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Abstract: A novel crystal structure of octaseleno[8]circulene (C;sSeg, we named it selflower) was
predicted on the basis of sym-tetraselenatetrathio[8]circulene crystal (C;sS;Sey, selenosulflower).
The charge transport properties of selenosulflower and its selenium analogue of selflower as
potential ambipolar materials were investigated by the density functional theory (DFT) coupled
with the incoherent charge-hopping model. Insights into their geometric and electronic structures,
frontier molecular orbitals, reorganization energies and transfer integrals, anisotropic mobilities as
well as band structures of the two novel materials were provided in detail. The gap of the frontier
molecular orbitals decreases when all sulfur atoms of C;4S4Se, are substituted by selenium, which
improves the charge transfer efficiency. The predicated hole and electron mobilities of C;¢Seg are
1.03 and 1.26 cm>V s respectively. C;4S4Se;s has hole mobility of 0.49 em>V s and
electron mobility of 0.74 em®V s, Both circulenes exhibit electron-dominated ambipolar
performance. The small reorganization energy and larger transfer integral originated from the face
to face n-n stacking lead to large charge mobility for the novel compound Ci¢Seg. In the viewpoint

of transfer integral, the electron coupling among the dominant hopping pathways indicates that the
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charge transport processes take place in the parallel dimers with n-x interaction. The two materials
exhibit remarkable angular dependence of mobilities and anisotropic behaviors. The newly

designed “selflower” C¢Seg is a novel organic semiconductor and worthy to synthesize.

Keywords: Tetraselenatetrathio[8]circulene (selenosulflower), Octaseleno[8]circulene (selflower),
Hole and electron mobilities, Density functional theory (DFT), p-n junction (ambipolar),

Anisotropic mobility

1. Introduction
Organic semiconductors based on m-conjugated molecules have attracted much attention
recently because of their wide potential technological applications, such as organic field-effect
transistors (OFETs), organic solar cells (OSCs), organic light-emitting diodes (OLEDs), and
various types of chemical sensors [1-3]. Over the past decades, numerous organic semiconductors
have extensively investigated experimentally and theoretically due to, for examples, low cost,
light weight, ease of processing, versatility of chemical synthesis and flexibility [4]. Among the
organic semiconductor investigated, some organic p-type semiconductors have achieved a
mobility beyond 10 cm>V '-s™' [5, 6]. However, the development of the n-type semiconductors
significantly lags behind the p-type ananlogs, which is mainly ascribed to the intrinsic instability
of n-type organic materials in air conditions [7]. As a consequence, the search for the
high-performance and ambient-stable n-type and/or ambipolar organic materials is a crucial
challenge [8].
In the context, we have been searching for new molecules derived from the heterocycles of

octathio[8]circulene that can be considered for use as n-type semiconductors using quantum
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chemical computations [9]. It is known to all that the n-conjugated molecules such as oligoacenes,
oligothiophenes and their derivatives have been widely employed as electron transport materials
[10-12]. Based on this, Chernichenko and Nenajdenko et al. synthesized a stable, highly
symmetric, and planar thiophene-fused[8]annulene, octathio[8]circulene C¢Sg, named it
“sulflower” from sulfur and sunflower [13]. The sulflower molecule with eight m-conjugated
annulated thiophene rings is expected to possess the high air-stability. Interestingly, the sulflower
molecules in the single crystal display a one dimensional slipped m-stack motif along the
crystallographic a-axis with a short interplanar distance of 3.86 A. This short intermolecular
contact provides an efficient charge transport pathway, which renders sulflower a high possibility
of three-dimensional transport and thus great potential as a good candidate for the fabrication of
organic electronic devices [14—16]. Up to the present, the charge transporting properties of the
octathio[8]circulene have been investigated in several experimental and theoretical studies [17]. In
this regard, we investigated two novel materials sym-tetraselenatetrathio[8]circulene C;sS;Sey
(selenosulflower) [18] and its selenium analogue CcSeg (octaseleno[8]circulene, we name it
“selflower” from selenium and sunflower) based on the highly symmetric octathio[8]circulene.
The two novel compounds were listed in Fig. 1. We performed quantum chemical calculations for
the two novel circulenes. The geometries, electronic and charge transport properties, and
substituent effects of the two novel circulenes were discussed and analyzed. We hope that our
work could be useful to understand how the interplaying role of various factors affects the charge
transport property and provide some important information for designing high performance

semiconductors.
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2. Theoretical methodology and computational details

2.1 Theoretical methodology

At room temperature, the charge transfer in n-conjugated organic semiconductors with weak

intermolecular interactions is generally regarded to happen through the incoherent hopping

process [19]. Thus, to describe the charge transport properties, the incoherent hopping model was

employed in which the charge carriers are expected to localize and jump between neighboring

molecules to migrate across the organic layer [20]. The rate of charge transfer between two

adjacent molecules, kis expressed by the Marcus equation [21] in terms of the reorganization

energy A, the transfer integral V, and the temperature T as

2 L
=2 () exp( - (M

h " Ak,T 4k,T

where & and k3 are the Planck and Boltzmann constants, respectively. The charge transfer mobility,

i, is then evaluated from the Einstein relation [22]
p=——D )

where e is the electronic charge, and D the diffusion coefficient, which is related to the charge
transfer rate £ as summing over all the hopping pathways:

1 2 3
D=—Y r’kP G3)

2n <
where 7 is the dimensionally (usually # is equal to 3 in that we could evaluate the average mobility
of all the hopping pathways), r; is the centroid distance of the hopping channel i, and P; is the
relative probability for charge carrier hopping to a particular ith neighbor, which is calculated as
by

F =k (z ki)71 (4)

The reorganization energy A has both inner and the external contributions. The inner
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reorganization energy is a measure of geometrical distortion of the ionic forms from the neutral
molecule [23, 24]. Due to the external part is often neglected, we only considered the inner
reorganization energy employing the adiabatic potential (AP) energy surface approach [25].
According to the AP scheme, 4. can be expressed as the following equation [26]:

A =Ey(0) - E(Q)+ EL(Q) - E.(Q,) 6]
where /. is the reorganization energy for hole or electron transports, E+(Q,) is the total energy of a
system with positive or negative charge in the optimized neutral geometry, E+(Q+) is the total
energy of optimized ionic geometry, and Ey(Qy) is the total energy of optimized neutral molecule.

The transfer integral V represents the strength of electronic coupling between the two
adjacent neighboring molecules. It is calculated on the direct coupling approach, which provides a
relatively accurate estimation for the V; due to considering the spatial overlap between two
monomers [27]. In terms of this scheme, the electron coupling is given by

1
hy — —(hy, + hy)S
V[ _ 12 2 11 i 22 12 (6)
1-S,

where = <¢i

hKS ‘¢,> ’ S[_,- = <¢L

S\¢,>, and |g¢,)(i=1,2) is the wave function of the frontier
molecular orbital for the ith monomer. 4; is the charge transfer integral and S; is the spatial
overlap integral, respectively. ks is the Kohn—Sham Hamiltonian of the dimer system, which can
be calculated by the following equation [28]: k. = SC eC™', where S is the intermolecular
overlap matrix, C and ¢ are the molecular orbital coefficients and energies from one-step
diagonalization without iteration.

One of the most important expected features of the m-conjugated molecules is their abilities to
become highly conductive after hole or electron doping. The ionic state properties such as vertical

ionization potential (/Py), adiabatic ionization potential (/P,), vertical electron affinities (E4y),



Journal of Materials Chemistry C

and adiabatic electron affinities (EA,) were calculated by the following formulas [29]:
1P, /IP, = E (Q))/ E (0,)-E,(Q,) @)

EA, 1 EA, = E\(Q)) - E (Q)/ E_(Q) (®)

2.2 Computational details

The unit cells of the crystal structure C;4S4Se, (see Fig. 1) was retrieved from the Cambridge
Crystallographic Database (a=4.029 A, b=16.68 A, c=11.27 A, 0=90°, p=94.30°, y=90° and
Veet=709.39 A%). Based on the experimental crystal structure, we performed periodic optimization
for Ci6S4Se, crystal by using the dispersion-corrected density functional theory (DFT-D) at the
PBE level. Inclusion the dispersion energy (-D) is usually needed to describe the solid-state
packing of molecules [30]. The optimized crystal structure parameters were summarized as:
a=3.908 A, b=16.79 A, c=11.30 A, 0=90°, p=94.20°, y=90° and Vee:1=739.94 A°. It is worth noting
that the optimized crystal structure parameters are in good agreement with the experiment,
demonstrating that the method is suitable for the molecular crystal. Since surfer and selenium are
in the same group, we substituted all the four sulfur atoms with selenium to obtain a crystal
structure of C;4Seg that is similar to CiS4Sey. In this regard, we also optimized the C;5Seg crystals
by DFT-D method with GGA-PBE functionals [31]. The optimized C;sSeg crystal (see Fig. 1)
parameters were listed as: a=4.111 A, b=17.43 A, c=11.85A, a=90°, p=95.55°, y=90° and Veer1=
845.68 A’. All the calculations were performed using the CASTEP code [32].

Large numbers of theoretical studies have shown that the B3P86 functional is recognized to
provide reliable predictions and interpretations of the molecular geometries and electronic

properties of m-conjugated organic systems bearing sulfur and selenium atoms [18, 33]. Here, all
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geometries of the neutral, cationic, and anionic species were optimized using the B3P86 hybrid
functional and the 6-31G(d,p) basis set. On the basis of the above calculations, the reorganization
energies of the C1,S4Ses and C 4Seg were obtained. Although the B3LYP functional was widely
used, the transfer integral calculated by this functional was overestimated in some cases [18, 34,
35]. In the calculations of the transfer integral, we chose the PW91 exchange and PWO91
correlation functionals with 6-31G(d,p) basis set by the site-energy corrected method, which has
been proved to give good descriptions for transfer integral at the DFT level [36, 37]. The above

calculations were manipulated by the Gaussian 09 package [38].

3. Results and discussion
3.1 Geometric and electronic structures

As seen in Table 1, the optimized bond lengths of C1¢S4Se, are in good agreement with the
corresponding experimental values. The largest deviation of the optimized and experiment bond
length is only 0.06 A (R;o.11), which is ascribed to the solid state effect in the crystal structure [18].
The results also indicated that the B3P86 functional coupled with the 6-31G(d,p) basis set is
appropriate for depicting the geometric properties of the selenosulflower. Judged by the bond
lengths and dihedral angles, the optimized selenosulflower and selflower exhibit excellent
planarity. The optimized bond lengths of ground, anionic and cationic states of the C;6S4Ses and
C16Seg molecules at the B3P86/6-31G(d,p) level were listed in Supporting Information. From
Table S1 and Table S2, the bond length modifications from neutral to ionized forms in C;cS4Seq
and C;4Ses are ca. of 0.01 A with the maximum changes of 0.017 A for C,4S4Se4 and 0.019 A for

Ci6Ses. This suggested a better structural stability in donating and accepting electrons due to their
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special highly conjugated and symmetrical structures [39]. The variations of bond lengths between
the neutral, cationic and anionic geometries for Ci¢S4Se; and Ci¢Seg were also presented in Fig.
S1 and Fig. S2. As can be seen the geometric deformation of the two molecules in the oxidation
process is larger than the reduction process, so the hole reorganization energies for the two
molecules should be larger than the corresponding electron ones [40]. To elaborate the geometric
distortion quantitatively, we summed up the bond length changes (X|A(A-G)| and X|A(C-G)|) for
the two compounds in charge carrier transport processes [41]. Here A(A-G) represents the bond
length difference between the anionic and neutral geometries, A(C-G) denotes the bond length
change between the cationic and neutral ones. The calculated X|A(A-G)| and Z|A(C-G)| values
reach 0.244 A and 0.316 A for C,4S4Ses and 0.231 A and 0.289 A for C;¢Seg, respectively. The
close values of the bond length changes in charge transfer processes indicate their balanced charge
transport property [42]. Further analysis showed that the geometric relaxations of all eight C-S
bonds account for 39.3% and 18.2% deformations of C1¢S4Se; in the reduction and oxidation
processes, respectively, and those of C-Se bonds reaches 33.7% and 35.5%, respectively. When all
the sulfur atoms of C;S;Se, are substituted by the selenium atoms, the geometric relaxations from
all the peripheral C-Se bonds account for 69.2% and 48.7% deformations of C;Seg, in the
reduction and oxidation processes respectively. These results demonstrate that the selenium
substitution lead to the smaller geometric modification in the reduction process, which is

beneficial to the electron transport of the selflower crystal.

3.2 Frontier molecular orbitals

The frontier molecular orbitals (FMO) as well as their spatial distribution are the important
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factors to illustrate the carrier transport properties [43]. The relative energies of the lowest
unoccupied molecular orbitals (LUMOs) and the highest occupied molecular orbitals (HOMOs)
provide a reasonable qualitative indication for the electron and hole injection, respectively [44].
The distribution of the FMOs for C;sS;Se,4 and CsSeg were plotted in Fig. 2. The general trend is
that the HOMO of the C;5S4Se,; and C6Seg is predominately composed of delocalized p, orbitals
[45]. Besides, the HOMO and LUMO denote a clearly symmetrical distribution among the two
molecules. For the Ci4S4Se4, the HOMO is nearly delocalized among the whole molecule except
two peripheral selenium atoms, while the HOMO is distributed on the entire molecule for the
Ci6Ses. In addition, the LUMO is mainly delocalized on the peripheral atoms for the C,sS;Se4 and
Ci6Seg. This implies that the position and number of selenium atoms is ascribed to the main reason
for the different distribution of the HOMOs and LUMOs [46]. The values of the energies of
LUMOs and HOMOs of the two molecules were presented in Table 2. It can be found that by
replacing the sulfur atoms with the selenium, the energy of the HOMO increases and the energy of
the LUMO decreases slightly due to the energy of the p-orbitals increase. With reference to
conductivity, the energy difference between the HOMO and LUMO (£,,,) can be considered
approximately as the band gap energy [45]. The E,,, of the C,¢Ses is obviously less than the Eg,, of
the C1¢S4Se, (Table 2), which indicates that the Ci¢Seg is slightly more conductive. Hence one can
see that the replacement of the peripheral sulfur atoms by the selenium atoms will cause the
significant changes in the distribution and energy levels of the FMOs, which will further influence

the charge transport properties.

3.3 Electron affinity, ionization potential and reorganization energy
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The molecular electron affinity (E4) and ionization potential (/P) are the most important

parameters to characterize the ability of the charge injection [47]. To inject an electron into the

LUMO efficiently, £4 must be high enough, which is an important requirement of an excellent

n-type organic semiconductor. On the contrary, /P must be low enough to allow an efficient hole

injection into the HOMO [48, 49]. According to Equations 7 and 8, the values of EA4 and IP for the

C16S4Sey and C6Seg at the B3P86/6-31G(d,p) level, for both vertical and adiabatic ones, were

summarized in Table 3. Liu and Mao et al. have reported that the adiabatic potential (/P,) of

p-type transport materials which are stable in air ranges from 5.680 eV to 6.786 eV [50], while the

IP, of the C16S4Sey is 6.753 eV and it has a lower electronic affinity value of 0.229 and 0.193 eV

for vertical and adiabatic excitations, respectively. In the viewpoint of ionization potential, the

C16S4Se, is more suitable for p-type material. In contrary, the C;4Seg has a larger vertical electron

affinity (0.445 eV) and larger /Py (7.284 eV), which suggests that the C;sSeg is more suitable for

n-type though it has an ambipolar mobility. A larger £4, value ensures that the radical anion of the

Ci6Seg has a high stability in ambient atmosphere [51]. The above investigations show that the

attachment of selenium atoms to the peripheral thiophene ring can significantly influence the

ability of electron-accepting of selenosulflower molecule.

Reorganization energy (A) is one of the important factors governing the charge mobilities of

the organic semiconductors. For efficient charge transfer, the reorganization energy should be

smaller. The reorganization energies are in proportion to the deformation of the geometries in

charge transfer process [52]. The reorganization energies of hole and electron transport of

C16S4Se4 and C6Seg were obtained through the adiabatic potential (AP) energy surface approach

at the B3P86/6-31G(d,p) level. All the reorganization energies of the two compounds were listed

10
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in Table 3. The magnitude of the hole reorganization energy (A;,) for each molecule is profoundly

larger than its corresponding electron reorganization energy (A.), which indicates that they could

may be good electron transport materials. For isolated molecules, the A, and A, of the C;4S4Sey are

somewhat larger than the corresponding A;, and A. of the C;4Seg, indicating that a possibility in the

improvement of hole and electron transfer as the sulfur atoms were substituted by the selenium

atoms. The evolutionary trends of A;, and A could be explained in terms of the geometry changing

when the electronic state changes. As is clearly visible from the Fig. S1 and Fig. S2 (Supporting

Information), the C;4S4Se, has a large A, due to a marked deviation from planar geometry as the

hole injection may be subjected to the alternately located S/Se atoms in its periphery. Besides, the

relatively small A. of the Cy¢Seg can be reasoned for there is no profound torsion of the anionic

structure compared to the planar neutral structure. The A, of the CsSeg is only 61 meV, which is

much smaller than that of Cg (132 meV) [53], a widely used n-type material. From the

reorganization energy, the C;sSeg is more suitable for the n-type material and has relatively large

electron mobility. The above results indicate that the electron reorganization becomes small with

sulfur atoms being substituted by selenium atoms, which will improve the mobility of the charge

transport.

3.4 Transfer integral

The transfer integrals are very sensitive to the relative position of interacting molecules in the

crystals and are dependent on the molecular packing manner [54]. For different crystal structures,

the relative positions of the two neighboring molecules involved are entirely different due to

different packing structures in crystals. Among these hopping channels, two common hopping

11
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channels adopted can yield strong intermolecular interactions to promote charge transport. One is

face-to-edge packing yielding two-dimensional interaction in crystals. The other is face-to-face

packing (m-m stacking), typically with some degree of displacement along the short axes of the

molecules [55, 56]. For the crystals of the C;S4Se; and C;Seg, the main charge transfer pathways

were illustrated in Fig. 3 and Fig. 4. It is worth to notice that both the C;4S4Se4 and C¢Seg have

rigorous plane structure and mainly employ the m-m stacking configurations, but in different

transfer pathways. The displacements of the dimers along the long-axis and the short-axis as well

as the vertical distances are different. The transfer integral of each pathway was calculated at the

PWI91PW91/6-31G (d,p) level by the site-energy corrected method and the corresponding results

were listed in Table 4. It is generally accepted that the transfer integral between the neighboring

molecules is closely related to the intermolecular interactions [46]. As shown in Table 4, for the

C16S4Se4 and Cy¢Seg, since both the calculated reorganization energies of hole and electron

transport are larger than the largest hole and electron transfer integral, the localized description of

the charge transfer by the Marcus—Hush model is adequate for investigating the charge mobilities

of the two compounds [42]. It is noticed that the electron transfer integral in various hopping

pathways are remarkably different. For the C,S;Sey, the electronic couplings along the short-axis

(dimers P1 and P2) are larger than other directions, which means that electrons transfer mainly

along one-dimension. The same transport properties can also be found in C;sSeg, the electronic

couplings along the short-axis (dimers P1 and P2) are 54.51 meV, more than 5 fold of those along

other directions, demonstrating that the electron mobility of each crystal is mainly determined by

one dimensional charge transport. Furthermore, for both C;4S4Se; and C;sSeg, the transfer

integrals for electron and hole have profound difference among the dimers P1, P3 and P11. The

12
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transfer integrals of in dimer P1 are larger or much larger than those of dimers P3 and P11 since

there is a face to face m-m orbital interaction in dimer P1. The differences of transfer integrals in

dimers P3 and P11 can be interpreted by the contours of their HOMO and LUMO. As shown in

Fig. 5, for example, the atomic orbitals in the intermolecular contacting region contributes more to

its LUMO than those outside the region, resulting in a large electron transport integral (V.) in

dimer P3 of C,cSeg. While in dimer P11, there is even an overlap between the LUMOs of their

respective monomer, making its V, value more than twice that of dimer P3. On the contrary, the

atomic orbitals in the intermolecular contacting region contributes less to its HOMO as compared

to LUMO, which means a less contributions from the atomic orbitals in the intermolecular

contacting region and thus a small hole transport integral (7}) for both dimers of P3 and P11.

Interestingly, in comparison with C;4S;4Se,, the largest electron transfer integral of the CsSeg

(54.15 meV) is obviously larger than the largest V. of the C14S4Se4 (23.80 meV), which can be

attributed to the easily polarizable of selenium atoms. As a result, the C;¢Seg is more suitable to be

electron transport material. In general, the electron transfer along n-m stacking is crucial to the

charge mobility and the substitution of the selenium atoms can significantly change the transfer

integral.

3.5 Charge carrier mobility and anisotropic mobility

The reorganization energy and charge transfer integral are used to calculate the charge

mobilities for the C;6S;Ses and CsSeg based on Equations 1, 2 and 6. The calculated hole and

electron mobilities of the two compounds were summarized in Table 5. In comparison with

previous research [15], it is noted that there is a large difference in the mobilities between previous

13
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and our works. Some investigations demonstrated that the organic thin film transistor
measurements of mobility are varied a lot when the substrate is modified or the temperature is
changed. Dadvand et al. fabricated a thin-film OFET of selenosulflower using Au electrodes and
an SiO, gate with the resultant hole mobility of about 1x 10° em*>V s [15], while our
theoretical charge transport investigation is under the ideal conditions of perfect crystal at room
temperature. Theoretical works provide an upper limit of the charge mobility, and thus usually
overestimates. The experimental mobility is very sensitive to the experimental conditions. Film of
the selenosulflower demonstrates a different growth mode compared to other organic materials.
No substantial growth of the grains for the C,cS4Sey4 results in a large number of grain boundaries
and negatively affects the charge mobility [15]. The unfavorable growth is caused by the very low
energy of molecule-surface interactions, which often attributed to that the organic semiconductor
material has the small mobility. Some other possible reasons attributed to the discrepancy involve
the influence of carrier trap, energy traps and grain boundary in experiments, the approximation of
Marcus theory formulation for hopping rate in theory [57]. Despite of more or less differences
between theory and experiment, the calculated results could provide the reasonable expectations
and assist to understand the detailed transport behaviors of charge carriers. As a whole, the
electron mobilities are larger than the hole mobilities for both the C,¢S4Se; and Ci¢Seg, indicating
that both compounds are more suitable for n-type materials than for p-type. In addition, the
calculated mobilities of the C;cS4Ses and CsSeg are much more than 0.1 cm? 'V"l-s"l, a threshold
that fully meets the practical OFET application [58], especially the CisSes demonstrated excellent
electron-dominated ambipolar performance [59, 60], with electron and hole mobilities reaching as

large as 1.26 and 1.03 cm*>V s ', respectively. The large electron conductance of Cy¢Seg crystal

14
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is primarily due to its relatively smaller electron reorganization energy and larger electron transfer
integral. Apparently, when the sulfur atom is substituted by selenium atom, both hole and electron
mobilities of C;Seg increase, especially the electron mobility that is almost two fold larger than
the corresponding electron mobility of C;sS;Ses (0.74 cmz'V"l-s"l). The investigation on the
intrinsic transport properties aims to guide the design of novel functional materials. Organic
crystals like the selflower would provide better efficiency for electronic devices.

As is known to all, the strong thermal molecular motions may cause dynamic disorder of
molecular disorientation in the crystal structures at the high temperature, which may enhance the
fluctuation in the intermolecular transfer integrals [61, 62]. As can be seen in Table 5, we
speculated that the charge transports in the C;4S4Se; and CisSeg crystals are remarkably
anisotropic. As a result, we have investigated the anisotropic effect in the C;4S4Se, and C4Seg to
understand how it influences the charge mobility. The angular resolution anisotropic mobility can

be calculated by the following equation [12]:

¢ z 12k, P, cos® y, cos’ (6, — D) )

Mo =2k 4

where @ is the orientation angle of the transistor channel relative to the reference crystallographic
axis, and 6; is the angle of the projected hopping paths of different dimers relative to the reference
axis. We only considered the dimer P (P1) in the mobility orientation function on the basal stacked
layer due to the smaller transfer integrals along the dimer T1 (P11) and dimer T2 (P13) transfer
pathways in the C;6S4Se, and C¢Seg, that is, y; =0°. Fig. 6 and Fig. 7 described the
angular-resolution anisotropic mobilities of both electron and hole transports of C;¢S4Ses and
Ci6Seg. The Ci6S4Seq and Ci¢Seg crystals exhibit remarkable anisotropic charge-transporting

behaviors. At the reference angles of 0° and 180°, maxima hole mobility were found (0.725

15
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em®>V s for C6S4Ses and 1.521 em® Vs for C16Seg), corresponding to the transport
pathways with n-m intermolecular interactions. On the contrary, the minima appear along the
b-axis direction, which corresponds to the reference angle of close 90° and 270°. However, unlike
the hole mobility, the electron mobility shows completely different transport character in the
C16S4Se4 and Cy6Seg crystals. For the C;5S4Se,, the electron mobility is obvious anisotropic, while
in the Cj4Seg crystal, the anisotropic behavior is not profound, which attributed to the large
uniform electronic couplings in the dimers P, T1 and T2, so a relatively balanced charge transport
is observed along any direction in the selected a-b plane. For the electron transport of the C;S4Sey,
the largest electron mobility (0.625 cmz'Vl-s"l) is along or near the 0° and 180° directions
relative to the a axis. In addition, the C;sSeg has the highest angular electron mobility (1.31
em®V''s™") at the reference angle of 13° and 193° (a slight deviation from 0° to 180°), the
directions of the smallest mobility is perpendicular to the axis mentioned above in the selected
planes, indicating that the electronic coupling of LUMOs is the strongest along the shortest
distance between two monomers (along the P direction). Additionally, for the C;cS;Se4, the
electron transfer integral for the dimers P and T2 are of the same magnitude, so the anisotropic
electron mobilities are influenced by these two pathways according to Equation 9. The hole
transfer integral for the dimer P is remarkably larger than dimers T1 and T2. The dimer P with n-n

interactions are the main driving force of the anisotropic hole mobilities.

3.6 Band structure
In order to have an in-depth understanding of the anisotropy of charge transport in single

crystals, the band structures of C1¢S4Se4 and CsSeg, which could expand the charge transport to

16
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the whole multidimensional space, are examined and depicted in Fig. 8. It can be seen that both

valence bands (VBs) and conduction bands (CBs) consist of two subbands due to two inequivalent

molecules existing in the primitive cells of C;4S4Ses and Ci¢Seg. In general, the appearance of

both dispersive and flat bands is a reflection of anisotropy in the charge transport properties of the

crystal. And the stronger dispersion of band is, the larger carrier mobility is [63]. As shown in Fig.

8, for C;6S4Se;,, the strongest conduction dispersion occurs in the GY subzone, corresponding to

the a axis in real space. Besides, the dimers P1 and P2 with the maximal electron coupling are

along this direction. The biggest dispersion in valence band (VB) along the GY direction is smaller

than that in conduct band (CB), which further indicates that the crystal of C,sS4Se, has better

electron transport properties. Compared to C;4S4Sey, the CsSeg has stronger dispersions in CB

and VB, which demonstrates that it has excellent carrier transport performance, and the strongest

dispersions in CB and VB correspond to the n-m packing direction which shows the paths with

large transfer integral are along the direction with strong dispersions. In addition, the biggest

dispersion in CB is broader than that in VB, suggesting that the electron transfer ability is superior

to the hole one. Furthermore, the band gap of the C;S4Se4 (2.292 eV) is larger than its selenium

analogue “selflower” CsSeg (2.279 eV) since the selenium atoms with large polarizability are

generally expected to provide for stronger interactions. In a word, introducing the more selenium

atoms to the peripheral thiophene ring of the C;sS4Ses can increase the hole and electron

mobilities, which are consistent with the conclusions obtained from the hopping model discussed

above.

4. Conclusion

17
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The geometrical and crystal structures, electronic properties and charge mobilities of
selenosulflower and selflower as organic semiconductors have been investigated using DFT
methods coupled with the charge-hopping mechanism. The investigation indicates that the C;sSes
with low-lying and delocalized LUMOs and relatively large adiabatic electron affinities can easily
function as electron-dominated ambipolar organic semiconductor. The results reveal that the
reorganization energy and the transfer integral have been influenced by the substitution of sulfur
atoms with selenium atoms, which induced an increase of the charge mobility. The smaller
reorganization energy and the larger electron transfer of C;sSes enabled it to have the largest
electron mobility (1.26 cmz'\fl-s"l). Both hole and electron mobilities of CjsSeg exceed 1
em®V '-s™, which denotes that the C,sSes single crystal may be an ideal candidate as high
performance ambipolar organic semiconductor material. The transfer integral calculations among
the dominant hopping pathways show that the charge transport processes occur in parallel m-n
stacking dimers for both C;sS4Seq and Ci¢Ses. Additionally, the band structure calculations
suggested that the dimer with n-m stacking with larger transfer integral were along the direction
with dispersions in VB and CB. Besides, CcS;Se; and C;sSeg crystals exhibit remarkable
anisotropic charge transport behaviors and the maximal charge mobility is along a special crystal

axis direction. Our investigations revealed that the selflower with large carrier mobilities have

potential applications as high performance electron-dominated ambipolar organic semiconductors.
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C16545¢e4 Ci6Seg

Fig. 1 Crystal (up) and molecular (below) structures of C;5S4Seq (left) and Ci¢Seg (right).
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Nae gl

5,

HOMO LUMO
Fig. 2 Distribution of HOMOs and LUMOs of CiS4Ses (up) and CisSeg (below) at the

B3P86/6-31G (d,p) level.
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(b)
Fig. 3 Charge hopping pathways schemes for the C;sSsSes; (a) short-axis view and (b) long-axis

view of the C4S4Se,.
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(b)
Fig. 4 Charge hopping pathways schemes for the C;¢Seg; (a) short-axis view and (b) long-axis

view of the C;sSes.
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V,=0.2 V;=0.2
P3 P11

Fig. 5 Orbital interaction and transfer integrals (in meV) of dimers P3 (left) and P11 (right) in the

Ci¢Seg crystal.
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Fig. 6 (a) Illustration of projecting different hopping pathways onto a transistor channel in a-b
plane of the C4S4Sey crystals; @p, O7; and 07, are the angles of P, T1 and T2 dimers relative to the
reference crystallographic axis a.@ is the angle along a transistor channel relative to the reference
crystallographic axis a. (b) The predicted anisotropic electronic (blue) and hole (red) mobility on

the a-b plane of the C;4S4Se, crystal.
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Fig. 7 (a) Illustration of projecting different hopping pathways onto a transistor channel in a-b

plane of the Ci¢Seg crystals; @p, O7; and 8y, are the angles of P, T1 and T2 dimers relative to the
reference crystallographic axis b.@ is the angle along a transistor channel relative to the reference
crystallographic axis b. (b) The predicted anisotropic electronic (blue) and hole (red) mobility on

the a-b plane of the C;4Seg crystal.
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Fig. 8 Illustration of the energy band structures of C;4S4Se4 and C4Seg crystals.
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Table 1 Comparison of optimized bond lengths (in A), dihedral angles (in °) and experimental

values of C15S,Se, and C,¢Sey at the B3P86/6-31G (d,p) level *

Compound Bond or dihedral angle
C16S4Sey R 1.429 (1.449) Rys 1.431 (1.452)
Rio 1.383 (1.385) Ro 1.383 (1.355)
Ro.10 1.737 (1.793) Riin2 1.870 (1.865)
Rion 1.737 (1.798) Rizis 1.870 (1.866)
Dy10.11 -0.001 (0.82) D594 180.03 (-179.60)
Dg 1221 —179.98 (178.89) Dy 1823 179.95 (178.73)
CieSes R 1.442 Rg.10 1.853
Rio 1.385 Rio11 1.853
Dy 1211 —-0.024 Dg.1221 179.984

* Data in parenthesis are the average experimental values based on the X-ray structure from CCDC

No.707828.

32

Page 32 of 37



Page 33 of 37 Journal of Materials Chemistry C

Table 2 The energies of LUMOs and HOMOs (in eV) of the C1S4Se,4 and C¢Sg with the method

B3P86/6-31G (d,p)

Compound Enomo Erumo Egp'
C16545¢y -6.19 —1.66 4.54
Cléseg -6.01 -1.73 4.27

a _
Egap - ELUMO - EHOMO
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Table 3 Calculated ionization potentials (/P), electron affinities (EA4) and reorganization energies

(M and Ae) for the C14S4Sey and CygSeg at the B3P86/6-31G(d,p) level (in eV)

Compound 1Py 1P, EAy EA, A e
C16S4Sey 6.814 6.753 0.229 0.193 0.117 0.072
C6Seg 7.284 7.230 0.445 0.475 0.109 0.061
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Table 4 The transfer integrals for different molecular pairs in the C1S4Se4 and C¢Seg crystals

Compound Pathways r A VP
C1654Sey P1 and P2 4.03 23.80 -54.70
P3 and P4 11.27 -20.70 -0.70
P5 and P6 11.68 9.00 5.10
P7 and P8 12.25 9.40 -5.80
P9 and P10 11.27 -20.70 -0.70
P11 and P12 10.35 0.70 —-0.60
P13 and P14 10.18 21.50 —7.80
Ci6Seg P1 and P2 3.87 54.51 73.61
P3 and P4 11.14 -11.50 0.20
P5 and P6 11.53 7.10 —4.40
P7 and P8 12.04 4.90 1.10
P9 and P10 11.14 -11.50 0.20
P11 and P12 10.07 27.50 0.20
P13 and P14 10.22 -13.80 -3.60

*The distance between two adjacent monomers and the unit is A.

® The transfer integrals calculated at PW91PW91/6-31G(d,p) level and the unit is meV.
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Table 5 The calculated hole and electron mobilities of C14S4Ses and C;6Ses *

Mobility (cm®V s

Compound
Hole Electron
C16$4Se4 0.49 0.74
Cl()Seg 1.03 1.26

* Experimental mobility of C;5S4Se4 is 1x 107 cm*> Vs [15]. Theoretical value is

an upper limit of the mobility.
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