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Abstract. The elastic and excitation processes for e-NoH/HCO systems are investigated in this article. The
calculations are performed within the framework of R-matrix theory implemented using the pseudo-state
formalism. Electron attachment to NoH/HCO during electron collision is found to produce temporary
negative ion states. We observed two negative ion states, X' A’ and *A”, in the elastic scattering channel
for the present targets. The generation of negative ions in the inelastic (electronic excitation) channel is also
observed. Formation of H™ ion is traced out by investigating the dissociative electron attachment process
for the e-NoH/HCO scattering system. A detailed investigation of the elastic and electronic excitation
processes of e-NoH/HCO systems is reported here. The results presented here will be key to understand
various intermediate processes occurring in NoH- and HCO-rich environments.

1 Introduction

N5 H has an important role in atmospheric nitrogen pro-
duction. This molecule is the intermediate of diimide
formation through various processes, viz. oxidation
of hydrazine [1,2], thermal cycloreversion of diimide-
anthracene adduct [3], hydrolysis of azodicarboxylic
acid [1,2,4,5], pyrolysis of p-toluenesulfonylhydrazine
[5], and microwave discharge decomposition of hydrazine
[6]. NoH has a decisive role in the production of low-
temperature ammonia synthesis [7] too. Studies related
to geometry and structure of NoH in the ground and
excited states are found in the literature. However, no
investigation on scattering processes for the e-NoH sys-
tem is available to the best of our knowledge. Vasude-
van et al. [8] studied ground and excited states of NoH
using ab nitio SCF and CI methods. Baird et al. [9]
also reported ab initio molecular orbital calculations
for the ground and lowest-lying excited states. Pasto
et al. [10] reported the energy and optimized geome-
try of NoH using SCF method, while Qian et al. [11]
reported its stoichiometry and structure. The instabil-
ity (107210712 s) [12] of neutral NoH at ground state
is the main reason for the lack of e-NoH experimental
data. HCO is an open-shell species and is an important
intermediate to many environments viz. combustion of
hydrocarbons, photolytic decomposition of formalde-
hyde and higher aldehydes, and polluted atmospheres
[13]. It’s an important precursor for the formation of O-
bearing complex organic and prebiotic molecules [14].
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It is assumed to be at the onset of the formation of gly-
colaldehyde (CH;OHCHO) upon ice surfaces via HCO
dimerization followed by successive hydrogenations [15].
HCO is a tracer of regions where active photochemistry
is induced by far-ultraviolet radiation [16]. It is also
observed in cold dark clouds [17,18] and in the Horse-
head Nebula [16,19]. The first spectroscopic studies of
this molecule are from Ramsay [20] and Herzberg and
Ramsay [21] using flash photolysis method. Later the
excited-state potential surfaces were reported by Larson
et al. [22]. Tts electronic spectrum was studied by ESR
[23] and infrared spectroscopy [24] in a low-temperature
solid matrix. Furthermore, electron collision with NoH
and HCO can produce anionic bound states, NoH™ and
HCO™, which are dissociative in nature. Earlier Fran-
cois et al. [25] has proposed a unique bound asymp-
tote (H™ and Nj) of NoH™. Stoecklin et al. [26] calcu-
lated radiative association cross section for No and H™
and predicted existence of NoH™. Stoecklin et al. [27]
also reported formation of HCO™ ion through radia-
tive association of H™ and CO, and radiative electron
attachment to HCO. The dissociation of NoH™ /HCO™
ends up forming neutral Ny, H, CO, and H™ ions. Fur-
thermore, collision of NoH™ with neutral Hy can gen-
erate H™ ion at room temperature [25]. The H™ ion
has key role in the chemistry of various astrophysi-
cal environments [28,29]. Experimental studies of the
anion in gas phase remain a challenge to-date. There-
fore, theoretical studies of negative bound state during
electron collision could shine light in this case. Infor-
mation on negative ion formation pathway is essential
to probe the relevant chemistry and hence the electron
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scattering data. The formation of NoH™* and HCO™ *
is very unstable. Therefore, comprehensive knowledge
of e-NoH/HCO bound system will provide the crucial
information on: (1) the correct dissociative electron
attachment channel, which will help to study formation
of H™ ion from e-NyH/HCO system, and (2) the asymp-
totic bound state of NoH™ /HCO™, which has dynami-
cal consequences in ionospheric chemistry.

In the present endeavor, we investigated the for-
mation of negative bound states through elastic and
electronic excitation channels for e-NoH/HCO collision
systems. The dissociative electron attachment (DEA)
process is also studied to trace the formation of H™
ion during electron scattering from the present isoelec-
tronic systems. We employed the ab initio R-matrix
method [30-32] for the present calculations. The codes
were implemented through the Quantemol N expert
system [33]. The R-matrix can include the correlation
effects adequately and give a fair description of excited
states of the molecule. For the present calculation, we
used static-exchange (SE) and complete active space-
configuration interaction (CAS-CI) models. The incom-
ing electron can occupy one of the excited orbitals of
the target during scattering and such processes end up
forming negative molecular ion for a finite time causing
resonances.

2 Method

2.1 General methodology

The basic idea of the R-matrix theory is to divide the
configuration space into two regions by a sphere of
radius a, centered on the center of mass of the target
molecule (Fig. 1).

The inner region contains both the scattering and
target electrons. Hence short-range potentials, viz.
exchange and correlation are dominant. Outside the
sphere, only the long-range multipolar interactions are

V]
My,
W

Fig. 1 Schematic diagram for the R-matrix method. a is
the radius of R-matrix sphere and COM represents the cen-
ter of mass of the molecular system, AB
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considered; thus scattering electron is free in the outer
region and the problem converges to a simple free par-
ticle problem. Therefore, the correct choice of R-matrix
radius is very important such that target wave function
and short-range potentials must vanish at the boundary
surface.

The inner region wave function is expressed as a sum
of continuous and target wave functions:

Wy = AN Bi(w1, s wn )i (@n1)aige + ) bixi

17 7

(1)

where ‘A’ is anti-symmetrization operator, u;;(x) are
the continuum orbitals of the target and @; are the
target wave functions. For the SE model, &; are con-
structed using HF orbitals, whereas for CAS-CI model
@, are generated considering valence electrons as active.
The x; are two-center quadratically integrable (L?)
functions. These functions are used to model the target
polarization and correlation. The solutions of the inner
region Hamiltonian are used to set up the R-matrix at
the boundary of the sphere. These are then propagated
to the asymptotic region (a,y¢ ), where matching is done
with the asymptotic functions obtained from the Gaili-
tis expansion [34].

2.2 Dissociative electron attachment

In this article, the formation of H™ ion is predicted
investigating the dissociative electron attachment (DEA)
process during e-NoH/HCO scattering. The cross sec-
tion for the DEA process has been calculated using the
information of bound states viz. resonance cross section
and survival probability of a bound state, that appears
in elastic and electronic excitation processes. The DEA
cross section for a polyatomic system can be expressed
as:

UT(E) = CZSzUM(E) (2)

where F is the incident electron energy and ¢ is the
number of resonances below the IP of the target. o,;
and S; are resonance cross section and survival prob-
ability of the resonant state i, respectively. The coef-
ficient C' is a compensating factor and is fixed as 0.7
[35]. o, are computed using the resonance energies and
widths, whereas S; are computed using target and res-
onance potentials [35]. The required quantities are the
H-N5 /H-CO bond dissociation energy, D, and ground
state vibrational energy, E, of the target molecule, and
electron affinity, E, of the dissociating fragment, H.
The resonance position, E, and width, I'; are computed
using the RESON program [36], which uses the Breit—
Wigner formula to fit the eigenphase sum. The details
of the procedure are given by Munro et al. [35].

NoH and HCO are open-shell radicals having a high
value of permanent dipole moments. The quality of
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wave function for such a target depends on an accu-
rate description of polarizability, dipole moment, and
channel coupling effect. We first employed SE model
for the ground state of NyH/HCO and then per-
formed CAS-CI calculations using occupied and vir-
tual molecular orbitals. The target geometries were
obtained from cccbdb database [37]. All calculations
were performed in the ground state of NoH/HCO with
bend geometry, where the target was placed in the
xy plane (Cs point group). The ground state config-
uration in bend geometry of the present targets is
(10')2, (20')%, (30')2, (4a')2, (50/)2, (6a')2, (1a")2, (7a') L.
cc-pVDZ basis was used for the target description in
the present study. For the SE model, all electrons were
frozen, whereas for CAS-CI calculation orbitals [1-4a’]®
was frozen and a CAS of [5-9a/,1-2a”]7 was included.
The present method uses first-order perturbation the-
ory to model target polarization. Only single excitations
were considered in the present study. R-matrix radius
of 10 ag was chosen to enclose the charge cloud of the
target molecule.

2.3 Calculation

In the SE model three unoccupied or virtual orbitals (2
for A’ symmetry and 1 for A” symmetry) are included
in the L? configurations, which is obtained by placing
the scattering electron in these virtual target orbitals.
The final calculations were made by employing the
CAS-CI method. To preserve the correlation effect, we
have frozen 8 inner electrons and the 7 outer electrons
(valence electrons) were placed in active space. Also,
2 orbitals of A’ and 1 orbital of A” symmetry were
augmented over valence orbital to the active space.
This produces 108 configuration state functions (CSFs)
and gives a fair description of NoH/HCO at all inter-
nuclear distances. The values obtained for the ground
state energy, dipole moment, and rotational constant
for the present targets are reported in Table 1 with
previous available data [37]. The deviation of present
calculated values from previously reported data is also
presented here. The value of dipole moment is slightly
lower, however an overall good agreement has been
obtained for the target properties. Calculations were
performed for the 'A’, 3A’, 1A”, and 3A" scattering
symmetries for the ground state of NoH/HCO radi-
cals. 25 virtual orbitals (8-24a’, 2-9a") were included
in the present calculation to obtain a converged target
wave function. These virtual orbitals were also used to
model the target polarizability. The K matrices were
constructed using 28 target states and 115 scattering
channels from the molecular orbitals. The T-matrices
were then calculated from the K matrices. The contri-
butions from [ < 4 were explicitly incorporated in the
present work and higher partial waves (4 < 1 < 6) were
included through Born correction [38,39]. The contin-
uum orbitals were orthogonalized to the target orbitals
(Eq. 1) and overlap of less than 2 x 10~® was removed
to resolve the linear dependence [31]. NoH/HCO has
a permanent dipole moment of 2.177 D/1.837 D [37],
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Table 1 Values of target properties with percentage devi-
ation

Target  Target property Present cechdb [37]
N2H Ground state energy ~ —109.471 —109.996
Dipole moment 1.956 2.122
Rotational constant 21.721 22.306
HCO Ground state energy ~ —113.285  —113.817
Dipole moment 1.679 1.837
Rotational constant 22.708 22.365
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Fig. 2 Elastic cross section for e-NoH scattering

respectively. This value was used in calculating long-
range dipole interaction in the outer region, since the
present calculated values of dipole moment are lower
(Table 1). The outer region wave function was then
propagated to large distances (a,,+ = 100 ag) [32] for
the fulfillment of asymptotic condition. The values of
target properties reported in Table 1 are used for the
final calculation.

3 Results and discussion

The results of the present calculations are presented in
this section for a fine energy grid of 0.02 eV to resolve
fine structures. The resonances are studied using eigen-
phase sum (not shown here) of a particular symmetry,
and bound states are identified using the Breit-Wigner
fitting formula [36].

3.1 Elastic cross section

Figure 2 represents elastic cross section (Q;) for NoH.
The presence of strong dipole moment intensifies elec-
tron scattering in the forward direction and diverges
the cross section below 1 eV. The effect of target polar-
ization has been fairly described using the R-matrix
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Fig. 3 Elastic cross section for e-NoH/HCO scattering
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Fig. 4 Elastic cross section for e-NoH/HCO scattering

pseudo-states (RMPS) method in our final calcula-
tion. The polarization potential is the key parameter
in detecting the resonances and calculating its param-
eters. The correlation effect lowers the energy of target
states resulting in a shift in the bound states toward the
low energy side. Also a slight increase in the magnitude
of Q.; is observed for slow electrons due to exchange-
correlation, which is very dominant in that region. Con-
sideration of [ > 4 intensifies the long-range interaction
and leads to a significant change in the cross section
value. The difference in magnitude between the total
elastic cross sections calculated employing SE and CAS-
CI models are quite small due to the presence of repul-
sive states, which has leading contribution in total elas-
tic curve. However, in case of the partial elastic curve
(Fig. 3), we observe significant difference in the cross
section between these models. For HCO, we obtained a
similar nature and shape of the elastic scattering curve
and the reason for this behavior is same as that of
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Fig. 5 Partial elastic cross section for e-NoH/HCO scat-
tering. Solid: HCO 'A’; Dash: HCO 3A’; Dot: 'A”; Short
Dash: 2A”; Short Dash Dot: NoH ' A’; Dash Dot: 2A’; Short
Dot: *A”; Dash Dot Dot: 3A”

its isoelectric counterpart. Therefore, we used the final
results of e-HCO for comparison purposes.

Figure 4 shows a comparative view of the elastic cross
section for e-NoH and e-HCO systems. The bond angle
of HCO is higher than NoH molecule, which reflects in
its elastic cross section. Born correction further mag-
nifies the effect of compact structure for e-NoH scat-
tering. Three bound state-like structures were obtained
for both the targets. These structures indicate forma-
tion of the anionic states for the e-NyH/HCO system.
The shifting in resonance position is due to the electron
affinity of different constituents.

3.2 Partial cross section

The partial cross section for each scattering symme-
try is reported in Fig. 5. The resonances, which were
superficial in the Q;, appear prominently here for the
respective symmetries. The partial cross sections will
help to identify the correct scattering channel responsi-
ble for the formation of different resonant states. Two
scattering channels are identified forming two resonant
states corresponding to ' A’ and 3 A” symmetries. These
resonances appear due to electron confinement onto 7a’,
and 2a” orbitals of present isoelectronic systems. The
resonance-like structure corresponds to *A’ symmetry
is due to the local rise in the eigenphase curve of same
symmetry. As discussed above, there is a shift in the
resonance position of the two isoelectronic systems due
to differences in electron affinity of different dissociative
products. The configuration for these temporary bound
states is reported in Table 2 with resonance energy. All
the resonances are shape resonances. The resonances
detected in the present study support the prediction of
NoH™ complex of Francois et al. [25].
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Table 2 Anionic states of NoH & HCO

State Configuration Resonance Resonance
Energy (eV)  Width (eV)
N,H HCO N,H HCO
XA [(1a)? (7a)))(7a’)  0.787 0.244  0.217 0.132
A7 (1) (7d))' (2a”) 1.841 1.483  0.270 0.667
3A" [(4a))(5a)2(6a)? 7.856 7.085  0.315 0.378
(1a”)(7a")](2a")
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Fig. 6 Excitation cross section for 2A” «— X'A’ transition

3.3 Excitation cross section

The excitation cross section for 2A” « X2A’ transition
is represented in Fig. 6. The value of excitation thresh-
old obtained for this state is 0.40 eV higher than the
experimental result [40]. The 2A” state is the ground
state in linear geometry. This is the reason for high
value of cross section for the transition to this state.
A steady increase in the cross section was observed for
both targets, just above the excitation threshold.

For NoH, a resonance like structure has been identi-
fied for the 2A” «— X2A’ transition. This results from a
steady rise in the eigenphase curve of 'A” and 3A” at
2.60 eV. A broad structure is observed for HCO, which
corresponds to the local rise in eigenphase near 2.80
eV for the singlet and triplet states of A” symmetry.
Shoulder like structures are also seen near 5 eV & 7
eV for N2H & HCO, respectively, primarily due to the
irregular nature of the eigenphase curve of A” symme-
try. The second dipole allowed transition (Fig. 7), 8a’
«— Ta' is Rydberg like. The cross section for this tran-
sition increases smoothly and has the second-highest
contribution in the excitation process for NoH. For
HCO, bound state-like structures arise due to increase
in eigenphase of A’ symmetry. The cross section for
transition to A’ and 3A” is shown in Fig. 8. These
states also show a steady increase in cross section. Fes-
hbach resonance has been observed for the 3A’ state,
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Fig. 7 Excitation cross section for A’ « X*A’ transition

while for 2A” state resonance like structure has also
been obtained due to the local rise in eigenphase sum
curve. The resonance configurations of these excited
states are reported in Table 2. Cross section correspond-
ing to other transitions are negligible compared to the
one presented here.

3.4 Dissociative electron attachment cross section
and formation of H™ ion

In Fig. 9, we report cross section for the dissocia-
tive electron attachment (DEA) process during elec-
tron scattering from NoH/HCO molecular system. We
observed two DEA peaks around 1.97 eV and 6.89
eV. The first peak corresponds to dissociation chan-
nel associated with the 3A” state. The second peak is
much higher and arises through Feshbach resonance.

0.3
--- ‘A'NH
----- ‘AN H
------ ‘A'HCO
4 n
0.2+ A" HCO
A
R
o T o
< "
N~ 1 \
2 750 \
o /4' = )’ \\
0.1+ e
:/"
'/" ey
0.0 < T T T
6 7 8 9 10

Fig. 8 Cross section for transition to bent states of
N.H/HCO
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Fig. 9 Dissociative electron attachment cross section for
e-NoH/HCO scattering
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Fig. 10 Model potential used for DEA study for NoH. For
HCO, the nature and shape of the potential are same

The model potentials [35] used to study the DEA pro-
cess are shown in Fig. 10 for different resonance widths.
The intersections represent the radial distance at which
the target dissociates before autoionization. The reso-
nance configuration for these states is shown in Table 2.

4 Conclusion

We investigated elastic and electronic excitation pro-
cesses for e-NoH/HCO collision systems. The scatter-
ing processes were studied using the CAS-CI model
and a comprehensive description of scattering cross sec-
tions is reported. Asymptotic behavior was observed for
the elastic cross sections due to strong dipole poten-
tial below 1 eV. Results were analyzed and two reso-
nant states were found for the molecular targets. Par-
tial channels were analyzed to obtain the correct path-
way for formation of these anionic states. The present
study identifies the attractive potential for three scat-
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tering states, 'A’, A’ and 3A” and repulsive potential
for tA” diverging state. Present study confirmed ear-
lier prediction [25-27] of asymptotic bound states of
No.H™ /HCO™.

The excitation processes are studied and resonances
are characterized using the eigenphase diagram. Both
targets permit resonances in excited states. These are
Feshbach type and no core excitation is obtained in the
present case.

Formation of H™ ion was observed investigating the
DEA channel for e-NyH/HCO system. The two reso-
nant states, A" and *A’, dissociate to form H™ ion.
This is the first report on electron scattering from NoH
and HCO which supports the formation of H™ through
dissociative electron attachment from NoH/HCO. In
conclusion, the present study support the earlier pre-
diction of the formation of NoH™ /HCO™ complex and
H™ ion. Thus, the present results will reveal key infor-
mation for various intermediate processes occurring in
NsH- and HCO-rich environments.
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