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Several decouplings of the electron propagator, including the relatively new P3+ approximation for the self-
energy, have been used to calculate vertical electron detachment energies of tautomeric forms of closed-
shell, pentagonal, aromatic anions in which ring carbons without bonds to hydrogens appear. This study
extends previous work in which the most stable forms of anionic, five-member rings with one to five nitrogens
were considered. Whereas the lowest electron detachment energies sometimes are assigned by Koopmans’s
theorem results toπ orbital vacancies, electron propagator calculations always obtainσ orbital vacancies for
the ground states of the doublet radicals. Higher electron detachment energies that correspond to excited
doublets withπ vacancies also are presented. The predicted transition energies are in good agreement with
low-intensity peaks in recent anion photoelectron spectra that have been assigned to less stable, tautomeric
forms of these anions.

I. Introduction

The family of five-member aromatic rings containing one or
more nitrogen atoms has attracted much attention for its
pharmacological utility as constituents of important drugs such
as anastrozole, estazolam, and triazolam. These polynitrogen
molecules, called azoles, also have promise as high-energy
density materials for rocket propellants and as corrosion
inhibitors. Because electron binding energies and other ther-
mochemical properties are important indices of chemical
reactivity, detailed experimental and computational studies on
some of these anions and their related radicals have appeared
in recent years.1-15

Photoelectron spectra of pyrrolide,10 imidazolide,11 and pyra-
zolide12 anions have been reported. Detailed theoretical studies
of the latter anion and vibronic coupling in the corresponding
radical also have appeared.13 Calculated N-H acidity values
and other thermochemical information in refs 12, 13, and 15
are in good agreement with data inferred from experiment in
the first two of these articles. In the published spectra, the most
intense features pertain to the standard structures, where there
are no carbon atoms without bonds to hydrogens. However, for
imidazolide and pyrazolide, the method of synthesis involves
the reaction of a precursor molecule with a strong base (OH-),
which has the ability to remove protons from carbon atoms,
resulting in the production of less stable tautomeric forms of
the anions. These species reportedly give rise to less intense
features in the photoelectron spectrum, which occur at lower
electron binding energies. In the analysis of these observations,
care has been taken to distinguish hot bands pertaining to the
most stable isomer from those which belong to less stable forms
of the anions.

In an earlier paper,14 we presented a theoretical study of
electronic structure and electron detachment energies for

pentagonal aromatic anions, starting with the pyrrolide and
imidazolide anions and progressing to the pentazolide anion by
a systematic substitution of CH groups by nitrogen atoms.
Whereas some of these structures are well-known (such as
pyrrolide and imidazolide), experimental proof only for the
existence of N5- has been reported relatively recently.6 The need
for accurate predictions on still unreported species and the
variety of electronic structure patterns displayed by them have
stimulated us to calculate electron detachment energies of these
anions with electron propagator theory (EPT).16-18 Electron
propagator methods are a versatile and reliable means of
determining vertical electron attachment and detachment ener-
gies of molecules.19-22 They include electron correlation and
orbital relaxation effects and generate Dyson orbitals, which
provide reliable explanations for structural changes that ac-
company electron attachment and detachment processes.

We presently extend our previous study14 on polynitrogen
compounds to tautomeric isomers of the azolides by predicting
their electron detachment energies and providing an analysis
of the corresponding Dyson orbitals. Changes in the latter
functions that accompany proton transfers from one atom to
another and their energetic consequences will be considered.
These results should help in the interpretation of photoelectron
spectra of novel azolides, especially when the question of
isomeric forms of the anions arises.10-14

II. Theory and Methods

EPT is well-established,16-22 and only a minimal outline of
its features is offered here. The Dyson equation governing all
electron propagator decouplings may be rewritten in the form
of one-electron equations such that

where f̂ is the one-electron Hartree-Fock (HF) operator and
Σ̂ (ε) is an energy-dependent nonlocal operator, the so-called
self-energy. This operator describes electron correlation and
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[ f̂ + Σ̂(εi)]φi
Dyson(x) ) εiφi

Dyson(x) (1)
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orbital relaxation effects that are neglected by the HF operator,
f̂. Eigenfunctions of eq 1 are the Dyson orbitals,φi

Dyson. For
vertical electron detachment processes, the Dyson orbitals are
given by

Here,ΨN(x1...,xN) is the wavefunction for theN-electron, initial
state andΨi,N(1(x1...,xN(1) is the wavefunction for theith final
state withN ( 1 electrons. In both expressions,xj represents
the space-spin coordinates of electronj. The eigenvalues,εi,
of the Dyson equation correspond to electron binding energies
of the molecular system. By using perturbative arguments, one
may justify neglect of off-diagonal matrix elements of the self-
energy operator in the HF basis. This leads to the simpler quasi-
particle expression, also called the diagonal approximation.
Thus, the electron binding energies in the quasi-particle ap-
proximation readεi

HF + Σii (E) ) E, where εi
HF is the ith

canonical, HF orbital energy. All EPT methods used in this
paper are based on this approximation, including the recently

developed P3+ method.23 The pole strength,pi, is a good
indicator of the qualitative validity of this approximation.
Because the pole strength is defined by

the Dyson orbital within the diagonal approximation is simply
proportional to a normalized, canonical HF orbital such that

Thus, the pole strength takes values between zero and unity.
If the ionization process is well-described by a Koopmans
(frozen-orbital) picture, pole strengths are very close to 1.0.
When pole strengths are less than 0.8, non-diagonal analysis of
energy poles is required. All pole strengths in this work exceed
0.8. Those that are below 0.85 are less reliable and therefore
the corresponding electron binding energies are denoted by
footnotes in the tables.

Geometry optimizations and frequency calculations for the
series of nitrogen-containing molecules presented here were
performed at the MP2/6-311++(2df,2p) level with Gaussi-
an03.24 All structures have a plane of symmetry and positive,
real frequencies. Electron propagator calculations were per-
formed with the same basis set, and a modified version of
Gaussian03 was used to obtain the P3+ values. The latter results
follow the same trends that characterized other EPT methods
and closely resemble OVGF25 results. The Dyson orbital pictures
presented in the tables were created with GaussView, and an
isosurface value of 0.1 was used to produce the figures.

III. Results and Discussion

Figures 1-4 show the relative energies for each of the
presently studied isomers relative to those considered in the
previous study14 where the origin of the energy scale corre-
sponds to the total energy of the most stable anion. As can be
seen from Figure 1, two pyrrolide isomers are separated by∼10
kcal/mol. The energy gap between the two isomeric structures
and the most stable form of the pyrrolide anion is even larger.
The lower energy of these two tautomeric configurations occurs

Figure 1. Energy differences for pyrrolide isomers.

φi
IP,Dyson(xN) ) xN∫ ΨN(x1,x2,x3,...,xN)Ψ/

i,N-1

(x1,x2,x3,...,xN-1) dx1 dx2... dxN-1 (2)

Figure 2. Energy differences for imidazolide (left) and pyrazolide (right) isomers.

pi ) ∫ |φi
Dyson(x)|2 dx (3)

φi
Dyson(x) ) xpiψi

HF(x) (4)
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when the carbon that is missing a hydrogen is next to the
nitrogen atom.

Results for the two diazolides are shown in Figure 2. The
energy difference between imidazolide and the first isomer is
32.11 kcal/mol. This value might be compared with the
difference in reaction enthalpies reported by Gianola et al.
between the 1- and 5-imidazolides (38.2 kcal/mol).11 Note
however that their calculations (B3LYP/6-311++G(d,p)) differ
from ours (MP2/6-311++G(2df,2p)) in method and basis set.
The optimized geometry for this isomer is in good agreement
with previous work as well.11 Differences in bond lengths are
not larger than 0.01 Å, whereas discrepancies in angles are less
than 0.7°. When the two nitrogen atoms are next to each other,
the energy differences with respect to the most stable structure
increase (∆E ) 40.18 kcal/mol). However, this energy is much
larger than the enthalpy differences in reference 13 (29.6 kcal/
mol). Comparison of optimized geometries between the 5-pyra-
zolide in a previous report (see Table 3 in reference 13) with
our 2N′a structure shows good agreement. Again, differences
in bond lengths are within 0.01 Å and angle differences are
less than 0.8°.

Figure 3 depicts the energy profile for triazolide isomers. Just
as in the case of diazolides, there are three isomeric configura-

tions for each stable anion. Even though the structure with
nonadjacent nitrogen atoms is energetically preferred, the higher
and lower isomers’ energies differ by∼18 kcal/mol in both
cases.

The relative energy profile for tetrazolide isomers is displayed
in Figure 4. As with the pyrrolide structures of Figure 1, only
two isomers are found, and the lower in energy is 39 kcal/mol
above the most stable nuclear configuration.

Vertical electron detachment energies (VEDEs) and Dyson
orbitals, obtained with various electron propagator approxima-
tions for each series of isomers, are presented in Tables 1 to 4,
which summarize the results for the first three binding energies.
Koopmans’s theorem (KT) values listed in the first row represent
in each case the canonical orbital energies obtained with a
standard HF/6-311++G(2df,2p) calculation. The following rows
correspond to EPT methods, including the recently developed
P3+ approximation.

Table 1 shows that the KT orbital symmetry ordering (A′′,
A′, A′′) is the same for both tautomers of pyrrolide (1Na and
1Nb). Here, KT results produce aπ-type HOMO (highest
occupied molecular orbital), whereas all EPT calculations predict
that the first VEDE for both anions corresponds to aσ-type
orbital centered on the unhydrogenated carbon (HOMO-1 in
Table 1). Previous KT calculations on the VEDEs of the
pyrrolide anion produce an ordering of twoπ holes followed
by a nitrogen-localizedσ hole (a2, b1, a1) that is confirmed by
EPT refinements.14 For all three structures, corrections to KT
results are much larger forσ-hole states than forπ-hole states,
but only for the two tautomeric forms is the order of the final,
doublet states altered by EPT calculations. The orbital pictures
show that there is little participation from the nitrogen atom in
the HOMO and HOMO-1. In the two tautomeric structures, the
A′ Dyson orbitals are localized on the carbons without bonds
to hydrogens. A higher A′ VEDE pertains to the case where
this carbon has a neighboring NH group. Theπ Dyson orbitals
in the tautomeric forms bear some resemblance to their a2 and
b1 counterparts in pyrrolide, with greater distortions taking place
in the 1Nb case.

Table 2a displays results for the 2Na, 2Nb, and 2Nc
imidazolide isomers. The VEDEs follows the same trend as the
relative stability of these isomers (see Figure 2). As in the

Figure 3. Energy differences for triazolides isomers.

Figure 4. Energy differences for tetrazolide isomers.

Tautomeric Forms of Axolide Anions J. Phys. Chem. A, Vol. 111, No. 50, 200713071



pyrrolide case, the order of HOMO and HOMO-1 predicted by
KT is inverted when using electron propagator methods. Again,
all EPT methods present lower VEDEs for theσ-type orbital
(HOMO-1). Low-intensity features in a recent photoelectron
spectrum have been assigned to the 2Na isomer, and the
adiabatic electron affinity of the corresponding doublet radical
was given as 1.992( 0.010 eV,11 in good agreement with the
P3+ VEDEs. In the reference imidazolide anion, the KT and
EPT orderings of states are identical, with two,π-hole states
(b1 and a2) followed by two, nitrogen-localized,σ-hole states.14

All three of the A′ Dyson orbitals shown in Table 2a are
localized on the carbons without bonds to hydrogen. Higher
VEDEs are associated with neighboring NH groups. Nodal
surfaces in theπ Dyson orbitals resemble those of their b1 and
a2 antecedents in imidazolide.

Large EPT corrections to KT results also occur for the 2N′a
isomer of pyrazolide in Table 2b. However, for isomers 2N′b
and 2N′c, KT results predict the order of final states correctly.
The P3+ prediction of the lowest VEDE is in good agreement
with a recent experimental report of the radical’s adiabatic
electron affinity, 2.104( 0.005 eV.12 In the same report, density
functional estimates of the other tautomers’ electron affinities
are within 0.25 eV of the present P3+ predictions for the
corresponding anion VEDEs. The b1 and a2 VEDEs in the
reference pyrazolide anion are approximately equal and are
followed, as in imidazolide, by twoσ levels.14 The lowest
VEDEs of all three tautomers have A′ symmetry, and the
associated Dyson orbitals are localized on carbons without bonds
to H atoms. As in imidazolide, the highest of theseσ VEDEs
pertains to a structure in which this kind of carbon is next to an
NH group. On the basis of the trends seen in the two diazoles
(2N′b versus 2N′c and 2Na versus 2Nb), there is a small
destabilizing effect of a neighboring N atom (without a bond
to H) on theσ VEDEs. Unlike the pyrazolide anion case, the
two π levels in each of the tautomeric forms are clearly
separated in energy. Whereas there is some resemblance between
the corresponding Dyson orbitals and their b1 and a2 counterparts
in pyrazolide for the 2N′b and 2N′c forms; major rearrangements
are seen in the 2N′a case.

TABLE 1: Pyrrolide Tautomer VEDEs (eV) and Dyson
Orbitals

a Pole strengths are between 0.80 and 0.85.

TABLE 2: Imidazolide (a) and Pyrazolide (b) Tautomer
VEDEs (eV) and Dyson Orbitals

a Pole strengths are between 0.80 and 0.85.
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The tautomers of 1,2,4 triazolide presented in Table 3a show
that the 3Na and 3Nb structures also have the reversed HOMO
and HOMO-1 ordering problem at the KT level. VEDEs given
by propagator methods for HOMO-1 are about 1 eV lower than
those predicted by HOMO KT values. However, isomer 3Nc
has aσ-type orbital as the HOMO, and the corresponding VEDE
predictions with EPT methods are about 1.7 eV lower than those
of HOMO-1. Table 3b depicts the 1,2,3 triazolide systems where
the three nitrogen atoms are next to each other. Here, only 3N′a
presents the HOMO and HOMO-1 reversal problem, while 3N′b
and 3N′c binding energies are in the same order predicted by
KT results. For each of the two reference triazolides, the two
lowest VEDEs correspond toπ-hole final states and are followed
by three nitrogen-localizedσ-hole states at the KT level.14 P3+
results reverse the order of VEDEs for the second and third
final states in the 1,2,4 case. Corrections to KT results bring
the second through fourth final states within 0.1-0.2 eV of each
other. For the tautomeric forms, the lowest VEDEs all have A′
symmetry and are localized on the carbon without a bond to a
hydrogen atom. These values are largest for those cases where
such carbons are next to an NH group. Considerable distortions
of theπ Dyson orbitals with respect to those of 1,2,3 and 1,2,4
triazoles are obtained for the 3Na, 3Nc, 3′Nb, and 3′Nc
structures. For the 3Nb case, the third VEDE belongs to aσ
Dyson orbital with large, opposite-phase amplitudes on N1 and
N2.

Table 4 shows the results for tetrazolide isomers. In both
tautomers of the tetrazolide, the HOMO is aσ orbital centered
on the carbon atom. EPT corrections to KT results are much
larger for these levels than for theπ cases. In the reference
tetrazolide anion, the first VEDE (b1) corresponds to aπ Dyson
orbital; oneπ and fourσ levels lie at higher energies within
0.2 eV of each other.14 The tautomeric isomer with the higher
first VEDE has its carbon atom next to an NH group. Major
distortions in theπ Dyson orbitals with respect to those of the
reference tetrazolide are seen.

Some general trends for the azolide isomers may be discerned
in the present results and those of our previous study.14 Total
energy differences between the most stable structures and the

TABLE 3: 1,2,4 Triazolide (a) and 1,2,3 Triazolide (b)
Tautomer VEDEs (eV) and Dyson Orbitals

a Pole strengths are between 0.80 and 0.85.

TABLE 4: Tetrazolide Tautomer VEDEs (eV) and Dyson
Orbitals

a Pole strengths are between 0.80 and 0.85.
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lowest tautomeric isomers are quite large and vary between 32
and 55 kcal/mol. Despite their relative instability, these tauto-
meric species may be produced for the purpose of spectroscopic
interrogation by chemical reactions between precursor molecules
and strong bases in the gas phase. The lowest VEDEs of the
tautomeric forms correspond toσ-hole, final-state doublets
whose Dyson orbitals are localized on carbon atoms without
bonds to hydrogen neighbors. KT predictions may err on this
point, and correlated EPT corrections are frequently needed to
set the correct order of final states. VEDEs associated withσ
Dyson orbitals of this type are larger when there is an NH group
next to the carbon without a bond to a hydrogen atom. A smaller
but opposite trend inσ VEDEs accompanies proximity of such
carbons to nitrogen atoms without bonds to hydrogen atoms.
Higher VEDEs belong toπ-hole, final-state doublets. This
ordering contrasts with that seen for the reference anions,14

where the lowest VEDE corresponds to aπ-hole, final-state
doublet. In the reference anions and in the tautomeric forms,
corrections to KT results are considerably larger forσ-hole states
than forπ-hole states. Whereas orbital relaxation and correlation
effects are strong for cases where aσ Dyson orbital is localized
on a carbon without bonds to hydrogens, the description of the
change in electronic structure that accompanies electron detach-
ment provided by KT remains qualitatively valid.

IV. Conclusions

The present study is an extension of our previous paper14 on
polynitrogen pentagonal aromatic anions. Tautomeric forms for
each anion have been characterized, and their vertical electron
detachment energies have been determined using electron
propagator theory. We find many unforeseeable similarities
among these isomers. Probably the most remarkable conclusion
is that standard Hartree-Fock calculations do not describe the
lowest VEDE correctly in many of these aromatic systems.
Whereas Koopmans’s theorem results are not reliable, correlated
electron propagator calculations correctly predict the order of
the two lowest VEDEs in all cases. This conclusion underscores
the need for incorporating correlation and orbital relaxation in
calculations of electron detachment energies, and the electron
propagator decouplings utilized here provide a means to this
end.
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