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Condensed Five-membered Heterocycles with Potentialities as Conducting
Polymers: ab initio Electronic Structures and Theoretical Valence X-Ray

Photoelectron Spectra
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The electronic structures of pyrrolo-[2,3-b]- and -[3,2-b]-pyrroles, and the equivalent thienopyrroles
and thienothiophenes have been investigated by MNDO and STO-3G ab /initio calculations on model
molecules. In agreement with previously reported u.v. photoelectron spectral data and semiempirical
calculations, the [3,2-b] derivatives display lower ionization potentials than their [2,3-b] homologues. For
two compounds, a discrepancy regarding the nature of the HOMO is found between these theoretical
results and ours. As experimental X-ray photoelectron spectral data have to be obtained, simulated valence
X-ray spectra based on the molecular intensity model proposed by Gelius have been calculated.

The preparation of air-stable compounds is one of the key
features in the development of conducting polymers.
Polythiophene and doped polypyrrole are among the few
existing systems which exhibit such stability; this explains the
present interest in these and related systems. Also, polypyrrole
and polythiophene can easily be prepared by a one-pot
procedure using electrochemical methods,! "!! and their
organic nature opens up possibilities for applying chemical
modifications to enhance favourable trends in their properties.
For example, substitution of thiophene in the f-position
dramatically affects both the electrical and mechanical
behaviour of the polymer.®-!° Similar attempts on polypyrrole
are subject to preparation difficulties for f-substituted
pyrroles.®-12:13 More elaborate changes can also be envisaged
such as condensation of the basic building blocks, pyrrole,
thiophene, selenophene, either with themselves or with other
compounds. Recently, Wellinghoff et a/'* have obtained
conducting films of a chemically doped N-methyl-3,6-
dibromocarbazole polymer.

Quantum mechanical calculations on model molecules and
polymers (extended and/or short-chain systems), doped !5-!¢
and undoped,!’ not only provide a description of their
electronic structure, but also guidance in what are the most
probable phenomena occurring at the atomic level. X-Ray
photoelectron spectroscopy (XPS) provides an ideal tool for an
experimentally based description of core and valence energy
regions of both pristine and doped systems. From careful
analyses, it is even possible to speculate on the response modes
of the system upon doping.!®!?

We are interested in a series of heterocyclic molecules,
pyrrolo[2,3-b]pyrrole (1), thieno[2,3-b]pyrrole (3), thieno[2,3-
b]thiophene (5), and analogues, which, from the viewpoint of
the above comments, are logical candidates for new conducting
polymers. The measurement of their u.v. photoelectron (UPS)
spectra and interpretations based on semiempirical calculations
have already been published.2®2! However, UPS probes
topmost levels only and other techniques, e.g. XPS, should be
used to obtain access to the deeper valence states. In previous
work, we have demonstrated the capability for the STO-3G
minimal basis set calculations to predict reliably the essential
features, shape, intensity, nature, and location of peaks of
valence XPS spectra.??
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We report here the results of ab initio calculations on the
electronic structure and theoretically constructed valence XPS
spectra of the aforementioned molecules.

Calculations

To our knowledge, neither X-ray diffraction nor microwave
spectroscopy measurements have been made available on the
series of compounds we are dealing with. To keep computa-
tional expenses at a reasonable level, we have determined a
model structure through MNDO geometry optimization; this
technique 232% is known to yield reliable structural parameters
for series of similar compounds. In so doing we have mainly
attempted to take into account differences between configura-
tions, e.g. between pyrrolo[2,3-b]- and pyrrolo[3,2-b]-
pyrrole, as well as relative variations due to the nature of the
heteroatoms involved, N and/or S. Results are listed in Table 1.
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These optimized geometries have been utilized as input data
in STO-3G minimal basis set 2% calculations using the Gaussian
80 package.2® All integrals larger than 10® were explicitly
retained and convergence on density matrix elements was always
satisfied within a maximum threshold of 5§ x 1075.

All calculations made in this work were carried out on a DEC
2060 computer.

As one of our future aims is to record XPS spectra of these
compounds, special attention has been paid to theoretical
simulations of the valence region using the molecular orbital
intensity model proposed by Gelius.2” Previously made
simulations on related compounds have come very close to the
shape of experimental spectra;222% a similar agreement is
hoped for this series of molecules. In another context, such
theoretical simulations have also been revealed as a potential
means for detecting undesirable photoelectron contributions
to the valence XPS spectra originating from the metallic
support 2 (even though no contamination could actually be
observed in the core region).

The frozen orbital approximation is the basic assumption on
those theoretical simulations which consist of peaks centred at
rescaled one-electron energies, €; (multiplication factor 0.72).22
Each peak is represented by a linear combination of one
Lorentzian and one Gaussian both having the same height and
the same width (1.5 eV) over the energy range considered.

99

Results
(1) One-electron and Total Energy Mulliken Analysis—As

mentioned previously, almost no experimental information is
available on the geometries besides an early X-ray structure on

LP(UPS) (eV)

5 6 7 8 9
LP.(S5T0-3G)(eV)

~

Figure 1. Relation between theoretical (ab initio STO-3G) and
experimental (UPS) ionization potentials (I.P.)
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Figure 2. a, Simulated XPS valence spectra of pyrrolo-[2,3-b]- (1) and [3,2-b]-pyrrole (2); b, simulated XPS valence spectra of thieno-{2,3-b]- (3) and
[3,2-b]-pyrrole (4); c, simulated XPS valence spectra of thieno-[2,3-b]- (5) and [3,2-b]-thiophene (6)
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thienof 3,2-b]thiophene.3® According to this determination, the
MNDO C-S bond length appears too short by ca. 0.05 A while
the CSC angle is slightly overestimated (Table 1). This
corroborates the results on thiophene oligomers obtained by
Brédas et al.3!

Total energies, atomic, and overlap populations are listed in
Table 2. From these calculations the [3,2-b] derivatives are
predicted to be more stable than the [2,3-5] ones, mainly
because of smaller nuclear repulsions due to larger internuclear
distances between heteroatoms in the former series. The energy
difference increases with the nitrogen content in the molecule.
In the case of pyrrolo-[2,3-b]- and -[3,2-4]-pyrrole, e.g., this
interaction should be evidenced by the width of the N2s peaks
as revealed by XPS valence band spectra.

Gross atomic charges are little affected by the molecular
configuration, except those for «-carbons which strongly
depend on the neighbouring heteroatoms.

Overlap populations indicate that double- and single-bond
alternation is less pronounced in (i) the [3,2-5] than in the [2,3-
b] derivatives, and (ii) in the nitrogen rather than the sulphur
molecules. The stronger alternation in the sulphur-containing
heterocycles is somewhat puzzling in view of the reported
higher resonance energy for thiophene (28.7 kcal mol™") than
for pyrrole (21.2 kcal mol').32 Suitable analysis of the
aromatic character of heterocycles would require sophisticated
calculations which go beyond the simple one-electron picture
used here. MNDO and ab initio potentials are compared in

Table 3. Theoretical (MNDO and ab initio) and experimental ionization
potentials (eV)

MNDO Ab initio Experimental
4 A- A4 A Al (UPS) .
Pyrrole la, 8.57 la, 6.28 8.22
2b, 9.32 2b, 7.52 9.22
6a, 1309 6a, 12.41 12.70
4b, 13.51 4b, 13.14 12.95
Thiophene la, 9.51 la, 7.02 8.90
2b, 9.95 2b, 7.19 9.50
6a, 12.83 64, 7.19 12.10
1b, 13.29 4b, 1045 12.70
12.33
Pyrrolo[2,3-b]- 3b, 796 3b, 5.07 7.46
pyrrole 2a, 822 2a, 591 791
2b, 10.07 2b, 8.68 9.73
la, 1238 8a, 11.51 11.47
Thieno[2,3-b]- Sa” 8.56 Sa” 547 1797
pyrrole 4a” 8.86 4a” 6.10 8.31
3a” 1043 3a” 8.51 9.89
2a” 12.19 15qa° 10.32 1145
Thieno[2,3-b]- 2b, 922 3b, 6.02 8.32
thiophene 2a, 9.37 2a, 6.14 8.41
2b, 10.70 2b, 8.43 10.08
la, 12.18 8a, 10.25 11.27
Pyrrolo[3,2-b]- 3a, 7.84 3a, 4.89
pyrrole 2a, 834 2a, 6.14
2b, 9.81 2b, 8.36
7a, 1244 7a, 11.47
Thieno[ 3,2-b]- 5a” 844 5a” 5.39 7.70
pyrrole 4a” 899 4a” 6.11 824
3a” 10.29 3a” 8.49 9.66
24 1227 15a 10.13 11.30
Thienof{ 3,2-b]- 3a, 9.10 3aq, 595 8.10
thiophene 2a, 9.54 2a, 6.14 8.61
2b, 10.65 2b, 8.42 10.04
1b, 12.14  8a, 9.84 11.50

“ From refs. 20, 21, and 34.
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Table 3 with UPS data.2%21:34 The ordering of the levels is
similar in both methods, but, in the absolute, MNDO values
come closer to the the experimental ionization potentials.
Nonetheless STO-3G results correlate reasonably well with
UPS values as shown in Figure 1.

In the case of pyrrolo[2,3-b]pyrrole and thieno[2,3-b]-
pyrrole, our assignment of the two highest occupied levels
differs from the proposition by Gleiter et al.?! For both systems
our MNDO and ab initio calculations predict the HOMO as
being a &, state for pyrrolo[2,3-b]pyrrole and an a” state for
thieno[2,3-b]pyrrole. Accordingly, in the wnole series of the
[2,3-b] compounds, the HOMO is characterized by weak p,
contributions from the heteroatoms and large 2p, contributions
from C(4) and C(5). This disagreement would result from the
use of different methods of calculation and/or geometries (in
our case MNDO optimized geometries). Published UPS
measurements are unfortunately insufficient to clarify this
point, as intensity criteria are not invoked in the assignments.
In future measurements, use of He' and He" radiations
could certainly help in solving this problem of identifying
unambiguously the nature of the first ionization potential, e.g.
by watching changes in the relative intensity of the first two
lines.

(2) Simulated X PS Valence Spectra—We predict theoretically
the changes to be expected in the shape of the valence XPS
spectra as influenced by (1) the configuration, and (2) the nature
of the heteroatoms in the series of compounds.

(a) Influence of configuration. In pyrrolo-[2,3-b]- and -[3,2-
b]-pyrroles (Figure 2a) the major differences are expected to
occur in peaks A—C. Peak A splits into two components upon
going from the [3,2-5] to the [2,3-b] derivative. In the latter, as
already shown by the total energy results, the smaller distance
between the nitrogen atoms favours more interaction between
N2s atomic functions which, in this energy range, make large

(1

(3)

Intensity

(5)

—

5 eV Binding energy

Figure 3. Simulated XPS valence spectra of the [2,3-b] derivatives:
pyrrolo[2,3-b]pyrrole (1); thieno[2,3-b]pyrrole (3); thieno[2,3-b]-
thiophene (5)
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contributions to the LCAO expansion of the one-electron
states. On the basis of previous experience this is likely to be
observed as a broadening of peak A in the measured spectra.

A drastic change is observed in peak B; it results from a
nearly 1 eV shift of the 2b, orbital whose composition is mainly
2s and originates from atoms in positions 1, 3, 6, and 8. Changes
in peak C are small and will probably be experimentally
unobservable.

As can be seen in Figure 2b, both thienopyrroles exhibit
similar spectral shapes. However, we note the appearance of a
new feature, (A), in the [3,2-b] compound; it can be related to
the nature of the 194’ orbital whose S3s contribution is
significantly more important than in the [2,3-b] configuration.

In the case of thieno-[2,3-b]- and -[3,2-b]-thiophenes, the
simulated spectra are quite comparable. As the differences
between these two simulations (Figure 2¢) are small, it may be
inferred that these isomers will remain indistinguishable in
their valence XPS spectra.

(b) Influence of the heteroatoms. A comparison of the three
[2,3-b] derivatives (Figure 3) can serve as a way to follow the
influence of the nature of the heteroatoms on the shape of the
spectra. The most noticeable feature is a progressive lowering of
the intensity of the innermost valence levels, characterized by a
strong N2s nature, balanced by an intensity increase of the lines
related to the sulphur lone pairs which arise at lower binding
energies. Other differences exist, but are less marked, and to
some extent not very significant for experimental measure-
ments.

Conclusions

The ab initio calculations carried out on pyrrolopyrroles,
thienopyrroles, and thienothiophenes (1)-—(6) have brought
additional information on their electronic structure, especially
in relation to the potential valence XPS measurements.

In all cases, except when it comes to the comparison between
the two thienothiophenes (§) and (6), significant differences
driven by configuration and nature of heteroatoms are expected
in their experimental spectra. Work is currently in progress to
check these predictions.
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