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Abstract. Free, gas-phase polycyclic aromatic hydrocarbons (PAHs) and related species are currently
considered to play an important role in the interstellar/circumstellar medium as they are thought to
significantly contribute to both Diffuse and Unidentified infrared interstellar bands. They are also con-
sidered fundamental blocks of the interstellar dust and several formation mechanisms were proposed with
regard to their interstellar/circumstellar synthesis. In this paper we therefore present and discuss the re-
sults obtained from ab initio quantum scattering calculations of the response from neutral polar aromatic
single-ring species to low-energies electron collisions. Our main purpose is here to provide new values for
the rate constants for electron attachment to orthobenzyne and to phenyl molecules by discussing in detail
the effects of the long-range dipole interaction in the framework of the Born perturbative approximation at
the first order. We shall further discuss the specific behavior of the electrons’ diffusion by such molecules,
especially in the low-energy range of the scattered particles’ energies as guided by their permanent dipole
moments. We shall also provide accurate numerical fittings for both rates and give explicitly the fitting
parameters for their possible use in evolutionary models.

1 Introduction

Polycyclic aromatic hydrocarbons (PAHs) are large
molecules with carbon atoms arranged in five- or six-
membered rings. They are known to be abundant and
ubiquitous in the interstellar medium (ISM) [1–5], even
though currently no specific chemical carrier has been
identified [6,7] with the exception of benzene (C6H6) [8].
These molecules are also taken as prebiotic species (as
important carbon-bearing species) [9] and are surmised to
lock up ∼5% of the elemental carbon, hence representing
a carbon reservoir which is comparable to that of gaseous
CO [10].

In connection with the molecular synthesis which are
taken to occur in the stellar wind of C-rich AGB stars, at
present it is well known that the carbon element, synthe-
sized through helium burning reactions in the core of the
star, is then dredged up to the photosphere due to con-
vective transport mechanisms so that it reacts there with
the elemental oxygen forming CO, while the excess car-
bon can additionally form other carbon-based molecules
(like C2) that constitute the starting point for the syn-
thesis of the acetylene, C2H2, (mainly due to the wide
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availability of hydrogen in the outer shell), the most dif-
fuse carbon-bearing species in the ISM and, from the as-
trochemical point of view, the fundamental building block
for the possible subsequent formation of aromatic rings.

Since AGB stars undergo extensive mass loss at typi-
cally high rates, (up to 10−4 M yr−1) [11,12], the circum-
stellar material is physically processed through an intense
stellar wind; accordingly, free gas-phase PAHs are thought
to form either in the ejecta from C-rich post-AGB stars
or in evolved proto-planetary nebulae (PPN) objects as
critical intermediaries and by-products of the dust forma-
tion processes. In line with that, in fact, both cristalline
and amorphous solid-state nanoparticles are surmised to
be condensed in the above stellar wind to such an extent
that the circumstellar envelope, in the late stage of the
AGB phase evolution, can nearly completely obscure the
central star by dust extinction [13], where such a thick
molecular envelope might survive during the beginning
of the next planetary nebula (PN) phase [14] as observa-
tions suggest [15,16]. It therefore follows that the spectro-
scopic detection of organic aromatic compounds, both in
the circumstellar environments (CSE) and in the ejecta of
C-rich evolved stars, indirectly provide precious informa-
tion on how these species are formed: hence, the fact that
no aromatic infrared bands (AIBs) have been seen in AGB
stars, the AIBs making instead their appearence either in
the post-AGB or PPN objects, strongly suggests that the
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aromatic species might be synthesized mainly during the
post-AGB phase of C-rich stars [17–19].

2 Routes to PAHs formation: an outline

Generally speaking, the most favourable routes regard-
ing the interstellar/circumstellar PAHs synthesis were
surmised to involve molecular weight growth processes
that occurr mainly in warm and dense CSE around
evolved C-rich stars through chemical reactions of sim-
ple one-ring aromatic species (like the phenyl radical,
C6H5) with acetylenic radicals (like the propargyl species,
HC≡C-CH2) [20–22] based on the hydrogen-abstraction-
acetylene-addition mechanism that operates at high tem-
peratures (T ∼ 1000 K) [23]. In this connection, some the-
oretical studies suggest that, at the above temperatures,
the naphthalene molecule could be efficiently synthesized
by gas-phase mechanisms involving phenyl-radical reac-
tions with the vinyl-acetylene (HC≡C-CH=CH2) [24], as
well as through the reaction of benzene (C6H6) with
o-benzyne (o-C6H4) [25]. Last but not least, also the low-
temperature (T ∼ 10 K) formation of naphthalene in
the cold interstellar medium was recently experimentally
probed [26]: the authors of that work showed that the
naphthalene molecule can be efficiently formed in the gas-
phase via a barrierless and exoergic reaction between the
phenyl-radical and the vinyl-acetylene species involving
the formation of a van-der-Waals transient complex fol-
lowed by an isomerization of the vinylacetylene via a ‘sub-
merged’ barrier at much lower temperatures (T ∼ 10 K)
than previously surmised.

Regarding this low-temperature chemical path, as the
authors of [27] also mention, it is very important to in-
clude the effects of photolysis and interstellar shock waves
driven by supernova explosions, as well as those related
to the cosmic ray processing. Thus it becomes possible
to argue that PAHs in the ISM are destroyed on a rel-
atively short time scale [26,28,29], one which could be
shorter than the typical time scale for the injection of new
aromatic carbon-rich material into the ISM itself [30]: in
order to account for the almost ubiquitous presence of
PAHs in the ISM a new and as yet unexplained route
is therefore needed to justify the fast chemical growth of
PAHs, since a chemical path involving the phenyl species
could be active in cold environments like dense and dark
molecular clouds. In this sense, even if the C6H5 does
not properly represent a polycyclic aromatic species, it
clearly represents at least one of the building blocks for
PAHs formation so that its chemistry and more in general
that of benzene-related species (like the aromatic single-
ring orthobenzyne, o-C6H4, and the phenyl radical C6H5)
are prototypical toward the formation of larger aromatic
species in the above astrophysical environments. In line
with such considerations, we additionally think that low-
energy collisions with free electrons, whose presence may
be found either in the stellar wind or in the local pho-
toionization of interstellar/circumstellar matter (including
dense molecular clouds), can participate to the above com-
plex synthetic mechanisms by forming either low-energy

‘compound’ resonances or virtual states by which it is in
turn possible to access a variety of stable negative ions via
several energy-redistribution paths.

We have further established in our earlier work [31,32]
that another PAH precursor, the closed-shell neutral or-
thobenzyne, exhibits the presence of marked metastable
anionic resonances when interacting with low-energy elec-
trons. Those findings enabled us to suggest direct involve-
ment of its associated anion within the complex chain of
reactions leading to the formation of the larger PAHs. It
is thus reasonable to now argue that both such single-
ring aromatic systems should be involved both in the ISM
and in protoplanetary atmospheres. Their electron affini-
ties are known: EAphenyl = 1.0960 ± 0.0060 eV [33],
while EAo-benzyne = 0.5640 ± 0.0070 eV [34] and so
are their dipole moments: μphenyl = 0.872 D/0.9 D, the
first computed at the ROB3LYP/aug-cc-pVTZ expansion
level by us and the second value experimentally deter-
mined by [35], while for the o-C6H4 case, μo-benzyne =
1.68 D/1.77 D, the first number referring to one theoretical
value [36] and the second also computationally evaluated
by us [32] at the B3LYP/aug-cc-pVTZ level.

Although the definitive identification of PAHs species
in the ISM has been proven difficult and challenging,
they have been tentatively included in some astrochem-
ical models [37–39], where generally speaking their inclu-
sion is shown to have remarkable consequences. In this
framework, keeping in mind that the dehydrogenated PAH
anions might be more stable in both interstellar and cir-
cumstellar environments because of their larger electron
affinity (EA) once they become radical PAHs [40], the
phenyde ion (C6H−5 ) constitutes a very likely archetype
species since the neutral (not deprotonated) counterpart
is the benzene molecule which has instead a large pos-
itive EA. Since the astrochemical models that currently
include PAHs do not yet account for the dehydrogenated
anionic polycyclic aromatic species (generally identified as
PAH−n−1), it is important to start to characterize the ki-
netics of formation of this class of anions: accordingly, we
have already discussed earlier [41] the mechanisms that,
at the nanoscopic level, can yield the phenyde metastable
anion as the doorway for the formation of the thermody-
namically stable phenyde anion, whose gas-phase reactiv-
ity with species of interstellar relevance has been recently
experimentally probed [42] with very similar conclusions.

The main purpose of our present work is instead to
further analyse in some detail the role of the permanent
dipole moments of the two title molecules on the accurate
determination of their behavior when scattering electrons
at very low-energies, i.e. the quantum deflections of free
electrons which may be caused by both molecules in the
gas phase.

Hence, to reliably obtain differential cross sections
(DCS) for the scattered electrons shall provide useful in-
dicators on the efficiency of the title molecules to elec-
tron deflection. It shall also give us essential information,
at very low temperatures, on the corresponding electron
attachment rates that can be employed in evolutionary
models that include these anions among the network of
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chemical processes relevant to ISM environments. In this
respect, therefore, to go from DCS to integral cross sec-
tions (ICS) and then to electron attachment rates for polar
molecules will be one of the tasks of the present study.

3 The computational model

3.1 electron-molecule scattering: elastic cross sections

Since the quantum dynamical equations used for this
study have been described in detail many times be-
fore [43,44], we only present here a brief outline of
them and refer the interested reader to those earlier
publications.

The total (N+1)-electron wavefunction is constructed
as an antisymmmetrized product of one-electron wave
functions obtained from Hartree-Fock orbitals of the neu-
tral ground state molecular target, considering the N
bound electrons in their ground-state configuration during
the whole scattering process: thus, no core-excited res-
onances are allowed in our modelling. The nuclear con-
figuration of the molecular target is fixed at its equilib-
rium structure during the whole collisional event, which
gives back the fixed nuclei (FN) approximation. Each of
the three dimensional wave functions describing a given
electron is expanded around the molecular center of mass
(Single Center Expansion, SCE, [43]) so that for each of
the bound molecular electrons we have

φpμ
i =

1
r

∑
�h

upμ,i
�h (r)χpμ

�h (r̂;R) (1)

and for the scattered particle

ψpμ =
1
r

∑
�h

fpμ
�h (r)χpμ

�h (r̂;R). (2)

In the above SCE representations, the superscripts label
the μth irreducible representation of the pth symmetry
group to which the molecule belongs at the fixed nuclear
geometry R, and the subscripts refer to each of the angular
channels under consideration; the radial coefficients upμ,α

�h
for the bound molecular electrons are numerically eval-
uated by a quadrature on a radial grid [45]. The angu-
lar functions χpμ

�h are symmetry adapted angular functions
given by proper combinations of the spherical harmonics

χpμ
�h =

∑
m

bpμ
�hmY

m
� (r̂), (3)

where the bpμ
�hm coefficients are described and tabulated in

reference [46].
The ensuing coupled partial integro-differential equa-

tions provide us with a way of evaluating the unknown
radial coefficients fpμ

�h for the (N + 1)th continuum elec-
tron, scattered off the N -electron neutral target, by us-
ing the SCE radial quantities for the occupied molecular

orbitals [47][
d2

dr2
− l(l+ 1)

r2
+ 2 (E − ε)

]
fpμ

lh (r|R)

= 2
∑
l′h′

∫
dr′V̂ pμ

lh,l′h′(r, r′|R)fpμ
l′h′(r′|R), (4)

where E is the collision energy E = k2/2 and ε is the
eigenvalue for the electronic ground state energy so that
(k2/2 = E− ε), k being the asymptotic momentum of the
elastically scattered electron.

As previously anticipated, the assumption that the tar-
get molecule is here realistically described by its electronic
ground-state obtains the static-exchange (SE) representa-
tion of the electron-molecule interaction for the molecular
ground-state geometry R. For a target which has a closed
shell electronic structure, with nocc = N/2 doubly occu-
pied molecular orbitals, the SE potential has the following
form:

VSE(r) =
M∑

γ=1

Zγ

|r−Rγ | +
nocc∑
i=1

(
2Ĵi − K̂i

)
(5)

= Vst −
nocc∑
i=1

K̂i

where Ĵi and K̂i are the usual local static potential and
the non-local exchange potential operators respectively.
The index γ runs over the M molecular nuclei within the
center of mass frame. The SE approach, however, does
not include the dynamical response of the target to the
impinging electron, i.e. the correlation and polarization ef-
fects acting at short and at large electron-target distances
respectively. Thus, we model the above additional part of
the overall interaction by introducing the following optical
potential:

Vcp(r) =

{
Vcorr(r) for r ≤ rmatch

Vpol(r) for r > rmatch.
(6)

We further employ the Free-Electron-gas-exchange model
proposed by Hara (HFEGE), [48], VHFEGE

VHFEGE (r|R) = − 2
π
KF (r|R)

[
1
2

+
1− η2

4η
ln
(

1 + η

1− η
)]

,

(7)
where the wavevector up to the top of the Fermi surface
is given by the usual free-electron relation

KF (r|R) =
[
3π2ρ(r|R)

]1/3
, (8)

and η(r) holds the ratio between the actual wavevector
k(r) for the scattered electronic particle and the one at
the top of the Fermi surface for the free-electron gas.

For the present case, since we are dealing also with
an open-shell system (the phenyl radical), the electronic
density ρ(r|R)

ρ(r) =
∫
|det||φ1(r)φ2(x2) · · ·φne(xne)|||2dx2 · · ·dxne

(9)
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is evaluated by assigning 2 as the occupation number of
each of the 20 doubly occupied MO in the neutral tar-
get (as we do for the o-benzyne) and by setting instead
such value to 1 for the X2A1 single electron in the phenyl
radical: in this way we treat ‘exactly’ (in the limit of the
HFEGE local energy-dependent scheme) the exchange in-
teraction between the colliding electron and each of the
‘core’ doubly occupied MOs, while keeping for the uncou-
pled bound electron an ‘hybrid’ description which is in
between a triplet/singlet.

This last step provides the so-called static-model-
exchange-correlation-polarization (SMECP) approxima-
tion for the scattering event. The coupled set of integrod-
ifferential equations in equation (4) now takes the form

[
d2

dr2
− l(l+ 1)

r2
+ k2

]
fpμ

lh (r) = 2
∑
l′h′

V pμ
lh,l′h′(r)fpμ

l′h′(r),

(10)
where the potential coupling elements are now given by

V pμ
lh,l′h′(r) = 〈χpμ

lh (r̂)|V (r)|χpμ
l′h′(r̂)〉 (11)

=
∫
dr̂χpμ

lh (r̂)V (r)χpμ
l′h′(r̂).

We numerically solve the coupled equations equation (10)
using V = VSMECP to produce both the K-matrix el-
ements and the scattering amplitude in the body-fixed
(BF) frame of reference, the latter being centered on the
molecular center of mass with the ‘z’ axis along the high-
est symmetry axis at the given nuclear geometry.

To provide physically meaningful quantities which
could be compared with experiments, when available, we
have however to express the BF scattering amplitude in
the laboratory frame (space-fixed, SF), in which the axis
are arbitrarily oriented and kept fixed during the collision,
so that the squared modulus of the latter quantity enables
us to express the differential cross section (DCS) as

dσ

dΩ
=

1
8π2

∫
dα sinβ dβ dγ |f(k̂r̂|α, β, γ)|2 (12)

=
∑
L

ALPL(cos θ)

where α, β and γ refer to the Euler angles, so that in
the last formula θ is now the center of mass angle from
the impinging direction k̂ (in the BF frame of reference);
while the AL coefficients are found to be directly depen-
dent on the K�,�′ elements as rather complicated functions
of the colliding electron orbital angular momentum � [49].
It should be mentioned at this point that all the above
computed observables were obtained through the use of
our own developed computational codes.

3.2 Dipole interaction and angular distributions:
the Born correction and the rotationally inelastic
cross sections

For polar targets, the calculation of the K-matrix in
any frame of reference when using the FN approximation

yields a logaritmic divergence of the ICS, which in turn
comes from the divergence in the forward direction that
characterizes the total DCS, [44].

The above breakdown basically depends on the long-
range nature of the interaction potential that, for the
dipole term, turns out to be the strongest at large dis-
tances (Vμ ∼ 1/r2, r being the distance between the in-
coming electron and the molecular center of mass). The
collision cross section, in qualitative terms, can be thought
of as being due to two distinct parts: the first includes the
contributions of the smaller partial waves to the K-matrix
elements, while the second accounts for the contributions
from the larger �, �′ values associated to a colliding elec-
tron sampling very large centrifugal barriers that in prin-
ciple should keep it away from the inner region. It follows
that the phase shifts of the latter contributions will be
mainly caused by the long range part of the potential so
that, in this region, the impinging electron experiences a
pure dipole potential normally weak enough that the first
order perturbation of the Born approximation (FBA) can
be safely used to describe its effects. The angular distri-
bution of the scattered electron by a point dipole of fixed
orientation (i.e. non rotating) has a simple pole for θ = 0
when the collisional problem is solved in the FBA [50].
Moreover, it can additionally be shown that if one tries to
evaluate the DCS via a series expansion (like in Eq. (12)),
oscillating contributions will begin to arise when the size
of the involved partial waves is increased [51].

In order to remedy this, while still taking advantage
of the intrinsic simplicity of the FN approximation in
the framework of the adiabatic nuclei rotational (ANR)
scheme, we used the well-known multipole-extracted-
adiabatic-nuclei approximation (MEAN) [51]. This ap-
proach enables us to avoid the divergence problem by
using a closure formula that also accounts for molecular
rotational transitions J ′ ← J [44,51]:

dσ

dΩ

J′←J

(k̂r̂) =

(
dσ

dΩ

J′←J
)FBA

(13)

+
∑
L

[
AJ′←J

L −
(
AJ′←J

L

)FBA
]
PL(cos θ).

The latter is a modified version of the series expansion
(Eq. (12)) used for the DCS of non-polar systems and
contains now three terms. The first one is the value of the
DCS from the rotating dipole scatterer in the FBA, while
the brackets contain the difference between the AL coef-
ficient constructed via the ab initio computed K-matrix
as obtained from the propagation of the wavefunction in
the coupled equation (10) for low partial waves plus the
FBA K��′ elements for larger partial waves, and the AL

coefficients entirely provided by the FBA approximation
for the fixed dipole scatterer [44,49,51].

It is important to remember that there is no one-to-one
correspondence between L and �, although we note that
each AL is a quadratic form of the transition matrix T ,
linked to the scattering S matrix and to the reactance K
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Table 1. Computed rotational constants for phenyl (left column) and o-benzyne (right column). See text for further details.

C6H5 C6H4

A 6.3875 GHz = 2.6417e-05 eV 7.2137 GHz = 2.9834e-05 eV
B 5.7178 GHz = 2.3647e-05 eV 5.8100 GHz = 2.4028e-05 eV
C 3.0171 GHz = 1.2477e-05 eV 3.2181 GHz = 1.3309e-05 eV

matrix as
T = S − 1 =

1 + iK

1− iK − 1 (14)

so that, generally speaking, it is possible to write

AL = T TXLT, (15)

where XL is a symmetric matrix containing coupling
terms depending on the rotator symmetry that arise by
angular momentum algebra [52]. Since each AL has a
clear interference contribution term involving K�,�′ ele-
ments from the larger partial-waves (which for � > �B
are susceptible to be replaced by the FBA K�,�′ elements)
and those corresponding to small partial waves (which for
� < �B cannot be treated in the same way as the previous
ones), in the closure formula of equation (13) particular
attention should be paid to the convergence of both the
label L and the value of �B, the latter being related to the
number of partial waves mixed in by the incoming electron
and not treated in the FBA approximation.

All the above considerations, as it will become evident
below, are driven by the necessity of providing numerically
reliable values of the ICS down to electron temperatures
of a few Kelvin, as those encountered in the interstellar
medium within the electron energy distribution functions
that are expected to exist in those environments. This
means that our aim of generating accurate attachment
rates at those temperatures shall require on our part a
very careful analysis of the DCS calculations which pre-
ceed that computational step.

4 Results and discussion

4.1 Numerical details

The molecular orbitals of the equilibrium structure of
the target molecule were obtained at the ROHF (for the
phenyl radical) and at the HF level (for the o-benzyne)
by using the aug-cc-pVTZ basis set [53]. These ab initio
calculations constitute the starting point of the SCE
expansion, as briefly described in the previous section,
and produce a total SCF energy of –230.129212 and
229.467987 hartrees for the neutral phenyl radical and for
the neutral closed-shell orthobenzyne, respectively.

Using the above basis set, the computed neutral elec-
tronic molecular wavefunction yields a permanent dipole
moment of 0.7348 D = 0.290 a.u. and a tensorial polariz-
ability which components are 44.05, 82.02 and 77.68 Bohr3
(xx, yy and zz, respectively) for the open-shell phenyl. On
the other hand, for the permanent dipole moment as well
as for the spherical polarizability of the orthobenzyne we

use here the theoretical values that were calculated by us
at the same basis set expansion level (1.77D = 0.696 a.u.
and 67.64 a.u.3, which is the spherical dipole polarizabil-
ity) in previous work [31].

When considered in terms of rigid rotor classification,
the two molecules belong to the C2v symmetry group (the
highest rotational symmetry axis is a binary one, placed
in both cases along the molecular plane), so that in terms
of rigid rotor classification, they are both asymmetric ro-
tors. The associated rotational constants were computed
by us by using the GAUSSIAN suite of ab initio quantum
chemistry codes [53] at the same basis set expansion level
as for the dipole and for the polarizability, as summarized
in Table 1.

Following the conventional chain of inequalities IA ≤
IB ≤ IC of the three moments of inertia, we clearly see
that in both molecules there is a marked difference be-
tween the first two rotational constants (A and B, corre-
sponding to the smaller moments of inertia) and the third
one, C. Accordingly, in order to simplify the calculation
of the differential cross section for rotational excitation,
we describe both the target systems as oblate symmetric
rotors (IA = IB ≤ IC), hence using the average value of
the larger constants (A, B), while keeping the smaller one
unchanged. We have computed the DCS for the rotation-
ally elastic and inelastic channels using the simpler basis
set of symmetric rotational eigenfunctions [52]

ψsymm(α β γ) =
(

2J + 1
8π2

)1/2

DJ∗
MJ KJ

, (16)

characterized by the three rotational quantum numbers J ,
KJ and MJ [54], D being the Wigner rotation matrix [54].
The above choice alters very little the final scattering
quantities employed in the present discussion.

The final (converged) scattering parameters used
throughout the present work can be summarized as
follows:

(i) �Max = 50 as the maximum angular value for the
partial waves used in the scattering wavefunction ex-
pansion needed to solve the coupled equations (10);

(ii) �V = 100 as the maximum angular value for the
partial waves to expand the interaction potential
VSMECP , as described in the previous section;

(iii) �FBA = 34 as the maximum angular value for the
FBA corrected partial waves: it means that 1225
KFBA

�,�′ elements are used in evaluating the AFBA
L

coefficients;
(iv) �MaxK = 17 as the maximum � value to represent

the ab initio scattering K-matrix used in the closure
formula (Eq. (13)): this number physically refers to
the maximum angular value �B for the undeformed
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Fig. 1. Computed differential cross sections for the electron-benzyne collision (upper panels) and for the electron-phenyl collision
(lower panels) at 10−4 eV and 10−3 eV, respectively. See main text for further details.

partial waves used in the calculation of the AL coef-
ficients in equation (13)

(v) L = 68, the maximum L in the series expansion
(Eq. (13));

(vi) 500 Å, the size of the physical ‘box’ through which
we propagate the scattering (unknown) radial wave-
function fpμ

h� (r) to produce the relevant ab initio K�,�′

elements.

4.2 Evaluating the electron’s quantum deflection
at low energies

In this section we present our findings on the efficiency
of electron’s deflection at low energies for both molecules
in the gas-phase. We include the corrective terms which
account for the long-range dipolar interaction as treated
in the framework of the FBA approximation discussed
before.

Figures 1−3 show our results for the computed state-
to-state DCS of electron-phenyl (lower panels in each fig-
ure) and electron-orthobenzyne collisions (upper panels).
In addition to the pure elastic collisions |J ′ = 0〉 ← |J =
0〉, the first two rotational excitations starting from the
rotational ground state |J = 0〉 are reported.

One should note that the energy window covers here
the low-energy region and goes beyond it down to the
ultra-low energies (10−3 and 10−4 eV): it is thus important
to discuss the range of validity of the FBA. The early anal-
ysis by Takayanagi [55] found that, in the case of relatively
small permanent dipole moments (μ ≤ 1 a.u. = 2.54 D)
the partial waves describing the colliding electron are dis-
torted so little that they can be efficiently treated in the

perturbative Born theory. In fact, it can be shown that
when the ratio between the colliding electron energy (in
the meV range and below) and the energy transferred
in the collision itself (via rotational excitations) is large,
the contributions of higher partial waves continue to be
present, so that the Born method gives reliable results
for the DCS for such external contributions. For rota-
tional transitions having the rotational ground state as
the initial state, this is then expressed with the following
formula [49,52]:

(
dσ

dΩ

J′←J
)FBA

=
4
3
k′

k
μ2 2J ′ + 1
k2 + k′2 − 2kk′ cos θ

×
(
J J ′ 1
KJ −KJ 0

)2

, (17)

which depends on the squared value of the permanent
dipole (μ) but does not depend on the K-matrix since it
is derived by using the point dipole model (k and k′ being
the electron linear momenum before and after the colli-
sion, while J/J ′ and KJ refer to the initial/final rotational
quantum number and its projection on the main molecular
symmetry axis, respectively). Furthermore, since the short
range interactions between the incoming electron and the
molecular target affect only the small � partial waves, the
previous conclusions also apply, so that the inaccuracy in-
troduced by equation (17) to compute the DCS in the
ultra-low energies regime (i.e. 10−4 and 10 −3 eV; see the
DCS for the |J = 1〉 ← |J = 0〉 rotational transition re-
ported by the red squares in Fig. 1) should not be unduly
large.
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Fig. 2. Same as in Figure 1, but for 10−2 and 10−1 eV. See main text for further details.
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In this connection, it is possible to show that the
DCS does not depend on the initial rotational state of
the molecular target unless the scattering angle is very
small [56]. Hence, when the collision energy decreases the
‘critical’ angle increases, so that the additional neglect
of the molecular excitation temperature would become
questionable. In the present case, due to the large mo-
ments of inertia for both molecular targets, the rotational

excitation energy for the |J ′ = 1〉 ← |J = 0〉 channel is so
small that the critical angle remains small even at the colli-
sion energy of 10−4 eV, the smallest value computed here.
At that ultra-low energy we have additionally extrapo-
lated the DCS to angles below ∼4◦ by using an Akima-
type spline fitting in order to better represent the marked
peak in the forward direction shown by the DCS. One
should mention that recent theoretical investigations [57]
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on a different system showed that the ANR approximation
is surprisingly effective even near threshold, hence at least
qualitatively supporting the use of this approximation in
the present work.

Generally speaking, it is well-known that when the
collision energy moves down to vanishing values, the scat-
tering is expected to be dominated by the � = 0 par-
tial wave: accordingly, our results for both the title sys-
tems show a largely isotropic behavior (s-wave) of the
|J ′ = 0〉 ← |J = 0〉 differential cross section at 10−4 and
10−3 eV. This state-to-state DCS is evaluated according
to equation (12) by using the ab initio computedK-matrix
elements.

When the collision is treated in the FBA coupling
scheme, the angular momentum � of the incoming elec-
tron must change by ±1 which therefore means that the
main contribution to the scattering comes from the outgo-
ing s-wave which is associated with the incoming p-wave,
the latter being coupled by the dipole. Hence, when the
collision energy is very small, it makes sense to assume
that, even if the p-wave cannot penetrate the inner region,
it still undergoes a small dephasing which arises from the
long-range dipolar contribution and which, at least quali-
tatively, can justify the marked forward scattering at small
angles for the |J ′ = 1〉 ← |J = 0〉 rotational transition.

Similar considerations also hold when the incoming
electron energy is increased to 10−2 and 10−1 eV: the
panels in Figure 2 clearly show that the collisional event
still continues to be dominated by the forward scattering
for the rotational transition |J ′ = 1〉 ← |J = 0〉 associ-
ated with the dipole. To produce the DCS for these en-
ergies we have now used the entire expression reported in
equation (13). At the same time, we deem important to
note that the largely isotropic behavior associated with
the electron scattering in the |J ′ = 0〉 ← |J = 0〉 ro-
tational channel starts to breakdown when the energy is
raised to 10−1 eV: at this energy value the short-range
interactions couple in more partial waves which describe
the incoming electron, so that the deflection of the lat-
ter is now given by superpositions of several partial waves
and their interference leads to a deflection which is now
angle-dependent.

When the collision energy is further increased to 1 eV
and over, the interaction between the incoming electron
and the targets is such that for both molecules new
resonant features arise. We have already discussed else-
where [31,41] the formation of transient anionic species,
while our main interest here is instead on the angular re-
distributions of the scattered electrons as a function of
the collision energy. Since we know that the elastic angu-
lar distributions can be used as a probe for the interac-
tion potential, we see that both the C6H4 and the C6H5

are characterized by a marked forward scattering, thus
the long-range dipolar interaction is still playing a dom-
inant role. The two single-ring aromatic systems differ
instead when the backward scattering behavior is anal-
ysed: it is indicative of an interaction mainly involving
short-range potential terms, and accordingly it is associ-
ated with the resonant capture of the incident electron.

For the orthobenzyne it arises at about 1 eV (for which
we locate a σ∗-like b2 resonance, see [31]) while for the
phenyl we have shown [41] that at 3 eV such a behavior is
chiefly linked to the π∗-like b1 resonance found at 2.95 eV.

We have also computed the DCS (reported in
Figs. 1−3 as blue solid lines) by neglecting the dipole mo-
ment correction: once the dipole interaction is taken out,
the increasing behaviour at small angles is largely absent
at very low energies while it produces a marked broad peak
in the same angular region when the collision energy is in-
creased from 10−3 eV to 3 eV. As will be discussed in more
detail in the next section, the presence of a true dipole po-
tential has strong effects on the associated ICS since larger
ICS values will be obtained once the DCS with μ �= 0 are
integrated all over the solid angle, thus greatly affecting
the rate coefficients for low electron’s temperatures.

4.3 The computed attachment rate coefficients

The elastic integral cross sections (ICS), as well as the mo-
mentum transfer cross sections (MTCS) have been com-
puted from the state-to-state DCS discussed in the pre-
vious section via a trapezoidal integration and then by
summing over the rotational transitions. They refer to the
following scattering events

C6H5(X2A1) + e− → (
C6H−5

)∗ → C6H−5 /C6H∗5 + e−

C6H4(X1A1) + e− → (
C6H−4

)∗ → C6H−4 /C6H∗4 + e−

(18)

and, in general terms, they describe two possible de-
cay processes: once the metastable transient negative ion
(TNI) is formed, in fact, it can either (i) decay into a
bound anion or (ii) undergo autodetachment with concur-
rent excitation of molecular rotations. The resultant en-
ergy behaviour for both the ICS and the MTCS is shown
as a function of the electron collision energy in Figure 4
(where the solid lines refer to the ICS for the two molec-
ular systems and the dashed lines are for the MTCS): the
rapidly increasing values of the ICS at low, and expecially
at ultra-low energies, clearly indicate that the slowest com-
ponent of the impinging electrons strongly interact with
both gaseous molecular targets, a distinctive feature which
was already visible by analyzing and discussing the DCS
behavior in the same energy region.

Our estimates for the anion formation rate coefficients
as a function of the kinetic electronic temperature Te,
are obtained by integrating the computed ICS over the
energy distribution of the scattered electron. The latter
is assumed to be thermalized and then expressed as a
Boltzmann exponential

kEA(Te) ∼ kTNI(Te) =

√
8KBTe

πμ

1
(KBTe)

2

×
∫ ∞

0

σ(E)Ee−
E

KB Te dE. (19)

http://www.epj.org


Eur. Phys. J. D (2013) 67: 268 Page 9 of 12

0,0001 0,001 0,01 0,1 1

eV
1

10

100

1000

10000

1e+05

1e+06

Å
2

benzyne ICS
phenyl ICS
benzyne MTCS
phenyl MTCS

Fig. 4. Computed integral cross sections (soldi lines) and mo-
mentum transfer cross sections for the orthobenzyne (blue cir-
cles and light blue down triangles, respectively) and for the
phenyl radical (red squares and orange right triangles, respec-
tively). See main text for further details.

As already explained in [58], the above equation refers to
a general definition of the attachment rates and requires
the further analysis and definition of the corresponding
attachment cross sections on the r.h.s. of the equation it-
self. We remind the readers, already at this initial stage,
that the present attachment rates shall be directly linked
to our computed rates of formation of the TNI complex,
as further discussed below. In the present analysis, in fact,
our computed total cross section is made up of different
processes that take place via binary collisions and which
can lead to the formation of anionic metastable species
(TNIs), the latter being therefore the cornerstone species
that, from a kinetics point of view, leads in turn to the sta-
ble, bound negative ions. They will be discussed in greater
detail in the following part of the present subsection.

The present rate coefficients kEA describing the ef-
ficiency of electron attachments to form (C6H−5 )∗ and
(C6H−4 )∗ are reported in Figure 5 as a function of Te:
the upper panel of that figure (red diamonds) refers to
the kEA values computed for the orthobenzyne system,
while the lower one contains our kEA for the phenyl radical
(red squares). The blue line in each panel within the same
figure shows the non-linear fitting of our computed rate
coefficients according to the well-known Kooij-Arrhenius
formula

k(T ) = α (T/300)β exp (−γ/T ) (20)

which enabled us to produce the parameters
α (cm3 sec−1), β (pure number) and γ (K), also reported
in the same Figure 5.

The dashed curves in both panels refer to the earlier
calculations for the same quantities reported in [58].

The convolution of equation (19) over the electronic
temperature Te of the integral, total cross sections σ(E)
takes into account all metastable attachment processes
over the relevant energy range, further including the sum
over rotational excitation processes occurring from the
rotational ground state, |J = 0〉; however, they do not
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Fig. 5. Computed electron attachment rates for orthobenzyne
and phenyl polar aromatic molecules. The corresponding fit-
ting parameters for the Kooij-Arrhenius formula are also given
in the figure. Here, α is in units of 109 cm3 sec−1 and γ is ex-
pressed in temperature units, K. The dashed curves are the
earlier calculations from [58].

include the channels involving either electronic or vibra-
tional excitations. We know from previous analysis of
polyatomic targets that the vibrational inelastic cross
sections at the relevant energies account for approxi-
mately 10% of the integral cross sections so that they
would not dramatically affect the values of σ(E) in equa-
tion (19) [59]. One should additionally note that when
the ultra-low energies are considered, as we also do in the
present case for Te below 50 K, the numerical convolution
of equation (19) covers a very small energy field where the
numerical value of the Boltzmann exponential function is
still different from zero and where both the vibrational
and the electronic excitation channels are clearly closed
during the collisions.

In this framework, it is useful to look at the electron-
attachment process

M(Ri) + e− kEA−−−→M(Rf )− (21)

more in detail, so that it can be divided into a first at-
tachment stage (the TNI formation) and a subsequent one
that, via multidimensional IVR, will produce a stable an-
ion; thus, the overall process could be described by the
following prototypical steps

M(Ri) + e− kT NI−−−→ [
M−

]∗ kα−−→M(Rf )−, (22)

where M stands for the undissociated neutral molecular
target, Ri (Rf ) indicate the initial (the final) molecular
geometry and kα describes different stabilization paths,
one of which is indeed the radiative stabilization channel[

M−
]∗ krs−−→M(Rrs)− + hν (23)

while another is the dissociative attachment channel in
which the dehydrogenation process leading C6H−5 could
have happened from benzene + e−. Note that both are in
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competition with the autodetachment process, namely
[
M−

]∗ kad−−→M(Rad) + e−. (24)

In the above equations, we have indicated the deforma-
tions in the molecular structure as Rrs, Rad and more
in general as Rf depending on their occurrence via ra-
diative stabilization (RS), via autodetachment (AD) or
via stabilization by internal excitations. The latter path
includes both dissociative attachment, DEA, and dipole
bound state formation via low-energy dipole scattering
states, DSS, as discussed in [41,60]. Since all the present
calculations where performed at the equilibrium geome-
try, it therefore follows that Ri is at the minimum nuclear
energy for each of the neutral polar aromatic molecules.
On the basis of the above considerations, the calculations
presented in this work generate from first principles all
the states which are then expected to take part into the
anion formation rate, kEA, by including all the threshold
resonances and virtual states that may occur when the
collision energy gets close to threshold.

The final rate of electron attachment kEA is associated
with the rate coefficients for the TNI formation (kTNI),
as well as with both the krs and kad coefficients

kEA =
(

krs

kad + krs

)
kTNI , (25)

when a steady state is assumed for the anionic forma-
tion [61]. The above relation is obviously valid within the
largely collisionless environments of the ISM which we in-
tend to consider in the present work. Furthermore, due to
the fact that both kad and krs are positive quantities, one
can further write

kEA < kTNI , (26)

so that the kinetic parameter we try to evaluate, kEA, has
an upper bound in the rate constants that we calculate
by including all resonant and dipolar processes within the
relevant ICS, i.e. the kTNI . It would be obviously useful
to be able to estimate more accurately the relative sizes
of the quantities of equation (26). However, their actual
computations from quantum methods are currently out
of reach for polyatomic molecules like those discussed in
the present work. Additionally, and as mentioned earlier,
since the vibrational relaxation channels are not included,
we are somewhat limiting the available phasespace for the
RS processes contributing to the krs coefficient, thereby
reducing the value of the true kEA, a situation which may
help to partly offset the differences present between the
terms of equation (26). Hence the present calculations,
besides suggesting the mechanisms which are likely to play
a role in the formation of the stable anions, are so far the
only calculations which may be able to provide realistic
cross sections which in turn enable us to yield practical
values for the electron attachment rates, kEA.

By looking at Figure 5 one immediately realizes that,
moving from 1000 K down to 10 K, the rate constants
for each of the two species increase by an order of magni-
tude. Such a behaviour is a consequence of the presence

of the permanent dipoles which cause the integral cross
section close to zero to be markedly larger. As the same
figure also clearly shows, our computed rate coefficients,
kC6H4

EA (Te) and kC6H5
EA (Te), follow a similar trend for the

whole temperature window, since they both increase as
the kinetic electronic temperature decreases from 1000 K
to the value of 10 K, the latter being important in connec-
tion with special astrophysical environments as cold and
dark molecular clouds.

In relation to our earlier, more approximate estimates
of kEA values [58] (reported in Fig. 5 as dashed lines),
we see that the present calculations produce attachment
rates which are larger by almost an order of magnitude
over the whole temperature region (10 K < Te < 1000 K).

The differences between the present kEA values and
those of references [31,58] are due to the improvements
in the present study via a more numerically extensive in-
clusion of the dipole effects. As discussed earlier, in fact,
in order to treat the dipole interaction correctly, we had
to markedly increase the size of the physical region where
the interaction potential is evaluated, which implies to
consider a larger number of partial waves. The key to un-
derstand the differences between the present rates and
those reported in [58] can be found in the fact that by
using the FBA approach we are no more required to use a
large set of partial waves to compute the K-matrix, while
the spatial region where the smaller set of K��′ elements
are numerically computed must be extended so that the
dipole effects are fully included in the ab initio K-matrix
which represents the starting point for the FBA approach.

It is also interesting to note that the results of the
present study are in keeping with what we have found
with a similar set of calculations involving polar polyynes,
C-rich chains [60], where rates of the same order of mag-
nitudes were indeed found.

5 Present conclusions

In this work we have analyzed in great detail the effects
and consequences of the permanent dipole moments on
the interaction between ambient free electrons and gas-
phase phenyl and benzyne molecules, taken to represent
two prototypical, single ring, aromatic PAHs. The object
of this theoretical and computational study was to un-
derstand the behavior of electron deflection functions (in
quantum terms, their angular distributions after scatter-
ing off the target molecules) over a broad range of possible
energies within those expected to play a role in protoplan-
etary atmospheres and in early star formation processes,
as discussed in the introduction to this paper.

We were also interested in analyzing more in detail
the effects of the permanent dipole-charge potential terms
on the final electron attachment rates which could be
obtained from our calculated integral, elastic and rota-
tionally inelastic, cross sections for both systems and to
produce a realistic analytic representation of such rates
over a broad range of temperature as requested from their
possible use within evolutionary modelings of the specific
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ISM regions where such processes would be relevant (e.g.
see [58]).

The new calculations on the angular distributions re-
veal the crucial importance of dipole-charge interactions
in the forward direction and especially at the very-low
electron energies necessary to reach the low temperature
ranges (below 100 K) needed to model the corresponding
attachment rates of this study. They further show that,
using a carefully selected range of angles, allows one to
safely employ the FBA scheme to generate the forward
scattering cross sections even at the lowest scattering en-
ergies reached in this study. The angular distributions also
show clearly that both low energy electrons, and more en-
ergetic free electrons which may be present in the ISM
environment, will be mostly scattered in the forward di-
rection, thus showing very little distortion of the free elec-
trons’ distribution, and therefore of its effects on the mag-
netic environments, where these polar molecules would be
present. The only presence of marked, but not dominant,
backward scattering was found by our calculations within
the energy regions close to the resonant attachment pro-
cesses which exist in both molecules at the higher energies
of the incoming electrons.

Another significant result of the present calculations
deals with the generation of electron attachment rate val-
ues, kEA, from a convolution over the examined range of
collision energies of the integrated angular distributions.
The final cross sections include the elastic, resonant com-
ponents and the rotationally inelastic components since
nothing is known about the vibrational distributions in
the molecular targets nor on their electronic state com-
position. It is, however, reasonable to assume that at the
temperatures of interest both species would be in their
ground electronic and vibrational states, hence our present
choice of scattering channels contributions.

The newly calculated attachment rates turn out to be
larger over the whole range of temperatures, in comparison
with our previous calculations of the same quantities [58]
where, however, the long-range effects of the dipolar in-
teractions on the K-matrix calculations had only been in-
cluded in a limited form and the detailed analysis of the
consequences of permanent dipoles on scattering observ-
ables carried out in the present work had not yet been
done.

It is interesting to note that the present attachment
rates are, however, in close agreement with similar rates
obtained recently for linear, C-rich molecules [60] and es-
sentially scale with the size of the dipole moments of the
target molecules, especially in the very-low temperature
range.

The present work therefore shows that, because of their
polar nature, both molecules analysed here constitute very
good candidates for the production of stable anions in the
chemistry of early star formations and in protoplanetary
atmospheres. The latter charged species could in turn,
as discussed earlier, take part in the efficient chemistry
of condensation reactions between anionic and cationic
species that can in turn drive the growth of larger PAHs
in the ISM environment.
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Committe and the computational facilities of the CINECA
Consortium are gratefully acknowledged.
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