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ABSTRACT
Electron-molecule resonances of anthracene were probed by 2D photoelectron imaging of the corresponding radical anion up to 3.7 eV in
the continuum. A number of resonances were observed in both the photoelectron spectra and angular distributions, and most resonances
showed clear autodetachment dynamics. The resonances were assigned using density functional theory calculations and are consistent with
the available literature. Competition between direct and autodetachment, as well as signatures of internal conversion between resonances, was
observed for some resonances. For the 12B2g resonance, a small fraction of population recovers the ground electronic state as evidenced by
thermionic emission. Recovery of the ground electronic state offers a route of producing anions in an electron–molecule reaction; however,
the energy at which this occurs suggests that anthracene anions cannot be formed in the interstellar medium by electron capture through this
resonance.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0007470., s

I. INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are of interest
because of their ubiquity in various research areas including medici-
nal chemistry, atmospheric sciences, combustion chemistry, astro-
chemistry, and molecular electronics.1–5 Many of the important
properties and uses of PAHs are linked to their electronic struc-
ture and the excited states for both their neutral and ionized
species. In the context of the interstellar medium, PAHs are believed
to represent a major store for carbon and have been implicated
to contribute to the Diffuse Interstellar Bands (DIBs).6–11 PAHs
exist in regions where UV radiation and free electrons are abun-
dant, making the formation of charged PAHs likely. In particu-
lar, there is a background of low-energy electrons that may lead
to their capture by a neutral PAH to form the anion.12–14 Such
electron capture processes are mediated by electron–molecule res-
onances, which can form temporary negative ions. The competi-
tion between autodetachment (AD) and internal conversion dynam-
ics of these resonances ultimately determines whether the ground
electronic state of the anion or anionic products are formed. Con-
sequently, the study of such electron–molecule resonances has

been of considerable interest. Here, a frequency-resolved (2D)
photoelectron (PE) imaging study of the anthracene radical anion,
C14H10

−, characterizing the anion resonances that lie within the first
3.7 eV of the electron-neutral continuum, is presented.

Anthracene is the smallest linear PAH with a positive adia-
batic electron affinity of 0.532(3) eV.15 Experimentally, anion res-
onances can be probed either by electron scattering experiments
such as electron transmission spectroscopy16,17 or by optical (photo-
electron) spectroscopy of the corresponding anion.18–23 In the case
of optical spectroscopy of the anion: Schiedt and Weinkauf used
photodetachment and PE spectroscopy on jet-cooled anthracene
and its complex with a single water molecule;21 Song et al. studied
anionic clusters of anthracene (C14H10)n− (n = 1–16) by PE spec-
troscopy;22 and more recently, Kregel et al. presented a very high
resolution slow-electron PE imaging of C14H10

−.23 The PE spec-
tra by Song et al. at wavelengths of 532 nm, 610 nm, and 700 nm
contained evidence of indirect detachment features that were red-
shifted relative to the direct detachment (DD) peak accessing the
neutral ground state.22 The spectral range over which this indirect
band appeared was consistent with the vertical excitation energy
reported for a π∗ resonance, from which autodetachment can occur.
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While individual PE spectra can inform on the presence of a reso-
nance, they do not encapsulate trends and overall patterns of res-
onances and their dynamics. To that end, we have developed 2D
PE spectroscopy as a general method to identify such trends and
dynamical fingerprints.24 As an optical analog of 2D electron energy
loss spectroscopy,25–28 it also provides a direct link to electron spec-
troscopy, particularly in cases where the anion and neutral geome-
tries are similar, as may be expected for anthracene. Several electron
impact resonances of a number of PAHs including anthracene have
been observed in electron transmission spectra.16

The electronic structure and excited states of C14H10
− have also

been considered computationally using electronic structure meth-
ods, but because of its size and open-shell electronic structure, the
number of these have been limited.29–32 The size of C14H10

− lends
itself well to Density Functional Theory (DFT) calculations and pro-
vides a platform for extending to larger PAHs. However, open-shell
anionic species have traditionally proved more challenging to com-
pute than their neutral counterparts.33 Dessent used anthracene as
a test molecule in a DFT benchmark study of the ground state
vibrational properties of the neutral and anion,29 and Kreger et al.
showed good agreement between their DFT calculations and vibra-
tional structure in the high-resolution PE spectra.23 Malloci et al.
focused on the electronic properties of the anion and computed the
five lowest energy resonances as part of a wider Time-Dependent
DFT (TDDFT) study of charged PAHs.31 In the present study, we
use TDDFT calculations to support the interpretation of the 2D
PE spectroscopy of C14H10

−. The calculations are aimed to provide
qualitative insight and capture the overall electronic structure of the
observed resonances. Our work shows that, while there are several
low-lying resonances that can lead to the formation of a temporary
negative ion, there is only a small amount of ground electronic state
recovery, suggesting that the lifetimes for autodetachment are rela-
tively short and that anthracene by itself is not likely to form C14H10

−

upon low energy electron impact.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
A description of the experimental setup has been presented

in detail elsewhere,34 and only an outline is provided here. Solid
anthracene (Sigma-Aldrich) was heated at 180 ○C in an Even–
Lavie valve,35 and the resulting molecular vapor was expanded
through the pulsed valve into vacuum using Ar as a carrier gas
(5 bar). The molecular beam expansion was intersected by an
electron beam (300 eV) at the throat of the expansion, forming
C14H10

− and its clusters, (C14H10)n−. An ion packet containing
C14H10

− was mass-selected using a Wiley–Mclaren time-of-flight
spectrometer.36 At the focus of the mass-spectrometer, the ion
packet was intersected by nanosecond laser pulses from a tunable
Nd:YAG pumped optical parametric oscillator. The resulting pho-
todetached electrons were analyzed using a velocity map imaging
spectrometer.37 The polar onion-peeling algorithm was used in the
reconstruction of the PE spectra from raw images.38 The electron
kinetic energy (eKE) axis for the PE spectra was calibrated using
the known PE spectrum of I−, and spectra have a resolution of
∆eKE/eKE ∼ 3%.

To aid the characterization of anion resonances, DFT and
TDDFT calculations were employed. DFT optimization calculations

were performed on the open-shell anthracene anion at the B3LYP/6-
311++G level of theory using Gaussian09.39–42 This level of the-
ory has been shown to reproduce experimental parameters accu-
rately.29,43 The minimum energy structure of the anthracene anion
was confirmed using vibrational analysis. Computation of the neu-
tral optimized geometry and the neutral at the anion geometry were
also performed at the same level of theory to permit the theoreti-
cal determination of the adiabatic and vertical detachment energies,
respectively. Following this, the lowest 50 excited states of anionic
anthracene were computed using TDDFT at the previously stated
level of theory.

The calculation of anion resonance states is complicated by
excited states describing electron loss from the anion, i.e., discretized
continuum states (DCSs).43 Resonances must be distinguished from
DCS, which we do here using the basis set stabilization method.44

This involves the incremental variation of the diffuseness of the
basis; the energy of resonances is insensitive to this diffuseness, while
the energies of DCSs decrease rapidly with the increase in basis set
size.45,46 In this study, the stabilization method was implemented
using the 6-311++G basis set, in which diffuse functions were added
to both carbon and hydrogen atoms. Both diffuse exponents were
scaled between 45% and 100% of their initial values in 5% incre-
ments. TDDFT calculations were performed at each exponent value,
in which the first 50 excited states were computed.

III. RESULTS AND ANALYSIS
A. 2D photoelectron spectrum and angular
distributions

Figure 1(a) shows the 2D PE spectrum of C14H10
−. The 2D

map is composed of 137 individual PE spectra taken at 25 meV
photon energy intervals in the range 0.8 < hv < 4.3 eV, and each
spectrum has been normalized to its total (integrated) PE signal.
Hence, Fig. 1(a) shows no intensity information for different hv. In
Fig. 1(b), we have reproduced the 2D PE spectrum and have anno-
tated this with labels to aid the discussion and analysis. Figure 1(c)
shows the corresponding photoelectron angular distributions, I(θ),
that are quantified by the anisotropy parameter, β2. β2 is defined
through I(θ) ∝ 1/2 β2(3 cos2 θ–1), where θ is the angle between the
electron ejection velocity vector and the polarization axis, which is
fixed in the laboratory frame.47,48 The anisotropy parameter β2 = +2
corresponds to a cos2 θ distribution and β2 = −1 corresponds to a
sin2 θ distribution.

Figure 1 contains direct detachment (DD) features, which
appear as diagonal features, for which the eKE increases with an
increase in hv [gradient d(hv)/d(eKE) = 1], as well as indirect autode-
tachment features (AD), which appear red-shifted relative to the DD
features. Three distinct DD features are clearly visible. Extrapolation
of these to eKE = 0 eV yields onset energies of 0.53 eV, 2.40 eV, and
4.05 eV, and we label these direct detachment channels as DD1, DD2,
and DD3, respectively, in Fig. 1(b).

In addition to the DD channels, a number of AD features are
shown in Fig. 1(a) and are highlighted in Fig. 1(b). The eKE asso-
ciated with the AD feature appears mostly independent of photon
energy (vertical features in the 2D PE spectrum). The clearest AD
features are AD1, AD3, and AD4, which can be readily identified
from Fig. 1(a). In contrast, the feature AD2 warrants a more careful
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FIG. 1. (a) 2D PE spectrum of C14H10
−, normalized to the integrated intensity of

each spectrum. (b) Annotated version of (a) that includes labels of the various
accessible detachment channels: direct detachment (DD), autodetachment (AD),
and thermionic emission (TE). (c) 2D β2 spectra associated with the 2D PE spectra
in (a) and (b), with AD regions highlighted. Regions where the PE signal is too low
to confidently assign a β2 value are left white. The location of resonances derived
from the experiment (see text) is shown by green horizontal arrows.

consideration. There are a number of points that lead us to conclude
that feature AD2 is independent of AD1. First, there is a distinct AD
feature to higher eKE than that of AD1. Figure 2 shows an exam-
ple PE spectrum taken at hv = 2.30 eV, including a deconvolution
of the spectrum into three separate Gaussian functions represent-
ing AD1, AD2, and DD1. This clearly shows the additional signal
associated with AD2. The second point of evidence is the peak at
eKE = 0 eV, clearly visible in Fig. 2 (though not included in the

FIG. 2. Photoelectron spectrum of C14H10
− taken at hv = 2.30 eV. Direct and indi-

rect features are indicated and correspond to the regions shown in Fig. 1(b). The
spectrum has been fitted to three Gaussian functions to represent features AD1
(blue line), AD2 (green line), and DD1 (red line). The sum of these contributions is
overlaid as a thick gray line.

deconvolution). This peak is labeled TE in Fig. 1(b) and does not
coincide with the hv at which AD1 appears. Instead, the TE sig-
nal only turns on at hv > 1.6 eV, which is where AD2 appears to
start contributing also. Finally, there is further evidence in the 2D β2

FIG. 3. (a) Photoelectron spectrum of C14H10
− taken at a series of photon energies

where both direct and indirect features [DD1 and AD1 in Fig. 1(b)] are visible. (b)
Ratio of peak heights of AD1:DD1 as a function of photon energy.
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spectrum, which is shown in Fig. 1(c) in the range −1 < β2 < +1 to
accentuate changes. Specifically, it is expected that β2 remains mostly
constant or at least is slowly varying as a function of eKE. Instead, it
is clear from Fig. 1(c) that β2 associated with AD1 differs from that of
AD2. For example, for hv = 2.30 eV (PE spectrum shown in Fig. 2),
β2 for AD1 is positive, while that for AD2 is negative, suggesting dif-
ferent electronic states are responsible for these electron emission
channels.

To determine the onset at which a given AD channel appears,
we have extrapolated their vertical PE features to the point where
they intersect with the corresponding DD feature. Using this
approximate method, the onsets of the AD channels are found to be
at photon energies corresponding to hv ∼ 1.1 eV, 1.6 eV, 3.0 eV, and
3.4 eV for AD1, AD2, AD3, and AD4, respectively. These estimated
onsets are indicated by the horizontal green arrows in Fig. 1(b).
These onsets can also be identified in the 2D β2 spectrum. Abrupt
changes in β2 as a function of hv are not expected for DD features,
unless a resonance is excited,49–52 and such changes imply excitation
of resonances in the 2D β2 spectrum. For example, if one takes an
average of β2 across the DD1 diagonal feature in Fig. 1(c), then clear
changes can be seen at hv ∼ 1.6 eV: just below this energy, β2 of DD1
is negative and just above it, β2 of DD1 has become positive. Hence,
at hv ∼ 1.6 eV, a resonance is excited and this resonance coincides
with the appearance of AD2. A similar abrupt change can be seen
around hv ∼ 3.0 eV, where β2 rapidly changes from negative to pos-
itive with an increase in hv. This change can be associated with the
appearance of AD3.

Figure 3(a) shows a series of PE spectra taken between
hv = 1.30 eV and 1.45 eV that are representative of the region where
the AD1 indirect channel contributes. This clearly shows the red-
shift of the AD1 channel with respect to the corresponding DD1
channel. However, Fig. 3(a) shows that the ratio between AD1 and
DD1 is not constant. For example, at hv = 1.30 eV and 1.45 eV,
the ratio of the PE signal AD1:DD1 is greater than at hv = 1.38 eV.

Indeed, there is a modulation of the PE signal associated with the
AD1 channel that is out-of-phase with a similar modulation in the
DD1 channel. This modulation can also be seen in the 2D PE spec-
trum in Fig. 1(a). To provide a rough analysis of this modulation,
we have calculated the ratio of the peak intensity of the AD1 and
DD1 feature. Figure 3(b) shows the result of this analysis and clearly
recovers the oscillation in AD1:DD1. The peaks in Fig. 3(b) are
spaced approximately 150 meV. Evidence of similar oscillations is
also shown in AD3 and AD4 in Fig. 1(a), but these are less obvious
and we refrain from analyzing these channels in a similar manner.

B. Computational
The ground state of C14H10

− has D2h symmetry. The sym-
metry labels are derived assuming that anthracene lies in the y-z
plane with the z-axis being the long molecular axis. The relevant
MOs are shown in Fig. 4. C14H10

− has an electronic configuration
. . .π(b1g)2 π(b3u)1, corresponding to a ground 2B3u state. The two
lowest neutral states are also included in Fig. 4. Loss of the electron
in the singly occupied MO (SOMO) of b3u symmetry leads to the
neutral ground X 1Ag state. The lowest triplet state of the neutral has
a . . .π(b1g)1π(b3u)1 configuration leading to a 3B2u state.

Figure 5 shows the results from the TDDFT calculations over
a range of basis set diffuseness, where the exponent value is inverse
to the diffuseness. Most excited states are observed to vary in tran-
sition energy as the exponent (diffuseness) changes. The states that
rapidly change in energy as a function of diffuseness are associated
with DCSs (as the diffuseness describes the effective “box” size that
the orbitals can occupy, L, the energy of the DCSs will scale approx-
imately as L−2). However, some of the states appear to deviate from
this trend and are constant in energy over limited ranges of the basis
set diffuseness. An example of one such state is highlighted in green
in Fig. 5. In the range where the energy is not changing significantly,
the DCS has taken on the character of a resonance and remains so

FIG. 4. (a) Frontier molecular orbitals
(MOs) of C14H10

−. (b) Electronic con-
figuration of neutral ground and triplet
excited states and electronic configu-
rations of radical anion and lowest-
lying resonances, with optical excita-
tion oscillator strength given in brack-
ets. (c) Energy level diagram of relevant
calculated excited states of the anion
(black) and neutral (gray), with experi-
mental energies from this study given in
brackets. All energies are in eV.

J. Chem. Phys. 152, 174303 (2020); doi: 10.1063/5.0007470 152, 174303-4

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 5. Stabilization plot of the excited state energies (gray lines) as a function
of basis set exponent [small values (%) refer to diffuse basis sets]. Horizontal
arrows indicate the location of resonances, with the lowest three clearly visible.
The green solid line shows an adiabatic evolution of the state’s character with
basis set diffuseness and shows the changes from discretized continuum states to
valence states.

until it undergoes an avoided crossing with another DCS, at which
point the resonance will take on the character of that DCS. Despite
the series of (avoided) crossings between the states, there are clear
regions over which a resonance can be identified at a given excitation
energy. These are highlighted in Fig. 5 by horizontal arrows.

Figure 4 includes the excited states (energies and correspond-
ing oscillator strength) and the associated electronic configuration
based on the relevant MOs. These were computed using a 6-311G
basis set, which is effectively the upper limit of the TDDFT calcula-
tions in which the exponent reaches infinity and there are no diffuse
functions present. The lowest energy resonance, 12Au, corresponds
to the excitation of an electron in the SOMO (b3u) to the LUMO
(au) and has a calculated oscillator strength of zero (symmetry for-
bidden). This is followed by two close-lying resonances, 12B2g and
12B1g, that correspond to transitions from LUMO + 1← SOMO and
SOMO ← HOMO − 1, respectively. 12B2g ← X 2B3u has the largest
oscillator strength. At higher energy, resonances are more difficult to
assign because of a much higher density of DCSs. Nevertheless, we
can identify regions that are relatively constant in energy just below
3 eV in Fig. 5. These correspond to the transitions shown in Fig. 4
that access the 22B3u and 22Au states.

IV. DISCUSSION
A. Assignment of direct detachment channels

The adiabatic detachment energy (ADE) of C14H10
− has

been determined by Kregel and co-workers using high-resolution
slow electron velocity map imaging (SEVI) measurements to be
0.532(3) eV, and the adiabatic detachment energy to reach the
first triplet state was found to be 2.404(3) eV.23 These are in
agreement with the onset of the DD1 channel at 0.53 eV and
the DD2 channel at 2.40 eV and allows us to assign DD1 to
X 2B3u + hv→X 1Ag + e− and DD2 toX 2B3u + hv→ 3B2u + e−. Chan-
nel DD3 corresponds to the excitation of the neutral to its first singlet
excited state in the photodetachment: X 2B3u + hv → 1B2u + e−.
This assignment is in agreement with the gas-phase absorption

spectrum of neutral anthracene, which has its 0–0 transition of the
1B2u ← X 1Ag band at 3.42 eV.53,54 Based on this, the DD3 channel
is expected to appear at hv = 3.95 eV in the present experiment, in
reasonable agreement with our measurement of 4.05 eV.

The DD1 and DD2 channels show some vibrational structure
in the 1D PE spectra, which corresponds to the vibrational modes of
the ground electronic state of the neutral and its first triplet excited
state, respectively. These vibrational levels of the neutral have been
discussed in detail by Kregel and co-workers,23 whose experiment
is of much higher resolution than ours, and so, we will not discuss
these further.

B. Assignment of resonances
There are several accessible resonances in the spectral range

probed here, but there are no bound excited states of C14H10
−. From

the experiment, we estimate the location of the two lowest-lying res-
onances to be at approximately hv ∼ 1.1 eV and 1.6 eV (see Fig. 1).
The first of these is clearly identifiable by the appearance of the
autodetachment feature AD1. The second resonance also leads to
autodetachment (AD2), but this is not as clear as the AD1 chan-
nel. It is more apparent in the 2D β2 spectrum in Fig. 1(c), where
at 1.6 eV, there is a very clear and abrupt change in β2. Additionally,
AD2 is distinguishable from AD1 by its different β2. Such qualita-
tive changes highlight different molecular orbitals involved in the
autodetachment, although obtaining quantitative information is not
yet possible using current theoretical methods.

The resonances can be assigned using our calculations and
those of others, as well as the absorption spectrum and electron
transmission spectra. Shida and Iwata measured an absorption spec-
trum of C14H10

− in a methyl-tetrahydrofuran matrix at 77 K,19,20

which is reproduced here in Fig. 6. This shows a weak transition
around hv ∼ 1.4 eV with a series of vibrational peaks separated by
∼ 150 meV. A second, brighter excited state was seen starting at
hv = 1.67 eV. At higher hv (∼2.1 eV), there are a series of vibrational
peaks and possibly a third absorption, but the absorption spectrum
is too congested to be certain of this.

The weak and low energy absorption in Fig. 6 was only col-
lected for hv > 1.3 eV. Hence, there is a possibility that the 0–0
transition of this weak band was not observed by Shida and Iwata.

FIG. 6. Absorption spectrum of C14H10
− in a methyl-tetrahydrofuran matrix at

77 K. Reproduced with permission from Shida and Iwata, J. Chem. Phys. 56, 2858
(1972). Copyright 1972 AIP Publishing LLC.
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This would then be consistent with the onset of the AD1 channel
that we observed at ∼ 1.1 eV. It is of course also possible that the
transition energies in the absorption spectrum in Fig. 6 have shifted
slightly because of the presence of the matrix. The second brighter
transition at 1.67 eV is not readily discerned from the 2D PE spec-
trum, but there is evidence that changes in the resonance dynamics
are occurring. First, there is evidence that a new autodetachment sig-
nal is appearing starting from around hv > 1.6 eV (AD2). As this
signal remains constant in kinetic energy, it is clear that the relative
contribution of the direct channel (DD1) becomes less pronounced
beyond hv ∼ 2 eV. Second, a new indirect channel at very low energy
(labeled TE) switches on for photon energies just above hv ∼ 1.6 eV,
suggesting that a new resonance contributes. Finally, as mentioned
above, the 2D β2 spectra clearly show a sudden change in the β2
values associated with the DD1 channel. Our determination of the
resonance positions is in agreement with the electron transmission
spectra of Burrow et al.,17 who noted two π∗ resonances at 0.6 eV
and 1.13 eV (corresponding to hv = 1.13 eV and 1.66 eV), and with
their calculations.55–57

The overall picture from the absorption, electron transmis-
sion, and 2D PE spectrum is qualitatively supported by our calcu-
lations. The lowest resonance is calculated at a transition energy of
hv = 1.62 eV with no oscillator strength, followed by a bright reso-
nance at hv = 2.06 eV and a third resonance at hv = 2.29 eV. These
can be compared with experimental values of 1.1 eV and 1.6 eV,
and the absorption spectrum that suggests that the lowest transition
is weak followed by a brighter transition. The TDDFT calculations
appear to overestimate the transition energies by some way (about
0.5 eV), which is not entirely surprising, given the level of our cal-
culations,57 but have captured the state ordering and relative energy
spacing between the exited states quite well.

Based on this, we can confidently assign most resonances. The
first resonance that leads to AD1 in Fig. 1(b) is the 12Au resonance.
The second resonance that results in the AD2 signal can be assigned
to the 12B2g resonance. Both the resonances are of shape charac-
ter and may be expected to lead to efficient and very fast autode-
tachment.56,57 The discrepancy between the observed and computed
oscillator strength of 0 for the 12B2g ← X 2B3u transition could arise
from Herzberg–Teller coupling that has not been accounted for in
the calculation. Based on our calculations, the third resonance pre-
dicted at hv = 2.29 eV corresponds to a 12B1g ← X 2B3u transition.
The 12B1g resonance is of Feshbach character with respect to the
X 1Ag neutral ground state. Hence, the lifetime of this resonance
with respect to electron loss may be expected to be longer. Burrow
et al. observed this resonance in the electron transmission spectra at
1.62 eV,17 which would correspond to hv = 2.15 eV in the 2D PE
spectrum. Indeed, this is where the vibrational structure changes in
the absorption spectrum (Fig. 6).19 In the 2D PE spectra, there is
no clear indication of this resonance [see Figs. 1(a) and 1(b)]. The
2D β2 spectra do show an abrupt change in β2 for the DD1 channel
at hv = 2.15 eV, indicating that a different excitation is contribut-
ing. However, while the 12B1g appears to be populated, there is no
evidence that it shows differing dynamics to that observed for the
12Au and 12B2g resonances.

The higher lying resonances are predicted to the 22B3u and 22Au
resonances. 22B3u is a shape resonance, while 22Au is a Feshbach res-
onance (Fig. 4): Loss of an electron from the b2g orbital for the 22Au

resonance forms the neutral triplet 3B2u state. The 2D PE spectrum
is consistent with this assignment. The lower 22B3u resonance that
leads to the AD3 signal has a higher propensity to form the neutral X
1Ag ground state even though the 3B2u + e− channel is energetically
accessible. In contrast, the AD4 feature is associated with the 3B2u +
e− channel, suggesting that the resonance leading to AD4 is a Fesh-
bach resonance with respect to the X 1Ag ground state but a shape
resonance with respect to the 3B2u final state. This is consistent with
the resonance 22Au calculated at hv = 3.52 eV (see Fig. 4).

The abovementioned arguments are predominantly based on
experimental ones that are qualitatively supported by our TDDFT
calculations. We have specifically refrained from performing higher-
level calculations to demonstrate the synergy between the experi-
ment and TDDFT calculations and the insight these offer without
the need to resort to such methods.

C. Competition between direct detachment
and resonance excitation

Figure 3 shows a modulation of the ratio of PE signal in the
AD1 vs DD1 channels. Because the 2D PE spectral intensity has been
normalized relative to the integrated intensity of each spectrum,
the modulation seen in Fig. 3 is a relative measure rather than an
absolute measure. The absorption spectrum of C14H10

− measured
by Shida and Iwata (Fig. 6) shows the absorption band of the weak
12Au ← X 2B3u transition.19 While the origin (0–0 transition) of the
band was probably not measured, a vibrational progression with a
spacing of ∼150 meV was observed. The oscillation in Fig. 3(b) has a
similar spacing (approximately 150 meV), suggesting that the same
vibrational progression in the 12Au resonance is responsible for the
observed oscillation. Any discrepancy between the frequencies may
be due to the fact that the absorption spectrum was acquired in a
matrix, which will impact the frequencies. The oscillation in Fig. 3
can thus be interpreted as an increase in cross section for excitation
to the 12Au state when it is resonant with specific vibrations, which
in turn leads to the enhancement in AD1 on top of a constant (or at
least smoothly varying) background associated with the DD1 chan-
nel. Oscillations in the AD:DD ratio are also seen for the higher lying
resonances (AD3 and AD4), but these have been less well resolved.

The modulation between direct and indirect detachment as
a function of hv has been noted in the photoelectron spectra of
other anionic molecules. For example, Lyle and co-workers observed
changes in the cross section in the PE spectra of CuF2

−,58 and Maso-
nand co-workers recently noted interesting oscillations in the PE
spectra of Sm2O−.59 We have also previously seen such oscillations
for larger organic compounds and clusters.60,61

D. Spectral shape of autodetachment spectra
and resonance dynamics

A particularly striking feature of AD1 is its rather narrow spec-
tral shape. This is shown more clearly in Fig. 2 that presents the PE
spectrum taken at hv = 2.30 eV. The feature AD1 is associated with
autodetachment from the 12Au resonance, and it is apparent as soon
as this channel becomes accessible (see Fig. 1). The 12Au resonance
is of shape character, and autodetachment may be expected to be
very fast. However, scattering calculations have indicated that the
autodetachment lifetime of this resonance is in fact quite long–on
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the order of ∼100 fs.56,57 During this relatively long autodetachment
lifetime, some nuclear motion can take place on the 12Au potential
energy surface. Nevertheless, the electron emission is predominantly
dictated by the Franck–Condon factors of the 12Au → X 1Ag + e−

channel. The relatively narrow distribution of AD1 then suggests
that the 12Au potential energy surface is quite similar to that of the
X 1Ag final state of the neutral. The fact that the AD1 feature does not
change much with hv suggests that the additional vibrational energy
imparted in the 12Au resonance upon excitation is conserved in the
X 1Ag final state, leading to a constant eKE with an increase in hv.
A similar argument was made by Bochenkova et al. in the analy-
sis of the autodetachment from resonances in the green fluorescent
protein chromophore anion.62,63 By inspection of the MOs involved
(Fig. 5), AD1 corresponds to loss of an electron from the LUMO,
which is antibonding only along the short axis of the molecule and
non-bonding along the long axis. Hence, it is reasonable to sug-
gest that the geometric difference between 12Au and X 1Ag may be
relatively small.

It is quite striking that the AD1 channel persists even when the
brighter 2B2g resonance is excited at hv > 1.6 eV, as shown in the
PE spectrum at hv = 2.30 eV in Fig. 2. While there is an additional
indirect signal, as exemplified by the region AD2 in Fig. 2, the pre-
dominant signal remains in the AD1 channel. Similarly, if the 11B1g
resonance is also populated, this appears to not have an impact on
the presence and shape of the AD1 feature.

There are two possible explanations that would be consistent
with the fact that AD1 dominates even though the 12B2g resonance is
populated. First, the 12B2g (and perhaps also 12B1g) resonance could
undergo internal conversion to form the 12Au resonance, which
subsequently undergoes autodetachment to yield AD1. Such ultra-
fast internal conversion processes have previously been observed in
anion resonances64,65 and are likely to be especially efficient when the
potential energy surfaces involved are energetically close at the exci-
tation Franck–Condon geometry so that only small nuclear displace-
ments are required to lead to a conical intersection. The concept is
analogous to Kasha’s rule,66 where instead of fluorescence occurring
from the lowest lying excited state, autodetachment occurs from the
lowest lying resonance. A second scenario to explain why the AD1
yield is higher than AD2 could be that the 12B2g resonance can inter-
nally convert to the ground electronic state of the anion (X 2B3u). In
this case, a reduced amount of autodetachment would be seen from
the 12B2g resonance (i.e., reduced AD2). Instead, the X 2B3u state is
formed with a large amount of internal energy and the excess elec-
tron can subsequently be emitted statistically by thermionic emis-
sion (TE). The signature of TE is the PE signal at very low eKE (peak-
ing at 0 eV) and with an exponentially decaying spectral profile.67–69

Such a feature can indeed be seen in Fig. 2, and inspection of Fig. 1
shows a small TE feature that turns on at ∼1.6 eV, which is consis-
tent with the resonance energy of 12B2g determined by extrapolation
of the AD2 feature. Hence, the TE peak correlates with the produc-
tion of 12B2g, indicating that at least a fraction of the population can
reform the X 2B3u ground state of the anion, although probably not
all as AD2 and AD1 signals are also observed. However, both Gallup
and Carelli et al. concluded that the autodetachment lifetime for the
12B2g resonance is much shorter than that for the 12Au resonance
(by a factor of ∼8).56,57 Hence, any internal conversion dynamics
must be competitive with this short lifetime. To determine the exact

dynamics would require time-resolved PE spectroscopic studies. We
have attempted such studies for the current system at a range of
different pump and probe photon energies, but these have been
frustratingly unsuccessful. Apparently, the cross sections for pho-
todetachment from the resonances are very low.

The higher-lying resonance, 22B3u, leads to a very broad
autodetachment peak, AD3 (Fig. 1). This could reflect very fast
autodetachment from a resonance that has a very different geom-
etry, leading to a broad range of Franck–Condon factors, or slower
dynamics in which nuclear dynamics can take place on the excited
state and autodetachment occurs along a range of different geome-
tries. Because this shape resonance is at high energy, the final orbital
to which the SOMO electron is excited is of greater antibonding
character (see Fig. 4) so that the difference in geometry between this
resonance and the X 1Ag ground state will probably be very large.
This is consistent with the broad spectral width of AD3. Moreover,
scattering calculations suggest an extremely short lifetime (<10 fs)
for autodetachment from the 22B3u resonance,57 which would also
be consistent with the observed width of AD3 and with the fact that
no internal conversion to the lower-lying resonances is observed
in Fig. 1.

E. Relevance to electron capture in the interstellar
medium

As commented on in the Introduction, PAHs are an impor-
tant store of carbon in the interstellar medium (ISM) and anions
of PAHs have been speculated on as potentially important chem-
ical species.14 Here, we have shown that only the 12B2g resonance
at ∼1.1 eV above the X 1Ag neutral ground state shows evidence
of the ground state (X 2B3u) formation of the anion following elec-
tron impact. However, the temperature in the ISM is typically in the
10–30 K range and electrons are effectively thermalized to this back-
ground, suggesting that these actually have very low energies and
generally below 1.1 eV.70 Hence, it is unlikely that the 12B2g reso-
nance, or any other resonances in the first few eV of the electronic
continuum, has any significance in the ISM and that anthracene rad-
ical anions are present. A similar conclusion was reached for the
deprotonated (closed-shell) anthracenyl anion,50 for which the 2D
PE spectroscopy found no evidence for anion ground state recov-
ery. In contrast, the tetracenyl anion did show strong thermionic
emission, although the PE spectroscopy on this system suffered from
poor signal to noise ratio.71 It would certainly be of interest to study
tetracene and larger acene radical anions by 2D PE imaging, and we
are currently pursuing these experiments. Finally, we note that most
of the PAHs in the ISM exist in icy dust grains72 and not necessarily
as isolated species. Hence, one should consider how the icy environ-
ment affects the resonance dynamics, and experiments probing the
effect of incremental solvation by water molecules on the dynamics
are currently underway in our laboratory.

V. SUMMARY AND CONCLUSION
The 2D photoelectron spectroscopy of the anthracene radical

anion has been presented, which revealed complex and rich dynam-
ics occurring in the anion continuum. Resonances are assigned
based on previous work and TDDFT calculations. The latter show
good qualitative agreement and suggest that such calculations may
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be suitable when considering larger PAHs for which wavefunction-
based methods become expensive. Excitation to the lowest energy
resonance, 12Au, shows an energy dependent competition between
excitation and direct detachment that can be clearly seen in the
ratio of direct to indirect electron yield. The bright 12B2g resonance
shows complex dynamics with a fraction apparently forming the
12Au resonance by internal conversion and another fraction reform-
ing the ground electronic state as evidenced by thermionic emission.
At higher energy, other resonances show interesting dynamics and
can be assigned based on Koopmans’ correlation to the singlet and
triplet states of the neutral. Overall, the dynamics show that low
energy electron impact onto anthracene does not generate a large
amount of ground state anions and therefore can be viewed as being
rather inefficient in accepting electrons, especially in the interstellar
medium.
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