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Photochemistry of Solid Ozone
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Samples of neat solid ozone and ozone trapped in excess ice have been subjected to laser photolysis at 308 nm. Cross sections
for photoabsorption and photodestruction of the ozone are reported. The quantum yield decreases from 1.5 £ 0.2 in pure
ozone to 0.4 x 0.2 for ozone in excess ice. These yields are consistent with a reaction mechanism in which electronically
excited O('D) atoms are responsible for the photochemistry. In neat ozone, the atoms react with a neighboring ozone molecule
to form two oxygen molecules. In water, O('D) reacts to form hydrogen peroxide, HOOH. Ground-state oxygen atoms
produced in the initial photolysis of ozone most likely undergo recombination with O, to regenerate O;.

Introduction

Depletion of atmospheric ozone is a major environmental
problem, especially in the polar regions.! Several studies have
examined the photodissociation of ozone and subsequent reaction
of the fragments with 0,21 H,0,'%23 and other small mole-
cules.*3  However, the importance of ozone photochemistry in
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stratospheric ice crystals is largely unknown,*®3 and to our
knowledge no experimental investigation of this reaction in the
solid state has been reported until now. The work of Vaida and
co-workers*~3¢ on the effects of intermolecular interactions on
the electronic structure of simple molecules suggests that the
photochemistry could be very different from that observed in the
gas phase. This type of perturbative effect on the electronic
spectrum of ozone is the subject of the accompanying paper.’’

Here, we report cross sections for photodestruction of solid ozone
(neat and in excess ice) at 308 nm, as well as measurements of
the photoabsorption cross sections. The ratio of these is the
photodestruction quantum yield, which decreases from 1.5 £ 0.2
in pure ozone to 0.4 = 0.2 for ozone in excess ice. These results
are discussed in terms of the reaction dynamics in an environment
that severely restricts molecular motion.

Experimental Section

Details of the experimental apparatus and techniques are
presented elsewhere.®*® Briefly, mixtures of gaseous reagents
are deposited directly onto an optical window (quartz, CaF,, or
CsI) which is cooled to 10-77 K with a closed-cycle helium re-
frigerator. All of the results are temperature independent in this
range. Ozone was prepared by electric discharge of oxygen,
followed by distillation. Deposition rates were 3 umol/min, and
the total amount of ozone deposited was typically 30 umol.

The photodestruction cross section was determined by meas-
uring the UV absorbance (230-310 nm, Varian DMS-90 spec-
trometer) before and after irradiation with the 308-nm output
of a XeCl excimer laser (Questek Model 2200). The laser fluence
was 2.5 mJ/cm?/pulse as measured with an absorbing disk cal-
orimeter (Scientech Model 38-01). In some experiments, infrared
absorption spectra of the samples were obtained with a Digilab
Model FTS-40 infrared spectrometer.

Results and Discussion

The photodestruction cross section was determined by plotting
In (A4/ Ap) vs total laser fluence (photons/cm?), as shown in Figure
1 (inset). For optically thin samples, the slope of this linear plot
is equal to —o4. Absorbance at 308 nm was typically 0.1. Analysis
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Figure 1. Absorption cross section (base e} as a function of wavelength
for neat solid ozone at 10 K. The inset is a plot of ozone absorbance (at
270 nm) vs the number of laser pulses (ﬂuence = 4.0 X 10" photons/
cm?/pulse). The photodestruction cross section is obtained from the slope
of this plot (see text for details).

of photochemical measurements in strongly absorbing media is
the subject of a recent paper.*

Light scattering by some samples made it difficult to accurately
determine the absorbance base line. These cross sections were
evaluated by using a modified Guggenheim method*!

ay = agrap €Xp(0ade) + a.(1 - exp(o4de)) 1

where o, and 444 are the absorbances at fluences of ¢ and ¢
+ A¢, respectively, and «., is the absorbance base line. Both types
of data analysis yielded consistent values of 4. It should be noted
that while light scattering sometimes influenced the absorbance
measurements at short wavelengths (230-270 nm) it did not
significantly affect the amount of light absorbed at the photolysis
wavelength (308 nm). This was confirmed by direct measurements
of the incident and transmitted laser beam intensities. For pure
ozone samples a4 = (2.43 % 0.05) X 107!° cm? (four experiments).
For ozone in excess ice (H,0:0; = 10-50) o4 = (1.8 £ 0.4) X
107" cm? (five experiments). All uncertainties are quoted as 95%
confidence limits. Cross sections are base e.

In each experiment, the photoabsorption cross section at 308
nm was determined by measuring the absorbance at that wave-
length. For experiments in which light scattering was significant,
the absorbance base line, .., was determined from the intercept
of the Guggenheim plot. In the calculation of ¢, from the
measured absorbance, we assume that 11% of the total sample
is deposited in 1 cm? at the center of the cold window. This value
is based on the geometry of the deposition tube and window® and
has been confirmed by other experiments.®® Nevertheless, it
represents a major source of uncertainty in the determination of
o,. For pure solid ozone at 308 nm g, = (1.7 £ 0.2) X 1071 cm?.
This is essentially the same as the gas-phase value reported by
Davenport,® (1.51 £ 0.21) X 1071° cm?.

For ozone in excess ice, partial decomposition of the ozone
occurred in the vacuum manifold during deposition. The actual
amount of sample deposited was determined by measuring the
integrated IR band intensities at 1090 and 2104 cm™. These were
compared with a sample of pure ozone deposited under conditions
where decomposition was negligible. The IR bands of ozone are
not strongly affected by the presence of H,O, as shown by the
invariance of the relative intensities of the two IR bands under
all experimental conditions we have investigated thus far. The
308-nm photoabsorption cross section for ozone in excess ice was
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TABLE I: Relevant State-Specific Reactions of Ozone and Water?

reaction AH, keal /mol

OCP) + O(TA) = 20,(%;) 922 SA
O(D) + O,('A) — 20,0Z.) -137.4 SA
0,0Z,) + Oy(1A) = 20,(°%,) + OCP) 25.0 SA
0,('4p) + O;(1A) — 20,0Z,Yy + OCP) 2.9 SA
0,('Ze") + 0,('A) — 20,(5,") + O(P) -12.0 SA

(3P) ¥ H,0('A) — HOOH(A) -329 SF
O('D) + H,0('A) — HOOH(IA) 177 SA
O(’P) + H,0('A) — 20H(?II) 16.8 SA
O('D) + H,0('A) — 20H(I) -29.2 SA

4SF = spin forbidden and SA = spin allowed.

TABLE II: Primary Photolysis Channels for Ozone in Visible and
uv

photolysis channel wavelength threshold, nm

0,('A) — 0,(°2;) + OCP) 1180
— 0,(1A,) + OCP) 611
- oz(lz *) + OCP) 463
— 0,(°%;) + O('D) 411
— 0,('A) + O('D) 310
— 0,('z*) + O('D) 266

determined to be s, = (4.0 £ 1.9) X 107*° cm?,

The ratio of the photodestruction and photoabsorption cross
sections is the photochemical quantum yield (number of ozone
molecules destroyed per photon absorbed by the sample). In pure
ozone the quantum yield is 1.5 & 0.2 whereas in excess ice it
decreases to 0.4 £ 0.2. In the gas phase,'? the photochemical
quantum yield of pure ozone is nearly 6. In the presence of excess
water vapor it increases to a limiting value of 17. In the following
discussion, we speculate on some of the reasons for the smaller
quantum yields observed in the solid as compared with the gas
phase.

Primary photolysis of gas phase ozone at 308 nm is believed
to occur by two spin-allowed channels, reactions 2 and 3,27 where

[ OCP) + 0,02;) )
03 —
——- 0('D) + O4('4y) o)

¢ is the quantum yield for O(!D) formation. The oxygen atom
may react with another molecule of ozone to form two oxygen
molecules. In the solid state, we postulate that only O('D) atoms
react with neighboring ozone molecules. The most likely fate of
the O(*P) atoms is recombination with Q, to form ozone.

O('D) + 0; — 20, 4)
O(JP) + 02 - 03 (5)

We further postulate that electronically excited O, molecules
do not contribute to the destruction of ozone in the solid state.
Table I shows that the reaction of O,('Z,*) is exothermic, but
this species can only be produced at 308 nm via a spin-forbidden
process forming O(°P), as shown in Table II.

McGrath and Norrish® have reported evidence that the reaction
of O(!D) with O, produces a vibrationally excited O, molecule
with sufficient energy to further react with another O; and re-
generate O('D). However, vibrational deactivation of O, in the
solid state should rapidly lower its energy to below the reaction
threshold (v = 17), rendering the O, molecule unreactive.

If the reaction scheme outlined above is correct, then we should
observe a quantum yield for photodestruction of ozone which is
twice the quantum yield for production of O('D) in the primary
step. This is because O(*P) is assumed to undergo recombination
(no net reaction) while O('D) atoms each destroy a second O,
molecule in reaction 4. The primary O(!D) yield is reported to
be 0.79 £ 0.2 in the gas phase,**~* which is about half of our
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measured photodestruction yield of 1.5 & 0.2 in the solid state.
This lends support to the proposed reaction mechanism.
When ozone is trapped in excess ice, the measured photodes-
truction quantum yield is 0.4 £ 0.2. Reaction of O(°P) with H,0
to form hydrogen peroxide is exothermic, but spin forbidden.
O('D) atoms can form HOOH or two OH radicals. In the solid
state we expect that either mechanism would lead to the stabi-
lization and/or formation of HOOH due to radical recombination
in the reaction cavity.*’” If we again make the hypothesis that

O('D) + H,0 — HOOH (6)

O(P) atoms undergo recombination with their partner O, mol-
ecules and only the channels producing O('D) atoms are re-
sponsible for the net destruction of ozone, we predict that the
photodestruction quantum yield should be equal to the quantum
yield for O('D) formation in the primary step. Few direct
measurements of this quantity are available. Taube!® has reported
the O('D) quantum yield of ozone in liquid water to be 0.21 at
313 nm, so our value of 0.4 £ 0.2 at 308 nm is not unreasonable
agreement.

We have observed IR absorption bands in the photolyzed
0,/H,0 samples at 1405 and 2860 cm™! which are attributable
to HOOH reaction product.® These bands shift to 1075 and 2130
cm™! when the experiment is carried out with D,O, a result which
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is consistent with formation of DOOD. It is worth noting that,
in the gas phase, reaction of O('D) with H,O produces two OH
radicals. These are chain reaction carriers which make the overall
quantum yield for ozone destruction quite high. In the solid state,
however, the HOOH molecule is stabilized as a final product. No
chain reaction occurs, and the overall quantum yield for photo-
destruction of O, is low.

The experimental results suggest that the photolysis of O; in
stratospheric polar ice crystals is not an efficient mechanism for
ozone destruction because the solid itself inhibits the formation
of OH chain reaction carriers. In addition, the antarctic atmo-
sphere has a sharp wavelength cutoff at 310 nm, which is the
threshold wavelength for producing O(*D) atoms from ozone via
spin-allowed reactions (Table II). This may also limit the extent
of ozone photochemistry since our results suggest that OCP) atoms
undergo recombination to re-form O,. Consequently, the direct
photodissociation of ozone in ice crystals is not likely to make a
significant contribution to the overall observed depletion of at-
mospheric ozone.

Experiments are now under way to elucidate the dependence
of the photodestruction quantum yield on the relative concen-
trations of ozone and water in the solid samples. We are also
investigating the wavelength dependence of the photochemistry
to gain additional information about the electronic-state selectivity
of reactions in the solid.
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We have examined electropolymerized polypyrroles doped with p-toluenesulfonate (TOS), tetrafluoroborate (TFB), or
trifluoroacetate (TFA), using scanning tunneling microscopy (STM). The initial stages of polymer growth involves microisland
formation with concomitant polymer strands. In one case, the p-toluenesulfonate-doped polypyrrole, those strands have been

shown to be helical.

Conducting polymers have been extensively investigated since
the discovery in 1977 that doped polyacetylene was electrically
conducting.! Polypyrrole is a particularly attractive material for
commercial application because of its ease of formation? and
relative stability in the doped, conductive form.> Its physical
properties depend on the dopant anion incorporated into the
polymer* as well as the conditions of polymer formation. However,
the amorphous and insoluble nature of the polymer makes
structural characterization difficult. NMR, IR, and XPS studies
on solid, thick films established that the pyrrole units are pre-
dominately bonded through «-linkages.>¢ X-ray diffraction
analysis of 14-35-um thick free-standing polypyrrole films shows

* To whom correspondence should be addressed.

that the polymers are macroscopically disordered and amorphous;
however, the individual pyrrole units are coplanar with each other
and are parallel to the original electrode surface.” However, X-ray
and TEM studies on thin films show that they grow in several
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