results. The quantumvia channel (1) at 295 K. Takahashi eapointed out that the
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vibrational temperature is also low in the supersonic beam
conditions3* Since the vertical scale of the ) PHOFEX
spectrum in Figure 3 is relative, the absolute scale is given by
multiplying a sensitivity factor to the spectrum measured
1]
op (E

T=0) = s,pY1p(Ey, T=0) (10)

P
where Yip(Epn, T=0) is the jet-cooled PHOFEX spectrum for
O(*D) shown in Figure 3.

Next, we calculate the hot-band cross sections!(Epn,T),
from the o1p"'(Epn, T=0) derived above. The rotational and
vibrational energies in a pareng@olecule are assumed to be
equivalent to the increase of the photolysis photon energy. The
contribution of the OD) production from the rotationally
excited but vibrationally cold @ 010" (Epn, T), is calculated by
convoluting the cross sectienp'"' (Egn, T=0) with the rotational

Figure 6. Schematic diagram depicting the contributions made by the distribution function, Ry
various dissociation processes contributing to the quantum yield spectra

for O(*D) atoms from Q photolysis in the wavelength range 36328
nm. This figure is taken from ref 21. The solid curve is the quantum

yield spectrum obtained experimentally at 295 K, while the dashed
curve is that obtained at 227 K. Region | (shaded) indicates the

contribution from the hot band excitation leading taD) + Ox(aAg)
[channel (1)] at 295 K. Region Il (black) represents the contribution
from the spin-forbidden process leading td0)(+ O,(X3%y") [channel
(2)]. Region Il corresponds to the &) formation following excitation

of vibrationless parent molecules and dissociation #P¢ O(alAg)
[channel (1)].

asymmetric stretching vibration in the electronic ground state

was most efficient in promoting the fragmentation into channel

(). The predominant contribution of the antisymmetric stretch-
ing vibration to the hot band excitation has been explained by

large enhancement of the FrareRondon factors between the
photoexcited state and the vibrationally excited level in the

ground electronic state. The region Il in Figure 6 depicts the

contribution of the O{D) formation via spin-forbidden channel
(3), which is almost independent of the; @emperature.
Takahashi et a! suggested that the relative contribution from
channel (3) to the GD) quantum yield decreases from the value

010" (B T) = Zng”'(Eph + 0o Erop T=0) P B T) (11)
Tot

whereE,y is the rotational energy of the pareng @€nd oo is

the fraction of rotational energy which is effective in overcoming
the energy threshold for channel (1). The physical quantity of
Oyot IS restricted to the range—.3° For Py the normalized
classical expression is assumed,

_ Erot
ProEror ) = (B T exp(—k—f;) (12)

wherek is the Boltzmann constank, is rotational energy of
parent Q. Then, the effects of vibrational excitation in the hot-
band cross sections are included by taking the vibrational
energies, vibrational distribution function, and Fran€ondon
factors into account:

OlDI(Eph'T) = va”OlDlll(Eph+Evib!1-) Puin(Evip, T) (13)

of 0.08 at 328 nm toward the shorter wavelength. The region \yheref,. is a ratio of the FranckCondon factors between

Il in Figure 6 depicts the GD) formation via channel (1)
following excitation of Q molecules in their ground vibrational
level.

To verify the above-mentioned mechanism fof)(forma-

vibrationally hot and cold band excitations, FER(FCF@'"'=0).
The ratiosf, are given as linear functions & The Rjp-
(Evib, T) is the vibrational distribution function at a temperature
T, which is given by the Boltzmann functioB, is vibrational

tion, we present a quantitative model which accounts for the energy of parent @ Since the contribution of antisymmetric

wavelength and temperature dependence of thB)Yfuantum
yield in the photolysis of @ ®1p(4,T), based on the GD)

vibration is predominant in the hot band excitation, the
vibrational levels ofv' = 1 (Eyip = 1042 cn1?) andv” = 2

PHOFEX spectrum obtained in this study under the jet-cooled (g, — 2084 cntl) are taken into account. The fundamental

conditions. Model calculations fo®:p(4,T) have also been
proposed by Adler-Golden et #land Michelsen et &8 In our

new model, recent findings such as observation of the spin-

frequency of the antisymmetric vibration o @ the electronic
ground state was taken from the paper by Barbe &% &he
contributions of" = 3 are ignored because of the small

forbidden channel (3) and propensity of the antisymmetric o5yations in the vibrational levels even at room temperatures.

vibration in the hot band excitation, are taken into account.

The partial cross section to produceD) atoms from Q
photolysis,o1p, should be the summation of cross sections for
each process |, Il, and Ill, as depicted in Figure 6

OlD(Eph!T) = ‘71DI(Epth) + GlDll(Eph!T) + Ule(Epth) 9)

In eq 9,01p is given as a function of photon enerdsyn, and
gas temperaturel. The jet-cooled D) PHOFEX spectrum

Consequently, we obtain the partial cross sections for region |
in Figure 6,010'(Epn,T).

Figure 7ais the result of the present model calculations giving
the partial cross sections in arbitrary units foD)Y formation
in the photolysis of @ between 305 and 329 nm. The solid
line in Figure 7a indicates the partial cross sections for
rotationless Tiot = 0 K) and vibrationlessy(' = 0) O; molecule
in arbitrary units, that is, Yo" (ExnT=0). The dotted line
represents the cross sections forl)( formation from the

obtained in the present study (Figure 3) should be very close torotationally excited and vibrationally colds®nolecules, which

the PHOFEX spectrum &fo = 0 K, that is, 010" (Epn, T=0).

is the result of the convolution of the rotational excitation

This is because that in the present experiments the rotationalfunction at room temperature (eq 12) to the cross sections from

temperature of parent{mnolecules is as lowsa3 K and the

rotationally and vibrationally cold ©molecules. The broken
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TABLE 3: Parameters Used in Our Physical Model
Calculations for the Wavelength and Temperature
Dependent Quantum Yield for O(D) Production from the
Ultraviolet Photolysis of O5 in the Wavelength Range
305-329 nm

parameter value

2 1 ; : . . .
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Figure 7. (a) Cross sections for @) formation from the photolysis

of Os, which are obtained by the physical model calculations in this
study (see text).The solid line is the yield spectrum of théDp(
formation following the photoexcitation of the vibrationles$ & 0)

and rotationless Tyt = 0) O; molecules, which is assumed to be
proportional to the jet-cooled @) PHOFEX spectrum shown in Figure
3. The dotted line is the @) yield spectrum calculated for the¢' =

0 state of @ with thermal rotational excitation at 295 K. The broken
line is the yield spectrum simulated for thé = 1 state of Qwith Tot

= 295 K. (b) Partial absorption cross section speetig)(for the O{D)
formation from the @ photolysis at 295 K (thick line) and 228 K (thin
line), which are calculated from the spectra shown in (a) using the

fitting parameters listed Table 3. Total absorption cross section spectra

(0ab9 measured by Malicet et dlare also shown at 295 K (thick line)
and 228 K (thin line).

line is the hot-band partial cross sections calculated fer O
molecules withy” = 1 andT,ot = 295 K.

The partial cross sections for the D production via the
spin-forbidden channel (3)510" (Epn, T), Which is depicted as
region Il in Figure 6, are calculated. Experimental studies
showed that the @D) formation via channel (3)®1p",
gradually decreases from the value of 0.08 at 328 nm toward
the shorter photolysis wavelength. The region Il cross sections
in the model calculations are thus given by multiplying the total
O3 absorption by the region Il @D) quantum yield®;p"
reported in the experimental study of Takahashi etlal.
Excitation energy dependent values f®np" in the model
calculations are given by the linear function so that it is to be

En? 32316 cn1! (=309.44 nm)

f, =10 2at33 333 cm! (=300 nm) and 12 2 at 30 395 cm!
(=329 nm), with the linear dependence B

fr,=2¢ 60+20

Qo 0.65+ 0.1

o' © oapD1p°F, Where®;p5Fis 0.08 at 30 395 crt (=329 nm)
and 0.02 at 32 316 cm (=309.44 nm), with the
linear dependence dfn

aThreshold energy dissociating into D) + O(a'Ag), which
corresponds to the wavelength of 309.44 nm (ref 26). This value was
fixed in the model calculation$.Ratio of Franck-Condon factors,
FCF@'"'=1)/FCF¢"'=0), of the optical transitions from the vibrationless
and the vibrationally excited levels in the ground electronic state, which
was given by the linear function so that they are to be 2 and P2at
33 333 cn! (=300 nm) and 30 395 cm (=329 nm) (see textf Same
as b, but for FCR('=2)/FCF"=0). Given by the constant.Fraction
of rotational energy effective in overcoming the threshold into tH®D(
+ Oy(a'Ag) products (see texty. The partial cross sections for forming
O(*D) atoms via the spin-forbidden &) + O,(3%5~) channel, which
were obtained by multiplying the{@&bsorption by the photolysis energy
dependent GD) quantum yield (see text). The &X) quantum yield
was given by the linear function so that it is to be 0.08 at 30 395'cm
(=329 nm) and to be 0.02 at 32 316 ch(=309.44 nm).

f—
o('D) 1

—— : model :
O, < : Experimental
0.5

O(1D) Quantum Yield

L 1
312 320
Photolysis Wavelength / nm
Figure 8. Quantum yields of the @D) formation from the UV
photolysis of Q at 295 and 227 K as functions of the photolysis
wavelength. Solid lines are the results of the model calculations. Open

circles and rhombuses are experimental results at 295 and 227 K,
respectively, which are reported by Takahashi ét al.

0.08 at 329 nm and it decreases toward the shorter photolysis

wavelength. The effect of the temperature on the region Il cross
sectionsyp' (Epn, T) is neglected in the model calculations, since
the region Il O{D) quantum yield®;p" has been found to be

O('D) quantum yield values over the 368329 nm range both
at 227 and 295 K. The results of the present model calculations
guantitatively confirm the mechanisms for the!D) formation

almost independent of the temperature by several experimentalprocesses (Figure 6) suggested from the experimental studies

studies?%-22

As a result, we obtain the partial cross sections fotD)(
productionoip(Epn,T) in eq 9. The parameters used in the model
calculations are summarized in Table 3. Figure 7b shows the
resultant OYD) cross sections which are calculated with this
model for 295 (thick line) and 227 K (thin line). The absorption
cross sections for pareng@t 295 and 228 K are also plotted
for comparison, by thick and thin lines, respectively. Applying
the modeled cross sectionsab(Epn,T) to eq 7, we can derive

by Takahashi et &t

Conclusion

The PHOFEX spectra for both @) and OP) fragments
produced from the photodissociation of @ the wavelength
range 296-316 nm are measured under jet-cooled and room-
temperature conditions. The PHOFEX spectra fotRptaken
under jet-cooled and room temperature conditions do not

the wavelength and temperature dependent quantum yield ofsuddenly decrease even at the wavelengths shorter than the

the O{D) production in the @photolysis. Figure 8 shows the
comparison of the model calculation results with the experi-
mental results presented by Takahashi et!alhe model
calculations well reproduce the experimental results for the

thermodynamic threshold wavelength of thé@)(+ Oz(atAg)
dissociation at 309.44 nm. This suggests the presence of the
exit barrier along the ©0; dissociation coordinate in th@,
photoexcited electronic state o The sharp peaks are observed
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in both PHOFEX spectra for @Q) and OgP), which may be

attributable to the long lifetimes of the quasi-bound levels
between the thermodynamic threshold and the barrier top. The

PHOFEX spectrum for GP) at 295 K provides the accurate

Taniguchi et al.

(13) Banichevich, A.; Peyerimhoff, S. @Chem. Phys1993 174 93.

(14) Jones, J. AJ. Chem. Phys1994 100, 3407.

(15) Takahashi, K.; Kishigami, M.; Taniguchi, N.; Matsumi, Y.;
Kawasaki, M.J. Chem. Phys1997 106, 6390.

(16) Takahashi, K.; Matsumi, Y.; Kawasaki, M. Phys. Chem1996

O(D) quantum yield values between 297 and 316 nm. The 100, 4084.

O(*D) quantum vyields between 297 and 305 nm are almost

(17) Takahashi, K.; Kishigami, M.; Matsumi, Y.; Kawasaki, M.; Orr-

constant and obtained to be about 0.89. This value is in good EWing, A. J.J. Chem. Phys1996 105 5290.

agreement with the recent report by Talukdar et?and is
smaller than the NASA/JPL recommendatfdiThe quantitative
model calculations for the @D) formation are presented to

(18) Ball, S. M.; Hancock, G.; Martin, S. E.; Pinot de Moira, JGbem.
Phys. Lett.1997 264, 531.

(19) Denzer, W.; Hancock, G.; Pinot de Moira, J. C.; Tyley, RChem.
Phys. Lett.1997 280, 496; Chem. Phys1998 231, 109.

explain the temperature and wavelength dependence of the (20) Silvente, E.; Richter, R. C.; Zheng, M.; Saltzman, E. S.; Hynes, A.

O(*D) quantum yield between 305 and 329 nm, which is based
on the dissociation mechanisms presented by Takahashi’et al.

J.Chem. Phys. Letl997 264, 309. Bauer, D.; D'Ottone, L.; Hynes, A. J.
Phys. Chem. Chem. PhyZ00Q 2, 1421.
(21) Takahashi, K.; Taniguchi, N.; Matsumi, Y.; Kawasaki, M.; Ashfold,

The model includes the contributions of the spin-forbidden N. M. R.J. Chem. Phys1998 108 7161.

process (channel (3)) and thermal excitation in the vibrational

and rotational states of{®nolecules in the electronically ground

state. The results of the model calculation well reproduce the

O(D) quantum yields obtained experimentally.
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