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Abstract. The R-matrix approach is used to calculate the elastic differential, integral, and momentum
transfer cross sections for electron impact on H2CNH within static-exchange-polarization (SEP) and close-
coupling (CC) approximations. The electron-impact excitation cross sections from the ground state to
the first three low-lying electronic excited states of H2CNH molecule have been also studied for the first
time. A shape resonance of 2A′′ symmetry located at 1.95 eV with a width of 0.56 eV is detected within
CC model. The effective collision frequencies over a wide electron temperature range (200−30 000 K) are
calculated using the data of the momentum-transfer cross section.

1 Introduction

Electron-molecule collisions are the dominant process in
cool plasmas and discharges. These processes can also
take place naturally in atmosphere through auroras [1]
and lightning [2]. Besides planetary auroras [3], electron
collisions initiate much of the chemistry found in the in-
terstellar medium [4] and shocks [5]. Hotter regions in the
interstellar medium, such as shocks [5] and planetary neb-
ulae [6], are also influenced. The study of low-energy elec-
tron scattering from biological molecules helps to under-
stand the effect of radiation on biological systems [7]. Due
to difficulty in accurate representation of the target wave
function, it remains a computational challenge for the ac-
curate simulation of electron-molecule scattering at low
scattering energies. As the simplest member of the imine
family of compounds, methyleneimine (H2CNH) possess
a carbonnitrogen double bond. It is of interest in astro-
physics and has been observed in dark interstellar dust
clouds [8,9] and in Titan’s upper atmosphere [10]. It has
also been identified in the CO2 laser-assisted decomposi-
tion of RDX at 0.1 to 3 atm [11]. Therefore, the investiga-
tion of electron interaction with H2CNH not only provide
the cross sections, but also may help in understanding of
chemistry in atmosphere and in the radiation damage in
biological systems.

The present work studies the low-energy electron
scattering of methyleneimine molecule in the fixed-
nuclei approximation using the UK molecular R-matrix
code [12,13]. The R-matrix method has an advantage
over other scattering methods because it can provide
cross sections at a large number of scattering energies
efficiently. It also has the ability to include correlation

a e-mail: wangkd@htu.cn
b e-mail: kl baluja@yahoo.com

effects and give an adequate representation of several ex-
cited states of the molecule. Our interest lies in the low-
energy region (0−10 eV), which is a favorite ground for
the R-matrix method. The electron-scattering calculations
are performed at static-exchange-polarization (SEP) and
close-coupling approximations (CC). We have included
ten target states in the CC approximations. The inte-
grated elastic, differential, and momentum cross sections
for electron impact on the methyleneimine molecule are re-
ported. The excited cross sections from the ground state
to a few low-lying excited states have also been calculated.

2 Method

2.1 Theory

In the present work we have employed the R-matrix
method, which is an accurate procedure for low-energy
electron scattering studies [14]. The hallmark of R-matrix
methodology is that the R-matrix basis set is energy-
independent. This implies diagonalising (N + 1) electron
Hamiltonian only once. Since the energy of the incident
electron appears only in the denominator in the definition
of R-matrix, which becomes a meromorphic function of
energy. This greatly increases the speed with which cross
sections can be computed over a fine energy mesh for sub-
sequent analysis of any resonances that may appear. The
method works on the principle of division of the configu-
ration space into two spatial regions: inner and outer re-
gions. The inner region radius is chosen to be 12a0, which
can enclose almost all the electron cloud of target states
and electron-target systems. In this region, the scattering
electron is indistinguishable from the electrons of the tar-
get and the electron correlation and exchange are strong.
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Table 1. The vertical excitation energies (in eV) for the target states of H2CNH. Ground-state dipole moments of μ value
calculated in the present work are also given (in a.u.).

State
This work

MCSCF SCF-CI CSECIa EHPa Expb

6-31G 6-31++G** cc-pVDZ aug-cc-pVDZ cc-pVTZ

1 1A′ 0 0 0 0 0 0 0 0 0

1 3A′′ 4.34 4.72 4.71 5.13 4.83 3.82 4.57

1 3A′ 4.98 5.08 5.12 5.22 5.12 8.04 9.59

1 1A′′ 5.02 5.33 5.42 5.68 5.49 5.44c, 4.98d 5.83e 5.16 5.84

2 3A′ 8.63 7.55 8.56 8.03 8.33

2 1A′ 9.43 7.61 9.05 8.07 8.64 8.51 10.33

2 3A′′ 9.75 8.84 9.63 9.19 9.59 4.03

2 1A′′ 10.20 8.87 10.17 9.20 10.12 9.55

3 3A′′ 11.30 9.59 10.71 9.72 10.34

3 1A′′ 11.68 9.76 10.92 9.74 10.47

μ(11A′) 0.691 0.634 0.548 0.567 0.555 0.787

aFrom reference [18], bfrom reference [17], cfrom reference [19], dfrom reference [20], efrom reference [21].

The wave function of the scattering system is written using
the configuration interaction (CI) expression

ΨN+1
k = A

∑

ij

aijkΦN
i (x1, . . . , xN )uij (xN+1)

+
∑

i

bikχN+1
i (x1, . . . , xN+1) , (1)

where A is an antisymmetrization operator, xN is the
spatial and spin coordinate of the Nth electron, ΦN

i rep-
resents the ith state of the N -electron target, μij is a
continuum-orbital spin coupled with the scattering elec-
tron, and k refers to a particular R-matrix basis function.
Coefficients aijk and bik are variational parameters deter-
mined as a result of the matrix diagonalization. The sum
in the second term of equation (1) represents the short-
range correlation and polarization effects, running over all
configurations χN+1

i that are L2 functions. These are also
important for relaxing the orthogonality imposed between
the target and continuum orbitals.

In the outer region exchange between the scattering
electron and electrons of the target is neglected and a
single centre expansion of the electron-molecule interac-
tion is used. The R-matrix is constructed and propagated
to a radius (∼100a0) large enough so that an asymptotic
expansion for the radial wavefunctions of the scattering
electron in each channel can be used.

In the present calculation the target molecular obital
space is divided into core (inactive), valence (active), and
virtual orbitals. These target molecular obitals are supple-
mented with a set of continuum orbitals, centered on the
center of mass of the molecule. In the polyatomic R-matrix
calculations, the continuum orbitals are Gaussian-type or-
bitals (GTOs). The main advantage of GTOs is that in-
tegrals involving them over all space can be evaluated
analytically in closed form. First, Schmidt orthogonal-
ization procedure is used to orthogonalize target and
continuum molecule orbitals (MOs), then symmetric or
Löwdin orthogonalization is used to orthogonalize the con-
tinuum orbitals among themselves and remove linearly

dependent functions [15,16]. In general, all calculations
in this work are performed within the fixed-nuclei approx-
imation, which is based on the assumption in which elec-
tronic, vibrational and rotational motions are uncoupled.

2.2 Target model

The methyleneimine is a close-shell molecule which has
X1A′ ground state in the Cs point group. The structural
parameters optimized at B3LYP/6-311 + G** level (three
bonds of C-N = 1.267 Å, N-H = 1.023 Å and C-H =
1.091 Å, two angles of H-C-N = 118.9◦ and C-N-H =
111.0◦) are used in the present calculations. They are
in good agreement with the experimental results as re-
ported in the computational chemistry comparison and
benchmark database (CCCBDB) [17]. To obtain the ac-
curate vertical excited energies and dipole moment, a se-
ries of calculations were performed using CI model with
five different basis sets 6-31G, 6-31++G**, cc-pVDZ,
aug-cc-pVDZ, and cc-pVTZ. The Hatree-Fock (HF) self-
consistent field (SCF) calculations for the ground state
of methyleneimine were performed to obtain the occupied
and virtual orbitals. These calculations at the different
levels give the same electronic configuration at the ground
state (1a′22a′23a′24a′25a′26a′27a′21a′′2). In our CI model,
eight frozen electrons were distributed in the 1a′ ∼ 4a′
configuration. The remaining eight electrons are allow-
ing to move freely in eight molecular orbitals (5a′ ∼ 8a′
and 1a′′ ∼ 4a′′) with the 6-31G basis set, and in eleven
molecular orbitals with the other basis sets (5a′ ∼ 9a′ and
1a′′ ∼ 6a′′), respectively.

Table 1 lists the vertical excited energies (VEEs) and
the ground state dipole moments at different levels to-
gether with the available experimental and theoretical
data. As shown in the table, the 6-31G basis set gives a
dipole moment (0.691 D) that is closest to the experimen-
tal value of 0.787 D [17]. Other larger basis sets even con-
taining dispersion predict smaller dipole moment. 6-31G
basis set also predicts the lower VEEs for the first three

http://www.epj.org


Eur. Phys. J. D (2015) 69: 78 Page 3 of 7

excited states compared with other basis sets. Further-
more, we compare our calculated VEEs using 6-31G basis
set with the available theoretical results. The first ex-
cited state 13A′′ is assigned to be the π → π∗ transition,
and the value of the VEE is 4.34 eV, which is 0.52 eV
larger than the complete CI based on single excited con-
figurations (CSECI) value [18] and 0.23 eV lower than
electron-hole potential (EHP) value [18]. The VEE value
of 4.98 eV for the second excited state 13A′ (n → σ∗ tran-
sition) is much smaller than CSECI and EHP values. The
VEE value of 5.02 eV for the third excited state 11A′′
(n → π* transition) is smaller than the other available the-
oretical results including multiconfigurational SCF (MC-
SCF) [19,20], SCF-CI [21], CSECI [18] and EHP [18]
methods. In summary, the calculations with the 6-31G
basis set provide the best dipole moment and reliable ver-
tical excitation energies. Then 6-31G basis set is adopted
in the scattering calculations.

2.3 Scattering model

Two models are used in the present scattering calcu-
lation. The first model is the SEP model in which
singlet excitations out of the HF wave function are
used to represent target polarization effects. It can give
the good resonance parameters for the shape resonant
states. In the present calculations, the L2 configura-
tions in equation (1) associated with this model can
be written in two classes, (core)8(valence)8(virtual)1 and
(core)8(valence)7(virtual)2. In the present SEP model
13 MOs of A′ symmetry (8a′ ∼ 20a′) and 3 MOs of A′′
symmetry (2a′′ ∼ 4a′′) are selected as virtual orbitals.
The second model is the CC model in which many tar-
get states are included in the first sum of equation (1).
These target states are usually performed by CI model.
In the CC model, 10 target states are used to describe
the electron plus target system. The L2 configurations in
equation (1) associated with this model can be written
as, (core)8(CAS)9 and (core)8(CAS)8(virtual)1. Here the
active space is composed of 5a′ ∼ 8a′ and 1a′′ ∼ 4a′′
orbitals. The CC model is particularly good at represent-
ing the core-excited shape resonances and Feshbach reso-
nances because the associated excited states of the target
can be explicitly incorporated in the CC expansion. An-
other model is SE model which the target wave function
is represented at the HF level and remains frozen during
the collision process. We do not use SE model here for it
can only give shape resonances that are usually too high in
energy. It is noted that the CC calculations are more com-
putationally expensive than the SE and SEP calculations.

The scattering calculations are carried out for doublet
states with A′ and A′′ symmetries. The continuum orbitals
up to g-partial waves are orthogonalized to the target or-
bitals based on the mixture of Schmidt and Löwdin sym-
metric orthogonalization [22] and represented by GTOs
centered at the molecular center of gravity [15]. The con-
tinuum orbitals with an overlap of less than 2 × 10−7 are
removed [15].

Fig. 1. Elastic cross sections of the electron impact on the
methyleneimine molecule in the SEP model. Solid curve: 2A′′

component; dashed curve: 2A′ component; dash-dotted curve:
total cross section.

3 Results

3.1 Static-exchange-polarization
scattering calculations

The elastic cross sections of electron collision with H2CNH
in SEP model based on the 6-31G basis set are shown
in Figure 1. The total cross section shows a broad peak
at 1.65 eV. We find that the resonance peak at 1.65 eV
comes from the 2A′′ symmetry. This resonance is usually
called π∗ resonance since the incident electron is captured
in a virtual π∗ MO of H2CNH. It is noted that the A′′ sym-
metry has angular momentum barrier and the integrate
cross section usually vanish at zero energy. But for the
present polar molecule, a large dipole potential can over-
come the centrifugal barrier, and the elastic cross section
of 2A′′ symmetry shows rapid rise at low energy This is
the reason why it is necessary to add the Born correction
to dipolar system This phenomenon was also discussed
before [23].

3.2 Close-coupling scattering calculations

The elastic cross sections calculated in ten states CC
model are shown in Figure 2. We find there is a broad
peak at 1.95 eV in the total elastic cross section profile.
Carefully analyzing the two components (2A′′ and 2A′′) of
the total elastic cross section, we find that the resonance
around 1.95 eV comes from 2A′′ symmetry The resonance
parameters (the energy position and the width of the res-
onance) can (in most cases) be determined by fitting the
eigenphase sum to a Breit-Wigner profile [24,25]. All res-
onances revealed in the present calculations are presented
in Table 2, together with the values of the resonance pa-
rameters. The resonance around 1.95 eV in 2A′′ symmetry
is a π∗ shape resonance with a width of 0.56 eV. Since
the numbers of virtual orbitals and double-electron exci-
tations are fewer than that used in the SEP calculations,
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Fig. 2. Elastic cross sections of the electron impact on the
methyleneimine molecule in the CC model together with the
elastic cross section of H2CO form reference [28]. Dashed
curve: 2A′ component; dotted curve: 2A′′ component; solid
curve; total cross sections; dash-dotted curve: Born correction
cross section; dashed double-dotted curve: Born corrected cross
section; short-dash-dotted curve: elastic cross section of H2CO
form reference [27].

Table 2. Shape resonance of the electron-H2CNH scattering
system.

Type Configuration Position Width

(eV) (eV)

SEP (11A′) 2a′′1 1.65 0.41

CC (11A′) 2a′′1 1.95 0.56

the π∗ resonance predicted in the CC model is slightly
higher in energy than that in the SEP model. To obtain
converged cross sections, the effect of rotation must be in-
cluded along with a very large number of partial waves.
The effects of partial waves with l > 4 were included us-
ing a Born correction via a closure approach [26,27]. The
summed elastic integral cross section including the Born
correction is also shown in Figure 2. We have presented the
elastic cross section of electron impact on H2CO molecule
from reference [28] for comparison in Figure 2. Although
they are isoelectronic molecules, the cross section of H2CO
is higher than that of H2CNH due to its stronger polarity.

3.3 Differential cross section

A more stringer test for any theoretical model is to calcu-
late the DCS. The DCS for a general polyatomic molecule
is given by:

dσ

dΩ
=

∑

L

ALPL (cos θ), (2)

where PL is a Legendre function. The AL coefficients
have been discussed in detail before [29]. For a polar
molecule this expansion over L converges slowly. In or-
der to accelerate the convergence of DCS, the following

Fig. 3. Electron impact R-matrix rotationally resolved state-
to-state (J → J ′) differential cross sections of H2CNH at 1 eV.
dashed curve: J = 0 → J ′ = 0; dotted curve: J = 0 → J ′ = 1;
dash dotted curve: J = 0 → J ′ = 2; dash double dotted curve:
J = 0 → J ′ = 3; short dashed curve: J = 0 → J ′ = 4; short
dotted curve: J = 0 → J ′ = 5; solid curve: summed.

closure formula is used,

dσ

dΩ
=

dσB

dΩ
+

∑

L

(
AL − AB

L

)
PL (cos θ) . (3)

The superscript B represents the relevant quantity which
is calculated in the Born approximation with an electron-
point dipole interaction. The convergence of the summa-
tion over L in equation (5) is now rapid because the con-
tribution from the higher partial waves to the DCS is
dominated by electron-dipole interaction. The quantity
dσB/dΩ for any initial rotor state |Jτ〉 is given by the
sum over all the final rotor states |J ′τ ′〉

dσB

dΩ
=

∑

J′τ ′

dσB

dΩ
(Jτ → J ′τ ′) . (4)

The expressions for the state-to-state rotationally in-
elastic DCS, dσB/dΩ (Jτ → J ′τ ′), for a spherical top,
a symmetric top, and asymmetric top molecules have
been given by Sanna and Gianturco [30]. The calculated
dipole moment (1.76 D), the experimental dipole moment
(2.00 D) [17] and rotational constants (A = 6.6104 cm−1,
B = 1.1642 cm−1, and C = 0.9899 cm−1) [17] for H2CNH
are used in the calculations of the DCSs (J = 0 → J ′ =
0, 1, 2, 3, . . .).

Our calculated rotationally resolved DCSs for electron
scattering by H2CNH at the incident energy of 1 eV are
shown in Figure 3. Due to strong polar nature of H2CNH
molecule, the 0 → 1 contribution is bigger than the elas-
tic 0 → 0 component, especially at the low angles There-
fore the dominant feature of the state-resolved DCS is the
dipole component 0 → 1. As shown in the figure, the con-
tribution of the higher J ′ decreases with the J ′ increases,
and the convergent results are obtained when J ′ increases
up to 5. The DCSs obtained by summarizing the rotational
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Fig. 4. Differential cross section (DCS) of H2CNH at differ-
ent energies 1, 2, 4, 6, 8 and 10 eV and DCS of H2CO at 1
and 10 eV from reference [27]. For H2CNH, solid curve: 1 eV;
dashed curve: 2 eV; dotted curve: 4 eV; dash dotted curve:
6 eV; dash double dotted curve: 8 eV; short dashed curve:
10 eV. For H2CO, short-dotted curve: 1 eV; short-dash-dotted
curve: 10 eV.

cross sections for (J = 0 → J ′ = 0 ∼ 5) at the selected
energies of 1, 2, 4, 6, 8 and 10 eV are depicted in Fig-
ure 4. Due to the dipolar nature of the target, the DCSs
at all the energies show the sharp increases at the smaller
scattering angles. The DCS at 2 eV appears a minimum
at about 130◦. The minimum of the DCS reduces to 90◦
with the incident energy increasing to 10 eV. Although
there is no experimental DCS available for comparison,
theoretical DCS results of H2CO calculated by Kaur and
Baluja [28] using R-matrix method are available at 1 eV
and 10 eV, which are also shown in Figure 4. Comparing
with H2CNH, the DCS of H2CO at 1 eV appears an obvi-
ous hump and is larger in the scattering angles >30◦. For
the DCS at 10 eV, both of them have the similar shape in
general.

By using the POLYDCS program, the momentum
transfer cross sections (MTCS) are calculated and pre-
sented in Figure 5. We observe the MTCS decreases with
the increasing energy. In contrast to the diverging nature
of DCS in the forward direction (at the small scattering
angles), MTCS show no singularity due to the multiplica-
tive factor (1− cos θ), where θ is scattering angle. It is ob-
vious that the π∗ shape resonance at 1.95 eV is responsible
for the peaks observed at around 1.95 eV in the MTCS.
The MTCS indicates the weights of backward-scattering
and is useful in the study of electrons drifting through a
molecular gas. In Figure 5, we have shown a comparison
of the calculated MTCSs for the H2CNH and H2CO [28].
As shown in the figure, the MTCS for H2CO are higher
than their corresponding values for the H2CNH molecule.

3.4 Inelastic cross sections

Not only the elastic cross sections, but also the elec-
tronic excitation cross sections are very important to

Fig. 5. Momentum transfer cross sections of H2CNH and
H2CO for energy range of 0.01−10.00 eV.

Fig. 6. Comparison Electron-impact excitation cross sections
from the ground state X1A′ (X1A1) to the 13A′′ (13A2) of
H2CNH with H2CO. Solid line: X1A′ → 13A′′ of H2CNH;
dashed line: X1A1 →13A2 of H2CO from reference [28]; dot-
ted line: X1A1 →13A2 of H2CO from reference [31].

astrophysics and plasmas physics. For there is no exper-
imental and theoretical inelastic cross sections available,
the present data is essential and must be regarded as pre-
dictive. The electronic excitation cross section from the
ground state X1A′ to the first three excited state 13A′′,
13A′ and 11A′′ is shown in Figures 6, 7 and 8, respec-
tively. It is noted that the electron transitions to the 13A′′
and 13A′ states are spin forbidden, while only the tran-
sition X1A′ → 11A′′ is optically allowed. In Figure 6 we
have shown the comparison of the X1A′ → 13A′′ transition
of H2CNH molecule with H2CO calculated by R-matrix
method [28] and Schwinger variational method [31]. The
cross section of H2CO from reference [30] is higher than
the other two R-matrix results as they have neglected
close channel effects which are expected to lower the cross
sections. And this has been discussed in reference [28].
Figure 7 depicts the comparison of the X1A′ → 13A′
of H2CNH molecule with H2CO calculated by R-matrix

http://www.epj.org


Page 6 of 7 Eur. Phys. J. D (2015) 69: 78

Fig. 7. Comparison of electron-impact excitation cross sec-
tions from the ground state X1A′ (X1A1) to the 13A′ (13A1) of
H2CNH with H2CO. Solid line: X1A′ →13A′ of H2CNH; dashed
line: X1A1 →13A1 of H2CO from reference [28].

method [28]. It is obvious that the cross section of H2CNH
is higher than that of H2CO.

Figure 8 depicts the optically allowed X1A′ →11A′′ ex-
citation cross section. The cross section for the transition
has been Born corrected [18,19]. As shown in the figure,
the Born correction cross section increases as the incident
electron increases. The contribution of the 2A′′ symmetry
is also larger than that of the 2A′ symmetry.

3.5 Effective collision frequency of electrons

Two types of the effective electron-H2CNH collision fre-
quency 〈ν〉 and ν (see Baille et al. [32]) are evaluated based
on the MTCS data in the present work. These are given
by the following expressions, in which it is assumed that
the electrons follow a Maxwell-Boltzmann distribution:

〈ν〉 =
8

3π1/2
N

(
me

2KTe

)5/2 ∫ ∞

0

ν5Qm(V )e−
meν2

2KTe dν,

ν−1 =
8

3π1/2N

(
me

2KTe

)5/2 ∫ ∞

0

ν3

Qm(ν)
e−

mev2

2KTe dν.

Here, N is the number density of molecules, me is the elec-
tron mass, k is the Boltzmann factor, Te is the electron
temperature, v is the velocity of the electron, and Qm(v)
is the velocity-dependent MTCS. These are plotted in
Figure 9. These collision frequencies are related to trans-
port properties like mean-free path, mobilities, and diffu-
sion coefficients. These find applications in the study of
electrons swarming through molecular gases.

4 Conclusion

The elastic cross sections of low-energy electron collision
with H2CNH molecule are calculated using the R-matrix

Fig. 8. Electron-impact excitation cross sections from the
ground state X1A′ to the 11A′′ state. Dashed line: 2A′; dotted
line: 2A′′; solid line: total; dash dotted curve: Born correction;
dash double-dotted curve: Born corrected.

Fig. 9. Effective collision frequency of the H2CNH molecule
ground state: solid curve, 〈ν〉; dashed curve, ν.

method within the SEP and CC approximations. The in-
elastic excitation cross sections are also calculated within
the CC approximation. We detect a π∗ shape resonance
of 2A′′ symmetry located at 1.95 eV with a width of
0.56 eV within CC approximation. This shape resonance
is also observed in the MTCS of H2CNH. The effective
electron-H2CNH collision frequency which is used to eval-
uation of transport coefficients is also calculated. For there
is no experimental cross sections available for H2CNH
molecule, the present calculations must be regarded as
predictive.

This work is partially supported by Henan fundamental and
advanced research project (No. 142300410022), the Founda-
tion of Henan Educational Committee (Nos. 2011A140015
and 12A140006) and National Development Fund of Henan
Normal University (No. 2012PL02).
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