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Abstract

KrF excimer laser-induced reactions in the mixture of ethylene/Q./CO, under sub- and super-critical conditions were investigated. The
main products were acetaldehyde and ethylene oxide. The total quantum yield decreased with the increase of mixture density, but the branching
ratio between the two products were almost independent on the density. The branching ratio was found 10 be what is expected if the reactive

species is OC'P). Any distinctive specific pressure effect has not been observed in the near-critical region.
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1. Introduction

It was found in our previous research | 1] that relatively
large amounts of oxidized products were obtained when a
mixture of ethane (C,H,) /O, was photolysed with KrF exci-
mer laser light at 30-40°C at pressures close to the critical
one, in spite of the fact that both C,H, and O, do not absorb
the KrF excimer laser light at ordinary pressures. Atthattime,
the mechanism of the 248 nm light absorption was not clear.
Later. we studied the effect of pressurized foreign gases on
the photo-ubsorption of O, in the 230-280 nm wavelength
range [2]. The photo-absorption by O, in the mixtures with
CO.. ethylene (C,H,) and several other gases was found o
increase considerably with cross-sections proportional to the
number density of the foreign gases. It was concluded that
the mechanism of the absorption augmentation is the colli-
sion-induced relaxation of the selection rule for the dipole-
forbidden Herzberg TII system (A"A~X'%, ). In the
neighborhood of critical point, light scattering also contrib-
utes to decrease the transmitted light intensity. This scatter-
ing, in some cases, might be useful in order to lengthen the
effective absorption path length which is important for com-
plete absorption of photon.

On the other hand, the supercritical CO, is a potential
alternative solvent for various photochemical reactions, par-
ticularly for photo-initiated oxidation reactions, due to the
non-flammability of CO,. Thus, we are studying
photo-induced oxidation reactions of ternary mixtures of
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hydrocarbon/0,/CO,. The present paper reports the case of
C,H, in order to understand the behavior of typical olefins
which are expected to trap some active species during the
reaction.

2. Experimental

‘The experimental apparatus is shown in Fig. I. The reac-
tion cell consists of a stainless-steel cylinder (length, 31 mm:
inner diameter, 16 mm) with quartz windows at both ends
for light introduction. After evacuating the cell, C,H, and O,
were introduced into the reactor 1o an individual fixed pres-
sure (typically. C,H,. 11-20 atm: O, 6-11 atm). followed
by the addition of CO, up to the reaction pressure. The con-
tents were mixed with a magnetic stirrer inside the cell for 5
min, and then a KrF (at 248 nm) excimer laser (Lambda
Physik: Lextra 100) irradiated the mixture for a desired
period (typically. 560 min at a 10 Hz repetition rate ), with
keeping the stirring of the contents all through the irradiation.
The reaction cell was placed in a constant temperature bath
at 308 K. After the irradiation of a desired period, the contents
were expanded into a container at 1 atm for quantitative
analysis by gas chromatography. The laser intensity coming
through the reaction cell was monitored using a joule meter
(Gentec, ED-500).

The PVT relation of the mixture was estimated using a
modified BWR equation with appropriate parameters.
Adopted &;; values are: 0.0370 for C,H,~0,, 0.0537 for C,H.—
CO,. and 0.0018 for 0,—CO. | 3. Because the relevant val-
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Fig. 1. Experimental apparatus. P: pressure gauge, T: thermocouple.

thermostat

ues for O, are not known, we employed the values of N, in
place of those of O,. The mixture density was thus derived
from the initial C,H, and O, amounts and the total pressure.

In the present method of changing the pressure in order to
investigate the pressure effect, the fraction of individual com-
ponent is continuously changing, and then also, the critical
point of the mixture. We estimated the critical temperature,
pressure, and density for the mixture whose composition is
the same as that of the experimental mixture under the given
pressure using the above PVT relation. According to the
estimation, in the typical experiments of 11 (or20) atm C,H,
and 6 atm O, at 308 K, the experimental temperature (308
K) is always higher than the critical temperature of the mix-
ture at any pressure studied. When the experimental pressure
is higher than 73 atm (or 67 atm in the case of 20 atm C,;H,)
with the corresponding mixture density of 5.1 (or 4.1) mol
17", it is higher than the critical pressure of the mixture, and
thus, the experimental mixture can be regarded to be in the
supercritical region. Below 73 (or 67) atm, the mixture can
be regarded to be in the gas phase.

3. Results and discussion
3.1. Products

Acetaldehyde (CH;CHO) and ethylene oxide (C,H,O)
were main products. CO was also detected. The main-product
yields show linear dependence on the pulse energy as shown
in Fig. 2, which indicates that the process is initiated by one-
photon absorption.

Fig. 3 shows a typical time dependence of the three prod-
ucts under the conditions in the gas phase. On the other hand,
an example in the supercritical region is shown in Fig. 4 (in
this experiment, CO was not tried to measure ). The yield of
C,H,0 increases linearly with time, which indicates that
C,H,0 does not react to any appreciable extent through sec-
ondary reactions or subsequent photolysis. On the contrary,
the yield of CH;CHO shows a tendency to become flat upon
the continuation of the irradiation, and CO has a certain initial
time delay. The concerted behavior of these products strongly
suggests that the primarily produced CH,CHO is photolysed
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Fig. 2. The product yield as a function of laser pulse energy. Reaction
conditions: C,H,, 11 atm; O, 6 atm, total pressure, 65.5 atm; temperature,
308 K; irradiation time, 10 min at 10 Hz. (3, CH,CHO; O, C.H,0.
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Fig. 3. The time dependence of the product yield (1). Reaction conditions:
C,H., 20 atm; O,, 6 atn; total pressure. 65.5 atm; temperature. 308 K; laser
pulse energy, 40 mJ pulse  '; irradiation. at 10 Hz. (J, CH,CHO:; O, C,H,0;
A, CO.
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Fig. 4. The time dependence of the praduct yield (2). Reaction conditions:

C,H,, 20 atm; O,, 6 atm; total pressure, 88 atm; temperature, 308 K laser

pulse energy, 20 mJ pulse " '; irradiation, at 10 Hz. ], CH,CHO ; O, C,H,0.

further upon the continuation of irradiation and CO is one of
the main products, i.e.,

C,H,—CH;CHO - CO+other products. (N

The other products may contain CH,, whose quantitative
analysis, however, was not performed.

By extrapolating the obtained fraction of CH;CHO against
the sum of CH,CHO and C,H,0, [CH,CHO]}/
{{CH,CHO] + [C,H,0]), as a function of the irradiation
time, the fraction at the beginning of the irradiation was
determined. Eventually, it was 0.55 in the case shown in Fig.
3, and 0.56, in the case shown in Fig. 4. In most cases, the
fraction obtained at the 5-min irradiation time (which was
0.50 in the former case, and (.51, in the latter case) is only
slightly smaller than the extrapolated values to time =0,
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Thus, the 5-min irradiation data will be used as representing
the time =0 values.

3.2. Product vield against the density

The total yield of CH;CHO and C,H,O obtained at the 5-
min irradiation time was plotted against the mixture density
in Fig. 5. Three different sets of C,H, and O, pressures at the
10 Hz irradiation with a small number of experiments at
different repetition rates were carried out. In parallel, the
intensity of the laser light coming through the reaction cell
was measured, and the fraction of the light extinction,
(I,—I)/I,, was plotted in Fig. 6. The photo-absorption is
considered to be mainly due to the partially allowed Herzberg
1 absorption due to O, itself, C,H, and CO, according to
the previous research [2]. Thus, the contribution to the O,
absorption was calculated based on the total absorption cross-
SeClion. Oy,,;, from the density p(i) of individual component
i according to the following equation,

(Tl()lu]:O-()+0-1(Ol)p(03)+(rl(col)p(col)
+o (CoH)p(CLH,), (2)

using the ¢, and individual o, () coefficients obtained in the
previous research [2]. The contributions of individual com-
ponents under the typical experiments with 11 atm C,H, and
6 atm O, are drawn in Fig. 6. The contribution of the oy, and
a,(0,)p(0,) terms is negligibly small. The reason for the
disagreement between the observed and estimated values in
the lower density region may be found in the difficulty to
measure the small absorption using the pulsed-laser joule
meter. The fact that the observed fraction of the light extinc-
tion, (1, —1)/1,, is 2-3 times larger than the estimated value
in the higher density region is attributable to the augmented
contribution of the light scattering in the mixtures under the
near-critical region. This fact gave a certain difficulty to pre-
cisely estimate the number of absorbed photons in the reac-
tion cell. However, for simplicity, we estimated the quantum
yield of the sum of CH;CHO and C,H,0, assuming that the

10 T T T
-
=]
Eo8
P o 6 o0
— [ele]
) Led
(SN p
= 6 o o° go o
= oy o
= 4L v %
- oS O <
g & o )
Lol el
B 2F
=
P
0 t L i
0 N 10 15

Density [mol 1]

Fig. 5. The product {CH;CHO + C,H,0) yield dependence on the mixture
density. Reaction conditions: temperature, 308 K; laser pulse energy, 20 mJ
pulse ™. O, C,H, 20 atm + O, 6 atm. irradiation at 10 Hz. 5 min; <, C,H,
11 atm + O, 6 atm; irradiation at 10 Hz, 5 min; 7, C-H, 11 atm + O, 1 [ atm,
irradiation at 10 Hz, 5 min: B, C5H, 11 atm + O, 6 atm, irradiation at 2 Hz,
25 min; 4, C,H, 11 atm+ O, 6 atm, irradiation at 5 Hz. 10 min: A, C,H,
11 atm + O, 6 atm, irradiation at 25 Hz, 2 min; ¥, C,H, 11 atm + O, 6 atm,
irradiation at 1 Hz, 50 min.
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Fig. 6. The fraction of the extinction, (/,—1)/I,, vs. the mixture density.
Temperature, 308 K. O, C,H, 20 atm+ (), 6 atm; <, C,H, 11 atm+ 0, 6
atm [0, C,H, 11 atm + O, 11 atm. The contribution of individual compo-
nents to the photo-absorption by O, is calculated using Eq. (2) in the text,
and the result for the C,H, 11 atm + O, 6 atm mixtures is drawn using dashed
lines. C,H, and CO, contribute exclusively.
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Fig. 7. Quantum yield dependence on the mixture density. Reaction condi-
tions: temperature, 308 K: laser pulse energy, 20 mJ pulse ™ '; O, C,H, 20
atm + O, 6 atm, irradiation at 10 Hz, 5 min; <, C,H, 11 atm + O, 6 atm;
irradiation at 10 Hz, 5 min; O, C,H, 1 atm + O, 11 atm, irradiation at 10
Hz, 5 min; B, C,H, 11 atm + O, 6 atm, irradiation at 2 Hz, 25 min; ¢, C,H,
11 atm + 0O, 6 atm, irradiation at 5 Hz. 10 min; A, C,H, 11 atm+ O, 6 atm,
irradiation at 25 Hz. 2 min; ¥, C,H,, 11 atm + O, 6 atm, irradiation at 1 Hz,
5O min.

observed decrease of the transmitted light finally corresponds
to the real absorption, considering that even the scatiered light
is eventually absorbed inside the cell. The quantum yield
estimated as above is shown in Fig. 7.

The quantum yield seems not to be strongly dependent on
the absolute and relative amount of C,H, and O,, in particular,
in the higher density region. The different repetition rate of
the laser pulse does not result in any apparent difference in
the quantum yield, provided that the total pulse number for
the irradiation is kept constant. This indicates that the main
reaction progress is completed before the next laser pulse
comes; the smallest time interval employed was 40 ms (25
Hz:.

The quantum yield is quite small; indeed it is ca. 0.01 at
the mixture density of 10 mol 1", which is much smaller
than the case of photolysis of C,H,/O,/CO, mixtures to yield
CH;CHO and ethanot as the main products under the similar
condition (C,H, = 11 atm, O, =6 atm, total density = 10 mol
1" at 308 K) of 0.05 [S. Koda et al., experimental results
whose details will be published elsewhere.]. It is also inter-
esting to note that the quantum yield has a tendency to
decrease rapidly with the increase of the density. Fig. 8 shows
the relationship between the quantum yield ¢ and the total
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Fig. 8. Logarithmic plot ol the quantum yield vs. the mixture density. The
data are taken from Fig. 7. The meaning of the kevs is the same. The hold

line shows the relationship, ¢ atp ' and the dashed line. d ot p

density p, using logarithmic scales. The dependency of ¢ on
p is approximately described by
é~p ' in the region p<8 mol I (3)

~p 7'in the region p>8 mol "', (4)

3.3. Fraction of CH,CHO against the density

The fraction of CH;CHO against the sum of CH.CHO and
C,H,O obtained at the 5-min irradiation time is plotted
against the mixture density in Fig. 9. The fraction is aimost
independent of the change of the ratio of C;H,/ 0., and is nol
affected by the different laser-pulse repetition rate.

3.4. Reaction mechanism

The oxygen molecule does not directly dissociate when it
absorbs the KrF excimer laser light at 248 nm. which is longer
than 242.4 nm, the conventionally accepted threshold for the
photo-dissociation of the ground electronic state O, (XX, )
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Fig. 9. The fraction, | CH;CHO | /¢ [CHCHO | + [C.H O] ). vs. the mixture
density. Reaction conditions: temperature, 308 K: laser pulse energy. 20 mJ
pulse ' O, CoH, 20 atm + O, 6 atm, irradiation at 10 Hz. § min: <, C-H,
I atm+ O, 6 atm: irradiation at 10 Hz. 5 min: (. C.H, 11 atm+ O, [ atn
irradiation at 10 Hz, 5§ min: 8. C,H, 11 atm + O, 6 atm, irradiation at 2 Hz,
25 min; 4. C,H, Il atm+ O, 6 atm. irradiation at 5 Hz, 10 min; &, C.H
'l atm -+ Q5 6 atm, irradiation at 25 Hz. 2 min: ¥.C.H, 11 atm+ O, 6 atm.
irradiation at 1 Hz. 50 min. The fraction for the reaction of O(C'P) + C.H
under the pressurized N, |4 is also shown by @.

| 5]. We have already suggested that the initial excited species
under the KrF excimer laser irradiation is O, in its A’ state
due to the absorption augmentation. However. there 1s only
a very poor bibliographical information concerning the reac-
tivity of O, (A™A,).

Below. we will qualitatively discuss a possible reaction
mechanism based on the results of the final product analysis.
Whether a certain reaction proceeds or does not proceed
between the nascent O, (A'*A,) and the foreign gas, prin-
cipally C,H,. concertedly along with the photo-absorption is
not known. We will, however. only take into consideration
the isolated Q. (A”*A,) (which will be described as O-* in
below ). whose plausible subsequent processes are:

0 +0, = O('P)+0, (5)
— quenching (6)
O *+C.H,~ reaction (7)
—~ quenching (8)
0.%4+C0O. -> quenching. (9)

The reaction (5) is certain to proceed, consulting the recent
observation of O, production at 248 nm irradiation [5-7]
and subsequent discussions for the mechanism. It is argued
that O, (A4, easily converts to vibrationally excited O,
and that the vibrationally excited O, can react with O, o yield
OC'P)+0..

The product of the O P) reaction with C,H,, at relatively
high pressure and/or in liquid phase is established to be
CH,CHO and C.H,0 [4.8]. Though some part of O, pro-
duced via Eq. (5) may be dissociated through the subsequent
laser pulses to yield O(' D) which is readily quenched in the
dense CO, to O(*P). the remaining part of O, might react
directly with C.H, [9]. whose products are not known in the
present mixtures. Whether the chemical reaction between O,
(A"'A) and C.H, proceeds or not is also not known.

The similarity of the products between the O(*P) reaction
and the present experiments is worthy to note. The fraction
of CHCHO from the O¢ *P) reaction with C,H, measured
under the pressurized N, [4] is compared with that of the
present experiments in Fig. 9. The fraction from the two
reaction systems is quite similar. taking into account the ten-
dency of the slight increase of the fraction from the time =5
min vadue towards time = 0 as mentioned in Section 3.1. The
other important observation that the total quantum yield is
much smaller than the case ot'the C,H,./0O,/CO, mixtures is
considered to evidence that the important intermediates such
as O(*P) are trapped by C,H,. o as not to induce any sub-
sequent radical reactions. In the C.H./0./CO, mixtures.
OC P} is expected to abstract hyvdrogen atoms from C.H,
and induces a certain radial chain reaction to result in higher
quantum yields. Thus. we suspect that most of the observed
CH CHO and C,H,0 are produced via the reaction of C,H,
with O('P). Unfortunately. we could not conclusively
remark about the products from the other oxidants, O,
(A"A,) and O..
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The main reaction route to yield CH.CHO and C,H,O is
the production of O( P) via (5), and its subsequent reaction
with C,H,. The quantum yield is expected to change inversely
proportional to the concentration of CO,, which is approxi-
mately obeyed by the relation (3), provided that the main
quencher of O,* is CO,. The more serious dependence al
higher densities described by Eq. (4) may be attributed to
greater diffusion limitation and/or stronger cage effect for
some active species. Though any detailed mechanism cannot
be identified, various cases are imagined. For example, the
elongated lifetime of the reaction pair, O,* + O, in a certain
cage may cause the change in the branching ratio between
(5) and (6).

4. Conclusions

The main products from the mixture of C,H,/0,/CQO,
irradiated by a KrF excimer laser are CH,CHO and C,H,0
under pressurized conditions. The primary absorption of the
laser light produces O, (A'*A,), while the ratio of the reac-
tion products suggests the principal contribution of O(*P) as
one of the real oxidants. Although the quantum yield shows

a tendency to decrease with the increase of the mixture den-
sity, any distinctive specific pressure effect has not been
observed in the near-critical region.
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