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Nitrogen isotopic distributions in the solar system extend across an
enormous range, from —400%o, in the solar wind and Jovian atmo-
sphere, to about 5,000%. in organic matter in carbonaceous chon-
drites. Distributions such as these require complex processing of
nitrogen reservoirs and extraordinary isotope effects. While theoret-
ical models invoke ion-neutral exchange reactions outside the pro-
toplanetary disk and photochemical self-shielding on the disk surface
to explain the variations, there are no experiments to substantiate
these models. Experimental results of N, photolysis at vacuum UV
wavelengths in the presence of hydrogen are presented here, which
show a wide range of enriched '°N values from 648%. to 13,412%. in
product NH3, depending upon photodissociation wavelength. The
measured enrichment range in photodissociation of N,, plausibly
explains the range of §'°N in extraterrestrial materials. This study
suggests the importance of photochemical processing of the nitro-
gen reservoirs within the solar nebula.

nitrogen isotopes | organic molecules | perturbation

Nitrogen isotopic analyses of meteorites, terrestrial planets,
atmospheres of giant planets and their moons, solar wind,
comets, and interplanetary dust particles (1) may advance un-
derstanding of volatile chemistry and prebiotic processes in the
early solar system.

Nitrogen Isotopic Compositions in Solar System

Nitrogen isotopic distributions, measured as 8'°N (with respect
to air-N,, where §1°N = ((ISN/MN)SMPIE/(ISN/MN)air - 1) x
1,000%0), in the solar system extend across an enormous
range, from —400%o, in the solar wind (2) and Jovian atmo-
sphere (3), to about 5,000%¢ in organic matter in carbona-
ceous chondrites (4, 5).

Nitrogen Isotopic Composition Measured in Meteorites. Bulk me-
teorite analysis exhibits a variation in the range of a few
hundred permil in 8'°N (6-8), with occasional exceptionally
high values (Fig. 14) found in two carbonaceous chondrites
(i.e., Renazzo, 8N = —190%o to +150%eo, and Isheyevo, 8'°N ~
1,100%o0) (9, 10), two stony-iron meteorites (i.e., Bencubbin and
Weatherford, where 8'°N ~ 973%0) (11), and a few stony and
iron meteorites (6, 12). The N-isotopic composition measured in
a returned solar wind sample from the Genesis discovery mission
and in the atmosphere of Jupiter (measured in NHj) are
nearly equally depleted (—400%eo, Fig. 14) (2, 3). Conversely,
extremely high >N enrichments are observed (Fig. 1B) with
high spatial resolution instruments (e.g., nano-secondary ion
mass spectrometer) in meteoritic “hotspots” (regions of ex-
treme N enrichment, occasionally as high as ~5,000%o0),
interplanetary dust particles, cometary samples (including
that from Stardust mission), and insoluble organic matter
(IOM) from meteorites (4, 5, 13-15).
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Isotopic Relationship Between N, C, and H in Extraterrestrial
Reservoirs. The relationship of nitrogen isotopes with those of
carbon and hydrogen is important because of their mutual
presence in nitrile (-CN) and amine (-NH,) functional groups in
organic molecules. High '°N enrichments are not correlated with
carbon isotopes (e.g., *C/'*C) (6-8, 16, 17), although there are
occasional correlations with high D/H ratios (18). The D/H
enrichment in the interstellar medium has been modeled at
low temperatures (25 K), including ion-neutral exchange reac-
tions (19). Models of ion—molecule exchange reactions at ex-
tremely cold temperatures for N isotopes include formation of
1>N-enriched functional groups in interstellar clouds. It is pos-
sible to form amine group molecules with N enrichments of
~3,000%o0 in this process (20, 21). Model uncertainties reside in
the unknown rate coefficients of key exchange reactions (20).
Ton-neutral exchange reaction models predict simultaneous D
and "N enrichments. The lack of significant correlation between
the two isotopic systems in the solar system weakens the premise
that D and >N enrichments are of presolar origin (18). A recent
model predicts uncorrelated D and >N enrichments and in-
cludes ortho and para forms of hydrogen in an ion—molecular
reaction network (22) with uncertainties due to unknown rate
coefficients of isotope exchange reactions. Processing of ni-
trogen through isotopologue selective photodissociation (i.e.,
isotope self-shielding) in the vacuum UV (VUV) wavelengths
has been proposed (23) although there have been no experimental
measurements.

Significance

In this paper, we account for the wide range (approximately
a few thousand permil) of nitrogen isotopic composition
measured in solar system materials. Several theoretical models
have been proposed to explain the nitrogen isotopic enrich-
ments measured in meteorites (especially in organic matter)
and in cometary ice (NH3; and/or HCN). These models include
ion—molecular isotope exchange reactions and isotope self-
shielding in the disk. However, a major limit is that there are
no experiments to substantiate any model. We measured and
found massive N-isotopic fractionations during vacuum UV
photodissociation of N,, perhaps one of the largest isotope
effects ever measured, and present mechanistic evidence for
the wide distribution in nitrogen isotopic compositions.
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Fig. 1. Compiled nitrogen isotopic composition measured in meteorites and
other solar system objects. (A) Bulk N-isotopic composition in meteorites,
solar wind, and Jupiter. (B) N-isotopic compositions measured in different
organic phases in meteorites and comets. The references used for compiling
A and B are refs. 2, 3, 5, 6, 9-13, and 46-50.

Experimental Approach and Results

Photodissociation of a mixture of N, and H, was undertaken at
different VUV wavelengths using the Advanced Light Source
(ALS) synchrotron at the Lawrence Berkeley National Lab-
oratory in a differentially pumped flow chamber. Five sets of
experiments (described in Table 1) were performed, where in
set-I, the N-isotopic compositions of the products (NHj3) of nine
different photolysis (synchrotron wavelengths) experiments at
a particular temperature (—78 °C) and gas-mixture pressure
(100 mtorr) were measured. The results show (Table 1 and Fig.
2) large "°N enrichments (of about a few thousand permil) in the
wavelength span of 80-98 nm, and depict a peak at 90 nm
(111,111 cm™"), where an unprecedented >N enrichment of
11,780%o0 (average of two separate experiments) is observed. It
was previously calculated (24, 25) that an isotope effect in N,
could result from extensive state mixing in localized spectral
regions. To observe other state mixing dynamics, four other sets
(set-II through set-V, Table 1) of experiments were performed
with varying pressure and temperature. The >N enrichment
profiles for these four sets of experiments also show large
enrichments. The results from set-II experiments, which are at
the same column densities as that of set-I (but at different
temperatures), also show a peak at 90 nm, similar to that of set-I,
although the peak enrichments are lower than that for set-I (Fig. 2).
The measured °N enrichment values results from set-III experi-
ments (at a different column density from set-I and set-II) are,
within the error, identical to each other for wavelengths around
90 nm. The enrichments measured at 90 nm for set-IV and set-V
experiments (performed at the same column densities as those of
set-I and set-1I) also show unusually high values similar to those
measured in set-I experiments.

Discussion

Photochemistry of Nitrogen. N, absorbs photons through slightly
broadened partly overlapping rovibrational lines in the VUV
region and dissociates via a repulsive triplet state (Fig. S1). Ex-
citation of ground state N, molecules in the VUV yields several
bound excited electronic singlet states with X and IT symmetries
and, for each symmetry group, with two Rydberg and one
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valence state (25). As a consequence of interaction of Rydberg and
valence states of both symmetries, perturbations are common
(26-28). Spin-orbit coupling to triplet states, some of which are
repulsive, leads to predissociation and accidental predissociation
(29, 30). The extensive electronic state couplings result in a wide
range of lifetimes for predissociation and are a strong function of
isotope masses (30). A detailed quantum mechanical calculation
(25) of the wavelength dependency for photoexcitation processes
shows that '>N enrichment can attain very high (>10,000%0)
values and is highly sensitive to the excitation wavelength. It is
suggested that the strongest isotope effect will occur in spectral
regions where states of significantly different oscillator strengths
are strongly mixed.

Isotopic Self-Shielding. The absorption of photons in a N, gas
column is subject to shielding primarily by absorption of the
more abundant N, isotopologue, resulting in an enrichment of
5N in the dissociation product due to preferential absorption
of the rarer NN and ""N'N isotopologues (23). A rotation-
ally resolved spectrum for each of the isotopomers was computed
(Fig. S2) to model the N-isotopic fractionation for the experi-
mental photolysis processes inside the reaction chamber, in-
cluding temperature and pressure effects. Using this computed
spectrum, the absorption of each isotopomer was calculated
using the Beer—Lambert law, and the result was summed over
the three isotopes to give the light intensity at the wavelength A
at a distance / along the length of the chamber. Since the radi-
ative lifetimes for all states in the experimental wavelength range
are much longer (on the order of nanoseconds) than the pre-
dissociation lifetimes (hundreds of picoseconds or less), we as-
sumed the quantum yield of dissociation is unity. This means that

Table 1. Experimental conditions and isotope results from N,
photolysis by VUV photons

Wavelength, Time, N, yield,

nm min meI 615NA|R, %o BC-615NA|R, %o

Set-l (100 mtorr, —78 °C, column density = 5.2E17)

80.7 468 1.28 2,432 2,451 + 174
85.1 450 0.92 2,773 2,803 + 199
86.7 470 0.09 2,386 2,690 + 203
88.6 478 0.07 2,677 3,112 + 241
90.0 416 0.03 6,397 10,149 + 897
90.0 416 0.03 8,451 13,412 + 1,185
92.0 460 0.14 2,682 2,887 + 213
94.0 500 0.12 2,663 2,904 + 215
96.1 416 0.07 1,058 1,229 + 95
97.9 467 0.07 809 967 + 73

Set-Il (100 mtorr, 23 °C, column density = 3.43E17)

88.6 300 0.10 1,611 1,796 + 134
90.0 475 0.08 2,582 2,965 + 225
91.5 483 0.12 2,130 2,332 £ 172
93.9 414 0.08 1,320 1,506 + 115
97.3 422 0.07 555 648 + 50

Set-lll (62.5 mtorr, —78 °C, column density = 3.48E17)

88.9 475 0.07 2,837 3,341 + 256
90.0 420 0.05 2,909 3,566 + 294
91.0 430 0.07 2,610 3,028 + 235

Set-1V (100 mtorr, —15 °C, column density = 3.79E17)

90.0 240 0.14 9,727 10,457 + 770
Set-V (100 mtorr, —40 °C, column density = 3.86E17)

90.0 450 0.08 8,560 9,874 + 746

Blank experiments are performed, following all of the steps in the
experiment excluding VUV photons. The measured values are corrected by
isotope mass balance (see S/ Materials and Methods for details), and the
propagated errors are shown for the blank corrected (BC) values.
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Fig. 2. The "N enrichment profile. Wavelength-dependent N-isotopic
compositions with respect to (wrt) air composition in N, dissociation prod-
ucts by VUV photons in five different sets of experiments (mT refers to
millitorr). The errors associated with the measurements are shown in Table 1
(typically are about three times of the size of the symbols). (Inset) The
rovibrational spectra of *N, and "*N">N with strong electronic state mixing
around 90 nm, where massive N-isotopic fractionation was measured.

all excited states will eventually dissociate. The isotopic frac-
tionation 8'°N was computed as a function of the central fre-
quency of the ALS beam profile, for the entire wavelength range
80-98 nm (i.e., 100,000-120,000 cm_l) and for different densities
and temperatures. The details of the computational methodol-
ogy are given in SI Materials and Methods, Self-Shielding: Com-
putational Methodology.

Following the above methodology and using two different
cross-section data sets from refs. 24 and 31, the wavelength-
dependent enrichment profiles at different temperatures are
computed as shown in Fig. 3, which shows higher enrichments
compared with the experimentally measured (Fig. 2) values. The
trend of the computed enrichment profiles with temperature and
pressure variations qualitatively matches the experimental pro-
file (Fig. S3). These computed profiles also show a significant
dependence on column density, suggesting self-shielding is a
contributor. However, the computed enrichment profile does
not show the peak measured at 90 nm (Figs. 2 and 3).

The computed enrichment profiles (Fig. 3) show less shielding
than is needed to account for the experimental results. The
synchrotron beam profiles used in these experiments are about
2 nm wide (FWHM) (32) and, therefore, the measured enrich-
ments are the average value over the wavelength region of the
beam profile and may reflect lower limits. In the computation
presented in Fig. 3, it is observed that if we sufficiently broaden
the rotational bands to about 4 cm™ (it is possible to change the
line width for data set from ref. 24 following the computational
steps mentioned in SI Materials and Methods), we reproduce the
average experimentally measured enrichments (~2,200%o, ex-
cluding that measured at 90 nm) for the profile marked as “ML.”
One plausible physical explanation behind this discrepancy is
that the mutual shielding may play a larger role than self-
shielding at pressures used in these experiments. Although the
overall enrichment profiles could be explained by self-shielding
and mutual shielding, however, the measured enrichment peaks
at around 90 nm in all of the five sets of experiments could not be
explained by shielding consideration and may need additional
mechanisms.

Perturbation-Governed Isotope Effects. The wavelength region of

90 nm stands out in electronic state mixing in the computed
spectra as shown in Fig. S2. Huge isotopic enrichments are

14706 | www.pnas.org/cgi/doi/10.1073/pnas.1410440111

measured for four sets (set-I, set-II, set-IV, and set-V) of
experiments at around 90 nm compared with that measured in
other spectral regions (Fig. 2) defining peaks in enrichment
profiles. The notable feature is that the enrichment values for
these four sets are inversely proportional to the photolysis tem-
peratures, and no clear peak (considering errors) could be de-
fined for set-III, which is performed at different column densities
than those for the other sets. These features indicate the role of
density of state variation in the state-mixing zone. It was shown
previously that the perturbation in upper electronic states due to
unusual state mixing gave rise to an unprecedented °N enrich-
ment in the photodissociation process (25). While shielding-
based computed enrichment profiles (Fig. 3) cannot explain the
measured peaks in the enrichment profile at 90 nm, other per-
turbations and/or unrecognized sources are required to explain
these observations. Therefore, extensive state mixing in localized
regions of the spectrum (e.g., the b’—c’ mixing) may be one of the
plausible reasons for the measured peak in enrichment profiles.
In photodissociation, at the extreme of a quantum yield of one
as assumed in the self-shielding computations, no isotope effect
appears in the rate of N, predissociation. This assumption may not
be correct for all of the absorption bands (33) and may affect the
wavelength-dependent isotopic fractionation profile.

In summary, a wide range of '°N enrichments were observed in
the VUV spectral zone due to N, photodissociation, and part
of these enrichments could be explained by self-shielding and
mutual shielding. The shielding computation presented here as-
sumes a quantum yield of unity for N, photodissociation, which
may not be true for situations of extensive state mixing where
perturbations play a significant role in determining the dissoci-
ation channels. These processes need to be considered, coupled
with shielding, to fully explain the measured 5N enrichments.
It is not possible to identify the isotope effects due to shielding
and due to perturbation separately from the measurements,
and therefore, the measured >N enrichments are treated as an
integrated “photochemical effect” in discussion of the implications
of the measurements.

Implications

Nitrogen in Solar Nebula and I0M. The isotope inventory of ni-
trogen in astronomical environments is reasonably known. The
solar system was formed with an initial ">N/**N ratio acquired
from parental molecular clouds from interstellar medium (ISM).
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Fig. 3. Self-shielding based computed enrichment profiles of >N using

photodissociation cross-section data from refs. 24 and 31 simulating the
experimental conditions at different temperatures. “ML"” and “DL" refer to
the cross-section data from refs. 24 and 31, respectively. Neither of these
simulated enrichment profiles depicts the enrichment feature (peak at
around 90 nm) as measured in the experiments.
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The near-identical ratios measured in solar wind and the Jovian
atmosphere may indicate the formation of the gas giant with the
initial solar system materials having the same N-isotopic com-
position, e.g., the bulk nebular nitrogen isotopic ratio is repre-
sented by the Sun and Jupiter, while the terrestrial ratio repre-
sents considerable processing from the original starting values
and meteoritic materials represent various intermediate or more
extreme values as depicted in Fig. 1.

The organic material in carbonaceous chondrites hosts the
enriched °N components (Fig. 1B), mostly as IOM. These
macromolecular materials encompass condensed aromatics at
their cores, connected by aliphatic and ether linkages and with
various functional groups (e.g., nitrile, amine etc) attached, and
are suggested to be of common origin (34). Aromatic molecules
(polycyclic aromatic hydrocarbons, PAHSs) are ubiquitous in the
ISM and are the most common class of organic compounds in
the universe in gas phase as well as in carbonaceous dust (35, 36).
When nitrogen replaces a carbon in the ring structure, it forms
polycyclic aromatic nitrogen heterocycles (PANHs). Nucleo-
bases, the essential building block for the origin of life, are
PANHSs and are a prebiotically significant component (36). It
is possible that PANHs are formed inside the solar system by
nitrogenation of PAHs. Laboratory experiments depict nitro-
genation of PAHs to form PANHs while frozen in ice along with
nitrile and amine functional groups and exposed to UV radiation
(37). The initiating step in these processes would be the pro-
duction of a highly enriched >N atom from N, photodissociation
(the integrated photochemical effect) as demonstrated in the
present experiment at the outer edges of the disk where VUV was
not opaque. This process may potentially generate *N-enriched
amine and nitrile group molecules from a '*N-rich atomic nitrogen
pool. The present experimental study suggests that formation of
nitrile functional groups through gas-phase reactions following
N, photodissociation is plausible (38). Once formed, these func-
tional groups may freeze-out in the ice and possibly synthesize
PANHs with high "°N enrichment under UV exposure within the
ice (37, 39-41) (Fig. 4). The '°N enrichments measured in mete-
orite organics perhaps originated through this pathway, and this
proposition would not simultaneously enrich D and "°N as observed
in many cases (18).

Accommodation of Entire N-Isotopic Range Through Photodissociation.
The range in observed nitrogen isotopic compositions extends to
~4,000%0 (Fig. 1); thus an isotope altering process of this
magnitude is needed to account for the observations. The
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present experiments show that at selected wavelengths, nitrogen
photolytic effects of more than double this range (11,780%o0, av-
erage of two separate experiments, Fig. 2 and Table 1) are
observed. Without the spectacular enrichment at 90 nm, a (self-
and mutual) shielding-dominated isotopic enrichment would
yield an average value of about 2,200%o0 (Table 1), which is less
than that measured in some IOMs. The interstellar radiation
field and the solar spectrum are considered to be wavelength
dependent (42, 43). Coupling of a wavelength-dependent mas-
sive isotope effect with a wavelength-variable VUV field may
result in occasional high enrichments. Fig. 5 schematically shows
the structured solar VUV field (43) together with the measured
wavelength-dependent enrichment profile, depicting a possibility
of variable enrichment profile across the wavelength in the solar
nebula. A huge enrichment may result due to the combined
enhancement of both the factors in localized spectral region such
as that at 90 nm. Therefore, occasionally high "N isotopic en-
richment is not unusual for such smaller random samples (such
as that of IOMs) and, that deviate considerably from the average.
Such effects could explain the entire range of meteoritic mea-
surements, although full photochemical modeling would be nec-
essary. There may be other processes (e.g., Haber—Bosch-type
reactions of N, and H, on grain surface) that may form nitrile and
amine functional group without any '°N enrichment and that
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Fig. 5. Measured '°N fractionation superimposed with solar spectrum.
Shown is the measured fractionation as a function of wavelength, and the
intensity distribution (ordinate on the right) of the solar spectrum (43).
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would dilute the photochemically enriched °N signature and
should be incorporated into the full model. It is also clear that in
any consideration, the next generation of models must include
both the isotope effect of the nitrogen molecule and self-shielding
so that the precise fractional contributions may be determined. The
present work lays the foundation of the fundamental process for the
first time, to our knowledge, and allows this next step to be taken in
a direct way.

Conclusions

Nitrogen isotopic distribution among the solar system materials
varies in a wide range. The largest enrichments in heavy isotope
of nitrogen reside in organic materials, which are presumably
formed at the cold icy regions of the nebula. The enrichments in
heavy nitrogen isotopes are not always accompanied by the heavy
isotopes of carbon or hydrogen. The leading ion—molecular ex-
change hypothesis in the dense cold cloud predicts simultaneous
enrichment of the heavy isotope of these elements, contrary to
observations. The N-isotopic fraction during VUV photodisso-
ciation is presented here and exhibits an unprecedented isotopic
enrichment at specific wavelengths, arising due to the predis-
sociative nature of dissociation via complex multiple (excited)
state mixing. It is highly plausible that the entire meteoritic
N-isotope range can be accommodated simply by the photo-
chemical effect (including self-shielding and mutual shielding
and perturbations) during photodissociation of N,. The bulk
nebular N-isotopic ratio is represented by the Sun and Jupiter,
while the terrestrial ratio and the ratios from the meteoritic
materials represent considerable processing from the original
starting values, and the bulk of the processing must have occurred
in the solar nebula.
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Materials and Methods

Gas mixtures of N, and H, were photolyzed using VUV photons from the ALS
synchrotron at nine different wavelength bands (of FWHM of ~2 nm) be-
tween 80 nm and 98 nm in a differentially pumped reaction chamber (Fig.
S4) described earlier (44). In five different sets, 20 individual photolysis
experiments were performed, each with duration of 4-8 h and varying
pressure of the gas mixture and temperature of the reaction chamber. The
trapping of the N, photodissociation product, N atoms, is nontrivial. A
steady flow of high-purity premix gas (N:H, = 50:50) was established in
the precooled (-78 °C) reaction chamber at a total pressure of 200 mtorr
(column density ~4 x 10" molecules per square centimeter) for set-|
experiments. In this set, photolysis of this gas mixture was carried out at nine
different synchrotron bands (FWHM = 2.2 nm) within the range of 80-98 nm
separately in nine different experiments. Set-Il experiments were performed
with the same pressure as that of set-I (N, partial pressure, Py, = 100 mtorr),
but at 23 °C temperature. Set-lll experiments were performed with of Py, of
62 mtorr, but at the same temperature (—78 °C) as that of set-l. Set-IV and
set-V experiments were performed at Py, = 100 mtorr, and at two in-
termediate temperatures, i.e., —15 °C and —40 °C, respectively. For all of the
five sets of experiments, photolytically produced atomic N was cryogenically
trapped by liquid nitrogen as NH3 and collected in sample tubes and
returned to University of California, San Diego, for analysis. The NH; yield
was low and based on absorption cross sections, varying between 0.1 micro-
moles and 1.3 micromoles. N, was produced by pyrolyis (in presence of CuO)
of NH; as described by ref. 45. Finally, N-isotopic composition of N, was
measured using a Finnigan MAT 253 isotope-ratio mass spectrometer.
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