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Abstract: A systematic theoretical study using density functional theory is presented to estimate the structural,

electronic, and charge-transfer characteristics of a symmetric fluorination of acenequinones outer rings.
The change in aromaticity of model derivatives was described by different types of aromaticity indices. By
considering a hopping mechanism and using the Marcus theory in combination with the Einstein-Smoluchowski
relation, electronic drift mobilities were predicted for selected dimer configurations obtained from X-ray
structures of anthraquinone, 6,13-pentacenequinone and its octafluorinated derivatives. The analysis of
obtained data showed that the fluorination of the outer rings of acenequinones can lower the energy of
the lowest unoccupied molecular orbital to the range from -3.0 to —4.0 eV, i.e. typical for organic n-type
semiconducting materials. Finally, potential electric semiconductivity of available X-ray structures relating

to drift mobilities was discussed.
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1. Introduction

Organic semiconductors based on a fused rings
architecture are often used as materials for the con-
struction of various optoelectronic devices. Over
400 organic materials showing a p-type behaviour
(positive charges or holes as major carriers) have
been reported (Wang et al., 2011). Some of them
exhibit mobilities even higher than amorphous
silicon (u ~ 1.0 cm? V-'s7!). The structurally sim-
plest anthracene (Aleshin et al., 2004), tetracene
(De Boer et al., 2003), pentacene (Klauk et al.,
2002) and hexacene molecules have been success-
fully incorporated into organic field effect transis-
tors (OFET). Measured hole mobility was im-
proved as the number of fused rings was increased.
Out of acenes, pentacene is a well-known commer-
cial product exhibiting hole mobility (u = 0.30 to
3.00 cm? V' s™!) which is dependent on the tem-
perature when it is deposited in thin films
(Klauk et al., 2003; Yin et al., 1997; Yakaphano-
glu et al., 2012). The experiments performed on a
very pure pentacene single crystal (Jurches-
cu et al., 2004) reported field effect hole mobility
of 11.2 ecm? V''s™'. However, acenes, especially the
longer ones, e.g. from heptacene to nonacene
(Zade et al., 2010) are prone to oxidation mostly at
their central ring. One solution is to block the oxi-
dation centres with bulky alkyl substituents. Un-
fortunately, these substituents prevent co-facial
stacking m-m orientation, suppressing the attractive
semiconductor properties (Shi et al., 2014).

Acenequinones are the products of oxidative de-
gradation of acenes. The perturbation of n-de-
localization over the quinoidal ring increases their
chemical stability. Next, the planarity is maintained
over the entire backbone and therefore acenequi-
nones have a tendency for strong n-m and hydrogen
bond interactions in the solid state. On the other
hand, the semiconducting properties of unsubsti-
tuted acenequinones are poor. For example,
6,13-pentacenequinone (Li et al., 2010) is known as
the major impurity in pentacene devices (Rober-
son et al., 2005) and it was successfully used as di-
electric insulating layer for pentacene OFET de-
vices (Jurchescu et al., 2007; Li et al., 2010).
Modern chemistry offers a wide range of possibili-
ties to tune the electronic structure, such as Highest
Occupied Molecular Orbital (HOMO) or Lowest
Unoccupied Molecular Orbital (LUMO) energy
levels of organic semiconducting materials (Briit-
ting, 2005). Specifically, we can mention the in-
troduction of strongly electronegative fluorine
atoms to lower the LUMOs (Filo and Putala, 2010).
The measurements of Liang et al. (Liang et al.,
2010) showed that n-deficient fluorinated 6,13-pen-
tacenequinones and corresponding N-heteropenta-
cenequinones can work as chemically stable n-type
organic semiconductors in thin film transistors with
the electron mobility up to 0.1 cm* V-'s™".

The Density Functional Theory (DFT) represents
a suitable theoretical tool for orbital energy model-
ling of conjugated systems with a moderate compu-
tational cost (Hohenberg and Kohn, 1964; Runge
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Fig. 1. Schematic structure and ring notation (capital letters) of studied molecules.
Capital letters with single apostrophe indicate symmetry related rings.

and Gross, 1984). The hybrid DFT functional such
as BSLYP (McCormick et al., 2013) is convenient
for the gas-phase optimal geometry and electron
structure investigation of molecules because it
includes effects of electron correlation.

The main aim of this work is to present a systematic
comparative study of the electronic structure of
symmetric acenequinones and their octafluoro- de-
rivatives (Fig. 1). The partial aims of this study are:
(1) to calculate their optimal geometries in elec-
troneutral, cationic and anionic charged states;
(2) to evaluate the energies of frontier molecular
orbitals and (3) to calculate the reorganisation
energies and 4) to obtain Harmonic Oscillator
Model of Electron Delocalization (HOMED) indi-
ces for studied molecules using the density func-
tional theory. Next, for the selected compounds,
the role of the chemical modification on the ideal
n-stacking interaction energies will be analysed and
the corresponding electric mobilities of dimers will
be simulated. Finally, the evaluated quantities and
trends will be compared with the available data
from experiments.

2. Theoretical
and computational methodology

The quantum chemical calculations were per-
formed wusing Gaussian 09 program package
(Frisch et al., 2009). Geometries of all studied
molecules in electroneutral and charged states
were calculated using DFT method with hybrid
B3LYP (Becke’s three parameter Lee-Yang-Parr)
functional (Becke, 1988; Lee et al., 1988). For all
calculations, the 6-311+G(2d,p) basis set was used
for all atoms (Rassolov et al., 1998; Hariharan and
Pople, 1973). Optimized structures were confirmed
to be real minima of adiabatic potential surfaces by
vibrational analysis (no imaginary frequencies).

The model dimer structures were studied by means
of B3LYP functional including the Grimme’s
GD3B]J dispersion corrections on van der Waals in-

teractions (Grimme et al., 2010). The B3LYP energy
of each monomer was corrected on Basis Set Super-
position Error (BSSE) (Boys and Bernardi, 1970)
using the Counterpoise method (Simon et al., 1996;
Xantheas, 1996). The molecules and molecular
orbitals were visualised using the Molekel program
package (Flukiger et al., 2002).

The characterization of aromaticity is usually done
by using a set of indices based on physical proper-
ties (Cyranski et al., 2002). As a structure-based
analysis, we discuss the geometrical changes of
C—C aromatic bond lengths in selected acenequi-
nones using HOMED. These changes are relative
to the reference bond lengths obtained from the
optimized geometries of ethane, ethene and ben-
zene using B3LYP functional in combination with
6-311+G(2d,p) basis set (Rassolov et al., 1998; Hari-
haran and Pople, 1973). In case of X-ray structures,
the Harmonic Oscillator Model of Heterocyclic
Electron Delocalization (HOMHED) (Frizzo and
Martins, 2012) was used for aromaticity description.
Reference bond lengths considered in calculations
of HOMHED and the normalization factor o were
obtained from X-ray diffraction measurements.
Both of these aromaticity indices can be expressed
by the equation

HOM(H)ED =

! {acci(R(CC)opt —R(CC)i)Q} (1)

=1-—
n

where n represents a number of bonds considered in
the investigated aromatic ring and R(CC); is the real
CC bond length. In the case of HOMED indices,
the optimal B3LYP/6-311+G(2d,p) benzene bond
length 1.3919 A was taken as the reference R,,. In
the case of HOMHED, the proposed reference CC
optimal bond length (R,,) is of 1.387 A (Frizzo and
Martins, 2012). Normalization factor a used in rela-
tion for HOMED is of 86.3 A2 (Lukes at al., 2018)
and for HOMHED index determination equals
78.5 A2 (Frizzo and Martins, 2012).
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The ionization potentials (IPs) as energy required
to abstract electron from the molecule were calcu-
lated from an energy difference between a cationic
and a neutral state. Similarly, electron affinities
(EAs) present energy related to electron addition
to the molecule. The EAs were obtained as energy
difference between anionic and neutral state. Verti-
cal ionization potentials (VIPs) and electron affini-
ties (VEAs) represent change to the charged state
without a geometry relaxation. Adiabatic quantities
include geometry relaxation of charged species.
Based on the idea of a hopping mechanism,
the charge-transport (CT) rate between two adja-
cent molecular moieties is given by Marcus formula
(Marcus, 1993; Sakanoue et al., 1999; Malagoli and
Brédas, 2000)

1/2
9 ™ _ A*
REE I

where ¢t represents an intermolecular charge trans-
fer integral between interacting molecular moie-
ties, h is the Planck constant, %, is the Boltzmann
constant, 7 is the thermodynamical temperature
and A represents the reorganization energy of a
hole (\) or an electron (X°). In practice, the calcu-
lations of ¢ integrals are simplified by considering
the geometry of the electroneutral dimer. Appli-
cation of Koopmans’ theorem (KT) (Koopmans,
1934) is another major simplification relying
on the one-electron approximation. Using this
approximation, the absolute value of the charge
transfer integral between two moieties is given by
the relation

3 3

LUMO+1HOMO] —

2

=

LUMO[HOMO-1] (3)

where ¢ are the energies of corresponding
molecular orbitals taken from the closed-shell
configuration of the electroneutral geometry of
a dimer. Because of its simplicity, the KT in com-
bination with the Energy-Splitting-in-Dimer
(ESD) (Lemaur et al., 2004) approach is currently
the most frequently used method for the estimation
of transfer integrals in organic semiconductors.

Another important necessity is to consider
the geometry change caused by the transition
from an electroneutral to a charged state of the
molecule. The reorganization energy is usually
described as the sum of internal and external con-
tributions. The external reorganization energy
is neglected. The internal reorganization energy
refers to the energy required for the geometry re-
laxation upon the change from a neutral state to a
specified charged molecular state and wvice versa.
This energy (Marcus, 1993; Brédas et al., 2004;

Wang et al., 2014) is obtained from the adiabatic
potential energy surface and it is given as

A=A A =

= [Ei (Q,N )— E, (Qi)} + [EN (Q,i )— Ey (Q,N)] @
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(Qy) is
the total energy of the neutral state in the neutral
geometry (Brédas et al., 2004; Wang et al., 2014).
Under constant temperature, the electric drift
mobility g can be calculated from the Einstein-
Smoluchowski relation (Maier and Ankerhold,
2010; Cornil et al., 2002)

B ekd®
 nk,T

1 (5)
where ¢ is the elementary charge, d is the centroid-
to-centroid distance for electron hopping between
two moieties in the dimer and £ is the charge
transfer hopping rate. The symbol n denotes space
dimensionality and equals 3 in this case.

3. Results and Discussion

3.1 Aromaticity, geometrical structure

and reorganization energy

The B3LYP optimal geometries of all studied
molecules except FO3 in electroneutral and mono-
charged states are planar. Therefore, the aroma-
ticity will be affected by bond length changes within
the planar structures. The comparison of aroma-
ticity indices is shown in Fig. 2. The electroneutral
anthraquinone molecule (0O3) exhibits the largest
HOMED(A/A’) value of 0.9967. On the other
hand, HOMED of the central quinone ring Q with
four (1.4904 A) and another two equivalent bond
lengths (1.4034 A) of 0.4377 indicates poor aroma-
ticity. With the increasing number of condensed
benzene rings, a decrease of HOMED(A/A)
is observed from 0.9967 for O3 to 0.8679 for
the O9 molecule (see Fig. 2a). As shown in Fig. 2b,
the same trend is followed by the HOMED(Q) index
of the central quinone ring, i.e. a decrease from
the value of 0.4377 to 0.3996. Thus, central rings of
both non- and fluorinated acenequinones possess
non-aromatic character. Interestingly, aromaticity
indices for rings B/B’ in 05, O7 and 09 molecules
(see Fig. 1 for notation) are slightly larger (ranging
from 0.9448 for O5 to 0.9029 for O9) than the
HOMED(A/A’) ones. In comparison with acene-
quinones, fluorination of outer rings of 05, O7 and
09 molecules causes an increase of HOMED
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indices for condensed benzene rings A/A’, B/B’,
C/C’, D and results in a decrease of HOMED(Q)
parameters in fluorinated analogues. In the case
of the FO3 molecule, the HOMED(A/A’) index
decreases by 0.003 with respect to O3 as the fluori-
nated molecule is no more planar (see Fig. 2a).
The cumulative HOM(H)ED* value is expressed
as an average value of all HOM(H)ED indices in-
cluded in a molecule

iHOM(H)ED (i)

HOM(H)ED* = =1 (6)
N

where i is an identification of the ring and N is the
number of rings in the molecule. The smallest cumu-
lative HOMED* index was found for the FO3 mole-
cule (0.7890). It is caused by the non-planarity of
this molecule due to the fluorine substitution. With
the exception of FO3, the fluorination causes slight
HOMED* increase by about 0.02 (see Fig. 2c).
For the sake of comparison, HOMHED parameters
for anthraquinone, pentacenequinone and their
octafluoro- derivatives are also illustrated.
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Unlike X-ray crystallography, quantum chemical
calculations help us to estimate how the molecular
geometry and electronic structure are changed
upon the electrochemical oxidation or reduction.
The energy difference reflecting geometrical
changes upon charging is called a reorganization
energy. The B3LYP/6-311+G(2d,p) calculated
values for both charged states are summarized
in Table 1. Reorganization energies of both charge
carriers in fluorinated molecules are higher than
reorganization energies of their non-fluorinated
analogues. The B3LYP reorganization energy of
the octafluoro-anthraquinone (FO3) molecule
connected with the cationic state formation (\’)
is of 267 meV and it is the highest value of the
hole reorganization energy among all molecules
under study. Within the non-fluorinated and
fluorinated acenequinone group, there is a sig-
nificant decrease of reorganization energy with
increasing number of condensed units. In case
of the mnon-fluorinated compounds, their A’
values change from 62 meV for O9 to 133 meV
for the O3 molecule. Substituting by fluorine
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Fig. 2 Aromaticity indices HOMED and HOMHED for a) A/ A’ rings, b) central quinone (Q) rings
and c) averaged cumulative BSLYP HOMED* and HOMHED#* parameters of studied molecules
in neutral, cationic and anionic states. HOMHED indices are obtained from X-ray structures
of 03, FO3, FO5 and O5 molecules.
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atoms has high tendency to enhance the values of
reorganization energies. Electron reorganization
energies (\") for the fluorinated acenequinone de-
rivatives range from 91 meV for FO9 to 445 meV
for FO3, while \™ for non-fluorinated ones varies
from 66 meV for O9 to 356 meV for O3.

Tab. 1. B3LYP vertical ionisation potentials (VIP),
adiabatic ionisation potentials (AIP), verti-
cal electron affinities (VEA), adiabatic
electron affinities (AEA), reorganization
energies for hole and electron transfer (\*
and X, respectively) of studied molecules.
All energies are in eV.

Molecule VIP AIP VEA AEA % \

03 9.05 9.00 156 1.74 0.133 0.356
05 7.84 779 149 162 0.103 0.278
o7 6.99 6.95 1.85 190 0.077 0.083
09 6.42 6.39 220 223 0.062 0.066
FO3 9.61 948 229 252 0.267 0.445
FO5 8.41 830 218 235 0.208 0.329
FO7 7.54 747 242 248 0.135 0.120
FO9 6.92 6.87 266 2.71 0.097 0.091

3.2 Frontier molecular orbitals

The energy levels of frontier molecular orbitals
(FMOs) are key parameters for predicting the car-
rier injection ability and stability of the material.
High HOMO and low LUMO energy levels ensure
efficient hole and electron injections (Lv et al.,

-25

2012). Based on the optimized structures of
the neutral state, energy levels have been calculated
and are shown in Fig. 3. The B3LYP HOMO energy
of studied acenequinones ranges from -7.36 eV
for O3 to -5.46 eV for O9. The energy level of
HOMO for pentacenequinone is of -6.55 eV
which is in quite good agreement with the ex-
perimental value of -6.21 eV (Liang et al., 2010).
Fluorination of outer rings in acenequinones leads
to the decrease of HOMO and LUMO energies.
The range of shifts varies from 0.66 ¢V for O3/
FO3 to 0.50 eV for fluorination of O9. In the case
of FO5, the calculated HOMO energy is of -7.13 V.
The experimental HOMO energy obtained from
the LUMO energy level and the optical gap is of
-6.32 eV (Liang et al., 2010). A fluorine substitution
may ensure the optimal setting of a LUMO energy
with respect to n-type semiconductors. The cal-
culated LUMO energies vary from -2.81 eV (O5)
to -3.88 eV (FO3). Within the acenequinone model
molecules, we indicated a slight decrease of LUMO
energy levels from -2.81 eV for O5 to -3.17 eV
for the O9 molecule (see Fig. 3). The O3 molecule
is excluded from this trend. The same effect is
observable within fluorinated derivatives. LUMO
energies vary from the initial value of -3.52 eV
for FO5 to -3.64 eV for FO9. The reliability of
the calculated B3LYP energies of frontier mo-
lecular orbitals can be estimated from a comparison
with experimental data obtained from spectro-
electrochemical measurements. The experimental
value of the LUMO energy of the FO5 molecule
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Fig. 3. Energy diagram of B3LYP frontier molecular orbitals for neutral states of studied molecules.
Green bands and corresponding numbers indicate energy gaps AE,. Experimental values (in eV)
are in parentheses (Liang et al., 2010).
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obtained from the half-wave reduction potential vs.
ferrocenium/ferrocene by Liang et al. is of -3.51 eV
(Liang et al., 2010), which is in an excellent agree-
ment with the calculated one (-3.52 eV). These
values are also indicated in parentheses of Fig. 3.
The maximal value of LUMO energy level was ob-
served for the FO3 molecule (-3.88 eV). However,
the increase of HOMO energies is more significant
than the decrease of LUMO ones resulting in more
pronounced effect of HOMO-LUMO energy gap
(AE,)). It represents another important physical
factor for the electric semiconductor property. For

the acenequinones, AE, values are changed from
2.31 to 4.13 eV and for their fluorinated analogues
they are in a range from 2.28 to 4.21 eV. The maxi-
mal value of AE, was determined for the non-planar
FO3 molecule. The mutual comparison of obtained
data illustrates how the elongation of condensed
units in a molecule can decrease the AE, values.

As depicted in Fig. 4, the HOMO and LUMO or-
bitals of acenequinone derivatives are distributed
over the entire molecule and reveal the typical n-type
molecular orbital character that demonstrates
their good carrier transport property. Shapes of

HOMO

LUMO

FO3

FO5

FO7

FO9

Fig. 4. Shapes of B3LYP HOMO and LUMO orbitals for studied molecules (0.025 a.u. isosurface).
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HOMO orbitals show no significant change in rela-
tion to the molecule elongation. One exception is
the anthraquinone molecule (and its fluorinated
derivative FO3), which possess slightly different
shapes of HOMO. In contrast to HOMO, the lobes
of LUMO are delocalized over the fluorine atoms as
well as over the bonds parallel with the smaller axis
direction. In all studied molecules, the m-electron
delocalization of LUMOs over the central quinone
ring (Q) is present. Within the set of model acene-
quinone molecules and their fluorinated deriva-
tives, significant changes of frontier MOs shapes
are not observable.

3.3 Ionization potentials and electron affinity

The electrochemical properties of investigated or-
ganic molecules are proportionally related to their
ionization energy (IP) and electron affinity (EA).
Both the theoretical LUMO energy and EA express
the energy associated with electron addition to a
molecule. The frontier molecular orbital approach
is routinely used in the interpretation of spectro-
electrochemical measurements in solution. On
the other hand, the electron affinity and ionization
potential are more rigorous. They are commonly
used in the interpretation of electrical solid-state
experiments (Cagardova et al., 2019). The calcu-
lated gas-phase B3LYP vertical ionization potentials
(VIPs) and vertical electron affinities (VEAs) are
collected in Table 1. In the case of the octafluoro-
anthraquinone model molecule, the VIP value is of
9.61 eV which represents the largest value of VIP
among all the studied molecules. Vertical ioniza-
tion potential of the O3 molecule is of 9.05 ¢V and
it decreases with the increasing number of con-
densed benzene units within the non-fluorinated
group of model molecules. On the other hand, the
molecule elongation causes an increase of vertical
electron affinities (VEAs) within the model series
from 1.56 eV for O3 to 2.20 eV for O9.

Within the model structures of acenequinones,
adiabatic IPs and EAs range from 6.39 eV (09)
to 9.00 eV (03) and from 1.74 eV (0O3) to 2.23 eV
(09), respectively. According to previous studies,
the adiabatic IPs of selected air-stable p-type mate-
rials range from 5.680 eV to 6.786 eV, while the adi-
abatic EA for the n-type ones should be less than
4.0 eV. The air-stable n-type ones should be over
2.80 eV (Liu et al., 2010; Chang et al., 2010).

3.4. Charge carrier mobility simulations for ideal
m-stacking dimers

Stacking of aromatic rings in solid state represents
the second key factor which affects the macroscopic
electric properties of organic molecules. Geo-
metries of interacting monomers in various planar

and transversal dimer configurations were obtained
from available experimental X-ray measurements
of O3 (Chen et al., 2015), O5 (Liang et al.,
2010), FO3 (Chetkina and Popova, 1973) and
FO5 (Liang et al., 2010) molecules (see Fig. b).
Interaction energies were calculated for X-ray
geometries without optimization using the B3LYP-
GD3B]J functional, which is able to model weak
attraction forces between different molecules.
Theoretical investigations by Brédas and co-workers
(Brédas et al., 2002) have shown that displacements
along the long and the short axis of m-stacked
semiconductor molecules strongly affect the inter-
molecular electronic couplings, in such a way that
closely depends on the phase and nodal proper-
ties of the frontier molecular orbitals. Another
interesting findings on the molecular packing are
the four weak hydrogen bonds linking the neigh-
boring m-stacks of n-deficient pentacenequinones.
As shown in Fig. 6a, hydrogen O---H bonds are
present between moieties in the planar dimer
configuration of anthraquinone denoted as O3.
Distances between hydrogen atoms and the strongly
electronegative oxygen ones equal 3.12 A. The mo-
lecular packing of fluorinated pentacenequinone
FO5 in the X-ray structure (Fig. 6b) features n-r
stacking as well and weak hydrogen bonds between
hydrogen and fluorine/oxygen atoms. Moieties
in crystal structure form infinite one-dimensional
stacks with a n-m interplanar distance of 3.34 A,
which is slightly shorter than the interplanar
distance in graphite (3.35 A) (Lian et al., 2010).
As illustrated in Fig. 6b (dashed lines), the short
distances between the neighboring stacks are the
four weak C—H - --O/F hydrogen bonds with a
self-complementary ADAD-DADA pattern (D is
hydrogen donor, and A is hydrogen acceptor).
These hydrogen bonds play an important role in
the structure stability. In these four weak hydrogen
bonds, the estimated H---F and H---O distances
are almost the same (4.10 and 4.62 A, respectively).
In case of crystal structure of pentacenequinone
05, the molecular packing features weak C—H - - -O
hydrogen bonds. Distances within hydrogen bonds
are ranging from 2.42 A for the planar P5 dimer
configuration to 7.01 A for the P6 dimer configu-
ration (see Fig. 6¢c—f). To conclude, Fig. 6 shows
that it is plausible to suppose that the presence of
hydrogen bonds will significantly affect the real
molecular arrangement in solid state.

Depending on the molecular type and dimer
configuration, the interaction energies range from
-2.05 to -73.76 k] mol™ (see Table 2). The smallest
centroid-to-centroid distance is of 4.69 A with the
corresponding interaction energy of -73.76 k] mol™!
in the planar (P1) dimer configuration of the

Cagardova D et al., Quantum chemical study of electron structure and Charge Transport... 89



d)

90

Fig. 5. Molecular packing diagrams and dimer type neighbors in the X-ray structure of
a) O3 (Chen et al., 2015); b) FO3 (Chetkina et al., 1973); ¢) O5 (Liang et. al., 2010) and
d) FO5 molecules (Liang et. al., 2010).
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Fig. 6. Hydrogen bonds in a) P-dimer configuration within the X-ray structure of O3 (Chen et al., 2015);
b) P-dimer configuration obtained from the X-ray of FO5 (Liang et. Al., 2010); and
¢) planar P1, d) P2, ) P5 and
f) P6 dimer configuration obtained from the X-ray structure of O5 (Liang et. Al., 2010).
Numerical data stand for hydrogen bond lengths.

O5 molecule. Considering the hopping mechanism
and using the Marcus theory, drift mobilities of
hole and electron transfer found for this dimer
configuration of O5 are of 1.07 and 0.15 cm* V-'s,
respectively. On the other hand, slightly larger

hole drift mobility of 1.22 cm?V-'s™' was found for
the P2 configuration. The other five dimers have
negligible low mobilities. Therefore, in average,
macroscopic isolating property of O5 was con-
firmed. Analogously, X-ray structures of O3 and
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Tab. 2. B3LYP-GD3BJ equilibrium centroid-to-centroid distances (d) in A, interaction energies (AE,,) in
k] mol™ and hole/electron mobilities (11,/ i) in cm? V='s7' of selected studied dimer configurations
obtained from O3, FO3, O5 and FO5 X-ray structures.

Dimer d AE, i He Dimer d AE, fn Yo
03(P) 7.85 -17.78 0.04 0.02 FO3(P) 12.43 -2.09 0.00 0.00
03(T1) 10.01 -6.49 0.87 0.07 FO3(T1) 5.62 -30.33 0.20 0.37
03(T2) 8.07 -16.99 2.01 0.28 FO3(T2) 10.76 -6.77 0.26 0.04
05(P1) 4.69 -73.76 1.07 0.15 FO5(P) 4.89 -75.19 0.02 0.17
05(P2) 5.99 -38.41 1.22 0.07

05(P3) 13.79 -5.98 0.00 0.00

05(P4) 13.45 -2.05 0.00 0.00

0O5(P5) 8.16 -31.80 0.01 0.03

05(P6) 7.02 -4.73 0.00 0.00

05(P7) 14.17 -7.78 0.11 0.02

its fluorinated derivative FO3 was used to provide
the analysis of contributions to the macroscopic
mobility. In contrast to the pentacenequinone
molecule, mostly transversal dimer configura-
tions contribute to the macroscopic drift mobility
(see Table 2). As illustrated in Fig. 5b, molecular
structure of octafluoro-anthraquinone contains
strongly electronegative fluorine and oxygen atoms
resulting in repulsive interactions between the mo-
ieties in the X-ray structure. Moreover, also the
small interaction energy of -2.09 k] mol™' (Table 2)
for planar configuration (P) shows destabilization
and non-planarity of the system. On the other
hand, the interaction energies of O3 are slightly
higher. As shown, planar configuration (P) provides
the large interaction energy AE;, = -17.78 k] mol™'
due to the stabilization of the dimer by hydrogen
O- - -H bonds (see Fig. 6a).

4, Conclusions

The model series of selected acenequinones and
their octafluoro-derivatives were investigated.
Fluorination of outer rings in the smallest anthra-
quinone molecule causes a structure deformation
resulting in a non-planarity of FO3. The evalu-
ated energies of frontier molecular orbitals and
the electronic band gaps are mutually compared
together with the adiabatic electronic intramo-
lecular reorganization energies. The lowest LUMO
energy (-3.88 eV) was evaluated for FO3 indicating
its n-type semiconducting properties. On the other
hand, the best model structure providing p-type
semiconductivity is O9 due to its highest LUMO
energy (-3.17 eV). The analysis of frontier molecu-
lar orbital shapes shows that HOMOs of O3 and
FO3 differ from the remaining studied molecules.
In case of LUMO, differences are observable in the

shapes of O3 and O5. The effect of fluorination on
the shapes of FMOs is minimal.

Finally, X-ray structures of 03, O5, FO3 and
FO5 were examined from the point of view of
intermolecular hydrogen bond stability and the
corresponding electric drift mobilities were simu-
lated. Anthraquinone can be considered as a p-type
semiconductor because of its relatively high hole
mobility (2.01 cm® V's™) in the transversal T2 di-
mer configuration. On the contrary, the transversal
T1 dimer configuration in octafluoro-anthra-
quinone FO3 provides the largest contribution
to the macroscopic drift mobility (0.37 cm® V-'s™).
The transversal dimer configurations in the X-ray
structure of octafluoro-anthraquinone contribute
to macroscopic drift mobility significantly, thus
the distortion can be neglected. Although penta-
cenequinone is considered to be an electric insula-
tor, the analysis of its electric mobility contributions
shows that planar P1 and P2 dimer configurations
have relatively high hole mobilities. However, from
the statistical point of view, there are five more
planar configurations with negligible mobilities
resulting in the noteworthy decrease of its macro-
scopic mobility. On the other hand, the octafluoro-
pentacenequinone provides only one planar dimer
configuration in the crystal with predicted electron
mobility of 0.17 cm? V™' s at room temperature
which is in good agreement with experimental
value.
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