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Abstract The electronic and structural properties of pyrrolic
ring derivatives were studied using density functional theory
(DFT) in terms of their application as organic semiconductor
materials in photovoltaic devices. The B3LYP hybrid func-
tional in combination with Pople type 6-31G(d) basis set with
a polarization function was used in order to determine the
optimized geometries and the electronic properties of the
ground state, while transition energies and excited state
properties were obtained from time-dependent (TD)-DFT
with B3LYP/6-31G(d) calculation. The investigation of
pyrrolic derivatives formed by the arrangement of several
monomeric units revealed that three-dimensional (3D) conju-
gated architectures in which the combination of a triphenyl-
amine (TPA) core with 7-conjugated rings attached to the
core, present the best geometric and electronic characteristics
for use as an organic semiconductor material. The highest
occupied molecular orbital (HOMO) — lowest unoccupied
molecular orbital (LUMO) energy gap was decreased in 3D-
structures that extend the absorption spectrum toward longer
wavelengths, revealing a feasible intramolecular charge
transfer process in these systems. All calculations in this work
were performed using the Gaussian 03 W software package.
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Introduction

Devices based on organic semiconductors are presently
highly competitive for applications in electricity generation.
In particular, organic solar cell research has achieved
dramatic improvements in recent years, currently yielding
efficiencies of around 5% [1]. The semiconducting proper-
ties of organic 7t-conjugated materials are an important area
of research into easy and low-cost processing techniques to
provide functionality and a large variety of applications
such as organic light-emitting diodes (OLEDs) [2], organic
photovoltaic (OPVs) [3], organic field-effect transistors
(OFETs) [4, 5] and sensory materials [6, 7]. Such organic
semiconductors include conjugated polymers and small
molecular weight conjugated systems based largely on
carbon and hydrogen, with small amounts of oxygen,
nitrogen and sulfur in some materials [8].

One type of conjugated oligomer consists of well
defined structures, named dendrimers, comprised of den-
drons attached to a central core, which provide high
processbility for applications in photovoltaic devices. These
are three-dimensional (3D) man-made molecules produced
by an unusual synthetic route that incorporates repetitive
branching sequences to create a unique novel architecture
with specific properties (electronic, optical, opto-electronic,
magnetic, chemical, or biological) [9]. The dendrimers
provide an excellent material for organic electronics [10].
Mitchell and co-workers [11] synthesized a series of first-
generation thiophene-bridge dendrimers, and found that the
electronic and optical band gaps decreased with increasing
bridging of conjugated monomeric units; organic molecules
derived from triphenylamine (TPA) have also been widely
investigated [12]. The no-planarity in these types of
molecules (TPA derivatives) and combinations with
m-conjugated systems could improve charge-transport
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properties. Such molecular arrangements have been
reported previously by Nishimura et al. [13] and Ohishi
and co-workers [14]. Theoretical studies that can help
improve our understanding of structure-property relation-
ships by systematically comparing theoretical description
and electronic properties have also been published [15].
Suprtiz et al. [16] used a stochastic model to describe
excitation transport in highly branched dendrimers in order
to investigate the influence of an energy capturing reaction
center on such transport.

Systems involving oligomers, dendrimers and 7t-conjugated
polymers inherently possess a large number of possible
combinations; in this sense, before starting a chemical
synthesis it is convenient to check the molecular arrangement
using quantum-chemical methods. For example, Beenken [17]
performed a theoretical study of the photo-induced charge
transfer in organic materials, increasing the number of
monomeric units to provide sufficient optical absorption.
Yang et al. [18] used applied quantum-chemical techniques to
investigate the structural, electronic and optical properties of a
series of thiophene oligomers, and showed that as the
conjugation lengths increase the energy gaps decrease, and
thus the absorption spectra exhibit bathochromic shift.

Here, we report the structural and electronic properties of
some pyrrolic derivatives of TPA dendrimers analyzed by
theoretical methods and UV-vis absorption spectroscopy.
The frontier energy behaviors of these compounds were
also studied in order to investigate their potentiality in
photovoltaic conversion. The compounds targeted in this
study have a number of desirable characteristics related to
their use in organic photovoltaics and OLEDS: (1) they
contain pyrrole groups with molecular parameters similar to
the thiophene derivatives that have been shown to be useful
as molecular nanostructured materials; (2) 7t-conjugated
derivatives are generally efficient fluorophores and, as
such, are useful for the fabrication of nanobiosensors; (3)
they can be used as attractive building blocks for organic
molecular materials [19].

Theory and computational details

There is much debate about which electronic structural
method is best to model or describe the electronic
properties in 7t-conjugated systems correctly [20]; how-
ever, it was recently shown that the hybrid density
functional B3LYP [21] level of theory, which is a hybrid
Hartree-Fock density functional theory (HF-DFT) func-
tional that combines Becke’s three parameter exchange
functional [22] with Lee-Yang-Parr’s correlation function-
al [23] in combination with the 6-31G(d) [24] basis set
with polarization functions, provides good results for
structural and excited state electronic properties in short
conjugated systems [25-27]. The application of a hybrid-
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functional is recommended for studies of charge transfer
phenomena, especially where the exchange interaction is
an important aspect to evaluate [17, 22]. Equilibrium
geometries in ground state calculations were done using
the B3LYP functional and 6-31G(d) basis set. The
analytical frequency calculations were carried out for each
stationary structure to verify if it is a minimum or a saddle
point of first order. Excited state calculations in all
pyrrolic derivatives were obtained by time-dependent
(TD)-DFT [28-30] using the same hybrid functional and
basis set as for the ground state calculations by DFT. It has
been reported that TD-DFT is not a good method for
calculate 7t-7t* electronic transitions; however, our results
lead to adequate description of these properties in excited
state as reported in previous works with similar molecular
systems [17, 25-27]. All computational studies were
performed with the Gaussian 03 W simulation program
[31].

Results and discussion
Geometry optimizations in the ground state

Figure 1 shows the monomeric units of four pyrrolic ring
structures that form the basic construction units for the
systems analyzed here: monomer 1 (4-metoxiphenyl)-[4-(4-
metoxiphenyl)-1H-pyrrole-3-yl]-metanone; monomer 2
(4-nitrophenyl)-(4-phenyl-1H-pyrrole-3-yl)-metanone;
monomer 3 [4-(4-nitrophenyl)-1H-pyrrole-3-yl]-(phenyl)
metanone; and monomer 4 [4-(4-metoxiphenyl)-1H-pyrrole-
3-yl] (phenyl) metanone. Figure 2 shows the sketch map of
dimers 1-1A and 1-1B (formed with two units of monomer 1
in different arrangements), as well as the trimers 2-2-2
(created with three units of monomer 2), 3-3-3 and 4-4-4
(three monomeric units of monomers 3 and 4, respectively).
Geometrical optimization calculations were performed with
B3LYP/6-31G(d) level of theory for each of the proposed
systems in the ground state. The results show that the 2-2-2,
3-3-3 and 4-4-4 molecules present star-shaped structures
known as dendrimers, with 2-2-2 and 3-3-3 having a central
TPA core, thus these systems could be classified as a TPA-
based compounds. This arrangement can influence the
absorption of incident sunlight—an important characteristic
for the construction of organic solar cells. Optimized
geometries are depicted in Fig. 3.

HOMO-LUMO energy gap

The energy calculation of the frontier orbitals: HOMO (highest
occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital), as well as the HOMO—-LUMO energy gap
(AEgyy), are very significant properties that can aid analysis of
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OCH;

Monomer 3 Monomer 4

Fig. 1 Monomeric basic units of pyrrolic rings: monomer 1 (4-
metoxiphenyl)-[4-(4-metoxiphenyl)-1H-pyrrole-3-yl]-metanone; mono-
mer 2 (4-nitrophenyl)-(4-phenyl-1H-pyrrole-3-yl)-metanone; monomer
3 [4-(4-nitrophenyl)-1H-pyrrole-3-yl]-(phenyl) metanone; and monomer
4 [4-(4-metoxiphenyl)-1H-pyrrole-3-yl] (phenyl) metanone

Molecule 1-1A

Molecule 3-3-3

Molecule 2-2-2

the electronic behavior of these materials. The energy gap is
considered as the energetic difference between the valence
and conducting band, where, for organic materials, the
HOMO is considered the valence band and the LUMO
corresponds to the conducting band. This energy gap provides
a reasonable indication of the excitation properties of these
systems; thus, the smaller the energy gap, the bigger the
excitation capability of material. Table 1 presents the values
obtained for HOMO, LUMO and the HOMO—-LUMO energy
gap for all systems.

The energy gap calculation, AE,,, = (ELumo —
Enomo), in the ground state obtained with DFT B3LYP/
6-31G(d) revealed an important difference in the proposed
molecular arrangements, the energy gap results being in
the order:

1-1A>4-4—-4>2-2-2>1-1B>3-3-3

N
4 Molecule 1-1B

Molecule 4-4-4

Fig. 2 Molecular structures of pyrrolic derivatives. Dimers 1-1A and 1-1B are formed from two units of monomer 1 in different arrangements,
trimer 2-2-2 is created with three units of monomer 2, and trimers 3-3-3 and 4-4-4 from three monomeric units of monomers 3 and 4, respectively
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Fig. 3 Optimized geometries of the five structures shown in Fig. 2 using B3LYP/6-31G(d)

As can be seen in Table 1, the smallest HOMO—-LUMO
gap value (3.14 eV) was obtained for the 3-3-3 trimer—this
value represents a considerable reduction (~1 eV) in the
energy gap for the analyzed systems. As mentioned above,
and from the results obtained, the 3-3-3 architecture thus
represents the material most capable of excitation by
incident sunlight with a reduced energy gap, which
contributes to the performance of semiconductor materials.

Ultraviolet spectrum calculations

The potential of organic semiconducting materials for
photovoltaic conversion, as well as their electronic properties,
can be analyzed by UV-Vis absorption and emission
spectroscopy [32]. For organic semiconductors in the relaxed

ground state geometry with appropriate HOMO-LUMO
energy gaps, the absorption process begins when the material
absorbs a photon (vertical absorption) and an electron-hole
pair (exciton) is created. This exciton energy is then
converted to electricity by the correct addressing of electrons
and holes to the different electrodes in a solar cell. We
applied TD-DFT B3LYP/6-31G(d) to all the optimized
geometries to obtain the UV spectrum and the electronic
transitions of all the structures under study. Table 2 lists the
maximum absorption wavelength (A,.x) and vertical absorp-
tion energies (£4); the energy corresponding to the
maximum in the spectrum absorption bands (excitation
energies) can be compared with the vertical transition
energies (vertical absorption) [33]. According to these
results, the 2-2-2 and 3-3-3 molecules present the lowest

Table 1 HOMO (highest occu-

pled molecular Orbital) — LUMO Molecule HOMO (CV) LUMO (CV) AEgap = ELUMoiEIIOMO (CV)
(lowest unoccupied molecular
orbital) energy gap (AEg,,) 1-1A -5.43 -1.33 4.10
obtained with the DFT B3LYP/ 1-1B -4.90 1.17 3.72
6-31G(d) model chemistry 200 536 156 380
3-3-3 -4.30 -1.16 3.14
4-4-4 -5.20 -1.26 3.93
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Table 2 Electronic absorption values calculated with time-dependent
density functional theory (TD-DFT) B3LYP/6-31G(d) model chemis-
try, maximum absorption wavelength (A;.x) and vertical absorption
energy (24)

Molecule Amax (nm) Qa (V)
1-1A 281.76 4.40
1-1B 283.77 4.37
2-2-2 373.61 3.32
3-3-3 335.77 3.69
4-4-4 275.85 4.49

values for vertical absorption energy at 3.32 and 3.69 eV,
respectively, meaning that lower energy is required to cause
an electronic transition.

Figure 4 shows the UV spectra for each compound
obtained with TD-DFT B3LYP/6-31 G(d). Analysis of
these spectra highlights the mismatch of the absorption
spectrum of these materials and the terrestrial solar
spectrum [34], where the maximum is between 500 and
800 nm [35]. However, the best performance is seen with
the 2-2-2 and 3-3-3 dendrimers, with the latter presenting a
small band close to the solar spectrum range. The most
important characteristic for efficient photon harvesting [36]
is the maximum absorption wavelength (A, value; for
these compounds, An. is 373.61 y 335.77 nm, respec-
tively, corresponding to a 7—7t* transition. The increase in
the number of aromatic rings in the molecules expanded the
m-conjugated system, where the 2-2-2 and 3-3-3 arrange-
ments present a bathochromic displacement in the absorp-
tion band, which means that a lower level of energy is
necessary to promote an electron from lowest to highest
energy levels, this agree with previous theoretical [37] and
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Fig. 4 Comparison of UV absorption spectra of pyrrolic derivatives
calculated with time-dependent density functional theory (TD-DFT)
B3LYP/6-31G(d)

experimental [38] works. The 7-electrons are more easily
excitable and can pass toward the orbitals of higher energy.
There is a general rule that summarizes the effects of
conjugation in the UV absorption wavelength: compounds
containing a greater number of conjugated double bonds
absorb light at longer wavelengths [37].

On the other hand, although all the trimers (2-2-2, 3-3-3
and 4-4-4) present a 3D conjugated architecture with the
same number of 7t-conjugated rings (see Fig. 3), the 4-4-4
molecule presents the lowest A,.x (275.85 nm), with a
HOMO-LUMO energy gap of approximately 3.93 eV (see
Table 1); these values could indicate a weak capacity for
electronic semiconducting properties.

An individual analysis of absorption spectra is reported
in Fig. 5. It should be noted that all compounds present a
maximum absorption band corresponding to 7—7t* tran-
sitions in a range of 275-373 nm, where the m—7mt*
electronic transition character is due mainly to HOMO—-
LUMO transitions. A previous experimental study [38] on
similar 3D materials has shown that the emergence of a new
transition or second band could be assigned to an
intramolecular charge transfer (ICT) in the system. Com-
parison of the spectra of compounds 1-1A, 3-3-3 and 4-4-4
could indicate the appearance of a new transition or ICT
band with an increment in intensity.

Localization of front molecular orbitals

The theoretical approximation DFT B3LYP/6-31G(d) can
be used to inspect the molecular orbitals that contribute to
the excitation process in organic molecules. This analysis
was carried out only in the 2-2-2 and 3-3-3 3D-structures
because these molecules presented the lowest energy gap
and the best bathochromic displacement in the UV spectral
analysis. The excitation properties and the feasability of
electron or hole transport are influenced strongly by the
shapes of the frontier energetic levels. This examination as
well as contour plots of HOMOs and LUMOs are shown in
Tables 3 and 4 (isovalue=0.02). Based on the electronic
transition analysis, we selected the highest occupied and the
three lowest unoccupied molecular orbitals, denoted as
HOMO, LUMO, LUMO+1 y LUMO+2, respectively. It
can be seen that, for the 2-2-2 and 3-3-3 dendrimers, the
HOMO orbital is localized mainly in the TPA core—this
core being the electron-rich inner part of the molecule.
Also, it is well known that the HOMO orbital can be an
approximation of the electron donor capacity of any
system, while the LUMO molecular orbital can be
interpreted in a semiquantitative way as the electron
acceptor capacity. The LUMO, LUMO+1 and LUMO+2
orbitals in the 3-3-3 molecule are localized in the three
dendrons attached to the central core (see Table 4); these
dendrons can act as the electron-deficient peripheral part of
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Fig. 5 Single absorption spectrum of the five proposed systems obtained with TD-DFT B3LYP/6-31G(d)
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Table 3 Contour plots of HOMOs and LUMOs for molecule 2-2-2
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the molecule. As a first approximation, the ICT phenomenon
reflects the intramolecular donor-acceptor interactions be-
tween the central and external zones of the same system. Other
important donor-acceptor interactions can involve neighbor-
ing molecules (intermolecular charge transfer) [38].

Electronic transition analysis

Electronic transitions in the 2-2-2 and 3-3-3 dendrimers
were analyzed in order to confirm the HOMO and LUMO
localizations as well as the molecular orbital levels
involving in donor-acceptor interactions. Electronic transi-
tion states, maximum absorption wavelength (An,.x), verti-
cal absorption energy (€25) and oscillator strengths (f),
calculated with TD-DFT and the B3LYP/6-31G(d) level of

theory for the most important singlet excited states in 2-2-2
and 3-3-3 molecules are listed in Tables 5 and 6,
respectively.

The calculated properties revealed that the strongest
electron transitions with largest oscillator strength corre-
spond essentially to the promotion of an electron from
HOMO to LUMO and nearby molecular orbitals. The 2-2-2
molecule presents two closer absorption bands with values
of 373.85 and 373.61 nm, composed of HOMO (H-0) to
LUMO (L+0) followed by HOMO (H-0) to LUMO+I
(L+1) orbital transitions, which have similar oscillator
strength values, indicating almost the same intensity in the
two bands. The vertical transition energies (£2,) obtained
for this system were 3.31 eV for both bands. As expected,
the analysis of subsequent electronic transitions presents
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Table 4 Contour plots of HOMOs and LUMOs for molecule 3-3-3
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smaller oscillator strengths involving internal molecular
orbitals with largest vertical absorption energies. The
relationship between the more intensive electronic transi-
tions and the localization of HOMOs and LUMOs
demonstrated that the donor and acceptor zones are situated
in almost the same place in molecule 2-2-2 (see Table 5),

Table 5 Electronic transition states of molecule 2-2-2, maximum
absorption wavelength (An.), vertical absorption energy (£24),
oscillator strengths (f), and transition assignments as calculated with
TD-DFT and the B3LYP/6-31G(d) level of theory

Amax (nm) Q4 (eV)  Oscillator strength (f)  Electronic transition

373.85 3.316 0.6153 H-0—L+0
H-0—L+1

373.61 3.319 0.6162 H-0—L+0
H-0—L+1

which could minimize the electronic transfer process in this
dendrimer.

The second band of the absorption spectrum was
analyzed for the 3-3-3 molecule. This band is nearest to
the maximum of the terrestrial solar spectrum (see Fig. 4),
and the electronic transitions presented in this system were

Table 6 Electronic transition states of molecule 3-3-3, Apax, Qa, (),
and transition assignments as calculated with TD-DFT and the
B3LYP/6-31 G(d) level of theory

Amax (nm) QA (eV) Oscillator strength (f)  Electronic transition

451.39 2.75 0.1073 H-0—L+0
H-0—-L+2

448.72 2.76 0.0652 H-0—L+0
H-0—-L+1

442.01 2.81 0.0245 H-0—-L+1
H-0—»L+2
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between neighboring orbitals: HOMO (H-0), LUMO (L-0),
LUMO+1 (L+1) and LUMO+2 (L+2) with lowest vertical
absorption energies in a range from 2.75 to 2.81 eV (see
Table 6). From these calculations, it also becomes apparent
that the localization of HOMOs and LUMOs, as well as the
electronic transitions involved, clearly show that the central
core TPA is the electron-rich, or electron donor, part of the
molecule in which the HOMO orbital is localized. The
external parts of dendrons present electron deficiency and the
LUMO (L-0), LUMO+1 (L+1) and LUMO+2 (L+2) orbitals
map in these acceptor zones. This characteristic could
facilitate the intramolecular charge transfer, and the electron-
ic flux practically fills the whole molecular structure.

Conclusions

Density functional theory and TD-DFT approaches were used
to analyze five pyrrolic ring derivatives, with some of these
derivatives presenting 3D conjugated architectures with a
central core of TPA and 7-conjugated rings attached to the
core-formed dendrons. The electronic properties calculated in
this study indicated that HOMO—-LUMO gap energy for the
3D-system with the so-called 3-3-3 molecule exhibited the
smallest value at 3.14 eV—a large reduction in gap energy was
obtained for this system. Ultraviolet spectra obtained for each
compound revealed a second band that can be attributed to ICT
in some derivatives, with the 3-3-3 molecule presenting the
band nearest to the solar spectrum range (500-800 nm).
Analysis of the localization of HOMOs and LUMOs revealed
that, in the structures denoted as 2-2-2 and 3-3-3 according to
their 3D-architecture, the electron-rich or donor zone was
localized in the central TPA core while the acceptor zone is
indicated to be LUMOs, with these being contained mainly in
the electron-deficient part of the molecule corresponding to the
peripheral rings. This facilitates the ICT phenomenon, whereby
the 2-2-2 and 3-3-3 dendrimers exhibit the best electronic and
structural characteristics to be employed as organic semicon-
ductor molecules. However, complete photophysical investi-
gations into charge recombination and electron transport, and
also the ICT processes involved in these systems, are required
to confirm the theoretical results obtained in this work.
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