View Article Online

View Journal

M) Checs tor updates

PCCP

Physical Chemistry Chemical Physics

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: P. del Mazo-
Sevillano, S. Gomez Carrasco, A. Aguado and O. Roncero, Phys. Chem. Chem. Phys., 2026, DOI:
10.1039/D6CP01221C.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

PCCP

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
~ oo shall the Royal Society of Chemistry be held responsible for any errors
Vo OF CHERIETRY or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

ROYAL SOCIETY rsc.li/pcc
OF CHEMISTRY /pccp

(3


http://rsc.li/pccp
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6cp01221c
https://pubs.rsc.org/en/journals/journal/CP
http://crossmark.crossref.org/dialog/?doi=10.1039/D6CP01221C&domain=pdf&date_stamp=2026-05-06

Page 1 of 11

Open Access Article. Published on 06 May 2026. Downloaded on 5/7/2026 12:15:04 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Physical Chemistry Chemical Physics
View Article Online
DOI: 10.1039/D6CP01221C

Journal Name

Cite this: DOI: 00.0000/XXXXXXXXXX

Received Date
Accepted Date

DOI: 00.0000/XXXXXXXXXX

Multistate Coupled Diabatic Neural Network potential
for the quantum non-adiabatic Photofragmentation of
CH; T

Pablo del Mazo—Sevillano,% Susana Gémez—Carrasco, Alfredo Aguado,b and Octavio Roncero®

Tracking the complex non-adiabatic transitions in far-ultraviolet photodissociation demands highly
accurate diabatic potential energy matrices (PEMs) across numerous excited states. To address
this, we introduce a fully automated diabatization method that leverages artificial neural networks
to fit PEMs. Our approach divides the PEM into a physically grounded zeroth-order diagonal term,
which is then corrected by a neural network matrix to capture electronic couplings. By enforcing
symmetry constraints on off-diagonal elements and sharing degenerate diabatic states between the
A’ and A” irreducible representations, the diabatization process becomes completely automatic. We
validate this method using time-dependent wavepacket calculations to simulate the photodissociation
of CH2+, incorporating relevant states up to = 13.6 eV. Finally, we compute partial cross-sections
for all fragmentation channels—including total and partial fragmentation yielding CHT, CH, H,, and

H2+ diatoms—revealing a notably high cross-section for the formation of the CH radical.

1 Introduction

Photodissociation plays a fundamental role in outer atmospheres,
on Earth and exo-planets, as well as in the borders of molecular
clouds and protoplanetary disks"#, by controlling the abundance
of small molecules. Those environments are irradiated by high-
energy ultraviolet photons producing a large variety of radicals
and ions, which in turn trigger the formation of more complex
molecules. Hence, it is not only crucial to know the total pho-
todissociation rates, but also the branching ratios for the forma-
tion of photo-products in different electronic states.

The fragmentation dynamics at high energy is governed by
non-adiabatic transitions among many excited electronic states.
When these states cross, leading to conical intersections (CI), the
dynamical simulations become complicated, since the non adi-
abatic couplings (NACs) present singularities®®, This problem
is frequently overcome by a unitary transformation to a diabatic
electronic representation”€ where the kinetic adiabatic couplings
vanish. However, this is in general not possible for all degrees of
freedom?, and the term quasi-diabatization is commonly used.
Several diabatization procedures exist and they are classified as
derivate-, property- or energy-based methods, depending on the
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information they usel?. One common approach is the regular-
ization'] i.e. the elimination of the singularities appearing at
conical intersections.

12J13 14

Block diagonalization and effective Hamiltonian** meth-
ods use reference geometries to generate a local description of
diabatic Hamiltonians and are successfully applied to study pho-
todissociation spectra. H{1%, CgH/1® and C,N,H,17 are rep-
resentative examples of diabatization, using derivative-based
methods, of large systems including four or five electronic
states, using normal coordinates thus allowing the accurate
description of photoabsorption spectra using quantum time
dependent methods, but not fully follow the dissociation dy-
namics. However, in many cases there are multiple crossings,
not only in the Frank-Condon region but also close to products in
different rearrangement channels, that need to be considered to
properly describe the branching ratios in photodissociation. The
problem becomes more complex when dealing with large energy
intervals, as in astrochemistry, because a large number of elec-
tronic states are needed to describe the photofragmentation rate

in all the UV radiation field.

The application of machine learning techniques to produce
diabatic potential energy matrices (PEM) is being found to be
extremely useful as has been already proven in different sys-
tems182l. For two-state systems fully automatic diabatization
methods (meaning no diabatic information is used) can provide
reasonable PEM from pure adiabatic information224, leverag-
ing the symmetry restrictions in the couplings of the PEM. As
the number of states grows larger semi-automatic diabatization
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methods, as the family of diabatization by deep neural networks
(DDNN22) | exists, where minimal diabatic information is re-
quired2®27,  QOther approaches use machine learning methods
with clustering and regression techniques to generate smooth and
well ordered diabatic states with property-based diabatization'48.
In this work we present a fully automatic diabatization method
applicable to many electronic states over a large energy interval
for triatomic systems. For that we first construct an initial PEM
model for describing the products in different rearrangements,
which are correlated by symmetry considerations allowing to im-
pose an ordering of the diabatic states. A many-body term ex-
pressed as an artificial neural network is added to the zeroth or-
der model to correct the short distance region and include the
couplings among the diabatic states with symmetry restrictions.

The diabatization method is applied to the study of the pho-
todissociation of CHJ cation, whose ground state presents im-
portant Renner-Teller effects due to its 2II character? and it has
multiple ionic crossings in the CH"/CH and H,/H; products re-
arrangement channels, shown in Fig. [1} thus providing a good
benchmark. This system is a missing stone in the hydrogena-
tion chain CH,f + H, — CH,", | +H, giving rise to CH; which is
considered the origin of hydrocarbons in the interstellar medium
(1SM)B931 cH* is one of the first molecules observed in the
ISM=2 and since then has been observed in a great variety of
interstellar and circumstellar environments. On the other hand,
CH; was observed very recently in a protoplanetary disk with the
James Webb Space Telescope®?. Thus the missing detection of
CH;r is fundamental to corroborate the above mentioned hydro-
genation chain as the formation mechanism of CH3+ . Formation
and destruction rates are needed to properly model the abun-
dance of these ions. The photodissociation cross sections have
been calculated for CH243% and CHJ ® using quantum dynam-
ical methods, while for CH; only a vertical excitation model from
the ground equilibrium geometry is availableZ.

The final goal of this work is to study the non-adiabatic
photofragmentation dynamics of CHJ in a new diabatic model
composed of 16 coupled electronic states, and it is organized as
follows. First, the new diabatization method is presented and ap-
plied to CH; . Next, the results on the photodissociation dynamics
obtained with a quantum wave packet treatment are discussed.
Finally, some conclusions are extracted.

2 Diabatization

Machine learning diabatization methods often rely on some di-
abatic information to impose the correct order of the different
states. In this work we present a fully automatic diabatization
method based on a many body expansion of the potential energy.
It is applied to produce a diabatic potential energy matrix (PEM)
of 16 states of the CH, " system, 8 in each A’ and A” irreducible
representations of the Cs point group. With this number of states
we properly include the Frank-Condon region of the CH,* and
possible dissociation channels up to ~ 13.6 €V. While the diabati-
zation method is automatic, it still requires a very detailed analy-
sis of the electronic structure of the system.
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Fig. 1 Top panel: Diatomic diabatic potential energy curves for the
[CH4H]T asymptote. Bottom panel: Diatomic diabatic potential energy
curves for the [C+H,]t asymptote. The zero of energy is placed at the
minimum of the CH2+ in the ground electronic state X?A’.

2.1 Diatomic fragments

The diatomic fragments in the [CH+H]" and [C+H,]* chan-
nels in Fig. [1| present a great variety of electronic states, bound
and dissociative, in which the diatomic fragment can be neutral
or ionized. When performing the calculations for the whole tri-
atomic system in the A’ or A” representations the adiabatic states
present many crossings, related for instance with charge transfers
between the distant partners. These adiabatic states are first dia-
batized by performing independent calculations of each diatomic
fragment, with different charges and in different irreducible rep-
resentations. Fig[2] displays the diabatized diatomic curves for
both CH/CH" and H,/H, " systems.

2.2 Correlation diagram

The different electronic states in all the rearrangement channels
are connected with the lowest energy total fragmentation asymp-
totes: C*(2P) + H(2S) + H(3S), CGP) + H(®S) + HT and C('D)
+ H(®S) + H*. A full description of the 22 states that corre-
late to these asymptotes would require a matrix size which is
intractable and computationally very demanding to perform ex-
act quantum dynamics simulations. Instead of including the full
set of 10 electronic states correlating to the C(!D) asymptote, we
have only considered the 4 states corresponding to the two A com-
ponents. This truncation will yield an incomplete description of
some asymptotic states as we will discuss later.
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Considering that the A quantum number and charge of each
diatomic fragment are conserved across the diabatic states, a cor-
relation between reactants and products can be done. On top of
that, it is necessary to use three-body information to complete
the correlation of states with the same A that tend to the same
asymptote. The correlation diagram of the diatomic states is pre-
sented in Fig.

The diabatic states are ordered as follows. The first two states
are ¥ and are different in the A’ and A” diabatic manifolds. The
next four states are of IT character and are degenerate in the A’
and A” manifolds, correlating to the same products. The same
occurs for the last two states, which are of A character. In the
following we will use A’ and A” to refer to adiabatic states and D’
and D" for diabatic states. The states included in the model are
enumerated in Tab. |1} together with the energies in the different
minima and total dissociation.

2.3 Potential energy matrix

Two independent PEMs are considered: for the A’ and A” irre-
ducible representations. The diagonal elements correspond to the
diabatic states and the non—diagonal elements to their couplings.
The IT and A subblocks are identical in both representations, as
well as IT— A couplings, so the differences between the energies
are only due to the X states and how they couple with the IT and
A states in each representation.

14.0 + /
( -

H (5 )/

H3 (25)

E/eV

) + HES) T HES)

—— 4D',4D"
—— 5D',5D"

—— 7D, 7D"
—— 8D',8D"

107
— 20"

Ha('55)

200 255 300 355 300 255 200 15 10 05
renlA TunlA

Fig. 2 Representation of the diabatic diatomic curves included in the U
model and correlation with the total dissociation asymptotes.

In our model we describe 16 electronic states, 8 in each A’ and
A" representations. The PEM is factored into a zeroth order di-
agonal matrix (U°), which accurately includes all the possible
diatomic and total dissociation states, plus a three-body neural
network matrix to incorporate corrections to the diabatic states
and their couplings in the 3-body region (UVV),

U=U"+UM 6))

The elements of U are expressed as:
U =Vig+Vap + Vi, )

where V) are the atomic energies of the total dissociation asymp-
tote, V,p is the sum of the three possible diatomics in the diabatic
state and correspond to diabatized states of the CH*, CH, H2Jr or
H, systems. V;, is the long range interaction of the rearrangement
channel.

The UMM matrix elements are computed from a permutationally
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invariant polynomial neural network (PIP-NN) 38l Those associ-
ated to IT and A states are shared between the two PEM in order
to maintain the degeneracy in linear configurations. The output
of the neural network is multiplied by a damping function of the
CH distances to make them zero as the system tends to a 2-body
or total dissociation region. Additional constraints to the non-
diagonal elements arise from the fact that for highly symmetric
configurations (Cwy,D.;) the PEM should resemble the adequate
block structure. To impose these constraints, couplings between
Y —1II, X—A and IT— A are multiplied by a sine function of the
H-C-H angle. The full diabatic matrices and further details on
the neural network implementation are presented in the SI.

While in theory this method can be generalized to more
than 3 particles, the main difficulty resides in the definition
of U%. As the number of atoms increases, the number of rel-
evant asymptotic states can be very large, which would lead
to an intractable diabatic matrix. On the other hand, UM can
be easily generalized to other systems with a PIP representa-
tion32741,

UMN is trained by minimizing the following loss function (.%)
which, in contrast to other methods, only requires adiabatic infor-
mation and hence makes the diabatization method automatic:

1 g A'Z g Nq
¥ = V-V 1= U 2 3
naN ;( s s,pred) + ndN ;§( st,pred) ( )

where V; and Vj s are the ab initio and predicted adiabatic
energies for the electronic state s. The second term regularizes
the training process forcing the non-diagonal terms to be small
and avoiding too large couplings where not needed. In this case
A, = 1073 so that non-diagonal couplings are only minimized
if they do not affect the accuracy of the adiabatic energies. N
is the total number of ab initio energies and n, and n; the number
of adiabatic and diabatic states which are trained in each repre-
sentation, respectively.

Two key aspects make this method different from similar PEM
factorizations such as the PM-DDNN2® and turn the diabatiza-
tion method into fully automatic: 1) sharing the degenerate di-
abatic states and couplings among the A’ and A” irreducible rep-
resentations and 2) constraining the non—diagonal couplings at
highly symmetric configurations to resemble the adequate X, IT
and A subblock structure in linear configurations.

2.4 Features of the PEM

The PEM has been trained with n, = 5 and n; = 8 in Eq. (@),
meaning that the neural network term will modify the 8 diabatic
states in each representation to finally reproduce accurately the 5
lowest adiabatic states of each representation. These states cover
an energy up to 14 eV in the Frank-Condon region of the CH,*,
which is the relevant energy range for astrochemical considera-
tions. In the diatomic and total dissociation regions the number
of accurate states is in general larger than five thanks to the Uy
term. The ab initio calculations have been performed with the
state averaged CASSCF level of theory followed by a MRCI calcu-
lation with the cc-pCVTZ basis set with ORCA 6.042%42, In all the
calculations the core orbitals of the C atom are closed. A total of

Journal Name, [year], [vol.], 1 |3
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State [CH+H]" AE/eV [C+H,]1" AE/eV  [H+H+Cl*  AE/eV
1D/ CHT('=H) + H(GS) 471 H,Crh +CH(p) - H+H+C'(CP 8.87
2D’ CH*(L™) + HES) - Hy(£H +C*CP) 425 H+H+C'(P) 887
D" CH(:™) + H* 11.17  H,"CZ) + cCp) - H'+H+CCP) 1133
2D CHY(E7) +HCS) 949 H,"Cr))+cCCpP) 857 H"+H+CCP) 1133
3D',3D"  CH'(CID + H(S) 590 H,Cr)) + Ct(p) - H+H+C'CP) 8.87
4D’ 4D"  CH™('ID) + H(S) 7.74  Hy('LH) + CT(CP) 425 H+H+CY(P) 8.87
5D',5D" CHC’ID + H* 7.88  H,"(’I;) + CCP) - H*+H+cCCPp) 1133
6D',6D"  CH' (I + H(%S) - Hy"(Cr)+CCpP) 857 H'+H+CCP) 1133
7D, 1D" CH(?A) + HY 10.86 H,*(’r)) + c('D) — HY"+H4+C(D) 1268
8D',8D"  CH*('A) + H?S)  11.33 H,*(°Lf) + C('D) 9.94 H*+H+C(D) 12.68
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Table 1 Minimum energies of the different diatomics and total dissociation channels included in the PEM. The energies are referred to the CH2+

minimum. Each line represents a diabatic state in the PEM. When no number is indicated the electronic state does not have a minimum.

seven doublet states are computed for each representation of the
C; point group.

U is responsible of reproducing the full PEM up to a rather
small distance between the three atoms as depicted in Fig.
where a comparison between U° and the ab initio data is pre-
sented. For R =6 A we find a good agreement with the excep-
tion of the states that are not included in the zeroth order model:
some that correlate with C(!D) or the curve corresponding to H,
+ C* (*P) which is visible in the right panels. As the third atom
approaches to distances =~ 3 A, UY is still rather accurate and
only for very short distances the zeroth order model is clearly
in disagreement. It is in this short range region where UMV acts,
correcting the U° diabatic energies and including the missing cou-
plings.

Fig. |4| displays a path connecting the CH,* in its linear con-
figuration with the [CH + H]" asymptote on the left and the
[C+H,]" asymptote in the right. In the top panel the adia-
batic energies are compared with the calculated ab initio, rep-
resented with dots. For the 5 lowest adiabatic states we find a
very good agreement along the path. In the bottom panel, the
evolution of the diabatic states towards the photofragments is de-
picted. For instance, the minimum in the CH," configuration
comes from the 5D',5D" diabatic states which connect CH(3II) +
H* and H," L) + C(P) asymptotes, in accordance with our
previous correlation diagram for this system?Z. However, this is
not evident from Fig. 3| In U° the lowest diabatic I state close to
the CH,* minimum are the 3D’,3D" states, which correlate with
CH" (ID + H(S) and H, (%) + C*(?P), so one could assume
that UMY will try to preserve this order. Instead, UMY pushes the
3D’',3D" states up in energy while bringing down the 5D’,5D" to
reproduce the minimum of the CH,*. Further comparisons of the
adiabatic and ab initio results can be found in the SI.

The root mean squared errors (RMSE) of the different states
are presented in Tab. [2| The largest error in the fifth state is due
to the missing ¥ and IT components of the C(!D) + H(%S) + H*
asymptote, which limits the capability of the model to describe
the H,* (222) + C('D) asymptote . Excluding [C+H,]" geome-
tries, the errors of the fifth adiabatic state up to 14 eV are 86.0
meV and 76.4 meV for the A’ and A” irreducible representations,
respectively.

More relevant to the quantum dynamics are the non-adiabatic

4| Journal Name, [year], [vol.], 1

Irrep. 1 2 3 4 5
A 35.0 41.3 46.1 76.4 523.8
(20542) (20209) (19557) (18763) (18331)
A" 45.4 43.7 41.2 57.0 519.2
(20421) (19963) (19239) (18500) (17682)

Table 2 RMSE for the five lowest adiabatic states in each representation.
The errors are given in meV and in parenthesis the number of points with
energy up to 14 eV with respect to the CH2+ minimum, which have been
used to compute the error.

coupling matrix elements (NACMESs) which can be analytically
computed from the PEM and compared with ab initio calculations
in regions close to a CI4®, Fig. [5| presents a comparison between
those computed from the PEM and ab initio at a CASSCF level
close to the CI between the first two adiabatic states in the CH™ +
H exit.

3 Photodissociation dynamics

The photodissociation dynamics is studied with the quantum
time-dependent MADWAVES3 code4Z as described previously48+>1
using the CH+H Jacobi coordinates, with r being the HC internu-
clear vector, R joining HC center-of-mass to the second H atom,
and y=r-R/rR. The rovibrational H, products are analyzed using
the reactant-product transformation method®%. The dynamics is
performed in the 8x8 diabatic representations of the A’ and A”
symmetries independently.

Here we consider the absorption from the ground vibrational
states in the adiabatic X2A’ and A2A” states, described in the SI,
corresponding to initial total angular momentum J; =0. The ini-
tial wave packet is built by multiplying the bound state by the
transition electric dipole moment as described previously4&-=>1,
The transition dipole moments have been calculated from the
ground adiabatic states to the 5 (4) adiabatic excited electronic
A’ (A", as described in the SI. These adiabatic transition dipole
moments are then transformed to the diabatic representation us-
ing the eigen-vectors obtained after diagonalization of the 8 x 8
diabatic matrix at each nuclear configuration. Thus, the simul-
taneous excitation of the first 5 (4) A’ (A”) adiabatic states is
considered here.

We study the J; =0 — J = 1~ rotational excitation for 4 differ-
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Fig. 3 Black dots represent the ab initio energy and solid lines the
diabatic energies predicted by U?. From top to bottom, represents the
change of the diatomic curves as the third atoms approaches. In all cases
6 =140° and y=90°.
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Fig. 4 Representation of a path joining the [CH +H]* and [C+H,]*t
asymptotes from the CH2+ linear configuration in the center of the plot.
Towards the [CH +H]+ asymptote a C—H distances is elongated. Towards
the [C+H,]T asymptote the extraction of the C between both H atoms is
coordinated with a progressive decrease of the H-H distance towards its
equilibrium geometry in the H, molecule. In the top and bottom panels
the adiabatic and diabatic energies are presented, respectively. The dots
in the top panel represent the ab initio energies for those geometries.
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Fig. 6 Photodissociation cross sections for the J; =0 — J =1~ transition

from the X24/(0,0,0) (solid lines) panels) or A24”(0,0,0) (right panels) to
the 8x8 A’ (bottom panels) or A” (dashed lines) coupled diabatic states.

ent electronic transitions: from either X2A4’(0,0,0) or A2A”(0,0,0)
initial states towards 8 electronically excited and coupled diabatic
states, of either A’ or A” symmetry.

The absorption spectra obtained from the autocorrelation func-
tion®%>1 shows an excellent agreement with the total photodis-
sociation flux over all fragments above the first dissociation limit,
as displayed in Fig.[6] This serves not only to check to conver-
gence of the calculation, but also to guarantee that all the flux
over different fragmentation channels is properly collected.

The assignment of the bands is done by comparing these spec-
tra to those obtained in the adiabatic representation, as described
in the SI. The most intense peaks are those arriving to 54’ and
4A" electronic states, because these excited states have consider-
ably larger transition dipole moments with X2A’ and A2A” states
than the other electronic states at lower energies.

The spectra to the A’ manifold of states obtained from the X
or the A states show significant differences, attributed to the dif-
ferent initial wave packets, formed from different initial bound
states (specially in the angular coordinate) and different transi-
tion dipole moments (see SI).

The transitions towards the A” states show a drop around 10
eV, which is clearly attributed to the energy separation among the
A" states, less densely packed than the A’ states. The drop at 10
eV observed in the A2A” —s A’ transition is due to the reduction
of the 1A” — 3 and 4 A’ matrix elements of the dipole moments.

There is a great variety of fragmentation processes, as illus-
trated by the electronic states of the fragments shown in Fig.
total fragmentation

CH," (X?A",A’A")+hv — C"+H+H 4

— C+H'+H,
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formation of CH or CH*

CH," (X*A",A’A")+hv — CH'+H (5)
— CH+HT,
and formation of H, or Hf
CH,*(X?A",A’A") +hv  — H,+C* (6)
— H,"+C.

These different fragmentation routes are distinguished by the
analysis of different fluxes on each electronic state and on indi-
vidual rovibrational states of H,/H; and CH/CH* diatomic prod-
ucts®Z. The total flux, obtained for the CH internuclear distance
r= 6 A, collects the total fragmentation, Eq. |4 the formation of
H; or H;r, Eq. @ depending on the electronic state, and one half
of CH or CH™, Eq. 5} expressed as

1
Frotal = Futn+c + Fa,4+c + §FCH+H~ (7

The fluxes for H2/H3L and one of the two CH/CH™ rear-
rangement channels are obtained by evaluating the sum over
all possible rovibrational diatomic eigen states in each chan-
nel for each electronic states, giving the quantities F, ¢ and
Fcryn/2. For the [CH+ H]? there are two equivalent rear-
rangement channels giving the same flux, Frcy /2 each. In
Figs. [7] the cross sections for each channel and final electronic
states obtained after photodissociation of the X2A’(0,0,0) ground
state towards the 8 lower A’ and A” final electronic states, re-
spectively, are shown with a similar qualitative behavior to those
obtained from A24”(0,0,0) initial state shown in the SL

The main fluxes in the higher energy interval, £ > 11 €V, are
either to total fragmentation or to CH/CH" diatomic fragments,
with small proportion of H,/H3 products. For the 5,6,7 and 8 dia-
batic D’ or D" states, the total fragmentation yield neutral carbon
atoms, in either 3P or ! D states and the charge is in the hydrogen
atom. On the contrary, for the 3,4 D' or D” states the charge is
in the carbon atoms in the Ct(2P) state. The T states in the A’
and A” symmetry show different behavior: in the A’ manifold the
charge is in the C*(2P) ion, while in the A” manifold the charge
is in the hydrogen atoms, leading neutral C(P) atoms.

The most astonishing result is the high cross section to form
neutral CH products, in either the ground X211 (states 5 D' and
5 D) or A%A (states 7D’ and 7D"). CH can be formed in the
neutral-neutral reaction C(3P)+H,, but is endothermic by ~ 1
eV. Thus the neutral reaction can only occur when H, is initially
vibrationally excited in v = 2 or 3. Abundant highly vibrationally
excited H, is only found in strongly UV illuminated regions such
as the borders of molecular clouds (photodissociation or PDR re-
gions) or protoplanetary discs (PPDs). In such environments, the
high UV flux will also induce the formation of neutral CH frag-
ments by the photodissociation of CH; .

The formation of CH,! is attributed to the hydrogenation chain
of reactions CH,f +H, — CH,', | + H, which stops in CH;, which
in turn reacts with many other molecules, being the origin of sev-
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Fig. 7 Photodissociation cross sections for the )?ZA/(O,O,O) — all D’ states and all D" states, as indicated in each panel, separating individual fluxes
for the different fragments of each rearrangement channel in each electronic state, as discussed in the text.

eral chemical networks for the formation of many larger hydro-
carbons. CH™ is one of the first observed molecules in the ISM=2
and since then widely observed. CHJ was recently observed=3
in a protoplanetary disk (d203-506) illuminated by the strong
far ultraviolet (FUV) radiation field from nearby massive stars in
Orion’s trapezium cluster. However, CHJ has not been observed
so far.

Thus the confirmation of this hydrogenation chain requires the
detection of CHY, and its abundance determination requires in-
corporating all the destruction pathways, such as photodissoci-
ation, dissociative recombination with electrons and hydrogena-
tion.

The total photodissociation cross section of CH*( ) (summing
the contributions towards A’ and A” manifolds) is shown in Fig.[§]
and compared to those of CH7 from Ref. 36land CH, which is re-
calculated in this work as described in the SI and is in agreement
with that reported by Kirby et al.®. The photodissociation cross
section of CHJ is larger than that of CH7 but smaller than that of
CHT.

The photodestruction is determined by the photodissociation
rate obtained as the integral of the photodissociation cross section
with the energy dependent radiation field. Using Draine’s mean
interstellar radiation field®3 the photodissociation rate of CHj is

CH* ——
1000 | CH3(X) ——
CH; ——
-
£
o
s 100}
o
=
o
S 10F
2]
I
S
o
1,
04 N
4 7 10 13

photon energy (eV)

Fig. 8 Total photodissociation cross section for the ground vibrational
state of CHJ (X2A’) (summed over all A’ and A” states), compared to
those of CH;’ from Ref.2® and CH™, recalculated here (see text) and
very similar to that of Kirby et al.32.
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6.45 x10~!! 57! | while that of CHj is°® 6.83 x10712 s~! and
for CH is 2.89 x107!0 s~!. The rates obtained here for CHJ
and CH™ are slightly lower than the values reported for the ISRF
field in Ref.2 of 1.4 and 3.3 x10~10 s~! respectively. One reason
is that the ISRF flux is a modification of the Draine’s field. The
difference for CH; is more important because a simple vertical
transition was assumed to calculate the photodissociation cross
section.

100 T T T T T T T T T T
€
5 10} 1
8
o
=
2
©
[0}
(2]
I -
O

0.1 L

4 7 10 13

photon energy (eV)

Fig. 9 Total photodissociation cross section to form neutral CH products
from the ground vibrational state of CHJ (X?A’) (summed over all A" and
A" states)

The total photodissociation cross section to form neutral CH
products is shown in Fig. [0} which are rather high specially for
CH(X?I1) at higher photon energies, where the UV radiation field
is not shielded. The photodissociation rates to form CH in the 2IT
and 2A electronic states are 9.96 x 10712 s7! and 3.37 x10~ 12571,
respectively, using Draine’s mean interstellar radiation field23.
These values are small, but considering that the H,+C neutral
reaction is endothermic by 1 €V, it can be an alternative source of
CH.

4 Conclusions

The study of the branching ratios among the different photoprod-
ucts in photodissociation over large energy intervals, as needed
in astrochemistry, requires the description of non-adiabatic dy-
namics, involving many electronic states. To overcome the sin-
gularities of non-adiabatic couplings at conical intersections, the
most widely used method is a unitary transformation to a diabatic
representation, which is not unique. There are many diabatiza-
tion methods, but usually they are restricted to few states. In this
work we have developed a diabatization method describing up to
16 electronic states, divided in two symmetry blocks. The method
has been applied to the photodissociation of CH;, not yet dynam-
ically studied, and that present many photoproducts, bound and
dissociative and with several charge distributions.

The diabatization method consists in building a basis of elec-
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tronic states to represent the possible products, with different
charges and electronic excitation. A correlation among the re-
arrangement channels is done, imposing symmetry restrictions,
such as the conservation of the projection of angular momentum,
A, on the diatomics fragments. The full diabatic matrices are then
factorized in two terms, a diagonal zero-order term and a full ma-
trix built using a neural network method, Vyy. The zero-order
term allows to describe the diagonal interaction among the frag-
ments up to intermediate distances, ~ 3-4 A, keeping the nature
of the asymptotic states. The Vyy matrix is build with an artificial
neural network, imposing symmetry restrictions on the couplings
at symmetric configurations and introducing a penalty function
to force non-diagonal terms to be as small as possible. This pro-
cess allowed an accurate description of the lowest 10 adiabatic
eigenvalues in the short distance range and 16 in the asymptotes,
separated in two symmetry blocks, covering energies up to 14 eV.

The diabatic model allows the quantum dynamics of the to-
tal photodissociation cross sections rate constants for CH; up to
13.6 eV, interval needed to astrochemical models. More impor-
tant, it allows to describe the partial cross section for a great vari-
ety of fragmentation processes, with the products in different ar-
rangement channels, charge and electronic states: total fragmen-
tation, Ct+H+H and C+H+H™, CHT(X'Z, )+H, CH(X2IL2A),
H,(X!Z,)+C* and Hy X,).

Here we focus in the formation of the CH radical, whose forma-
tion in the C+H, reaction is endothermic. In strongly illuminated
astronomical objects, the CH; photodissociation leads to signifi-
cant of CH radical, and it is important to determine its contribu-
tion in PDRs and PPDs under different conditions to determine its
contribution.

CHJ is a prototype and this kind of studies are needed to search
for alternative formation routes of many molecules and radicals
in astronomical objects illuminated by UV radiation. For this pur-
pose diabatization is a key important requirement, specially in
cases where the fragments present crossings. At these crossings
at long distance the non-adiabatic couplings vanish and surface
hopping methods would adiabatically continue in one adiabatic
state, corresponding to a mixture of two states each one assigned
to one chemical product, as illustrated in Fig. [2| for the present
case.
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