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Abstract: The relationship between molecular geometries, crystal structures
and charge mobilities of hexathiapentacene (HTP) and three of its derivatives
(2Se-HTP, 4Se-HTP, 6Se-HTP) were studied using the density functional
theory combined with a hopping mechanism at the molecular and crystal level.
The effect of Se substitution on the charge mobility was discussed. The calcul-
ated results showed that the derivatives exhibit good planarity and the mole-
cular geometries show little variation during the charge transfer process. The
electron mobility is 1.20 cm? V-! S for HTP and 2.30 cm? V-1 S1 for 6Se-
-HTP, which are much larger than the corresponding hole ones, indicating that
HTP and 6Se-HTP are good candidates for n-type organic semiconductors.
However, 2Se-HTP and 4Se-HTP have comparable hole and electron motilities
and are suitable for ambipolar semiconductors.

Keywords: selenium substitution; organic semiconductor; density functional
theory; hopping mechanism; ambipolar.

INTRODUCTION

Over the past decades, organic field effect transistors (OFET) have attracted
more and more attention due to their advantages, such as low cost and ease of
fabrication on a large scale.l™# The charge mobility of OFETs made from some
small molecules by the vacuum deposition and solution processing method has
already approached that of a polycrystalline silicon field effect transistor, the
charge mobility of which is over 10 cm? V-1 S-1. These OFETs are considered to
have promising applications in radio frequency identification devices, organic
light-emitting displays and sensor-based equipment.5 All these potential applic-
ations are dependent on high charge mobilities. Therefore, it is still a challenging
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task in the field of organic electronics to design and fabricate new organic semi-
conductors with high charge mobility, ease of storage, and stable to handle.

The electronic property, solubility and molecular packing in organic semi-
conductors could be regulated and controlled by the introduction of heteroatoms,
such as halogens, sulfur and nitrogen atoms.%7 Among the heteroatoms in org-
anic semiconductors, selenium is not as common as sulfur and nitrogen. The
available investigations showed that the effects of sulfur being replaced by sel-
enium are not really uniform. The difference in charge mobilities between tetra-
thiofuran and selenium-substituted tetrathiofuran is almost neglectable.8 How-
ever, the charge mobility increases noticeably from 0.081 to 0.17 cm? V-1 S-1 in
DNTT/DNSS when the sulfur atoms of the latter are replaced by selenium.® In
2011, Lee and coworkers reported a series of metal chalcogenides of cadmium
selenide nanocrystals and their charge transferring. The electron mobility was up
to 16 cm? V-1 S-1,10 3 value that is greater than that of the best dissolved organic
nanocrystalline devices by one order of magnitude. In a word, the selenium com-
pounds used in organic semiconductors are not as popular as sulfur- or nitrogen-
containing compounds. The replacement of sulfur by selenium is an appropriate
strategy to develop high-performance organic semiconductor materials.!!

In 2006, Briseno and his colleagues studied the molecular structure, mole-
cular packing of hexathiapentacene (HTP) and its application in light-emitting
diodes.12:13 Both face to face m—= interaction and S-S interaction contribute to
the charge transfer. Since sulfur and selenium belong to the same group and the
latter has more d-electrons, the replacement of sulfur with selenium is expected
to improve the charge transfer property. To probe the influence of selenium sub-
stitution, the molecular and crystal structures, and charge mobilities of HTP and
its selenium analogs (Fig. 1) were studied by the density functional theory
method together with the charge carrier hopping model.
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Fig. 1. Molecular structure and atomic numbering of HTP and its analogs with the same
atomic numbering.
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EXPERIMENTAL

The hybrid functional of B3LYP was proved to be appropriate for organic molecules
with 7 conjugations.!* Therefore, the reorganization energy in the charge transfer process was
obtained at the B3LYP/6-311++G** level. Consequently, the optimized geometrical struc-
tures of the neutral molecules and the ionization energy, electron affinity, and energies of
HOMO and LUMO of the corresponding cations and anions were calculated. Whereas, the
PWI1PW91/6-31G(d) was used for the molecular packing of the dimers and the charge
transfer integral, since computational practice showed that this method produces rational
results for the coupling integral.!5-16 All the above-mentioned quantum calculations were per-
formed by the Gaussian 09 package.!”

The crystal structure of HTP is from Cambridge Crystal Database. Both the crystal and
molecular structure were optimized by the DFT-D method with PBE functionals. The disper-
sion corrected method (-D) has commonly been used to describe weak interactions.!® As dis-
played in Table I, the optimized cell parameters are in good agreement with the experimental
values, indicating the DFT-D method and the basis set used could be adopted for the system.
Since sulfur and selenium are in the same group, it is reasonable to use the same method for
predicting the crystal structures of the selenium analogs when the sulfur is substituted by sel-
enium.!® The calculations for the crystals were performed by the CASTEP module.20

According to the incoherent hopping mechanism, the charge carriers localize and jump
between neighboring molecules to migrate across the organic layer.2! The charge transfer rate
between neighboring molecules is:

2 05
ki:27n‘l V4 exp| - A 0
h \ AkgT 4kT

where ¢, is the transfer integral between neighboring molecules in each individual hopping
pathway, and 1_ is the reorganization energy for electron transports, 7 is the temperature, /
and kg are the Planck and Boltzmann constants, respectively. The charge coupling # was
calculated by considering the spatial overlap between two monomers according to:22

s = 12 = 0.5k, + hp)Siy
' 1- 5,

2

where h;; is the charge transfer integral and Sj; is the spatial overlap integral. The charge trans-
fer mobility is evaluated by the Einstein Relation:

e
=D 3
A0 3)

where e is the electron charge, kg Boltzmann constant, and D diffusion coefficient that is a
sum along the i hopping pathway:23

1
D=E§r2kﬂ% (4)
where n is the space dimensionality, #; is the centroid distance of the hopping channel i, ; is

the hopping rate in the i pathway, and P; is the relative probability for charge carrier hopping
determined by:
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RESULTS AND DISCUSSION
Geometrical structures

The optimized bond lengths of HTP are in good agreement with the single
crystal X-ray diffraction structure (Table I), indicating that the B3LYP/6-
-311++G** method is appropriate for HTP. show The changes of the bond
lengths from molecule to anion A(A—G) and to cation A(C—G) are shown in Figs.
S-2 and S-3 of the Supplementary material to this paper, respectively. The maxi-
mum variations of bond lengths are 0.023 A for HTP and 2Se-HTP, and 0.024 A
for 4Se-HTP and 6Se-HTP, indicating the variation of structure is small upon the
molecule donating or accepting an electron. This is beneficial for the charge
transfer. As seen in Figs. S-2 and S-3, the lengths of 1 to 3, 25 to 29 bonds, and
bonds associated with labels 35 and 36 vary largely from molecule to anion. The
bond lengths associated with labels 3, 13, 25, 29, 33 and 35 vary largely from
molecule to cation. These bonds with large length variations are C—S, C-Se, S-S
and Se—Se, indicating these atoms make large contributions to the charge transfer.

TABLE I. Experimental and calculated cell parameters of HTP and its selenium analogs

Compound al® Bl° y/° alA b/ A clA
HTP? 72.46 88.89 84.17 3.894 14.33 16.55
HTPb 73.43 88.73 82.08 3.837 14.22 16.64
2Se-HTP 75.55 89.65 88.29 3.872 13.14 17.44
4Se-HTP 73.55 88.85 82.53 3.893 14.33 16.58
6Se-HTP 75.05 89.15 84.65 3.918 13.42 17.43

3Experimental values from the Cambridge Crystal Database; This work

Frontier molecular orbitals

The electronic structures and energies of frontier molecular orbitals greatly
influence charge transfer.2* As seen from the contours of Fig. 2, the HOMO is
symmetric, while the LUMO is asymmetric. The contours of HOMO distribute
on almost all heavy atoms (non-hydrogen atoms) except for S or Se, while those
of LUMO are on all heavy atoms. The delocalized distribution is favorable for
electron transfer. The energies of HOMO and LUMO determine the injection of a
hole and electron. A low LUMO is beneficial for the injection of electrons.25 The
energy difference (Egap) between HOMO and LUMO is also an important factor
for the injection of charge. A small Eg,, value is beneficial for charge inject-
ion.26 As seen in Table II, the Egap values for 4Se-HTP and 6Se-HTP are relat-
ively small, indicating that these compounds are adequate for n-type OSC.
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Fig. 2. Contours of LUMO (left) and HOMO (right) for HTP (a), 2Se-HTP (b), 4Se-HTP (c)
and 6Se-HTP (d).

TABLE II. Energies of HOMO and LUMO, and their gap

Compound Enomo / eV Erumo/ eV Egap/ €V
HTP -5.27 -3.51 1.76
2Se-HTP -5.28 -3.48 1.80
4Se-HTP -5.20 -3.52 1.68
6Se-HTP -5.23 -3.50 1.73

Electron affinity, ionization energy and reorganization energy

The ionization energy, electron affinity and reorganization energy are listed
in Table III. For a good electron injection, the electron affinity should be large
enough. Similarly, a small ionization energy is favorable for hole transfer. After
Se substitution, the ionization energy decreases, but the electron affinity inc-
reases excepted for 2Se-HTP, indicating the substitution of Se improves the hole
and electron transfer.

TABLE III. Ionization potential (IP), electron affinity (E4) and reorganization energy (4, for
electron and J;, for hole) at the B3LYP/6-311++G** level; subscripts “v” and “a”, following IP
and EA, denote the corresponding vertical and adiabatic values

Compound IP,/eV  IP,/eV EA,/eV  EA,/eV  Jl.,/eV A/ eV
HTP 6.78 6.72 2.30 2.37 0.145 0.137
2Se-HTP 6.79 6.72 2.28 2.35 0.139 0.142
4Se-HTP 6.72 6.66 2.37 243 0.133 0.110
6Se-HTP 6.73 6.68 2.36 2.42 0.128 0.114

As one of the key factors for charge transfer, the reorganization energy is
related to the molecular size and geometrical structure. Generally speaking, the
larger the deformation is during charge transfer, the larger is the reorganization
energy, and the smaller is the charge transfer rate. By summing up the absolute
values of bond length variations (denoted as ) |Ara_g| and Y |Arc_g|) of anion/
/molecule and cation/molecule (Tables S-1-S-4), it could be found that the values
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of Y |Arc_g| are in the order: 2Se-HTP > HTP > 6Se-HTP > 4Se-HTP, which is
in accordance with the order of the hole reorganization energy (4p). For electron
transfer, the reorganization energy decreases after Se substitution, indicating Se
substitution favors electron transfer.

Charge transfer integral and charge mobility

The charge transfer integral is closely related to the molecular packing and
center-of-mass distance of neighboring molecules. The space group of the crystal
is supposed to be similar when S is replaced by Se since both the elements have
almost the same electronegativity (2.58 vs. 2.55) and thereby similar intermo-
lecular force. As seen in Fig. 3, the molecules in HTP and its selenium analogs
are packed in fishbone patterns after geometrical and cell parameter optimization.
The dimers in hopping paths of P1 and P2 are in face-to-face m—m packing, which
is proved by many literature references to be an efficient packing for charge
hopping.27

Fig. 3. Paths for charge hopping.

The charge transfer integrals in P1 and P2 hopping are the largest for both
hole and electron transfer. As seen in Table IV, the maximum absolute values of
charge transfer integrals for electron hopping are 37.3, 37.1, 53.4 and 55.1 meV
for HTP, 2Se-HTP, 4Se-HTP and 6Se-HTP, respectively. Those for hole hopping
are 101.9, 61.0, 123.2 and 119.3 meV, respectively. Moreover, the larger the cen-
ter-of-mass distance is, the smaller is the overlap integral between the orbitals of
neighboring molecules. The intermolecular orbital interaction will vanish, and
the charge transfer integral will become zero when the center-of-mass distance
exceeds a certain value. For example, the center-of-mass distance 7; is 3.84 A in
dimer P1 of HTP and the corresponding hole transfer integral is 101.9 meV. The
center-of-mass distance in P3 (12.72 A) is three times larger than in P1 and its
transfer integral is only one fiftieth of the latter. While the center-of-mass dis-
tance in P8 is 15.23 A and the transfer integral is nearly zero. In view of charge
transfer integral, 4Se-HTP possess the maximum hole transfer integral and is a
candidate for p-type OSC. 6Se-HTP has the maximum electron transfer integral
and is a promising candidate for n-type OSC.
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TABLE IV. Charge transfer integral (k4 for electron and %, for hole) for neighboring molecule
dimer; charge transfer integral at the PW91PW91/6-31G (d, p) level; S is the overlap matrix of
the dimer

Compound Path? he / meV S hy, / meV Syl »/A
HTP 1 37.3 -0.0065 101.9 -0.0201 3.84
2 -37.1 0.0065 101.8 -0.0201 3.84
3 4.1 0.0004 2.5 -0.0003 12.72
4 43 0.0009 -1.7 0.0004 9.31
5 -0.7 0.0003 3.0 -0.0004 9.63
6 -5.1 0.0006 3.0 -0.0004 12.36
7 -1.0 0.0001 0.6 -0.0001 14.22
8 1.9 —0.0002 0.8 -0.0001 15.23
2Se-HTP 1 31.7 -0.0059 61.0 -0.013 3.87
2 -31.7 0.0059 61.0 -0.013 3.87
3 5.1 —0.0005 3.1 0.0003 0.99
4 -3.0 0.0004 -10.8 0.0019 0.99
5 3 -0.0004 -10.5 0.0018 0.99
6 -5.5 0.0006 -3.3 0.0004 0.99
7 -1.3 0.0001 -1.0 0.000 6.21
8 6.9 -0.0008 4.7 —0.0005 6.21
4Se-HTP 1 -53.4 0.0093 123.2 -0.024 3.89
2 -53.4 0.0093 123.1 -0.024 3.89
3 4.4 0.001 -6.1 0.0011 0.62
4 4.4 0.0004 2.5 -0.0003 0.62
5 -7.1 0.0008 39 —0.0005 0.62
6 0.6 0.0002 39 -0.0004 0.62
7 -0.6 0.0001 0.3 0.000 14.33
8 0.7 -0.0001 -1.6 0.0002 15.33
6Se-HTP 1 -55.1 0.0096 119.3 -0.0228 3.92
2 55.1 —0.0096 119.3 —0.0228 3.92
3 4.8 -0.0005 29 -0.0003 12.57
4 0.1 0.000 13.3 -0.0022 9.63
5 1.3 —0.0002 12.1 -0.002 9.83
6 6.5 -0.0007 3.7 -0.0004 12.33
7 1.1 -0.0001 -0.5 0.000 13.42
8 34 —0.0004 1.9 —0.0002 14.33

4See Fig. 3 for paths; beenter-of-mass distance of neighboring monomers

As seen in Table V, the electron mobility is 1.20 cm? V-1 S-1 for HTP and
2.30 cm? V-1 S-1 for 6Se-HTP, which are much larger than their corresponding
hole ones, indicating that HTP and 6Se-HTP are good candidates for n-type org-
anic semiconductors. However, 2Se-HTP and 4Se-HTP have comparative hole
and electron mobilities and are suitable for ambipolar semiconductors.

TABLE V. Hole and electron mobilities

Comp. uy/em? Vigl po/em?2viigl  Comp.  p,/cm?Vils! p./cm? Vgl
HTP 0.14 1.2 4Se-HTP 0.61 0.92
2Se-HTP 0.19 0.28 6Se-HTP 0.41 2.29
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CONCLUSIONS

The charge transfer features of HTP and its selenium analogs were inves-
tigated by DFT and the charge carrier hopping mechanism. The stabilities of the
selenium analogs are increased, and the reorganization energies decreased com-
pared to the parent those of HTP. In view of the contours and energies of the
frontier molecular orbitals, HTP and its selenium analogs are suitable for n-type
OSCs. 4Se-HTP and 6Se-HTP have lower LUMO and Eg,p, which is more favor-
able for electron injection. The face-to-face n—m packing of HTP and its selenium
analogs guarantees large charge transfer integrals and is thus beneficial for
charge transfer. Both the electron mobilities of HTP and 6Se-HTP are larger than
the hole ones, and HTP and 6Se-HTP are adopted for n-type OSCs. 2Se-HTP and
4Se-HTP have the similar magnitudes of electron and hole mobilities and are
thus candidates for bipolar OSCs. The present study showed that selenium sub-
stitution for sulfur is one of the strategies to develop n-type or ambipolar semi-
conductors.

SUPPLEMENTARY MATERIAL

Additional data are available electronically at the pages of journal website: https://
//www.shd-pub.org.rs/index.php/JSCS/index, or from the corresponding author on request.
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U3BO[
TEOPUJCKO IMPOYYABAE ITOKPET/BMBOCTU HAEJIEKTPUCABA KOJ
XEKCATHUOIIEHTALEHA U (bETOBUX CEJTEHOBUX AHAJIOTA
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Teopujom dyHKIMOHANMA rycCTHHE KOMOMHOBAHOM Ca MEXaHH3MOM ITpecKakama IIpoy-
YyaBaH je ofHOC u3Mel)y MOJIEKY/ICKHX reOMETpHja, KPUCTAIHUX CPYKTYPE U MOKPET/BUBOCTH
HaeleKkTpucamwa y xekcathanentaneHa (HTP) u merosa tpu gepusata (2Se-HTP, 4Se-HTP,
6Se-HTP) Ha HUBOY MoJieKkyna U KpUcTasia. JucKkyToBaH je edekar CylncTUTyLHje CelIeHOM Ha
MOKPET/BUBOCT HaeleKTpucamwa. M3pauyHaTu pesynTaTd MoKasyjy Ja AepUBATH MMajy nodpy
IJIaHAPHOCT U Jla TeOMETpHje MoJieKyJia Majo Bapupajy TOKOM Ipolieca NpeHoca HaeleKTpH-
cama. MoSunsoct enexrpona je 1,20 cm2 V-1 S-13a HTP u 2,30 cm2 V-1 S°1 3a 6Se-HTP, mro
je muoro Behe Hero 3a ogrosapajyhe npasHuHe, ykasyjyhu ga cy HTP u 6Se-HTP nobpu kan-
IUIATH 32 OpraHCcKke MOMynpoBofgHuKe n-tuma. Mehytum, 2Se-HTP u 4Se-HTP umajy ymope-
I¥Be MOKPET/bMBOCTH €JIEKTPOHA M IUYMJbUHA M MOTOJHH Cy 338 aMOHIOMapHe MOIyIpPOBOJ-
HUKE.

(ITpummeno 11. Maja, pesunupaHo 23. jyia, npuxsaheno 29. jyna 2020)
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