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Abstract 

The photoelectron spectroscopy of the tetracenyl anion using slow electron velocity-map 

imaging (SEVI) of cryogenically cooled ions is presented.  The total photodetachment yield as a 

function of photon energy is used to reveal a rich manifold of anion excited states above the 

detachment threshold. The lowest energy anionic resonance has a sufficiently long lifetime to yield 

a vibrationally resolved absorption spectrum that can be directly compared with theoretical 

predictions.  Excitation of this state mostly results in electron detachment via thermionic emission.  

The total photodetachment yield spectrum is used to select photon wavelengths that minimize the 

indirect detachment signal to allow acquisition of vibrationally-resolved photoelectron spectra that 

can inform on the neutral tetracenyl radical.  Assignment of spectral features corresponding to the 

ground and first excited state of the neutral 12-tetracenyl isomer is made with the aid of Franck-

Condon simulations. This yields adiabatic electron affinity and term energies that differ 

significantly from the previously reported values. Weak features corresponding to the ground state 

of the minor 2-teracenyl and 1-tetracenyl isomers are also identified, which allows for the 

experimental determination of their electron affinities for the first time.   
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I. Introduction 

Polycyclic aromatic hydrocarbons (PAHs), and their unique properties due to their large 

conjugated π-orbital systems, have been the subject of many studies for their roles in different 

chemistry fields.  In particular, PAHs are thought to be the most ubiquitous complex molecules in 

space,1,2 where they can exist in their hydrogenated, dehydrogenated or protonated forms.1,3 Given 

their abundances, adoption of multiple different forms, and strong absorption features, PAHs are 

suspected to be major contributors to diffuse interstellar bands.4  The formation of larger PAHs is 

also hypothesized to occur through reactions with smaller dehydrogenated PAH radicals.5,6  PAH 

anions, formed via radiative electron attachment or dissociative electron attachment to the 

corresponding neutral PAHs, can also play a role in the chemistry of dense molecular clouds.7–10  

In this paper, we report the study of the dehydrogenated tetracenyl (C18H11) anion and neutral 

radical using both high-resolution photoelectron spectroscopy and total photodetachment yield 

spectroscopy.  

Anion photoelectron spectroscopy, in which the kinetic energy of the photoelectron ejected 

from the closed-shell deprotonated anion is measured, is well-suited for studying the 

corresponding radical neutral dehydrogenated PAHs.  When sufficient resolution is achieved using 

slow photoelectron velocity-map imaging (SEVI)11,12 of cryogenically cooled ions,13–16 it can 

provide detailed insights into the ground and excited states of the neutral radical.  This approach 

has been used by Neumark and co-workers17,18 to study the naphthyl (C10H7) and anthracenyl 

(C14H9) radical species. The next largest dehydrogenated PAH, tetracenyl (C18H11), has been 

studied by Verlet and co-workers19 using anion photoelectron spectroscopy. However, for 

tetracenyl, the spectra showed strong interference from thermionic emission, an indirect electron 

detachment process.  This suggested the presence of anion excited states above the detachment 



4 
 

threshold that were resonantly excited by the photodetachment laser.  Such anion excited states, 

which are related to the transient resonances observed in electron loss spectroscopy,20–22 have also 

been observed in the related anthracenyl anion23 and other similar PAHs.24–29 

Here, we revisit the photoelectron spectroscopy of the tetracenyl anion using SEVI of 

cryogenically cooled ions.  We start with the measurement of the total photodetachment yield as a 

function of photon energy, which reveals a rich manifold of anion excited states above the 

detachment threshold. Interestingly, the lowest energy of these states has features with narrow 

linewidth, which yields a vibrationally resolved absorption spectrum that can be directly compared 

with theoretical predictions.  Resonant excitation of these anionic states mostly results in electron 

detachment via thermionic emission that often completely obscure the direct detachment signal.  

Careful wavelength selection is thus used to minimize the intensity of the indirect detachment 

signal and acquire vibrationally-resolved photoelectron spectra that can inform on the neutral 

tetracenyl radical.  Aided by Franck-Condon simulations, the main features observed in the 

photoelectron spectra are assigned to the ground and first excited state of the neutral 12-tetracenyl 

isomer. This yields adiabatic electron affinity and term energies which are significantly different 

than the previously reported values.19 Weak features corresponding to the ground state of the minor 

2-teracenyl and 1-tetracenyl isomers are also identified, which allows for the experimental 

determination of their electron affinities for the first time.     

 

II. Experimental and Theoretical methods 

The total photodetachment and anion photoelectron spectra were obtained using our 

cryogenic SEVI instrument described in detail previously.30   The tetracenyl anions were generated 
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by electron impact inside a room-temperature linear octupole ion trap.  Briefly, tetracene powder 

was placed inside a small reservoir located near the side of the ion trap, and the reservoir was 

heated to 110 C using a Peltier module.  A gas mixture composed of 1% CH4 in a balance of 

helium flowed over the reservoir and picked up tetracene vapor. The mixture then flowed into the 

internal volume of the ion trap via a short tube.  The gas flow was adjusted using a mass flow 

controller to maintain a 10 mtorr pressure in the vacuum chamber. Anions were generated directly 

inside the ion trap by ∼180 eV electrons produced by a thoriated (1%) tungsten filament located 

outside of one of the axial apertures of the ion trap. 

The room-temperature anions thus formed were extracted from the linear octupole trap and 

transferred into a cryogenic 3-D quadrupole ion trap. The 3-D ion trap, located in a separate 

differentially pumped vacuum region, was held at 10 K by a closed-cycle helium cryocooler. A 

short pulse of helium buffer gas was introduced into the ion trap to collisionally cool the internal 

temperature of the anions. After a delay of ∼95 ms to allow for the evacuation of the buffer gas 

from the trap volume, the cooled anions were ejected into a time-of-flight mass spectrometer for 

mass separation. A pulsed re-referencing voltage in front of the multi-plates velocity-map imaging 

(VMI) region mass-selected for only the tetracenyl anions. In the VMI region, the ion packet was 

intersected by the output of a tunable 10 Hz Nd:YAG pumped UV/Vis optical parametric oscillator 

(OPO) with a 5–7 cm−1 linewidth. The generated photoelectrons were focused onto a pair of 40 

mm MCP detectors coupled to a phosphor screen. The resulting photoelectron images were 

captured by a 2048 × 2048 CMOS camera.  

The raw images were circularized31, quadrant symmetrized, inverse Abel transformed,32 

and radially integrated to obtain the photoelectron spectra. The electron kinetic energies were 

calibrated using the known photoelectron features of I¯.  For easier comparisons between 
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photoelectron spectra acquired using different photon energies, the spectra are plotted as a function 

of electron binding energy (eBE), which is the difference between the photon energy and the 

measured kinetic energy of the photoelectrons.  

The total photodetachment yield spectra were collected by stepping the laser wavelength 

in 0.1nm increments. At each wavelength, the total number of photoelectrons per laser shot was 

counted, and averaged for a total of 15 laser shots. The total photodetachment yield spectra are 

then generated by plotting the photoelectron count, normalized to the photon flux, as a function of 

photon energy. 

Density functional theory (DFT) were carried out with the B3LYP functional and the def2-

TZVP basis set augmented with diffuse functions (def2TZVPD),33,34 using the Gaussian 16 

program.35 This functional has been used with success to describe the tetracenyl anion and radical 

previously.36  All the reported energies here include zero-point energy correction from the unscaled 

harmonic frequencies.  The Franck-Condon simulations were calculated using the ezSpectrum 

program37 and include Duschinsky rotations. 

 

III. Results 

a) Computational results 

 Three tetracenyl isomers are possible, 1-tetracenyl, 2-tetracenyl and 12-tetracenyl, 

depending on which H is removed from tetracene.  Their structures are shown in Figure 1.  For the 

neutral doublet ground state (X̃2A'), the 1-Tet and 2-Tet isomers are calculated to be nearly 

isoenergetic and ~140 cm-1 (~1.7 kJ/mol) lower than the 12-Tet isomer. The situation is different 

for the anion singlet ground-state (X̃1A'), where the 12-Tet isomer is calculated to be 1440 cm-1 
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(17.3 kJ/mol) and 1760 cm-1 (21.1 kJ/mol) below the 1-Tet and 2-Tet isomers, respectively. This 

yields a predicted adiabatic electron affinity (AEA) of 14250 cm-1 (1.77 eV) for 12-Tet, which is 

higher than the 12678 cm-1 (1.57 eV) and 12347 cm-1 (1.53 eV) AEA predicted for 1-Tet and 2-

Tet, respectively.  All three predicted AEAs are significantly lower than the 2.4 eV experimental 

value reported by Verlet and co-workers.19  However, they are consistent with some previous DFT 

studies.36   All three tetracenyl isomers exhibit similar geometry changes between the anion and 

neutral ground states, which are mostly located at the hydrogen atom removal site.  Notably, the 

C-C-C bond angle (C-C-C indicated in Figure 1) changes from ~113° in the anion ground-state to 

~127° in the neutral ground-state, consistent with previous DFT studies.36  

 The lowest-energy neutral excited state corresponds to the promotion of an  electron into 

the singly occupied (SOMO)  orbital at the hydrogen removal site.  In the Cs symmetry, this 

excitation results in a Ã2A" state.  DFT predicts this 2A" state to be a saddle-point with an imaginary 

frequency corresponding to an out-of-plane vibration, and an adiabatic term energy of ~7750 cm-

1 (0.96 eV) for the 12-Tet isomer. Similar saddle points were found with adiabatic term energies 

of ~9700 cm-1 and ~11000 cm-1 for 1-Tet and 2-Tet, respectively.  Unfortunately, it was not 

possible to converge the computations on the lower symmetry structures. 

 Several low-lying valence excited states are predicted on the anion surface by the DFT 

calculations. The lowest energy one corresponds to a transition involving the promotion of 

an  electron from the orbital at the hydrogen removal site (HOMO) to the lowest-energy 

unoccupied  orbital (LUMO).  Fortenberry and co-workers calculated a vertical excitation 

energies of 1.99 eV for this anionic state in 12-Tet using equation-of-motion coupled-cluster 

(EOM-CCSD),38 which is somewhat larger than the 1.14 eV found here with DFT.  Geometry 

optimization of this Ã1A" state in the Cs symmetry lead to a saddle point situated less than 0.25 eV 
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above the ground state.  Therefore, DFT predicts this anion excited state to be a bound state, i.e., 

below the electron detachment threshold.  However, its low oscillator strength (f = 0.0001) and 

low term energy means that it is unlikely to interfere with the direct photodetachment process.  The 

second excited state is a  transition involving the promotion of an electron from the HOMO-

1 to the LUMO.  This excited-state (B̃1A') is a minimum in the Cs symmetry with a calculated 

adiabatic excitation energy of 15350 cm-1 (1.90 eV) and an oscillator strength of f = 0.0301 for the 

12-Tet isomer.  The optimized geometry is close to that of the ground anion state, with C-C-C = 

114.9°. Slightly smaller adiabatic term energies of 13160 cm-1 (1.63 eV) and 13590 cm-1 (1.69 eV) 

were found for the corresponding excited state in the 1-Tet and 2-Tet isomers.  This anion excited 

state is thus predicted to be slightly above the detachment threshold but lies in the photon energy 

range used for acquiring direct photodetachment spectra.  

 

b) Total photodetachment yield spectrum 

The computational results presented above suggest the presence of several anion excited 

states above the detachment threshold that can be excited by the detachment laser.  In order to 

potentially map these excited states and determine the best photon energy for minimizing 

interferences from indirect detachment, we acquired the total photodetachment yield spectrum in 

the 14000 - 29000 cm-1 region (Figure 2).  The total photoelectron count starts increasing above 

15000 cm-1, but a small amount of photoelectrons can be produced below that threshold.  Two 

small peaks are found at 16310 cm-1 and 16650 cm-1. The total photodetachment yield then sharply 

rises just before 17000 cm-1 and a series of intense peaks are clearly resolved between 17000 - 

19000 cm-1.  This non-monotonic increase in photodetachment yield is a clear signature of an anion 
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excited state whose resonant excitation followed by indirect detachment is producing a significant 

percentage of the observed photoelectrons. The most intense peaks between 17000 - 18000 cm-1 

have regular spacings of about 170 cm-1 and 310 cm-1, suggesting a vibrational Franck-Condon 

progression.  These peaks also have FWHM of 30-50 cm-1.  This is much broader than what is 

expected from the ~5 cm-1 laser linewidth and a ~10 cm-1 unresolved rotational envelope. Above 

19000 cm-1, the total photodetachment yield generally decreases and individual vibrations are no 

longer resolvable.  At higher energy, three additional intense and broad (~100-400 cm-1 FWHM) 

features are seen at ~ 25000 cm-1, ~25900 cm-1 and ~26500 cm-1.  

To investigate the different processes involved in the generation of the photoelectrons, we 

acquired a series of SEVI images at different photon energies, indicated by arrows in Figure 2. 

These photoelectron spectra are shown in Figure 3.  The spectra acquired with photon energies 

below 17000 cm-1 (3A, 3B, and 3C) contain features with consistent position and intensity across 

different spectra. The major difference here involves features having lower intensities closer to 

threshold, which is expected from Wigner threshold law.39 Therefore, these photoelectron spectra 

can be analyzed as resulting from regular direct photodetachment.  We note that the photoelectron 

spectra acquired with photon energies 3A and 3B, which are resonant with weak features in Figure 

2, exhibit small but noticeable differences in the intensity of features that are below 14800 cm-1
 

compared to 3C. This is highlighted by the insets in Figure 3A-C.   

The photoelectron spectra obtained with photon energies resonant with some of the most 

intense peaks in Figure 2 have noticeably different appearance than those acquired at lower photon 

energies. The photoelectron spectrum in Figure 3D, taken at 16964 cm-1 (3D), displays a very 

intense feature near zero eKE.  A similar feature is found in Figure 3E spectrum, taken at 18090 

cm-1 (3E), and Figure 3F spectrum, acquired with 18450 cm-1  (3F) photons. These two spectra 
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also show an intense and broad background signal extending from zero eKE to ~16000 cm-1.  

Further analysis of the anion excited state and subsequent indirect detachment process is presented 

in section IVb.   

 

c) Direct detachment spectra 

The photoelectron spectra relevant to the analysis of the tetracenyl neutral ground state are 

shown in Figure 4. Spectra 4B and 4C were acquired with photon energies of 16815 cm-1 and 

15998 cm-1, below the onset of the anion excited B̃1A’ state.  Spectrum 4A was acquired with 

photon energy above that onset, at 17500 cm-1, which is in between two peaks in Figure 2. 

Therefore, spectrum 4A contains some contributions from indirect detachment at very low eKE, 

but otherwise shows the same extended vibrational progressions consistent with direct detachment.  

The lowest energy peak observed, Peak XA, is found at eBE = 14887 cm-1.  The main vibrational 

progression, formed by peaks XA, XD and XL, has a spacing of ~600 cm-1. The positions of the 

observed peaks XA-XN are listed in Table 1.  

Because weak, but photon energy dependent, features were identified below eBE of 14800 

cm-1 in Figure 3, we also acquired an additional photoelectron spectrum at 14747cm-1. This 

spectrum, shown in Figure 5, displays numerous partially resolved peaks, labeled Xa-Xt, that 

extend down to eBE of 12480 cm-1.  It should be noted that the most intense features in Figure 5 

are roughly 100 times weaker than peak XA in Figure 4. 

Finally, SEVI images were acquired at photon energy of 24610 cm-1 to locate the first 

neutral excited-state, and the photoelectron spectrum is shown in Figure 6.  This photon energy is 

located at the onset of the intense photodetachment yield feature at 25000 cm-1 (6A in Figure 2).  
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Therefore, the photoelectron spectrum contains significant amount of low eKE electrons (not 

shown in the figure) and a substantial background at all eKE. Nevertheless, a short series of peaks, 

labeled AA-AE, can clearly be resolved between 22500 - 23500 cm-1.  Peak AA, the first and most 

intense peak of the series, is found at eBE of 22570 cm-1.  Because of the background intensities, 

higher resolution photoelectron spectra could not be acquired closer to the detachment threshold.  

The positions of the dominant observed features in Figure 6 are tabulated in Table 1.  

 

IV. Analysis and discussion  

a) Direct detachment spectra 

We begin with the assignment of the direct photodetachment photoelectron spectra shown 

in Figure 4.  The position of peak XA at 14887 cm-1 is in best agreement with the 14250 cm-1 

calculated origin transition of the 12-Tet isomer. The calculated Franck-Condon (FC) spectrum 

for the X̃2A'  X̃1A' transition of 12-Tet is shown in Figure 4D and it is found to be in overall 

excellent agreement with the experimental spectra shown in Figure 4A-C. The 1-Tet and 2-Tet 

isomers have lower predicted AEA and their calculated FC spectra (shown in Figure 5B-C) are not 

consistent with the positions and intensities of features XA-XN in Figure 4.  Therefore, we assign 

features XA-XN to transitions to the neutral ground state of the dominant 12-Tet isomer.   

This assignment is consistent with the calculated relative energy of the 12-Tet anion being 

1400-1800 cm-1 lower than the other two isomers. This result suggests that, in our experiment, the 

anions are not formed by electron attachment to the neutral tetracenyl radical, in which all three 

isomers have similar energies. More likely, tetracenyl anions are formed by electron attachment to 
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tetracene followed by dissociation of a C-H bond.40 This is certainly consistent with our 

experimental observations of intact tetracene anions under certain source conditions. 

This assignment yields an electron affinity of 1.8457±0.0005 eV for the 12-Tet isomer.  

The assignment of individual spectral features is complicated by overlapping active vibrations in 

the calculated FC spectrum. Complete peak assignments are tabulated in Table 1. Overall, the FC 

active vibrations are in-plane (A’ symmetry) modes. The most active vibration is ν21, followed by 

ν20, ν29, and ν24. These vibrations are ring deformation modes that generally involve C-C-C bending 

at the hydrogen-removal site, which is expected to be active given the change in θC-C-C upon 

electron detachment. Spectral features XD and XL are assigned to the fundamental and combination 

bands involving ν20 and ν21. 

 We now turn our attention to the series of weak features that extend more than 2000 cm-1 

below XA and detailed in Figure 5. These are unlikely to be caused by vibrational hot bands 

because it would require very high ion internal energies, which are not consistent with the typical 

outcome of the cryogenic ion trap thermalization.  Using the lowest energy peak observed, Peak 

Xa at 12480 cm-1, as the origin transition for the 2-Tet isomer yields good agreement with the 

calculated FC spectrum for some of the weaker features in the photoelectron spectrum, as shown 

in Figure 5.  In particular, the positions and relative intensities of peaks Xa-Xc, Xf-Xh, and Xs are 

in good agreement with this assignment.  However, this assignment does not capture the most 

intense features in this photoelectron spectrum, such as Xd, Xj and Xk. Therefore, we used peak 

Xd, at 13090 cm-1, as the origin transition for the 1-Tet isomer.  This yields an excellent agreement 

with the calculated FC spectrum for the remaining intense experimental features. Thus, we assign 

the features in Figure 5 to a mixture of the X̃2A'  X̃1A' transition of the minor 2-Tet and 1-Tet 

isomers. This assignment yields electron affinities of 1.547±0.002 eV and 1.623±0.002 eV for the 
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2-Tet and 1-Tet isomers, respectively. These values are in good agreement with the calculated 

AEA. Again, the FC active vibrations are in-plane (A’ symmetry) modes, with the most active 

modes involving C-C-C bending at the hydrogen-removal site. For 1-Tet, the most active ν20, ν18, 

and ν35 vibrations give rise to the stronger Xk, Xj, and Xn peaks. Other peaks, such as Xq, Xr, and 

Xt, arise from combination modes involving ν20 and ν18. For 2-Tet, the most active ν34 vibration 

gives rise to peak Xf. Complete peak assignments are tabulated in Table 2.  Using the relative 

intensity of peaks Xa, Xd and XA, as well as the relative intensity of the calculated origin transitions 

in the FC spectra, we estimate the 12-Tet:1-Tet:2-Tet isomeric population ratio to be 250:2:1.  

 Finally, we can assign the neutral excited state features in Figure 6A to that of the major 

12-Tet isomer.  The position of peak AA yields an adiabatic term energy of 0.952±0.009 eV for 

the Ã2A” state, which is consistent with the calculated adiabatic term energy (0.96 eV) of 12-Tet. 

The corresponding excited-state bands of the 1-Tet and 2-Tet isomers are calculated to lie roughly 

in the same electron binding energy region. However, given the very small population of these 

isomers and significant background signal present at this higher photon energy, it would be very 

difficult to observe them experimentally.  As mentioned in section II, the optimized Cs structure 

for this state has an out-of-plane imaginary frequency.  Unfortunately, it was not possible to obtain 

the lower symmetry structure.  Nevertheless, the bottom panel present the FC simulation using the 

Cs structure and ignoring the imaginary frequency.  It predicts very little vibrational activity which 

is consistent with the observed spectra.  However, it doesn’t reproduce the feature labeled AC-AE. 

These likely involve 1 or more out-of-plane modes which would become allowed in the lower 

symmetry structure.  

The AEA of the 12-tetracenyl radical determined here is significantly different than the 

value of 2.6±0.2 eV previously reported by Verlet and co-workers.19  It is likely that the features 
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that they identified as arising from direct detachment were in fact also due to the intense indirect 

detachment signal. While we did not probe the same photon energy range as them, our results 

displayed in Figure 3F show that at higher photon energy, the direct detachment features are 

completely obscured by the thermionic emission signal.  We also note that the AEA determined 

here are in-line with the values found for the similar but smaller naphthalenyl and anthracenyl 

radicals.17,18 

 

b) Anion excited state spectrum 

Figure 7 shows the total photodetachment yield spectrum in the 16000 – 20000 cm-1 region, 

where distinctly resolved vibrational features can be observed. As discussed above, these non-

monotonic increases in photodetachment yield are a clear signature of an anion excited state.  The 

energetic position of these peaks is roughly where the B̃1A' anion excited state is predicted.  

Moreover, the calculated FC spectrum using the optimized TDDFT geometry and vibrational 

frequencies is in good agreement with the experimental peak positions.  However, the predicted 

vibrational intensities relative to the origin transition are much smaller than what we see in the 

experiment. Nevertheless, we assign the dominant features, labeled BA-BK, to the B̃1A'  X̃1A' 

transition of 12-Tet. The assignments for these peaks are listed in Table 3.   

There are two small peaks, labeled Ba and Bb, which are found below the BA origin peak. 

Resonant excitation of these peaks yield photoelectron spectra (Figure 3A and 3B) that show 

different intensities in the 12000 – 14800 cm-1 region, which is associated with the 1-Tet and 2-

Tet isomers.  Therefore, we assign peaks Ba and Bb to the B̃1A'  X̃1A' origin transitions for the 
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2-Tet and 1-Tet isomer, respectively. This is consistent with the smaller calculated adiabatic 

excitation energies in these isomers.  

Going back to the B̃1A'  X̃1A' transition of 12-Tet, the discrepancy between the calculated 

FC intensities and the observed spectrum may be attributable to three different causes.  First, it is 

conceivable that the relatively low-level TDDFT calculations underestimate the geometry changes 

upon excitation.  Unfortunately, geometry optimization using higher level of theory, such as 

equation-of-motion coupled clusters (EOM-CCSD), would be challenging given the size and low 

symmetry of the tetracenyl anion.  Secondly, we note that using photoelectron yield as an indirect 

measurement of the anion absorption spectrum can lead to some distortions in the observed 

intensity compared to the absorption cross-section.  This is because the co-linear arrangement of 

our SEVI setup limits our observation of photoelectrons to those produced in the ~500 ns 

immediately following laser excitation. Therefore, if the rate of autodetachment of a particular 

vibrational state is higher than another, it would then appear much more intensely in our total 

photodetachment yield spectrum.  Finally, we note that there may be additional anion excited states 

whose broad features are contributing to the overall photoelectron intensities observed between 

17000 cm-1 and 22000 cm-1 (Figure 2).  Exploratory TDDFT calculations found 3 other excited 

states in this energy range, although they are all predicted to have low absorption cross-section (f 

< 0.001).  However, higher level computations will be necessary to confidently assign any of the 

broader features shown in Figure 2.  

The vibrationally resolved features in Figure 7 have FWHM of about 30-50 cm-1, which 

would correspond to a lifetime of at least 100fs for these vibrational states.  This long lifetime with 

respect to autodetachment is consistent with the nature of the electronic configuration of this 

excited state.  The main character of the B̃1A' state involves the excitation of a HOMO-1 electron 
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in to the LUMO. Autodetachment from this electronic configuration cannot directly yield the 

neutral ground-state.  The lowest energy neutral state that can be produce by autodetachment is 

the 2A" neutral excited-state which lies ~5000 cm-1 above this anion excited state. Therefore, it is 

not too surprising that the B̃1A' anion state is relatively stable with respect to autodetachment.  This 

is also consistent with the observed photoelectron spectra resulting from the excitation to this anion 

excited state (for example, see Figure 3D-F).  Specifically, the produced photoelectrons have a 

kinetic energy distribution peaking near eKE = 0, meaning that thermionic emission is the main 

pathway for electron detachment.41–43 This implies that the main relaxation pathway for the B̃1A' 

state is not autodetachment, but internal conversion to a vibrationally hot ground-state followed 

by thermionic emission. Such a long lifetime for this anion excited state can have implications for 

the formation of anions in interstellar medium. If the excited anion can be created efficiently by 

an electron attachment process, its lifetime might allow for fluorescence to quench the excess 

internal energy and efficiently produce a stable tetracenyl anion.   

 

V. Conclusion 

In this work, we studied the tetracenyl anion and neutral radical using high-resolution 

photoelectron spectroscopy of cryogenic anions.  The systematic mapping of photodetachment 

yield as a function photon energy reveals a rich manifold of intense bands corresponding to the 

excitation of valence anion excited states located above the detachment threshold.  The lifetime of 

one of these states is long enough to produce vibrationally resolved spectrum. However, these 

resonant excitation processes produce photoelectrons that can severely interfere and even 

completely obscure the direct photodetachment signal.  Careful selection of the photon energies is 

necessary in order to measure photoelectron spectra which are meaningful for studying the 
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corresponding neutral radical states.  Using this approach, as well as FC simulations of the 

vibrationally resolved photoelectron spectra, we provide a corrected value for the electron affinity 

of the 12-Tet isomer and new values for the 1-Tet and 2-Tet isomers.  Finally, we note that the 

interferences from anion resonances observed here are likely to be present to some extent in the 

photoelectron spectroscopy of most PAHs and related species. The systematic measurement of the 

photodetachment yield provides a generally applicable scheme for selection of proper 

photodetachment wavelengths. It also provides a powerful tool for the experimental vibronic 

characterization of such anion resonances. 
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Figure 1. (Left) Geometries of the three tetracenyl isomers. 12-Tet corresponds to the removal of 
H12; 1-Tet corresponds to the removal of H1; 2-Tet corresponds to the removal of H2. (Right) 
Relative energies of anion (blue) and neutral (red) ground and excited states in the 12-Tet 
isomer. The states are offset in the x-axis by their calculated θC-C-C angles. 
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Figure 2. Total photodetachment cross-section spectrum in the 14000 – 29000 cm-1 range. The 
experimental electron affinity (EA) is determined more precisely in Figure 4, but its position is 
marked here for reference. Photon energies corresponding to photoelectron spectra shown in 
Figures 3 (yellow), Figure 4 (green), Figure 5 (red) and Figure 6 (purple) are indicated by labeled 
arrows.  
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Figure 3. Photoelectron spectra acquired with photon energies of 16370 cm-1 (A), 16617 cm-1 
(B), 16815 cm-1 (C), 16964 cm-1 (D), 18090 cm-1 (E), and 18447 cm-1 (F).  Insert spectra in 
panels A-C show 15 view in the 12000-14800 cm-1 region: 3A and 3B are resonant with weak 
features in the photodetachment cross-section spectrum while 3C is not (see Figure 2), which 
result in different intensities in the 12000-14800 cm-1 region in these three spectra. 
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Figure 4. Photoelectron spectra acquired with photon energies of 17500 cm-1 (A), 16815 cm-1 
(B), and 15998 cm-1 (C). Assignments are made by comparisons to the calculated Franck-
Condon spectrum of the X̃2A'  X̃1A' transition of the 12-Tet isomer (D), where the origin 
transition is aligned to peak XA. 
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Figure 5. (A) Photoelectron spectrum acquired with photon energies of 14747 cm-1.  The peak 
label color corresponds to contribution from the 1-Tet isomer (blue), 2-Tet isomer (red) or both 
(purple) (B) Calculated Franck-Condon spectrum of the X̃2A'  X̃1A' transition of the 1-Tet 
isomer, where the origin transition is aligned to peak Xd. (C) Calculated Franck-Condon 
spectrum of the X̃2A'  X̃1A' transition of the 2-Tet isomer, where the origin transition is aligned 
to peak Xa.  
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Figure 6. (A) Photoelectron spectrum acquired with photon energies of 24610 cm-1. (B) 
Calculated Franck-Condon spectrum of the Ã2A”  X̃1A' transition of the 12-Tet isomer, where 
the origin transition is aligned to peak AA. 
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Figure 7. (A) Total photodetachment cross-section spectrum in the 16000 – 20000 cm-1 range. 
(B) Calculated Franck-Condon spectrum of the B̃1A'  X̃1A' transition of the 12-Tet isomer, 
where the origin transition is aligned to peak BA. 
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Table 1. Experimental peak positions (eBE) and assignments for the X̃2A'  X̃1A' transition (shown in 

Figure 4) and Ã2A”  X̃1A' transition (shown in Figure 6) of the 12-Tet isomer. All values are in cm-1.  

The uncertainty on the eBE corresponds to a peak’s half-width at half maximum. Where there are 
multiple assignments for a single observed peak, the more dominant transition(s) are bolded. 

Peak eBE 
Exp. Vib. 

Freq. 
Assignment Calc. Vib. Freq. 

XA 14887(4) - 0-0 (X̃2A'  X̃1A') 14250 

XB 15179(17) 293 
ν7(A’) in-plane ring deform.; ν9(A’) in-

plane ring deform. 
300; 319 

XC 15431(9) 544 ν17(A’) in-plane ring deform. 563 

XD 15502(10) 613 
ν19(A’) in-plane ring deform.; ν20(A’) in-
plane ring deform.; ν21(A’) in-plane 

ring deform. 

619; 632; 642 

XE 15630(9) 743 
ν24(A’) in-plane ring str.; 

ν26(A’) in-plane ring str. 
756; 761 

XF 15653(9) 766 ν29(A’) in-plane ring deform. 785 

XG 15780(18) 893 ν34(A’) in-plane ring deform. 908 

XH 15820(14) 933 
ν7 + ν21; ν37(A’) in-plane ring deform.; 
ν9 + ν20; ν9 + ν21 

942; 949; 951; 961 

XI 15932(17) 1044   

XJ 15991(16) 1104 ν44(A’) in-plane CH bend 1147 

XK 16048(28) 1161 ν17 + ν20; ν17 + ν21 1195; 1205 

XL 16114(15) 1227 
ν19 + ν20; ν19 + ν21; 2ν20; ν20 + ν21; 
ν52(A’) in-plane CH bend + ring deform.; 

2ν21 

1251; 1261; 1264; 
1274; 1279; 1284 

XM 
16249(15) 1362 

ν20 + ν24; ν20 + ν26; ν21 + ν24; ν21 + 
ν26 

1388; 1393; 1398; 
1403 

16272(15) 1385 ν20 + ν29; ν21 + ν29 1417; 1427 

XN 

16393(24) 1506 
ν24 + ν26; ν20 + ν34; ν24 + ν29; ν26 + 
ν29; ν21 + ν34 

1517; 1540; 1541; 
1546; 1550 

16433(25) 1546 
2ν29; ν21 + ν37; ν9 + ν20 + ν21; ν9 + 

2ν21 

1570; 1591; 1593; 

1603 

AA 22570(68) - 0-0 (Ã2A”  X̃1A') 21996 

AB 22880(68) 310 ν9(A’) in-plane ring deform. 320 

AC 23070(68) 500   

AD 23300(68) 730   
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Table 2. Experimental peak positions (eBE) and assignments for the X̃2A'  X̃1A' transition of the 1-Tet 

and 2-Tet isomers (shown in Figure 5). All values are in cm-1.  The uncertainty on the eBE corresponds to 
a peak’s half-width at half maximum.  Where there are multiple assignments for a single observed peak, 
the more dominant transition(s) are bolded. 

Peak eBE 
Exp. Vib. 

Freq. 
Isomer Assignment Calc. Vib. Freq. 

Xa 12481(20) - 2-Tet 0-0 (X̃2A'  X̃1A') 12347 

Xb 12795(15) 314 2-Tet ν8(A’) in-plane ring deform. 319 

Xc 12972(15) 491 2-Tet ν15(A’) in-plane ring deform. 504 

Xd 13088 (18) 
607 2-Tet 

ν19(A’) in-plane ring deform.; ν20(A’) in-
plane ring deform. 

616; 629  

- 1-Tet 0-0 (X̃2A'  X̃1A') 12678 

Xe 13260(28) 
779 2-Tet ν29(A’) in-plane ring deform. 789 

172 1-Tet ν4(A’) in-plane ring deform. 163 

Xf 13365(14) 884 2-Tet ν34(A’) in-plane ring deform. 895 

Xg 13407(19) 926 2-Tet ν8 + ν19; ν38(A’) in-plane ring deform. 935; 940 

Xh 13530(18) 
1049 or 

442 
   

Xi 13583(16) 
1102 2-Tet ν15 + ν19; ν15 + ν20 1120; 1133 

495 1-Tet ν15(A’) in-plane ring deform. 498 

Xj 13646(16) 558 1-Tet ν18(A’) in-plane ring deform. 564 

Xk 13710(16) 622 1-Tet 
ν20(A’) in-plane ring deform.; ν21(A’) in-
plane ring deform. 

633; 643 

Xl 13858(24) 
1377 2-Tet ν15 + ν34; ν19 + ν29 1399; 1404 

770 1-Tet ν25(A’) in-plane ring str. 760 

Xm 13910(13) 
1429 2-Tet ν17 + ν34 1453 

822 1-Tet ν4 + ν20 796 

Xn 13981(12) 
1500 2-Tet ν19 + ν34; ν20 + ν34 1511; 1524 

893 1-Tet ν35(A’) in-plane ring deform. 901 

Xo 14024(17) 936 1-Tet ν38(A’) in-plane ring deform. 941 

Xp 14152(19) 
1671 2-Tet ν29 + ν34 1684 

1064 1-Tet ν15 + ν18; ν4 + ν35 1062; 1064 

Xq 14205(12) 1117 1-Tet 
2ν18; ν15 + ν20; ν44(A’) in-plane CH bend 
+ ring deform. 

1128; 1131; 1134 

Xr 14268(12) 
1787 2-Tet 2ν34 1790 

1180 1-Tet ν18 + ν20; ν18 + ν21 1197; 1207 

Xs 14303(16) 1822 2-Tet ν8 + ν19 + ν34; ν34 + ν38 1830; 1835 

Xt 14338(15) 1250 1-Tet 2ν20; ν20 + ν21 1266; 1276 
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Table 3. Experimental peak positions (eBE) and assignments for the B̃1A'  X̃1A' transition of the 12-Tet 

(shown in Figure 7). All values are in cm-1 The uncertainty on the eBE corresponds to a peak’s half-width 
at half maximum.  Where there are multiple assignments for a single observed peak, the more dominant 
transition(s) are bolded. 

Peak eBE 
Exp. Vib. 

Freq. 
Assignment Calc. Vib. Freq. 

BA 16972(28)  0-0 (B̃1A'  X̃1A') 15350 

BB 17133(16) 161 ν4(A’) in-plane ring deform. 164 

BC 
17271(28) 299 

ν7(A’) in-plane ring deform.; ν8(A’) 

in-plane ring deform. 
306; 314 

BD 
17444(27) 472 

ν13(A’) in-plane ring deform.; ν4 
+ ν8; ν15(A’) in-plane ring deform. 

454; 478; 501 

BE 17576(26) 604 ν7 + ν8; 2ν8 620; 628 

BF 17734(64) 762 ν25(A’) in-plane ring str. 747 

BG 
18102(67) 1130 

ν47(A’) in-plane CH bend; ν48(A’) 
in-plane CH bend + ring deform. 

1165; 1182 

BH 

18269(44) 1297 
ν56(A’) in-plane ring str.; ν57(A’) 
in-plane ring str.; ν59(A’) in-plane 

ring str. 

1323; 1339; 

1376 
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