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Resonance electron interaction with five-membered heterocyclic compounds:
Vibrational Feshbach resonances and hydrogen-atom stripping
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Low-energy (0–15 eV) resonance electron attachment to a series of five-membered heterocyclic rings
(isoxazole, imidazole, pyrazole, pyrrole, 1-methyl-, and 2-methylimidazole) is studied under gas-phase con-
ditions by means of electron transmission spectroscopy and dissociative electron attachment spectroscopy
(DEAS). Experimental spectral features are assigned on the basis of Hartree-Fock and density functional theory
calculations. Sharp features, with a width of less than 0.1 eV, observed in the electron transmission spectra of
imidazole, pyrazole, and pyrrole close to 0.45 eV, i.e., well below the energy of their lowest-lying π∗ shape
resonances detected at 1.90, 1.87, and 2.33 eV, respectively, are associated with formation of negative ion states
bound by long-range electron-molecule interactions. Effective range theory calculations which include both
dipolar and polarization interactions support this interpretation. In addition to the general observation of cleavage
of the N–H bond at incident electron energies close to 2 eV, elimination of as many as three hydrogen atoms
from the molecular negative ions is detected at higher energies by DEAS with the only exception of methylated
imidazoles. This complex process is associated with ring opening and formation of diatomic hydrogen as one
of the neutral fragments, as indicated by the calculations to satisfy the energetic requirements. The present
results are of importance for understanding the basic mechanisms of damages caused in living tissues by
high-energy radiations.

DOI: 10.1103/PhysRevA.100.012708

I. INTRODUCTION

Studies of electron-accepting properties and, in particular,
dissociative electron attachment (DEA) to biologically rele-
vant molecules representing building blocks of living matter
allow us to disclose the basic mechanisms of interaction of
high-energy radiations with living tissues [1–3]. Understand-
ing these processes at the molecular level is necessary for
the development of two important branches of radiobiology.
The first is linked to the molecular design of pharmaceuticals
and studies of natural compounds able to act as chemical
protectors against ionizing radiation [4–6]. These materials
can play an essential role in the complex radioprotection
of humans under long-term space missions, as well as in
reducing harmful effects of unwanted particle emissions or
exposure to high-energy radiations in nuclear power stations
[7]. The second important and rapidly growing field is linked
with the properties and design of radiosensitizers used in
cancer radiation (hadron) therapy [8–10]. This field is directly
connected with the interactions of low-energy (0–15-eV)

*Corresponding author: sapsh@anrb.ru

electrons with biorelevant molecules via resonance mecha-
nisms [11].

Five-membered heterocyclic rings containing nitrogen or
oxygen atoms, in particular pyrrole and furanlike structures,
are known to be very abundant forms included as building
blocks in many enzyme cofactors and natural compounds.
These five-membered rings are believed to determine or en-
hance the pharmacological activities of molecular systems
in which they are incorporated [12]. In particular, pyrazole
derivatives have been found [13] to be very promising agents
due to their broad pharmacological activity. The pyrazole
moiety—a major pharmacophore—present in many biolog-
ically active compounds plays a vital role in diverse ther-
apeutic properties as, for instance, anticancer activity and
antiinflammatory and antibacterial effects [14,15]. Since good
electron-accepting properties within the cellular environment
are expected to be associated with resonance formation of
molecular negative ions [16], investigations of low-energy
electron-molecule interactions are of much importance for
understanding about biochemical processes which take place
on a molecular scale as well as for designing new therapeutic
agents.

The temporary anion states of furan, pyrrole, and a series
of their aza derivatives were studied earlier [17,18] by means
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of electron transmission spectroscopy (ETS) [19,20] with the
support of MS-Xα, MP2 and B3LYP calculations. Recently
the interaction of low-energy electrons and DEA properties
have been studied for isoxazole [21] and imidazole [22] using
a quadrupole mass filter for separation of negative ions formed
under conditions of crossed electron and molecular beams.
Due to a fast evolution of the initially formed temporary nega-
tive ions (TNIs), the observation of negative species produced
by DEA is very sensitive to the time scale typical of each
experimental apparatus [23]. Variation of the experimental
time scale can provide additional information about DEA by
means of using different instruments as reported recently [24],
but it is challenging to implement in a single apparatus. The
present work reports DEA spectra of five-membered heterocy-
cles obtained under different experimental conditions, namely,
a different experimental time scale from those of previous
studies [21,22]. In addition to imidazole and isoxazole, the
series of structurally related compounds pyrazole, pyrrole,
1-methyl-, and 2-methyl-imidazole has been studied by DEA
spectroscopy (DEAS) with the support of density-functional
theory (DFT) calculations.

The most intriguing and unusual observation in DEA stud-
ies of imidazole and isoxazole is that of hydrogen stripping
from the TNI induced by low-energy electron attachment
to remove as many as three H atoms [21,22]. It was also
shown that H atom stripping is accompanied by ring cleavage
with formation of a negative fragment possessing a linear
structure, necessary to satisfy the energetic requirements. De-
hydrogenation of TNIs of biologically relevant molecules by
cleavage of N–H or O–H bond is generally observed around
1–2 eV, whereas cleavage of C–H bonds usually requires
much more energy. In fact, DEA to many molecules with
biological activity is dominated by formation of [M−H]−
(where M stands for a target parent molecule) closed-shell
anions at incident electron energies around 1 eV [25–30].
Elimination of two hydrogen atoms from the molecular an-
ion was observed in the DEA spectra of indole and related
molecules [27], polyphenolic compounds [31], and other
molecules able to form new more stable structures [32]. The
present research provides some insight into this interesting
phenomenon.

Another aspect of the present study is linked with the
possibility to form dipole-bound anion states (DBSs) [33,34].
Desfrançois and co-workers [33,35], by analyzing binding
energies and dipole moments of various molecules, concluded
that dipole-bound anion states exist if the dipole moment
exceeds the so-called critical value (2.5 D [36]). In fact, the
critical dipole moment for a stationary dipole is much lower,
1.625 D, which could be relevant to heavier molecules where
the rotational effects are not essential. Several molecules
whose dipole moment is close to this value or even lower
support vibrational Feshbach resonances (VFRs) which are
quasibound states in the field of the vibrationally excited
molecule. A good example is the methyl iodide molecule
whose dipole moment is 1.62 D and which exhibits a very
pronounced VFR below the first excitation threshold of the
C–I stretch vibrations [37,38]. In this case, like in many other
examples relevant to halogen-containing molecules [2,39,40]
the existence of weakly bound states depends on several
other factors including short-range forces and the polarization

interactions. Later, sharp structures in the total scattering cross
sections [41] and DEA cross sections [25] of halouracils were
ascribed [41] to VFRs which in this case are essentially due to
dipole-supported states because of the large dipole moments
of these compounds. Recently, it has been suggested that DEA
to formamides can proceed via formation of dipole-support
core-excited resonances that correlate with both singlet and
triplet excited states of neutral molecules [42].

In the present work, we describe studies of the total scatter-
ing cross section of a number of five-membered heterocyclic
compounds in which sharp structures appear at energies very
close to the first N–H stretching vibrational excitation. These
structures are in fact observed in compounds which contain
an N–H group, namely, pyrazole, imidazole, pyrrole, but not
in isoxazole, where this vibrational mode is not present. This
work was stimulated in part by a trapped electron study [43]
of pyrazole, in which attachment of electrons was observed at
0.75 eV, far below the energy (1.89 eV) of the lowest-lying
shape resonance [18]. In contrast, the spectrum of isoxazole
obtained with the same experimental technique displays the
lowest peak at about 1 eV [44], i.e., very close to the first
valence anion produced by vertical electron attachment at
1.09 eV [18]. In the present work we also show that formation
of VFRs in pyrazole and pyrrole as observed in ETS are
not due to the purely dipolar interaction but can be affected
by polarization of the target molecule as discussed earlier
[37,45,46].

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

A. Electron transmission spectroscopy

The ETS apparatus is in the format devised by Sanche and
Schulz [19], and the detailed experimental conditions were
described earlier [20,47]. Briefly, a magnetically collimated
electron beam of well-defined energy was passed through
a collision cell containing a vapor of the substance under
investigation. The transmitted electron current was collected.
To enhance resonant structures in the total electron scatter-
ing cross section, the first derivative of the electron current
transmitted through the gas sample was measured with a syn-
chronous lock-in amplifier. Each resonance, associated with
the formation of a TNI, is characterized by a minimum and a
maximum in the derivative signal. The energy of the midpoint
between these features is assigned to the vertical attachment
energy (VAE). The electron energy scale was calibrated by an
admixture of N2 gas, referring to the sharp structures related to
formation of the N2

− (2�g) state. The corresponding extrema
in the derivative signal are found to be at 1.98, 2.22, 2.46,
and 2.69 eV. The estimated accuracy of the measured VAEs is
±0.05 eV. A trochoidal electron monochromator in the format
devised by Stamatovic and Schulz [48] was used to achieve
an electron energy resolution of 50 meV [full width at half
maximum (FWHM)].

B. Dissociative electron attachment spectroscopy

A general overview of DEAS may be found elsewhere
[49–53]. Our 90◦-magnetic sector mass spectrometer has been
described in detail previously [50]. A schematic represen-
tation and description of specific conditions may be found
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elsewhere [54]. Briefly, a magnetically collimated electron
beam with defined energy was passed through a collision
cell containing a vapor of the substance under investigation,
under single-collision conditions. Currents of mass-selected
negative ions formed by DEA were recorded as a function
of the incident electron energy in the 0–14-eV energy range.
The electron energy scale was calibrated with the SF−

6 signal
at zero energy, generated by attachment of thermal electrons
to SF6. The FWHM of the electron energy distribution was
0.4 eV, and the accuracy of the measured peak positions was
estimated to be ±0.1 eV. The substances under investigation
are commercially available from Sigma-Aldrich and were
used without further treatment or additional purification.

C. Quantum chemical calculations

To assign features found in the total electron scattering
cross section to resonant states associated with occupation
of normally empty molecular orbitals, ab initio Hartree-Fock
calculations were performed using the GAMESS [55] quan-
tum chemical package. The 6-31G(d) basis set was used for
optimization of the geometry of the neutral molecules and
for calculation of virtual orbital energies (VOEs). The VAEs
measured in various families of compounds were found to be
linearly correlated with the corresponding VOEs of the neutral
molecules calculated with basis sets which do not include
diffuse functions [56–58].

In this work, the π∗ VAEs were predicted by scal-
ing the HF/6-31G(d) VOEs with the equation obtained for
a series of alternating phenyl and ethynyl groups [59]:
VAE = [VOE−2.22]/1.69. To scale σ ∗ VOEs, the relation-
ship VAE = [VOE−2.856]/1.096 found for σ ∗ (C–Cl) reso-
nances of chloroalkanes [47] was employed. The latter scaling
is thus expected to give a larger error, the σ ∗ (C–Cl) orbitals
being not present in the molecules under investigation. The
vertical electron affinity (EAv ) was calculated as the differ-
ence between the total energy of the neutral and the lowest
anion state, both in the optimized geometry of the neutral
state, using the B3LYP functional and the standard 6-31+G(d)
basis set (which includes the minimum addition of diffuse
functions). The adiabatic electron affinity (EAa) was obtained
as the energy difference between the neutral and the lowest
anion state, each in its optimized geometry.

To assign the structures of the fragments observed in DEA
spectra, the thermodynamic energy thresholds are calculated
as the difference between total energies of the negatively
charged and neutral fragment species and that of the neutral
ground state at the B3LYP/6-31+G(d) level of theory using
the GAUSSIAN09 set of programs [60].

D. Effective range theory with complex boundary conditions

Multichannel effective range theory (ERT) is a limiting
case of the R-matrix theory as described earlier in the de-
scription of slow electron-SF6 scattering [61,62]. Applica-
tion of this approach to reproduce experimental features in
low-energy DEA to iron pentacarbonyl, Fe(CO)5, as well
as the detailed description of the calculation procedure can
also be found elsewhere [63]. Long-range electron-molecule
interactions strongly influence the low-energy scattering. In

this case a virtual or “slightly unbound” state can be formed
and described in terms of the scattering theory [64] in the
framework of the ERT earlier [62]. Briefly, at the first stage
the incoming electron influences the nuclei by coupling to
a symmetric N–H stretch motion (in compounds containing
this bond) with simultaneous capture. The excess energy
deposited by the electron is channeled either into breaking
the N–H bond and elimination of a neutral H atom, or into
electron detachment. ERT has demonstrated its capacity to
describe the subtleties of extremely short-lived anion states
and the transition region from the virtual state into the bound
state [65].

III. RESULTS AND DISCUSSION

A. Shape resonances in the total scattering cross section

Electron transmission (ET) spectra for isoxazole (I), im-
idazole (II), pyrazole (III), and pyrrole (IV) are dominated
by the π∗ resonant states [18], but the cusp features were
not reported. Here we report observation of these rather un-
usual spectral structures for the five-memeberd heterocyclic
compounds (II–IV) which contain an NH group. The most
intense signals in the present ET spectra can be ascribed to
formation of π∗ shape resonances (SRs) [49] associated with
occupation of the lowest valence π∗ molecular orbitals (MOs)
as shown in Fig. 1. The heterocyclic ring of compounds I–IV
(see structures in Fig. 1) includes two C=C or C=N double
bonds, therefore the ET spectrum is expected to display two
intense π∗ SRs, marked as π∗

1 and π∗
2 in Fig. 1 and reported in

Table I. Vertical electron attachment to the lowest unoccupied
MO (LUMO) and the second empty π∗ MO of I are detected
at 1.09 and 2.74 eV, respectively, in quite close agreement
with the previously reported data [18]. The measured VAEs
for I–IV are in good agreement with the scaled HF/6-31G(d)
VOEs presented in Table I. More results on π∗ resonances for
compounds I–IV including their assignment based on MP2/6-
31G(d) and B3LYP/6-31G(d) calculations can be found else-
where [18].

The following discussion about coupling of DBS with
valence σ ∗ TNIs requires summarizing very few data about
σ ∗

N−H states in compounds II–IV. Although the σ ∗
N−H SRs

associated with very short-lived TNI states are not observed
in the ET spectra, the corresponding VAEs are tentatively
predicted to lie at 2.86, 3.04, and 3.03 eV in II–IV, respec-
tively, by means of the scaling procedure as described above.
Therefore, the expected weak and broad signals associated
with the σ ∗

N−H states can be obscured in the ET spectra by the
presence of the π∗

2 resonances, ranging from 2.74 to 3.44 eV
in II–IV. A schematic representation of the σ ∗

N−H virtual MO
in II–IV is shown in Fig. 2. This MO, with essentially the same
shape in compounds II–IV, possesses antibonding character
with respect to the ring and is mainly located on the N1−H
bond.

B. Cusp features and VFRs in the total scattering cross section

Sharp signals appearing in the ETS spectra of a series of
halouracils at low energy and associated with formation of
VFRs have been reported by Scheer et al. [41]. An interesting
observation of the present work is detection of a similar
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FIG. 1. First derivative of the electron current transmitted
through gas-phase samples of compounds I–IV as a function of
incident electron energy. Vertical bars mark the measured energies
of vertical electron attachment. Negative-ion states associated with
occupation of the lowest π∗ orbitals are indicated. The sharp features
appearing close to 0.45 eV for compounds II–IV are ascribed to
formation of vibrational Feshbach resonances.

feature far below the lowest π∗ resonance in compounds II–
IV, possessing a FWHM (measured as dip-to peak separation)
smaller than 0.1 eV, see Table I, as compared with that (about
0.5 eV) of the π∗ SRs. These narrow signals are displayed
in the ET spectra of compounds II–IV at electron energies
around 0.45 eV, as indicated in Fig. 1 by vertical bars and
listed in Table I. It is expected that similarly to substituted
uracils [41] these sharp features are due to symmetry allowed
mixing of dipole-assisted anion states with valence states as-
sociated with a low-lying σ ∗

N−H MO. Careful analysis down to
low incident electron energies has shown that a corresponding
sharp structure is not present in the ET spectrum of isoxazole

TABLE I. Measured VAEs, dip-to-peak separations (in paren-
theses), HF/6-31G(d) VOEs, and their scaled values (SVOEs) in a
series of five-membered heterocyclic compounds. All values are in
eV. Cusp features are marked in bold.

Orbital VOE SVOE VAE (FWHM)

(I) Isoxazole
σ ∗ 7.077 3.82
π∗

2 6.372 2.46 2.74 (0.68)
π∗

1 4.027 1.07 1.09 (0.49)
(II) Imidazole

σ ∗ 7.771 4.44
π∗

2 6.822 2.72 3.16 (0.65)
σ ∗

N−H 6.014 2.86
π∗

1 5.349 1.85 1.90 (0.54)
0.46 (0.08)

(III) Pyrazole
σ ∗ 7.754 4.43
π∗

2 6.806 2.71 3.14 (0.67)
σ ∗

N−H 6.212 3.04
π∗

1 5.050 1.67 1.87 (0.58)
0.44 (0.09)

(IV) Pyrrole
σ ∗ 7.959 4.61
π∗

2 7.205 2.95 3.44 (0.65)
σ ∗

N−H 6.199 3.03
π∗

1 5.664 2.04 2.33 (0.58)
0.44 (0.09)

(V) 1-Methylimidazole
σ ∗ 7.399 4.11
π∗

2 6.800 2.71
π∗

1 5.234 1.78
(VI) 2-Methylimidazole

σ ∗ 7.307 4.03
π∗

2 6.960 2.80
σ ∗

N−H 5.989 2.84
π∗

1 5.330 1.84

(see Fig. 1). This finding is in line with the absence of N–H
bonds in molecule I, so that mixing of a DBS with a low-
energy σ ∗ valence state is not possible.

In contrast to thymine, uracil, and halouracils [25,41],
in the present case only imidazole possesses a permanent
dipole moment larger than 2.5 D to support formation of
dipole-bound anions (see Table II). However, as discussed

FIG. 2. Schematic representations of σ ∗
N−H virtual molecular or-

bitals in II–IV. Direction and magnitude of the dipole moments cal-
culated at the B3LYP/6-31+G(d) level are schematically indicated
by the yellow arrows.
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TABLE II. Experimental values of dipole moments (derived
from the gas-phase microwave spectra), polarizabilities (from the
measurements in dioxan solutes), and vibrational frequencies (from
the gas-phase IR spectra) for molecules II–IV.

Dipole moment Polarizability Frequency

(Debye) (Å
3
) [70] (cm−1)

(II) Imidazole
3.667 ± 0.05 [67] 7.41 3518 [71]

(III) Pyrazole
2.214 ± 0.015 [68] 7.54 3523 [72]

(IV) Pyrrole
1.74 ± 0.02 [69] 8.27 3531 [73]

in the Introduction, weakly bound states and VFRs can exist
in systems whose dipole moment is well below the critical
value [37,46] since VFRs and threshold cusps in vibrational
excitation and, in particular, DEA cross sections are strongly
affected by polarization of the target molecule [46]. Indeed,
in the present series pyrrole possesses the lowest perma-
nent dipole moment (1.74 D), i.e., much below the critical
value, but its polarization exceeds that of molecules II and
III. Therefore, VFRs in IV are expected to be formed with
involvement of a bound anion state due to induced attraction,
since in the present case the experimental feature lies below
the threshold for vibrational excitation [46,66]. It is also
worth mentioning that according to B3LYP/6-31+G(d) cal-
culations the permanent dipole moment in pyrrole is aligned
along the N–H bond as shown in Fig. 2. Therefore, a better
mixing of the dipole-supported anion state with the lowest
valence σ ∗

N−H resonance is expected in molecule IV despite
its smaller dipole moment. This mixing is also enhanced
by the partial valence character of DBS wave function [25].
Due to the presence of an additional nitrogen atom in their
five-membered rings, the direction of the dipole moments of
imidazole and pyrazole does not coincide with that of the
N–H bond, thus reducing the mixing in comparison with
pyrrole.

To support these qualitative considerations, we performed
ERT calculations of the DEA cross section for electron scat-
tering by molecules II–IV below 1 eV. Experimental values
for dipole moments [67–69], polarizabilities [70], and vibra-
tional quanta associated with the N–H stretching vibration
[71–73] in II–IV were used as the input parameters, as listed
in Table II. The same short-range parameters were used for
the three compounds. The results are presented in Fig. 3. The
most pronounced cusp feature is calculated in the electron
attachment cross section of imidazole, likely due to its higher
permanent dipole moment. However, even the lowest value of
dipole moment is predicted to give rise to a cusp in the cross
section of pyrrole. This feature is more intense than that of
pyrazole likely due to the highest polarizability of molecule
IV. Some discrepancy between the energy positions of the
cusps in ET spectra and in the calculated curves can be due
to superposition of the experimental features with the right
wing of the intense electron beam signal [20], in addition to
possible inaccuracy of the ERT model for describing short-
range interactions. We therefore assign the sharp features

FIG. 3. Calculated electron scattering cross section (a) and the
first derivative of its averaged value (b) as a function of incident
electron energy for imidazole (II, black line), pyrazole (III, red line),
and pyrrole (IV, blue line).

observed around 0.45 eV in II–IV to formation of VFRs
associated with mixing between a valence σ ∗

N−H resonance
and dipole-supported anion states, in analogy with the earlier
observations in thymine and halogenated uracils [25,41].

C. Single H atom elimination from TNIs

Currents of mass-selected negative ions formed by
gas-phase DEA to compounds I–IV as well as to 1-
methylimidazole (V) and 2-methylimidazole (VI; see struc-
tures reported in Fig. 6) are presented in Figs. 4–6 as a
function of incident electron energy in order of decreas-
ing intensity of the signals. These data are summarized in
Table III, in order of decreasing mass number. To support
the structures proposed for the fragment species formed by
low-energy electron attachment to compounds I–VI, Table IV
shows the B3LYP/6-31+G(d) thermodynamic energy thresh-
olds for formation of specified fragments, including proposed
structures for the neutral species. With the only exception of
V, elimination of a neutral H atom is found to be the most
intense decay channel of the parent molecular anions formed
with the lowest π∗

1 resonances.
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FIG. 4. Currents of mass-selected negative ions formed by DEA
to gas-phase samples of compounds I and II as a function of incident
electron energy. The signals are arranged in order of decreasing in-
tensity. Measured positions of the lowest π∗

1 and π∗
2 shape resonances

are indicated by vertical dashed lines.

In spite of the absence of N–H bonds in isoxazole, the
[I−H]− ion (m/z = 68 in Fig. 4) is unexpectedly observed
at low electron energy (1.0 eV). In contrast, in this regard,
molecule V fulfills expectations, i.e., there is no low-energy

FIG. 5. Currents of mass-selected negative ions formed by DEA
to gas-phase samples of compounds III and IV as a function of
incident electron energy. The signals are arranged in order of de-
creasing intensity. Measured positions of the lowest π∗

1 and π∗
2 shape

resonances are indicated by vertical dashed lines.

signal in the [V−H]− current (m/z = 81 in Fig. 6). Indeed,
according to the present calculations direct elimination of a H
atom from the ring in I–VI (or the methyl group in V and VI)
requires incident electron energies in the 2.5–3.9-eV range
(see Table III). However, according to the present B3LYP/6-
31+G(d) results, this DEA channel is energetically favored
when elimination of the H atom bonded to C(3) (position

012708-6
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FIG. 6. Currents of mass-selected negative ions formed by DEA
to gas-phase samples of compounds V and VI as a function of inci-
dent electron energy. The signals are arranged in order of decreasing
intensity. Molecular structures for V and VI are reported. Predicted
positions of the lowest π∗

1 and π∗
2 shape resonances are indicated by

vertical dashed lines.

labels are given in Fig. 1) from the I− molecular anion is
accompanied by opening of the ring via cleavage of the O(1)–
N(2) bond and rearrangement of the anion to give structure
Ia (see Fig. 7). The corresponding thermodynamic threshold
is predicted to be negative (−0.24 eV with inclusion of
zero-point vibrational energy corrections; see Table III). In
agreement, in the optimized geometry of anion I− the O(1)–
N(2) bond is calculated to be elongated to 1.465 Å [with
simultaneous out-of-plane bending of the C(5)–H bond], to be
compared with 1.401 Å in neutral isoxazole. The proposed

TABLE III. Possible structures of anionic fragments generated
by DEA in a series of five-membered heterocyclic compounds, peak
energies (eV), and relative intensities (taken from the peak heights).

M/z Anion structure Peak energya Relative intensity

(I) Isoxazole
68 [I−H]− 1.0 100
67 [I−2H]− 1.0 0.1
66 [I−3H]− 1.1 <0.1

3.8 <0.1
5.5 <0.1
9.8 <0.1

50 [I−2H−OH]− 3.0 0.3
5.3 sh.

42 OCN− 1.3 sh.
2.8 0.6

41 [I−CO]− 3.8 0.9
5.3 sh.

39 [I−2H−CO]− 2.7 <0.1
6.2 <0.1

7–8 sh.
26 CN− 1.1 0.6

3.0 0.2
5.7 0.1

(II) Imidazole
67 [II−H]− 2.0 100
66 [II−2H]− 1.9 0.3

10.3 0.4
65 [II−3H]− 1.9 0.7

6.5 0.4
10.3 0.9

41 [II−CNH]− 6.4 1.0
10.0 1.2

40 [II−CHNH]− 6.0 4.9
9.8 7.2

39 [II−CH2NH]− 10.4 2.2
26 CN− 1.8 8.3

6.8 15
∼10 sh.

(III) Pyrazole
67 [III−H]− 2.0 100
66 [III−2H]− ∼4−6

9.7 0.1
65 [III−3H]− 1.7 0.3

6.3 1.0
10.5 1.0

41 [III−CNH]− 4.0 sh.
5.7 0.4

40 [III−CHNH]− 5.8 12
7.7 sh.

9.9 1.8
39 [III−CH2NH]− 5.9 0.2

10.5 1.4
26 CN− 2.0 8.9

5.9 3.5
∼8−10

16 NH−
2 4.5 0.4

9.1 sh.
11.0 0.9
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TABLE III. (Continued).

M/z Anion structure Peak energya Relative intensity

(IV) Pyrrole
66 [IV−H]− 2.1 100

8.9 65
65 [IV−2H]− 10.3 1.9
64 [IV−3H]− 10.7 4.3
40 [IV−CH2CH]− 9.8 9.1
39 [IV−C2H4]− 9.8 21
26 CN− 6.1 25

9.7 23
25 C2H− ∼10 0.6

(V) 1-Methylimidazole
81 [V−H]− 5.3 1.0

9.2 6.5
67 [V−CH3]− 1.8 100
65 [V−2H−CH3]− 6.7 2.6

10.1 8.7
40 [V−CHNCH3]− 5.5 8.7

10.1 17
39 [V−CH2NCH3]− 10.3 13

(VI) 2-Methylimidazole
81 [VI−H]− 1.8 100

8.7 5.2
80 [VI−2H]− 2.9 0.6

9.8 0.3
40 [VI−CH3CNH]− 6.1 1.3

9.7 6.8
39 [VI−CH3CH2N]− 10.4 0.4
26 CN− 1.8 55

9.9 17

ash. means shoulder.

TABLE IV. B3LYP/6-31+G(d) total energies (eV) relative to the
neutral ground state. The values in parentheses are corrected for zero-
point vibrational energies.

M/z Fragments (anion + neutral) Total energy

(I) Isoxazole
68 [I−H(3)a]− + H• Iab 0.18 (−0.24)
68 [I−H(4)]− + H• 3.29 (2.92)
68 [I−H(5)]− + H• 2.96 (2.56)
67 [I−2H(3, 5)]− + H2 Ib −0.68 (−1.16)
67 [I−2H(3, 4)]− + H2 0.07 (−0.44)
66 [I−3H]− + H2 + H• Ic 1.35 (0.63)
50 CCCN− + H2 + HO• 3.11 (2.45)
42 OCN− + H2C = CH· −0.07 (−0.36)
41 H2CC(H)N− + CO 0.80 (0.46)
39 HCCN− + H2 + CO 1.42 (0.74)
26 CN− + H2CC(H)O• −0.05 (−0.34)

(II) Imidazole
67 [II−H(1)]− + H• 1.76 (1.39)
67 [II−H(2)]− + H• 3.59 (3.19)
67 [II−H(4)]− + H• 4.26 (3.83)
67 [II−H(5)]− + H• 3.48 (3.10)
66 [II−2H(1, 2)]− + H2 2.07 (1.62)

TABLE IV. (Continued).

M/z Fragments (anion + neutral) Total energy

66 Malononitrile− + H2 1.85 (1.29)
65 [II−3H(1, 2, 5)]− + H2 + H• 7.47 (6.61)
65 [Malononitrile−H]− + H2 + H• 2.72 (1.91)
41 HCCNH−

2 + HCN 3.88 (3.48)
40 HCCNH− + H2C = N• 3.53 (3.10)
39 HCCN− + H2CNH 2.51 (2.15)
26 CN− + CH3C(H)N• 1.30 (0.99)

(III) Pyrazole
67 [III−H(1)]− + H• 2.02 (1.62)
67 [III−H(3)]− + H• 4.09 (3.65)
67 [III−H(4)]− + H• 3.89 (3.49)
67 [III−H(5)]− + H• 3.33 (2.95)
66 [III−2H(3, 5)]− + H2 IIIa 1.25 (0.70)
66 [III−2H(1, 5)]− + H2 2.31 (1.84)
65 [III−3H(1, 3, 5)]− + H2 + H• IIIb 2.28 (1.47)
41 C2H3N− + HCN 2.26 (1.82)
40 H2C = C = N− + HC = NH• 2.21 (1.79)
39 HCCN− + H2CNH 2.07 (1.70)
26 CN− + CH3C(H)N• 0.86 (0.55)
16 NH−

2 + NCCHCH• 4.34 (3.90)
(IV) Pyrrole

66 [IV−H(1)]− + H• 2.20 (1.81)
66 [IV−H(2)]− + H• 3.86 (3.46)
66 [IV−H(3)]− + H• 4.32 (3.90)
65 [IV−2H(1, 2)]− + H2 2.45 (1.98)
65 Cyanopropyne− + H2 IVa 2.38 (1.84)
64 [IV−3H(1, 2, 5)]− + H2 + H• 7.67 (6.81)
64 [Cyanopropyne−H]− + H2 + H• IVb 4.44 (3.59)
40 H2C−CN− + H2C = CH• 3.08 (2.65)
40 H2C = C = CH2

− + HCN 3.28 (2.82)
39 HCCN− + H2C = CH2 2.28 (1.92)
26 CN− + H2C = CH−CH•

2 1.21 (0.90)
25 C2H− + H2C = CH−NH• 3.91 (3.53)

(V) 1-Methylimidazole
81 [V−H(CH3)]− + H• 3.62 (3.20)
81 [V−H(2)]− + H• 3.59 (3.18)
81 [V−H(4)]− + H• 4.31 (3.88)
81 [V−H(5)]− + H• 3.49 (3.10)
67 [V−CH3]− + CH•

3 0.95 (0.62)
65 [V−2H(2, 5)−CH3]− + H2 + CH•

3 6.65 (5.85)
65 [V−2H(2, 5)−CH3]− + CH4 + H• 6.58 (5.91)
65 [Malononitrile−H]− + CH4 + H• 1.83 (1.21)
40 HC ≡ C−NH− + HC = NCH•

3 3.95 (3.56)
39 HCCN− + H2C = NCH3 2.43 (2.08)
26 CN− + H2C = CH−CH2−NH• 2.22 (1.89)
26 CN− + H3C−CH = CH−NH• 1.23 (0.93)

(VI) 2-Methylimidazole
81 [VI−H(1)]− + H• 1.84 (1.45)
81 [VI−H(CH3)]− + H• 3.43 (3.00)
81 [VI−H(4)]− + H• 4.34 (3.90)
81 [VI−H(5)]− + H• 3.56 (3.18)
80 [VI−2H(1, CH3)]− + H2 + H• 0.93 (0.48)
40 H2C = CN− + CH3C = NH• 2.49 (2.12)
39 HC−CN− + H3C−CH−NH 2.42 (2.08)
26 CN− + H3C−CH = CH−NH• 1.52 (1.23)

aAtom positions are indicated in parentheses according to the label-
ing reported in Fig. 1.
bStructures are presented in Fig. 7.
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FIG. 7. Proposed structures of some anionic fragments formed
by gas-phase DEA to compounds I–IV and characteristic vibrational
modes of some anionic species calculated at B3LYP/6-31+G(d) level
of theory.

ring opening of the I− molecular anion can represent a pre-
cursor state for a variety of DEA channels. It can be sug-
gested that electron attachment to I initiates a characteristic
out-of-plane vibration (fifth normal mode, with a calculated
frequency of 741.40 cm−1; the displacement vectors are dis-
played in Fig. 7) of the isoxazole ring that simultaneously
elongates the O(1)–N(2) bond and stimulates elimination of
H atom(s), especially from the C(3) position since its dis-
placement is predicted to be the largest. A similar finding
was reported recently showing that the most dominant DEA
pathway in isoxazole occurs through the loss of hydrogen
at C(3), which leads to ring opening by O–N bond cleavage
[21]. A previous work reported a resonance structure for the
[I−H]− ion at an energy of ∼1.5 eV, which is in agreement

to the present study within an electron-beam resolution of
experimental apparatus [21].

It is also worth mentioning that selective deprotonation
of oxazole (not studied in this work), where in contrast to
I the two ring heteroatoms are separated by a carbon atom,
via slow secondary electron attachment leads to production
of an oxazolide anion with its cyclic structure (the EAa of
the corresponding neutral oxazolyl σ radical being estimated
to be 2.21 eV) as shown by anion photoelectron imaging
spectroscopy [74]. Our attempts to find an open structure for
the dehydrogenated anion of compound V characterized by a
DEA threshold below 2 eV were unsuccessful. In agreement,
the [V−H]− current displays peaks only at high energies
(5.3 and 9.2 eV), ascribed to core-excited states [49]. It can
therefore be concluded that, at least in the present case,
opening of the five-membered cycle occurs via cleavage of
the covalent bond between adjacent heteroatoms.

The [I−H]− current peaks at 1.0 eV, i.e., very close to the
VAE (1.09 eV) of the lowest π∗ shape resonance observed
in ETS (see Fig. 4). Therefore, dehydrogenation of isoxazole
by DEA is attributed to the well-known mechanism found
for planar unsaturated hydrocarbons [75,76]. This mechanism
consists in initial formation of a π∗ TNI, followed by π∗/σ ∗
coupling due to out-of-plane vibration which allows H atom
elimination via a repulsive σ ∗ state. In this case the maximum
anion yield is observed very close to the energy of the cor-
responding π∗ resonance. Since low-lying σ ∗ MOs are not
expected in I, the alternative direct DEA mechanism occurring
through a σ ∗ resonance [77] can be ruled out.

By analogy to the case of halogenated uracils [41], a
distinct dissociation mechanism associated with formation of
a dipole-supported anion state and VFRs observed around
0.45 eV by ETS can be invoked for II–IV and VI. Indeed,
in uracil the VFR was observed around 0.4 eV [41], but
the most intense peak in the [U−H]− (U = uracil) current
lies at 1.01 eV, i.e., associated with the third vibrational
level of DBS. A less intense sharp feature in the [U−H]−
current detected at 0.69 eV was ascribed by the second
vibrational level of DBS, whereas the first one is expected
to lie below the DEA threshold and cannot contribute to the
[U−H]− signal [41]. In the present case, abstraction of a
hydrogen atom (or CH3 group in V) from the N(1) site in
compounds II–IV and VI is energetically allowed below 2 eV
(see Table III), so that ring opening is likely not involved in
formation of the observed [M−H]− (or [M−CH3]−) anions.
They can be due to formation of VFRs via coupling of a
DBS with a valence σ ∗ anion state that initiates H atom
tunneling through the potential barrier formed by avoided
crossing between these states [25]. The same mechanism is
attributed to dehydrogenation of several amino acids via the
DEA [78,79]. However, in the present case the position of the
lowest π∗

1 resonance matches well the observed maxima of
the [M−H]− DEA signals (m/z = 67 for II and III, m/z =
66 for IV, and m/z = 81 for VI, as shown in Figs. 4–6)
that makes it difficult to identify the exact mechanism of
H atom abstraction. It is to be noted that the most intense
DEA channel in V is due to excision of a methyl group from
N(1), leading to the [V−CH3]− negative fragment (m/z = 67
in Fig. 6), formed by dissociation of the lowest π∗

1 shape
resonance.
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D. H atom stripping

Abstraction of two H atoms from the molecular TNI,
accompanied by formation of hydrogen molecule as a neutral
counterpart to satisfy the energetic conditions, was found to be
a characteristic decay channel in DEA to polyphenolic com-
pounds, associated with cleavage of O–H bonds [31,80,81].
Formation of [M−2H]− and H2 fragments is also in agree-
ment with the DEA spectra of amino acids such as valine,
β-alanine, and glycine [82–84]. More recently abstraction of
two and three H atoms, referred to as H atom striping, was
detected in DEA to imidazole, isoxazole, indole, and related
molecules, accompanied by strong structural rearrangements,
including ring opening [21,22,27]. In the present case both
DEA channels, [M−2H]− and [M−3H]−, are detected with
low intensities in compounds I–IV (see Figs. 4 and 5 and
Table III).

Considering the characteristic vibration of the isoxazole
anion reported in Fig. 7, it can be suggested that two hydrogen
atoms at the C(3) and C(5) sites can be eliminated in the
same direction, thus favoring formation of an H2 molecule as a
neutral fragment. Indeed, the [I−2H]− species with structure
Ib (Table III and Fig. 7) is predicted to be the most stable, and
its formation can explain the observed DEA signal (m/z = 67
in Fig. 4) peaked at 1.0 eV. Provided that the H atom at the
C(4) site is abstracted simultaneously to those at the C(3)
and C(5) sites due to the same vibrational motion of the
I− anion, the [I−3H]− fragment with the linear structure Ic
can be formed along with the H2 and H• neutral species
with a calculated threshold as low as 0.63 eV (Table III),
thus accounting for the m/z = 66 signals peaking at higher
energies (3.8 and 5.5 eV). These two channels leading to
formation of [I−2H]− and [I−3H]− were not observed in
previous studies of DEA to isoxazole due to much lower
sensitivity than in the present study [21].

The present B3LYP/6-31+G(d) calculations predict that
migration of an H atom from N(1) to the adjacent positions
C(2) and C(5) in molecular anions of imidazole and pyrazole,
respectively, leads to a stabilization of 0.36 and 0.01 eV with
respect to the parent anions with the structures of imidazole
and pyrazole displayed in Fig. 1. This result is in line with
the supposed high mobility of hydrogen atoms in II− and
III− that should make their elimination easier, especially in
the H2 form. In contrast to I, H atom stripping in II–IV
likely cannot occur in one step since an out-of-plane vibration
which stimulates ring opening and simultaneously moves two
hydrogen atoms closer to each other is not present. As a
further comment for the imidazole and pyrazole anions, the
most stable structure which can be formed by elimination
of two hydrogen atoms accompanied by ring opening is
malononitrile CH2(CN)2. Interestingly, another study showed
a possibility of loss of 4H from imidazole as the least abun-
dant channel out of the all dehydrogenation reactions [22].
The calculated reaction enthalpies proposed the formation of
H2 + 2H and the loss of four hydrogen atoms as two channels
leading to [II−4H]− and the ring opening [22].

Formation of structure IIIa (Fig. 7 and Table III) is asso-
ciated with a threshold as low as 0.7 eV, thus accounting for
the presence of the [III−2H]− signal. In turn, the [M−3H]−
species (M = II or III) can be associated with a negatively
charged dehydrogenated malononitrile radical (IIIb in Fig. 7),

whose EA has been estimated to be 2.88 eV [85]. This decay
can originate via elimination of H2 from the [III−H]− species,
dehydrogenated at the N site, favored by the in-plane vibra-
tion represented in Fig. 7 (eighth normal mode, B3LYP/6-
31+G(d) frequency = 1033.24 cm−1). This vibration moves
the two H atoms closer to each other and simultaneously elon-
gates the N–N bond stimulating ring opening. Formation of
an analogous malononitrilelike structure in II is less probable,
because it would require complex rearrangements, including
exchanged positions of C and N atoms.

H atom stripping and ring opening in pyrrole can involve
formation of a negative ion with cyanopropynelike structure
(IVa) and its dehydrogenated form (IVb) that requires
migration of only light H atoms, thus producing the
lowest DEA thresholds (see Table III). However, formation
of the [IV−2H]− fragment with a cyclic structure by
H abstraction from the adjacent N(1) and C(2) atoms
requires an energy (1.98 eV) only slightly higher than
that required for IVa (1.84 eV). A comparison of the
present DEA findings for pyrrole with earlier data is
difficult since the latter either include only individual
peaks (experimental curves are interrupted between the
maxima) in the DEA anion yields [86] or report only the
most intense signals [87]. Likely due to methylation at
the N(1) site in V, the [V−2H]− anion is not observed,
but [VI−2H]− decay becomes available in VI, providing
evidence for involvement of the N(1) hydrogen atom in
this decay. The spectrum for the [V−2H−CH3]− negative
fragment (m/z = 65) presents some analogy to the one for H
atom stripping and represents an alternative observed way of
demethylation of V by low-energy electrons.

E. Other decay channels in the DEA cross section

At high incident electron energies, the DEA spectra of all
studied compounds display common signals associated with
negative fragments generated by ring cleavage. For instance,
the CN− current (m/z = 26, see Figs. 4–6) is observed in
I–IV and VI with relatively high intensity, this decay chan-
nel being likely associated with ring cleavage and atomic
rearrangements in the neutral counterparts, as deduced from
B3LYP/6-31+G(d) calculations. Three of the more prominent
channels and the possible fragment structures produced via
DEA to isoxazole were reported previously and are in a
good agreement with the present study [21]. The m/z = 39
current in the DEA spectra of I–VI can reasonably be ascribed
to formation of the HCCN− anion. The EA of the corre-
sponding neutral diradical—“unusual” triplet cyanocarbene
(or cyanomethylene) molecule—has been estimated to be
2.003 ± 0.014 eV [88]. The cyanomethyl anion (CH2CN−), a
possible interstellar species [89], is likely responsible for the
m/z = 40 signal in II–VI, the EA of the corresponding radical
being estimated as 1.53 eV [85,90].

Formation of C2H3N− (m/z = 41), observed in I–III,
can be due to elimination of small neutral closed-shell CO
molecules from I− and HCN from II− and III−. In II and III
this signal cannot be accounted for by isotopic contributions
from the more abundant m/z = 40 fragment. Owing to the
presence of oxygen in the heterocycle, DEA to I produces
a series of additional fragment species not observed in the
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spectra of compounds II–VI, such as OCN− (m/z = 42) and
C3N− (m/z = 50). The latter fragment, observed earlier in
a DEA study of cyanoacetylene [91], could in principle be
formed by DEA to II–VI, but it was not observed in the present
experiments. Its production by DEA to I is associated with
removing of all H atoms along with the oxygen atom to form
H2 and OH• or H2O and H atom as neutral counterparts. Some
small anionic species (cyanomethylene, cyanopropyne, C3N)
detected in the DEA spectra of the present compounds are
related to formation of nitriles in the upper atmosphere of
Titan and its satellites via the DEA mechanism [91–93].

IV. CONCLUSIONS

Formation of TNI states by low-energy electron attachment
and decomposition of the parent molecular negative ions via
DEA are investigated in a series of five-membered hetero-
cyclic compounds (isoxazole, imidazole, pyrazole, pyrrole,
1-methyl-, and 2-methylimidazole) which are building blocks
in many biologically relevant molecules. The experimental
findings obtained using ETS and DEAS are assigned with
the support of quantum-chemical calculations. Multichannel
ERT calculations were carried out to reproduce experimen-
tal low-energy features observed in the DEA spectra, and
ascribed to long-range electron-molecule interaction. Due to
the importance of electron-driven processes for understanding
the effects of high-energy radiations in living tissues, this
study can have an impact in the rapidly developing field of
radiotherapy. The main conclusions are as follows:

(1) The energy positions of the lowest π∗ VAEs measured
in II–IV are in excellent agreement with previous literature
data. The lowest σ ∗

N−H anion state is predicted to lie around
3 eV, not in disagreement with the present experimental data,
although not observed in the ET spectra.

(2) Very narrow (0.1 eV) “cusps” are observed around
0.45 eV in the ET spectra of II–IV, which contain an N–H
bond, but not in isoxazole where this bond is absent. These
features are associated with VFRs in good agreement with the
results of ERT calculations.

(3) Since the position of the lowest π∗
1 shape resonance

matches the position of the DEA peak generated by the
dehydrogenated [M−H]− negative fragment (M = II−IV and

VI) it is difficult to evaluate possible contributions from mech-
anisms other than vibronic σ ∗/π∗ mixing for the elimination
of a hydrogen atom via low-energy electron attachment.

(4) DEA is found to cause abstraction of as many as two
and three hydrogen atoms from the heterocyclic structure of
I–IV, accompanied in some cases by ring opening and for-
mation of H atoms and H2 molecules as neutral counterparts.
Ring opening takes place when the two heteroatoms occupy
adjacent positions in the ring, thus suggesting that cleavage of
the covalent bond between them favors this process.

(5) H atoms are more mobile in molecular negative ions
as compared with neutral molecules, in line with DFT calcu-
lations in II and III. H atom stripping can occur in one step
in I since there is a specific vibration that can stimulate elim-
ination of three H atoms accompanied by both H2 formation
and ring opening. H atom striping in III and V can lead to
production of malononitrile- and cyanopropynelike fragment
species, respectively.

(6) The mechanisms of H atom stripping are complex.
They include rearrangements, cleavage, and formation of sev-
eral covalent bonds, and also depend on the kind and position
of heteroatoms in the ring. For this reason, the process is
expected to be “slow,” appearing on a microsecond time scale.
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