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High-resolution photoelectron imaging and photodetachment spectroscopy of cryogenically-cooled pyrrolide and 
imidazolide anions are used to probe the electronic structure and spectroscopy of the pyrrolyl and imidazolyl radicals. 
The high-resolution data allow the ground state vibronic structures of the two radicals to be completely resolved, 
yielding accurate electron affinities of 2.1433 ± 0.0008 eV and 2.6046 ± 0.0006 eV for pyrrolyl and imidazolyl, 
respectively. Fundamental frequencies for eight vibrational modes of pyrrolyl and ten vibrational modes of 
imidazolyl are measured, including numerous nonsymmetric Franck-Condon-forbidden modes. Two electronic 
excited states are also observed for the two radicals, displaying diffuse spectral features in both systems. The 
observations of nonsymmetric vibrational modes in the ground states and the diffuse excited state features provide 
strong evidence of vibronic couplings between the ground state and the two close-by excited states. The 2-pyrrolide 
isomer is also observed as a minor species from the electrospray ionization source and the electron affinity of 2-
pyrrolyl is measured to be 1.6690 ± 0.0030 eV along with five vibrational frequencies. Even though the HOMOs of 
both pyrrolide and imidazolide are p orbitals, photodetachment spectroscopy reveals completely different threshold 
behaviors for the two anions: a d-wave-dominated spectrum for pyrrolide and an s-wave-dominated spectrum for 
imidazolide. The current study provides a wealth of electronic and spectroscopic information, which is ideal to 
compare with more accurate vibronic coupling calculations for these two important radicals, as well as interesting 
information about the photodetachment dynamics of the two anions.  

1 Introduction 
Nitrogen-containing polycyclic aromatic hydrocarbons (PANHs) have attracted continued research attention due to 
their importance in combustion chemistry, environmental science, astrochemistry, and planetary science. Thermal 
decomposition of PANH species is an important source of atmospheric NOx, which are significant air pollutants.1-4 
PANHs have also been identified in meteorites with nonterritorial isotopic abundances.5 Although no PANH 
molecules have been detected in space to date,6-8 experimental studies of interstellar ice analogues under UV 
irradiation have produced these compounds.9-12 Derivatives of PANHs are chromophores of nucleobases and 
aromatic amino acids, which are key building blocks of living organisms.13-15 In particular, pyrrole (C4H5N), an 
important building block of PANHs, appears as a fundamental unit in many biological molecules. Substituted pyrroles 
are closely related to the pyrimidinic DNA bases, and are also constituents of porphyrin-based pigments and related 
compounds.16-18 Thus, pyrrole and its derivatives have been investigated extensively both experimentally and 
theoretically.19-29 Another five-membered-ring heterocycles, imidazole (C3H4N2), which is similar to pyrrole but 
contains two separated nitrogen atoms, has been found in the side chain of the amino acid, histidine, and has been 
studied as an important PANH building block.30-33 

The radical intermediates of pyrrole (pyrrolyl, C4H4N) and imidazole (imidazolyl, C3H3N2) by rupture of a C–H or 
N–H bond play key roles in atmospheric chemistry, combustion, biochemistry and many other chemical processes 
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due to their high reactivity. Pyrrolyl has three isomeric forms: the 1-pyrrolyl radical (or simply pyrrolyl) that arises by 
the N–H bond fission in pyrrole and the 2- and 3-pyrrolyl radicals that come from C–H bond fission in the α and β 
sites, respectively. Photodissociation of pyrrole to produce pyrrolyl has been studied extensively both 
experimentally34-40 and theoretically,41-48 revealing complex dynamics. The electron affinity (EA) of the pyrrolyl 
radical was determined to be 2.145 ± 0.010 eV using photoelectron spectroscopy (PES) by Gianola et al. in 2004.40 

Limited vibrational features for the ground state (2A2) of pyrrolyl were resolved in the previous PES study, whereas 
only a very weak diffuse continuum was observed for the first excited electronic state (2B1). The PES study stimulated 
theoretical investigations about the vibronic coupling between the ground and the first excited state.44,45 
Nonsymmetric vibrational features of b2 symmetry appeared in the simulated photoelectron (PE) spectra, but were 
not resolved in the previous PES study. More critically, the extremely low intensity of the 2B1 excited state was not 
predicted theoretically, even though its diffused nature was reproduced. Gianola et al. also conducted a PES study 
of imidazolide in 2005,49 yielding the EA of the imidazolyl radical as 2.613 ± 0.006 eV, as well as frequencies for three 
vibrational modes. There have been photodissociation and electron attachment experiments on imidazole and 
theoretical studies on imidazole and other five-membered ring heterocycles.50-56 Although numerous 
photochemistry experiments have been carried out on the pyrrolyl and imidazolyl radicals, there have been no direct 
spectroscopic measurements except the PES studies.40,49  

Here, we present a high-resolution PE imaging (PEI) study of cryogenically-cooled pyrrolide and imidazolide 
anions produced from an electrospray ionization (ESI) source. The combination of high-resolution PEI57,58 and 
cryogenically-cooled ion trap, which operates at 4.6 K and can completely eliminate vibrational hot bands,59-69 allow 
us to obtain accurate EAs and rich vibrational information for the pyrrolyl and imidazolyl radicals. The EAs of pyrrolyl 
and imidazolyl are measured accurately to be 2.1433 ± 0.0008 eV and 2.6046 ± 0.0006 eV, respectively. Frequencies 
of eight vibrational modes are obtained for the ground electronic state of pyrrolyl, and ten vibrational modes for 
imidazolyl, including several Franck-Condon (FC) forbidden modes due to vibronic coupling. We have also observed 
2-pyrrolide as a minor isomer and obtained an EA of 1.6990 eV for 2-pyrrolyl. In addition, two electronic excited 
states are observed for both pyrrolyl and imidazolyl. Photodetachment spectra are measured for the two anions 
near the detachment thresholds and are fitted according to the Wigner threshold law.70 Surprisingly, completely 
different threshold behaviors are observed for the two anions: a d-wave-dominated spectrum is observed for 
pyrrolide, but an s-wave-dominated spectrum is observed for imidazolide. The current results are compared with 
previous theoretical calculations and provide excellent data to test both vibronic coupling models and theoretical 
methods to predict accurate spectroscopic information for the pyrrolyl and imidazolyl radicals. 

2 Results 
2.1 Photoelectron Spectroscopy of Pyrrolide and imidazolide at High Photon Energies 

Figure 1 displays the PE images and spectra of pyrrolide and imidazolide at 285.375 nm and 266.0 nm, respectively. 
The wavelength at 285.375 nm was generated by frequency doubling of the dye laser output at 570.75 nm, and the 
266.0 nm light was the fourth harmonic of the Nd:YAG laser.  
 
2.1.1 Pyrrolide. The PE spectrum of pyrrolide (Figure 1a) reveals detachment transitions to the ground electronic 
state (X2A2) and two electronic excited states (A2B1 and B2A1) of pyrrolyl. Vibrational features are partially resolved 
for the X2A2 band, whereas both the A2B1 and B2A1 bands are diffuse and featureless. The binding energy (BE) for the 
0-0 transition of the X2A2 band is measured to be about 2.14 eV, which gives a rough estimate of the electron affinity 
(EA) of the pyrrolyl radical, and a much more accurate value is determined from the high-resolution spectra at lower 
photon energies (vide infra). The vertical detachment energies (VDEs) of the A2B1 and B2A1 excited states are 
measured to be 3.01 and 3.94 eV and the corresponding energy separations (vertical excitation energies) from the 
ground electronic state are 0.87 and 1.80 eV, respectively. The adiabatic excitation energies for the two excited 
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states could not be determined with any reasonable accuracy because the A2B1 and B2A1 bands in the PE spectrum 
are broad without clearly defined thresholds. No fine features can be resolved for the A2B1 state even when a near-
threshold spectrum is taken at 401.25 nm (3.0900 eV), as given in Figure S1 (Supporting Information). 
 

 
 

Fig. 1 PE images and spectra of (a) pyrrolide at 285.375 nm (4.3446 eV) and (b) imidazolide at 266.0 nm (4.6611 eV). The calculated 
FC factors for the ground electronic states are presented as blue sticks for comparison. The insets display the molecular structures 
of the two anions. The double arrow below the images indicates the polarization direction of the detachment laser.  
 
2.1.2 Imidazolide. The PE spectrum of imidazolide at 266.0 nm (Figure 1b) displays detachment transitions to the 
X2B1 ground state and a very broad band from 3.6 to 4.6 eV. Partial vibrational features are resolved in both bands. 
The EA of imidazolyl is estimated to be around 2.61 eV according to the 0-0 transition in the X2B1 band. A much more 
accurate EA is obtained from high- resolution PE spectra at lower photon energies (vide infra). The broad high BE 
band should correspond to excited state features, but its broad width is unusual. It seems to consist of a vibrational 
progression starting from ~3.9 eV. We took lower photon energy spectra to try to resolve fine features of the broad 
band, as shown in Figure S2. The vibrational progression is not better resolved: all spectral features remain diffuse, 
and no sharp vibrational peaks could be observed even for near-threshold features. These broad signals appear to 
contain two overlapping excited state bands, each with partially resolved vibrational features. The first excited state 
(A2A2) from 3.6 eV to 3.9 eV consists of a vibrational progression with a spacing of 810 ± 60 cm-1. The second excited 
state (B2B2) starting from 3.90 eV consists of the broad vibrational progression with a spacing of 900 ± 80 cm-1. The 
higher BE part of the A2A2 band is likely overlapping with the B2B2 band. The adiabatic detachment energy (ADE) of 
the A2A2 band is estimated to be 3.68 eV and its VDE is about 3.78 eV. The first vibrational peak for the B2B2 excited 
state yielded an ADE of 3.90 eV and the second vibrational peak defines a VDE of 4.01 eV, resulting in excitation 
energies of 1.07 eV and 1.29 eV for the A2A2 and B2B2 excited states, respectively.  
 

2.2 Near-Threshold Photoelectron Imaging and Accurate Determination of the EAs of Pyrrolyl and Imidazolyl 

The PEI technique can achieve very high-resolution for low energy electrons.71-73 To obtain accurate EAs for pyrrolyl 
and imidazolyl, we measured high-resolution near-threshold PE images at 577.25 nm (2.1478 eV) and 475.25 nm 
(2.6088 eV) for pyrrolide and imidazolide, respectively, as shown in Figure 2. Due to the high spectral resolution and 
the complete elimination of vibrational hot bands, the line width is mainly due to rotational broadening. The high-
resolution data yielded accurate EAs for pyrazolyl and imidazolyl to be 2.1433 ± 0.0008 eV (17,287 ± 6 cm-1) and 
2.6046 ± 0.0006 eV (21,008 ± 5 cm-1), respectively, compared to 2.145 ± 0.010 eV and 2.613 ± 0.006 eV reported 
previously.40,49 
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Fig. 2 Near-threshold PE images and spectra of (a) pyrrolide at 577.25 nm (2.1478 eV) and (b) imidazolide at 475.25 nm (2.6088 
eV). The double arrow indicates the polarization direction of the detachment laser.  
 
2.3 Observation of the 2-Pyrrolide Isomer 

In Figure 2a, very weak signals with discernible vibrational fine structures were also observed at the lower BE side (< 
1.9 eV). Four peaks were resolved and labeled as X000', X1', X4', and X6'. To better resolve these features, we took a 
higher resolution spectrum at 670.75 nm (1.8484 eV), as shown in Figure 3, where additional weak transitions were 
resolved and labeled as A000', X2', X3', and X5'. The BEs of these peaks are given in Table S1. As will be discussed later, 
these weak features came from one of the isomers of pyrrolide, i.e. 2-pyrrolide, which is due to deprotonation from 
the α-carbon (see inset in Figure 2a). Very weak 2-pyrrolide signals were also observed in the 401.25 nm spectrum 
(Figure S1), which indicated that the 2-pyrrolide ion signal from the ESI source was probably <1% of that of 1-
pyrrolide (according to the estimated intensity ratio of 2-pyrrolide to pyrrolide, as shown in Fig. S1).  

 
 

Fig. 3 Photoelectron image and spectrum of 2-pyrrolide at 670.75 nm (1.8484 eV). The double arrow indicates the polarization 
direction of the detachment laser.  
 

2.4 High-Resolution Photoelectron Imaging for the Ground State of Pyrrolyl 

To resolve the vibrational structures for the ground state of pyrrolyl, we obtained PE images at successively higher 
photon energies across the X2A2 PES band of Figure 1a. Eleven high-resolution PE images and spectra were measured 
for the pyrrolide anion with wavelengths ranging from 556.15 nm (2.2293 eV) to 499.25 nm (2.4834 eV), revealing 
numerous vibronic features. Six of these images and spectra are shown in Figure 4 and the remaining five are 
presented in Figure S3. It should be noted that, except the spectrum in Figure 4a, all the near threshold vibronic 
transitions have much lower detachment cross sections and they are clearly non-FC in comparison with the 
simulated FC profile of the X2A2 band shown in Figure 1a.  

The high-resolution data allowed us to resolve fifteen vibrational peaks with BE up to 2.49 eV, which are 
labeled from A to O. Because of the complete elimination of vibrational hot bands, all the observed peaks should be 

Page 4 of 15Physical Chemistry Chemical Physics



 5 

due to detachment transitions from the ground vibrational state of the pyrrolide anion to different vibrational levels 
of the pyrrolyl radical. The BEs of all the observed peaks are given in Table 1 and the BEs are each measured from 
the best resolved near-threshold spectra. The shifts of these peaks relative to the 0-0 transition, their assignments, 
and comparison with theoretical calculations are also given in Table 1. Except for peaks A and B in Figure 4a, all other 
near-threshold peaks display extremely low detachment cross sections. For example, while peak D has significant 
intensity in the higher photon energy spectra, it completely disappeared in the near threshold spectra in Figure 4b 
and 4c. In fact, each spectrum shown in Figure 4 and Figure S3 was accumulated for more than 8 hours, in order to 
obtain reasonable counting statistics to resolve the weak near threshold vibrational peaks. 

 

 
 

Fig. 4 PE images and spectra of pyrrolide at (a) 556.15 nm (2.2293 eV), (b) 550.75 nm (2.2512 eV), (c) 548.90 nm (2.2588 eV), (d) 
542.60 nm (2.2850 eV), (e) 525.75 nm (2.3582 eV) and (f) 499.25 nm (2.4834 eV). The double arrows indicate the polarization 
direction of the detachment laser. 
 
Table 1. The observed vibrational peaks for pyrrolyl with their binding energies (BEs), shifts relative to the 0–0 transition, and 
their assignments. The theoretical frequencies (ω) are also given for comparison (see Table S4 and Figure S7).  

Observed 
peak 

BE 
(eV)a 

BE 
(cm-1)a Shift (cm-1) Assignment ω (cm-1)b ω (cm-1)c 

000 2.1433(8) 17,287(6) 0 Neutral ground state   

A 2.2247(9) 17,943(7) 656 211 664 668.3 

B 2.2286(9) 17,975(7) 688 131 710 700.9 

C 2.2435(15) 18,095(12) 808 101  817  815.0  

D 2.2480(19) 18,131(15) 844 81 882 869.5 

E 2.2537(11) 18,177(8) 890 91  904  885.3  

F 2.2695(19) 18,305(15) 1018 71 1043 1039.1 

G 2.3087(15) 18,621(12) 1334 212 1328 1336.6 

H 2.3226(18) 18,733(14) 1446 41 1433 1447.3 

I 2.3290(11) 18,785(9) 1498 101131 1527 1515.9 
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J 2.3492(10) 18,948(8) 1661 82 1764 1739.0 

K 2.3839(18) 19,227(14) 1940 7191 1947 1924.4 

L 2.3994(14) 19,352(11) 2065 72 2086 2078.2 

M 2.4100(18) 19,438(14) 2151 81212 2210 2206.1 

N 2.4528(13) 19,783(10) 2496 4171 2476 2486.4 

O 2.4744(15) 19,957(12) 2670 4151 2635 2635.9 

aThe numbers in the parentheses indicate the experimental uncertainties in the last digit.  
bThe frequencies are calculated at the B3LYP/6-311++G** level of theory. 
cFrom reference 46, calculated at the fc-CCSD(T)/ANO level of theory.  
 
2.5 High-Resolution Photoelectron Imaging for the Ground State of Imidazolyl 

We conducted similar high-resolution studies to probe the vibrational structures of the ground state of imidazolyl. 
Thirteen high-resolution PE images and spectra were obtained for the imidazolide anion across the X2B1 PES band 
shown in Figure 1b with wavelengths ranging from 458.95 nm (2.7015 eV) to 423.95 nm (2.9245 eV). Eight of the 
high-resolution spectra are presented in Figure 5 and the remaining five are given in Figure S4. In contrast to 
pyrrolide, the near threshold vibrational peaks seem to be enhanced in all the spectra for imidazolide. Twenty 
distinct vibrational peaks up to 2.93 eV are clearly resolved and labeled with lower-case letters from a to t. Their BEs 
are accurately measured from the best resolved spectra, as given in Table 2, where the shifts of these peaks relative 
to the 0-0 transition, their assignments, and comparison with theoretical calculations are also given. 
 

Table 2. The observed vibrational peaks for imidazolyl with their binding energies (BE), shifts relative to the 0–0 transition, and 
their assignments. The theoretical frequencies (ω) are also given for comparison (see Table S5 and Figure S8).  

Observed 
peak BE (eV)a BE (cm-1)a Shift (cm-1) Assignment ω (cm-1)b 

000 2.6046(6) 21,008(5) 0 Neutral ground state  

a 2.6964(8) 21,748(6) 740 111 756 

b 2.7160(8) 21,906(6) 898 71 919 

c 2.7248(8) 21,977(6) 969 61 982 

d 2.7315(7) 22,031(6) 1023 122 1022 

e 2.7398(8) 22,098(6) 1090 92 1120 

f 2.7459(8) 22,147(6) 1139 51 1166 

g 2.7639(9) 22,292(7) 1284 41 1313 

h 2.7755(7) 22,386(6) 1378 31 1436 

i 2.7996(6) 22,580(5) 1572 182 1560 

j 2.8158(8) 22,711(6) 1703 82 1748 

k 2.8279(14) 22,809(11) 1801 72 1838 

l 2.8368(12) 22,880(10) 1872 6171 1901 

m 2.8444(9) 22,942(7) 1934 62 1964 

n 2.8664(14) 23,119(11) 2111 5161 2148 

o 2.8743(8) 23,183(6) 2175 4171 2232 
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p 2.8840(10) 23,261(8) 2253 4161 2295 

q 2.8869(11) 23,284(9) 2276 3171 2355 

r 2.8948(9) 23,348(7) 2340 3161 2418 

s 2.9165(8) 23,523(6) 2515 3151 2602 

t 2.9225(7) 23,572(6) 2564 42 2626 

aThe numbers in the parentheses indicate the experimental uncertainties in the last digit.  
bThe frequencies are calculated at the B3LYP/6-311++G** level of theory. These data are the same as those reported in ref. 49 computed at the 
same level of theory.  
 
2.6 Photodetachment Spectroscopy for Pyrrolide and Imidazolide 

We carried out photodetachment spectroscopy experiments for pyrrolide and imidazolide by monitoring the total 
electron yields while scanning the photon energy across their respective detachment thresholds. These experiments 
were conducted for two purposes: 1) to study the different threshold photodetachment behaviors of the two anions 
as alluded in the photon energy dependent PEI experiments presented above; 2) to search for dipole-bound excited 
states, which manifest themselves as near threshold resonances for anions with polar neutral cores.63-69 The 
photodetachment spectra for the two anions are shown in Figure 6, where the arrows indicate the positions of the  

 
Fig. 5 PE images and spectra of the imidazolide anion at (a) 458.95 nm (2.7015 eV), (b) 455.75 nm (2.7204 eV), (c) 454.25 nm 
(2.7294 eV), (d) 447.75 nm (2.7691 eV), (e) 446.15 nm (2.7790 eV), (f) 442.45 nm (2.8022 eV), (g) 435.45 nm (2.8473 eV) and (h) 
423.95 nm (2.9245 eV). The double arrows indicate the polarization direction of the detachment laser. 
 
EAs measured from the high-resolution PEI experiments (Figure 2). The measured data points are shown as circles, 
and the solid curves are fit to the experimental data according to the Wigner threshold law, σ ~ (hν – EA)l+1/2, where 
σ is the detachment cross section and hν is the photon energy.70 The two photodetachment spectra are very 
different: the detachment cross section of pyrrolide shows a smooth increase above threshold whereas that of 
imidazolide exhibits an abrupt increase at threshold. The near threshold detachment cross section for pyrrolide is 
extremely low, as noted already in the photon energy dependent PEI data presented in Figure 4 and Figure S3. The  
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Fig. 6 Photodetachment spectra of (a) pyrrolide and (b) imidazolide. The EA of each anion is indicated by the arrow. The 
photodetachment spectra are fitted by the Wigner threshold law: σ = A * (hν - EA)l+1/2, where A is a parameter related to the PE 
signal intensity, hν is the photon energy, and l is the angular momentum of the photoelectron. The l value is fitted to be 1.4 for 
(a) and -0.1 for (b).  
 
signals below the detachment threshold for imidazolide (Figure 6b) were due to rotational broadening. The 
rotational temperature of ions in our cryogenic ion trap was estimated previously to be ~30 K when the ion trap was 
operated at 4.5 K.74,75 It should be pointed out that no resonances were observed near threshold in both systems, 
suggesting that dipole-bound states do not exist in these two anions. This observation was not surprising because 
the dipole moments of both pyrrolyl (µ = 2.18 D) and imidazolyl (µ = 1.75 D) are below the critical dipole moment (µ 
~ 2.5 D) to support excited dipole-bound states.76 

3 Discussion 
3.1 High Photon Energy Spectra and the Electronic Structure of Pyrrolide and Imidazolide 

3.1.1 Pyrrolide. Compared to the spectrum reported previously by Gianolo et al. at 363.8 nm,40 the A 2B1 band in the 
current study at 285.375 nm is much better defined and its relative intensity is significantly higher. We also took the 
spectrum of pyrrolide at 401.25 nm (3.0900 eV) (Figure S1) and found that the relative intensity of the A2B1 state 
was substantially reduced. Thus, the low detachment cross section near threshold and the low detection efficiency 
for low KE electrons in the PES experiment of Gianolo et al. were probably the causes for their inability to observe 
the A2B1 band. In addition, the current higher photon energy spectrum also allowed the second excited state (B2A1) 
to be observed. The measured VDEs for the two excited states (3.01 eV and 3.94 eV) are in good agreement with the 
theoretical predictions reported previously using the electron propagator methods (2.92 eV and 3.99 eV).55 The 
relative intensities for the X2A2 and A2B1 bands agree well with the simulated spectra by Motzke et al.45 and Zhu and 
Yarkony.44 The featureless A2B1 band, even at 401.25 nm (Figure S1), is consistent with the observation by Gianolo 
et al.40 This is due to strong vibronic coupling with the ground state, as studied in detail by Motzke et al.45 and Zhu 
and Yarkony.44 The current study revealed that the B2A1 state is also broad and featureless, which may suggest strong 
vibronic coupling with the A2B1 state or even vibronic coupling involving the first three electronic states in pyrrolyl.  
 
3.1.2 Imidazolide. The previous study by Gianolo et al. at 351.1 nm only reached the ground state detachment 
transition for the imidazolide anion.49 The current study at 266.0 nm (Figure 1b) revealed a broad band between 3.6 
and 4.6 eV due to electronic excited states of imidazolyl. The large width and the resolved vibrational features 
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suggested that the broad band contained two overlapping excited states of imidazolyl. The vibrational progression 
starting from 3.90 eV with a spacing of 900 cm-1 represented the B2B2 state and the first two features with a spacing 
of 810 cm-1 corresponded to the A2A2 state. The higher BE part of the A2A2 state is likely overlapped with the B2B2 
state. These assignments resulted in VDEs of 3.78 and 4.01 eV for the A2A2 and B2B2 states, respectively. These results 
are in excellent agreement with previous theoretical predictions by the electron propagator method (3.85 and 4.07 
eV, respectively)55 and the CCSD(T) method.77  

We have also measured spectra at 302.375 nm and 285.375 nm for imidazolide (Figure S2), but were unable to 
resolve the two excited state features better: all vibrational peaks were still rather broad. This observation suggests 
that there may be strong vibronic coupling between the two excited states since they are very close in energy. 
Previous theoretical studies indicated that the vibronic coupling between the ground state and the first excited state 
is weak due to their large energy separation.77  
 

3.1.3 Franck-Condon factors, valence molecular orbitals, and angular distributions. 

The calculated FC factors from the ground state detachment transitions are presented as blue vertical lines in Figure 
1 for both anions. The low-resolution PE spectra at the high photon energies did not allow detailed vibronic peaks 
to be resolved and only afforded broad FC profiles for the ground state detachment transitions, which are generally 
in good agreement with the simulated FC profiles. The FC factors computed currently are identical to those reported 
previously by Gianolo et al.40,49 The FC factor calculations only involve totally symmetric vibrational modes and 
cannot capture vibronic coupling effects, which result in the observation of FC-forbidden modes, as will be shown 
below in the high-resolution PE spectra.  

The electronic structure and chemical bonding of pyrrolide and imidazolide are well known. Their valence 
molecular orbitals (MOs) that are relevant to the current experiments are shown in Figures S5 and S6 for pyrrolide 
and imidazolide, respectively. The highest occupied MO (HOMO) (a2) and HOMO-1 (b1) of pyrrolide are π orbitals, 
whereas its HOMO-2 (a1) is an σ orbital. Electron detachment from these three valence MOs gives rise to the three 
PES bands presented in Figure 1a. The HOMO (b1) and HOMO-1 (a2) of imidazolide are also π orbitals, whereas its 
HOMO-2 (b2) is an σ orbital, corresponding to the observed PES bands in Figure 1b. It should be noted that the 
HOMOs of the two anions have different symmetries, which result in significantly different threshold 
photodetachment behaviors, as will be discussed later.  

The X2A2 state of pyrrolyl and the X2B1 state of imidazolyl correspond to the outermost rings in the PE images 
of Figure 1a and Figure 1b, respectively. The s + d photoelectron angular distributions (PADs) with an anisotropy 
parameter (β) of -0.60 (pyrrolyl) and -0.75 (imidazolyl) is consistent with the π HOMOs of the two anions. Similarly, 
the s + d PADs for the A2B1 state of pyrrolyl (β = -0.60) and the A2A2 state of imidazolyl (β = -0.65) also agree with the 
π HOMO-1 of the two anions. On the other hand, the B2A1 state in the spectrum of pyrrolide and the B2B2 state in 
that of imidazolide come from the σ HOMO-2 and their PADs are more isotropic.  

 
3.2 The Observed Vibrational Features in the Ground Electronic State of Pyrrolyl 

In the previous PES study of pyrrolide by Gianola et al.,40 three vibrational frequencies were reported for pyrrolyl: 
925 ± 65, 1012 ± 25, and 1464 ± 20 cm-1 due to the ν8, ν7, and ν4 modes, respectively, which are all FC-allowed totally 
symmetric modes of a1 symmetry. The high-resolution data shown in Figure 4 and Figure S3 allowed us to resolve 
fifteen vibrational fine features for the ground electronic state of pyrrolyl (X2A2). The binding energies of these 
features and their shifts relative to the 0-0 transition are given in Table 1. There have been several previous 
calculations of the vibrational frequencies for pyrrolyl,44-47 including a very recent study at the CCSD(T) level.46 To 
help with the spectral assignments, we have done additional calculations at the DFT level (Table S4 and Figure S7). 
These values and the most recent CCSD(T) values are used for the spectral assignments, as shown in Table 1. The 
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frequencies calculated using B3LYP and CCSD(T) agree well with each other. In general, the CCSD(T) frequencies are 
slightly better in comparison with the experimental data.  

In addition to the three a1 modes (ν8, ν7, and ν4) observed previously (peaks D, F, and H, respectively), 
vibrational features involving FC-forbidden nonsymmetric modes are also resolved. In particular, the 556.15 nm 
spectrum (Figure 4a) resolved two sharp near-threshold peaks, A and B, which are 656 and 688 cm-1 above the 0-0 
transition. These two peaks are assigned to the fundamental vibrations of the ν21 (b2) (peak A) and ν13 (b1) (peak B), 
as shown in Table 1. The observed frequencies are in good agreement with the calculated values from B3LYP and 
CCSD(T). The 550.75 nm spectrum (Figure 4b) resolved a new threshold peak C, which is assigned to the ν10 (a2) 
mode, whereas the 548.90 nm spectrum (Figure 4c) resolved a new peak E, which is assigned to the ν9 (a2) mode. 
Even the overtone transition of the ν21 (b2) mode was observed, peak G, which was resolved more clearly in the 
535.75 nm spectrum (Figure S3a). High BE peaks above peak I involve overtone vibrational peaks or combinational 
levels. Some of the combinational levels are tentatively assigned because there may be more than one possibility. It 
is also interesting to note that all the FC-allowed vibrational peaks exhibit very low cross sections near threshold, 
while some of the FC-forbidden vibrational peaks displayed enhanced cross sections near threshold, most 
prominently peak A (ν21) and B (ν13) in the 556.15 nm spectrum (Figure 4a). Overall, fundamental frequencies for 
eight vibrational modes are obtained in the current study. They are summarized in Table S2 and compared with the 
calculated values from B3LYP and CCSD(T).  

The observations of the FC-forbidden transitions are due to vibronic coupling between the ground (X2A2) and 
first excited (A2B1) electronic states of pyrrolyl, as studied in detail by Motzke et al.45 and Zhu and Yarkony.44 Only 
the b2 modes can couple the two electronic states in the first order. Specifically, both the previous vibronic coupling 
calculations predicted the excitation of the ν21 (b2) mode with a calculated frequency of 655.6 cm-1 from ref. 45 and 
656.4 cm-1 from ref. 44, in excellent agreement with the current experimental frequency measured for peak A (656 
cm-1) in Figure 4a and Table 1. In fact, Zhu and Yarkony predicted spectral lines for the ν21 mode and its overtones 
at 675.73 and 1374.40 cm-1, respectively,44 in good agreement with our observation of peak A at 656 cm-1 and peak 
G at 1334 cm-1 above the 0-0 transition (Table 1). Interestingly, we also observed nonsymmetric modes ν13 (b1) (peak 
B), ν10 (a2) (peak C), and ν9 (a2) (peak E), which can only arise from higher order vibronic couplings or possibly three-
state vibronic couplings involving the B2A1 excited state. The relatively small energy separation between the B2A1 
state and the first excited electronic state suggest that such three-state vibronic couplings may be viable. The broad 
and diffuse nature of the B2A1 state observed in the 285.373 nm spectrum (Figure 1a) provides strong evidence of 
vibronic couplings. Thus, the current experimental data are ideal to compare to future more sophisticated vibronic 
coupling treatments of the pyrrolyl radical.  

 
3.3 The Observation of 2-Pyrrolide as a Minor Isomer 

The weak broad features observed in Figure 2a between 1.7 and 1.9 eV, which are better resolved in the high-
resolution spectrum in Figure 3, come from one of the isomers of pyrrolide, produced from our ESI source. There 
are two other isomers derived from deprotonation from the α-carbon (2-pyrrolide) and β-carbon (3-pyrrolide), 
which are much higher in energy than 1-pyrrolide.47,56 A recent calculation showed that 2-pyrrolide and 3-pyrrolide 
are 36.50 and 47.28 kcal/mol higher in energy than 1-pyrrolide in ref. 47 and 39.16 and 49.35 kcal/mol in ref. 56. In 
addition to the energetics, the 3-pyrrolide isomer can be excluded on the basis of the relatively low EA predicted for 
3-pyrrolyl: 1.18 eV47,53 or 1.35 eV.56 The EA of the observed species is defined by the position of peak X000' (Figure 3) 
to be 1.6990 ± 0.0030 eV (13,703 ± 24 cm-1), which agrees well with the recently calculated EA for 2-pyrrolyl of 1.68 
eV using CCSD(T)/CBS by Hendrix et al. in 202047 and an earlier calculated value of 1.66 eV using CBS-APNO by Silva 
et al. in 2006.53 The BEs and energy shifts to peak X000' of all the resolved peaks (Figure 3) are summarized in Table 
S1. It was surprising that such a high energy isomer was observed at all in our ESI source. There must be a large 
energy barrier between the 2-pyrrolide isomer and the more stable 1-pyrrolide.  
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The vibrational frequencies for 2-pyrrolyl have been computed recently by Johansen et al. at the fc-CCST(T) 
level.46 We also calculated the vibrational frequencies for 2-pyrrolyl at the B3LYP level, as shown in Figure S9 and 
Table S6. According to the data in Table S1, the energy separation between peaks X000' and A000' is 146 cm-1, much 
smaller than the lowest frequency (mode ν21) of the ground state of 2-pyrrolyl (Table S6). Therefore, peak A000' is 
attributed to the detachment transition to the first electronic excited state of 2-pyrrolyl. In order to assign the 
features in the spectrum shown in Figure 3, the angular anisotropy parameters (β values) of all the resolved peaks 
are obtained from the experimental image in Figure 3, except for peak X3' which is too weak to be accurately fitted. 
The obtained β values are also given in Table S1. Peak A000' has a slightly positive β value (0.1), which is opposite to 
all the other peaks which have negative β values ranging from -0.2 to -0.5. Thus, the PAD results also suggest that 
peak A000' belongs to a different electronic state of 2-pyrrolyl, consistent with the assumption based on the energy 
separation. The BE of peak A000' is measured to be 1.7170 ± 0.0053 eV. The very small energy difference between 
the first two electronic states of 2-pyrrrolyl (146 cm-1 or 18 meV) is consistent with the theoretical result calculated 
by Melin et al. in 2007.56 On the basis of the calculated frequencies for 2-pyrrolyl (Table S6), the peaks in Figure 3 
can all be assigned (Table S1). For example, peak X6' and X3' could be assigned to fundamental mode ν12 and the 
overtone of ν21, respectively. Peak X5' could be assigned to excitation of either the ν15 or ν16 modes, which have 
similar vibrational frequencies (Table S6). The most prominent peak X1' and peaks X2' and X4', assigned to the ν21, ν20 
and ν18 modes, respectively, are all out-of-plane bending modes with a'' symmetry (Figure S9 and Table S6), 
suggesting that the 2-pyrrolyl ground state may experience slight out-of-plane distortions or strong vibronic coupling 
with the first excited state.  
 
3.4 The Observed Vibrational Features for the Ground Electronic State of Imidazolyl 

There is no other experimental spectroscopic information for imidazolyl, except the PES study by Gianola et al.,49 

who reported two FC-active modes, ν3 and ν6, with vibrational frequencies of 1365 ± 30 and 955 ± 15 cm-1, 
respectively. The overtone of a nonsymmetric mode (ν18) was also observed at 1575 ± 30 cm-1 above the 0-0 
transition, which was attributed to Fermi resonance by Gianola et al.. Several vibrational peaks due to the overtones 
of the ν3 or ν6 modes and their combinational levels were also partially resolved in the previous study.49 The current 
high-resolution study using cryogenically-cooled anions resolved twenty vibrational peaks for the ground state 
detachment transition of imidazolide (Table 2), which yielded fundamental frequencies for ten vibrational modes 
for the ground state of imidazolyl (X2B1), as given in Table S3. In contrast to pyrrolide, imidazolide displayed enhanced 
near threshold detachment cross sections, allowing us to measure the vibrational peaks more accurately. In addition 
to the ν3 and ν6 modes, we observed three more totally symmetric modes, ν4, ν5, and ν7. The observed frequencies 
of these modes are in good agreement with harmonic frequencies calculated at the B3LYP level. More interestingly, 
beside the ν18 (b2) mode we also observed several vibrational modes with b1 symmetry (ν11 and ν12) and a2 symmetry 
(ν8 and ν9). The observation of the ν11 mode defined by peak a (Figure 5 and Table 2) can be assigned with confidence. 
For modes ν12, ν9, and ν8, only their overtone transitions were observed, similar to mode ν18, but the corresponding 
PES peaks were extremely weak (peaks d, e, and j, respectively, Figures 5 and S4). Thus, their assignments should be 
considered to be tentative.  

Compared to pyrrolyl, there have been relatively few theoretical studies about the imidazolyl radical. Ichino et 
al. simulated the PE spectrum of imidazolide as a reference system in their study of the vibronic coupling in 
pyrazolyl.77 They found that the vibronic coupling in imidazolyl is weak because of the large energy separation 
between the first excited state and the ground state. An adiabatic simulation reproduced most of the PE spectral 
features reported by Gianolo et al..49 When vibronic coupling with the first excited state (2A2) was included, the 182 
vibrational peak was reproduced. The current high-resolution data are consistent with the conclusion that vibronic 
coupling of the ground state with the first excited state is weak, because only weak nonsymmetric vibrational modes 
were observed, in comparison with pyrrolyl. As pointed out by Ichino et al., the 182 Fermi resonance could be 
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reproduced even in an adiabatic simulation if anharmonicity was included. Similarly, the observation of the weak 
122, 92, and 82 vibrational peaks could probably also be reproduced with the inclusion of anharmonicity. However, 
the ν11 (b1) vibrational feature was not reproduced in the nonadiabatic simulation by Ichino et al.. This peak may 
indicate vibronic coupling with the excited states, both of which are very close in energy. The current PE spectra 
(Figure 1b and Figure S2) showed that the A2A2 and B2B2 excited states have broad spectral features even under high-
resolution conditions, evident of strong vibronic couplings. 

 
3.5 The Different Threshold Detachment Behaviors of Pyrrolide and Imidazolide 

All the near threshold vibrational peaks for pyrrolide shown in Figure 4 and Figure S3 exhibited very low detachment 
cross sections except the FC-forbidden transitions, 211 (peak A) and 131 (peak B), whereas the near threshold 
vibrational peaks displayed enhanced detachment cross sections for imidazolide (Figure 5 and Figure S4). The 
opposite threshold behaviors for the two anions were revealed more clearly in the photodetachment spectra 
presented in Figure 6, which showed negligible near-threshold detachment cross sections for pyrrolide. Because of 
the low cross sections near threshold, all the spectra shown in Figure 4 and Figure S3 for pyrrolide required extremely 
long data acquisition times. This was also the reason that an early photodetachment study severely overestimated 
the EA of pyrrolyl (2.39 ± 0.13 eV) even under room temperature conditions.78 Electron detachment from the π 
HOMO of pyrrolide or imidazolide (Figures S5 and S6) should result in s + d partial waves for the outgoing electrons. 
The PE images at high photon energies shown in Figure 1 indeed revealed s + d PADs for the ground state detachment 
bands for the two anions. The threshold behavior is governed by the Wigner threshold law,70 σ ∝ (hν - Eth)l+1/2, where 
hν is the detachment photon energy and Eth is the detachment threshold, i.e., the EA of the neutral radicals, and l 
is the angular momentum of the outgoing photoelectron. Since both s and d partial waves are present for the 
outgoing electrons, the different threshold behaviors for pyrrolide and imidazolide suggested that different partial 
waves dominating for the two anions near threshold. We fitted the photodetachment spectra in Figure 6 using the 
Wigner threshold law, σ = A * (hν - EA)l+1/2, where A is simply a parameter related to the total detachment cross 
sections, as shown by the solid curves.  

The fit yielded l = 1.4 for pyrrolide and l = -0.1 for imidazolide, compared to l = 2 for an ideal d-wave and l = 0 
for an ideal s-wave, respectively. These results clearly suggest that the d-wave dominates the detachment process 
of pyrrolide near threshold, whereas the s-wave dominates in the case of imidazolide. The different threshold 
behaviors of the two anions are surprising, because the low angular momentum partial wave is supposed to 
dominate in both cases. For complex molecular systems, many factors may influence the threshold detachment 
behaviors. Anions with polar neutral cores can lead to modifications of the Wigner threshold law.79,80 However, this 
modification is minor and cannot explain the apparently different partial wave nature of the outgoing electrons. 
Furthermore, both pyrrolyl (µ = 2.18 D) and imidazolyl (µ = 1.75 D) are polar and their dipole moments are not 
dramatically different. The symmetry of the HOMO may hold the key. While both pyrrolide and imidazolide have C2v 
symmetry, the symmetries of their HOMOs are different. The HOMO of pyrrolide has a2 symmetry, which has no 
electron density along the C2 axis. On the other hand, the HOMO of imidazolide has b1 symmetry, which has 
maximum electron density along the C2 axis. More interestingly, the HOMO of pyrrolide resembles that of the π* 
HOMO of O2–, which displays a similar threshold behavior with a slow rise of detachment cross sections near 
threshold.81 The opposite threshold detachment behaviors of pyrrolide and imidazolide are interesting and deserve 
further theoretical investigations.82 

4 Conclusion 
In summary, we report high-resolution photoelectron imaging of cryogenically-cooled pyrrolide and imidazolide, 
yielding accurate electron affinities for the pyrrolyl and imidazolyl radicals as 2.1433 ± 0.0008 eV and 2.6046 ± 0.0006 
eV, respectively. Extensive vibrational structures were observed for the ground electronic states of pyrrolyl and 
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imidazolyl. A total of fifteen vibrational peaks were observed in the high-resolution spectra of pyrrolide, resulting in 
the measurements of eight fundamental vibrational frequencies for pyrrolyl. Besides the Franck-Condon-allowed 
modes with a1 symmetry, several Franck-Condon forbidden modes with b2, a2 or b1 symmetries are also observed, 
suggesting strong vibronic coupling effects. The first and second electronic excited states of pyrrolyl were also 
observed, which were both broad and featureless evident of strong vibronic couplings. Very weak 2-pyrrolide anion 
signals were also observed, leading to determination of the electron affinity for the 2-pyrrolyl (1.6990 ± 0.0030 eV) 
and the observation of several vibrational peaks. Twenty vibrational peaks were observed for imidazolyl, 
corresponding to ten vibrational modes of imidazolyl. The first and second electronic excited states of imidazolyl 
were also observed, which were shown to be close in energy. Observation of Franck-Condon-forbidden vibrational 
modes in the ground state of imidazolyl and broad features of the two electronic excited states also suggest strong 
vibronic coupling effects. The threshold detachment behaviors of pyrrolide and imidazolide were found to be totally 
different. Pyrrolide displayed a d-wave dominated behavior with very low detachment cross sections near threshold, 
whereas imidazolide showed an s-wave dominated behavior with an increase of detachment cross sections near 
threshold.  
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