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Abstract

For the first time, accurate potential energy surfaces allow N,O cross sections and
isotopic fractionation spectra to be derived that are in agreement with available experi-
mental data (without ad hoc shifting), extending knowledge to a much broader range of
conditions. Absorption spectra of rare N- and O-isotopologues (15N14N160, 1“N'SN'60O,
15N;6O, 14N;7O and 14N;E*O) calculated using wavepacket propagation are compared

to the most abundant isotopologue (14N;60). The fractionation constants as a func-
tion of wavelength and temperature are in excellent agreement with experimental data.
The study shows that excitations from the 3rd excited bending state, (0,3,0), and the
first combination band, (1,1,0), are important for explaining the isotope effect at wave-
lengths longer than 210 nm. Only a small amount of the mass independent oxygen
isotope anomaly observed in atmospheric N,O samples can be explained as arising
from photolysis.

1 Introduction

Nitrous oxide, N,O, is an important atmospheric trace gas. It is a potent greenhouse
gas with a global warming potential 300 times greater than CO,, and is currently the
dominant anthropogenic emission depleting ozone (Ravishankara et al., 2009). The
mixing ratio of N,O has increased from 270 ppb (i.e. nmol mol'1) in the preindustrial
atmosphere to around 320 ppb today (Forster et al., 2007). Photolysis in the strato-
spheric UV window from ~195nm to 215nm is responsible for about 90 % of the total
N,O loss. The remaining 10 % are removed through reactions with O(1D) (Prather
et al., 2001, pp. 239), which is a major source of stratospheric NO which, in turn, cat-
alytically removes ozone.

The N,O UV absorption cross section is centered at 183 nm and is Gaussian-like
with superimposed structure at shorter wavelengths. Absorption in this band is caused
by a transition from the electronic ground state to the first excited T4 state (Hopper,
1984):
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N,O(X ' A) + hv — N,O(2" A') = Np(X'57) + O(' D). (R1)

The first excited state (1A’) is also referred to as the A-state. The broad Gaussian-
like shape is typical for direct dissociation (Schinke, 1993), and the superimposed
structure reflects large amplitude bending and NN stretching motion (Schinke et al.,
2010; Schinke, 2011). The dissociation dynamics lead to highly rotationally excited
N, (Kawamata et al., 2006). The produced N, is vibrationally cold at the onset of the
absorption cross section but becomes increasingly hotter with photon energy (Schmidt
et al., 2011). The electronic transition is dipole forbidden in the linear geometry and
the absorption cross section is relatively small for the vibrational ground state but grows
with bending mode excitation. This makes the cross section quite sensitive to temper-
ature (Selwyn and Johnston, 1981; Kawamata et al., 2006; Rontu Carlon et al., 2010;
Schinke, 2011).

Photolysis has a strong influence on the isotopic composition of N,O in the atmo-
sphere (Kim and Craig, 1993; Toyoda et al., 2001). Stratospheric N,O, compared to
it's tropospheric counterpart, is enriched in heavy isotopes (Moore, 1974; Rahn and
Wahlen, 1997). The tropospheric sources have been found to be depleted in both N
and '®0 (Kim and Craig, 1993). Early laboratory measurements at 185 nm found no
strong fractionation and called the importance of photolysis into question (Johnston
et al., 1995). However, Yung and Miller (1997) showed, using a qualitative model, that
photolysis in the stratosphere will significantly enrich the remaining N,O. Subsequent
laboratory experiments (cf. Kaiser et al., 2003; von Hessberg et al., 2004) found pho-
tolysis to be even more enriching than first predicted by the Yung and Miller model.

At the same time the first evidence of a small O-isotope anomaly appeared with
the measurement of a A" O of about 1% in atmospheric N,O samples (Cliff and
Thiemens, 1997). The origin of this anomaly is not well understood (McLinden et al.,
2003; Liang and Yung, 2007; Kaiser and Rockmann, 2005). Experiments performed
using Sb-lamps at room temperature found A’ O=0%. within experimental error and
photolysis is therefore not believed to contribute to the anomaly (R6ckmann et al.,
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2001b). A number of non-standard atmospheric N,O sources have been suggested
(Rockmann et al., 2001b; McLinden et al., 2003; Kaiser et al., 2004; Kaiser and
Rockmann, 2005; Liang and Yung, 2007), e.g. O(1D)+N2, NH,+NO, and N+NO,,
which could transfer the anomaly from ozone (which contains a large O-isotope
anomaly). The magnitudes of these sources are not well known. Rdéckmann et al.
(2001b) estimated that the NH,+NO, reaction could, by itself, explain the anomaly if
about 3 % of the global N,O originated from this reaction. This estimate was later re-
fined by the construction of an isotope budget (Kaiser and Réckmann, 2005) and an
atmospheric model (Liang and Yung, 2007) that included the different non-standard
sources. In the former isotope budget the NH,+NO, contribution to the global produc-
tion is only about 0.4 %.

Yoshida and Toyoda (2000) used the site specific N enrichment (i.e. NN vs.
14N15N160) observed in field measurements to constrain the atmospheric N,O budget.

There have been several theoretical studies on the isotopic fractionation in N,O pho-
tolysis (Johnson et al., 2001; Nanbu and Johnson, 2004; Liang et al., 2004; Prakash
et al., 2005; Chen et al., 2008, 2010). The ab initio study by Daud et al. (2005) did
not consider isotope effects. The isotope study by Nanbu and Johnson (2004) was the
only to be based entirely on first principles. This work together with earlier studies of
Johnson et al. (2001) and Yung and Miller (1997) were helpful in understanding the
main aspects of the fractionation. However, the comparison with experimental results
was less convincing.

Better agreement with experiments was obtained by Marcus and co-workers
(Prakash et al., 2005; Chen et al., 2008, 2010). These semi-empirical studies clearly
illustrated the importance of having a reliable description of the vibrational states of the
electronic ground state. The latest study by this group used an accurate semi-empirical
ground state Potential Energy Surface (PES) to obtain anharmonic vibrational wave-
functions which could be considered nearly exact. And the calculated fractionation
constants were mostly in quantitative agreement with experimental results. To obtain
this good agreement it was necessary to shift the cross sections about 800 cm™'; the
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origin of this small shift was most likely inaccuracies in the excited state PES. These
studies were based on the reflection principle (Schinke, 1993, ch. 6) and the diffuse
structure and (less important) high energy side of the cross section was not repro-
duced.

This is the first theoretical study, based entirely on first principles, to accurately de-
scribe fractionation in N,O photolysis. No artificial broadening or shifting of the results
is performed and they can therefore be considered as pure ab initio results. The re-
sults are in good agreement with the latest semi-empirical model (Chen et al., 2010)
and accurately describe the isotopic fractionation observed in broadband photolysis
experiments (Rockmann et al., 2001a; Kaiser et al., 2003) and also the detailed tem-
perature dependence observed in other experiments (Kaiser et al., 2002). We show
that even highly excited vibrational states (e.g. the 3rd excited bending state and the
first combination band) are important for understanding fractionation at longer wave-
lengths. We also find that photolysis is mass-dependent for A > 195 nm and can for the
first time account for the observation that the three-isotope exponent 8 changes with
wavelength.

2 Calculations
2.1 Potential energy surfaces

The PESs for the ground state and the excited state, /4 and V,, were calculated
using the multi-configuration reference internally contracted configuration interaction
(MRCI) theory (Werner and Knowles, 1988; Knowles and Werner, 1988) based on
wave functions obtained by state-averaged full-valence complete active space self con-
sistent field (CASSCF) calculations (Werner and Knowles, 1985; Knowles and Werner,
1985). The augmented correlation consistent polarized valence quadruple zeta (aug-
cc-pVQ2Z) basis set of Dunning Jr. (1989) was employed. The Davidson correction was
applied in order to approximately account for contributions of higher excitations and
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for size-extensive energies (Langhoff and Davidson, 1974). The corresponding TDM
(1xa) was calculated at the same level of theory. Further details are given in (Schinke,
2011). The PESs and the TDM were calculated as functions of the Jacobi coordinates
R (distance from O to the center of mass of NN), r (NN bond length), and y (angle
between R and r). For isotopomers including different nitrogen isotopes a coordinate
transformation between the different sets of Jacobi coordinates is mandatory.

The PESs and TDM are currently the most accurate ab initio surfaces available for
N,O. They have an excellent track record; they were used to obtain the N,O UV
absorption cross section (Schinke et al., 2010; Schinke, 2011) which, including the
vibrational structure, was in good agreement with experiments. They were also used
to investigate the temperature dependence (Schinke, 2011) of the absorption cross
section and the energy partitioning in the products (Schmidt et al., 2011) and again the
agreement with experimental data was excellent. The overall scaling factor of ~ 1.4
necessary to match the absolute value of the experimental cross section in (Schinke
et al., 2010; Schinke, 2011) is of no relevance in the present study, because only ratios
of cross sections are considered.

2.2 Quantum mechanical calculations

The absorption cross sections were calculated using the time-dependent approach
(Schinke, 1993, ch. 4). The triatomic system was described using the Jacobi coordi-
nates defined in Sect. 2.1. Wave packets were propagated on the A-state PES and the
resulting autocorrelation functions were used to calculate the cross sections. An initial
wave packet at £ =0, P(R,r,y;0), was defined as the product of a vibrational wave
function of the X-state, \IJ(V1:V2:V3)’ and the modulus of the TDM, uyx,. The propagation
was performed by expanding the propagator in Chebychev polynomials (Tal-Ezer and
Kosloff, 1984). Propagation was terminated after 250 fs. The pseudospectral scheme
presented by Le Quéré and Leforestier (1990) was employed. In this scheme the ac-
tion of the radial part, i.e. R and r, of the kinetic energy operator on the wave packet
is evaluated via the Fourier method (Kosloff and Kosloff, 1983), while the angular part
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is evaluated by transforming between a grid representation and an associated Leg-
endre polynomial basis set representation. The following grid parameters were em-
ployed: 400 and 140 equally spaced points in the intervals 2a, < R < 13.97a, and
1.6 ag <r <5.77 a, respectively (where a; is the Bohr radius), and 256 angle grid
points between y =0 and y = 180°.

To prevent the wave packet from reflection at the edge of the grid, absorbing bound-
aries were employed for # >10ay and r > 4.2 a,.

Calculations were performed for the vibrational ground state, (0,0,0), the first four
excited bending states, (0,11,0), (0,2,0), (0,31,0), (0,4,0), the first excited stretching
states, (1,0,0), (0,0,1), and the first combination state, (1,11,0). The vibrational wave
functions of the X-state were obtained by propagating a trial wave packet in imag-
inary time (Kosloff and Tal-Ezer, 1986). When obtaining the excited states (except
(0,11,0)) it was necessary to continuously project out components of lower energy
from the trial wave packet. All calculations involving (0,0,0), (0,2,0), (0,4,0), (1,0,0)
and (0,0,1) were done using Legendre polynomials (i.e. m = 0) while calculations in-
volving (0,11,0), (0,31,0) and (1,11,0) were done using associated Legendre polyno-
mials with m = 1. A modified version of the WavePacket 4.6 program package (Schmidt
and Lorenz, 2009) was used to perform the quantum calculations.

2.3 Photochemical calculations

When comparing the results of this study with experimental studies performed using
broadband light sources, e.g. Sb-lamp or the sun, it was necessary to calculate the
rate of photolysis,

j= / A sFNP), (1)

where F(A) is the quantity of light available for photolysis at given wavelength, e.g.
the actinic flux in the case of atmospheric photolysis. The yield of dissociation, ¢(1),
is set to unity in accordance with experimental results (Simonaitis et al., 1972) and
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since the photodissociation process is direct (Schinke et al., 2010; Schinke, 2011) and
essentially all of the wave packet has dissociated after 250 fs.

2.3.1 Lamp spectral data

The spectral data for the various light sources used in the experimental studies (Kaiser
et al., 2002, 2003; Rockmann et al., 2001b,a) was obtained from J. Kaiser and a selec-
tion is shown in Panel (A) of Fig. 1. The D, lamp data is a convolution of the spectral
radiant intensity of a D, lamp with the transmission function of a Hamamatsu silica win-
dow and the O, Schumann-Runge band (see Kaiser et al., 2003). The Sb-lamp was
used both with and without band pass interference filters (Melles Griot) centered at 4
different wavelengths; 200 nm, 207 nm, 214 nm and 220 nm. The filter functions were
treated as Gaussians.

2.3.2 Actinic flux data

Actinic flux data at 0.1nm resolution at various altitudes were obtained from
C. A. McLinden and are shown together with the N,O absorption cross section in
Panel (B) of Fig. 1.

2.4 Isotopic fractionation

The enrichment of a given isotope, e.g. 18O, is commonly (Assonov and Brenninkmei-
jer, 2005) quantified in terms the relative isotope ratio difference (or isotope delta)
defined as,

18
R
6%0=——-1, (2)
18'qref
where '®R,; is the '80:'°0 ratio in a reference, with Vienna Standard Mean Ocean Wa-

ter (VSMOW) being a typical reference for oxygen. The 14N2180 isotopic fractionation
16082
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as function of wavelength is commonly quantified using the fractionation constant (cf.

von Hessberg et al., 2004; Johnson et al., 2001; Nanbu and Johnson, 2004; Prakash

et al., 2005; Chen et al., 2008, 2010),
o(d)

where o(1) and 180(/1) are the 14N2160 and 14N2180 cross sections respectively, and

analogous definitions apply for the other isotopes. The fractionation constant can also

be defined for broadband photolysis (cf. Kaiser et al., 2004),

18/-
18«9:7-1. (4)

For a first order process, like photolysis, the isotope delta (6 18O) can be expressed as
a function of the remaining fraction, f, of unphotolysed reactant,

18R0 18
6'180= 1 fe-1, (5)
8'L-’,ref

where 18/-?0 is the initial isotope ratio.
Early experimental studies (Cliff and Thiemens, 1997; Rockmann et al., 2001b)
quantified the oxygen isotope anomaly using,

A'0=6"70-0.5156"80, (6)
while the later study of Kaiser et al. (2004) suggested using,
A17O*=ﬂ— ,
(1+6180)0516
and also suggested using the three-isotope exponent,
B In(17e +1)
In('8e +1)’

Be(1) = 3)
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to determine if photolysis (or any other process) is anomalous. If G is either smaller
than 0.50 or greater than 0.53 then the process is considered to be anomalous (Kaiser
et al., 2004; Assonov and Brenninkmeijer, 2005). The isotope delta, fractionation con-
stant, and A0 are usually denoted in per mil (%s).

3 Results and comparison with experiments

Table 1 compares the vibrational energies obtained in this study to experimental results.

The calculated vibrational excitation energies, E;, are in most cases smaller than the

experimental values with the biggest deviation being about 20 cm™'. The calculated

isotopic energy shifts are compared to experimental data in Table 2. The deviation
from experiments is small, usually on the order a of few tenths of a cm™'. The largest
deviations are seen for (0,0,1).

The cross section for the vibrational states are shown in Panel (A) of Fig. 2. The
overall magnitude increases with bending excitation as discussed elsewhere (Schinke,
2011; Rontu Carlon et al., 2010; Johnson et al., 2001). The bimodal structure for
(1,0,0) and (1,1,0) reflects the node of the respective wavefunctions along the disso-
ciation coordinate R (Schinke, 1993). Panel (B) shows the cross sections multiplied
by the Boltzmann weighting factor at 7T = 300K. The weighting factor for (0,0,1) is
so small that w(g ¢ 1)0(0 0 1) lies outside the range plotted in Panel (B). In the impor-
tant region around 210 nm the contributions to the total cross section at 300K are
1:1:0.5:0.1:0.05:0.025:0.01 for (0,0,0), (0,1,0), (0,2,0), (0,3,0), (1,0,0), (1,1,0)
and (0,4,0) respectively. The contribution from the 3rd bending excitation is significant
at room temperature; we note that ignoring this state changes the calculated broad-
band photolysis fractionation constants by up to 20 %.. For the isotopic calculations the
(0,4,0) and (0,0, 1) vibrational states can be ignored because the weighted cross sec-
tions are so small. Daud et al. (2005) considered several electronically excited states
and found that the absorption cross section for the X 14" 5 1'4" transition consists of
two broad overlapping Gaussians peaking around 170 and 190nm. The magnitude
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of the X'4' — 14" cross section was typically 1% or less of the magnitude of the
X'4' = 2'4 cross section. This suggests that the 114" electronic state and the 4th
excited bending state are about equally (un)important for describing the total cross
section at 300K and the 1'4" electronic state is therefore not included in this study.
At 233 K the contributions around 210nmgoas 1:0.5:0.1:0.01:0.01:0.002:0.0005,
and a fair representation could have been obtained by only considering the ground
state and the first two excited bending states.

3.1 Monochromatic photolysis

Figure 3 shows the fractionation constant as a function of wavelength compared to
the spectroscopic measurements of Selwyn and Johnston (1981) and von Hessberg
et al. (2004). The results of four single-wavelength photolysis experiments (Kaiser
et al., 2003; Zhang et al., 2000; Réckmann et al., 2000; Turatti et al., 2000) are also
shown. Overall, the agreement with experimental results is excellent. Compared to
the spectroscopic results of von Hessberg et al. (2004), our results slightly underesti-
mate the magnitude of the fractionation at wavelengths longer than 212 nm. However,
our results overestimate the magnitude of fractionation compared to single wavelength
photolysis based experimental results (Zhang et al., 2000; Turatti et al., 2000). The re-
sults of Selwyn and Johnston (1981) are generally believed to be inaccurate at longer
wavelengths: the authors wrote: “at low energies the isotope shift and the random
experimental error are about equal”.

The N- and O-isotopic fractionation becomes increasingly negative with increasing
wavelength. This behavior has been explained by several groups (Yung and Miller,
1997; Johnson et al., 2001; Nanbu and Johnson, 2004; Liang et al., 2004; Prakash
et al., 2005) and arises because: (a) The heavy isotopes of N,O have a smaller ZPE
which shifts their cross sections to higher energies, making photolysis slower on the
low energy side. (b) The wavefunctions of the heavy isotopes are narrower making
the cross sections narrower and in turn making the rate of photolysis decrease more
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rapidly on the low energy side. The “narrowing” of the heavy isotope wavefunctions (in
particular along the bending degree of freedom) also decreases the integrated cross
section and shifts the cross section to higher energies. The latter is a consequence of
a growing excitation energy because V), increases when going towards linearity.

The Yung and Miller model (1997) included the first effect but ignored the second
which led the model to underestimate the magnitude of the fractionation. Later theo-
retical studies (Johnson et al., 2001; Nanbu and Johnson, 2004; Prakash et al., 2005;
Chen et al., 2008, 2010) included both effects. The temperature effects of the N- and
O-isotope fractionation will be discussed below.

Figure 4 gives a more detailed view of the fractionation constants in the structured
region at 1 < 195 nm. The structure predicted by this study is slightly out of phase with
the structure measured by Selwyn and Johnston (1981). The results of this study can
be brought in phase with experimental results by either applying a blue shift of ~1nm
or a red shift of ~0.5nm to our results. As seen in Fig. 4 the spacing between the
peaks and the overall pattern is well reproduced. Results at low temperatures are not
shown since both this study and the study by Selwyn and Johnston (1981) finds the of
fractionation constants at 301 K and 213 K to coincide almost perfectly in the structured
region. This is not surprising since photolysis in this region is dominated by transitions
from the vibrational ground state (see Fig. 2) and the population of this state is not very
sensitive to temperature.

The calculated three-isotope exponent is shown in Fig. 5 and compared to available
experimental data. For stratospheric photolysis at wavelengths longer than 195 nm the
calculated G is around 0.526 and is therefore always mass-dependent (in the sense
than 0.50 < 8 <0.53). Our three-isotope exponent is slightly larger than the value of
0.518 derived by Kaiser et al. (2004) for Sb-lamp photolysis, and smaller than the
anomalous value of 0.537 obtained in the most recent semi-empirical study Chen et al.
(2010). At wavelengths shorter than 200 nm the cross sections display diffuse vibra-
tional structure due to large amplitude bending and NN stretching motion (Schinke
et al., 2010; Schinke, 2011), causing large oscillations in the fractionation constants
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and the three-isotope exponent. The measured ArF laser photolysis (193.3 nm) three-
isotope exponent coincides almost perfectly with a calculated dip in 8. The calculated
value of beta is only very slightly dependent on temperature, changing by a few thou-
sandths as temperature is decreased from 300 to 220 K.

The three-dimensional chemical transport model of McLinden et al. (2003) shows
that a mass-dependent source of N,O in equilibrium with an isotopically fractionating
stratospheric sink will give a A’ O value of 0.3 %, for 8 = 0.545 and 0.0 % for 3 = 0.515.
An interpolation for our result of 8 =0.526 predicts that stratospheric photolysis will
result in a oxygen isotope anomaly of 0.1 %. and therefore cannot by itself explain the
tropospheric anomaly of ca. 1 %o.

3.2 Broadband photolysis

Table 3 compares the calculated broadband fractionation constants to experimental
data (Rockmann et al., 2001a; Kaiser et al., 2003). In general the agreement is good.
Most of the broadband photolysis experiments were centered at long wavelengths
where many excited vibrational states contribute to the cross section at room tempera-
ture (see Fig. 2). The contribution from relatively highly excited states like (0,3,0) and
(1,0,0) are therefore important for describing the broadband photolysis fractionation.
For instance, ignoring the 3rd excited bending (1st excited stretch) state increases the
deviation between experiment and theory by up to 21 %. (10 %.). The bending excitation
has a larger effect on 1N'N™0, i.e. the centrally substituted case, while the stretch-
ing excitation is most important for describing 14N2180. The contributions from (1,0,0)
and (1,1,0) to the total cross section at 300 K are comparable at 214 nm and 220 nm;
as is the “isotope-effect” exemplified by the energy shift, AE ,’ , which is 39.1cm™ and

37.4cm™ " in the case of 14N2180 for (1,1,0) and (1,0,0) respectively. The inclusion of
the first combination band changed the predicted fractionation factors by as much as
8 %o.
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Figure 6 shows 680 vs. A'O for different reaction yields. Equations (5) and (6) are
used to obtain 60 and A 0. This definition of A'”O was also used in the experimen-
tal studies of Cliff and Thiemens (1997) and Réckmann et al. (2001b). The Sb-lamp
results of this study, despite being mass-dependent in terms of G =0.526, yield an
oxygen isotope anomaly of up to about A 0=0.6%.. However, laboratory Sb-lamp
measurements of Rockmann et al. (2001b) found photolysis to yield A" 0=0+0.2%o.
The 0.6 %o deviation between theory and experiments could be a result of small inac-
curacies in the PESs or TDM. This study finds that photolysis at 193.3nm (the ArF
wavelength) yields a small positive anomaly of around A0=0.2% at f =0.3. The
experimental results show no anomaly within the error bars, but have a negative ten-
dency due to 8 =0.507 < 0.515 for this light source (Kaiser et al., 2004). Figure 6 also
shows the development of §'80 and A" O for photolysis at 192.8 nm, the A for which 8
has a local minima (see Fig. 5). The result of photolysis at 192.8 nm is strikingly similar
to the experimental ArF results. An inaccuracy of about 0.5nm (134 cm‘1) in the cal-
culated PES is not unrealistic and the ArF laser line would perfectly match the “dip” in
B. The difference in three-isotope exponent between the two light sources would then
be due to a coincidental matching of the ArF laser frequency with the “dip” in 8 due to
the structure caused by large amplitude bending and NN stretching motion.

3.3 Temperature dependence

The variation of the isotopic fractionation with temperature is shown in Fig. 3 and in
greater detail in Fig. 7. As a common trend, the magnitude of the isotopic fractiona-
tion increases with decreasing temperature. This was first predicted qualitatively by
the early theoretical study of Johnson et al. (2001) and later confirmed by experi-
ments (Kaiser et al., 2002; von Hessberg et al., 2004). The calculated temperature
dependence is in good agreement with experimental observations. As seen in Fig. 2
populating the excited vibrational states increases the cross section at the low energy
side. The excited vibrational states of the heavy isotopes of N,O are lower in energy
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compared to light N,O and are therefore populated more quickly with increasing tem-
perature, thus enhancing the low energy side of the cross section and counteracting
the negative fractionation.

As seen in Fig. 7, our results predict that the 207 nm band-pass filter lowers the
fractionation by about 5 - 15 %.. However the experiments find that the filter has almost
no effect on the fractionation. This deviation could be a result of inaccuracies in the
calculated cross sections at longer wavelengths or because the filter function employed
is a poor representation of the 207 nm band-pass filter used in the experiments.

4 Conclusions

The photodissociation of N,O in the first absorption band leads to strong N- and O-
isotopic fractionation. The magnitude of the fractionation depends on photolysis energy
(wavelength) and temperature

The isotopic fractionation in N,O photolysis was studied using quantum mechanical
wave packet calculations and new potential energy surfaces for the ground and the
excited electronic state. The results were in excellent agreement experimental data
and the most recent semi-empirical model (Chen et al., 2010).

On the important low-energy side of the absorption band the isotopic fractionation
increases with increasing wavelength and decreases with temperature. The former can
be explained in terms of overall blue-shifting and an additional narrowing of the cross
sections for the heavy isotopes, making photolysis slower for these isotopes on the low
energy side. The decrease of fractionation with temperature is due to the vibrationally
excited states; UV absorption from the excited vibrational states enhances the low
energy side of the cross section, increasing the rate of photolysis in this region. At
the same time the vibrationally excited states become more rapidly populated for the
heavy isotopologues, thus decreasing the magnitude of the fractionation constant.

In the long wavelength region, i.e. A >210nm, photolysis from highly excited vi-
brational states such as the 3rd bending excitation or the first combination band,
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become important. These states are significant for describing the fractionation con-
stants around room temperature.

It is shown that the experimentally observed wavelength dependence in the three-
isotope exponent, G, is due to coincidental matching of the ArF laser frequency with
structure in the cross sections caused by large amplitude bending and NN stretching
motion.

In conclusion, this study indicates that photolysis contributes only very little to the
oxygen isotope anomaly observed in tropospheric N,O.
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Table 1. Vibrational energies given in cm™' of 14N2160 with £/ = E; - -Epoo- The ex-
perimental excitation energies are the gas phase values cited in Laplnskl et al. (2001) and
HZPE = 0.5E(1,0,0) +E(0,1,0) + 0.5E(0,0‘1 is a harmonic estimate of the zero point energy.

HZPE E(O,O.O) E(’o,1,0) E(’0,2,0) E(Io,3,0) E(’0,4,0) E(1,o,0) E(1,1,0) E(o,0,1)

Thisstudy 2323.0 2388.0 569.8 1148.2 17279 2293.8 1291.5 1858.2 2214.9
Experiment 2343.2 588.8 1168.1 1284.9 1880.3 2223.8
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Table 2. Isotopic shift in vibrational energies in cm™.

Experimental gas phase val-

ues cited in tapinski et al. (2001) are given in parenthesis. The shifts are defined as
AE = E(MN,"°0)-E("N,'®0) and A"®E; = E/("*N,"°0)-E£/("*N,'®0) for ®0 and analogous

for other isotopes.

AHZPE AEO.O,O AE(,),1,O AE(I),Z,O AE(,),&O AE1,,0,O AE1,,1,0 AE(,),OJ
“N®N'®0 38.6(38.7) 38.0 13.5(134) 23.3(23.8) 344  53(4.5) 20.6 44.8 (46.1)
BNMN'®0 214 (22.0) 230 3.5(3.5) 8.6 (8.1) 127  14.4(15.0) 17.2 21.4 (22.2)
BN,'0  60.7(61.2) 61.3 17.0(16.9) 31.5(31.6) 466 19.6(19.6) 38.2(37.9) 67.8(69.1)
“N,”O  139(14.4) 153  24(24) 7.0(6.6) 106 19.8(20.2) 20.8 3.2(3.7)
“N,’® 0 26.6(27.1) 20.0 4.6(46) 13.8(13.0) 209 37.4(38.0) 39.1 6.6 (7.1)
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Table 3. Fractionation constants given in per mil for photolysis with broadband light sources. g-
Results obtained without including (0,3,0) and (1,1,0) are given in brackets and experimental _30
results of Réckmann et al. (2001a)® and Kaiser et al. (2003)b are given in parenthesis. 456g 346¢ o _
and '®e are the fractionation constants for "*N'°N'°0, "*N'*N'®0 and 14N2180, respectively. D ! !
456 546, 8¢ .
Sb lamp -57.6 [-622] (-512+£16)% -29.0 [-29.9] (-21.4x11)° -43.0 [-441] (-33.1x1.1) g ! !
Sb 200nm filter -53.8  [-57.0] -276 [-28.4] -39.0 [-40.1] (-43+8)° 0
Sb 214nmfilter -842 [-97.7] (-74+13)° -46.0 [-48.9] (-41+7)° -72.5 [-76.5] (-52+9)° é ! !
Sb 220nm filter -96.7 [-116.2] (-95+7)° -51.9 [-55.9] (-43+3)° -84.6 [-90.3] (-61%5)° o
HgXe lamp -709 [-782] (-69.5+2.8)° -36.8 [-38.1] (-28.1+2.1)° -565 [-57.8] (-46.9+1.9)° _30 ! !
D, lamp -207 [-30.7] (-31.4+£03)° -74 [-76] (-8.4+04)° -131 [-134] (-159x01)° o
z 1
(7]
(@]
(=
(2}
(2}
2
5
3
Q
@
B
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Fig. 1. Panel (A): The spectra of the various lamps used in the broadband photolysis studies of
Kaiser et al. (2002, 2003) and R6ckmann et al. (2001b,a). “Sb1”, “Sb2” and “Sb3” refer to Sb
lamb w/o filter, w/ 200 nm filter and w/ 220 nm filter receptively. The position of the ArF excimer
laser line used in the latter study is also shown. Panel (B): The N,O cross section compared to
the actinic flux F (1) at different altitudes.
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Fig. 2. Panel (A): The N,O cross section for various initial vibrational states. Panel (B): Cross
sections for the various initial states multiplied by the Boltzmann weighting factor w; = Q1+
v,)exp(—E;/(kgt)) with T =300 K and Q being the partition function.
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Fig. 3. The fractionation constants for "°N'*N'0O (Panel (A)), "*N'*N'®0 (Panel (B)), °N,°0
(Panel (C)) and 14N2180 (Panel (D)) at different temperatures compared to experimental results
of von Hessberg et al. (2004), Selwyn and Johnston (1981), Kaiser et al. (2003), Zhang et al.
(2000), Rockmann et al. (2000) and Turatti et al. (2000). The legend in Panel (A) also applies

to Panels (B) and (C).
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Fig. 4. The fractionation constants for '>’N'*N'®0 (Panel (A)), *N'*N'°0 (Panel (B)), 15N2160
(Panel (C)) compared to experimental results of von Hessberg et al. (2004), and Selwyn and
Johnston (1981). The legend in Panel (C) applies to all panels. A blue shift of 300 cm™ (about

185 190 195
Al nm

1 nm) has been applied to our results in all panels of this figure.
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Fig. 5. The three-isotope exponent (see Eq. 8) at different temperatures compared to ArF

(1 =193.3nm) and Sb-lamp (1 ~ 202 nm) experimental results of Kaiser et al. (2004)
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Fig. 6. The evolution of 580 and A0 as the fraction of remaining reactant (f) decreases.
The black x mark f = 0.6 (see eq. (5)) and f = 0.3 while the red x mark f =0.7 and f =0.5. The
experimental results of Rockmann et al. (2001b) are at about the same vyield of reaction. The
broken red line is monochromatic photolysis at 192.8 nm.
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