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Substitution effects on the electrical tranporting
properties of tetrathia[22]annulene[2,1,2,1]:
experimental and theoretical investigations†

Jing Zhang,ad Zhiying Ma,b Qian Zhang,ad Tarunpreet Singh Virk,c Hua Geng,a

Dong Wang,b Wei Xu,*a Zhigang Shuai,*b Kamaljit Singh,*c Wenping Hua

and Daoben Zhu*a

Tetrathia[22]annulene[2,1,2,1] and its derivatives are p-type organic semiconductors possessing relatively

high mobilities in thin film field-effect transistors. To get a full understanding of the relationship

between the molecular structures and transporting properties of these macrocyclic molecules, the single

crystal structures of three meso-substituted tetrathia[22]annulene[2,1,2,1]s were determined by X-ray

diffraction, and the electrical properties were investigated by single crystal transistor characterization

and quantum simulations. The observed relationship between the mobilities of different crystals was

strongly corroborated by calculations of both the molecular reorganization energies and the maximum

intermolecular transfer integrals.
Introduction

Organic semiconductors (OSCs) have attracted great research
interest in the past two decades due to their intrinsic advan-
tages over their inorganic counterparts.1–8 They are usually
solution-processible, facilitating low-cost large-area production,
allowing the fabrication of devices, such as photovoltaics, light-
emitting diodes and organic integrated circuits on plastic
substrates.9–12 The most important feature of organic semi-
conductors is that their properties could be easily tuned by the
chemical tailoring of the molecular structure.13–15 In order to get
a rational design of organic semiconductors, it is important to
explore the structure–property relationships of organic semi-
conductors, which is currently one of the main areas of research
work in OSCs. The organic single crystal eld effect transistors
(OSCFETs) have been proven to be one of the most powerful
tools for probing the relationship between intrinsic electrical
transport properties and molecular structures and stacking
patterns, as the defects and morphological issues in thin lm
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devices could be minimized.16–19 Here, OSCFETs based on a
series of meso-substituted derivatives of tetrathia[22]annulene-
[2,1,2,1] (TTA) were fabricated, combined with the device char-
acterization, crystallographic analysis and theoretical analysis,
and the structure–property relationship was studied.

Among the organic semiconductors studied to date,
p-conjugated molecules with macrocyclic architectures, such as
porphyrins and phthalocyanines, have attracted special atten-
tion due to their promising optical, electronic, photo-physical
properties and self-assembly behavior. High charge carrier
mobility has recently been reported for phthalocyanines.20–23 We
found that compared to their linear analogous, macrocyclic
conjugated oligomers of triphenylamine, carbazole, pyrrole, or
dibenzothiophene exhibited superior transporting properties
due to their improved molecular ordering in the solid state and
reducedmolecular reorganization energies.24–26 However, due to
the nonplanar conformation of these cyclic oligomers, which
blocked the more efficient intermolecular electronic coupling,
they only possess moderate charge carrier mobilities compared
with state-of-the-art materials. For further improvement of the
transport properties, TTA, a coplanar aromatic macrocyclic
compound was studied recently. The synthesis of tetrathia[22]-
annulene[2,1,2,1] (TTA) was rst reported by Cava et al. nearly
two decades ago.27,28 As a porphyrin like planar aromatic mac-
rocycles with 22 p-electrons, TTA was expected to display
improved transport properties compared to that of porphyrins
due to the enlarged p-conjugated system which will enhance
the intermolecular p–p interactions. However, TTA only dis-
played moderate mobility (�0.02 cm2 V�1 s�1) in thin lms, as
revealed by thin lm OFETs characterization, due to the unfa-
vorable dimerized herringbone stacking pattern.29 Later, it was
J. Mater. Chem. C, 2013, 1, 5765–5771 | 5765
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Table 1 Crystal data and structure refinement for 2 and 3

2 3

Formula C36H26S4 C34H20Cl2S4
FW 586.81 627.64
Temp. (K) 173(2) 173(2)
Wavelength (Å) 0.71073 0.71073
Crystal system Triclinic Triclinic
Space group P�1 P�1

Unit cell
a (Å) 7.262(3) 11.102(3)
b (Å) 9.148(5) 11.949(3)
c (Å) 11.131(5) 12.195(3)
a (�) 102.635(8) 108.950(2)
b (�) 94.961(7) 112.420(2)
g (�) 106.756(5) 95.820(2)
Volume (Å3) 682.1(6) 1366.7(5)
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found that its transport properties could be signicantly
improved with phenyl, tolyl or chlorophenyl groups attached at
the meso-positions (compound 1–3, Scheme 1).30 This could be
attributed to the molecular stacking pattern change from edge
to face (herringbone) packing to face to face (p-stacking)
packing which is expected to provide more efficient p-orbital
overlap and facilitate charge transport. In order to get a precise
relationship between the subtle structure variation effects and
the transport properties, we carried out single crystal structure
analysis and OSCFETs characterizations, as well as theoretical
calculations on compound 1–3. Such different molecular
tailoring motifs of TTA may lead to different transfer integrals
and reorganization energies and thus different charge transport
properties.31–35 This investigation will provide guidelines for the
further development of organic semiconductors based on such
macrocyclic aromatic molecules with improved performance.
Z 1 2
Abs. co. (mm�1) 0.375 0.569
F (000) 306 644
Crys. size (mm) 0.22 � 0.11 � 0.03 0.15 � 0.12 � 0.05
q range (�) 2.40 to 27.47 1.86 to 27.49
Limiting indices �9 # h # 9 �14 # h # 14

�11 # k # 11 �15 # k # 15
�14 # l # 10 �15 # l # 15

Reec. collected 6509 15 405
Unique 3105 6247
R(int) 0.0457 0.0447
Abs. correction Semi-empirical from equivalents
Ren. method Full-matrix least-squares on F 2

Data/restr./para. 3105/0/182 6247/0/361
S 1.080 1.117
R [I > 2sigma(I)] R1 ¼ 0.0462 R1 ¼ 0.0455

wR2 ¼ 0.1180 wR2 ¼ 0.1041
R (all data) R1 ¼ 0.0496 R1 ¼ 0.0525

wR2 ¼ 0.1213 wR2 ¼ 0.1078
Results and discussion
Single crystal structures

The crystallographic data of compound 1 was already reported
in an earlier paper,30 but for comparison it is also presented
here. Single crystals of 2 and 3 suitable for X-ray diffraction
(XRD) measurements were obtained by evaporating the corre-
sponding solution of 2 or 3 in chloroform, and their crystallo-
graphic data is summarized in Table 1. It can be found that
slight variation of the peripherally substituted groups leads to
obvious changes in both the molecular conformations and their
stacking patterns in the crystals. For compound 1 with the
phenyl substitutions, the central macrocycle containing four
thiophene rings displays an almost coplanar conformation with
the sulfur atoms deviating from the mean plane of the central
ring by less than 0.1 Å (Fig. 1a). Replacing the phenyl group with
a tolyl group makes the planarity of compound 2 decrease a
little, as the thiophene rings deviate from the mean plane of the
central ring by a dihedral angle of 3–4�, meanwhile, the long
axis of peripheral tolyl groups deviates from the central plane
with the methyl group carbon atoms (C1) having a distance of
1.6 Å to that plane (Fig. 1c). For compound 3, the chlorophenyl
substitutions make the molecule adopt a highly twisted
conformation with the dihedral angles between adjacent thio-
phene rings in the range of 13.7–22.2� (Fig. 1e). In the crystal,
Scheme 1 Chemical structure of compounds 1, 2, and 3 (meso-substituted
tetrathia[22]annulene[2,1,2,1]) and their different terminal groups.

5766 | J. Mater. Chem. C, 2013, 1, 5765–5771
molecule 1 stacks into columns along the c-axis, in the column
themolecules adopt a slipped face-to-face packing style with the
molecules shied along the short molecular axis and an
Fig. 1 Crystal structures of 1–3. Side view of themolecular structure of 1 (a), 2 (c)
and 3 (e) with 50% probability ellipsoids in the crystals. Stacking pattern of 1 (b), 2
(d) and 3 (f) in the crystals.

This journal is ª The Royal Society of Chemistry 2013
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interplanar distance of 3.53 Å (Fig. 1b). As shown in Fig. 1d,
compound 2 packs in a similar slipped face-to-face pattern in the
crystals, but the molecule is shied along the longmolecular axis
with an interplanar distance of 3.66 Å (Fig. 1d). But for
compound 3 with a Cl tail, the molecules form dimers through
intermolecular S/S interactions, and these dimers further pack
into shied face-to-face patterns along the c-axis. It can be seen
that all these compounds show shied face-to-face packing in the
crystals, which is different from that of the dimerized herring-
bone pattern of tetrathia[22]annulene[2,1,2,1]. So, the attaching
of these substitution groups not only leads to an increase in the
solubility and slightly different redox behaviors, but also leads to
dramatic changes in molecular packing in the solid state. Vari-
ations of the solid-state properties, such as the charge-carrier
mobility, can also be expected. This series of annulene derivatives
will allow us to derive relationships between molecular packing
structures and the performance of materials.

The molecular structures of compounds 1–3 have been opti-
mized and their frontier molecular orbitals, as well as reorgani-
zation energies, have been obtained at the B3LYP/6-31G(d) level
with the Gaussian 09 package.36 Two isomers, i.e. the parallel
form and staggered form, have been identied for each
compound, which differ in the relative orientation of the two
substitution groups in the para-position (see Fig. S1 in the ESI†).
Because of the steric hindrance of the substitutions, the central
macrocycle for the parallel form maintains the planarity, while
for the staggered form, it is twisted. Moreover, the staggered
conformer is only stabilized by about 10 meV relative to the
parallel one. It appears that compounds 1 and 2 adopt the
parallel conformation in the crystal, while compound 3 adopts
the staggered conformation. Since both conformers are stable,
which conformation is adopted in the crystal depends on the
crystallization conditions and intermolecular interactions.

The charge densities of the HOMO and LUMO presented in
Fig. 2 are mainly delocalized on the cyclic conjugated backbone,
and minor charge density distribution was found on substitu-
tion groups. Therefore, substitutions have little effect on fron-
tier molecular orbitals. To see the stability of these three
systems, both the adiabatic ionization energies (AIE) and
vertical ionization energies (VIE) were calculated. As provided in
Fig. 2 Illustration of the frontier molecular orbitals for 1–3.

This journal is ª The Royal Society of Chemistry 2013
Table 2, the AIE and VIE values fall into the range of IE values
for air-stable p-channel materials (from 5.68 eV to 6.78 eV)
discovered in previous studies.37

Intramolecular vibronic coupling, i.e. the reorganization
energy has been calculated based on normal-mode analysis.38

As presented in Table 2, the reorganization energy of system 1 is
very close to that of system 2, both adopting the parallel
conformation, while system 3 in the staggered conformation
shows a little smaller reorganization energy. The reorganization
energies of compounds 1–3 in both conformations have been
calculated, and it is revealed that the reorganization energy is
inuenced mainly by the molecular conformation, not the
chemical substitution. The reorganization energy for the
parallel conformer is a few tens of meV larger than that for
the corresponding staggered conformer, but overall the differ-
ence is not signicant. As will be shown below, chemical
substitution here affects the transport properties mainly by
affecting the molecular packing and transfer integrals. Partition
of the intramolecular relaxation energy into contributions from
different vibrational modes (see Fig. S2†) reveals that contri-
butions from the vibrational modes of both the neutral and
cationic state of the system 1 are quite similar to those of system
2, with both adopting a parallel conformation in the crystal. For
system 3 adopting the staggered conformation, the low
frequency vibrational modes with major contributions to the
reorganization energy undergo some changes, in both the
neutral and cationic states, compared to those for systems 1 and
2. This is because the structural relaxation between the cationic
state and the neutral state is small in the staggered conforma-
tion, thus, the contribution to the reorganization energy from
the low frequency vibrations for system 3 decreases compared
to those for systems 1 and 2. Moreover, from Fig. S2† we found
not only a low frequency vibration due to the twisting of
terminal groups (below 100 cm�1), but also a high frequency
C]C in-plane stretching vibration in the central macrocycle
(around 1500 cm�1) play an important role in charge-transfer
relaxation processes for all three systems. While scatterings
with low-frequency vibration could be approximated by Marcus
semiclassical treatment, the high-frequency vibration should be
treated fully quantum mechanically taking all the vibrational
modes into account, and the high-frequency vibration has been
shown to exhibit a quantum nuclear tunnelling effect.39 Such an
effect has been conrmed experimentally.40
Table 2 Computed adiabatic ionization energy (AIE) and vertical ionization
energy (VIE) (in eV) and the reorganization energies (in meV). NM (normal mode)
represents the summation over all the displaced harmonic oscillators

AIEa VIEa NMb

1 5.74 5.82 232 (187)
2 5.66 5.75 238 (217)
3 5.86 5.94 196 (243)

a A single-point energy calculation was performed to calculate the
ionization energy at the B3LYP/6-31+G* level based on the optimized
geometries at the B3LYP/6-31G* level. b The values in the parentheses
refer to the reorganization energy for the conformation not showing
in the crystal structure, as mentioned in Fig. S1.

J. Mater. Chem. C, 2013, 1, 5765–5771 | 5767
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Single crystal eld-effect transistors

Fig. 3a, c and e show the scanning electron microscopy (SEM)
images of 1–3 self-assembled single crystals from chloroben-
zene (1 mg mL�1) at room temperature using a drop-casting
method in ambient conditions. Compound 1 formed exible 1D
micro/nanometer wires with diameters from hundreds of
nanometers to several micrometers and lengths of hundreds to
thousands of micrometers (Fig. 3a), compound 2 formed 2D
microribbons with widths of several to tens of micrometers and
lengths from tens to hundreds of micrometers (Fig. 3c), and
compound 3 displays microplates with widths of several to tens
of micrometers and lengths from several to tens of micrometers
(Fig. 3e). The power X-ray diffraction patterns of theses wires/
ribbons/plates show intense peaks corresponding to the crys-
tallographic data of the molecules 1–3 (Fig. 3b, d and f). It is
well-known that the assembly morphologies are controlled by
their intermolecular interactions. Such 1D micro/nanometer
wire to microplate morphology transformation of these deriva-
tive materials indicated the remarkable changes of the inter-
molecular interactions of compounds 1–3 as a result of the
different substitute groups, which could be proven by their
single crystal diffraction results as follows.

The charge transport properties of 1–3 were examined to
study their potential applications in OFETs. First, the above
single crystal micro/nanometer wires, ribbons or plates were
grown directly on n-octadecyltrichlorosilane (OTS) treated SiO2/
Si substrates via drop-casting from chlorobenzene solutions.
Then transistors were fabricated in situ by evaporating Au lms
(�50 nm) onto these micro/nanometer wires, ribbons or plates
as source–drain electrodes. Fig. 4a shows the schematic struc-
ture of a single crystalline FET (SCFET) fabricated through such
Fig. 3 (a, c and e) SEM images of an individual wire, ribbon and plates of 1, 2
and 3 single crystals produced by the drop-casting method. (b, d and f) Power
diffraction patterns of the wires, ribbons and plates, the peaks were indexed with
lattice constants of the bulk crystals.

5768 | J. Mater. Chem. C, 2013, 1, 5765–5771
a method. Fig. 4b–d show the corresponding optical images of
the SCFET devices. All the SCFETs exhibited typical p-type
properties under ambient conditions. Typical transfer and
output characteristics of the SCFETs are shown in Fig. 5. The
best results are obtained from devices of 1, which shows the
highest mobility of 0.7 cm2 V�1 s�1 with an average mobility of
0.4 cm2 V�1 s�1. Here, the mobilities (m) were calculated in the
saturation regime by the following eqn (1):

ID ¼ mCi(W/2L)(VG � VD)
2 (1)

where ID is the drain current, m is the eld-effect mobility, Ci is
the gate dielectric capacitance, W and L are the channel width
and length, respectively, and VT is the threshold voltage. Based
on the individual single-crystalline ribbons of 1–3, more than 60
SCFET devices were fabricated and examined. The mobilities
were in the range of 0.08 to 0.7 cm2 V�1 s�1 for 1, 0.03 to 0.4 cm2

V�1 s�1 for 2 and 0.005 to 0.2 cm2 V�1 s�1 for 3, respectively. It is
noticed that the mobilities of the devices exhibit a relatively
wide distribution, which might be due to the difference in the
quality of the crystals and the inuence of contact conditions at
the semiconductor–dielectric and semiconductor–electrode
interfaces. It is well known that many factors, such as the
position and deposition process of the source–drain electrodes,
i.e., the precise orientation of the electrodes with respect to the
p-stacking axis of the crystals, the gate electrode, the used
material and atness of the insulating layer, the quality of the
crystal and crystal–insulator interface, etc. could affect the
device performance, i.e., the value of the mobility. Micro/
nanowires of compound 1 could get as long as milimetres and it
was found that nearly 90% of the devices of compound 1
exhibited a mobility >0.1 cm2 V�1 s�1 with a highest mobility of
0.7 cm2 V�1 s�1, which indicates the prospective future of these
compounds in organic electronics.

Charge transport pathways

Based on the crystal structures of systems 1–3 and the calcu-
lated transfer integrals, the main charge transfer pathways were
discovered and illustrated in Fig. 6. Here, the site energy
correction method41 was adopted to calculate transfer integrals
at the PW91PW91/6-31G* level. As presented in the Fig. 6,
system 1 displays one-dimensional transport character along
the c-axis (i.e. along P3 and P4). The intermolecular distance
along other pathways is so large that the transfer integral is very
small. Compared to system 1, two tolyl group substitutions
induce a very different crystal structure of system 2. The system
displays two-dimensional transport behavior, but the transfer
integrals along all the pathways are smaller than those of P3 and
P4 in the system 1. A two-dimensional transport network has
also been found for system 3. However, the molecule with
chlorophenyl substitutions adopts a highly twisted conforma-
tion, which does not favor p–p stacking, and the electronic
couplings of the P3 and P4 pathways decreased to 1.80 and 9.36
meV respectively. These results can be rationalized by an anal-
ysis of the relative positions of the interacting molecules and
the shape of the HOMO of a single molecule. The transfer
integral increases if both overlapping orbitals are either
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 (a) The schematic structure of a SCFET fabricated by such a method. (b, c and d) The optical images of an example device based on an individual single crystal of
1, 2 and 3.
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bonding or antibonding, while it decreases if there exists a
cancellation between the bonding and antibonding overlap.42

The relative positions of the dimers and the molecular orbitals
along the pathways displaying the maximal transfer integrals
are highlighted in Fig. S3.† It can be seen that the displacement
in system 3 along the short molecular axis is smaller than that
in system 1 (see Fig. S3(b)†). Moreover, there exists minor
displacement along the long molecular axis in the system 3.
Fig. 5 (a) Typical transfer curve (VD ¼ �40 V) and (b) the corresponding output
0.17 mm/11.3 mm. (c) Typical transfer curve (VD ¼ �60 V) and (d) the corresponding
W/L ¼ 2.1 mm/28.8 mm. (e) Typical transfer curve (VD ¼ �40 V) and (f) the correspon
with W/L ¼ 13.0 mm/10.3 mm.

This journal is ª The Royal Society of Chemistry 2013
Both displacements will result in a cancellation of bonding and
antibonding overlap (see Fig. S3(c) and (e)†). Thus, the transfer
integral along P2 in system 3 is smaller than that along P3 in
system 1. For system 2, the molecule slips along the long
molecular axis. The relative position of the dimer and the shape
of the HOMO do not favor orbital overlap, as can be seen from
Fig. S3(d) and (e),† thus the corresponding transfer intergral is
smaller than that of P3 in system 1 as shown in Fig. 6.
curve of a SCFET based on an individual single-crystalline wire of 1, with W/L ¼
output curve of a SCFET based on an individual single-crystalline ribbon of 2, with
ding output curve of a SCFET based on an individual single-crystalline ribbon of 3,

J. Mater. Chem. C, 2013, 1, 5765–5771 | 5769
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Fig. 6 The main transport networks, the distances of the centroid (in italics) and
transfer integrals between the two molecules.
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Based on the above analysis of the charge transfer
parameters, we found that the reorganization energy is much
larger than the electronic coupling for this series of materials.
Therefore, the tunnelling enabled the adoption of a hopping
model to estimate the charge carrier mobility of these three
systems.39 System 1 exhibits the largest charge mobility up to
10.64 cm2 V�1 s�1 along the c-axis, which is one order-of-
magnitude higher than the experimental value. However, we
know that one-dimensional charge transport is more
susceptible to dopant and experimental conditions. In
contrast, two-dimensional diffusions have been found
for both system 2 and system 3, and their charge mobilities
are 1.18 cm2 V�1 s�1 and 0.45 cm2 V�1 s�1, respectively, which
are in better agreement with the experimental values. In
the sense of structure–property relationships, the charge
mobilities of the three substituents based on theoretical
prediction are in qualitative agreement with the experimental
results.
Experimental

With slow evaporation of about 1 mg mL�1 chlorobenzene
solution, we obtained microscopic crystalline objects of
compounds 1–3 through the simple drop-casting method.
Scanning electronmicroscopy (SEM) images were obtained with
a Hitachi S-4300SE scanning electron microscope. Optical
images were captured with a Leica DM 400M microscope. The
structures were analyzed by powder XRD (Rigaku D/max 2500).
Transistor characteristics were recorded with a Keithley 4200
SCS and a Micromanipulator 6150 probe station in a clean and
shielded box at room temperature.
5770 | J. Mater. Chem. C, 2013, 1, 5765–5771
Conclusions

In this paper, we obtained and fully investigated three meso-
substituted derivatives of tetrathia[22]annulene[2,1,2,1]. The
effect of chemical substitutions on the molecular packing and
electronic properties of the organic semiconductors were
examined. The introduction of tail groups was proven not only
to enhance the solubility and self-organization of the
compounds, but also shied the molecular packing from
herringbone to face-to-face p–p stacking. The subtle changes of
molecular structure brought remarkable changes in the
molecular packing, crystallinity, and thus device performance,
indicating the importance of chemical substitutions as a
powerful molecular design tool to tune the packing motifs of
organic semiconductors and their corresponding electronic
properties. We also calculated the transport properties of holes.
The structural, electronic, and transport properties were
calculated in terms of the molecular frontier orbitals, ionization
potentials, and reorganization energies of the monomers and
the electronic coupling between adjacent molecules.
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