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Abstract

®

CrossMark

The process of electron attachment to the NO, molecule is investigated theoretically using an
approach based on a study by O’Malley (1966 Phys. Rev. 150 14). The approach combines the
normal mode approximation for representation of vibrational dynamics of NO, and
one-dimensional treatment, along each normal mode, of the attachment process as in
O’Malley’s theory, such that only a modest computational effort is required to compute the
attachment cross section. Taking into account the survival probability of the formed resonant
state of NO, , the cross section for dissociative electron attachment to NO, is also estimated.
To compare with available experimental data, the theoretical cross section is convoluted with
energy distribution of NO,—e™ collisions with uncertainties reported in experimental studies.
Peak values of the convoluted theoretical cross section are found to be about a factor of 2—10

larger than the experimental results.

Keywords: dissociative attachment, NO, molecule, electron attachment, R-matrix, normal

mode approximation

(Some figures may appear in colour only in the online journal)

1. Introduction

NO, molecules (NO and NO,) have detrimental effects on the
human respiratory system and the environment. The species
are produced and released in large quantities by coal-based
power plants and diesel engines. This is the reason why there is
a significant interest in technologies able to remove the species
from the power plant flue and engine exhaust gases and, often,
from the air in ventilation systems. Current technologies fre-
quently used for removal of NO, are based on creating plasma
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from major constitutes of the flue gas such as N, O,, and
CO; to react with NO,. Electron beam technology for pollu-
tion control is gaining research interests in recent years due
to its effectiveness [1-3]. However, due to its high cost of
operation [1, 4], this technology is still in an early stage for
commercialization even though it reduces NO, with an effi-
ciency of more than 90%. Extensive investigations have been
carried out to search for an efficient and cost-effective solu-
tion. Recently, a study [5, 6] has demonstrated that it is pos-
sible to remove the NO, molecule with efficiency more than
95%. However, in the mentioned study a pulsed electron beam
carrying energy about 500 keV was used. For a comparison,
a typical electronic resonance in electron—molecule spectrum
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of dissociative attachment requires only a few eV to be acti-
vated. Activating such resonances would lead the molecule,
via a resonant state of the negative molecular ion, to disso-
ciation, i.e. to the removal of the molecule from the environ-
ment. If one can employ this process of dissociative electron
attachment (DEA) to destroy NO,, then it would be possi-
ble to significantly reduce the power cost of pollution reduc-
tion using the electron beam technology. In addition, NO, gas
can be used for decontamination in food processing [7]: it
has been shown that NO, cold plasma can kill Escherichia
coli bacterium effectively [8] and the fragments produced by
DEA to NO; in the plasma may play a critical role. As a
result, it is important to understand the mechanism of the DEA
process in NO;.

DEA to NO; has been studied experimentally for decades
[9—15]. The cross section to the dominant NO + O~ channel,
measured in reference [12], shows a peak located at the elec-
tron scattering energy of 1.6 eV. The peak was attributed to
the *B; and !B resonant states of NO, . Rangwala ef al [13]
found peaks of cross sections for formation of the O~ fragment
around 1.4 eV, 3.0 eV, and 8.2 eV. In the experiment by Nandi
et al [14], the resonances at 1.8 and 3.5 eV in the O~ chan-
nel for the e”—NO,; system appear to have same dissociation
channel of NO + O~. Therefore, there is a consensus about
the energy and the dissociation channel of the first peak in the
DEA cross section for NO,.

Despite several experimental studies of the DEA to NO,,
theoretical interpretation of the experimental data is very lim-
ited. In their R-matrix calculation Munjal et al [16] reported
that NO; has two shape resonances of *B; and of 'B; sym-
metry at 1.18 eV and 2.3 eV, respectively, which are respon-
sible for the O~ channel of DEA at low scattering energies.
To the best of our knowledge, a theoretical cross section for
DEA to NO; has not yet been reported. Recently, Yuen ef al
[17] developed a simplified model, inspired by the theoreti-
cal approach of O’Malley and Bardsley [18-20], to estimate
DEA cross sections for polyatomic molecules. In the present
work we adapt that model to investigate the electron attach-
ment to NO,.

In the following section our theoretical approach is pre-
sented. The cross section for electron capture by the NO,
molecule is presented in section 3. In section 4 we consider
autodetachment that reduces the attachment cross section. The
concluding remarks are given in section 5.

2. Theoretical approach

The process of DEA in NO, mediated by electronic reso-
nant states of the negative molecular ion can be described as
following:

NO,(X?A)) + e~ — NO; *("*B,) — O~ (*P) + NO(X*1D).

ey
A schematic view of the process is shown in figure 1. The
black and green solid curves are the potential energy sur-
faces (PESs) of NO, and NO, * as functions of the symmetric
stretching coordinate. The NO, molecule captures the incident
electron forming a temporary anion NO, *. When the vibrat-
ing molecule stretches beyond the crossing point g, between

ol —— PES of NO,

—— PES of NOj

Potential energy (eV)

Figure 1. Schematic view of electron attachment to NO,. The PES
of NO; (black solid line) is plotted as thqﬁ /2, where g, is the
coordinate for symmetric stretching and w, is the harmonic
vibrational frequency. The PES of NO, ™ (green solid line) is
obtained by adding the resonance energy to the NO, PES. The black
and green dotted curves are the nuclear wave functions § and 7,, of
NO; and NO, ", respectively. The black horizontal line represents
the zero-point energy of NO,. The red dashed line represents the
total energy (E) of the system, which is the energy of the target
molecule plus the electron scattering energy ¢.

Bending (g4)

Symmetric stretching (g;) Asymmetric stretching (g3)

Figure 2. Three different normal modes of NO,. The arrows
indicate the force vectors.

the PESs of NO, and NO, *: the anion becomes stable. Then,
the system could dissociate into the fragments O~ 4 NO or,
as a second possibility, the vibrating anion can return back to
geometries, where detachment of the electron is again possible
so that there is a possibility for autodetachment.

In order to determine the capture coordinate of the sys-
tem as in reference [17], we first determined normal modes
and corresponding harmonic frequencies of NO, using MOL-
PRO [21]. NO; has three normal modes: bending, sym-
metric stretching, and asymmetric stretching as shown in
figure 2. Corresponding dimensionless normal coordinates
are denoted by ¢, ¢,, and g3 respectively. Then, the res-
onance energy of the e~ + NO, system as a function of
displacements along normal modes is calculated by the UK
R-matrix program [22] with the Quantemol-N interface [23].
The scattering calculations employed the correlation consis-
tent polarized valence triple zeta (cc-pVTZ) basis set to
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Table 1. Parameters of the lowest two resonances obtained at the equilibrium geometry.
Comparison with that of Munjal et al [16] is also shown in the table. Positions and widths of the

resonances are denoted by A and I, respectively.

Present work

Munjal et al [16]

Symmetry Position A (eV) Width I" (eV) Position A (eV) Width I" (eV)
3B, 1.65 0.11 1.178 0.083
B, 2.93 0.25 2.33 0.15
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Figure 3. Resonance energies A as functions of ¢, (red asterisks), ¢, (green circles) and g5 (blue diamonds) of the 3B, and 'B, states of

NO; .

describe the target. A complete active space configuration
interaction representation was used, where 10 electrons are
frozen in the core orbitals la;,2a,3a, 1b,,2b, and remain-
ing 13 electrons are distributed freely in an active space of
4611, 5(11, 3b2, 1b1, 4b2, 1(12, 6(11, 7611, Zbl, and sz The radius
of the R-matrix sphere is 14 bohrs and all the target states
below the cut-off energy of 10 eV are retained in the close-
coupling expansion. The resonance position A and the width "
are determined by fitting the computed eigenphase sums with
the Breit—Wigner formula [24]. More computational details
could be found in reference [25].

Table 1 shows parameters of resonances found below 4 eV
at the equilibrium geometry. Energies of the first and second
resonances are 1.65 and 2.93 eV, which agree with the location
of the first two peaks of the experimental DEA cross section.
Comparing with the theoretical study by Munjal et al [16], the
present resonance energies are larger by about 30% and 20%
for the 3B, and the ' B, resonances.

Figure 3 shows the resonance energy A of the 3B, state
as a function of different normal-mode coordinates. We found
that for the bending mode (q,) and the asymmetric stretching
mode (gq5), the resonance energy A is nearly constant near the
equilibrium geometry. In contrast, there is a significant varia-
tion along the symmetric stretching mode (g,). It means that
if the NO; anion dissociates after the attachment step, the dis-
sociation starts with sliding down the PES of the !B, or 3B,
states along the g, coordinate.

The PESs of NO, and *B, state of NO, as functions of the
normal coordinates are also shown in figure 4. The PES of the
resonant state is obtained by adding the resonance energies to
the neutral state PES (see equation (5)). Because the resonance

energies are nearly constant along g, and g5, the PES of the
3B state of NO; in the space of the g, and g5 coordinates is
almost parallel to the NO, PES, (see the left panel of figure 4).
In contrast, the PES of NO, crosses the *B; PES of NO; as g,
increases (see the right panel of figure 4). Therefore, one can
reduce the multidimensional nuclear dynamics of NO, to the
dynamics along the g, coordinate only, similarly to the scheme
of figure 1.

Since only one normal mode coordinate g, is responsi-
ble for the nuclear motion away from the NO, equilibrium
once the electron is attached to the target, no transformation
is needed for the coordinates as it was done in reference [17].
The attachment cross section is given by the O’Malley formula
[17, 18] for one-dimensional motion

271' Fd(qc
Caj 1% 2
where the sum is taken over the two resonances d => B; and

B\, k = \/2m.e [ his the wave number of the incident electron
and g, is the spin statistical ratio with g = 2 for3B; and g = §
for' By, q. and g, are the Frank—Condon point and the classical
turning point, which are obtained by solving A,(g.) = € and
Uu(qg) = E (see figure 1), respectively [17].

3. Cross section for electron capture

To evaluate the attachment cross section, one needs the reso-
nance energies A, and widths Iy, the PESs U, of the resonant
anion, and the initial nuclear wave function 7,, of the target.
The resonance energies and PESs for the 3B, and 'B; states
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Figure 4. PESs of NO, and NO, over the three normal coordinates. The left panel shows the PES of the ground electronic state X?A; of
NO; and the PES of the ?B; state of the anion in the g, and g5 coordinates. The right panel shows the same PESs in the space of ¢, and g,.
On the right of the two panels, the color scales refer to the 3B, resonant state.
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Figure 5. PESs of NO, and NO, as functions of the g, normal mode. The black curve is the PES U, of the NO, ground state. The red and
blue curves are the potential energies U, for 3B, and !B, resonance states, respectively. The 3B, and !B, resonance energies A, obtained in
the R-matrix calculation, are shown by red circles and blue squares and linear fits are shown with dashed lines of the same colors. The arrow
indicates the theoretical dissociation limit correlated to NO(v = 0) + O~ of NO, CBy).

along g, are displayed in figure 5. The dashed lines show the
linear approximation of A,(q,),

3)

824 @
dqy ’

dA
Au(g2) = A8a(0) +
where dA;/dqg, is the slope of the resonance energy over g,.
The widths of the 3By and the !B; resonances at different g,
are shown in figure 6 and are fitted as

dA Ba
Ffw4mw+7%g. (4)
q2

The values of the fitting parameters are given in table 2. One
can see that the widths go to zero ataround ¢, = 3.7 and 6.1 for
the 3B, and the !B, resonances, respectively, such that stabi-
lization occurs far from the Franck—Condon region. The PESs
of NO; are obtained by

hw,q3

Ui(q2) = Un(q2) + Da(q2) = +Aulq2).  (5)

Finally, the nuclear wave function 7),, of the NO, molecule in
the ground vibrational state is approximated with a Gaussian
function normalized in g,.
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Figure 6. Widths of the 3B, (red circles) and the 'B; (blue squares)
resonances as functions of the normal coordinate g,. The solid
curves are analytical fits of equation (4).

Table 2. Parameters of the fitted widths.

r « 6] dA/dg,
3B, 0.048 2288 1.672 69 —0.44879
'B 0.040 0452 1.731 67 —0.478 67

The computed attachment cross section is given in figure 7.
The threshold in the cross section around 1 eV is related to
the energy-dependent Franck—Condon factor in equation (2),
rather than to the NO(v = 0) + O~ threshold energy 1.71 eV,
computed in this study. This is because we did not con-
sider the nuclear dynamics of the NO, system beyond the
Franck—Condon region in equation (2). The overall shape
of the attachment cross section is in good agreement with
the experiment [13], which suggests that the present theory
describes well the electron-attachment process. However, the
peak value of the cross section is about 46 times larger than
the experimental DEA cross section measured by Rangwala
et al [13]. This could mean that the largest part of the outgo-
ing flux in the dissociating NO; anion returns back and the
anion is destroyed by autodetachment. In other words, it could
mean that the probability of survival of the anion with respect
to autodetachment is small.

4. Accounting for autodetachment

Because the widths of the resonances I'; are of the order of
0.1 eV (see table 1), autodetachment is not negligible and
should be accounted for when the DEA cross section is cal-
culated. The DEA cross section can be written as a prod-
uct of the attachment cross section o,, and a survival prob-
ability Ps. As a result, the DEA cross section is estimated
aS OpgEA ~ UcapPs-

D

~

[\
LA L L B B L L L B
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[

. 16 2
Capture cross section (10 cm")
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=

o
W
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Figure 7. The cross section for the electron attachment to NO,
calculated by equation (2) (black curve). The red solid curve is the
NO; DEA cross section measured by Rangwala et al [13] and the red
dashed curve is the same cross section multiplied by a factor of 46.

Using the WKB approximation, the survival probabilities
P are approximated as [18, 26, 27]

1 I ‘151:‘
P, = exp (—h / F(qz)dz) — exp (— / @Ef;;d@) ,
e qE

(6)
where [' = I'/(hw,) is the dimensionless resonance width
\/2 [(E — Us(g2))/(wn)] is the dimension-
less velocity. The integration is performed in the region
between the classical turning point g and the stabilization
point g.

The calculated survival probabilities Ps are plotted in
figure 8. The two curves have different thresholds with ener-
gies E = U,(q,): if the total energy, E, is smaller than the
energy U,(q,), where the resonant curve crosses the ionic
curve, the survival probability is set to zero. The overall sur-
vival probability for the !By state is smaller than that for the
3B, state, because the width of the 'B; state is larger than
that of the 3B, state and the stabilization point ¢, = 6.1 of
the !B, state is further away than for the *B; state, g, = 3.7
(see figure 5).

To account for the energy threshold for the DEA to NO,,
we further multiplied a Heaviside function 6(E — Ey,) to the
DEA cross section, such that

and 0(¢q2) =

ODEA(E) & Ocap(€) Ps(e) 0(E — En), @)

where Ey, = 1.71 eV is the NO(v = 0) + O~ threshold energy
mentioned above.

The resulting computed DEA cross section is shown with
the solid line in figure 9. The dot-dashed (blue) line shows
the theoretical cross section convoluted with the experimental
uncertainty of 0.5 eV in the electron energy [13]. The first peak
of the cross section in the present study is 2 x 107'® cm? at
1.71 eV. The position of the low-energy resonance is shifted to
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Figure 8. Survival probability of the 3B, (red curve) and the !B,
(blue curve) resonances as functions of the electron scattering
energy.
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Figure 9. Comparison of the raw, convoluted, and experimental
DEA cross sections. The solid line (black) is the raw theoretical
cross section. The dot-dashed (blue) line is the cross section
convoluted with AE = 0.5 eV. The experimental results obtained by
Rangwala et al [13] are shown by the dashed (red) line.

the right by about 0.3 eV with respect to the experimental value
by Rangwala et al [13] and the magnitude is about ten times
larger. The position of the second peak at 3.0 eV, observed by
Rangwala et al [13], is well reproduced in the present study,
but the magnitude of the theoretical cross section is about two
times larger than in the experiment. The uncertainty in position
and width of the calculated resonances due to the theoreti-
cal model are about 20%. The uncertainty was estimated by
changing the basis set and the CAS used in the calculations.
Therefore, the difference in the magnitude of the theoretical

H Liu et al
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Figure 10. MEP of the 3B, state (*A” for the C; geometries) of NO;
from the crossing point towards the dissociation limit NO + O~.

and experimental cross sections cannot be explained by the
uncertainty of the theoretical model.

The disagreement with the experimental cross section could
possibly be explained by a potential barrier, if it exists, in
the dissociation pathway NO + O~. To verify the exis-
tence of the barrier, we computed the minimum energy
pathway (MEP) of the *B; state of NO, from the cross-
ing point g, in figure 5 towards the dissociation limit NO
+ O~ using the multi-reference configuration interaction
(MRCI) method from MOLPRO. As a first step, we used
the spin-restricted Hartree—Fock (HF) method to determine
the electronic structure of NO; in the ground state with the
aug-cc-pVTZ basis set. The electronic configuration of
NO; ('A’) represented in the C; symmetry is found to be
(1 — 8d)*(1d")*(9d')*(2a")*(10d’)*. With the HF orbitals, we
constructed the 3A” state of NO, (corresponding to the B,
state in the C;, symmetry) using the CASSCF method, where
four electrons in the 2a” and 104’ orbitals are freely distributed
among the 10—11d’ and 234" orbitals. Finally, the MRCI cal-
culation for NO; (®A") was performed using the orbitals from
the CASSCF calculation. Figure 10 shows the MEP for the
lowest (*A”) state of NO; . Each energy point is obtained by
optimizing the MRCI energy with respect to one of the NO
bond lengths and the ONO angle, while the other NO bond
length is fixed at a given value of r,. One can see that the
MEP energy approaches the dissociation limit at r, > 5 A from
below without a potential barrier. Therefore, the lowest 3A”
state, which is the same as the B, state discussed above, has
a threshold energy, but no potential barrier.

5. Summary

To summarize, we modeled the process of attachment of
a low-energy electron to the NO, molecule in the ground
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vibrational level. The symmetric stretching mode of NO,
was found to contribute the most to the process. The attach-
ment cross section was computed using an approach based
on the O’Malley theory, developed in 1960s for diatomic
molecules, and generalized to polyatomic molecules by Yuen
et al [17]. After taking into account the autodetachment and
dissociation thresholds, DEA cross section of NO, was evalu-
ated. Positions of the two resonances, obtained in the study,
agree well with the experiment. Peak values of the convo-
luted cross section at energies of the two resonances are
larger by factors of 10 and 2 compared to the experiment
by Rangwala e al [13]. The shape of the convoluted cross
section agrees quite well with the experiment. To under-
stand the discrepancy between the theory and the experiment,
the MEP of the B, state of NO, towards the dissociation
limit NO 4+ O~ was determined. No potential barrier was
found.

We concluded that our model probably overestimates the
DEA cross section for NO,. Experiments with a better energy
resolution as well as a more accurate theoretical approach
are therefore needed to further access the applicability and
accuracy of the present DEA theory for NO,. A multidimen-
sional wave-packet propagation method is an example of more
accurate theoretical approach. This method can account for
the effect of multidimensional nuclear dynamics. The method
required global PESs of the resonant states. Computing the res-
onant anion PES is a laborious task. The approach presented
here provides a simpler way to estimate the DEA cross section.
For systems with the dissociation pathway on a single PES
or even multiple coupled PES, having no barrier to dissoci-
ation, the current approach can be applied in a straightforward
manner. Therefore, it is highly desirable to continue to bench-
mark the current theoretical approach on other polyatomic
molecules.
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