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X-ray photochemistry of carbon hydride molecular
ions

Alessandra Puglisi,* Tsveta Miteva,” Eugene T. Kennedy,” Jean-Paul Mosnier,? Jean-
Marc Bizau“, Denis Cubaynes,® Nicolas Sisourat,** and Stéphane Carniato®

Hydride molecular ions are key ingredients of the interstellar chemistry since they are precursors
of more complex molecules. In regions located near a soft x-ray source these ions may resonantly
absorb an x-ray photon which triggers a complex chain of reactions. In this work, we simulate ab
initio the x-ray absorption spectrum, Auger decay processes and the subsequent fragmentation
dynamics of two hydride molecular ions, namely CHJ and CH7 . We show that these ions feature
strong x-ray absorption resonances which relax through Auger decay within 7 fs. The doubly-
charged ions thus formed mostly dissociate into smaller ionic carbon fragments: in the case of
CH;3 , the dominant products are either C*/H*/H or CH/H*. For CHJ, the system breaks primary
into CH; and H™, which provides a new route to form CH; near a x-ray source. Furthermore,
our simulations provide the branching ratios of the final products formed after the x-ray absorption
as well as their kinetic and internal energy distributions. Such data can be used in the chemistry
models of the interstellar medium.
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2 METHODS AND COMPUTATIONAL DETAILS

Introduction

Carbon hydride molecular ions (CH,") are key molecular species in the chemistry of the interstellar medium (ISM),
where they play an important role in the formation of more complex molecules 2. Atomic carbon is mostly present in
the ISM in the charged state C*. This cation can react with H, to form CH; through radiative association. CH; can
further react with another H, molecule whereupon CHJ is produced. These two carbon hydride molecular ions are then
intermediate species in forming, for example, CO or longer hydrocarbon molecules (see Fig. 1).

Owing to the importance of these two molecular ions, several uni- and bi-molecular reactions involving these species
have been investigated (see the databases 3-5y, Among the former class of reactions, the interaction of these ions with
ultraviolet (UV) radiation is important® and provides other routes in the chemical networks describing the molecular
evolution of interstellar clouds. It should be noted that most photons in the ISM have energies below 13.6 eV’ and
therefore the latter class of reactions are generally the most relevant processes.

However, x-ray photons are also present in some regions (see® for a catalog of x-ray sources in astrophysical environ-
ments). To our knowledge, interaction of these molecular ions with high energy photons has not been considered so
far. In the presence of an x-ray source, core electrons of carbon can be resonantly excited. Highly-excited species are
thus formed which de-excite dominantly by (resonant) Auger decay (i.e. by ejection of an energetic electron). After the
Auger process, the molecular ions are multiply-charged and thus generally dissociate in several charged fragments. The
fragmentation pathways depend on the states populated in the resonant Auger decay.

In this paper, we investigate these unexplored routes (see Fig. 1) in order to provide a complete description of the
carbon chemistry in the ISM. Among the carbon hydride molecular ions, X-ray absorption spectroscopy of CH™ has
been reported in?. Furthermore, it was shown that the CH2" ions formed after Auger decay dissociate dominantly into
C2* and H. X-ray induced chemistry of CH* is therefore well understood. Here, we focus specifically on the processes
triggered by absorption of an x-ray photon in CHj and CH; molecular ions. The x-ray absorption spectra and Auger
partial widths were computed in order to obtain the population of the doubly-charged ions which further dissociate. We
then simulated the dissociation dynamics of these dications and we obtained the products formed as well as their kinetic
and internal energies.

The outline of the article is the following: in section II, we describe the theoretical methods and computational details
employed to calculate the x-ray absorption spectra, the Auger processes and subsequent fragmentation dynamics. In
section IIT we present and discuss the results for the two molecular ions CH; and CH;’. The article ends with the
conclusions of this work. Atomic units are used throughout unless stated otherwise.

Methods and computational details

X-ray absorption spectra
The soft x-ray absorption spectra of CH; and CHJ were calculated using the linear coupling model 19, In this model the
photoabsorption cross section (o) is given by

lbound 5 r
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where o is the photon energy, u,, is the transition dipole moment between the ground state and the m core-excited
state, E,, is the vertical energy of the m* core-excited state with respect to the ground state, I is the core-excited width.
The first term on the r.h.s. is a sum over all states having a bound potential energy surface. The inner sum is over all
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CO, hydrocarbons,... H2

Fig. 1 Key reactions involving carbon hydride ions (full lines) and reactions investigated in this work (dashed lines). The blue line
corresponds to radiative association, black lines are associated with ion-molecule reactions. Red lines indicate absorption of a soft
x-ray photon and green lines represent Auger-induced fragmentation pathways.

vibrational levels v,, of the corresponding core-excited state. The Franck-Condon factors are denoted as fy, and the
vibrational energy level is e, . The Franck-Condon factor fy, corresponding to the transition from (0,0,...) towards (v,),,
v,%,...) is obtained as follows

Sy
— a_ ,—Sa
Jv, = H va 1€ (2)
a m-*
2
where S, = % and 8¢, is the change in the mass-weighted normal coordinate ¢, between the ground and core-excited

states. The second sum runs over all states having dissociative character. The standard deviation g, in this term is given
by
o 1 OB,
V@4 9qq
where @, is the corresponding frequency of the normal coordinate ¢g,. The spectra were convolved with a Gaussian
function of FWHM of 0.28 eV to include typical experimental resolution®.
The energies and transition dipole moments necessary for computing the cross section (Eq. (1)) were calculated

(3)

with the post-Hartree-Fock Configuration Interaction (CI) method including single excitations, as implemented in the
GAMESS-US quantum chemistry package!!. This method has proven to provide spectra in quantitative agreement
with experimental results on several molecular hydride ions'2. The vertical energy and transition dipole moments
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were obtained with the aug-cc-pvQz basis set ' augmented with 7s, 6p, 5d and 3f diffuse functions to ensure a better

description of the excited states in the region below the ionization threshold. In order to take into account the electronic
relaxation upon core-excitation we used Hartree-Fock molecular orbitals optimized for the lowest core-excited state of
each species (see 12 for details).

Auger decay

The total carbon K-shell Auger widths of several molecules have been determined by total ion yield and X-ray photo-
electron spectroscopy (XPS) measurements 4. It was shown that unless the carbon is attached to strong electronegative
elements, like fluorine atoms, the total width weakly depends on the environment of the carbon. However, partial Auger
widths depend on the molecule investigated. The number and character of the states reached after Auger decay are
therefore functions of the molecule.

In this work we used the Fano-Configuration Interaction (Fano-CI) method !° to compute the total and partial widths
of CH and CHJ molecular ions. The method was presented in detail in!>. We briefly outline it here.

In the Fano theory of resonances10:17

2p.e components. The Auger widths are then given by

, the electronic wavefunction is a superposition of a discrete ®, and continuum

I=YTg=2x) (P —E|xpe,) @
B B

where I" is the total width and I'g the partial width corresponding to the final state 8. The kinetic energy of the Auger
electron is £g and E, is the energy of the core-excited state. In our implementation, the discrete part is a single Slater
determinant corresponding to the excitation of a 1s electron of carbon to the lowest unoccupied or singly occupied
orbital. The continuum states are obtained by performing CI calculations where the Auger electron is approximated
by the Hartree-Fock virtual orbitals. Since the latter do not have the proper boundary conditions, a Stieltjes imaging
technique is employed to recover the correct widths from the approximated ones18-20,

As for the x-ray spectra, we used Hartree-Fock molecular orbitals optimized for the lowest core-excited state of each
ion. The aug-cc-pVTZ basis set 13 augmented with 7s, 7p and 7d even-tempered 2! functions was employed. Convergence
of the results with respect to the basis set was checked.

Fragmentation dynamics

In the Auger decay process following the core excitation of the molecular ions, a manifold of doubly ionized states is
populated. In the course of the subsequent fragmentation dynamics the ions can go from one state to another owing to
non-adiabatic couplings between the latter. In order to simulate this complex electronic and nuclear dynamics, we used
the fewest switching surface hopping method as implemented in the SHARC package 2223,

In brief, classical trajectories are started on one of the potential energy surfaces. Along the propagation, the trajectories
are allowed to hop from one surface to another according to the fewest switching criterion. Since the Auger decay
takes place within a few femtoseconds, the nuclear dynamics before the decay are neglected and the initial conditions
(positions and velocities of the nuclei) are taken from a quantum-harmonic Wigner distribution of the ground electronic
state. Furthermore, the relative population of each doubly ionized state is obtained from the ratio of the partial and total
Auger widths.

The gradients and the non-adiabatic couplings needed for the nuclear dynamics calculations are obtained with the
MOLPRO package 2425, The potential energy surfaces were computed at the CASSCF level using the 6-31G** basis set 20
and including the minimum number of active orbitals and all valence electrons.
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Results and discussion
CH;

The ground state equilibrium geometry of CHj has a Cp, symmetry and its electronic configuration is
(1a;)2(2a;)2(1by)2(3a;)". Note that the 1a; orbital corresponds to the 1s orbital of carbon.

1P

Cross section (Mb)

T

T T \ I
290 295 300 305
Photon energy (eV)

Fig. 2 Absolute x-ray photoabsorption cross sections of CH2+, calculated with the linear coupling model (solid black line, see Eq. 1).
The spectra corresponding to the 1a; — 1b; and to the 1a; — 3a; transitions are shown in blue dashed line and red dashed dotted
line, respectively.

The absolute x-ray absorption spectrum of CH; is shown in Fig. 2. Furthermore, we computed the core-shell ionization
threshold at the DFT/B3LYP level and found it at 307.5 €V as indicated in the figure. The lowest and most intense band,
centered below 285 €V, corresponds to two transitions: the excitation of a 1s electron of carbon to the lowest unoccupied
molecular orbital (LUMO, i.e. the orbital 15{) and to the highest occupied molecular orbital (HOMO, i.e. 3a;) which is
singly occupied in the electronic ground state of CHJ. The spectrum for the lowest transition exhibits a vibrational
progression, which is not well resolved. The vertical energy of both transitions differs by about 100 meV and the
oscillator strengths of these transitions are about 0.1. For comparison, these transitions are between one and three
orders of magnitude stronger than the transitions between the valence states of CH; (i.e. induced by UV photons) 27,
The higher lying peaks are more than 16 €V higher in energy than the first one and exhibit smaller cross sections. In
the following we consider only the two lowest transitions (i.e. below 285 eV) since they are the most intense ones.
Furthermore, an accurate description of the Auger process and the subsequent fragmentations for the high-lying core-
excited states is not possible within the current implementation of our methods.

The lifetimes of the two lowest core-excited states computed using the Fano-CI method are 7.4 fs which is in excellent
agreement with the lifetime of the carbon core-ionized state measured for CH4 4. The branching ratios for the different
final states are shown in Table 1 for the 1a; — 1b; transition and in Table 2 for the 1a; — 3a; transition. The final states
are labeled according to their spectroscopic term and the leading valence electronic configuration.

In the case of the transition towards the LUMO, we consider only the dominant decay pathways which represent about
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90% of the channels. It is seen in Table 1 that spectator Auger decay channels, for which the excited electron does not
participate in the decay (i.e. the excited electron remains in the 1b; after the decay), are the dominant ones. Participator
Auger decay represents only about 10% of the overall process. Similarly, spectator Auger decay channels are dominant
after the transition from the 1s level of carbon to the singly occupied HOMO, as seen in Table 2.

The Auger decay of both core-excited states leads to a larger population in the singlet states than in the triplet states.
This was already observed in several molecules28.
magnitude. Furthermore, the branching ratios for shake-up Auger processes (not shown), in which the photoexcited
electron is further excited to a higher lying orbital during the Auger process, are negligible for this system.

In each spin symmetry, the states exhibit populations of similar

Auger CH3" CHY/HT C*/H'/H

TA; (2a))? (1by)? 10 100 0 0

Ay (2a1)% (1by)! (1bp)! 9 0 32 68
'B;  (2a1)? (3a)! (1bp)! 7 0 0 100
B, (2a;)! (1by)? (1b)! 15 85 14 1

By (1by? (3ap! (1bp)! 0 0 100
Ay (2a))? (1by)! (1b))! 0 89 11
3By (2a1)? (3a)! (1b))! 15 0 21 79
3By (1by)? (Bap! (abp! 17 0 0 100

Table 1 Auger and fragmentation patterns branching ratios (in %) after resonant Auger in CHJ for the transition 1a; — 1b;. The
final Auger states are shown in increasing energy order from top to bottom (the energies of the dicationic states at the ground state
equilibrium geometry are given in Supporting information). Final states with smaller Auger branching ratio were neglected. The sum
of their contribution corresponds to the remaining 9%.

Subsequently, we simulated the fragmentation dynamics of each of the final Auger states. For each of these doubly-
ionized states, we ran 100 trajectories starting on the corresponding potential energy surface. For each trajectory, we
computed the size of the fragments containing the carbon atom after reaching the asymptotic distances (after 150 fs).
The branching ratios of each fragment are given in Table 1 and Table 2 for all final states. As seen in both tables, after
Auger decay to the lowest state of CH%*, the system remains bound. Indeed, the lowest state of CH%Jr is stable and has
an equilibrium geometry close to that of CH; which explains the near unity branching ratio of the CH%Jr fragment. For
higher states, CH%Jr dissociates into either CH™ and H' or C*, H' and a neutral H, respectively. For both transitions
(i.e. towards the LUMO and HOMO), the total branching ratio for the channel C*/H"/H dominates that of CH*/H™.

These fragments can further react with electrons, ions, atoms and molecules present in the ISM. In order to provide a
complete description of the x-ray induced chemistry, the corresponding reaction rates are needed 2933, The latter depend
strongly on the collision energy and thus on the kinetic energies of the fragments. Furthermore, the reaction rates may
be different if the fragments are not “cold”. We therefore provide here the kinetic and internal energy distributions of
the fragments containing the carbon atom after the fragmentation is complete.

The kinetic energy distributions of CH™ and C™ fragments are shown in Fig. 3 for both core-excited states. These
distributions are obtained by weighting the distribution computed for each final state with the corresponding Auger
branching ratio. Since CH%+ does not dissociate it gains no kinetic energy after the Auger decay and it is not shown here.
For the smaller fragments, another proton is formed during the dissociation. Owing to the Coulomb repulsion between
the proton and the remaining ionic fragments, the latter acquire kinetic energy of up to 1€V, during the fragmentation.
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Auger CH3" CHY/H* C*/H'/H

A (2a))? (1by)? 17 99 1 0
B, (2a;)?(1by)! (3ap)! 11 0 63 37
A (2a;)? (3a))? 16 4 8 88
A (2a)! (1by)? (3a))! 15 50 41 9
B, (2a))! (1by)! (3a;)? 11 0 0 100
A (1by)? (3ap)? 13 0 0 100
3B, (2a1)? (1by)! (3ay)! 5 0 80 20
A1 (2ap)! (1by)? (3ap)! 7 32 66 2

By (2ap! (1by)! (3a))?

9]

0 1 99

Table 2 Auger and fragmentation patterns branching ratios (in %) after resonant Auger in CH2+ for the transition 1a; — 3a;. The
final Auger states are shown in increasing energy order from top to bottom (the energies of the dicationic states at the ground state
equilibrium geometry are given in Supporting information).

The internal energy distributions of CH%Jr and CH' fragments are shown in Fig. 4. These distributions are calculated
in a manner similar to the kinetic energy distributions discussed above. As seen in the figure, CH" is mostly formed
with low internal energy, but the distribution extends up to 2 eV. The stretching frequency of CH" corresponds to a
vibrational energy spacing of about 0.3 €V. In a quantum description, CH' ions are therefore formed in vibrational
states up to v = 6.

The internal energy distributions of CH%* extend from 0.0 eV to about 1.0 eV. It should be noted that the different
modes (symmetric and antisymmetric stretching and bending) of CH%+ are not distinguished here.

As remarked above, the dominant decay channel following x-ray excitation of CH* is C>*/H (see Ref.). For CHj
we estimate the decay channel C2t/H/H to be only 3% of the overall products and so it was neglected in the above
discussion. However, a recent merged beam photo absorption experiment has measured this particular channel: CHJ
ions produced in an ECR ion source were probed with x-ray photons ranging from 280-310 eV. For each photon energy,
the C2* fragment counting rate was measured which provides the cross section for this channel (see Supporting infor-
mation for details).This experiment confirms that the decay channel C>*/H/H is indeed weak since the corresponding
cross sections are below 1 Mb for all transitions. Furthermore, as shown in Supporting information, there is a reasonable
quantitative agreement between experiment and theory, even for such a weak channel.

CH;
The ground state equilibrium geometry of CHJ is planar and has a Dy, symmetry. Its electronic configuration is
(1a’1)2(2a’1)2(e’ )*. The 1a) orbital corresponds to the 1s orbital of carbon.

The x-ray absorption spectrum of CHJ is shown in Fig. 5. The core-shell ionization threshold was computed at 306.6
eV. The most intense band, centered below 285 eV, exhibits a large vibrational progression and corresponds to a single
electronic transition from the 1s orbital of carbon to the lowest unoccupied molecular orbital (i.e. to 1aj orbital).
Higher lying transitions correspond to excitation towards higher unoccupied orbitals. Below we focus on the decay and
fragmentation processes following the lowest in energy and most intense core excitation.

In contrast to CHJ , only doublet states are accessible after resonant Auger decay in CH; . The branching ratios for the
different channels are shown in Table 3. As seen in the table, the most populated states correspond to spectator Auger
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decay, in which the excited electron remains in the 1aj orbital. These channels represent more than 60% of the total
decay.

Auger CH3;" CH,/HT CH'/H/H C'/H'/H/H

°F/ (2a))? (e)? 13 1 99 0 0
2AY (2a))? (e)? (1a))! 7 1 83 16 0
2E (2a))? (¢)? (1! 14 4 85 11 0
2AY (2a))? (e)? (1a))! 8 8 65 25 0
A} (2a)! (eH* 4 71 22 7 0
2E (23! () a! 23 4 63 23 10
2E (2a)! (e 1a)! 6 3 54 41 2
A (eh?* (1a))! 12 0 76 23 1

Table 3 Auger and fragmentation patterns branching ratios (in %) after resonant Auger in CH3+ for the transition 1a} — 1aj. The
final Auger states are shown in increasing energy order from top to bottom (the energies of the dicationic states at the ground state
equilibrium geometry are given in Supporting information).

The nuclear dynamics following the Auger decay was simulated for each channel with 100 trajectories. The branching
ratios of the different fragmentations for each state are shown in Table 3. Except for the 2A state which is weakly
populated by the resonant Auger decay, the molecular ion CHY breaks dominantly into CH; . In the commonly accepted
model of the formation of CH; and CHJ, the former is produced from atomic carbon ions and the latter from CH;.
However, the results shown here demonstrate that in the presence of a soft x-ray source CH; is transformed back into
CH; .

As explained for CHJ, the kinetic and internal energy distributions of the fragments are essential input data for the
modeling of subsequent reactions of these species. As shown in Fig. 6, all fragments containing the carbon atom have
kinetic energy below 0.7 eV. The internal energy distributions of the fragments are shown in Fig. 7. The distribution of
the CH%Jr is nearly zero above 0.8 eV. In contrast, CH; and CH" fragments have internal energies extending up to 2 eV,
showing that these species are vibrationally excited after the fragmentation of CH%*.

Conclusions

In conclusion, we used a combination of electronic structure calculations, resonant scattering approaches and molecular
dynamics techniques to provide a complete description of the x-ray induced chemistry of CH2+ and CH;F.

We showed that these ions exhibit strong x-ray absorption lines. After core-excitation, these systems relax through
Auger decay within 7 fs. The doubly-charged ions thus formed mostly dissociate into smaller ionic carbon fragments: in
the case of CHJ, the dominant products are either C*/H"/H or CH"/H". For CHj, the system breaks primary into CH;
and H'. The latter case shows a new route to form CH%’ near an x-ray source. Furthermore, we reported the kinetic and
internal energy distributions of these product fragments. They all have low ( < 1 eV) kinetic energy after fragmentation
and are in general vibrationally excited.

The two molecular ions CH; and CH are important intermediate species in the formation of complex molecules in
the interstellar medium. The quantitative determination of the products formed upon x-ray irradiation as well as their
kinetic and internal energy distributions should help to set up a more complete description of the chemical reactions in
interstellar regions near x-ray sources.
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Fig. 3 Kinetic energy distribution of the fragments containing the carbon atom, following the resonant Auger decay in CH;. Error
bars correspond to the statistical error due to the finite number of trajectories. Top panel: for the transition 1a; — 15, (LUMO). Bottom

panel: for the transition 1a; — 3a; (HOMO).
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Fig. 4 Internal energy distribution of the fragments containing the carbon atom, following the resonant Auger decay in CH; . Error
bars correspond to the statistical error due to the finite number of trajectories. Top panel: for the transition 1a; — 15; (LUMO). Bottom

panel: for the transition 1a; — 3a; (HOMO).
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Fig. 5 Absolute x-ray photoabsorption cross sections of CH;, calculated using the linear coupling model (see Eq. 1).
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Fig. 6 Kinetic energy distribution of the fragments containing the carbon atom, following the resonant Auger decay in CHJ for the
transition 1a] — 1aj. Error bars correspond to the statistical error due to the finite number of trajectories.
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Fig. 7 Internal energy distribution of the fragments containing the carbon atom, following the resonant Auger decay in CH; for the
transition 1a} — 1aj. Error bars correspond to the statistical error due to the finite number of trajectories.
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