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Abstract

Photodissociation of the nitrogen molecule in the vacuum ultraviolet (VUV) is a major source of reactive nitrogen
atoms in the upper atmosphere of Earth and throughout the solar system. Recent experimental studies have
revealed strong energy dependence of the VUV photodissociation branching ratios to the N(4S3/2)+N(2DJ) and
N(4S3/2)+N(2PJ) product channels, the primary dissociation pathways in the 108,000–116,000 cm−1 energy
region. This produces N(2DJ) and N(2PJ) excited atoms that differ significantly in their chemical reactivity. The
branching ratios oscillate with increase in the VUV excitation energy. We use high-level ab initio quantum
chemistry to compute the potential curves of 17 electronic excited states and their nonadiabatic and spin–orbit
couplings. The dynamics follow the sequential evolution from the optically excited but bound u

1S+ singlets. Spin–
orbit coupling enables transfer to the dissociative triplet and quintet states. We compute the photodissociation
yields through the dense manifold of electronic states leading to both exit channels. The dynamical simulations
accurately capture the branching oscillations and enable a detailed look into the photodissociation mechanism. The
major contribution to the dissociation is through the two lowest 3Πu states. However, for both isotopomers, at
about 110,000 cm−1 there is an abnormally low dissociation rate into the N(4S3/2)+N(2PJ) channel that enables
comparable participation of triplet u

3S- and quintet 5Πu electronic states. This leads to the first peak in the
branching ratio. At higher energies, trapping of the population in the 33Πu bound triplet state occurs. This favors
dissociation to the lower-energy N(4S3/2)+N(2DJ) channel and results in the observed second switch in branching
ratios.

Unified Astronomy Thesaurus concepts: Cosmochemistry (331); Small molecules (2267); Ultraviolet spectroscopy
(2284); Isotopic abundances (867); Reaction rates (2081); Theoretical models (2107); Photodissociation
reactions (2266)

Supporting material: data behind figure

1. Introduction

State-to-state computational quantum dynamics that allow
participation of multiple electronic states have been widely
validated (Little & Tennyson 2013; Vrakking & Lepine 2019).
One is thereby able to address processes of astrochemical
importance (Thiemens & Lin 2021; Tychoniec 2021). This
builds in an essential way on the progress in quantum
chemistry (Werner et al. 2020) that provides not only accurate
electronic potential energy curves but also their diverse
couplings. Photodissociation is a central field of interest
because it is a major source of reactive atoms in astrophysical
environments. In the VUV energy region, the high density of
excited electronic states makes for complex dissociation
pathways, due to effective nonadiabatic coupling between
different electronic states (Levine 2017, 2018). This leads to a
nonmonotonic variation of the electronic character of the
quantum state of the molecule as a function of its energy. The
couplings reflect a large-scale breakdown of the Born–
Oppenheimer separation of states that is useful at lower
energies. The strong nonadiabatic couplings also make the

character of the electronic state vary with internuclear distance.
It is therefore no longer sufficient to use perturbative
corrections; instead, a full, coupled electron and nuclear,
dynamical approach is needed.
N2 is a major constituent in the Earth’s atmosphere and

throughout the solar system and beyond. It has been widely
studied for the understanding of solar photolysis in various
regions of the galaxy, volatile chemistry, and prebiotic
processes in the early solar system (Torr & Torr 1979; Strobel
& Shemansky 1982; Meier 1991; Feldman et al. 2001;
Balucani 2012; Dutuit et al. 2013; Fletcher et al. 2014;
Thiemens & Lin 2021) and in the interstellar medium (Li et al.
2013). The N2 molecule provides a clear example of the
importance of the nonadiabatic couplings, as already evident
from its optical absorption spectrum (Stahel et al. 1983;
Spelsberg & Meyer 2001; Lewis et al. 2005, 2008). In regard to
photodissociation, the lower-VUV optically accessible singlet
states of N2 are bound, but these states are isoenergetic with
other electronic states that are dissociative. Highly resolved
recent measurements of the branching fraction to different
product channels (Song et al. 2016; Chang et al. 2019; Liu et al.
2021) supplement earlier studies (Walter et al. 1993).
Our dynamical computations demonstrate the interplay

between different electronic states all the way to dissociation.
N atoms of different electronic states and therefore of
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different reactivity (Donovan & Husain 1970; Suzuki et al.
1993; Herron 1999; Balucani 2012; Dutuit et al. 2013) are
produced through a maze of crossings of electronic potential
energy curves. Contrary to naïve expectations, this makes the
experimentally observed energy dependence of the product
states yield very nonmonotonic (Song et al. 2016; Chang
et al. 2019; Liu et al. 2021). The recently measured state
branchings for the two different isotopomers 14N14N (Song
et al. 2016; Chang et al. 2019) and 14N15N (Liu et al. 2021)
enable a critical test of the role of the mass-dependent
nonadiabatic couplings.

High-level quantum chemistry plays several essential roles
in any quantitative approach to reaction dynamics. First of all,
the vibronic energy levels are very sensitive to the detailed
potential energy curves, which are all highly anharmonic. In
particular, for accounting for the role of the mass as revealed by
the isotope effects in the vibronic energy levels, one needs a
very accurate attractive part of the potential. Next, there is the
spin–orbit coupling that enables efficient transfer between the
stable singlets and the potentially dissociative manifold of
triplet states. Due to the weak character of this spin–orbit
coupling, the transfer between singlets and triplets is resonance
sensitive (Lefebvre-Brion & Lewis 2007; Komarova et al.
2019). The triplet states are degenerate, and there are definite
selection rules for the spin–orbit couplings of different
magnetic sublevels, as spelled out in detail in Appendix A.
Further on the route to dissociation, the triplet states are
coupled by weak spin–orbit to the fivefold degenerate quintet
states. That such states can be involved in the photodissociation
and affect the branching was suggested by Song et al. (2016).
For high-resolution spectroscopic studies of the quintets and
corresponding theoretical analysis, see Carroll & Mulliken
(1965), Partridge et al. (1988), Huber & Vervloet (1992), and
Hochlaf et al. (2010).

Within a set of states of given symmetry, the strong
nonadiabatic coupling makes the character of the electronic
states highly dependent on the internuclear distance, and thus it
is critical in the pathway to dissociation. Typically, this
coupling is very localized in terms of the N–N bond length and
therefore requires highly accurate computations. In other
words, the crossings are characterized by a high value of the
Landau–Zener nonadiabatic parameter (Levine & Bern-
stein 1974). The role of the different couplings varies
nonmonotonically with the total excitation energy and therefore
requires a close coupling dynamical computation.

The electronic states are dense but still discrete. The rapid
change of electronic character with internuclear separation
requires a quantal treatment also of the vibrational motion. We
use a discretized variable representation of the N–N distance
along a grid of localized nuclear basis functions (Lill et al.
1986; Light & Carrington 2000; Tannor 2007). The very
localized nonadiabatic couplings require that we use a rather
tight set of grid points. This small spacing of grid points allows
the use of a finite difference approach to compute the matrix
elements, diagonal and off-diagonal, of the momentum and of
the kinetic energy (see Ajay et al. 2018, for more details).

Actual astrochemical experiments are complicated by the
need to pay attention to the key role of shielding (Heays et al.
2014, 2017). However, this only makes the need for energy-
resolved state-to-state data more pressing.

2. Energetics

Our purpose is to follow the coupled electron–vibration
dynamics after a one-photon excitation from the ground state.
This leads to a band of excited states at a narrow energy span.
Essential details of the energetics and couplings that are needed
in the discussion of the dynamics are shown in Figure 1 and in
Appendix A. We focus attention on the region where both
channels N(4S3/2)+N(2DJ) and N(4S3/2)+N(2PJ) contribute to
the measured branching ratio (Song et al. 2016; Chang et al.
2019; Liu et al. 2021) as identified in Figure 1(a). Spectro-
scopic experiments show rotational line widths that are J
dependent, mostly at higher values of J (Ubachs et al. 2001;
Vieitez et al. 2007). The experimental results for the
photodissociation branching use beams from a supersonic
expansion and report only a quite moderate dependence on the
rotational state. To understand the key features in the
branching, it is sufficient that we compute dynamics for
J= 0. The energy range is spanned primarily by the optically
accessible singlet u

1S+ states. The Franck–Condon region is
shaded in gray, indicating that these states can be effectively
reached. The optically accessible singlet 1Πu states have a low
Franck–Condon overlap in this energy range (Spelsberg &
Meyer 2001) and hence are not shown. Figure 1(b) shows the
triplet 3Πu and u

3S- states that are coupled by spin–orbit
coupling to the states of singlet character and thereby
contribute to the photodissociation. In addition, there are
quintet 5Πu states that are effectively coupled to the triplet 3Πu

states via spin–orbit coupling. These states contribute to the
dynamics, which we identify in the quantum dynamical
computation for the full set of 17 excited singlet, triplet and
quintet states, as shown in Appendix A.
Both panels (a) and (b) show the extensive role of avoided

state crossings due to the nonadiabatic couplings, τ. The high
magnitude of these terms is shown in panels (c) and (d),
respectively. Note the steep character of these couplings as a
function of the internuclear distance.
Adiabatic electronic states are stationary states of the

electronic Hamiltonian when the nuclei are not allowed to
move. Once the nuclei move, these states are coupled by
nonadiabatic terms that are particularly important when the
potential energies approach one another. In a situation like that
shown in Figure 1, where the nonadiabatic terms are very
localized, it is useful to think qualitatively in terms of a
different set of states, typically called diabatic, where the
chemical nature of the state is preserved. This is the case for
repulsive triplet states as shown in Figure 1(b).
Dissociation into the lower-energy channel that produces

N(2DJ) atoms is through the lowest-energy triplet 13Πu state. It
is largely populated from the higher-energy triplet states by the
nonadiabatic coupling. The energetic path to dissociation that
produces N(2PJ) atoms is more complex. There is a set of
crossings that can be described as quintet and triplet repulsive
channels. The second triplet potential, 23Πu, has a barrier at
112,000 cm−1. It restricts dissociation at energies just above the
threshold, 105,000 cm−1. At these energies, the second quintet
is repulsive and can be effectively coupled to the triplets. In
addition, there is a repulsive u

3S- state that is weakly coupled to
the singlet states via spin–orbit coupling. Dissociation to the
highest open channel, where both N atoms are excited, is above
the energy range we discuss here.

2
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3. Dynamics

Numerically exact dynamical computations are performed
separately, for a duration of 10 ps, for each of the optically
accessible singlet u

1S+ vibrational states. These are the vibronic
states that diagonalize the Hamiltonian of the singlet manifold.
Nonadiabatic terms are included in this Hamiltonian, but the
spin–orbit couplings are not. To ensure a narrow energy range,
the light field is on for the first 3 ps; see Appendix B for more
details. The short summary is that the nonmonotonic energy
dependence of the branching ratios into the different channels
matches the experimental results (Song et al. 2016; Liu et al.

2021) for both isotopomers. Figure 2 shows the branching ratio
to the higher-energy channel. The corresponding branching
fraction to the lower N(2DJ) channel is shown in Figure 6 of
Appendix C.
We emphasize that this agreement needs a very accurate

quantum chemistry, and in particular, it is markedly sensitive to
the signs of the nonadiabatic terms τ. These terms also mix the
valence and the two Rydberg singlet u

1S+ states.
As an aid in the interpretation of nonmonotonic energy

variation of the branching fraction, we computed the hitherto
nonmeasured predissociation lifetimes of each excited vibra-
tional u

1S+ singlet state. The predissociation lifetime is defined

Figure 1. Potentials (a), (b) and nonadiabatic couplings, τ (c), (d), for the electronic states considered in the dynamics. There are three singlet u
1S+ states (a), one triplet

u
3S- and four triplet 3Πu states (b), each of which are triply degenerate, and two fivefold degenerate quintet 5Πu states (b). The spin–orbit coupling lifts the
degeneracies. The adiabatic potentials are shown for all states shifted in energy scale by 850 cm−1. For the triplet states, panel (b), the black dashed lines schematically
depict the diabatic triplet repulsive potentials. The Franck–Condon (FC) region of high vibrational overlap with the ground electronic state is shaded in gray. The
energy range of interest is here shaded in yellow.

(The data used to create this figure are available.)

Figure 2. Comparison of the experimental (Song et al. 2016; Liu et al. 2021) (connected black points) and computational (in color) branching ratios into the N(4S3/2)
+N(2PJ) channel vs. the total energy for different isotopomers of nitrogen molecule: 14N2 (a) and

14N15N (b). The simulations do not resolve J = 3/2 and 5/2. The
color-coded columns resolve the computed branching fraction into the dissociation through the 23Πu electronic state (shown in orange), that for the u

3S- state (azure),
and the contribution of the 25Πu electronic state (magenta). The experimental data are taken for the lowest available rotational state excitation.
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as an inverse of the dissociation rate constant estimated from
the decay of the population in all singlet electronic states during
the 10 ps of the dynamics. This does not consider radiative
processes, which typically occur on a longer timescale. The
computed dissociation lifetime is not the total lifetime of a
singlet state, but it allows us to qualitatively compare the
dissociation rates for different singlet states.

The determined predissociation lifetimes for the unimole-
cular photodissociation are shown in Figure 3 and in Tables 2
and 3 in Appendix C. One singlet state, ( )9u

1 nS =+ , has a
predissociation lifetime that is exceedingly high. This is
consistent with an earlier report (Walter et al. 1993) of a very
weak photofragment signal for low excited rotational states.
For additional discussion, see Oertel et al. (1981) and Ubachs
et al. (1993). Some of the other states also have predissociation
lifetimes that vary by more than 1 order of magnitude. The
shorter lifetimes are from those triplet energy bands that are
purely repulsive.

The lowest energy range at which the branching ratio
between the channels leading to N(2DJ) and N(2PJ) atoms
becomes comparable is above 110,000 cm−1. We see an
extremely high predissociation lifetime for this energy
(Figure 3), roughly 460 ns for 14N2. The low overall rate of
dissociation of this state makes the exit via the lowest triplet
state to N(4S3/2)+N(2DJ) channel comparable to the very slow
dissociation coming from the triplet u

3S- and quintet 5Πu states
to N(4S3/2)+N(2PJ); see Figure 2. Above 112,000 cm−1, the
effective coupling of the singlet and the repulsive triplet 3Πu

states primarily favors the production of N(2PJ) atoms. At
114,500 cm−1, trapping of the population in the high-lying
bound triplet state, 33Πu, occurs. This state favors dissociation
to the lowest N(4S3/2)+N(2DJ) channel and results in the
observed switch in branching ratios.

An additional interpretation of the dynamics is provided by
Figure 4. It shows two shaded regions of low production of
N(2PJ) atoms, Figures 4(a) and (b). Both are governed by
barriers in the potentials of the triplet manifold. Singlet and
triplet state populations for the dynamics in the case of the
long-lived singlet state at the energy above 110,000 cm−1 are
shown in Figure 4(c). The localized triplet states are primarily
Rydberg in character. Throughout the energy range, those
singlet states that are coupled to the triplet states of more
Rydberg character live longer. The Rydberg triplet states are
more localized in internuclear distance and hence have a lower
overlap with valence singlet states that are delocalized; see

Tables 2 and 3 in Appendix C. At higher energies, the increase
in the branching to N(2PJ) is due to exit along the repulsive
diabatic channel, as shown in Figure 4(d). Figure 4(e) shows
the population trapping in the 33Πu state at energies above
114,500 cm−1, the second region of low production of N(2PJ)
atoms.
Mass effects are important in isotope shifts of vibronic

energy levels, as well as in the levels of 33Πu quasibound
trapped states as in the higher-energy band in Figure 4, at
114,538 cm−1. Tunneling through the bottleneck barriers is
also strongly mass dependent. Thus, there is a strong isotope
effect for the photofragmentation at the excitation energies just
below the barriers (Figure 4).

4. Concluding Remarks

4.1. Astrochemical Perspectives

Our results show that ab initio quantum dynamics through a
complex landscape of coupled electrons and nuclei can help us
interpret experimental observations of photodissociation of
astrophysical importance. Crucial aspects are the strong
nonadiabatic mixing of electronic states of the same symmetry
and the selective spin–orbit coupling (Appendix A) of states of
different symmetry. The example discussed is of a diatomic
molecule, and the main limitation to additional applications is
the number of vibrational modes, 3N-6 for the general case of
an N atom polyatomic. The energetics provided by quantum
chemistry sometimes need adjustments, but the primary
challenge is obtaining the correct phase of the nonadiabatic
couplings. The branching into different products is unexpect-
edly sensitive to this phase. Since there are dozens or more
nonadiabatic events between the initially excited state and the
products, this is a major concern. The spin–orbit intermultiplet
coupling is weaker than the nonadiabatic intramultiplet
coupling. Even so, a quintet state that is reached by a second
order in the coupling does contribute, and so at higher energies
there can also be septet states that may be populated as
intermediate or final channels.
The different exit channels produce N atoms in different

electronic states. These differ significantly in their chemical
reactivity with other small molecules, such as H2, CH4, etc.
(Donovan & Husain 1970; Suzuki et al. 1993; Herron 1999;
Balucani 2012; Dutuit et al. 2013). Hence, the nonmonotonic
variation in energy of the photodissociation branching may be
imprinted onto the formation of more complex precursor

Figure 3. Predissociation lifetime computed for different u
1S+ vibrational quantum states in 14N2 and

14N15N isotopomers of the nitrogen molecule. The lifetimes are
given in Tables 2 and 3 of Appendix C. The very long predissociation lifetime at 110,144 cm−1 is estimated to be about 460 ns for 14N2 and around 100 ns for

14N15N.
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compounds of biological relevance in the solar system, as well
as in other diverse environments, including the interstellar
medium. The theory indicates that this nonmonotonic energy
dependence is a manifestation of the many interacting potential
energy curves. As such, it is expected to be rather general and
exhibited in other molecules. Similarly the not-small isotope
effect in the photodissociation branching is likely to be quite
common.

4.2. Summary

A key characterization of the VUV photodissociation of N2

is the nonmonotonic energy dependence of photofragmentation
to N(4S3/2)+N(2DJ) and N(4S3/2)+N(2PJ) product channels
leading to excited N atoms of different reactivity. In our
simulation, the electronic excitation from the ground state is by
a pulse of long duration—and thus narrow energy width—that
is included in the dynamics. Optically excited bound singlet
electronic states slowly transfer to the triplet dissociative
states via weak spin–orbit interaction. Our simulations
show longer predissociation lifetimes for the singlet states that
are resonantly coupled to the Rydberg triplet states. In a
particular case of a very slow singlet-to-triplet transfer, at about

110,000 cm−1, the population exchange becomes comparable
to the slow triplet-to-quintet transfer and is the origin of the
lowest switch in the branching ratio. At a higher energy, we
found two regions of low N(2PJ) atom production, in agreement
with experimental data. In both cases, the trapping of the
dissociation is observed due to barriers on the 3Πu highly
anharmonic potentials on the way to the dissociation to
N(4S3/2)+N(2PJ) channel. A combination of quantum chem-
istry, high-level computations of potentials and couplings, and
quantum dynamical simulation is essential in understanding the
energy dependence of the photofragmentsʼ distribution.

We acknowledge financial support by the US–Israel grant
No. 2019722 NSF–BSF Astronomy and Astrophysics. F.R.
acknowledges the support of the Fonds National de la
Recherche (F.R.S.-FNRS, Belgium), #T0205.20.

Appendix A

A.1. Details of Quantum Chemical Computations

The terms of electronic Hamiltonian: electronic potentials of
singlet, triplet, and quintet electronic states, transition dipoles,

Figure 4. Toward understanding the regions of energy-sensitive branching. (a) Potential energy curves of the triplet and quintet electronic states and (b) the branching
ratio into the N(4S3/2)+N(2PJ) channel for

14N2 and
14N15N isotopomers. These are the same results as shown in Figure 2. The two blue bands show regions of energy

with low yield into this channel. The two bottom rows show results of quantum dynamical computations of dissociation in 14N2 after 10 ps at three different excitation
energies for singlet and triplet states. The electronic states are color coded, and the probabilities ∣ ( )∣C tnj

2 are shown as a function of the internuclear distance R grid
point j for each electronic state n. Three different dynamical scenarios are shown that correspond to the energies identified in yellow in panel (a). (c) Slow rate of
dissociation at the energy 110,144 cm−1, leading to the first peak in the branching fractions vs. energy. A primarily valence-state singlet is only weakly coupled to a
localized triplet state below the barrier in the 23Πu potential. (d) Effective coupling to a repulsive triplet diabatic state at an energy slightly higher than in (a). (e) A
triplet state trapped in a well in the 33Πu potential, leading to a switch in the branching at this higher energy.
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and nonadiabatic and spin–orbit couplings are calculated for
each value of internuclear distance using a state-averaged,
complete active space self-consistent field (CASSCF; Knowles
& Werner 1985; Kreplin et al. 2019) approach followed by
multireference configuration interaction (MRCI; Knowles &
Werner 1988; Werner & Knowles 1988) calculations. The
potential energy curves of all the computed electronic states are
shown in Figure 5. In all computations, an active space of 17
orbitals (4σu, 3σg, 4πu, 4πg, and 2δg) for 10 valence electrons is
employed. The two lowest 1σu and 1σg orbitals are not
included in the active space but are fully optimized in the
CASSCF procedure. A restriction of only single occupancy for
the higher Rydberg orbitals is used. We use a doubly
augmented cc-pVQZ basis set with additional bond-centered
s and p diffuse functions for a proper description of Rydberg
and valence singlet and triplet states. All the quantum
chemistry calculations are performed with the MOLPRO
program package (Werner et al. 2020).

Triplet and quintet electronic states are degenerate states
with different Sz projection (m=−1, 0, 1 for triplets and
m=−2, −1, 0, 1, 2 for quintets). These states interact
differently with singlet u

1S+ electronic states, as spin–orbit
coupling integrals are subject to selection rules; see Table 1.

The potentials of the electronic states, transition dipoles, and
nonadiabatic and spin–orbit couplings as a function of bond
distance are available upon request to the authors.

Appendix B

B.1. Details of Quantum Dynamical Computations

We use the time-dependent Schrödinger equation of motion
to compute quantum dynamics for the 17 excited and 1 ground
electronic states of definite multiplicity; see Figure 5 of
Appendix A. The equation of motion is defined for the
amplitudes Cnj=Ψn(Rj) at a given electronic state n and grid
point j for the internuclear distance R= Rj. It is propagated in
time via the Runge–Kutta method (Press et al. 1996). The
interested reader should refer to Ajay et al. (2018) for more
details. The nonadiabatic couplings τnk(R) between electronic
states n and k are scaled by the finite difference momentum
terms. We use the five-point finite difference method (Forn-
berg 1988) to compute the momentum and kinetic energy terms
for the wave function defined on the grid. Spin–orbit coupling
selection rules are detailed in Appendix A.
The interaction with the light field is governed by the

transition dipole moment between the ground and excited

Table 1
Spin–Orbit Selection Rules between the Singlet, Triplet, and Quintet Electronic States of Different Symmetries That Contribute Primarily to the Dynamics

( )m 0u
1S =+

( )m 0u
1S =+ 0 ( )m 0u

3S =-

( )m 0u
3S =- LSZ 0 ( )m 1u

3S = -

( )m 1u
3S = - 0 0 0 3Πu(m = 0)

3Πu(m = 0) 0 0 LSX/LSY 0 3Πu(m = ± 1)

3Πu(m = ± 1) LSX/LSY LSX/LSY 0 0 LSZ

5Πu(m = 0) 0 0 LSX/LSY LSZ 0

5Πu(m = ± 1) 0 LSX/LSY 0 0 LSZ

5Πu(m = ± 2) 0 0 LSX/LSY 0 0

Note. The notations (LSZ, etc.) are for the different spatial components of the spin–orbit coupling operator. m is the magnetic quantum number of the electronic state.

Figure 5. Potential energy curves of all 17 electronic excited states computed in the present work and included in the dynamics. Triplet and quintet electronic states are
three- and fivefold degenerate, respectively.
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singlet electronic states. An explicit time profile for the VUV
light field is used. The duration of the pulse is set to be long
enough to selectively excite specific vibrational levels of the
singlet states, FWHM= 377fs. The carrier frequency is
variable. It is tuned to selectively match the energies of the
vibrational levels of the singlet states; see Tables 2 and 3 in
Appendix C.

At large bond distances, R> 6.2 au, a complex absorbing
potential is applied. The amount of population absorbed at long
distances accumulated during 10 ps is used to define the relative
branching ratio into the two channels. The predissociation
lifetimes, shown in Figure 3, are defined as an inverse of the
predissociation rate constants estimated by a linear fit for the

logarithm of the time-dependent population in all the excited
singlet states | ( ) |C tnj

2, assuming a unimolecular exponential decay.

Appendix C

C.1. Results of the Quantum Dynamics

The results of the quantum dynamical simulations for
branching ratios into the lower N(4S3/2)+N(2Dj) channel are
presented in Figure 6. Detailed information for each considered
vibrational energy level is presented in Tables 2 and 3. The data
in the tables correspond to the data plotted in Figures 2–4.

Table 2
Theoretical and Experimental (Song et al. 2016) Branching Ratios into the N(4S3/2)+N(2PJ) Channel and Predissociation Lifetime for the 14N2 Isotopomer

Energy, cm−1 Singlet Character Triplet Character N(4S3/2)+N(2PJ) Predissociation Lifetime, ns
Computation Experiment

108778 Valence Rydberg 0.000 0.000 4.76

109442 Valence Valence 0.000 0.003 0.12

110144 Valence Rydberg 0.745 0.307 (458.84)a

110476 Rydberg Rydberg +Valence 0.000 0.057 0.47

110855 Valence Rydberg +Valence 0.001 0.021 0.17

111549 Valence Rydberg +Repulsive 0.084 0.006 1.54

112226 Valence Rydberg +Repulsive 0.173 0.210 0.15

112551 Rydberg Mixed 0.154 0.574 0.43

112903 Valence Repulsive 0.757 0.818 0.06

113551 Valence Repulsive 0.953 0.943 0.03

114182 Valence Repulsive 0.810 0.838 0.04

114538 Rydberg Bound 33Πu 0.062 0.013 0.54

114789 Valence 33Πu+43Πu 0.002 0.000 0.45

115315 Valence 33Πu+43Πu 0.697 0.468 0.07

115747 Valence 33Πu+43Πu 0.982 0.633 0.29

116202 Valence 33Πu+43Πu 0.895 0.793 1.41

Notes. The corresponding vibrational energy levels of the u
1S+ singlet electronic states are given in the first column. The experimental values are taken for the lowest

available rotational state excitation.
a Estimated value.
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Figure 6. Comparison of the experimental (Song et al. 2016; Liu et al. 2021; connected black points) and computational (in color) branching ratios into the N(4S3/2)
+N(2DJ) channel vs. the total energy for different isotopomers of nitrogen molecule: 14N2 (a) and 14N15N (b). The experimental values are taken for the lowest
available rotational state excitation.
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