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Key Points

o Visible light photolysis of O3 leads to isotope enrichment of the remaining Os
. Fractionation in visible light photolysis of O3 is wavelength dependent

o The wavelength dependence is weaker than predicted by theory

Abstract

The O and O isotope fractionation associated with photolysis of O; in the
Chappuis band was determined using a broadband light source with cutoff filters at
455,.550, 620nm and narrow band light sources at 530, 617 and 660nm. The isotope
effects follow a mass-dependent fractionation pattern (5''0/5'20 = 0.53). Contrary to
theoretical predictions, fractionations are negative for all wavelength ranges
investigated and do not change sign at the absorption cross-section maximum. Our
measurements differ from theoretical calculations by as much as 34 %o in *g,,,, =
(*8J/*3=1). The wavelength dependence is also weaker than predicted. Photo-induced
fractionation is strongest when using a low wavelength cut-off at 620nm with *¢, ,,,
= —26.9(x1.4)%0. With decreasing wavelength, fractionation values diminish to
® om— —12.9(x1.3)%0 at 530nm. Results from an atmospheric model demonstrate

that visible light photolysis is the most important tropospheric sink of O3, which thus

contributes about 1/6 to the ozone enrichment.
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1. Introduction

Ozone (Os) carries a strong enrichment (~ 100%o) in both heavy oxygen isotopes 'O
and *®0 compared to atmospheric O, [Mauersberger, 1981; Krankowsky et al., 1995,
2007; Johnson et al., 2000]. This enrichment shows a marked deviation from classical
mass dependent fractionation, where 870 ~ 0.52 x §'®0. Mass-independent isotope

fractionation can be quantified by the *’O excess

A0 =350 -0.52 x §*80. 1)

The peculiar high enrichments in the heavy isotopes 'O and **0 originate
from_the O3 formation reaction [Krankowsky et al., 1995; Johnson et al., 2000;
Mauersberger et al., 2001] and strongly depend on temperature and pressure [Morton
et al., 1990; Thiemens and Jackson, 1990; Krankowsky et al., 2007]. In addition,
atmospheric studies suggested a contribution of processes other than O3 formation to
the'.observed isotope enrichments in atmospheric Os;. At altitudes above 30 km
atmospheric fractionations were between 35 and 40%. higher than what is expected
from“the known isotope effects in O3 formation [Haverd et al. 2005, Krankowsky et
al. 20Q07]. The observed additional enrichment was tentatively attributed to the
process of O3 photolysis.

A semi-analytical theory to calculate photolysis induced isotope effects in O3
and other gases [Miller and Yung, 2000; Miller et al. 2005; Liang et al. 2006] predicts
pronounced wavelength-dependent isotope effects during photolysis. In the Chappuis

band (400-800 nm) calculated fractionations show significantly nanometer-scale
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variability superimposed on a general trend from positive fractionation on the short-
wavelength side of the absorption maximum to strongly negative fractionation at the
long-wavelength tail [Liang et al., 2006]. Ndengué et al. [2010, 2012, 2014]
performed improved calculations of isotope specific absorption cross-sections, using
quantum mechanical MCTDH (Multiconfiguration Time-Dependent Hartree) wave
packet-propagation on ab-initio surfaces, but the cross sections are not provided which
impedes direct comparison. For both types of calculation, model results show that the
photolysis induced isotope effects contribute significantly to the isotopic composition
of-Os-in the atmosphere [Liang et al. 2006, Ndengué et al. 2014]. While Ndengué et
al. T2014] claim a strict mass dependence for Oz photo-dissociation, the results of
their_atmospheric calculations show a 'O excess of 2.5 to 3.5%o at altitudes up to 32
km. If these numbers are significant, they will imply a non mass-dependent isotope
fractionation from photolysis in the Huggins and/or Chappuis bands.

Due to the inherent approximations in the theoretical treatments, experimental
studies.are required to provide benchmark data. Morton et al. [1990] reported no
significant change in O3 when photolyzed with visible light, whereas Chakraborty
and~"Bhattacharya [2003] found a mass dependent fractionation pattern

(8*'0/81%0 = 0.54) for photolysis of O3 at 520 nm and 630 nm. The fractionation

coefficients they obtained for both wavelengths showed similar values of %, ,,, =
—13.7+2%0 and " £4,,4, = —7.25+0.1. However, the calculations by Liang et al. [2006]
yielded very different fractionations for photolysis at the two wavelengths, ", ;=

+5.8%o0 at 520 and ", 5, = —31%0 at 630nm (average values for the symmetric and
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asymmetric isotopomers).

A complication of the above photolysis experiments using pure Oz samples is
that the O atom that is produced during photolysis generally destroys another Oj
molecule in the reaction O + Os. Thus, isotope effects in photolysis and chemical
removal cannot be disentangled [Brenninkmeijer et al. 2003]. Frichtl et al. [2015]
combined photolysis experiments of pure Oz and O3 mixed in a large excess of CO,
whigh acts as O atom quencher, to separately quantify the fractionation in both

removal processes. Photolysis experiments using a broadband light source with a

455 long-pass filter yielded &4, ,,= —16.1(x1.4)%0 and g4 44 = —8.05(£0.7)%o,

and “gp.o = —11.914)% and gy, = —5.95(20.7)%0. Notably, both
fractionations are mass dependent.

Following up on these results, we examine here the (low resolution)
wavelength dependence of the isotope fractionation in the photolysis of O3 by visible

light-using various light sources and cut-off filters.

2. Methods
2.1 Experimental procedure

The-experimental system has been described in detail in Frichtl et al. [2015]. O3 was
produced by electric discharge from ~8.0 hPa of pure O, (99.9998%) in a spherical
1.0"=glass reactor with a cylindrical extension immersed in liquid nitrogen (LN3). O3

condensed at the reactor wall and the remaining O, was pumped away. Subsequently
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O3 was brought to room temperature, and an aliquot was expanded to the cylindrical
photolysis chamber (V = 630 cm®) for photolysis. After photolysis, the leftover O;
was separated from O, by pumping the mixture through a cryogenic trap cooled to the
triple point temperature of N, (63K). At this temperature O3 condenses but O,
produced during photolysis does not and can be pumped away. The collected O3 was
transferred to a sample bottle (V=44 cm®) containing molecular sieve (13X) immersed
in LN2wand subsequently converted to molecular O, by heating. The amount of O,
originating from Oz was then determined by measuring the pressure after transfer to a
reference volume (V=1.8 cm®, containing molecular sieve). The isotopic composition
was determined on a Dual Inlet IRMS (Thermo Finnigan Delta Plus XL) with an
uneertainty of 0.03%o for 50 and 0.08%o for 'O (n = 150).

Two sets of photolysis experiments were conducted. In a first set, a broadband
light.source (A =400 to 800 nm) with an emission peak at 605 nm was used (tungsten
halogen (lamp, Osram HLX 64633, described in Frichtl et al. [2015]). To select
different wavelength regions, we used different optical long pass glass color filters
with cutoff wavelengths at 45516, 550+6 or 620+£5 nm (GG455, OG550, Schott; R-
620, Hoya). For each experiment the corresponding filter was placed between the
lamp and the photolytic chamber. In a second set, three narrow band light sources
(high power LEDs) with emission peaks at 530, 617 and 660 nm and respective
bandwidths (FWHM) of 33, 18 and 25 nm were used (Thorlabs M530L3, M617L3
and.M660L3).

Each experiment consisted of measuring three aliquots from the same initial

O3 reservoir. The first aliquot expanded into the photolysis chamber was used as
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control measurement to correct for small O3 losses that occur without photolysis. The
second aliquot (expansion #2) was collected after 10 to 30 minutes of photolysis. The
final aliquot (expansion #3) is the residual Oz in the discharge reactor, which
represents the original Oz produced in the electric discharge.

In the following we refer to the amount of the photolyzed sample (expansion
#2, ‘eorrected for the control experiment) as Os(end) and the remaining O3 from the
discharge reactor (expansion #3) as Og(start). The remaining fraction f(O3) after a
certain time t of photolysis is defined as f(O3) = Oz(end)/Os(start). Isotope
enrichments are reported as 80 = (N(*0)/N(*°0))sa/(N(O)/N(**0))st — 1, where x
indicates heavy isotope mass numbers 18 or 17. & quantifies the relative deviation of
the*ratio N(*O)/N(*°0) of isotope abundances (N) in a sample (SA) from the same
ratio in a standard material (ST). Values are reported in per mill (%o). The isotopic

compesition of initial O3 is chosen as standard.

2:2.7Photolysis rate and fractionations in Oz photolysis

The photolysis rate J is determined from the temporal evolution of O3 removal (f) in

the experiments

J=0.5In(Pt. (3)

Measured photolysis rates range from 3.3(x0.06)x10” s™* (455 nm filter) to

0.9(+0.3)x10™ s (530 nm LED) (Table 1). The spectral photolysis rate for each light

source is shown in Figure 2a. Values are calculated by multiplying O3 absorption
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cross sections [Sander et al., 2011] with the spectral actinic flux under the assumption
of unit quantum vyield. The spectral actinic flux with different filters was obtained by
multiplication of the actinic flux of the halogen lamp without filter (determined with a
spectral photometer, model 752, Optronic laboratories Inc., USA) with the filter
internal transmittance published by the manufacturer. For LED light sources, the

spectralactinic flux data provided by the manufacturer were used.

2.3. Control measurements and error estimates

The stability of the analytical system was characterized by control
measurements without irradiation as described above. A loss of 4-7% of Oz was
observed in the control experiments, associated with changes of 5'°0 < 0.1%o and
8’0 <"0.05%o. For correction, average values from the control measurements were
subtracted from the raw data of the photolysis experiments.

Uncertainty estimates for 8'°0 and &0 include errors from control

MEasUreMents (o e ) aNd IRMS measurements (g, augr G o5 aCCOrding to

o= \/(aoj.md)z + (O'Qsmrt)z + (O'mml)z ' 2)

total'errors are <0.2 %o for 'O and 0.

Uncertainties in In(f) as a consequence of the applied sampling procedure were
derived from experiments with pure CO, instead of O3, because CO; is easy to trap
and transfer in vacuum systems with virtually no loss (>99.5% recovery). Considering

a small non-linearity of the pressure sensor, errors in pressure reading and small
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changes in temperature, total relative uncertainties in In(f) are between 2.6 and 2.8%

[Frichtl et al., 2015].

3. Results

Figure 1a-d shows that, independent of the light source used, the remaining O3
becomes isotopically enriched during the photolysis experiments, i.e., the heavy
isotopologues are removed more slowly than *°O; for all wavelength ranges. The
measured fractionations ¢ for 20 vary between —12.4%o and —19.4%o and between
~6:7%s=and —10.2%o for 'O (Figure 1b,d and Table 1). O; photolysis with the
broadband lamp using a 550 nm or a 455 nm filter or the 617 nm LED, result in very
similar fractionations (Table 1). For these experiments the peak emission is slightly
above 600 nm. The fractionations become more negative towards longer wavelength
(620.nm' filter, 660 nm LED). At shorter wavelength (530 nm), the fractionations
vallies are highest, but still clearly negative at ¢ = — 12.4%o and "¢ = — 6.7%o.

As mentioned above, the observed fractionation in the photolysis experiments
with pure O3 does not only include Oz photolysis (R1) but due to the photolytic
production of O atoms, also the chemical O3 removal via R2.

(R1). O3+hv—>0,+0

(R2)  O+03-> 20,

(RO +0,+M > 03+M

In.our experiments the rates of Oz photolysis (R1) and Os; + O (R2) are very similar
and reformation of O3 via (R3) is negligible (<1%). These conclusions are in line with

isotope kinetic modeling (not shown). Thus, the total fractionation (ew) IS the

10
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average of the two fractionations in reactions R1 and R2

Eiotad = (Eopm + Eopo) 1 2. (4)

Using the previously determined fractionation values for (R2) of g, ,, =

=11.9(£1.4)%0 and Ygg,o = —5.95(20.7)%0 [Friichtl et al., 2015], the photolysis

induced fractionations can be calculated from equation (4).

The resulting fractionations attributed to O3z photolysis are shown in Table 1
and Figure 2b,c. For all the wavelength intervals investigated, photolysis of O3
induees negative fractionations, with a trend to stronger isotopic fractionation at
longer wavelengths. Measured fractionations range between —26.9%o and —12.9%o for
8@rand—14.4%. and —7.5%. for 'O in experiments applying a 620nm filter or the
530nm_ LED respectively. Figure 2 also shows the wavelength dependent
fractionations calculated by Liang et al. [2004, 2006]. By convolving these
fractionations with the photolysis spectra of our light sources the predicted photo
induced fractionations for our experimental conditions were calculated (Table 1,
Figure.2b,c).

The theoretical predictions agree best with the experiments using the

broadband lamp with 550 nm filter or 660 nm LED, with maximum differences of
only=8.3%0 for "®g,,, and 1.8%0 for “g4,, . In qualitative agreement with

calculations [Liang et al., 2006] we observe a wavelength dependence and stronger

fractionations at longer wavelengths. At shorter wavelengths, however, the observed

11
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wavelength dependence is much smaller than predicted and discrepancies become
considerable (33.9%. and 18.5% for "g,,, and g, at 530 nm). Most

importantly, the experimentally determined fractionations do not show change in sign
towards shorter wavelengths, whereas the calculations predict a change from negative
to positive values below 600 nm.

Figure 3 shows the three-isotope plot (570/5'®0) for all photolysis
experiments. There is no significant difference between the three-isotope slopes of
individual experiments and a fit to all data follows a slope of 0.534 (+0.003) at a
confidence level of 99%, which is in agreement with previous results from

Chakraborty and Bhattacharya [2003].

4. Discussion

A possible systematic uncertainty in the experimental determination of the
phatolysis-induced fractionation is due to the need to correct for the fractionation in
the O™+ Ogs reaction. The correction depends on the results of Frichtl et al. [2015],

where unexplained losses of Os might have introduced systematic errors in the

determination of &, ,,. Estimating the effects of these errors yielded lower limits of
B oo = —18.6%0 and g, o= —9.3%o [Frichtl et al., 2015]. According to Eq. 4,
lower values assigned to &,,,, Would lead to correspondingly higher values for &,
However even for the estimated lower limits for g,,, the photolysis induced
fractionations &, ,,, would remain negative over all of the wavelength ranges

investigated with highest values of & ,,, =6.2%0 and &, .4, =—4.2%o. Therefore

12
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the strong discrepancy between our measurements and the theoretical calculations by

Liang et al. [2006], which predict positive fractionations for A < 600 nm, cannot be
attributed to erroneous assumptions in g, ,,.

Isotope effects in O3 photolysis result from variations of the transition dipole
moment (TDM) with isotopic substitution [Schinke, 1993]. Since the semi-empirical
zero-point energy approach is based on the main isotopologue only, variations in
TDM with isotopic substitution cannot be predicted accurately. For photolysis of
NO, results from ab-initio calculations agree better with experimentally determined
isotope fractionations than semi-empirical calculations [Schmidt et al., 2011]. For
CO,, the ab-initio calculations [Schmidt et al., 2013] reported three times stronger
fractionations than predicted by the semi-empirical approach applied by Liang et al.
[2004]. Furthermore, Ndengué et al. [2014] showed that the assumption by Liang et
al. [2004] of a proportional relationship between changes in absorption cross sections
under isotopic substitution and changes in zero point energy for both central and
terminal substitution is not valid. This suggests that the discrepancies in magnitude
and.wavelength dependence between our observations and the theoretical calculations
by /Liang et al. [2004, 2006] are likely to arise from shortcomings in the semi-

analytical approach. The observed weak wavelength dependency of ¢ is

experimentally supported by the results of Chakraborty and Bhattacharya [2003] who
found similar fractionations for O3z photolysis at 520(£2) and 630(x4) nm, although
they*eould not take into account the O3 + O reaction.

In order to assess the implications of our results for O3 photolysis in the

13
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atmosphere, Figure 2a includes the spectral photolysis rate calculated using a typical
solar actinic flux spectrum. This spectral photolysis rate is quite similar to that
achieved with the broadband photolysis lamp using the 455 nm long pass filter, with
the solar curve being slightly blue-shifted. The relatively weak wavelength
dependence of the fractionation found in our experiments implicates that the overall
fractionation under solar irradiation should be rather similar to the value obtained
with. the broadband lamp and the 455 nm filter. The blue-shift of the solar photolysis
rate would result in a slightly larger contribution from the short-wave tail with lower
fractionations and a smaller contribution from the long-wave tail with stronger
fractionations. Since these tail regions are not well covered by our experiments,

precise quantification is not possible at present but we estimate that the total

fractionation in the atmosphere may be a few per mill lower than %, ,,, = —16.1

(*1.1)%o0 and g4, 44 = —8.9(x0.6)%0 which was found with the broadband lamp and

the 455:nm filter (Table 1, 455 nm filter). Compared to a total fractionation of 90%o
observed for atmospheric Oz [Krankowsky et al. 2007, Johnston and Thiemens 1997]
the-fractionation in visible light O3 photolysis is of significant magnitude and needs to
be considered when investigating isotope effects of ozone.

Ozone is a highly reactive molecule and its isotopic composition in the
atmosphere is determined by the dynamic balance between isotope
fractionation in ozone formation and in its gross loss. In order to quantify
the ‘importance of Chappuis band photolysis as gross removal process, we

analyzed the turnover of Os; in the global model EMAC (ECHAMS/MESSy

14
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Atmospheric Chemistry, [Jockel et al., 2006, 2010]). EMAC is equipped with the
comprehensive chemical mechanism accounting for all relevant gas-phase and
photolytic O3 reactions [Taraborrelli et al., 2012], further revised and extended with
monoterpenes/aromatics chemistry including ozonolysis [Bloss et al., 2005; Hens et
al., 2014; Nolscher et al., 2014; Peeters et al., 2014]. The EMAC photolysis sub-
model-[Sander et al., 2014] provides wavelength-resolved photolysis rates and their
integrals for the channels leading to O(’P) and O(*D) production. Photolysis in the
Huggins band produces O(?P) and yields about 90% O(*D) and 10% O(P) for the
lower=stratosphere and below. We diagnose that visible light photolysis in the
Chappuis band accounts for more than 85% of the overall O3 gross removal rate
simulated by EMAC, from the free troposphere up to 50 hPa (Fig. 4a). Only in the
regions strongly affected by anthropogenic emissions the removal via non-photolytic
sinks (predominantly in NOy and HOy chemistry) is of similar importance as
Chappuis band photolysis near the surface (Fig. 4b). Above 800 hPa, however, the
photolytic sink clearly dominates (Fig. 4b). We conclude that the fractionation in
Chappuis band photolysis globally affects the isotopic composition of Oz in the
troposphere.

The derived three-isotope slope of 0.534(+0.003) is at the upper end of the

range that is usually considered as mass-dependent fractionation and the value is
higher than the one used in the defining equation of A™O (eq. 1). For ®g, ,,, values

of*=15%. in atmospheric Chappuis band photolysis and a difference of 0.014 from

175/185 = 0.52 in the three-isotope slope, the corresponding A*'O values would be 0.2

15
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to 0.3%o (eq. 1). This is two orders of magnitude lower than A*’O of atmospheric Os,
which ranges between 25 and 40%. [Vicars and Savarino, 2014; Brenninkmeijer et
al., 2003; Krankowsky et al., 2007, Johnston and Thiemens 1997]. Therefore, the
contribution of visible light photolysis to the mass-independent isotope signature of
atmospheric O3 could be negligible.

Our results further indicate that previous experiments to determine the isotope
fractionation in O3 formation via photolytic recycling of O3 in an O, bath gas using
visible light [Morton et al., 1990] may be biased by non-negligible isotope effects in
Oz photolysis.

Whereas the results from this study suggest shortcomings in the calculation of
thewoverall wavelength dependence of photolysis induced O3 fractionation in the
Chappuis band, the wavelength resolution of the light sources employed is
insufficient to examine smaller scale (few nm and sub-nm) variability that was also
predicted by the calculations [Miller et al., 2005; Liang et al., 2006]. Laser light
sources.could help to investigate this further, but high power is required to realize

sufficient removal of O3 in laboratory experiments.

16
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Figure 1 a-d: Rayleigh fractionation plots for O3 photolysis experiments of 10, 20 and
30 minutes (three points in each series). Top: photolysis with the halogen lamp and

different filters. Bottom: photolysis with high power LEDs. §'’O and 80 are given

versus Os(start). Errors in the slopes (ewta) are based on least square fits forced
through, zero. Errors in In(f) are between 0.026 and 0.028. Errors in 6 values are <
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Figure«2: (a): Spectral photolysis rates for the different light sources used in the
experiments. Green: 550nm filter, Red: 620nm filter, Blue: 455nm filter, Orange:

617nm LED, Black: 660nm LED, Purple: 530nm LED, Grey (dashed): Sun (37°N,
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SZA 48°S, from: http://rredc.nrel.qgov/solar/spectra/am1.5/). Filter and LED data is

scaled to the measured photolysis rate J of each light source (section 2.2) whereas the
sun spectrum is scaled to Jussom fiter. b) and c): Isotope fractionations *%¢ and .
Colours represent different filter and LEDs as defined in Figure 2a. The box width
and solid horizontal lines indicate the wavelength intervals in which 50% and 90%,

respectively, of the photons are emitted. Solid vertical lines indicate the medians. The

height = of the boxes marks the error for ¢ calculated as

O, +hv

aoj”w:J(zxag(m,))zﬂag(mm)z . The grey solid lines show the wavelength

dependent fractionations as calculated by Liang et al. [2004, 2006]. The dashed lines
show the fractionations expected from theoretical calculations by Liang et al. for our

light sources.
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with surface pressures lower than 750 hPa; superimposed contours refer to 50% and

95% levels, respectively.

Table 1: Overview of measurement results compared to Liang et al. [2006].

J (Sil) Etotal) Eo,1hy &0yt iv) Lignget.al
(x10™)
180 170 180 170 180 170
455nm 3.34 -14.1 -7.5 -16.2 -8.9 -9.6 5.1
filter (x0.06) (x0.2) (x0.1) (x1.1) (x0.6)
550nm 2.69 -13.5 -7.1 -15.2 -8.3 -14.0 -7.4
filter (x0.07) (x0.5) (£0.3) (x1.3) (x0.9)
620nm 1.18 -194 -10.2 -26.9 -14.4 -34.0 -179
filter (x0.08) (x0.6) (x0.2) (x1.4) (x1.0)
530nm 0.89 -12.4 -6.7 -12.9 -7.5 20.9 10.9
LED (£0.03) (x0.4) (x0.3) (x1.3) (x0.8)
617nm 3.33 -13.4 -7.2 -15.0 -8.4 -1.5 -0.7
LED (x0.07) (x0.2) (x0.1) (x1.1) (x0.6)
660nm 2.86 -17.9 -9.5 -23.9 -13.1 -21.8 -114
LED (£0.15) (£0.3) (x0.2) (x1.2) (x0.7)
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