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Abstract The simulated structure of 9,10-bis(methyl-
thio)anthracene (1) has been compared with experimental
parameters, then by applying the same methodology crystal
structures of designed derivatives 9,10-bis(trifluorometh-
ylthio)anthracene (2), 9,10-bis(methylselleno)anthracene
(3) and 9,10-bis(trifluoromethylselleno)anthracene (4) have
been simulated. By employing a diabatic model and a first-
principle direct method, we have investigated carrier
transport properties. The reorganization energies have been
computed at the DFT (B3LYP/6-31G*) level. The transfer
integrals have been calculated for a wide variety of nearest-
neighbor charge transfer pathways. The reorganization
energies and transfer integrals showed that 1, 3, and 4
would be good both for hole and electron transport and 2
hole transfer material. The 2 and 4 derivatives would
enhance the photostability as well.

Keywords OFET - Reorganization energy -

Transfer integrals - DFT - Anthracene derivatives

1 Introduction

Organic materials are good contenders for the fabrication

of transistors, photodiodes, solar cells, and (bio)chemical
sensors [1—4]. Since the reporting of the first organic field
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effect transistor (OFET) [5] in 1986, there has been
remarkable progress in the development of OFETS. Inter-
molecular and intramolecular interactions are known to
have important influence on the structures, properties,
and reactivity of certain chalcogen compounds [6, 7].
Compounds containing chalcogen atoms (S, Se, and Te)
are a treasury of molecular electronics, e.g., OFET [8, 9].
Solid-state properties such as conductivity, reactivity, and
crystallinity all rely on influences of n—n forces [10].
Realization of a 2-D face-to-face n—m stacked packing
arrangement of acenes would produce improved OFET
devices with a high hole mobility [11, 12] because this
molecular ordering permits good overlapping of the inter-
molecular n—n orbitals.

Kobayashi et al. [13] reported that chalcogen—chalcogen
interaction plays an important role in the face-to-face n—mn
stacking arrangement. The 9,10-bis(methylthio)anthracene
(1) has been selected to calculate the charge transfer
properties which is aligned by face-to-face n—n stacking.
Computational techniques [14, 15] have become in the past
decades a potential alternative to experiments for investi-
gation of single-component systems. The reorganization
energy and transfer integrals are important parameters of
the mobility. If the crystal structure is not available, then
transfer integrals are generally calculated within the dimer
by intermolecular separation, translation distance along
axis (X, Y and Z), and change in rotational angle, but this
method does not give accurate predictions relative to
crystal structure [16-18]. The molecular mechanics has
been applied to crystal surfaces or to the bulk [19], allow
determination of how molecular species assemble in the
solid state. Molecular mechanics simulations have been
used to optimize the conformation and crystal packings
[20]. The crystal parameters have been successfully
regenerated by molecular mechanics minimizations [21].
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The high mobility materials having face-to-face n—n
stacking arrangement were designed. The crystal structures
of the designed systems are not available; thus we have
simulated the crystal structures to calculate the transfer
integrals. In this work, our aims are (a) to design high
mobility photostable materials; it is expected that electron
withdrawing character of fluorine substituents may
improve the photostability [22]. Thus, we have substituted
the H by electron-withdrawing group F atoms. (b) To
theoretically investigate the carrier transport properties of
studied systems (see Fig. 1).

2 Theoretical background and methodology

The initial molecular structures were taken from density
functional theory (DFT) geometry optimizations using
Becke’s exchange functional [23] combined with Lee—
Yang—Parr correlation functional [24], denoted B3LYP
[25] at the 6-31G* and 6-31G** basis sets [14]. It has been
found that the B3LYP/6-31G* level gives accurate and
reasonable results (see supporting information). The forcite
code which is implemented in the Accelrys package
Materials Studio is used to simulate the crystal structure of
9,10-bis(methylthio)anthracene (1) [26]. The geometry of
the cluster models used in present study was taken from
B3LYP/6-31G* level. In this paper, the potential parame-
ters are selected from the Dreiding, which has been fully
validated by many works [27-30]. The Dreiding force field,
developed by Mayo et al. [30] is a good, all-purpose force
field that can be used for organic, biological, and main-
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Fig. 1 The structures of 9,10-bis(methylthio)anthracene (1), 9,10-
bis(trifluoromethylthio)anthracene (2), 9,10-bis(methylselleno)anthra-
cene (3), 9,10-bis(trifluoromethylselleno)anthracene (4)
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group inorganic molecules. The geometry constraints were
applied during dreiding energy minimization. The elec-
trostatic interaction is evaluated through the Ewald sum
method [31]. The structural parameters were compared
with experimental data to check the reliability of simulated
structure. Then the designed derivatives were optimized at
the B3LYP/6-31G* level. The geometric characters of
compounds 2-4 are very similar to that of compound 1.
Thus, by applying the above-mentioned methodology
crystal structures of new designed derivatives have been
simulated within P1 space group to relate the pathways in
the different structures, and discuss how the substituents
affect the transfer integrals of the same pathway in the
different structures. In fact, we would speculate that for
compounds 2 and 4 the actual crystal structures may be
different, since the C-F bonds are in the place of C-H
bonds of other compounds. But from simulated crystal
structures, we would be able to check the effect of sub-
stituents on the transfer integrals. Second, it can give us
idea as to what kind of charge transfer properties would
have such kind of materials.

The charge transport in the organic solid can be viewed
as hopping process, which can be accounted for by the
Marcus electron transfer theory [32]. For self-exchange
transfer reaction, the driven force, i.e., the free energy
difference (AG®) is approximately taken as zero in the
transfer. As result, the transfer rate constant is represented
as

k= V2/h(n/2ksT) Pexp(—7/4ksT) (1)

Here, V is the intermolecular transfer integral and A is the
reorganization energy. The reorgamzatlon energy is further
divided into two parts: Xrel and )Lrel , where Aiell) corresponds
to the geometry relaxation energy of one molecule from
neutral state to charged state, and )»g corresponds to the
geometry relaxation energy from charged state to neutral
one [33, 34].

A= irel + /lrel (2)

In the evaluation of A, the two terms were computed
directly from the adiabatic potential energy surfaces; see
Fig. 2 [14, 35, 36].

A= ’IEQ + igl)

= [EV() - B0 + BV - EV)] ()

Here, E(O)(X), E(O)(X+) are the ground-state energies of the
neutral and charged states, E‘(X) is the energy of the
neutral molecule at the optimized charged geometry, and
E(XT) is the energy of the charged state at the geometry
of the optimized neutral molecule.

We calculated the reorganization energy of anthracene
at the B3LYP/6-31G*, B3LYP/6-31G** [14], and B3LYP/
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Fig. 2 Sketch for the potential energy surfaces for neutral state / and
ionic state 2, showing the vertical transitions and relaxation energies
1 and Al
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6-31 + G* levels of theory. The B3LYP/6-31G* level
gives reasonable results; thus, this level has been applied to
compute the reorganization energies of its derivatives
investigated here. It should be pointed out that, in this
work, the polarization effects from the surrounding mole-
cules, as well as the charge reorientation, have been
neglected [37-39]. The next step is to calculate the transfer
integrals. Here, we have used the single-crystal structures
to generate all the possible nearest-neighbor intermolecular
hopping pathways. The electronic coupling can be obtained
either by Koopmans’ theorem, which has been widely
employed [40], or by directly evaluating the coupling
element for the frontier orbitals [41, 42]. In the former
case, the charge transfer integral corresponds to half of the
splitting of the HOMO or LUMO levels for holes or
electrons. Bredas et al. [14] have extensively investigated
the parameters governing the transport on many conjugated
systems by frontier orbital splitting. INDO based calcula-
tions which use the “energy-splitting-in-dimer” method
[43] often overestimate electronic couplings and also
ignore the orthogonalisation of the basis set. Valeev et al.
[43] pointed out that when the dimer is not cofacially
stacked, the site-energy correction due to the crystal
environment should be taken into account. Yang et al. [44]
have mentioned that the direct method for the coupling is
equivalent to the site-energy corrected frontier orbital
splitting method, and this direct method offers remarkable
simplicity in computation; thus, we used direct method
which has been proved to give good and accurate results
[41, 42, 44-47].

The electronic coupling for electron/hole transfer in this
scheme can be written as

0,sitel 0| 1 0,site2
< “le/mn = ¢LI?I:IO/HOMO|F |¢LISJII\7[O/HOMO> (4)

Here, V is the transfer integral for the hole or electron

0,sitel 0,site
and ¢, o /HOMO and ¢LUM0 /HoMo Tepresent the LUMOs/

HOMOs of the two adjacent molecules 1 and 2 when no
intermolecular interaction is presented. F° is the Kohn—
Sham-Fock matrix for the dimer; its density matrix is
constructed from non-interacting molecular orbitals. In
practice, the Fockmatrix is evaluated as

F =SCeC™! (5)

Here, S is the overlap matrix for the dimer taken from the
crystal structure, and the Kohn—Sham orbital C and
eigenvalue ¢ are obtained by diagonalizing the zeroth-order
Fock matrix without any self-consistent field iteration.
In the present study transfer integrals have been computed
at the DFT/pw91pw91/6-31G* level [44]. It has been
revealed that this choice of functional gives the best results
at the DFT level [48]. Furthermore, in organic materials
intermolecular charge transfer rate between different
dimers can vary by orders of magnitudes. The grain
boundaries are present in thin film phases. Such inhomo-
geneities point out the inadequacy of diffusion constant to
describe actual materials [49].

In the presence of such inhomogeneities, random walk
approach can be performed to simulate the diffusion pro-
cess of the charge carrier. Within this approach, an arbi-
trary site (molecule) within the bulk is initially chosen as
the starting position for the charge [50, 51].

If we assume the charge motion is a homogeneous
random walk, the diffusion constant can be evaluated as
(52]

27,2
Zd2 pi = Zldl k: (6)
2n >k

d is the intermolecular center-to-center distance and n = 3
is the spatial dimension. The hopping time between two
adjacent molecules is the inverse of the rate constant 1/k.

1 <xt
D= lim —
t—oo 2n

The probability for a specific hopping route is p; = Zk" =

Namely, it is a 3-d averaged diffusion process. It is clear
that the mobility is linearly proportional to the electron
transfer rate. Within this mechanism, it has been assumed
that the localized electron can only hop between adjacent
molecules, in sharp contrast to the band-like picture, where
the electron is delocalized in several molecules. All the
quantum chemistry calculations are performed with the
Gaussian03 package [53].

3 Results and discussion
3.1 Molecular packing
Table 1 lists the cell parameters (a, b, and c: A and o, B,

and 7y: °) using dreiding force field. As we have designed
some new derivatives and wanted to calculate the charge
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Table 1 Molecular packings of the studied systems

Parameters 1 lli 2 3 4
Space group P1 P1

a(A) 5.195 5.252 5.491 6.153 5.628
b (A) 7.458 7.539 7.653 7.318 7.848
c (A 9.002 9.262 9.640 8.591 9.328
o (deg) 74.066 73.599 70.319 80.304 75.331
p (deg) 73.691 76.366 82.375 68.330 78.900
7 (deg) 89.762 88.184 83.855 91.632 86.183

? Experimental data from [13]

® Simulated crystal structure parameters where initial molecule was
optimized at B3ALYP/6-31G* level

transfer properties, thus, before simulating the crystal
structures of designed derivatives, we have simulated the
crystal parameters of the 1 which was initially optimized
at the B3LYP/6-31G* level. It has been observed that
unit cell of 1 shows P1 space group with a = 5.205 A,
b=7585A,c=28710 A, « = 76.500°, § = 75.540° and
7 = 90.730° which is in good agreement with experimental
parameters [13]. The experimental crystal structure was
successfully generated by forcite calculations. In Fig. 3
experimental and simulated crystal structures can be
viewed. It has been observed that arrangement and orien-
tation of the molecules in simulated crystal is also similar
like the experimental one. Our adopted methodology is

Fig. 3 The experimental (a and b) and simulated (c and d) crystal structures of 1 along a and c direction, respectively
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appropriate and thus the crystal structures of 2, 3 and 4
have been simulated by applying the same tactic. Detail
about the crystal structures of all the investigated systems
in this study can be found in supporting information.

3.2 Charge transfer properties

The anthracene which is used in OFET is a hole transfer
material. Bredas et al. [14] calculated its reorganization
energies by potential energy surfaces (PES) (4, =
0.137 eV) and normal mode (NM) (4, = 0.136 eV) anal-
yses. They performed all the calculations including
geometry optimizations and NM analyses at the DFT level
with the hybrid B3LYP functional using 6-31G** basis set.
We have calculated the reorganization energy of anthra-
cene at B3LYP/6-31G* B3LYP/6-31G**, and B3LYP/6-
31 + G* levels. From Table 2 it can be found that basis set
has no significant effect. Thus, the reorganization energies
of anthracene derivatives have been computed at B3LYP/
6-31G* level of theory.

On the basis of the crystal structures of 1, 2, 3, and 4, we
identified 13 distinct nearest-neighbor hopping pathways
for each investigated system (see supporting information
for details). Using the method described above in Eq. 4, the
corresponding coupling integrals were calculated for hole
and electron. The strongest nearest-neighbor electronic
coupling of anthracene is as high as 44 meV [14], while
largest coupling for 1 is 35.9 meV for hole and 106 meV
for electron when S to S distance is 5.195 A. The prevailing
couplings for hole are 4.9, 10.8, 19, 12, and 5 meV for
routes 3, 4, 9, 11, and 12, respectively. The electron cou-
plings for the same routes have been observed 19, 0.6, 9.9,
13, and 2.7 meV, respectively (see Table 3). Generally,
reorganization energy indicated that 1 would be hole
transfer material while transfer integrals showed that it is
electron transfer one. By considering both the reorganiza-
tion energy and transfer integrals it might be good material
for both hole and electron transfer. From Table 4 it can be

Table 2 The calculated reorganization energies for hole (/) and
electron (4.) in eV

Complexes B3LYP/6-31G* B3LYP/6-31G** B3LYP/6-31 + G*
)Lh ;Lc lh )Lc ;Lh ;Lc

Anthracene” 0.136  0.196 0.137  0.195 0.133 0.194

1 0.161 0.216

2 0.200 0.340

3 0.214  0.230

4 0.209 0.331

# The calculated reorganization energies by potential energy surfaces
(PES) (A4, = 0.137 ¢V) and normal mode (NM) (4, = 0.136 eV)
from [14]

found that the dominant pathway in 2 is also route 1 when
S to S distance is 5.491 A with V, = 133.6 meV and
Ve = 29.9 meV. The hole/electron transfer integrals for
routes 3,4,9, 11, and 12 are 3.6 meV/2.4 meV, 0.48 meV/
1.2 meV, 8.7 meV/3.9 meV, 0.45 meV/1.7 meV, and
3.9 meV/0.34 meV, respectively. The computed 4, is
0.2 eV and 4, is 0.340 eV. The reorganization energy and
transfer integrals showed that it would be hole transfer
material. The transfer integrals of 3 are given in Table 5;
the main hole couplings are 28.5 meV (route 1), 1.1 meV
(route 3), 11 meV (route 4), 17 meV (route 9), 5.4 meV
(route 11), and 1.4 meV (route 12) while electron coupling
are 40.3 meV (route 1), 6.0 meV (route 3), 3.9 meV (route

Table 3 The transfer integrals V (eV) of 9,10-bis(methylthio)anthra-
cene (1) for the 13 pathways are calculated at the pw91pw91/6-31G*
level

Route S to S distance (;A) Vi V.

1 5.195 —3.59 x 1072 10.65 x 1072
2 9.071 6.70 x 1077 343 x 107°
3 7.458 49 x 1073 1.93 x 1072
4 9.107 —1.08 x 1072 —581 x 107*
5 13.188 243 x 107%° 2.66 x 1072
6 13.173 —5.15 x 1071 455 x 1071
7 15.070 —1.74 x 1072 —7.81 x 107'2
8 9.042 —439 x 107 2.84 x 107°
9 9.002 —1.90 x 107> —9.90 x 1073
10 11.588 456 x 1075 —8.60 x 107¢
11 10.043 —1.20 x 1072 1.30 x 1072
12 9.990 500 x 107 —2.70 x 1073
13 12.358 6.42 x 1077 3.81 x 107°

Table 4 The transfer integrals V (eV) of 9,10-bis(trifluoromethylthio)
anthracene (2) for the 13 pathways are calculated at the pw91pw91/
6-31G* level

Route S to S distance (A) Vi V.

1 5.491 13.36 x 1072 2.99 x 1072
2 8.928 2.59 x 1077 147 x 1076
3 7.653 —3.60 x 1073 240 x 1073
4 9.885 479 x 107* 120 x 1073
5 14.432 —9.92 x 1072 132 x 107
6 14.184 444 x 1071° 2.15 x 1071
7 15.949 —9.08 x 1077 —4.60 x 1076
8 10.442 654 x 107° =553 x 107¢
9 9.640 —870 x 1072 —3.90 x 1073
10 11.710 -3.99 x 107> —231 x 107
11 11.265 —455 x 107* 1.70 x 1073
12 10.090 —3.90 x 1073 3.41 x 107
13 11.705 —-1.01 x 107® —1.32 x 1077
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Table 5 The transfer integrals V (eV) of 9,10-bis(methylselle-
no)anthracene (3) for the 13 pathways are calculated at the
pw91pw91/6-31G* level

Route  Se to Se distance (A) Vi V.

1 6.153 2.85 x 1072 403 x 1072
2 9.694 —7.95 x 1077 =222 x 107¢
3 7318 1.10 x 1073 —6.00 x 1073
4 9.426 1.10 x 1072 3.90 x 1073
5 12.244 772 x 107" 585 x 1078
6 12.188 5.17 x 1071 1.51 x 10713
7 14.929 —3.16 x 1072 —1.07 x 107'°
8 8.522 2.05 x 107° 1.54 x 107
9 8.591 —1.70 x 1072 450 x 1073
10 12.276 283 x 107°  —2.63 x 107°
11 10.121 —5.40 x 1073 5.80 x 1073
12 10.305 —1.40 x 1072 —=737 x 107*
13 13.625 —490 x 1078 5.05 x 1078

Table 6 The transfer integrals V (eV) of 9,10-bis(trifluoromethyl-
selleno)anthracene (4) for the 13 pathways are calculated at
pw9lpw91/6-31G* level

Route  Se to Se distance (1&) Vi Ve

1 5.628 6.59 x 1072 8.38 x 1072
2 9.348 1.04 x 1077 5.33 x 1077
3 7.848 —4.80 x 1072 1.80 x 1073
4 9.957 —571 x 107° 938 x 107*
5 13.830 —1.21 x 107 398 x 107%°
6 13.626 234 x 1071 1.83 x 10714
7 15.603 —8.54 x 1071 —238 x 107"
8 9.923 101 x 107*  —6.51 x 1076
9 9.328 —9.90 x 107> —5.20 x 1073
10 11.785 —7.83 x 107> —7.00 x 1073
11 11.352 3.87 x 107 220 x 1073
12 10.561 1.20 x 1073 342 x 1074
13 12.551 —1.35 x 107* 1.65 x 1077

4), 4.5 meV (route 9), 5.8 meV (route 11), and 0.73 meV
(route 12). The reorganization energy and transfer integrals
showed that 3 would be good for both hole and electron
transfer. The key hole couplings for 4 are 65.9, 4.8, 9.9, and
1.2 meV while electron couplings are 83.8, 1.8, 5.2, and
0.34 meV when Se to Se distances are 5.628 ;\, 7.848 A,
9.328 A, and 10.561 A, respectively, which are given in
Table 6. The hole reorganization energy is smaller than the
electron one while electron couplings are higher than hole
couplings. It might be better for both hole and electron
transfer. The four crystal structures are very closely related;
but we have observed that within the same pathway by
changing the substituents transfer integral values differs
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Fig. 4 The molecular orbital distribution of the most prominent
dimers

(see Tables 3, 4, 5 and 6). The molecular orbital distribu-
tion of the most prominent dimers in 1, 2, 3, and 4 has been
shown in Fig. 4. Here, we found that in all the studied
systems, HOMOs are localized on one molecule that is
below while LUMOs are on other molecule above one.

Electrostatic surface potentials (see Fig. 5) indicate that
electron density in 1 is distributed in the central part, but by
substituting the fluoro atoms it decreases in the center. The
fluoro atoms attract the electrons toward themselves, thus
rendering center of the rings in electron-deficient while
location of fluorine atoms are electron rich as in 2 and 4. It
might make oxidation more difficult and improve the
photostability [22].
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Fig. 5 Electrostatic surface
potentials mapped onto a
surface of total electron density
for anthracene derivatives.
Regions of higher electron
density are shown in red and of
lower electron density in blue
(values in atomic units)

4 Conclusions

The crystal structures of 9,10-bis(methylthio)anthracene
(1) and new designed derivatives 9,10-bis(trifluorometh-
ylthio)anthracene (2), 9,10-bis(methylselleno)anthracene
(3) and 9,10-bis(trifluoromethylselleno)anthracene (4) have
been simulated. The intermolecular electronic couplings
for a wide variety of nearest-neighbor charge transfer
pathways have been obtained by directly evaluating the
dimer Fock matrix with unperturbed monomer’s molecular
orbits at the DFT/pw91pw91/6-31G* level. The 9,10-
bis(methylthio)anthracene (1) might be good material for
both hole and electron transfer. The hole reorganization
energy of 2 is lower while hole transfer integral values are
higher than the electron ones which indicate that it would
be hole transfer material. The reorganization energies and
transfer integrals showed that 3 and 4 might be also good
for both hole and electron transfer. The electrostatic sur-
face potentials showed that 2 and 4 would be more pho-
tostable. Theoretical calculations confirm that investigated
system would be excellent potential candidates for OFETs.
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