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The quantum yield for OeD) production from ozone photolysis has been measured at 298 K from 293.0
to 316.5 nm. The OeD) was monitored by its reaction with N,O to form excited NO,*' The photolysis
source was a frequency doubled flashlamp pumped dye laser which provided tunable uv in the desired
spectral region with 0.1 nm linewidth. The results show q, to be constant below 300 nm, taken to be unity,
with a sharp decrease centered at 308 nm and a value of less than 0.1 above 313.5 nm.

INTRODUCTION
It is generally accepted that the OH(Zrr) free radical is
one of the most important oxidizing agents in the troposphere and stratosphere since it controls the chemistry
of numerous trace gases. The principal source of the
hydroxyl radical is the reaction of electronically excited
atomic oxygen, OeD), with atmospheric water vapor,
O(lD)+HaO-OH+OH (a much smaller contribution is
made via the reaction of O(lD) with methane and molecular hydrogen). The source of OeD) is that of photolysis
of ozone in the Hartley continuum, and possibly in the
Huggins band, i. e.,

Os + hv(>.. < 310 nm) - O(lD) + OZ(l~g),

(1)

Os+hv(>.. <410 nm)-OeD)+Oze6;l.

(2)

On thermochemical grounds, Processes (1) and (2) are
allowed to occur at wavelengths shorter than 310 and
410 nm, respectively. However, it has now been established1 that Process (1) is the dominant photolytic process below 300 nm and all evidence suggests that it occurs with unit quantum efficiency. Processes 3a or 3b
Os + hv(>.. < 611 nm) - Oep) +Oze~g),

(3a)

Os + hv(>.. < 463 nm) - Oep) +OZ(1 6 ;),

(3b)

have been shownz,s to be the only processes occuring at
340 nm, thus indicating that Process (2) is of no importance. In the 300-320 nm range, conflicting results
have been reported for the OeD) quantum yield. This
wavelength region has now been designated as the falloff region for OeD) production. Z-9 Even though the absorption cross section for ozone is rapidly decreasing
above 300 nm, the exact nature of the fall off in O(lD )
production between 300 and 320 nm is of particular importance in the troposphere and lower stratosphere owing
to the lack of radiation at wavelengths shorter than 300
nm. (Absorption cross-section data for ozone have been
determined for both the visible and uv spectral regions, 7,10-15 and have been recently reviewed16 and tabulated. 7)
Ozone photolysiS studies have been performed in both
the liquid17 ,18 and gaseougZ- 9 phases by several groups
utilizing a variety of techniques. However, the scope
of this investigation has been limited to photolytic processes occuring only in the gaseous phase. Jones and
Wayne, s at 313 nm, measured the variation in Os disappearance, <I> (Os), as a function of the Os concentration
3316

in pure Os and Os/Hz mixtures. These authors concluded
that the quantum yield for OeD) production had a value
of 0.1 relative to a value of unity at wavelengths shorter
than 300 nm. Castellano and Schumacher, z however,
have reported a ¢ value of 1.0 at 313 nm, their results
coming from an experiment very Similar to that of Jones
and Wayne. Simonaitis et ale , 4 Kuis et al., 9 and Kajemoto and Cvetanovic 5 photolyzed ozone at 313 nm in the
presence of NzO, and from the amount of Nz formed,
deduced ¢ to be 0.35 (modified9 downward from their
original report of O. 5), O. 29, and 0.44, respectively.
The latter two groups5,9 also studied the variation of ¢
OeD) with temperature. Moortgat and Warneck 7 and
Martin et ale 8 also photolyzed ozone at 313 nm in the
presence of NzO and deduced ¢ to be 0.29 and 0.32, respectively. In these studies, ¢ was established by monitoring the infrared chemiluminescence associated with
the formation of electronically excited NOt. Lin and
DeMore6 measured the yield of isobutanol from the
photolysis of Os with isobutane at 233 K and reported a
value of ." 0.08 for ¢ OeD), again at 313 nm.
To be reported here is a new investigation on the
photochemical prodUction of OeD) in the spectral region
of 293.0-316.5 nm. Of considerable importance in this
study was the wavelength of the light source employed.
In this investigation, a tunable dye laser was employed
having a spectral width of - 0.15 nm.
EXPERIMENTAL

The chemical scheme which describes the photochemical degradation of pure ozone can be written:
Os(lA) + hv- O(1D) + oz(1~g),
Os(lA) + hv- Oep) +OZ(l~g, 16 ;),
OeD) + Os ~> 0z + OZe~g, 1 6 ;),
<.!?>

0z + 2 o(3p),

(4)

OZ(l~go 16g ) +Os - 2 0z + o(3p) ,

(5)

Oe p) + Os - 2 Oz.

(6)

In the presence of NzO, the following additional reactions can occur:
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OeD) +NzO <.!> Nz + 0z,

<!?,)2 NO,
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~NOt+Oz,

(8)

NOt + M(!l NOz + M,

NOt(~ NOz + hv(:\ > 600 nm),

19

0(3 p) + NO + M - NOr + M,

(9)

(10)

*

NOt + M (!! NOa + M,
NOr(!!J NOa + hv(:\ > 400 nm), ao

(11)

0(3 p) + NOa - NO + 0z,

(12)

NOa + 0 3 - NOs + 0a.

(13)

It will be shown later that Processes (10)-(12) are of
no importance under the experimental conditions employed in the present study. Therefore, the amount of
OeD) produced in Process (1) can be quantitatively monitored via the infrared chemiluminescence (9b) which is
associated with the production of the excited electronic
state of NOt in Reaction 8b. The intensity of emission,
I(X), can be expressed as:
I

where c{>(xJ is the quantum yield for O(lD ) production, (3
is the geometrical collection efficiency of the chemiluminescence detector, N."s(:\) is proportional to the
number of quanta of the photolysis radiation absorbed by
ozone in the region of the reaction cell as viewed by the
chemiluminescence detector, and'Y is given by:
II

As can be seen from Eq. II, the magnitude of'Y depends upon the values of several rate constants as well
as the concentrations of NaO and 03' Consequently, if
the initial concentrations of NaO and 0 3 are kept constant, and the consumption of ozone during photolysis
is limited to < 1%, then the value of X is constant. However, it can be shown that the intensity of fluorescence
(IF) is relatively insensitive to the chemical composition
of the photolysis mixture as it is directly proportional
to (03 + NzO) through Processes (1) and (7) and inversely
proportional to (03) and (NaO) through Process (9a), the
electronic quenching of NOt. Calculations based on recent rate constant dataZ1 for Reactions (4) and (7) predict
that under our experimental conditions - 82% of the OeD)
produced in Process (1) reacts with NaO to produce an
equal concentration of NO. NabS (xJ can be calculated
using the Beer-Lambert expression of In(Io/It) =O"(X)
(03)l, and knowledge of the incident photolysis flux
[No (X) ]. O"(X) is the absorption cross section for ozone.
The experimental arrangement employed in this study
utilized a frequency doubled, flashlamp pumped, tunable
dye laser as the photolytic source of radiation in the region of 293-316 nm (see Fig. 1). This dye laser system was operated with Rhodamine 6G, Rhodamine B, or
a mixture of both dyes to provide continuous tunable
output from 586 to 633 nm in the fundamental. Doubled
uv radiation was obtained by use of three different temperature tuned crystals (ADA, 293-306 nm; ADP, 305315 nm; RDP, 313-316.5 nm). Temperature tuning was
used in favor of angle turning so as to minimize beam
"walk off" (i. e., it is essential that the photolysis beam

3317

traverse the reaction cell in exactly the same position
at all wavelengths) and thus maintain the geometriC cell
factor, {3, constant. The linewidth of the doubled output
was -0.15 nm. The combination of three doubling crystals and different dyes provided continuous tuning over
the entire photolysis region. The output wavelength of
the dye laser was calibrated to within ± O. 1 nm for the
fundamental frequency relative to the He/Ne laser line
at 632.8 nm. The latter was achieved with the use of a
t meter spectrograph. The uv photon flux incident on
the reaction cell was monitored using an RCA-935 calibrated photodiode which was traceable to an NBS standard. In an effort to eliminate any saturation problems
on the 935 photodiode, the intensity of the laser pulse
was reduced by two quartz beam splitters (see Fig. 1).
The NOt fluorescence was monitored, through a cutoff filter (X transmitted> 610 nm) by a cooled EMI-9658
R photomultiplier (extended S20 response) positioned at
right angles to the inCident uv radiation. In order to
prevent dye laser fundamental radiation scattering into
the reaction cell, two UG- 5 filters were placed on the
output end of the frequency doubling crystal. Both the
fluorescence and the incident radiation Signals were
stored on a Textronix dual trace storage oscilloscope,
and the ratio of their intensities taken. A short series
of experiments was also performed where the oscilloscope was replaced by a Northern 610 multichannel
analyzer (discussed later).
In all experiments, the reaction cell was evacuated to
a vacuum of 1 x 10- 6 torr or lower before each experiment, using a liquid Na trapped oil diffusion pump system. Mixtures of 0.9 torr of 0 3 and 9.1 torr of NaO
were used for all data points to give a total mixture of
1: 10 0 3 to NaO. Each mixture was frequently changed
to minimize any possibility of ozone destruction by homogeneous gas phase reactions, or by heterogeneous decomposition on the cell walls.
The nitrous oxide was Matheson Research Grade having a stated purity of 98%. Ozone was prepared using
a commercial ozonizer, and then stored on silica gel at
193 K. Before each experiment, the ozone was purified
by vacuum pumping on the silica gel while at 193 K.
Frequent tests of the 0 3 purity showed levels of at least
95% (95% 03; 5% Oa).

RESULTS
At each wavelength, several sets of experiments were
performed where the ratio of the infrared fluorescence,

TELESCOPE

~-----7(-lflliil--~--~-o·--IDYE
=FILTER

LASER

I

: FILTER

8~---'-----.----'

L-----~S~E~------~
FIG. 1. Experimental arrangement of ozone photolYSis experiment using a frequency doubled dye laser.
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T ABLE I. Experimentally determined
quantum yields for O(tD).
Wavelength (nrn)
293.5
294.0
296.5
297.0
298.0
298.5
299.0
300.0
301.5
302.0
302.5
303.0
304.0
305.0
305.5
306.0
306.2
306.5
307.0
308.0
309.0
309.5
310.0
311.0
311.5
312.5
313.0
313.5
314.0
315.0
316.5

radiation which could have resulted in an erroneous interpretation of the data. These included (a) eliminating
the 610 nm cut-off filter, or replaCing it with a 540 nm
cut-off filter, (b) a variation in the incident uv photolysis
flux by a factor of -10, and (c) a variation in Chemical
composition. The most likely source of unwanted fluorescence would have been associated with the formation
of electronically excited NOr via Reaction (10) followed
by Process (llb). In this case, the fluorescence associated with the formation of NO /* is shifted to shorter
wavelengths (relative to that associated with NO /) due
to the increased exothermicity of Reaction (10) compared
to Reaction (8). However, the observation that the intensity of detected fluorescence was (a) invariant to the
type of cut-off filter employed, and (b) varied linearly
with the incident flux, strongly indicates that Reaction
(10) was of no significance. If Process (10) had been
important, the resulting fluorescence intensity would
have been (a) dependent upon the choice of cut-off filter,
and (b) varied with the square of the photolytic flux.
These experiments, therefore, confirmed our calculations which showed that Process (10) should not have
been important. Preliminary experiments conducted at
wavelengths shorter than 305 nm, with a chemical composition of 0.25 torr each of N20 and 0 3 , resulted in
similar results for <{>, again indicating that Reaction 10
was unimportant. As expected, there was no observable fluorescence Signal when pure 0 3 or pure N20 was
photolyzed within the spectral region of interest. Fluorescence due to the
p) D) electronic transitions
at 630 nm was not important due to the long radiative
lifetime 22 associated with this spin-forbidden process.

O(tD)

0.968±0.07
1. 050± O. 09
0.970±0.11
1. 006 ± O. 07
1.093 ± 0.07
1. 077 ± O. 07
O. 950± O. 91
1. 004 ± O. 065
O. 943 ± O. 068
0.986 ±o. 067
1.009±0.073
1. 069 ± 0.053
0.917±0.11
O. 871 ± 0.086
0.760 ± O. 057
O. 883± 0.11
0.916±0.078
0.906±0.096
0.684±0.114
0.592 ± O. 07
o . 484 ± O. 086
O. 364 ± O. 028
O. 344 ± O. 068
0.224 ± O. 032
0.185 ± O. 022
O. 154 ± O. 024
0.121±0.029
0.080±0.017
O. 090 ± 0.026
0.035 ± O. 02
0.022±0.015

Oe

IF' and incident uv laser radiation, No, signals were
measured. The ratio was measured for at least ten individual laser pulses within each set of experiments,
and then averaged. The resulting ratios, corrected for
the ozone absorption cross section and the photodiode
response curve, gave the desired relative quantum efficiency for O(lD) production as a function of wavelength.
The quantum yield, <{>, has been tabulated (Table I) and
plotted (Fig. 2) as a function of wavelength from 293.0
to 316.5 nm. The expressed uncertanties represent the
90% confidence limits on the data. At wavelengths
shorter than 300 nm, the quantum yields were normalized
to unity. Above 302.5 nm the quantum yield was observed to deviate from unity with the maximum rate of
decrease appearing at 308 nm. At the wavelengths 313.5
and 316.5 nm, it can be seen that <{> decreased to 0.1
and O. 02, respectively. Determinations of <{> at still
longer wavelengths were precluded due to experimental
difficulties. Further improvements in the experimental
technique could yield more data in this region, if needed.
It should be noted that while the absolute value of the uncertainty in Fig. 2 appears to decrease as one goes to
longer wavelengths the relative error associated with
each point (that is, the uncertainty divided by the mean
value of the quantum yield) remains approximately constant over the spectral region of interest.

A series of experiments was also performed to show
that there were no unrecognized sources of detectable

Oe

Several experiments were performed where a multichannel analyzer was used in the single photon counting
mode to accumulate the NOt fluorescence emitted from
10-20 laser pulses. Typical concentrations of 0 3 and
N2 0 were 0.25-0.5 torr. The resulting fluorescence
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FIG. 2. EXperimental quantum yield of O(lD ); IJ, Lin-DeMore;
A, Moortgat et al.; 0, Martin et al.; . , this work.
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TABLE II.
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Summary of O(lD) quantum yields.
Photolytic
source

Investigator

¢ O(lD)

Temp(OK)

Technique

Castellano,
Schumacher

0.75
1.0

248
298

Gas phase 0a;
decrease in Oa
pressure

cw lamp

Kajimoto,
Cvetanovic

0.53
0.21

313
198

Gas phase 0a, N2O;
Increase in N2

cw lamp
Chemical
filter

Simonaitis, Braslavsky,
Heicklen, Nicolet

0.35

298

Gas phase 0a, N2O;
Increase in N2

cw lamp
Chemical
filter

Martin, Girman,
Johnston

0.32

298

0a, N20; N20 chemiluminescence

cw lamp

Moortgat, Warneck

0.29

298

0a, N20; N0 2 chemiluminescence

cw lamp

Kuis, Simonaitis,
Heicklein

0.29
0.22
0.11

293
258
221

Gas phase 0 3 , O2,
N20; Increase
in N2

cw lamp
Chemical
filter

Jones-Wayne

0.1

298

Decrease in 0 3

cw lamp

Lin-DeMore

0.08

235

0 3 , Isobutane

cw lamp

This work

0.12

298

0a, N20; N02 chemiluminescence

Pulsed dye
laser

intensity-time profiles were recorded and observed to
be logarithmic with typical lie decay times (IF maximum
occurs at t"'" 10- 5) of - 3 x 10- 4 s, An analysis of the reaction scheme reveals that the only process involved in
the formation of NOt which has a lifetime exceeding a
few microseconds is Reaction (8). Therefore, the time
profile of IF is equivalent to monitoring the rate of removal of NO [(IF)t cc (NO)t J. The predicted reaction lifetime for NO was expected to be typically 5 x 10- s [T
=O. 7/(Os)kaJ, assuming the accepted value2s for ka of 1. 8
x10- 14 cm3 molecule- 1 S-l at 298 K. Therefore, it can
be seen that the predicted lifetime is approximately an
order of magnitude longer than that observed experimentally. This observation is most easily rationalized
by invoking the production of vibration ally excited NO in
Process (7b) which reacts with 0 3 at a rate 10-20 times
greater than that of NO(v =0) + Os(O, 0, 0). This hypothesis
is strongly supported by the quantitative observations of
Chamberlain et ale 24 where NO(v" = 1, 2, 3) were observed as products of Reaction (7b).
DISCUSSION

The wavelength limit for Process (1) can be determined from the basic thermodynamic properties of
OaeA), OeD), and Oz(a i.:l,.);
0seA) + hv- 02e.:lAJ + OeD).

(1)

The electronic excitation energies of O(lD) and Oze.:l,)
are 45.4 and 22. 5 kcalmoC 1 , respectively, and the bond
dissociation energy of Os at 0 K is 24.3 ± O. 4 kcal mol-i.
Therefore, the calculated energy limit for Process (1)
is 92. 2± O. 4 kcal mol- i , which corresponds to a wavelength limit of 310. 3± 1. 3 nm.

Table II summarizes the reported values for rf> OeD)
at 313 nm. It can be seen that there is significant disagreement with values ranging from 0.1 to 1. 0 at 298 K.
It should be noted, however, that a Significant difference
between this and previous studies which have measured
rf> O(lD ) as a function of wavelength is the utilization in
this investigation of a narrow line (0.15 nm) dye laser
as the photolytiC source. Hence, this investigation
should have exhibited a higher degree of definition in
the fall-off region than has heretofore been possible
where cw arc lamps have been coupled to scanning monochromators for wavelength selectivity. 6- 8 Experiments
performed with the latter type of photolysis source might
have been subject to overestimating the values of rf>
O(lD) in the fall-off region due to the transmission of a
small quantity of short wavelength light where both rf>
OeD) and J(Os) are greater. However, in several of
the earlier studies involving the determination of rf> OeD)
at 313 nm, a medium pressure mercury lamp was employed having two spectral lines of near equal intensity
at 313.16 and 312.57 nm. These lines were isolated
from others using special chemical filters which should
have insured the spectral purity of the photolYSiS radiation. Consequently, if these lamps did provide spectrally pure radiation at - 313 nm, then no explanation
can, at present, be forwarded for the large discrepancies
reported for ¢ O(lD) between these earlier studies and
the present work.
The value determined in this study for rf> O(lD) at 313
nm is in good agreement with that reported by Jones and
Wayne S and Lin and DeMore6 (after a correction for the
temperature dependence-to be discussed), but a factor
of 2-3 lower than Kuis et al., 9 Kajimoto and Cvetanovic,5 Martin et al., 8 and Moortgat and Warneck. 7 AI-
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though Jones and Wayne~ reported high values for the
quantum yield for the loss of 0 3 (probably due to HOr
impurities), this should not have invalidated their reresults for ¢, 0(1 D). Indeed, their results were unchanged when using the H2 /03 system.
It can be seen from Fig. (2) that the value of ¢ O(lD)
decreases from unity at wavelengths significantly shorter
than the thermodynamically allowed limit. This observation has been previouslyS- 8 reported and is not at all
unexpected. Process (1) probably involves a vertical
transition from the lAI ground state to the IB2 bound
state, 25 which correlates to O(lD) + 02eA~), while Processes (3a) or (3b) involve the same vertical transition
followed by curve crossing to a repulsive potential surface. The exit channel of the process may have a low
energy barrier, which would be expected to decrease
the value of ¢ O(lD) below unity prior to the thermodynamic energy cut off. Therefore, if there is an energy
barrier to dissociation, any value of 0(1D} greater than
zero at the thermodynamic limit must be explained by
certain available rotational states supplying energy to
overcome this barrier. This availability of rotational
energy for overcoming the energy barrier for dissociation also explains the long wavelength (X> 310 nm) tail.
An alternate and more likely explanation for the fall off
in ¢ O(lD) above the thermodynamic limit is that there
exists a curve crossing to a repulsive potential surface
in the vicinity of the thermodynamic limit for OeD)
+Oa(IAg) production, thus decreasing the value of ¢ O(lD)
below unity. Kuis et al. 9 and Kajimoto and Cvetanovic5
measured ¢ O(lD) as a function of temperature at 313
nm, and reported ¢ oeD} to vary from 0.29 at 293 to
0.11 at 221 K, and 0.53 at 313 to 0.21 at 198 K, respectively. Both groups calculated the population distribution of rotational states with temperature. Kajimoto and Cvetanovic 5 assumed that all the rotational energy was available for overcoming any barrier to disSOCiation and it appears that when the absolute values
for ¢ O(1D) were calculated as a function of temperature
at 313 nm, it was assumed that ¢ O(lD) has a value of
unity at the thermodynamic energy limit.

Kuis et al. 9 performed several classical and quantum
mechanical calculations, preferring that calculation
where it was assumed that only two degrees of rotational freedom could contribute to overcoming the energy barrier (due to conservation of angular momentum
consideration). Kuis et al. 9 used their experimentally
determined temperature dependency for ¢ OeD, 313 nm)
to determine that the best value for E€ (the energy barrier for 0 3 dissociation at 313 nm) was 0.86 kcal moC I •
This would correspond to a value of 24.32 kcal mol-! for
the dissociation enthalpy of 0 3 at 0 K, provided that
there were no barrier height for dissociative crossover
from the excited IBa electronic state of Os. A conclusion that one can draw from this calculation, therefore,
is that ¢ O(lD) should be unity at the thermodynamic
energy limit.
Both of the above calculations5 • 9 assume that the rate
of change of ¢ OeD) in the fall-off region is totally
governed by the rotational population distribution of

ozone molecules in the ground electronic state, However, the results obtained in both the present and earlier studiess- a do not support this assumption since the
observed fall off is Significantly slower than that calculated from the rotational distribution, (A more complete discussion of the functional dependence of ¢ O(lD)
with wavelength has been presented by Moortgart and
Warneck. 7)
It thus appears that these calculations may provide
reasonably accurate values for the relative population
distribution of rotational states lying above the theoretical energy cut off as a function of temperature. If so,
this would enable one to predict the rate of change of
¢ O(1D) with temperature at any wavelength beyond that
set by'the thermodynamic limit, but would not permit the
assignment of absolute values of ¢ O(lD) without further
knowledge of the potential energy surfaces of 0 3 ,

As noted earlier in the text, the absolute values of
¢ O(lD) predicted from the two sets of calculations are
significantly different due to the different number of degrees of rotational freedom which were assumed to be
required to overcome the energy barrier [i. e., ¢ OeD)
at 29B K:: O. 26, Kuis et al. 9 and 0.42 Kajimoto and
Cvetanovic5 ]. By comparison, Moortgat and Warneck 7
calculated that 44% of the ozone molecules had suffiCient
rotational energy (278 cm-!) to photodissociate to produce O(lD) atoms at 313 nm. These calculations once
again took the thermodynamic limit for the production of
O(1D) from ozone photolysis to be 310 nm.
The calculated ratios reported for ¢ OeD)298 K/
¢ OeD)233 K were 1. 42 (Kuis et al. 9) and 1. 65 (Kajimoto
and Cvetanovic5) resulting in a mean ratio of 1.54.
Therefore, modifying the data of Lin and DeMore6 ¢
OeD) =O. 08 at 233 K) leads to a value of 0.123 at 298 K,
in excellent agreement with that reported in the present
study. As stated earlier, no explanation can be forwarded for the disagreement with other studies.
A final comment on the results reported here concerns the possibility that the normalization of our <P values to unity at wavelengths less than 3000 J... may not in
the final analysis be the correct normalization factor.
For example, in a recent study by Stone and Lawrence, 26
results were obtained which shows ¢ O(lD) varying
monotonically from 0.87 to 0.93 in the wavelength region 274-300 nm. If these results are later confirmed
by other studies our <P values would want to be systematically shifted downward by a small factor.
*Present Address: Jet PropulSion Laboratory. California
Institute of Technology, Pasadena, California 91103
tThis author would like to acknowledge the financial support
of the National Science Foundation RANN Program and the
National Aeronautics and Space Administration for their
support of this research.
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