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Photoelectron spectroscopy of deprotonated benzonitrile
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The recent discovery of cyano-substituted aromatic and two-ring PAH molecules in Taurus Molecular Cloud-1
have prompted questions on how the electronic structure and excited-state dynamics of these molecules are
linked with their existence and abundance. Here, we report a photodetachment, and frequency- and angle-
resolved photoelectron spectroscopy study of jet-cooled para-deprotonated benzonitrile (p-[Bzn—-H]~). The
adiabatic detachment energy (ADE) was determined as 1.70+0.01 eV, in good agreement with CCSD(T)/aug-
cc-pVTZ calculations. The spectra across the first few electronvolts above threshold are dominated by
prompt autodetachment processes associated with excitation of at least five short-lived (tens of femtoseconds)
temporary anion shape resonances since excitation cross-sections are several orders of magnitude larger than
direct photodetachment cross-sections. The photoexcitation vibronic profile is dominated by a ~640cm™!
ring deformation mode. [Bzn-H]~ lacks a valence-localized excited state situated below the detachment
threshold and does not exhibit thermionic emission following excitation of the temporary anion resonances.

Thus, [Bzn—H]|~ is unlikely to be stable in many interstellar environments.

I. INTRODUCTION

Carbonaceous astrochemistry has become a topical
field over the last few decades due to the widespread
infrared fingerprints, and related phenomena, observed
to originate from carbon-based molecules in space.!:?
In particular, the interest in astrochemical aromatic
and polycyclic aromatic hydrocarbon (PAH) molecules
has been spurred by the assignment of several diffuse
interstellar bands (DIBs) to C{y,® and the identification
of several two-ring PAHs.*" The preponderance of
aromatic carbon molecules, most likely as large
PAHs as a general class, in space is being further
highlighted by the deployment of the James Webb
Space Telescope, providing widespread observations of
infrared bands linked with their vibrational emissions.®
In addition to these larger PAHs, smaller substituted,
aromatic molecules have also been identified in
the Taurus Molecular Cloud-1 (TMC-1), including
benzonitrile and cyanocyclopentadiene.*® These small
aromatics are considered as the fundamental building
blocks in ‘bottom-up’ growth models for larger PAH
molecules,!®!! where growth occurs through neutral-
neutral, ion-neutral, and cation-anion neutralization
reactions followed by radiative cooling to stabilize the
product.

Benzonitrile (Bzn, FIG.1) is an appealing target
for laboratory studies because it is the smallest
heteroaromatic molecule known to exist in space and it is
readily introduced into gas-phase experiments due to its’
volatility (melting point T~ 260 K). Consequently, there
have been several studies on the dissociation processes
of cationic!*!5 and protonated!® Bzn, which are likely
positive charge carriers in astrochemical environments
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where benzonitrile is present. Most laboratory-based
studies on potential interstellar aromatic ions have
focussed on cations, due to the the greater propensity
for cation presence in the interstellar medium (ISM),
the enhanced applicability of ion sources to cation
formation, and the capabilities of mass spectrometry
laboratory instrumentation to isolate and probe cation
photodissociation dynamics. Nevertheless, considering
that some 20% of carbon in the ISM is assumed
to be tied up as PAHs,'”'® and also that anions
are often considered as the main source of negative
charge in space,'® it is important to understand
the electronic structure and excited-state dynamics of
aromatic molecular anions that could exist in the ISM.2°
For Bzn, a combined photoelectron spectroscopy and
computational study on the radical anion identified a low
detachment energy (=0.1eV),'213 which implies that the
anion is unlikely to exist in space. However, CN™, the
likely dissociation product from Bzn~ has been observed
in TMC-1,2! as have the linear carbon anions Ca,,{N—
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FIG. 1. Structures of anionic benzonitrile, [Bzn]~ and
para-deprotonated benzonitrile [Bzn-H]~™. [Bzn]~ has a
very low electron detachment energy (=0.058 ¢V),'*'% and is
consequently unlikely to exist in space. The ortho- and meta-
structural isomers of [Bzn-H|™ are shown in FIG.S1 in the
Supplementary Material.
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FIG. 2. Schematic diagram of the photodetachment-
photoelectron instrument. Ion trajectories follow the blue
trace. Complete instrument details are given in Ref. 28. The
time-of-flight path length is ~1 m, providing a resolving power
of 7~ ~ 600. The VMI was operated with a repeller voltage
of Viep = =500V and an extractor voltage of 0.72XVj.¢p.

(n = 2,3) and Co,H™ (n = 1 — 5),21"27 which possess
a closed-shell electronic structure, suggesting that [Bzn-
H]~ (FIG.1), with a similar electronic structure, is a
likely interstellar candidate.

Here, we report a photodetachment (PD) and
photoelectron (PE) spectroscopy study using velocity-
map imaging over the ~13500-32000cm~' range on
[Bzn—H]~, produced in a jet-cooled plasma discharge
source. ~ We demonstrate that electron detachment
is dominated by prompt autodetachment processes
following resonant excitation of at least five temporary
negative anion (shape) resonances.

Il. METHODS
A. Experimental

The photodetachment spectrum and photoelectron
velocity-map images were recorded using a custom-built
instrument (FIG.2), which is described in detail in Ref.
28. For the present measurements, a gas mixture of
~1% benzonitrile (from a liquid sample, ThermoFisher
>99%) in No (total backing pressure ~2bar) was used
as the feedstock. This gas mixture was introduced
into plasma source (pair of needles of <1 mm diameter,
<lmm separation in a PEEK block) using a Parker
series 9 pulsed valve (260 s opening duration).?® Anions
formed in the plasma undergo supersonic expansion and
jet cooling on exiting the plasma source, reaching a
vibrational temperature of T'< 50 K. The nascent anions
were separated according to their m/z ratio by a Wiley-
McLaren time-of-flight (ToF) mass spectrometry region,
and were quantified using a Photonis BiPolar ToF
detector. The experiment was operated at 20Hz, as
defined by the maximum repetition rate of the laser
system.

The photodetachment signal and photoelectron

velocity-map images were recorded by focussing the
anions through the center of a velocity-map imaging
electrode stack (=~10~8mbar). Light pulses from an
EKSPLA NT342 OPO (optical parametric oscillator)
laser were timed to interact with the m/z of interest
(m/z=102 for [Bzn-H|]"). Light fluence was typically
2-3mJpulse”! and loosely focussed to a circle of
~2.5mm diameter. These conditions were chosen
to minimize any multiphoton absorption processes.
Velocity-mapped photoelectrons were imaged using a
Photek VID240 detector, consisting of dual 40 mm
diameter microchannel plates (MCPs) coupled with a
P43 phosphor screen. The second MCP was connected
to a gating unit, which minimized ion and laser
background. The phosphor was monitored using a
triggered Blackfly S (monochrome, Sony IMX252 CMOS)
camera with a 6 mm focal length lens. Typical velocity-
map images were recorded over 500-15000 laser shots
(depending on photoelectron signal level). Velocity-map
images were reconstructed using a polar onion peeling
algorithm,?” and the velocity to kinetic energy conversion
was calibrated using the atomic line spectrum from
photodetachment of I~.

B. Electronic structure calculations

In principle, [Bzn-H]~ could be generated as three
structural isomers: ortho, meta, and para see illustrations
in the Supplementary Material (FIG.S1). Equilibrium
geometries of o-, m~, and p-[Bzn—H]~ were optimized at
the MP2/aug-cc-pVTZ level of theory (with zero-point
energy correction), followed by CCSD(T) single-point
energy calculations.3036

Temporary anion resonances (vertical transition
energies and oscillator strengths) were calculated
using the CAP-EOM-EA-CCSD/aug-cc-pVDZ
and ~ CAP-EOM-CCSD/aug-cc-pVDZ  levels  of
theory,3” 3% as implemented in Q-Chem®6.1,*° using
the (cuboid) CAP parameters CAPETA=1000,
CAP X=1800, CAPY=1500, and CAPY Z=1500.
Photoelectron  angular  distributions (PADs) for
direct photodetachment, which were quantified
as [ parameters,*’ were simulated using the Q-
Chem/ezDyson protocol with the CAP-EOM-IP-
CCSD/aug-cc-pVDZ level of theory. Dyson orbitals
were computed using Q-Chem 6.1, and the resulting
output used for ezDyson5%? calculations (translated
in energy using the CCSD(T)/aug-cc-pVTZ ionization
energy). The D« Dy vertical excitation energy was
computed at the EOM-CCSD/aug-cc-pVDZ level of
theory.?” Electronic excitation spectral profiles were
modelled at the wB97X-D/aug-cc-pVTZ level of theory
using the Franck-Condon-Herzberg-Teller framework as
implemented in Gaussian 16.43
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FIG. 3. Photodetachment spectrum for [Bzn-H]™ (grey points) with a seven-point running average (black line). The apparent
vibrational structure corresponds to a frequency of v & 640cm™'. Inset is the threshold region from 13700-15000 cm ™!, with
the Wigner threshold law fit curve in red (ADE=1.70+0.01eV). The simulated Dy < Sp direct photdetachment spectrum
is shown in the Supplementary Material (FIG. S3), and spans ~0.5eV. As discussed in the text, the direct photodetachment
cross-section is small compared with photoexcitation of temporary anion resonances.)

I1l. RESULTS AND DISCUSSION
A. Photodetachment spectrum

The photodetachment spectrum recorded for [Bzn-H]~
over the 13699-32116 cm ™! range is shown in FIG. 3. The
spectrum features a steady rise from the threshold region
(13699-15000 cm~!) to the main peak (~24400cm~1).
The main body of the spectrum exhibits a series of peaks
with ~640cm~! spacing, with a ~360cm~! full-width
half-maximum (corresponding to a 14+2fs lifetime).

We assign the photodetachment spectrum to the
p-[Bzn-H|~ isomer based on a fit of the threshold
region (FIG.3, inset) to the Wigner threshold law,**
providing the adiabatic detachment energy (ADE) at
1.70+0.01eV. This value is in good agreement with
the ADE computed at the CCSD(T)/aug-cc-pVTZ level
of theory (1.83eV) for para isomer. The meta and
ortho isomers have calculated ADE values at 1.95eV
and 2.10eV, respectively. We note density functional
theory calculations by Firthet al.*® also predicted the
para isomer to have the lowest ADE. Our assignment to
the para isomer is further supported through calculations
of the relative energies of the isomers, which found
that the meta and ortho isomers lie much higher in
energy, relative to the para isomer, at 1.92eV and
1.82eV, respectively. Because the ions are generated in
a hot plasma source and survive for some microseconds
before being cooled through a supersonic expansion,
they have ample time to undergo rearrangement to the
most stable thermodynamic isomer. The calculated

vertical detachment energy for the para isomer is 2.08 eV,
however, as we will describe, this parameter is difficult
to assign experimentally because autodetachment is a far
more dominant process than direct photodetachment.

It is worth noting that neutral molecules possessing
a permanent electric dipole moment of |u| >1.625D
(theoretical value) support a dipole-bound state
(DBS),*6:47 although, in practise, a value of |u|>2.5D
is necessary due to centrifugal effects.*® Calculated
values of |u| for [Bzn-H] are |p|=3.99D (neutral
optimized geometry) and p=3.86D (anion optimized
geometry), consistent with a DBS with a binding energy
of 50-60meV. However, because the DBS is situated
below the detachment threshold and apparently shows
little vibrational structure (i.e. mno band progression
over the near-threshold region), we do not observe
any DBS signatures in our single-color experiments.
Furthermore, the simulated direct photodetachment
spectrum for [Bzn-H|~ (FIG.S3 in the Supplementary
Material) is extended (spanning =0.5eV), similar
to the phenide anion studied with photoelectron
spectroscopy by Lineberger and co-workers,*® with a
direct photodetachment spectrum that spans nearly 1eV.
Consequently, the vibrational progression associated
with DBS excitation and autodetachment, if observable,
should involve many weak features over first 0.5eV
above-threshold.  This conclusion is consistent with
the fact that vertical excitation cross-sections to all
DBS transitions in related nitrogen-containing aromatic
anions (with similar valance electron binding energies)
are orders of magnitude lower than to the shape
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To aid in interpretation of the photodetachment
spectrum, we computed the excited electronic states
of [Bzn-H]~ (FIG.4) using the CAP-EOM-CCSD/aug-
cc-pVDZ methodology. For photon energies within
our window of study, seven excited states are
accessible, although one (S4) has zero oscillator
strength. The others have vertical excitation cross-
sections of S; — 8.5x102A2, S, — 2.4x10°A2, S,
~ 24x10%2A%, S5 - 1.2x10*A2, Sg - 1.4x10%A2
and S; — 1.0x10° A2, The transition energy of the
brightest state (S5) calculated at 3.01eV, is consistent
with the maximum of the photodetachment spectrum.
These excited states are all classed as temporary
anion shape resonances because they lie within the
detachment continuum and involve HOMO — 7*/o*
transitions. An EOM-CCSD calculation on the
radical neutral indicates that the D; state lies 3.8eV
above the Dg state, leading to the conclusion that
Do+ Sy is the only direct photodetachment that
contributes to most of our spectrum. The simulated
direct photodetachment cross-section spans 0.13 A2 at
hv=2.18¢eV to 0.30 A% at hr =3.93eV (maximum value
across the simulated range), which are several orders of
magnitude lower than those for excitation. We conclude
that our photodetachment spectrum is dominated by
autodetachment and that direct photodetachment makes
only a minor contribution. Additional evidence for
this conclusion is given in the next section through
comparison of experimental and simulated photoelectron
anisotropy distributions.

We now consider the vibrational structure evident
in the photodetachment spectrum, which appears to
have ~640cm~! spacing. Because the spectrum is
dominated by autodetachment after photoexcitation, we
performed Franck-Condon-Herzberg-Teller simulations
of the absorption profiles (see Supplementary Material).
The autodetachment processes occur via (at least) seven
overlapping shape resonances (FIG.S3). A common
feature of all of the excitation profiles is activity of a
ring deformation mode (as the fundamental and as part
of combination bands) with a harmonic frequency of
~650cm~! (see illustration in FIG.S2; the frequency
varies slightly for each excited state). Although there are
several overlapping electronic states, if we take the full-
width half-maximum of two most prominent vibrational
features (at ~3.0 and ~3.1eV), which likely corresponds
vertical excitation of the brightest excited state (Ss), we
obtain a 1442fs lifetime, which is consistent with the
expected lifetime from a shape resonance.?!:%2

B. Photoelectron spectra and PADs

The 2D photoelectron spectrum or map, shown
in FIG.ba, was constructed from 130 individual
photoelectron spectra spanning the hr=1.75-4.00eV
photon energy range. The photodetachment spectrum
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FIG. 4. Schematic energy level diagram for [Bzn-H]™.
Prompt autodetachment occurs via excitation to one of
the seven excited states accessible over the photon energy
range of the experimental data (1.8-4.0eV). The S, excited
states, which are formally all shape resonances because
they are situated in the detachment continuum and involve
HOMO — 7" /o™ excitations, were computed at the CAP-
EOM-EA-CCSD/aug-cc-pVDZ level of theory. The D;
excitation energy (~3.8eV) was computed at the EOM-
CCSD/aug-cc-pVDZ. The S; state is greyed as it has
zero oscillator strength. The S; state [(2)'Ai] has the
largest excitation cross-section at 1.2x10* A2. Black arrows
indicate excitation energies, and blue arrows show direct
photodetachment electron kinetic energies. It should be noted
that, although the structure of [Bzn—H]~ might appear close
to that of deprotonated benzene (phenide, C¢Hs™),* the
addition of the cyanide group substantially changes the energy
level structure of the anion (see FIG.S4 for phenide energy
levels).

is shown in FIG.5b to allow for correlation of spectral
features, while selected photoelectron spectra are shown
in FIG.bc—e. Over the hr<3.1eV range, the 2D
map shows a systematic oscillation between high-eKE
electrons coincident with dips in the photodetachment
spectrum and a broadened distribution extended to
lower-eKE coincident with peaks in the photodetachment
spectrum  (e.g. compare the two spectra shown
in FIG.5d). These spectra also have differing [
angular anisotropies, indicative of ejection processes from
different electronic states. This oscillation is consistent
with the ~640cm~"! peak spacing in the PD spectrum
(assigned to ring deformation). This corresponds to
the ~650cm~! ring deformation mode of p-[Bzn-H]~
identified in Franck-Condon-Herzberg-Teller simulations
(the corresponding mode in the highly-unstable ortho
isomer is calculated at 632cm™!, and 571cm™! for the
meta isomer, clearly discounting the latter). We note
that each of the recorded photoelectron spectra exhibit
some (unresolved) vibrational structure, indicating that
autodetachment occurs to at least two vibrational levels
of the neutral.
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FIG. 5. Photodetachment-photoelectron spectroscopy of [Bzn—H]: (a) 2D spectrum or map over the hv =1.75-4.00eV (14115
32262 cm ') photon energy range. Each photoelectron spectrum was normalized to have unit maximum signal intensity. Inset
is an expansion of the low photon energy region (hr <2.2eV). (b) Photodetachment spectrum (seven-point running average)
over the same range as in FIG.3. (c)—(e) Selected photoelectron spectra (seven-point running average), at given photon
energies and with corresponding B2 values (£0.1), from regions (c¢) hv >3.1eV, (d) hv =3.1-2.2€V, and (e) hv <2.2eV. See

the Supplementary Material for 82 value plots.

A second vibrational feature is evident for hv <2.1eV
over which the spectrum is dominated by direct
photodetachment (the S; < Sp vertical transition is
calculated at 2.20eV). This region is shown expanded
in the inset in FIG.5a and features an oscillation with
spacing of ~242cm™!, consistent with a progression of
vibrations involving CN wagging modes and associated
combination bands. From the example spectrum
in FIG.b5e, we obtain the ADE of 1.674+0.05eV,
consistent with the value from the photodetachment
spectrum. Because the direct photodetachment feature
is swamped by prompt autodetachment in higher photon
energy photoelectron spectra, we cannot reliably extract
electron detachment energies from these spectra.

For photon energies hv > 3.3 eV, new low-eKE features
appear in the spectrum (see example spectra in FIG. 5¢)
with an apparent photon energy spacing of ~2500cm ™!,

consistent with the CN stretching mode of [Bzn—

H]~ (see illustration in the Supplementary Material).
The appearance of this new feature is consistent with
the emergence of the Dy <— Sy direct photodetachment
channel.

An advantage of velocity-map imaging is the
simultaneous determination of PADs, quantified in terms
of a P2 anisotropy parameters (FIG.S5).  Briefly,
the Bo values reflect the symmetries of orbitals from
which the electron was ejected convoluted with the
timescale over which the electron was ejected — for
B2 = —1 electron ejection occurs perpendicular to
the laser polarization axis, while for B = +2, ejection
occurs parallel to the laser polarization axis.*! While
our photoelectron velocity-map images show some s
trends, e.g. from FIG.5d, photon energies resonant
with peaks in the photodetachment spectra (hv=2.2—
3.1eV) produced narrower and highly anisotropic eKE
distributions (82 =+1.6£0.1), and non-resonant photon
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energies produced an extended eKE distribution with less
anisotropy (f2 =+0.540.1), the number of overlapping
excited states means a quantitative interpretation is not
possible. However, we can make two broad statements:
(i) because an anisotropic (2 indicates that electron
ejection occurs faster than molecular rotation (=1 ps for
[Bzn-H] ™), the electron detachment processes are prompt
and no long-lived states are involved; (ii) modeling of
the anisotropies for Dy < Sg direct photodetachment
process (FIG. S6) indicated negative 82 values for photon
energies over our spectra range, which is inconsistent
with observation of positive 85 values in the experimental
data. Point (ii) supports that direct photodetachment is
a minor process compared with excitation followed by
prompt autodetachment.

We found no evidence for thermionic emission in the
photoelecton spectra, which is an electron detachment
process that occurs following internal conversion to the
ground electronic state and, in turn, statistical electron
ejection over a nanosecond to microsecond timescale.??
Such processes are characterised by an isotropic, low-
eKE Boltzmann-like distributions in the photoelectron
spectra,®® and through delaying of the gating unit on the
MCP detector (as to gate out any electron detachment
signal occurring faster than a few nanoseconds).®® The
lack of any thermionic emission signal implies that no
excited state resonance accessed over our photon energy
range survives long enough for internal conversion to
occur, recovering the ground electronic state.

C. Astrochemical considerations

Stable molecular anions in space are thought to
form through two mechanisms:?° (i) radiative electron
attachment, whereby a free electron is captured by
a temporary anion resonance or DBS,*® followed
by internal conversion to ground electronic state
and liberation of energy through radiative cooling
(IR emission and recurrent fluorescence),’™%® or (ii)
dissociatve electron attachment, whereby a large
molecular anion captures an electron which causes
bond cleavage to give a smaller stable anion and
neutral.’® Astronomical observations on anion:meutral
column densities for the known Cy,H™ and Cg,1 1N~
species, and modelling of rate coefficients, have
largely concluded that process (i) is the most
probable.6%61 In efforts to understand the radiative
cooling dynamics of small carbonaceous cations, work
using the DESIREE infrastructure,®? including by the
current authors,%376 has sought to characterize the rates
for radiative emission, finding that infrared emission and,
critically, recurrent fluorescence (emission from thermally
populated electronic states) are important for efficient
radiative stabilization.6” Furthermore, as detailed in the
introduction, a key requirement for a stable interstellar
anion is a high electron affinity and, presumably, some
degree of resilience to the interstellar radiation field

towards photodetachment.’”5® For context, the Co,H™
and Cg,,+1 N7 species that exist in TMC-1 are all closed-
shell species that support a DBS (CoH™ does not support
a DBS and has not been observed in the ISM) and
have electron affinities >3.6eV.5%70 Most of these anions
(except C4H™ and CN™) have valence-localized excited
states situated below the detachment threshold that
would be required for recurrent fluorescence radiative
cooling.”H72

Ultimately, we conclude that while benzonitrile has
been identified in the ISM,* [Bzn—H]~ is unlikely to be
stable under interstellar conditions involving any UV
radiation field (e.g. photodissociation region) due to its
lower electron affinity (1.70eV) and high density of just-
above-threshold excited states, which have substantial
excitation cross-sections that lead to autodetachment
rather than internal conversion to recover the ground
electronic state (i.e. there is no evidence for thermionic
emission). Examples of anions whose properties are
conducive to recurrent fluorescence (i.e. those that
exhibit thermionic emission following above-threshold
excitation detected and have a suitable energy level
structure) include Cg,"™ and the menadione radical
anion.?? In the case of [Bzn—H] ™, there is no evidence of
thermionic emission in the photoelectron data (FIG. 5a),
and there are no bound, valence-localized anion excited
states. This implies that [Bzn—H]~ is unlikely to be
stable under interstellar conditions, as it does not exhibit
the experimental signatures or properties expected of
a molecule compatible with interstellar environments.
Ideally, future efforts might like to systematically study
the cooling and stabilization dynamics of the known
interstellar anions in order to help establish predictive
rules of thumb for their interstellar existence and
abundance.

IV. CONCLUSIONS

Photodetachment and photoelectron spectra of jet-
cooled p-[Bzn-H|~ have been reported, providing
the adiabatic electron affinity of 1.704+0.01eV, and
demonstrating that the action spectra over the first
few electron-volts above threshold are dominated by
autodetachment from temporary anion states (shape
resonances). There is no evidence for internal conversion
to the ground electronic state. The lower electron
affinity combined with the lack of internal conversion
dynamics implies that para-[Bzn—H]~ will not be a stable
interstellar anion in environments where there is a UV
radiation field. The fact that a large fraction of carbon in
space exists as aromatic molecules implies that rigorously
characterizing the electron-molecule interactions of such
aromatics is important for establishing the fundamental
data and trends required to predict interstellar anion
abundance. Future studies, which may use the present
methodology, should consider small aromatic anions with
electron affinities closer to or above 3.6eV. This may
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include two- and three-ring deprotonated cyano-PAHs.

SUPPLEMENTARY MATERIAL

The Supplementary Material contains details on:
important vibrational modes of p-[Bzn—H]~, simulated
Franck-Condon-Herzberg-Teller photoexcitation spectra
and the direct photodetachment spectrum, energy level
diagram for phenide, summary of experimental and
simulated B2 values, optimized geometries of [Bzn-H]~
isomers.

DATA AVAILABILITY

All experimental and calculated data as part of this
study are available from the authors upon reasonable
request.
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