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The paper computationally investigates and compares the internal reorganization energies associated
with the intermolecular transport of a hole and electron in a series of positional isomers of fused planar
acenodithiophenes (S(n)a–c) with those of linear acenes (LA(n)). In particular, it is observed that,
amongst the positional isomers, the para isomers (S(n)c) have got ultra-small reorganization energies
than the other two positional isomers. The non-bonding character of frontier molecular orbitals (FMO)
of these para isomers is the main reason for the existence of this phenomenon. Secondly, the non-
bonding character in the FMO of these molecules is mediated by their open shell singlet biradical nature
in ground state, as revealed by the Spin-flip time dependent density functional theory analysis. These
aforementioned findings and characteristics of S(n)c series of molecules, strongly recommend that these
molecules if synthesized will show high charge carrier mobility. Also we have revealed that biradicaloid
nature of a molecule is new interesting design factor to achieve low reorganization energies.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Semiconducting organic p-conjugated materials are active ele-
ments in organic light-emitting devices (OLED), organic field effect
transistors (OFET), organic thin film transistors (OTFT), and photo-
voltaic cells. The advantages of organic components over standard/
existing inorganic materials are: lower costs, lighter weights,
easier fabrication, malleability and tuning of properties to high res-
olutions through suitable substitutions [1–5]. These attractive fea-
tures propelled governments and industrialists to invest heavily
toward the research and development of organic electronics. This
has led not only to innovations in the material domain – through
inventions of efficient devices – but also toward a much more
nuanced theoretical understanding of their intermolecular interac-
tions, properties due to substitutions, geometry, packing of the
molecules in the solid state – to name but a few [5]. One significant
contribution of these researches has been to show how the opto-
electronic applicability of such materials depends on various fac-
tors such as: alignment of highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO), energy
levels for the charge carrier injection from the electrodes, and their
geometrical arrangement in the solid state [1–6]. Thus, it follows
that a proper understanding of all these molecular characteristics
of the organic materials used in organic semiconductor devices is
a prerequisite for the design and selection of appropriate mole-
cules and for optimizing efficiency of these devices. Toward this
aim, quantum chemical studies offers indispensable tools empow-
ering our understanding of the optical and electronic properties of
molecules from their electronic structure; thereby enabling the
design of new and efficient materials [7,8].

A heuristical strategy for designing semiconducting materials is
appending donor and acceptor groups to a suitable core structure
so as to achieve p-type (hole transport) and n-type (electron trans-
port) mobility respectively [9,10]. That is the molecules with high
electron affinity (EA) and low ionization potentials (IP) with favor-
able intermolecular interactions, are suitable n-type and p-type
semiconductors respectively. On the flip side compared to p-type
materials, fewer n-type materials have been reported [7]. A well-
established strategy for achieving high electron affinity (n-type
mobility) is perturbing the sp2 hybridized –CH– part of the fused
acene rings with hetero atoms like nitrogen [7]. It is also reported
that perfluorination of fused aromatics increase the EA and hence
electron mobility.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.comptc.2016.05.001&domain=pdf
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To date, a large number of organic materials having semicon-
ducting properties have been investigated. Computational studies’
– especially with its extensive work on organic p-conjugated mate-
rials – contribution to the field has been immense as it has proved
beyond doubt the stability between theoretically determined
molecular properties, experimentally observed charge carrier
mobilities and their resultant performance in devices. These
researches establishing the relationship between the three realms
– theory, experiment and practice – has provided researchers with
enormous amount of data enabling hypothezization of many struc-
ture activity relationships. The significance of computational stud-
ies – as proved in the case of organic conjugated compounds – lies
precisely here: it can be used for predicting the behavior of less
known or unexplored molecules.

However, a propitious discovery of recent research has been the
emergence of derivatives of linear poly-acenes and fused hetero-
aromatics as promising materials for organic semiconductor
technology [7–14]. This, pertaining to the fact that their fused
structures leads to stabilized HOMO and favorable intermolecular
p–p overlap: requisite factors for the optimum performance of
these devices. While aceneothiophenes and oligoacenes based
organic semiconductors in high performing OFETs possess mobili-
ties higher than 1.0 cm2 V�1 s�1 [7,8,14]; the thiophene analogues
have excellent air stability and high charge carrier mobility over
linear oligoacenes [14]. Here, a systematic investigation of
positional isomers of linear oligo-thienoacenes using density func-
tional theory, (DFT) would enable a profound understanding of the
electronic structure of these molecules. These results can then be
used to compare these molecules with the already well researched
linear oligoacenes deemed to be promising semiconducting mate-
rials. With this question in mind, the molecules oligo-thienoacenes
chosen for this study are positional isomers of dithienoacene
(S2a–c) benzodithiophene (S3a–c), napthodithiophene (S4a–c),
anthradithiophene (S5a–c) and tetracenodithiophene (S6a–c).
Additionally the oligoacenes from naphthalene to hexacene
(LA2–6) were also studied. These latter molecules have already
been reported using different levels of theory here for sake of uni-
formity in comparison; these molecules have been studied again
with the methodology used in this work. (The numbering 2–6 rep-
resents the number of fused rings in the corresponding system.)
Figs. 1 and 2 depict the 2-dimensional structures of the molecules
discussed in this study.
Fig. 1. Heterocyclic molecular structures of positional
The computational method is used to investigate twenty mole-
cules (Figs. 1 and 2) to obtain a detailed picture-at the molecular
level – of their: (1) molecular orbitals (HOMO and LUMO), (2)
energy levels and (3) reorganization energies (vide infra). The main
objective is to predict the behavior of S(n)c series relative to the
oligoacenes, S(n)a and S(n)b series. To the best of our knowledge,
such a detailed analysis and comparison of the electronic struc-
tures of these systems has not been carried out previously. As
the molecular stacking patterns (crystal structures) are not avail-
able for most of the molecules considered here, we could not inves-
tigate certain other important parameters such as their
intermolecular interactions and electronic coupling.

2. Computational details

2.1. Computation of charge carrier transport property

The charge carrier mobility of organic materials can be
explained either using the band theory or the Marcus’ hopping
model [15]. The hopping model is more suitable when the coupling
between neighboring molecules in the bulk solid is minimal.
According to this model, at the molecular level, the electron/hole
transport process in the thin films is the electron/hole transfer
reactions between the neighboring molecules [15–18].

Aþ A½þ=�� ! A½þ=�� þ A ð1Þ
Here A represents a neutral molecule interacting with a neighboring
oxidized or reduced species A[+/�]. The rate constant for electron/
hole transfer can be obtained from the Marcus theory [19] in an
Arrhenius-like form,

Ket ¼ 2pt2
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where t is the transfer integral/coupling matrix element between
neighboring molecules, k± the reorganization energy, kB the Boltz-
mann constant and T the absolute temperature. For competent per-
formance, materials should have low reorganization energies and
good coupling between neighbors An evaluation of t would require
the knowledge of relative positions of the molecules in solid state
(as it is related to the energy splitting of the frontier orbitals of
the interacting molecules). The mobility of the electrons/holes is
isomers of dithieno-acenes discussed in this work.



Fig. 2. Molecular structures of linear acenes discussed in this work.
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predictable from the reorganization energies and in general have
good agreement with the experimental observations [15–18]. Our
aim here is rather to predict the reorganization energies on the
basis of theoretical calculations. It is clear that, to have a larger elec-
tron/hole transport, the reorganization energies of the correspond-
ing change from neutral to cation/neutral to anion should be low.

The reorganization energy consists of both intra-molecular con-
tributions and polarization contributions from the surrounding
environment [20,21]. The intra-molecular contribution is corre-
lated to the geometrical changes of the molecule. Polarization con-
tributions in organic thin films are expected to be very small and
hence neglected [20,21]. Here we employ DFT methods to predict
the intra-molecular reorganization energy.

The intra-molecular reorganization energies are calculated
based on the model shown in Fig. 3. Here, k1 is the energy differ-
ence (in eV) of the positively charged molecule associated for the
geometric relaxation from ground state geometry to optimized
cationic state and k2, the energy required to reorganize from the
non-charged state at the cation geometry to the ground state upon
re-accepting an electron. Total hole reorganization energies (kþc ) of
the molecule is being obtained by adding k1 and k2. In a similar
manner, the anion reorganization energy (k�a = k3 + k4) is useful in
understanding the electron transport.

All the calculations discussed in this work were carried out
using Gaussian09 (G09) electronic structure simulation package
[22], unless otherwise specified. The molecules discussed in this
work are planar and with no side group substitution, also only ini-
tial structures with high symmetry are optimized. The DFT meth-
ods employed in the work are commonly used B3LYP functional
and the results obtained are compared with CAM-B3LYP and
Fig. 3. Calculation of the intramolecular reorganization energy.
wB97XD long range corrected (LRC) functionals. B3LYP is a global
gradient corrected GGA hybrid DFT method with constant amount
(25%) of Hartree–Fock HF exchange [23]. CAM-B3LYP (Coulomb
attenuated version of B3LYP) and wB97XD are range separated
hybrid functionals with short range (HF) exchange [24,25]. The
CAM-B3LYP functional contains a fraction of 0.19 HF exchange
interaction at short-range, and 0.65 HF exchange interaction at
long-range [24]. For wB97XD the fraction of HF exchange at short
range is 0.22 and 100% HF exchange at long range. In addition it has
a dispersion correction term [25]. The range separated hybrid func-
tionals are recommended for extended p-conjugated systems to
obtain better results [26,27]. For all calculations a correlation
consistent-cc-pVTZ basis set is coupled with the DFT model. The
vibrational frequencies are determined at the same level to con-
firm the nature of stationary point. We used Q-Chem software
package for the spin flip (SF) calculations [28]. The SF single point
calculations have been carried out by using 50–50 functional,
which is suggested for open-shell molecules [29].
3. Results and discussion

3.1. Reorganization energies

Studies on different organic systems have shown that DFT-
B3LYP provides the best estimates of the geometry modifications
upon ionization [5]. Reliability of B3LYP estimates of reorganiza-
tion energies are validated further from the excellent agreement
it shed between the experimental and simulated ultraviolet photo-
electron spectroscopy UPS spectra [5,30]. The reorganization ener-
gies reported in this work are calculated using B3LYP/6-31G(d) and
B3LYP/cc-pVTZ. All the neutral and oxidized/reduced states remain
in the planar configuration.

The electron (hole) is localized on a single lattice site with a sta-
bilization energy – referred to as the polaron binding energy. The
polaron binding energy results from the deformations in molecular
and lattice geometries that occur as the carrier localizes on a given
site. The intra-molecular contributions to the polaron binding
energy are equal to the geometry relaxation energy upon charging
the molecule. The polaron binding energy is equal to half of the
reorganization energy.

The reorganization energies kþc and k�a calculated using B3LYP –
of the hole and electron transfer, respectively are given in Table 1.
The results obtained for LA2–LA5, S3a–S5a, and S3b–S5b are in
excellent agreement with those earlier predicted by Bredas and
co-workers using the B3LYP/6-31G(d,p) level theory [5]. A similar
patterns can be observed through the series i.e., the reorganization
energies (kþc and k�a ) are inversely proportional to the number of
intervening fused rings. This is attributed to the increase in charge
delocalization with increase in the number of fused aromatic phe-
nyl rings [5].

For all the molecules the kþc values are less than that of the
corresponding k�a values. The polaron binding energy is more for



Table 1
Simulated reorganization energies (eV) kþc (hole transport), k�a (electron transport) of all molecules along with k1, k2, k3, and k4 obtained at B3LYP/cc-pVTZ level. The values given
in parentheses were obtained at B3LYP/6-31G(d) level.

k1 k2 kþc k3 k4 k�a

LA2 0.095 (0.092) 0.094 (0.091) 0.188 (0.183) 0.131 (0.128) 0.131 (0.129) 0.262 (0.257)
LA3 0.071 (0.068) 0.071 (0.067) 0.141 (0.136) 0.102 (0.097) 0.102 (0.098) 0.203 (0.195)
LA4 0.058 (0.054) 0.057 (0.054) 0.115 (0.107) 0.082 (0.077) 0.082 (0.078) 0.164 (0.154)
LA5 0.048 (0.041) 0.048 (0.045) 0.097 (0.086) 0.067 (0.063) 0.067 (0.062) 0.135 (0.125)
LA6 0.041 (0.031) 0.041 (0.037) 0.082 (0.068) 0.057 (0.053) 0.056 (0.050) 0.113 (0.103)
S2a 0.068 (0.075) 0.067 (0.070) 0.135 (0.145) 0.138 (0.146) 0.132 (0.140) 0.271 (0.286)
S3a 0.052 (0.057) 0.052 (0.055) 0.103 (0.111) 0.128 (0.132) 0.127 (0.131) 0.255 (0.262)
S4a 0.049 (0.053) 0.049 (0.052) 0.098 (0.105) 0.098 (0.105) 0.098 (0.100) 0.196 (0.205)
S5a 0.047 (0.048) 0.048 (0.049) 0.095 (0.097) 0.080 (0.080) 0.080 (0.081) 0.160 (0.160)
S6a 0.046 (0.044) 0.045 (0.045) 0.090 (0.088) 0.067 (0.066) 0.067 (0.067) 0.134 (0.132)
S2b 0.199 (0.202) 0.202 (0.462) 0.401 (0.664) 0.189 (0.189) 0.185 (0.187) 0.375 (0.376)
S3b 0.084 (0.089) 0.071 (0.076) 0.155 (0.165) 0.147 (0.151) 0.145 (0.148) 0.292 (0.299)
S4b 0.052 (0.054) 0.052 (0.055) 0.103 (0.109) 0.104 (0.106) 0.105 (0.108) 0.209 (0.214)
S5b 0.049 (0.050) 0.045 (0.049) 0.094 (0.098) 0.083 (0.080) 0.079 (0.084) 0.162 (0.163)
S6b 0.044 (0.044) 0.045 (0.045) 0.089 (0.089) 0.067 (0.066) 0.067 (0.067) 0.134 (0.133)
S2c 0.032 (0.030) 0.032 (0.032) 0.065 (0.062) 0.132 (0.132) 0.129 (0.131) 0.261 (0.263)
S3c 0.021 (0.016) 0.022 (0.017) 0.042 (0.033) 0.094 (0.093) 0.094 (0.094) 0.188 (0.187)
S4c 0.019 (0.012) 0.017 (0.013) 0.036 (0.025) 0.072 (0.070) 0.070 (0.072) 0.142 (0.142)
S5c 0.016 (0.009) 0.017 (0.010) 0.033 (0.020) 0.058 (0.054) 0.059 (0.054) 0.116 (0.108)
S6c 0.014 (0.008) 0.015 (0.009) 0.029 (0.016) 0.049 (0.043) 0.048 (0.043) 0.098 (0.086)

Fig. 4a. Calculated anion reorganization energies obtained using B3LYP, Cam-
B3LYP and wB97XD DFT functionals.

Fig. 4b. Calculated cation reorganization energies obtained using B3LYP, Cam-
B3LYP and wB97XD DFT functionals.
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electrons than for holes. The reorganization energies reveal that all
molecules considered in this work are relatively better hole trans-
porting (p-type) materials. The kþc values for linear acenes LA2–LA6
are in the range of 188–82 meV and for trans- and cis-
acenodithiophenes S(n)a and S(n)b in the range of 401–89 meV.
In the case of acenobisthiophene S2c–S6c series, an interesting fact
can be observed – the values obtained are ultra small kþc values
(65–29 meV). The smallest hole-reorganization energies reported
are those of rigid conjugated macro-cycles like fullerenes, phthalo-
cyanines and discotic molecules in the range of 60–100 meV [5].
Molecules with reorganization energies smaller than 60 meV are
rare. For S4c, S5c, and S6c the kþc values obtained are 36, 33, and
29 meV, respectively.

The B3LYP estimates of k�a values range from 262 to 113 meV
for acenes and 375 to 98 meV for positional isomers of aceno-
dithiophenes. Overall, the polaron binding energy for electron
transport decreases in the order S(n)a/b > LAn > S(n)c. For exam-
ple, in the case of molecules having six fused rings the k�a value
obtained for-S6a/b is ca. 134 meV, while for hexacene (LA6) it
reduces to 113 meV and further to 98 meV for S6c. The reorganiza-
tion energies for electron transport obtained for all molecules are
in the range reported for organic systems considered good n-type
semiconductors [31–33]. For example, perfluoropentacene has a
value of 222 meV while N,N0-dipentyl-3,4,9,10-perylene tetracar-
boxylicdiimide possesses 272 meV [34,35]. From Table 1, it is clear
that the k�a values of S(n)c series are slightly lower than those of
LAn series. The lowest predicted value of 98 meV is of S6c and it
is a very small value. This indicates that a better electron transport
can be achieved with these materials if suitably oriented at the
intermolecular level.

To assess the performance of hybrid and meta-hybrid functional
we have compared the trends in reorganization energy obtained
from B3LYP method with the values predicted by the range sepa-
rated DFT functional, namely the CAM-B3LYP and wB97XD meth-
ods in Figs. 4a and 4b. From the figure it is clear that the
reorganization energy values for both hole- and electron-
transport calculated with the CAM-B3LYP and wB97XD are larger
than the B3LYP estimates. Contrary to B3LYP results here we notice
that the cation reorganization energies reach a limiting value for
materials having more than four fused rings. Further reduction of
cation reorganization energies with increase in number of fused
benzene rings is not observed with range separated functionals.
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The B3LYP values may be slightly underestimated due to delocal-
ization errors whereas the values got from range separated func-
tional may be over estimated due to localization errors that
increases the conjugation size. So one has to be very careful in
deducting and correlating the results obtained from range sepa-
rated functionals [36].

Similar to the prediction of B3LYP the k�a values obtained using
range separated functionals are larger than the corresponding kþc
values. It is interesting that kþc values obtained from range sepa-
rated functionals for Snc series is less than 100 meV. All these
DFT calculation relatively favors the hole transport easiness than
the electron transport for the materials discussed in this work. Also
the k�a values got for S4c, S5c and S6c are less than 200 meV. Hence
we can expect fairly good electron transport mobility for S(n)c ser-
ies of molecules along with their enhanced hole mobility.
3.2. HOMO, LUMO and HOMO–LUMO gaps

HOMO and LUMO eigen values and HLG are computed at the
B3LYP/cc-PVTZ level and are compiled in Table 2. These B3LYP
derived frontier orbital energies are compared with the corre-
sponding data obtained with CAM-B3LYP and wB97XD in Figs. 5a
and 5b. For all series, the increasing number of fused rings has a
destabilizing effect on the HOMO and a stabilizing effect on the
LUMO. The HLG is inversely proportional to the acene length.

Even though the DFT analogue of Koopman theorm (Janak’s the-
orem) is not derived for a hybrid functional like B3LYP and range
separated functionals (CAM-B3LYP and wB97XD), the trends in
the calculated vertical ionization energies and electron affinities
agree well with the Kohn–Sham orbital energy eigen values [37].
Qualitative results about vertical ionization energies IP and elec-
tron affinities EA can be deduced from DFT derived orbital energies
(IP � �EHOMO and EA � �ELUMO). The IP decreases while the EA
increases as the number of intervening rings increases. The S(n)a
and S(n)b series shows relatively good IP values and the IP pre-
dicted for S(n)c molecules is comparatively lower. But S(n)c mole-
cules shows good electron affinity than the linear acenes and other
positional isomers S(n)a and S(n)b. The HLG values obtained for S
(n)c is very small (Table 2).

The IP (highest occupied energy level of molecular thin films,
i.e., experimental HOMO) can be experimentally determined
within an accuracy of ±0.2 eV using ultraviolet photoelectron
Table 2
The Kohn–Sham eigen values (HOMO, LUMO) and HLG obtained at B3LYP/cc-pVTZ
level of theory.

HOMO (eV) LUMO (eV) HLG (eV)

LA2 �5.79 �0.89 4.90
LA3 �5.23 �1.63 3.59
LA4 �4.86 �2.08 2.78
LA5 �4.60 �2.39 2.21
LA6 �4.41 �2.61 1.80
S2a �6.03 �0.41 5.62
S3a �5.49 �0.88 4.61
S4a �5.10 �1.54 3.55
S5a �4.80 �2.00 2.80
S6a �4.58 �2.33 2.25
S2b �5.85 �0.72 5.13
S3b �5.47 �1.08 4.39
S4b �5.09 �1.58 3.51
S5b �4.80 �2.01 2.79
S6b �4.58 �2.33 2.25
S2c �4.77 �1.79 2.98
S3c �4.38 �2.25 2.13
S4c �4.17 �2.54 1.63
S5c �4.03 �2.74 1.29
S6c �3.94 �2.88 1.06
spectroscopy [38,39]. The EA (lowest unoccupied energy level of
molecular thin films, i.e., experimental LUMO) can also be deter-
mined experimentally by using inverse photoelectron spec-
troscopy (IPES) [39,40]. In the literature we found the
experimental HOMO and LUMO values of linear acenes except
the hexacene discussed in this work. In Figs. 5a and 5b we compare
this experimental data with the DFT predictions. Interestingly one
could observe that B3LYP frontier orbital energy values are having
a better agreement with the experimental results for both EA and
IP. This may be a fortuitous observation but this is common with
B3LYP functional for p-systems having biradical character
[13,41]. This consensus with experimental data with hybrid GGA’s
like B3LYP can be ascribed to parameterization in its formalism
and self-interaction error (SIE) which mimics the long range pair
correlation (non-dynamic correlation) [42]. The over estimation
of IP and underestimation of EA by range separated functionals is
due to the forceful localization of electrons which may not describe
the long range pair correlation in the single determinant formalism
even though they are SIE free DFT methods.

3.3. Analysis of molecular orbitals

The energy cost of reorganization can be considered as the acti-
vation barrier of an electron/hole transfer. Hence reorganization
energy has to be minimized as much as possible to enhance the
performance. For the purpose of designing, studying the structural
changes upon ionization or capture of an electron can be fruitful.
These structural changes are often related to the local bonding
character of the frontier molecular orbitals between adjacent
atomic sites. The local bonding character can either be bonding,
anti-bonding or nonbonding in nature. Upon addition of an elec-
tron or a hole to a molecule, one can observe a change in bond
order. This can either be a bonding or an anti-bonding interaction
between the lobes of the HOMO/LUMO of neighboring atoms. If, for
instance, it is a non-bonding interaction, then there is no change in
the bond-length. Therefore, one can conclude that the magnitude
of reorganization energies reflect the orbital nature of HOMO and
LUMO. Hence as a designing principle, the decrease in reorganiza-
tion energies can be achieved by maximizing the percentage of
local nonbonding character in the frontier orbitals between each
atomic sites [31,32].

Looking into frontier molecular orbitals thus seemed significant
toward our progress. Toward the same aim, we used the B3LYP/6-
31G(d,p) level of theory to generate electron density contours of
frontier molecular orbitals. We have only provided figures of fron-
tier molecular orbitals of molecules belonging to two ring and six
ring systems (Fig. 6). The data for other systems are provided in
the supporting information. In general, for the molecules consid-
ered here, it was observed that many atomic sites have local non-
bonding nature for HOMO and LUMO distribution. For instance, in
the case of HOMO of acenes LA2–LA6 each of the end rings have
two bonding and one anti-bonding interaction. At the same time
it is observed that there are no electron density lobes at any of
the fused carbon sites. In effect, the electron density lobes are seen
only at adjacent carbon atoms except at the end rings (non-
bonding character). On the contrary in LUMO, as is evident from
the figure each of the terminal rings have one bonding and two
anti-bonding interactions between adjacent carbon sites. Upon
oxidation (creation of hole) or reduction (addition of electron)
the structural distortions take place only in the terminal rings.
For S(n)a and S(n)b series, bonding and anti-bonding electron den-
sity lobes can even be seen in some fused C–C bonds. Due to this
reason, slightly large reorganization energies were obtained for S
(n)a and S(n)b series when compared with those of LAn series.

Fascinatingly, all the adjacent atomic sites are having non-
bonding nature for the HOMO distribution of S(n)c series. Ultra



Fig. 5a. HOMO eigenvalue obtained with B3LYP, Cam-B3LYP and wB97XD in this study for all the molecules and compared to the experimental value available for linear
acenes.

Fig. 5b. LUMO eigenvalue obtained with B3LYP, Cam-B3LYP and wB97XD in this study for all the molecules and compared to the experimental value available for linear
acenes.
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small kþc value is the consequence of this complete non-bonding
nature. The LUMO distribution clearly brings out the reason for
the slightly larger k�a values. The LUMO lobe at the sulfur atom
has an anti-bonding interaction with both the adjacent carbon
atoms.

3.4. Existence of open-shell nature

The HLG values less than 2.2 eV are obtained for LA5, LA6 and
S3c–S6c. Such small HLG values and non-bonding nature of fron-
tier molecular orbitals is an indication of the open-shell (biradical)
nature of these molecules [43]. The main computational measure
to identify a biradical is the relative value of natural orbital occu-
pation number [44]. From the theoretical point of view, the distinc-
tion between biradicals and other ordinary molecules could be
better understood based on the natural orbital occupancies of the
frontier molecular orbitals. In ordinary molecules, the natural orbi-
tal occupancy of HOMO would be two and that of LUMO zero. But
in case of biradicals, the HOMO occupancy would be less than two
while the LUMO occupancy greater than zero. Depending upon the
occupancy value of the LUMO (i.e., 0–1), the biradicaloid character
(BRC) can be varying. When the occupancies of HOMO and LUMO
becomes exactly one, the frontier molecular orbitals are degener-
ate, and the molecule can be called a perfect biradical [43,44]. On



Fig. 6. The spatial distribution of frontier molecular orbitals obtained at B3LYP/6-31G(d) level.
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the other hand, if the occupancies of HOMO and LUMO are differ-
ent, the molecule is a biradicaloid [13,45,46].

While theoretical studies using ab initio methods require multi-
determinants for their description, accurate post-HF methods such
as CASSCF and CCSD are time demanding for large molecules. In
this context, defining the biradical in an absolute sense is imprac-
tical. Hence relative analysis of natural orbital occupancy is
employed to determine whether a molecule is biradical or not.
Another simple criterion to determine biradical nature is the sin-
glet–triplet (ST) gap and is usually small for biradicaloids [43].
The ST gap can be computationally estimated accurately using
multi-reference methods like CASSCF/CASPT2 or spin-flip EOM-
CCSD [47]. For relatively large systems, we can use spin-
unrestricted DFT or SF-TDDFT methods [47]. One advantage of
the SF-TDDFT/TDA method is that the distinction between biradi-
cals and other ordinary molecules can be better understood, as this
method is known to take care of the multi-reference nature from a
computationally cheap single reference formalism. The SF method
as implemented in Qchem was based on a collinear kernel and
hence authors suggested to use hybrid DFT method with a large
fraction of Hartree–Fock (HF) exchange. Here, the SF calculations
have been carried out with the 50–50 functional (50% HF
exchange) combined with moderate 6-31G(d) basis set. The char-
Table 3
The spin value and leading amplitudes of electronic configuration of ground state for the mo
6-31G(d) basis set.

Mol. hS2i Amplitude Mol. hS2i Amplitude

LA2 0.09 S(2)? S(1) = 0.99a S2a 0.04 S(2)? S(1) = 0.99a

LA3 0.09 S(2)? S(1) = 0.98a S3a 0.09 S(2)? S(1) = 0.99a

LA4 0.12 S(2)? S(1) = 0.98a S4a 0.11 S(2)? S(1) = 0.98a

LA5 0.14 S(2)? S(1) = 0.97a
S(1)? S(2) = �0.16a

S5a S(2)? S(1) = 0.98a

LA6 0.16 S(2)? S(1) = 0.96a
S(1)? S(2) = �0.20a

S6a 0.14 S(2)? S(1) = 0.97a
acter of ground state electronic configurations and their leading
SF amplitude for the studied molecules are given in Table 3. From
the table it is clear that the lower acenes LA2–4, S(n)a, and S(n)b
series have a closed shell configuration, whereas, the pentacene,
hexacene, and S(n)c molecules exhibit an open-shell nature. The
SF-TDDFT method predicts a singlet ground state for all the
molecules.

The study clearly revealed that maximizing the percentage of
nonbonding nature in frontier molecular orbitals is a key factor
to reduce the reorganization energies as suggested by Chang
et al. [31,32]. Also it is well known that biradical molecules have
singly occupied degenerate non-bonding orbitals [46]. Therefore
one can envisage that lifting the orbital degeneracy of a biradical
by a suitable geometric perturbation leads to a stable biradicaloid
molecule. Interestingly such biradicaloid molecules retain the non-
bonding orbital nature from the parent biradical. This preservation
of the non-bonding character in HOMO and LUMO leads to small
reorganization energy. With this motivation we looked into the lit-
erature to see if any experimentally reported stable biradicaloid
molecules show enhanced conductance. Koike et al. have shown
high ambipolar mobilities for diphenyl derivative of s-
indacenodiphenalene biradicaloids [48]. Another experimentally
reported ambipolar material polymer of benzobisthiadiazole also
lecules understudy obtained from SF-TDDFT/TDA method using 50–50 functional and

Mol. hS2i Amplitude Mol. hS2i Amplitude

S2b 0.14 S(2)? S(1) = 0.99a S2c 0.11 S(2)? S(1) = 0.97a
S(1)? S(2) = �0.20a

S3b 0.15 S(2)? S(1) = 0.99a S3c 0.15 S(2)? S(1) = 0.95a
S(1)? S(2) = �0.25a

S4b 0.13 S(2)? S(1) = 0.99a S4c 0.19 S(2)? S(1) = 0.93a
S(1)? S(2) = 0.30a

S5b 0.12 S(2)? S(1) = 0.98a S5c 0.24 S(2)? S(1) = 0.90a
S(1)? S(2) = 0.36a

S6b 0.14 S(2)? S(1) = 0.97a S6c 0.28 S(2)? S(1) = 0.86a
S(1)? S(2) = �0.41a
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has biradicaloid nature [49]. So we suggest that the biradicaloid
approach is another design guideline to explore organic materials
with enhanced charge carrier transport properties.

A major impediment toward the synthesis of these molecules is
their stability. But it is possible to stabilize such molecules either
by a suitable geometric modification for effective spin delocaliza-
tion [50] or by creating large zwitterionic contributions to the
ground state structure [51]. Further, air stability can be achieved
by lowering the LUMO level below the reduction potentials of Oxy-
gen. This can be realized by substituting the C–H group by Nitrogen
atoms [8].

4. Conclusion

The electronic structure of positional isomers of dithienoacene
(S2a–c) benzodithiophene (S3a–c), napthodithiophene (S4a–c),
anthradithiophene (S5a–c), and tetracenodithiophene (S6a–c)
have been studied at B3LYP/cc-pVTZ level and compared with
structural analogues of oligoacenes from naphthalene to hexacene
(LA2–6). The reorganization energies associated with the inter-
molecular transport of an electron/hole, and frontier molecular
orbitals along with energy levels were considered to determine
the charge carrier mobilities of these molecules. Extremely small
reorganization energy values are obtained for S(n)c series which
has a non-bonding molecular orbital in the HOMO and LUMO. This
study strongly suggests that the S(n)c series are promising materi-
als with high ambipolar mobility. It is also shown that biradicaloid
molecules have small reorganization energies for hole and electron
transport due to the preservation of nearly non-bonding nature in
the HOMO and LUMO.
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