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Sample Purification and Blank Correction. Several sample purifica-
tions steps have been adopted in processing each sample: (i) The
photolysis product of each run was cryogenically separated from
moisture by using a −10 °C ethanol shush before pyrolysis, and
(ii) after pyrolysis, the product N2 was cryogenically separated
from other pyrolysis products (e.g., H2O). After inserting the
pure N2 in to the isotope-ratio mass spectrometer, a scan was
performed to check for impurities, if any. Special care was taken
to identify traces of CO present in the sample as being the same
mass, which could interfere with the measurement. In the mass
scan, no impurities are found for any of the samples.
Several blank experiments are performed, following all of the

steps in the experiment starting from gas-mixture flow in the
reaction chamber through pyrolysis of the product [excluding
vacuum UV (VUV) photons] over a 3-y period. A capacitance
manometer (Baratron 626) with a full scale of 10 Torr was used to
measure the N2 yield. In the experimental configuration (con-
sidering the volume of the vacuum line), the lower limit of
sample size, which the manometer can reliably measure, is
0.01 μmol (with a SD of 5% of the reading). All of our blank
samples are at that limit, and we adopted a value of 0.01 μmol
for the blank correction. The average value of isotope ratio
measurement is δ15N = 18.3‰ ± 0.6‰ (n = 5). The SD of
individual sample runs in the mass spectrometer is much lower,
0.06‰. This value was subtracted from each measured δ15N
number by isotope mass balance by the following formula:

δ15Nactual =
��
δ15Nmeasured pAmeasured

�
-
�
δ15Nblank pAblank

���
Aactual;

where “A”s are the amounts of different components as indi-
cated by the subscripts.

Ionization of Gases. It is important to note that photoionization of
N2 will not play a role because the ionization energy of N2, H2,
and H are 14.534, 15.42, and 13.6 eV, respectively, and are
greater than the energy used in these experiments. However, the
ionization energy of NH3 is 10.2 eV and may suffer photoioni-
zation at the wavelengths used in these experiments (1) and
may introduce additional isotope effects. The isotope effect in
photoionization of N2 (2) is negligible compared with photo-
dissociation fractionation presented here and, therefore, it can
be assumed that the photoionization fractionation of NH3 is
negligible.

Use of Low H2/N2 Ratio. The H2 to N2 ratio in the solar nebula is
much higher compared with that of the experiments, as higher
H2/N2 ratio would have yielded much lower NH3 within the
experimental time scale. The purpose of the present study is to
establish that the N2 photodissociation process is a highly frac-
tionating N-isotopic process and photolytic products may be ef-
fectively be trapped in NH3. For the solar nebula, this could be
accommodated in a few million years’ VUV irradiation time.

Self-Shielding: Computational Methodology. Spectrum. To accurately
compute the photolysis processes inside the reaction chamber,
including temperature and pressure effects, a rotationally re-
solved spectrum for each of the isotopomers was computed (Fig.
S1). In the first step, the vibrational spectrum of the N2 molecule
in the range ∼100,000–120,000 cm−1 (100–83.3 nm), including
all three optically accessible excited electronic states of a given
symmetry, was computed. The oscillator strength of each line

was normalized to fit the experimental value f = 0.043 of the
b1Πðv= 3Þ level (3).
A rotational line spectrum was superposed on the vibrational

spectrum. The total cross section of each vibronic line is the sum
of cross sections of all associated rotational lines. The shape of
each rotational line is that of a Doppler line shape (4):

kðνÞ= k0
2
ffiffiffiffiffiffiffiffi
ln 2

p

πðΔνÞ exp
"
−4 ln 2

ðν− ν0Þ2
ðΔνÞ2

#
: [S1]

The line broadening used here is a sum of the Doppler
broadening and the natural broadening Δν=Δνdop +Δνnat. The
value of the natural broadening Δνnat (related to the predis-
sociation lifetime) was taken to be the experimental value as
presented in the supporting information of ref. 5. Where an
experimental value of the width was absent, a value of 0.2 cm−1

was assigned—an average value for the rotational width in this
range of energies. In cases in which only one isotope’s rotational
line width is known, the other two isotopes’ rotational widths
were set to the same value. In cases where only the widths for the
isotopes 14N2 and

15N2 are known, the average value of the two
was taken for 14N15N.
A source of temperature and mass dependence is the Doppler

broadening, taken here as Δνdop = ð2=cÞ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2R ln 2

p
ν0

ffiffiffiffiffiffiffiffiffiffiffi
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p
(4).

Generally the Doppler broadening in this experiment was about
0.01 cm−1

—smaller than the natural broadening. The relative
line strength of each rotational level within each rotational
packet is affected by three factors: Boltzmann statistics, nuclear
spin statistics, and Hoenl−London (HL) factors. The Boltzmann
distribution for the rotational levels is (4):

Iabs ∝ ð2 J + 1Þe−EJ=kBT ;

where J is the rotational state, EJ the rotational energy, T is the
temperature, and kB is the Boltzmann constant. The moment of
inertia is isotope dependent and also electronic state dependent
because the equilibrium distance differs for each electronic state.
The values of the equilibrium distances were taken from ref. 6.
The second factor that affects the relative intensity of each ro-
tational line is spin statistics. The total wave function of the
system (4) Ψtot =ΨelectronΨrotationΨnuclear spin must be antisym-
metric. The rotationally even levels J = 0, 2, 4. . . are symmetric,
while the odd levels are antisymmetric. The electronic wave
function can be symmetric or antisymmetric. The nuclear wave
function symmetry depends on the overall nuclear spin I, which
is 1 for the 14N atom and 1/2 for the 15N atom. The total spin of
the molecule is given by I = (2Ia+1)(2Ib+1), and there are a total
of (2I+1)2 nuclear spin states: (2I+1)(I+1) states are symmetric
and (2I+1)I states are antisymmetric. For a Σ-state excitation,
the relative weights, (states of even J):(states of odd J), are found
to be 2:1 for 14N2, 1:1 for 14N15N, and 3:1 for 15N2. The opposite
weights are obtained for a Π-state excitation. The third element
in determining the rotational distribution is given by the HL
factors (7). These factors define how the intensities of the ro-
tational line are distributed between the rotational branches
R, P, and Q. For a Σ→Π transition, all three branches exist, but
for a Σ→Σ transition, only the R and P branches exist due to
selection rules (8). The HL factors used here are taken from
ref. 8.
Over wide regions of frequency, the rotational spectrum has the

band structure and the band envelope shifts with temperature as
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expected. The absorption spectrum also shifts with the isotopic
composition in the manner expected from the familiar mass
dependence of the vibrational and rotational constants. The
situation is quite different in those regions of the spectrum where
extensive electronic state mixing occurs, as shown in Fig. S3 for
the location about 90 nm.
In addition to nitrogen, H2 comprises 50% of the gas in the

chamber. Although it has much weaker absorption lines in the
spectral range of interest, for reasons of accuracy, we included its
cross section in the simulation. We obtained the rotational
spectrum of H2 from the MOLAT project (9) database (http://
molat.obspm.fr/index.php?page=accueil.php).
We simulated the absorption of the three isotopomers for the

different conditions of the experiment. Since the radiative life-
times for all states in the energy range of 100,000–120,000 cm−1

are much longer (on the order of nanosecond) than the predis-
sociation lifetimes (hundreds of picoseconds or less), we invoked
the assumption that the quantum yield of dissociation is about unity.
This means that all excited states will eventually dissociate. The
absorption spectrum is thus equal to the predissociation yield.
Shielding. 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 λ at
a distance l along the length of the chamber:

IλðlÞ= IALSλ exp

 
−
X

isotopes

σ iso
λ l · ciso

!
: [S2]

IALSλ is the Advanced Light Source synchrotron (ALS) beam in-
tensity at a particular wavelength (λ) at the entrance to the
chamber, σiso is the isotopologues specific cross section, and
ciso is the concentration of the isotopologues of N2 (the abun-
dances of 14N2,

14N 15N, and 15N2 are 0.99273325, 0.0072535,
and 0.00001325, respectively). At the given wavelength, a partic-
ular isotopologue absorbs as given by

JisoðlÞ=
Z

IλðlÞσ iso
λ dλ: [S3]

By our assumption of a quantum yield of dissociation of unity, Eq.
S4 also gives the yield of dissociation. Summing over the length
of the chamber gives

Jiso =
Zlmax

0

JisoðlÞdl: [S4]

The isotopic fractionation was computed by the conventional
form:
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The standard concentrations are for air at atmospheric level. The
formula (in permil) neglects the contribution of the 15N2 mole-
cules to the total number of 15N atoms in the chamber; this is
reasonable due to the very low 15N2 concentration. The iso-
topic fractionation δ15N was computed as a function of the
central frequency of the ALS beam profile, for the entire fre-

quency range 100,000–120,000 cm−1 and for different densities
and temperatures.

Nitrogen Photochemistry: Additional Discussion. The single-photon
electronic spectroscopy of N2 has been very extensively studied
both experimentally and theoretically. It has also been compared
with its isoelectronic counterpart, CO (10). Like CO, N2 absorbs
photons through discrete lines in the VUV region and dis-
sociates via predissociative pathways. The absorption bands of
N2 can be divided into two regimes: above and below 100 nm.
Above 100 nm, there are only a few absorption bands, and below
100 nm, there are several. There are several similar molecular
absorption properties of N2 and CO. For example, there are
several bound excited states of Σ and Π symmetry and two
Rydberg and one valence excited state for each symmetry. The
properties of the Rydberg states (force constant and equilibrium
distance) are comparable to those of the ground state, and the
low-lying vibrational rational states for each Rydberg electronic
state are within the Franck–Condon region and consequently
exhibit an intense absorption transition. The potential energy
curves for the valence excited states are shallower, and it is the
higher vibrational states that are within the Franck–Condon
primary absorption region (5). As a consequence of mixing of
Rydberg and valence states of either symmetry (11–19), pertur-
bations are common and are observed as irregularities of the
spectrum. These perturbations and predissociation have been
very well studied for N2; however, for CO, they are not as yet
completely quantified (10). Apart from direct predissociation,
accidental predissociation is observed for both molecular sys-
tems. The predissociation of N2 is indirect and occurs primarily
due to the mixing (through spin–orbit coupling) of the bound,
optically accessible, valence state b1Π to the bound C3Π triplet
state that predissociates to the C′3Π state (20–22). An analogous
indirect predissociation occurs for the E1Π (bound) state of CO,
when it mixes with the k3Π state, which predissociates through
a 3Π repulsive surface (18, 19, 23).
A detailed quantum mechanical calculation of the wavelength

dependence for the photoexcitation process has been recently
presented by our group (5). In this computation, special attention
has been paid to those regions in the spectrum where the per-
turbations are particularly sensitive to the isotopic composition
of the molecule. Typical results are shown in Fig. S2.
As discussed in the Discussion, Perturbation-Governed Isotope

Effect, we propose that isotope effect in N2 could be a result of
the extensive state mixing that occurs in localized regions of the
spectrum as, for example, the b′-c′mixing shown at about 144,000–
147,000 cm−1 in Fig. S1. In particular, a very extensive state
mixing occurs at 90 nm (111,111 cm−1) and is shown including
the rotational structure.
Under the given experimental conditions, the isotopic frac-

tionation is dominated by shielding effects. A first illustration of
this is how the isotopic fractionation varies with temperature (Fig.
S3), other variables being the same. Examination of the details
verifies that the trend shown in Fig. S3A is the broadening of the
rotational bands with increasing temperature. As its spectrum
broadens, the common isotopomer 2N14 is better able to shield
14N15N and thereby decrease the fractionation. The trend is as
observed experimentally; see Table 1. However, except at the
region around 90 nm, we compute less shielding than is needed
to account for the experimental results. To reproduce the ex-
periment at other wavelengths, we need to include rotational
bands that are about 4 cm−1 broad. We do not have an expla-
nation for such a broadening. To test for the possibility that the
excessive shielding is a pressure effect, we repeated the com-
putations as a function of pressure (Fig. S3B). The results are
rather nonmonotonic. The fractionation is low for 0.001 Torr,
increases for 0.01 Torr and 0.1 Torr, and drops down again for
1 Torr and 10 Torr. The physical explanation is again shielding,
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but mutual shielding plays a larger role than self-shielding at
higher pressures. For low pressure, the self-shielding is weak
since the effect originates from the absorbance of the abundant
isotopomer. An increase in pressure is accompanied by an in-
crease in self-shielding and relatively higher absorption (and

predissociation) of the rare isotopes in comparison with the initial
isotopic composition. This effect saturates and then drops off be-
cause at the higher pressures, the rarer isotopomer is dense enough
to undergo self-shielding of its own accord. As a result, there is no
longer any isotopic preference in the photoexcitation process.
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Fig. S1. Schematic potential energy diagram of N2. Lowest dipole allowed from the ground state diabatic 1Πu states (solid lines) adapted from ref. 6. The pi
and sigma states are dipole allowed for different polarizations of the light source. 3∏u states are shown by dashed lines. The reference energy is of the
X1Σgðν= 0Þ state. Predissociation occurs to the continuum of the repulsive C′3Πu state.

Fig. S2. Comparison of rovibrational spectrum of 14N2 and 14N15N at two different spectral regions. The region around 90 nm is unique, showing strong
electronic state mixing leading to massive N-isotopic fractionation, whereas weak state mixing (with well resolved vibronic bands) is seen at around 98 nm
and the isotopic fractionation is relatively smaller. The details of this computation are given in SI Materials and Methods, Self-Shielding: Computational
Methodology.

Fig. S3. Temperature- and pressure-dependent enrichment profiles of 15N [with respect to (wrt) air composition] using the photoabsorption cross-section data
as shown in Fig. S3. (A) Isotopic enrichment decreases with increasing temperature, where pressure is kept constant at 0.1 torr in the simulation. (B) Pressure-
dependent isotopic enrichment profiles at a fixed temperature of −78 °C.
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Fig. S4. Schematic diagram of the differential pumping system used for photodissociation of N2 at the Advanced Light Source (ALS) synchrotron.
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