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ABSTRACT: Cyanogen NCCN and cyanoacetylene HCCCN are isoelectronic
molecules, and as such, they have many similar properties. We focus on the bond
cleavage in these induced by the dissociative electron attachment. In both molecules,
resonant electron attachment produces CN~ with very similar energy dependence. We
investigate the very different dissociation dynamics, in each of the two molecules,
revealed by velocity map imaging of this common fragment. Different dynamics are

NCCN

HCCCN

manifested both in the excess energy partitioning and in the angular distributions of

fragments. Based on the comparison with electron energy loss spectra, which provide
information about possible parent states of the resonances (both optically allowed and

g P

QO=0=0=0

forbidden excited states of the neutral target), we ascribe the observed effect to the
distortion of the nuclear frame during the formation of core-excited resonance in cyanoacetylene. The proposed mechanism also
explains a puzzling difference in the magnitude of the CN™ cross section in the two molecules which has been so far unexplained.

lectron impact on molecules is a driving factor for chemical

changes in many environments. It is often compared with
processes initiated by a photon impact (e.g., photodissociation);
however, there are significant differences between these two.
One of the most important differences is the nature of the
resonances in electron—molecule collisions. Electron—molecule
resonances (temporary anions), like many electron—ion
resonances, are electronic states embedded in the autoionization
continuum. However, unlike photoionization shape resonances,
for example, in temporary anion states, the outer valence
electrons tend to be only weakly bound by electronic correlation
in the potential of the neutral molecule. Dynamics on such states
is often characterized by a strong coupling of electronic and
nuclear motion, nonlocal, and nonadiabatic effects.” A
resonance has, in principle, two decay possibilities: (i) electron
autodetachment and (ii) bond cleavage, resulting in anionic and
neutral fragments (dissociative electron attachment, DEA). A
useful experimental tool for probing the nuclear dynamics on
resonances is to monitor these two decay channels and to use the
fact that autodetachment can leave a molecule vibrationally
excited.

In recent years, detailed insight into the nuclear dynamics on
resonances has been obtained, especially by employing 2D
vibrational electron energy loss spectroscopy.2’3 This approach,
however, can be typically applied only to one-particle (shape)
resonances. The two-particle resonances (electron is trapped by
an excitation which it has induced) have typically much longer
autodetachment lifetimes since the decay requires a change of
the electronic configuration of the core.” They thus rarely lead to
vibrational excitation, and the nuclear dynamics has to be
experimentally inferred solely on the basis of the DEA
experiments. As in the whole field of molecular dynamics,
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important advances have been brought by anion fragment
imaging,”~” building upon the velocity map imaging (VMI)
technique,® with position- and time-sensitive detectors. In this
Letter, we show how a combination of VMI with electron energy
loss spectroscopy (EELS) in the electronic excitation range can
explain a very different behavior of two isoelectronic linear
molecules: cyanogen NCCN and cyanoacetylene HC;N.

The choice of these two molecules is not accidental. Among
the simplest nitrogen-containing molecules, both have been
identified as potential reactants or intermediates in the prebiotic
synthesis of the building blocks of life.”'” More specifically, the
role of electron-induced dissociation is important in the
chemistry of planetary and cometary atmospheres, and in
interstellar clouds.'' Considering the low temperature and low
particle density of interstellar matter, we observe a surprisingly
high chemical diversity in the interstellar medium. Reactions
leading to extraterrestrial synthesis are believed to be triggered
externally, e.g, by X-rays, UV light, or electron impact.
Cyanoacetylene and cyanogen are ubiquitous outside of the
Earth. The former is one of the most abundant molecules in
interstellar clouds. The direct spectroscopic detection of the
latter is complicated by the lack of a dipole moment; however,
detections of its protonated counterpart (NCCN)H*"? or of its
polar isomer NCNC" are strong hints that cyanogen is present
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Figure 1. (aand b) DEA cross sections for the production of CN~ from NCCN and HC;N. (c and d) Central slices of velocity map images recorded at
the electron energies denoted by vertical arrows in the top panels. The horizontal arrow in panel (c) denotes the direction of the electron beam.

in interstellar clouds in large quantities.'” Detected spectro-
scopically in outer space were also species related to cyanogen
and cyanoacetylene such as radicals CN, C;N, and C{N'* or
anions CN~ and C;N".">'® The astronomical relevance thus
further motivates the additional interest in the electron-induced
dynamics of these two molecules.

The DEA to both NCCN and HC;N leads to formation of
CN~.""72! The DEA cross sections,'”?' shown in Figure la,b,
have very similar shapes, and both spectra have a dominant band
peaking slightly above S eV. An important difference is that the
cross section magnitude in NCCN is approximately by a factor
of 6 larger than in HC;N. Figure 1c,d shows the velocity map
images of CN™. In NCCN, the fragments have a higher kinetic
energy release and a highly anisotropic angular distribution, with
the preferential fragment emission being perpendicular to the
electron beam. In contrast, the HC;N image shows an isotropic
angular distribution with maximum intensity in the center,
corresponding to low kinetic energy release. We ascribe the
slight distortion of the image to the magnetic field present in the
setup, as discussed in the Methods section. In addition to CN~,
the DEA to HC;N leads also to C;N ™, C,H™, and C,~ fragments.
Their velocity map images are presented in the Supporting
Information, and all have a character of a central blob, similar to
that of CN™.

Figure 2 shows the kinetic energy distributions (KEDs)
obtained from the images. We have independently determined
the KEDs using EELS, with the addition of a Wien filter set to
detect anions instead of electrons, as described in the Methods
section. The Wien filter discriminates between only electrons
and anions without mass-resolving the latter. For NCCN, where
the only fragment is CN~, the data from the two setups are thus
directly comparable. For HC;N, the VMI KEDs of the four
anionic fragments were weighted by their absolute cross
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Figure 2. Kinetic energy distributions of anions produced in DEA to (a)
HC;N and (b) NCCN. The black line is data from the VMIs, and the
red line is the data from the EELS spectrometer (with the Wien filter in
front of the detector set to record anions).

sections, and this weighted sum is compared to the data from
the EELS setup. The agreement between the KEDs from the two
setups is excellent for HC;N and satisfactory for NCCN. We
ascribe the observed difference mainly to the difference in
resolution between the two setups (which is more than a factor
of 10 worse in the VMI setup). Nonetheless, the VMI
measurement is considered most reliable, as the measured
yields are essentially independent of the anion KED, in contrast
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Table 1. Energetics of Possible Reaction Channels”
Reaction Anion Neutral E,..(CN7) E,,.(Neutral) E, Epmax(CN7)
e + NCCN CN~('Z) CN(*%) 0 0 2.11 1.5
CN~('2) CN(?) 0 1.14* 3.25 0.93
CN—(3%) CN(’%) ~3.57 0 ~5.6 -
e+ HC;N CN (') CCH(X) 0 0 2.51 1.37
CN('%) CCH(*) 0 0.46> 297 114
CcN~('%) CCH(%A") 0 4.85% 7.35
CN=(’%) CCH(%Z) ~3.5" 0 ~6.0
CN('%) CC+H 0. 5.03% 7.74

“E.(CN™) and E, (Neutral) are the excitation energies of the fragments with respect to their ground states. E, is the threshold energy.
Ej max(CN7) is the maximal kinetic energy of CN if all the excess energy went into translational motion. It was evaluated for the incident energy of
5.1 eV for NCCN and 5.3 eV for HC;N. The data that were used for evaluating the thresholds: BDE(NC—CN) = 5.97 eV,** BDE(NC—CCH) =
6.37 eV,”> EA(CN) = 3.86 eV.2*. P"CN~(*%) is not a bound state and we are not aware of an experimental value for its energy. Calculations of its
(resonant) energy have quite a large scatter depending on the used method: 3.5 eV,”” 4.2 eV,*® 6.5 eV.”” We tabulate the lowest of these values to

show that this state is inaccessible at current incident energies.
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Figure 3. Left: Experimental angular distribution of CN™~ from NCCN (points); fits of angular distributions were assumed to be based on various
symmetries of resonant states. Right: Hypothetical CN”/NCCN image assuming a X, resonant state and the experimentally measured KED.

to the EELS measurement, which is subject to an anion energy-
dependent analyzer response function that is expected to
overestimate the anion yields at low energies. Still, the
experimental conclusion is unambiguous: Compared to
NCCN, DEA to HC;N produces much slower CN™ fragments
which are emitted isotropically.

We first examine the reaction energetics. Table 1 lists the
possibly relevant reaction channels. Among the pathways that
produce excited fragments, we consider also the lowest excited
state of CN™ (with a *% term). This state lies energetically above
the neutral and is thus not bound. Recently, Tian and co-
workers™ suggested that DEA to BrCN produces long-lived
excited CN™ and drew astrochemical implications from this fact.
It is clear that in the cases of NCCN and HC;N, this fragment is
energetically inaccessible at present incident energies. The only
considerable difference between the two molecules is in the fact
that the neutral counterparts in the dissociation, the CN and
CCH radicals, have quite different energies of the lowest lying
excited states (1.14 vs 0.46 eV). However, there is no reaction
channel that could cause the very different CN™ KEDs in the two
molecules purely from the different vertical and adiabatic
reaction thresholds. Evidently, the topology of the anion
resonance potential energy surface must play a decisive role in
the dissociation dynamics.

In both NCCN and HC;N, a number of shape resonances
have been identified experimentally (by electron transmission
spectroscopy’ or by vibrational EELS'”®") and theoreti-
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cally.>' = In a simplified view, shape resonances are described
by a temporal occupation of virtual molecular orbitals. Out of
these, the oF resonance in NCCN (ground state plus 7}
electron) and *I1 resonance in HC;N (ground state plus 7*
electron), both have centers around S eV and their profiles, as
seen in the vibrational excitation cross sections, closely match
the DEA bands. This fact has led in the past to a tentative
assignment of this resonance to be responsible for the CN~
production.'”*° However, it has been noted (not only for these
two molecules but also for a number of other polyines*) that
these shape resonances might be too broad to yield such high
DEA cross sections—the electron will autodetach faster than the
nuclei dissociate.

The observed angular distribution of CN™/NCCN can help in
identifying the resonant state. The influence of resonance
symmetries on DEA angular distributions in diatomic molecules
was developed by Taylor and O’Malley”” and later simplified
and applied to small polyatomic molecules by Tronc et al.”* This
theory assumes that (i) a single resonant state is involved, (ii)
coupling is due to a pure electronic matrix element, and (i)
dissociation is so fast that the transient anion dissociation axis
does not rotate (axial recoil approximation). The angular
distribution then depends on the electronic state of the neutral
target, electronic state of the resonance, and the partial wave of
the incident electron. We applied this approach to NCCN under
the assumption of a diatomic-like dissociation. The details of the
model are provided in the Supporting Information. Figure 3

https://doi.org/10.1021/acs.jpclett.3c03460
J. Phys. Chem. Lett. 2024, 15, 895—-902
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compares the experimental angular distribution with the
distribution which would result from four possible resonant
state symmetries: ZZg, 3, 2I—Ig, and “I1,. The neutral target state
in all of the cases is '... The partial wave contributions for each
resonant symmetry were obtained by a least-squares fitting to
the experimental data. It is evident that the resonance symmetry
most closely reproducing the experimental data is the 2. Each of
the other symmetries have nodes at 0°, 90°, 180°, and/or 270°.
The %, resonance has an isotropic component originating from
the s-wave contribution, with the maxima at perpendicular
directions arising mainly from the d-wave. Even though this
model has rather strict assumptions (diatomic-like dissociation,
axial recoil approximation), it leads us to search for a resonance
with %, electronic symmetry.

Even though a shape resonance corresponding to temporal
occupation of the o7‘orbital can be formed, it will be extremely
short-lived due to a lack of barrier toward autodetachment. It
would thus lead to negligible dissociation yields. For the relevant
incident energies, DEA is most plausibly mediated by core-
excited resonances.

The identification of core-excited resonances is facilitated by
comparison with their parent states, i.e., electronically excited
states of the neutral target molecules. These can be
experimentally revealed by electron energy loss spectroscopy
which carries the advantage of being able to reveal different types
of states depending on the conditions at which the spectra are
taken.”*" At small scattering angles (near-forward direction)
and at high energies, the dipole allowed transitions are almost
exclusively observed and the energy loss spectrum strongly
resembles the photoabsorption spectrum. A 1:1 correspondence
between photoabsorption and EELS can be expected only for
incident electron energies which are much higher than the
energy loss; ™ however, the energies of allowed transitions are
revealed already at residual energies comparable to the energy
loss.*"** The optically forbidden transitions, including the
electronic exchange interaction, are revealed at large scattering
angles and low residual energies. Figure 4a shows the EELS of
NCCN recorded at the scattering angle, 6 = 10°, and residual
energy E, = 10 eV. All observed features are indeed in a perfect
agreement with the VUV photoabsorption spectrum of Connors
et al.’” Figure 4b shows the EELS recorded at @ = 135° and E, =

06k T T T T T T T T T
(a) B=10°, E=10 eV

Vuv,

0.4k g
literature

0.2k

0.0k T T T T T T T T T
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Figure 4. Red line: Electron energy loss spectra of NCCN recorded
under two different scattering conditions. Blue line: VUV photo-
absorption spectrum of NCCN from Connors et al.** Green line: CN~/
NCCN energy dependence arbitrarily scaled.
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0.0S eV. Clearly, there is a group of states lying below 7 eV which
are optically dark. The vertical bars denote the experimental
onsets of transition as listed by Connors et al. (obtained from
either their spectra or the earlier data). Figure S shows the same
type of data for HC;N.
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Figure 5. Red line: Electron energy loss spectra of HC;N recorded at
two different scattering conditions. Blue line: VUV photoabsorption
spectrum of HC;N from Ferradaz et al.*’ Green line: CN™/HC,N
energy dependence arbitrarily scaled.

The electronic configuration of neutral NCCN is [core]-
Gﬁﬂ'ﬁﬁzﬁg with the unoccupied orbitals ordered as 7l'u7l'g6u.44 The
configuration of all excited states marked in Figure 4 is ﬂgaﬂ,i.ﬂ'ﬂ'
For the configurations that give rise to the X, terms, if an extra
electron will be added to the o, unoccupied orbital, the resulting
core-excited resonance will have a X, symmetry. Since such a
resonant state would produce angular distribution in a perfect
agreement with the experiment, we ascribe the CN™ production
in NCCN to be mediated by a core-excited resonance with the
configuration ﬂéﬂiaﬁ.

There is one important difference in the excited states of
HC;N. It has been noted already by Job and King* that the
rotational structure in the electronic absorption spectra suggests
that the lowest exited state is not linear, but has a trans-bent
configuration. This has been confirmed later both experimen-
tally®” and theoretically."* The lowest excited state of HC;N
marked in Figure 5 is 'A”. It is adiabatic, and the vertical
excitation energies are 4.77 and 5.1 eV, respectively.””* The
corresponding triplet state has been computationally predicted
to be structurally similar to an adiabatic excitation energy of 3.43
eV.** The present EELS spectrum in Figure Sb places its onset
rather to 3.7 eV. These low-lying states (either singlet or triplet)
are the most plausible candidates for the parent state of a core-
excited resonance, which leads to CN™ production in HC;N.

We presume nonlinear geometry of the transient anion
resonance is the reason for the slow CN™ fragments observed by
the VMI measurement of Figure 1d. The incident electron
simultaneously excites the HC;N molecule and gets temporarily
trapped in its potential. The excitation is a vertical process; it
thus proceeds while the nuclei are still in the linear geometry of
the neutral. The initial momentum which the atomic nuclei get is
thus in the bending direction. The bending is followed by an
intramolecular vibration redistribution of the excess energy,
which leads to a vibrationally hot transient anion state. The CN™
is then emitted isotropically with low kinetic energies. This is in
strong contrast to NCCN, where, upon the resonance

https://doi.org/10.1021/acs.jpclett.3c03460
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NCCN™ and HCCCN™ as functions of various bending angles. The energies shown in both panels are relative to the ground state energy of the

corresponding neutral molecules at the equilibrium geometry.

formation, the C—C bond is presumably directly dissociative,
with the prompt dissociation producing fragments dissociating
anisotropically and with high kinetic energy.

A crucial assumption of this hypothesis is that the HC;N™
resonant state, upon its vertical formation in the linear geometry,
is unstable with respect to bending, while the NCCN state is
not. In order to verify the plausibility of this assumption, we
explored the excited states of both anions using the TD-DFT
approach. Table S in the SI lists the excited states of NCCN™.
The three lowest states with the Zzg symmetry have the
configurations IZEg: ﬂgaé, ZZZg: Géﬂ'gﬂﬁ, and 3223: Jl’éﬂ'}ldi. The
first one would correspond to a very broad shape resonance; the
second one would be a Feshbach-type resonance where the
electron pair in the 7, orbital lowers the energy of the parent
excited state, and the third one has the configuration
hypothesized above from the comparison with EELS. Figure 6
shows that in contrast to the 222g state, the 322g state is directly
dissociative along the CC bond. Also, the energy of
NCCN_(322g) increases upon bending; its dissociation will
thus proceed in the linear geometry. The equivalent state of
HC,N7, 622g, is, however, unstable with respect to the bending
of both the NCC and HCC angle.

A number of remarks should be added. First, due to the level
of theory used, the energies of the calculated anion states in
Figure 6 are expected to be higher than those of the
corresponding resonant states, as explained in the Methods
section. That is why they are consistently higher than the
experimental positions of the DEA bands. Second, a useful
comparison can be made with the photodissociation of HC;N. It
proceeds via C—H bond cleavage which is the lowest neutral
dissociation channel. Suits and co-workers*” reported that the
dissociation on the S, state (current 'A”) proceeds via an exit
barrier of 0.2 eV. Figure 6 shows that a similar barrier appears in
the C—C stretch coordinate of the resonant (6°X) surface,
preventing its direct dissociation before bending. Our
calculations indicate that this barrier is formed near a conical
intersection with a higher state. This coupling of two X states is
absent in the case of the NCCN molecules due to the higher
(gerade and ungerade) symmetry. Third, the outlined
mechanisms are perfectly consistent with the lower DEA cross
section in HC;N observed experimentally. Fourth, apart from
the geometry of the resonant state, another factor enhancing the
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intravibrational redistribution (IVR) in HC;N compared to
NCCN is the higher number of internal degrees of freedom.
This could facilitate a rapid coupling between the initial bending
and other vibrational modes, distributing the resonance excess
energy not into translational kinetic energy but into internal
energy in one or both of the molecular fragments. Finally, since
the dissociation competes with the electron autodetachment, it
is important to note that the IVR does not necessarily need to be
complete. The initial bending can lead to significant rotational
excitation of the fragments, leading to slow CN™.

In conclusion, DEA to cyanogen and cyanoacetylene
produces CN™ with very different dissociation dynamics. In
NCCN, the VMI images and EELS spectra suggest that the core-
excited resonance has a 22g (n?ﬂia,i) configuration, which
reproduces the data perfectly assuming a prompt dissociation of
the resonance (prompt means that the axial recoil approx-
imation is valid). In HC;N, the parent state of the equivalent
core-excited resonance is nonlinear. We presume that after the
vertical excitation, the bending dynamics leads to a fast IVR on
the resonant potential energy surface (not necessarily complete)
and consequently to an isotropic emission of CN™ with thermal
energies. Our work provides the first evidence about how the
electronic structure of the parent excited states influences the
dynamics of the corresponding core-excited resonances.

B METHODS

The DEA velocity map images have been measured on the DEA-
VMI spectrometer.”’ A magnetically cold-collimated pulsed
electron beam (300 ns pulse width at 40 kHz) produced in a
trochoidal electron monochromator crosses the effusive
molecular beam of the target molecules. The produced anions
are projected by an ion optics stack on a time- and position-
sensitive delay-line detector. The fragment angular distribution
is obtained from the central slice of a Newton sphere images, and
the kinetic energy distributions are obtained from all ions ina 3D
half-“Newton sphere”.”' The imaging spectrometer has mass
resolution, which is enough to separate C,~, C,H”, and CN~
fragments of cyanoacetylene as shown in the SI. The absolute
DEA cross sections have an uncertainly of +15% for NCCN and
+20% for HC;N. The cross section calibration and the error
budget are described in refs 19 and 21.
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The electron energy loss spectra were measured on an
electron spectrometer with hemispherical analyzers."* The
electron energy scale was calibrated on the S resonance in
helium at 19.366 eV, and the electron-energy resolution was
around 18 meV. A magnetic angle changer built around the
collision region permits measurements in the full angular range,
even at the normally inaccessible angles of 0° (forward
scattering) and 180° (backward scattering). The EELS spectra
(Figures 4 and S) were measured in the mode with constant
residual energy E,, where the potential of the analyzer is fixed
and the potential of the monochromator is scanned to vary the
incident energy E,. The signal is plotted as a function of energy
loss AE=E; — E,.

The analyzer is equipped with a Wien filter placed just before
the channeltron and allows for selective detection of electrons or
anions, albeit without resolving the individual ion masses. For
the data shown in Figure 2, the Wien filter was set to record
anions, the electron incident energy E; was fixed, and the E,
(which here corresponds to ion kinetic energy) was scanned.

The cyanogen sample was prepared by a modified literature
procedure®® in which an aqueous solution of potassium cyanide
(11.6 gin SO mL of water) was poured onto 22.3 g of copper(1I)
sulfate pentahydrate powder at a temperature rising from S0 to
90 °C. Evolving NCCN was passed through a Dimroth
condenser to remove the water vapor. Then it was captured in
a flask cooled down by a mixture of dry ice and acetone to a
temperature of —78 °C. The cyanoacetylene was synthesized by
the dehydration of the propiolamide, prepared by the reaction of
methylpropiolate and ammonia, the method introduced by
Miller and Lemmon.”'

All the potential energy surfaces presented here have been
calculated by the time-dependent DFT (TD-DFT) method
employing the B3LYP functional as implemented in Gaussian
16.> The TD-DFT calculations used the cc-pVTZ basis set,*”
and they were applied to the neutral singlet and triplet excited
states, as well as anions’ excited doublets. While this method
appeared to be very stable with respect to the decay of the anion
states into diffused continua (describing the neutral and an
additional electron in the most diffused orbital), it is important
to also mention the limitations of these calculations:

e The compact valence triple-{ basis™ stabilized the anion
states but it also likely causes an overestimate of the
corresponding resonant energies. However, we believe
that the qualitative behavior of the resonance surface
upon bending and stretching of the molecular bonds
should be correct with the present method.

e Not every computed negative ion state corresponds to a
physical resonance as there is no computed information
about lifetimes of these states

e Singlet calculations employ restricted determinants of the
B3LYP functional, while the triplet and doublet
calculations are unrestricted. Unfortunately, the degener-
ate II, A, @, ... states are split energetically in the
unrestricted calculations and they must be identified as
pairs by an inspection of their orbitals.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.3¢03460.

(i) Experimental data on DEA to HC;N (mass spetrum,
VMI images, and KEDs for all anionic fragments), (ii)
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symmetry analysis of CN™ angular distribution in NCCN,
and (jii) configurations and calculated energies of excited
neutral and anion states (PDF)

B AUTHOR INFORMATION

Corresponding Author
J. Fedor — J. Heyrovsky Institute of Physical Chemistry, The
Czech Academy of Sciences, 18223 Prague, Czech Republic;
orcid.org/0000-0002-4549-9680; Email: juraj.fedor@jh-
inst.cas.cz

Authors

P.Nag — J. Heyrovsky Institute of Physical Chemistry, The Czech

Academy of Sciences, 18223 Prague, Czech Republic;
orcid.org/0000-0002-1530-6104

M. Rankovic — J. Heyrovsky Institute of Physical Chemistry, The
Czech Academy of Sciences, 18223 Prague, Czech Republic

M. Polasek — J. Heyrovsky Institute of Physical Chemistry, The
Czech Academy of Sciences, 18223 Prague, Czech Republic

R. Curik — J. Heyrovsky Institute of Physical Chemistry, The
Czech Academy of Sciences, 18223 Prague, Czech Republic

D. S. Slaughter — Chemical Sciences Division, Lawrence
Berkeley National Laboratory, Berkeley, California 94720,
United States; ® orcid.org/0000-0002-4621-4552

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.3c03460

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work is part of the Ministry of Education, Youth and Sports
of the Czech Republic (MEYS) Project No. LTAUSA19031. P.
Nag, M. Rankovi¢, and J. Fedor acknowledge support of the
Czech Science Foundation Grant No. 21-26601X (EXPRO). R.
Curik acknowledges support of the Czech Science Foundation
grant No. 21-12598S. M. Poldsek acknowledges support from
the MEYS Grant No. LTC20062. Work by D.S. Slaughter was
supported by the U.S. Department of Energy, Office of Science,
Basic Energy Sciences, Chemical Sciences, Geosciences and
Biosciences Division, under Award No. DE-AC02-0SCH11231.

B REFERENCES

(1) Fabrikant, I. I; Eden, S.; Mason, N.J.; Fedor, J. Recent Progress in
Dissociative Electron Attachment: From Diatomics to Biomolecules.
Adv. At. Mol. Opt. Phys. 2017, 66, 545—657. .

V(Z) Dvorék, J.; Rankovi¢, M.; Houfek, K.; Nag, P.; Curik, R.; Fedor, J.;
Cizek, M. Vibronic Coupling Through the Continuum in the e + CO,
System. Phys. Rev. Lett. 2022, 129, No. 013401.

(3) Ragesh Kumar, T. P.; Nag, P.; Rankovi¢, M.; Kocisek, J.; Masin, Z.;
Fedor, J.; Luxford, T. F. M. Distant Symmetry Control in Electron-
Induced Bond Cleavage. J. Phys. Chem. Lett. 2022, 13, 11136—11142.

(4) Allan, M. Study of Triplet States and Short-Lived Negative Ions by
Means of Electron Impact Spectroscopy. J. Electr. Spectr. Relat.
Phenomena 1989, 48, 219—351.

(5) Nag, P.; Polések, M.; Fedor, J. Dissociative Electron Attachment in
NCCN: Absolute Cross Sections and Velocity-Map Imaging. Phys. Rev.
A 2019, 99, No. 052708S.

(6) Nag, P.; Nandi, D. Identification of Overlapping Resonances in
Dissociative Electron Attachment to Chlorine Molecules. Phys. Rev. A
2016, 93, No. 012701.

(7) Slaughter, D. S.; Belkacem, A.; McCurdy, C. W.; Rescigno, T. N;
Haxton, D. J. Ion-Momentum Imaging of Dissociative Attachment of
Electrons to Molecules. J. Phys. B 2016, 49, No. 222001.

https://doi.org/10.1021/acs.jpclett.3c03460
J. Phys. Chem. Lett. 2024, 15, 895—-902


https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03460?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c03460/suppl_file/jz3c03460_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+Fedor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4549-9680
https://orcid.org/0000-0002-4549-9680
mailto:juraj.fedor@jh-inst.cas.cz
mailto:juraj.fedor@jh-inst.cas.cz
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="P.+Nag"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1530-6104
https://orcid.org/0000-0002-1530-6104
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Rankovic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="M.+Pola%CC%81s%CC%8Cek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="R.+C%CC%8Curi%CC%81k"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="D.+S.+Slaughter"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4621-4552
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c03460?ref=pdf
https://doi.org/10.1016/bs.aamop.2017.02.002
https://doi.org/10.1016/bs.aamop.2017.02.002
https://doi.org/10.1103/PhysRevLett.129.013401
https://doi.org/10.1103/PhysRevLett.129.013401
https://doi.org/10.1021/acs.jpclett.2c03096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c03096?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0368-2048(89)80018-0
https://doi.org/10.1016/0368-2048(89)80018-0
https://doi.org/10.1103/PhysRevA.99.052705
https://doi.org/10.1103/PhysRevA.99.052705
https://doi.org/10.1103/PhysRevA.93.012701
https://doi.org/10.1103/PhysRevA.93.012701
https://doi.org/10.1088/0953-4075/49/22/222001
https://doi.org/10.1088/0953-4075/49/22/222001
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c03460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(8) Eppink, A. T.J. B.; Parker, D. H. Velocity Map Imaging of Ions and
Electrons Using Electrostatic Lenses: Application in Photoelectron and
Photofragment Ion Imaging of Molecular Oxygen. Rev. Sci. Instrum.
1997, 68, 3477—3484.

(9) Paschek, K.; Semenov, D. A.; Pearce, B. K. D.; Lange, K.; Henning,
T. K; Pudritz, R. E. Meteorites and the RNA World: Synthesis of
Nucleobases in Carbonaceous Planetesimals and the Role of Initial
Volatile Content. Astrophys. J. 2023, 942, 50.

(10) Robertson, M. P.; Miller, S. L. An Efficient Prebiotic Synthesis of
Cytosine and Uracil. Nature 1995, 375, 772—774.

(11) Millar, T.J.; Walsh, C.; Field, T. A. Negative Ions in Space. Cherm.
Rev. 2017, 117, 1765—1795.

(12) Agundez, M.; Cernicharo, J.; de Vicente, P.; Marcelino, N;
Roueff, E.; Fuente, A.; Gerin, M.; Guelin, M.; Albo, C.; Barcia, A,;
Barbas, L.; Bolafio, R.; Colomer, F.; Diez, M. C.; Gallego, J. D.; Gémez-
Gonzilez, J.; Lopez-Fernindez, 1.; Lopez-Ferndndez, J. A.; Lopez-Pérez,
J. A; Malo, L; Serna, J. M,; Tercero, F.; et al. Probing Non-Polar
Interstellar Molecules Through Their Protonated Form: Detection of
Protonated Cyanogen (NCCNH"). Astron. Astrophys. 2015, 579 ((1—
4)), L10.

(13) Agundez, M.; Marcelino, N.; Cernicharo, J. Discovery of
Interstellar Isocyanogen(CNCN): Further Evidence that Dicyanopo-
lyynes Are Abundant in Space. Astroph. J. Lett. 2018, 861 (2), L22.

(14) Guelin, M.; Thaddeus, P. Tentative Detection of the C3N
Radical. Astrophys. J. 1977, 212, L81.

(15) Thaddeus, P.; Gottlieb, C. A.; Gupta, H.; Brunken, S.; McCarthy,
M. C.; Agundez, M,; Guelin, M,; Cernicharo, J. Laboratory and
Astronomical Detection of the Negative Molecular Ton C3N". Astrophys.
J. 2008, 677, 1132—1139.

(16) Agundez, M.; Cernicharo, J.; Guelin, M.; Kahane, C.; Roueff, E.;
Klos, J.; Aoiz, F. J.; Lique, F.; Marcelino, N.; Goicoechea, J. R;; et al.
Astronomical Identification of CN’, the Smallest Observed Molecular
Anion. Astron. Astrophys. 2010, 517, L2.

(17) Graupner, K; Merrigan, T. L.; Field, T. A;; Youngs, T. G. A;
Marr, P. C. Dissociative Electron Attachment to HCCCN. New. J. Phys.
2006, 8, 117.

(18) Gilmore, T. D.; Field, T. A. Absolute Cross Sections for
Dissociative Electron Attachment to HCCCN. J. Phys. B 2018, 48,
No. 035201. .

(19) Rankovi¢, M.; Nag, P.; Zawadzki, M.; Ballauf, L.; Zabka, J;
Polasek, M.; Kocisek, J.; Fedor, J. Electron Collisions with
Cyanoacetylene HC;N: Vibrational Excitation and Dissociative
Electron Attachment. Phys. Rev. A 2018, 98, No. 052708.

(20) Tronc, M.; Azaria, R. Differential Cross Section for CN-
Formation From Dissociative Electron Attachment to the Cyanogen
Molecule C,N,. Chem. Phys. Lett. 1982, 85, 345—349.

(21) Nag, P.; Polések, M.; Fedor, J. Dissociative electron attachment
in NCCN: Absolute Cross Sections and Velocity-Map Imaging. Phys.
Rev. A 2019, 99, No. 05270S.

(22) Luo, Y. Handbook of Bond Dissociation Energies in Organic
Compounds; CRC Press: 2003.

(23) Francisco, J. S.; Richardson, S. L. Determination of the Heats of
Formation of CCCN and HCCCN. J. Chem. Phys. 1994, 101, 7707—
7711.

(24) Bradforth, S. E.; Kim, E. H,; Arnold, D. W.; Neumark, D. M.
Photoelectron Spectroscopy of CN’, NCO', and NCS-. J. Chem. Phys.
1993, 98, 800—810.

(25) NIST Chemistry WebBook, https://webbook.nist.gov/chemistry/

(26) Ervin, K. M,; Gronert, S.; Barlow, S. E.; Gilles, M. K; Harrison, A.
G.; Bierbaum, V. M.; DePuy, C. H.; Lineberger, W. C,; Ellison, G. B.
Bond Strengths of Ethylene and Acetylene. J. Am. Chem. Soc. 1990, 112,
5750—-5759.

(27) Harrison, S.; Tennyson, J. Electron Collisions with the CN
Radical: Bound States and Resonances. J. Phys. B: At. Mol. Opt. Phys.
2012, 45, No. 035204.

(28) Gao, X.-F.; Xie, J.-C.; Li, H,; Meng, X.; Wu, Y,; Tian, S. X. Direct
Observation of Long-Lived Cyanide Anions in Superexcited States.
Communications Chemistry 2021, 4, 13.

901

(29) Skomorowski, W.; Gulania, S.; Krylov, A. L. Bound and
Continuum-Embedded States of Cyanopolyyne Anions. Phys. Chem.
Chem. Phys. 2018, 20, 4805.

(30) Ng, L.; Balaji, V.; Jordan, K. D. Measurement of The Vertical
Electron Affinities of Cyanogen and 2,4-Hexadiyne. Chem. Phys. Lett.
1983, 101, 171-176.

(31) Nag, P.,; Curik, R; Tarana, M.; Poldsek, M.; Ehara, M,;
Sommerfeld, T.; Fedor, J. Resonant States in Cyanogen NCCN. Phys.
Chem. Chem. Phys. 2020, 22, No. 23141.

(32) Sebastianelli, F.; Carelli, F.; Gianturco, F. Forming (NCCN)" by
Quantum Scattering: A Modeling for Titan’s Atmosphere. Chem. Phys.
2012, 398, 199—2015.

(33) Sommerfeld, T.; Knecht, S. Electronic Interaction Between
Valence and Dipole-Bound States of the Cyanoacetylene Anion. Eur.
Phys. J. D 2008, 35, 207—216.

(34) Sebastianelli, F.; Gianturco, F. Metastable Anions of Polyynes:
Dynamics of Fragmentation/Stabilization in Planetary Atmospheres
After Electron Attachment. Eur. Phys. J. D 2012, 66, 41.

(35) Kaur, J.; Mason, N.; Antony, B. Cross-Section Studies of
Cyanoacetylene by Electron Impact. J. Phys. B 2016, 49, No. 225202.

(36) Allan, M.; May, O.; Fedor, J.; Ibanescu, B. C.; Andric, L. Absolute
Angle-Differential Vibrational Excitation Cross Sections for Electron
Collisions with Diacetylene. Phys. Rev. A 2011, 83, No. 052701.

(37) O'Malley, T. F.; Taylor, H. S. Angular Dependence of Scattering
Products in Electron-Molecule Resonant Excitation and in Dissociative
Attachment. Phys. Rev. 1968, 176, 207—221.

(38) Tronc, M.; Fiquet-Fayard, F.; Schermann, C.; Hall, R. I. Angular
Distributions of O” From Dissociative Electron Attachment to N,O
Between 1.9 to 2.9 eV. J. Phys. B 1977, 10, No. L459.

(39) Connors, R. E.; Roebber, J. L.; Weiss, K. Vacuum Ultraviolet
Spectroscopy of Cyanogen and Cyanoacetylenes. J. Chem. Phys. 1974,
60, 5011.

(40) Ferradaz, T.; Benilan, Y.; Fray, N.; Jolly, A.; Schwell, M.; Gazeau,
M. C; Jochims, H.-W. Temperature-Dependent Photoabsorption
Cross-Sections of Cyanoacetylene and Diacetylene in the Mid-and
Vacuum-UV: Application to Titans Atmosphere. Planet. Space. Sci.
2009, 57, 10—22. 5

(41) Ovad, T.; Sapunar, M; Sr3en, S.; Slavicek, P.; Masin, Z.; Jones, N.
C.; Hoffmann, S. V.; Rankovic, M.; Fedor, ]J. Excitation and
Fragmentation of the Dielectric Gas C,F,N: Electrons vs Photons. J.
Chem. Phys. 2023, 158, No. 014303.

(42) Duflot, D.; Hoffmann, S. V.; Jones, N. C.; Limao-Vieira, P. In
Radiation in Bioanalysis: Spectroscopic Techniques and Theoretical
Methods; Pereira, A. S., Tavares, P., Lim3o-Vieira, P., Eds.; Springer
International Publishing: Cham, 2019; pp 43—81.

(43) Zlatar, M.; Allan, M.; Fedor, J. Excited States of Pt(PF;), and
Their Role in Focused Electron Beam Induced Deposition. J. Phys.
Chem. C 2016, 120, 10667—10674.

(44) Fischer, G.; Ross, L. G. Electronic Spectrum of Dicyanoacetylene.
1. Calculations of the Geometries and Vibrations of Ground and
Excited States of Diacetylene, Cyanoacetylene, Cyanogen, Triacety-
lene, Cyanodiacetylene, and Dicyanoacetylene. J. Phys. Chem. A 2003,
107, 10631—-10636.

(45) Job, V. A; King, G. W. The Electronic Spectrum of
Cyanoacetylene. Part I. Analysis of the 2600 A System. J. Mol. Spectrosc.
1966, 19, 155—177.

(46) Luo, C.; Du, W.N,; Duan, X. M,; Li, Z. S. A Theoretical Study of
the Photodissociation Mechanism of Cyanoacetylene in Its Lowest
Singlet and Triplet Excited States. Astrophys. J. 2008, 687, 726—730.

(47) Silva, R.; Gichuhi, W. K.; Kislov, V. V.; Landera, A.; Mebel, A. M.;
Suits, A. G. UV Photodissociation of Cyanoacetylene: A Combined Ion
Imaging and Theoretical Investigation. J. Phys. Chem. A 2009, 113,
11182—-11186.

(48) Allan, M. Measurement of Absolute Differential Cross Sections
for Vibrational Excitation of O, by Electron Impact. J. Phys. B 1995, 28,
5163.

(49) Allan, M. Measurement of the Elastic and v = 0 — 1 Differential
Electron-N, Cross Sections over a Wide Angular Range. J. Phys. B 2005,
38, 3655—3672.

https://doi.org/10.1021/acs.jpclett.3c03460
J. Phys. Chem. Lett. 2024, 15, 895—-902


https://doi.org/10.1063/1.1148310
https://doi.org/10.1063/1.1148310
https://doi.org/10.1063/1.1148310
https://doi.org/10.3847/1538-4357/aca27e
https://doi.org/10.3847/1538-4357/aca27e
https://doi.org/10.3847/1538-4357/aca27e
https://doi.org/10.1038/375772a0
https://doi.org/10.1038/375772a0
https://doi.org/10.1021/acs.chemrev.6b00480?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1051/0004-6361/201526650
https://doi.org/10.1051/0004-6361/201526650
https://doi.org/10.1051/0004-6361/201526650
https://doi.org/10.3847/2041-8213/aad089
https://doi.org/10.3847/2041-8213/aad089
https://doi.org/10.3847/2041-8213/aad089
https://doi.org/10.1086/182380
https://doi.org/10.1086/182380
https://doi.org/10.1086/528947
https://doi.org/10.1086/528947
https://doi.org/10.1051/0004-6361/201015186
https://doi.org/10.1051/0004-6361/201015186
https://doi.org/10.1088/1367-2630/8/7/117
https://doi.org/10.1088/0953-4075/48/3/035201
https://doi.org/10.1088/0953-4075/48/3/035201
https://doi.org/10.1103/PhysRevA.98.052708
https://doi.org/10.1103/PhysRevA.98.052708
https://doi.org/10.1103/PhysRevA.98.052708
https://doi.org/10.1016/0009-2614(82)80307-2
https://doi.org/10.1016/0009-2614(82)80307-2
https://doi.org/10.1016/0009-2614(82)80307-2
https://doi.org/10.1103/PhysRevA.99.052705
https://doi.org/10.1103/PhysRevA.99.052705
https://doi.org/10.1063/1.468264
https://doi.org/10.1063/1.468264
https://doi.org/10.1063/1.464244
https://webbook.nist.gov/chemistry/
https://doi.org/10.1021/ja00171a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0953-4075/45/3/035204
https://doi.org/10.1088/0953-4075/45/3/035204
https://doi.org/10.1038/s42004-021-00450-0
https://doi.org/10.1038/s42004-021-00450-0
https://doi.org/10.1039/C7CP08227D
https://doi.org/10.1039/C7CP08227D
https://doi.org/10.1016/0009-2614(83)87365-5
https://doi.org/10.1016/0009-2614(83)87365-5
https://doi.org/10.1039/D0CP03333B
https://doi.org/10.1016/j.chemphys.2011.08.004
https://doi.org/10.1016/j.chemphys.2011.08.004
https://doi.org/10.1140/epjd/e2005-00078-8
https://doi.org/10.1140/epjd/e2005-00078-8
https://doi.org/10.1140/epjd/e2011-20619-8
https://doi.org/10.1140/epjd/e2011-20619-8
https://doi.org/10.1140/epjd/e2011-20619-8
https://doi.org/10.1088/0953-4075/49/22/225202
https://doi.org/10.1088/0953-4075/49/22/225202
https://doi.org/10.1103/PhysRevA.83.052701
https://doi.org/10.1103/PhysRevA.83.052701
https://doi.org/10.1103/PhysRevA.83.052701
https://doi.org/10.1103/PhysRev.176.207
https://doi.org/10.1103/PhysRev.176.207
https://doi.org/10.1103/PhysRev.176.207
https://doi.org/10.1088/0022-3700/10/12/005
https://doi.org/10.1088/0022-3700/10/12/005
https://doi.org/10.1088/0022-3700/10/12/005
https://doi.org/10.1063/1.1681016
https://doi.org/10.1063/1.1681016
https://doi.org/10.1016/j.pss.2008.10.005
https://doi.org/10.1016/j.pss.2008.10.005
https://doi.org/10.1016/j.pss.2008.10.005
https://doi.org/10.1063/5.0130216
https://doi.org/10.1063/5.0130216
https://doi.org/10.1021/acs.jpcc.6b02660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b02660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp034966j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp034966j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp034966j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp034966j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0022-2852(66)90238-4
https://doi.org/10.1016/0022-2852(66)90238-4
https://doi.org/10.1086/591486
https://doi.org/10.1086/591486
https://doi.org/10.1086/591486
https://doi.org/10.1021/jp904183a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp904183a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/0953-4075/28/23/021
https://doi.org/10.1088/0953-4075/28/23/021
https://doi.org/10.1088/0953-4075/38/20/003
https://doi.org/10.1088/0953-4075/38/20/003
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c03460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL

(50) Brauer, G. Handbook of Preparative Inorganic Chemistry, 2nd ed.;
Academic Press: New York, 1963; Vol. I, pp 658—662.

(51) Miller, F. A,; Lemmon, D. H. Infrared and Raman Spectra of
Dicyanodiacetylene. Spectrochim. Acta, Part A 1967, 23, 141S.

(52) Frisch, M. J,; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A,; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G.
A.; Nakatsuji, H. et al. Gaussian Incl6 Revision C. Gaussian Inc.:
Wallingford CT, 2016.

(53) Dunning, T. H. Gaussian Basis Sets for Use in Correlated
Molecular Calculations. I. The Atoms Boron Through Neon and
Hydrogen. J. Chem. Phys. 1989, 90, 1007—1023.

902

https://doi.org/10.1021/acs.jpclett.3c03460
J. Phys. Chem. Lett. 2024, 15, 895—-902


https://doi.org/10.1016/0584-8539(67)80363-5
https://doi.org/10.1016/0584-8539(67)80363-5
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c03460?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



