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Photoelectron velocity-map imaging and electronic structure calculations have been used to study the temporary anion
www.rsc.org/ (resonance) dynamics of the closed-shell site-specific deprotonated tetracene anion (CisH;;") in the 4v = 3.26 eV (380 nm)
to 4.13 eV (300 nm) range. In accord with a recent frequency-, angle-, and time-resolved photoelectron imaging study on a
related but open-shell polyaromatic radical anion (Chem. Sci., 2015, 6, 1578-1589), population of m*-resonances situated in
the detachment continuum efficiently recover the ground electronic state of the anion through ultrafast non-adiabatic
dynamics, followed by characteristic statistical electron loss (thermionic emission). The combined electron yield of direct
photodetachment and autodetachment from the optically-accessed resonances in CisH;, is several orders of magnitude
smaller than thermionic emission from the ground electronic electronic state in the photon energy range studied. This result
implies a resiliance to prompt photoejection from UV radiation, and the ability of neutral PAH-like species to capture a free
electron and form a long-lived molecular anion that ultimately decays by thermionic emission on a millisecond timescale.

The attachment mechanism applies to polyaromatic species that cannot support dipole-bound states, and may provide an

additional route to forming anions in astrochemical environments.

Introduction

Polyaromatic hydrocarbon (PAH) molecules are found across a
diverse range of chemical environments. For example, they
form as products in combustion and anthropogenic pollution,’
they are wused in new generation semiconductors and
microelectronics,> and they have been postulated to be present
in astrochemical environments.*> In astrochemistry, anions are
recognised as important chemical species,!! and have been
identified as small polyynes such as C,H and C¢H",'>'® and are
commonly postulated to be present as PAHs. However, the
detailed formation mechanism of astrochemical anions is
unclear. It is commonly postulated that stable anions may be
formed via electric dipole-bound doorway states;'**° however,
most neutral PAH molecules do not have a sufficient dipole
moment to support such a mechanism.

Most molecules, particularly those with =n-conjugated
systems, exhibit temporary anions or resonances.’'">* Briefly,
resonances are quasi-bound electronic states of the anion that
are energetically situated above the neutral ground state
(situated in the detachment continuum) and are formally
unbound to electron ejection. In PAHs,

particularly efficient at capturing a free electron and, similar to

n* orbitals are

dipole-capture, the dynamics of the temporary anion state
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determines the fate of the anion.??

Although spontaneous
autodetachment from a resonance is typically very fast (tens to
hundreds of femtoseconds), non-adiabatic internal conversion
can compete and even dominate.’*?® Indeed, many electron
impact studies on conjugated molecules have observed efficient
formation of long-lived anions despite the incident electron
energies and molecular configurations incompatible with an
electric dipole-mediated capture mechanism.”>?* As a specific
example, mass spectrometry measurements on tetracene and
pentacene have shown the formation of long-lived anions with
lifetimes of ~10 ms following capture of electrons with up to ~3
eV of kinetic energy.’” Internal conversion of an anion
resonance converts electronic energy into vibrational excitation,
which then becomes redistributed amongst the internal degrees
of freedom (intramolecular vibrational relaxation) and leads to
a temperature increase of the molecular anion.*'*? If such an
anion is formed under isolated conditions, the total internal
energy of the system remains above the neutral ground state
and the system may statistically detach the most weakly bound
electron on a microsecond to millisecond timescale — known as
thermionic emission.*>’ Alternatively, some internally-hot
may through
photoemission processes or by unimolecular dissociation to
yield a stable anion.

Using pump-probe femtosecond spectroscopy we have

6 can

anions liberate excess internal energy

recently shown that a conjugated quinone, menadione,’
very efficiently produce ground electronic state anions
following photoexcitation (or electron capture) with energies up
to 3 eV above-threshold and probably higher. In menadione, the
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Fig. 1: Illustration of tetracene or benz[b]anthracene. Labels 1, 2, and 3 denote
the three available deprotonation sites to produce the C;sH;; species. Position
1 is the predominant deprotonation site in the present experiments. Key:
charcoal — carbon; white — hydrogen.

dipole moment of the neutral (~0.7 D) is well below the
threshold for any dipole-bound mechanism (>2.5 D),?° which is
commonly invoked for PAH or highly conjugated molecular
anion formation in astrochemistry. Efficient electron capture
yielding long-lived anions has been experimentally observed
across a range of similar quinone molecules.*® For menadione,
recovery of the ground electronic state anion is achieved
through a series of ultrafast internal conversion events between
a manifold of electronic states that outcompetes prompt
electron loss. We suggested that menadione may behave
similarly to PAH molecules due to a similar n-delocalized
valance electronic structure.

In this paper we report ultra-high vacuum photoelectron
(PE) spectroscopy experiments combined with electronic
structure calculations on site-specific deprotonated tetracene
(CisHyy~, Fig.
ultrafast non-adiabatic dynamics those in menadione.”® Our

1) to demonstrate the existence of similar

choice of the deprotonated (closed-shell) anion, C;gH;;", over
the radical anion, CgH;,, is partly for experimental reasons
and because the electron affinity is larger while maintaining a
similar m-system. Further, menadione illustrated the efficient
non-adiabatic dynamics in an open-shell anion;* herein we do
so for a closed-shell anion. Finally, from an astrophysical
perspective, the interstellar anions that have been definitively
identified are all closed-shell,>'"!” and astrochemical reaction
rate modelling of deprotonated PAH anions has specifically
supported their potential importance.*

In our experiment, rather than directly attaching an electron,
we start with a stable anion and photoexcite some of the same
resonances that are accessed by electron capture. Provided the
geometries of the anion and neutral are reasonably similar, the
non-adiabatic dynamics and energetics are comparable. This
caveat is true for the current system, where the deprotonated
tetracene anion and neutral have small relative geometric
changes, although the differences in photoexcitation and
electron capture cross-sections cannot be probed in these
experiments. The advantage of the anion photoexcitation
method is that PE spectra contain signatures of any non-
adiabatic dynamics, which are more difficult to observe in
conventional electron attachment. For C;gH;;” we show that
photoexcitation up to at least 1.5 eV above-threshold is almost
exclusively converted back to the ground electronic state of the
anion. Further, photodetachment of the anion is shown to be
very inefficient compared with photoexcitation and ground

2 | Phys. Chem. Chem. Phys.., 2015, 00, 1-8

electronic state anion recovery, implying a resilience to direct
UV-induced electron loss.

Experimental
The experimental set-up has been detailed in a number of recent
studies.?*?**4! Briefly, a ~1 mM solution of >99% purity

tetracene (Sigma-Aldrich) dissolved in analytical grade toluene
was electrosprayed at —5.0 kV under atmospheric conditions.
Resulting gaseous ions were transferred via a vacuum transfer
capillary into a radio frequency ring-electrode ion trap. The
trapped ions were unloaded into a co-linear time-of-flight mass-
spectrometer. lons were directed to the centre of a continuous-

41,42 and

mode penetrating field velocity-mapping assembly,
laser pulses were timed to interact with the mass-selected ion.
Ejected electrons were velocity-mapped onto a dual chevron
multichannel plate (MCP) detector followed by a P43 phosphor
screen and monitored by a CCD camera. The electron kinetic
energy (eKFE) scale was calibrated using the PE spectrum of I,
and the velocity-mapping resolution is around 5%. All velocity-
map
algorithm that allows the PE spectrum and electron ejection
angular distributions to be determined.***

The laser pulses of ~6 ns duration were generated by a
Nd:YAG (Continuum Surelite II-10) pumped optical parametric
oscillator (Continuum Horizon I). The laser was unfocused in

image reconstructions used a polar onion peeling

the interaction region and operated under reasonably low power
conditions (~5 mlJ per pulse) to minimise any two-photon or
multiple-photon contributions. Velocity-map images
collected at various photon energies (4v) between 3.26 eV (380
nm) and 4.13 eV (300 nm). Each image accumulated sufficient
counts to achieve a reasonable and comparable signal-to-noise
ratio. All images were accumulated with a 500 ns gate on the
MCP, allowing detection of any photoelectrons ejected over

were

this timescale. Because thermionic emission in deprotonated
tetracene  anions operate on a
milliseconds,*****” our experiments only measure a small
fraction of the true electron yield. The MCP detector gate
timing was systematically varied in order to separate thermionic

will timescale of

emission features from prompt detachment, as will be further
detailed below.

Theoretical

Density functional theory (DFT) calculations were performed
using the Gaussian 09 package,* and multi-reference
perturbation theory calculations using the GAMESS-US
package.*® Initial DFT calculations used the ©B97XD//6-
311++GQdf,2pd)+Cp level of
performance for anion

theory due to suitable

species,47'50 and agreement with
established values for tetracene.’! The ‘+Cp’ in the basis set
definition indicates the addition of an extra set of p functions
with orbital exponent 0.01 to each carbon atom. All relevant
zero-point energy corrections and vibrational frequencies where
computed in the harmonic approximation. Franck-Condon
simulations of direct photodetachment to the ground neutral
(X*A’) and excited neutral (12A") states were performed with
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the 6-311++G(2df,2pd)+Cp and 6-31+G(d,p) basis sets,
respectively. %  Several CCSD(T) calculations were
performed to ensure the DFT methodology produces

reasonable electron affinity parameters.*

Anion resonances were initially characterised within the
TD-DFT framework.>
confirmed to represent resonances rather than discretised

Computed excited states were
continuum states through a series of calculations in which the
‘+Cp’ orbital exponent was multiplied by a factor ranging 0.5
to 2.0.>° A smaller orbital exponent corresponds to a more
diffuse basis function. Actual resonances are the excited states
that are relatively unchanged in energy with increasing
diffuseness, while discretised continuum states progressively
become lower in energy and the corresponding molecular
orbital increasingly diffuse with increasing +Cp diffuseness.
The TD-DFT calculations indicated the relevant molecular
orbitals to include in the active space for the higher-level
employing the XMCQDPT
(extended multiconfigurational quasi-degenerate perturbation

calculations second-order
theory) framework.’® Briefly, the reference active space
considered the three highest energy m orbitals, the p lone pair,
and all n° orbitals. That is, a (8,13) complete active space.
Calculations were performed with the 6-31+G(d,p) basis set.
First, the geometry was re-optimised using the CASSCF
wavefunction, and followed by computation of the anion
resonances with multistate XMCQDPT theory assuming Cg
point symmetry. Our earlier combined experimental and
computational studies on w* resonances of para-quinones
support that XMCQDPT with a sufficiently large reference
active space and sufficiently compact basis provides a
reasonable account of resonance vertical photoexcitation

energies.%’”’57

Results and Discussion

Photoelectron spectra

Fig. 2 summarises all PE spectra as a waterfall plot. All spectra
are dominated by a narrow Boltzmann-like distribution peaking
at eKE ~ 0.05 eV. For hv > 3.5 eV, an additional broad shoulder
on the high-eKE shoulder of the Boltzmann-like distribution
can be identified. The maximum eKE of this feature increases
commensurate with Av.

Because direct photodetachment is forbidden at very low-
eKE by the Wigner threshold law,’*>’ the low-eKE feature must
result from an indirect process. Experimentally, delaying the
MCP gate by 50 ns relative to the laser yields only the low-eKE
feature. This observation, together with the Boltzmann-like
distribution and isotropic angular distribution (see image inset
in Fig. 2), identifies the low-eKE feature to result from
The high-eKE shoulder (with eKFE
increasing commensurate with Av) arises from ‘prompt
from both direct
direct
photodetachment, a photon instantaneously induces electron

thermionic emission.

detachment’, containing contributions

photodetachment and fast autodetachment. For

ejection, projecting the ground state anion wavefunction onto

This journal is © The Royal Society of Chemistry 2015
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Fig. 2: All C;gH,;  photoelectron spectra as a function of photon enerf (hv).
Shown in the inset is the experimental central slice of the v = 4.13 eV ( gO nm)
velocity-map image (right semicircle) and reconstruction (left semicircle).

the neutral with the excess energy taken away as kinetic energy
of the outgoing photoelectron. For fast autodetachment, a
resonance is first photoexcited followed by spontaneous
autodetachment before any non-adiabatic dynamics can occur.
The experimental prompt detachment spectrum was
recovered by recording a velocity-map image in which the
MCP gate was timed to record any direct or fast electron
ejection plus any thermionic emission within a 500 ns window,
and then subtracting an image in which the MCP gate was
delayed by ~50 ns. The resulting ‘prompt detachment’ spectrum
is shown in Fig. 3. Fig. 3 has two contributions: a weak high-
eKE peak (1.0 > eKE > 1.5 eV); and an intense peak at lower
eKE (0 > eKE > 1.0 eV). The high-eKFE peak corresponds to the
direct photodetachment from the ground electronic state anion
to the ground electronic state neutral. Analysing all PE spectra
together allows determination of the experimental adiabatic
electron affinity, AEA, at 2.6 = 0.2 eV, and the vertical
detachment energy, VDE, at = 2.8 £ 0.2 eV. The peak at lower

eKE will be assigned in the next section.

Anion resonances and energetics

Table 1 summarises calculated AEA and VDE for each of the
three possible deprotonation sites shown in Fig. 1. From Table
1, deprotonation at site 1 is the only site consistent with our
experimental determination of the AEA and VDE. Further,
deprotonation at sites 2 and 3 are 0.20 ¢V and 0.26 eV than
deprotonation at site 1. CCSD(T)/6-31+G(d,p) calculations at
the ®B97XD geometry confirms that the functional yields
reasonable AEA and VDE energetics, and also that the
difference between the AEA and VDE
consistent with the large low-eKE prompt detachment feature.

is small and not

Overall, the results support that only one isomer is present
This
consistent with other electrospray studies showing that

under our experimental conditions. conclusion is

Phys. Chem. Chem. Phys., 2015, 00, 1-8 | 3
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Fig. 3: ‘Prompt detachment’ spectrum at v = 4.13 eV (300 nm) — see text for
further details. Also included arg the Franck-Condon simulations for direct
photodetachment to the XA’ and ]°A" neutral states. The maximum in calculated
detachment cross-section for the 1°A” TDDFT Franck-Condon spectrum has been
translated in order to agree with the XMCQDPT?2 excited state neutral energetics.

PCCP

four singlet resonances within the maximum /v in the current
experiments (4.13 eV). Note that all energies are given as
vertical excitation energies assuming the ground electronic
anion state geometry. The CASSCF wavefunctions enable the
classification of 4'A” as a Feshbach resonance relative to the
ground neutral state (X?A’), while the higher-lying 2'A’, 3'A’,
and 4'A’ resonances have shape character relative to the 1?A”
state of the neutral and Feshbach character with respect to the
X?A’ neutral ground state.

As a comparison with electron attachment, Burrow and co-
workers?>®® reported measurements on closed-shell (not
deprotonated) neutral tetracene, identifying at least six
resonances up to 3 eV above-threshold. They present a
correlation diagram that nicely summarises the rapid increase in
the number of resonances and development of a band structure

polarity-matched solvents and solutes tend to produce

statistical/thermodynamic gas-phase products.®®®! In addition,
vibrationally-resolved photodetachment spectroscopy,’>® and
mass spectrometry on the naphthyl anion,* as well as ab initio
calculations on a range of PAH species,®>® indicate a very
strong propensity to remove the most weakly bound proton
during ‘soft’ anion formation.

Based on the above assignment of the deprotontation site,
the prompt detachment spectrum can be assigned. Included in
Fig. 3 are Franck-Condon simulations of the direct detachment
spectrum to the X?A’ neutral state (red), and to the 1A’ first
excited neutral state (blue). The weak 1.0 > eKE > 1.5 eV tail
results from direct photodetachment forming the X?A’ neutral
state, while the intense 0 > eKE > 1.0 eV contribution
corresponds to formation of the 1?A” neutral state. The
probable reason for the larger cross-section to produce the 1?A”
state relative to the X?A’ ground state is because the latter
involves loss of an electron involved in Hiickel aromaticity,®’
while the former involves loss of a carbon lone pair electron.
Comparison between experiment and theory allows the VDE to
the 12A" state to be determined at 3.5 + 0.1 eV. Higher-lying
neutral excited states become available at #iv> 4.2 eV.

Calculated resonances, anionic bound state and neutral
energetics, as well as relevant oscillator strengths are
summarised in Fig. 4 assuming C;gH;;” deprotonated at site 1.
Also included in Fig. 4 are the main CASSCF wavefunction
configurations of each electronic state. Corresponding CASSCF
natural orbitals are given in Fig. 5. The calculations identify

four bound singlet excited states, two bound triplet states, and

Table 1 — Summary of electron detachment parameters, in units of eV, for each
deprotonation site of tetracene (see Fig. 1). Calculated parameters at the ®B97XD//6-
311++G(2df,2pd)+Cp level of theory and (CCSD(T)/6-31+G(d,p) in parentheses).

Property Site 1 Site 2 Site 3 Experiment
AEA 2.68 (2.52) 1.58 1.51 26+0.2
VDE 2.76 (2.54) 1.97 1.88 2.8+0.2

4 | Phys. Chem. Chem. Phys.., 2015, 00, 1-8

across the linear acene series from benzene to tetracene. 1he
principal difference in electronic structure between neutral
C,sH,, and deprotonated C,gH/; is the large increase in electron
affinity for the latter, meaning that some low-lying anion
resonances in tetracene become bound in deprotonated CsH,; .

Nevertheless, we expect a similar sequence of electron
attachment dynamics between the two species, ultimately
leading to long-lived anions.*® We note a hAv = 3.49 eV (355
nm) PE spectrum of the tetracene radical anion has been
reported by Mitsui et al.’', although due to the use of a
magnetic bottle spectrometer has been truncated at low-eKE
where the thermionic feature is situated.

A
41A" (222+0-00) [0.66]
4.0 —
()]
2 . 3IAT (222+000-)+(222+00-0) [0.21]
g T 21A" (222+000-)-(222+00-0) [1E-3]
36— >
S 12A" (222+0000)
3.2— 41A" (+22-2000) [1E=3]
>
2.8 X2A" (+2220000)
> 04— ~ 31A" (+2220-00) [4E-3]
> & 2'A" (+22200-0) [<1E-3]
§ " (1A (222+-000) [0.09]
1.7 — 194" (222++000)
1.4 - 11A" (+222-000) [2E-3]
1.0 < 13A" (+222+000)
0.0—L XA’ (22220000)

Fig. 4: Calculated resonances and excited states of CsH,,” (deprotonated at site 1)
at the multi-state XMCQDPT2/CASSCF(8,'13)/6»31+G(é,p level of theory. Also
included are the main CASSCF configuration weights in parentheses (see Fig. 5
for illustrations of the corresponding orbltal& and oscillator strengths in square
brackets. Key: black are singlet states of A" symmetry; red are states of A’
symmetry; green are triplet states; blue are neutral electronic states; and arrows
indicate the continuum with which the resonances correlate in a Koopmans
picture.
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Fig. 5: Illustrations of the first nine natural orbitals in the CASSCF active space. Orbital 1 has A’ symmetry and all other orbitals have A" symmetry. Other CASSCF
Orgitals in the active space (not shown) have negligible contribution to any state in Fig. 4.

Thermionic emission

The low-eKFE Boltzmann-like PE feature, which is present in all
PE spectra in Fig. 2, results from statistical electron emission
from the ground electronic state of C;gH;;.>%***3" That is,
excess internal energy statistically accumulates amongst certain
modes leading to ejection of the most weakly bound electron.
The properties, typical lifetimes (micro- to milliseconds), and
mathematical description of thermionic emission have been
the aforementioned references. The
observation of thermionic emission must be preceded by

well-reviewed in
internal conversion of the photoexcited resonances. If the initial
(or resonances  were  to
spontancously autodetach, only high-eKE features associated
with the resonance binding energy would be observed in the PE
spectrum. Instead, all PE spectra show that thermionic emission
is the ultimate fate of most above-threshold photoexcitation.
We stress that only a very small fraction of the true thermionic
emission yield is collected in these spectra — i.e., taking a
thermionic emission lifetime of 10 ms implies that <0.01% of
the thermionic electrons were collected.*® The assumed lifetime

photoexcited intermediate)

of 10 ms, which was experimentally characterized for tetracene
from electron attachment, is likely close to that for CgH;;"
since both have similar electronic structure and number of
degrees of freedom. In fact, based the theory of thermionic
emission,*>?” the C;gH,,” thermionic emission lifetime may be

This journal is © The Royal Society of Chemistry 2015

expected to be longer than that for C;gH;, due to a
significantly increased AEA. Regardless, even in the unlikely
case that the thermionic emission was a few orders of
magnitude faster, the vast majority of the initial photoexcited
resonance population would still internally convert to form the
ground electronic state anion. The predominance of thermionic
emission across all PE spectra is similar to that recently
characterized for the radical anion of menadione, and suggests
that CgH;, is resilient to direct photodetachment by broadband
UV radiation.?®®-7* Similarly, other results from our laboratory
and from the Bordas group indicate that thermionic emission
dominates the PE spectroscopy of Cgy and other fullerene
anions.’””® Such efficient ground state recovery dynamics is
probably a generic feature of PAH anions, and would support
their existence in favourable astrochemical environments.

The mechanism through which above-threshold population
is funnelled to the ground electronic state is internal conversion
via conical intersections that result from strong non-adiabatic
electronic state couplings.’*>® Complete internal conversion to
the ground electronic state can be assisted by intermediate
states that are close in energy, or by a ladder of intermediate
states. In particular, bound electronic states of the anion have
been shown to be important intermediates.”® More generally,
bound excited anion states are well-established to be important
in the harvesting of solar energy in photovoltaic materials,’® in
biological and technological electron transfer systems,?®4%"’

Phys. Chem. Chem. Phys., 2015, 00, 1-8 | 5§



and in fluorescent proteins.”®®® C,;sH;,” has four bound singlet
states (as well as two triplet states) providing a dense manifold
for internal conversion (and intersystem crossing). Once the
anion is in a bound electronic state, the excess internal energy
becomes statistically redistributed amongst vibrational and
rotational degrees of freedom and the system has more time to
decay to the electronic ground state.

To directly probe whether such intermediate states are
the
measurement of internal conversion dynamics.?® Unfortunately,

accessed in the present system requires real-time
such experiments were unsuccessful for C;gH;;” because: (i)
there are multiple neutral states with overlapping Franck-
Condon profiles that are available for probe photodetachment;

(ii) by virtue of the high density of resonances the probe photon

may  induce  further  photoexcitation  rather  than
photodetachment; and (iii) there are a number bound states
through which relaxation dynamics can precede with

overlapping Franck-Condon profiles. Hence, time-resolved
PE spectroscopy of large PAH anions may be very difficult to
interpret. Nevertheless, given the extremely efficient internal
conversion to the ground state, bound intermediate states a very

likely to be involved.

Formation of stable PAH anions

Although internal conversion is very efficient following
electron capture, thermionic emission ultimately destroys the
anion. Radiative cooling through infrared emission occurs on a

timescale of seconds,®!®*

which will be a negligible channel
compared with thermionic emission. Similarly, unimolecular
dissociation rates in PAH anions are likely slower than
thermionic emission because the bond dissociation energies are
typically larger than the electron affinity. This situation may
change for substituted PAHs.

Electronic state fluorescence processes are another
mechanism that can contribute to radiative cooling without
destroying the anion. In particular, certain molecules such as
tetracene have been shown to undergo recurrent or Poincaré
fluorescence.®*® In this process, a vibrationally-hot ground
electronic state undergoes an inverse internal conversion to
which then

fluoresces. Bound excited states may also be populated in the

populate a bound electronic excited state,

forward internal conversion processes from the excited
resonances and fluoresce. If radiative decay can compete with
non-radiative decay of bound excited states, then a fluorescence
photon could remove enough internal energy to close the
thermionic emission channel and render the anion stable. While
the present study provides no evidence for fluorescence, neutral
tetracene has a recurrent fluorescence rate of ~50 ns.**® Given
that the rate of thermionic emission is likely several orders of
magnitude slower, it is reasonable to conclude that recurrent
fluorescence processes will allow production of some stable
anions. Further, we note that the rate of recurrent fluorescence
from tetracene is several orders of magnitude faster than that
for smaller PAHs or species such as Cq %’

Since the rate of thermionic emission depends on the total
internal energy, an increase in molecular size (total degrees of

freedom) and/or AEA results in an increased thermionic

6 | Phys. Chem. Chem. Phys.., 2015, 00, 1-8

emission lifetime. Concurrently, as size increases and the
density of bound states increases, so does the likelihood of
the of bound
intermediate states in the non-adiabatic relaxation mechanism,

Poincaré fluorescence and involvement
which may also decay by fluorescence. In generalising to other
PAH systems, increasing the number of rings in a linear acenes
systematically increases the electron affinity,”® while small non-
linear PAHs have significantly reduced electron affinities.”'
Further, PAHs with nitrogen and oxygen atom substitutions
may have similar bound electronic states, and are also
candidates for astrochemical species.“’92 Overall, such trends
provide a basis for suggesting that larger PAH anions may be

found in higher density and optically dark environments.

Role of non-adiabatic dynamics in astrochemistry

To date, six anions have been unequivocally identified to exist
in the interstellar medium, C4H™, CiH™, CgH™, CN™, C5N°, and
CsN.'*18 These anions are all closed-shell with AEAs >3.5 eV,
are highly conjugated, and have (valance-localized) m*-
resonances. The most commonly speculated mechanism for
their formation is through capture of a very low energy electron
(tens of meV) into a highly diffuse dipole-bound state by virtue
of a very large capture cross-section.!®** However, we note that
the neutral ground state of C,;H does not have a sufficient
permanent dipole moment (>2.5 D) to support such a
mechanism, nor do many other closed-shell and parent
hydrogenated neutrals, e.g. C,H, (n = 2 — ), and most PAH
neutrals. Further, even if a neutral molecule captures an
electron through a dipole-bound state, the total internal energy
remains above the detachment threshold, so the system will be
similarly subject to thermionic emission and other processes
such as photoemission and fragmentation.

The process of electron attachment to resonances followed
by internal conversion may provide an alternative or additional
route to the formation of interstellar PAH anions. A number of
recent theoretical studies, on systems that are known to exhibit
long-lived anions in the gas phase, have supported this
contention by highlighting that the above-threshold resonances
of shape character have broad electron acceptance windows.”*"
95 Experimentally, such a broad window to electron attachment
dynamics has been observed across a range of PAH and PAH-

like systems, 223038

and has been implied in the present study
by virtue of thermionic emission observed at all photoexcitation
energies. The broad electron acceptance window arises from a
combination of a high density of resonances (increases with
increasing PAH size) each with a broad spectral width due to
their inherent short lifetimes (e.g. a 25 fs lifetime corresponds
to ~200 cm™'
electron capture is integrated over all available energies of the
the total capture
significant, particularly for PAHs that do not possess a

width). When the probability of resonance

electrons, cross-section may become
sufficient dipole moment to support a dipole-bound state.
Finally, we note that our results demonstrate that above-
threshold photoexcitation can convert UV/visible radiation into
low energy electrons (by thermionic emission).

This journal is © The Royal Society of Chemistry 2015



Conclusions

In summary, we have presented photoelectron spectra
combined with electronic structure calculations on a site-
specific isomer of deprotonated tetracene anions, C;gHj;,
which is a prototypical PAH. We have characterized that the
combined yield of electrons from direct photodetachment and
fast autodetachment in the 380 nm (3.26 e¢V) to 300 nm (4.13
eV) range is several orders of magnitude less than that for
broadband photoexcitation to =w*-resonances followed by
thermionic emission on a millisecond timescale. By virtue of
the same non-adiabatic dynamics, CgH,; is resilient to prompt
photodestruction by UV radiation. Provided some radiative
mechanisms of energy liberation are in competition with
thermionic emission, the m*-resonance dynamics of C;gH;;"
could facilitate formation of stable anions in astrochemical
environments.

Due to the fact that similar T*-resonances occur in all highly
conjugated molecules, such as C,H, C,H,, C,CN (n = 2 — ),
PAHSs, and general olefin chains, it is reasonable to suggest that
the capture of electrons by a resonance may be a common
process in some astrochemical environments — particularly for
neutral molecules with a small or no permanent electric dipole
moment. Further, the non-adiabatic processes discussed herein
are a means through which electrons of a few eV or UV
photons can be efficiently converted to free electrons of near
zero kinetic energy.
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