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1. Introduction

Acenes have been the subject of intense study for well
over a century. They are the most extended class of fused
polycyclic hydrocarbons, typically described by the fewest
localized Clar resonant sextets per number of aromatic
rings.[1] Applications of these materials run the gamut from
use as moth repellents to the starting materials for artificial
dyes such as alizarin. More recently, these molecules have
received attention for their electronic properties. One of the
most appealing aspects of acenes in this respect is the rapid
evolution of properties as oligomer length is increased—for
example, an acene will have a smaller HOMO–LUMO gap
than any other hydrocarbon with an identical number of
aromatic rings. This same rapid evolution unfortunately also
carries over to the stability of acenes—the largest well-
characterized acene is only the five-ringed pentacene, and
almost nothing is known about acenes larger than the six-
ringed hexacene.

The small acenes naphthalene and anthracene are readily
available because they are isolated from petroleum resour-
ces—anthracene, for example, from anthracene oil (the coal
tar fraction distilling above 270 8C). These compounds can
therefore be obtained on large scales,[2] and the intrinsic
charge-transport properties of the ultrapure samples could be
determined.[3] The detrimental effects of small levels of
impurities on the charge-transport properties of organic
solids could also be demonstrated unambiguously by adding
impurities back into high-purity materials.[4] These landmark
studies by Karl and co-workers demonstrated both the
remarkable electronic properties inherent to acenes, along
with the exceptional levels of purity required to exploit these
properties.[5]

Acenes larger than anthracene are not isolated from
petroleum deposits. The necessity of synthesis, along with the
decreased stability and solubility, explains the 100-fold
increase in cost for tetracene relative to anthracene, as well
as the more limited quantities of materials typically available.
Despite these drawbacks, larger acenes have come under
intense scrutiny over the last decade as promising organic

semiconductors because of their low-lying HOMO energy
levels and strong two-dimensional electronic interactions in
the solid state. A number of other important electronic
properties also scale with the size of the acene, such as
decreasing reorganization energy[6] and increasing carrier
mobility[7] and band width.[8] Further, it has been predicted
that the exciton binding energy decreases rapidly with
increasing acene length, which bodes well for the use of
larger acenes in photovoltaic applications.[9] Unfortunately,
increasing acene length tends to also lead to significantly
decreased stability.[10]

The credibility of acene research suffered a significant
setback in 2002 when it was revealed that Hendrik Sch:n;s
data supporting many exceptional properties of these materi-
als (solid-state injection lasers from tetracene,[11] supercon-
ductivity in anthracene, tetracene, and pentacene,[12] and hole
mobilities in pentacene as high as 1200 cm2V�1 s�1 [13]) had
been fabricated. An investigation conducted by Bell Labo-
ratories, Lucent Technologies,[14] led to the retraction of
nearly all of these articles.[15] Although these false reports
raised undue excitement in the field of organic electronics,
and also wasted significant effort in a number of research
groups attempting to reproduce or improve upon the results
and materials described by Sch:n, the strength of the reliable
publications involving the use of acenes in the field of organic
electronics has helped maintain the viability of research in the
use of acenes as organic semiconductors.

1.1. Organic Electronics

Efforts to synthesize, functionalize, and characterize
larger acenes are driven by the potential to use these
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Acenes have long been the subject of intense study because of the
unique electronic properties associated with their p-bond topology.
Recent reports of impressive semiconductor properties of larger
homologues have reinvigorated research in this field, leading to new
methods for their synthesis, functionalization, and purification, as well
as for fabricating organic electronic components. Studies performed
on high-purity acene single crystals revealed their intrinsic electronic
properties and provide useful benchmarks for thin film device
research. New approaches to add functionality were developed to
improve the processability of these materials in solution. These new
functionalization strategies have recently allowed the synthesis of
acenes larger than pentacene, which have hitherto been largely
unavailable and poorly studied, as well as investigation of their asso-
ciated structure/property relationships.
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compounds in the field of organic electronics. The ability to
replace inorganic semiconductors with organic counterparts
will decrease manufacturing costs and allow fabrication of
devices over large areas or on lightweight, flexible substrates.
Soluble semiconducting organic “inks” can also be deposited
and patterned by a variety of traditional printing techniques,
such as ink-jet printing or screen printing,[16] further driving
the development of soluble organic semiconductors. Many
organic materials other than acenes can serve as the semi-
conducting layer in organic devices, and both polymeric[17]

and small-molecule[18] semiconductor classes have been
reviewed recently.

Acenes are at the forefront of efforts to find a versatile
semiconductor for a number of lower-performance devices in
which amorphous silicon is currently employed. Field-effect
transistors are a major focus area, and these devices are being
tailored for use in flat-panel displays and RFID tags (a
possible replacement for the optical bar code).[19] The unique
functionality of organic semiconductors is also being
exploited for use in sensors.[20] The excellent hole (cation)
transport properties of many organic semiconductors also
make them suitable for use in photovoltaic devices. Organic
solar cells will provide less expensive, lighter weight, flexible
alternatives to traditional silicon-based devices: some organic
solar cells based on conjugated polymers already exhibit
efficiencies in excess of 4%,[21] which provides a benchmark
for acene-based systems. Another use of acenes in display
technology is as the emissive layer in OLEDs.[22] These
devices aim to replace liquid crystals with emissive pixels for
flat panel displays, and can consume less power than liquid-
crystal systems, provide wider viewing angles, and lead to
thinner, more flexible displays.

1.2. Charge Transport Measurements in Organic Solids

One of the most important characteristics to be deter-
mined for organic semiconductors is the charge carrier
mobility (m), which is a determining factor in the performance
of organic electronic devices such as field-effect transistors,
solar cells, and light-emitting diodes. This value, reported as
cm2V�1 s�1, is the drift velocity of the charge carrier (in cms�1)
per unit electric field (cmV�1). A number of methods can be
applied to organic compounds to determine carrier mobility
(in acenes, for which positively charged carriers predominate,
hole mobility is of particular importance), including time-of-

flight (TOF), space-charge-limited current (SCLC), and field-
effect transistor (FET) measurements. However, other meth-
ods such as time-resolved microwave conductivity[23] and
transient photoconductivity measurements[24] allow the
extraction of mobility free of contact effects.

1.2.1. Time of Flight Measurements

Early benchmark measurements of carrier mobility in
high-purity organic solids were performed by Karl and co-
workers by using the TOF technique (Figure 1).[25] Although

the technique conveniently yields a direct measurement of
carrier mobility in the solid, there are a number of limitations.
The crystal must be sufficiently thick relative to the pene-
tration depth of the incident light beam to assure that carriers
are only generated close to the transparent electrode. Further,
the lifetime of the photogenerated carriers must be suffi-
ciently long for them to traverse the space between electro-
des, which means that typically only very thin crystals can be
used, and they must be as free of defects as possible.

Although there are numerous restrictions that must be
met for a successful TOF experiment, there are also several
advantages to this approach. Most importantly, because the
charge carriers are generated by illumination and the result-
ing current is measured capacitively, the measurement is
independent of electrode contact effects. This alone is of
remarkable benefit, as high-quality electrical contact between
organic solids and metal electrodes can be difficult to achieve.
Further, measurements taken at different temperatures can
be used to determine the concentration of shallow “traps”—
defects in the solid that slightly stabilize charge carriers,
impeding their movement through the crystal. A decrease in
measured TOF mobility with decreasing temperature is a
clear indication of the trapping and release of the charge
carriers,[26] and this technique can be used to determine the
relative energy (depth) of these traps.
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Figure 1. For a TOF experiment, the crystal is coated with two elec-
trodes (one of which is semitransparent). A sheet of charge carriers is
generated near the transparent electrode by an intense light pulse, and
the voltage across the electrodes causes one type of charge carrier (in
this case, holes) to migrate towards the nontransparent electrode. The
arrival of the carriers at the electrode generates a current (displace-
ment current). The velocity of the carriers (mobility) can be calculated
from the duration of the current pulse and the thickness of the crystal.
The width of the pulse also yields information on the number and
nature of traps in the sample, which slow the progress of some
proportion of the charge carriers.
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1.2.2. Space-Charge-Limited Current

The least equipment-intensive approach to determine
carrier mobility involves measurement of the current/voltage
behavior at high electric fields to determine the mobility from
the space-charge-limited current (Figure 2).[27] The setup

typically involves the deposition of electrodes on opposite
crystal surfaces (although coplanar electrode configurations
can be used[28]), and determination of the current/voltage
behavior through the four regimes described in Figure 2. Data
from the trap-free SCLC region can be processed using
Child;s law,[29] or one of the more recent equations that
account for trapping effects and field dependence issues,[30] to
extract the charge carrier mobility (for details and caveats on
this process, refer to a recent review article[52]). Information
regarding the bulk electronic properties, including trap
densities and trap distribution, can also be obtained: the
displacement between the two SCLC regions indicates the
energetic location of the traps in the band gap, and the voltage
at which the trap-filling regime occurs yields the concentra-
tion of trapped states.[31]

Because carriers in the SCLC experiment are injected by
the electrodes, a meaningful SCLC measurement can only be
obtained when the contacts are ohmic (otherwise measured
current will be injection-limited rather than space-charge-
limited). Achieving an ohmic interface is complicated by the
conditions required to form the electrode, because both the
application of silver paint/epoxy or evaporation of metal
electrodes can damage the organic surface, leading to deep
interface traps.

1.2.3. Field-Effect Transistors

Field-effect transistors (FETs, Figure 3) are a versatile
platform for the study of organic semiconductors. Transistor
characteristics reveal information regarding carrier mobility,
the quality of the electrode and substrate interfaces, and the

purity of the organic sample. Further, because FETs are also a
major component of flat-panel displays, the development of
improved methods to study organic transistors will also
inform fabrication processes for commercial applications of
these materials. The charge carrier mobility is extracted from
the transistor performance by Equation (1).

IDS ¼
WCi

2L
mðVG�V0Þ2 ð1Þ

IDS is the current measured between source and drain
electrodes, W is the channel width (the gap between source
and drain electrodes), L is the channel length (the distance
between source and drain electrodes), m is the field-effect
mobility, VG is the applied gate voltage, V0 is the threshold
voltage, and Ci is the capacitance of the gate insulator. A plot
of the square root of the drain-source current versus gate
voltage yields the square root of (mWCi/(2L)), from which the
mobility is easily extracted. To be competitive with amor-
phous Si devices, organic transistors must exhibit mobility m

greater than 0.5 cm2V�1 s�1, and an on/off current ratio (Ion/off,
the ratio of the drain–source current in the on and off states)
greater than 105. Further, from a practical standpoint the
threshold voltage Vth (the voltage at which carriers accumu-
late between source and drain electrodes and the transistor
begins to turn to the “on” state) should be zero or slightly
negative, so that in the absence of gate bias the device is truly
in its “off” state.[32]

2. Scope

A recent review of acenes covered the history of acenes,
their synthesis, early characterization, and detailed analyses
of the theoretical studies performed to elucidate the reac-
tivity, as well as the nature of aromaticity in this class of
compounds.[33] A recent review of functionalized acenes and
heteroacenes covered the use of these compounds in elec-
tronic devices,[34] and the structural aspects that yield
improved device performance. Herein we will focus instead
on acenes larger than anthracene, particularly the parent

Figure 2. Carrier mobility can be extracted from the current/voltage
behavior of a crystalline or thin-film sample. At low electric field, the
behavior is ohmic. At higher fields, the injected charge concentration
exceeds the equilibrium (before injection) charge concentration, lead-
ing to a space-charge-limited current (SCLC). In this regime, current is
proportional to voltage squared (I/V2). With increasing bias, all traps
in the conduction pathway are eventually filled, leading to a dramatic
increase in current (the trap filling regime). With a further slight
increase in potential, the trap-free SCLC region is attained, from which
accurate mobility determination can be performed.

Figure 3. Field-effect transistors can be fabricated in two configura-
tions: bottom-contact (left) and top-contact (right). The source and
drain electrodes are in contact with the organic semiconductor and
separated from the gate electrode by an insulator with a high dielectric
constant. With no gate-source bias, very little current flows between
source and drain electrodes, and the transistor is in the “off” state.
Application of gate-source voltage causes charging at the dielectric
surface and induces charge in the semiconducting layer (similar to the
charging of a capacitor). The increased number of charge carriers in
the channel yields a significant increase in conductivity in the sample,
turning it to the “on” state. Gate-dependent conductivity can be used
to extract the carrier mobility.
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hydrocarbons (tetracene and pentacene), and studies of their
electronic and device properties. Particular emphasis will be
placed on recent single-crystal studies that have helped to
elucidate the intrinsic transport properties of these com-
pounds, and on the optimization of device fabrication
techniques to improve performance. We will present the
most recent functionalization strategies to impart solubility,
stability, or improved ordering to the materials. Because
nonlinear benzannelation has been shown to degrade the
electronic properties of acenes dramatically, this class of
materials will not be covered.[35]

3. Tetracene

Tetracene (1) is a bright orange crystalline material that
sublimes readily above 170 8C.[36] Its oxidation potential is
720 mV (vs. SCE) and longest wavelength absorption max-
imum is at 474 nm.[37] The material crystallizes in the triclinic
P1̄ space group with two molecules in the unit cell and an
edge-to-face “herringbone” arrangement characteristic of
acenes.[38] Although 1 is not isolated from natural petroleum
distillates or coal tar, it can be produced by the combustion of
organic products and has been found in diesel exhaust[39] and
on char-grilled beef.[40] 1 was the first reported photochromic
molecule; in solution, 1 can be photodimerized to yield
colorless “butterfly compound” 2, which upon heating reverts
to 1 (Scheme 1).[41] 1 has also been used in the formation of

some fascinating organometallic sandwich compounds,[42] and
as a dopant for the construction of carbon-nanotube-based
devices.[43] Several studies have been performed to under-
stand the nature of phase transitions in 1 and their effect on
the electronic properties of single crystals. In pressure-
dependent studies, the photoconductivity of 1 was found to
increase rapidly as pressure was applied, likely as a result of
the decrease in the separation between molecules in the
crystal and concomitant increase in the intermolecular trans-
fer integral.[44] This rationale is also supported by the red shift
in optical absorption observed for some acenes when the
crystals are placed under pressure.[45] Detailed studies of
changes in phonon modes as a function of pressure in these
systems have also been performed.[46] A dramatic decrease in
the photoconductivity of 1 starting at an applied pressure of
0.3 GPa was shown to correspond with a pressure-induced

phase transition,[47] which has also been observed by Raman
spectroscopy and was further shown to occur in samples that
were cooled below 140 K. The low-temperature (or high-
pressure) phase of 1 is predicted to involve a denser packing
than seen in the room-temperature form, which makes it of
significant interest for device utilization. The transition to this
low-temperature phase also explains the difficulty in obtain-
ing single-crystal FET mobility measurements at extremely
low temperatures.[48]

3.1. Tetracene and Rubrene Single-Crystal Studies

Perhaps the most significant recent advances in the
understanding of the intrinsic electronic properties of organic
materials has arisen with the development of efficient
methods to grow large, high-quality single crystals of tetra-
cene (1) and 5,6,11,12-tetraphenyltetracene (rubrene (3),
Figure 4), allowing the fabrication of semiconductor devices

directly on their surfaces.[49] A key aspect in the performance
of these devices is the purity of the organic material,[50] which
must be cleaned by sublimation before the process of crystal
growth can begin. Access to high-purity crystals allows the
measurement of electronic properties in a nearly homoge-
neous sample that is relatively free of impurities and defects
such as crystalline grain boundaries.

Both 1 and 3 form high-quality crystals by physical vapor
transport, whereby the purified acene is heated under
constant flow of a carrier gas in a tube to which is applied a
shallow temperature gradient.[51] The optimal crystal-growth
methods, particularly the temperature gradient, must be
determined for each material. Also, because the process is not
carried out under vacuum, high temperatures are required,
which necessitates that the organic materials be thermally
stable. The nature of the carrier gas has also been found to be
critical to the formation of high-quality crystals.[52]

3.1.1. TOF Studies

Time of flight measurements have been performed on
high-quality crystals of tetracene purified by gradient sub-
limation. The measured hole mobility was highly consistent
across a range of samples with a typical value of
0.69 cm2V�1 s�1 at 330 K. Although this value is less than
that reported for transistor measurements of single crystals
(see Section 3.1.3), it is important to consider the geometry of
the measurement. TOF measurements of platelike acene

Scheme 1. Reversible photodimerization of tetracene, and tetracene
crystal packing.

Figure 4. Rubrene (3) and its crystal packing (CSD code: QQQCIG).
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crystals typically determine the mobility along the crystallo-
graphic axis with the least amount of electronic interactions
(the direction of strong intermolecular interaction typically
lies on the crystallographic ab plane, which is the plane
probed by transistor measurements).[53] The authors also
performed a detailed analysis of the impurities present in
tetracene samples and found that the major contaminant was
5,12-tetracenequinone. Because of the electron-deficient
nature of this impurity, it likely serves an electron trap, and
the presence of such impurities in acene samples may be
responsible for their low electron mobilities.[54] The results of
these experiments underscore the problems associated with
the presence of small impurities in organic semiconductor
samples and the need to develop efficient methods to purify
these aromatic species.[55]

3.1.2. SCLC Studies

Both 1 and 3 have proven amenable to SCLC studies.
Recent analyses of crystals of 1 by this method yielded
surprisingly inconsistent results: the mobilities derived from
SCLC measurements for a batch of very similar crystals vary
over several orders of magnitude.[56] Much of this variation
arises from defects at the crystal surface, caused by slightly
different conditions for crystal growth (even for crystals
grown together in the same sublimation apparatus) or by
varying amounts of damage from the deposition of the
electrodes.[57] The SCLC for crystals of 1 is only weakly
temperature dependent, implying the limiting factors are
injection phenomena, not carrier transport issues.[58] Never-
theless, some samples of 1 have been prepared with electrode
contacts sufficiently good to observe the necessary trap-free
SCLC regime,[56] yielding hole mobility as high as
1 cm2V�1 s�1. Samples in this study with mobilities greater
than 0.1 cm2V�1 s�1 generally exhibited an increase in hole
mobility as temperature was lowered, but it decreased
abruptly at 180 K owing to the phase transition.[59] Studies
on high-quality crystals of 3 also yield excellent data in SCLC
experiments. Recent results using silver electrodes deposited
onto the surface of 3 through a collimator yielded high-quality
contacts, as evidenced by the observation that the resistance
across the metal/organic contact was significantly less than
that across the organic crystal being measured.[60] All four
regions described in Figure 2 were observed in the I/V graph
for this device, with the SCLC regime beginning at a bias of
only 2.5 V. In this case, the authors did not calculate the
carrier mobility, but they did determine that the trap density
in the crystal was approximately 1015 cm�3.

A comparison of hole mobility in single-crystals of 1
determined by both SCLC and TOF methods showed that
these methods can produce similar results (m� 1 cm2V�1 s�1),
and that both methods show increasing mobility with
decreasing temperature. Comparisons of measured values
from these two methods can provide detailed information
about the nature of charge traps in the crystal. For example,
TOF measurements place the depth of relatively shallow
traps (likely dislocations or deformations of the crystal
lattice) at about 100 meV, whereas the most significant
defects (deep traps) likely arise from damage caused by the

attachment of electrodes to the crystal surface. In contrast,
both the density and the depth of deep traps can be extracted
from the SCLC curves, in this case yielding values of 5 L
1013 cm�3 and 700 meV, respectively.[56]

3.1.3. FET studies

To determine the intrinsic electronic properties of organic
materials by using transistor devices requires access to large
crystals with smooth surfaces,[51] and great care must be
exercised during device fabrication to avoid damaging the
crystal surface. The first-generation single-crystal organic
FETs were constructed by traditional fabrication procedures
with conditions and materials designed to minimize the
damage to the organic surface. Vacuum deposition of a highly
collimated beam of silver, deposited at a very slow rate from
an evaporation boat held 70 cm from the crystal surface,
proved suitable for the formation of the source and drain
electrodes with minimal damage to the crystal surface.[61]

Deposition of the gate dielectric similarly required great
care, and it was discovered that insulators typically used for
TFTs (SiO2, Al2O3) cannot be deposited safely on organic
crystals. In this case, the organic dielectric polymer parylene,
which can be thermally deposited, was used to form the
necessary insulating layer.[60] This polymer is generated by
thermal decomposition of the aromatic cyclophane p-xylylene
under vacuum at around 700 8C in a pyrolysis tube, the output
of which is directed at the organic sample (Figure 5).

Alternative approaches to single-crystal device fabrica-
tion entirely circumvent issues with damaging the organic
crystal surface by fabricating the components of the transistor
device on a rigid or flexible substrate, and then electrostati-
cally bonding or laminating the crystal onto the surface of the
device. Electrostatic bonding requires an exceptionally clean
device surface containing polar, reactive functional groups,
which can be achieved by treatment of the device with oxygen
plasma.[62] When the transistor device is fabricated on a
flexible poly(dimethylsiloxane) (PDMS) stamp, the crystal
can be completely laminated onto the device by light pressure
on the flexible substrate. A further advantage of the PDMS
stamp devices is the reversibility of the lamination process,
which allows repeated measurement of the crystal.

3.1.3.1. FETs with Tetracene Single Crystals

Early studies with tetracene single-crystal transistors used
a FET configuration on a heavily doped Si wafer, which

Figure 5. Apparatus for deposition of parylene, and a single-crystal
FET.
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required very thin crystals (< 1 mm) that were able to conform
to the patterned device (Figure 6).[62a] These devices showed
hole mobility on the order of 0.4 cm2V�1 s�1 and an unusual
temperature dependence; the measured mobility increased
with decreasing temperature in the range 330–270 K, then
decreased again in the region 270–220 K. This phenomenon
likely arises from the presence of shallow traps, which only
become a significant impediment to charge transport at
relatively low temperatures.

Several approaches to improving the contact interface in
laminated tetracene single-crystal FETs have been
reported.[53] Because this technique involves electrostatic
bonding of the crystal to the device (fabricated on a silicon
wafer/SiO2 layer, Figure 6), it was hypothesized that treat-
ments of both the dielectric surface and the source/drain
electrodes could be employed to improve adhesion or
electronic contact. First, the SiO2 dielectric was treated with
octadecyltrichlorosilane to minimize the number of charge
carriers trapped at the interface between the hydrophobic
crystal and the polar gate insulator.[63] Second, the gold
electrodes are treated with 4-trifluoromethylbenzenethiol, an
electron-deficient aromatic species that will interact strongly
with the electron-rich acene crystal to improve charge
injection and decrease contact resistance between the crystal
and the electrodes. These treatments improved device
reliability and reproducibility, providing single-crystal devices
of 1, 3, and pentacene with mobilities of 1.3, 10.7, and
1.4 cm2V�1 s�1, respectively. The nature of the dielectric
treatment also has a significant impact on threshold voltage,
which is shifted over a range of 30 V by selection of the
appropriate monolayer.[64] A similar approach to dielectric
functionalization was used in the preparation of vapor-
deposited pentacene FETs.[65]

The use of a polymer electrolyte as gate dielectric in 1 and
3 single-crystal FETs led to extremely high carrier density
upon application of gate voltage (> 1015 chargescm�2), which
oxidized essentially all of the molecules at the dielectric
interface. The presence of such a high number of carriers
allowed modulation of the drain current over 5 orders of
magnitude within a range of 3 V—an impressive sensitivity
for organic semiconductors.[66]

3.1.3.2. FETs with Rubrene Single Crystals

Rubrene is one of the most highly studied materials in
single-crystal transistor research because of its ready avail-
ability and ease of crystal growth. The aryl substituents on the
most-reactive acene rings hinder the oxidative decomposition
so that no quinone decomposition product is formed. How-

ever, 3 is not immune to decomposition. In a recent study of
the crystal growth of 3, two impurities were isolated in this
material.[67] Compound 4 was found both after crystal growth
and in samples of the as-purchased 3, and may be a by-

product of the synthesis process. Compound 5, in contrast,
was likely formed by a thermal oxidative process during the
crystal-growth procedure. The structures of these two impur-
ities were determined crystallographically, and it was possible
to form working single-crystal FETs on the surface of crystals
of 4. The mobility determined for this compound was
0.02 cm2V�1 s�1, which is significantly lower than that found
for 3.

The earliest attempts at forming transistors on free-
standing single crystals of 3 used thermally evaporated silver
source and drain electrodes and parylene gate insulator to
yield devices with mobilities ranging from 0.1 to
1.0 cm2V�1 s�1.[60] Further optimization of device fabrication
led to an increase in measured mobility to 8 cm2V�1 s�1.[61] The
high hole mobilities measured in single crystals of 3 triggered
detailed and elegant ab initio computational studies, which
showed that the particular p-stacking of the aromatic rings of
adjacent molecules of 3 led to significant overlap of areas of
high HOMO density (Figure 7).[68] The minimal short-axis slip
of the interacting molecules of 3 is also key to the high
measured mobility.

High-quality single crystals of 3 were studied in FET
configurations by using source and drain electrodes patterned
on a flexible PDMS stamp as well as air (or vacuum) gap
configurations (Figure 8) designed to eliminate surface inter-
actions with the portion of 3 in the active device channel.[69]

Removal of gate–insulator contact issues led to a significant
increase in hole mobility (up to 20 cm2V�1 s�1 at 300 K) along
with the realization of significant mobility anisotropy and

Figure 6. Lamination of a tetracene crystal onto a surface to produce a
traditional bottom-contact FET structure.

Figure 7. p stacking in a pair of rubrene molecules. Unlike most p-
stacked acenes, there is no short-axis slip in the stacking.
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increasing mobility down to 150 K. At that temperature, the
mobility began to drop exponentially, and the mobility
anisotropy observed at higher temperatures disappears. The
existence of several potential polymorphs for 3[70] raises the
possibility that this change in behavior is due to a phase
transition in the solid. This possibility was investigated
crystallographically to determine whether there were any
changes in structure across the temperature range from 100 to
300 K—none were found.[71] A reasonable explanation for
these changes in mobility involves charge-carrier traps (with
depth< 70 meV), which at sufficiently low temperature cause
the carrier transport to shift to a multiple trap and release
mode, thus decreasing mobility.

Fabrication of transistors on flexible PDMS stamps allows
the removal and replacement of crystals of 3 without
degradation of electronic properties, thus permitting more
detailed exploration of the charge transport properties.[72]

Simple rotation of the crystal on the device along an axis
parallel to the crystallographic c axis allowed the measure-
ment of the hole mobility across a large sampling of molecular
orientations in the crystallographic ab plane. Mobility was
highest along the molecular p-stacking axis and lowest
perpendicular to this axis (where interactions are predom-
inantly edge-to-face). The mobility relative to molecular
orientation is shown in Figure 9.

Recent evidence for bandlike (rather than hopping)
transport of charges across the surface of high-purity organic
systems has been provided by the observation of the Hall
effect in FETs fabricated on crystals of 3. The Hall effect,
which describes variations in electronic properties as a
function of applied magnetic field, can be used to determine
the charge-carrier density, resistivity, and intrinsic mobility of

a sample, as well as the sign of the dominant charge carrier. In
this case, the probes used to measure the Hall voltage are
inserted between the source and drain electrodes of the
transistor to measure these values in the channel region of the
device. Vacuum-gap, parylene, and SiO2 insulator devices
have been used for these studies (Figure 10). The applied gate

voltage ensures a sufficient population of carriers to generate
a delocalized electron cloud at the surface of the crystal, and
the source–drain voltage is kept constant (e.g. at 5 V). The
Hall voltage (VH) can be measured either along the channel
(V1–V2)[73] or across the channel (V1–V3),[74] as a function of
variation in magnetic field (0–10 T) applied perpendicular to
the sample. The number of free (i.e. unencumbered by trap
states) carriers and the Hall mobility can be easily calculated
from the dependence of VH on applied field. For 3, the density
of carriers derived from the Hall measurement matches well
the carrier density expected on the basis of the capacitance of
the dielectric and applied gate voltage. More importantly, the
measured increase in Hall mobility with decreasing temper-
ature supports the assignment of diffusive transport of charge
carriers through large, many-molecule delocalized states
between trapping sites.

Ambipolar (both hole and electron) transport has also
been observed recently in single crystals of 3.[75] Ambipolar
transport is an unusual phenomenon in acene systems, as
these arenes are typically more easily oxidized than reduced,
which makes injection of holes much easier than injection of
electrons. One method to check for n-type (electron as the
dominant carrier) behavior in simple aromatic compounds
such as 3 is to exploit low work function electrodes, which
enhance the ability of the electrodes to inject electrons into
the LUMO of the organic crystal. An additional complicating
issue is the high reactivity of aromatic anions—these species
typically react rapidly with hydroxy groups on the surface, as
found in common gate dielectric materials such as SiO2.
Because the active region of organic transistors consists of
only the first few monolayers of material at the dielectric
surface in the active channel,[76] reactions at this surface will
quickly quench charge transport. Thus, single-crystal FET
devices of 3 formed with Ag electrodes and a PMMA gate
dielectric free of hydroxy groups yielded well-defined tran-
sistor characteristics in both p-channel and n-channel current
modes. As is common in acene semiconductors, the hole
mobility (1.8 cm2V�1 s�1) was significantly higher than the
electron mobility (0.011 cm2V�1 s�1).

Figure 8. Acene crystal transistors using a flexible PDMS substrate
(left) or a vacuum gap/air as gate dielectric (right).

Figure 9. Mobility in single crystals of rubrene (3) as a function of
source–drain electrode orientation (adapted from reference [72]).

Figure 10. Configuration of electrodes on the gate insulator surface for
measurement of the Hall effect in single crystals of 3.
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3.2. Tetracene Thin-Film Devices

In the earliest applications of thermally evaporated thin
films of 1 in transistor devices no field effect was observed.[77]

A decade later, fabrication methods leading to highly ordered
thin films of 1 yielded transistors with reasonable perfor-
mance. Treatment of the SiO2 gate dielectric with octadecyl-
trichlorosilane (OTS) to yield a highly ordered, hydrophobic
monolayer prior to deposition of 1 was found to improve
crystalline order in the thermally evaporated films dramati-
cally.[78] The hole mobilities in these FETs were higher than
0.1 cm2V�1 s�1 with excellent on/off current ratios (107). AFM
studies of the films of 1 revealed decreased nucleation density
on OTS-treated substrates, which led to improved film
ordering and grain interconnection as a result of the higher
surface mobility of initial molecules deposited on the treated
substrate. This treatment can also yield a significant increase
in connectivity in the portions of the film that are in direct
contact with the treated substrate.[79]

3.2.1. Tetracene in Solar Cells

Tetracene is an appealing material for photovoltaic
studies because of its relatively good oxidative stability,
good absorption and fluorescence properties, and high
measured hole mobility. A significant barrier to the adoption
of soluble derivatives of 1 (or pentacene) in organic solar cells
is their rapid [4+2] Diels–Alder reaction with fullerenes
(commonly used as n-type materials).[80] One approach to
mitigate this issue is the covalent linking of a soluble fullerene
to 1 to form the highly soluble donor–acceptor dyad 6

(Figure 11).[81] Photophysical studies showed that the nor-
mally strong fluorescence of 1 was completely quenched by
the attached fullerene.

The issue of Diels–Alder reaction between fullerene and
acene is not as relevant to materials deposited by thermal

evaporation, whereby discrete layers
of p- and n-type material are depos-
ited sequentially to yield a single-
heterojunction device. The Yang
group recently reported the fabrica-
tion of 1/C60 solar cells with external
power conversion efficiencies as high
as 2.3%.[82] The key to the efficiency
of this device was the high crystalline
order of the 80-nm-thick layer of 1
(Figure 11). The device yielded a
short-circuit current density of
7 mAcm�2 and an open-circuit volt-
age of 580 mV under AM 1.5

(100 mWcm�2) illumination (AM = air mass). The high
open-circuit voltage is likely the result of the high HOMO
energy level of 1 (relative to pentacene, which yields higher
current but an open-circuit voltage of only 363 mV[262]).

3.2.2. Light-Emitting FETs

The high hole mobility of 1, combined with its high
fluorescence quantum yield, made it an excellent choice of
material for the first investigation of electroluminescence in a
FET configuration.[83] Because the major use envisioned for
organic FETs is in the control of OLED pixels in flat-panel
displays, light-emitting FETs (LEFETs) would constitute the
highest degree of miniaturization and simplification for
display applications. The earliest reported light-emitting
transistor was fabricated with interdigitated gold source and
drain electrodes (Figure 12) spaced 5 mm apart. The transistor

parameters for this device were reasonably good: m =

0.05 cm2V�1 s�1, Ion/off = 106, and the semiconductor behaved
as a p-type material. However, at higher voltages (VDS>

�20 V), emission of light from the layer of 1 was observed,
implying the injection of electrons necessary for charge
recombination and electroluminescence. Although the inten-
sity of the light was not high (maximum 44 cdm�2 at VDS =

VGS =�80 V), this result is both an impressive demonstration
of the potential of organic electronics, as well as an intriguing
conundrum regarding the behavior of FETs at high voltages.
How are electrons injected into the organic layer under these
conditions? The authors of this early report observed that
emission only occurred adjacent to the drain electrode and
postulated that poorly mobile holes located far from the gate
dielectric might migrate to the drain electrode to build a
significant electric field at this location. Electrons would then
be injected by field emission.

3.3. Functionalized Tetracenes

Acene functionalization can be used to tune a variety of
important properties, such as solubility, stability, and phase
behavior. A straightforward functionalization strategy
involves the addition of p-conjugated substituents to alter
the emission profile of the material. As their fluorescence
quantum yields are also relatively high (ca. 20%),[84] such
materials can be used in light-emitting devices: rubrene (3)

Figure 11. Structure of a
tetracene-based solar
cell. BCP=bathocu-
proine; ITO= indium
tin oxide; PEDOT=po-
ly(ethylenedioxythio-
phene); PSS=poly(styr-
enesulfonate).

Figure 12. Device configuration for LEFETs. D=drain; S=source.
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has been used as a dopant in polyfluorene-based OLEDs to
yield white emission,[85] and other tetracene derivatives have
been studied as components of red-emitting OLEDs.[86] Peri-
functionalized dialkoxy tetracenes such as 7 were used to

study the photodimerization of soluble acenes,[87] whereas the
end-functionalized tetracenes 8 and 9 were investigated for
their ability to form stable gels;[88] a similar pentacene
derivative was also reported.[89] In contrast, the dihydroxy
derivative 10 was used to form well-defined monolayers of
this organic semiconductor on oxide surfaces.[90]

Several approaches to induce p-stacking interactions in
tetracenes have been reported. Bao and co-workers used
halogen groups to disrupt edge-to-face interactions in 1 to
yield increased p-stacking interactions (Figure 13).[91] In this

study, only the dichloro derivative 11 packed with extensive,
long-range p-overlap to yield single-crystal FETs with hole
mobility (1.6 cm2V�1 s�1). The 1D p-stacking arrangement,
however, did not translate to high performance in thin-film
devices; the highest observed mobility was less than
0.001 cm2V�1 s�1.

Dipolar interactions have also been exploited to induce p-
stacking of 1 in the solid state. The Swager group used
partially fluorinated derivatives of 1 substituted with alkyl
and alkoxy groups to yield soluble materials with significant
p-stacking interactions in the crystal (Figure 14, left),[92]

whereas the Nuckolls group obtained the crystal structure

of 1,4-pentacenequinone 18, which showed a p-stacked
arrangement in the solid state (Figure 14, right).[93] Thin-film
transistors fabricated from the corresponding 1,4-hexacene-
quinone exhibited a hole mobility of 0.05 cm2V�1 s�1.

Bitetracenes 19–21 have been prepared recently. Com-
pound 19 showed remarkable photophysical properties,[94]

whereas 20 and 21 both yielded highly stable transistor
devices[95] with hole mobilities as high as 0.5 cm2V�1 s�1.

Although 3 has exhibited superior performance in single-
crystal devices, films of 3 are generally not sufficiently
uniform to produce high-performance thin-film devices.[96]

Two recent approaches have begun to overcome the problems
associated with thin films of 3. The first involves blending 3
with an insulating polymer and subsequent thermal annealing
to yield uniform films.[97] The second involves patterning the
substrate to induce crystal nucleation of 3 during film
growth.[98] Both approaches yield arrays of transistor devices
with high hole mobility.

4. Pentacene

Pentacene (22) is a deep blue crystalline material that is
only sparingly soluble in organic solvents, producing bright
pink solutions owing to its intense red fluorescence—the
longest wavelength absorption for this chromophore is
578 nm,[99] and it emits with a fluorescence quantum yield of
around 8% (in cyclohexane[100]) at 585 nm.[101] The unique
photophysical properties of 22 have been studied extensively
by single-molecule spectroscopy[102] and in inert organic
matrices.[103]

The crystal structure of 22 was first reported in 1961[104]

but was revised in 1962.[105] Like 3, 22 crystallizes in the
triclinic P1̄ space group with two molecules per unit cell and
unit-cell dimensions a= 7.90, b= 6.06, c= 16.01 O, a = 101.9,
b = 112.6, g = 85.88. Unlike smaller acenes, 22 adopts a
number of polymorphic forms, and most modern studies of
the single-crystal structure report slightly different unit-cell
dimensions (a= 6.275, b= 7.714, c= 14.442 O, a = 76.752, b =

88.011, g = 84.5248 ;[106] Figure 15). Calculations showed that
these two phases occupy the two deepest potential minima for
herringbone arrangements of 22 in the crystal.[107] There is
some evidence that the earlier reported phase exists as a
phase impurity in the more recently reported phase and that
the crystal can transform entirely into the latter phase under
pressure.[108]

Like 1, 22 is not isolated from petroleum sources. It is
formed in the combustion of carbon-rich polymers[109] and has
been detected in the interior of meteorites.[110] It is most

Figure 13. Structure and crystal packing of halotetracenes.

Figure 14. Left: Tetrafluorotetracenes 14–17. Right: Dipolar interactions
yield columnar p stacks in pentacenequinone 18.
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conveniently synthesized from 6,13-pentacenequinone (25),
which is itself easily prepared by fourfold aldol condensation
between phthalaldehyde and 1,4-cyclohexanedione.[111] 22 is
then formed from 25 by a simple reduction reaction
(Scheme 2).[112] Pentacene is significantly less soluble and

less stable in solution than tetracene: very dilute solutions of
22 in 1,2-dichlorobenzene, for example, bleach within
5 minutes unless carefully isolated from both air and
light.[113] However, provided air and light are excluded,
solutions of 22 in hot 1,2,4-trichlorobenzene can be made
sufficiently concentrated for the solution-based fabrication of
transistors with reasonable performance parameters (m =

0.45 cm2V�1 s�1).[114] The main oxidative by-product of the
decomposition of 22 is 6,13-pentacenequinone (25), which
recent theoretical investigations have shown can be formed
by reaction between 22 and either singlet oxygen in a
concerted fashion, or with triplet oxygen by a stepwise,
radical mechanism.[115] The resulting endoperoxide then
converts quickly into 25.

Solutions of 22 can decompose even in the absence of
oxygen to yield the “butterfly dimer” 26 as a photodecompo-
sition product. In contrast to the dimerization of 1, the
formation of this dimer is not easily reversible. Dimer 26
could be synthesized preparatively by irradiating a solution of

22 (l> 440 nm) at 120 8C in deoxygenated 1-chloronaphtha-
lene; dimer 26 precipitated as a white solid over the course of
several days.[116] Photodimerization also yielded the asym-
metric dimer 27 as a minor product. X-ray crystallographic
analysis of 26 showed that the bonds connecting the two
pentacene moieties are very long (1.58 O). Although the
dimer was thermally stable, it could be converted into 22 by
UV irradiation for around 30 minutes. This photolysis was
shown to proceed through a “broken dimer” intermediate
(28), which could be trapped by photolysis of 26 in a PMMA
matrix.

Pentacene also serves as a highly efficient diene in Diels–
Alder reactions. The reaction between C60 and 22 is rapid in
solution, typically forming 1:1 adduct 29 (Scheme 3). When
the reactive 6,13-positions of pentacene are functionalized,
Diels–Alder reactions still take place on the rings adjacent to
the central ring—in the case of fullerene dienophiles, the
bisadduct 30 has been isolated and studied crystallographi-
cally.[117]

The stability of pentacene films and devices towards X-ray
irradiation has also been determined to evaluate their
suitability for use in space-based applications.[118] Exposure
of pentacene-based thin-film transistors to intense radiation
led to only a 14% decrease in transistor performance. The
authors considered this result as evidence that pentacene-
based transistors are intrinsically stable towards radiation
damage.

4.1. Theory of Charge Transport in Pentacene

Long before 22 was first used in transistors, TOF experi-
ments led researchers to speculate that charge transport in
microcrystalline films of this molecule could occur by a
dispersive mechanism.[119] Subsequent high mobilities deter-
mined by transistor measurement are buttressed by detailed
theoretical investigations into the nature of efficient charge
transport in 22. Intermediate neglect of differential overlap
(INDO) calculations based on the crystal structure of 22
predict significant bandwidths (608 meV for the valence band,
588 meV for the conduction band), which signify high
intrinsic mobility.[120] The similar magnitudes of dispersion
in the two bands implies that electron mobility in crystals of
22 should be as high as the hole mobility. A further factor

Figure 15. Layered herringbone packing of pentacene (22).

Scheme 2. Synthesis of pentacene from pentacenequinone.

Scheme 3. Pentacene/fullerene adducts.
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contributing to high carrier mobility in 22 is its low vibrational
reorganization energy, a term that quantifies the energy
required for a molecule to relax geometrically upon oxida-
tion. A reorganization energy for 22 of 0.059 eV was found
experimentally,[121] and a value of 0.098 eV was extracted from
quantum chemical calculations.

Monte-Carlo studies on a number of parameters that
could affect carrier mobility were carried out using a 1D stack
of molecules of 22 as a model.[122] These studies supported
earlier work that showed the amount of intermolecular
overlap was not as important as the nature of that overlap;
the strong interaction between HOMO orbitals on adjacent
molecules was more important than simple overlap of the
aromatic rings.[123] Band-structure calculations on the four
thin-film polymorphs of 22 found significant differences in
dispersion in the valence bands between these polymorphs.[124]

Only one of the polymorphs (the 15.4-O phase) showed
significant dispersion throughout the crystallographic ab
plane. Calculations incorporating the thermal motions of
the pentacene molecule in the crystal showed that the
fluctuations in intermolecular transfer integrals was of the
same order of magnitude as the average values calculated
from the “rigid” crystal.[125] Thus, at temperatures even as low
as 100 K the crystal was considered to be disordered, and the
band-transport model was deemed to be unsuitable for a
complete description of transport in 22.

4.2. Doped Pentacene

Changes in both structural and electrical properties were
observed when vacuum-deposited films of 22were doped with
iodine.[126] The conductivity increased to 110 Scm�1 (a factor
of 1011 increase from undoped film), and X-ray diffraction
analysis showed a significant change in the spacing of the
pentacene layers, which implies localization of dopant anions
(Figure 16). More detailed analyses showed that there were
two attainable doping levels: the lower-level doping leads to
I3
� ions inserted between layers of 22, whereas higher doping

levels lead to I5
� inserted within the layers of 22, significantly

expanding the crystal lattice.[127]

Pentacene has also been n-doped with alkali metals to
give similarly conductive complexes.[128] The conductivity of
Li-doped samples at a 22/Li ratio of approximately 1:1 was 6L
10�3 Scm�1. Studies using Li-doped 22 as an electrode for
electrochemical hydrogen storage gave a discharge capacity
of 238 mAhg�1, which corresponds to a hydrogen desorption
capacity of 0.88 wt%.[129]

4.3. Pentacene Single-Crystal Studies

Early studies of transistor devices fabricated on the
surfaces of single crystals of 22 yielded less impressive
mobilities than those observed for devices with 1 and 3.
Aside from the issues of material purity, the polymorphism of
22 is also a significant issue in the performance of single-
crystal transistors. A recent technique that is able to map
changes in crystal-packing phases in single crystals of 22,
lattice-phonon confocal Raman mapping, has allowed the
determination of phase inhomogeneities on the micrometer
scale and demonstrated that phase boundaries, present to
some extent in all crystals studied, extend well into the body
of crystals of 22.[130] Because of the significant difference in
band structures for these two phases,[124] the phase boundaries
likely represent at a minimum shallow trapping sites for
charge carriers. Nevertheless, studies of single-crystal devices
with 22 reveal useful information regarding charge injection
and transport. One recent study yielded transistors with
charge-carrier densities of 1011–1012 cm�2 and showed that
hole mobility (ca. 0.5 cm2V�1 s�1) was independent of temper-
ature above 150 K.[131] Another study yielded pentacene-
crystal FETs with a hole mobility of 0.3 cm2V�1 s�1,and
Ion/off values up to 5 L 106. Further analysis of transistor
performance led to the conclusion that the number of
mobile carriers was only 0.4% of the number of injected
carriers—this information, combined with the observed
mobility, implies an intrinsic mobility of tens of cm2V�1 s�1.[132]

Along with issues of polymorphism and crystal quality,
one of the issues most commonly cited for the low perfor-
mance of single crystals of 22 relative to those of 3 and 1 is the
purity of the more-reactive pentacene. To this end, the
luminescence of single crystals of 22 was studied to determine
the nature of impurities leading to trap states in pentacene-
based devices.[133] An emission band at 1.49 eV was found to
decrease upon purification of the material, and resonance
Raman experiments proved that this emission arose from an
impurity.

The purification of 22 by sublimation separates several
materials: a residue, the pure pentacene, and lighter impur-
ities in the approximate ratio 1:2:1.[134] These lighter impur-
ities include 6,13-dihydropentacene and 6-pentacenone, as
well as the known 2:1 cocrystal of dihydropentacene and
pentacene[135] . The production of 6-pentacenone and 6,13-
pentacenequinone is dramatically increased if the oxygen
content of the carrier gas is greater than 2 ppm. MS analysis of
the less-volatile residue showed that it contained both
peripentacene 31 and trisperipentacene 32. The formation
of 31 requires the loss of five equivalents of H2; it was
postulated that this reaction may be the source of hydrogen

Figure 16. Intercalation of iodine dopant (as I3
�) between pentacene

layers.
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necessary to form the significant quantities of dihydropenta-
cene during the sublimation. The mobility of single-crystal
FETs prepared from purified 22 was 2.2 cm2V�1 s�1. As the
quinone impurity cannot be removed completely, further
studies were performed which showed that the quinone
impurity lies predominantly at the surface of the single
crystals; thus deposition of insulating layers on the crystal
surface of 22 led to a nonuniform interface between 22 and
the dielectric. This issue was resolved by using a pentacene-
quinone layer (> 200 nm thick) as the insulating layer. Single-
crystal transistors fabricated on 22with this superior dielectric
interface yielded mobilities greater than 15 cm2V�1 s�1.[136]

Instead of the reductive decomposition product dihydro-
pentacene, the Palstra group focused on the oxidative
decomposition product pentacenequinone as the most sig-
nificant impurity in 22.[137] By careful control of the vacuum-
sublimation conditions, they were able to remove a significant
proportion of pentacenequinone from raw 22 before single
crystals were grown by vapor diffusion. The crystals formed
from this prepurified 22 were analyzed by HPLC and found to
contain 0.028% pentacenequinone. In contrast, high-quality
crystals grown from 22 that was not prepurified showed a
0.11% concentration of this impurity. Resistivity measure-
ments on the crystals of 22 showed significant anisotropy
across all three crystallographic axes: 1a = 1.3 L 106, 1b = 4.7 L
105, and 1c = 2.1 L 108 Wm. Analysis of the higher-purity single
crystals by the SCLC technique yielded a mobility of
35 cm2V�1 s�1 at room temperature and 58 cm2V�1 s�1 at
225 K (these values are corrected for effective crystal thick-
ness and for anisotropic resistivity), and the trap-free SCLC
transition occurred at a field of approximately 2 L 105 Vm�1.
The temperature dependence of the mobility is consistent
with bandlike transport.

Significant anisotropy of mobility within the crystallo-
graphic ab plane of 22 has been observed by both the SCLC
technique[138] and by FET measurements,[139] the latter
reporting a fourfold difference in mobility across a 908
rotation. Recent calculations of the band structure of 22 by
DFT support significant mobility anisotropy in the ab plane
owing to frustration of hole transport along the crystallo-
graphic b axis (Figure 17).[140]

Recent single crystal studies have shown that water vapor
leads to the formation of discrete trap states when the device
is placed under bias.[141] The electronic effects of this trap state
only became noticeable after around 100 minutes of bias; this
timescale is much longer than that typically utilized for the
measurement of FET properties, but is not unusual for
devices in real applications. Treatment of the gate dielectric
with a hydrophobic monolayer eliminated water at the gate/
organic interface, precluding the formation of this trap state.
As with the results reported by Lang and co-workers,[133] this

behavior seems to indicate diffusion of a small molecule into
the crystal lattice to yield the observed trap states; it has been
reported recently that water can indeed diffuse into crystals of
22.[142]

4.4. Pentacene Thin-Film Devices and Their Characterization

Pentacene (22) is most commonly used as the semi-
conductor in thin-film transistors,[143] where it serves as the
benchmark against which other organic compounds are
measured.[144] The first pentacene transistors, reported by
Horowitz et al. in the early 1990s, had a mobility of
0.002 cm2V�1 s�1 in a top-contact device.[145] Purification of
22 by sublimation improved the mobility to 0.038 cm2V�1 s�1

for a bottom-contact device.[146] With high-purity materials,
further optimization of film morphology by employing self-
assembled monolayers on the dielectric surface led to
dramatic increases in device mobility: greater than
1 cm2V�1 s�1 in a bottom-contact device.[147]

Temperature-independent transport in pentacene-based
FETs was observed shortly thereafter, although high varia-
bility between devices raised issues of traps and electrode
contacts as key impediments to high-performance devices.[148]

Other approaches to device processing improved as well, with
the use of self-assembled monolayers to allow patterning of
the pentacene film.[149] Pentacene transistors fabricated with
an additional pair of electrode contacts in the device channel
allowed the determination of the contact resistance at the 22/
electrode interface.[150] The contact potential drop at the drain
electrode was found to be larger than the drop at the source
electrode, implying that carrier extraction is not as efficient as
carrier injection. Variable-temperature measurements, which
give the activation energies for transport, showed that at large
gate voltages the contact resistance and channel resistance
were essentially identical; thus, differences in contact resis-
tances under normal operating conditions likely arise from
differences in the detailed structure of the metal/22 contacts.
Transport activation energies for both contacts and film are in
the range 15–40 meV, indicating that contact resistance is
strongly related to carrier transport in the film in the area
around the electrodes.

Fabricating pentacene-based transistors with the double-
gated configurations as shown in Figure 18 allowed the

Figure 17. HOMOs of pentacene in the crystal, viewed along the long
molecular axis: a) fully bonding situation, as found in the bottom of
the valence band. b) partially antibonding interactions found in the top
of the valence band, showing frustration along the b axis. Figure
adapted from reference [140].
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extraction of transistor properties from a single film of 22 in
both top-gate and bottom-gate configurations.[151] The mobi-
lities from bottom-contact measurements (0.4 cm2V�1 s�1)
were slightly higher but of the same order of magnitude as
those measured from the top-contact configuration
(0.1 cm2V�1 s�1). The decrease in mobility for the top-contact
measurement may arise from the roughness of the top surface
of the pentacene film. A similar approach taken by Bao and
co-workers used a flexible PDMS stamp based device[152] that
conformed readily to the rough top surface of the film. Again,
the mobility derived from the bottom of the device was as
much as 37% higher than that extracted from the rougher top
surface.

As with single crystals of 3, thin films of 22 were measured
for the Hall effect. Using a device configuration similar to that
in Figure 10, a Hall voltage as high as 0.7 mV at a field of 9 T
was observed. The Hall mobility was calculated to be 0.4�
0.1 cm2V�1 s�1, which is similar to the mobility extracted from
analysis of the FET parameters for this device.[153]

4.4.1. Morphology

The importance of film morphology has been realized
since the earliest reports of high-performance pentacene
transistors,[154] and this topic has been the subject of a recent
review.[155] Perhaps the most significant issue in this respect is
the presence of several polymorphs of 22. Whereas there are
only two reported single-crystal polymorphs, studies of thin
films are complicated by the observation of at least four
phases of 22, whose relationship to the single-crystal forms
has been investigated in detail.[156] The most distinguishing
feature of these polymorphs is their (001) spacing (layer
periodicity). X-ray diffraction of thin films can be used to
identify the polymorphs on the basis of this repeat distance—
the currently known phases yield values of 14.1, 14.4, 15.0, and
15.4 O. The 14.1-O polymorph corresponds to most recently
determined values for single crystals of 22 and is often
referred to as the “bulk” value. Often, more than one
polymorph can be observed in evaporated films of 22, but
films of single polymorphs can be prepared by careful control
of the substrate temperature and film thickness.[157] A detailed
modeling study using the data provided by XRD experiments
produced reasonable structures for both the 14.1- and 15.0-O
polymorphs.[158]

The importance of substrate temperature for the growth
of highly ordered films of 22 has been known since the
1970s.[159] Detailed real-time studies of the growth of these
films on SiO2 and alkane-monolayer-treated SiO2 by using
synchrotron radiation yielded significant insights into the

mechanism of film growth:[160] the growth of the first
monolayer of 22 proceeded to completion before the
growth of the second monolayer began.[161] Subsequent
layers can nucleate before the second monolayer completes
its growth, giving rise to the “island” structures observed in
pentacene films. Grazing-incidence X-ray diffraction studies
of monolayers of 22 showed that the first deposited layer
differs significantly in structure from subsequent layers.[162]

When the surface was treated with an alkane monolayer, the
weaker 22/substrate interaction allowed molecules of 22 from
lower layers to migrate upwards and act as nucleation sites for
subsequent layers, leading to 3D growth. More recent studies
showed that the precise morphology of the initial monolayer
played the key role in determining the transistor performance
of films of 22.[163] The electronic performance of films of 22
also depends on the number of monolayers:[164] hole mobility
increased during film growth until six monolayers had been
deposited, at which point mobility saturated. The equilibrium
structure of these latter layers rapidly approaches that of bulk
samples.[165]

When deposited on oxide or organic surfaces, 22 orients
with its long axis perpendicular to the substrate. On metal or
semiconductor surfaces, in contrast, molecules of 22 align with
their long axes parallel to the substrate.[166] Studies of
deposition of 22 on crystalline silicon by low-energy electron
microscopy demonstrated the growth of large grains of 22 on
Si(001) surfaces.[167] FTIR analysis showed that the initially
deposited 22 reacts chemically with the Si surface, but this
issue could be circumvented by pretreatment of the Si surface
with cyclohexene to form an inert organic surface monolayer.
Subsequent deposition of 22 yields films with significantly
improved uniformity and order.[168]

4.4.2. Dielectrics

The dielectric surface has a strong influence on the
morphology of the pentacene film deposited upon it, and the
nature of the dielectric influences the voltage range over
which the device operates. Both organic[169] and inorganic[170]

dielectrics can yield transistors with low-voltage operational
windows, provided they have smooth surfaces that allow the
formation of crystalline films with large grain sizes.[171]

Substrate roughness can be ameliorated by coating a surface
with a thin film of polystyrene[172] or PMMA.[173] A number of
detailed studies have related the dielectric material to the
morphology and performance of FETs;[174] a more detailed
coverage of the issue of gate insulators and their surface
treatment can be found in a recent review.[175] Treatment of
oxide dielectrics with self-assembled monolayers can also
improve other aspects of device performance, and this
approach has also been reviewed recently.[176] Although the
most common substrate/monolayer combination is OTS on
SiO2, similar treatments also work well on alumina[177] and
zirconia.[178] Variations in the nature of the monolayer on SiO2

surfaces can alter threshold voltages to as high as 26 V (by
treatment with fluorocarbon-based trichlorosilanes, m =

0.15 cm2V�1 s�1) and as low as �12 V (by treatment with
phenyltrichlorosilane, m = 0.7 cm2V�1 s�1). AFM and XRD
analysis of the films showed no significant morphological

Figure 18. “Stacked” pentacene transistors with parylene (a) and
polydimethylsiloxane (PDMS) (b) as insulators.
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changes, leading the authors to postulate that the monolayer
dipole modifies the surface potential of the organic layer
adjacent to the dielectric.[179] The threshold voltage has also
been decreased by addition of dopant (FeCl3) to 22 beneath
the Au electrodes in top-contact devices.[180] The use of a
polymer electrolyte dielectric layer allows very-low-voltage
operation of pentacene transistors: the current changes by
four orders of magnitude over a gate voltage sweep of only
2 V.[181] The benefit of low-voltage operation is countered by
the slow response time of the devices as a result of the rate of
ion migration in the polymer film.[182]

4.4.3. Electrode Interfaces

The interface between 22 and metal electrodes determines
the efficiency with which charge carriers are injected and
removed from the semiconductor. As a first approximation
the metal electrode should have a work function of similar
energy to that of the orbital of the organic material into which
charge is being injected—the HOMO for holes, the LUMO
for electrons. However, numerous other factors complicate
the issue. The interaction of closed-shell organic molecules
with the polarizable electron cloud on metal surfaces leads to
significant changes in the interfacial region,[183] and 22 has
been used to probe these interactions. Deposition of 22 on
gold was studied by UV photoemission spectroscopy and
inverse photoemission spectroscopy, which showed a strong
interface dipole with a 0.6-eV shift in the work function of the
metal.[184] This shift results in barriers to charge injection of
0.47 eV for holes and 1.17 eV for electrons. Variations in
deposition conditions can yield even larger shifts in metal
work function,[185] leading to injection barriers of 0.55 eV for
holes and 1.3 eV for electrons.[186] The deposition of gold onto
a pentacene surface, as is commonly done for top-contact
transistors, damages the pentacene film, reducing device
reliability and reproducibility[187] and inducing larger interface
dipoles (�1.0 eV for gold,�0.7 eV for silver).[188] As in single-
crystal studies, gold evaporated onto PDMS stamps can be
laminated onto thin films of 22 to avoid damaging the organic
layer.[189] It might be expected that organic/organic interac-
tions would eliminate the formation of interface dipoles, but
this is not the case with conducting polymer electrodes such as
PEDOT/PSS (although the dipole is only �0.25 eV).[190] The
authors speculate that this difference arises from fundamental
electronic differences between metals and conducting poly-
mers, although other investigations showed that morpholog-
ical differences between films grown on metals and those
grown on organic surfaces may play a crucial role.[191]

Whereas many current synthetic efforts towards organic
semiconductors focus on “tuning” HOMO energy levels to
match electrode work functions, recent studies show that
improving the morphology at the electrode may be equally
important.[192] Morphological differences found in the regions
around the electrodes, along with a strong dependence of
contact resistance on the mobility of the organic films, imply
that high contact resistance may arise from limitations on
diffusion of carriers in the organic material near the metal
surface.[193] The buildup of charge in these regions will lead

quickly to space-charge limited injection and high observed
contact resistance.

Electrode surface modifications to improve charge injec-
tion include exposure of gold to oxygen plasma, which led to a
decrease in contact resistance of pentacene films.[194] Mor-
phology studies showed that after oxygen plasma treatment
pentacene molecules on a gold surface arranged with their
long axes perpendicular to the surface, similar to their
arrangement on oxide surfaces. Other studies showed that
coverage of gold surfaces with alkane thiols also causes 22 to
adopt a vertical orientation in the film.[195] UV photoemission
spectroscopy was used to examine hole-injection barriers
between 22 and either gold (with chemisorbed chlorine) or
PEDOT/PSS.[196] In both cases the pentacene molecules at the
surface of the electrode are oxidized to yield surface charge-
transfer complexes that improve injection.

A versatile approach to modify gold electrode surfaces is
treatment with solutions of electron-deficient arene thiols to
cover the electrode with an aromatic layer.[197] Treatment of
Pd electrodes with 4-nitrobenzenethiol led to improved
transistor performance,[198] and treatment of gold electrodes
with arenes such as 2-mercapto-5-nitrobenzimidazole
decreased contact resistance to as little as 50 kW.[199]

4.4.4. Traps and Defects

The mobility in organic FETs is limited by carrier traps in
the semiconductor film. Deep trap sites typically arise during
device fabrication, whereby deposition of gate dielectric or
electrodes can cause significant damage,[200] whereas other
defects arise upon exposure of the pentacene film to air and
light. The most commonly cited trapping states in polycrys-
talline films are the boundaries between pentacene grains,
although studies by synchrotron X-ray diffraction,[201] along
with studies of FET performance under a variety of con-
ditions, point to intragrain defects as the most significant
trapping sites.[202] The positive turn-on voltage in these devices
was cited as evidence for trap states that are electron
accepting (e.g. pentacenequinone). Electric force microscopy
was used to observe and image long-lived (ca. 30 s) trapped
charges in pentacene thin-film transistors[203] and showed that
defect sites are distributed inhomogeneously in the film, but
are not particularly localized at grain boundaries. Grain size is
certainly not irrelevant. Very small grains with numerous
boundaries are detrimental to device performance,[204] but
mobility does not correlate linearly with number of grain
boundaries—rather, for average grain sizes below 2 mm,
mobility drops abruptly.[205] Investigation of pentacene films
performed by lateral force microscopy combined with Kelvin
probe force microscopy[206] showed that grain boundaries do
serve as charge-carrier traps, but with depths on the order of
only 5–10 meV.

Trapping sites can also arise during operation of organic
devices, as large current densities flow through very thin
layers of the pentacene film. Studies during SCLC measure-
ments on crystals of 22 showed the appearance of a defect in
the material with a trap energy of 380 meV.[207] Allowing the
sample to stand for several hours at room temperature (or
irradiation at 420 nm) caused this defect to disappear. The

J. E. AnthonyReviews

466 www.angewandte.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 452 – 483

http://www.angewandte.org


kinetics of this process were consistent with atomic diffusion,
perhaps arising from protonation of 22. A further study of
pentacene films evaporated on glass showed that after
prolonged bias, sodium ions began to diffuse into the
pentacene layer, thus doping it.[208]

Another trapping phenomenon arises from subtle defects
in the crystalline order of 22. Small shifts along its the long
axis only minimally perturb the overall packing (Figure 19),
but have been calculated to create relatively shallow
(ca. 100 meV) traps in the electronic structure.[209] STM
analysis of highly ordered pentacene films showed that the
pentacene molecules stick up by as much as 1.2 O above the
plane. The “mole hills” arising from these defects can occupy
as much as 20% of the monolayer surface.

4.4.5. Stability

Pentacene transistors commonly suffer from bias stress
effects, whereby the threshold voltage shifts over time. This
effect appears to depend on the thickness of the pentacene
layer, indicating that buildup of charge trap sites in the non-
active region of the pentacene film is a possible cause.[210]

Several recent studies have explored other factors that
influence the long-term performance of pentacene-based
devices.[211] Pentacene transistors with short channel lengths
and high current densities show the most significant decrease
in performance after prolonged operation. Devices measured
under oxygen-free nitrogen show much less degradation, as
do devices formed on dielectrics that allow lower voltage
operation, even though they also function at high current
densities. These results hint at a thermally induced reaction
between 22 and oxygen.[212] No significant changes were
observed in films of 22 upon exposure to oxygen at room
temperature (although exposure to small amounts of ozone
did lead to oxidation of 22).[213] Exposure of pentacene FETs
to oxygen in the dark elicited only a small change in the
threshold voltage Vth for hole injection, whereas exposure to
oxygen and light caused significant changes to Vth and the
drain current.[214] FETs fabricated on silica showed decreased
drain current and mobility with increasing humidity as a result
of accumulation of water molecules at the dielectric inter-
face.[215] Similarly, devices formed on highly polar poly(vinyl
phenol) (PVP) showed a reversible increase of drain currents
on exposure to humidity, likely because of adsorbed water
molecules at the interface.[216]

4.4.6. Pentacene as an n-Type Semiconductor

To fabricate a wider array of semiconductor devices,
several approaches have been taken to induce n-type
behavior in pentacene (22). Theoretically, efficient electron
as well as hole conduction in 22 is supported by the similar
magnitude of calculated HOMO and LUMO band widths.[217]

Studies of pentacene films by conducting-probe AFM showed
that both electrons and holes could be injected into pentacene
monolayer islands, and that both carrier types delocalized
throughout the island.[218] Early approaches to ambipolar
transistors have used 22 as the p-type material in bilayer
devices—these are typically fabricated using either a full-
erene[219] or perylene diimide[220] as the n-type material.
However, in these cases 22 is exploited for its high hole,
rather than eletron, mobility.

The n-type behavior of 22 could be realized by deposition
of a 0.6-nm-thick film of Ca on top of the dielectric, which fills
electron traps present at the dielectric/semiconductor inter-
face. This Ca buffer layer is then covered with the 22 as a
semiconductor, and Ca electrodes are used in a top-contact
configuration (Figure 20a). The electron mobility under inert

atmosphere was measured to be 0.19 cm2V�1 s�1.[221] A similar
approach was used to yield ambipolar pentacene transistors
(Figure 20b), the electrode pattern of which allows a choice of
metal contacts for use as the source or drain electrodes. In this
arrangement, hole and electron mobilities on the order of
0.1 cm2V�1 s�1 were obtained.[222] A similar principle was used
in the fabrication of a pentacene-based inverter circuit.[223]

Although it has been recently reported that gate dielec-
trics containing hydroxy groups preclude the observation of n-
type behavior in organic polymer semiconductors,[224] recent
reports describe ambipolar behavior in pentacene layers
grown on poly(vinlyl alcohol) (PVA) gate dielectrics; gold
was used for the source and drain electrodes.[225] The key
parameter was the use of a gate dielectric that yielded
appropriate film morphology at the electrode surfaces. With
optimum morphology, even the large electronic barrier
between the gold electrode and the LUMO energy of 22
(ca. 1.35 eV) could be overcome to yield devices with hole
mobility of 0.5 cm2V�1 s�1 and electron mobility of
0.05 cm2V�1 s�1. Ambipolar pentacene devices on PVA have
been used to create inverter circuits with 22 as the only
semiconductor.[226]

4.4.7. Applications and Unusual Device Configurations

Although this review focuses on the intrinsic properties of
pentacene (22), it is impossible to overlook the remarkable

Figure 19. Slip-dislocations in pentacene films. Adapted from refer-
ence [209].

Figure 20. Pentacene as an n-type semiconductor with Ca electrodes
and buffer layer.
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contributions 22 has made to the development of organic-
based electronics. The mild conditions required to deposit
films of 22 has allowed the exploration of unusual substrates
for the fabrication of semiconductor devices, such as paper[227]

or other flexible substrates,[228] and pentacene transistors have
been patterned onto weavable fibers[229] and optical fibers,[230]

and have been fabricated by using electrodes on flexible
stamps,[231] by microcontact printing,[232] and transfer pattern-
ing.[233] Excellent performance has been attained on a variety
of substrates by using conducting polymer[234] or single-walled
carbon nanotube[235] electrodes. Electron-beam lithography
has allowed the preparation of transistors in sizes from 10 to
30 nm.[236]

A unique approach to improving transistor mobility
involved the deposition of single-walled nanotubes in the
device channel. The concentration of nanotubes is controlled
to form a nonpercolating network to avoid creating short
circuits between the source and drain electrodes.[237] Penta-
cene is subsequently deposited on top of the nanotube array
(Figure 21). The mobilities obtained with this procedure were

two times higher than those obtained when nanotubes were
not in the channel.[238] Alternatively, chemical doping can be
used to increase the number of carriers available in the device
channel. Evaporating a thin film of the organic acceptor
tetrafluorotetracyanoquinodimethane over the pentacene
layer in the channel leads to charge-transfer interactions
that add carriers to the semiconductor film.[239] By carefully
controlling the proportion of the channel covered by the
acceptor molecule, the authors were able to vary the thresh-
old voltage selectively over a range of 50 V.

Pentacene films have been generated by neutral cluster
beam,[240] supersonic beam,[241] and pulsed UV laser deposi-
tion.[242] A variety of molecular beam deposition methods
have also been employed, allowing control over the kinetic
energy of the pentacene molecules as they impact the
substrate.[243] Recent research has been directed at methods
to reduce “overspray” of vapor-deposited pentacene to
economize the use of this expensive material and to yield
patterned films. Careful control of deposition pressure,
substrate temperature, and dielectric treatments allowed the
selective growth of pentacene on device substrates to yield
well-defined transistors with mobility up to 1.2 cm2V�1 s�1.[244]

Analogous to ink-jet printing, hot vapor jet printing uses a
carrier gas and a nozzle to deposit the pentacene onto the
substrate, and a variety of parameters can be varied to
improve pattern resolution and film quality[245] to yield
resolution up to 1000 dpi and mobilities as high as
0.25 cm2V�1 s�1.

Pentacene has been used in bistable[246] and nonvolatile
memory devices[247] and is amenable to a variety of diode and

other device structures for use in RFID tags,[248] inverters,[249]

ring oscillators,[250] and other logic circuits.[251] The sensitivity
of films of 22 to a variety of analytes have led to their use as
sensors.[252] Changes in pentacene device mobility as a
function of applied external pressure[253] has been used to
create mechanical force and pressure sensors,[254] as well as
conformable pressure sensors.[255] Pentacene monolayers were
found to improve wetting and crystallinity of subsequently
deposited C60 layers, leading to improved performance of
fullerene transistors (electron mobility up to 2 cm2V�1 s�1).[256]

One of the most anticipated applications for pentacene
transistors is in active-matrix displays. A number of prototype
devices have been reported, including liquid crystal,[257]

OLED,[258] and electrophoretic displays.[259]

4.4.8. Pentacene Solar Cells

Photophysical studies[260] show that 22 is suitable for use in
solar cells.[261] Single-heterojunction solar cells have been
fabricated with a 22/C60 interface.[262] The configuration of the
device is similar to that for tetracene solar cells (Figure 12),
consisting of a 45-nm pentacene layer, a 50-nm C60 layer, and
a 10-nm bathocuproine layer. Under illumination
(100 mWcm�2), the device produced an impressive short-
circuit current of 15 mAcm�2, an open-circuit voltage of
0.363 V, and a fill factor of 0.5. These values led to an overall
power conversion efficiency of 2.7%. Thermal annealing of
22/C60 solar cells leads to improved efficiency as a result of
small increases in built-in potential and significant increases
in photocurrent—the latter is likely due to improvement of
molecular ordering of both pentacene and C60 upon anneal-
ing.[263] The high reactivity between 22 and fullerenes leaves
some concern about the possibility of reaction between donor
and acceptor at the important interface between the two
materials, and this may impact device lifetime. A few
researchers are already exploring other acceptor species for
use with 22. As with formation of ambipolar transistors, co-
evaporation of 22 and perylenediimide compounds leads to
an interpenetrating network that can also be used for solar
energy conversion. In this case, measurement under AM 1.5
conditions in an inert environment showed a power con-
version efficiency of 0.54%.[264]

4.5. Functionalized Pentacene
4.5.1. Reversible Functionalization

One way to replicate the electronic properties of 22 in a
solution-cast film is to prepare the film from a soluble
precursor that can be converted into 22 after the film has
formed. The ideal approach requires a soluble precursor with
good film-forming properties, a conversion reaction that takes
place under mild conditions, and an addend sufficiently
volatile to be completely and easily removed from the
forming pentacene film.

MQllen and co-workers first reported a device fabricated
from precursor-route 22 in 1996 (Scheme 4).[265] Solutions of
compound 33 formed high-quality films by spin-casting onto
the surface of a bottom-contact FET device. Heating the

Figure 21. Single-walled nanotube/pentacene transistor.
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precursor film at 200 8C for 5 seconds yielded the acene film,
which formed transistors with mobilities as high as
0.2 cm2V�1 s�1 and on/off current ratios of 106. An alternative
series of approaches use N-sulfinylamide groups (34–36),
which have a numbed of advantages: ease of synthesis of the
functionalized pentacene, ease of removal of the group, and
the ability to tune the properties of the material by altering
the group attached to the amide. Derivative 34 yielded
devices with hole mobility as high as 0.9 cm2V�1 s�1 after
annealing at 200 8C,[266] and derivative 36 formed films that
could be easily photopatterned.[267] Using a slightly different,
acid-labile solubilizing group (35) allowed photopatterning of
films with the assistance of a photoacid-generating dopant to
create patterned transistors with mobility as high as
0.2 cm2V�1 s�1.[268] These soluble precursor-route pentacenes
have been used to demonstrate device fabrication by ink-jet
printing,[269] as well as the fabrication of display backpanes.[259]

An alternative approach to photopatternable films of penta-
cene involves the use of solubilizing groups that can be
removed by irradiation, as exemplified by diketone 37.[270]

This soluble compound is converted back into pentacene by
irradiation at 460 nm (the authors also report the high-yield
formation of dibromopentacene films by this method).
Although the conversion into pentacene needs to take place
under an inert environment to prevent formation of the
endoperoxide, the method provides an efficient, low-temper-
ature method to generate pentacene thin films, and offers the
potential of patterning the film by appropriate focus of the
light beam used to generate the pentacene.[271]

4.5.2. Aryl Pentacenes

6,13-Diphenylpentacene (38) and 5,7,12,14-tetraphenyl
pentacene (44), first prepared in the 1940s,[272] are the earliest
reported functionalized pentacenes. 6,13-Diaryl pentacenes
are in general both more stable and more soluble than the
parent compound beacuse of substitution on the most reactive
position of the acene.

However, diaryl pentacenes remain potent dienes—38
reacts rapidly with C60 to form a covalent adduct. A significant
number of diaryl pentacenes have been prepared,[273] and a
number have found application as red-emitting dopants for

OLEDs;[274] their saturated red emission lead to devices with
external quantum efficiencies as high as 1.4% (for 43,
Figure 22).[274b] A few studies of transistor applications of
diaryl pentacenes have been performed. In general, the
additional edge-to-face interactions possible in diaryl penta-
cenes such as 38 (Figure 22) lead to minimal p overlap and
thus poor transistor performance.[275] Dithienylpentacene
(40), in contrast, adopts a p-stacking arrangement in the
crystal to yield thin-film transistors with mobilities of
0.1 cm2V�1 s�1.[276]

4.5.3. Alkyl Pentacenes

Relatively few alkyl-substituted pentacenes have been
reported, as this substitution tends to lower the oxidation
potential of this aromatic system, which further decreases
environmental stability. One of the few examples in this class
is 2,3,9,10-tetramethylpentacene (49),[277] which crystallizes in
a typical acene herringbone arrangement and yields vapor-
deposited transistors with hole mobility as high as
0.3 cm2V�1 s�1 (on/off current ratio of 6 L 103).

The similar 2,3,9,10-tetrakis(trimethylsilyl)pentacene (50)
highlights a significant issue with pentacene derivatives
lacking substituents on the central aromatic ring. This
compound is highly soluble and has an oxidation potential
of 725 mV (vs. SCE), but is poorly stable, surviving only a
week in deoxygenated solution. The low stability precluded
device fabrication or acquisition of the crystal structure of the
pentacene itself, but the main decomposition product (the
butterfly dimer) could be analyzed crystallographically.[278]

Alkyl-substituted pentacene 52 was the product of a
metal-mediated iterative synthesis (Scheme 5). Beginning
with phthalate ester 51, repeated application of a zirconium-

Scheme 4. Reversibly functionalized pentacene derivatives.

Figure 22. Aryl-functionalized pentacenes, and the crystal packing of 38
and 40. See the supplementary information for reference [276].
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mediated cyclization in an 11-step process yielded the
product. Little discussion of the properties of this pentacene
derivative was presented, but it was soluble and stable enough
to be characterized by 1H and 13C NMR spectroscopy.[279]

4.5.4. Halogen-Substituted Pentacene

Tetrachloropentacene 53 was prepared as part of the
search of new materials for organic FETs.[280] Although 53 was
insoluble and difficult to characterize, satisfactory confirma-
tion of structure was obtained by mass-spectrometric and
combustion analyses. Compound 53 did not yield functioning
FET devices owing to polymerization of the compound upon
attempted thermal evaporation (Scheme 6). Examination of
the thermochemistry of 53 showed sequential loss of pairs of
chlorine atoms to give benzyne-like species, which reacted
with adjacent pentacene molecules to form an ypticene-based
carbon network. When 53 was heated to above 900 8C, it
formed a carbonaceous solid with a conductivity greater than
5 Scm�1.

Another halogenation strategy led to perfluoropentacene
54, which crystallized in a herringbone motif similar to that
adopted by pentacene, although with a nearly 908 edge-to-
face angle (compared with 528 for pentacene; Figure 23).[281]

Perfluorination also shifted the reduction potential by almost
800 mV to approach the value measured for C60.

[282] Transistor

devices fabricated from 54 exhibited n-type behavior and
electron mobilities as high as 0.22 cm2V�1 s�1. The synthesis of
perfluorotetracene has also been reported.[283]

4.5.5. Thiopentacenes and Pentacene Ethers

The oxidation potential of pentacene can be lowered
significantly by substitution with p-electron-donating groups
such as oxygen or sulfur. 1,4,8,11-Tetramethoxypentacene
(55) is moderately stable (solutions of this material bleach
within one hour) and exhibits two reversible oxidation waves
in cyclic voltrammetry (at 0.13 V and 0.54 V vs. ferrocene/
ferrocenium).[284]

By exploiting the well-known affinity between thiols and
gold, 6-pentacenethiol (56) was used as a gold electrode
surface treatment in nanoscale thin-film transistors. Penta-
cene was then deposited over this layer by a precursor route,
and the films were converted into pentacene by heating
(200 8C, 2 min). The field-effect mobility measured from films
formed with pentacenethiol-treated electrodes was two
orders of magnitude higher than that of devices with no
electrode pretreatment.[285] Pentacene derivatives with alka-
nethiol groups at the 6,13-positions have also been prepared,
but device studies on these molecules have not been
reported.[286] In contrast, hexathiapentacene 57, prepared by
reaction between 22 and sulfur,[287] has been the subject of
recent device studies. X-ray crystallographic analysis of 57
showed that it adopts strongly p-stacked arrays with close
sulfur–sulfur contacts between the stacks. Top-contact FETs
fabricated from evaporated thin films of 57 yielded mobilities
as high as 0.04 cm2V�1 s�1 and on/off current ratio as high as
107.[288]

4.5.6. Ethynyl Pentacenes

Alkyne-functionalized pentacenes comprise one of the
most synthetically accessible classes of functionalized penta-
cene. Addition of ethynyllithium (or ethynyl Grignard
reagent) to pentacenequinone and treatment of the resulting
diol with tin(II) chloride yields the desired pentacene in good
yield (Scheme 7).

Scheme 5. Reiterative synthesis of pentacene 52.

Scheme 6. Polyypticene formed by the thermal decomposition of
2,3,9,10-tetrachloropentacene (53).

Figure 23. Perfluoropentacene (54) and its edge-to-face interactions
(CSD code: BEZLUO). Scheme 7. General synthesis of ethynyl pentacenes.
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Phenylethynyl-substituted pentacenes (58, 59) are among
the earliest reported functionalized pentacenes. These mate-
rials were prepared because of their bright red fluorescence
for chemiluminescent systems.[289] The high reactivity of these

systems has been favorably exploited in their reactions with
fullerenes, which has allowed the study of p–p interactions of
fullerene adducts.[290] More recently, phenylethyne-substi-
tuted pentacenes have been scrutinized for use in FETs.
Hexamethoxy derivative 63 (Figure 24), for example, was

prepared as a soluble pentacene derivative with electron-rich
pendants that might also participate in the charge-transport
process.[291] Although the crystal structure of this derivative
was not reported, the large bathochromic shift in absorption
for thin films of this compound (> 30 nm with respect to
solution absorption) denotes strong electronic interactions in
the solid state. Spin-cast films of 63 led to stable FETs with
mobility as high as 2 L 10�5 cm2V�1 s�1. Derivatives 60–62
were also prepared in a search for soluble pentacene
derivatives for FETs. Neither compound 60 nor 62 yielded
uniform films from solution, but compound 61, which was
found to adopt strongly p-stacked arrangements by single-
crystal X-ray analysis (Figure 24, right) did yield highly
crystalline films. Top-contact devices fabricated on these
films yielded mobility as high as 0.52 cm2V�1 s�1.[292]

The use of roughly spherical trialkylsilyl groups as the
substituents on the alkyne allows exquisite control over the
solid-state arrangement of the pentacene molecules, along
with dramatic increases in stability and solubility[293]

(although solutions and amorphous films of the materials
are still susceptible to “butterfly” dimerization).[294] The
strong p-stacking interactions are controlled by the size of
the substituent: for small groups (e.g. trimethylsilyl, triethyl-
silyl derivatives (64)), in which the diameter of the substituent
is significantly smaller than half the width of the acene, one-
dimensional p stacks are formed (Figure 25, upper right).

When the size of the substituent matches roughly half the
width of the acene (e.g. in 65), a two-dimensional brickwork
arrangement is favored (Figure 25, bottom right).[295] The two-
dimensional stacking arrangement was found to be optimal
for use in FETs: for derivative 65, hole mobilities as high as
0.4 cm2V�1 s�1 were reported for films formed by vacuum
deposition,[296] whereas solution deposition (whereby the
material is able to form highly crystalline flims) yielded
devices with hole mobility as high as 1.5 cm2V�1 s�1 (Ion/off =

107 and Vth� 3 V),[297] a value similar to that found in single
crystals of 65 grown across source-drain electrodes of a
prefabricated transistor.[298] Pentacene 65 has also been used
in a pentacene/C60 photovoltaic device to yield a white-light
power conversion efficiency of 0.52%.[299] A number of
studies have elucidated a variety of properties for 65,
including a low-temperature phase transition,[300] and all-
optical measurements of the carrier mobility show that this
compound should have transport properties similar to unsub-
stituted pentacene,[301] provided appropriate film morphology
is attained.[302] These measurements are supported by band-
structure calculations, which show significant dispersion in
both valence and conduction bands.[303] A more recent study
showed that thermal motions in the crystal led to perturba-
tions in intermolecular geometry sufficient to yield significant
changes in electronic coupling between molecules, complicat-
ing attempts to correlate crystal packing with transport
properties.[304] Evidence for long-lived trapped states in
photoexcited 64 has been reported,[305] along with persistent
photoconductivity that may arise from trapped charge
carriers.[306]

The diene reactivity of 65 led to its use as a soluble
precursor for the formation of ypticene-based polymers (68),
highly attractive candidates for organic sensors in which the
functionality can be tailored to detect small molecule organic

Figure 24. Phenylethynyl pentacenes for FET studies, and crystal pack-
ing of 61. (Adapted with permission from reference [292]. Copyright
2006 American Chemical Society.)

Figure 25. Silylethyne-functionalized pentacenes with typical “small-
substituent” (top right) and “large-substituent” (bottom right, shown
without alkyl groups on Si for clarity) crystal packing.
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compounds[307] or molecules of biological interest[308]

(Scheme 8).[309]

4.5.7. Functionalized Ethynylpentacenes

Substitution of 6,13-diethynylpentacenes with additional
alkyl[310] or ethynyl[311] groups at the 2,3,9,10-positions has
been demonstrated as a method to alter the redox properties
and HOMO–LUMO gaps of these materials—although FET
devices have not been reported for these compounds. A series
of stable pentacene ethers have also been reported
(Figure 26),[312] exhibiting even lower oxidation potentials

(as low as 560 mV vs. SCE). Dioxolane-functionalized
pentacene 69 also exhibited interesting optical phenom-
ena—the absorption and emission were significantly blue-
shifted relative to that of 65, leading to fluorescence in a
region useful for formation of red OLEDs (626 nm). Further,
dioxolane substitution led to a significant increase in the
fluorescence quantum yield (60%).[313] Exploitation of 69 as a
red-emissive dopant for Alq3-based OLEDs was hindered by
the strong p-stacking interactions, which broadened the solid-
state emission. The addition of alkyl (in this case, ethyl)
groups to the dioxolane ring increased the separation between
pentacene planes in the solid state, and this material (70)
yielded Alq3 host/70 guest OLED devices with bright red
emission and an external electroluminescence quantum yield
of 3.3%. This value is very close to the theoretical max-

imum[314] and also very close to the best values reported
(3.6%)[315] for a small-molecule organic red-emissive OLED.

4.5.8. Electron-Deficient Ethynylpentacenes

In the pursuit of soluble n-type pentacenes for comple-
mentary logic circuits, ethynylpentacene 71 was further
functionalized with electron-withdrawing groups. Nitrile-

substituted pentacenes 71 and 72 showed significantly
decreased reduction potentials (as low as �0.49 V vs. SCE),
but poor solubility precluded formation of uniform films for
transistor studies. The fluorinated derivatives 73 and 74
showed similarly low solubility, but were amenable to film
formation by vacuum depositon. Because the devices were
measured in air, no n-type behavior was observed, but hole
mobility was found to scale with the number of fluorine atoms
on the aromatic ring.[316] This increase in mobility arises from
the closer spacing of the fluorinated pentacene uints in the
crystal relative to the nonfluorinated derivative.

5. Higher Acenes

Whereas larger acenes such as hexacene and heptacene
are not found in petroleum deposits (as are naphthalene and
anthracene), or in diesel exhaust and charred food (like
tetracene and pentacene), there is evidence of these materials
in volcanic ash[317] and in interstellar dust.[318] Acenes larger
than pentacene hold considerable promise for use in elec-
tronic devices; studies at various levels of theory have
predicted that band-gap and reorganization energies will
decrease with increasing acene length, whereas the density of
states will increase, promising improved carrier mobility.[7]

The inaccessibility of acenes larger than hexacene has elicited
a host of theoretical investigations of their potential proper-
ties, as well as the likely electronic characteristics of
polymeric acenes. It has been predicted that acenes as small
as heptacene may possess a singlet diradical ground state,[319]

whereas predictions regarding the HOMO–LUMO gap of the
corresponding polymer (polyacene) span the range from a
potential superconductor[320] to a relatively large-gap (0.4 eV)
semiconductor.[321] The theoretical studies on the nature of
aromaticity and potential electronic properties of larger
acenes (and the corresponding polymer) have been expertly
covered in a recent review article.[33]

5.1. Hexacene

The synthesis, characterization, and device applications of
acenes larger than pentacene are all stymied by their low

Scheme 8. Pentacene-based polymer synthesis for sensors. X=alkyl,
alkoxy, aryl, etc.

Figure 26. Pentacene ethers 69 and 70, and their crystal packing.
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solubility, poor light and oxygen stability, and extremely
difficult synthetic approaches. Hexacene was first prepared by
lengthy Diels–Alder approaches requiring the loss of as many
as nine equivalents of H2 in the final step.[322] A more recent
synthesis (Scheme 9) began with reduced quinizarin 75, which
was condensed with naphthalene-2,3-dicarboxaldehyde to
yield dihydroxyhexacenequinone 77 in good yield. Reduction
with Zn/H2 yielded dihydrohexacene 78, and dehydrogen-
ation at high temperature over CuO under vacuum provided
hexacene (79).[323]

The single-crystal X-ray diffraction data for hexacene
were weak and the only conclusion that could be made
regarding the structure was that it adopted a molecular
ordering analogous to that adopted by pentacene and
tetracene.[324] Hexacene was sufficiently soluble for the
acquisition of absorption spectra (both ground state and
triplet state), as well as the spectra of its radical cation, radical
anion, dication, and dianion.[325] Accurate studies were
hampered by the extremely low solubility of this material,
making the determination of extinction coefficients impos-
sible. However, by using degassed silicone oil as solvent, with
the temperature held at 300 8C, the absorption spectrum
between 200 and 700 nm could be determined. Flash-photol-
ysis studies provided the transient absorption for the triplet at
550 nm. From the absorption spectra, the authors were able to
estimate a triplet energy for hexacene of approximately
50 kJmol�1. Extrapolation by plotting triplet energy versus
singlet excitation energy for the acene series from benzene to
hexacene led to the conclusion that nonacene could possess a
triplet ground state.

One-hundred-nm-thick films of hexacene grown by
vacuum sublimation have been doped with both alkali
metals and halogens. Doping of these films with I2 led to an
increase in conductivity up to 0.03 Scm�1,[326] whereas potas-
sium- and rubidium-doped hexacene exhibited conductivities
of only roughly 10�5 Scm�1. Thermoelectric power measure-
ments confirm the n-type nature of the Rb-doped material.[327]

5.2. Heptacene

Acenes larger than hexacene have proven elusive.
Although Clar[328] and Marshalk[329] reported approaches to
heptacene in the 1940s, as did Bailey and Liao in the 1950s,[330]

the characterization of these materials was not adequate to
confirm the proposed structure completely, and none of these

syntheses have been reproduced. The lack of success in the
synthesis of heptacene over the last 60 years has led to the
conclusion that these larger parent acenes will not likely be
isolated in a pure state.[331]

The lengthy drought in approaches to the synthesis of
heptacene was recently broken with the isolation of photo-
generated heptacene (81) in a polymer matrix. Employing the
same precursor technique as that used to solubilize pentacene
for transistor applications,[270] Neckers and co-workers were
able to form 81 by irradiation (l = 395 nm) of a 3 mm

dispersion of 80 in a PMMA matrix (Figure 27).[332] The
lifetime of 81 in the matrix was less than four hours,

confirming the high reactivity of this compound, and the
material could not be isolated if the irradiation of 80 was
performed in toluene rather than in the solid matrix.
However, absorption spectroscopy of the thin film of photo-
generated 81 in PMMAyielded a long-wavelength absorption
band at 760 nm, which is considerably different from the band
at 836 nm reported by Clar for material prepared in 1942,[328]

but corresponds better to the value extraploated from the
series from naphthalene to hexacene.

5.3. Functionalized Higher Acenes
5.3.1. Hydroheptacenes

The low solubility and stability of 79 and 81 requires the
use of functional groups to stabilize and solubilize these
materials if they are to be used in electronic devices. The first
challenge is the development of appropriate synthetic
approaches for functionalized hexacenes and heptacenes. By
analogy with the successful dehydrogenation approaches to
hexacene, a few modern syntheses of hydroheptacene have
been reported, although none of these approaches led to

Scheme 9. Synthesis of hexacene (79).

Figure 27. Photogeneration of heptacene in a polymer matrix (top)
yields films from which the absorption spectrum of this elusive
hydrocarbon can be acquired (bottom). (Adapted with permission
from reference [333a]. Copyright 2006 American Chemical Society).
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isolated heptacene derivatives. Reduction of heptacenequi-
none 82 (Scheme 10) yielded dihydroheptacene 83 containing
two electronically isolated anthracene units. Such materials
are efficient blue emitters that may find use in OLEDs.
Similar dihydro- and tetrahydroheptacenes have also been
used in the preparation of ypticene-based materials.[333]

The rapid reaction between fullerenes and acenes has
been used to “trap” phenyl-substituted heptacene by forming
this reactive species in the presence of C60 (Scheme 11).[334]

Treatment of hexahydroheptacene derivative 84 with DDQ in
the presence of excess C60 led to the isolation of adduct 85 in
20% yield. Although it is possible that heptacene formed in
solution before reaction with the fullerene, it is more likely
that dehydrogenation and reaction with fullerene proceeded
in a stepwise fashion.

5.3.2. Acenequinones

Analogous to the syntheses of 22 and 1, acenequinones
are attractive precursors to larger acenes. Although a wide
variety of such systems have been reported (many having
useful properties such as precursors to polymeric materials or
near infrared dyes[335]), their conversion into heptacene (81)
or larger acenes has not been successful. Alkyne adducts of
heptacenequinone (86) have been used to form polymers (87)
by photoinduced “butterfly” dimerization (Scheme 12).[336]

5.3.3. Silylethyne-Substituted Heptacenes

The observation that silylethyne-substituted pentacenes
were significantly more stable than the unsubstituted hydro-
carbon led to the application of this strategy to the prepara-

tion of larger acenes. Addition of lithium triisopropylsilyl-
acetylide directly to both 6,15-hexacenequinone and 7,16-
heptacenequinone provided the expected diols 88 and 89 in
good yield (Scheme 13). Avariety of methods were employed
to convert these materials into the desired acenes, but none
were successful.[337]

To ascertain whether the desired heptacene was being
formed under the reaction conditions, the deoxygenation of
89 using tin(II) chloride was attempted in the presence of a
large excess of tetracyanoethylene (TCNE; Scheme 14). The
major product of this reaction was TCNE adduct 92.[338] The
location of the added dienophile (the heptacene C ring)
provides clear evidence for the formation of heptacene. Had
the TCNE reacted with the anthracene chromophores of the
starting material, it would have preferentially reacted with the
central ring of the anthracene unit[339] leading to a heptacene
adduct substituted on the B ring.

The high diene reactivity of the larger acenes contributes
to much of the instability seen in these systems. Although the
triisopropylsilyl group has been used as a protecting group to
prevent Deils–Alder reactions between alkynes and cyclo-
pentadienone-type dienes,[340] it was speculated that the high

Scheme 10. Reduction of tetra(tert-butylphenyl)heptacenequinone to
yield the strong blue-emissive dihydroheptacene derivative 83.

Scheme 11. Synthesis of tetraphenylheptacene–tris(fullerene) adduct
85. DDQ=dichlorodicyanoquinone.

Scheme 12. Synthesis of ladder-type polymer 87 from monomer 86,
accessible by alkynyllithium addition to heptacenequinone.

Scheme 13. Acenequinone approach to higher acenes.
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diene reactivity of the larger acenes necessitates the use of
even bulkier substituents to protect the alkyne. Recent
reports of Diels–Alder reactions between TIPS-substituted
alkynes and heteroheptacene derivatives further supported
this conclusion (TIPS = triisopropylsilyl).[341] Increasing the
size of the alkyne substituent to tri(tert-butylsilyl) (TTBS)
yielded a stable, soluble hexacene derivative (93 ; Scheme 15).

The use of the same alkyne to prepare heptacene 94 led to a
fleetingly stable compound, which could only be character-
ized by UV/Vis spectroscopy and mass spectrometry. Further
increasing the size of the alkyne functional group to
tris(trimethylsilyl)silyl (TTMSS) finally yielded stable, solu-
ble, heptacene derivative 95. Hexacene 93 formed deep
green, cube-shaped crystals that were stable in air for several
months, whereas heptacene 95 formed pale, yellow-green
plates that decomposed slowly over several weeks.[337]

The long-wavelength absorption bands of acenes 93–95
show the characteristic acene fine structure (Figure 28). The
low-energy absorptions of both heptacene derivatives show a
broadening of the fine structure with two overlapping
transitions apparent between 800 and 850 nm (exemplified
in the absorption spectrum of 94, Figure 28). A similar
phenomenon has been observed in the UV/Vis spectrum of
the recently reported parent heptacene 81 (Figure 27). This
loss of fine structure has been postulated to arise from a
Peierls distortion of the aromatic backbone at this long
oligomer length.[342] Alternatively, the large aromatic surface
of heptacene may lead to strong aggregation of the materials
to yield absorptions from this aggregate form; a similar

observation has been made for the seven-ringed dioxolane
functionalized pentacenes.[312] Most likely, a subtle interplay
of these effects is the cause of the spectral broadening. The
synthesis and characterization of further heptacene deriva-
tives will be necessary for a full investigation of these
absorption phenomena.

Absorption spectra for the homologous series of func-
tionalized acenes correlate well with those determined for the
parent hydrocarbons. The longest-wavelength absorption
values for the silylethyne derivatives from anthracene to
heptacene (lmax = 438 nm, 535 nm, 635 nm, 733 nm, and
835 nm, respectively) show a red shift of approximetely
60 nm relative to the parent hydrocarbons anthracene to
hexacene (lmax = 376 nm, 474 nm, 578 nm, and 676 nm,
respectively). The difference between 94 and 81 (lmax =

760 nm) is somewhat larger, likely because the absorption
spectrum of 81 was acquired in a polymer matrix. In both
cases, the fusion of additional aromatic rings onto the acene
core leads to a remarkably regular bathochromic absorption
shift (100 nm).

Crystallographic analysis of hexacene 93 and heptacene
95 confirmed their extended, p-conjugated structure. The
availability of high quality crystallographic data for a
homologous series of acenes allows examination of the
effect of acene length on bond length alternation. Libration-
corrected bond lengths[343] for silylethyne-functionalized an-
thracene,[344] tetracene,[86] pentacene,[295] hexacene, and hep-
tacene[337] are provided in Figure 29. Several trends are
evident from the structures. The outermost rings of the
acene suffer from the most severe bond alternation. In
heptacene, some bond lengths approach the values typically
seen in nonaromatic conjugated double bonds (1.34 O). The
central ring in these acenes, although it exhibits the least bond
alternation, exhibits the longest bonds of the molecule, which
is often cited as an indicator of low aromaticity.[345]

A number of theoretical studies on acenes and polyacenes
have treated these materials as two linked polyacetylene
chains. These studies predict that the bonds separating these
chains would elongate as the acene chain grew longer (to

Scheme 14. Trapping reactive heptacene 92 with TCNE.

Scheme 15. Syntheses of stable, soluble derivatives of hexacene and
heptacene.

Figure 28. Absorption spectra of functionalized acenes.[337]
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reach a final length of 1.46 O).[346] These predictions are
supported by the crystallographic data (Figure 29): the
“vertical” bond of the central aromatic ring increases from
1.436 O (anthracene) to 1.449 O (pentacene) to 1.458 O
(heptacene). Predictions that bond length alternation
decreased toward the center of the acene also appear to be
supported by the crystallographic evidence.[347] However, it
should be noted that predictions regarding the electronic
nature of the parent acenes cannot necessarily be applied to
the present materials, since functionalization likely perturbs
properties such as ionization energy, singlet/triplet energy
gaps,[293] and HOMO–LUMO gaps. Regardless, the availabil-
ity of a homologous series of materials that can be studied in
depth is an important step in the ability to predict the nature
of longer acene oligomers and polymeric acene systems.[348]

6. Conclusions and Outlook

Over the last 60 years, painstaking progress was made in
understanding electronic processes in organic materials. This
progress illuminated the potential of organic semiconductors
and provided insight into transport and photophysical proper-
ties of organic crystals. The pioneering work of Karl and co-
workers in particular emphasized the need for exceptionally
high purity to determine intrinsic properties, a requirement
that was well understood by researchers in the field of silicon
semiconductor technology. Although the research of this
period revealed many of the intrinsic properties of smaller
acenes, a number of advances were required before acenes
could be used in electronic devices such as transistors and
solar cells, for example, methods to yield high-purity acene

materials and the development of methods to impart appro-
priate film morphology by thermal evaporation methods.
Further improvement and refinement of device fabrication
processes led to techniques specifically tailored to the
properties of organic semiconductors. Along with the devel-
opment of vapor transport methods that yielded large, high-
quality crystals, it then became possible to fabricate transistor
devices on the surface of single crystals, allowing the
determination of the intrinsic transport properties of a
number of common organic semiconductors. Most of the
contemporary problems in organic electronics arise from
interactions at interfaces: for example, how to ensure proper
morphology of organic compounds grown on inorganic
surfaces and how to improve charge transfer between organic
semiconductors and metal electrodes. The application of
organic materials to electronic devices has moved to a phase
at which strong interdisciplinary research will be required to
make significant progress.

As the device performance of larger acenes began to
match that of amorphous silicon, issues regarding low-cost
device fabrication methods gained importance. To allow
solution processing, numerous solubilization strategies were
developed for these systems, including the addition of
removable groups to allow solution deposition and subse-
quent conversion back into the acene, and the use of
permanent functional groups to alter solubility, stability,
film morphology, or crystal packing. Both methods yield high-
performance transistor devices from solution-cast films, which
will allow large-scale device fabrication from low-cost tech-
niques such as screen or ink-jet printing.

Functionalization strategies to improve the processability
of pentacene were applied to the synthesis of larger acenes
such as heptacene, a molecule that has remained elusive since
the controversial reports from Clar and Marschalk in the
1940s. Within the space of one year, both permanent and
removable functional groups were used to yield both the
parent heptacene and a soluble, crystalline derivative, finally
allowing the study of the electronic and structural properties
of these unique aromatic materials.

Our understanding of the intrinsic properties of very
simple larger acenes is still at an early stage, and new acene
derivatives made possible by advances in synthetic chemistry
are still being characterized. Although the basic electronic
performance of larger acenes such as pentacene approaches
that required for commercialization, further work must now
be undertaken to address outstanding processing and engi-
neering issues: strategies involving removable functional
groups still often require high-temperature annealing, while
those using permanent functional groups must address film
uniformity issues for the fabrication of large-area devices.
And although heretofore elusive heptacenes have finally been
prepared and characterized, theoreticians have set nonacene
as the point at which the most intriguing properties may be
seen—thus providing a new challenge to the synthetic
chemists. The resurgence of aromatic chemistry ushered in
by the impressive properties of larger acenes will only serve to
improve synthetic methods, yield new methods for purifica-
tion and crystal growth, and further solidify our understand-
ing of this unique class of aromatic materials.

Figure 29. Libration-corrected bond lengths (in N) for functionalized
acences from anthracene to heptacene. The average value is given for
all chemically equivalent bond lengths.

J. E. AnthonyReviews

476 www.angewandte.org � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2008, 47, 452 – 483

http://www.angewandte.org


7. Addendum (November 8, 2007)

Since this manuscript was first written progress in the
synthesis, characterization, and application of acenes has
progressed. Along with the report of the synthesis and device
studies of new rubrene derivatives,[349] new syntheses of
2,9,6,13-substituted pentacenes have been reported.[350] Func-
tionalized pentacenes such as 65 have been incorporated into
the backbone of conjugated polymers,[351] as well as linked
through saturated bridges.[352] Computational studies show
the great potential for nitrogen-[353] and nitrile-containing[354]

pentacenes as n-type semiconductors. Another report out-
lined the difficulties involved in the preparation of aryl-
substituted hexacenes, and the isolation of hexacene in a
polymer matrix.[355]

8. Abbreviations

AFM atomic force microscopy
Alq3 tris(quinolin-8-olato)aluminum(III)
DFT density functional theory
FET field-effect transistor
FTIR Fourier transform infrared spectroscopy
HOMO highest occupied molecular orbital
LCD liquid-crystal display
LEFET light-emitting field-effect transistor
LUMO lowest unoccupied molecular orbital
OLED organic light-emitting diode
OTS octadecyltrichlorosilane
PDMS poly(dimethylsiloxane)
PEDOT/PSS poly(ethylenedioxythiophene)/poly(styre-

nesulfonate)
PMMA poly(methyl methacrylate)
PVA poly(vinyl alcohol)
PVP poly(vinyl phenol)
RFID radio frequency identification
SAM self-assembled monolayer
SCE standard calomel electrode
SCLC space-charge-limited current
STM scanning tunneling microscopy
TCNE tetracyanoethylene
TES triethysilyl
TFT thin-film transistor
THF tetrahydrofuran
TIPS triisopropylsilyl
TOF time of flight
TTBS tri-tert-butylsilyl
TTMSS tris(trimethylsilyl)silyl
XRD X-ray diffraction
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