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1 Introduction

Revisiting the intricate photodissociation
mechanism of ammonia along the minor
NH + H, pathwayft

¢ Johannes C. B. Dietschreit *ac

Brigitta Bachmair, % and Leticia Gonzalez
In this manuscript we revisit and extend the analysis of the internal conversion and intersystem crossing
dynamics of ammonia originating from excitation to its first excited singlet state S; and leading to the
major NH, + H and minor NH + H, pathways as investigated by Wang et al. (Phys. Chem. Chem. Phys.
2022, 24, 15060). To perform extensive simulations, we use the machine-learned interatomic potentials,
developed by the same authors (Y. Wang et al., J. Chem. Phys. 2021, 154, 094121) interfaced with the
SHARC program package. Based on the analysis of 50000 coupled trajectories, we fit a kinetic model
for the major and minor reaction channels that also provides the minimal amount of time required for
the dissociation to occur. The model predicts that the time constant associated with the rare pathway is
two orders of magnitude larger than that of the frequent reaction, leading to an extrapolated quantum
yield of 0.64% for the NH + H, photoproduct. This quantum vyield is in agreement with available
experimental measurements carried out with an excitation pulse of 193 nm, around which we excite
ammonia. A comprehensive analysis of the electronic states and structures involved in the minor
channel reveals that dissociation occurs in a concerted manner via three main mechanisms. The
majority of the trajectories (98%) undergo nonradiative relaxation to the electronic ground state, from
where 29% directly dissociate. Additionally, we observe reverse internal conversion (58%) as well as
intersystem crossing (10%), as operative pathways responsible of the rare photodissociation reaction.
These findings provide valuable insights into the dynamics of ammonia photodissociation, particularly its
less-studied fragmentation pathway.

most widely produced chemicals globally. Beyond its terrestrial
presence, ammonia is also found in the atmosphere of outer

Ammonia plays an essential role in chemical and biological
systems, as well as in industrial processes, as it is one of the
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planets in our solar system, where it participates in complex
reaction networks.' These diverse roles make photochemical
processes involving ammonia an important subject of
investigation.

The photolysis of ammonia is one of the most studied
processes, with the primary photodissociation pathway identi-
fied as,*°

NH; % NH, + H (1)

where the NH, fragment potentially undergoes subsequent
decay

NH,+H - NH+H+H 2
A secondary, less frequent dissociation pathway is also known,
NH; ™ NH + H, (3)

This rare pathway has been studied experimentally, although
less extensively.>'' > Despite these efforts, some ambiguity
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remains regarding the relative contributions of these channels
at different excitation energies.>'”'*>* This uncertainty arises
mainly due to the challenge of attributing the NH fragments to
either the sequential fragmentation of NH, in the frequent
channel (2) or the direct dissociation of ammonia via the rare
pathway (3)." Furthermore, the presence of two-photon pro-
cesses complicates the interpretation of experimental results.’
The potential contribution of the spin-forbidden channel
producing NH(X*Y.") + H, also remains unclear."

Computational approaches are essential for elucidating
molecular dissociation mechanisms. However, prior studies
have focused mainly on the energetically favored NH, + H
fragmentation.>*™* Recent advancements, such as the accurate
potential energy surfaces (PESs) constructed by Wang et al.,
have provided new opportunities to investigate the rare NH; —
NH + H, dissociation channel.*>® These PESs were tailored
to describe both the frequent and rare photolysis pathways.
Nonadiabatic dynamics simulations were performed on these
surfaces®” using the trajectory surface hopping formalism,*®
implemented in the SHARC program package.?**

Here, we reexamine the excited-state dynamics of ammonia,
with a particular focus on the rare fragmentation pathway
leading to NH + H,, extending beyond previous analyses. Using
the PESs developed by Yarkony and coworkers,*>*® along with
an adapted interface to our locally developed excited-state
molecular dynamics code SHARC,***> we provide fresh insights
into the photochemistry of ammonia, with particular emphasis on
the less explored photodissociation channel.

The remainder of this paper is organized as follows: Section 2
outlines the computational methodologies. It summarizes the
fitted potentials utilized in this work and describes the mixed
quantum classical dynamics employed. Section 3.1 discusses the
photodissociation branching ratios and kinetics of the dissocia-
tion pathways, while Section 3.2 provides a detailed analysis of the
rare NH; — NH + H, pathway regarding the geometric fragmen-
tation characteristics and electronic states. Finally, Section 4
presents our conclusions.

2 Computational details
2.1 NH; potential energy surfaces

The ammonia molecule was modeled using the machine-learned
interatomic potentials and property models reported by Wang
et al®® Permutation invariant polynomial neural networks
describe the two lowest-lying singlet states, their coupling,
and the lowest-lying triplet. In addition to energies and energy
gradients, transition dipoles and spin-orbit couplings are
available. The simultaneous fitting and diabatization proce-
dure is based on multi-reference configurational interaction
including singles and doubles (MRCISD) computations using
the aug-cc-pVIZ basis set with an added Rydberg function on
nitrogen. The molecular orbitals originate from state-average
multiconfigurational self-consistent-field (SA-MCSCF) calcula-
tions obtained with an active space of ten electrons in nine
orbitals (10,9), averaged over the S,, S; and Ty, with equal
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Fig.1 Energy diagram containing selected critical points of the fitted
ammonia PESs, including minima (min), transition state (TS), minimal
energy crossing points/conical intersections (MECP/MECI) and asymptotic
energies (asympt) for both NH + H, and NH, + H channels.

weights. More details on the generation and fitting of these
surfaces can be found in ref. 43.

The reaction energy diagram in Fig. 1 provides a schematic
overview over critical points of the fitted PESs relevant to the
NH + H, and NH, + H dissociation pathways and also includes
asymptotic energies (see Section S1 of the ESIi for details on
the optimizations). The major channel proceeds through a flat
transition state in the S; state, and a low lying So/S; conical
intersection, followed by further energy gain (the common
product is about 1 eV more favorable in the S, than the flat
S; local minimum). The reaction mainly occurs without invol-
vement of the T;. In the minor channel, accessible via the
same conical intersection leading toward the major products,
all three surfaces are relevant. Then, via the ground state,
the reaction proceeds through an Sy/S; conical intersection,
followed by a transition state, and then a second Sy/S; conical
intersection, ultimately yielding the minor photoproduct. Alter-
natively, an So/T; minimum energy crossing point, located
0.7 eV below the corresponding So/S; intersection, is followed
by a second, energetically close, So/T; crossing point before
fragmentation. For both reaction channels, T, and S, are
asymptotically degenerate for the dissociated products. Inter-
estingly, the minor product is the thermodynamic product of
this dissociation.

2.2 Nonadiabatic dynamics

The nonadiabatic dynamics computations were performed within
the surface hopping with arbitrary couplings (SHARC)*' form-
alism using Tully’s fewest switches surface hopping®® algorithm,
as implemented in the SHARC program package.’>*° Since the
ammonia machine-learned potentials** do not provide second
derivatives of the energies, the normal mode frequencies at the
ground state minimum were obtained numerically. The S, mini-
mum geometry was obtained via gradient descent. The Hessian
was computed by displacing each atom by 0.005 A. The normal
modes from the ground state Hessian were used to sample 10°
initial coordinates and velocities according to a quantum Wigner
distribution*®***> at 297 K, which corresponds to the experi-
mental conditions reported in ref. 16. The total angular momen-
tum is kept zero. A large ensemble of initial conditions is
mandatory to have sufficient statistics on the rare photodissocia-
tion channel.
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Excitation states for the 10> initial conditions were selected
based on the excitation energies and oscillator strength,*®
simulating a vertical excitation over the whole spectral
range — in practice from 0 eV to 10 eV. This selection procedure
resulted in 85.6% of the initial conditions (85 578 points) being
selected as excited to S;. The obtained excitation energies were
used to compute an absorption spectrum employing Gaussian
convolution with a full width at half maximum of 0.1 eV
(see Section S2 of the ESI} for a detailed discussion of the
spectrum). From the successfully excited initial conditions,
5 x 10* were taken randomly as starting points for SHARC*'
trajectories, all with S; as the initial active state. The trajectories
were propagated on the diagonalized potentials for up to 1 ps in
0.2 fs nuclear time steps using 0.008 fs electronic steps. Kinetic
energy correction as well as the reflection of frustrated hops
was performed parallel to the nonadiabatic couplings.*® The
energy-difference based decoherence correction was employed
using the standard value of 0.1 Hartree.*” An example input file
can be found in the Section S3 of the ESLi

Given the large number of trajectories required to capture
the dynamics of the rare photodissociation channel, evalua-
tions were performed in intervals of 200 fs. The geometries
were categorized according to their dissociation pattern into
one of the following classes: “NH;” (i.e. no dissociation),
“NH, + H”, “NH + H,”, “NH+H+ H”, “N+ H+ H + H” and
“other”. Atoms with an interatomic distance under 6 Bohr (3.15 A)
were considered bonded, while a distance above 8 Bohr (4.23 A)—
roughly four times the equilibrium value—was rated as
dissociated. In particular, the three N-H bonds were examined
and ordered to obtain the fragment containing the nitrogen
atom (NH;, NH,, or NH). In cases where more than one
hydrogen atom dissociated, the bonds between them were fully
characterized. If dissociation occurred, the trajectory was termi-
nated after the current 200 fs interval; otherwise, it was continued
for at least another 200 fs, where it was again re-assessed.

After reaching dissociation or a total propagation time of
1 ps, the SHARC trajectories were tested against numerical
validity, ensuring a maximum change in total energy of 0.1 eV
between consecutive time steps and 0.2 eV over the entire
trajectory. Moreover, they were re-categorized following the
criteria described above to find not only the dissociation
pattern, but also the time at which dissociation takes place.
An additional requirement was that the observed fragmenta-
tion had to remain as such for at least 10 fs. This condition was
introduced to discount transient fluctuations around the bond
breaking distance that do not lead to a separation of the
fragments.

3 Results

3.1 Ammonia photodissociation ratios

The analysis of the 50000 trajectories shows that the main
photodissociation product, NH, + H, is formed in over 94%
(47210) of all trajectories. In total, 4.5% (2231 trajectories)
do not dissociate and 0.6% (297 trajectories) follow the rare
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NH + H, channel. A further small portion of 0.5% (241 trajectories)
was found to be en route to dissociation, predominantly following
the frequent channel. In these cases, at least one N-H distance was
between 6 Bohr and 8 Bohr, so neither stable nor fully dissociated
within our definition. In addition, 10 and 9 trajectories (0.02%)
were found following the N + H + H, and N + H + H + H channels,
respectively.

It is important to mention that most of the trajectories
showing ammonia fragmentation into three or more frag-
ments, as well as a significant number of the NH + H,
trajectories, exceeded the maximum allowed deviation of
0.1 eV in total energy between consecutive time steps or
0.2 eV over the whole trajectory. However, for further analysis,
all the observed rare pathways were included, since the energy
conservation issues arise primarily after, or at an advanced
stage of dissociation. A more detailed discussion is provided in
Section S4 of the ESLi We presume the underlying reason for
this to be sudden changes in interstate couplings within one
time step near state crossings, which would require slightly
smaller nuclear time steps in these regions.

Fig. 2a depicts the time evolution of the relative amount of
the three major observed molecular species, i.e. stable ammo-
nia and products of the two main photodissociation channels.
A zoom-in on the NH + H, curve is shown in the inset. The
standard error of the mean is displayed for every curve, but due
to the large number of trajectories simulated the error is only
visible for the rare dissociation channel in the corresponding inset.

As the relative amount of species are averages over 50 000
simulations, one could think of them as molar fractions. These
molar fractions were used to fit the kinetic model sketched in
Fig. 2b. The corresponding fitted curves are displayed as dotted
lines in Fig. 2a. In addition to reactive ammonia, frequent and
rare reaction products, we considered a second ammonia
species, termed nonreactive ammonia, NH;"", which can inter-
convert with reactive NH;, but not dissociate. The inclusion of
this nonreactive species was necessary to fit the observed
changes in the relative concentrations. A fit without this
hypothetical ammonia species (Fig. S4 in Section S5 of the
ESIZ) is unable to capture the kinetics of the three main species
correctly. However, this nonreactive species eluded character-
ization, as we were unable to differentiate it from reactive
ammonia based on geometry alone. Kinetic analysis of the
trajectory parts when ammonia is still intact by means of
time-lagged independent component analysis*®*° indicates
that a slow process is present, but the analysis is also unable
to properly separate reactive and non-reactive ammonia con-
formations. We believe that the nonreactive species cannot be
described by a local minimum on a PES, but is rather created
by nonadiabatic phenomena, meaning that geometries are in
reactive regions of configuration space but on the wrong PES,
and therefore able to react.

The kinetic model shown in Fig. 2b contains delay times for
the two dissociation channels. They account for the fact that
NH, and NH are observed only after certain time lags; thus, the
delay times can be interpreted as the minimal time required for
the particular dissociation to occur. Visually, these time lags are
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Fig. 2 Photodissociation of ammonia, based on 50 000 surface-hopping
trajectories of up to 1 ps. (a) Relative amounts of ammonia (NHs, blue), the
frequent (NH, + H, light green) and the rare photodissociation products
(NH + Hy, red) over time. The kinetic fit is indicated by dashed lines, and the
amounts of each species after 1 ps are noted in percent on the right side of
the plot. The inset zooms in on the very small amount of the rare reaction
product and includes indications of 1o and 2¢ standard error of the mean
as shaded areas around the curve. (b) Kinetic model and fitted time
constants t;, as well as time delays 1% for the frequent (freq) channel,
rare channel, and a hypothesized nonreactive ammonia species NHs™".

evident at the beginning of the curves of Fig. 2a, indicating that
a brief moment is required to reach the regions of the PES
where dissociation becomes feasible, followed by overcoming
the energy barriers to finally form the fragments. The time
delays for the dissociations were fitted to r?r‘zlé“y = (19.12 +
0.07) fs and tfiecy = (90.3 % 0.2) fs. The estimated time constant
for the frequent reaction channel (tgeq = (79.2 & 0.02) fs or
Ktreq = (12.622 + 0.004) ps~ ') is two orders of magnitude smaller
than that for the rare channel (7 = (5.51 £ 0.01) ps or
Keare = (0.18141 =+ 0.0004) ps™ ).

The obtained forward and backward reactions between the
two ammonia species are, with time constants 7, = (609.2 +
0.5) fs and t52°% = (630.7 & 0.5) fs respectively, of the same order
of magnitude, with the formation of the nonreactive NH; being
slightly faster. Further details on the kinetic model can be
found in Section S5 of the ESL}

Extrapolating the dissociations, a final relative amount of
(0.6385 + 0.0007)% NH + H, would be reached after all
ammonia has dissociated over the course of some picoseconds.
This is in excellent agreement with the experimentally deter-
mined quantum yield of <0.8%."® Experimental full widths at
half maximum of the v, = 6 rotovibronic absorption bands,
I, estimate the time constant corresponding to the major
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channel as around 22-23 fs via t© ~ (2rncl’,)”". This is around
3.5 times faster than our fitted value of t4q ~ 79 fs and can
probably be attributed to tunneling, which is not considered in
these simulations.

The ratio of rare versus frequent dissociation seems to
depend on the excitation energy, as already noted in ref. 37.
This is illustrated in Fig. 3, which compares the observed
reaction products at 1 ps for different excitation energy win-
dows. Higher excitation energies correspond to a higher frac-
tion of the rare channel, which, however, never significantly
exceeds 1% in our trajectories (Fig. 3a). This slight preference
for higher excitation energies can also be seen in the total
number of occurrences as an asymmetry in the bar heights in
Fig. 3b. Although the total number of trajectories and thus the
total number of NH + H, events decreases with excitation
energies higher than the absorption maximum, it is doing so
noticeably slower than for energies lower than the maximum.

Additionally, we notice that the distribution of non-
dissociating trajectories is slightly skewed to the left towards
lower energies in Fig. 3b. The same holds for those trajectories,
which are currently en route, subsumed under “other” in Fig. 3
together with the few cases of other forms of fragmentation,
eg. N+ H + H + H. A similar picture arises when the
dependence on the total energy is examined (Section S6 of
the ESIi). With higher total energy, the fraction of the rare
process also increases, whereas the non-dissociating trajec-
tories have predominantly below average total energies.

To further analyze the dependency of the relative occurrence
of the rare and frequent dissociation event, we fitted the kinetic
model to only those trajectories that fall within 0.25 eV excita-
tion energy windows. This way, we obtained excitation-energy-
dependent time constants for the two channels and were able
to calculate the expected individual fractions of the rare pro-
duct after full dissociation. The corresponding numerical
values for different excitation windows and the final NH + H,
ratio are compiled in Table 1. While the trend of higher
fractions of the rare channel at higher excitation energies is
clearly visible here, fewer trajectories with these higher excita-
tion energies exist, such that their absolute numbers do not
increase, as shown in Fig. 3. The individual time constants 7 for
the rare and frequent channels both decrease with excitation
energy. The observed relative increase in the rare channel is

a) Fraction of occurrences b) Total occurrences
10 T 104
] e NH+H || w
[
909 - NH; g10°
0’:)0 8 NH; +H 1 @ ,
8= £
2027 = other 3 10
s 8
— 10t
g0 %
100
0.0
5 6 7 8 5 6 7 8
Eexcit (eV) Eexcit (€V) (intervals of 0.25 eV)

Fig. 3 Analysis of the reaction products at the end of the simulation time,
including non-reacted ammonia, as a function of the excitation energy.
(a) Relative amount of observed species in different excitation energy
windows of 0.25 eV width, and (b) absolute number of occurrences on
logarithmic scale for the same energy windows.
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Table 1 Number of trajectories, rare photodissociation product fractions
after 1 ps with uncertainties, projected outcomes using a kinetic fit and
time constant ratios of rare versus frequent reaction for all trajectories
together (excitation range 0—-1 eV) and grouped by excitation energies
Eeycit ONto 0.25 eV windows

# of NH + H, NH + H,
Eeyeit (€V)  trajectories  at 1 ps (%) fit (%) Trare/Tfreq
Overall 50000 0.59 +0.03 0.64 70
5.50-5.75 699 0.1 +0.1 0.19 3 x 10%
5.75-6.00 2999 0.4 +0.1 0.46 156
6.00-5.25 7978 0.40 +0.07 0.48 104
6.25-6.50 13277 0.62 +0.07 0.69 61
6.50-6.75 13151 0.59 +0.07 0.59 70
6.75-7.00 7795 0.71 +0.09 0.72 38
7.00-7.25 3047 0.9 +0.1 0.93 31
7.25-7.50 795 1.1 +0.4 1.21 5

due to the underlying increase in the ratio of rare to frequent
time constant. This ratio is also shown in Table 1. The values
vary from 3 x 10> down to 5 with an overall ratio of 70.

The trend is consistent throughout the analyzed energy
range, despite a statistical outlier between the 6.25-6.50 eV
and 6.50-6.75 eV energy windows. For this, see the resulting
fraction after 1 ps in Table 1. The individual fitted constants
for each excitation energy window are reported in Table S1
(Section S5) of the ESL#

Extrapolating the fitted time constants to higher excitation
energies (Fig. S5 in Section S5 of the ESIi), would suggest that
the minor dissociation pathway becomes the dominant channel
above approximately 9.5 eV. However, in these high-energy
regions we expect other electronic states to be involved, which
would drastically alter the photolysis processes.

3.2 NH + H, photodissociation channel

Here we analyze the 297 trajectories that undergo the rare photo-
dissociation channel, first in terms of changes in the bonding
pattern and then in terms of electronic populations and asso-
ciated mechanisms.

3.2.1 Nuclear rearrangements involved in the NH + H,
pathway. The reaction progress is monitored using the second
longest N-H bond, while the shortest N-H bond remains below
6 Bohr and the H, fragment is stable. A visualization of this
second longest N-H bond for all trajectories separately is
depicted in Fig. 4a, where the reaction instances displayed as
vertical lines are ordered by dissociation time. The term
“second longest N-H bond” refers to the particular N-H bond
that at the time when the rare dissociation is concluded has the
second largest value, i.e. when the second N-H bond stretches
beyond 8 Bohr (4.23 A). In general, the longest and second
longest N-H distances do not differ by much. In almost all
cases, oscillations of a stable N-H bond—visible as alternations
in shades between dark blue and turquoise in Fig. 4a—are
followed by the bond cleavage indicated by a transition to
yellow.

The bond cleavage takes place rather quickly compared to
the time spent oscillating, which is characteristic for rare events
and can also be seen in the three example trajectories in Fig. 5a,
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Fig. 4 (a) Length of N=H bond that is the second longest N-H bond at
the end of the dissociation process and (b) H-N-H angle between
nitrogen and the dissociating H, of the 297 rare photodissociation trajec-
tories sorted according to the dissociation time, from fast to slow.

where all interatomic distances are plotted over time. The
bonds of the remaining stable fragments are highlighted in
green. Notably, the H-H bond of the leaving H, molecule,
depicted in light green, is formed at the moment or even before
the dissociation process can be detected. While initially all
H-H distances oscillate around 2 A, one shortens to below 1 A,
producing stable H,. Only once this happens, the NH and H,
fragments separate, visible through the black and gray lines
rapidly advancing to larger distances. In general, the reaction
occurs in a concerted manner, just as shown in these examples
(all panels in Fig. 5a).

Only in a few instances the dissociation reaction stopped
before completion and reverted back to ammonia. This can be
seen in Fig. 4a as temporary lighter regions between stable,
blue-colored periods. These frustrated dissociations were not
classified because they do not lead to a final stable product.
Ultimately, since our criterion for dissociation is an N-H distance
of 8 Bohr (4.23 A), the frustrated fragmentations do not count as
completed. Only in 2 cases, we actually observed a rare dissociation
followed by a brief recombination before finally fully separating
(see the two 600 fs long trajectories with dissociation before 400 fs
and recombination around 400 fs in Fig. 4a).

For further analysis of the dissociation process itself, we
chose a window from 4 Bohr to 8 Bohr (2.12-4.23 A), which
corresponds to the elongation associated with the breaking of
the second longest N-H bond. We consider this approach to be
more meaningful than defining dissociation at a single point in
time, as it allows measuring the duration of the process itself.
On average, the rare dissociation takes 39 fs and is thus quick
compared to the overall reaction times.

Similarly to the second longest N-H bond, the H-N-H angle,
where the hydrogen atoms are those dissociating as H,, can be

This journal is © the Owner Societies 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp04834b

Open Access Article. Published on 26 March 2025. Downloaded on 7/31/2025 1:18:41 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper PCCP
10 example trajectory 1 (1327) 10 example trajectory 2 (4133) 10 example trajectory 3 (4956)
a) | — stableN-H S
< 8 8 / 8 formed H-H W S;
; — dissoc. N-H 1 T,
2 6 6 ; 6 other H-H
©
o
S 4 4 4
2
o
o 24A\\, [ A 2 ~SAR ’ 2 N/’
[ —— e —— 18_
b)
WS, mT,
10 10 101 ms, ¢ b=
< 8 8 8 ‘ o<
© MAMANAN 352
=5 : S HNANN St
3 WWWWWYE 2 8
4 4 4 26T
max. @ dissoc. 9=
2 2 2 dissoc. v
0 0 0 1
9] @ 0.20/ — lin. mom.
S .
4:(5 0.3 0.3 ang. mom.
g 0.15
—~ 0.2 0.2
£ 0.10
e 0.1 ‘ I‘ | ' \ 0.1
g- ‘ [ 0.05
€00 0.0 ] 0.00
0 100 200 300 400 0 50 100 150 200 0 50 100 150 200
time (fs) time (fs) time (fs)

Fig. 5 Example trajectories of the rare photodissociation. (a) Time-resolved ammonia interatomic distances, with the bond between nitrogen and the
hydrogen remaining as NH (dark green line), the bond between the hydrogen atoms forming H, (light green), dissociating N-H bonds (black) and
elongating H—H distances (gray). A color-coded line along the x-axis shows the current active state; (b) potential energies of the active (bold) and inactive
(fine) states over time with vertical lines indicating the completed dissociation (dotted) and point with the highest visited potential energy around the
dissociation (solid); (c) absolute values of the linear and angular momenta over time for the NH fragment.

used to monitor the reaction progress, since the angle becomes
very small upon dissociation (Fig. 4b). We observe sizable
oscillations of the angle before fragmentation, followed by a
quick, marked decrease upon reaction. White markings indi-
cate the 8 Bohr (4.23 A) dissociation criterion, at which point
the depicted angle is already strongly reduced.

3.2.2 Electronic states involved in the NH + H, pathway.
The nonadiabatic dynamics provide insights into the mechanism

in terms of active electronic states visited throughout the simula-
tion. Fig. 6a shows the overall electronic populations over time for
the minor dissociation channel. After excitation, there is a rapid
decrease in S; population, counterbalanced by an increase of the S,
one, which peaks around 200 fs and then gradually decreases,
stabilizing at around 71%. Meanwhile, the T; population slowly
increases to around 27% at the final propagation time. While these
populations show that all three electronic states, including the
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Fig. 6 Quantification of the involvement of singlet (So dark blue, S; light blue) and triplet (red) states in the NH + H, photodissociation channel:
(a) electronic populations over time based on the active state, assuming that the system remains in the last active state in cases of simulation end before
1 ps. Shaded areas around the curves indicate 1o and 2¢ standard deviations. (b) Active state over time for each of the 297 rare photodissociation
trajectories (vertical lines), sorted according to the dissociation time (same as in Fig. 3). (c) Distribution of pathways undergone by 297 rare
photodissociation trajectories, according to the active states before and during dissociation. The pie-chart shows the relative occurrence of electronic
states within the dissociation window (gray shaded box, final stretch of second longest N-H bond from 4 Bohr to 8 Bohr (2.12-4.23 A)). “Other” includes
patterns different from the listed ones.
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triplet, are involved in the rare dissociation channel, they do not
clarify the dissociation mechanism. Further insight is obtained by
looking at the active state of the individual trajectories around the
time of dissociation, see Fig. 6b. The current active state of each
trajectory (vertical lines) is color-coded, in shades of blue or red for
singlets or the triplet state. The white marking indicates when the
dissociation process ends.

The simulation starts in the S; state (light blue) and almost
all trajectories (97.8%) eventually relax to the S, state (dark
blue). While in the S, state, there are some cases where
temporary intersystem crossings to the triplet state (red) may
take place. From there on, different pathways can be observed.
Oftentimes, the trajectory stays in Sy, approaches regions near a
conical intersection, where it typically (58.2%) transitions
briefly back to the S; while dissociating, before it returns to
the ground state. Another portion of the S, trajectories near the
conical intersection (28.6%) do not jump back to the excited
state, staying in the ground state while dissociating. Alterna-
tively, S, — T, intersystem crossing takes place, which accounts
for 9.4% of all rare dissociations. Some trajectories show a
more complex pattern during the dissociation, involving all
three states. In few cases, no initial relaxation to the ground
state is observed; the trajectories remain in the S; until dis-
sociation (1.3%) or intersystem crossing from the S; to the Ty
takes place (0.7%). We find that intersystem crossing can also
occur after dissociation is completed, which influences the
overall triplet population, but is not directly related to the
photodissociation process itself.

All the different pathways are summarized in Fig. 6c. Also
shown is a pie chart that quantifies the different pathways,
based on the populations in the dissociation window discussed
above (breaking of the second longest N-H bond from 4 Bohr to
8 Bohr). If a state was visited for only 2 time steps or less,
its contribution was discounted. Dissociation on the singlet
manifold dominates, with the S; being involved in most of the
reactions (59.3%). However, there is a significant number of
instances in which ammonia dissociates only or mainly on the
triplet PES (10.1%). The inclusion of the triplet state is thus
essential to understand ammonia photodissociation. The
“other” in the pie chart in Fig. 6c¢ collects dissociation patterns
different from those explicitly listed. It consists of a variety of
more complex behaviors (summarized as “other pattern” in the
gray box) and one single pathway fully in the S;.

Interestingly, the temporal length of the NH + H, dissocia-
tion windows varies significantly depending on the mecha-
nism. Those trajectories that dissociate in S, and those in
which T, is significantly involved, take each 29 fs on average.
When both S, and S; participate in the dissociation, the average
fragmentation takes 41 fs and is thus significantly longer than
in the other cases. The five trajectories following more complex
dissociation patterns and involving all three states take over
200 fs on average to dissociate. Hence, in general the dissocia-
tion sequence is very fast (the fragments mostly separate within
a few femtoseconds), yet in some instances the fragmentation
process can take much longer. It is possible that the system
diffuses along the ridge of the barrier without tipping over.
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Fig. 5b depicts the potential energies of the singlet and
triplet states over time (with the current active state highlighted
in bold) of three trajectories showing the most predominant
dissociation patterns. The reaction progress, measured by the
second longest N-H distance, is shown as a color bar at the
bottom of each plot. All three trajectories display a hop to
the So. The first sub-panel (example trajectory no. 1 or overall
trajectory no. 1327) exemplifies dissociation in the ground
state after briefly visiting a region with vanishing singlet-
singlet gap. Rare example trajectory no. 2 behaves similarly,
but the reverse internal conversion to the S, state is visible,
before relaxing back to the ground state. The third example
(rare trajectory no. 3) depicts a case of dissociation in the
triplet state, which is the lowest state in the region of bond
breakage. The end of the dissociation (when the second long-
est N-H bond exceeds 8 Bohr) is indicated by the vertical
dotted line. Additionally, the solid vertical line marks the time
at which the potential energy reached its maximum around
dissociation. Most of the rare trajectories follow one of the
three characteristic dissociation patterns. In all these cases,
reaching the region of state crossings in S, commences the
fragmentation.

The time of dissociation for an individual trajectory is
governed by the seemingly chaotic oscillations and probabil-
istic surface hops, mainly leading to So— T; intersystem cross-
ing or the S, — S; reverse internal conversion, both followed by
fragmentation. This stochastic behavior impedes a prediction
of the pathway and dissociation time based only on the initial
condition of each trajectory. Neither the excitation energy nor
other geometrical or energetic descriptors, show meaningful
correlations with the bond cleavage mechanism ahead of time.
Investigated features include interatomic distances, bond
angles, and the out-of-plane angle, kinetic and potential energies,
and energy gaps. One notable difference in the mechanism
between rare and frequent channels is that the dissociation of a
hydrogen radical occurs much more often solely in the S, state or
right after relaxation from the excited to the ground state (see also
ref. 29), whereas the dissociation of H, often happens in the ground
state and not necessarily right after internal conversion from the
S, state.

The scatter plot of dissociation time and excitation energy in
Fig. 7a underscores stochasticity as the primary driver of the
molecular photodissociation channel, as no clear trend is
visible between these two plotted quantities. Furthermore, the
states during the dissociation window (indicated by different
colors in Fig. 7) do not evidence any correlation with excitation
energy or reaction time. However, with increasing excitation
energy above 6.5 eV, the number of trajectories that take a long
time to dissociate decreases strongly. This fits with the observa-
tion from Fig. 3 and Table 1, that at higher excitation energies
the relative amount of the NH + H, photoproducts slightly
increases.

However, a requirement for the trajectories leading to NH +
H,, is a total energy of at least 6.7 eV. The smallest total energy
observed leading to the H, elimination is 6.73 eV, whereas
trajectories following the frequent channel possess total
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Fig. 7 Dissociation time (time for second longest N-H bond to reach
8 Bohr) of the 297 rare photodissociation trajectories versus (a) excitation
energy and (b) total energy. Each point is colored according to the
electronic states involved in the dissociation window, as indicated.

energies down to 6.08 eV. Fig. 7b indicates that no simulated
trajectory with total energy significantly below 7 eV undergoes
the rare dissociation, regardless of the electronic states
involved. In general, higher total energies lead to shorter times
until NH + H, formation. This is in accordance with the fact,
that higher total energies result in larger NH + H, product
fractions (Fig. S6 in Section S6 of the ESI}). However, for total
energies below 8 eV the distribution of dissociation times is
very broad.

Besides using the second longest N-H bond and an appro-
priate H-N-H angle (Fig. 4), the momenta of the individual
fragments are also suitable to determine the fragmentation and
completion of the dissociation, as the linear and angular
momenta of the individual fragments become constant once
they are sufficiently separated, see Fig. 5c. Note, that the total
linear and angular momenta of the entire system are constant.
The end of dissociation (dotted vertical line) nicely coincides
with the curves plateauing. In many cases, after oscillations in
the magnitudes of the momenta, there is a steep increase
starting at a maximum in the potential energy, before even-
tually reaching a plateau where the fragments NH and H, can
be considered independent. See Section S7 of the ESIt for
further discussion.

4 Conclusions

The photodissociation of ammonia in the gas phase with a
focus on the rare molecular channel NH + H, has been revisited
using nonadiabatic surface hopping dynamics. A total of
5 x 10* trajectories have been propagated, based on MRCISD
machine-learned potentials®”*® that include the two lowest
singlet states and the lowest triplet. In addition to energies
and energy gradients, they provide nonadiabatic and spin-orbit
couplings for the simulations, which are performed using the
SHARC*' framework.

A kinetic model has been established to fit the major (NH, +
H) and minor (NH + H,) photodissociation products. The
inclusion of an additional nonreactive ammonia species was
necessary to accurately model the reaction dynamics, suggest-
ing that the fragmentation channels are not equally accessible
from all regions of the configuration space. Introducing time
delay constants that describe the minimum time required for
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a reaction to occur enables a superior fit. Our large-scale
dynamics simulations find that the time constant of the rare
reaction channel is two orders of magnitude larger than the
corresponding frequent one, for an excitation corresponding
to 193 nm. The extrapolated amount of the NH photoproduct
is found to be 0.64%, in agreement with experimental
measurements,"® and thus validating our dynamics and result-
ing kinetic model.

The analysis of the dependence of product ratios on excitation
energy shows that the rarer pathway occurs more frequently at
higher excitation energies. Likewise, a minimal total energy
around 6.7 €V is necessary for the rare dissociation to take place.
As criteria for assessing the NH; to NH + H, dissociation as
complete, we defined the elongation of the second longest N-H
bond beyond 8 Bohr, a sharp decrease in the H-N-H angle (with
the two hydrogen atoms dissociating as H,) and the stabilization
of the linear or angular momentum of either fragment becoming
approximately constant. We shed light on the mechanisms of
the NH + H, fragmentation, which was found to occur mainly
concertedly. By analyzing the active state, we identified multiple
pathways in which dissociation occurs. In this context, it is crucial
to consider the dissociation within a time window rather than at a
single point, as this better captures the dynamic nature of the
photodissociation process.

In summary, the main mechanism for the hydrogen elimi-
nation after excitation to S; is preceded by a non-radiative
direct deactivation to the ground state by internal conversion.
Dissociation then occurs either via reverse internal conversion
to S;, followed by a return to the ground state, or solely in the
ground state without involvement of S;. About 10% dissociates
in the triplet T, state. The insights presented here offer a better
understanding of the reaction network of gas phase ammonia
leading to H,, paving the way for further future studies on the
dynamics of its reaction fragments.
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The employed ML potentials, including gradients and couplings
are available at https://github.com/yarkonygrp/surfaces and
in ref. 35. The SHARC program package as ref. 40 is available
at https://sharc-md.org. Additionally, in order to ensure reprodu-
cibility, we provide the ML potentials with interface to SHARC
as used in this work, and the initial conditions employed in
the dynamical simulations at https://doi.org/10.5281/zenodo.
14545219.
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