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Abstract: In this article, the selected series of commercially available p-type and n-type semiconducting small
molecules are systematically studied by density functional theory using the BSLYP hybrid functional and
6-311G(2d,p) basis set. The optimal geometries of each molecule in the electronic neutral and corresponding
charged states are calculated. The evaluated energies of frontier molecular orbitals and electronic band
gaps are mutually compared together with adiabatic electronic intramolecular reorganization energies. The
chemical accuracy of the evaluated theoretical quantities is estimated from the comparison with available

experimental data.
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Introduction

Organic semiconductors are mostly n-conjugated
polycyclic and heterocyclic systems which have a
certain degree of electrical conductivity. There are
two major classes of organic semiconductors: low-
molecular-weight materials and polymers (Zahn et
al., 2006). Both of them have in common a conju-
gated p-electron system formed by the p, orbitals of
the sp*-hybridized carbon atoms in the molecules. In
comparison to the ¢ bonds constituting the backbone
of the molecules, n bonding is significantly weaker.
Therefore, the lowest electronic excitations of con-
jugated molecules are the m—n transitions with an
energy gap typically between 1.5 and 3.0 eV leading
to the light absorption or emission in the visible
spectral range (Sawadogo et al., 2016). In detail,
the electronic properties of a molecule depend on
factors such as conjugation length or the presence
of electron donating or withdrawing groups. Thus
organic chemistry offers a wide range of possibili-
ties to tune the optoelectronic properties of organic
semiconducting materials (Briitting, 2005).

The electrical conductivity, as the macroscopic
quantity, is extrinsic and it may have an origin in
the delocalization of m-electrons or in the move-
ment of charge defects generated by redox reac-
tions under an electric field (Sawadogo et al., 2016).
Structural and morphological studies have shown
the dependence of molecular packing on the
electrical conductivity due to its effect on charge
mobility. For example, the thiophene or phenyl
units in oligomers or polymers were found to give
more planar structures, increase in the m-bonds
conjugation and better m-electrons delocalization.
Organic semiconductors can be divided accord-

ing to the character of charge carriers into p-type
(a positive charge or hole as the major carrier),
n-type (a negative charge or electron as the major
carrier) or ambipolar organic semiconductors (both
electrons and holes are involved as charge carriers)
(Cornill et al., 2007). The p-type conductivity was
observed for the fused-ring arene compounds, in-
cluding oligoacenes, and their derivatives (Filo and
Putala, 2010). Special attention has been given to
the pentacene molecule and its soluble derivatives.
Another interesting class of p-type semiconductors
are oligothiophenes or aromatic heterocycles con-
taining sulphur atoms. An effective approach for
n-type organic semiconductors is to convert known
p-type materials into the n-type ones by modifying
them with strongly electronegative fluorine atoms
(Filo and Putala, 2010). No matter the position or
the type of electron-withdrawing substitution, per-
fluorarene and perfluoroalkyl both greatly affect
the crystal structure and charge transport. Arene-
tetracarboxylic diimides represent another group
of electron-deficient n-systems suitable for produc-
ing n-type semiconductors. They exhibit relatively
high electron affinities, high electron mobilities
and excellent chemical, thermal and photochemi-
cal stabilities. Widely used rylene diimides include
naphthalene diimides and perylene diimides. The
key factors, which affect the electronic structure of
molecules and their charge injection and charge
transport abilities, are molecular energy gaps and
energy levels. These quantities can be determined
experimentally (Reiss et al., 2011) or theoretically.

The Density functional theory (DFT) and time-
dependent DFT (TD-DFT) are the first-principle
approaches for orbital energy modelling of conju-
gated systems with a moderate computational cost
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(Hohenberg and Kohn, 1964; Runge and Gross,
1984). The DFT method is convenient for the
gas-phase optimal geometry investigation of large
molecules because it includes effects of electron
correlation. At the first approximation level, the
vertical band gaps can be evaluated as the difference
of the Kohn-Sham energies of the highest occupied
molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO). On the other hand,
the adiabatic geometrical changes upon the electric
charging can be theoretically estimated from the
reorganization energies X* which are associated
with the intermolecular electron transfer reaction
(Olivier et al., 2006). The hybrid DFT functional
such as B3LYP is popular to yield reasonably ac-
curate ground and excited state energies of many
conjugated systems (McCormick et al., 2013) what
affects directly the evaluation of reorganization
energies.

Although during the last two decades a large
number of theoretical studies of various small
organic molecules were published (Sigma Aldrich,
2017), the systematic comparisons of the vertical
band gaps with respect to the adiabatic reorganiza-
tion energies and molecular structure of typical
p-type and n-type conducting molecules are not
available. With respect to this fact, we decided to
present the theoretical study of selected small or-
ganic molecules (Figs. 1 and 2) which are used in
electronics industry. The partial aims of this study
are: (1) to calculate the optimal geometries of the
electric neutral, cationic and anionic charged states;
(2) to evaluate the energies of frontier molecular
orbitals and (3) to calculate the reorganization
energies using the density functional theory. The
evaluated quantities will be mutually compared and
correlated with experimentally available data.

Computational details

The quantum chemical calculations were performed
using Gaussian 09 program package (Frisch et al.,
2010). The optimal geometries of studied molecules
in the electronic neutral and anionic form were cal-
culatedinwaterby DFT method with B3LYP (Becke’s
three parameter Lee-Yang-Parr) functional (Lee
et al., 1988; Becke, 1988) without any constraints
(energy cut-off of 107 kJxmol™, final RMS energy
gradient under 0.01 kJxmol'xA™). For all calcula-
tions, 6-311G(2d,p) basis sets were employed for all
atoms (Hariharan and Pople, 1973; Rassolov et al.,
1998). The optimized structures were confirmed to
be real energy minima by vibrational analysis (no
imaginary frequencies). The calculated molecules
were visualised using the Molekel program package
(Flukiger et al., 2002).

The reorganization energy is usually described as
the sum of internal and external contributions. The
internal reorganization energy refers to the energy
required for the geometry relaxation when going
from the neutral state to a charged molecular state
and vice versa. This energy (Marcus, 1993; Brédas
et al., 2004; Wang et al., 2014) is obtained from the
adiabatic potential energy surfaces (PES) method
as

A= )‘Ii JF)‘; = [Ei(QN)*Ei(Qi)]JF

HEVQ)—E Q)] W

where E.(Q)) is the total energy of the charged state
in the neutral geometry, E(Q,) is the total energy
of the charged state in the charged state geometry,
E\(Q,) is the total energy of the neutral state in
the charged state geometry, and Ey(Q,) is the total
energy of the neutral state in the neutral geometry.
Reorganization energy A* includes contributions
of relaxation energies Af. The energy difference
between charged state in its equilibrium (neutral)
geometry and in the relaxed (ion) geometry is
characterised by the relaxation energy Af. The re-
laxation energy Ay has been determined by the dif-
ference between energy of neutral geometry in its
equilibrium state and in relaxed state of molecule.
In the case of cationic form of ion, we obtain the
reorganization energy for hole. If ion was created
by the reduction of molecule to the anionic form,
contributions of relaxation energies resulted in
reorganization energy for electron. The contribu-
tion to the X* energy for both types of molecules is
quite small and is of the order of a few tenths of an
electron volt (Yin et al., 2006; Norton and Brédas,
2008).The small difference between the structures
of the two compounds leads to the large difference
between their reorganization energies.

Results and Discussion

The B3LYP optimal geometries of the molecules
with the condensed aromatic rings are planar.
The side addition of the phenyl moieties to the
planar skeleton leads to the perpendicular or quasi-
perpendicular orientation of III-p, IV-n, XI-n and
XII-n molecules (see Fig. 3). The similar molecular
structure was obtained for VIII-n molecule where
two cyclohexyl rings with the chair-type confor-
mations are directly connected with the nitrogen
atoms. Next, the connection of the thiophene
or phenyl rings to the heteroaromatic ring via
o-positions is responsible for the relatively small
planarity changes. The dihedral angle torsion
between the neighbouring aromatic moieties is of
approximately 24° for IV-p, nearly 28.5° for X-p,

Cagardova D et al., Molecular orbital analysis of selected organic p-type and n-type... 7



26° for XI-p, 22° between two thiophene rings and
27° between thiophene and phenyl ring for XII-p,
39° for XIV-p and V-n is practically planar (Fig. 3).
In the case of more possible conformations, the
subsequent calculations analyses were performed
for the most energetically preferred structure. For
example, the all-trans conformations were used for
quarterthiophene denoted as IV-p, sexithiophene
V-p, 5,5-di(4-biphenylyl)-2,2>-bithiophene XII-p
and 2,2”-bis[4-(trifluoromethyl)phenyl]-5,5-bithia-
zole V-n.

The electric conductivity, i.e. the charge flux in
semiconducting materials, is very often explained
using the analysis of frontier molecular orbitals
with the particular reference to the HOMO-LUMO
energy gaps. The efficient charge transport is
mainly attributed to n-system extending with strong
intermolecular overlaps. The optimal interval of
energy level of the highest occupied orbitals for
typical p-type semiconducting molecules is from
4.9 to 5.5 eV (Filo and Putala, 2010), because
standard metallic hole injecting electrodes have
comparable ionisation potentials, e.g. 5.1 eV below
the vacuum level for Au. On the other hand, n-type
dopants have a LUMO energy level between ca
3.0 and 4.0 eV (Filo and Putala, 2010).

For selected small p-type molecules, the gas-phase
HOMO energies ranged from -4.65 to -5.60 eV
and the LUMO energy levels are between -1.12 and
-3.57 eV (see Fig. 4). The corresponding HOMO-
LUMO AE, gaps are changed from 2.01 to 3.86 eV.
The mutual comparison of I-p, II-p and III-p il-
lustrates how the elongation of acene centre and
the addition of side phenyl rings are able to de-
crease the AE, differences. On the other hand, the
anthra[2,3-b:6,7-b’]dithiophene molecule denoted
as IX-p, in comparison to the pentacene (II-p) ex-
hibits by about 0.5 eV larger AE, gap. It seems that
the presence of sulphur atoms decreases LUMO
energy levels and increase HOMO energy levels,
what is the direct consequence of the extension of
the energy gap AE,. The lowest AE, value exhibits
X-p compound where the polycondensed hetero-
aromatic structure is combined with phenyl rings.
The inspection of Fig. 4b (n-type semiconduct-
ing organic molecules) shows that the gas-phase
HOMO energies ranged from -4.26 to -7.87 eV
and the LUMO energies are between -0.20 and
-5.41 eV. The significantly lower LUMO energy
levels have the quinoide structures I-n and II-n
which consist of strong electron withdrawing cy-
ano groups. The molecule denoted as II-n has the
lower LUMO energy level in comparison with I-n
due to further withdrawing fluorine atoms. The
lowest AE, value (0.90 eV) has VIII-n molecule
with two chair-type conformations of cyclohexyl

rings directly connected to nitrogen atoms. The
largest studied 3D-spaced molecule is fullerene
Cyo (XIII-n) which represents an important n-type
organic semiconductor. According to the next theo-
retical calculations (Beu et al., 2005), this molecule
exhibits a relatively low lying LUMO energy level
(-3.46 eV) that is triply degenerate. The reliability
of the calculated B3LYP energies of frontier or-
bitals can be estimated by the comparison with the
experimental data (Sigma Aldrich, 2017) obtained
from the spectroelectrochemical measurements
in solvents. These values are presented in paren-
theses in Fig. 4. Although the maximal difference
between the gas-phase theoretical and experimen-
tal energies is of 0.3 eV, the general trends are
correctly estimated. Table 1 summarizes evaluated
relaxation and reorganization energies of a hole
and electron. The largest reorganization energy
of the hole was found for VII-p (0.513 eV) while
the lowest value (0.099 eV) has IX-p molecule. In
the case of the electron reorganization energies,
by about 30 % larger values were obtained. The
maximal electron reorganization energy has the
VIII-n molecule (1.357 eV) and the minimal one
(0.228 eV) exhibits the largest planar studied
molecule, derivative of bisbenzimidazole, denoted
as IX-n.

Conclusions

In this work, we investigated the selected series of
commercially available small p-type and n-type
semiconducting molecules systematically, that
means through the same approach with the identi-
cal BSLYP hybrid functional and 6-311G(2d,p)
basis sets. The main contribution of the article
is the general summary of electrical properties
like energy levels of frontier molecular orbitals
(HOMO and LUMO), energy gaps and reorgani-
zation energies (for hole and electron) with con-
tributions of corresponding relaxation energies.
The optimal geometries of each molecule in the
electronic neutral and the corresponding charged
states were also calculated by density functional
theory at the B3LYP/6-311G(2d,p) level of theory.
The evaluated energies of frontier molecular
orbitals and the electronic band gaps are mutually
compared together with the adiabatic electronic
intramolecular reorganization energies. The influ-
ence of the molecular structure on the calculated
quantities was discussed and the effect of chemical
modification was shown.
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2,2:5°,2”:57,2”-Quaterthiophene

]

CAS no. 31366-25-3
Tetrathiafulvalene

CL~10

VIII-p
CAS no. 2648-13-3
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OO0
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CAS no. 219597-02-1
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S
S

XI-p
CAS no. 1134942-20-3
2,6-Ditolylbenzo| 1,2-b:4,5-b’ldithiophene

Fig. 1. Schematic structure of selected p-semiconducting organic molecules.
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Fig. 1 (continued). Schematic structure of selected p-semiconducting organic molecules.
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CHjy CH,
III-n IV-n

CAS no. 302818-73-1

4-(2,3-Dihydro-1,3-dimethyl-1H-benzimidazol-

2-y1)-N,N-dimethylbenzenamine

CAS no. Not available

2-y1)-N,N-diphenylaniline

Fig. 2. Schematic structure of selected n-semiconducting organic molecules.
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VIII-n
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IX-n
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Bisbenzimidazo[2,1-a:2’,1’-a’]anthra[2,1,9-def:6,5,10-d’e’f’]diisoquinoline-10,21-dione

Fig. 2 (continued). Schematic structure of selected n-semiconducting organic molecules.
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X-n XI-n
CAS no. 5695-13-6 CAS no. 1382350-89-1
Indeno[1,2-b]fluorene-6,12-dione 6,12-Bis(2,3,4,5,6-pentafluorophenyl)
indeno[1,2-b]fluorene

XII-n XIII-n
CAS no. 1067426-44-1 CAS no. 996685-96-8
1,2,3,4,5,6,7,8-Octafluoro-9,10-bis Fulerene C60

[4-(trifluoromethyl)phenyl|anthracene

Fig. 2 (continued). Schematic structure of selected n-semiconducting organic molecules.
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Molecule III-p

S gt

Side view Front view
Molecule X-p
Side view Front view

Molecule XII-p

Side view Front view

Molecule IV-n

Side view Front view

Molecule V-n

) SRS 4

Side view Front view

Fig. 3. The side and front views of III-p, XII-n, IV-n, VIII-n and XI-n molecules.
Atom colour notation is: grey — carbon, white — hydrogen, yellow — sulphur,
blue — nitrogen, red — oxygen and purple — fluorine.
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Molecule VIII-n

Side view Front view

Molecule XI-n

Side view Front view

Molecule XII-n

Side view Front view

Fig. 3 (continued). The side and front views of III-p, IV-n, VIII-n, XI-n and XII-n molecules.
Atom colour notation is: grey — carbon, white — hydrogen, yellow — sulphur, blue — nitrogen,
red — oxygen and purple — fluorine.

Tab. 1. The DFT-B3LYP calculated relaxation energies (\},) and reorganization energies A\* (in eV) for
studied molecules.

p-type Al Ay 2y n-type AL Ay A
I-p 0.060 0.059 0.119 In 0.138 0.130 0.269
II-p 0.051 0.049 0.101 II-n 0.143 0.132 0.274
III-p 0.061 0.071 0.133 III-n 0.378 0.406 0.784
IV-p 0.238 0.167 0.405 IV-n 0.189 0.230 0.419
V-p 0.207 0.153 0.360 V-n 0.178 0.165 0.344
VI-p 0.143 0.143 0.286 VIn 0.354 0.167 0.521
VII-p 0.278 0.235 0.513 VII-n 0.131 0.130 0.261
VIII-p 0.126 0.131 0.257 VIII-n 0.838 0.519 1.357
IX-p 0.049 0.050 0.099 IX-n 0.119 0.109 0.228
X-p 0.158 0.147 0.304 X-n 0.150 0.153 0.303
XI-p 0.153 0.149 0.302 XI-n 0.148 0.135 0.283
XII-p 0.199 0.154 0.354 XII-n 0.171 0.168 0.340
XIII-p 0.066 0.068 0.134 XIII-n 0.068 0.067 1.352
XIV-p 0.123 0.118 0.241
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Fig. 4. Energy diagram of B3LYP frontier molecular orbitals and corresponding energy gaps
for selected p-semiconducting (a) and n-semiconducting (b) organic molecules.
The experimental values (Sigma Aldrich, 2017) are written in eV in parentheses.
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