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Laser-induced reactions of,@ yield ozone (@) were investigated to estimate the quantum yield of primary
odd-oxygen species production from photoabsorption pga function of excitation laser wavelength from

232 to 255 nm. The experiments were carried out at@th pressurized £(2.0 MPa) and @CO, mixtures

(9.6 MPa). The initial slope of &formation versus irradiation time was used to obtain the quantum yield of
the primary odd-oxygen species, minimizing possible catalytigo@duction initiated by the subsequent
photolysis of the product £ The quantum yield of the primary odd-oxygen species was shown to be almost
2 in pressurized @at wavelengths shorter than 242 nm, i.e., the dissociation thresholg tfuzas less than

2 in the Q/CO, mixture and seemed to have a tendency to increase slightly in the shorter-wavelength region.
At wavelengths between 242 and 252 nm, the quantum yield decreased monotonically with increasing laser
wavelength both in @and in Q/CO, mixtures. It became almost 0 over the wavelength of 252 nm. These
findings could not be explained by the contribution of the thermal energy.ah@he photodissociation
process alone. Although thermal dissociation ofA) A’, c¢) is not ruled out on the basis of the present
experiments alone, the most likely mechanism is the thermal reaction(éf @', c) to produce Ot Og,

taking into account the temperature dependence experiments of Shi and Bai&eophys. Red4.992 97,
13039).

Introduction is constructed from diffuse structures in the wavelength region

The photochemistry of the Omolecule in the ultraviolet above 242 nm. It is not possible to excite a specific rotational

: . . . . level using monochromatic laser light.
wavelength region is of fundamental interest in physical i . o ) -
chemistry and is also important in many other fields such as _ ' n€ first dissociation limit of @is located at 41 256.6 ¢

atmospheric chemistry and in application such as photooxida- (242-4 nm):* Slanger et at? for the first time reported that a
tion. large density of @is produced from unfocused 248-nm KrF

In the field of atmospheric chemistry, the photoabsorption excimer laser irradiation of 1000 Torr pure.(rhey noticed

and subsequent reactions of &e important because they can that there was some unknown initial mechanism to produce odd-
contribute to ozone (§ production. The abundance of @ oxygen species and observed the subsequent autoca_ltalytic
the atmosphere leads to light absorption of the same order ofProduction of Q. Once a small amount of Js produced, it
magnitude as that of £n the strong ozone Hartley band (230~ Strongdly absorbs the 248-nm light and dissociates partly to
300 nm) region, and thus, the photochemistry of the excited O vibrationally excited @, which again absorbs the radlatlon to
should be very important. On the other hand, our study on the Produce oxygen atoms. Thus, they made clear the existence of
photoinduced partial oxidation of hydrocarbons in supercritical autocatalytic production mechanism of; Qinder 248-nm

CO, suggests the formation of primary active oxygen species irradiation. Later, Shi and BarkErexamined the same system

from O, when the mixture was irradiated at wavelengths longer Kinetically at 2?&1600 Torr and 298370 K and concluded
than 242 nnk2 Here, an understanding of,@hotochemistry  thatthe Q(A, A", and/or c) produced through the absorption of
is also needed. 248-nm light reacts with gX) to generate odd-oxygen species

UV absorption of @ has long been known to be pressure- &S the primary products. In addition, Huestis et‘aleported

dependerit®and was recently revisited by Fally et'dlat 2 the production of O atoms resulting through chemical reaction
cm 1 resolution. The pressure dependence is attributed to theffom the excitation of @at 8-14 Torr. They recognized a good
interaction of Q with O, or foreign gases, which enhances the agreement between the rotational structures of the excitation
A3A, — X35, transition of Q. The collision-induced &A, spectrum of the O atom productlon. anq those of tRE A —

— X35, transition named the Wulf band becomes exclusive X°Zg_absorption measured by cavlty ring-down spectroscopy
under the high-pressure conditions adopted in the present"™om 11-0 to 8-0 bands of the A, state. Copeland et at.
experiments, although this absorption is weak and less importanteStimated the quantum yields for O atom production from the
than the Herzberg | system (A X) in ambient atmosphere. ~ réaction of high-lying vibrational levels/(= 11-9) of the A

The Wulf band does not have a sharp rotational structure andState. On the other hand, Brown and Vafiavestigated the
photolysis of Q dimer at wavelengths between 251 and 266
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decomposition into O and O Their study showed that the ppm) was first introduced into the cell up to 2.0 MPa (19.7
closely approached pair of 3\', A, and/or éX,7) and Q(X) atm), i.e., 0.78 mol dm?, followed by the addition of C®
could react to give Ot Oa. (Suzuki Shokan Co. Ltd., 99.7%), if necessary, up to the desired
Thus, the photochemical behavior of pure §stem at 248 total pressure of 9.6 MPa (94.7 atm), i.e., 9.2 moldnThen,
nm, as well as for several high vibrational levels of the A state, the mixture was left for ca. 15 min to achieve a complete mixing
is now clarified. However, the dependence of the quantum yield with stirring. The mixture was irradiated at 38C by a
of the primary odd-oxygen species (Og)®n the excitation frequency-doubled dye laser (Lambda Physik, SCANmate
wavelength is not yet established. To evaluate the contributions OPPO) pumped by a Nd:YAG laser (Spectra Physics, GCR170)
of absorption in the Herzberg bands and of their subsequentwith its wavelength in the range of 23255 nm at the repetition
reactions with @ to produce odd-oxygen species in the rate of 10 Hz. The bandwidth of the laser wavelength was 0.15
atmosphere, knowledge of the quantum vyield of the primary cm™?; the pulse width, 10 ns; a typical laser beam cross section,
process as a function of the excitation wavelength is indispen- ca. 10 mm, and the pulse energy, 6-1.3 mJ pulse®. The
sable. path length for the laser irradiation was 3.3 cm. The laser
The same is true for the oxidation reactions in supercritical intensity was monitored by a pyroelectric Joule meter (Gentec,
CO,. In our laboratory, the property of supercritical €65 the ED-100A). During laser irradiation, the mixture in the cell was
medium for the photoinduced partial oxidation of hydrocarbons stirred by the magnetic rotor.

was investigated? The KrF-laser-induced oxidation of ;0 O3 formation was monitored during the laser irradiation by
hydrocarbon mixtures in sub- and supercritical ®@s studied. UV absorption spectroscopy at 255 nm usingddnp as the
It was found from the irradiation of high-pressure/CO, light source and a 75-cm monochromator (Jobin-Yvon, HRS2)

mixtures that some odd-oxygen species were formed by the KrFwith 0.2-nm wavelength resolution. The absorption was mea-
laser irradiation, which were supposed to be responsible for the sured perpendicular to the irradiation laser beam with an optical
oxidation. The initial mechanism of the production of odd- path length of 2.3 cm. A CoSQaqueous solution (0.05 mol
oxygen species is considered to be very similar to that of the dm™3, 1 cm thickness) was set between thgl@mp and the
pure Q system. In the previous report we concluded that the cell as an optical filter to cut the Damp light shorter than 210

main primary Q formation is due to the interaction of,(A, nm.

A', and/or c) with CQ.}” However, the employed irradiation In the & concentration measurements, we evaluated in-
was limited to that produced by a KrF laser, and the behavior homogeneities in the spatial distribution of @ncentration in

at different wavelengths is required. the cell by using two different diameters of the spot gfl@mp

In this paper, using a high-pressure photolysis cell, we light as beforé/ i.e., 4 and 8 mm. The spot size of the laser
measure the primary quantum yield of odd-oxygen species beam was fixed at 5 mm in the longitudinal direction and 3
generated through the photoabsorption of f@llowed by a mm in the lateral direction. Thus, all of the;famp light with
prompt subsequent reaction in pressurizegl @ O,/COy, the 4-mm diameter was within the laser beam path, and a part
changing the wavelength of dye laser from 232 to 255 nm. The of D, light with the 8-mm diameter was out of the laser path.
O3 quantum yield measured in the initial stage just after the The measured concentration of; Qvas found not to be
start of laser irradiation should correspond to the quantum yield dependent on the spot size, which implies that tedcentra-
of primary odd-oxygen species, because the primarily producedtion distribution was effectively homogeneous. We also checked
odd-oxygen species are expected to react wightdOyield Oz that, under the typical reaction conditions, the measured
promptly. The Qyield in later stages is strongly influenced by concentration of @ did not change appreciably after the
subsequent catalytic {reactions, which are initiated by the interruption of irradiation with continued stirring. It was thus
photoabsorption of the £produced. Because the fraction of concluded that the observed @ncentration distribution was
photoabsorption by ©is smaller than that by 9under the almost homogeneous in the cell as a result of the stirring.
higher total pressure because of the augmentation of absorption Water can destroy £xthrough the HQcycle. We carried out
by O, with pressure, the high pressure of the present experimentsan experiment with an additional 300 ppm@ under typical
has the merit that the contribution of catalytig formation is reaction conditions. The observed yeld was found not to be
minimized. The production of the primary odd-oxygen species affected by the presence of additionab@® and thus, we
is thus much more precisely estimated in the present experimentsconcluded that the effect of the impurity® could be neglected.
compared to the previous literature repé#s'®> We show that ~ The mechanism in the presence ofHwas also studied, as
the quantum yield decreases with increasing wavelength. Thewill be described in the Discussion section, which also supports

mechanism of @interaction in the Herzberg states with &nd the present conclusion.

CO; to produce odd-oxygen species is also discussed. Measurements of Dabsorption in the mixtures were also
) _ carried out using the same experimental setup.

Experimental Section The density of the @CO, mixture was estimated using the

The time evolution of @ was measured as a function of Peng-Robinson equation as befor&'8 The critical temperature
irradiation time using a pulsed dye laser at the desired Of the employed @CO; mixture was estimatédito be 21.8
wavelength for high-pressure,@nd Q/CO, mixtures. The °C, which was lower than the experimental temperaturé 35
high-pressure photolysis cell and procedures for the measure-
ment of Q formation were almost the same as betéexcept Results
for the irradiation laser. Briefly, a high-pressure cross-shaped
optical cell made from stainless steel (SS 316) of 5.0 iomer (1) Absorption Cross Section of Q in the UV Region. The
volume that contained four sapphire windows of 8 mm thickness absorption cross section of ,0n the Herzberg band and
was employed. A magnetic rotor was used to stir the contents continuum regions increases with increasinga@d/or foreign
of the cell. gas pressurg,® and the absorptions are called Wulf bands and

After the cell was evacuated,,@Suzuki Shokan Co. Ltd.,  the Wulf continuum according to Fally et 8 The diffuse Wulf
99.7%, with impurities M, 0.2%; Ar, 0.05%; and kD, ca. 20 bands are the principal absorption under high pressures in the
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Figure 2. Typical time profiles of Q concentration under pulsed laser
3 - irradiation in pressurized £and Q/CO, mixtures. The laser wavelength
MPa, 0.78 mol drm, open squares) and,C0; mixture (2.0 MPa, and intensity were (a) 0.45 mJ putdgl0-Hz repetition, 236 nm, for

[O2] 0.78 mol dm3, [CO;] 9.22 mol dm3, open circles). The filled . .
- : : : . the Q/CO; mixture (9.6 MPa); (b) 0.55 mJ puisk 10-Hz repetition,
squares and circles are the estimated absorption cross sections i 36 nm, for the pure ©(2.0 MPa): (c) 0.52 mJ pulsé 10-Hz

pressurized @and Q/CO, mixtures at 230 and 248 nm using the " 4
- L - - repetition, 244 nm, for the £CO, mixture (9.6 MPa); and (d) 0.52
empirical equation in the literatuféThe measurement was carried out mJ pulse’, 10-Hz repetition, 245 nm, for the pure, @.0 MPa).

at 35°C.

Figure 1. Absorption spectra of @measured in a pressurized 2.0

by I from the inner window surface for the laser inlet is

region longer than the dissociation limit, 242 nm. We measured
the absorption cross section using al@mp as the light source 1(1) = Aly exp(=0oo,no ) 3)
under our experimental conditions, as shown in Figure 1. The

obtained absorption cross sections are in good agreement withThen

our previous valuésat 230 and 248 nm within the error limit.

The random error in the cross section was estimated to be ca. N,ps= AFI[1 — exp(~o N L)] (4)
10% in this measurement. Considering that the measured 22

absorbance should be the same for the high-pressure diffus
bands between a Damp with a monochromator of 0.2-nm
bandwidth and a pulsed laser with a resolution of 0.15%m
we used the absorption cross section in Figure 1 for the
evaluation of the quantum yields.

q—lere, lo and A are the intensity of the laser measured at the
entrance of the cell and the transmittance of the sapphire
window, respectivelyF is the repetition rate of the laser pulses.
L is the cell lengthng, is the number density of Qandoo, is

. ; ) L the absorption cross section of, @nder the experimental
(2) Time Profile of O3 Formation and Estimation of O3 conditions. Thus, the term [+ exp(—oono,L)] corrects for

.Q“af““.m Y!eld. The time profile of Q as a function of the the decrease in laser intensity along the cell length due to
irradiation time was measured using the same procedure as

before, except that the irradiation laser was changed from theabsorptlon by @ Thg laser Intensity at the output window is
: : about 92% of the incident laser intensity at 236 nm and 96% at
KrF excimer laser to the dye laser. The concentration gf O

; L . 0 0
was calculated from the measured absorbance at 255 nm248 nm, in the high-pressure;(t is 35% at 236 nm and 67%

employing the @absorption cross section of 1.361017 cn? fat 248 nm in the @CO, mixture. The absorption due to the O
1 . ormed can be neglected in the initial stage of the laser
molecule’ at 255 nm taken from literaturé.

) . ) . irradiation as will be described later. The quantum yigldan

Typical time profiles of the @concentration under dye laser be calculated by the following equation
irradiation in @ and in Q/CO, mixtures at different wave-
lengths (236, 244, and/or 245 nm) are plotted against the ¢ = aVIN (5)
irradiation time in Figure 2. The £concentration increases abs
monotonically with the irradiation time, and then, it gradually
reaches a constant value. This feature is the same as obtaine
before with the KrF laser irradiation at 248 T he saturation
is mainly caused by the subsequent photolysis ef Dis
expected that the primary sOguantum vyield without any
influence by subsequent catalytig @actions can be estimated
from the initial time profile of the @ concentration.

First, we obtain the initial slope of the time profile,

&vherev is the volume of the cell. After a certain period of
Irradiation, @ accumulates, absorbs a certain fraction of the
incident laser light, and also influences the relevant kinetics.
The time necessary for £to accumulate to a high enough
concentration to absorb the same fraction of the irradiation laser
as Q can be a certain measure of reaction progress. The above-
defined times in the high-pressure @re, for example, ca. 20
and 90 s for 240- and 245-nm laser irradiation, respectively.
a=d[O,)/dt (extrapolated td = 0) 1) These .tirn'es are long enough to aIIqW for a reliable estimation
of the initial slope by the extrapolation procedure.

It is worth noting that the present;@rmation measurements
correspond to the primary odd-oxygen species formation process
from photoabsorption followed by a prompt subsequent reaction

L and are almost free of any contamination by the catalytic O
Nops= F_/; |(|)Uozno2 d @ formation processes that were made clear by Slanger'égal.
248 nm. This point will be discussed in detail in the Discussion
Here, the laser intensity(l), at a certain cell position distant  section.

The absorbed amount of photogys in the cell per unit time
of irradiation is estimated as
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2 ¥ T T T T the errors in the term [} exp(—oo,ho,L)] at 236 nm were
evaluated to be 11 and 16% i, @nd Q/CO,, respectively.
Thus, the combined random errors¢ofrom the two termsl|g

15 F e} - and [1— exp(—oo,ho,L)], are 11 and 13%, respectively for the
00 0O, and Q/CO, mixture, provided that independent experiments
were repeated 4 times. At other wavelengths, the errors are
S 1F . around the same or smaller than these values. The evaluated
error ranges are indicated by bars at individual wavelengths in
Figure 4.

05 F - The relationships in Figure 4 show distinctly different
behaviors through ca. 242 nm, which corresponds to the
dissociation threshold of Oln the shorter-wavelength region

0 L 1 L L L below 242 nm, the quantum yield appears to stay almost
0 0.5 1 L5 constant, although a slow increase with decreasing wavelength
1/ mJ pulse” might exist as a real trend, particularly in/OO, mixtures. The

Figure 3. O; quantum yield plotted against the laser intensity in an absolute value is close to 2 in pure @nd is smaller than 2 in
0,/CO;, mixture. The measurement was carried out at 236 nm, 10 Hz, the Q/CO, mixtures. On the contrary, the quantum yield
0.34-1.28 mJ pulse!, and 35.0°C for the mixture of total pressure,  decreases rapidly with increasing wavelength in the region above
9.6 MPa ([Q], 0.78 mol dn13; [COy], 9.22 mol dnT?). 242 nm, and it is lower than the present detection limit at 255
. . . . . nm in both pure @and Q/CO, mixtures. These findings suggest

{ } that the Q formation mechanism is different in the longer- and

shorter-wavelength regions through 242 nm in both pressurized
{ E 7 O, and Q/CO..

i Discussion

- 8
S 2 $ B 5 (1) Contribution of Subsequent Mechanisms to @ For-
1k . mation. We are interested in the primary odd-oxygen formation
quantum yield from photoexcited ;Jollowed by a prompt
) subsequent reaction as a function of irradiation laser wavelength.
i e i Thus, we investigated the possibility of whether the observed

J, E ] avalue contains contributions from any mechanisms other than
0 L L L L2 o the production of @from photoexcited @
230 240 250 260 First, the contribution of @autocatalytic formation, which

A /nm was extensively discussed by Slanger et?ahnd Shi and

Figure 4. Wavelength dependence of the quantum yield of O Barker!3 through the photodissociation of3Q0s taken into
measured in a pressurized 2.0 MPa, 0.78 mol dn, filled circles) consideration. When the autocatalysis of i® operative, the
and G/CO, mixture (2.0 MPa, [@ 0.78 mol dnr?, [COZ 9.22 mol 03 formation profile with laser irradiation time should have a

dm=3, open circles). The filled square and open square at 248 nm are . . .
the quantum yields in pressurized, @nd in an G/CO, mixture, concave shape in the middle stage and results in an S-shaped

respectively, reproduced from the previous study using a KrF excimer Profile, considering the leveling-off due to the loss of odd-
laser!” The error bars are the estimated random errors. The arrow oXygen species by the recombination between odd-oxygen
indicates the dissociation threshold of & 242.4 nm. species in the final stage. We did not find any such tendency
as shown in Figure 2, which evidences that the autocatalytic
process does not contribute to any appreciable extent.

We will investigate more quantitatively the contribution that
might exist even in the initial stages of laser irradiation. The
vibrationally excited @, once it is generated bysphotolysis,
plays a key role in the autocatalysis. However, it cannot survive
Sthe interval of laser pulses under the present high-pressure

Conditions. Thus, the contribution of autocatalytigf@mation
to the total Q formation can be estimated by studying the
reactions within a single laser pulse. The contribution can be
measured by the ratio of the excesgf@mation within a single
aser pulse from the §£photolysis against the{Jormation from

he primary process derived by, @hotoabsorption. The ratio
Rauto is defined as

(3) Dependence of the Quantum Yield on Laser Intensity.
The dependence of the quantum yield on the intensity of the
irradiation laser for the range 0-1.3 mJ pulse! was inves-
tigated at 236 nm for a typical £LLO, mixture, as shown in
Figure 3. The estimated quantum yield was found to be
independent of the laser intensity. Thus, the formation
process is a one-photon process. A one-photon process was al
established at 248 nm in our previous pafer.

(4) Dependence of the Quantum Yield on the Excitation
Wavelength. The threshold for @ dissociation is located at
242.4 nm, and we are interested whether the wavelength
dependence of the quantum yield changes through the threshol
as well as with the absolute value itself. Thus, the quantum
yield of O; formation was measured at about 10 different
wavelengths from 232 to 255 nm. The results are plotted in

Figure 4. Rauto= (M — 1)05 [O5]/(¢05,[0;]) (6)
The random errors of the above; Quantum yields were
estimated as shown below. They arise in measutingnd where m is a multiplicative factor for evaluating the 30

calculating [1— exp(—oo,no,L)]. The fluctuation of the laser  concentration resulting after the photolysis of €@used by the
intensitylo was within 10%. We evaluated the errors in the latter autocatalytic process within a single laser pusis the primary
term, [1— exp(—oo,no,L)], taking into account the error of the  quantum yield of odd-oxygen species, which is measured as
absorption cross section, which was within 10% as describedthe O; formation for photoexcited ©followed by a prompt
before, as well as the uncertainty in the density. For example, subsequent reaction.
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The multiplicative factom can be estimated by solving the
time evolution equation of following process during a single
laser shot

O, +hv—0¢P)+ 0, (7)
—0o(D) + 0, (8)

0, + hv — 20€P) (9)
OCP)+ 0, +M—0,+ M (10)
o('D) + M — OFP)+ M (11)

O," represents vibrationally excited ground-state. The
branching ratio of reaction 7 is ca. 0.1 for 23255-nm
excitation?! We first estimate the multiplicative factor under
the typical 248-nm irradiation for the 2 MP&QVhen the pulse

Sugimoto et al.
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Figure 5. Comparison between the quantum yield of Ormation
measured in pressurized, 2.0 MPa, 0.78 mol dn¥) and the

energy at 248 nm of a triangular pulse with a 10-ns fwhm is 1 simulation curves from the model. The experimental values are
mJ, the corresponding irradiation laser power at the maximum reproduced from Figure 4. The O atom quantum yields of Copeland et

is 1.25 x 10' photons c¢cm? s 1. Under typical reaction
conditions at 248 nm, the {xoncentration reaches % 101
molecules cm? at 50 s after the start of irradiation. Using the
absorption cross section of;@s 1.07x 1017 cn?,20 the rate
constant for reaction 10 as 5:610-3* cmf® molecule? s71, 22
and the absorption cross section of vibrationally excitgtla®

2 x 10718 cm? 28 (maximum value in the range = 12—20)
and assuming that reaction 11 proceeds instantaneously,
profile of the @ decomposition and reproduction according to
the reaction mechanism in eqs X1 was numerically calculated.
At the end of the laser pulsen = 1.002 has been obtained.
Then, usingoo, as 1.96x 1023 cn? and assuming = 0.3,
the contribution ratidRau, Was evaluated to be 0.06. TRauwo

value varies with the wavelength of the laser, the total pressure,

and the quantum yield. Under typical conditions in pressurized
O3, the evaluatedRayo is 0.1 at 250 nm, 0.06 at 248 nm as

described above, 0.03 at 245 nm, 0.008 at 240 nm, and 0.00

at 232 nm. In CO, mixtures, Rayo at any wavelength is
smaller than the corresponding value in pressurizedT@us,
the contribution of the autocatalysis og {3 very small in both
high-pressure @ and Q/CO,. Moreover, because we have
indeed evaluated the quantum yieldby extrapolating the time
profile data to the initial stage after the pulse laser irradiation

the contribution is concluded to be negligible. We also used a

similar procedure to study the probable contribution of the O

(v > 25)+ O, reaction to the autocatalysis, because this reaction

was once claimed to produce-©03.2425We have concluded
that the contribution is also negligible.
Second, the photolysis of £&) and/or Q(b) molecules that

are produced in the system is also concluded to contribute t0 a;ssociation energyEn (41 256.6 cm
negligible extent, because the lifetimes of such species are '

reported to be on the order of 10 Afsso they do not survive
the interval of the laser pulses.

Third, the contribution of KO reacting with OYD) to yield
two OH fragments and destroy ozone catalytically by the;HO
cycle was investigated, because a small amount ¢d H
necessarily exists as an initial impurity in the reaction mixture.
The reaction mechanism employed is

O('D) + H,0— 20H (12)
OH+ O,— HO,+ O, (13)
HO, + O, — OH + 20, (14)

with appropriate radicalradical recombination reactions. The
contribution of the above HQcycle with adequate rate

al.!*® are also shown by the filled triangles corresponding to:the

11, 10, and 9 vibrational levels of the A state. The broken line shows
the fraction,f, of O, possessing enough energy to dissociate if the

thermal rotational energy is taken into account, together with the light

absorption at the given wavelength. The solid line shows the fraction,
g, of Oy(A,A’,c)—0, pairs possessing enough energy to dissociate if

the thermal energy is taken into account, together with the light

absorption at the given wavelength. The arrow indicates the dissociation

the timdhreshold of Q at 242.4 nm.

constant® to the total Q formation rate was simulated to be
smaller than 2% at an irradiation time of 60 s under typical
reaction conditions with an additional 20 ppmy® The
negligible contribution of KO is consistent with the experiments
with added HO described in the Experimental Section.

Thus, we claim that the valua corresponds exclusively to
the primary odd-oxygen formation from the photoexcitegl O
followed by a prompt subsequent reaction provided that the
]1'nitially produced OfP) is instantaneously converted t@.O

(2) Primary Odd-Oxygen Formation Mechanism. (2-1)
Contribution of Thermal Rotational ExcitatiorDespite the
expectation that isolated,@annot dissociate upon absorption
of light with wavelengths longer than 242.4 nmg formation
was eventually observed close to 255 nm. We first checked
' whether the thermal energy ob(X) can explain the production
of O atoms at wavelengths longer than 242.4 nm. The population
of vibrationally excited @ is negligibly small, because a
vibrational quantum of gfX) is as large as 1500 crh. Only
the contribution of rotational energ¥q, is then taken into
account. If the sum of the thermal rotational energy of ground-
state Q and the absorbed photon energy is in excess of the
1), direct dissociation can
occur provided that the restriction on rotational momentum can
be neglected. The fractiof(E.o:> E,—hv), of Ox(X, J) can be
calculated by the following equation

00

f(EozEn—tw) = Z (23+1)
J,BIH D Ep—tw

exp[-BJJ + 1)]/2(23 + 1) exp-BXJ + 1)] (15)

Two times the fraction, 2 is considered to be the possible
maximum quantum vyield of § which can be realized if the
restriction due to the conservation of rotational angular mo-
mentum is mitigated in some way such as the collision with
other molecules. The calculated VZalues are plotted against
wavelength in Figure 5 and are compared with the experimental
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O3 quantum yields. It is concluded that the thermal rota- times theg value is considered to correspond to the quan-

tional distribution is not enough to explain theg @rmation in tum yield of odd-oxygen species if the reaction is eq 18. The
the range of wavelengths longer than the threshold wave-thermal energyEmemal IS estimated as the sum of the rota-
length. tional energies of fA,A’,C), Erot1, and Q(X), Erore, and the

(2-2) Photochemistry of £A,A,c)—0x(X) in Pure Q. The relative translational energfyans between Q(A,A’,c) and Q-
previous section shows that a certain interaction of photoexcited (X), i.e.
O, with other molecules is necessary for primary odd-oxygen
species formation for wavelengths longer than the threshold. Einerma™ Erott T Erot2 T Etrans (21)
The mechanism proposed is shown below, following the work
by Shi and Barké# and also our previous wotkwith 248-nm The fractiong(Enerma En—hv) is calculated as
excitation.

O2(A'3A,) is generated through @bsorption as a Wulf band ) — —hy— _
under the present high-pressure conditions. Becau&&'{.,) 9(Enermar En ) lzzpmup“’tzp(E“a”SZ B —Erou
is almost isoenergetic with QA3 ") and Q(c'X,”), rapid '
. . . S E.o) (22)
internal conversion and/or intersystem crossing is expected to
proceed among the three Herzberg state& (A A'3A,, and/ . )
or ¢!3,7), and thus, it is not possible to distinguish one state wherepyor andpror represent the prObabI|It.IeS that the rotational
from the other two states in the subsequent reactions. As alreadyua@ntum number of £s J, andJy, respectivelyp(Eyans> En—
mentioned, Huestis et &.and Copeland et &f reported that W~ Erou—FEror) representes the probability for the relative
the A3S,* state of Q reacts with @ to produce O atoms. ©  translational energy to excedth — hv — Eron — Errz The
molecules in the &,*, A'3A,, and/or &3, states will be individual quantities are
described as §A,A’,c).

The proposed mechanism for; @rmation in the previous P = (2J; + 1) exp[-BJ,(J; + 1)]/2(231 +1)
papet’ is thus described by the following reactions 1

exp[~BJ,(J; + 1)] (23)
O,(X) + hv — O,(A") (16)

Prote = (23, + 1) exp[=BJ,(J, + 1)}/ Z(ZJZ +1)

exp[~BL,(J, + 1)] (24)

O,(A’) = O4(A,C) (17)

O,(A A" .C) + O,(X) —20CP)+ O,(X)  (18)

. O(3P) +0 (19) P(Eyans En = —Equ—Eror) = tfl‘fth*hV*ErotrErotzv Etrans
3
— O,(X) + Ox(X) (20) exp(—EqandKT) dEtraang) Y Erans@XP(EqrandKT) B ans
(25)

The model proposes that,@,A’,c) collides with Q(X) to ) )
dissociate into 23P), reacts to produce &K) + Os, and/or is Strictly speaking, the total thermal energy cannot be used
electronically quenched. Under high-pressuge @CP) exclu- for bond dissociation because of the restriction of angular
sively reacts with @to yield Os by the reaction momentum conservation. However, we are interested in the

highest possible dissociation probability, and thus, all of the
rotational and relative translational energy is assumed to be
usable in @ bond dissociation. Here, we study the thermal
dissociation of eq 18, and thus, the threshold en&igys set
Thus, the quantum yield of primary odd-oxygen species can be to the Q dissociation energy (41 256.6 ci= 494 kJ mot ).
measured by that of Din our high-pressure experiments, The calculated quantum yield of primary@.e., 2, is plotted
independent of whether the reaction is eq 18 or eq 19. against the excitation wavelength in Figure 5. Tlgevalue is

To explain the formation of O and/ors0n the longer- around the same as or even larger than the experimental quantum
wavelength region, energy transfer during the interaction yield.
between Q(A,A',c) and Q(X) is necessary, although we do The above finding suggests as one possible mechanism that
not know whether the interaction time is very short or long odd-oxygen species formation is caused by the thermal energy
enough to be imagined as formation of a complex. The sum of in the pair of Q(A,A’,c) + O(X) within which efficient energy
the heats of formationtéd K of O and Q is calculated to be  migration causes ©0 bond dissociation. In other words, any
392 kJ mof? from the 0 K enthalpies of formatiofY, which is complex formation between 4A,A’,c) and Q(X) locating
less than the threshold energy of @1 256.6 cm! = 494 kJ lower than the @-O bond dissociation threshold is not neces-
mol~Y). If a certain long-lived complex is formed betweea-O  sarily required to explain the formation of odd-oxygen species
(A/A',c) and Q(X), the formation of Q@ might become in the longer-wavelength region. However, it is important to
energetically possible at relatively long wavelengths up to 305.1 note that the present finding never denies the possibility of the
nm from the above energetics. thermal reaction of gfA,A’,c) to produce Gt O3, as claimed

We will check whether the thermal energy possessed®y O by Shi and Barket?
(AA',c) + Ox(X) can explain, at least energetically, the Shi and Barker measured the temperature dependence of the
formation of O and/or @in the longer-wavelength region. The effective initiation cross section at 248 nm in purg @hich
fraction g(EtermazEmn—hv ) of Oy(AA',c) + O3(X) that corresponds to the present quantum yield of odd-oxygen species
possesses thermal energy greater than the difference betweewhen their value is divided by the,@bsorption cross sectida.
the threshold energy and the laser energy is calculated. TwoTheir effective cross section seems to stay rather independent

OCP)+ O,(X) + M — 0O, + M (10)
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of the temperature (298370°C), and they stated that collisional T T T T T
dissociation 2F

O,(AA",.c)+M—OCP)+ OCP)+ M (26) I } % %

is not adequate to explain their results, because the above S
mechanism requires a positive temperature dependence. When

consider our study and Shi and Barker’s results together, the 3
most plausible mechanism to explain the production of odd- §
oxygen species in the longer-wavelength region is the thermal
reaction of Q(A,A’,c) to produce Ot Og, although the thermal ‘g
dissociation of Q(A,A’,c) is not ruled out on the basis of the 0 1 1 Jr L~
present experiments alone. 230 240 250 260

When the wavelength of laser is shorter than 242.4 nm, the A /nm

excited Q always has sufficient energy to dissociate without Figure 6. Comparison between the quantum yield of formation
any interaction with other molecules. Experimental quantum Measured in @CO; mixture (2.0 MPa, [@ 0.78 mol dm?, [COy]

yields are close to 2 at 23242 nm, which supports the very 9.22 mol dm?®) and the simulation curves from the model. The
' experimental values are reproduced from Figure 4. The broken line

prompt dissqciation of the excited,OAny appreciable cage shows the fractionf, of O, possessing enough energy to dissociate if
effect to restrict the ©0 bond cleavage seems not to contribute the thermal rotational energy is taken into account, together with the

under the present pure;@onditions. light absorption at the given wavelength. The solid line shows the
(2-3) Comparison of the Quantum Yield with Other Works. fraction, g, of Ox(A,A’,c)-CO, pairs possessing enough energy to

Shi and Barké# reported the effective cross section of primary dissociate if the thermal energy is taken into account, together with

O3 fprmation at 24_18 nm. Accord_ing to their r(_eported cross msesl(')%?;tﬁ)?]smféfﬁofg g;egg{vgzz\-/zaxﬂ?ngth. The arrow indicates the

section and the estimated absorption cross section af @eir

experimental pressure, we have estimated the quantum yield tato be exclusively controlled by £A,A’,c)—CO; interactions,

be 0.24-0.30 in pure @ at 0.03-0.21 MPa. This value is in  and the contribution of gA,A’,c)—0, interactions can be

reasonable agreement with the present 2.0 MPa result, whichneglected.

is 0.19 at 250 nm. In O,/CO, mixtures, an analogous mechanism is proposed
Copeland et al° reported the O atom production quantum as shown below

yield for v = 11, 10, and 9 levels from the reaction of

vibrationally excited A-state ©and ground-state OUnfortu- O,(X) + v — O,(A") (16)
nately, the experimental temperature was not reported but was

guessed to be room temperature. Their values are plotted in O,(A") == O4(AC) (17)
Figure 5, at the wavelength corresponding to the vibronic energy

of the A(v) state. If the reaction betweerny(@) and Ox(X) O,(AA',c) + CO,— 20¢P) + CO, (27)
produces two atoms of oxygen through-O bond dissociation

as described by eq 18, their data can be compared directly with — products (Q+ CO or O+ CO;) 28
our quantum yield of the primary odd-oxygen species. This is (28)
because, in the experiments by Copeland et al., the pressure — O,(X) + CO, (29)
was so low that the atomic oxygen produced should stay as

atomic oxygen all through the detection time. As seen in Figure O(3P) +O0,X)+M—0O;+M (10)

5, the data of Copeland et al. seem to exhibit a similar
dependence of the quantum yield against the wavelength, wherReaction 27 is the dissociation of the-@ bond through the
compared with the present experiments. On the other hand, ifcollision of CQ, and reaction 28 corresponds to oxygen atom
the reaction studied by Copeland et al. was eq 19, their O-atommigration in the C@—0; pair. The products were not identified
yield must be multiplied by 2 for comparison with our primary  experimentally.
quantum yield of odd-oxygen species. In this case, their data We have calculated the fractiog(Emerma> Esn—hv), of O,-
are larger than our data. It is plausible that thg/QA',c) + (A,A’,c) + CO, that possesses the thermal energy larger than
O2(X) reaction produces 2 €R), utilizing the thermal energy,  the difference between the threshold energy and the laser energy,
both in the Copeland et al. experiments and in the presentjust as in pure @ The 2y values are plotted in Figure 6. The
experiments. However, it is also possible that the main reaction 2f values for the rotation of ©are also plotted. It is again clear
is eq 19 within the experimental uncertainty of the two that the thermal rotational energy of @lone is not sufficient
experiments. to explain the formation of odd-oxygen species at longer
(2-4) O; Formation Mechanism in @CO, Mixtures.The & wavelength. However, ©0 bond dissociation under irradiation
formation quantum yield in @CO, mixtures decreased with  at wavelengths longer than the dissociation threshold is possible
increasing excitation laser wavelength. Indeed, the trends foundwith the thermal energy contained in the pai{®A’,c) + CO..
in the wavelength dependence of thg fOrmation quantum (2—5) O; Formation Mechanism in @CO, Mixtures at
yield were similar between the&and Q/CO,, although the Wavelengths Shorter than 242.4 ninother important issue
absolute values of the quantum yield in the mixture were smaller in O3 formation in Q/CO, mixtures is that experimental value
than those in pure © In the present experiments, the molar of ¢ is less than 2 even at < 242.4 nm. If only the
ratio of O, to CO, in the adopted mixture was 0.78/9.22. photodissociation of @(eq 27) is contributing, the quantum
Admitting that the absorption augmentaffoand also the yield of Oz should be 2. Thus, a quantum yield of less than 2
collisional quenching rate consté&tare not so different between  implies the following two possibilities: reactions such as
0O, and CQ, the & formation quantum vyield is considered reaction 28 mainly contribute toddormation or a certain cage
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effect that lowers the photodissociation probability is effective. no appreciable cage effect is expected should be incorporated
The sum of heat of formation for £and CO (425 kJ mol)?’ in the calculation of the @budget. Another important applica-

is smaller than the sum of the heats of formation of-@@ + tion is related to the issue of the initiation of oxidation in high-
CO; (494 kJ moth).11 The heat of formation of CQis not pressure C@fluids. It has been evidenced that oxidation in
established. At any rate, a photoinduced reaction to producehydrocarbon/@CO, mixtures can be initiated by the primary
odd-oxygen species might be possible at least energetically upphotoinduced production of odd-oxygen species under UV

to 281.6 nm. irradiation.

On the other hand, a certain cage effect that lowers the
dissociation probability of @might not be negligible in high- Acknowledgment. The present work was supported by a
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