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Multistate coupled diabatic neural network
potential for the quantum non-adiabatic
photofragmentation of CH2

+

Pablo del Mazo-Sevillano, *a Susana Gómez-Carrasco, a Alfredo Aguado b

and Octavio Roncero *c

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 A0 and A00 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 E13.6 eV. Finally, we compute partial cross-sections for all fragmentation

channels—including total and partial fragmentation yielding CH+, CH, H2, 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 atmo-
spheres, on Earth and exo-planets, as well as in the borders
of molecular clouds and protoplanetary disks,1–4 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 photodissociation rates, but also the branching
ratios for the formation of photo-products in different electro-
nic 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 adiabatic couplings (NACs) present singularities.5,6 This
problem is frequently overcome by a unitary transformation to
a diabatic electronic representation7,8 where the kinetic adia-
batic couplings vanish. However, this is in general not possible

for all degrees of freedom,9 and the term quasi-diabatization is
commonly used. Several diabatization procedures exist and
they are classified as derivate-, property- or energy-based meth-
ods, depending on the information they use.10 One common
approach is the regularization,11 i.e. the elimination of the
singularities appearing at conical intersections.

Block diagonalization12,13 and effective Hamiltonian14 methods
use reference geometries to generate a local description of diabatic
Hamiltonians and are successfully applied to study photodissocia-
tion spectra. H3

+,15 C6H6
+ (ref. 16) and C4N2H4

17 are representative
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 photoabsorp-
tion spectra using quantum time dependent methods, but not
fully follow the dissociation dynamics. 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 electronic 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
systems.18–21 For two-state systems fully automatic diabatization
methods (meaning no diabatic information is used) can provide
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reasonable PEM from pure adiabatic information,22–24 leveraging
the symmetry restrictions in the couplings of the PEM. As the
number of states grows larger semi-automatic diabatization
methods, as the family of diabatization by deep neural networks
(DDNN25), exists, where minimal diabatic information is
required.26,27 Other approaches use machine learning methods
with clustering and regression techniques to generate smooth and
well ordered diabatic states with property-based diabatization.28

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 impose an
ordering of the diabatic states. A many-body term expressed as an
artificial neural network is added to the zeroth order 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
photodissociation of CH2

+ cation, whose ground state presents
important Renner–Teller effects due to its 2P character29 and it
has multiple ionic crossings in the CH+/CH and H2/H2

+ pro-
ducts rearrangement channels, shown in Fig. 1, thus providing
a good benchmark. This system is a missing stone in the
hydrogenation chain CHn

+ + H2 - CHn+1
+ + H, giving rise to

CH3
+ which is considered the origin of hydrocarbons in the

interstellar medium (ISM).30,31 CH+ is one of the first molecules

observed in the ISM,32 and since then has been observed in a great
variety of interstellar and circumstellar environments. On the other
hand, CH3

+ was observed very recently in a protoplanetary disk
with the James Webb Space Telescope.33 Thus the missing detec-
tion of CH2

+ is fundamental to corroborate the above mentioned
hydrogenation chain as the formation mechanism of CH3

+. For-
mation and destruction rates are needed to properly model the
abundance of these ions. The photodissociation cross sections
have been calculated for CH+ (ref. 34 and 35) and CH3

+ (ref. 36)
using quantum dynamical methods, while for CH2

+ only a
vertical excitation model from the ground equilibrium geometry
is available.37

The final goal of this work is to study the non-adiabatic
photofragmentation dynamics of CH2

+ 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
applied to CH2

+. 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
diabatic information to impose the correct order of the differ-
ent states. In this work we present a fully automatic diabatiza-
tion 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 CH2

+ system, 8 in each A0 and
A00 irreducible representations of the Cs point group. With this
number of states we properly include the Frank–Condon region
of the CH2

+ and possible dissociation channels up to E13.6 eV.
While the diabatization method is automatic, it still requires a
very detailed analysis of the electronic structure of the system.

2.1 Diatomic fragments

The diatomic fragments in the [CH + H]+ and [C + H2]+ channels
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
triatomic system in the A0 or A00 representations the adiabatic
states present many crossings, related for instance with charge
transfers between the distant partners. These adiabatic states
are first diabatized by performing independent calculations of
each diatomic fragment, with different charges and in different
irreducible representations. Fig. 2 displays the diabatized
diatomic curves for both CH/CH+ and H2/H2

+ systems.

2.2 Correlation diagram

The different electronic states in all the rearrangement chan-
nels are connected with the lowest energy total fragmentation
asymptotes: C+(2P) + H(2S) + H(2S), C(3P) + H(2S) + H+ and C(1D)
+ H(2S) + H+. A full description of the 22 states that correlate to
these asymptotes would require a matrix size which is intract-
able and computationally very demanding to perform exact
quantum dynamics simulations. Instead of including the full

Fig. 1 Top panel: Diatomic diabatic potential energy curves for the [CH +
H]+ asymptote. Bottom panel: Diatomic diabatic potential energy curves
for the [C + H2]+ asymptote. The zero of energy is placed at the minimum
of the CH2

+ in the ground electronic state X2A0.
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set of 10 electronic states correlating to the C(1D) asymptote, we
have only considered the 4 states corresponding to the two D
components. This truncation will yield an incomplete descrip-
tion of some asymptotic states as we will discuss later.

Considering that the L quantum number and charge of each
diatomic fragment are conserved across the diabatic states, a
correlation 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 L that tend to
the same asymptote. The correlation diagram of the diatomic
states is presented in Fig. 2.

The diabatic states are ordered as follows. The first two
states are S and are different in the A0 and A00 diabatic manifolds.
The next four states are of P character and are degenerate in the A0

and A00 manifolds, correlating to the same products. The same
occurs for the last two states, which are of D character. In the
following we will use A0 and A00 to refer to adiabatic states and D0

and D00 for diabatic states. The states included in the model are
enumerated in Table 1, together with the energies in the different
minima and total dissociation.

2.3 Potential energy matrix

Two independent PEMs are considered: for the A0 and A00

irreducible representations. The diagonal elements correspond
to the diabatic states and the non-diagonal elements to their
couplings. The P and D subblocks are identical in both
representations, as well as P–D couplings, so the differences
between the energies are only due to the S states and how they
couple with the P and D states in each representation.

In our model we describe 16 electronic states, 8 in each A0

and A00 representations. The PEM is factored into a zeroth order
diagonal matrix (U0), 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 (UNN),

U = U0 + UNN (1)

The elements of U0 are expressed as:

U0
ii = V1B + V2B + Vlr (2)

where V1B are the atomic energies of the total dissociation
asymptote, V2B is the sum of the three possible diatomics in the
diabatic state and correspond to diabatized states of the CH+,
CH, H2

+ or H2 systems. Vlr is the long range interaction of the
rearrangement channel.

The UNN matrix elements are computed from a permuta-
tionally invariant polynomial neural network (PIP–NN).38 Those
associated to P and D 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 (CNv, DNh) the PEM
should resemble the adequate block structure. To impose these
constraints, couplings between S–P, S–D and P–D are multi-
plied by a sine function of the H–C–H angle. The full diabatic
matrices and further details on the neural network implemen-
tation 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
U0. As the number of atoms increases, the number of relevant
asymptotic states can be very large, which would lead to an
intractable diabatic matrix. On the other hand, UNN can be easily
generalized to other systems with a PIP representation.39–41

UNN is trained by minimizing the following loss function (L)
which, in contrast to other methods, only requires adiabatic
information and hence makes the diabatization method auto-
matic:

L ¼ 1

naN

Xna

s

Vs � Vs;pred

� �2 þ l2
ndN

Xnd

s

Xnd

tas

Ust;pred

� �2
(3)

where Vs and Vs,pred are the ab initio and predicted adiabatic
energies for the electronic state s. The second term regularizes

Fig. 2 Representation of the diabatic diatomic curves included in the U0

model and correlation with the total dissociation asymptotes.

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

State [CH + H]+ DE/eV [C + H2]+ DE/eV [H + H + C]+ DE/eV

1D0 CH+(1S+) + H(2S) 4.71 H2(3Su
+) + C+(2P) — H + H + C+(2P) 8.87

2D0 CH+(3S+) + H(2S) — H2(1Sg
+) + C+(2P) 4.25 H + H + C+(2P) 8.87

1D00 CH(2S�) + H+ 11.17 H2
+(2Su

+) + C(3P) — H+ + H + C(3P) 11.33
2D00 CH+(3S�) + H(2S) 9.49 H2

+(2Sg
+) + C(3P) 8.57 H+ + H + C(3P) 11.33

3D0, 3D00 CH+(3P) + H(2S) 5.90 H2(3Su
+) + C+(2P) — H + H + C+(2P) 8.87

4D0, 4D00 CH+(1P) + H(2S) 7.74 H2(1Sg
+) + C+(2P) 4.25 H + H + C+(2P) 8.87

5D0, 5D00 CH(2P) + H+ 7.88 H2
+(2Su

+) + C(3P) — H+ + H + C(3P) 11.33
6D0, 6D00 CH+(3P) + H(2S) — H2

+(2Sg
+) + C(3P) 8.57 H+ + H + C(3P) 11.33

7D0, 7D00 CH(2D) + H+ 10.86 H2
+(2Su

+) + C(1D) — H+ + H + C(1D) 12.68
8D0, 8D00 CH+(1D) + H(2S) 11.33 H2

+(2Sg
+) + C(1D) 9.94 H+ + H + C(1D) 12.68
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the training process forcing the non-diagonal terms to be small
and avoiding too large couplings where not needed. In this case
l2 = 10�3 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 na and nd the number
of adiabatic and diabatic states which are trained in each
representation, respectively.

Two key aspects make this method different from similar
PEM factorizations such as the PM-DDNN26 and turn the
diabatization method into fully automatic: (1) sharing the degen-
erate diabatic states and couplings among the A0 and A00 irredu-
cible representations and (2) constraining the non-diagonal
couplings at highly symmetric configurations to resemble the
adequate S, P and D subblock structure in linear configurations.

2.4 Features of the PEM

The PEM has been trained with na = 5 and nd = 8 in eqn (3),
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 CH2

+, which is the relevant energy range for
astrochemical considerations. In the diatomic and total dis-
sociation regions the number of accurate states is in general
larger than five thanks to the U0 term. The ab initio calculations
have been performed with the state averaged CASSCF level of
theory followed by a MRCI calculation with the cc-pCVTZ basis
set with ORCA 6.0.42–45 In all the calculations the core orbitals
of the C atom are closed. A total of seven doublet states are
computed for each representation of the Cs point group.

U0 is responsible of reproducing the full PEM up to a rather
small distance between the three atoms as depicted in Fig. 3,
where a comparison between U0 and the ab initio data is
presented. For R = 6 Å we find a good agreement with the
exception of the states that are not included in the zeroth order
model: some that correlate with C(1D) or the curve corres-
ponding to H2 + C+(4P) which is visible in the right panels. As
the third atom approaches to distances E3 Å, U0 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
UNN acts, correcting the U0 diabatic energies and including the
missing couplings.

Fig. 4 displays a path connecting the CH2
+ in its linear

configuration with the [CH + H]+ asymptote on the left and the
[C + H2]+ asymptote in the right. In the top panel the adiabatic
energies are compared with the calculated ab initio, represented
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 depicted. For
instance, the minimum in the CH2

+ configuration comes from
the 5D0, 5D00 diabatic states which connect CH(2P) + H+ and
H2

+(2Su
+) + C(3P) asymptotes, in accordance with our previous

correlation diagram for this system.27 However, this is not
evident from Fig. 3. In U0 the lowest diabatic P state close to
the CH2

+ minimum are the 3D0, 3D00 states, which correlate with
CH+(3P) + H(2S) and H2(3Su

+) + C+(2P), so one could assume that

UNN will try to preserve this order. Instead, UNN pushes the 3D0,
3D00 states up in energy while bringing down the 5D0, 5D00 to
reproduce the minimum of the CH2

+. 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 Table 2. The largest error in the fifth state is due to
the missing S and P components of the C(1D) + H(2S) + H+

asymptote, which limits the capability of the model to describe the
H2

+(2Sg
+) + C(1D) asymptote. Excluding [C + H2]+ geometries, the

errors of the fifth adiabatic state up to 14 eV are 86.0 meV and 76.4
meV for the A0 and A00 irreducible representations, respectively.

More relevant to the quantum dynamics are the non-
adiabatic coupling matrix elements (NACMEs) which can be
analytically computed from the PEM and compared with ab initio

Fig. 3 Black dots represent the ab initio energy and solid lines the diabatic
energies predicted by U0. From top to bottom, represents the change of
the diatomic curves as the third atoms approaches. In all cases y = 1401
and g = 901.
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calculations in regions close to a CI.46 Fig. 5 presents a compar-
ison 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 MADWAVE3 code47 as described previously48–51

using the CH + H Jacobi coordinates, with r being the HC
internuclear vector, R joining HC center-of-mass to the second
H atom, and g = r�R/rR. The rovibrational H2 products are
analyzed using the reactant-product transformation method.52

The dynamics is performed in the 8� 8 diabatic representations
of the A0 and A00 symmetries independently.

Here we consider the absorption from the ground vibrational
states in the adiabatic X̃2A0 and Ã2A00 states, described in the SI,
corresponding to initial total angular momentum Ji = 0. The initial
wave packet is built by multiplying the bound state by the transi-
tion electric dipole moment as described previously.48–51 The
transition dipole moments have been calculated from the ground
adiabatic states to the 5 (4) adiabatic excited electronic A0 (A00), as
described in the SI. These adiabatic transition dipole moments are
then transformed to the diabatic representation using the eigen-
vectors obtained after diagonalization of the 8 � 8 diabatic matrix
at each nuclear configuration. Thus, the simultaneous excitation of
the first 5 (4) A0 (A00) adiabatic states is considered here.

We study the Ji = 0 - J = 1� rotational excitation for 4
different electronic transitions: from either X̃2A0(0, 0, 0) or
Ã2A00(0, 0, 0) initial states towards 8 electronically excited and
coupled diabatic states, of either A0 or A00 symmetry.

The absorption spectra obtained from the autocorrelation
function50,51 shows an excellent agreement with the total photo-
dissociation flux over all fragments above the first dissociation
limit, as displayed in Fig. 6. This serves not only to check to
convergence 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
spectra to those obtained in the adiabatic representation, as
described in the SI. The most intense peaks are those arriving
to 5A0 and 4A00 electronic states, because these excited states
have considerably larger transition dipole moments with X̃2A0

and Ã2A00 states than the other electronic states at lower
energies.

The spectra to the A0 manifold of states obtained from the
X̃ or the Ã states show significant differences, attributed to the
different initial wave packets, formed from different initial
bound states (specially in the angular coordinate) and different
transition dipole moments (see SI).

The transitions towards the A00 states show a drop around
10 eV, which is clearly attributed to the energy separation

Fig. 4 Representation of a path joining the [CH + H]+ and [C + H2]+

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 + H2]+ 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 H2 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.

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

Irrep. 1 2 3 4 5

A0 35.0 (20 542) 41.3 (20 209) 46.1 (19 557) 76.4 (18 763) 523.8 (18 331)
A00 45.4 (20 421) 43.7 (19 963) 41.2 (19 239) 57.0 (18 500) 519.2 (17 682)

Fig. 5 Non-adiabatic coupling matrix elements computed close to the CI
(y = 0.011) between the first two adiabatic states in the CH+ + H exit. In
blue those from the PEM and in red the ab initio computed at a CASSCF
level. x represents the coordinate with respect to which the NACME is
computed.
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among the A00 states, less densely packed than the A0 states. The
drop at 10 eV observed in the Ã2A00 - A0 transition is due to the
reduction of the 1A00- 3 and 4 A0 matrix elements of the dipole
moments.

There is a great variety of fragmentation processes, as
illustrated by the electronic states of the fragments shown in
Fig. 2: total fragmentation

CH2
+(X̃2A0, Ã2A00) + hn - C+ + H + H (4)

- C + H+ + H,

formation of CH or CH+

CH2
+(X̃2A0, Ã2A00) + hn - CH+ + H (5)

- CH + H+,

and formation of H2 or H2
+

CH2
+(X̃2A0, Ã2A00) + hn - H2 + C+ (6)

- H2
+ + C.

These different fragmentation routes are distinguished by
the analysis of different fluxes on each electronic state and on

Fig. 6 Photodissociation cross sections for the Ji = 0 - J = 1� transition
from the X̃2A0(0, 0, 0) (solid lines) panels) or Ã2A00(0, 0, 0) (right panels) to
the 8 � 8 A0 (bottom panels) or A00 (dashed lines) coupled diabatic states.

Fig. 7 Photodissociation cross sections for the X̃2A0(0, 0, 0) - all D0 states and all D00 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.
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individual rovibrational states of H2/H2
+ and CH/CH+ diatomic

products.52 The total flux, obtained for the CH internuclear
distance r = 6 Å, collects the total fragmentation, eqn (4), the
formation of H2 or H2

+, eqn (6), depending on the electronic
state, and one half of CH or CH+, eqn (5), expressed as

Ftotal ¼ FHþHþC þ FH2þC þ
1

2
FCHþH: (7)

The fluxes for H2/H2
+ and one of the two CH/CH+ rearrange-

ment channels are obtained by evaluating the sum over all
possible rovibrational diatomic eigen states in each channel for
each electronic states, giving the quantities FH2+C and FCH+H/2.
For the [CH + H]+ there are two equivalent rearrangement
channels giving the same flux, FCH+H/2 each. In Fig. 7 the cross
sections for each channel and final electronic states obtained
after photodissociation of the X̃2A0(0, 0, 0) ground state towards
the 8 lower A0 and A00 final electronic states, respectively, are
shown with a similar qualitative behavior to those obtained
from Ã2A00(0, 0, 0) initial state shown in the SI.

The main fluxes in the higher energy interval, E 4 11 eV, are
either to total fragmentation or to CH/CH+ diatomic fragments,
with small proportion of H2/H2

+ products. For the 5, 6, 7 and 8
diabatic D0 or D00 states, the total fragmentation yield neutral
carbon atoms, in either 3P or 1D states and the charge is in the
hydrogen atom. On the contrary, for the 3, 4 D0 or D00 states the
charge is in the carbon atoms in the C+(2P) state. The S states in
the A0 and A00 symmetry show different behavior: in the A0

manifold the charge is in the C+(2P) ion, while in the A00

manifold the charge is in the hydrogen atoms, leading neutral
C(3P) atoms.

The most astonishing result is the high cross section to form
neutral CH products, in either the ground X2P (states 5D0 and
5D00) or A2D (states 7D0 and 7D00). CH can be formed in the
neutral–neutral reaction C(3P) + H2, but is endothermic by E1
eV. Thus the neutral reaction can only occur when H2 is initially
vibrationally excited in v = 2 or 3. Abundant highly vibrationally
excited H2 is only found in strongly UV illuminated regions
such as the borders of molecular clouds (photodissociation or
PDR regions) or protoplanetary discs (PPDs). In such environ-
ments, the high UV flux will also induce the formation of
neutral CH fragments by the photodissociation of CH2

+.
The formation of CHn

+ is attributed to the hydrogenation
chain of reactions CHn

+ + H2 - CHn+1
+ + H, which stops in

CH3
+, which in turn reacts with many other molecules, being the

origin of several chemical networks for the formation of many
larger hydrocarbons. CH+ is one of the first observed molecules in
the ISM32 and since then widely observed. CH3

+ was recently
observed33 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, CH2

+ has not been
observed so far.

Thus the confirmation of this hydrogenation chain requires
the detection of CH2

+, and its abundance determination
requires incorporating all the destruction pathways, such as
photodissociation, dissociative recombination with electrons
and hydrogenation.

The total photodissociation cross section of CH2
+(X̃) (sum-

ming the contributions towards A0 and A00 manifolds) is shown
in Fig. 8 and compared to those of CH3

+ from ref. 36 and CH+,
which is recalculated in this work as described in the SI and is
in agreement with that reported by Kirby et al.35 The photo-
dissociation cross section of CH2

+ is larger than that of CH3
+

but smaller than that of CH+.
The photodestruction is determined by the photodissocia-

tion rate obtained as the integral of the photodissociation cross
section with the energy dependent radiation field. Using Drai-
ne’s mean interstellar radiation field,53 the photodissociation
rate of CH2

+ is 6.45 � 10�11 s�1, while that of CH3
+ is36 6.83 �

10�12 s�1 and for CH+ is 2.89 � 10�10 s�1. The rates obtained
here for CH2

+ and CH+ are slightly lower than the values
reported for the ISRF field in ref. 3 of 1.4 and 3.3 � 10�10 s�1,
respectively. One reason is that the ISRF flux is a modification of
the Draine’s field. The difference for CH2

+ is more important
because a simple vertical transition was assumed to calculate
the photodissociation cross section.

The total photodissociation cross section to form neutral CH
products is shown in Fig. 9, which are rather high specially for
CH(X2P) at higher photon energies, where the UV radiation
field is not shielded. The photodissociation rates to form CH in
the 2P and 2D electronic states are 9.96 � 10�12 s�1 and 3.37 �
10�12 s�1, respectively, using Draine’s mean interstellar radia-
tion field.53 These values are small, but considering that the
H2 + C neutral reaction is endothermic by 1 eV, it can be an
alternative source of CH.

4 Conclusions

The study of the branching ratios among the different photo-
products in photodissociation over large energy intervals, as
needed in astrochemistry, requires the description of non-
adiabatic dynamics, involving many electronic states. To over-
come the singularities of non-adiabatic couplings at conical

Fig. 8 Total photodissociation cross section for the ground vibrational
state of CH2

+ (X̃2A0) (summed over all A0 and A00 states), compared to those
of CH3

+ from ref. 36, and CH+, recalculated here (see text) and very similar
to that of Kirby et al.35
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intersections, the most widely used method is a unitary trans-
formation to a diabatic representation, which is not unique.
There are many diabatization 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 CH2

+, not yet dynamically studied,
and that present many photoproducts, bound and dissociative
and with several charge distributions.

The diabatization method consists in building a basis of
electronic states to represent the possible products, with different
charges and electronic excitation. A correlation among the rearran-
gement channels is done, imposing symmetry restrictions, such as
the conservation of the projection of angular momentum, L, on the
diatomics fragments. The full diabatic matrices are then factorized
in two terms, a diagonal zero-order term and a full matrix built
using a neural network method, VNN. The zero-order term allows to
describe the diagonal interaction among the fragments up to
intermediate distances, E3–4 Å, keeping the nature of the asymp-
totic states. The VNN 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 process
allowed an accurate description of the lowest 10 adiabatic eigen-
values 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
total photodissociation cross sections rate constants for CH2

+

up to 13.6 eV, interval needed to astrochemical models. More
important, it allows to describe the partial cross section for a
great variety of fragmentation processes, with the products in
different arrangement channels, charge and electronic states:
total fragmentation, C+ + H + H and C + H + H+, CH+(X1S,) + H,
CH(X2P, 2D), H2(X1S,) + C+ and H2

+(2Sg).

Here we focus in the formation of the CH radical, whose
formation in the C + H2 reaction is endothermic. In strongly
illuminated astronomical objects, the CH2

+ photodissociation
leads to significant of CH radical, and it is important to
determine its contribution in PDRs and PPDs under different
conditions to determine its contribution.

CH2
+ 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 purpose 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 con-
tinue 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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Gómez-Carrasco: conceptualization (equal); funding acquisition
(equal); writing – review & editing (equal). Octavio Roncero: con-
ceptualization (equal); funding acquisition (equal); methodology
(equal); project administration (equal); software (equal); writing –
review & editing (equal).

Conflicts of interest

There are no conflicts to declare.

Data availability

Supplementary information is available. See DOI: https://doi.
org/10.1039/d6cp01221c.

The total photodissociation cross sections calculated here
for CH2

+ and CH+ are available at ZENODO https://zenodo.org/
records/19847742. The codes used for the calculations have
been properly cited, and the details of the calculations are
provided in the supplementary information (SI). Any other data
that support the findings of this study are available from the
authors, upon reasonable request.

Acknowledgements

This work has received funding from Ministerio de Ciencia,
Innovación y Universidades, MICIU (Spain), under Grants No.
PID2021-122549NB-C21, PID2021-122549NB-C22 and PID2024-
156686NB-I00. Computational assistance was provided by the
Supercomputer facilities of Lusitania founded by the CénitS
and Computaex Foundation.

Fig. 9 Total photodissociation cross section to form neutral CH products from
the ground vibrational state of CH2

+ (X̃2A0 (summed over all A0 and A00 states).
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