
 

Influence of a Supercritical Electric Dipole Moment on the Photodetachment of C3N −

Malcolm Simpson , Markus Nötzold, Tim Michaelsen, Robert Wild , Franco A. Gianturco, and Roland Wester *

Institut für Ionenphysik und Angewandte Physik, Universität Innsbruck, Technikerstraße 25, 6020 Innsbruck, Austria

(Received 5 February 2021; revised 28 April 2021; accepted 26 May 2021; published 19 July 2021)

Threshold photodetachment spectroscopy of the molecular ion C3N− has been performed at both 16(1)
and 295(2) K in a 22-pole ion trap. The 295(2) K spectrum shows a large increase in the cross section with
an onset about 200 cm−1 below threshold, which is explained by significant vibrational excitation of the
trapped ions at room temperature. This excitation disappears at cryogenic temperatures leading to an almost
steplike onset of the cross section at threshold, which cannot be adequately described with a Wigner
threshold law. Instead, we show that the model developed by O’Malley for photodetachment from neutrals
with large permanent dipoles [Phys. Rev. 137, A1668 (1965)] fits very well to the data. A high-resolution
scan of the threshold region yields additional features, which we assign to the rotational P and R branches
of an electronic transition to a dipole-bound state with 1Σþ symmetry. This state is found 2ð1Þ cm−1 below
threshold in very good agreement with a recent computational prediction. We furthermore refine the value
of the electron affinity of C3N to be 34 727ð1Þ cm−1.
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The interaction between free electrons and neutral atoms
or molecules is a fundamental process that plays a role in
many areas of physics, including gas discharges, planetary
atmospheres, and interstellar environments [1–4]. For
photodetachment from atomic negative ions the cross
section near threshold is well described by the Wigner
threshold law k2lþ1, where k is the linear momentum and l
the lowest allowed partial wave of the outgoing electron
[5]. In 1965, O’Malley considered the case for a neutral
molecule supporting a permanent electric dipole moment
and showed that a generalized Wigner threshold law only
applies for weak dipoles, whereas for strong enough dipole
moments the cross section oscillates about a mean value
[6]. This behavior has been considered in theoretical
studies [7], but has so far not been observed in experiment.
The inverse process of photodetachment is radiative

electron attachment (REA) in which a neutral molecule
collides with a free electron and relaxes through radiative
emission to a valence bound anionic state. This is assumed
to be an important mechanism for the formation of
interstellar molecular anions [8,9], which have been specu-
lated to exist for about 50 years [10] and successfully
discovered a little over a decade ago [11–21]. To quanti-
tatively model anion abundances in interstellar molecular
clouds, accurate rate constants for formation and destruc-
tion are required [4]. Our group has previously obtained

absolute photodetachment cross sections for CnH− (n ¼ 2,
4, 6) [22] and CnN− (n ¼ 1, 3) [23]. In the latter work it
was shown that photodetachment is a primary destruction
mechanism for negative ions in the circumstellar envelope
IRCþ 10216. These results have been used to benchmark
calculations for REA and it was shown that the process is
too slow by many orders of magnitude to explain the
observed abundances of CN− and C3N− in interstellar
clouds [24].
Highly polar neutral molecules, with a permanent

electric dipole moment greater than ∼1.67 D, referred to
as supercritical, can support dipole-bound states (DBS)
within a few meV of the electron detachment threshold
[25]. Such DBS may be observed spectroscopically [26–
30] or in electron scattering [2]. It has been proposed that
formation rates of interstellar anions due to REA may be
augmented by the incoming electron transitioning through
such weakly bound states before relaxing to the ground
state [31,32]. In fact, photodetachment spectroscopy of
CnH− (n ¼ 4, 6, 8) has yielded a series of features above
and below the detachment threshold [29]. For n ¼ 6 and 8
the features were attributed to DBSs caused by the
interaction of the excess electron with the large permanent
dipole moments of C6H and C8H. In C4H−, the DBSs were
attributed to the interaction with the low-lying 2Π excited
state. Recently, a DBS with π-type symmetry has
been observed in a resonant two-photon measurement of
9-anthrol (d ¼ 3.6 D) anions [30]. Transitions to the dipole
forbidden π state are explained by population transfer from
a near degenerate σ-type DBS which is accessed by the
laser [30]. Furthermore, a pump-probe scheme combined
with photoelectron imaging has been used to measure the
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autodetachment lifetimes of the excited vibrational
Feshbach resonances of a DBS in phenoxide [33].
In this Letter we present near threshold photodetachment

spectroscopy of the interstellar anion C3N− in a 22-pole ion
trap. The continuum cross section is well modeled by the
prediction of O’Malley [6]. Just below the C3Nþ e−

threshold we observe the resolved rotational contour of a
dipole-bound state, which has the proper characteristics to
be the gateway to forming interstellar C3N−. Details of the
target system are given in Fig. 1. Photoelectron spectros-
copy of C3N− has previously been performed using slow
electron velocity-map imaging, which yielded the current
best determination of the electron affinity for the C3N
molecule of 34718� 8 cm−1 [34]. C3N has a supercritical
permanent dipole of 3.00 D [32]. A dipole-bound state has
been predicted to lie about 2 cm−1 below the detachment
threshold [35].
Our 22-pole ion trap experiment has been presented

previously [22,37,38]. Here we give the important details
for the present measurements. C3N− is produced in a pulsed
plasma discharge in a supersonic expansion of acetonitrile
in an argon carrier gas. A set of Wiley-McLaren style
electrodes accelerate all negatively charged species along
the first axis of the experiment to 500 eVof kinetic energy.
A 90° quadrupole bender passes the ions toward the ion
trap, which consists of 22 stainless steel rods for the radial
confinement and hollow cylindrical end-cap electrodes for
the axial confinement. The trap is in thermal contact with its
copper housing and fixed to a closed-cycle helium cryostat
that allows temperatures to be adjusted between room
temperature and about 10 K. The trap electrodes, including
the radio frequency rods, are referenced to a dc offset
voltage of about −500 V, with a small additive voltage
being applied to the end-cap electrodes. C3N− ions are

decelerated and loaded into the trap through the end-cap
electrodes at the trap entrance. Lighter and heavier masses
are separated by time of flight and are blocked by pulsing
the end-cap voltage. A few thousand ions are trapped and
then thermalized to the trap temperature through applica-
tion of helium buffer gas, which is estimated to occur
within a few tens of milliseconds. In the present measure-
ments we have therefore implemented a pretrapping period
of 300 ms prior to interaction with the photodetach-
ment laser.
Ultraviolet radiation for photodetachment is produced by

a frequency-doubled pulsed dye laser (Radiant Dyes
Narrow Scan) pumped by the second harmonic of a Nd:
YAG laser with 50 Hz repetition rate (Spectra Physics
Quanta-Ray). The bandwidth of the dye fundamental was
measured to be 0.35ð5Þ cm−1 and we estimate the band-
width of the frequency-doubled UV pulse to be twice this
value. The UV laser beam enters the vacuum chamber
through a fused silica window and traverses the trap
through the end-cap electrodes. Its relative pulse energy
is measured by a bolometer positioned outside the opposite
end of the vacuum chamber. The laser beam is opened by a
mechanical shutter after pretrapping and is closed after 10 s
of interaction with the trapped ions and 0.1 s prior to their
extraction. The ions are extracted from the trap by once
again pulsing the entrance end cap and guided toward a
microchannel plate (MCP) detector. After a trapping cycle
with laser interaction a cycle with 0.1 s trapping time is
performed as background measurement. After five repeti-
tions the laser frequency is stepped forward. Given that ion
depletion is weak, the photodetachment signal is deter-
mined by subtracting the laser-depleted MCP ion signal
from the background signal, followed by normalization to
the laser pulse energy.
Threshold photodetachment spectra of C3N−ðX1ΣþÞ þ

hν → C3NðX2ΣþÞ þ e− have been measured at both 16(1)
and 295(2) K in the 22-pole ion trap. Figure 2 shows the
relative photodetachment cross sections for both temper-
atures as a function of photon energy with a step size of
2 cm−1. The black vertical dashed lines mark the electron
affinity obtained in this work (see below), which agrees
within the error bar with the previously determined value
[34]. At this laser frequency a clear increase in the cross
section is observed.
In the room temperature measurement (Fig. 2, upper

panel), we observe considerable signal commencing about
200 cm−1 below threshold. This can only be attributed to
internal excitation of the trapped anions. Rotational exci-
tation alone could only explain detachment that starts about
30 cm−1 below threshold. Instead, vibrational excitation of
the two lowest energy bending modes of C3N−, ν4 and ν5
(see Fig. 1), is responsible. They require 538(8) and
208ð8Þ cm−1 for activation, respectively [34], and carry
a population of around 28% (16%, 8%) in the first (second,
third) excited ν5 level and 6% in the first ν4 level at

(a) (c)

(b)

FIG. 1. (a) Structure of C3N− in its 1Σþ electronic ground state
with a permanent dipole moment of d ¼ 2.72 D [32] and a
negative charge located mainly on the carbon atom. (b) Neutral
C3N in its 2Σþ ground state with a permanent dipole of
d ¼ 3.00 D [32], which is flipped by 180° with respect to the
anion. (c) The doubly degenerate cis and trans vibrational
bending modes in the two molecules. The harmonic frequencies
are taken from Refs. [34,36].
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room temperature. Photodetachment transitions from these
excited ν4 and ν5 levels are expected to follow a Δv ¼ 0
propensity rule given that the molecular structure remains
essentially unchanged. The respective detachment thresh-
olds are shown in Fig. 2 as the blue and red vertical dashed
lines. They appear in good agreement with smaller steps in
the detachment signal and explain the detachment signal
below threshold very well.
The lower panel of Fig. 2 shows the identical scan range

taken at a trap temperature of 16(1) K. The vibrational
excitation has completely disappeared as expected for
anions in the vibrational ground state only. This results
in a sharp threshold in excellent agreement with the
previous C3N electron affinity assignment by Yen et al.
[34]. Of particular note is the curvature of the cross section
above threshold, which cannot be modeled by a modified
Wigner law [5] of the form

σWignerðϵÞ ∝ ϵP: ð1Þ
Here ϵ is the kinetic energy of the outgoing electron and P
is a positive real number that is dependent on the partial
wave of the outgoing electron and any permanent dipole
moment of the neutral molecule. In Ref. [39] we presented
a model detailing the value of the P exponent for different
molecular symmetries and dipole moments. However, for
the size of the C3N dipole moment of 3.00 D, this model
and the Wigner threshold law are no longer applicable,
which is confirmed by the data.
In 1965 O’Malley [6] presented a more specific model

for the photodetachment cross section for highly polar
molecules of the form

σO’MalleyðϵÞ ∝
�
sinh2

�
νπ

2

�
þ cos2

�
ν

2
ln 2ϵþ δ

��
−1
; ð2Þ

where ν ¼ ½d − ðlþ 1=2Þ2�1=2 is real valued and a function
of the permanent dipole d (in atomic units) and the partial
wave of the outgoing electron l. ϵ is again the electron
energy (in atomic units) and δ a phase factor that is sensitive
to the short-range behavior of the potential. With the C3N
dipole and since C3N− predominantly undergoes s-wave
detachment (l ¼ 0), ν takes the value 0.96. A comparison
between the energy dependence of the Wigner and
O’Malley cross sections for different values of ν and δ
is shown in Fig. 3. The comparison with the cold ion data
reveals a good qualitative agreement with the O’Malley
cross section for ν ¼ 1.
In Fig. 4 we show a high-resolution scan over the

threshold region with a step size of 0.2 cm−1. Two notable
peaks become apparent at threshold, which we assign to the
P and R branches of a two-photon detachment process via a
dipole-bound state. Similar DBS features have been found
in photodetachment spectroscopy of p-FC6H4O− [41]. In
Ref. [35], it was reported that at least two DBSs are
expected to exist within a few meV of the detachment
threshold of C3N−. One of them is of 1Σþ symmetry and has
a binding energy of about 2 cm−1. Transitions to this state
from the C3N− ground state are electric dipole allowed and
are therefore observable in our experiment. The other DBS

FIG. 3. Simulated energy dependence of the Wigner [Eq. (1)]
and O’Malley [Eq. (2)] cross sections for a range of parameter
values (normalized to a maximum of 1). The red dashed curve
shows Wigner’s law for s-wave detachment from a nonpolar core
(P ¼ 0.5) and the blue dashed curve shows the modified cross
section for the hydroxyl anion OH−. The OH neutral supports a
barely subcritical permanent dipole of 1.66 D [40]. The O’Malley
cross section [Eq. (2)] bears similarity with the Wigner cross
section for a small value of ν ¼ 0.1 (green dashed line), while for
ν ¼ 1 the cross section shows oscillatory behavior that depends
on the phase shift δ (solid lines).

FIG. 2. Relative photodetachment cross section of trapped
C3N− at 295(2) K (upper panel) and 16(1) K (lower panel)
buffer gas. Error bars denote 1σ uncertainties. The electron
affinity determined in this work, the detachment threshold for
rovibrational ground state anions, is shown as the vertical dashed
black lines. In the upper panel the thresholds for anions in their
two lowest excited bending modes ν4 and ν5, assuming Δv ¼ 0
transitions, are shown as blue and red vertical dashed lines
(shaded areas show the associated errors).
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is of 3Σþ symmetry and not accessible via electric dipole
transitions.
In order to quantitatively confirm our assignment, we

model the photodetachment cross section as a sum of the
two-photon excitation to the DBS and the single-photon
detachment of Eq. (2). We initially compute the electronic
transition to the DBS using the PGOPHER software package
[42], which yields the temperature-dependent, normalized
rotational line list. The rotational constants for C3N and
C3N−, B0 ¼ 0.165 cm−1 and B00 ¼ 0.162 cm−1, were taken
from Refs. [43,44]. Note that due to the folding of the lines
with the laser bandwidth of ∼0.7 cm−1, full rotational
resolution is not possible here and only the envelopes of the
P and R branches are observable. Given that the rotational
temperature of the trapped ion ensemble often does not
fully thermalize with the trap temperature [45], the analysis
has been performed over a range of temperatures with the
best fit occurring at 25 K, well within the expected range
[45,46]. To model the single-photon component we modify
the fit function that we have used to describe the threshold
photodetachment of CN− [38] by replacing the Wigner law
with that of O’Malley [Eq. (2)]. Combining the foregoing
yields a fit function of the form

σ ¼
X
J0;J00

�
aSJ

0
J00 ðTÞ

γ2

ðEph − EDBS
J00J0 Þ2 þ γ2

þ bWJ00 ðTÞjCJ00
J00010j2σO’MalleyðEph − EEA

J00J0 Þ
�
; ð3Þ

where SJ
0

J00 ðTÞ is used to denote the temperature-dependent
line strength for the transition J00 → J0 to the DBS at energy
EDBS
J00J0 , γ is the individual Lorentzian linewidth, WJ00 ðTÞ is

the thermal rotational population in the anion, and jCJ00
J00010j2

are Hönl-London factors. EEA
J00J0 is the rotational state-

dependent detachment threshold and Eph the photon
energy. a and b are proportionality factors for the two-
photon and single-photon detachment components,
respectively.
Equation (3) has been fitted to the high-resolution data

using a nonlinear multiparameter fit. The result is shown in
Fig. 4 as the red curve, which shows an excellent agreement
with the measured relative cross section. This yields the
position of the rotational origin of the dipole-bound state at
34725.1� 0.1stat � 0.2syst cm−1 above the ground state and
an improved determination of the C3N electron affinity of
34727.1� 0.3stat � 0.6syst cm−1 and a phase shift δ ¼ 0.5.
The quoted statistical errors have been determined from a
reduced χ2 analysis. They are highlighted in Fig. 4 as the
red and blue dashed lines and shaded regions, respectively.
We have estimated the additionally given systematic errors
to account for possible imperfections of the fit model.
Taken together the binding energy of the DBS with
respect to neutral C3N is 2� 1 cm−1, which is in very
good agreement with the computational prediction [35].
The fit yields a linewidth of γ ¼ 1.4 cm−1, which is larger
than the laser linewidth and suggests that the excitation is
significantly saturated. This can be well explained by
our computational estimate of the transition matrix
element of about 1 D. The extracted energy dependence
of the O’Malley cross section determined from the final fit
parameters is shown as the blue curve. We did not
observe an intensity dependence of the two-photon
contribution to the cross section, which is another
indication that the bound-bound transition is strongly
saturated.
We have shown that the supercritical electric dipole

moment of C3N strongly modifies the photodetachment
cross section near threshold as predicted theoretically
more than 50 years ago [6]. In addition, we have observed
a dipole-bound state in C3N−, which may present a
pathway for the enhancement of radiative electron attach-
ment through an initial trapping of the incoming electron
in the DBS followed by a further decay to the
compact valence bound state as predicted earlier [32].
In the DBS, the weakly bound wave function of this extra
electron is deemed to be one or more orders of magnitude
larger than that of the deeply bound anionic state [32,35].
Hence, one expects that the corresponding square of the
transition matrix element causes the final REA rate
coefficient to become substantially larger. Specific cal-
culations will be required to verify if this can explain the
observed abundance of C3N− in interstellar molecular
clouds.

FIG. 4. High-resolution relative photodetachment cross section
of C3N− at 16(1) K trap temperature. Two features in the
threshold region are visible, attributed to the P and R rotational
branches of the excitation to a dipole-bound state with 1Σþ
symmetry. The model given in Eq. (3) fits very well to the data
(red line), which yields the denoted rotational origin of the
dipole-bound state and the C3N electron affinity. The blue line is
the contribution of the nonresonant cross section alone.
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