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A study on the geometries and electronic properties of new conjugated compounds based on
pyrrole in neutral and doped states was carried out. The theoretical ground-state geometry and
electronic structure of the studied molecules were obtained by the DFT method at the B3LYP level
with a 6-31G(d) basis set. The optoelectronic properties were determined by the ZINDO/s and
TD//B3LYP/6-31G(d) calculations performed on the B3LYP/6-31(d) optimized geometries. The
effects of the substituents and the doping process on the geometries and electronic properties of
these materials are discussed. The results of this study demonstrate how the electronic properties
can be tuned by the backbone ring or side group and suggest these compounds as good candidates

for opto-electronic applications
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INTRODUCTION

Organic m-conjugated materials based on a hetero-
cyclic ring such as polypyrrole or polythiophene have a
wide interest as materials with interesting optical, non-
linear optical and electrical conduction properties [1-4].
These materials are desirable for electronic applications
and have been actively researched in the past decade be-
cause of their interesting potential applications in the
film transistors [1], electroluminescent diodes [2], lasers
[3], sensors [4] and photovoltaic cells [5].

Polypyrrole is one of the most studied w-conjugated
polymers. It exhibits high conductivity when it is doped
[6,7] as well as a large third-order nonlinear optical re-
sponse [8]. Interest has also focused on the applications as
cathode materials for rechargeable batteries [9], gaz sen-
sors [10], selective biosensors [11] electromagnetic shield-
ing materials [12], ion-exchange chromatography resins
[13], membranes [14], and as electro-rheological materi-
als [15].

Recently, increasing interests have been paid to con-
jugated polymers and oligomers based on pyrrole. The
substitution of pyrrole in 3 or 4 positions will increase
the solubility of the corresponding polymers and on the
other hand will also affect the electronic states of the cor-
responding polypyrrole. Consequently, the introduction
of electron donating substituents at the (§ positions of
pyrrole might be an interesting strategy to prevent de-
fects and predict the desirable electro-optical properties
of the studied polypyrrole.

Whereas polypyrrole obtained are highly amorphous,
oligopyrroles are rather not amorphous and can be syn-
thesized as well-defined compounds. Moreover, these

oligomers provide interesting models for our understand-
ing of the structural and electronic peculiarities which
control the charge transport and optical properties in
parent polymers [17]. These materials are currently un-
der intensive investigation for many applications in op-
toelectronics. One of the most important factors of con-
trolling physical properties is the band gap (Eg), which is
the current topic of research. In particular, the materials
with a low band gap are desired in optoelectronic appli-
cations [18]. Many ways have been used to modulate this
parameter as a modification of the chemical structure or
doping process.

In this regard, theoretical studies of oligopyrroles cer-
tainly facilitate the knowledge of polymeric structure.
Theoretical studies on the electronic structure of con-
jugated heterocyclic polymers and oligomers have been
contributed to rationalize the properties of the known
polymers [19] and to predict those of yet unknown ones
[20]. The smallest oligomers can play also an important
role in our understanding of the charge transport mech-
anism and physical properties of polymers.

In this work, we are going to carry out the DFT cal-
culations and to discuss the structural and electronic
properties of neutral and doped oligopyrrole derivatives
(Fig. 1). The results are discussed in comparison with the
properties of the doped oligomers. We are particularly in-
terested in the effect of the introduction of substituents
in the 3 and 4 positions of pyrrole and the influence of
replacement of sulfur atom with oxygen on structural
and electronic properties through comparing the ener-
gies of HOMO, LUMO and Gap energies of the studying
molecules with those of the polypyrrole [21].
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Fig. 1. Studied compounds.

I. METHODOLOGY

The DFT (density functional theory) methods were
used in this study. These methods have become very
popular in recent years because they can reach the ex-
actitude similar to that reachable in other methods at a
lesser time and expene from the computational point of
view [22]. In agreement with the DFT results, the ener-
gy of the fundamental state of a polyelectronic system
can be expressed through the total electronic density,
and in fact, the use of electronic density instead of the
wave function for calculating energy constitutes the fun-
damental base of the DFT. All calculations were done by
GAUSSIAN 03 W software [27], using the B3LYP func-
tional and a 6-31G* basis set [23-26]. The B3LYP, a ver-
sion of the DFT method, uses Becke’s three-parameter
functional (B3) and includes a mixture of HF with DFT
exchange terms associated with the gradient corrected
correlation functional of Lee, Yang, and Parr (LYP). The
geometry of all species under investigation was deter-
mined by optimizing all the geometrical variables with-
out any symmetry constraints. To obtain the charged
(doped) oligopyrroles structures, we start from the opti-
mized structures of the neutral form. The structures of
neutral molecules are optimized under no constraint. We
have also examined HOMO and LUMO levels; the en-
ergy gap is evaluated as the difference between the HO-
MO and LUMO energies. The excited states energies and
oscillator strengths are investigated using the ZINDO/s
[28,29] and TD-DFT(B3LYP/6-31G(d)) [30-31] calcula-
tions on the fully optimized geometries. Radical cations
are treated as open-shell systems and are computed us-
ing the UB3LYP/6-31G(d) wave functions. In fact, these
calculations methods have been successfully applied to
other 7-conjugated materials [32].

II. GEOMETRIC PROPERTIES

For all molecules, geometrical parameters are obtained
after the overall optimization by B3LYP/6-31G (d). It
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was found that the DFT-Optimized geometries were in
excellent agreement with the data obtained from X-ray
analyses. To investigate the effect of the substituents on
the geometries and electronic properties, the optimized
structures of several substituted oligomers built on pyr-
role (6PyOCH;3, 6PySCH3, 6PyS(CH,)S, 6PyO(CHs)O,
6PyS(CHz)2S and 6PyO(CHz)20) are compared with
the unsubstituted one 6Py. On the other hand, to in-
vestigate the effect of the ring structure, the opti-
mized structures and the electronic properties of com-
pounds (6PyOCHj3, 6PyO(CH2)O and 6PyO(CHz)20)
are compared with those of (6PySCHj, 6PyS(CH3)S
and 6PyS(CHz)2S). The geometric characteristics set as
inter-ring distances (di) and dihedral angles (ui) (see
Fig. 2) are listed in Table 1 and 2.

Fig. 2. Structures of the studied compounds and their ge-
ometric parameters.

The optimized geometrical structure of 6Py, 6PyOCHs3,
6PySCH3, 6PyS(CH2)S, 6PyO(CH2)O, 6PyS(CH2)QS
and 6PyO(wHj)20) are displayed in Fig. 4. An accu-
rate representation of the bond rotations in the chain is
extremely important, since especially the properties of a
polymer depend strongly on the conformational statistics
of polymer chains. The theoretical calculations show that
the inter-ring torsion angles are evaluated to be about ~
180° (quasi planar conformation) for 6Py, 6PyO(CH3)O
and 6PyO(CHs)20). While other compounds with an
antigauge with an average twist angle of about 173.2°
(6PyOCH3), 170.2° (6PySCHjs), 161.8° (6PyS(CHs)S)
and 151.9° (6PyS(CHs;)2S). The passage of compounds
6Py, 6PyOCHj3, 6PyO(CH3)O, 6PyO(CHg)2u) to com-
pounds 6PySCHs, 6PyS(CH,)S, 6PyS(CHz)2S reduces
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the torsional angle. This can be explained by the strong
hydrogen oxygen interaction which becomes weak in the
case of sulfur hydrogen. The effect of substitution of pyr-
role hydrogen in the 3rd and 4th positions is clearly
seen. However, the introduction of charges (substitution
of pyrrole in 3rd and 4th positions) carriers enhances the

m-conjugated structures.

Inter-ring distances (A)[d1  [d2 [dz [ds [ds

6Py 1.445(1.442|1.441|1.442|1.445
6PyOCH3 1.437]1.435(1.435|1.435|1.437
6PySCHs 1.453|1.454|1.454|1.453]1.452
6PyS(CHz)S 1.441|1.439|1.438|1.439|1.441
6PyO(CH2)O 1.435(1.432(1.432|1.432|1.435
6PyS(CHz)2S 1.448|1.447|1.447|1.447]1.448
6PyO(CHz)20 1.433|1.430(1.430|1.430(1.433

Table 1. Inter-ring distances d; (A) of the studied

compounds obtained by the B3LYP/6-31G(d) calculations.

Dihedral angles (°) |61 0o 03 04 05

6Py 179.9(179.9(179.9|{179.9|179.9
6PyOCH3 173.81175.0{167.9|174.7|174.0
6PySCHj3 171.7(170.0{171.0{160.8{177.6
6PyS(CH2)S 162.9|158.7|165.9|162.7|159.1
6PyO(CH2)O 179.3|178.0(178.4|179.7|177.6
6PyS(CHz)2S 156.1[148.1{150.5[{148.1{156.6
6PyO(CH2)20 179.6179.5|179.9|{179.5|179.6

Table 2. Dihedral angles 6;(°) of the studied compounds
obtained by B3LYP/6-31G(d) calculations.

When we compare the inter-ring bond for the studied
oligopyrroles, we note that in the case of 6PySCH3 and
6PyS(CH3)2S, the inter-ring distances increase while in
the case of the other compounds and specially 6PyOCHs,
6PyO(CH3)O and 6PyO(CHs;)20 inter-ring distances de-
crease (Fig. 3). This can be explained by the Colom-
bian interaction between oxygen and hydrogen and we
can advance the assumption that the electronic proper-
ties of the last oligomers (6PyOCH3,6PyO(CH2)O and
6PyO(CH;)20) will be responsible for this difference.

This will be discussed in the second part.
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Fig. 3. (Color online) Optimized CC inter-ring bond
lengths of neutral oligopyrrole.
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Fig. 4. (Color online) Optimized structures of the studied oligomers.
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III. OPTO-ELECTRONIC PROPERTIES al, as shown in Fig. 5 (LUMO, HOMO), the HOMOs
of these oligomers possess a m-bonding character with-

It is important to examine the HOMO and the LUMO  in a subunit and a m-antibonding character between the
energies for these oligomers because the relative ordering ~ consecutive sub-units. On the other hand, the LUMOs

of the occupied and virtual orbital provides a reasonable ~ possess a m-antibonding character within sub-unit and a
qualitative indication of excitation properties. In gener- ~ 7-bonding character between the sub-units.
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Fig. 5. (Color online) The contour plots of HOMO and LUMO orbital’s of the studied compounds.
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The experiment shows that the HOMO and LUMO
energies are obtained from an empirical formula based
on the onset of the oxidation and reduction peaks mea-
sured by the cyclic voltametry. But in theory, the HOMO
and LUMO energies can be calculated by the DFT calcu-
lation [33-34]. However, it is noticeable that solid-state
packing effects are not included in the DFT calculations,
which tend to affect the HOMO and LUMO energy lev-
els in a thin film compared with an isolated molecule as
considered in the calculations. Even if these calculated
energy levels are not accurate, it is possible to use them
to get the information by comparing similar oligomers or
polymers.

Molecule Enomo/eV|Erumo/eV | Egap/eV
6Py —-3.970 —0.607 3.363
6PyOCHs —3.510 —0.273 3.237
6PySCH3 —4.468 —1.000 3.468
6PyS(CH,)S | -4.206 | —1.073 | 3.223
6PyO(CH)O | —3.879 | —0.689 | 3.190
6PyS(CHz)2S —4.030 —0.639 3.391
6PyH(CO2)20| —5.910 —0.257 3.004

Table 3. Values of HOMO (eV), LUMO (eV) and
Egap (eV) energies calculated for 6Py, 6PyOCHs,
6PySCHs, 6PyS(CH3)S, 6PyO(CH2)O, 6PyS(CHz2)2S and
6PyO(CHz)20).

The calculated electronic parameters (Gap, HO-
MO, LUMO) of compounds 6Py, 6PyOCHs, 6PySCHs,

6PyS(CH2)S, 6PyO(CH2)O, 6PyS(CH2)QS and
6PyO(CH3)2O are (3.363eV, 3.237eV, 3.468€V,
3.223e¢V, 3.19e¢V, 3.391e¢V and 3.004); (—3.970€V,

—3.510eV, —4.468¢eV, —4.296eV, —3.879¢eV, —4.030eV
and —5.910eV) and (—0.607eV, —0.273eV, —1.00€V,
—1.073eV, —0.639¢V and —0.257€V), respectively. In
the case of compounds 6PyOCHj, 6PyO(CH3)O and
6PyO(CHz3)20 one remarks that there is a systemat-
ic change of the HOMO and LUMO energies into the
backbone, the substitution pushes upward or downward
the HOMO/LUMO energies in agreement with their
electron donor character. However, these compounds
have a smaller energy gap (Eg) than the unsubstituted
one 6Py, which is due to the presence of different sub-
stituents as described previously [35]. The band gap of
6PyO(CHz2)20) is much smaller than that of the oth-
er substituted compounds. This may be attributed to
the number of electron-donating FEthylene dioxy side
groups and also to the Coulombic interaction between
hydrogen of nitrogen and oxygen atoms [36]. Concerning
the comparison between the compounds 6PyOCH3 and
6PySCH3, the theoretical HOMO, LUMO and Gap en-
ergies of 6PyOCH3 are —3.51eV, —0.27¢eV and 3.23¢eV;
while those of 6PySCHjs, are —4.46eV, —1.00eV and
3.22eV, respectively, as shown in table 3. It suggests
that the replacement of oxygen atoms in, 6PyOCH3,
6PyO(CH3)O, and 6PyO(CH3)20) by sulphur atoms
leads to the stabilisation of both the HOMO and LUMO
levels (see fig. 6) with an increase in the energy Gap. This
is in agreement with the experimental results described
elsewhere [35]. These results can explain the short values

of di obtained in the case of 6PyOCHj;, 6PyO(CH;)O,
and 6PyO(CHsy)20).
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Fig. 6. Schematic representation of the B3LYP/6-31G(d)
calculated energies HOMO and LUMO Levels of the studied
oligomers.

To investigate the substitution effect on the absorp-
tion properties of these oligomers, the values of A ax
are presented in Table 4. These values are calculated
by TDDFT, and ZINDO methods starting with an opti-
mized geometry obtained at the B3LYP/6-31G(d) level.
At the first glance over the numbers we notice that the
calculated values of Ay shift in the same direction up-
on the substitution by OCHs, O(CH3)O or O(CH;)20O
whatever the applied method maybe. All the substituted
oligomers 6PyOCHj3, 6PyO(CH3)O, and 6PyO(CHs)20
exhibit a red shift relative to the unsubstituted one 6Py.
This is in good agreement with the obtained results in the
first part and with the experimental observations [37].
We note that calculations are performed in the isolated
state, while the properties are measured in a liquid state.
The theoretical wavelengths (Anax) calculated for isolat-
ed chains are expected to be about 25 nm smaller than
the experimental values obtained from the condensed
phase’s approach [38]. When taking into consideration
this difference, the TDDFT method tends to reproduce
the best A\ ax values similar to those of the experience.

IV. THE DOPING PROCESS

Within the context of molecular electronics, studies
on the structure of a charged oligopyrrole are relevant to
Holt transport through single molecules since this pro-
cess can be regarded as a result of the p-doping of the
semi-conducting molecule. Since the p-doped molecule
becomes ultimately responsible for charged transport it
is interesting to study this phenomenon in our case. As
said before, to obtain the oxidized optimized structure
of a oligopyrrole and its derivatives we started from the
optimized structure of the neutral form. When compared
with the neutral oligomers, the simple bonds become
shorter, while the double ones become longer. The inter-
rings bonds are longer than normal double bonds.
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[Molecule [Methods [Amax (nm) cal, (O. S)]
6Dy TD//B3LYP,/6-31G(d)| _ 409.05 (1.93)
ZINDO 485.17 (1.75)
6PyOCH;  |TD//L3BYP/6-31G(d)|  423.27 (1.89)
ZINDO 513.97 (1.58)
6PySCH;  |TD//B3LYP/6-31G(d)|  402.47 (1.28)
ZINDO 483.80 (1.59)
6PyS(CH2)S |TD//B3LYP/6-31G(d)|  435.70 (1.45)
ZINDO 488.32 (1.50)
6PyH(CO,)O |TD//B3LYP/6-31G(d)|  407.96 (2.18)
ZINDO 519.23 (1.74)
6PyS(CH,).S |TD//B3LYP/6-31G(d)|  415.34 (1.31)
ZINDO 467.34 (1.42)
6PyO(CH,),0|TD//B3LYP/6-31G(d)|  453.35 (2.11)
ZINDO 532.88 (1.65)

Table 4. Calculated absorption Amax (nm) and Oscillator Strength (O.S) for 6Py, 6PyOCHs, 6PySCHs, 6PyS(CH>)S,

6PyO(CH2)O, 6PyS(CH2)QS and 6PyO(CH2)QO)

Molecule Ecap/eV (neutre) |Egap/eV (Polaron)|Eg,,/eV (Bipolaron)
6Py 3.363 3.07 1.06
6PyOCH3 3.237 2.97 1.26
6PySCHj 3,468 3.17 0.72
6PyS(CH,)S 3.223 2.86 0.98
6PyO(CH;)O 3.190 2.95 1.10
6PyS(CHy)»S 3.391 2.88 1.02
6PyO(CH,),0 3.004 2.75 1.25

Table 5. The values of energy Gap(eV) of several oligomers, respectively, in their neutral, polaronic and bipolaronic forms.

A quinoid-like distortion emerges as a result of oxida-
tion (Fig. 6). The region with a clearly distinct quinoid
structure extends over four—six pyrrole rings, which is
consistent with the ab-initio HF and DFT calculations
performed by J. Casado et al. [39] for substituted oligopy-
rroles. On the other hand, the optimized geometry of the
dicationic oligopyrrole and derivatives indicates the for-
mation of the positive bipolaron defect localized in the
middle of the molecule and extends over the adjacent re-
peated units. The charged species are characterized by a
reverse of the single double C-C bond pattern; the ge-
ometry process thus induces the appearance of a strong
quinoid character within the molecule (Fig. 4).

For example, structural parameters of the 6Py in its
quinoidic form (polaronic and bipolaronic) indicate that
the cycles at the ends preserve their aromatic character
whereas the central processing units present a quinoid
character. For the oxidized (6Py)*, the four innermost
rings are characterized by a quinoidic structure. This is
summarized on figure 6.

Traditionally up until now the charged states the con-
jugated molecules have been discussed in terms of the
one-electron band model. The values of the gap energies
are shown in Table 5 for several oligomers in their neu-
tral, polaronic and bipolaronic forms, respectively. The
available values of the gap energy of polymer in a neural
state are presented also in this Table for comparison. We
note that the energy gap decreases when passing from
the neutral to the doped form for all oligomers.
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More importantly, these properties can be tuned by
different substituents in several positions. On the oth-
er hand, theoretical calculations provide a lot of useful
information that help the chemists to build up a good
relationship between structure and properties of these
materials. A theoretical analysis of the electronic struc-
tures of various conjugated polymers and oligomers has
been extensively reported [41-43]. We have successfully
used the DFT method to predict the properties of poly-
thiophene and polyparaphenylene [44,45].

Fig. 7. Simplified neutral (a), polaron (b) and bipolaronic
(c) structures.
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V. CONCLUSION

In the present paper, a theoretical model of a oligopyr-
role and derivatives is obtained from the B3LYP/6-31(d)
calculations. The most stable confirmation in the neutral
form is the anti-planar conformation for all the stud-
ied molecules. For polaron and bipolaron oligomers, the
obtained structures are completely planar. The gap en-
ergy calculated with the same method decreases when
passing from the neutral to the doped form for each
oligomer. The quinoidic character is more accentuated
when a second electron is removed. The effect of the sub-
stituent OCH3, SCH3, S(CHQ)S, O(CH2)07 S(CH2)2S
and O(CHz)20 groups in the 3rd and 4th positions of
a pyrrole have been examined. The insertion of OCHs,

S(CH;)S, O(CH3)O and O(CHs)20 groups leads to a re-
duction of the energy gaps. The obtained results lead to
suggest that these oligomers are good models to reflect
the optoelectronic properties for the corresponding par-
ent polymer. On the other hand, our calculations have
shown geometrical changes after one and two electron
oxidations and have specified the atoms and bonds in
oligomers, which are the most sensitive to these changes.
The lateral pyrrole rings do not reveal any geometrical
changes after the doping process. These theoretical re-
sults help us to interpret electrochemical experiments
and to predict molecular properties also for neutral, po-
laronic and bipolaronic states leading to the future ap-
plication of these compounds.
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OIITUKO-EJIEKTPOHHI BJIACTUBOCTI I MOJIEKVJ/IIPHUMN AU3ANH
HOBUX MATEPIAJIIB HA OCHOBI ITIPOJIVY.
JOCJ/ITI2KEHHSA METOAO0M ®YHKITIOHAJIA I'YCTUHNA

X. Tygix', C. M. Byssine>?, O. Hinic"*, M. A6apkane®, ®. JIsmmypi', M. Xamizi?, M. Byampine!
YUMIM, Horiducyunainapruts gaxyavmem, Tasa, Mapokko
2UCTA, Daxysvmem nayku i mexwivu, Eppawidia, Mapoxxo
3 Hasuwanvniti yenwmp oasn swumenis, Eppawidia, Mapoxko
ALIMAO, Horiducyunainapruts garyavmem, Tasa, Mapokko

TeopeTnaHO IOCTIIKEHO TEOMETPII0 Ta €JEKTPOHHI BJIACTUBOCTI HOBUX CIIOJIYK i3 MOJABIMHUMUI CIPSIZKEHUME
3B’sI3KaMU Ha OCHOBI ITiPOJIy B HERTpAJbHUX 1 JleroBaHux cranax. TeopeTwdHi J1aHi Ipo reoMeTpito OCHOBHOI'O CTaHy
Ta eJIEKTPOHHY CTPYKTYPY JOCTIIXKyBaHUX MOJIEKYJ OTPUMAHO MeTOJI0OM (PYHKIIOHAIA TycTHHU Ha pisHi B3LYP
3 6azucom 6-31G(d). Onroesexrponni Biracrusocri Gyso BusHadeHo 3a gonomorow ZINDO/s- 1 TD// B3LYP/6-
31G(d)-pospaxyukis, Bukonanux y B3LYP/6-31(d) onrumizosaniii reomerpii. OGroBopeHo BIIMB 3aMiHHUKIB Ta
JIETYBaHH¢ HA TeOMeTPil Ta eJIeKTPOHHI BJIACTUBOCTI X MaTepiajiB. Pe3yiabraru nmporo mociiipkeHHs I0Ka3yoTh,
fIK €JIEKTPOHHI BJIACTHBOCTI MOXKYThb OyTH HAJIAINTOBAHI 3a JOIOMOIOI0 MariCTpasjbHOIO KijibIlg abo 6iumol rpynu
1 TIafOTh MiJICTaBY BBAXKATH IIi CIIOJIYKUA XOPOIIMMH KaH/IMIaTaMU JIJIsi OIITUKO-EJIEKTPOHHUX ITPUCTPOIB.
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