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Abstract 

The low energy electron scattering resonances of pyrene have been characterized using experimental and 

computational methods. Experimentally, 2D PE imaging of the pyrene anion was used to probe the dynamics of 

resonances over the first 4 eV of the continuum. Computationally, the energies and character of the anion states were 

determined using equation-of-motion coupled cluster calculations while taking specific care to avoid the collapse 

onto discretised continuum levels and application of the pairing theorem. Our results are in good agreement with the 

predictions of electron-scattering calculations that included an offset and with the pyrene anion absorption spectrum 

in a glass matrix. Taken together, we offer an assignment of the first five electronic resonances of pyrene. Some of 

the population in the lowest energy 2B1u resonance was observed to decay to the ground electronic state of the anion, 

while all other resonances decay by direct autodetachment. The astronomical relevance of ground state electron 

capture of a low energy resonance in pyrene is discussed. 
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Introduction 

 Pyrene (C16H10, Figure 1(a)) is a small polycyclic aromatic hydrocarbon (PAH) consisting of four fused 

benzene rings that is found throughout nature and has numerous technological uses that stem from its photophysical 

properties that arise from the delocalised π-system. Pyrene is an interesting case of an aromatic system that does not 

obey the 4n + 2 Hückel rule.1,2 The first observation of intermolecular excimer emission was in pyrene solutions,3 and 

this has led to its ubiquitous use as fluorescent probes for microenvironmental perturbations and sensing.4,5 Pyrene 

has also found extensive application in molecular electronics,6 where its derivatives serve as organic materials in the 

active components of devices. In nature, pyrene and other PAHs are formed in many pyrolytic processes. In the 

interstellar medium, PAHs are thought to be responsible for the diffuse interstellar bands (DIBs)7,8 and pyrene has 

been observed in molecular clouds,9 which are the chemical reaction flasks of the interstellar medium where complex 

molecules are formed often through the interaction with photons or electrons.7 Based on the above, it comes as no 

surprise that the photophysical properties of pyrene have been the subject of numerous studies. In contrast, the anion 

of pyrene, C16H10
–, has received far less attention and, to the best of our knowledge, there are no systematic 

experimental studies of its electronic resonances in the gas phase. This is surprising because the redox properties of 

pyrene are important from a molecular electronics perspective and because chemistry in the interstellar medium is 

often initiated by low energy electrons.  

 The ground state anion of pyrene is known to be bound,10 but all of the excited states of the anion are 

expected to be unbound, hence, to lie energetically above the ground state of the neutral molecule. As a result, the 

excited anion states are temporary in nature, being subject to electron detachment, and thus would appear as 

resonances using electron scattering methods such as electron transmission and electron energy loss spectroscopy.11–

14 In particular, two-dimensional (2D) electron energy loss spectroscopy is an insightful method to probe the 

dynamics of anion resonances.15–17 In this approach, the electron energy is scanned across the continuum and, at each 

incident kinetic energy of the electron, a spectrum of the outgoing electron kinetic energy (eKE) is recorded. 

Dynamics occurring in a temporary anion resonance can then be identified by changes in eKE. A recent addition to 

the experimental arsenal for probing electron-molecule resonances is anion 2D photoelectron (PE) spectroscopy.18,19 

This is similar in spirit to 2D electron energy loss spectroscopy, but starts from the bound ground state anion and uses 

a photon to access the anion resonances. As the resonances are unbound, the process is anion PE spectroscopy, where 
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the PE spectrum at each photon energy (hv) contains signatures of resonance dynamics. For molecules with similar 

anion and neutral ground state geometries, the method provides resonance positions in close agreement with those 

from electron scattering measurements on the neutral molecule and contain similar information concerning the 

dynamics leasing to electron emission.20 This is the case for PAHs, as recently demonstrated in anthracene, which 

showed a close correlation with electron-scattering experiments.21  

For pyrene, no electron scattering experiments have been reported. The ground state anion of pyrene is stable 

with an adiabatic electron affinity of 0.41 eV10 and can be made in a molecular beam source by secondary electron 

attachment. Ando et al.10 and Kim et al.22 have used PE spectroscopy to investigate the anionic clusters of pyrene. As 

part of their studies, both groups presented PE spectra of C16H10
– at a number of different wavelengths. These showed 

changes in the Franck-Condon profile between different spectra and provided evidence for delayed or 

autodetachment at 3.49 eV. However, probing such changes in isolation (i.e., at well-separated hv that access very 

different regions of the continuum) does not offer much insight onto the dynamics or locations of the resonances. 

There are a number of transitions that can be excited in the anion, as identified by the optical absorption spectrum of 

C16H10
– in a cryogenic matrix,23,24 and some of these coincide with the wavelengths used in the PE spectra. Hence, 2D 

PE spectroscopy is well-suited to delineate the spectral changes arising from excitation to specific resonances.  

 Computational characterization of electron-scattering resonances of polyatomic molecules is a challenging 

problem. Both scattering and electronic structure methods can be employed, but in the former case there is the 

challenge of adequate treatment of polarization, correlation, and exchange effects, and in the latter case one has to 

account for the fact that temporary anion states are embedded in the continuum of the neutral molecule plus a free 

electron and to avoid the collapse of the wave function to the neutral molecules plus a discretized continuum orbital.25 

Singh et al. have recently used the R-matrix method to study electron scattering from pyrene with incident electron 

energies between 0.1 and 15 eV,26 and they observed a number of resonances in this range, although, as we discuss 

below, the energies that they obtain for the anion states are too high by about 1 eV. 

 In the present study, we present a combined experimental and computational investigation on the low energy 

resonances of pyrene. Experimentally, we employ 2D PE imaging and computationally, we determine energies of the 

anion states using electronic structure approaches that avoids the collapse onto discretised continuum levels.  
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Methods 

Experimental 

 The 2D PE spectroscopy was performed using an anion PE imaging spectrometer that is equipped with a 

molecular beam source that has been described in detail elsewhere.27 Briefly, solid pyrene (Sigma Aldrich) was 

heated in a pulsed valve to 185 oC and its vapour pressure was co-expanded with 3 bar of Ar backing gas into vacuum 

(10–5 mbar) at 10 Hz. At the throat of the expansion, the molecular beam was crossed by a 300 eV electron beam. The 

resulting gas mixture entered between the plates of a Wiley-Maclaren mass spectrometer,28 where anions were 

accelerated down a time-of-flight drift tube. At the focus of the mass-spectrometer, mass-selected anions interacted 

with light pulses at the centre of a velocity map imaging PE spectrometer.29 Liberated electrons were captured on a 

gated position-sensitive detector and impacts monitored using a CMOS camera. The gating only allows for electrons 

in a ~200 ns window to be collected. Raw images were acquired to achieve a broadly similar signal level between 

different photon energies and ranged from ~103 to 104 laser shots. Light pulses at 10 Hz were generated using a 

Nd:YAG-pumped optical parametric oscillator (OPO) (Continuum Surelite and Horizon) producing pulses of ~5 ns 

duration. The photon energy of the OPO was scanned from 0.6 ≤ hv ≤ 4.5 eV (corresponding to 2066 to 276 nm). PE 

spectra were obtained from the raw images using the polar onion peeling algorithm30 and were calibrated using the 

known PE spectrum of I–. The spectral resolution of the PE spectrometer is ~3% of the eKE.  

 

Computational 

As described in the Introduction, although the ground state anion of pyrene is bound, the electronically 

excited anion states are metastable, meaning that they are embedded in the electron detachment continuum. In finite 

basis set electronic structure calculations the continuum is discretized, yielding so-called discretized continuum (DC) 

solutions. In a diabatic picture, a temporary anion resonance can be viewed as resulting from the coupling between a 

discrete state and the continuum.25 With sufficiently small basis sets, the discrete state of a particular symmetry lies 

energetically below the lowest energy DC, which avoids variational collapse onto the DC level, but with basis sets 

containing highly diffuse functions, there will be one or more DC levels below the discrete state and standard 

electronic structure calculations will collapse onto a DC level. This issue is particularly problematical since diffuse 

basis functions are required for accurately determining the absolute values of the energies of temporary anions and 
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they are essential for calculating the lifetimes. Multiple strategies have been developed to deal with the collapse onto 

continuum problem when using flexible basis sets. These include the stabilization method,31 the complex absorbing 

potential (CAP),32,33 the coordinate rotation method,34,35 and complex basis function approaches.36 However, here we 

are primarily interested in estimating the relative energies of the low-lying anion states of pyrene, rather than the 

absolute energies and widths (proportional to the reciprocals of the lifetimes).  For this purpose, we employed the 

equation-of-motion coupled cluster singles doubles (EOM-CCSD) method for electron affinities37 together with the 

cc-pVTZ-f/d basis set, formed from the cc-pVTZ basis set38 by omitting the f functions on the C atoms and the d 

functions on the H atoms. We checked to establish that the DC levels of the relevant symmetries are sufficiently high 

in energy as to avoid the variational collapse problem.  In addition, we also carried out stabilization calculations using 

the EOM-CCSD method and the cc-pVTZ-f/d basis set augmented with a diffuse p function on each carbon atom, 

with the exponent of the diffuse function being scaled.  For the five lowest energy anions states the stabilization 

calculations gave electron affinities to within 0.1 eV of those obtained from the calculations in the cc-pVDZ-f/d basis 

set without stabilization. Thus, only the latter results are reported here. 

The geometry of the ground state of the neutral molecule was optimized using the B3LYP density functional 

method39–42 together with the 6-31G(d) basis set.43 Pyrene has D2h symmetry, and in our treatment, the molecule lies 

in the xy plane with the long axis in the y direction, as shown in Figure 1(a).  The geometry optimization was carried 

using Gaussian 16,44 and the EOM calculations were carried out using the CFOUR code.45 

Pyrene is an alternant hydrocarbon, and, as such, one would expect that the energies of the low-lying π* 

anion states could be predicted in a semiquantitative manner using the pairing theorem.46–48 According to the pairing 

theorem, the energies of the filled π and empty π* orbitals are related as follows: 

 

εHOMO–i + εLUMO+i = constant    (1) 

 

where i = 0 denotes the frontier orbitals, i.e., the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO). This result rigorously holds in the Hückel approximation with nearest neighbor 

interactions only and neglecting explicit treatment of orbital overlap. Although it does not rigorously hold in a many-
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electron treatment of electronic structure, it has been found to approximately hold when using experimental values of 

the π ionization potentials (IPs) and π* electron affinities (EAs), i.e.,  

 

IPi + EAj = constant     (2) 

 

in the case that the IPs and EAs in question are predominantly single particle in nature. In Eq. 2, i denotes the orbitals 

in question, numbered as described above, and the constant differs from that in Eq. 1. Equation 2 has also been found 

to approximately hold for other alternant hydrocarbons when using theoretical methods that avoid the collapse of the 

anion resonances onto the continuum problem, and it is of interest to determine whether this is the case for pyrene as 

well.  Using experimental values of the first IP49 and EA50 of benzene, one obtains a value of 8.0 eV for the constant 

in Eq. 2.  

 

Results 

Figure 1(b) shows the 2D PE spectrum of C16H10
– in the energy range 0.6 ≤ hv ≤ 4.5 eV, constructed from 75 

PE spectra taken at 50 meV intervals from 1.0 ≤ hv ≤ 4.5 eV and 100 meV intervals below 1.0 eV (note that the hv 

axis is on the left side of Figure 1(b)). Each PE spectrum has been normalised to its integrated signal to accentuate 

changes in the spectra with hv. For direct detachment with no involvement of resonances, the spectrum is determined 

by the Franck-Condon factors between the ground state anion and various states of the neutral molecule and the 

electron kinetic energy, eKE, will increase linearly with hv (i.e., the binding energy remains constant). Hence, such 

direct detachment channels will appear as diagonal features in Figure 1(b) with no changes in the spectral shape as hv 

varies. Figure 1(b) shows a number of well-separated diagonal features starting at hv = 0.41, 2.54 and 3.85 eV, 

corresponding to electron detachment to different final states of the neutral: namely, the ground state, lowest energy 

triplet state, and lowest energy singlet state, respectively. From our data, we determine an adiabatic electron affinity 

(EA) of 0.41±0.01 eV, in excellent agreement with that determined by Ando et al..10 The lowest energy triplet and 

singlet states of the neutral molecule, 3B2u and 1B3u, are found to lie energetically 2.13 and 3.44 eV, respectively, 

above the ground state of the neutral. Both energies are in excellent agreement with the results of previous PE 

spectra10 and the latter also being in good agreement with the transition energy of jet-cooled neutral pyrene at 3.37 
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eV, determined by fluorescence action spectroscopy.51,52 Using the EA associated with formation of the ground state 

anion, we also include a vertical axis indicating the energy above the X1Ag ground state of the neutral molecule, hv – 

EA, which corresponds to the electron energy required to excite specific resonances.  
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Figure 1: (a) Structure of pyrene including coordinate system used, (b) 2D photoelectron spectrum of the pyrene 
anion, and (c) 2D photoelectron angular distributions. In (b) and (c) the right vertical axes show the photon energy 
(hv) used to obtain the photoelectron spectra. The left axes show the energy above the neutral ground state, X1Ag (hv 
– EA). Also shown in (b) is the absorption spectrum of the pyrene anion in a matrix at 77 K (red curve)24. The 
positions of computed transitions are indicated as green horizontal lines. The positions of resonances determined 
from the 2D PE spectrum are shown as grey dashed horizontal lines in (b) and (c). The absorption spectrum un (b) 
was adapted with permission from ref. 24. Copyright 1973 American Chemical Society. 
 

 Although there are clear diagonal features in Figure 1(b), there are also quite dramatic changes in spectral 

shape and between differing final states as hv increases. Such changes generally indicate that the absorption of a 

photon has transferred population to an anion resonance which autodetaches with different Franck-Condon factors 

compared to photon absorption leading to the ground state of the neutral plus a free electron (i.e., direct detachment). 

Such signals often appear as vertical features in the 2D PE spectrum, where vibrational energy imparted upon the 

excitation of a resonance is preserved upon fast autodetachment.18,19 Nuclear motion on the potential energy surface 

of a resonance can take place before an electron autodetaches, leading to additional changes in the Franck-Condon 

factors. In extreme cases, non-adiabatic coupling can lead to internal conversion between resonance states or from a 

resonance state to the electronically bound anion ground state.53,54 In this case, the initially imparted energy from the 

photon remains in the anionic system as vibrational excitation, distributed amongst the internal degrees of freedom 

(i.e., as heat), and an electron will eventually boil-off. The spectral distribution associated with this thermionic 

emission is generally peaked at very low eKE with an exponential decay profile and serves as a tell-tale sign of such 

a process.55–57 Figure 1(b) shows such a signal for 1.0 ≤ hv ≤ 1.5 eV.  

 The onset of spectral changes provides a measure of the location of photo-excited resonances, as 

demonstrated for anthracene.21 For pyrene these occur at hv ~ 1.1, 2.1, 2.4, 3.2 and 3.8 eV; as highlighted on the 2D 

PE spectrum in Figure 1(b) and tabulated in Table 1. Transitions at hv ~ 1.1, 3.2 and 3.8 eV are quite easy to identify 

as they appear to be well-separated from other transitions. The two transitions at hv ~ 2.1 and 2.4 eV are more 

difficult to distinguish. There is a clear change in Franck-Condon profile at hv = 2.1 eV, so this corresponds to one 

onset. The second can be identified by the vertical PE feature in the 2.5 < hv < 3.0 eV range, which has an onset of 

hv ~ 2.4 eV, and will be discussed in more detail below. Naturally, the energies determined in this manner have a 

substantial uncertainty associated with them, which we estimate to be about ±0.2 eV. The PE spectrum at hv = 2.30 
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eV shows a spurious narrow peak at eKE ~ 0.8 eV. This comes about from an unfortunate alignment within the OPO 

at this specific hv that results in both signal and idler beams emerging colinearly from the OPO. With the signal at hv 

= 2.30 eV and idler at hv = 1.19 eV, both these PE spectra appear in the image (with the one at 1.19 eV significantly 

weaker and having the wrong polarization). Hence, the spurious peak at eKE ~ 0.8 eV comes about from detachment 

by the idler.  

 Figure 1(c) shows the PE angular distributions quantified by the anisotropy parameter β2 associated with the 

2D PE spectrum. β2 ranges from +2 to –1 for electrons emitted predominantly parallel and perpendicular to the 

polarisation axis of the light, respectively.58  PE angular distributions are determined by the orbital from which the 

electron is detached. For s- or σ-type orbitals, β2 is generally positive, while for p- or π-type orbitals, β2 is generally 

negative.59–61 PE angular distributions have also been shown to be sensitive to resonances because the orbital from 

which the electron is removed has changed, and because autodetachment can be preceded by dynamics on the 

resonance. Resonances therefore typically appear as abrupt changes in β2 as a function of either hv or eKE.18,21,62,63 

Unfortunately, it is not yet possible to predict such changes and therefore correlate these changes to specific orbitals 

or dynamics. Nevertheless, they can provide additional support for the observation of resonances seen in the 2D PE 

spectrum and this is also the case for C16H10
–. Overall, for direct detachment channels seen in Figure 1(b), β2 is 

negative and approaches –1, as expected for detachment from a π orbital. The location of resonances taken from the 

2D PE spectrum is reproduced in Figure 1(c) and clear changes in β2 can be seen certain for certain resonances. In 

particular, the resonance at hv = 3.2 eV is noticeable with the autodetachment feature having a β2 ~ 0. Overall, 

however, the changes for resonances at lower energies are difficult to discern (which may be a reflection that the 

orbitals involved are all of π-character) and we refrain from commenting and interpreting the PE angular distributions 

further.  

Also included in Figure 1(b) is the absorption spectrum taken by Shida and Iwata, where C16H10
– is generated 

by γ-ray irradiation of a sample in a 2-methyltetrahydrofuran matrix at 77 K.24 Note that the absorption spectrum may 

be influenced by the matrix. In particular, given the dielectric constant of the THF matrix, one would expect the first 

excited anion state of pyrene to be bound in the matrix and that the higher lying excited states, while still being 

subject to electron autodetachment, to have longer lifetimes than the corresponding resonance states in the gas-phase. 

The absorption spectrum shows a series of three weak transitions between ~1.1 and 2.5 eV. The first peaks at 1.21 eV 
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and has a vibrational progression. The next transition peaks at 1.75 eV and is about twice as intense, with a third 

weaker transition appearing at 2.10 eV. This is followed by an intense transition at 2.49 eV with some associated 

vibrational structure at higher energy. This transition appears quite narrow, and we note that the absorbance below 

2.4 eV has been scaled down by an order of magnitude. Beyond this, a final transition can be identified that peaks at 

3.23 eV. 

The calculations of the excitation energies and electron affinities of the neutral molecule were carried out 

using the EOM-CCSD method and the cc-pVTZ basis set. These, together with the results of the pairing theorem 

analysis using the IPs from the pyrene VUV PE spectrum,64 form the basis of the assignments of the experimental 

transitions. The reported calculated excitation energies of the anion were obtained using the optimized geometry of 

the ground state of the neutral molecule. The excitation energies are impacted by 0.2 eV or less if calculated using the 

optimized geometry of the anion rather than that of the neutral molecule. We note also that even with the relatively 

compact cc-pVTZ basis set, the ground state of the anion is predicted to be bound, lying energetically 0.18 eV below 

the neutral at the same geometry. The experimental value of the vertical detachment energy is 0.41 eV. Table 1 

summarizes the calculated and experimental excitation energies of the anion and neutral molecule, along with the 

assignments of the various transitions (resonances) observed. 

 

Table 1: Transition energies of the pyrene anion from its 2Au ground state and for the neutral molecule from its X1Ag 
ground state. All energies are in eV. 

Transition EOM-
CCSD 

Absorption 
spectroscopy  

2D PE gas-phase 
spectroscopy 

R-matrix-SEP – 
1eV (width)c 

Pairing theoremd 

2B1u 1.0 1.21a 1.1 0.9 (0.06) 0.9 
(1)2B3g 1.6 1.75a – 1.5 (0.28) 1.6 

2B2g
 2.1 2.10a 2.1 2.0 (0.63) 1.9 

 2B2g(2p1h) – 2.49a 2.4 – 2.6  
(2)2B3g 3.4 3.23a 3.2 3.5 (0.14) 3.3 

? – – 3.8 – – 
3B2u 1.86 –  2.13   
1B3u  3.37b  3.44   
1B2u 3.91     

 aTaken from ref24. bTaken from ref52. cEnergies taken from ref26 with 1.0 eV subtracted. dDetermined using ionization 
potentials from Ref64.  
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 Figure 2 shows the five lowest energy π* molecular orbitals of pyrene along with their symmetry labels as 

well as the dominant configurations of the energetically low-lying electronic states of the anion. The highest occupied 

molecular orbital (HOMO) of the neutral is of b2g symmetry, and the next most stable occupied orbital (HOMO-1) is 

of b3g symmetry.  The first five π* orbitals depicted in the figure are of au, b1u, b3g, b2g, and b3g symmetry, in order of 

increasing energy.  Figures 1, 2 and Table 1 will serve as a reference for the subsequent discussion and interpretation 

of the resonances of pyrene.  

  

 
Figure 2: Relevant frontier molecular orbitals of pyrene and electronic configurations of its low-lying anion states. 
Energies of excited states are given are relative to the anion ground 2Au ground state; relative to the neutral ground 
state, these would be 0.4 eV lower in energy. 
 

 

Discussion 

The 2D PE spectrum of the gas-phase anion gives transition energies of 1.1, 2.1, 2.4, 3.2 and 3.8 eV. As seen 

from Table 1, all of these agree to within ~0.1 eV with transitions observed in the matrix isolation spectrum of Shida 

and Iwata. The latter also displays a transition at 1.75 eV, which is not discernible in our gas-phase PE 

measurements. The transition energies obtained from the EOM calculations agree to within 0.2 eV with the 

experimental values, with the exception that the calculations fail to predict a transition near 2.5 eV.  We believe that 
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this transition likely has considerable 2-particle one-hole (2p1h) character and thus is not adequately described with 

the EOM-CCSD method. The computations allow us to assign the observed transitions as indicated in Table 1.  

The EOM-CCSD calculations unambiguously assign the ground state anion to 2Au symmetry. Moreover, the 

calculations predict that at the geometry of the neutral the anion is bound by 0.17 eV, compared to the experimental 

value of 0.41 eV.  The underbinding is due to the limitations of the basis set and high-order correlation effects not 

recovered in our calculations.  The scattering calculations of Singh et al. fail to give a bound anion,26 even though 

experiment clearly shows that it is bound. The same is true for their calculations on anthracene. It appears that all 

their anion states are too high in energy by about 1 eV. However, the energy differences between their ground state 

and the upper anion states are in good agreement with the assignments discussed above, except that the R-matrix 

calculations do not predict an excited anion state near 2.5 eV, providing further support that this resonance is 2p1h in 

nature.  

We now briefly consider the predictions of the pairing theorem. In this analysis we make use of IP's of 

pyrene determined in the PE spectroscopic study of Mishra et al..64 The assignment of the first four features in the PE 

spectrum as due to ionization from π orbitals appears on firm grounds, and indeed the first three anion excitation 

energies based on the experimental IP's and application of the pairing theorem agree to within 0.1 eV of transitions 

measured in the present study. The assignments of the higher energy cation states is less clear due the overlapping of 

bands due to ionization from π and σ orbitals and also configurations of 1p2h character.  Nonetheless, we note that 

there are ionization bands that when combined with the pairing theorem predict anion states at 2.6 and 3.3 eV in good 

agreement with experiment.   

In the following discussion we consider the excited resonance states of the anion in order of increasing 

energy. 

 

1.2 eV 2B1u resonance  

The lowest energy resonance observed in the 2D PE spectrum around 1.0 < hv < 1.5 eV is assigned to the 

2B1u state. Although the 2B1u ← 2Au transition is symmetry forbidden, it is clear from the absorption spectrum, both in 

the gas phase and in the matrix isolation experiments, that it is populated optically. The acquired intensity is likely 

due to vibronic coupling with the energetically nearby 2B3g and 2B2g anion states, discussed below. While the 2D PE 
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spectrum in this range shows a peak that is consistent with a direct detachment channel, there is also signal at very 

low eKE which arises from thermionic emission. This is more clearly seen in the hv = 1.25 eV PE spectrum shown in 

Figure 3(a). The appearance of thermionic emission indicates that one of the decay channels of this resonance is 

internal conversion to form the X 2Au ground state of the anion. The details of the internal conversion mechanism 

have not been studied here, but could be probed through time-resolved photoelectron spectroscopy.53,54  

 

 

Figure 3: (a) Photoelectron spectrum taken at hv = 1.20 eV, showing direct detachment (DD) and thermionic 
emission (TE) at low electron kinetic energy (eKE). (b) Ratio of integrated photoelectron signal arising from TE and 
DD (full circles and grey line) along with the matrix isolation absorption spectrum (red line) that was adapted with 
permission from ref. 24. Copyright 1973 American Chemical Society. 

 

The absorption (action) profile for the 2B1u ← 2Au transition can be crudely recovered from the 2D PE 

spectrum by taking the ratio of the integrated thermionic emission signal to the integrated signal of direct detachment 

(TE and DD, respectively, in Figure 3(a)). This correspondence between the ratio and absorption spectrum is valid if 

all the resonance population decays to produce TE and if the yield of electrons in the DD channel remains constant 

with changing hv. The results of such an analysis are shown in Figure 3(b). The overall agreement with the 

absorption spectrum of Shida and Iwata is excellent, although we cannot determine the fraction of population that 

decays by internal conversion. From Figure 3(b), we find the absorption maximum to be at hv = 1.2 eV. Our estimate 

of the resonance position based on the onset of the thermionic emission (hv ~ 1.1 eV, Table 1) highlights the 

uncertainty in obtaining resonance positions using this strategy. From Figure 3(b) it is seen that in the spectrum 

obtained in the matrix, there is a well-resolved progression with spacing of about 1600 cm–1, which is expected to 
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correspond to a C–C stretch vibration. There is also some evidence of vibrational structure in the action spectrum, 

suggesting that the lifetime for autodetachment is long enough to allow non-adiabatic dynamics to compete with 

electron loss.53 Indeed, the scattering calculations by Singh et al. predict the 2B1u to be the longest lived of their 

predicted resonances (see Table 1). However, we stress that the action spectrum is a crude measure of the absorption. 

This is due, in part, to the fact that in our experiment electrons are only collected over a ~200 ns window. Thermionic 

emission can take significantly longer than this and, therefore, the yield of thermionic emission observed in the 

spectra is likely to be significantly lower than the true thermionic emission signal. The observation of regeneration of 

the ground state anion at low energy is significant from an astronomical perspective63,65 as briefly commented on 

below.  

 

1.75 eV (1)2B3g resonance 

The next resonance is predicted to be of B3g symmetry and appears near 1.75 eV in the absorption spectrum 

in the matrix isolation study. As noted above, this resonance is not distinguished in the present PE measurements. 

There are at least two reasons for this. Firstly, although the transition is optically allowed, it appears to have a rather 

low oscillator strength based on the absorption spectrum in the THF matrix. Secondly, if autodetachment is fast and 

the changes in Franck Condon factors between the 2B3g state and the X2Au state of the anion and the X1Ag ground state 

of the neutral are similar, then the autodetachment spectrum may have a similar appearance as the direct detachment 

channel, thus making it difficult to identify. Note that Singh et al. do predict a short lifetime for this resonance (based 

on its width). Similar cases have been observed, with an example being para-benzoquinones.18,66 It is also important 

to recognise that the direct detachment spectrum that is un-perturbed by resonances is not easily determined in the 

current experiment because of the very high density of resonances. This is likely to become even more problematic 

for larger PAH radical anions. 

 

2.1 eV 2B2g resonance 

The next anion state in order of increasing energy is of 2B2g symmetry, the transition to which is dipole-

allowed from the 2Au ground state. In the 2D PE spectrum, the transition is characterized by a clear change in the 

Franck-Condon envelope of the direct detachment feature. This change is exemplified in Figure 4, where the PE 



15 
 

spectra are plotted in the range 2.0 ≤ hv ≤ 2.6 eV. The PE spectra are plotted in terms of the energy relative to the 

neutral ground state (v = 0), E = hv – eKE – EA, which should be viewed therefore as the energy remaining in the 

neutral following electron emission (or equivalent to electron energy loss). All spectra have been normalised to the 

height of the peak at lowest binding energy. It is clear that the electron is lost by autodetachment as there is no 

evidence of internal conversion to any of the lower-lying anion states. Singh et al. predict a very short lifetime for 

this resonance, which is consistent with this observation. Similar spectral changes have been seen in other molecular 

anions.20,67 Despite the changing Franck-Condon profile, the vibrational spacing remains consistent with excitation of 

C−C stretching modes in the final neutral X1Ag state.   

 

Figure 4: Photoelectron spectra taken in the range 2.0 ≤ hv ≤ 2.6 eV, plotted in terms of energy relative to v = 0 of the 
neutral ground state, normalised to the height of the peak at lowest binding energy. These spectra highlight the 
changing Franck-Condon profile of the detachment feature. 
 
 

2.4 eV 2B2g(2p1h) resonance 



16 
 

The next transition (at 2.4 and 2.49 eV in the PE and matrix isolation experiments, respectively) is 20 times 

more intense in the absorption spectrum than the lower energy transitions (peak not integrated intensity). This is 

consistent with the large oscillator strength associated with the singlet b2g → au transition in the neutral molecule. 

Neither the EOM-CCSD calculations nor the R-matrix calculations predict a transition near this energy leading us to 

conclude that this state is largely 2p1h in character with the dominant electronic configuration (b2g)1(au)2. Anion 

states with a large 2p1h character are not well-described by the EOM-CCSD method. Interestingly, there is a peak in 

the PE spectrum of the neutral molecule near 10 eV, which if we assume applicability of the pairing theorem, predicts 

an excitation energy near 2.6 eV in the anion, consistent with the transition observed. Calculations have predicted that 

this cation state has considerable 1p2h character, while we anticipate that the species responsible for this feature in 

the anion spectrum is believed to be predominantly 2p1h in nature.   

A new feature in Figure 1(b) with a constant central eKE ~ 1.8 eV correlates well with this transition. This is 

shown in more detail in Figure 5, for the range 2.5 ≤ hv ≤ 3.0 eV, where the PE spectra have been plotted in terms of 

energy remaining in the neutral after detachment (see Figure 4) and normalised to maximum intensity. The 

autodetachment feature from this resonance is most clearly visible at hv = 3.00 eV as a broad high binding energy 

shoulder to the autodetachment peak from the lower lying 2B2g resonance. Again, there is no evidence of thermionic 

emission and the electron is lost by autodetachment, forming the ground state of the neutral. A puzzling aspect of this 

resonance is that, based on its electronic configuration, one might expect the 3B2u state to be a dominant decay 

channel, but this is not observed in Figure 1(b). 
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Figure 5: Photoelectron spectra taken in the range 2.5 ≤ hv ≤ 3.0 eV, plotted in terms of energy relative to v = 0 of the 
neutral ground state, and normalised to maximum peak height. These spectra highlight the new emerging feature at 
low binding energy, which remains constant in terms of kinetic energy (as seen in Figure 1(b)). 
 

 

3.2 eV (2)2B3g resonance 

The next resonance observed occurs near 3.2 eV and is assigned to the second anion state of 2B3g symmetry. 

The absorption spectrum has an excellent correlation with changes in the 2D PE spectrum at hv ~ 3.2 eV. The most 

obvious change is that there is a sudden increase in the formation of the final 3B3u state upon electron loss. This 

observation suggests that this resonance has in addition to the 1p …(b2g)2(au)0(b1u)0(b3g)0(b2g)0(b3g)1 configuration an 

admixture of the 2p1h …(b2g)1(au)1(b1u)1(b3g)0(b2g)0(b3g)0. Our calculations confirm that this is the case with this 

configuration contributing about 10% to the wavefunction. Again, no thermionic emission is observed, indicating that 
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this resonance also decays exclusively by autodetachment. The R-matrix scattering calculations indicate that the 

width for this state is relatively narrow, consistent with the sharp onset of the resonance in the 2D PE spectrum.  

Closer inspection of the region 3.2 < hv < 3.6 eV in Figure 1(b) shows that there is a modulation of the PE 

signal for the 1Ag + e– detachment channel. Similar behavior was seen in the 2D PE spectrum of the anthracene 

anion.21 In that case, the modulation was assigned to a competition between resonance excitation and direct 

detachment. That is to say, when hv is resonant with a vibrational level of the (2)2B3g ← 2Au transition, then the ratio 

of electrons emitted to the final neutral states, 3B2u : 1Ag will be different compared to when the excitation is not 

resonant (i.e., a larger direct than autodetachment contribution). Hence, the period of this modulation should reflect 

the spacing between vibrational levels in the absorption spectrum. In a similar spirit to Figure 3(b), in Figure 6, we 

have plotted the ratio of integrated intensities between the 3B2u + e– and X1Ag + e– channels, along with the absorption 

spectrum from Shida and Iwata in this range. Excellent agreement of the spacing of the vibrations in (2)2B3g ← 2Au 

absorption band with the modulation can be seen. Additionally, as shown in Figure 6, the absorption spectrum 

requires a blue-shift of ~60 meV to align with the gas-phase action spectrum. Such a shift is quite reasonable given 

the differing environments (gas-phase vs. matrix). 

 

 

Figure 6: Ratio of integrated intensities between the 3B2u and 1Ag channels in the range 3.3 ≤ hv ≤ 3.6 eV (sold black 
circles and grey line), along with the absorption spectrum (pale red line)24  and the same spectrum blue-shifted by 
60 meV (red line). Vertical dashed lines represent guides to the vibrational structure in the spectra. The absorption 
spectrum was adapted with permission from ref. 24. Copyright 1973 American Chemical Society. 
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Higher-lying resonances 

 Beyond the (2)2B3g ← 2Au transition, there appears to be another change in the 2D PE spectrum around 

hv = 3.8 eV, with a much larger probability of forming the X1Ag ground state compared to the 3B2u neutral state. The 

first singlet state of the neutral also becomes accessible at higher hv. We do not offer assertive interpretations of the 

dynamics or states involved in for these resonances because: (1) we do not have sufficient data spanning the higher 

hv range; (2) there are many competing open decay channels which dramatically complicate the interpretations; (3) 

the density of resonances increases substantially at higher hv, which in particular involve a number electronic states 

with 2p1h character; and (4) we do not have the supporting absorption spectrum in this range. 

 

Astronomical implications 

 As mentioned in the introduction, PAHs and low energy electrons are common in the interstellar medium.68 

In dense molecular clouds, it has been predicted that PAHs become the dominant carrier of negative charge instead of 

electrons.69–72 This prediction is based on an expectation that PAHs with >30 carbon atoms efficiently capture low-

energy electrons, while those with <30 carbon atoms do not. The dependence on number of C atoms in the PAH is 

motivated by the positive correlation between it and the PAH’s EA. However, for pyrene, with only 16 C atoms and a 

relatively small EA, we show that low-energy electrons are also captured to form the ground state of the anion – at 

least over an energy range of about 0.6 < eKE < 1.1 eV. Consequently, even pyrene might be quite effective at 

electron capture at low energies. Generally, it is the detailed chemical dynamics associated with the resonance decay 

that ultimately dictates the outcome of the electron-molecule reaction. Of course, once in the ground state, the 

electron will be emitted and the lifetime of this thermionic emission also depends on the number of C atoms. 

Specifically, more vibrational degrees of freedom leads to the excess energy being spread over more degrees of 

freedom, increasing the time for electron detachment. Nevertheless, the study presented here highlights that the 

empirical correlation is an over-simplified view of the complex dynamics that can lead to electron capture. 2D PE 

spectroscopy supported by computational chemistry as demonstrated here offers a route to understanding these 

dynamics in small PAHs. Indeed, small chemical changes to the PAH such as deprotonation,65,63 substitutions with 

heteroatoms,73 or microsolvation74 can dramatically alter the resonance dynamics and electron capture probabilities. 
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The role of microsolvation of PAHs, in particular, is likely be important from and astronomical perspective because 

of the incorporation of PAHs in icy grains and dust in dense molecular clouds. In a recent experiment, we have 

shown the effect of solvation on the resonance dynamics of anthracene.74 This revealed that the addition of a certain 

number of water molecules led to the lowest resonance becoming a bound state as the EA increases and that this 

dramatically increased the yield of thermionic emission. Given the proximity of the 2B1u resonance to threshold, and 

the fact that it already shows some thermionic emission, it is reasonable to expect that solvation might increase the 

ground state formation for electron capture by pyrene at low eKE. Conversely, however, there are no higher-lying 

resonances that decay into the lowest resonance. This contrasts to observations in the anthracene anion where 

excitation to certain resonances led to decay into the lowest energy resonance. Ongoing experiments are exploring the 

effect of solvent clusters on the low-lying resonances of pyrene.  

 

Conclusions 

The low energy electronic resonances in pyrene have been studied by 2D photoelectron imaging of the 

pyrene anion and by electronic structure computational methods that avoid collapse of the resonance onto discretized 

continuum states. Our results are in good agreement with a previous absorption spectrum of the pyrene anion in a 

glass, with electron-scattering calculations once a static shift of 1 eV was applied, and when applying the pairing 

theorem. Taken together, our results provide an assignment of the first five resonances in pyrene. 

 Most of the observed resonances decay exclusively by autodetachment and signatures of these dynamics are 

clearly seen in the 2D photoelectron spectrum. However, the photoelectron spectra resonant with the lowest lying 

2B1u anion state show that electrons are emitted by thermionic emission, thus evidencing that this resonance decays 

by internal conversion to the ground state of the anion. From an astronomical perspective, PAHs are common in 

dense molecular clouds but are only considered to be effective at capturing low energy electrons when 30 or more 

carbon atoms are present. Our results show that pyrene, with only 14 C atoms can capture an electron via the 2B1u 

resonance. 
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