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ABSTRACT

Isomerically pure syn-/anti-isomers of 2,8-dimethylanthradithiophene (DMADT) were synthesized in five steps and characterized using
thermogravimetry, X-ray single crystal analysis, UV�vis absorption, and electrochemical measurements. The physical properties in solution
were slightly different for each isomer, whereby the more obvious differences were observed in the solid state. A field-effect transistor using the
anti-isomer showed a much higher performance than that using the syn-isomer.

Fusedheterocyclic aromatic hydrocarbons are knownas
semiconductors with high charge carrier mobilities and

have been a subject of considerable interest for organic
electronics applications such as organic field-effect transis-
tors (OFETs).1 Most hydrocarbons in OFETs contain thio-
phene units due to their similarity in chemical structure to
benzene rings andgood stability againstphoto-oxidation.2 In
addition, the incorporation of heteroatoms enhances inter-
molecular interactions, resulting in excellent OFET device
performance.3

Benzodithiophene (BDT) andnaphthodithiophene (NDT),
whichareheteroacenescorresponding toanthraceneandtetra-
cene,areusefulas core structuresoforganic semiconductorsor

Figure 1. Structures of BDT, NDT, and ADT derivatives.
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a building block for extended π-conjugation systems.4,5

Anthradithiophene (ADT) is analogous to pentacene,
which is the most common organic semiconductor.6

ADT showed better stability than pentacene and good
hole transporting properties.7 However, ADT is generally
synthesized and used as a mixture of syn-/anti-isomers.
Recently, several groups have obtained isomerically pure
ADT derivatives, such as those shown in Figure 1. The
pure anti-ADT derivatives which are substituted by alkyl
groups were synthesized through a new synthetic route
presented byGeerts et al.8 The syntheticmethod allows for
amore detailed investigation of the characteristics ofADT
derivatives, but it is limited to anti-derivatives. However,
the pure syn-ADTderivatives (syn-ABBT) were developed
and used as semiconductors by Tykwinski et al., although

extended π-conjugation systems were only synthesized.9

Anthony et al. synthesized both syn-/anti-ADTderivatives
(ADTAs), and their performance in solar cells was inves-
tigated and compared for each isomer.10 However, those
derivatives are substituted by large functional groups in
order to separate them by recrystallization because ADT
derivatives are basically insoluble. Thus, a synthetic ap-
proach to obtain simple and pure syn-/anti-ADTs and the
comparison of their physical properties and FET charac-
teristics for corresponding isomers are of significant inter-
est. Herein, we report on a newly established synthesis
method of pure syn-/anti-ADT derivatives and the com-
parison of their crystal structures and UV�vis absorption
and redox potential measurements in solution as well as in
the solid state. Also, FET device performance for each
isomer is described.
The synthetic formulation strategy is based on the

synthesis of a naphthothiophene ring, whereby the starting
materials arephthalic anhydrideand thiophene (Scheme1).11

The naphthothiophene ring can be considered a part of
the ADT ring. Thus, pyromellitic dianhydride, which has
two reaction sites, should provide the ADT ring as shown
in Scheme 1. In this scheme, 2-methylthiophene was used
because dimethyl-substituted ADT (DMADT) showed
better semiconducting properties than ADT.7b The
first reaction step gave a mixture of a meta-isomer (1d)
and para-isomer (2d), where the geometry of thiophene
for ADT syntheses is fixed on the benzene ring. There-
fore, key to this strategy is the separation of these
compounds. Fortunately, similar isomers from pyromel-
litic dianhydride with benzene have been separated by

Scheme 1. Synthesis of 1 (syn-DMADT) and 2 (anti-DMADT)
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recrystallization from acetic acid,12 and the same method
could be adopted for the separation of isomers 1d and 2d.
The ratio of isomers 1d and 2d was 2:1, which is different
from benzene derivatives. In the third step, the Rf values
of isomers 1b and 2b on the silica gel plate were different
when elutedwith ethyl acetate due to a difference in polarity
derived from their dipole moment. Thus, isomeric purity is
high, evenwhen a small amount of opposite isomers remain
in the recrystallization for isomers 1d and 2d. The separated
isomers 1d and 2d could be converted toDMADTs 1 and 2,
respectively, with good yields under the same reaction
conditions used for the synthesis of naphthothiophene.
Finally, the synthesis of DMADTs was successfully con-
ducted through regiochemical control and the products
were purified by sublimation. The solubility of these pro-
ducts in common organic solvents is relatively low.
TG-DTA for isomers 1 and 2 revealed decomposition

above 400 �C, suggesting high thermal stabilities. The 5%
weight losses were at temperatures of 424 and 440 �C for
isomer 1 (syn-isomer) and isomer 2 (anti-isomer), respec-
tively (see Supporting Information (SI)). The higher de-
composition temperature for isomer 2might be related to
its different molecular structure as well as differences in
intermolecular interactions.

Single crystal structure analyses were carried out to
confirm the molecular geometry and to investigate inter-
molecular interactions in the solid state (Figure 2). The
crystals for isomers 1 and 2 were obtained by sublimation.
Crystal growth was comparatively easier for isomer 2.
Compound 1 crystallizes in the noncentrosymmetric space
group P21, whereby it forms twinned crystals and involves
crystal disorder. On the other hand, the single crystal for
isomer 2 contains centrosymmetric half-molecules (C2h)
in the asymmetric unit without disorder. A herringbone
packing motif was observed for both isomers with a tilt
angle of 52.1� for isomer 1 and 50.8� for isomer 2. As
shown in Figure 2, the molecular orientations are clearly

different. The molecules in isomer 2 are arranged with
slipped herringbone packing, which slightly reduces the
overlap between rings.

The optical and electrochemical properties for isomers 1
and 2 were investigated. The results are summarized in
Figure 3 and in Table 1. The UV�vis spectra in solution
showed a typical transition of ADT derivatives. The red
shift of ca. 1 nm (65 cm�1) was observed in isomer 2 (anti-
isomer), and the spectra for each isomer were similar. The
solubility is better for isomer 1 (syn-isomer). Thus, if a
mixture was used for thesemeasurements, the result would
likely include more contributions from the syn-isomer. In
fact, the reported absorption maximum of a mixture was
479 nm which corresponds to that for the syn-isomer.7b

The optical energy gaps estimated from the onset of the
absorption are ca. 2.51 eV. The photooxidative stability
level as determined by a decay in the absorbance was
similar to the previously reported values (see SI).7b

The absorption spectra in a 50-nm-thick filmon a quartz
plate showed clear differences in each isomer. Both isomers
showed a large bathochromic shift in the absorption bands
compared to the solution state, indicating the optical en-
ergy gaps of 2.25 eV for isomer 1 and 2.27 eV for isomer 2.

Figure 2. Crystal packing of (a) 1 and (b) 2 along with the b-axis
(thermal ellipsoids 50% probability).

Table 1. Optical and Electrochemical Properties

compd

λabs
(nm)a

Eox1

(V)b
Eox2

(V)b
Ered

(V)b
HOMO

(eV)c
LUMO

(eV)c

1 solution 479 0.23 0.78 �2.35 �5.03 �2.45

calcdd 488 � � � �4.70 �1.85

film 530 0.38 0.83 �1.78 �5.18 �3.02

2 solution 480 0.23 0.77 �2.34 �5.03 �2.46

calcdd 490 � � � �4.69 �1.86

film 519 0.36 0.80 �1.70 �5.16 �3.10

aThe lowest energy maxima. bDetermined by differential pulse
voltammetric measurement in 0.1 M solution of Bu4NPF6 in o-dichlor-
obenzene at 100 �Cor in filmwith 0.1M solution of Bu4NPF6 in CH2Cl2
at rt (vs Fc/Fcþ). cEstimated vs vacuum level from EHOMO = �4.80 �
Eox or ELUMO = �4.80 � Ered.

dCalculated by DFT methods at the
B3LYP/6-31G(d,p) level using the Gaussian 09 program.

Figure 3. Normalized absorption spectra of isomers 1 and 2 in
CH2Cl2 (solid line) and in film (dashed line).
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Interestingly, the lowest absorptionmaximum for isomer 1
(syn-isomer) appeared at an 11 nm longer wavelength
compared to that for isomer 2 (anti-isomer). This is
attributed to differences of intermolecular interactions.
The transition dipoles of molecules, calculated by the

time-dependent density functional theory (TD-DFT) meth-
od, were in the direction of the molecular short axis for
isomer 1, as seen in acenes, and oblique to that for isomer
2.13,14 Since the herringbone crystal packing is exhibited
for both, the aggregation cannot be classified as J-type or
H-type. In practice, the molecular orientations in single
crystals and in thin films are not always identical. However,
the XRD pattern of a thin film of isomer 1 suggested a
d-spacing which is nearly equivalent to the length of the c-
axis for a single crystal, whereas the thin film of isomer 2
exhibited almost the same d-spacing as isomer 1, which alters
the estimation from the single crystal. Therefore, at least
isomer1, andmost likely isomer 2, canbe considered to have
a herringbone packing arrangement in a thin-film form. In
this case, the nearest two molecules may lead to the band
splitting into higher energy and lower energy contributions
(Davydov splitting).15 Here, the lowest energy absorption
peakat 520nmof isomer1 (syn-isomer) exhibited aDavydov
component such as tetracene and pentacene,16 but isomer 2
(anti-isomer) showed a broad peak in the 0�0 band.
Differential pulse voltammetry (DPV) in solution for

isomers 1 and 2 showed two oxidation peaks and a
reduction peak (see SI). The first oxidation potential was
0.23 V vs Fc/Fcþ for both isomers, and the reduction
potentials of isomers 1 and 2 were �2.35 and �2.34 V,
respectively. The estimated HOMO�LUMO values from
these redox potentials are summarized in Table 1. The
HOMO�LUMO energy gaps are consistent with the
optical energy gaps derived from UV�vis measurements.
Although the redox potentials in solution were nearly the
same for both isomers, those small differences revealed
intermolecular interactions in film, as well as in the
UV�vis spectra. The DPV measurements in thin films of
isomers 1 and 2 showed two oxidation peaks and oneweak
reduction peak, which are similar in solution. These redox
processes appeared as a positive shift of the results in
solution. Since the shifts in the reduction peakswere larger,
the LUMO levels are located at much deeper levels in the
solid state.TheHOMOlevels for isomers1 and 2 estimated
from their oxidation potentials were similar.
The FET devices for both isomers were fabricated on a

hexamethyldisilazane (HMDS)-treated substrate at rt with
a top-contact device configuration (Figure 4). The devices
for isomers 1 and 2 showed hole mobilities of 0.084 and

0.41 cm2 V�1 s�1, respectively, which are higher than the
previously reported mobility in a mixture (0.062 cm2 V�1

s�1).7b Interestingly, the anti-isomer 2 exhibited a mobility
thatwas five times higher than that for syn-isomer 1, which
is attributed to differences in their molecular structures, as
well as to intermolecular interactions in their thin films.
The mobility results for syn-/anti-isomers show the same
tendencies as those for naphthodithiophenes, whereby the
centrosymmetric derivatives showedhighermobilities than
the axisymmetric ones.5a These results clearly suggest the
importance of separating isomers in FET devices.
In summary, pure isomers of anthradithiophene deriva-

tives were successfully synthesized in good yields. The
molecular structures for these isomers have been verified
with X-ray single crystal structure analysis. We observed
only slight differences in photochemical and electrochemi-
cal properties for each isomer in solution. However,
apparent differences were observed in the solid state,
especially in FET devices, whereby the anti-isomer showed
higher device performance than the syn-isomer. Further
investigation to understand these differences in the device
performance is currently underway. This synthetic work
enabled the detailed investigation of physical properties of
ADT derivatives. The synthesis is applicable for pure iso-
mers of unsubstituted-ADTs, dialkyl-ADTs, and dibromo-
ADTs as building blocks for semiconductors.
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Figure 4. Transfer characteristics of anti-DMADT (blue lines,
circles) and syn-DMADT (red lines, triangles).
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