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Abstract: Conjugated organic systems attract research interest
due to their broad application in optical and electronic devices.
Herein we present an overview of computational methods use-
ful in designing novel donor-acceptor polymers. Computational
studies have been recently applied in designing new organic semi-
conducting polymers of xanthene. Based on the results of DFT
(density functional theory) and TDDFT (time-dependent func-
tional theory) calculations a group of promising precursors of
conducting polymers was designed and selected to further syn-
thetic investigations. Influence of the presence and position of
heteroatoms on electronic properties of corresponding polymers
was examined. Some general trends observed during the study
are briefly summarized below. The calculations focus on HOMO
and LUMO energy, singlet/triplet excitation energy, band gap
values and ionization potentials. The correlation of theoretical
results with values measured electrochemically and in a spectro-
scopic approach is discussed.

1. Introduction

Conjugated polymers are novel materials that possess not only the optoelectronic
properties of semiconductors but also the mechanical properties and the process-
ing advantages of polymers (Chujo, 2010). They have many applications they may
be used as: light-emitting materials, photovoltaic materials, thin film transistors,
chemo/biosensors, biofuel cells, and so on (Skotheim et al., 1998). Significant experi-
mental and computational efforts have been made to study the electronic properties of
conjugated polymers. These investigations are limited by poor solubility of polymers
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due to their high molecular weight. Moreover, their structure is not well defined.

In the age of improvements in computing power, there is a great possibility to apply
molecular modeling into research in various scientific fields. The main advantage
is a reduction of time and costs of further investigation. Electronic, optical and
physical properties of organic semiconductors can be synthetically tuned through
modification of their chemical structure. Compounds with a desired energy band gap
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) can be obtained by incorporating an electron donating
and/or withdrawing unit into a molecule backbone (Patel et al., 2012).

Since calculations can predict band gap value, they are a reasonable tool for design
new polymer semiconductors with optimal time and resource consumption. However,
computational techniques for polymers are less developed than for other well-defined
structures. As synthetic, polymeric materials are described by a polydispersity index
above one. They are a blend of molecules with different length, and prediction of their
electronic properties is a complicated task. Accordingly, they are typically estimated
by extrapolation of oligomer properties to infinite chain length (Zade et al., 2011).
However, the calculated values are strongly dependent on the computational level
used. The density functional theory (DFT) is the most frequently applied method
to estimate properties of conjugated polymers. Although it gives results close to
the measured values, this methodology is rather controversial due to incorrect com-
parisons between the computational and experimental environment, and there is no
general agreement about that.

Synthesizing donor-acceptor type organic semiconductors is a versatile strategy
to obtain materials with desired properties. Research to date has tended to focus
on copolymers of fluorene (Guo et al., 2013; Xie et al., 2012; Abbel et al., 2009), car-
bazole (Beaupre et al., 2010; Grigalevicius, 2006; Cowan et al., 2012), phenothiazine
(Kim et al., 2014; Elkassih et al., 2013) and phenoxazine (Lee et al., 2014; Paspirge-
lyte et al., 2009; Nowakowska-Oleksy et al., 2011) rather than xanthene derivatives.
A number of articles have been published on well-known rhodamine dye (Gomez-Sosa
et al., 2012; Dong et al., 2011; Sharma et al., 2009) and other compounds poses a
xanthene motif like spiroxanthene (Chu et al., 2012; Zhang et al., 2011; Suzuki et al.,
2004) and dibenzoxathene (Tisseh et al., 2008).

Due to their good luminescent properties they have found application in high sen-
sitive and selective sensors (Jiang and Meng, 2013; Li et al., 2013), photovoltaic solar
cells (Sharma et al., 1991) and organic blue-light-emitting diodes (Poriel et al., 2011;
Tseng et al., 2005). So far, however, there has been little discussion about materials
made of xanthene. Studies concern 4,5-disubstituted xanthene polymers were first
reported by Morisaki et al. (2010). They described xanthene layered oligomers as
high thermal stable hole-transporting material. More recently, 9,9-dimethylxanthene
was used as a bridge for the perylene multichromophore covalent dimers (Lefler et al.,
2013). However, no research has been found about 2,7-disubstituted xanthene con-
jugated oligomers. In addition, there have been no studies which investigate how
substitution position influences properties of related xanthene polymers.
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2. Results and discussion

This paper focuses on designing new organic semiconductors based on xanthene sym-
metrically substituted in 2 and 7 position with various heteroaromatic compounds.
Optical and electrical properties are studied with respect to the position of the het-
eroatom in aromatic side rings. Calculated absorption spectra are used to discuss
prospective application of investigated polymers.

2.1. Computational methods

Quantum chemical calculation by density functional theory (DFT) using the Gaussian-
09 code (Frisch, 2009) was performed to evaluate the electronic structure of polymers
by employing the B3LYP hybrid functional (Becke, 1993; Lee et al., 1988; Vosko et al.,
1980) along with the cc-pVDZ basis set (Dunning, 1989). For conjugated systems,
this long-range corrected density functional, designed to overcome the overestima-
tion of charge delocalization predicted by the Becke three-parameter exchange term,
was shown to give molecular structures very close to experimental findings (Limacher
et al., 2009; Peach et al., 2007).

The geometry of oligomers was fully optimized and the minimum energy struc-
tures, in the respective cases, were confirmed through frequency calculations. Optical
band gap, was studied through the HOMO – LUMO excited-state vertical transition
energies, and calculated with time-dependent density functional theory (TDDFT)
approach.

Twenty excited electronic states were considered for every studied molecule. The
electron distribution was examined using natural bond orbital (NBO) (Weinhold and
Carpenter, 1988) and Mulliken electron population analysis schemes. The molecular
graphics have been generated using GaussView-05 (Dennington, 2009) and GaussSum
software (O’Boyle et al., 2008). The adiabatic and vertical ionization potential were
estimated as a difference between the energy of a molecule in ground state, the energy
of an optimized cation, and the energy of a cation in neutral monomer geometry,
respectively.

Our previous combined experimental and computational studies reveal that the
first bound created between monomers during polymerization process has the most
significant impact on energy gap value. Following that finding all calculations were
limited to monomer and dimer structures for computation simplification.

2.2. Theoretical results

Our preliminary computational study reveals that a substitution of the xanthene
in 2,7 position leads to a decrease of energy gap as compared to a 4,5-substituted
analogue. As depicted in Fig. 1 the geometry of optimized 2,7-bis(thiophen-2-yl)-
9,9-dimethylxanthene structure is more planar. This observation could be attributed
to lower steric effects in 2,7-substituted xanthene. Additionally, for this structure,
greater delocalization of atomic charges on newly created molecular orbitals is ob-
served.

The value of dihedral angle between side rings and xanthene planes is crucial
for high conductivity achieved by close orbital overlapping. We have designed new
precursors of conducting polymers based on xanthene substituted in 2,7 position
by different heterocyclic units. Observation of electronic spin density distribution
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Fig. 1. A comparison of properties of 4,5-bis(thiophen-2-yl)-9,9-dimethylxanthene
(left) and 2,7-bis(thiophen-2-yl)-9,9-dimethylxanthene (right) dimers.

in optimized cations allowed us to predict the position for electrochemical reaction.
The study presented in Fig. 2 was designed to determine the impact of substituents
on the properties of π-conjugated compounds better, and to establish quantitative
structure-property relationship supporting the rational design of such systems. The
most striking result to emerge from the data is that the incorporation of nitrogen
atoms into thiophene gradually decreased the energy of frontier orbitals, while the
bang gap values was approximately constant. An opposite effect can be achieved by
exchanging a sulphur atom of thiophene by selenium, oxygen or nitrogen. There is
a clear trend of increasing the HOMO and LUMO levels when the band gap value
changes by less than 0.2 eV.

Oxidation is the first necessary step for the electropolymerization reaction. The ion-
ization energy of the monomer correlates with the measured electropolymerization po-
tential, which makes it possible to computationally predict the ability of a compound
to undergo that process. Verticalionization potentials for designed dimers amount
from 6.3 eV for pyrrole derivatives to 7.5 eV for structures including 1,3,4-oxadiazole.
Similar results were obtained for adiabaticionization potentials which range from 6.2
to 7.3 eV.

Presented in Fig. 3, theoretical absorption spectra, are calculated applying the
time-dependent density functional theory (TDDFT) approach. Ten singlet excited
states were considered. Both monomers and dimers corresponding wave function is
dominated by the HOMO-LUMO transition. The dimerization leads to the formation
of new HOMO and LUMO orbitals with a significant decrease in excitation energy.
Singlet excited state energies of dimers range from 2.52 to 4.05 eV which covers the
absorption spectrum region from 306 nm to 492 nm. Thiophene, thiazole, selenazole,
furan and 2,1,3-benzothiadiazole derivatives show absorption of light in the visible
region which gives a possibility of its application in optoelectronic devices like organic
light emitting diodes, or sensitizers in photovoltaic cells.
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Fig. 2. Frontier orbital energies and band gaps of dimers of the designed xanthene
derivatives. (*) The position of the xanthene-substituent bond. (*) The posi-
tion of monomer substitution in the electropolymerization process.

3. Conclusions

The design and synthesis of novel highly-efficient and stable conjugated materials con-
stitutes a challenge for material scientists. We investigate thirteen new copolymers
with donor-acceptor motif due to its effective intermolecular charge transport proper-
ties. Effects of different heteroatoms on the properties of xanthene copolymers were
determined. An exchange of side substituent was shown as an easy way to modulate
frontier orbital energy level and energy gap value. Five new xanthene derivatives were

Fig. 3. Calculated electronic absorption spectra for 2,7-bis(2,1,3-benzothiadiazole)-
9,9-dimethylxanthene (left) and related dimer (right).
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found to possess optical properties suitable for application in optoelectronic devices.
Synthesis of the selected copolymers is in progress.
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