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Laser-induced reactions by a pulsed KrF excimer laser were studied using UV absorption spectroscopy in
sub- and supercritical L0, mixtures up to the pressure of 15 MPa (corresponding density, 17 mo)dm
Although the 248 nm excimer laser photon energy is smaller than the energy required for dissociating O
ozone formation was observed in/OO, mixtures. Under the laser irradiationg @oncentration increased
monotonically with the increase of the irradiation time and then stayed constant, which is satisfactorily expressed
by the equation d[g)/dt = a — b[O3]. a corresponds to Oformation rate and to O; decomposition rate
constant. The value dof increased with the increase of @@ensity up to 3 mol dm? and was then kept
almost constant with further increase, &sorbs a photon to yield an oxygen molecule in the Herzberg Il
state Q(A’ 3A,), being augmented along with the increase ob.@énsity. In pure @ the predominant pathway

of O; formation is the reaction between excited i® Herzberg states and ground statet@yield O; and

atomic oxygen. In high-density ILO, mixtures, Q is considered to be produced through reaction between
the Herzberg states,@nd CQ. Taking account of the quenching effect for the above reaction together with
the augmentation of £absorption of laser light by the high-density ¢@he behavior of with respect to

CO, density was satisfactorily explained. The behaviobaluggested a certain inhibition of;@covery in
high-density CQ after the photodecomposition of the produg @hich was ascribed to the formation of

CO; from the O{D) reaction with CQ. A certain cage effect for thedphotodecomposition was also suggested.

No specific pressure effect was observed near the critical point.

Introduction critical fluids, such as photodissociatiérf, recombinatiorf;”
and isomerization reactiofi$,as well as energy transfét; 3

In our previous researchésywe carried out a photoinduced in order to clarify the solvent density effects on the reactions

partial oxidation of hydrocarbons (ethane, cyclohexane, andf llisional ¢ f . like density) t
ethylene) in sub- and supercritical @®ith irradiation of pulsed rom a collisional energy transier region (gaslike density) to a
KrF excimer laser at 248 nm. Although these hydrocarbons and diffusion control region (liquidlike density).

0, do not absorb KrF excimer laser light under atmospheric ~ TO elucidate the laser-induced reactions eftthigh-density
pressure, relatively large amounts of oxidized products were COz should be useful for designing oxidation reactions in
formed in the mixture of hydrocarbonf@QO, under KrF supercritical CQ. Through a preliminary experiment, we have
excimer laser irradiation. Some active oxygen species shouldnoticed that an appreciable amount og @ produced in

be involved. At that time, however, the mechanism of the 248 pressurized @CO, mixtures under KrF excimer laser irradia-
nm photoabsorption was not clear. Later we measured thetion. Ozone formation is expected to occur through subsequent
absorption cross section oL@ pressurized C@between 230 reaction processes of (' 3A,). The main objective of the
and 280 nm wavelength, and found that an absorbance, of O present research is to observe in detajlf@mation with KrF
increases proportionally with the increase of the solvens CO excimer laser irradiation at 248 nm in sub- and supercritical
density? The mechanism of the photoabsorption of Was 0,/CO, mixtures, and to understand the mechanism gf O
concluded to be collision-induced symmetry relaxation of the formation. We discuss relevant elementary reactions of active
selection rule for the dipole-forbidden Herzberg ll system oxygen species in COnamely, excited oxygen moleculess,O
(A" 3Ay — X %Z47). However, subsequent reaction processes of gyygen atoms, C§and CQ. We also try to clarify the solvent

Ox(A" *A) have not been clarified. o _ density effect on the elementary processes.
On the other hand, supercritical @@ being given attention

as an alternative solvent for chemical reactions because of its
unique solvent properties and nonignitability. Certain physico-
chemical properties, such as viscosity, diffusion constant,
dielectric constant, and solubility, are related to the fluid density,
which is strongly dependent on pressure and temperature
particularly near the critical point. Since the 1980s several
researchers have studied chemical reactions in sub- and supe

Experimental Section

Laser irradiation experiments were carried out in a high-
pressure cross-shaped optical cell made from SUS 316 of 5.0
'cm® inner volume, which possesses four sapphire windows
(diameter 1.0 cm), as shown in Figure 1. The optical length for
I . . .
the laser light in the cell was 3.3 cm and that for a deuterium

lamp light for rption m rement was 2.3 cm. Temperatur
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Figure 1. lllustration of reaction cell: (a) top view, (b) side view.
(A) D, lamp, (B) CoSQaqueous filter, (C) Nichrome line heater, (D)
pyroelectric joulemeter, (E) sapphire window, (F) thermocouple, (G)
stop valve, (H) the cross section of mp light (0.79 cri, diameter
1.0 cm), (I) magnetic stirrer.

33 mm

inside the cell at the position where direct contact with the fluid
was realized. Fluid mixtures could be stirred by a magnetic
stirrer.
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Figure 2. Absorption spectrum (B{B,) — X(1'A;)) of ozone. Solid
line: experimental profile. Dotted line: spectrum of the absorption cross
section of ozone, B{B,) <— X(1'A;) transition, which is scaled at the
experimental peak position. Experimental conditionss 234 MPa
(1.18 mol dnT3), total density 12.0 mol dn#, CO, balance, temperature
308 K, pulse energy 3.8 mJ puidelaser repetition rate 10 Hz.

We checked the influence of the deuterium lamp light an O
formation and found no detectable influence. We also investi-
gated the spatial distribution of &oncentration in the cell,
changing the diameter of the spot of deuterium lamp light at
the total pressure of 10.1 MPa. Ugim 5 mm and a 10 mm
diameter of the cross section of the deuterium lamp light, the
observed @concentrations were the same, which indicated that
the G; concentration distribution was almost homogeneous in

The experimental procedures were as follows. The optical the cell due to the stirring.

cell was evacuated prior to the sample preparation. Then O
was introduced into the cell up to a given pressure (typical O
pressure, 1.97 MPa), which was followed by the introduction

The densities of @CO, mixture in gas and supercritical
phases were estimated by the PeRpbinson equatidd
adopting appropriate parameters (CC€ritical temperatureT)

of CO, up to a desired pressure using a HPLC pump (JASCO 304.2 K, critical pressureP) 7.38 MPa, critical densityp)
Co., PU-980). Pressure was detected by a pressure transmittet0.6 mol dnt3; and Q: T, 154.6 K,P. 5.05 MPa,p. 13.6 mol

(KOFLOC, KH15). The cell was maintained at 3@80.1 K.

dm=3). As the binary interaction parametds;, for O,—CO;,

The contents were stirred by a magnetic stirrer for 5 min before we employed that for -CO, (kj = —0.017)1° because the

irradiation. Carbon dioxide (Suzuki Shokan Co. Ltd.; purity
>99.7%) and @(Suzuki Shokan Co. Ltd.; purity 99.7%) were
used as received.

Unfocused light pulses at 248 nm from a KrF excimer laser
(Lambda physics, EMG53MSS-1) were introduced along the
3.3 cm path of the optical cell. The typical pulse energy at the
entrance window was 3.8 mJ pufdeand the repetition rate
10 Hz. The laser beam cross section, which had an elliptica
shape (major axiss 7 mm, minor axisx 5 mm), was about
0.27 cn? as drawn in Figure 1. The laser intensity was monitored
with a pyroelectric joulemeter (Gentec, ED-500).

During the KrF excimer laser irradiation, absorbance gf O

was measured at 255 nm through the 2.3 cm path perpendicula
to the irradiated laser beam. A deuterium lamp (Hamamatsu
Photonics, L1626) was used as the light source. The deuterium

lamp light was first passed through a cell of 1 cm thickness
containing CoS@aqueous solution (0.05 mol dr¥) to cut the

[

former value is not reported. We investigated pressure effects
in O,/CO, mixtures, keeping the amount of,0n the cell
constant. Thus, the mole fraction of individual components and
also the critical point of the mixture change continuously with
the increase of COpressure. The estimation method of the
critical point of fluid mixtures was presented by LitIn the
typical mixture with 1.97 MPa @at 308 K (the corresponding

| Oz density, 0.78 mol dm?), the experimental temperature (308

K) is higher than the critical temperature of the mixture at any
total pressure. The region where the total pressure is smaller
than 8.0 MPa (the corresponding total density is 5.2 mofgm

is estimated to be in the gas phase because the total pressure is

smaller than the critical pressure of the mixture. When the total
pressure is larger than 8.0 MPa, the region is regarded to be in
supercritical phase.

Results

light shorter than 210 nm. The cross section of the deuterium  Products. A broad absorption between 230 and 300 nm
lamp light had a circular shape of diameter 10 mm as drawn in represented by a solid line in Figure 2 was generated,n O
Figure 1. Absorption spectra were dispersed by a 75 cm CO, mixtures with KrF excimer laser irradiation. The spectrum
monochromator (Jobin-Yvon, HRS2) and detected by a photo- in Figure 2 was already corrected for the contribution of O
multiplier (Hamamatsu Photonics, R928; detection range;-185 absorption. The noise at about 250 nm is due to the scattered
900 nm). The output signal was amplified and recorded on a KrF excimer laser light at 248 nm. The dotted line shows the
personal computer. During the laser irradiation, the contents of absorption spectrum of Hartley band (B8%) — X(1'A;)) of

the cell were stirred by the magnetic stirrer. O3 which is scaled to the experimental value at the experimental
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Figure 3. Typical time profiles of ozone concentration with KrF
excimer laser irradiation. Solid line: observed profile. Dotted line:
simulation from eq 2. Experimental conditions: total density 11.9 mol
dm~3, CO; balance, temperature 308 K, pulse energy 3.8 mJ phlse
laser repetition rate 10 Hz. (A) .49 MPa (0.19 mol dr¥), a =

1.1 x 10* molecule cm®s7%, b = 0.10. (B) Q 0.98 MPa (0.39 mol
dm=3), a= 3.1 x 10 molecule cm®s™%, b= 0.15. (C) G 1.97 MPa
(0.78 mol dn13), a= 5.2 x 10* molecule cm®s™%, b= 0.15. (D) Q
2.94 MPa (1.17 mol dr¥), a = 8.0 x 10" molecule cm?® s,

b = 0.15.

peak maximum. Both profiles accord with each other, showing
that G; is generated in @CO, mixtures with KrF excimer laser
irradiation. No other appreciable absorption was detected in the
UV and visible regions.

Ozone concentration was calculated from the absorbance of
O3 at 255 nm, adopting the absorption cross section in the gas
phase at 255 nm (1.1& 1017 cn? molecule'!).1” Because
the Hartley band (BB, — X(1'A;)) of Oz is an allowed
transition, the @ absorption cross section is expected to be
almost independent of the solvent density. We have indeed
found experimentally that the relative value of theaDsorption
cross section is kept constant witht10% in the total density
between 1 and 12 mol dm. Troe and co-worker calculated
the G; concentration in dense-NAr, and He media without
taking account of any pressure dependence of therOss
section’ They employed an ©absorption cross section of:9
10718 cn? molecule® at 265 nm that accords with the present

value at 255 nm, taking wavelength dependence of the absorp-

tion cross section into account.

Time Profile of Ozone Formation. Typical time profiles of
O3 concentration plotted against the irradiation time are
presented by solid lines in Figure 3. The; ©oncentration
increased monotonically with the irradiation time, and then it
reached a constant value. Here, it should be noted that the
concentration corresponds to the accumulatgdddcentration
from individual laser pulses during the irradiation time.

We tried to analyze the time dependence gttOncentration
by the following equation containing two terms:s @rmation
rate,a, and Q decomposition ratey[O3]:

d[O,)/dt = a — b[O] (1)
Integrating it, we obtain
[04] = (a/b)(1 — ™) )

Experimental time profiles of ©concentration were fitted to
eq 2 by the least-squares method for nonlinear equations
(Levenberg-Marquardt method)? using a and b values as
fitting parameters. The calculated time profiles, adopting the
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Figure 4. Pulse energy dependence of ozone formation mtand
ozone decomposition rate constantFilled circles: ozone formation
rate,a. Open circles: ozone decomposition rate constanExperi-
mental conditions: ©1.97 MPa (0.78 mol dn¥), total density 11.8
mol dnT3, CO, balance, temperature 308 K, laser repetition rate 10
Hz.
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Figure 5. Ozone formation rates, as a function of the Econcentration

at constant total densities. Filled circles: observed values at 5.0 mol
dm™3 of the total density. Open circles: observed values at 12.0 mol
dm™3 of the total density. Solid line: prediction from eq 18 at 5.0 mol
dm3 of the total densityKi7/kis = 0.9 x 10-2' cm® molecule’?). Dotted

line: prediction from eq 18 at 12.0 mol drhof the total density K7/

kis = 0.9 x 1072 cm® molecule’?). Experimental conditions: temper-
ature 308 K, CQ@balance, pulse energy 3.8 mJ pufsdaser repetition
rate 10 Hz.

determineda and b values, are presented by dotted lines in
Figure 3 that satisfactorily accord with the experimental data.
Equation 2, thus, can explain the time profiles of thg O
concentration adequately. In the following sections, we will
show the determined andb values as the functions of pulse
energy, Q concentration and solvent density.

Ozone Formation Rate @). The G formation rate & under
a supercritical condition (total density, 11.8 mol dinshows
a linear dependence on the pulse energy as shown in Figure 4.

Theavalues are plotted againsg €oncentration in gas phase
(total density, 5.0 mol dr¥) and in supercritical phase (total
density, 12.0 mol dm?) in Figure 5. The inserted curves are
estimated according to the reaction model as will be described
later. The present results show tlaais almost proportional to
the first order of @ concentration, independent of the €0
density.
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Figure 6. Ozone formation rateg, as a function of the total density.
Filled circles: observed values. Solid line: prediction from eqki@ (
kis = 0.9 x 1072 cm® molecule’?). Experimental conditions: £1.97
MPa (0.78 mol dm?), CO, balance, temperature 308 K, pulse energy
3.8 mJ pulse?, laser repetition rate 10 Hz. The range of the data
scattering is shown by the error bar in the figure.
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Figure 7. Fraction of the 248 nm light extinctionlo(— 1)/1o, plotted
against the total density. Filled circles: experimental fraction from
which the contribution of ozone is already subtracted. Solid line fraction
of the absorbance of (predicted from eq 3. Experimental conditions:
0, 1.97 MPa (0.78 mol dr¥), CO, balance, temperature 308 K, pulse
energy 3.8 mJ pulsé, laser repetition rate 10 Hz.
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Figure 8. Quantum yield of ozone formatiog, as a function of the
total density. Filled circles: experimental values. Solid line prediction
from eq 20 ki/kis = 0.9 x 102! cm® molecule). Experimental
conditions: Q 1.97 MPa (0.78 mol dn¥), CO, balance, temperature
308 K, pulse energy 3.8 mJ pufselaser repetition rate 10 Hz. The
range of the data scattering is shown by the error bar in the figure.

to a transition witPAA = 2 is induced by the collision-induced
relaxation of the angular momentum selection rule, due to the
perturbation by @ and/or by foreign gaseé®® The Herzberg

[Il absorption in Q/CO, mixtures has the density-sensitive cross
section expressed by the following equation:

®3)

Ototal = Op T 010)P(0,) + O1(co)P(coy

whereoa is the total cross sectiowy is the cross section at
zero pressuregyg is the density coefficient of component

and p;y is the density of componemf The estimated fraction

of 248 nm light extinction from eq 3 is shown as a solid line in
Figure 7 for the typical experiments with 0.78 mol dhrO,,
employing the values ofop and oy5 from the previous
research:op = 3 x 102% cn? molecule’!, 010y = 3.71 x
10#4, andoycoy = 3.45 x 1044 cmP molecule’® at 248 nm?

The estimated fraction has a good agreement with the experi-
mental fraction.

Thus, we estimated the quantum yield of @rmation
corresponding to tha value on the basis of the,@bsorption
which was estimated from eq 3. Figure 8 shows the quantum
yield (filled circles), which increases in the low total density
region and then decreases with the increase of the total density.

partial pressure is shown by filled circles in Figure 6. The The curve in the figure is estimated from the reaction model
inserted curve is also estimated from the reaction model described later.

described later. As the CQilensity increases, the value af Ozone Decomposition Rate Constantd). The values ob
increases monotonically in the region of the total density smaller are already plotted against the laser pulse energy in Figure 4,
than 3 mol dm?3, and then remains constant in the region of which increases proportionally with the increase of laser pulse

the total density larger than 3 mol dih
Absorption of KrF Excimer Laser Light by O ,. We

energy. On the other hand, the dependencd® oh the Q
concentration at two constant total densities (5.0 and 12.0 mol

measured the extinction of the irradiation laser light at 248 nm dm~2) in Figure 9 shows that the value stays constant with

as a function of the total density, when thg &ncentration
reached a constant value. In Figure 7, the fractien—(1)/lo,
from which the contribution of @ absorption is already

respect to the @concentration. The dependencebobn CO,
density is shown by the filled circles in Figure 10a. With the
increase of C@density, the value increases in the region of

subtracted, is plotted against the total density. It increases withthe total density smaller than 3 mol dfj reaches a peak at

the increase of the CQlensity.

The photoabsorption augmentation of i@erzberg bands and
Herzberg continuum by Ditself and by some foreign gases

(N2, CO,) has been extensively studied in gas and supercritical
phases:1*-23 |t is concluded that the photoabsorption augmenta-

tion of the Herzberg Il system (RA, < X 3%47) corresponding

around 5 mol dm? of the total density, and then slightly
decreases with respect to the £density.
Discussion

Ozone Formation Process in Pressurized © Several
researchers studied sCformation with KrF excimer laser
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Figure 9. Ozone decomposition rate constantas a function of the

O, concentration at constant total densities. Filled circles: values at

5.0 mol dn1® of the total density. Open circles: values at 12.0 mol
dm~3 of the total density. Experimental conditions: temperature 308
K, CO, balance, pulse energy 3.8 mJ pufsdaser repetition rate 10
Hz.
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Figure 10. Ozone decomposition rate constant.andy value as a
function of the total density. (a) Filled circles: obsenkedalues. The
range of the data scattering is shown by the error bar. (b) Filled
circles: observeg values. Solid line: prediction from eq 3@{/kzs

= 3 x 10**molecule cm?). Experimental conditions: temperature 308
K, CO; balance, pulse energy 3.8 mJ pufsdaser repetition rate 10
Hz.

irradiation from Q in gas phase. It is important to note that the
energy of 248 nm light is smaller by 0.12 eV (11.1 kJ mipl
than the dissociation threshold of @t 242.4 nn?* Slanger et
al5first found that Qs produced from unfocused KrF excimer
laser irradiation to pure DAfterwards, Shi and Bark&rstudied
the reaction between electronically excitegdi®the Herzberg
states (A3, A’ 3A,, ¢ 1X,7) and ground state £X), and
claimed that @ and atomic oxygen are formed through the

Otomo et al.

above reaction. Brown and Vaiffawho studied the photo-
chemistry of (Q), dimers in cold jet with resonance-enhanced
multiphoton ionization claimed that' £A + X 3%y~ «— X 324~

+ X 324 transition of (Q), dimer takes place from 251 to 266
nm, which subsequently yieldss@nd atomic oxygen to some
extent.

As already mentioned, £A' 3A,) is generated through O
absorption at 248 nm. The fact thab(@' 3A, ) is almost
isoenergetic with @A 3=,") and Q(c '=,) might cause a rapid
internal conversion and/or intersystem crossing among the
Herzberg states (AS,", A’ A, , and/or c'Z,"). The excited
Ox(A 33t A" 3A,, ¢ 1Z,7) is considered to react with the
ground state gfX 3%47) according to Shi and Barké? although
we cannot identify which Herzberg state eventually reacts with
O,(X). Thus, the reaction mechanism of @rmation in gas
phase Qis represented as follows.

O,(X) + 248 nm— O,(A") (4)
OL(A) = O,(A C) (5)
O,(AA’,Cc) + O,(X) — O, + OCP) (6a)
— 0y(X) + O4(X) (6b)

Under the present experimental conditions3R)(generated
through reaction 6a exclusively reacts with 10 yield Os:

OCP)+ O,(X) + M — O, + M (7)

Since the Qabsorbance at 248 nm is smaller than 3% in the
present experiments,;@bsorption is approximately represented
by 01(0)[02]%L from eq 3, wherel is the optical length (3.3
cm) along the laser axis. The contributionogfcan be neglected
under the present experimental condition of high-pressuyre O
Thus, the @ formation rate &) is expressed as

_ 2503)[0,)L

a Vv

(8)

Here,n is the branching fraction of reaction 64,is the cell

volume, andl is the laser intensity (photon™ which is

estimated at the center of the cell. The linear energy dependence

of eq 8 is consistent with the result in Figure 4. We estimated

then value by dividing the observealvalue by 201(0,[O2]?L/

V according to eq 8, and obtaingd= 0.15+ 0.01 in pure @

from 0.98 to 1.97 MPa. Similarly, we estimated thevalue

from the experimental data of Shi and Barkeand obtained;

=0.12-0.15in pure @from 0.03 to 0.21 MPa. It is important

to note that the values from the present work and Shi and

Barker’s experiments are very close, which guarantees that the

principal G; formation mechanism is the same in purg O
Slanger and Shi also discussed an autocatalytic mechanism

of the G formatior?>26 via vibrationally excited @ (X 3Z47)

produced through subsequent photolysis of the prodgiatitBin

the same laser pulse.

O, + 248 nm— O('D) + O,(a*Ay) (9)
—0(CP)+0,'(X °%y) (10)
0,'(X) + 248 nm— O,(B %%, ) —20¢P)  (11)



Ozone Formation in Supercritical Carbon Dioxide
0,'(X) + M — O,(X) + M (12)

OCP)+ O,(X) + M — O+ M (7)

J. Phys. Chem. A, Vol. 104, No. 15, 2008837

of 10 mol dnt3. Also eq 14 cannot reproduce the first order
O, concentration dependence ashown in Figure 5, because
eq 14 implies almost the second order of @ncentration

dependence of. According to the above discussion, it is

We estimated the contribution of the above autocatalytic Suggested that some additional mechanism is present to produce

mechanism for the ©formation rate 4 under the present

experimental conditions as discussed below. First, the amount

atomic oxygen or @from Oy(A,A’,C).
We will consider the possibility of @formation via CQ

of O,(X) obtained from reaction 10 was estimated, using the intermediate species from excited @rd CQ. Recently, CQ

absorption cross section of;@t 248 nm (1.07x 10717 cn?
molecule’!),'” the branching fraction of reaction 1@ (~

molecule was studied by ab initio method by several research-
ers3-40 The following processes on singlet and triplet potential

0.1)?>2%and the employed laser power. Second, the amount of gnergy surfaces are plausible.

regenerated ©through reactions 11, 12, and 7 was estimated.
As the absorption cross section for reaction 11, we employed

the empirical value, 1.5< 10718 cm? molecule’l, from the
literature?® The quenching rate constants by 6 CO; for
reaction 12 are reported to be #8-10-15 cm® molecule®

s 1.2%-31 Finally, we found the contribution of the autocatalytic
mechanism fom is smaller than 10% in pure at the present
typical condition (density 0.78 mol/di It becomes smaller
than 1% when the total density is larger than 5 mofdmO,/
CO;, mixtures.

In addition, while highly vibrationally excited £XX) from
reaction 10 was expected to react with ground staie<0to
yield O; and atomic oxygef recent ab initio calculation has
denied any important contribution of the above reactiom

O,(c'E, )+ COX '5,") —~ CO,1'A)  (15a)

O)(A%5,", A7°A,) + COX '5,") — CO,1°B,) (15b)

CO(1'A)) —~ O4(X *A)) + CO(X '5,")  (16a)

CO, (1°B,) — CO4(X 'A,) + OCP) (16b)

According to Averyanov's calculatio?®;®® reaction 15a is

conclusion, the autocatalytic reaction through the production energetically possible under the 248 nm irradiation (exothermic

of vibrationally excited G(X) is not important under the present
experimental conditions.

Ozone Formation Process in @CO; Mixtures. In O,/CO,
mixtures, Q photoabsorption is augmented by €85 well as
by O, itself. It is important to investigate whether ¢@lso
plays the role of producing £or not. At first, we will assume
that CQ only acts as a collisional quencher of excited i®
Herzberg states. The relevant processes are

O,(X) + 248 nm— O,(A") 4)
O,(A") = O,4(Ac) ®)
O,(AA',c)+ CO,— O,(X) + CO, (13)
O,(A,A",C) + O,(X) — O, + OCP) (6a)
— O,(X) + O,(X
H(X) + O4(X) (6b)
Thus, the @ formation rate &) is expressed as
2IL
a=7(1010,[02)" + 101co,[CO,] %
(@)
ke[O,] (14)

O} 10+ kdcoy

The meanings oV, L, |, 7, andoy in eq 14 are the same as
those in eq 8.

We tried to estimate the value afby eq 14. Because the
collisional removal rate constant of ;') has not been
reported®*-37 we employed the collisional removal rate con-
stants of Q(A,v=7) asks andk, 3,36 considering that the energy
difference between £A,»=7) and Q(X,»=0) is nearly equal

to the 248 nm photon energy. Equation 14 then predicts that
most excited @A,A’,c) molecules are electronically quenched

by CO,, becausé;3[CO;] is much larger thams[O,] under the
present conditions. The predicted @ield is, therefore, only

by 0.56 eV), while the required energy for reaction 15b is larger
by 0.56 eV than the energy of 248 nm light. However, taking
the uncertainties in ab initio calculations into account, both
singlet and triplet reaction paths cannot be denied at present.
Indeed, the energy level of GQA'A;) by ab initio second-order
Mgller—Plesset (MP2) level from several researctefiscatters

in the range of 0.4 eV.

Reactions 16a and 16b are considered to be exothermic
reactions, although the energy level of §XA1,Cy,) by MP2
leveP841-43 scatters in the range of 2.5 eV. The produce#PP(
from reaction 16b exclusively converts tg Onder the present
condition, and thus the discrimination between reaction 16a and
16b is impossible so long as onlys@rmation is concerned.

In order to check the possibility of CO formation, we tried to
detect CO production in £CO, mixture gas-chromatographi-
cally (Shimadzu, GC-8APT; column, Unibeads C) after the KrF
excimer laser irradiation. We, however, failed to observe CO
formation, which indicates that the relative contribution of
reaction 16a to 16b should be lower than 2%, considering the
detection limit of CO by the employed gas-chromatographic
measurement. The plausible reaction, thus, proceeds through
reactions 15b and 16b.

Taking the decrease of the quantum yield of fOormation
with the increase of solvent G@ensity into consideration, the
guenching process of G@nay occur in parallel with reaction
16, as presented by reaction 17.

CO,+M —CO,+ 0, +M 17)

From the above discussion, thes Gormation rate &) is
expressed as

(18)

10% of the experimental value under the typical total density where
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5 ki[O,] consistent with this proposed relationship. Provided hé
Y = 217(010,)[O2]" + 03¢0 )[COI[O]) [0,] + k.{CO + not dependent on roncentrationb is also independent of it.
kelO] 1{CO Indeed, it is found in Figure 9 thatis kept constant with respect
(01(02)[02]2 + 03cq)[CO,] X to O, concentration. Concerning the dependence afn the
k,JCO,] K total density, experimentally determingdvalues from Figure
[0,]) 15 16 (19) 10a and eq 22 are plotted in Figure 10b. Under the typical
ke[O,] + ki[CO,] kyAM] + kyg condition ¢ = 1, | ~ 4.0 x 10 photon s, V = 5.0 cn¥, o

_ ) = 1.07 x 10 cn? molecule’!, L = 3.3 cm), ¢loL/V is
Here, we will predict thea value by eq 18. We employ the  calculated to be 0.28.
collisional removal rate constants ob@,v=7) asks andkis We will consider the dependence gfvalue on the total
(ks = 3.5 x 10"t cm® molecule* s7%, ks = 7.2 x 107 em® density based on a possible reaction mechanism. In gas phase,

molecule™ s™)* as previously. Figure 6 shows that a successful it is reported that D) generated by photodissociation 0§ O
agreement between the experimental data and the predictions deactivated through collision with G@

from eq 18 is obtained when we employ 0:9 1072 cm?

molecule® as the value okj7/kie. As shown in Figure 5, the o('D) + co,— 0(P)+ CO, (23)

O, concentration dependence @fs also explained well by eq

18. Whenk, is assumed to be 1&' cm® molecule? s71, kyg Subsequent reactions of ) are considered to regenerate O

should be on the order of 30s™1, which is within a plausible

range as a unimolecular decomposition rate conétahawever, o(3p) +0,(X) +M — 0O, +M (7)

further quantitative analysis for the validity of the/kis value

may be needed. When reaction 23 proceeds exclusively, the valueyofs
The quantum yield of @formation is then expressed by expected to be 0, because the same amountoe@enerates

through reaction 7. In the present experiments where pdre O
¢= Y/(Gl(oz)[oz]2+ 03c0)[CO[O,]) (20) (the total density is the same as J@f 0.78 mol dnT3) is

irradiated, the experimentél and y values are actually very
The prediction from eq 20 shows a good agreement with the small o = 0.0009,y = 0.003) as shown in Figure 10a,b. The
experimental data as shown in Figure 8. In conclusion, reaction value ofb, however, has been found to increase with the increase
between excited ©and CQ should be responsible for the of CO, density. In the region where the total density is larger
formation of Q in high-density @’CO, mixtures, although C© than 3 mol dm?3, b has the value of around 0.15. The
is generally considered as an inactive solvent. corresponding value of is approximately 0.5 as shown in

Ozone Photolysis and Subsequent Processéss already Figure 10b, which indicates that there should be another reaction

mentioned, when @is photodissociated in the Hartley band mechanism in which GD) or OCP) is trapped so as to suppress
under the 248 nm irradiation, a singlet channel and a triplet the regeneration of £

channel are obeyed as shown by the following equations. Froese et al! calculated the reaction pathway on a singlet
energy surface of @D) + CO,(*Zy") and a triplet energy
0, + 248 nm— O('D) + O, (a*A,) (9) surface of OfP) + COy(134") by ab initio method. They claimed
that the intersystem crossing from the singlet surface to the
—0CP)+ 0,'(X 329_) triplet surface may occur through the formation of £Md that
(10) the reaction pathway on the singlet surface leads to a bound

region of the singlet surface where gtermediates ofC,,
and Dz geometry exist. Their energies are lower by 163 kJ
mol~t (Cp,) and by 146 kJ moit (Dsy) than OtD) +
COx(*24"), respectively.

Experimental evidence for the existence of 8®condensed
CO; was given in previous researches. Several reseaféhrs
observed the formation of GOn CO, matrix through the
d[oy] slol reaction of CQ and O{D). DeMore et al? investigated the
——=—""104 (21) 253.7 nm photolysis of ©in liquid CO, (228 K, density: 25.8

dt v mol/dm?). They discussed that the quantum yield of O
disappearance is controlled by the following reactions.

The quantum vyield is reported to be 0-:88.9 into the singlet
channel, and 0.150.1 into the triplet channel at 248 nih?8
Because the ©absorbance at 248 nm is smaller than 20% in
the present experimentsz@bsorption can be approximately
represented by[{Os]L. Therefore, the rate of thes®hotodis-
sociation is expressed by the following equation:

where¢ is the total quantum yield of eqs 9 and 10, which is
equal to 1Vis the cell volumeg is the absorption cross section

l —_—
of Oz at 248 nm, and_ is the optical lengthl is the laser O(D) +CO,+M—CO; + M (24)
intensity expressed by photon number per second and is R
estimated at the center of the cell. CO;+CO;—~2C0, + O, (25)

There is some possibility that 30s regenerated through
subsequent processes. Thus, thed€composition ratey[O4],
in eq 1 should be expressed by the following equation.

In the present experiments, a similar mechanism should be
obeyed. However, reaction 25 may not be an elementary
reaction, and the initial process may proceed as follows:

loL
b[O4] = y—d’v [O4] (22) CO4(X *Ap) + COy(X 'A;) — CO,(1'A)) + COX '5,")
25a
Here,y empirically represents the efficiency of the decomposi- (252)
tion of Os which is defined as (photodissociateds & because the above spin-allowed reaction 25a is exothermic
regenerated ¢)/photodissociated £ Equation 22 implied 0 according to Averyanov’s ab initio calculatidh.Most of

[, and the result of the pulse energy dependence in Figure 4 isproduced CQ(1'A,) are likely to decompose into G@nd Q
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through eq 17 as discussed later, and thys@ot expected to  the shortage of reliable rate constants of corresponding elemen-
be regenerated to a meaningful amount through the; CO tary reactions. For further analysis, we need to develop a
reactions. It is, thus, plausible that the disappearance of oxygentechnique that realizes the direct observation of intermediate
atom in the present £LO, mixture is caused by reactions 24 species such as G@nd CQ.
and 25.

Reaction 24 is considered to be consisted of the following Concluding Remarks

competing processes. The following conclusions are obtained from the KrF excimer

laser photoinduced £formation reaction in @CO, mixtures.

1 . *
O(D) + CO,—~ CG; (26) 1. The predominant pathway of;@ormation in a Q/CO,
3 mixture is the reaction between the exciteg{3X,", A’ SA,
CO;* — CO, + O(P) (27) , ¢1Z,7) and ground state CQo form CQ, intermediate species,
and then @is produced from the subsequent reactions.
COF +M—CO;+ M (28) 2. The solvent density effects on the; @rmation are
explained by two processes that have inverse dependence on
o('D) + 0,— OCP)+ O, (29) the solvent density. With the increase of the solvent density,
the absorption cross section of Herzberg Il system gfiO
They value is, thus, represented by enhanced. On the other hand, the collisional quenching of the
CO, intermediate species generated from the reaction of
B [CO,) [M] 30 Oy(A,A',c) + CO, causes the decrease of @rmation with
V= Koo Ky7 (30) the increase of the solvent density.
k_26[02] +[CO)] P +[M] 3. During the KrF excimer laser irradiation, the @ncentra-

tion is kept at a relatively low concentration. The regeneration

The values of 1.28< 10-2° and 4.2x 10~ cn® molecule of 03. after the photolysis of @may.be suppressed due to the
s are employed forkys and kag from the quenching rate reaction between @D) and CQ to_yleld CGs. The cage effect
constant data in gas pha®€lhe predicted curve from eq 30 is may also Suppress the;@hotolysis to some extent..

shown in Figure 10b, when the value lof/kes is selected to 4. Any specific CQ pressure effect for the {Jormation and

be 3x 102 molecule,cm3 Provided that the quenching rate photodecomposition is not observed in the near-critical region

itva 3
constantkeg, is around the same as the valueskafand ky, (total density~ 5 mol dnT™).
the value ofk,7 should be equal to 26-10'"1 s1, which is in . .
a plausible range as a unimolecular decomposition rate constant.se';‘::ckr?%vrletﬂgm;untﬁn;”g?owr(;r; 'iﬁ?}g%;ugﬁoggge?y fl(?)re-the

Although eq 30 qualitatively expresses the behavigr edlue . . g € ~ap y 10
as a function of the total density, the quantitative agreement Promotion of Science (96P00401), which is greatly appreciated.
between the prediction and the experimental result is not good
particularly, in the density region larger than 5 mol thas
shown in Figure 10b. This deviation might be due to following (1) Koda, S.; Oshima, Y.; Otomo, J.; Ebukuro, Rtocess Technol.
three mechanisms, namely, (1) the decomposition of, CO Pro‘éé)H;?g‘dgregsj g‘fmro'z”g?’goﬁolnfb 97J'_ Tsuruno. T OshimaJy
generated through reaction 25a, (2) the decomposition of groundpngtochem. Photobiol A: Cheri998 115, 7. T T
state CQin the subsequent processes, and/or (3) the cage effect  (3) Oshima, Y.; Okamoto, Y.; Koda. S. Phys. Cherrl995 99, 11830.
of Oz photolysis in dense COmedia. First, the influence of (4) Combes, J. R.; Johnston, K. P.;Sbea, K. E.; Fox, M. AACS
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