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1. Introduction
The importance and performance of organic electronic

devices have both increased significantly over the last 20
years, evolving from a field with great promise for new
materials and applications to a real industry with a few
commercial products on the market.1 Broader acceptance of
organic semiconductors will hinge on the development of
materials with competitive properties and superior process-
ability, yielding high-performance devices from a signifi-
cantly less expensive fabrication process.2 The incorporation
of first-generationmaterials into commercial applications has
required impressive efforts by physicists and device engineers
to yield stable working devices. Efforts by device research
groups focused on controlling the morphology of the organic
films in these devices and, in many cases, in carefully
controlling the degree of crystallinity in the films.3 The strong
correlation between film quality/crystallinity and device
performance indicates to the synthetic chemist that the
interaction between molecules in the crystalline state is a
critical parameter to consider in the development of new
materials for electronic applications. Such intermolecular
interactions are a particularly important consideration in the
design of materials destined to be deposited by solution-
based methods, since the typical approach to the solubili-
zation of large aromatic molecules involves the introduction
of bulky substituents to at least partially disrupt the strong
intermolecular forces that lead to poor solubility.4 Unfortu-
nately, it is these same intermolecular interactions that also
yield desirable electronic properties in many devices.

Efforts to fully understand the relationship between solid-
state (or aggregate) order and crystal color/electronic per-
formance intensified with the commercialization of xerog-
raphy, where differences in charge carrier mobility and
efficiency of photogenerated carrier production among
similar materials was found to be related to differences in
aggregate interactions.5 One of the earliest theoretical
investigations of this issue involved the use of extended
Hückel theory in an attempt to relate the precise nature of
π-overlap of perylene-based dyes to the color of the crystals.6

For this class ofπ-stacked molecules, a strong correlation* Phone: 859 257 8844. E-mail: anthony@uky.edu.
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between both longitudinal and transverse intermolecular
offset and crystal color was found and was rationalized by
considering the overlap of HOMO or LUMO orbitals (and
the corresponding nodes) of adjacent molecules. More
recently, oligothiophenes,7 acenes,8 and heteroacenes9 have
all been subjected to similar studies, at a variety of levels of
theory. These studies demonstrated that small changes in
intermolecular orientation can lead to significant changes in
the electronic properties observed in crystalline solids and
emphasized the importance of “molecular engineering” to
the development of high-performance electronic materials.
This review will highlight the functionalization of linearly
fused aromatic systems specifically for their application in
electronic devices, with special focus on reports that describe
crystal structure/device property relationships in linearly
fused acenes and heteroacenes.

1.1. Organic Electronic Devices
Acenes are most commonly exploited in two classes of

electronic devices: field-effect transistors (FETs, also known
as thin-film transistors, TFTs) and organic light-emitting
diodes (OLEDs) (Figure 1). The field-effect transistor device

provides detailed information regarding the charge transport

properties of the organic material and can be constructed in
two common configurations. The bottom-contact device
(shown in Figure 1, top left) places the organic semiconduc-
tor on top of the source and drain electrodes and is the most
convenient platform for the fabrication of solution-processed
semiconductor devices. The top-contact device configuration
(where the semiconductor lies between the gate dielectric
and the source and drain electrodes) typically yields higher
performance devices, both because of improved organic film
formation on the obstruction-free dielectric surface and due
to the superior contact between the source and drain
electrodes and the organic semiconductor in a top-contact
device. A variety of other factors influence transistor
performance, such as the metals used for electrodes, the
thickness and nature of the dielectric layer, whether the
measurements are carried out in air or under an inert
environment, etc.10 Thus it is important to remember that
mobility values for one material can vary by a factor of 2 or
more depending on device configuration and measurement
conditions.11 An additional consideration in the fabrication
of FETs is the selection of the appropriate electrode material.
For p-type semiconductors (where holes, or cations, are the
dominant carrier), the work function of the metal must match
the energy of the HOMO for the organic semiconductor.
Likewise, for n-type semiconductors the work function of
the electrode must match the LUMO energy of the organic
molecule. Because there are relatively few metals used in
transistors (with gold being the most common), it is common
for the synthetic chemist to try to improve the interaction
between the organic compound and the gold electrode by
tuning the oxidation potential (and thus, the HOMO energy
level) of the organic species.

The key parameters extracted from organic FET devices
are the carrier mobility (µ), the on/off current ratio (Ion/off),
and the threshold voltage (Vth). Mobility is one of the most
commonly reported benchmarks and is essentially the drift
velocity of the charge carrier (cm/s) per unit applied field
(V/cm), leading to the units for mobility of cm2/(V s). The
on/off current ratio (the difference in source/drain current
in the “on” and “off” states) is often related to the purity of
the semiconductor, with only highly pure materials yielding
low (<10-11 A) off currents. Threshold voltage is the voltage
at which the transistor turns from the “off” to the “on” state,
and is a strong indicator of the quality of the interface
between the organic semiconductor and the gate insulator.
To be competitive with amorphous silicon in electronic
devices, mobility needs to be on the order of 0.5 cm2/(V s)
or greater, the on/off current ratio should be at least 105,
and Vth should be as close to 0 as possible. In general,
aromatic compounds (and particularly acenes) exhibit almost
exclusively hole transport. In cases where electron mobility
can be measured, it is typically significantly smaller than
the hole mobility measured in similar compounds.

Organic light-emitting diodes (OLEDs, Figure 1, right)
serve as the emissive component in organic-based displays.
These devices are typically fabricated on substrates of glass
coated with a transparent conductor (indium-doped tin oxide,
ITO). The bottom layer of most OLEDs is a hole transport
layer, to facilitate the oxidation of the emissive layer by the
ITO anode. The emissive layer is comprised of an electrolu-
minescent molecule, typically an organic system with high
fluorescence quantum yield. Often this layer is capped with
an electron-transport layer; alternatively, a thin lithium
fluoride layer can be added to improve the interface with
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Figure 1. Transistor (left) and light-emitting diode (right) device
configurations.
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the cathode material. The cathode is typically a low work
function metal (aluminum, magnesium, even calcium), to
facilitate injection of electrons into the device. Modern
OLEDs have good brightness at low power consumption
levels: the most significant issue still to be overcome for
commercialization is device lifetime and durability.

1.2. Common Acene Packing Motifs

A key to electronic performance in all organic electronic
devices is the intermolecular order adopted by the individual
molecules in the solid state. In general, good electronic
performance requires strong electronic coupling between
adjacent molecules in the solid. As will be seen in the body
of this review, there are two common packing motifs adopted
by acenes and heteroacenes in the solid state that yield strong
intermolecular overlap. In the classic “herringbone” arrange-
ment, the aromatic edge-to-face interaction dominates, yield-
ing two-dimensional electronic interactions in the solid
(Figure 2, top). Alternatively, the molecules can adopt a

coplanar arrangement and stack, typically with some degree
of displacement along the long and short axes of the
molecules (Figure 2, bottom).12 The strong interaction
between theπ-electron-rich faces (π-faces) of the molecules
in theseπ-stacked arrays yields strong electronic coupling,
and further interactions with adjacent stacks can yield two-
dimensional electronic coupling in the solid.

2. Functionalized Anthracenes

2.1. Anthracene Derivatives in Field-Effect
Transistors

Anthracene’s high oxidation potential, smallπ-surface, and
high fluorescence quantum yield usually relegate materials
based on this aromatic core to applications in light-emitting
systems. However, recent reports of functionalized an-
thracenes have placed derivatives of this compound within
the realm of materials used for organic field-effect transistors.
One of the simplest examples was reported in 2003,
consisting of a series of anthracene dimers and trimers that
were then subjected to detailed device and morphological

studies (Chart 1).13 The covalent linking of anthracene units

decreases the oxidation potential of the molecule (thus aiding
charge injection from the device electrode), while simulta-
neously increasing potential area of intermolecular overlap.
While the X-ray crystal structure for these compounds was
not reported, X-ray diffraction (XRD) analysis of thin films
shows similarity to other extended aromatic systems that
adopt a herringbone arrangement in the solid state. The hole
mobility of 2 was measured as 0.18 cm2/(V s), with an on/
off current ratio of 104. Unfortunately, these values could
only be attained when the material was deposited on a
substrate held at 175°C, a temperature that precludes the
use of many flexible substrates.

Yamashita and co-workers more recently reported the
synthesis and characterization of a simpler series of 2,6-
diarylanthracenes (Figure 3).14 X-ray crystallographic analy-

sis of 3 showed that these molecules favor edge-to-face
interactions in the solid, adopting the typical acene her-
ringbone arrangement, with mobility for4a measured at
0.004 cm2/(V s) for a vapor-deposited film of this material.15

Although the substituents do not radically alter the solid-
state order of these materials compared with unsubstituted
anthracene, they do have a profound effect on the electronic
properties of the material. For example, anthracene func-
tionalized with electron-withdrawing 4-trifluoromethylphenyl
groups (3) behaves as an n-type semiconductor, with FET
devices fabricated from vacuum-deposited films showing
electron mobility as high as 0.003 cm2/(V s). While this
mobility value is not high, the use of anthracene as the core
of the semiconductor imparts significant stability advantages
over larger acenes such as tetracene and pentacene, and this

Figure 2. Herringbone (top) andπ-stacking (bottom) arrangements
of acenes, showing HOMO orbital interactions (Spartan ‘04,
Wavefunction, Inc.).

Chart 1

Figure 3. Aryl-substituted anthracenes3, 4a, and4b. Views of
the crystal packing of4a and4b show closer face-to-face contacts
for 4b, although the packing is still dominated by edge-to-face
interactions (Graphics produced from data stored at the Cambridge
Structural Database (CSD) RefCode FINZAE (4a) and FINZET
(4b)).
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approach may prove useful in applications where durability,
rather than performance, is the deciding factor.

Another report of the synthesis and characterization of4a
(along with alkyl-substituted4b) showed that significantly
improved device performance could be achieved by optimiz-
ing the deposition conditions.16 For the simple dithienylan-
thracene4a, FET devices showed a hole mobility of 0.06
cm2/(V s) and on/off current ratios of 105. The addition of
alkyl groups led to material with significantly improved
performance, both due to the improved morphology of the
films and due to the subtle change in packing of the
molecules, leading to both edge-to-face and face-to-face
(closest face-to-face contact) 3.54 Å) interactions. Evapo-
rated thin films of4b showed hole mobility as high as 0.5
cm2/(V s), with excellent device stability.

2.2. Anthracene Derivatives in Light-Emitting
Diodes

More often, the anthracene chromophore is used for its
fluorescence characteristics, where any significant electronic
interaction in the solid leads to an undesired broadening of
the emission spectrum and a decrease in fluorescence yield.
In this case, bulky substituents at the 9,10-positions are
typically employed to break up aggregation in the solid state,
and a myriad of such compounds have been reported in the
literature.17 One benchmark material among these compounds
is the 1-naphthyl-substituted derivative5 (Chart 2), where

the rigid substituents effectively isolate the chromophore in
the solid, yielding an amorphous compound with efficient
blue electroluminescence.18 Because all of these materials

are designed to be amorphous (in order to minimize issues
with crystal grain boundaries leading to irregular illumination
across the device), significant crystallographic studies of
solid-state interactions are typically not performed.

One recent example of a unique acene derivative for use
in electroluminescent applications is compound6.19 This
material, consisting of seven linearly fused aromatic rings,
is essentially an anthracene core sandwiched between two
pyrene units. The aryl substituents on the central anthracene
portion of the molecule cause the aromatic backbone to twist
significantly out of planarity, giving this class of materials
the common name “twistacenes”, while the pyrene units
improve the fluorescence quantum yield of the material. The
twist of the aromatic backbone, along with the steric bulk
of the phenyl substituents, eliminate significant aryl-aryl
close contacts in the crystal, making them excellent candi-
dates for use in OLEDs. Indeed, single-layer devices
fabricated from6 (as a dopant in a polyfluorene polymer)
yielded high-luminancewhite-light-emitting OLEDs, con-
stituting a key technological breakthrough for the develop-
ment of organic systems for ambient room lighting or display
back-lighting.20

An alternative to creating amorphous materials to minimize
aromatic interactions in the solid state is to design molecules
that crystallize with their chromophores completely isolated
by electronically insulating functional groups. One such
compound is triisopropylsilylethynyl derivative7, for which
X-ray crystallographic analysis showed the closest CAr-CAr

contact is 3.7 Å (Figure 4).
Crystalline films of this material incorporated into a simple

OLED structure (Figure 1) yield devices with bright blue
emission.21 The devices reach a maximum emission of 1000
Cd/m2 and, at a common display intensity of 100 Cd/m2

(requiring a bias of 7.8 V), produce 1.7 Cd/A. Substitution
of 7 with two methoxy groups increases the CAr-CAr close-
contact to 5.7 Å, and while the light yield at 100 Cd/m2 for
compound8 is roughly the same as that for7 (1.4 Cd/A),
the voltage, and thus power, required to attain this brightness
level is significantly lower (7.0 V). Offsetting the functional

Figure 4. Silylethyne-functionalized anthracene derivatives for OLED applications (top) and the crystal packing of7 and8 (bottom).

Chart 2
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group of7 to the 1,4-positions (9) exposes significantly more
π-surface. The resulting material is an amorphous glass,
which formed working (but inefficient, 0.4 Cd/A at a
brightness of 100 Cd/m2) devices that showed weak green
emission. Examination of the electroluminence spectra of7
and9 (Figure 5) demonstrates the detrimental effect of solid-

state aromatic interactions on OLED devices, leading to
broadened emission and significantly reduced device ef-
ficiency.

2.3. Heteroanthracenes for Organic Transistors
In marked contrast to the relatively few examples of

transistor applications of anthracene derivatives, heteroan-
thracenes (throughout this review, the term “heteroacene”
will refer to acene derivatives where a carbocyclic ring or
rings have been replaced by a heteroaromatic ring) constitute
one of the most common classes of small-molecule semi-
conducting materials. Just as with anthracene, two different
approaches to the functionalization of these compounds have
been explored, the formation of dimeric (or trimeric)
heteroanthracene derivatives and the functionalization of
heteroanthracenes with aryl substituents.

2.3.1. Benzodithiophenes
One of the earliest reports of a high-mobility organic

semiconductor described the synthesis and characterization
of benzodithiophene dimer10 (Chart 3).22 This material
exhibited high air stability and reasonable thin-film device
properties (µ ) 0.04 cm2/(V s) from a vacuum-deposited

film of 10). To further probe substituent effects in this class
of materials, alkyl-substituted derivatives11 and 12 were
prepared, although the alkyl groups used were not sufficient
to provide good solubility in any solvent.23 These derivatives
arrange in the crystalline state with significant face-to-face
interactions, and compound11 forms vacuum-deposited films
with mobility of 0.016 cm2/(V s). Extending the conjugation
of 10 by functionalization with alkylthienyl groups (12)
significantly decreased the solubility of the molecule without
improving device performance (µ ) 0.001 cm2/(V s) for a
vacuum-deposited film).

As with anthracene derivatives3 and4, heteroanthracenes
functionalized with simple aryl substituents have also proved
successful in forming functioning thin-film transistors. One
of the earliest reports involved benzodithiophene function-
alized with a single alkylthienyl group (13, Chart 3).23 This
highly soluble compound yielded uniform films from solu-
tion, and chlorobenzene-cast films of13 showed hole
mobility as high as 1.2× 10-3 cm2/(V s).

Further developing the class of functionalized benzodi-
(chalcogenophene)s, Takimiya and co-workers synthesized,
characterized, and fabricated transistor devices from the series
of diphenyl derivatives shown in Figure 6.24 The best

performing of these compounds, the diphenyl benzodisele-
nophene15, yields FET hole mobility as high as 0.17 cm2/
(V s) from a vacuum deposited film. Crystallographic
analysis of this compound revealed that the phenyl substit-
uents are coplanar with the heteroacene and that the material
packs with extensive edge-to-face interactions similar to
unsubstituted pentacene, with a herringbone angle of 64°
(compared with pentacene’s herringbone angle of 53°). The
high polarizability of the selenium atoms likely contributes
strongly to this molecule’s ability to undergo electric-field
doping, leading to the relatively high observed mobility.

Figure 5. Solution photoluminescence and thin-film electrolumi-
nescence spectra of anthracene derivatives7 and9.

Chart 3

Figure 6. Diphenyldi(chalgogenophene)s14-16 and the crystal
packing of compound15 (CSD RefCode AXICUF), showing
herringbone arrangement of the molecules in the crystal.
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2.3.2. Dithienothiophene
Further increasing the heteroatom content of ben-

zodithiophenes yields the fully heterocyclic dithienothiophene
unit. Bis(dithienothiophene)17, a dimerized version of
dithienothiophene, is an excellent early example of het-
eroacene-based organic semiconductors.25 Crystallographic
analysis of this compound showed that the molecules possess
strong face-to-face and edge-to-face interactions in the solid
state, with interplanar contacts as short as 3.5 Å, and sulfur-
sulfur contacts as close as 3.4 Å (Figure 7).26 Hole mobility

as high as 0.05 cm2/(V s) was measured in top-contact
transistors fabricated from evaporated films of17, and these
devices also exhibited impressive on/off current ratios (108),
attributed to the large HOMO-LUMO gap of the material
(which renders the compound less susceptible to oxidative
degradation, yielding fewer impurities). These results were
an important demonstration of the utility of heteroacenes,
and over the past few years the dithienothiophene core has
become a common building block in organic electronics. This
system is at the heart of a variety of soluble organic
semiconductors, including derivatives exhibiting high field-
effect mobility27 and derivatives that yield light-emitting
transistors.28

3. Tetracene
Tetracene, like all unfunctionalized acenes, adopts an edge-

to-face herringbone arrangement in the solid state (Figure
8).29 Tetracene provides an interesting illustration of the

tradeoff between stability and device performance; it is less
stable than anthracene but decomposes in air or light at a
significantly slower rate than pentacene (due to tetracene’s

higher oxidation potential and slower rate of photodimer-
ization). Recent studies on solubilized tetracene derivatives
have confirmed that a major photodecomposition pathway
is photodimerization, forming the so-called “butterfly”
dimer.30 However, unlike similar dimers of pentacene, the
tetracene dimers will convert slowly back to the tetracene
monomers in solution.

Tetracene has been used in the construction of FETs with
hole mobility as high as 0.1 cm2/(V s)31 and has recently
been paired with C60 to yield a solar cell with power
conversion efficiency of 2.3%.32 Due to the ability of this
molecule to form large, high-quality crystals by vapor growth
methods,33 tetracene has been much more thoroughly studied
in single-crystal devices, where hole mobilities as high as
1.3 cm2/(V s) have been reported from devices fabricated
directly on the tetracene crystal surface.34 Studying devices
formed on the surface of high-quality crystals allows the
determination of properties on material that is as defect-free
as possible and is crucial to understanding the intrinsic
charge-transport and electronic properties of organic solids.35

3.1. Tetracene Derivatives in Organic Transistors

3.1.1. Halogenated Tetracene

The halogenation of tetracene disrupts edge-to-face inter-
actions and induces a shift from the traditional herringbone
motif to arrangements with significant face-to-face interac-
tions.36 Bao and co-workers performed an elegant study
showing that mono-halo tetracene derivatives19 and 20
adopted an approximate sandwich-herringbone arrangement
in the crystal (where a pair of molecules adopt face-to-face
interactions, then interact in an edge-to-face fashion with
other molecule pairs), while the dihalo derivative 5,11-
dichlorotetracene21 packed with extensive long-range
π-overlap (Figure 9).37 The molecules’ crystalline order had

significant impact on device performance, with devices
fabricated on single crystals of theπ-stacking21 yielding
hole mobility (1.6 cm2/(V s)) as much as 3 orders of
magnitude higher than that found in sandwich-herringbone
19 and even slightly higher than mobility typically found in

Figure 7. Dimeric dithienothiophene17 and its crystal packing
(CSD RefCode NOBJET), showing significant face-to-face and
edge-to-face interactions.

Figure 8. Tetracene structure and packing (RefCode TETCEN01
from CSD), showing predominant edge-to-face orientation.

Figure 9. Halogenated tetracenes19-21 and representative
crystalline order of compounds20 (approximate sandwich her-
ringbone) and21 (columnarπ-stacked) (RefCodes FAHTIS and
FAHTOY from the CSD).
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similar devices made on crystals of unsubstituted tetracene.
In stark contrast, devices fabricated from evaporated thin
films of 21 had field-effect mobilities less than 0.001 cm2/
(V s) due to the poor morphology of the evaporated films.
These results underscore both the importance of face-to-face
interactions for high intrinsic carrier mobility and the
importance of higher-dimensional interactions for the forma-
tion to technologically important thin-film devices. This work
also demonstrates the ease with which face-to-face interac-
tions can be introduced by appropriate functionalization.

3.1.2. Tetracenes with Polar Substituents
An alternative approach to inducingπ-stacking in tetracene

derivatives was reported by Nuckolls and co-workers, who
prepared a series of 1,4-acenequinonessessentially, acenes
with strongly electron-withdrawing groups at only one end.38

These molecules naturally possess a significant dipole, and
crystallographic analysis of the 1,4-pentacenequinone22
revealed an extendedπ-stacked array with alternating dipoles
in the solid state (Figure 10). The separation betweenπ-faces

within the stack was a remarkably small 3.25 Å, well within
the van der Waals radius of the carbon atoms (3.4 Å). FET
devices fabricated from the corresponding hexacenequinone
had a measured hole mobility of 0.05 cm2/(V s) and excellent
device stability. This series of molecules constitutes a unique
approach to inducing face-to-face interaction in acenes by
exploiting electronic, rather than steric, interactions.

The Nuckolls group has also reported the synthesis and
device study of 2,3-dihydroxytetracene23, which was found
to bind with oxide surfaces such as HfO2, ZrO2, and Al2O3

(presumably by ester formation).39 For monolayer surfaces
of 23 formed on alumina, X-ray reflectivity measurements
demonstrated that the molecules were oriented vertically and
were tightly packed on the surface (Figure 11). Because

alumina is a common gate dielectric used in FETs, a device
was constructed using asingle monolayerof 23 as the
semiconducting layer. While these nanoscale monolayer
devices were not ideal transistors, they did show gate-voltage-
dependent conductivity and demonstrated a promising tech-
nique for the fabrication of self-assembled transistors or
sensors.

3.1.3. Tetracene−Thiophene Hybrid Materials
Furthering the strategy used for functionalized anthracenes

(the addition of aryl substituents to decrease oxidation
potential and increase total area ofπ-overlap), an innovative
series of acene-thiophene hybrid semiconductors was
recently prepared (Chart 4).40 Detailed analysis of vapor-

deposited thin films of these materials yielded the unit cell
parameters and showed that the molecules stand with their
long axes almost perfectly perpendicular to the substrate
surface. The tetracene derivative25 in particular showed high
transistor mobility (0.5 cm2/(V s)), along with high thermal
and oxidative stability.

3.1.4. Rubrene
One of the most intensively studied tetracene derivatives

is undoubtedly rubrene (5,6,11,12-tetraphenyl tetracene26,
Figure 12). This material forms very high quality crystals

by vapor transport growth methods, and is the current “gold
standard” for the study of intrinsic transport properties in
organic crystals.41 Phenyl substitution of tetracene in this case
leads to a stronglyπ-stacked arrangement in the solid state,
and computational studies have shown that the particular
intermolecular arrangement adopted by rubrene happens to
be optimal for charge transport.42 The highest room-temper-
ature mobility measured for rubrene crystals to-date is 20
cm2/(V s),43 and rubrene is the first organic material in which
accurate Hall measurements have been made, showing
directly the density of mobile carriers in the transistor
channel, as well as their intrinsic mobility.44 Ambipolar
transport (measurable mobility for both holes and electrons)
has also been reported recently in devices fabricated on
rubrene single crystals.45

Interestingly, thermally evaporated rubrene films do not
yield high-performance transistors, typically due to the
difficulty in growing high-quality crystalline films of rubrene
in the proper polymorphic form.46 A recent detailed study
of this issue showed that, in general, functionalized aromatic
compounds that have significantly different vapor phase and
solid-state conformations will not easily form highly crystal-
line films.47 An interesting and potentially groundbreaking
approach to the formation of rubrene-based thin-film transis-
tors utilizes rubrene-doped polymers.48 A mixture of 9,10-

Figure 10. Exploitation of dipolar interactions to induceπ-stacking
in acenequinones.

Figure 11. 2,3-Dihydroxytetracene23 and its close-packed self-
assembly on an alumina surface.

Chart 4

Figure 12. Rubrene26and its crystalline order (RefCode QQQCIG
from the CSD).
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diphenylanthracene, rubrene, and polystyrene, when depos-
ited on a bottom-contact FET substrate and thermally
annealed, yielded devices with hole mobility as high as 0.7
cm2/(V s). The ability to combine the high intrinsic mobility
of small-molecule aromatic semiconductors with the film-
forming ability of high molecular weight polymers is one
potential approach to the long-anticipated capability of
forming high performance devices by simple solution-
processing methods.

3.1.5. Alkyl- and Alkoxy-Functionalized Tetracene
A recent report of the synthesis and study of 2,3-dialkoxy

tetracenes (Scheme 1) showed that such molecules form
surprisingly robust gels.49 A strong red shift of the absorption
edge for the tetracene chromophore, coupled with significant
hypochromism of the1Lb band, indicate that the tetracene
units in the gel are in close contact and that there is some
alignment of the long axes of these molecules. The use of
long alkyl chains to align the chromophores may allow the
use of such materials in solution-cast semiconducting devices.
A similar approach has been used to prepare analogous
derivatives of pentacene,50 leading to self-assembled fibers
with unusual optical properties.51

A recent report from Swager and co-workers detailed the
synthesis and crystallographic analysis of a series of tetracene
derivatives, each possessing one aromatic ring substituted
with four fluorine atoms and one ring with a long-chain alkyl
or alkoxy group (Chart 5).52 All of these derivatives showed

strongπ-stacking interactions in the solid state, with face-
to-face distances as short as 3.18 Å. Derivative28c was
unique in this series as the only compound showing strong
2-D π-stacking interactions, a common feature among
materials exhibiting high mobility in thin-film devices. The
authors report that electronic characterization of these
materials is underway.

3.2. Heterotetracenes for Organic Transistors
Extending their work with benzodiselenophenes, Takimiya

and co-workers reported the synthesis of two derivatives of

benzoselenopheno benzoselenophenes29and30 (Chart 6).53

Both of these compounds packed in a herringbone arrange-
ment similar to pentacene, with herringbone angles of 63°
and 58° for 29 and30, respectively. Importantly, compound
30 also exhibits some close face-to-face interactions (3.39
Å) between the aromatic carbons in adjacent molecules
(notably, there are no Se-Se close contacts between
molecules in the crystal). Mobility measured from vacuum-
evaporated films of30 was as high as 0.31 cm2/(V s), and
the devices showed very high operational stability.

3.3. Tetracene Derivatives in Organic
Light-Emitting Diodes (OLEDs)

While tetracene itself has not found widespread use in
OLEDs (since its emission wavelength is blue-shifted from
that necessary for saturated green emission),54 the high hole
mobility of tetracene films, coupled with reasonably high
fluorescence quantum yield, makes tetracene an ideal semi-
conductor of light-emitting field-effect transistors.55 Light
emission from these devices is low, making them unsuitable
for display applications, but data gleaned from electrolumi-
nescence in these devices can provide many details about
electronic processes taking place in the semiconductor
channel.56 For display applications, however, tetracene must
be functionalized to emit light at a useful wavelength,
typically by adding substituents to lower the energy of the
fluorescence and yield red emission. Because the highly
conjugated substituents required to induce such a significant
bathochromic shift provide significantπ-surface for strong
solid-state interactions, the materials must be further sub-
stituted with bulky insulating groups to prevent such
electronic communication in the solid. Only a few function-
alized tetracenes for red OLEDs have been presented, and
the only derivative to yield reasonable red emission was
compound31 (Figure 13).57

4. Pentacene
While rubrene sets the performance standard for single-

crystal devices, pentacene is the benchmark for thin-film
devices. Like its lower homologues, pentacene crystallizes

Scheme 1. Synthesis of Gel-Forming 2,3-Dialkoxytetracene 27

Chart 5

Chart 6
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in the classic acene herringbone motif (Figure 14),58 although
it can potentially adopt any of a number of polymorphs.59

This polymorphic nature further complicates device studies,
since band structure calculations have shown significant
electronic differences between polymorphic forms.60 These
issues have instigated numerous studies of nucleation and
film formation during vapor deposition of pentacene,61 as
well as intensive studies of surface treatments to improve
the quality of vapor-deposited films.62 High-quality FET
devices made from thin films of pentacene typically show
mobilities greater than 1.5 cm2/(V s),63 values as high as 5
cm2/(V s) have been reported,64 and ambipolar charge
transport has been observed in pentacene thin films (although
electron mobilities were very low and n-type behavior was
only observed under vacuum).65 Pentacene has also been used
as the p-type material in organic solar cells (with C60 as the
n-type material), yielding power conversion efficiencies as
high as 2.7%.66

4.1. Pentacene Derivatives for Transistors

4.1.1. Alkyl- and Halogen-Functionalized Pentacene
The first functionalized pentacene studied for transistor

applications was 2,3,9,10-tetramethyl pentacene33 (Figure
15).67 This material crystallizes in a herringbone arrangement
almost identical to that adopted by unsubstituted pentacene,
the only substantial difference being an increase in separation
of the pentacene units along the crystallographicc axis due
to the interposing methyl groups. While the crystal packing
changed little, methyl substitution led to significant decrease
in oxidation potential versus unsubstituted pentacene, which

should lead to improved charge injection into the organic
material from gold electrodes. Devices made from thermally
evaporated films of33 show hole mobilities as high as 0.3
cm2/(V s), with on-off current ratios of 6× 103.

Another functionalization strategy that strongly influences
both the electronic and intermolecular ordering properties
of pentacene is perfluorination. Suzuki and co-workers
reported an impressive synthesis of perfluoropentacene34
(prepared in five steps from tetrafluorophthalic anhydride
and hydroquinone) and performed detailed characterization
of its device performance.68 Compound34 crystallized in a
herringbone motif similar to that adopted by pentacene but
with a nearly 90° edge-to-face angle (compared with 52°
for pentacene) and closer contact between the pentacene rings
(as close as 3.25 Å, Figure 16). Transistor devices fabricated

from this compound exhibited electron mobilities as high as
0.22 cm2/(V s), demonstrating that perfluorination is a viable
route to prepare n-type semiconductors from acenes. This
same research group has also reported the synthesis and
characterization of perfluorotetracene, although carrier mo-
bility in this compound was not as impressive as that seen
in 34.69

4.1.2. Aryl-Functionalized Pentacenes for Organic
Transistors

The addition of simple phenyl substituents to theperi
positions of pentacene was the first functionalization strategy

Figure 13. Red-emitting tetracene derivative31and its absorption,
emission, and electroluminescence spectra.

Figure 14. Pentacene and its crystal packing (RefCode PENCEN01
from the CSD), showing predominant 2-D edge-to-face interactions
and weak interactions between the ends of the acenes.

Figure 15. 2,3,9,10-Tetramethyl pentacene33 and its crystalline
order (CSD RefCode ASEPUJ), showing 2-D edge-to-face interac-
tions (center) and increased spacing between pentacene ends
(bottom) caused by the methyl functional groups.

Figure 16. Perfluoro pentacene34and its edge-to-face interactions
(bottom left, CSD RefCode BEZLUO) compared with those of
pentacene32 (bottom right, RefCode PENCEN01).
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of any sort reported for this molecule.70 Varying the nature
and location of such groups around the pentacene perimeter
has recently led to an array of solid-state arrangements
(Figure 17), and detailed studies of both thin-film and single-
crystal devices performed on this series of molecules
elucidated the effect of intermolecular order on charge
transport.71 Although a wide variety of intermolecular
arrangements were surveyed as part of this study, only the
thienyl derivative37 exhibited long-rangeπ-stacking order,
and consequently it was the only derivative to show high
thin-film hole mobility in vapor-deposited films (0.1 cm2/
V s). Perhaps this study’s most surprising result arose from
the measurement of the hole mobility in transistor devices
fabricated on the surface of high-quality single crystals of
decaphenyl pentacene40. While this material shows no
significant close contacts between the acene rings in the
crystal (the closest CAr-CAr contact is∼5 Å) and thus would
not be expected to be an efficient medium for charge
transport, single-crystal FET measurements showed a hole
mobility of 0.0014 cm2/(V s). This remarkable finding clearly
underscores the importance of single-crystal measurements
to the understanding of charge transport in aromatic crystals,
as well as the benefit of systematic structure-property studies
of functionalized acenes.

4.1.3. Alkyne-Functionalized Pentacenes for Organic
Transistors

An alternative to adding property-modifying substituents
directly to the aromatic ring of an acene is to hold them
from the ring by a rigid, sterically undemanding spacer, such

as an alkyne (Scheme 2). In this case, altering the size of
the substituent on the alkyne provides excellent control over
the π-stacking order seen in the crystal.72

For roughly spherical substituents (e.g.tert-butyl, trialkyl-
silyl), a substituent diameter less than half the length of the
acene leads to a 1-D, “slipped-stack” arrangement (Figure
18, 42). For a substituent diameter very close to half the
length of the acene, the material adopts a 2-D “bricklayer”
arrangement (Figure 18,43). If the substituent size is
increased further, the packing reverts to the slipped-stack
arrangement (Figure 18,44). As the substituent size is
increased further, edge-to-face interactions between the
substituent and the aromatic chromophore begin to dominate
(as the volume of the substituent is able to completely cover
the aromatic surface), and the herringbone arrangement
becomes the preferred solid-state arrangement (Figure 18,
45).73

Device performance of these materials in thin-film FETs
is clearly related to the crystal packing arrangements adopted
by the molecules. Of all the functionalized pentacene
materials in this class studied to-date,only those that exhibit
2-D π-stacking interactions yield high-performance thin-film
devices.74 In the case of thermally evaporated film FETs,
the highest mobility found for a 1-Dπ-stacked material (e.g.
derivative42) was less than 0.001 cm2/(V s). In contrast the
triisopropyl silyl (TIPS) derivative43, which packs with
strong two-dimensional face-to-face interactions, yielded
evaporated film devices with excellent hole mobility (0.4
cm2/(V s)) when deposited under similar conditions. Further
optimization of vapor deposited films of TIPS pentacene43

Figure 17. Aryl-functionalized pentacenes studied for hole-transport properties (top) and crystal packing of37 (bottom left) and40 (bottom
right). Crystallographic data for these compounds are available for download free of charge on the Internet as Supporting Information for
ref 71 at http://pubs.acs.org.

Scheme 2. Synthesis of Alkyne-Functionalized Pentacenes with Spherical Solubilizing Groups and the Relationship between
Functional Group Diameter and Acene Length
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is hindered by a relatively low-temperature phase transition
that leads to cracking of the crystals and crystalline films of
the material (which precludes thermal annealing of the
films)75 and by the narrow substrate temperature range (85-
90 °C) under which crystalline films will grow. These issues
arise due to thermal rearrangements of the alkyl groups that
give the material both solubility and desirable packing.

Solution deposition of43yields much higher quality films,
since slow evaporation of the solvent allows the materials
to self-assemble into largeπ-stacked arrays. Spin-casting is
the most common method used to make uniform thin films
of soluble organic molecules but is the method least likely

to yield highly crystalline films of43 due to the speed with
which the solvent evaporates. Even so, spin-cast films of43
yield FET devices with hole mobility as high as 0.2 cm2/(V
s) and on/off current ratios of 106. A better method for
crystalline film formation is drop-casting, where a 1 wt %
solution of43 dissolved in toluene is deposited on top of a
bottom-contact FET device substrate, and the solvent is
allowed to evaporate slowly. Films formed under these
conditions show molecular step terracing when analyzed by
atomic force microscopy, signifying a high degree of order
in the film. Hole mobilities greater than 1.8 cm2/(V s) and
on/off current ratios of 108 have been achieved from this
deposition method.76 These values compare well with typical
values observed for devices fabricated from vapor-deposited
pentacene and are competitive with devices made from
amorphous silicon, the current semiconductor used in active
matrix displays. While drop-casting is not suitable for large-
area deposition, it is the technique most similar to inkjet
printing, a process predicted to yield the low-cost devices
predicted for organic electronics.77

Carrier mobility in single crystals and thin films of
pentacene (32), TIPS-substituted pentacene43 and triethyl-
silyl-substituted pentacene42 were all investigated using
time-resolved terahertz pulse spectroscopy,78 a contactless
method for comparing carrier mobility between organic
solids. These experiments confirmed the strong correlation
between thin-film morphology and hole mobility for com-
pound43, and single-crystal experiments suggested that the
hole mobilities for TIPS-pentacene43 and unsubstituted
pentacene32 should be quite similar.79 In contrast to the
thin-film device measurements, which showed a difference
in hole mobility for 2-Dπ-stacked43and 1-Dπ-stacked42
of over a factor of 1000, this technique yielded a hole
mobility for 42 that was only a factor of 3 smaller than that
measured for43.80 Here again, the lower quality films formed
by materials that exhibit one-dimensionalπ-stacking interac-
tions lead to significant underestimates of the intrinsic carrier
mobilities of these compounds.

Functionalized pentacene43has also been deposited from
solution as the first layer in a pentacene/C60 photovoltaic
device. Careful optimization of deposition conditions, the
concentration of mobile ion dopants, thermal postfabrication
annealing, and the addition of an exciton-blocking layer
yielded a device with a white-light power conversion
efficiency of 0.52%.81 Further improvement in efficiency will
require careful optimization of the p-type material’s absorp-
tion cross-section and HOMO energy level, while the
possibility of fully solution-processed small-molecule solar
cells will require the development of compatible, soluble

Figure 18. The progression of crystal packing induced by
increasing substituent size, from 1-Dπ-stack (42) to 2-D π-stack
(43) to 1-D π-stack (44) to herringbone (45). Some silyl groups
omitted for clarity. See CSD RefCodes CADMOK and VOQBIM.

Scheme 3. Synthesis of Partially Fluorinated Derivatives 46 and 47
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n-type organic semiconductors.

4.1.4. Alkyne-Functionalized Fluoropentacenes

In an attempt to decrease interplanar spacing of the
silylethynyl pentacene units in the crystal, two partially
fluorinated derivatives of43 (46, 47) were prepared, as
outlined in Scheme 3.82

The overall packing arrangement of these fluorinated
species is not significantly different from that of43, except
that the spacing betweenπ-faces decreases with increasing
fluorine content, from 3.43 Å for nonfluorinated43 to 3.28
Å for octafluoro compound47 (Figure 19). Because each of
these derivatives required significantly different conditions
for optimum film formation (especially because39 was not
sufficiently soluble to allow deposition by solution methods),
FET devices were formed by evaporating films of these
materials under identical conditions onto unheated substrates.
Even so, the difference in hole mobility among these three
derivatives is significant and increases with increasing
fluorine content (Figure 19). As with the tetracene derivatives
reported by Swager and co-workers, the addition of fluorine
substituents is a simple method to control the interplanar
spacing of acenes for electronics applications.

4.1.5. Alkyne-Functionalized Alkyl and Alkynyl Pentacenes

To further improve the device characteristics of silylethy-
nyl-substituted pentacenes, additional functionalization was
explored to lower the oxidation potential and facilitate charge
injection into the organic layer. Initially, alkyl groups were
added to the pentacene chromophore (building on the work
by Wudl and co-workers on tetramethyl pentacene) (Figure
20). While the addition of alkyl groups did significantly
decrease the oxidation potential (0.7 V for methyl derivative
48, 0.69 V for octyl derivative49, compared with 0.85 V
for TIPS-pentacene43, all values vs standard calomel
electrode (SCE)), the crystallinity was significantly perturbed.
In the best case (48), the packing changed to yield only 1-D
face-to-face interactions in the crystal.83 In the worst (49),
crystals could not be grown, and X-ray diffraction analysis
of spin-cast or drop-cast films showed no evidence of
crystallinity.

Recently, Neckers and co-workers reported a series of
more highly ethynylated pentacene derivatives (50), where
the alkyne substituents were used to tune the redox potentials
of the pentacene.84 While no crystallographic analyses or
device data were presented for this series of compounds, thin-
film UV -vis spectra did show some degree of electronic
interaction in the solid state, indicated by measurable (up to

70 nm) red shift in absorption in thin films of the materials
compared with their solution absorption maxima.

4.1.6. Alkyne-Functionalized Pentacene Ethers

In an attempt to harness the strongπ-electron-donating
properties of oxygen substituents to improve hole injection
into the pentacene layer of a device, ether functional groups
were introduced to the solubilized pentacene chromophore
(Figure 21).85 While acyclic tetraalkoxy TIPS pentacene
derivatives were so unstable they could not be isolated, the
cyclic dioxane-functionalized pentacene51was quite stable,
exhibiting the expected red shift in its absorption spectrum
and significant decrease in oxidation potential.

The axial hydrogens on the dioxane substituents of51were
found to inhibitπ-stacking of this compound, leading to the
synthesis of dioxolane-substituted systems (52) to circumvent
this issue. Compound52 indeed crystallizes with significant
face-to-face interactions in the solid and has an oxidation
potential significantly lower than that of TIPS pentacene43
(0.69 V vs SCE). The UV-vis spectrum for52 shows an
unusual blue shift in absorption (Figure 22), and quite
apparent to the eye is also a significant increase in fluores-
cence quantum yield; solutions of52 are not the typical
“pentacene blue”, but rather the solutions are bright red, due
to intense emission from this pentacene derivative at 625
nm. This observation led to the use of these dioxolane-based
materials in red-emitting OLEDs (see below).

Figure 19. Changes in crystal packing of TIPS pentacene
derivatives due to aryl-fluoroaryl interactions and their effect on
hole mobility. Crystallographic data for these compounds can be
downloaded free from the Internet as Supporting Information for
ref 82 at http://pubs.acs.org.

Figure 20. Alkyl-substituted pentacene derivatives48-50and the
crystalline order of compound48, showing 1-Dπ-stacking interac-
tions.
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Pentacene ether52 with a triisopropylsilyl-substituted
alkyne crystallizes in a 1-Dπ-stacking arrangement due to
the effective lengthening of the chromophore by addition of
the rigid dioxolane substituents. Altering this arrangement
to yield the more desirable 2-Dπ-stacking motif required
the use of a larger functional group on the alkyne, which
was accomplished using the slightly bulkier tri(n-propylsilyl)
group (53).86 The resulting derivative exhibited the requisite
two-dimensional stacking with excellentπ-overlap and a
closest CAr-CAr distance between stacked molecules of 3.40
Å (Figure 23). Unfortunately, attempts to use53 in a FET
device were not successful due to the molecule’s propensity
to include solvent when crystallizing, leading to poor quality
films.

4.2. Functionalized Pentacene Organic
Light-Emitting Diodes (OLEDs)

4.2.1. Aryl-Substituted Pentacene
Aryl substitution at the 6,13-positions of pentacene to yield

diphenyl pentacene35 was one of the first functionalization
routes investigated to yield amorphous solids for use in red-
emitting OLEDs.87 The promising results presented in the
studies of35 led to the synthesis and study of a broad array
of aryl-substituted pentacenes for this purpose (Chart 7).
These materials are surprisingly soluble compared with
unsubstituted pentacene, to the point of allowing purification
by chromatography on silica gel. The aryl derivatives in
Chart 7 all show good fluorescence energy transfer from tris-
(quinolin-8-olato)aluminum (III) (Alq3), with pentacene
concentrations as low as 0.4 mol % exhibiting excellent red
emission with little contribution to emission from the Alq3

Figure 21. Pentacene ethers51 and52 and their crystal packing.
Crystallographic data for these compounds are available for
download free of charge from the Internet as Supporting Information
for ref 85 at http://pubs.acs.org.

Figure 22. Absorption spectra of pentacene43 and pentacene
ethers51 and52.

Figure 23. Compound53 is induced to form 2-Dπ-stacks (bottom)
by carefully adjusting the size of the alkyne substituent (alkyl groups
on Si omitted for clarity).

Chart 7
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host. While compounds56 and57 exhibited relatively low
device efficiencies (which the authors attributed to morpho-
logical issues created by the large pendant aromatic groups),88

most of the simple diaryl89 and tetraaryl90 derivatives formed
devices with reasonable efficiencies. The best external
electroluminescence quantum efficiency for red emission was
found for compound55 (1.4% efficiency as a 0.47 mol %
dopant in Alq3), an efficiency close to the theoretical
maximum.

4.2.2. Alkyne-Substituted Pentacene Ethers
The absorption profile of dioxolane compound52 (Figure

22) shows that the wavelengths of light absorbed by this
material correspond well to the wavelengths of light emitted
by both Alq3 and 4,4-bis[N-1-naphthyl-N-phenyl-amino]-
biphenyl (NPD, a common hole-transport material used in
OLEDs). Extensive studies using52 as a guest emitter in
both Alq3 and NPD host matrices showed efficient energy
transfer and bright red emission for very low concentrations
of 52 (less than 0.5 mol %).91 The appearance of aggregate
emissions at higher concentrations of52 led to the synthesis
of a new dioxolane-based derivative functionalized with ethyl
groups on the dioxolane ring, designed to increase the
separation ofπ-surfaces in the crystal. Crystallographic
analysis of the resulting compound (59, Figure 24) showed

that while the pentacene units are still coplanar, the ethyl
groups do indeed act as efficient spacers, preventing sig-

nificant interactions between theπ-surfaces. The nearest
CAr-CAr contact between adjacent molecules of59 is more
than 5.5 Å. Composite films of59 with both Alq3 and NPD
as host show bright red emission at all guest concentrations
measured (up to 2 mol % guest), and an Alq3 host/59 guest
OLED device yielded bright red emission with an external
electroluminescence quantum yield of 3.3%,92 very close to
the theoretical maximum and also very close to the best value
reported (3.6%93) for a small-molecule red-emissive OLED.

4.3. Heteropentacenes for Organic Transistors

4.3.1. Thieno Bis(benzothiophene)s

Neckers and co-workers recently reported an isomer-
specific synthesis of two thieno bis(benzothiophenes) (Chart
8), along with thorough characterization of these materials.94

Crystallographic analysis of compound61 showed that the
molecules crystallize in a coplanar arrangement and yield
uniform surface coverage when deposited on SiO2 by thermal
evaporation under vacuum. FET mobilities for60 and 61
are 0.011 and 0.12 cm2/(V s), respectively. This difference
of an order of magnitude in mobility between two very
similar isomers is likely due to the difference in grain sizes
observed by the authors upon AFM analysis of the thin films,
with large grains and poorer surface coverage noted for60.

4.3.2. Anthradithiophene and Dialkylanthradithiophenes

One of the most thoroughly studied heteropentacenes is
anthradithiophene (ADT), which was prepared as part of an
early effort to discover new materials for organic transistors
by Katz and co-workers.95 The relatively straightforward
synthesis of this compound begins with anthradithioiphene-
quinone, formed as an inseparable mixture of isomers from
the condensation of thiophene-2,3-dicarboxaldehyde with
1,4-cyclohexanedione.96 This mixture of quinones is easily
reduced to the corresponding heteropentacenes (Scheme 4).
While evaporated films of the parent ADT62 only yield
moderate mobility in a FET device (0.09 cm2/(V s)), just as
with oligothiophenes97 the thiophene units of ADT can be
substituted with alkyl chains that dramatically improve film
quality. The dihexyl and didodecyl derivatives63 and 64
both yielded evaporated films of significantly improved

Figure 24. The ethyl substituents on pentacene59 prevent
interactions between aromatic carbon atoms on adjacent molecules.
Crystallographic data for this compound are available for download
as the Supporting Information for ref 91 at http://pubs.acs.org.

Scheme 4. Synthesis of Anthradithiophene 62 and 2,8-Dialkyl Anthradithiophenes 63-65

Chart 8
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quality and formed transistors with carrier mobilities of 0.15
cm2/(V s). More importantly, the alkyl-substituted materials
were sufficiently soluble to allow film formation by solution
casting, resulting in devices with mobilities of 0.02 cm2/(V
s) (a similar solution deposition attempt was made with
unsubstituted pentacene but was unsuccessful due to the rapid
photobleaching of the pentacene solution).98 These ADT
derivatives constituted one of the first demonstrations of
solution-cast small molecules not requiring high-temperature
annealing to achieve measurable mobility.

4.3.3. Alkyne-Functionalized Anthradithiophenes
Analogous to the previously reported pentacene function-

alization approach, a strategy involving silylethyne substitu-
tion was also applied to anthradithiophene (Scheme 5).

Starting with the samesyn- and anti-anthradithiophene-
quinone mixture used by Katz and co-workers, a variety of
trialkylsilyl acetylenes were appended to the anthra-
dithiophene core to yield several solid-state arrangements
with small changes in the size of the alkyne substituent
leading to significant changes in the crystalline order.99

The trimethylsilyl derivative66 exhibits primarily edge-
to-face interactions in the crystal, both between the silyl
group and the aromatic face and between the terminal
thiophene position and the aromatic face of an adjacent
molecule (Figure 25). The triethylsilyl derivative67 adopts

a 2-D π-stacking motif very similar to TIPS-pentacene43,
while the triisopropylsilyl derivative68adopts a 1-D, slipped-

stack arrangement similar to pentacene derivative42. These
unique crystalline arrangements of essentially identical
chromophores lead to radically different appearances of the
crystals; the trimethylsilyl derivative produces red/pink
needles, the triethylsilyl derivative produces deep purple
plates, and the triisopropylsilyl derivative produces tiny,
bright orange cubes.

Analysis of solution-deposited films of66-68 in a bottom-
contact field-effect transistor configuration further supported
the strong correlation between crystalline order and device
performance. Both the edge-to-face interacting66 and the
1-D slipped-stacked68 showed relatively poor device
performance, with hole mobility only as high as 0.05 cm2/
(V s) for 68. However, drop-cast films of67yielded devices
with mobilities as high as 1.0 cm2/(V s) and on/off current
ratios of 107, both parameters well within the range necessary
for useful commercial devices. It should be noted that67
did suffer from significant barriers to charge injection from
the electrodes, most likely due to its very high oxidation
potential (0.91 V vs SCE). In this case, the high oxidation
potential and larger HOMO-LUMO gap did not improve
the photostability of this material; thin films of67 pho-
tobleach within minutes, requiring all measurements to be
taken in the dark.

4.3.4. Pentathienopentacene
In an approach designed to replace all of the carbocyclic

rings of pentacene with heterocyclic systems, Zhu and co-
workers reported the synthesis and device study of the
linearly fused pentathienoacene69 (Chart 9).100 X-ray

crystallographic analysis of this same compound performed
by the Matzger group101 showed the molecules arranged in
the crystal in a coplanar fashion; however, the planes of the
carbon backbone of these molecules were separated by a
distance (3.88 Å) well outside the optimum separation (3.4
Å) typically preferred for strong electronic interactions.102

These weak interactions are somewhat mitigated by several
close sulfur-sulfur contacts (3.55 Å). Analysis of evaporated
films of this compound show that the molecules arrange with
their long axes perpendicular to the substrate and appear to
adopt in the thin films the same arrangement measured in
the single crystals. As a likely result of the significantπ-face
separation between molecules in the crystals and films, hole
mobility measured in FET devices made from69 were low,
with the best films yieldingµ ) 0.045 cm2/(V s).

4.3.5. Azapentacenes
Surprisingly few nitrogen-containing heteropentacenes

have been reported,103 few have been fully characterized
structurally, and fewer still have been characterized in
electronic devices. Most of these compounds (Chart 10) have
shown relatively low mobility, although recent results for
transistors fabricated onamorphousfilms of heteropentacenes
70 showed surprisingly high hole mobility (0.02 cm2/(V s))
and good device stability.104 Nuckolls and co-workers
recently performed a detailed study of the diazadihydro
pentacenes71-73 (among other derivatives).105 These
materials are easily synthesized and purified and are readily

Scheme 5. Synthesis of Silylethynyl-Functionalized
Anthradithiophenes 66-68

Figure 25. Crystalline order of anthradithiophenes66-68 (some
trialkylsilyl groups omitted for clarity). Views normal to the
aromatic plane for67and68show details ofπ-overlap with nearest
neighbor molecule(s) (CSD RefCodes MAMNUK, MAMPAS, and
FANGUX).

Chart 9
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crystallized from solution. Crystals of compound71 were
subjected to X-ray crystallographic analysis, and the mol-
ecules were found to arrange in a herringbone fashion similar
to pentacene. Vapor-deposited films of these molecules were
used in a top-contact device configuration and yielded hole
mobilities of 5× 10-5 cm2/(V s) for 71 and as high as 6×
10-3 cm2/(V s) for 72. In both cases, on/off current ratio
was∼1000. While these mobility values are not high, the
materials were reported to be quite stable, and the simplicity
of the synthesis of these compounds gives hope that further
functionalization may lead to higher-performance materials
or for materials for sensing applications.

4.3.6. Carbazole-Based Systems
Pyrrole, like thiophene, can be used in place of some of

the aromatic rings of pentacene to yield new heteropentacene
materials. A benefit of the nitrogen heteroatom is the open
valence available for the addition of further functional groups
that can extend conjugation or modify solubility. Ong and
co-workers have reported a series of N-alkyl carbazoles,74-
76 (Chart 11) that were environmentally stable and whose

films exhibited mobilities as high as 0.12 cm2/(V s) (for
compound75).106 The exact nature of the nitrogen substituent
was shown to be critical, and the only materials exhibiting
promising device performance contained groups that both
extended conjugation (aryl rings) and contained alkyl groups
to direct the molecules’ self-assembly. The authors explored
the effect of further functionalization of these systems by
the addition of halogen groups to the aryl rings of the
aromatic core, but these additions did not improve device
performance.107

5. Higher Heteroacenes
Fused aromatic compounds with more than five rings pose

a daunting synthetic challenge,108 and their usual low stability

and poor solubility further impede their preparation, char-
acterization, and device study. Fortunately, larger het-
eroacenes do not suffer from these complications to such an
extent. Thus, one of the earliest reported high-performance
organic semiconductors was a seven-ringed dibenzothieno
bisbenzothiophene (77, Chart 12), prepared as a mixture of
three isomers that could not be separated by normal chemical
means.109 However, careful sublimation of this compound
during device fabrication, keeping the shutter protecting the
device substrate closed until most of the material in the
evaporation boat had been sublimed, led to the deposition
of mostly77afrom the mixture. Devices made in this fashion
had hole mobility of 0.15 cm2/(V s); without this careful
control of sublimation conditions, the mixture of isomers is
deposited, leading to low film quality and hole mobility of
less than 0.03 cm2/(V s). The significant difference in
geometry of the three isomers of77 likely leads to different
crystal packing arrangements for the molecules, and deposi-
tion of the mixture of species would thus yield films with
poor morphologies for device applications.

5.1. Larger Heteroacenes as Models for Higher
Acenes

The higher oxidation potential and larger HOMO-LUMO
gap per aromatic ring of the heteroacenes vs the carbocyclic
acenes make the former class of compounds ideal candidates
for exploring the chemistry of larger acenes. While heptacene
78 (Chart 13) has remained an elusive compound (both in

its synthesis and in understanding its likely properties),110

heptathienoacene79, for example, is very stable, and
solubilized versions can be easily isolated and character-
ized.111 Increasing the proportion of carbocyclic rings in
compounds such as79 will allow an approximation of the
properties of the fully carbocyclic higher acenes and will
yield insight into functionality required to stabilize these
reactive systems.

5.1.1. Higher Acenedithiophenes
Acenedithiophenes are attractive targets as models of

higher acenes because of the unperturbed acene core present
in these systems: increasing the length of acenedithiophene
requires increasing the length of this acene core, leading to

Chart 10

Chart 11

Chart 12

Chart 13
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a rapid evolution of electronic properties. Acenedithiophenes
with five linearly-fused rings are also a proven class of
organic semiconductor, which adds additional motivation to
the study of higher homologues of this system.

Using a well-known homologation reaction on thiophene
2,3-dicarboxaldehyde (Scheme 6),112 the syn- and anti-
mixtures of tetradithiophene and pentadithiophene quinones
were prepared in a straightforward manner. Application of
a simple ethynylation strategy led to soluble heteroacenes
containing six and seven linearly fused rings.113

The tetradithiophene80 was isolated by chromatography
on silica gel (to remove81 and68 that also formed in the
reaction) as a blue crystalline solid. The material was
relatively soluble in halogenated or aromatic solvents, was
environmentally stable, and had an oxidation potential of 0.72
V (vs SCE). Crystallographic analysis (Figure 26) showed
that the material adopted a 1-Dπ-stacked order in the solid

(as would be expected comparing the diameter of the Si
group to the length of the acene).

Analysis of the heteroheptacene derivative81 proved
difficult; NMR spectroscopic characterization showed sig-
nificantly less symmetry than was expected for such a simple
molecule. X-ray crystallographic analysis of the green
crystals revealed that the material isolated was actually the
product of a Diels-Alder reaction between one heterohep-
tacene ring and the alkyne of another substituted heterohep-
tacene (Figure 27).

Because81 still contained an intact heteroheptacene ring
system, it was postulated that a stable heteroheptacene could
be isolated by simply preventing the Diels-Alder side
reaction. By an increase of the size of the alkyne substituent
to tri(tert-butylsilyl), the dienophile capability of the alkyne
was sufficiently reduced114 that derivative82 could be
isolated as a green solid that was stable and soluble enough

Figure 26. Structure and crystallographic packing of functionalized tetradithiophene80, showing degree ofπ-face overlap (alkyl groups
on Si removed for clarity) (CSD RefCode FANHAE).

Scheme 6. Synthesis of Six-Ringed and Seven-Ringed Heteroacenes 80-82
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to be fully characterized. Compound82 hasλmax ) 762 nm
and an oxidation potential of 0.61 V vs SCE. Crystals grown
from CS2 were subjected to crystallographic analysis, which
both confirmed the structure and revealed that this large
heteroacene adopts a familiar 1-D slipped-stack arrangement
in the solid state (Figure 28).

The performance of tetradithiophene80 in field-effect
transistors was poor (µ ) 3 × 10-5), due to poor surface

coverage by the solution-deposited film (likely because this
derivative adopts a one-dimensionalπ-stacked arrangement
in the crystal).115 Despite the low thin-film mobility, this
compound has been used as the electron-donating layer of
an all solution-deposited solar cell (with the fullerene
derivative PCBM as the electron-accepting layer),116 which
is only possible because of the extremely slow reaction
between acenedithiophenes and fullerenes.117 The use of
pentadithiophene82 in organic electronic devices was
hampered by it slow solubility and poor film stability.

5.2. Higher Acenes: Functionalized Hexacenes
and Heptacenes

The study of the larger acenedithiophenes shed significant
light on the parameters required for the successful function-
alization of higher acenes. When it was observed that the
ethynylation of hexacenequinone with triisopropylsilyl acety-
lene led to a fleetingly stable derivative, it was assumed that
a Diels-Alder reaction similar to that seen in penta-
dithiophene81was occurring, leading to the adoption of the

Figure 27. Diels-Alder dimer of pentadithiophene81 (alkyl
groups on Si omitted for clarity) (CSD RefCode FANGOR).

Figure 28. Structure and crystallographic packing of functionalized pentadithiophene82, showing degree ofπ-face overlap (alkyl groups
on Si removed for clarity) (CSD RefCode FANGIL).

Figure 29. Structure and crystal packing of hexacene84 (top) and heptacene86 (bottom). Crystallographic data for these compounds are
available for download free of charge as the Supporting Information for ref 118 at http://pubs.acs.org.
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bulkier tri(tert-butylsilyl) group for the synthesis of84
(Scheme 7).118 Hexacene84 is a stable, soluble, easily
chromatographed deep green material that crystallizes readily
from toluene. This derivative of hexacene is stable for>1
year in the crystalline state and for several weeks in solution
provided air and light are excluded. Hexacene84 has an
oxidation potential of 0.66 V (vs SCE), yielding a better
match with the work function of gold electrodes than the
silylethyne-functionalized pentacene derivatives such as43.
Crystallographic analysis (Figure 29) shows that84possesses
an essentially planar aromatic backbone (although the alkynes
are severely distorted from the packing) and that the molecule
adopts a 2-Dπ-stacked arrangement similar to TIPS-
pentacene43, an arrangement shown to be very favorable
for the fabrication of high-mobility devices.

The isolation of a characterizable heptacene derivative
required the use of an even bulkier substituent on the alkyne.
Even with the extraordinarily bulky tris(trimethylsilyl)silyl
group pendant to the heptacene framework,86 is only stable
in the crystalline state for a period of a few weeks. Heptacene
86 was sufficiently soluble for complete characterization by
proton and carbon NMR spectroscopy, as well as UV-vis
spectroscopy and cyclic voltammetry (showing an oxidation
potential of 0.47 V vs SCE andλmax of 855 nm). The pale
yellow-green crystals of86 were subjected to X-ray crystal-
lographic analysis, which along with confirming the hepta-
cene structure, showed a planar aromatic backbone adopting
a 1-D π-stacking arrangement (Figure 29).

6. Conclusions

For applications involving charge transport through organic
films, precise control of molecular ordering in the solid state
is crucial. The ability to functionalize acenes to control the
general type of interaction occurring in the crystal (her-
ringbone vsπ-stacking) is a critical aspect for improving
the performance of organic semiconductors, and detailed
structure-property relationship studies described in this
review are bringing to light the precise types of interactions
most beneficial to device applications. Across a wide variety
of derivatives, it was shown that materials with extensive
face-to-face interactions generally exhibited hole mobilities
superior to those systems with strictly edge-to-face interac-
tions. Furthermore while one-dimensionalπ-stacking interac-
tions are present in systems with very high single-crystal
mobilities (e.g., rubrene), materials with two-dimensional
interactions, whether these interactions are of a face-to-face
(TIPS-pentacene43) or edge-to-face (e.g., pentacene32)
nature, yield the highest-performance thin-film devices. As
the general parameters required for efficient charge transport

in organic crystals and films come to light, researchers are
beginning to focus on further tuning the properties of these
semiconductors to improve other device-critical parameters
such as solubility, stability, or interfacial issues, to maximize
their performance in devices. New generations of materials
exhibit many performance parameters that rival those of
traditional, amorphous inorganic semiconductor materials
(such as thin-film mobilities in excess of 3 cm2/Vs), and the
near-infinite “tunability” of organic materials is now making
them attractive targets for commercial applications.
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