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Recent developments in organic electronic and optoelectronic
devices, such as organic light-emitting diodes (OLEDs), solar cells,
electrochromic cells, and organic field effect transistors (OTFTs),
have imposed substantial demands on organic semiconducting
materials. Although such devices perform a diverse range of func-
tions, charge carrier transport is a common key issue for each sys-
tem, and its optimization remains a challenge for the development
of practical or commercial devices. The charge transport behavior
of amorphous organic materials can be described using Marcus
theory!:
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in which the rate of intermolecular electron hopping is governed by
the reorganization energy (A) and the charge transfer integral (Hg,),
with the latter especially being the bottle-neck parameter.? There-
fore, the molecular design of organic m-conjugated charge carrier-
transporting materials that can reduce the reorganization energy
and enhance the electronic coupling factor during electron hopping
processes has emerged as an effective approach toward achieving
novel materials exhibiting high mobility. In this regard, molecules
that feature rigid, coplanar units are excellent candidates;> for
example, polyacenes, especially pentacene, exhibit remarkable car-
rier mobility.* Unfortunately, non-homogeneous crystalline sys-
tems that feature grain boundaries of various sizes often lead to
the generation of carrier traps, which may cause problems in device
applications. Chemical modification of the coplanar core structure
with sterically hindered peripheral substituents is an effective
means of suppressing crystal formation, leading to amorphous
materials that can form homogeneous thin films, while retaining
sufficient charge transporting character.” In this Letter, we report
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a systematic study of the chemical structures and hole mobilities
of a homologous series of amorphous indenothiophene-based -
conjugated materials (Scheme 1). Our results indicate that the hole
mobilities are dependent mainly on the length and rigidity of the -
conjugated backbone, with the peripheral substituents playing a
subtle role in governing the hole-transporting behavior. We ob-
served hole mobilities of up to 103 cm?V~'s~! for a rigid, copla-
nar, amorphous indenothiophene-based derivative bearing small,
uniform peripheral aryl substituents.

2TT Ar; = 4-CHgPh, Ar, =4-CH,Ph
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Scheme 1. Structures of indenothiophene-derived homologs.
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Oligothiophenes and their related derivatives are promising
materials for use in carrier-transporting applications.® However,
conformational disorder of the m-conjugated backbone of thio-
phene-containing materials has the potential to reduce the inter-
molecular electronic coupling efficiency, which in turn limits the
carrier mobility. We envisioned that the conformational flexibility
of the molecular backbone would be reduced significantly through
flattening of the thiophene moiety and adjacent arene ring(s) into a
coplanar configuration. In our approach, one (or more) sp>-hybrid-
ized carbon atom bearing two aryl substituents would serve as a
bridging unit flattening the molecular planes of the thiophene
and phenylene moieties into coplanarity to form an indenothioph-
ene skeleton, Scheme 1 illustrates the molecular structures of a
series of indenothiophene-derived homologs used for this current
work. For systematic investigation of the structure and mobility
correlation, indenothiophene derivatives 2TT, 2PT, 3PP, and 3TT
were synthesized (Scheme S1, supplementary data) in addition to
previously reported 1TT, 4PP, 4PT, and 4TT.” The C2 position of
indenothiophene can be readily functionalized and further trans-
formed into a homologous series with structural features including
(1) hybridization with a coplanar fluorene ring gives 1TT, 2TT, and
2PT; (2) homo-couplings of indenothiophenes afford 3PP and 3TT;
and (3) sequential annulation with adjacent phenylene rings gives
the rigid and coplanar 4PP, 4PT, and 4TT. The introduction of aryl
groups as peripheral substituents provides high tolerance toward
thermal decomposition (analyzed by TGA) and high morphological
stability with distinct glass transition temperatures (analyzed by
DSC) (Table S1, supplementary data). Thus, homogeneous thin
films can be obtained through thermal evaporation under high
vacuum.

We conducted charge carrier mobility measurements for the
indenothiophene derivatives at ambient temperature using a
time-of-flight (TOF) technique. Clear constant-current plateaus in
typical photocurrent transients of the hole mobility measurements
(Fig. S1, supplementary data) were observed, which are the signa-
ture of non-dispersive carrier transport behavior. The calculated
field-dependent hole mobilities of the indenothiophene derivatives
are plotted as a function of E'2 in Figure 1. We observed that the
universal Poole-Frenkel relationship [u « exp(pli'/?), where § is
the Poole-Frenkel factor] is followed.® The hole mobilities exist
in the range from 4 x 107> to 10~3cm?V~'s7! for fields varying
from 10° to 6.7 x 10°V.cm™'. In contrast, the TOF transient for
electrons exhibited strong dispersive photocurrents.

The observed hole mobility of 1TT is comparable to, but slightly
lower than that of its pure hydrocarbon counterpart, terfluorene
T3,° which we ascribe mainly to the relatively non-linear molecu-
lar backbone of 1TT resulting from the intrinsic molecular geome-
try of the thiophene ring. This deviation from linearity for 1TT
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Figure 1. Hole mobilities plotted against E'? for the indenothiophene-embedded
homologs.

increases the conformational flexibility, resulting in larger reorga-
nization energy and, weaker intermolecular interactions, which
could render carrier transport more difficult. Although the reduced
molecular lengths of 2TT and 2TP could diminish the complexity of
their molecular configurations, we detected no significant
enhancements in their hole mobilities. The homo-coupled
bis(indenothiophene)s, 3PP and 3TT, exhibit hole mobilities that
are comparable to those of their counterparts 2PT and 2TT. These
results indicate that hybridization of the characteristics of the
coplanar fluorene and indenothiophene moieties did not provide
any evident benefit to hole mobility. Figure 1 indicates that the ri-
gid and coplanar homologs 4PP, 4PT, and 4TT exhibit remarkably
improved hole mobilities (e.g., up to 10~ cm? V~! s~!) at high elec-
tric field, making them competitive with typical arylamine-based
hole transporting materials.!° This finding confirms the advantages
of rigidity and coplanarity of the molecular backbone that contrib-
ute to the carrier transportation properties. Importantly, the struc-
tures of the aryl substituents exert a significant effect on the hole
mobilities. Figure 2 depicts the hole mobilities plotted as functions
of the different types of substituents attached to common indeno-
thiophene-embedded backbones. The hole mobilities follow the or-
ders 4PP > 4PT > 4TT, 2PT > 2TT, and 3PP > 3TT.

Molecular calculation of 4TT reveals an optimized ground state
geometry that is consistent with the experimental one determined
through the X-ray crystallographic analysis;’ the frontier molecu-
lar orbitals (HOMO and LUMO; Fig. 3) of 4TT are localized mainly
on the rigid and coplanar indenothiophene backbone without a
significant contribution from the peripheral tolyl substituents.
The result of MO calculation is consistent with the nearly identical
absorption and emission characteristics of molecules having the
same indenothiophene backbone but bearing different substitu-
ents (Fig. S2, supplementary data). In addition, the reorganization
energies of 4PP, 4PT, and 4TT upon hole-transportation were cal-
culated at B3LYP/631G level with Jaguar 7.0 quantum chemistry
software to be 270 meV, 274 meV, and 270 meV, respectively.
These results indicate that the aryl substituents on the top and bot-
tom faces of the molecular plane behave only as effective spatial
hindrance groups to suppress crystallization and improve morpho-
logical stability. Thus, the smaller substituents (i.e., phenyl groups)
reduce the carrier hopping distance between the molecules,
leading to improved mobility.!' For the same substituents (e.g.,
two ditoyl units), we found that the hole mobility of 4TT was over
three times higher than those of 2TT and 3TT. The results again
suggest that longer backbones lead to more disordered molecular
conformations and, thus, lower hole mobilities.

In order to probe the effect of structural features that govern the
hole mobilities, we also accomplished temperature and field-
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Figure 2. Hole mobilities (at E=2.5 x 10°Vcm™!) plotted with respect to the
different types of substituents (TT: two ditoyl units; PT: one diphenyl and one
ditoyl unit; PP: two diphenyl units) attached to common indenothiophene-
embedded backbones.
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Figure 3. Frontier molecular orbitals HOMO (left) and LUMO (right) of 4TT
computed using the DFT (B3LYP/631G) method.

Table 1

GDM carrier transport parameters for 4PP, 4PT, and 4TT

Hole Lo (1073 cm?|V s) o (x1072 eV) > C(x107)
4PP 15 8.00 1.65 4

4PT 10 7.80 1.63 3.7

41T 3 7.75 1.58 4.5

dependent hole mobility measurements of 4PP, 4PT, and 4TT
(Fig. S3, supplementary data). The obtained carrier mobilities agree
with the prediction of Gaussian disorder model (GDM)®!2, which
assumes that charge transport in amorphous organic solids occurs
by means of hopping among uncorrelated localized sites with
Gaussian-distributed energetic disorder and intermolecular posi-
tional disorder. Table 1 summarizes the extracted data: disorder-
free mobility (i), degree of energetic disorder (g), and the
parameter of positional disorder (X) from temperature- and field-
dependent hole mobilities using Bdssler formalism described as:
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where E is electric field, T is temperature, kg is the Boltzmann con-
stant, C is an empirical constant.

The obtained data indicate that the nature of peripheral substi-
tutions exhibits negligible influence on the energetic disorder, as
well as on the positional disorder. More significantly, the results
of temperature-dependent mobility measurement suggest that
the relative magnitudes of carrier mobility of a common indenothi-
ophene backbone with different substitutions are mainly governed
by 1o (4PP > 4PT > 4TT) (i.e., intrinsic intermolecular charge-trans-
fer characteristics), which is consistent with those observed for
mobilities.

In summary, TOF measurements of the non-dispersive hole
mobilities of a homologous series of amorphous indenothioph-

ene-based m-conjugated materials are reported first time, the re-
sults indicate that their hole mobilities are influenced strongly by
the length and rigidity of their m-conjugated backbones and by
the structures of the peripheral substituents. Hole mobilities of
up to 1073 cm? V' s~ were observed for a rigid, coplanar indeno-
thiophene-based derivative (4PP) bearing small, uniform periphe-
ral aryl substituents.
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