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1. INTRODUCTION

Pyrene is the fruit fly of photochemists. Its unique properties
have inspired researchers from many scientific areas, making
pyrene the chromophore of choice in fundamental and applied
photochemical research. Since the pioneering work of Laurent,
who in 1837 discovered pyrene in the residue of the destructive
distillation of coal tar,1 this polycyclic aromatic hydrocarbon has
been the subject of tremendous investigation. The name pyrene,

Greek for “fire”, was attributed since he believed that it was
frequently obtained via the reaction of organic substances with
fire. Later on, in 1871, Gr€abe reported the isolation of pyrene via
extraction with carbon disulfide, which left the accompanying
chrysene undissolved.2 Concentration of the solution gave a
crude pyrene, which was further purified via the picrate. Decom-
position of the picrate yielded pyrene as yellow plates.

Pyrene is also formed in many pyrolytic processes, for
example, in the destructive distillation of soft coal tar, by pyrolysis
of acetylene and hydrogen,3 by the zinc-dust distillation of
thebenol and thebenin,4 and from petroleum by the catarol
process.5 Until 1882, an interesting source of pyrene was a special
distillation of mercury ore as carried out in Idria. The byproduct,
which was mixed withmercury, was called “Stupp” and contained
up to 20% pyrene as well as other polycyclic hydrocarbons.

The search for an effective method to prepare pyrene lead
Weitzenb€ock in 1913 to the first synthesis of pyrene, starting
from o,o0-ditolyl.6 Until the 1950s, several other preparative
routes toward pyrene were presented.7!16 Modernization of
the distillation process of coal tar, as well as the destructive
hydrogenation of hard coal, yielded considerable quantities of
pyrene and other polycyclic hydrocarbons, making pyrene of
commercial use.

Pyrene was initially used in the preparation of several deriva-
tives, such as the pyranthrone, for the synthetic dye industry.17

Later, in 1954 F€orster and Kasper reported the first observation
of intermolecular excimers in a pyrene solution.18 This excimer
formation, combined with long-lived excited states, high fluor-
escence quantum yield,19 exceptional distinction of the fluores-
cence bands for monomer and excimer, and the sensitivity of its
excitation spectra to microenvironmental changes,20 brought
pyrene to the status of a gold standard as a molecular probe of
microenvironments. Thanks to this attractive combination of
properties, pyrene has become one of the most studied organic
molecules in terms of its photophysical properties.

The fluorescence properties of pyrene have been utilized over
the last 50 years in the investigation of water-soluble polymers,
making pyrene, by far, the most frequently applied dye in
fluorescence labeled polymers.21,22 The attachment of hydro-
phobic pyrene units to water-soluble polymers alters not only the
properties of the polymer but also those of the chromophore.
The pyrene chromophore is also frequently employed as a probe
to measure properties of surfactant micelles, phospholipid vesi-
cles, and surfactant/polymers aggregates. The tendency of
pyrene and its derivatives to form excimers has been widely
employed for supramolecular design and for probing the struc-
tural properties of macromolecular systems. Pyrene labels have
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been extensively used in structural studies of proteins and
peptides,23!26 but also DNA recognition27!31 and investigation
of lipid membranes.32!39 The excimer fluorescence of pyrene
and derivatives has been also utilized to sense environmental
parameters such as temperature,40 pressure,41 or pH.42 The change
of the excimer fluorescence intensity reflects changes in the environ-
ment. In addition, it can also be used to detect guest molecules such
as gases (O2 or NH3),

43!46 organic molecules,47!49 metals,50!57

or other miscellaneous analytes.58

In addition to excimer sensing, which propelled pyrene to the
status of the most used fluorescent probe, there has been a recent
increased interest in the use of pyrene as organic semiconductor
for application in materials science and organic electronics. Great
progress has been made, particularly in the past decade, in the
search for organic materials with attractive electronic and photo-
physical properties for application in a new generation of
electronic and optoelectronic devices.59!61 The ability to replace
inorganic semiconductors with organic materials will decrease
manufacturing costs and allow fabrication of devices over large
areas on lightweight and flexible substrates. The appeal of new
technologies based on organic semiconductors has notably
promoted the advancement of devices such as organic light-
emitting diodes (OLEDs), organic photovoltaic cells (OPV),
organic field-effect transistors (OFETs), organic lasers, and
memory cells. These devices are being tailored for application
in flat-panel displays, lighting, RFID (radio frequency identifica-
tion tags), electronic skin, and solar modules. Furthermore,
flexible organic electronic devices have generated entirely new
design concepts for consumer electronics, since they are fully
adaptable to complex surface shapes.

The key to the conception of high-performance electronic
organic devices is based on the insight of clear structure!
property relationships, which can be used to understand the pro-
perties of existing devices and predict the ideal material sets for
utilization in the next generation of electronic devices. Subtle
changes in structure or composition of an organic material can
greatly alter its bulk properties. In contrast to inorganic semi-
conductors, the properties of organic materials such as energy
gap, solubility, electron affinity and stability in ambient air can be
adjusted by changing their chemical composition, giving the
chemist an incomparable degree of flexibility in materials design.

Nowadays, researchers are focusing on improving organic
systems through molecular tuning, interface control, and opti-
mization of film morphologies for high-performance organic
devices. The design of improved organic materials involves both
the optimization of the functional units and the control of their
supramolecular order. First, the properties of the individual
molecules must be considered and understood. This includes
electronic properties such as energy gap and charge carrier
mobility and intramolecular processes such as energy and
electron transfer. The interaction between these molecules is
fundamental to understand how they affect the macroscopic
properties. It is possible to control the molecular and supramo-
lecular complexity by changing the chemical structure, which
results in different architectures ranging from linear polymeric
chains to flat disks or dendritic structures. In the case of pyrene,
modification of the chemical structure by varying the substitution
at different positions of the pyrene ring allows the control of the
molecular architecture and thus the molecular packing, which
renders the handling of pyrene substitution a key factor in
pyrene-based semiconductors. The presence of electron-rich or
electron-poor units is also important and permits the fine-tuning

of the optical properties while also influencing the molecular
packing. High spatial organization is of great importance for the
construction of devices in order to control the charge carrier
mobilities. Also the choice of the right processing technique is
crucial for the fabrication of high-performance devices.

Conjugated organic oligomers and polymers have achieved
the status of a major technologically important class of materials.
Polymers have the advantages of low cost, ease of modification of
properties by appropriate substitution, and solvent processabil-
ity. Oligomers are of particular interest, since they generally
possess good molecular-ordering properties when processed
using vacuum-sublimation techniques. Since vacuum deposition
is often argued to be expensive and limiting toward display size,
several efforts have been made in order to make oligomers
soluble in organic solvents with the introduction of proper
chemical substituents. Monodisperse conjugated oligomers can
be free from structural defects, possessing high purity from
conventional purification methods, allowing a very accurate
relationship between structure and properties. Pyrene-based
low-molecular weight organic materials and polymers have been
used as active components in molecular electronic devices such
as OLEDs, OFETs, and, more recently, solar cells.

Herein, we provide an overview of the use of pyrene-based
materials in organic electronics illustrating the increased interest
of pyrene in electronic devices and highlighting their potential as
organic semiconductors. In our structure-driven approach, we
describe many efforts to manage the pyrene chemical challenges
and, consequently, establish a new pyrene chemistry that allows
the use of pyrene in organic electronics. Moreover, we also
demonstrate how to control the intermolecular interactions by
manipulating the complexity of the structure at the molecular
level using different substitutions on the pyrene ring. The design
of different pyrene-based molecular architectures is discussed, as
well as the study of the optical and electronic properties plus the
charge transfer processes, which are of particular interest for
molecular electronics. Furthermore, our study paves the way for
the evaluation of these molecular components with respect to
their performance in molecular electronic devices.

Thus, in section 2 we provide a short description of the most
common organic electronic devices, such asOLEDs, OFETs, and
OPVs, and clarify the interest of pyrene in these electronic and
optoelectronic devices, since this is the driving force for the
development of the new pyrene chemistry. In section 3, we
survey this chemistry regarding the chemical modification of
pyrene for light-emitting and semiconducting properties with
particular emphasis on the different substitutions on the pyrene
ring. This includes the most frequently studied chemical reac-
tions for the easily accessible mono- and tetrasubstituted pyrene
derivatives, as well a discussion of the chemical difficulties in
selectively obtaining disubstituted pyrene derivatives. Disubsti-
tution of the pyrene ring is fundamental to achieve linear or cyclic
oligomers as well as polymers. In addition, the chemical chal-
lenges in reaching inaccessible positions at the pyrene ring, such
as the 2,7-positions, are also considered. Afterward, in section 4,
we review the use of pyrene derivatives comprising different
molecular architectures resulting fromdifferent substitution paths as
active components in organic electronic devices. This section
includes the monosubstitution of pyrene, which results in different
molecular architectures, such as small-molecules, oligomers, and
polymers, as well as in the formation of columnar structures
and the incorporation of pyrene as end-groups in dendritic
structures. This section also deals with the 1,3,6,8-tetrasubstituted
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pyrenes in different molecular organizations, such as columnar
liquid crystals and dendrimers. Also, the 1,6- and 1,8-disubstitut-
ed pyrene derivatives and their resulting molecular architectures
in organic electronics are reviewed. We also consider the novel
1,3-disubstituted pyrene derivatives in the design of oligomers,
polymers, and macrocycles. The investigation of 2-substituted
pyrenes in small molecules and star-shaped derivatives, as well
the 2,7-disubstituted pyrenes in oligomers and polymers, is also
discussed. Our review also includes the study of the 4,5,9,
10-tetrasubstituted pyrenes as small molecules and as discotic
materials. It is important to emphasize that this is a structure-
driven review and therefore in all sections the sequence of the
described pyrene derivatives appears on the basis of the molec-
ular structure-type as ordering principle. Finally, in section 5 we
provide a summary concerning the usefulness of pyrene in
organic electronics as well as an outlook.

2. ELECTRONIC AND OPTOELECTRONIC ORGANIC
DEVICES

This section briefly describes the principles and operation
processes of the most common organic electronic devices,
namely OLEDs, OFETs, and OPVs and elucidates the interest
of pyrene in these devices.

2.1. Organic Light-Emitting Diodes (OLEDs)
In 1987, a double layer OLED using thin films of 1,1-bis(4-(di-

p-tolylamino)phenyl)cyclohexane (TAPC) as a hole-transport-
ing material and tris(8-quinolinolato)aluminum (Alq3) as the
emitter material sandwiched between transparent indium tin
oxide (ITO) and an alloy of magnesium and silver was reported
to exhibit a luminance of over 1000 cd m!2 at a drive voltage of
ca. 10 V.62 Subsequently, a single-layer OLED using a thin film of
poly(p-phenylene vinylene), ITO/polymer/Ca, was reported in
1990.63 These two reports have triggered extensive research and
development of OLEDs from the standpoints of both funda-
mental science and potential technological applications for full-
color, flat-panel displays and lighting.

The working principle of OLEDs involves charge injection
from the anode and cathode into the adjacent organic layers,
transport of injected charge carriers through the organic layers,
exothermic recombination of holes and electrons to generate
electronically excited states of molecules, often called excitons,
followed by their emissive deactivation via either fluorescence or
phosphorescence, which is taken out of the device as electro-
luminescence (EL).

The efficiency of an OLED is characterized by its quantum
efficiency, the current efficiency in cd A!1 (ηL) or the luminous
efficiency (ηP) in lm W!1. For the quantum efficiency, two
different parameters have to be taken into account: the external
quantum efficiency (ηext) and the internal quantum efficiency
(ηint). ηext, defined as the number of emitted photons divided by
the number of injected charges, is given by64

ηext ¼ ηrjfχηout ¼ ηintηout

where ηr is the probability that holes and electrons recombine to
form excitons. Owing to the low mobility of the charge carriers,
the probability of charge recombination or exciton formation in
organic materials is nearly equal to 1. Nevertheless, the efficiency
of OLEDs is determined to a significant extent by the efficiency
of electron and hole injection into the organic layers, and in order
to maximize ηr, a good balance between the two types of charges

is desired.jf is the fluorescent quantum efficiency or the fraction
of excitons that decays radiatively. χ is the probability for
radiative decay to occur, and generally only singlet excitons emit
light. The light-emitting materials can be phosphorescent or
fluorescent, small molecules or polymers. In the particular case of
phosphorescent emitters, a singlet to triplet energy transfer is
allowed via intersystem crossing, which leads to highly efficient
devices where 100% of the excitons can produce light, in contrast
to only 25% in conventional fluorescent devices. A further
challenge in obtaining high external efficiencies is optical out-
coupling. Thus, in conventional fluorescent OLEDs, the max-
imum external quantum efficiency is currently limited to 5!6%.

The current efficiency (ηL), expressed in cd A!1, is another
way to characterize the quality of a device and represents the ratio
of the luminance (L) to the current density (J) flowing into the
diode. The luminous efficiency (ηP) as a Lambertian emitter
expressed in lmW!1 is the ratio of the optical flux to the electrical
input and is given by

ηp ¼ Lπ
JV

¼ ηL
π
V

whereV is the working voltage. Thus, devices with high luminous
efficiency have to combine high quantum (or current) efficiency
with a low working voltage. Note that ηL and ηP are functions of
the eye’s sensitivity (photopic response), which is a maximum in
the yellow peaking at 555 nm, and therefore, the current or
luminous efficiency is lower in the blue and the red part of the
spectrum in comparison with green, assuming devices with the
same quantum efficiency and working voltage. The brightness of
an OLED, given by the luminance in cd m!2, is also used by
several authors to estimate the performance of the device. For
comparison, the brightness of a conventional laptop display
reaches values of approximately 150 cd m!2. Further critical
characteristics of OLEDs are CIE color coordinates and device
lifetimes.

During the last decades, great efforts were focused on the
development of novel electroluminescent materials with intense
luminescent efficiency, high thermal and optical stability, good
charge carrier injection and transport, and desirable film mor-
phology, as well as on the fabrication of high-performance OLED
devices.65!72 Excellent red, green, and blue emitting materials
are required to achieve full color displays and lighting applica-
tions. However, the electroluminescent properties of blue-emit-
ting materials remain challenging, particularly in terms of
stability, efficiency, and color purity. It is thus important to
develop high-performance blue-emitting materials with good
stability and high fluorescence efficiency. Maintaining efficient
carrier injection in the light-emitting device is considered to be an
important factor for achieving high performance devices. It is
therefore essential to synthesize light-emitting materials with a
high-lying energy level of the highest occupied molecular orbitals
(HOMO), to facilitate both hole injection and transport. From
the manufacturing point of view, complex multilayer device
structures are difficult to fabricate, and devices with fewer layers
are more desirable, as they simplify the fabrication process. Thus,
in order to avoid deposition of both a hole-transporting layer and
an emitting layer, it is imperative to use organic materials with
both light-emission and hole-transporting properties.

In this way, pyrene, as a blue-light-emitting chromophore with
good chemical stability and high charge carrier mobility, appears
to be a very attractive building block for light-emitting devices.
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It is important to mention that pyrene itself is not suitable to act
as blue-emitter in OLEDs due to the strong tendency to form
excimers, which leads to a red-shift of the emission as well as the
decrease in the fluorescence efficiency in condensed media. This
fact has limited the use of pyrene as an emissive material in
OLEDs. Nevertheless, several efforts in the structural modifica-
tion of pyrene containing organic semiconductors have been
made in order to avoid aggregation and improve the fluorescence
quantum yield for application in OLEDs. As a large conjugated
aromatic system, pyrene not only has the advantage of high
photoluminescence efficiency73 and high charge carrier mobility,
but also shows excellent hole injection ability when compared to
other chromophores.74

2.2. Organic Field-Effect Transistors (OFETs)
Organic field-effect transistors (OFETs) are expected to be a

promising technology for large-area, low cost, and flexible
electronics for applications in displays, sensors, and memories.75

In addition, they have an advantage over silicon FETs in that the
processing temperature is lower.

OFETs consist of conductors, that is, source, drain, and gate
electrodes; an insulator, that is, a gate dielectric; and an organic
semiconductor as an active element. The materials used as the
gate dielectric are either inorganic dielectric materials, for
example, SiO2, or organic dielectric materials, such as insulating
organic polymers. Two types of structures, namely, top-contact
and bottom-contact electrode configurations, have been adopted
for the fabrication of OFETs. When there is no voltage applica-
tion to the gate electrode, only small currents flow between the
source and drain electrodes; this state is referred to as the off-
state of the transistor. When negative voltage, for example, is
applied to the gate electrode, hole carriers in the organic
semiconductor layer become accumulated at the interface with
the gate dielectric, and hence, hole transport takes place from the
source to the drain electrode; this state corresponds to the on-
state of the transistor. This type of device is called a p-channel
device. Likewise, application of positive voltage to the gate
electrode causes electron transport in the case of n-channel
devices. Since the so-called organic semiconductors are essen-
tially electrical insulators, charge carriers in organic semiconduc-
tors are usually supplied by injection from the source electrode
into the organic layer. The current flow (ISD) can be modulated
by the magnitude of both the gate voltage (VG) and the source/
drain voltage (VSD).

The current that flows from the source to the drain electrode
(ISD) under a givenVG increases almost linearly with the increasing
VSD and gradually becomes saturated. The current (ISD) is given by

ISD ¼ CiWμFET
L

ºðVG ! VTÞVSD ! VSD
2

2
ß

where, μFET is the field-effect mobility of the charge carrier, L is the
channel length, W is the channel width, Ci is the capacitance per
unit area of the gate dielectric, andVT is the threshold voltage. The
current ISD in the linear and saturation regions are given by

ISD, Linear ¼
CiWμFET

L
ðVG ! VTÞVSD

ISD, Sat ¼
CiWμFET

2L
ðVG ! VTÞ2

The field-effect mobility (μFET) can be determined from the
slope of the linear plots of (ISD,Sat)

1/2 versus VG, according to the

equation. The performance of OFETs is evaluated by μFET, VT,
and the on/off ratio of ISD. Not only organic semiconductors but
also the gate dielectric materials greatly affect the device
performance.76

Significant progress has been made in the development of new
semiconductor materials with high charge carrier mobilities for
the fabrication of high-performance OFET devices. This means
devices displaying high charge carrier mobilities, high on/off
ratio, and low threshold voltages. There is now a large number of
solution-processed as well as vacuum-sublimed organic semi-
conductor materials that have been demonstrated to exhibit field-
effect mobilities on the order of 0.1!1 cm2 V!1 s!1.77,59 Devices
using organic single crystals of rubrene have reached extremely
high mobilities of around 15 cm2 V!1 s!1.78 However, the single
crystal growth on the plane of a large area substrate for device
applications is not easy. Polycrystalline materials have been
mostly used in OFETs, and in this case, the grain size, grain
boundaries, and molecular orientations will affect the device
performance. Small molecules have the advantage of high purity
and high crystalline order required to obtain high mobilities;
however, polymers combine high conjugation through the poly-
meric backbone with solution processability and ease of device
fabrication.79 Our group reported recently one of the highest
mobilities for solution-processed small molecules using a high-
crystallinity deposition technique (μhole = 1.7 cm2 V!1 cm!1)80

as well the highest mobility value reported so far for polymer
OFETs (μhole = 3.3 cm2 V!1 cm!1).81

The high charge carrier transporting ability of pyrene has also
attracted attention for the fabrication of OFET devices. Thus,
pyrene has found application as a semiconducting material for
p-type OFETs fabricated via vacuum sublimation as well as
ambipolar OFETs using a single crystal of a pyrene derivative
and also in organic light-emitting field-effect transistors
(OLEFETs).

2.3. Organic Photovoltaic Devices (OPVs)
In the case of organic solar cells, researchers, motivated by the

prospect of a low-cost alternative to silicon solar cells since the
first device reported byTang in 1986,82 have rigorously improved
device efficiencies with the main focus being on the organic
materials.

The basic operation processes of pn-heterojunction organic
photovoltaics (OPVs) are as follows: (a) light absorption by
organic semiconductors to form excitons, (b) diffusion of the
excitons, (c) charge carrier generation and separation at the p/n
interface, (d) charge transport through the organic layers, and (e)
charge collection at both electrodes. These processes are just the
opposite to those of OLEDs.

The performance of OPVs is evaluated by power conversion
efficiency (η) and fill factor (FF). They are defined as

η ¼ ðVJÞmax
I

FF ¼ ðVJÞmax
VOCJSC

where I, VOC, and JSC are the incident light power, the open
circuit voltage, and the short-circuit current, respectively.

Two major concepts have been developed since the original
donor/acceptor bilayer device reported by Tang, both resulting
in an increased number of absorbing dye molecules that can
contribute to photocurrent. The bulk heterojunction cells
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(BHJ)s simply rely on an interpenetrating network of donor and
acceptor phases, thereby maximizing the important interfacial
area between the donors and acceptors. Polymer BHJ can be
processed via solution and typically consist of a p-type polymer
and a soluble derivative of C60 such as [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM). Just as in the case of OLEDs, solar
cells can also be constructed on the basis of vacuum deposition of
small molecules where similar “bulk heterojunctions” can be
created. Both the polymer and small molecule solar cells have
recently achieved efficiencies approaching 8%. In order to
improve the performance of the solar cells, pyrene was recently
used to enhance the absorption in the visible region, as well to
achieve the ideal morphology in a pyrene!perylene derivative,
which was then used as acceptor material in bulk heterojunction
solar cells. In 1991, Oregan and Gr€atzel introduced the dye-
sensitized solar cell (DSC) concept built on a mesoporous TiO2,
which separates the roles of light absorption and charge
transport.83 The first DSCs made use of an I!/I3

! redox couple
to regenerate the oxidized dye molecules and have shown
efficiencies of over 11%. Problems concerning the sealing of
such “liquid” cells have driven researchers to develop the solid-
state analogs of these cells based on similar organic hole
conductors as used in OLEDs. Such solid DSCs currently show
efficiencies of 5%. Recently, a pyrene!perylene derivative was
reported bearing an anchor group that allows the linkage of the
dye to TiO2 for the fabrication of dye sensitized solar cells
(DSCs).

Despite the remarkable developments in the past decade, the
design of new high-performance semiconductors and a better
understanding of the relationship between molecular structure
and device properties are still the major challenges in modern
molecular electronics. In this context, the electronic and optical
properties of pyrene have been attractive for the development of
innovative semiconductor materials, making pyrene a very
promising building block in organic electronics.

3. CHEMICAL MODIFICATION OF PYRENE

The electronic and photophysical properties of pyrene are
very attractive for the design of new organic light-emitting and
semiconductor materials. Although the chemistry of pyrene is
well-known, there are considerable issues regarding regioselec-
tivity and purification. The electrophilic substitution of pyrene is
known to take place preferentially at the 1-, 3-, 6-, and 8-posi-
tions, based both on experimental results84,85 and on considera-
tion of calculations of molecular orbitals,86,87 the only exception
being the tert-butylation.88 Thus, 1-substituted pyrenes and
1,3,6,8-tetrasubstituted pyrenes (Figure 1) can be easily acces-
sible by direct electrophilic substitution of pyrene.

The ease of preparation of mono- and tetrasubstituted pyrenes
combined with the relatively simple purification gives the possi-
bility to straightforwardly introduce pyrene into different molec-
ular architectures with interest in organic electronics. On the
other hand, the selective preparation of disubstituted pyrenes is
challenging but simultaneously highly required. It is crucial to
obtain well-defined disubstituted pyrene building blocks for the
controlled synthesis of linear or cyclic oligomers as well as
polymers.

3.1. 1-Substituted Pyrenes
The most common chemical reactions used to prepare 1-sub-

stituted pyrenes for use in molecular electronics are metal-
catalyzed cross-coupling reactions. In this way it is possible to
obtain larger π-systems by coupling more than one or more
pyrenes to another π-system. Among these cross-coupling reac-
tions, one of the most employed is the palladium-catalyzed
carbon!carbon bond-forming Suzuki reaction, which involves
the palladium-mediated coupling of organic electrophiles, such as
aryl halides, with organoboron compounds in the presence of a
base. The Suzuki reaction is a particularly useful method for the
construction of conjugated dienes and higher polyene systems of
high stereoisomeric purity, as well as of biaryl and related
systems. Thus, 1-bromopyrene, obtained without difficulty with
1 equiv of bromine at room temperature, can further be involved
in Suzuki cross-couplings.84,89 One example is the Suzuki reac-
tion of 1-bromopyrene (1) and 1,4-benzene boron acid ether (2)
in the presence of sodium tert-butoxide and PdCl2(PPh3)2 in
toluene to afford 1,4-di-1-pyrenylbenzene (3) (Figure 2).90

Another possibility is to use the 1-pyreneboronic acid (4) in
the Suzuki coupling, as demonstrated in Figure 3. The 1-pyr-
eneboronic acid (4) could be obtained by lithiation of 1-bromo-
pyrene at 0 !C followed by treatment with trimethylborate at
!78 !C and subsequent acidic workup.91!93 In this case, pyrene
4 reacted with different aryl bromides in the presence of Pd-
(PPh3)4 and sodium carbonate in toluene to give the three
dipyrenylbenzenes, 3, 5, and 6, in 63!66% yields (Figure 3).94

The use of these dipyrenylbenzenes 3, 5, and 6 as blue emitters
for the fabrication of OLED devices will be analyzed in the next
section. Depending on the attachment of different building
blocks, it is possible to choose the appropriate cross-coupling
reaction to afford different pyrene-based semiconductor
materials.

In the case of pyrene, including thiophene derivatives, it is also
common to use the Stille coupling involving organostannane-
based compounds. One example is the reaction of 1-bromopyr-
ene (1) with the bis(tributylstannyl) derivatives 7 in the presence
of Pd(0) catalyst, which gave pyrene-containing oligothiophenes
8 in 52% (n = 1) and 64% (n = 2) yield (Figure 4). Oligothio-
phenes 8 were used in single-layer electroluminescent devices.

1-Substituted pyrenes can also be successfully obtained via the
Heck coupling reaction. One example, the Heck reaction of 9,9-
dihexyl-2,7-divinylfluorene (9) with the 1-bromopyrene (1)
utilizing DMF as reaction medium and triethylamine as an acid
acceptor afforded the fluorenevinylene 10 in 71% yield
(Figure 5).95 The photophysical properties and electrolumines-
cence of compound 10 will be investigated in section 4.

Another possibility is the Wittig reaction involving a triphenyl
phosphonium ylide. Thus, pyren-1-ylmethyltriphenylphospho-
nium bromide (11) was prepared from the 1-pyrenecar-
boxaldehyde.96 The pyrenecarboxaldehyde was converted to
1-pyrenylmethanol with lithiumaluminium hydride and consequently

Figure 1. General structure of 1-substituted and 1,3,6,8-tetrasubsti-
tuted pyrenes.
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reacted with phosphorus tribromide in chloroform to give the
1-bromomethylpyrene. The 1-bromomethylpyrene was refluxed
with triphenylphosphine in benzene to afford the corresponding
phosphonium salt. Consequently, pyrene compound 13 was
obtained in 30% yield via a one-step Wittig reaction between
pyren-1-ylmethyltriphenylphosphonium bromide (11) and 2,20-
bithienyl-5,50-dicarboxaldehyde (12) using lithium ethoxide as
base (Figure 6).97

The Sonogashira reaction provides a valuable method for
the synthesis of conjugated acetylenic systems, allowing the
design of molecules including pyrene with interest in molecular
electronic devices such as OLEDs as well in nanotechnology.

1-Ethynylpyrene (15) can be easily obtained from trimethyl-
(pyren-1-ylethynyl)silane (14) in good yields (Figure 7).98 Thus,
reaction of 1-bromopyrene (1) with ethynyltrimethylsilane in
the presence of PdCl2(PPh3)2 and CuI/Et3N in toluene
provided compound 14 in 80% yield (Figure 7). The TMS
protecting group was eliminated using KOH in a mixture of
THF/MeOH, giving 1-ethynylpyrene (15) in 86% yield
(Figure 7).98

1-Ethynylpyrene (15) can be used in several Sonogashira coupling
reactions to afford different pyrene semiconductors, such as the ones
depicted in Figure 8.98 In this case, 1-ethynylpyrene (15) reactedwith
2-bromo-9-(40-(200-ethylhexyloxyphenyl))-9-pyrenylfluorene

Figure 2. Suzuki coupling to 1,4-di-1-pyrenylbenzene (3).

Figure 3. Suzuki coupling to dipyrenylbenzenes 3, 5, and 6.

Figure 4. Stille coupling to pyrene-containing oligothiophenes 8.
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and 2,7-dibromo-9-(40-(200-ethylhexyloxyphenyl))-9-pyrenyl-
fluorene (16) in the presence of Pd(PPh3)4 and CuI/Et3N in
toluene to afford the pyrene derivative 17 in 80% yield and the
pyrene derivative 18 in 77% yield (Figure 8). Both compounds
17 and 18 could be used as solution processable light-emitting
molecular glasses in OLED devices.

1-Ethynylpyrene (15) can also be involved in a Glaser
coupling such as the reaction illustrated in Figure 9 using cupric
acetate monohydrate in pyridine to yield 1,4-dipyren-1-ylbuta-
1,3-diyne (19) in 36% yield.99 The linkage of the two-pyrene
units via the butadiynylene bridge produced in this case a highly
fluorescent system.

TheUllmann coupling has also be used to prepare 1-substituted
pyreneswith interest inmolecular electronics. For example, the 10-
pyren-1-yl-10H-phenothiazine (22) was prepared in 55% yield via
Ullmann-type reaction of phenothiazine (21) and 1-iodopyrene
(20) (Figure 10). The 1-iodopyrene (20) was previously prepared
from the 1-bromopyrene in the presence of CuI and KI.100 Direct
iodination of pyrene is not commonly used, due to the poor yield
of the reaction and insolubility of the iodide derivative. Only one
reference mentions the iodine cyanide promoted iodination of
pyrene to afford 1-iodopyrene.101

Coupling reactions involving amino groups are also possible in
the presence of a palladium catalyst. 1-Aminopyrene can be
prepared via the reduction of 1-nitropyrene with various reduc-
tion agents: Sn in HCl,102 10!40% solution of NaHS in boiling
ethanol,84 or reaction with Ac2O and Cu(NO3)2.H2O.

103

Hydrogenation of 1-nitropyrene under H2 atmosphere and in
the presence of Pd/C afforded the 1-aminopyrene in good
yields.103 The coupling of pyrene with fluorene, both extensively
investigated blue-emitting chromophores, seems a very interesting
approach toward improved light-emitting devices. Thus, as example
the reaction between an excess of the difluorene bromide 23 and
1-aminopyrene (24) in the presence of tris(dibenxylidene-
acetone)dipalladium and 1,10-bis(diphenylphosphino)ferrocene
with sodium tert-butoxide in toluene afforded the bis(difluorenyl)-
amino-substituted pyrene 25 in 48% yield (Figure 11).104 The
solution-processable dye 25 found application as a green emitter
for OLED devices.

The palladium-catalyzed amination is also possible using 1-bro-
mopyrene (1) as depicted in Figure 12. Therefore, reaction between
1-bromopyrene (1) and phenylamines 26 using the catalyst
developed by Koie and Hartwig,105 Pd(dba)2/P(t-Bu)3 (where
dba is dibenzylideneacetone) in the presence of sodium tert-
butoxide, efficiently catalyzed aromatic C!N bond formation from
an aryl halide and an aryl amine, providing pyrenylamines 27 in
78!89% yields (Figure 12) and 3,6-bis(diarylamino)carbazoles
29 in 85!94% yields (Figure 13).106 Compounds 29 were used
in the fabrication of green OLED devices.

In addition to the widely used metal-catalyzed cross-coupling
reactions, a few examples of other type of reactions have also been
used to achieve 1-substituted pyrene derivatives. Among these
reactions, the esterification reaction has been most frequently
employed. Therefore, a pyrene acid such as the butyric acid can

Figure 5. Heck coupling to fluorenevinylene 10.

Figure 6. Wittig reaction to pyrene-containing thiophenevinylene 13.

Figure 7. Synthesis of 1-ethynylpyrene (15).
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be prepared from the 1-iodopyrene, followed by Heck reaction
with a allylic alcohol to introduce a alkanone chain, followed by
the reaction with Br2 andNaOH.

107 Another alternative is to obtain
the 1-butyric acid directly from pyrene through a similar multistep
route.108 For instance, the multichromophore system 32 was
obtained by an esterification reaction for further study of the
photoinduced processes between the chromophores (Figure 14).

Thus, perylene bisimide 31 was reacted with 1-pyrenebutyric
acid (30) in the presence of DCC/DPTS to give the tetrapyr-
ene!perylene bisimide dye 32 in 40% yield (Figure 14).

An example of an esterification reaction including a pyrene
alcohol is illustrated in Figure 15. The 1-pyrenebutanol (34) was
previously prepared by reduction of methyl 4-(1-pyrenyl)butyrate
with DIBAL-H109 and was further involved in the esterification

Figure 8. Sonogashira reaction to diarylfluorenes 17 and 18.

Figure 9. Glaser coupling to 1,4-dipyren-1-ylbuta-1,3-diyne (19).

Figure 10. Ullmann coupling to 10-pyren-1-yl-10H-phenothiazine (22).
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reaction with the benzoic acid 33 using DCC and DPTS
(Figure 15). Using these reaction conditions [4-(1-pyrenyl)butyl]
3,4,5-tris(12,12,12,11,11,10,10,9,9,8,8,7,7,6,6,5,5-heptadecafluoro-
n-dodecan-1-yloxy)benzoate (35) was achieved in 60% yield.

The pyrene-1-carboxylic acid can be obtained from the
1-acetylpyrene with pyridine and NaOCl,103 with Br2 and
NaOH,110 or alternatively directly from pyrene with oxalyl
chloride and AlCl3 which results, however, in low yield and as
amixture with the diketone.111 Pyrene-1-carboxylic acid (37) can
be involved in an esterification reaction, for example, with hexa-
peri-hexabenzocoronene 36 in the presence of EDC and DMAP
in CH2Cl2 to furnish the pyrenyl-HBC system 38, which was
used as a model to study the self-assembling of discotic π-system
dyads (Figure 16).

The 1-pyrenecarboxaldehyde is obtainable in good yield
directly from pyrene, for example, using the conditions reported

by Vollmann and co-workers with methylphenylformamide and
POCl3.

84 Other conditions include the use of dichloromethyl
methyl ether in the presence of AlCl3

112 or TiCl4.
113 It is also

possible to obtain the carboxaldehyde by oxidation of the
1-pyrenemethanol in the presence of molecular oxygen and a
ruthenium catalyst114 or from 1-(bromomethyl)pyrene by oxida-
tion with MnO2.

115

Afterward, the 1-pyrenecarboxaldehyde can be involved in
various reactions such as in the synthesis of the monomer 41
(Figure 17). The dinitro compound 40, containing a pyridine
heterocyclic ring and a pyrene pendent group, was synthesized
via a modified Chichibabin reaction. The condensation of
1-pyrenecarboxaldehyde (39) with 40-nitroacetophenone in the
presence of ammonium acetate gave 4-(1-pyrenyl)-2,6-bis(4-
nitrophenyl)pyridine (40) in one step in 57% yield. Reduction of
dinitro compound 40 in ethanol with hydrazine hydrate in the

Figure 11. Reaction to bis(difluorenyl)amino-substituted pyrene 25.

Figure 12. Coupling to afford pyrenylamines 27.

Figure 13. Reaction to give 3,6-bis(diarylamino)carbazoles 29.
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presence of catalytic amounts of palladium on carbon produced
the 4-(1-pyrenyl)-2,6-bis(4-aminophenyl)pyridine (41) in 67%

yield (Figure 17). This pyrene monomer 41 was used to prepare
the poly(pyridine-imide) for optoelectric applications. As will be

Figure 14. Esterification reaction to furnish tetrapyrene!perylene bisimide dye 32.

Figure 15. Esterification reaction to give [4-(1-pyrenyl)butyl] 3,4,5-tris(12,12,12,11,11,10,10,9,9,8,8,7,7,6,6,5,5-heptadecafluoro-n-dodecan-1-
yloxy)benzoate (35).
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described, the optical properties of this polymer can be modu-
lated upon protonation of the pyridine unit.

The 1-pyrenecarboxaldehyde can also be involved in Prato’s
1,3-dipolar cycloaddition reaction with C60 and a azomethine
ylide generated in situ in order to obtain a C60!pyrene dyad,
which allows the study of the photoinduced processes between
pyrene and an electron acceptor. The reaction of the 1-pyrene-
carboxaldehyde (39) with C60 and sarcosine in toluene gave
C60!pyrene dyad 42 in 56% yield (Figure 18).

The 1-pyrenemethanol can be easily obtained by reduction of
1-pyrenecarboxaldehyde with different reduction agents, such as
Li(BH3CN),

116 NaBH4,
113,117!119 or LiAlH4.

96 It can also be
prepared from the pyrene-1-carboxylic acid withH2SO4 followed
by reduction with LiAlH4.

110

1-Pyrenemethanol (43) can be subsequently involved in a
condensation reaction, as depicted in Figure 19. The pyrene 45
was attached to a perylene bisimide building-block in order to

prepare a fluorescent switch in which light-induced shuttling of a
macrocycle along the thread between pyrene and perylene pro-
duces changes in the interaction between the two chromophores.

Figure 16. Esterification to give pyrenyl-HBC system 38.

Figure 17. Synthetic route to 4-(1-pyrene)-2,6-bis(4-aminophenyl)pyridine (41).

Figure 18. 1,3-Dipolar cycloaddition to C60!pyrene dyad 42.
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The 1-pyrenemethylamine can be prepared by reaction of
1-pyrenecarboxaldehyde with hydroxylamine hydrochloride to
afford pyrenecarboxaldehyde oxime, followed by treatment with
Zn dust in acetic acid.120 1-Pyrenemethylamine (46) can be
further used in condensation reactions with aldehydes, such as
the one depicted in Figure 20. Compound 48 constitutes the first
generation of a series of phosphorus dendrimers bearing pyrene
as chromophoric end group, for the application in blue-
emitting OLEDs.

The preparation of 1-substituted pyrene azides is possible
starting from the 1-pyrenemethanol121 for further employment
in the CuI-catalyzed Huisgen reaction (azide!alkyne cy-
cloaddition). Thus, the reaction of pyrene azide 49 with acet-
ylene 50 in the presence of CuSO4 and sodium ascorbate in
THF/H2O furnished 51 in the excellent yield of 94%
(Figure 21).122 In the next section, we will describe the

employment of compound 51 as a building-block to prepare
light-harvesting antenna systems based on the excimer formation
of pyrene.

The Grignard reaction can also be utilized to prepare 1-sub-
stituted pyrenes, interesting for molecular electronics. For ex-
ample, the biarylmethanol 52 was synthesized in 76% yield via
Grignard reaction of the 4-bromobenzaldehyde and pyrene-1-
ylmagnesium bromide prepared in situ from 1-bromopyrene (1)
(Figure 22). The following reduction of the hydroxy group using
Me2SiHCl/InCl3 gave 1-(4-bromobenzyl)pyrene (53) in 86%
yield (Figure 22).

Another possibility to prepare pyrene-based materials is the
Friedel!Crafts reaction directly from pyrene. The Friedel!
Crafts reaction, using aluminum chloride, between cyanuric
chloride and pyrene in xylene as a halogen-free aromatic solvent
in the presence of a small amount of sodium ethoxide gave

Figure 19. Synthetic route to pyrene-containing protected amine 45.

Figure 20. Condensation reaction to obtain first-generation dendrimer 48.
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2,4-dichloro-6-pyren-1-yl-1,3,5-triazine (54) in 58% yield
(Figure 23). Compound 54 reacted subsequently with 4-bromo-
phenol in DMF utilizing triethylamine as an acid acceptor to
furnish the 2,4-bis(4-bromophenoxy)-6-pyren-1-yl-1,3,5-triazine
(55) in 51% yield (Figure 23). The pyrenyltriazine building block
55 was used to prepare two series of random copolymers with
fluorene or p-phenylene units, which behave as blue- or green-
light-emitting materials.

3.2. 1,3,6,8-Tetrasubstituted Pyrenes
Most pyrene derivatives are monosubstituted, but a practical

precursor to tetrafunctional compounds is 1,3,6,8-tetrabromo-
pyrene, which has been produced easily on the gram scale since
1937, by the bromination of pyrene at high temperatures.84

Thus, 1,3,6,8-tetrabromopyrene (56) can be obtained in high
yield (90%) via bromination with Br2 in nitrobenzene at 160 !C
(Figure 24).123

This straightforward access to 1,3,6,8-tetrabromopyrene has
opened up new routes to a broad family of C-functionalized
pyrenes obtained by Suzuki or Sonogashira coupling reactions.

The Suzuki reaction between 1,3,6,8-tetrabromopyrene (56)
and different boronic acids using palladium catalyst could furnish
different tetrasubstituted pyrenes 57!60, such the ones depicted
in Figure 25.124 The tetrasubstitution, in this case, allows a
particular conformation, which avoids aggregation between
pyrenes and permits the use of these pyrene-based derivatives
in light-emitting devices.

1,3,6,8-Tetrabromopyrene (56) can also be involved
in Sonogashira couplings. For example, the reaction of

Figure 21. Huisgen reaction to give pyrene building-block 51.

Figure 22. Synthetic route to 1-(4-bromobenzyl)pyrene (53).

Figure 23. Synthetic route to 2,4-bis(4-bromophenoxy)-6-(pyren-1-yl)-1,3,5-triazine (55).

Figure 24. Bromination reaction to 1,3,6,8-tetrabromopyrene (56).
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3,4,5-tridodecyloxyphenylacetylene with 56 gave the tetrasub-
stituted pyrene 61 in 35% yield (Figure 26).125

A different strategy is based on the previous preparation of
1,3,6,8-tetraethynylpyrene (63), which constitutes an important
building block for further Sonogashira couplings (Figure 27). In
this way, a Sonogashira!Hagihara cross-coupling of 1,3,6,8-
tetrabromopyrene (56) with trimethylsilylethyne afforded
1,3,6,8-tetrakis((trimethylsilyl)ethynyl)pyrene (62) in 83%
yield, which was deprotected with K2CO3 in methanol to give
the pyrene building block 63 in the high yield of 95% (Figure 27).

1,3,6,8-Tetraethynylpyrene (63) can be directly used in
Sonogashira cross-coupling reactions126 or in Diels!Alder

cycloadditions, as depicted in Figure 28. For instance, the
Diels!Alder cycloaddition between 63 and tetraphenylcyclo-
pentadienone 64 in o-xylene provided the first-generation den-
drimer 65 in 95% yield (Figure 28). The substitution of pyrene at
the 1,3,6,8-positions allows the incorporation of pyrene as active
core in dendrimers to evaluate the degree of site-isolation of the
core, like in the case of pyrene dendrimer 65.

1,3,6,8-Tetrabromopyrene (56) was also used in a simple
nucleophilic aromatic substitution with thiolate anions in a polar
solvent to achieve polysulfurated derivatives including pyrene
(Figure 29).127 Compound 66 was obtained in 90% yield from
4-methylbenzenethiol after heating in DMF at 80 !C in the

Figure 25. Suzuki coupling between tetrabromopyrene 56 and different boronic acids.

Figure 26. Sonogashira coupling to tetrasubstituted pyrene 61.
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presence of a strong base (NaH). The first-generation dendrimer
66 presents interesting redox properties, such as the change of
the color emission upon reversible one-electron oxidation, which
may be useful for optoelectronic devices.

An approach to attach different alkyl chains to the pyrene
aromatic system starts with pyrene-1,3,6,8-tetracarboxylic acid
(67) synthesized following the procedure of Vollmann and co-
workers84 and subsequent esterification with SOCl2 and different
alcohols to various different pyrene esters 68 (Figure 30).128

Some of these pyrene esters present columnar liquid crystalline
behavior combined with electroluminescence.

3.3. 1,6- And 1,8-Disubstituted Pyrenes
The conversion of pyrene into disubstituted pyrenes always

results in complex mixtures of the 1,6- and 1,8-disubstituted
pyrenes (Figure 31), which are difficult to isolate.

Bromination of pyrene to provide dibromopyrene results in a
mixture of 1,6- and 1,8-dibromopyrenes that can only be
separated by several fractional crystallizations from toluene based
on the only slight difference in solubility.129 The tedious and
difficult separation of 1,6-dibromopyrene affords a useful pyrene
building block for coupling reactions such as Suzuki, Sonoga-
shira, or Heck.

An interesting method to reach tetrasubstituted pyrenes with
two different functional groups consists of the use of two Suzuki
coupling reactions, as presented in Figure 32.130 Reaction of 1,6-
dibromopyrene (69) with 3-pyridinylboronic acid in the pre-
sence of Pd(PPh3)4 and K2CO3 in THF gave 1,6-dipyridin-3-
ylpyrene (70) in 74% yield. Bromination of compound 70 with

pyridinium hydrobromide perbromide in 1,2-dichlorobenzene
furnished 3,30-(3,8-dibromopyrene-1,6-diyl)dipyridine (71) in
70% yield. A second Suzuki coupling with 2-naphthylboronic
acid afforded 3,30-(3,8-dinaphthalen-2-ylpyrene-1,6-diyl)dipyridine
(72) in 80% yield. Tetrasubstituted pyrene 72 was then used as
a new electron transport material for the fabrication of blue
OLED devices.

The most common reactions using 1,6-disubstituted pyrenes
include Sonogashira couplings. For example, the reaction of 1,6-
diethynylpyrene (73) with carbazole derivatives 74 and 76 under
Sonogashira conditions allowed the preparation of the 1,6-
disubstituted pyrenes 75 and 77, as depicted in Figure 33.131

These pyrene-carbazole-based organic emitters 75 and 77 were
used in the fabrication of electroluminescent devices.

The Heck coupling is also frequently employed in the
preparation of 1,6-disubstituted pyrene-based oligomers or poly-
mers. One such example is the reaction of 1,6-dibromopyrene
(69) with 1,4-didodecyloxy-2,5-divinylbenzene in the presence
of Pd(OAc)2 and P(o-tolyl)3 in DMF and Et3N to afford the
fluorescent pyrene-based polymer 78 in the good yield of 80%
(Figure 34).132

Beside the frequently employed coupling reactions, the direct
oxidation of pyrene has also appeared as an alternative method to
prepare 1,6- and 1,8-disubstituted pyrenes.84 The weakness of
this route lies in the fact that the obtained mixture of 1,6- and 1,8-
disubstituted pyrenes cannot be easily isolated.

Pyrene-1,6-dione (79) and pyrene-1,8-dione (80) were pre-
pared in a ratio 1:1 (55% yield) by the oxidation of pyrene with
sodium dichromate in 3 M H2SO4 solution (Figure 35). It is

Figure 27. Synthetic route to 1,3,6,8-tetraethynylpyrene (63).

Figure 28. Diels!Alder cycloaddition to first-generation dendrimer 65.
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common that the mixture of 1,6- and 1,8-disusbtituted pyrenes
will be involved in the next reaction step, due to their highly
difficult separation. Thus, the mixture was treated with an alcohol
in the presence of FeCl3 to prepare the corresponding alkoxy
pyrene derivatives 81 and 82 in 23!38% yields. Disubstituted
pyrenes 81 and 82 constitute a new class of π-acceptor discotic
liquid crystalline compounds having a pyrenedione core.

3.4. 1,3-Disubstituted Pyrenes
Although the electrophilic substitution of pyrene occurs at the

1,3,6,8-positions, as previously mentioned, the formation of 1,3-
disubstituted pyrenes is not easily accessible, since the 1,6- and
the 1,8-disubstituted pyrenes are preferentially formed. Very
recently, however, our group developed an innovative approach
to selectively obtain 1,3-disubstituted pyrenes (Figure 36).

This synthetic concept includes the use of a tert-butyl group as
a positional protective group and low temperature reaction
conditions to provide the 1,3-disubstituted pyrene in high yield.
Thus, pyrenewasfirstmono-tert-butylated to give 2-tert-butylpyrene

(83), which was then treated with bromine (2 equiv) in CH2Cl2 at
!78 !C to furnish 1,3-dibromo-7-tert-butylpyrene (84) in 89%
yield (Figure 37).133 The monomer 84 was used to prepare the
respective polymer as blue-emitter for single-layer OLEDs.

This new 1,3-dibromopyrene building block opens a new field
in terms of 1,3-substitution of pyrenes, allowing many possibi-
lities in terms of coupling reactions such as Suzuki, Sonogashira,
Yamamoto, or Heck, for example.

We recently reported the Suzuki coupling reaction of 1,
3-dibromo-7-tert-butylpyrene (84) with 7-tert-butylpyrene-1-
boronic acid pinacol ester (85) to afford 7,70,700-tri-tert-butyl-1,
10:30,100-terpyrene (86) in 68% yield (Figure 38).133 Com-
pound 86 was used as a model compound to study the photo-
physical properties and stereoisomerism of polypyrene
dendrimers.133

3.5. 2,7-Substituted Pyrenes
Substitution of pyrene at the 2- and 7-positions (Figure 39)

represents a general problem, as these positions are not directly
accessible by electrophilic substitution of pyrene itself, thus
demanding an indirect route.

The usual approach to substitution of the 2-position of pyrene
follows the lines of the early work of Vollmann,84 who started
with the carboxylic acids at the 2-position prepared from the
1,2-phtaloylpyrene in the melt with potassium. The synthesis
of the acids themselves often involved unpredictable yields
and tedious separation of isomers. Furthermore, this method
is difficult for the introduction of halogens, in that the acid
is converted to the amine, which must then be changed to
the halide by the Sandmeyer reaction or a variation thereof,
which normally proceeds in low yield with polynuclear aro-
matic amines.

Figure 29. Synthesis of first-generation dendrimer 66.

Figure 30. Esterification reaction to tetrasubstituted pyrene esters 68.

Figure 31. General structure of 1,6- and 1,8-disubstituted pyrenes.
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In an effort to circumvent these difficulties, two main ap-
proaches have been employed: (a) the reduction of pyrene to
4,5,9,10-tetrahydropyrene followed by electrophilic substitution
and subsequent rearomatization and (b) use of cine substitution
via a 1,2-dehydropyrene intermediate to convert 1-bromopyrene
to a mixture of 1- and 2-aminopyrene, separation of the amines,
and conversion to the halide. However, these are multistep and

low-yielding processes, which increase the difficulty in obtaining
the 2,7-substituted pyrenes.

An example of this indirect route to achieve functionalization
at the 2,7-positions is depicted in Figure 40. 4,5,9,10-Tetrahy-
dropyrene (87) was synthesized in 85% yield by the reduction of
pyrene with H2 and palladium on carbon (Figure 40). Com-
pound 87 was converted to 2,7-dibromotetrahydropyrene (88)

Figure 32. Synthetic route to 3,30-(3,8-dinaphthalen-2-ylpyrene-1,6-diyl)dipyridine (72).

Figure 33. Sonogashira coupling to 1,6-disubstituted pyrenes 75 and 77.
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in 55% yield following the modified bromination developed by
Harvey et al., who used a solution of 87 in acetic acid. Subse-
quently, 2,7-dibromotetrahydropyrene (88) was monolithiated
with n-BuLi at !90 !C and reacted with octyl chloroformate to
yield the ester 89 in one step in 72% yield. The ester 89 was
oxidized with 2 equiv of DDQ to give compound 90 in 63% yield.

Recently, a one-step synthesis was reported to obtain pyrene-
2,7-bis(boronate)ester in very good yields using an iridium-based
catalyst.134 The pyrene-2,7-bis(boronate)ester and the pyrene-
2-(boronate)ester obtained following this method can be directly
used in several Suzuki couplings. On the basis of this boronation
reaction, our group developed a new synthetic method to
synthesize the 2,7-dibromopyrene in only two steps and in high

yields (Figure 41). Bromination of pyrene-2,7-bis(boronate)-
ester (91) with CuBr2 afforded 2,7-dibromopyrene (92) in the
good yield of 70%. Following the same strategy, pyrene-2-
boronate ester (93) provided 2-bromopyrene (94) in 75% yield
(Figure 41).

This strategy circumvents difficulties in obtaining 2,7-dibro-
mopyrene (92) and 2-bromopyrene (94) and opens many
possibilities in terms of using these attractive building-blocks in
different coupling reactions.

3.6. 4,5,9,10-Substituted Pyrenes
The 4,5,9,10-positions of the pyrene ring are very interesting

for the preparation of extended aromatic systems; however, as in
the case of the 2-substituted pyrenes, these positions are difficult
to reach (Figure 42).

Several attempts have been made to prepare pyrene-4,5-
diones and pyrene-4,5,9,10-tetraones directly from pyrene. Pyr-
ene-4,5-dione has been prepared in low yield by the oxidation of
pyrene with the highly toxic osmium tetroxide.135 The pyrene-
4,5-dione and pyrene-4,5,9,10-tetraone have been also prepared
by multistep synthetic routes.136!138 To avoid such multistep
routes to the tetraones, the oxidation of pyrene was reported
using a heterogeneous mixture of ruthenium(III)chloride
(RuCl3) and sodium periodate (NaIO4) in CH2Cl2, H2O, and
CH3CN, which selectively provided pyrene-4,5-dione (95) and
pyrene-4,5,9,10-tetraone (96), depending on the reaction

Figure 34. Heck coupling to pyrene-based polymer 78.

Figure 35. Synthetic route to pyrenediones 81 and 82.

Figure 36. General structure of 1,3-disubstituted pyrenes.
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temperature and the amount of oxidant used (Figure 43).139 This
strategy opened many possibilities in terms of extension of the
pyrene conjugated system by simple condensation reactions.140

An example of the use of pyrene-4,5-dione (95) is depicted in
Figure 44. Pyrene-4,5-dione was condensed with 1,3-diphenyla-
cetone in ethanol in the presence of KOH to achieve 1,3-
diphenylcyclopentapyren-2-one (97) in 53% yield. Sequential
aryne formation from the triflate precursor triggered by TBAF
(tetrabutylammonium fluoride), followed by trapping with 2
equiv of pyrene 97 afforded compound 98 in 22% yield
(Figure 44). The electroluminescent pyrene 98, also called
“twistacene”, was used as emitter with a host polymer to fabricate
single-layer white OLEDs.

Another important strategy to reach the 4,5,9,10-position of
the pyrene ring includes the use of two tert-butyl groups at the
2,7-positions as positional protective groups and the presence of

iron in the reaction mixture. Thus, bromination of 2,7-di-tert-
butylpyrene (99) with 6.0 equiv of bromine in the presence of
iron powder resulted in an acid-catalyzed rearrangement of
bromine atoms and gave 4,5,9,10-tetrabromo-2,7-di-tert-butyl-
pyrene (100) in 90% yield (Figure 45).141

The building block 100 allows many metal-catalyzed cross-
coupling reactions with the possibility of removal of the tert-butyl
groups using acid conditions.

A special case of functionalization of the pyrene ring is
achieved via direct nitration. The nitration of pyrene by means
of an equivalent amount of nitric acid in glacial acetic acid affords
amixture of 2- and 4-nitropyrene 101, which is extremely difficult
to separate, since their properties are expected to be similar
(Figure 46). If the properties of this mixture of isomers are
expected not to interfere with the properties of the final
compound, it is possible to proceed to the next synthetic step
using the mixture, such as in the case depicted in Figure 46.

Reaction of the isomers mixture 101 with hydrazine mono-
hydrate and Pd/C afforded a mixture of 2- and 4-aminopyrene
102 in 72% yield. Consequent condensation with 1,7-(4-tert-
butylphenoxy)perylene-3,4,9,10-tetracarboxylic dianhydride (103)
afforded the pyrene!perylene dyad 104 in 70% yield (Figure 46).
This pyrene!perylene system 104 was used as an acceptor
material in the fabrication of photovoltaic devices.

In the following section we will show how these pyrene-
containingmolecules were employed as active semiconductors in
devices. Most of the structures described in section 3 will be
revisited in section 4 regarding their light-emitting behavior and
semiconducting properties. The design of different molecular
architectures based on the different substitution patterns of
pyrene will be analyzed, as well the optical and electronic
properties, in addition to the photoinduced processes, which
are of particular interest in molecular electronics. Furthermore,
we will highlight the role of these pyrene derivatives as

Figure 38. Synthesis of 7,70,700-tri-tert-butyl-1,10:30,100-terpyrene (86).

Figure 39. General structure of 2,7-disubstituted pyrenes.

Figure 37. Synthesis of 1,3-dibromo-7-tert-butylpyrene (84).
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semiconductor materials and evaluate these molecular compo-
nents with respect to device fabrication and performance.

4. PYRENES AS ACTIVE COMPONENTS IN DEVICES

4.1. 1-Substituted Pyrenes
4.1.1. Linear Structures. Monosubstituted pyrenes are the

most common pyrene derivatives and have been often involved in
the preparation of small molecules and oligomers, as well as end-
groups of polymers with interesting properties for organic electro-
nic devices. Suitablemodifications of themolecular structures with
electro- or photoactive groups should allow the 1-substituted
pyrenes to be transformed to more intelligent systems with
improved charge carrier mobilities and/or photoluminescence
for application in electronic and optoelectronic devices.
In molecular electronics it is also important to understand

intramolecular charge transfer processes, such as energy and
electron transfer, since these are fundamental processes in
photochemistry. Molecular systems that contain several electron
donors and/or acceptors tethered together using various types of
bridge molecules have been extensively investigated. The princi-
pal aims of these studies have been to develop a better under-
standing of electron transfer, to mimic the very efficient electron
transfer in the photosynthetic reaction centers, and to develop
molecular electronic devices. Intramolecular charge transfer in
organic systems has been widely investigated to identify the
factors controlling the charge separation and charge recombina-
tion critical in molecular devices. Electronic interactions and
charge transfer efficiencies in donor!acceptor systems based on
pyrene have been investigated by comparing experimental and
theoretical results. Intramolecular energy transfer processes in
donor!acceptor systems including pyrene have been studied in a
biphenylbisphthalimidethiophene142 and in a fullerene!pyrene
dyad.143 Moreover, electron transfer processes have been re-
ported in donor!acceptor systems including pyrene, such as
pyrene and a xanthene dye;144 also systems in which donor and

acceptor are directly linked through a C!C σ-bond;145 through
conjugation via phenylene units;146!148 linked via an ethynylene
bridge;149 or in a anion-bound supramolecular complex.150

In addition to the study of the photophysical properties and
charge-transfer processes, which are of particular importance for
the further development of electronic devices, many pyrene-
based semiconductors have effectively been tested in the fabrica-
tion of devices such as OLEDs, for example.
Recently, it was demonstrated how the fine-tuning of the

molecular structure can have a deep impact on optical and
electronic properties by simple insertion of a phenylene group
between two pyrene rings.90 The 1,10-dipyrenyl151!154 and the
1,4-dipyrenylbenzene were synthesized from 1-bromopyrene
under Suzuki coupling conditions and used as emitters for
greenish blue OLED devices. Multilayer devices fabricated with
1,4-dipyrenyl benzene showed a power efficiency of 5.18 lm/W
at a voltage, current density, and luminance of 5.2 V, 20 mA/cm2,
and 1714 cd/m2, respectively. For the same device configuration,
but using 1,10-dipyrenyl, the best power efficiency was 4.09 lm/W
at a voltage, current density, and luminance of 5.6 V, 20 mA/cm2,
and 1459 cd/m2, respectively. The device fabricated with 1,4-
dipyrenylbenzene shows better brightness and higher lumines-
cence efficiency and power efficiency relative to the device with
1,10-dipyrenyl. These values show that the pyrenyl group is a
good luminescent center, and the insertion of a phenylene group
between two pyrenes improves the performance of the device.
Similar dipyrenylbenzene derivatives and their application as

extremely efficient blue emitters for electroluminescent devices
were studied as well.94 The three dipyrenylbenzenes 3, 5, and 6
prepared by Suzuki coupling present twisted structures
(Figure 47), which results in a low degree of π!π stacking in
the solid state, and their emission wavelengths can be fine-tuned
from 463 to 446 nm in thin films with high fluorescence quantum
yields of 63!75%.
Furthermore, the nondoped devices based on 1-(2,5-dimeth-

yl-4-(1-pyrenyl)phenyl)pyrene (6) as a host emitter can reach an

Figure 40. Synthetic route to achieve pyrene building block 90.
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remarkably high external quantum efficiency (ηext) of 5.2% in
the deep-blue region with CIE coordinates of (0.15, 0.11) and
a very high luminance of 40 400 cd m!2 at 14 V. These
materials have been shown to be excellent charge transporters
and host emitters in OLED applications. These light-emitting
characteristics are among the highest values reported so far
for nondoped blue OLEDs and particularly correspond to
the best performance achieved for nondoped pyrene-based
blue OLEDs.
Beside the application of pyrene derivatives as light-emitting

or light-emitting and transporting materials, pyrene-based sys-
tems have also find application as host materials in OLEDs. 1,3,5-
Tri-1-pyrenylbenzene (105) was designed as a host material for
blue emitters (Figure 48).155

A highly efficient blue OLED device was produced using
compound 105 as host material. This fact comes from the
favorable relation in the energy diagram in which both HOMO
and LUMO levels of the dopant are enclosed in the band gap of
the host material. The long lifetime of the device with 105 is due
to the stable morphology of 105, due to the high Tg of 105.
The design of innovative molecular structures combining

pyrene and fluorene moieties has appeared as an important
approach for the fabrication of blue-light-emitting OLED de-
vices. Pyrene and fluorene are both widely investigated blue-
emitting chromophores. However, pyrene in addition to its high
photoluminescence efficiency and high charge carrier mobility, is
a large planar aromatic system with better hole-injection ability
than conjugated fluorene derivatives, because of its electron-rich
character.
A series of fluorene derivatives, namely, 2,7-dipyrene-9,90-

dimethyl fluorene (106), 2,7-dipyrene-9,90-diphenylfluorene
(107), and 2,7-dipyrene-9,90-spirobifluorene (108), constituted
exclusively by carbon and hydrogen atoms was investigated
(Figure 49).156

The pyrene units were introduced because they are highly
emissive, bulky, and rigid, in order to improve the fluorescence
quantum yield and thermal stability of the fluorene derivatives.
These compounds containing pyrene groups at the C2,7-posi-
tions showed blue light emission with high fluorescence quantum
yields. Further modification at the C9-position with dimethyl,

Figure 41. A new method to prepare 2-bromopyrene (94) and 2,7-dibromopyrene (92).

Figure 42. General structure of 4,5,9,10-tetrasubstituted pyrenes.
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diphenyl, or spiro substituents allowed the fine-tuning of the
thermal stability. As the size of the substituents at the C9-position
increases from two methyl groups to a fluorene group, the glass-
transition temperature (Tg) of the compounds increases from
145 to 193 !C. The blue-light-emitting OLEDs based on these
compounds showed excellent efficiencies of 5.3 cd A!1 and
3.0 lm W!1 in nondoped OLED devices. This high efficiency
arises from the molecular structure of the materials, which results
in appropriate HOMO and LUMO levels for both hole and
electron injection. Also, the good charge-carrier-transport prop-
erties and the high fluorescence efficiency contribute to the high
performance of the devices.

A related system 10 bearing a vinylene unit was synthesized via
Heck coupling as previously described in Figure 5.95 The two
hexyl chains at the C9-position of the fluorene enhance the
solubility. A high photoluminescence efficiency of φPL = 0.64 was
measured in solution, while the photoluminescence efficiency of
the thin films was significantly lower, resulting in φPL = 0.02. This
is due to the strong photoluminescence quenching caused by
excimer formation. OLED structures with ITO/PEDOT:PSS/
10/Mg:Ag/Ag displayed green electroluminescence with a
brightness of up to 240 cd m!2, which is a low value. Very poor
EL characteristics were observed in the OLED devices, i.e., ηEL
was 4.3 % 10!5 % at 30 V. This low ηEL results from the high-
energy barrier for hole injection and the poor film quality of the
thin-film layer. As demonstrated, modification of the molecular
structure by including vinylene units resulted in a strong pro-
pensity toward excimer formation and concentration quenching,
leading to low emission efficiency.
Recently, a series of well-defined, pyrene-modified oligo-

(2,7-fluorene ethynylene)s was synthesized in order to study
the influence of pyrene on the photo- and electrolumines-
cence properties of the pyrene!fluorene oligomers 109!111
(Figure 50).157

These pyrene-containing oligomers were obtained via Pd/Cu-
catalyzed Sonogashira couplings and exhibit good solubility,
stable thermal properties, and high photoluminescence emission.
The extended structure between pyrene and fluorene, resulting
from the triple bonds, reduced the steric hindrance of the bulky

Figure 43. One-step synthesis to pyrene-4,5-dione (95) and pyrene-4,5,9,10-tetraone (96).

Figure 44. Synthetic route to twistacene (98).

Figure 45. Bromination to afford 4,5,9,10-tetrabromo-2,7-di-tert-butyl-
pyrene (100).
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rigid pyrene andmade themoleculesmore planar, relative to aC!C
single bond. The strongly red-shifted emission of 109 in a thin film,
compared to solution, is due to the formation of excimers between
pyrene units, which caused the low-energy emission. The PL
quantum yields of the oligomers were in the range of 0.78!0.98,
which became higher with increasing length. Moreover, 111 (φ =
0.98) exhibited a higher quantum yield than oligomers with similar
chain length. The difference in quantum yields might be due to the
excitons extended over the whole backbone of 111. Multilayer
OLEDs using these materials as emissive layers showed that for
oligomers 109, 110, and 111, the EL emissions were observed from
green to blue with an increasing number of fluorene moieties.
Interestingly, the performance of the devices decreased as chain
length increases.One possible explanation for this phenomenonwas
that the oligomerswithmore fluorene units crystallizedmore readily
than the oligomers with fewer fluorene units. It is well-known that
crystallization is disadvantageous to the electroluminescent proper-
ties of organic materials. As a result, the maximum luminance of
these oligomers decreasedwith the chain length. On the other hand,
the current density becamehigherwith increasing oligomeric length.
This result is in accordance with the previously reported depen-
dence of carriermobility on oligomer length, that is, themobilities of
both carriers increased with the backbone length. By comparison,
relatively greater current density could also be observed in oligomers
with more pyrene moieties.
The design of a different trimer system including pyrene

and fluorene as bulky and highly blue emissive groups and

triphenylamine as hole-transporting moiety was achieved using
Suzuki coupling, which resulted in a novel class of blue-light
emitting materials 112 and 113 (Figure 51).158

These compounds have a three-dimensional conformation,
which is beneficial for inhibiting self-aggregation and/or excimer
formation in the solid state. In thin films, a blue emission with a
peak at 440!470 nm without the unwanted long-wavelength
emission was observed. The photoluminescence spectra exhib-
ited excellent thermal stability upon annealing in air. The
introduction of the triphenylamino groups at the C9-positions
of the fluorene molecule resulted in a suitable HOMO energy
level, which allowed effective hole injection. The attachment of

Figure 47. Dipyrenylbenzenes 3, 5, and 6.

Figure 48. Chemical structure of 1,3,5-tri-1-pyrenylbenzene (105).

Figure 46. Synthetic route to pyrene!perylene dyad 104.
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pyrene as a highly emissive moiety increases the fluorescence
quantumyield. These trimer systems presented outstanding thermal
stability with decomposition temperatures from 453 to 509 !C and
showed high glass-transition temperatures of 153!174 !C.
Novel fluorene-substituted pyrenes including a pyrene unit at

the C9-position of the fluorene moiety were investigated,
namely, the new nonplanar 9-phenyl-9-pyrenylfluorenes 114
and 115 (Figure 52).159 These pyrene-fluorene derivatives 114
and 115 were obtained via Suzuki coupling.

These materials combine the high thermal stability of the
fluorene moiety with the high efficiency, high carrier mobility,
and hole-injection advantage of pyrene. A OLED device, ITO/
TCTA/115/BCP/Mg:Ag, without the need for hole-injection
layer, showed very bright blue electroluminescence (EL) (19 885
cd m!2), with the low turn-on voltage of 3.5 V, current efficiency
of 3.08 cd/A, and power efficiency of 1.17 lm/W, which is
competitive with the best doped and nondoped blue OLEDs.
This high performance of a nondoped blue OLED uses a simple

Figure 49. Chemical structure of fluorenes 106!108.

Figure 50. Pyrene-modified oligo(2,7-fluorene ethynylene)s 109!111.

Figure 51. Chemical structure of 112 and 113.



7284 dx.doi.org/10.1021/cr100428a |Chem. Rev. 2011, 111, 7260–7314

Chemical Reviews REVIEW

device architecture, avoiding the need for hole-injection layers,
thereby simplifying device fabrication. The introduction of a long
alkyloxy chain in 9-alkylphenyl-9-pyrenylfluorene substituted
pyrenes results in a better solubility and a lower tendency to
crystallize in the devices.160

Very recently, it was demonstrated how to take advantage of
the supramolecular π!π stacking in new pyrene-functioned
fluorenes 116 and 117, as efficient solution-processable small
molecules for blue and white organic light-emitting diodes
(Figure 53).161

Modification of the molecular structure by incorporating only
one 2-ethylhexyloxyl solubilizing chain allowed the formation of
smooth films by spin-coating. The photophysical measurements
revealed that the π!π aggregation of pyrene increased the film-
forming ability. In solution these molecules exhibit deep blue
emission from the isolated molecules, and in thin film, their
emission is dominated by supramolecular π!π stacking of
pyrene rings, which is located in the sky-blue region and is very
broad. A single layer OLED using 116 as the bulk emitter showed
efficient sky blue emission with the maximum brightness over
3600 cd/m2 and peak efficiency up to 1.30 cd/A. Furthermore, a
white electroluminescent device was obtained by doping MEH-
PPV into the host 116. Single layer white OLEDs displayed a
maximum brightness of 5710 cd/m2 and peak efficiency of 1.84
cd/A. The performance of these devices is reasonable for single
layer OLEDs with emission of blue and white light; however,
they have the advantage of using solution-processable small
molecules.
Insertion of ethynylene units into the previous molecular

structure via Sonogashira coupling as previously demonstrated
in Figure 8 resulted in solution-processable molecular glasses
with green light emission (compounds 17 and 18).98 These

pyrene-functionalized diaryl-fluorenes present high thermal and
morphological stabilities for optoelectronic applications. Single-
and double-layered devices displayed efficient green emission,
and the emission color remained fairly stable with increasing
current. A single-layered device using CsF as the cathode showed
a maximal current efficiency up to 2.55 cd/A and a maximal
brightness over 8000 cd/m2, which is relatively high for a
solution-processed small molecule OLED.
Another solution-processable light-emitting dye reported re-

cently is the bis(difluorenyl)amino-substituted pyrene 25,
synthesized via a palladium-catalyzed C!N coupling, as earlier
shown in Figure 11.104 Simple double-layer devices from a
solution process showed green emission with external quantum
efficiency of 1.06%.
Another way to increase thermal stability and/or a glassy state

durability of organic compounds is the addition of carbazole
moieties into the molecular structure. Therefore, the new
molecular structures 118 were designed and synthesized via
palladium-catalyzed amination (Figure 54).106

The high decomposition temperatures (Td > 450 !C) of
118a!c suggest that the presence of carbazole and pyrene
moieties is definitely beneficial to their thermal stability. The
ability of 118a!c to form stable glasses is likely due to the
asymmetry of the amines in these compounds, as reported before
for similar asymmetric diamine compounds. The most unusual
feature of these compounds is their rather high glass transition
temperature (Tg = 180!184 !C), which may offer improved
lifetime in devices. Compounds 118a!c are green light emitters
in both solution and the solid state. The solution fluorescence
quantum yields were found to be 0.12, 0.11, and 0.19, respec-
tively, for 118a, 118b, and 118c. Double-layer EL devices were
fabricated using compound 118a as the hole-transport layer as

Figure 52. Chemical structure of 9-phenyl-9-pyrenylfluorenes 114 and 115.

Figure 53. Chemical structure of fluorene-substituted pyrenes 116 and 117.
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well as the emitting layer and TPBI [1,3,5-tris(N-phenylbezimi-
dazol-2-yl)benzene] as the electron-transport layer. Green light
emission from 118a at 530 nm was observed. Preliminary
measurements showed promising physical performance: turn-
on voltage of 5 V, maximum luminescence of 38 000 cd/m2 at
13.5 V, external quantum efficiency of 1.5% at 5 V, and luminous
efficiency of 2.5 lm/W at 5 V.
Modification of the molecular structure via introduction of a

cyano substituent on the carbazole moiety allowed a better
balance of the electron- and hole-transport rates for high-
performance electroluminescent devices.162 This 3-cyano-9-dia-
rylamino carbazole 119 emits in the green region, with φPL of
0.54; in addition it combines hole-transport/light-emitting/
electron-transport functions (Figure 55) and therefore results
in highly efficient EL devices. This type of three-in-one device
material is particularly interesting for the easy fabrication of
single-layer OLEDs.
A new type of molecular structure, achieved via Pd/Cu-

catalyzed Sonogashira coupling, combines pyrene, carbazole,
and fluorene moieties, such as compounds 120 and 121
(Figure 56).163

Here, pyrene was incorporated for its electron-accepting
nature, while carbazole has the common hole-transporting func-
tion. Two heptyl groups were introduced at the 9-position of
fluorene in order to increase the solubility for easier device
fabrication. The introduction of two heptyl groups could in-
evitably decrease the intermolecular interactions and afford
higher emission efficiency in thin films. The device structure
fabricated via the spin-coating technique was ITO/PEDOT:
PSS/121/TPBI/Al, where PEDOT:PSS and TPBI were used
as the hole-injection and electron-transport layer, respectively.
The device showed green emission, a low turn-on voltage of
about 4.6 V, and a low operation voltage with low brightness for

green emission (100 cd m!2 at≈7 V, 1000 cd m!2 at≈9 V), as
well as an external quantum efficiency of 0.41%. These devices,
based on pyrene!fluorene!carbazole derivatives, showed low
turn-on voltages, however, also a low brightness, which corre-
sponds to an inferior device performance relative to the standard
green emitting ITO/R-NPB/Alq3/Mg:Ag device reported in
literature and other systems here previously mentioned. How-
ever, these systems have the advantage of solution processability.
Electroluminescent materials 122 and 123 were reported

comprising electron-deficient quinoxalines, electron-rich triary-
lamine segments, and fluorophores such as carbazole, fluorene,
and pyrene, whose preparation involved a key step Pd-catalyzed
C!N coupling reaction (Figure 57).164 OLED devices were
fabricated with the configuration ITO/122/TPBI/Mg:Ag and
showed green emission at 504 nm with (0.20, 0.53) CIE
coordinates, an external quantum efficiency of 1.53%, and a
maximum luminance of 49 120 cd/m2. The same device config-
uration using compound 123, revealed also a green emission at
512 nm with (0.23, 0.57) coordinates, an external quantum
efficiency of 1.88%, and a maximum luminance of 70 850 cd/m2.
These green-emitting devices show promising parameters such
as exceptional brightness and are better relative to the standard
green-emitting ITO/R-NPB/Alq3/Mg:Ag devices reported in
the literature.165 The incorporation of fluorene and pyrene
greatly improves the brightness of the emission in the devices,
while pyrene and carbazole units strengthen the thermal proper-
ties such as glass transition temperature and decomposition
temperature.
Pyrenyl-substituted fluorenes 124 with a novel structure

including hexanyl as the linker between two fluorene moieties
have been synthesized via Suzuki cross-coupling (Figure 58).166

These pyrenyl-substituted fluorenes tend to form amorphous
structures arising from the high steric hindrance. DSC results
suggested that these pyrene derivatives are more suitable for
making stable films for organic electronic devices. Optical
properties revealed that these derivatives have high molar
extinction coefficients and can prevent severe aggregation in
the film state due to the particular molecular structure. The cyclic
voltammetric curves showed that these derivatives could be used
as strong electron-donating materials.

Figure 54. Chemical structure of carbazole-substituted pyrenes 118.

Figure 55. Chemical structure of 3-cyano-9-diarylamino carbazole 119.

Figure 56. Chemical structure of pyrenes 120 and 121.



7286 dx.doi.org/10.1021/cr100428a |Chem. Rev. 2011, 111, 7260–7314

Chemical Reviews REVIEW

In order to understand how molecular structure and supra-
molecular arrangement determine the efficiency of the transfor-
mation of electrical into photonic energy, two multifunctional
dyes 125 and 126 containing phenothiazine and dibenzodioxine
as electron-donor group and pyrene as emissive subunit and
electron acceptor (Figure 59) were synthesized and their optical
properties investigated in solution and in a polymer-embedded
single-layer OLED.167

The phenothiazine 125 exhibits almost identical emission
spectra upon photochemical or electrochemical activation. In the
case of the dibenzodioxine 126, the electrochemically generated
luminescence is significantly weaker than the photochemically
generated luminescence (as expected from the lower stability of
the radical ions) and shifted to a longer wavelength. Obviously, the
excimer emission of 126 is preferentially generated. Therefore,
125 appears to be a better candidate for OLED fabrication,
because it gives stable radical ions and has a comparatively more
efficient luminescence. Single-layer OLED devices showed low
external quantum yields of Φ(125) = 3.5 % 10!3% and Φ(126) =
3.0 % 10!4%. The addition of a hole-blocking layer and variation
of the polymer matrix resulted in higher quantum yields reaching
0.12%, which is still low. The electrochemiluminescence of 125 is
more efficient than that of 126.
Several pyrene-containing oligothiophene systems were re-

ported as active components in organic electroluminescent
devices.168 In oligothiophenes, the high conjugation causes
substantial red-shifts of the electronic absorption and emission
transitions into the visible region, considerably lowering the

oxidation potentials and high stabilization of the resulting radical
cationic species, which constitutes beneficial features for electro-
nic materials.169

For the purpose of improving the emissive properties, oligothio-
phenes 8, 127, and 128 (Figure 60) were modified with fluorescent
pyrenes at the 1- or 2-positions.168 The attachment of the pyrene
units was achieved via Stille coupling as previously mentioned.
The insertion of pyrenes has the advantage of not only

enhancing the fluorescence but also the thermal stability and
charge-transport capability of the oligothiophene films. The
single-layer EL devices of the pyrene-bearing oligothiophenes
sandwiched between an ITO electrode and an Al/LiF bilayer
electrode emitted versatile visible light depending on the chain
lengths and the substitution positions (8, x = 1, yellow; 8, x = 2,
orange; 127, green; 128, orange; Figure 60), and the EL spectra
have close resemblance to the respective PL spectra. The
maximum brightnesses of these EL devices, except for that of 8
(x = 1), were, however, rather low, despite the high current
density: 8 (x = 1), 1860 cd m!2 at a driving voltage of 12.5 V; 8
(x = 2), 53 cdm!2 at 13.7 V; 127, 130 cdm!2 at 9.5 V; 128, 37 cd
m!2 at 14.5 V. Comparison of these devices in the respective 1-
or 2-substitution series evidently indicates that the EL perfor-
mance tends to decrease with increasing chain lengths of
oligothiophenes. The low brightness of the EL devices is under-
standable in terms of the inherent p-type semiconducting
character of oligothiophenes, which favor hole injection from
the anode more effectively than electron injection from the
cathode. The chain extension of the oligothiophene backbone
probably strengthens the p-type character much more to pro-
mote a charge imbalance in the single-layer structure. Consistent
with this explanation, the maximum luminance of the pyrene-
bearing oligothiophenes can be enhanced by 1 order of magni-
tude by the fabrication of double-layer structures, where
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) is incor-
porated as a hole-blocking layer.

Figure 57. Chemical structure of 122 and 123.

Figure 58. Chemical structure of pyrenyl-substituted fluorenes 124.

Figure 59. Chemical structure of 125 and 126.
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Related pyrene-substituted oligothiophene derivatives 129
and 130 (Figure 61) synthesized via Wittig reactions were
utilized as p-type semiconducting layers in OFETs.97

OFETs were fabricated using the top contact geometry with
Au contacts, and thin films of the two conjugated oligomers were
produced by vacuum evaporation. The devices performed as
p-type transistors with hole mobility values in the range of
10!5!10!3 cm2 V!1 s!1. These values are much lower than
those obtained for related 1,4-distyryl oligothiophenes. Although
spectroscopic studies in solution show that the introduction of
the pyrene moieties induces a significant extension of electronic
conjugation and, consequently, a reduction of the gap value, it is
likely that they have a nonplanar structure, in contrast to the case
of their distyryl analogues, which could hamper efficient
π-stacking in the solid state. It was also observed that the pyrene-
containing oligomers form highly disordered crystalline thin
films. All together, these features could account for the inferior
transistor performances of the pyrene-compound-based OFETs.
Optimized FET devices utilizing a pyrene organic radical

derivative resulted in low operating voltages and excellent p-type
FET characteristics. OFET devices were fabricated with a layer of

vacuum-deposited 1-imino nitroxide pyrene (131) (Figure 62)
as semiconductor on a SiO2/Si substrate with top-contact
configuration.170,171

The devices gave rise to a holemobility of about 0.1 cm2 V!1 s!1

with an on/off ratio of nearly 5% 104. This is the OFET with the
highest performance for the examples of OFETs based on an
organic radical. A low threshold voltage of about !0.6 V and
inverse subthreshold slope of about 540 mV decade!1 was also
obtained, which are much lower values than those of OFETs
based on many organic semiconductors with SiO2 as the gate
insulator, such as pentacene or P3HT. These values are accep-
table when compared to other OFETs using vacuum-deposited
small molecules; however, they corresponds to the best perfor-
mance achieved so far for OFET devices based on pyrene
derivatives.
OFETs based on pentacene have attracted much attention in

the last years since pentacene has shown the highest charge-
carrier mobility in polycrystalline films (up to 5 cm2 V!1 s!1).
Because pentacene is almost insoluble in the common organic
solvents, it is processed only by vacuum deposition. When
appropriately functionalized, pentacene can offer high charge
carrier mobilities combined with stability and processability.
These reasons make pentacene derivatives a very rich source of
discovery and excitement in the field of organic semiconductors.
Anthony and co-workers introduced substituted ethynyl groups
at the 6- and 13-positions of pentacene, for further substitution
with alkyl or trialkylsilyl groups.172,173 Recently, the related
pyrene!pentacene dyad 132 (Figure 63) was reported, from
which the absorption was tuned in the visible region of the

Figure 60. Chemical structure of pyrene-modified oligothiophenes 8,
127, and 128.

Figure 61. Chemical structure of pyrene-modified oligothiophenes 129
and 130.

Figure 62. Chemical structure of 1-imino nitroxide pyrene (131).
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spectrum relative to the pentacene-TIPS previously described by
Anthony.174 The design of this dyad was based on three key
factors. First, pyrene was attached to the pentacene through an
ethynyl linker at the 13-position to provide extended conjugation
and enhance absorption in the 300!475 nm range. Second, the
increased π-surface provided by pyrene was expected to offer
improved π-stacking interactions in the solid state. Finally, a
triisopropylsilylethynyl group appended to the 6-position was
expected to maintain the solubility of the product.
The absorption range was improved in comparison to the

model compound without pyrene; however, no crystals could be
obtained to study the solid-state packing of these dyads.
Thin films of pyrene in a polystyrene matrix have also been

prepared by spin-coating, and their optical properties were
studied.175 It was shown that these pyrene films could be used
in the fabrication of blue- and green-light-emitting diodes.
Although this technique has advantages such as ease of fabrica-
tion and low cost, it is ideal to chemically bond the pyrene to the
polymeric chain, since such polymers would have advantages
over doping polymer hosts with respect to processability and
stability. Thus, beside small molecules and oligomers with a few
repeat units, conjugated polymers bearing 1-substituted pyrene
derivatives as end groups have also been reported.
While pyrene has been extensively used for the investigation of

water-soluble polymers with the fluorescence technique, a litera-
ture survey revealed only a small number of investigations
concerning polymers with pending 1-pyrenyl units for organic

electronic applications. The pyrenemoieties were attached to the
polymeric backbone in order to increase thermal stability, extend
the conjugation, or improve the fluorescence for application in
OLED devices.
Polyacetylene is a conjugated polymer that shows metallic

conductivity upon doping. However, the insolubility and in-
stability of this polymer, as well as its improcessability, limit its
practical application as a functional material. Addition of some
substituents, however, can remarkably improve its stability. A
series of mono- and disubstituted polyacetylenes 133 and 134
with pending 1-pyrenyl groups was synthesized and character-
ized (Figure 64).176

All polymers possess high thermal stability. Among these
polymers, poly(1-ethynylpyrene) displayed high molecular
weight and extended conjugation. The presence of a trimethylsi-
lyl group or an additional triple bond in the monomers decreases
the degree of conjugation of the resulting polymers. The addition
of another triple bond, however, increases significantly the
thermal stability of the polymers. All of these polymers display
intramolecular interactions between pyrene units, giving rise to
nonassociated and associated pyrene unit emissions. From
excitation spectra and fluorescence decay profiles, measured at
the maximum of both fluorescence bands, it was shown that
ground state interactions (static) are responsible for the long
wavelength emissions observed. It was also observed that steric
effects created by pendant groups along the polymer backbones
greatly affect the electronic interactions between pyrene
moieties.
The copolymerization of a pyrene-containing achiral N-pro-

pargylamide with chiral N-progargylamides was studied.177,178

The copolymers with certain compositions take a helical struc-
ture with predominately one-handed screw sense, which is
tunable by the composition of the chiral units. This enables the

Figure 63. Chemical structure of pyrene!pentacene dyad 132.

Figure 64. Chemical structure of pyrene containing polyacetylenes 133
and 134.

Figure 65. Chemical structure of pyrene-functionalized polyacetylene
135.

Figure 66. Chemical structure of pyrene-functionalized poly(pyridine-
imide) 136.
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control of the orientation of pyrene moieties along the helical
polymer backbone. The copolymers emit weak fluorescence
when they form a helix. On the other hand, they emit strong
fluorescence when they take a randomly coiled structure. The
fluorescence properties of the pyrene-carrying copolymers
greatly depend on the secondary structure.
The same authors reported a novel helical fluorescent polymer

based on polyacetylene with pendent pyrene groups
(Figure 65).179 The monomer was obtained by the esterification
reaction between the chiral alcohol derivative and 1-pyrenebu-
tyric acid using EDC and DMAP. The polymerization was
conducted in CH2Cl2 and catalyzed with (nbd)Rh+[η6-
C6H5B

! (C6H5)3]. The polarimetric and CD spectroscopic data
indicated that polymer 135 formed a helical structure with
predominantly one-handed screw sense, and the helical structure
was very stable upon heating and addition of MeOH. Polymer
135 showed very large excimer-based fluorescence compared to
the monomer. It was considered that the helical structure was
favorable for the pendent pyrene groups to form excimers. Thus,
the photoluminescent polymer is stable to heat and MeOH. The
stereoregular helical main chain of the polyacetylene with pyrene

chromophores is expected to increase nonlinear optical response
and lower the requirement for polar ordering.
The synthesis and characterization of a new poly(pyridine-

imide) 136 derived from a new monomer, 4-(1-pyrene)-2,6-
bis(4-aminophenyl)pyridine (PBAPP), containing heterocyclic
pyridine and pyrene substituents was reported (Figure 66).180

The combination of nonconjugated polymers such as polyimides
with electron-transporting layers has placed these polymers
among efficient electroluminophores. Compared to a benzene
ring, pyridine is an electron-deficient aromatic heterocycle, with a
localized lone pair of electrons in the sp2 orbital on the nitrogen
atom; consequently, the derived polymers have increased elec-
tron affinity and improved electron-transporting properties and
offer the possibility of protonation or alkylation of the lone pair
electrons as a way of modifying their properties.
The obtained poly(pyridine-imide) 136 exhibits good solubi-

lity in common organic solvents, a high dielectric constant, and
good thermooxidative stability higher than 500 !C, and excellent
mechanical properties. The polymer exhibits blue emission in
neutral solution and orange emission after protonation, which
indicates that this polymer can be used for optoelectric
applications.
Two new series of poly(fluorene)s 137 and poly(p-

phenylene)s 138 containing pyrenyltriazine moieties were in-
vestigated (Figure 67).181

The purpose was to combine pyrene with 1,3,5-triazine, which
is an electron transport material and has been used to improve
the OLED efficiency. The copolymers with polyfluorene 137
emitted blue light in solution with PL maximum between 414
and 444 nm (PL quantum yields 0.42!0.56) and green light in a
thin film with PL around 520 nm. The green emission in the solid
state of these copolymers was a result of the energy transfer from
the fluorene to the pyrenyltriazine moieties. Copolymers with

Figure 67. Chemical structure of poly(fluorene)s 137 and poly(p-phenylene)s 138 containing pyrenyltriazine moieties.

Figure 68. Chemical structure of pyrene-containing fluorinated chains 35.
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poly(p-phenylene)s 138 emitted blue-light both in solution and
thin film with PL maximum between 385 and 450 nm and PL
quantum yields in solution of 0.27!0.35. The PL maximum was
red-shifted by increasing the pyrenyltriazine content in the
copolymer.
Modification of polysilanes was achieved via the attachment of

pyrene units to the polymeric backbone.182 These polymers were
used in the fabrication of single-layer and double-layer OLED
devices, and their photophysical properties were analyzed. An
increase in the visible PL emission intensity was observed in these
modified polysilanes. OLED devices emitted white light, and the
electroluminescence spectra differed from the photolumines-
cence spectra. Charge trapping in the radiative recombination
centers plays an important role in EL emission. An EL efficiency
up to 0.06% was detected in double-layer devices, which is 1
order of magnitude higher than that in single-layer devices.
Chemical substitution with pyrene units improved the photo-
stability of polysilane; therefore, the modified polysilanes can be
use in polymer-blend OLEDs to modify transport and injection
properties and/or to prevent aggregation of the conjugated
polymers. The same authors reported an increase in the EL
efficiency and stability in blue OLED devices based on a polymer
blend composed of the modified polysilane including pyrene and
poly(9,9-dihexadecylfluorene-2,7-diyl).183 Such blending signifi-
cantly improved the OLED performance.
4.1.2. Liquid Crystalline Structures. The spontaneous

organization of molecules into columnar superstructures via
π-stacking interactions is very promising for organic electronic

devices, since it results in high charge-carrier mobilities along the
columnar stacks.184!186 Only a few examples of 1-substituted
pyrene derivatives have been reported to self-assemble in supra-
molecular columnar liquid crystalline structures.
The effects of the ordering and alignment of perfluorinated

supramolecular columns containing conjugated cores on the
photoluminescence properties were reported. As mentioned
before, the semifluorinated supramolecule 35, containing a
monosubstituted pyrene unit as the core, was found to self-
assemble into columns (Figure 68).187

The pyrene was used as a probe to study the self-aggregation
phenomena. Slow cooling from an isotropic state resulted in a
high degree of ordering and a vertical alignment of the columns
with respect to the substrate. In contrast, rapid cooling leads to
planar alignment of weakly ordered columns on the same
substrates. UV!vis and PL spectra showed that less efficient
packing of the π-conjugated molecules resulted in the produc-
tion of a broad emission band and a second weak shoulder, which
indicates the presence of isolated molecules. However, highly
ordered columns with vertical and planar alignments produce
excimer spectra that are typical of pyrene and a decrease in
vibronic features due to isolated molecules. The fluorescence
spectra are attributed to the increase in the conjugation length
that results from the formation of a cylindrical structure with
perfect ordering. From the surface anchoring of the material, it
was concluded that ordering has a more important influence on
the PL spectra than alignment.
One class of organic molecular materials deserving particular

attention is discotic liquid crystalline derivatives of hexa-peri-
hexabenzocoronene (HBC),188 a polycyclic aromatic hydrocar-
bon (PAH)189!191 with a large π-conjugated core consisting of
42 carbons. These discrete synthetic nanographenes self-assem-
ble into highly ordered columnar structures in the bulk and
crystalline monolayers at interfaces.
As earlier mentioned, we reported an alkyl-substituted hexa-

peri-hexabenzocoronene 38 (Figure 16) with a covalently teth-
ered pyrene unit that serves as a model to study self-assembling
discotic π-system dyads both in the bulk and at a surface.192

Wide-angle X-ray scattering, polarized light microscopy, and
differential scanning calorimetry revealed bulk self-assembly into
columnar structures. Relative to a control without a tethered
pyrene, the new dyad exhibits a more ordered columnar phase at
room temperature but with dramatically lowered isotropization
temperature, facilitating homeotropic alignment. These two
features are important for processing such materials into molec-
ular electronic devices, e.g., photovoltaic devices. Scanning
tunneling microscopy (STM) at a solution!solid interface
revealed uniform nanoscale segregation of the large from the
small π-systems, leading to a well-defined two-dimensional
crystalline monolayer, which may be employed in the future to
study intramolecular electron transfer processes at surfaces, on
the molecular scale.193

4.1.3. Dendritic Structures. The photophysical properties
of poly(propylene imine) (PPI) dendrimers modified on their
periphery with fluorescent pyrene moieties were analyzed.194

Four generations of poly(propylene imine) dendrimers have
been covalently modified with pyrene moieties and examined by
fluorescence spectroscopy. Emission and excitation spectra were
obtained so that the generational dependence of the dendrimers,
especially the extent of steric crowding, could be correlated to the
photophysical properties of pyrene. In particular, the effect of
dendrimer concentration and generation on pyrene!pyrene

Figure 69. Fourth generation of phosphorus-containing dendrimers
(G4).
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interactions was evaluated. More excimer emission was observed
for higher generation dendrimers, while little or no evidence for
interdendrimer interactions was observed over more than 2
orders of magnitude in dendrimer concentration. Excitation
spectra revealed the presence of preassociated pyrene moieties.
Protonation of the tertiary amine units was shown to increase
monomer fluorescence significantly, while only slightly increas-
ing the observed excimer fluorescence.
These results indicate that the extent of interaction between

terminal pyrene groups, which correlates to excimer fluores-
cence, depends on the generation of the dendrimer structure.
Specifically, more excimer fluorescence arises from higher

generation dendrimers, which are more sterically crowded on
their surfaces.
A similar study was performed on a different series of

dendrimers including only one pyrene unit per dendron.195 This
means that the observed excimers must be formed from different
branches of the dendrimer and cannot originate from the nearest
neighbors being attached to the same monomer unit. By a
selective synthesis, only one pyrene moiety per dendron was
attached, resulting in a dendrimer with three fluorophores per
molecule.195 The molecular dynamics of the dendrimer branches
was studied by observing the excimer formation of pyrenyl end-
groups. By time-resolved measurements of the excimer and
monomer fluorescence an increased mobility of the end-groups
was observed. The relative intensity of the excimer fluorescence
increases with increasing size of the dendrimer.
Toward organic blue-light-emitting diodes, the grafting of pyrene

as end-groups of several types and generations of phosphorus-
containing dendrimers was investigated (Figure 69).196,197

However, the loss of fluorescence observed in several cases
shows that the fluorophore must not be linked to the dendrimer
through a heteroelement (oxygen or nitrogen) but through an
alkanediyl linkage. As previously mentioned for the first-genera-
tion dendrimer (Figure 20), the condensation of 1-pyrenemethy-
lamine with the aldehyde end-groups of the dendrimer led to a
series of compounds fluorescent even in the solid state and
thermally stable up to 320 !C. This series of dendrimers was
tested in OLED devices exhibiting threshold voltages for emis-
sion of light too high for practical purposes (18!20 V) but
clearly displaying electroluminescent properties.
Novel and well-defined pyrene-containing eight-arm star-

shaped dendrimer-like copolymers with pentaerythritol core
were synthesized.198 These pyrene-containing dendrimers pre-
sent unique thermal properties and crystalline morphologies.
Fluorescence analysis indicated that the pyrene-containing den-
drimer presents slightly stronger fluorescence intensity than
1-pyrenebutyric acid when the pyrene concentrations were the
same. The pyrene-containing eight-arm star-shaped dendrimer-
like copolymer has potential applications in optoelectronic
devices.
Using thiol!ene “click” chemistry, a series of dendrimers with

pyrene at the periphery was synthesized.199 A facile and efficient
synthesis of poly(thioether) dendrimers using thiol!ene addi-
tion reactions for the construction of both the dendritic back-
bone, as well as functionalization of the chain ends, was reported
using pyrene as end-groups.
Solution processable blue fluorescent dendrimers, based on

cyclic phosphazene (CP) cores incorporating aminopyrene
moieties, have been prepared and used as emissive layers in
OLEDs.200 These dendrimers have high glass transition tem-
peratures, are monodisperse, have high purity via common
chromatographic techniques, and form defect-free amorphous
films via spin/dip-coating. The solution processable blue-light-
emitting OLEDs reach current efficiencies of 3.9 cd/A at bright-
ness levels near 1000 cd/m2. Depending on the molecular
bridge used to attach the fluorescent dendron to the inorganic
core, the emission wavelength changes from 470 to 545 nm,
corresponding to blue and green light, respectively. Via
dilution experiments it was shown that this shift in emission
wavelength is likely associated with molecular stacking of the
aminopyrene units.
A series of dendritic compounds bearing pyrene units at the

periphery to afford light-harvesting antennae was reported on the

Figure 70. Chemical structure of hexaphenylphenylene dendronized
pyrenylamines 139!141.
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basis of the formation of intramolecular excimers.122 Thus, the
Huisgen reaction between pyrene azides and terminal alkynes, as
previously depicted in Figure 21, allowed the preparation of first-,
second-, and third-generation dendrons (first-generation den-
dron 51 is depicted in Figure 21). For the production of light-
harvesting antenna systems, a suitable acceptor chromophore has
to fulfill the main requisite of the F€orster theory, which is that the
fluorescence spectra of the donor chromophore should overlap
with the absorption spectrum of the acceptor one. For this
reason, a fluorophore with a maximum absorption at around
500 nm should be linked to the dendrons. Thus, nitrobenzofur-
azane and a styrylpyridinium derivative were identified as suitable
candidates and consequently anchored to the dendritic structure.
The modified structures showed that the efficiency of the
acceptor emission increases with generation and reaches the
fluorescence quantum yield of 0.13 for the third-generation
antenna in the solid state. These systems show to be very efficient
light-harvesting dendritic materials in the solid state with energy
transfer without any dissipation from the pyrene to the red-
emitting acceptor. The screening performed by the pyrenes units
on the acceptor site reduces the quenching due to intermolecular

interactions, giving films that display bright red emission for the
third dendron generation. Single-layer devices fabricated with the
dendrons and donor molecules show unstable electrolumines-
cence due to charge trapping processes at the acceptor site. Charge
injection into molecular blends in PVK generates excitons on the
polymer that are subsequently transferred by energy transfer to the
dendrons. Single-layer devices of the dendron molecules blended
in PVK show both the blue EL components from the polymer and
the monomeric pyrenes and the red emission of the acceptor.
Donor molecules in the blend provide the green EL of the pyrene
excimer, allowing one to finely tune the emission color by
changing donor and dendron concentrations.201

A similar pyrene-labeled dendron as light-harvesting antenna
was investigated as a model compound for the respective
dendrimer.202 In this case, pyrene was used as the electron
acceptor at the periphery and the electron donor was located
at the growth focal point. Intramolecular quenching in the
dendrons bearing covalently attached donors was demonstrated
through steady-state and time-resolved fluorescence measure-
ments and was attributed to intramolecular photoinduced elec-
tron transfer. The amount of quenching observed is a function of
dendrimer generation and of solvent polarity.
A new series of hexaphenylphenylene dendronized pyrenyla-

mines 139!141 (Figure 70) was studied for application in
organic light-emitting diodes.203 The molecular design leads to
high Tg blue-emitting materials possessing good hole-transport-
ing capabilities. The high Tg recorded for these compounds is
attributed to the presence of the rigid pyrene segment and the
hexaphenylbenzene core in the molecular architecture. For each
compound, the HOMO values were calculated from the oxida-
tion potentials, and the LUMO values were deduced from the
band gap calculated from the optical edge. The closeness of the
HOMO of these materials to the work function of ITO (Ef =
4.7 eV) indicates that hole injection into the molecular layer of
these compounds will be effective. The use of an appropriate
electron-transporting layer is essential to restrict recombination
inside the hole-transporting layer. OLED devices using TPBI and
Alq3 as electron-transporting materials were tested.
Bright-blue-emitting devices were realized for both TPBI- and

Alq3-based devices, while the latter OLEDs require a thin hole-
blocking layer to achieve recombination inside the hole-trans-
porting layer. The best performance was achieved for OLEDS
with the configuration ITO/139a/TPBI/Mg:Ag, which showed
a low turn-on voltage of 3.0 V, a maximum luminance of 21 150
cd/m2 at 14 V, an external quantum efficiency of 2.7%, and (0.13,
0.21) CIE coordinates. These values are good and rival certain
anthracene-based blue-emittingmaterials and amine!oxadiazole
conjugates previously reported.

Figure 71. Chemical structure of tetrapyrene!perylene bisimide dye
32.

Figure 72. Chemical structure of dipyrene!perylene bisimide dye 142.

Figure 73. Structure of boron complex with pyrene ligand 143.
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The synthesis of the pyrene!perylene bisimide dye 32, as well
the study of the occurring photoinduced processes, was reported
(Figure 71). The understanding of the photoinduced processes is
of great interest for the construction of more complex structures
by means of coordination of the pyridine units to metal ions,
leading to molecular squares.204

Analysis of the photophysical data showed the presence of
both photoinduced electron and energy transfer processes. A
high yield (>90%) and fast photoinduced energy transfer (ken≈
6.2 % 109 s!1) is followed by efficient electron transfer (70%,
ket≈ 6.6% 109 s!1) from the pyrene units to the perylene bisimide
moiety. The energy donor!acceptor distance, R = 8.6 Å, was
calculated from the experimental energy transfer rate using
F€orster theory. Temperature-dependent time-resolved emission
spectroscopy showed an increase of the acceptor emission life-
time with decreasing temperature. This light-harvesting system
displaying the two processes, energy and electron transfer,
constitutes an important system to understand more complex
or similar systems and can as well be used for the realization of
artificial photosynthetic systems.
A similar pyrene!perylene derivative (142) including only

two pyrene moieties and a carboxylic acid as anchor group was
recently reported (Figure 72).205 The anchor group allows the
linkage of the pyrene!perylene dye to TIO2 for the fabrication of
dye-sensitized solar cells (DSC).
The intention of this pyrene!perylene system is to have a dye

in which the absorption spectra covers the entire visible region of
solar spectra as well a good energy distribution of the HOMO/
LUMO orbitals to enhance the solar cell efficiency. In a detailed
photophysical analysis, it was found that perylene diimide dyes
containing pyrene moieties show fast photoinduced energy
transfer as well as efficient electron transfer from the pyrene to
the perylene diimide moiety. Fast decay components, low
fluorescence quantum yields at the excitation of pyrene quench-
er, long wavelength emission peaks, and high values of fluores-
cence rate constants for 142 dye support the formation of charge-
separated states of 142 dye in solution. Therefore, pyrene units in
the 1,7-bay positions slightly narrow the band gap energies and
raise the HOMO energy level of the perylene diimide as
compared to a model compound. This pyrene-substituted per-
ylene diimide can be used to fabricate DSCs.
4.1.4. Organic!Inorganic Hybrids. In the continuous

search for innovative materials, organic!inorganic hybrids based
on pyrene-functionalized octavinylsilsesquioxane cores for ap-
plication in OLEDs were reported.206 This class of solution-
processable amorphous materials displays many attractive prop-
erties for application in OLED technology, such as ease of
synthesis, high glass-transition temperatures, good film-forming
properties, low polydispersity, and high purity via column

chromatography. Preliminary nonoptimized OLED devices ex-
hibited an external quantum efficiency of 2.62% and a current
efficiency of 8.28 cd/A, demonstrating that these materials are
efficient emitters in OLEDs.
A boron complex bearing a pyrene ligand (143) was synthe-

sized and introduced as the first example of a binuclear boron
complex in organic light-emitting diodes (Figure 73).207 In the
solid state, 143 exhibited strong red emission. In the polymer
OLEDs fabricatedwith 143 blendedwith PVK, red emission with
CIE coordinates of (0.57, 0.42) was obtained by tuning the
weight concentration of 143. Derivative 143 behaved as both an
emitting and an electron-transporting material.

4.2. 1,3,6,8-Tetrasubstituted Pyrenes
4.2.1. Linear Structures. A successful effort in the preven-

tion of aggregation in small molecules was achieved with tetra-
substituted highly sterically congested pyrenes, which can emit
blue light in solution as well in the solid state and with high
quantum yield.124 The optimized geometry of 1,3,6,8-tetraphe-
nylpyrene, according to molecular orbital calculations, shows the
twisting of the phenyl groups relatively to the pyrene plane. This
twisted structure prevents excimer formation that causes the
concentration quenching of fluorescence in the solid state. It
should be noted that unsubstituted pyrene is not a strong
fluorescent emitter, whereas the 1,3,6,8-tetraphenylpyrene
showed a high fluorescence quantum yield of 0.90 in the pure
blue region. OLED devices were fabricated using 1,3,6,8-tetra-
phenylpyrene as emissive dopant.124 The devices exhibited
efficient blue emission with a current efficiency of 1.87 cd/A,
external quantum efficiency of 2.1%, and (0.17, 0.09) CIE
coordinates. The performance of the devices is good but uses a
high dopant concentration (10%).
A bright organic light-emitting field-effect transistor

(OLEFET) using 1,3,6,8-tetraphenylpyrene derivatives as the
active layer was reported.208,209 Specifically, a 1 wt % rubrene-
doped tetraphenylpyrene codeposited layer had an ultimate
photoluminescence efficiency φPL of 99% ( 1% and a hole
mobility of about 10!5 cm2 V!1 s!1, leading to bright electro-
luminescence (EL) with a ηext, however, of only 0.5%.
OFET devices using tetraphenylpyrene single crystals were

also fabricated.210,211 An ambipolar behavior in the single crystal
device was observed with high charge carrier mobilities. For Au
electrodes, the tetraphenylpyrene single-crystal FET exhibited an
ambipolar characteristic with predominating hole injection. The
hole mobility was as high as 0.27 cm2 V!1 s!1. This value is much
higher than the hole mobility exhibited in tetraphenylpyrene
thin-film FET, which is on the order of 10!5 cm2 V!1 s!1. The
electron mobility obtained was 2.9 % 10!3 cm2 V!1 s!1. Using
an asymmetric electrode configuration with Au and Mg, the

Figure 74. Tetrasubstituted pyrenes with trifluoromethylphenyl (144)
and thienyl groups (145). Figure 75. Structure of tetrasubstituted pyrenes 146 and 147.
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highest hole mobility of 0.34 cm2 V!1 s!1 was obtained. This
value is low relative to other single crystal FETs based on
pentacene, for example, which can reach hole mobilities of
5 cm2 V!1 s!1; however, this value corresponds to the highest
mobility reported so far for a single crystal FET based on pyrene.
In addition to the efficient injection of holes and electrons in this
ambipolar FET, the high photoluminescence efficiency of the
single crystal allows the fabrication of ambipolar light-emitting
FET devices.
The 1,3,6,8-tetraphenylpyrene was also used as a blue fluor-

escent dye together with tris(1-phenylisoquinoline) iridium(III)
[Ir(piq)3] as red phosphorescent dye for the fabrication of white
organic light-emitting diodes.212

The molecular structure of 1,3,6,8-tetraphenylpyrene was also
modified with methyl or methoxy groups, resulting in tetrame-
sitylpyrene, tetradurylpyrene, and p-anisyl pyrene derivatives,
which were used as blue emissive materials.213 All these pyrene
derivatives emitted bright blue fluorescence, even at concentra-
tions as low as 10!6 M. Multilayer OLED devices with the
configuration ITO/NPB/tetrasubstituted pyrene/TPBI/LiF/Al
were fabricated. These vacuum-sublimed devices exhibited bright
blue light emission with λmax at ca. 450 nm. The maximum
external quantum efficiency achieved for the nondoped device
fabricated for p-anisyl derivative was 3.3% with a maximum
luminance efficiency of 2.7 cd/A. This value is comparable to
commonly used blue-emittingmaterials based on spirobifluorene
(3.2 cd/A),214 diarylanthracenes (2.6!3.0 cd/A),215,216 diphe-
nylvinylbiphenyls (1.78 cd/A),217 or biaryls (4.0 cd/A).218

Two butterfly pyrene derivatives with trifluoromethylphenyl
144 and thienyl 145 aromatic groups were synthesized via Suzuki
couplings and used in thin-film field-effect transistors (Figure 74).
Thanks to the twisted structure, a strong fluorescence in the

solid state was obtained. The molecules pack in the herringbone
motif, similar to pentacene. OFET devices were fabricated on
SiO2/Si substrates using a top-contact geometry. Thin films were
deposited on the SiO2 by high vacuum evaporation at room
temperature. The device based on 144 did not show any FET
performance; however, the FET device using compound 145 as
active material exhibited p-type performance with hole mobility
of 3.7% 10!3 cm2 V!1 s!1, on/off ratio of 104, and the threshold
voltage of !21 V. These values are low for a thin-film OFET
processed by vacuum deposition, compared to typical values of
around 1 cm2 V!1 s!1 and on/off ratio larger than 106. However,
these values are among the best for thin-film OFETs based on
pyrene derivatives.
The pyrene-based electron-transport materials, namely, 1,6-

dipyridin-3-yl-3,8-dinaphthalen-1-ylpyrene (146) and the 1,6-
dipyridin-3-yl-3,8-dinaphthalen-2-ylpyrene (147), were investi-
gated (Figure 75).130

The external quantum efficiencies of the blue OLED devices
with these electron-transport materials increased by more than
50% at 1 mA cm!2 compared with those of the device with the
standard Alq3 as electron-transport material. The enhanced
quantum efficiency is due to a balanced charge recombination
in the emissive layer. Electronmobilities of 146 and 147 films are
3 times higher than that in Alq3. A highly enhanced power
efficiency is achieved due to a low electron injection barrier and a
high electron mobility. It was also demonstrated that the
luminance degradation in the blue OLEDs is correlated with
the HOMO energy levels of the electron transport materials.
The enhancement of electrogenerated chemiluminescence

(ECL) efficiency of organic materials by improving radical

stability was reported.219 This approach uses D!π!A systems
that contain a centered acceptor and peripheral multidonors in
contrast to the conventional linear type D!π!A compounds.
Thus, a series of alkynylpyrene derivatives 148!152 that consist
of pyrene as an acceptor moiety and N,N-dimethylaniline as the
peripheral donor moiety linked by an ethynyl bridge were
prepared via Sonogashira coupling (Figure 76).
The five D!π!A compounds were chosen according to the

number and substitutent position of peripheral donor moieties.
Although, pyrene shows poor ECL properties, because of the
electrochemical instability of its cationic radical, the ECL effi-
ciencies of the pyrene derivatives increased in proportion to the
number of the peripheral donors. Compound 152, bearing four
donor units, exhibits a marked enhancement in ECL intensity
compared to the other compounds; this is attributable to its
highly conjugated network that gives an extraordinary stability of
the cation and anion radicals in oxidation and reduction pro-
cesses, respectively. This result is relevant for the development of
highly efficient light-emitting materials for applications such
as OLEDs.
The two-photon absorption properties of compounds

148!152 were also investigated.220 Comparison of the two-
photon cross section (δmax) with related compounds revealed
that pyrene is as efficient a π-center as anthracene in two-photon
materials. Moreover, the two-photon cross section increased
with the number of substituents, reaching the maximum value of
1150 GM for the tetrasubstituted pyrene 152. The two-photon
action cross section (φδmax) of 152 is comparable to that the
most efficient two-photon materials. This result is useful for the
design of efficient two-photon materials bearing pyrene as the π-
center.
Very recently, a highly efficient solid emitter created by

decorating a pyrene core with tetraphenylethene peripheries by
Suzuki coupling was reported (derivative 153) (Figure 77).221

Tetraphenylethene is an example of a chromophore that
shows an unusual effect of aggregation-induced emission. Its
molecules are nonemissive when dissolved in a good solvent but
become highly luminescent when aggregated in a poor solvent.
The aggregation-induced emission effect of tetraphenylethene is
caused by the restriction to its intramolecular rotations. In
solution, the active rotations of its multiple phenyl blades
nonradiatively deactivate its excitons. In the aggregate state,
however, the restriction of intramolecular rotations effectively
blocks the nonradiative channel and hence makes tetrapheny-
lethene highly emissive. The attachment of tetraphenylethene
units to the pyrene core results in an aggregation-induced
emission enhancement effect, efficient solid photoluminescence
(φ = 70%), and excellent thermal stability (Td = 485 !C).
Multilayer OLED devices using the tetraphenylethenepyrene
exhibit green emission with low turn on voltage (3.6 V), high
luminance (36 300 cd m!2), high current efficiency of 12.3
cd A!1, power efficiency of 7.0 lm W!1, and high ηext of 4.95%
at 6 V. The green OLEDs fabricated from tetraphenylethenepyr-
ene show a better performance than the same devices using Alq3
as emitter. The devices with tetraphenylethene pyrene show an
excellent performance as multilayer fluorescent green OLEDs.
4.2.2. Liquid Crystalline Structures. In the continuous

search for organic semiconductors for improved electronic
devices, discotic liquid crystals have attracted considerable
interest due to their self-organization and electronic properties.
These mesogens are usually composed of flat aromatic cores
substituted in the periphery with long, flexible alkyl chains, which
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provide solubility and influence the association between the
molecules. These self-assembled structures revealed high charge
carrier mobilities along the columnar stacking axis, which make
them a promising class as active components in electronic
devices.
Important factors that govern the performance of discotic

liquid crystals in device applications are charge injection/collec-
tion at the interfaces and charge transport within the bulk
material. The degree of order within the columnar stack and
therefore the overlap between the π-orbitals affects this charge
transport in thematerial. For device fabrication, besides adequate
electronic properties, the morphology of the material is a crucial
property in forming distinct columnar pathways over large
domains, which is thus closely related to the device performance.
Controlling the interactions between the molecules and there-
fore the self-association by changing the chemical composition is
the key factor tailoring the solubility and the thermal properties.
In this context, the substitution at the 1,3,6,8-positions of the

pyrene aromatic systemwith flexible side chains represents a very
interesting approach to form liquid crystalline columnar super-
structures. Moreover, the excellent fluorescent properties of
pyrene, combined with supramolecular organization in a colum-
nar liquid-crystalline phase, is very interesting for potential
application in organic electronic devices such as OLEDs.
A series of luminescent pyrene-based liquid crystalline aro-

matic esters was reported.128 These pyrene derivatives combine
theexcellent charge transport and film-forming properties of
columnar liquid crystals with the ability to emit light. Dilute
solutions of the pyrene derivatives emit in the blue region, while
the pure compounds show a green to yellow emission due to the
formation of molecular aggregates. The pyrene-1,3,6,8-tetra-
carboxylic acid was synthesized following the procedure of
Vollmann et al. and esterified with SOCl2/ROH, as previously

mentioned (Figure 30). The pyrene liquid crystal derivatives
contained as side chain a methyl (154a), ethyl (154b), or rac-2-
ethylhexyl (154c) group (Figure 78).128

Compound 154a is monotropic, meaning that the liquid
crystal behavior exists only when the compound is heated up
from the solid state, and 154b and 154c are enantiotropic, which
means that the liquid crystal state exists by heating and by cooling
the material. Both 154a and 154b crystallize with loss of the
homeotropic alignment, while 154c does not crystallize and is a
mesomorphic fluid at room temperature. These compounds
were used in two-layer OLED devices containing a hole-trans-
porting layer.222,223 Devices with 154b show electrolumines-
cence if the voltage exceeds a threshold value of about 5!6 V.
These simple pyrene derivatives are interesting examples of
fluorescent liquid crystals taking advantage of the pyrene aro-
matic system as the core.
In the search for luminescent liquid crystals, the synthesis of

tetraphenylpyrene derivatives with strong emission in solution
and in the solid state was studied. However, these pyrene
derivatives did not form any columnar mesophases. This has
been attributed to the steric hindrance associated with the four
orthogonal phenyl substituents that prevents the close stacking
of the pyrene cores.224 To obtain the desired combination of
intense fluorescence and columnar mesophase formation, the flat

Figure 76. Chemical structure of alkynylpyrenes 148!152.

Figure 77. Chemical structure of tetrasubstituted pyrene 153.

Figure 78. Chemical structure of pyrene-based liquid crystalline aro-
matic esters 154.

Figure 79. Chemical structure of tetraphenylpyrene 155.
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tetraethynylpyrene unit was substituted with promesogenic side
groups. These side groups have a high tendency to induce a liquid
crystalline behavior. A new derivative based on the tetraethynyl-
pyrene core was then prepared via Sonogashira coupling as
previously mentioned (Figure 26): 1,3,6,8-tetrakis(3,4,5-trisdo-
decyloxyphenylethynyl)pyrene (61).125 It forms columnar liquid
crystal phases over a substantial temperature range. In addition to
a high fluorescence quantum yield in solution, this molecule
exhibits a quantum yield in the crystalline phase as high as 62 (
6%. This value is one of the highest fluorescence quantum yields
reported for discotics, since normally due to the π!π stacking
the fluorescence is quenched. This high efficiency coupled with
the columnar arrangement generated upon self-assembly might
prove beneficial in optoelectronic applications, for example, for

excitation energy transfer over large distances. Concentration-
dependent studies show excimer-type emission at high concen-
tration in solution. The absorption and emission characteristics
measured for the different solid phases at various temperatures
point to the formation of cofacial stacks with the chromophores
rotated by 70!!80!. This mutual rotation of the chromophores
promotes an optically allowed lowest excited state for aggregated
molecule species, which is at the origin of the high fluorescence
quantum yield.
The photoconductive properties and phase characterization of

the pyrene discotic liquid crystal 155, which contains four 3,4-
dioctyloxyphenyl substituents each, were reported (Figure 79).225

Photoconductive properties of pyrene were investigated in pure
crystals,226 in thin films,227 and also in solutions of liquid
hydrocarbons.228

A standard TOF (time-of flight) measurement revealed a hole
mobility in unaligned samples of compound 155 on the order of
10!3 cm2 V!1 s!1, which is typical for many other discotic
mesogens in the Colh phase. Measurements of the electron
charge mobility for pyrene 155 at several temperatures gave
values that are close to those of the hole mobility. Such ambipolar
charge-transport behavior is consistent with a hopping transport
mechanism. Pyrene derivative 155 supercools to room tempera-
ture, forming a rigid glass with structural features of the preceding
Colh phase and without disruption of the charge transport
tunnels.
Several pyrene derivatives with acyloxy groups were reported

as discotic liquid crystalline compounds with a low melting
temperature and high solubilities. Although crystalline them-
selves, they form columnar phases as charge-transfer complexes
with a strong electron-acceptor core such as tetranitrofluorenone,
and they also change their textures depending on the side-chain

Figure 80. First (G1) and second generation (G2) of pyrene-cored polyphenylene dendrimers.

Figure 81. Pyrene-cored polytriphenylene dendrimers (PYGCAP and
PYGTPA).



7297 dx.doi.org/10.1021/cr100428a |Chem. Rev. 2011, 111, 7260–7314

Chemical Reviews REVIEW

structures.229 On the basis of these results, the same group
synthesized quinone!hydroquinone charge transfer liquid crys-
talline systems that form segregated columnar structures and
show high electroconductivity using a pyrene moiety as the
core.230 These liquid crystals correspond to π-acceptor liquid
crystalline aromatic compounds having anti- and syn-pyrene-
dione moieties.
4.2.3. Dendritic Structures. Dendrimers as hyperbranched

macromolecules with size increasing by generation generally
combine the merits of well-defined structures and superior
chemical purity possessed by small molecules with the simple
solution-processing advantage of polymers.

Among the interesting properties of pyrene, its sensitive
solvatochromic shift has been used to exploit the inner structure
and polarity of dendrimers. The substitution of pyrene at the
1,3,6,8-positions allows the incorporation of pyrene as active core
in dendrimers to evaluate the degree of site isolation of the core.
Several pyrene-containing dendrimers have also shown interest-
ing photo- and electroluminescence properties for possible
application in OLED devices.
In order to have a better insight into the relationship between

dendrimer structure and core encapsulation, our group em-
ployed a pyrene moiety as the core of polyphenylene dendrimers
from first to fourth generation.123 These dendrimers were

Figure 82. Polysulfurated dendrimers including pyrene, PyG0, PyG1, and PyG2.
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obtained using the Diels!Alder cycloaddition reaction, as men-
tioned above (Figure 28). First- and second-generation denfri-
mers, G1 and G2, respectively, are depicted in Figure 80.
This is expected to separate the chromophores from each

other due to the stiff dendritic arms and therefore suppress
aggregation in solution and in the solid state. Since amorphous
glassy films are a prerequisite for several electronic devices, a
large number of peripherally attached, branched alkyl chains
were introduced to improve the film-forming ability of the
dendronized pyrenes. The influence of the polyphenylene den-
drons on the optical properties of the pyrene core was investi-
gated by UV/vis absorption and fluorescence spectroscopy.
Additional insight into the relationship between dendrimer
structure and core encapsulation was derived from alkali-metal
reduction of the pyrene dendrimers with pyrene as electrophore.
Stern!Volmer quenching experiments and temperature-de-

pendent fluorescence spectroscopy indicated that a second-
generation dendrimer shell is sufficient for efficiently shielding
the pyrene core and thereby preventing aggregate formation.
Alkali-metal reduction of pyrene dendrimers yielded the corre-
sponding pyrene radical anions. Thereby, hampered electron
transfer to the core was observed with increasing dendrimer
generation, which further verifies the site-isolation concept. It is
interesting that the improvements of the optical properties, such
as high quantum efficiency in solution (φPL > 0.92), were already
achieved by applying a second-generation dendrimer shell. These
shape-persistent macromolecules are exciting new materials that
combine excellent optical features and an improved film-forming
ability, for possible application in OLED devices.
Encouraged by our previous work on blue-emitting polytri-

phenylene dendrimers, which resulted in high performance
OLED devices,231 we decided to incorporate a pyrene moiety
at the core of such polytriphenylene dendrimers in a novel
core!shell-surface multifunctional structure using a blue fluor-
escent pyrene core with triphenylene dendrons and triphenyla-
mine surface groups.232 We found efficient excitation energy
transfer from the triphenylene shell to the pyrene core, substan-
tially enhancing the quantum yield in solution and the solid state
(4-fold) compared to dendrimers without a core emitter, while
TPA groups facilitated the hole-capturing and injection ability in

the device applications. With a luminance of up to 1400 cd/m2, a
saturated blue emission with CIE of (0.15, 0.17) and high
operational stability, these dendrimers (PYGCAP and PYGTPA)
belong to the best reported fluorescence-based blue-emitting
organic molecules (Figure 81).
Recently, the synthesis, characterization, photophysical beha-

vior, and redox properties of a novel class of dendrimers (PyG0,
PyG1, and PyG2, Figure 82) consisting of a polysulfurated
pyrene core was presented, namely, the 1,3,6,8-tetrakis-
(arylthio)pyrene moiety with appended thiophenylene units
prepared as previously described in Figure 29.127

The novelty of this work is due both to the incorporation of an
uncommon tetrathiopyrene core into a dendritic structure and to
the presence of polysulfurated dendrons containing thioether
functions. The photophysical and redox properties of the three
dendrimers are fine-tuned by the length of their branches: (1) the
dendron localized absorption band at around 260 nm increases
strongly in intensity and moves slightly to the red on increasing
dendrimer generation; (2) in CH2Cl2 solution, the quantum
yield and lifetime of the fluorescence band, and the values of the
half-wave potentials increase with dendrimer generation; and (3)
the dendrimer branches partially protect the core from oxidation
by AuCl4. The strong blue fluorescence and the yellow to deep
blue color change upon reversible one-electron oxidation.
Since it is known that oligofluorene possesses favorable

characteristics for OLEDs such as high quantum yield and good
optical stability and film-forming ability, a new series of pyrene-
centered starbust oligofluorenes 156 was synthesized via Suzuki
coupling and characterized (Figure 83).233 The effect of different
arm lengths on the optical, thermal, and morphological proper-
ties of the materials, as well as preliminary device characteristics,
was investigated.
All the starbursts showed good film-forming properties and

sky blue fluorescence. The single layered device made of 156c
exhibited a maximun brightness of over 2700 cd/m2 and a
maximum current efficiency of 1.75 cd/A. The morphology of
156a!c demonstrated that starbursts of different arm lengths
take on distinctive microstructures, which might affect the device
performance.
In the search for new electronic materials, a series of solution-

processable stiff dendrimers consisting of a pyrene core and
carbazole/fluorene dendrons prepared via Sonogashira coupling
(first-generation dendrimer 157, Figure 84) was reported.234

Pyrene was chosen as the core of such stiff dendrimers because of
its excellent PL efficiency and high charge carrier mobility.
Moreover, it allows the study of the generation effect on the
aggregation of dendrimers, since pyrenes are prone to excimer
formation in concentrated solutions and in solid state. Since the
combination of carbazole/fluorene units has been shown to
result in a strong blue fluorescence, carbazole/fluorenes were
chosen as dendrons.
These dendrimers exhibit good thermal stability, strong

fluorescence, efficient photon-harvesting, and excellent film-
forming properties. Although the acetylene-linked dendrimers
are generally considered as nonpromising materials for OLEDs,
these show high EL efficiency in single-layer devices due to
proper structural design and engineering. A good control over
the degree of intermolecular interactions through generation
modulation is important in order to maximize carrier transport
but minimize excimer formation. With an optimization of spin
speed, the second-generation dendrimer-based OLED device
exhibited yellow EL (CIE, 0.49, 0.50) with a maximum

Figure 83. Starbust oligofluorenes including pyrene 156.
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brightness of 5590 cd/m2 at 16 V, a high current efficiency of 2.67
cd/A at 8.6 V, and an external quantum efficiency of 0.86%.
These values are low for OLED devices; however, these den-
drimers have the advantage of solution processability.
Similar solution-processable acetylene-linked dendrimers, this

time including fluorinated terminal groups, were also
investigated.235 The shortest dendrimer easily self-assembles
into nanofibers under simple conditions. The longest dendrimer
exhibits yellowish green (CIE, 0.38, 0.61) EL emission. When
compared with dendrimers with similar structures, second-gen-
eration dendrimers with n = 2 based single-layer LEDs exhibit
improved performances with a maximum efficiency of 2.7 cd/A
at 5.8 V and a maximum brightness of 5300 cd/m2 at 11 V. These
values are comparable to the ones reported for the acetylene-
linked dendrimers without the fluorinated groups, but with the
advantage of lower voltages.
A literature survey revealed only a very few investigations

regarding dendrimers containing pyrene both at the core and in
the periphery.236 Recently, our group reported polypyrene
dendrimers as a new type of dendrimer made exclusively of
pyrene units.133 First-generation dendrimer Py(5), consisting of
five pyrene units, and the second-generation dendrimer Py(17),
comprising 17 pyrene units, were synthesized via Suzuki coupling
and their photophysical properties studied (Figure 85).
The large steric hindrance between pyrenes at the 1-position

results in a high degree of twisting, as shown by the computed
structures (AM1). These new fully aromatic dendrimers are
relevant for artificial light-harvesting in a spatially well-defined
three-dimensional architecture, comprising only one type of

chromophore. Thus, we have reported a new type of stiff multi-
chromophoric system, polypyrene dendrimers, incorporating a
well-defined number of pyrene units in a confined volume. The
rigid and strongly twisted 3D structure allows a precise spatial
arrangement in which each unit is a chromophore. This highly
twisted structure leads to high solubility and no aggregation,
which resulted in high fluorescent quantum yields, more pre-
cisely 0.70 for the first-generation and 0.69 for the second-
generation dendrimer. The absorption and fluorescence spectra
of the dendrimers in toluene at 25 !C were measured. In the
absorption spectra, the vibrational structure of 1-methylpyrene is
still visible. From Py(5) to Py(17), a broad absorption band is
red-shifted from the structured part of the spectrum and in-
creases in relative intensity. This broad band reflects the intra-
molecular interaction between the pyrene moieties in the
dendrimers, which becomes stronger from the first- to the
second-generation dendrimer. An intramolecular energy transfer
is expected in the second-generation dendrimer from the second
dendrons to the first dendrons and subsequently to the core. A
small overlap between the absorption and emission spectrum is
the first obtained evidence; however, a detailed study of the
excited-state processes in these new pyrene systems is currently
in progress.

4.3. 1,6- And 1,8-Disubstituted Pyrenes
4.3.1. Linear Structures. Oligopyrenes are expected to

possess better fluorescent and electroluminescent properties
than those of the pyrene monomer, because of their longer
delocalized π-electron chain sequence. Electrochemical

Figure 84. First-generation carbazole/fluorene dendrimer with pyrene at the core (157).
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polymerization of unsubstituted pyrene237!239 via a 1!10 cou-
pling was described to give insoluble and unprocessable films
with high molecular weight or, alternatively, soluble materials
with few repeat units. Thereby, the low degree of polymerization
is presumed to be a consequence of the low solubility caused by
the strong self-assembly of pyrene segments. Linear 1,6-oligo-
pyrenes with a small number of pyrene units were obtained via
electrochemical polymerization of pyrene and their properties
were investigated.240,241

In the search for improved semiconducting materials, it is also
common to attach other chromophores such as fluorene to the 1,6-
positions of the pyrene ring.242 Thus, a blue-light-emitting disub-
stituted pyrene 158 including fluorene units was synthesized via
Suzuki coupling and used to fabricate OLED devices (Figure 86).
The nondoped device with configuration of ITO/PEDOT

(30 nm)/NPB (15 nm)/TCTA (15 nm)/158 (30 nm)/TPBI
(30 nm)/Mg:Ag, exhibited a very stable electroluminescent
spectrum at different applied voltages. The CIE coordinates
(x = 0.15, y = 0.12) of the device are very close to the National
Television Standards Committee’s blue standard. A maximum
ηext of 4.3% (current efficiency of 3.06 cd A!1) was achieved at
19.8mA cm!2 with a luminance of 607 cdm!2. The performance
of the device is competitive with the best of the nondoped blue
OLEDs, except for the luminance, which is still low.

It was reported that the introduction of alkynyl groups into
pyrene nuclei induces effective extension of the π-conjugation
and a large increase of fluorescence intensities compared to
unsubstituted pyrene, making these alkynylpyrenes improved
biomolecular probes.89 This fact inspired the same authors in the
preparation of para- and meta-linked alkynylpyrene oligomers
159 and 160, and they examined their photophysical properties
for possible application in optical devices (Figure 87).243 In this
case, the preparation of the oligomers was achieved via Sonoga-
shira coupling from a well-defined 1,6-disubstituted pyrene
monomer, which allows the control of the oligomeric structure.
The resulting oligomers mainly consist of 2-mer to 6-mer

based on MALDI-TOF mass spectra. From their absorption and

Figure 85. First and second generation of polypyrene, namely, Py(5) and Py(17).

Figure 86. Structure of disubstituted pyrene 158.
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fluorescence spectra, the para-linked oligomers 159 were found
to exhibit improved π-conjugation compared to the meta-linked
160, and the fluorescence quantum yields decreased with in-
creasing oligomer length (φPL = 0.79!0.55).
Two systems, 75 and 77, bearing a carbazole unit as donor and

pyrene as acceptor, were synthesized via Sonogashira coupling, as
previously described in Figure 33, and their photoluminescence
properties were investigated.131 Both derivatives showed extre-
mely high fluorescence quantum yields of nearly 100%. Com-
pound 77 was selected for device fabrication due to its higher
solubility relative to compound 75. The blend of compound 77
with PVK resulted in an EL device with green emission at
500 nm, turn-on voltage of 11 V, maximum luminance of
1000 cd/m2, external quantum efficiency of 0.85% at 15.5 V,
and maximum power efficiency of 1.1 lm/W at 15.5 V. The high
voltages and low efficiency translate into poor device perfor-
mance for these green OLEDs.
Also using the Sonogashira coupling, a series of well-defined,

monodisperse pyrene-modified ethynylene-linked oligocarba-
zoles was synthesized in order to study the influence of the
pyrene units on the electroluminescent properties.244 Ethyny-
lene linkages at the 3- and 6-positions of carbazoles resulted in a
zigzag shape of the molecular backbones (Figure 88), which
defined the conjugation length of the molecules and suppressed
red shifts in absorption and emission spectra of the oligomers in
solution when the size of the oligomers increases. 1,8-Disubsti-
tuted pyrene was also used in the center as well as 1-substituted
pyrene as the end groups.
Furthermore, the introduction of pyrene units improves

significantly the fluorescence quantum efficiency and its insertion
into different positions of the backbone effectively tunes the
molecule’s emission wavelength. OLED devices with different
configurations revealed that the oligomers without pyrene could
be used as hole-transporting materials only, while pyrene-
modified oligomers exhibit both light-emitting properties and hole-
transport abilities. It was demonstrated in this series of oligomers
that bifunctional optoelectronic materials can be achieved with
incorporation of pyrene units.
Only a limited number of polymers involve the use of pyrene

along the polymeric backbone. For the preparation of these
polymers, well-defined disubstituted pyrene monomers are re-
quired. For example, the poly(p-phenylenevinylene) (PPV) deriva-
tive containing pyrene segments (78) (Figure 89) was synthesized
via Heck coupling of 1,6-dibromopyrene with dialkoxydivinylben-
zene in high yield, as previously depicted in Figure 34.132

This polymer is readily soluble in organic solvents and shows a
blue-green light emission in solution and green-yellow light

emission in thin film. The emission’s red-shift in the thin film
relative to solution results from excimers/aggregates. This fact
shows that the molecular architecture is not good enough to
avoid the aggregation phenomena.
Also the synthesis, photophysics, and electroluminescence of

alternating copolyfluorenevinylenes containing pyrene for op-
toelectronic applications were analyzed.245 The idea was to
combine the structural characteristics of PPVs and polyfluorenes
with the highly emissive pyrene. The copolyfluorenevinylene
containing pyrene 161 was synthesized via Heck coupling of 9,9-
dihexyl-2,7-divinylfluorene with 1,6-dibromopyrene in 75% yield
(Figure 90).
This polymer presented good solubility and was obtained with

Mn = 14 800 g/mol and Mw/Mn = 2.3. Although the copolymer
exhibited high efficiency, blue-greenish fluorescence in solution
(φf = 59%), a significant decrease of PL efficiency was observed in
thin films (φf = 6%), indicating the presence of concentration
quenching in the solid state. The OLEDs showed EL with ηEL =
0.31%, with red emission. This result supports the fact that this
molecular design, with the double bond at the 1,6-disubstituted
pyrene, is not the most appropriate to avoid aggregation, which
results in the quenching of the fluorescence and red-shift of the
emission band.
4.3.2. Liquid Crystalline Structures.Discotic liquid crystal-

line mesophases have been obtained using 1,6-disubstituted
pyrene derivatives, taking advantage of the pyrene aromatic core
decorated with dendritic groups. The stimuli-responsive lumi-
nescent liquid crystal 162 shows a shear-induced liquid crystal-
line phase transition associated with a change of the
photoluminescent color.246 Compound 162 was designed to
exhibit both columnar and cubic phases, although it is difficult to
intentionally induce a cubic phase. In compound 162, the two
dendritic groups are linked to a central pyrene moiety via
Sonogashira coupling (Figure 91).
A variety of dendritic groups have been examined as LC

molecular components, and the dendron having a methyl group
at the focal point, which has a similar structure to that of the
dendron introduced into 162, has been reported to show a
columnar phase.247,248 It was also previously reported that
dendritic H-bonded molecules with bulky substituents exhibit
columnar!cubic phase transitions.249,250 Compound 162 pre-
sents a shear-induced LC order!order transition from a micellar
cubic to a columnar phase; this transition is accompanied by a
change of the luminescent color. The micellar cubic phase
exhibited by 162 is a metastable LC phase. This isothermal
transition from metastable to stable phases may be useful for
dynamically changing the properties of functional liquid crystals.

Figure 87. Chemical structure of para- and meta-linked alkynylpyrene oligomers 159 and 160.
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4.4. 1,3-Disubstituted Pyrenes
In the search for stable blue emitters, both in solution and in

thin film, our group reported a novel nonaggregating polypyrene,
which can be synthesized via a simple three-step chemical route
from pyrene in good yields.251 Poly-7-tert-butyl-1,3-pyrenylene
(163) shows a high solid-state fluorescence quantum yield with
blue emission, excellent solubility and stability, no aggregation in
thin films, and good electro-optical performance in single-layer
OLEDs. Poly-7-tert-butyl-1,3-pyrenylene (163) (Figure 92),
with a defect-free structure, has the highest degree of polymer-
ization reported up to now for polymers made up exclusively
from pyrene units.

The use of tert-butyl groups was strategic in order to selectively
obtain the 1,3-dibromo pyrene monomer. The polymerization of
the monomer was carried out under Yamamoto conditions with a
Ni(0) catalyst, followed by end-capping with bromobenzene.
The resulting polymer 163 was obtained in 60% yield, and GPC
(gel permeation chromatography) analysis (THF, PPP
standards) revealed Mn = 29 800 g/mol, Mw = 51 500 g/mol,
and PD = 1.7. This corresponds to a molecular structure of
approximately 115 repeat units. In addition to the high molecular
weight, we reported for the first time the suppression of
aggregation in pyrene due to the highly twisted structure of the
polymeric chain. In effect, through molecular structure design,

Figure 88. Chemical structure of pyrene-modified carbazole oligomers.

Figure 89. Chemical structure of poly(p-phenylenevinylene) (PPV)
derivative containing pyrene (78).

Figure 90. Chemical structure of copolyfluorenevinylene including
pyrene 161.
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the close packing/luminescence quenching effect in pyrene was
controlled. The novel 1,3-substitution of the pyrene ring leads to
important advantages, such as good solubility and a high
fluorescence quantum yield in THF of ΦPL = 0.88. OLED
devices with the ITO/PEDOT:PSS/163/CsF/Al configuration
showed bright blue!turquoise electroluminescence with a max-
imum at 465 nm and a profile very similar to the photolumines-
cence in the solid state. Luminance values of 300 cd/m2 were
measured at a bias voltage of 8 V with favorable blue color
coordinates of x = 0.15 and y = 0.32. The OLEDs display a
detectable onset of electroluminescence at approximately 3.5 V
and maximum efficiencies of ca. 0.3 cd/A. In conclusion, this
remarkable poly-7-tert-butyl-1,3-pyrenylene presents the benefit
of very stable blue emission, which is a consequence of the new
1,3-substitution, resulting in a large dihedral angle between
pyrene units that strongly suppresses aggregation and excimer
emission.

Macrocycles with rigid, unsaturated hydrocarbon backbones
have attracted great interest in the past few years, owing to their
unique properties and their role as building blocks of three-
dimensional nanostructures, discotic liquid crystals, extended
tubular channels, guest!host complexes, and porous organic
solids.252!255 These molecules consist of a shape-persistent
scaffold in a planar or nearly planar conformation, with minimal
ring strain and a large diameter-to-thickness ratio.256 The cyclic,
stiff backbone of these macrocycles is typically decorated with

solubilizing aliphatic side chains, which can contain various
functionalities. The aliphatic substituents are most often attached
at the periphery, but in some cases, the side chains have been
reported to fill the internal void of the macrocycle.257,258 Due to
π-stacking interactions, some of these building blocks self-
assemble into discotic columnar superstructures.259 The nano-
phase separation of the aliphatic part, which fills the columnar
periphery, from the rather rigid aromatic cores further promotes
thermotropic mesophase formation.259!261 The variation of the
molecular architecture allows the control of these thermotropic
properties, but requires appropriate synthetic methods for an
efficient preparation of macrocycles.262!264 Studies of the su-
pramolecular organization of these macrocycles have provided a
better understanding of the noncovalent driving force respon-
sible for their self-assembly.265!268

Inspired by the ability of macrocycles to self-assemble in
supramolecular arrangements and by the optoelectronic proper-
ties of pyrene, our group became interested in the design of
pyrene-based macrocycles. Macrocycles constituted exclusively
of pyrene units are extremely interesting structures from the
optical, electronic, and synthetic point of view. The pyrene-based
macrocycle 164 is depicted in Figure 93.269

The synthesis begins with the conversion of 2-tert-1,3-
dibromopyrene to 2-tert-1,3-diiodopyrene as well as to 2-tert-
1-bromo-3-boronic ester pyrene. The desymmetrization of
2-tert-1,3-dibromopyrene was the key step to obtain the
desired pyrene-based macrocycle. A Suzuki coupling reaction
between these two building blocks afforded the trimer bearing
two bromide functions. Yamamoto coupling using Ni(0)
catalyst under diluted conditions afforded the desired macro-
cycle in low yield (10%). The photophysical properties of this
new macrocycle were also investigated in solution and com-
pared to a linear pyrene hexamer. The maximum absorption
was measured at 360 nm with fluorescent emission at 439 nm.
These values are red-shifted compared to the linear hexamer.
This fact suggests additional intermolecular interactions in the
case of the macrocycle. This structure further serves as a
precursor for the planarized macrocycle via cyclodehydrogena-
tion reaction for possible self-assembly into ordered columnar
structures.

Figure 91. Chemical structure of liquid crystal 162.

Figure 92. Chemical structure of poly-7-tert-butyl-1,3-pyrenylene
(163).
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4.5. 2,7-Disubstituted Pyrenes
Recently, our group reported the first 2,7-linked conjugated

polypyrenylene, 165 (Figure 94), tethering four aryl groups.270

We have previously demonstrated that oligopyrenes linked at
their 2,7-positions, to a first approximation, possess electronically
decoupled pyrene subunits due to the nodal properties of their
frontier orbitals.271 This insight strongly encouraged us to
construct 2,7-linked polypyrenylenes, since such polymers
should act both as blue light emitters and as probes for local
polarity.

Poly(2,7-pyrenylene) (165) exhibits an intriguing blue and
solvent-dependent fluorescence in solution and strong red-
shifted emission in films. A high molecular weight of Mn =
21 800 g/mol and PD = 1.7, which corresponds to approximately
20 repeat units, was obtained via Yamamoto coupling reaction
utilizing microwave heating. Polymer 165 displays a blue fluor-
escence in solution, with an emission maximum at λ = 429 nm,
thus fulfilling well the requirements for a blue-emitting polymer.
However, the fluorescence spectra of 165 reveal a remarkable
long-wavelength tailing as well as additional emission bands with
maxima at λ = 493 and 530 nm. A fluorescence concentration
dependence study was performed in order to find a possible
explanation for the green emission bands in the blue conjugated
polymer.

The fluorescence spectral shape of 165 did not change, even
under very high dilutions such as 10!8 M per monomer unit,
indicating that the polymers do not form interchain aggregates in
solution. The intensity ratio between the localized emission
maxima in the fluorescence spectra of the thin film samples
was drastically changed when going to the solid state. The
polymer presents a blue fluorescence in solution with an emis-
sion bandmaximum at λ = 429 nm, fulfilling the requirements for
a blue-emitting organic semiconductor. The red-shifted broad
emission bands observed in the polymer fluorescence in solution
are not caused by aggregation but by intramolecular energy
redistribution between the vibrational manifold of the single
polymer chain. The additional red-shifted emission of the poly-
mer in the solid state could be strongly reduced by blending with

a nonconjugated polymer such as the polystyrene. Finally, in
solution, the polymer possesses fluorescence with solvent-de-
pendent features and could be used for probing local solvent
polarity.

Highly symmetrical, star-shaped molecules such as hexaaryl-
benzenes have attracted interest in materials science in recent
years, for applications as light-emitting and charge-transport
layers in OLEDs and as precursors for photoconductive poly-
cyclic aromatic hydrocarbons and discotic liquid crystals. For this
reason, hexapyrenylbenzene 166 (Figure 95) was prepared, and
its spectroscopic properties were analyzed.272

In this structure, pyrenyl subchromophores were chosen
because of the rich and well-known photochemistry of pyrene.
To design this structure it was fundamental that pyrene is bound
at the 2-position to the central benzene ring, because this
minimizes direct orbital overlap with the benzene core because
of the pyrene HOMO and LUMO having nodes through the 2-
and 7-positions. To achieve the 2,7-positions, an indirect ap-
proach was established, as previously described in Figure 40 for
the synthesis of the precursor 90, which was then involved in a
Sonogashira coupling to afford the pyrene alkyne derivative, with
the last step being the cyclotrimerization reaction using a cobalt
catalyst. The emission spectrum is independent of the concen-
tration such that excimer formation between two molecules of
166 could be excluded. This pyrene derivative exhibits strong and
red-shifted fluorescence both from locally excited pyrene states
and from the excitonic states of the aggregate.

4.6. 4,5,9,10-Substituted Pyrenes
In the search for new semiconducting materials for molecular

electronics, the 4,5,9,10-positions of the pyrene ring appear as a
very attractive alternative to prepare extended aromatic systems.
More precisely, the pyrene-4,5,9,10-tetraone or it is derivatives
allows by simple condensation reactions a simple method to
extend conjugation for elaboration of large polycyclic aromatic
hydrocarbons (PAHs).

To fabricate memory and electronic circuits, it is important to
develop both p- and n-type semiconductor organic materials;
however, the vast majority of organic materials developed so far
corresponds to p-type organic molecules. A new class of n-type
semiconductor materials using pyrene between pyrazine units in
a one-dimensional multipyrazine-containing acene-type conju-
gated molecules with different molecular lengths was reported
(Figure 96).273

Heterocyclic aromatic compounds containing imine nitrogen
atoms generally have a less negative reduction potential

Figure 93. Chemical structure of pyrene macrocycle 164.

Figure 94. Chemical structure of poly(2,7-pyrenylene) (165).
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compared to hydrocarbon analogues and heterocyclics contain-
ing oxygen or sulfur atoms. In addition to the strongly enhanced
electron affinity, the successive replacement of CH moieties by
nitrogen atoms in PAH offers opportunities to manipulate the
intermolecular interactions and molecular arrangements in the
solid state and therefore to tune electronic properties. Under
optimized condensation conditions, the acene-type compounds
(1!5) containing two to six pyrazine units and up to 16
rectilinearly arranged fused aromatic rings were synthesized from
a pyrene-4,5,9,10-tetraone derivative containing tert-butyl groups
or alkoxy chains at the 2,7-positions. Compound 5, with 16
planar arranged fused aromatic rings, has a long length of about
5 nm. Absorption measurements reveal that the energy gaps
of the molecules decrease with an increase in molecular
length. All of these molecules tend to aggregate in solu-
tion, which can be greatly suppressed by introducing bulky
tert-butyl groups. The n-type semiconducting nature of these
acene-type compounds has been verified by the electroche-
mical data. With the increasing number of pyrazine rings and
the increasing length of the molecules, the electron affinity of
these compounds is significantly enhanced. As a result, the
LUMO energy levels decrease from !3.24 to !3.78 eV,
comparable to a well-known n-type material, PCBM. High
electron affinity, high environmental stability, and ease of
structural modification make these compounds excellent
n-type semiconductors.

The synthesis and properties of a novel class of pyrene discotic
materials for electronic applications were presented.274 6,7,15,
16-Tetrakis(alkylthio)quinoxalino[20,30:9,10]phenanthro[4,5-abc]-
phenazine (167) was synthesized by condensation reaction of
pyrene-4,5,9,10-tetraone (Figure 97).

All OFET devices of 167a displayed p-channel characteristics.
The average saturation holemobility was around 10!3 cm2V!1 s!1.
The average threshold voltage was !43.7 ( 5.8 V. These values
are typical for thin-film OFETs with discotic liquid crystal
materials.

A similar pyrene discotic, but this time bearing a bis-crown ether,
was synthesized and the binding properties analyzed. Compound

168 composed of an quinoxalino[20,30:9,10]phenanthro[4,5-abc]-
phenazine core bearing two 18-crown-6 moieties is represented
in Figure 98.275

In order to identify the factors that control the thin film
crystallization processes, the thin film microstructure of a related
material was investigated.276 The organic semiconductor
(6,7,15,16-tetrakis(dodecylthio)quinoxalino-
[20,30:9,10]phenanthro[4,5-abc]phenazine was developed as a
potential charge-transport material for organic electronic appli-
cations. The characterization strategy proved effective in deter-
mining a nearly complete crystal packingmodel. Notable features
of the packing are the arrangement in segregated vertical layers;
the highly tilted core long axes and side chains; within the layers,
the absence of alkane interdigitation between layers; and the
cofacial packing of tilted planes.

Recently, we reported new electron-deficient N-heteroaro-
matic linkers for the elaboration of large and soluble polycyclic
aromatic hydrocarbons (PAHs).277 The synthesis of these ex-
tended PAHs of different sizes and shapes relies on a synthetic
approach starting from the 2,7-di-tert-butylpyrene-4,5-dione to
achieve the soluble oligophenylene precursor 169 with a well-
defined structure, which was then planarized via cyclodehydro-
genation (Figure 99). The selective oxidation of the perimeter of
a 6-fold tert-butylated tetrabenzo[bc,ef,hi,uv]ovalene, led to the
formation of the R-diketone 169. This versatile building block

Figure 95. Chemical structure of hexapyrenylbenzene 166.

Figure 96. Chemical structure of pyrene-modified multipyrazine
derivatives.
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took part in quinoxaline condensations to afford several giant
heteroatom-containing PAHs, such the ones depicted in
Figure 99.

The distortion from planarity of the aromatic frameworks of
169 by the bulky tert-butyl groups brought extraordinarily high
solubilities, presumably through the suppression of aggregation
of the aromatic π-systems.278 According to CV, the introduction
of quinoxaline or tetraazaanthracene bridges into the large
aromatic moiety significantly reduces the LUMO level, thus
rendering them strongly electron-accepting systems. The novel
nanographene 172, with 98 atoms in the aromatic core, is so far
the largest known PAH with a well-resolved 1H NMR spectrum
and exhibits strong fluorescence solvatochromism. The emission
of 172 shifts with the polarity of the solvent, suggesting that this
system can function as a π-electron-accepting unit only in the
excited state.

The quinoxaline condensation using the precursor 169 could
also be used in the synthesis of very large heterocycles capable of
complexation to a metal center, as shown in Figure 100.

The largest known ligand to be complexed to a metal center
has also been synthesized. Ligand 173, which is composed of 60
skeletal atoms (56 carbon and 4 nitrogen), was used to form a
ruthenium complex, 174. Using this approach, we also con-
structed a range of large metal complexes by varying the metal as
well as the number and nature of the giant ligands. Copper
phthalocyanine 176 is the largest known phthalocyanine deriva-
tive. It has an absorption maximum at 865 nm (Q-band) and
excellent chemical stability (stable up to ca. 450 !C). This makes
it an attractive system for use in long-term archival storage
devices, such as write-once, read-many-times disks. Metal-
lophthalocyanines have been demonstrated to possess remark-
able semiconducting properties with n-type properties. The
copper phthalocyanine 176 presents a small HOMO!LUMO
gap (1.34 eV), which can be used for the fabrication of
n-type OFETs.

A similar precursor, this time prepared from the 2,7-di-tert-
butylpyrene-4,5,9,10-tetraone, allowed the preparation of a series
of five well-defined monodisperse polyphenylene ribbons (177)
with increasing length, containing up to six dibenzo[e,l]pyrene
units in a three-dimensional backbone (Figure 101).279

In spite of the apparent backbone flexibility due to the linkage
of the dibenzo[e,l]pyrene units by “zigzag”-bonded biphenyl
bridges, the polyphenylene ribbons are expected to have a
quasirigid linear structure because of the steric hindrance be-
tween the neighboring stiff and bulky dibenzo[e,l]pyrene units.
These polyphenylene ribbons were designed to serve as

precursor molecules toward large PAH ribbons via a cyclodehy-
drogenation reaction, which was demonstrated for the lowest
homologue containing 132 carbon atoms in the aromatic core.
These graphitic nanoribbons with two-dimensional, essentially
planar conformations result in high delocalization of electrons
along the backbone and, consequently, high charge carrier
mobilities.

The heptacene derivative frequently called “twistacene” (98)
shows high distortion from planarity, mostly due to the presence
of the phenyl substitutents (Figure 44).280 The synthesis of this
electroluminescent pyrene derivative 98 started from the pyrene-
4,5-dione 95, as depicted in Figure 44. The terminal pyrene
moieties were designed to serve two functions: (1) to stabilize
the inherently unstable heptacene and (2) to enable the oligoa-
cene to be a strongly fluorescent molecule. The material’s
photoluminescence (PL) spectrum spans from 520 to 700 nm.
The band gap value is 2.5 eV, based on CV experiments, which
places the band gap of twistacene between those of tetracene
(2.6 eV) and pentacene (2.1 eV). The solid-state structure further
reveals that this molecule is so strongly twisted out of planarity
that the terminal pyrene units end up in the same plane. This
nonplanarity prevents the molecules from closely approaching
each other in the solid state. Therefore, the self-quenching effect
could be reduced. To achieve white-light emission, the twista-
cene was doped into a blue fluorene-based polymer. Very bright
and efficient white emission PLEDs, with a maximum luminance
exceeding 20 000 cd/m2 based on blue polyfluorene doped with
1 wt % TBH, were fabricated.281 The maximum luminous
efficiency was 3.55 cd/A at 4228 cd/m2, while the maximum
power efficiency was 1.6 lm/W at 310 cd/m2. The white color
was achieved by incomplete energy transfer from the blue
polyfluorene to TBH. The luminous efficiency of this PLED
device is comparable to that of the doped phosphorescence
devices reported recently.282 Moreover, compared to these
previously reported phosphorescence LEDs, the device based
on the twistacene has higher power efficiency due to the lower
turn-on and operating voltages. Another advantage of this device
is that the device CIE coordinates vary little as a function of
current density.

A new series of pyrene-based, pure-blue, fluorescent, stable
monomers, namely, the 2,7-di-tert-butyl-4,5,9,10-tetrakis(p-R-
phenylethynyl)pyrenes (178) (Figure 102), have been synthe-
sized by Pd/Cu-catalyzed Sonogashira coupling of the precursor
4,5,9,10-tetrabromo-2,7-di-tert-butylpyrene (100) formerly de-
scribed in Figure 45, using the tert-butyl groups as positional
protective groups.283

Figure 98. Chemical structure of quinoxalino[20,30:9,10]phenanthro-
[4,5-abc]phenazine derivative 168.

Figure 97. Chemical structure of 6,7,15,16-tetrakis(alkylthio)-
quinoxalino[20,30:9,10]phenanthro[4,5-abc]phenazine (167).
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As revealed from single-crystal X-ray analysis, there is a
herringbone pattern between stacked columns, but the π!π
stacking distance of adjacent pyrene units was not especially
short at about 5.82 Å, due to the introduction of the two bulky
tert-butyl groups in the pyrene rings at the 2- and 7-positions.
Photophysical characterization showed that the extension of
π-conjugation in these pyrene chromophores through pheny-
lacetylenic substituents serves to shift the wavelength of
absorption and fluorescence emission into the pure blue
visible region, for possible application as blue-emitting mate-
rials in OLEDs.

In the continuous search for innovative perylene bisimide
derivatives for photovoltaic devices, Mikroyannidis et al. reported
the symmetrical pyrene!perylene dyad 180 (Figure 103).284,285

Concerning bulk heterojunction solar cells, the state-of-the-art
is currently represent by photovoltaic devices with a power
conversion efficiency close to 8% based on composites of
acceptor-type fullerenes derivatives, such as PCBM with donor
polymers or small molecules. These composites have the advan-
tage of good charge carrier mobility but suffer from a relatively
large band gap and low absorption coefficients. PCBM is
considered the ideal acceptor in organic solar cells; however, it
suffers the disadvantage of poor absorption in the visible
spectrum. For further improvement of the power conversion

efficiency, it is important to develop new-donor-type organic/
polymer semiconductors with higher carrier mobility and low
band gap, and simultaneously, an electron acceptor material that
absorbs photons in the visible region.

Bulk heterojunction solar cells were fabricated using the small
molecule 179, which contains a central p-phenylenevinylene
unit, intermediate thiophene moieties, and terminal cyanoviny-
lene 4-nitrophenyls and possesses the donor!acceptor architec-
ture. Specifically, the central dialkoxyphenylene and intermediate
thiophene behaved as electron-donating segments, while the
terminal cyanovinylene 4-nitrophenyls acted as electron accep-
tors. Thus, an intramolecular charge transfer took place in this
compound, which reduced its optical band gap. Compound 179
was used as donor and the perylene!pyrene bisimide 180 as
acceptor to design the BHJ layer. The conversion efficiency of the
photovoltaic device with the donor:acceptor ratio 1:3.5 is about
1.87%, which is relatively good. This is attributed to the improved
light harvesting by the bulk heterojunction thin film layer. When
a ZnO layer was inserted in between the BHJ layer and the top Al
electrode, the efficiency was enhanced to 2.47%, which is
attributed to a further improved light absorption by the active
layer due to the optical interference between the incident light
and the reflected light and the improved electron transport in the
device. The power conversion efficiency is further improved to

Figure 99. Heteroatom-containing nanographenes from precursor 169.
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3.17%when the device is annealed at a temperature of 100 !C for
5 min, which is attributed to the increased crystalline nature of
active layer leading to further improvement in charge transport.

These values correspond to the highest values reported so far
for bulk heterojunction solar cells based on a perylene derivative

Figure 100. Metal-containing nanographenes from precursor 169.

Figure 101. Graphitic nanoribbons 177.
Figure 102. Chemical structure of phenylethynylpyrenes 178.
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as an acceptor material. The pyrene unit in this case should
contribute to an enhancement of the absorption in the visible
region, as well as photoinduced processes such as energy and/or
electron transfer, in addition to a favorable morphology due to
the twisted structure between pyrene and perylene, which results
in an improvement of exciton diffusion.

5. CONCLUSION

In the current paper, we have presented an overview of the use
of pyrene in organic electronics. We have started with the design
of the compounds, which is directly related to chemical issues,
passing over to the photophysical characterization and investiga-
tion of the different processes, such as energy and electron
transfer, and ending with the fabrication of the final devices.

It cannot be stressed enough that materials research starts with
synthesis. Providing the right material for electronic and optoe-
lectronic application is, foremost, a molecular issue. How can we
control the properties of a conjugated π-system, such as pyrene,
by chemical functionalization and derivatization?

The shape of pyrene, four fused aromatic rings, leads to very
particular reactivities; more precisely, the pyrene ring presents
three different reactivities in the same molecule. These different
reactivities lead to many selectivity problems as well as mixtures
of isomers that are very difficult to separate, making pyrene a very
challenging chemical system. Because electrophilic substitution
occurs preferentially at the 1,3,6,8-positions, the mono- and
tetrasubstituted pyrenes can be easily obtained. On the other
hand, the preparation of disubstituted pyrenes is much more
demanding but at the same time highly necessary for the
preparation of well-defined linear or cyclic oligomers and poly-
mers. The 1,6- and 1,8-disubstituted pyrenes can only be isolated
via tedious purification based on slightly differing solubilities.
The 1,3-disubstituted pyrenes were not accessible for many
decades, due to the preferred formation of 1,6- and 1,8-disubsti-
tuted derivatives; however, very recently, we could overcome that
problem. The 2,7-disubstituted pyrenes must be prepared
through indirect routes consisting of multistep and low-yielding

reactions. The 4,5,9,10-substituted pyrenes appear as very inter-
esting building blocks for the preparation of extended conjugated
systems as large polycyclic aromatic hydrocarbons. During the
past decades, these difficulties in accessing some positions of the
pyrene ring have partially limited the use of such building blocks.

Simultaneously, thanks to its very special optical and electro-
nic properties, pyrene has attracted much attention as an
important organic semiconductor for application in OLEDs,
OFETs, OLEFETs and, recently, also photovoltaic devices, such
as BHJs and DSCs. To this purpose, efforts have been made in
order to enhance the electronic and optical properties of pyrene
derivatives by modifying its molecular structure. The electro-
optical properties can be fine-tuned by introducing specific
electron-donating or -accepting groups or, alternatively, by
simply modifying the molecular architecture via substitution at
the pyrene ring. Fluorescent blue OLEDs, based on pyrene
derivatives, have shown excellent performance, achieving among
the highest reported values. Fabrication of light-emitting field
effect transistors using pyrene derivatives has been also very
successful. Recently, bulk heterojunction solar cells, using a
pyrene!perylene acceptor, have shown the highest reported
values of power conversion efficiency for BHJ solar cells with
perylene as the acceptor material.

Certainly, the development of new and simple synthetic
methods to circumvent the synthetic difficulties, such as the
simple preparation of 1,3-disubstituted pyrenes using a tert-butyl
as a positional protecting group or the accessibility to 2,7-
disubstituted pyrenes via two simple steps, opens many further
possibilities in terms of new pyrene-based semiconductors with
enhanced opto-electronic properties. The key to new pyrene-
based semiconductors is the development of new synthetic
methods necessary to reach the desirable substitutions, allowing
the use of pyrene in organic electronics. This will successfully
lead to a new era in terms of pyrene chemistry and promote the
expansion of pyrene as a building block for organic electronics.

As far as chemical functionalization is concerned, the chem-
istry of pyrenes proceeds in solution. The function of organic
devices, however, relates to thin solid films and thus to the solid-
state packing. The first concern, thereby, is sufficient solubility in
organic solvents for film deposition. The other is to establish the
right morphology. In an OLED, for example, amorphous films
are preferred in order to avoid light scattering at microcrystallites.
In an OFET, high charge carry mobility is desired for which
certain packing modes and high supramolecular order are crucial.
Finally, in a bulk heterojunction solar cell, an important pre-
requisite for the formation of separate percolation pathways of
holes and electrons is the formation of nanophase separated
regimes. All of these features are quite sensitive toward proces-
sing from solution, which includes nucleation, phase formation,
wetting!dewetting phenomena, and the templating effect of
substrate surfaces.

Another concern, however, is to achieve these morphological
properties via molecular design, e.g., by substitution with differ-
ent alkyl chains and introduction of polar and/or unpolar
functions, which assist the formation of the desired supramole-
cular structures. In that sense the synthesis of pyrene molecules is
only the first step in a whole chain of events, since not only the
appropriate molecular but also the supramolecular architecture
must be established en route to the best structural hierarchies
including the interfacing with substrates and electrodes. This is,
above all, a chemical challenge, and while much has been learned
about the correlation of molecular structures and π-electron

Figure 103. Pyrene!perylene dyad 180 and small molecule donor 179.
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properties, there is still much to be gained from more reliable
correlations between device function and supramolecular
structures.

The final question to be addressed, when attempting to
proceed from organic and polymer synthesis to optimized
performance in electronic and optoelectronic devices, is whether
it makes sense to single out particular π-systems such as pyrene.
One could suggest that the study of organic semiconductors is
partly a matter of fashion and of availability of a sample. Thus,
perylenetetracarboxydiimides have played a key role in the search
for suitable organic semiconductors, not only because they are so
unique and important but because they are commercially avail-
able. Pentacene, the fruitfly of the study of organic semiconduc-
tors in the field effect transistors, seems to play a special role in
justifying all the many physical and theoretical approaches which
it has attracted. But, here again, a key driving force in this
development has been the chemical functionalization of penta-
cenes, e.g., by going toward thia derivatives or by synthesizing
ethynyl derivatives. Highlighting pyrene and its possible func-
tions as an organic semiconductor does not necessarily imply its
role as a front runner in this field, but many excellent cases can be
made from this review, how new synthetic methods stimulate
new fundamental and theoretical concepts and lead to unprece-
dented device function. It is hoped that, vice versa, theory and
physics can identify new targets for pyrene synthesis.
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