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Dr. Shih-Chun Lo carried out his chemistry studies (B.Sc. and M.Sc.) at

National Chung-Hsing University in Taiwan. In 1996, he was awarded a
1. Introduction prestigious Swire Scholarship to undertake research toward a Ph.D. at

the University of Oxford under the supervision of Dr. Paul L. Burn and

Branched macromolecules or dendrimers have providedstudied organic light-emitting diodes and solar cells using conjugated

arich seam of research in terms of both innovative chemistry polymers. After graduating, he stayed in Oxford to carry out postdoctoral
and applicationd- For example, dendrimers have been research. His recent research interests have focused on the development
studied for use as low-dielectric materi&iss templates for of dendritic organic materials for organic light-emitting diodes.
the growth of single-wall carbon nanotutdéss catalyst’1°
and in biological application®, 2% including biosensor!
magnetic resonance imagifg?® and drug delivery?-23
However, it has only been more recently that such macro-
molecular structures have been explored in terms of their
electronic and optoelectronic properties, which is the focus
of this series of reviews. For example, charge-transporting
dendrimers have become an important class of organic
semiconducting materi#land significant effort has focused
on light harvesting and energy transfer from a peripheral dye
or chromophore to an emissive dye at the center or focus of
the dendrime?>3° Organic semiconductors have become
increasingly important as the active component in applica-
tions including organic light-emitting diodes (OLEDS)*
transistorg344 photovoltaic (PV) cell$>4¢ optical ampli-
fiers#"48and laser4®>! Traditionally, organic semiconduc-  Dr. Paul L. Burn received his Ph.D. from the University of Sydney
tors have fallen into two main classes, small molecules and (Australia). In 1988 he moved to Cambridge University (U.K.) to carry out
polymers, and these materials and their applications will be postdoctoral research in collaboration with Professors Friend and Holmes,

: . and in 1989 he became the Dow Research Fellow at Christ's College,
covered in detail by other authors. Small molecules are Cambridge. In 1992 he moved to a lectureship at the University of Oxford

generally processed by evaporation techniques and have theng a Tutorial Fellowship at University College, Oxford (U.K.), with an
advantages that the structurngroperty relationships are  aim to develop semiconducting dendrimers. In May 2006 he was awarded
relatively simple to understand, the materials are mono- a prestigious Federation Fellowship from the Australian Research Council,

(disperse), and they are deposited in a pure form. On theand from March 2007 will be Director of the new Centre for Organic
other hand, conjugated polymers are soluble and can peSemiconductor Research at the University of Queensland (Australia).
deposited from solution by processes such as spin-coating

and ink-jet printing, which opens up the exciting prospect
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is that solution processing is potentially less wasteful of a) [ Cathode
material than evaporation for devices that require patterning. Cathod —
However, it is often difficult to control the polydispersity, amode
molecular weight, backbone defects, and end groups of “Organic” “Organic”
conjugated polymers reproducibly. Branched macromol- LEM LEM
ecules, known as dendrimers, also have the advantage of Anode
being solution processable but by careful design can incor- HTL
porate the control over the optoelectronic properties that is Substrate Anode
reminiscent of small molecules. In addition, the dendritic s

. . X . ubstrate
architecture provides a number of other attractive properties,

including the ability to independently control the processing 9| Cathode d)

and optoelectronic properties; providing the processing power Cathode
to enable simple chromophores to be deposited as stable Electrolyte “Organic’/
amorphous films; dendrimer generation as a tool for control- TioJdve EA
ling the intermolecular interactions that govern device 2 Anode
performance; and the ability in well-defined dendrimers to Anode

have high chemical purity. In this review, we will focus on Substate Substrate

synthetic strategies that have been investigated for the _ _ _ _ _
preparation of optoelectronically active solution-processable Figure 1. Device structures illustrating: (a) a simple single-layer

dendritic materials and concentrate on two different applica- °rganic light-emitting diode (OLED) containing an organic light-
tions, namely OLEDs and solar cells, in which they have emitting material (LEM); (b) a multilayer OLED with hole transport

L . .~ (HTL) and electron transport (ETL) layers designed to balance
been used. In the context of OLEDs, we limit the discussion charge injection and transport [For each type of OLED, the LEM

to light emission, as branched macromolecules for chargemay be either a neat film or a guest/host blend, with the latter being
transport will be discussed in the review by Shirota. We will especially important for simple phosphorescent molecules.]; (c) a
also briefly comment on other recent light-emitting and dye-sensitized (Gtael) photovoltaic cell; (d) a bulk heterojunction
-absorbing branched molecular materials that have been useg®lar cell where the organic material is blended with an electron
in OLEDs and solar cells. acceptor (EA).

2. Organic Light-Emitting Diodes and fluorescent, then only the singlets can emit light, while if it
Photovoltaic Cells is phosphorescent, both the singlets and triplets can be

captured for light emission. Therefore, phosphorescent

Before reviewing the design strategies and types of materials inherently have the potential to form the most
dendritic materials that have been developed for OLEDs and efficient devices. While this has been demonstrated for red
PV cells, it is instructive to have a brief discussion of the and green emitter®;53 phosphorescent deep blue emitters
requirements that these applications place on the materialsare still a significant challenge. In a neat light-emitting layer,
The simplest OLED has the emissive layer sandwiched the chromophore that is responsible for light emission is
between two electrodes (Figure Ta)At the cathode, generally also responsible for charge transport. This often
electrons are injected into the lowest unoccupied molecular leads to a trade-off between these two important properties.
orbital (LUMO), and at the anode, holes are injected into For good charge transport, close interactions of the chro-
the highest occupied molecular orbital (HOMO). The two mophores are required. However, for light emission, interac-
charges move through the layer under the applied bias, andions of the chromophores can lead to emission from
if they meet on the same (macro)molecule, they can form aggregates or excimers. Excimer formation leads to a change
an exciton which may decay to give out light with the color of emission color and a reduction in the photoluminescence
of the emitted light governed by the HOM@Q.UMO energy guantum vyield (PLQY). Therefore, the ability to engineer
gap of the material. To have an efficient OLED, it is the intermolecular interactions at a molecular level is critical.
necessary to have balanced charge injection (equal number&or small molecule phosphorescent emitters, the intermo-
of holes and electrons) and transport, capture of all the lecular interactions are controlled by blending the emitter in
injected charges to form excitons, and radiative decay of all a host2*55As will be highlighted in this review, dendrimers
the excitons. This has not yet been achieved in OLEDs are proving to be ideal materials for controlling these
comprised of a single material, and hence, more complexinteractions at the molecular level for solution processed
devices are usually prepared (Figure 3398 Consequently, light-emitting materials. It is also important that the emissive
in order to balance hole and electron injection and transport,chromophore has a high solid-state PLQY; that is, once the
one or more extra layers are usually incorporated betweenexciton is formed, it must decay, emitting a photon before
the light-emitting layer and the cathode and/or the anode. being quenched by nonradiative processes within the device.
For example, if the light-emitting layer transports holes Finally, it should be noted that not all light generated escapes
predominantly, then at least one electron-transporting layer out the front of the device, with a significant proportion, of
will be placed between the emissive layer and the cathodeorder 80%, being wave-guided out of its edges. The best
andvice versa In the process of injecting charge (holes or devices have internal quantum efficiencies approaching
electrons), it is not possible to control the spins of the 100%; that is, for every injected electron, a photon is
electrons, and hence, when they meet on the same (macro)generated, and this corresponds to an external quantum
molecule, there is a certain probability that they form a efficiency of 20% based on a fifth of the light generated
singlet or triplet exciton. For small molecules, the ratio of coming out the front of the device.
singlets to triplets is 1:3! while, for conjugated polymers, Photovoltaic cells act in the opposite way to OLEDSs in
the ratio of singlets to triplets is believed to be greater, that light is absorbed, the formed exciton is separated, and
although triplets are still forme®. If the material is then the separated charges have to migrate to the electrodes
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Figure 2. The well-defined dendrimet has four dendrons (branching groups) attached to the rectangular core. The dendrimer is a second-
generation dendrimer with one level of each of pentagon and triangle branching points. Such a dendrimer would be typically formed from
a convergent route. Dendrim@rhas randomness within its branching with different generations of branching within its structure. In both
cases, S= surface groups.

without being quenched. The ideal material must have a highwhich simulate the solar spectrum and have an incident light
absorption coefficient and be able to absorb light with power of 100 mW/crh>®
wavelengths that correspond to the solar spectrum. The

exciton, formed on absorption of a photon of_Iight, is 3. Dendrimer Structure and Synthetic Strategy
relatively strongly bound, and hence, simple neat single layer =

devices tend to be very inefficient. As a consequence, more  Dendritic materials are branched macromolecules that can
complex device structures are generally used, of which the pe divided into two main classes: (1) those that have well-
dye sensitized (Gtael) cell (Figure 1c¥ and bulk hetero-  defined structures and are characterized by a polydispersity
junction cells (Figure 1d) are the two most successful of one (Lin Figure 2) and (2) those that have structures where
types2”>® These two cell classes provide a large interface there is randomness within the branchirgirf Figure 2),
between materials of different electron affinities. In the which often leads to larger dispersity in the molecular weight.
Gréazel cell, a dye is absorbed onto an inorganic semicon- In both cases, several key unitthe core, the dendrons that
ductor such as titanium dioxide. On excitation, the electron contain branching points between which one or more linking
from the exciton formed on the dye is transferred to the groups may be found, and, optionally, surface gretqtefine
inorganic semiconductor and then hops to the electrode andthe structures. In random highly branched materials, it might
travels around the circuit. The oxidized dye is then reduced be difficult to elucidate the position of the core although it
via an electrolyte ready for another excitation. In a bulk can be defined as the unit that provides the first level of
heterojunction cell, instead of having the “layered” device branching. The electroactive or optoelectronic moieties in a
structure, the materials with different electron and hole dendritic structure may be found at the core of the macro-
affinities are blended. When an exciton is formed on the hole- molecule or within the branching and/or linking groups or
transporting material (low electron affinity), the excited at their distal ends. The position of the active chromophores
electron hops onto the high electron affinity material. The will be governed by the desired application. For example,
two charges then have to move through the layer by hoppinglight-emitting dendrimers that are used in OLEDs generally
between regions of their respective materials to the elec- have their emissive chromophore at the core of the structure.
trodes. The main materials used as electron acceptors in bulkDendrimers are defined by the number of different levels of
heterojunction PV cells are fullerene derivatives, for example branching, that is, the generation number, and while this is
[6,6]-phenyl-G;-butyric methyl ester (PCBM). In both cell  easily determined for structures of tyfién Figure 2, it is
types, high charge mobility is required, but unlike the case less easily done for the tyg&structures.

of OLEDs, there is not a tradeoff between charge transport  The two main synthetic strategies applied to the formation
and purity of light emission and so materials can be of dendrimers are the converg&stand divergent route. ¢
optimized for the former property. Nevertheless, it is In a convergent synthesis the dendrimer is built from the
important to note that the efficiency of a cell is dependent surface or outside inward. The advantages of the convergent
on how well the absorption and solar spectra are matched.route are well-known and include the following: the number
The best power conversion efficiencieg (eported for bulk  of reactions at each iteration to form a higher generation is
heterojunction cells and Gzl cells are now over 5%for limited to the number of active functional groups on each
the former and around 11% for the lattit is important branching point; the surface groups can be included early in
to note that comparison of efficiencies of PV cells is the synthesis and hence can impart solubility throughout the
somewhat difficult due to the different reporting methods. dendrimer synthesis; and purification is more straightforward,
For example, some results are only reported for single as a missing branch will impart a larger difference on the
wavelengths while others are at low incident light intensities. size and polarity of the dendrimer. This procedure gives rise
For ease of comparison, the overall power conversion to a structure that is precisely defined, is monodisperse, is
efficiency () should be quoted for devices of similar size of high purity, and is without ill-defined end groups. One
under air mass 1.5 global intensity (AM1.5) conditions, criticism that has been made of the convergent route is that
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Figure 3. Light-emitting dendrimers with “charge-transporting” moieties at their surfages)(and a light-emitting chromophore at the
core 3—8 and10). Dendrimer10 has triazinyl branching groups in the dendrons.

it gives rise to slow growth. This is true, and if high be made. Finally, the functionality of the surface group plays
generations were needed, then the convergent route createa critical role in the processing of the dendrimers. An
a problem. However, for dendrimers to be of commercial optoelectronic dendrimer often requires that its structure has
use in optoelectronic applications, the development of high a significant number of conjugated units, which generally
generations is not needed, with the functionality being have low solubility in the absence of solubilizing groups.
incorporated into low-generation materials. In contrast, the Solubilizing groups have the most effect on the surface of
divergent route builds the dendrimer from the inside out. In the dendrimer, and hence, introducing them late in the
terms of optoelectronic materials, the divergent route has synthesis will create difficulties during the reaction and
three distinct disadvantages. First, as the generation numbegrification of the intermediate stages. An advantage of the
increases, the number of “individual” reactions also increases, gjvergent route is that if there is complementary functionality
meaning that there can often be unreacted functional groupsyp gifferent branching points, then it is very easy to form
or end groups (in polymer terminology). Given that the oy |arge structures, sometimes termed “hyperbranched”

C(c))?trr'r?(larOfe(ref%?mgarr?ggstr:Z i\lflltt?c:gui‘,r:i]c?r?g?gt Icr)]te(l:'l(igllljgﬁa:rede polymers. However, these dendritic materials are structurally
gur)r/\ber gf end group;s is of critical conceFr)n for de)r/1drifci]c poorly defined, they_ are polydisperse, and the issue of end
groups becomes critical.

materials. This can be obviated to a certain extent if only ) . )
low-generation materials are prepared. Nevertheless, the In order to provide some structure to the discussion, the
purity and polydispersity of the dendrimers prepared via the review will divided into the main functionality that is found
divergent route will be more difficult to control than those in the branching framework or dendrons and the dendrimers
prepared via the convergent process. To avoid as manyWwill be discussed under two different general headings,
unreacted end groups, it is necessary to use reactions thanamely saturated and conjugated branched structures. For
are very high yielding. This immediately places a limit on the sake of clarity, different dendrimer types will be
the number of different reaction types that can be used, andillustrated with low-generation structures although in many
ultimately on the range of useful dendritic materials that can cases higher generation materials have also been developed.
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4. Saturated Dendrons blending the coumarin 343 and pentathiophene cored den-

) ) . drimers in different ratios, as the higher energy excitons
There are many studies on dendrimers that are comprisetormed on the coumarin 343 cored dendrimer are not

of electronic chromophores but have saturated (nonconju-completely transferred to the lower energy red emissive
gated) linkage8? The main types of linkages used have pentathiophene chromophore due to site isolation. The
involved benzyl ethers (Foet), esters, amines, or amides. geyices again showed modest performance with the best
While there are many studies on the photophysical propertiesyegyits for a three-layer device (ITO/PEDOT:PSS/dendrimer:
of the materials, there are fewer instances where S”ChPBD/BCP/AIq;/LiF/AI) [PEDOT:PSS= poly(3,4-ethylene-
materials have been incorporated into devices. Three generaﬁioxythiophene):poly(styrene sulfonate); PBB 2-(4-
structural types have been developed for light-emitting biphenylyl)-5-(4tert-butylphenyl)-1,3,4-oxadiazole; BGP
dendrimers for use in OLEDs. The first structural type of 2,9-dimethyl-4,7-diphenyl-1,10-phenathroline; Alg tris-
d(_andrimer has had electricglly insulat!ng flexil_)le denc_iro_ns, 9-hydroxyquinolate)aluminum(ill): Lik= lithium fluoride],

with the chromophore that is responsible for light emission yhich had the fifth-generation thiophene cored dendrimer
and charge transport buried in the cen@in(Figure 3)°°2 blended with an electron-transporting material (PBD) and
The dendrimers were generally prepared using a convergengieciron transport layers (BCP and 4ltp assist in balancing
route. For example, in the case @fthe Frehet dendrons charge injection and transport. The device had a maximum

were synt_hesized first with_ the final step being for.mation of external efficiency (EQE) of 0.76% and a power efficiency
the dendrimer by the reaction of a 1,4-phenylenedimethylene ,¢ o 59 |m/W at a brightness of 100 ccriThe incorporation

diphosphonate with an aldehyde focusedche dendrqn: of dendrimers with charge-transporting moieties at their
The devices based on the dendrimer were not very efficient, ,faces has also been studied in the context of phospho-

and this is in part due to the saturated dendrons. EVidenceggcent emitters. Phosphorescent emitters have the advantage
for the potentially detrimental effects of having simple iy that hoth the singlets and triplets formed in the device
saturated dendrons attached to an emissive core comes from,, pe captured, leading to more efficient OLEDs. For

a study of dendrimers based on structures simila it oo mpje “gac-tris(2-phenylpyridyliridium(lll) cored den-
having differing numbers of dendrons. For single layer imer with dendrons comprised of carbazole moieties linked
devices (ITO/dendrimer:PVK/AI) [ITG= indium tin oxide; by ethylene units has been preparddir( Figure 3). The

PVK = poly(vinylcarbazole); Al= aluminium] with the  qg,ice”structure investigated was (ITO/PEDOT:FEES#/
different dendrimers blended at the same molar concentratlonA|) [Ca = calcium], with the emissive layer being comprised

1P e devioscontaing e dendinr i oy 01 o neat dendrimer or 2 blend wih PED. The devies
densities than that with two dendrons. In addition, the device containing the neat dendrimer films had much broader

taining the hiah tion dendri v had emission spectra than the blended films, indicating strong
containing the '93 er generation dendrimer generally Nad jyiermolecular interactions of the emissive cores in the solid
lower efficiencies® That is, the greater the amount of

insulating material, the poorer the performance. This study state. However, very good device performance (EQE6%
on the effect of tﬁe number of dendrons attached to the at arour 5 V and a brightness of 20 cdfjnwas achieved

emissive core raises an important point about dendrimerWhen the dendrimers were blended with the electron-
) 9 . .
structures that is further illustrated by the dendrimers in transporting PBD? Europium(lll) complexes with carbazole

X . moieties at the surface of the dendrons have also been
E)'gtl;ree g(')r[éevrlﬂgrrgearg 32?323?;23’8 Ezggg?v?n&nsvcined reported (for exampl8 in Figure 3)§0v81Interest|neg, instead
be seen later, the number of dendrons attached to a Iight—Of obser\_n_ng the red emission normally associated vv_|th_the
it h ' h | ; tant role i trol f—f transitions of the europium(lll) complexes, the emission
ﬁm' tlr?g(': romtoptc_)r::‘ cantp ay ?{1‘ |tmpor an (rjo € incon fro— was white due to there being more than one emissive
r::]zgncee important interactions that govern device pertor- spe_cigs: the europiqm itse[f and excimer or exciplex
The .second approach to light-emitting dendrimers with emission caused by interaction pf the carbaque surface
saturated dendrons also has the emissive chromophores aqroups _and the carbazole contammg_ho_st matétial.
the core of the dendrimer. However, charge-transporting ' N€ final structural type has the emissive chromophore at
moieties are introduced at the surface of the dendfihier  the surface of the dendrimer. If the chromophore is also the
an effort to overcome the poor charge transport (for example Charge-transporting moiety, then this structure type has the
4,557 and 677 in Figure 3). The dendrimers contain ester potential advantage of good charge transport, as the chro-

and ether linkages and were prepared via convergent routednophores should be close together. However, this has to be
with the emissive chromophore added at the focus of thetrad.ed off against potential concentration quenching of th_e
dendrimer in the final step. The initial OLEDs containing luminescent chromophores. These effects have been studied
these dendrimers as the light-emitting layer showed only With @ series of poly(amidoamine) (PAMAM) dendrimers
modest performance in simple device structures. For ex-With ruthenium complexes at their surfaces (for exantple
ample, devices containing dendrinfewere reported to have N Figure 3). While there was little change in the solution
external quantum efficiencies of 0.12% at undefined bright- PLQY between dendrimer generations, it was found that, in
ness in the red regidfi.More recently, the strategy of having the so_lld-state, moving from _the first- to the third-generation
charge-transporting groups at the surface of the dendrimerdendrimer, the charge mobility decreased due to the large
has been further elaborated with high-generation dendrimersProportion of insulating material, and the EQE of the devices
(up to generation five) being synthesized with coumarin 343 (ITO/dendrimer/Au) [Au= gold] at a given voltage de-
or pentathiophene dyes at the cétén the case of the latter, creased by a factor of 2 to 0.05%. This decrease in device
the dendrons were attached to both ends of the chromophore€fficiency is most probably due to self-quenching of the
An important feature of these materials is that by encap- Chromophores in the solid state.

sulating the cores in the higher generation den- For all dendrimers, the branching groups play an important
drimers, it is possible to tune the color of emission by role, and in terms of aromatic branching groups, the phenyl
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Figure 4. First-generation propylene imine-based dendritikwvith four porphyrins at its periphery. The solubility of the dendrimer is
imparted by the 3,5-diert-butylphenyl groups on thenesopositions of the porphyrin rings.

ring is most commonly used. Two other aromatic branching drimers were prepared by a divergent route with the
groups have been investigated with saturated dendrons2-aminoporphyrins coupled onto the surface groups of the
Triazine moieties at first sight are an excellent choice for preformed dendrimer using a diamide linking unit. The
branching group&3841,3,5-Trichlorotriazine is a commonly  coupling was efficient enough for the formation of a third-
used reagent, and each of the chlorine groups can begeneration dendrimer that had 16 porphyrin rings added to
substituted sequentially with nucleophiles such as oxygen,the surface; that is, all the surface groups reacted. The
nitrogen, and sulfur. The substitution of each chlorine atom porphyrin—propylene imine dendrimer showed enhanced
with one of the nucleophiles deactivates the next chlorine absorptivity when compared with that of nondendritic
atom toward substitution, and hence, the branching groupporphyrin reference material. Bulk heterojuction cells were
can be chemoselectively substituted with three different prepared where the porphyripropylene imine dendrimers
groups. The first example of using this strategy for light- were blended with g and the incident photon to photocur-
emitting dendrimers was in the preparation 1df (Figure rent conversion efficiency (IPCE) values of the devices
3). 10 was formed by a convergent route where the two containing the low-generation porphyrin-capped dendrimers
methoxy groups were added first to the 1,3,5-triazine were found to be higher than those of the devices comprised
trichloride with the final chlorine atom of 2 equiv of the of the simple porphyrin. Interestingly, the efficiency of the
dimethoxychlorotriazine derivative being substituted by the devices using the higher generation dendrimers was less than
more stable phenoxy anions of 3,5-dihydroxybenzaldehyde.those of the lower generation ones and the simple porphyrin.
Using the more stable anion in the final substitution meant This was attributed to poorer—z interactions of the

that the methoxy groups were not displaéed@he synthesis  with the porphyrin rings in the high-generation dendrimer
of distyrylbenzene chromophore was completed by the matrix due to steric crowding. In a Gel-like cell using
coupling of 2 equiv of the aldehyde focused dendrons with nanostructured tin oxide, a maximum IPCE value of 15%
tetramethyl-1,4-phenylenedimethylene diphosphonate. Filmswas observed for the blend containing the low-generation
of 10 were reasonably luminescent with a film PLQY of dendrimerll, and an overall power conversion efficiency
31%, although the devices were not particularly efficfnt. (1) of 0.32% with a visible light input power of 6.2 mwW/
This and more recent work has suggested that some triazine€n? was reported. Finally, a Gizel-type cell with fullerene
based dendrimers do not have suitable stability for opto- units spaced by first-generation amido amine (PAMAM)
electronic devices and, hence, while attractive from a dendrimers has also been described. It was found that the
synthetic point of view, may be impractical from a device IPCE andy of the cell increased logarithmically with the
standpoin®® More recent work on dendrimers with pyrimi- number of fullerene layers with the for the device with
dine branching units has shown that they can also be easilythree fullerene layers being 0.13% at an incident light power
synthesized and have better stability than the correspondingof 42.5 mW/cni.*

triazine branched dendrimetsTriazole moieties have also

been used as branching groups in aryl ether- or amine-based; Conjugated Dendrons

dendrons, although the photophysical and device properties

of materials containing these branching points have not yetg 1 Arylacetylenes

been studied®?

The study of dendrimers containing saturated dendrons in  The main arylacetylene structural unit investigated for
PV devices is still very much in its infancy. There have been dendrimers is that based on phenylacetylene. Elegant syn-
a number of reports of saturated dendrimers containing theses of phenylacetylene-based dendrimers (phenyl branch-
porphyrins?®-23 One set of reports describes a family of ing points and acetylene linkers) have been widely reported.
materials based on propylene imine dendrimers with por- In spite of the structural variations, the main method used
phyrins at their peripheryl{ in Figure 4)%2° The den- for their preparation is based on Sonogashira chenfiisry
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and a convergent strategy. The main reason for the use of5, 2, Arylalkenes

the convergent route is that it allows the introduction of )

surface groups at the beginning of the synthesis that provides Arylalkene-based dendrimers have been one of the most
solubility to what are otherwise poorly soluble conjugated W|de_ly studied far_mlles_ Of. dendrimers _Wminansstllbenyl
materials. It is important to note that the conjugated and (E"Stilbenyl) moieties within the branching framework play-
linear nature of the phenylacetylene moiety means at low ing a major role in the structures. The conjugated nature of

enerations the dendrimers can adopt a relatively planar formthe E-stilbenyl moieties has also meant that surface groups
9 . adop IVely plana are required to facilitate purification and processing of the
in the solid state. However, high generation dendrimers

) . materials. Like the phenylacetylene-based dendrons and
cannot adopt a plgnar arrangement in the solid state due 0yegrimers at low generation (first and second), Exe
steric interaction8® One of the main emphases of the work stilbenyl dendrons are mostly planar, and it is not until the

on phenylacetylene-based dendrimers has been to developnirg generation that steric interactions cause a more sig-
materials for the study of energy transfer. This is where the pificant distortion from planarity. Most of the dendrimers
dendrimer is excited primarily at a chromophore at the containing theE-stilbenyl-based dendrons have had the
surface of the dendrimer and the energy is then transferredoptoelectronically active component at the core of the
to a chromophore with a smaller HOM@QUMO energy  dendrimert® although there have been a few reports where
gap at the core. Dendrimers have been prepared that havehe active moiety is at their surfaé®:1°" The problem with
been comprised only of the diphenylacetylene moieties, thatthis latter approach for luminescent materials is that chro-
is with a single acetylene unit between each phenyl branchingmophores are able to interact easily, leading to quenching
point of the dendrimer12 in Figure 5) or several pheny- of luminescence. There are two main convergent strategies
lacetylene units between the branching phenyls. If the reported for forming=-stilbenyl-based dendrimers: first, the
attachment of the three acetylene unitsristaaround the ~ components can be connected by forming the double bond
branching phenyl, then although the dendrimers are fully using Wittig-type chemistr®!%and, second, the vinyl unit
conjugated, the electrons are not fully delocalized. This gives can be added directly to the next aryl unit using palladium-
rise to a similar effect to that observed for the dendrimers catalyzed chemistr{:®13 Both these processes have been
with saturated linkers whereby the macromolecular dendritic successfully utilized in convergent syntheses. Recently, an
structure is comprised of individual chromophores. If two altérnative approach to stilbenyl dendrons has been reported
of the acetylene units aprato each other on the branching in which the basic dendron framework is built up with sulfur

- o ; : = linkages and then oxidation of the sulfides to sulfones
henyl unit, then this gives rise to extended conjugation ) . .
\?vithigthe branching cgmponent of the dendriméé 4?1 followed by a series of Ramburd@acklund reactions is used

Figure 5)?%1%|t is important to note that the modular nature fo infroduce the vinylene moieties late in the synthéis.

of dendrimer synthesis allows great creativity and flexibility While this method successfully gave first- and second-

i structure- that is. diff A ; be i i dgeneration dendrimers, it could not be used to form higher
In structure; that s, difierent components can ej‘mcorpora.e generation materials. This was due to the fact that the
into the same dendron structure to form “asymmetric

. ’ : . . reagents in the RamburdBacklund reaction could not reach
dendrimers”. For example, dendrimet (Figure 5) contains e reactive sites buried in the larger structures. To make

both benzyl ether (Frhet) and diphenylacetylene units and  gptoelectronic dendrimers, the normal route has been to make
is prepared using a mixture of Williamson ether synthesis the dendrons first and then use functionality at the foci of
and Suzuki and Sonagashira reactits. the dendrons to form the dendrimer. This method gives rise
However, in spite of the extensive synthesis and photo- to reproducible syntheses of mono(disperse) materials.
physical studies on dendrimers containing acetylene units, Examples of dendron syntheses leaving reactive functionality
there have been few reports of their use in optoelectronic @t the foci of the dendrons are illustrated in Scheme 1.
devices. The first reported OLEDs with a light-emitting Dendron16 (Scheme 1) has been prepared by coupling
dendrimer layer contained materials with structures basedPisphosphonatd7 with aldehydel8 in a Wittig—Horner
on 12 (Figure 5) with diphenylacetylene moieties in the reaction. Deprotection of the acgatal at the chiLﬁfto Iea\{e
dendrons and a 9,10-di(phenylethynyl)anthracene ¥ére. &0 alde_hyde then allows an iterative buildup of higher
Although the OLEDs emitted light, the emission was broad, 9€neration dendrons or reactions to form a céteAn
indicative of excimer emission, and no efficiency data was alternative approach to similar dendrons with aldehydes at

. . . their focus has been achieved using Heck methodology. In
reported,_ suggestl_ng_that th_ey did not work parchIarIy well. this case a styrene, for exame (Scheme 1), is reacted
The excimer emission arises from the planarity of the

henvl | taining dendri llowina th ..~ with 3,5-dibromobenzaldehyd@() to give the dendro21
phenylacetylene-containing dendrimers allowing the emissive, i, an aldehyde at its focd? This can then be converted
chromophores to interact strongly in the solid state. The

) . . - ) to a vinyl unit to allow the iterative procedure to occur and
incorporation of hole-transport diphenylamine groups in place pigher generations to be formed. A similar strategy has been
of the tert-butyl groups on the surface of the dendrif§ér lized but replacing the 3,5-dibromobenzaldehyde with 3,5-
or the inclusion of the electron-transporting oxadiazole gjiodoaniline with the amine moiety subsequently elaborated
units'® did not significantly improve the efficiency of the  to allow for further coupling reactiort4® An elegant variation
devices. For example, an OLED (ITO/PEDOT:PEZAI — on the synthesis of such dendrons utilizes sequential Heck
Li alloy) [Li = lithium] comprised ofl5 (Figure 5) withthe  and Wittig—Horner reactions with the advantage of this latter
electron-transporting oxadiazole units and the same emissiveprocedure being that high-generation dendrons are prepared
9,10-di(phenylethynyl)anthracene corel@had an external  in a small number of stepgd®

quantum efficiency of 0.02% at an unspecified brightness.  In terms of dendrimers with the optoelectronic component
At this time there have been no reports of solar cells that at the center, as stated earlier, the functionality at the foci
contain dendrimers with acetylene units as the main linking of the dendrons plays an important role, as it provides the
units within the structure. means of creating the core chromophore. For example, the
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Figure 5. Acetylene-containing dendrimers witheta(12) andpara (13) arrangements around the phenyl branching groups, an “asymmetric”
dendrimer with benzyl ether and acetylene componels @nd a dendrimer containing oxadiazole electron-transporting moiéfi#s (
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Scheme 1. Examples of Wittig-Horner and Heck Approaches to E-Stibenyl Dendrons with Reactive Functionality at Their
Focia

OC12Hzs
C12H250 OC12Hzs t-butyl t-butyl

18 =

CHO i i 19

+ +
(EtO),(0)PH,C CH,P(O)(OEt), Br Br

17 20

CH(OMe), So

16R=R'= OC12H25, Y= CH(OMe)z
21 R =t-butyl, R'=H, Y = CHO
a (i) Potassiunt-butoxide, tetrahydrofura#? (ii) trans-di(u-acetato)bisj-(di-o-tolylphosphino)benzyl]dipalladium(ll), 2,6-dert-butylcresol, anhydrous
N,N-dimethylacetamide, Arz130°C 110

aldehyde moiety at the focus @flL has been used to form injection and transport. To elucidate a more precise reason
light-emitting dendrimers with chromophores that emit for the improved device performance four generations of
different color light. This is illustrated by the reaction2if dendrimers with the same dendronga$ut with fluorescent
with tetramethyl-1,4-phenylenedimethylene diphosphonate tris(distyrylbenzene)amine chromophorésl {n Figure 6)
that gave a blue emissive distyrylbenzene chromophore atwere prepared® In these latter dendrimers, it was found
the center of dendrime22 (Scheme 2) while condensation that charge was directly injected into the tris(distyrylbenze-
with pyrrole gave red emissive dendrim28 (Scheme 2) ne)amine chromophores at the center of the dendrimers and
with a porphyrin coré® that the mobility of the injected holes decreased by a factor
For application in OLEDs, dendrimers witk-stilbenyl of 100 in going from the “zeroth-" to third-generation
dendrons and fluorescent emissive cores have been used tdendrimeri’®12° That is, as the hopping distance between
illustrate many of the key light-emitting dendrimer properties. the chromophores increased with generation, the mobility
The first property illustrated is the ability to independently of the holes decreased. The change in mobility was ac-
control the processing and emissive properties. For example,companied by a concomitant increase in the light-emitting
while 22 and 23 emit blue and red light, respectively, they device efficiency, providing the first direct evidence that
can both be processed under the same conditions to givegeneration could control charge mobility and give improved
good quality thin films. Second, while there are many device performance given that the film PLQYs of the
chromophores that are fluorescent in solution, they cannot materials were similaf® Finally, theE-stilbenyl dendronized
generally be processed to form amorphous thin films and dendrimers were used to illustrate the importance of the
their luminescence is often quenched in the solid state. Forconnectivity of the components. While the dendron22af
example, distyrylbenzene itself cannot be spin-coated to form 23, and 24 are fully conjugated, the electrons are not fully
good quality amorphous films and is the dendritic delocalized due to thmetaarrangement around the branch-
architecture of22 that pravides the processing powerhat ing phenyl rings, similar to thenetaarranged phenylacety-
is, the use of dendrimers opens up a wider range of lene-based dendrons. This strategy of “connectivity” has also
chromophores that can be used in devices. Third, dendrimerbeen utilized with the emissive chromophores. For example,
generation is a powerful tool for controlling the intermo- the dendrimers with tris(distyrylbenzene)amine chromophores
lecular interactions that govern OLED performance. In have the orbital density distributed across the three distyryl-
OLEDs, there is often a trade-off between charge transportbenzenylamine “chromophorés® but the equivalent tris-
and light emission. For good charge transport, the chro- (distyrylboenzene)benzene cored dendring&si( Figure 6)
mophores need to be close together so the hopping distancéas each of the distyrylbenzenylbenzene moieties as indi-
is short. However, if the charge-transporting chromophores vidual chromophores because of tineeta arrangement
are also responsible for emitting light, then close proximity around the central pheny! ririg?
can lead to aggregate formation and excimer emission. By As with the optoelectronic dendrimers with saturated
using dendrimer generation, these key interactions can bedendrons, the common branching group used for the aryl-
controlled at the molecular level. The effect of generation alkene dendrimers has been the phenyl ring. However, there
was first studied on three generations of dendrimers with has been one report of a branched macromolecule that has a
distyrylbenzene chromphoregZis the first generation in  single triazine moiety as the branching unit at its center with
the series}” For this family of dendrimers, it was found three phenylenevinylene chromophores extending from it and
that the device efficiency was greater for the higher genera-long liphophilic alkoxy chains to give it solubilit}?® In
tions than for the first generation. It was also found that while addition, nitrogenZ6 in Figure 6}2* and carbon atom=7
the emission spectrum of the first generation was quite broadin Figure 6}%> and triazines (although the triazines are
due to excimer emission, the spectra of the higher generationssubstituted by three aryl unit&8 in Figure 6}%¢ have also
narrowed as the dendrons protected the emissive chro-been used as branching moieties with arylalkene dendrimers.
mophore of the dendrimers and reduced the intermolecularlt is interesting to note that the dimensionalityZf will be
interactions that lead to excimer emission. The improvement different from that o2 due to there being three substituents
in the device performance could have been due to a decreasaround the vinyl moiety. This arrangement means that the
in nonradiative decay pathways and/or more balanced chargelendrons cannot be planar at low generations unlike the



Development of Dendrimers Chemical Reviews, 2007, Vol. 107, No. 4 1107

Scheme 2. Examples Showing How the Functionality at the are then reacted with triphenylphosphine and carbon tetra-
Focus of the Dendron Can Be Used To Create Blue (22) and  bromide in the next iterative step to introduce the 1,1-

Red (23) Emissive Chromophores at the Center of a dibromovinylene unit ready for the next Sonagashira reac-
Dendrimer? tion 127

The triazine units in dendrimers such2&(Figure 6) were
designed to improve electron transport, although two-layer
devices (ITO/PVK/dendrimer/Al:Li) only had modest EQEs
in the range~0.03-0.5%. Finally, in terms of light-emitting
dendrimers with arylalkene dendrons, the first phosphores-
cent dendrimer OLED contained a platinum-chelated por-
phyrin core ande-stilbenyl dendrons; that i3 chelated
with platinum(ll). The device was not very efficient, as the
E-stilbene dendrons were found to quench the phosphores-
cencel®

All the syntheses discussed thus far have given rise to

i mono(disperse) materials. A number of highly branched
arylalkene-based materials have also been investigated. There
are two main strategies for making highly branched materials.
The first is to have two or more monomer units, one of which
must have at least three functional groups that can react with
the two or more functional groups on the other monomer-

O (s). The second method is to have the complementary reactive
toutyl groups on the same monomer. The reactions are often defined
by the number and/or type of reactive groups on each of the
O cHO momoners. For example, arxBy-type reaction can be used

to describe a monomer unit that contakfsinctional groups

P(O)(OMe),

t-butyl

21 of type A andy functional groups of type B. Alternatively,
thutyl O and somewhat confusingly, the notation can also be used to
describe a reaction that involves monomers of type A and
toutyl B, which havex andy reactive groups, respectively. The
simplest arylalkene structure 29 (Figure 7), which is only
) \ @ comprised of phenyl and vinylene unif8.29 was prepared
! N by Heck reaction of 1-bromo-3,5-divinylbenzene (an,AB
H type monomer) in yields of up to 50% and &, of 9000.
However, unlike the convergent route to well-defined den-
drimers that have a polydispersity of one, the polydispersity
of 29 was 2.7 and the material had reactive surface groups.
Surprisingly, even in the absence of lipophilic solubilizing
tbutyl groups, the material had sufficient solubility for solution
processing. The solubility ¢f9is in contrast to that of linear
poly(1,4-phenylenevinylene), which is completely insoluble
Fouty in common solvents. The solubility @ is probably due to
the branched nature of the material causing twists in the
structure and hence making it more difficult #o-7r stack
Foutyl in the solid state. Although the materials showed good
solution PLQYs, they have not yet been incorporated into
device structures. A similar branched phenylenevinylene
material has been synthesized via Wittig reaction of the AB
unit, 3,5-diformylbenzyltriphenylphosphonium bromitfé.
This second strategy has further been elaborated to produce

t-butyl t-butyl t-butyl t-butyl

23 materials with alkoxy substituents on the inner phenyl
tbutyl tbutyl tbutyl thutyl ring*3-132and pyridyl or dimethylaminophenyl groups at the
a (i) Potassiuntert-butoxide, anhydrous tetrahydrofuran, b fdllowed end of the branches. The latter materials have been used in
by iodine, tolueneA; (i) dry dichloromethane, catalytic trifluoroacetic acid, ~OLED structures, which have had, at best, modest perfor-
rt, followed by 2,3-dichloro-5,6-dicyano-1,4-quinohé. mance'33134 A complex highly branched arylenevinylene

structure has also been formed by the Heck reactioBOof

dendrimers containing the-stilbeny! units. While many of ~ @nd31(Figure 7). The material thus formed had the relatively
the dendrimers are formed via convergent routes, onehighMy of 6.0 x 10* and the low polydispersity of 1.1 and
interesting divergent synthesis of dendrimers with carbon had good solub|l|_ty, with the Iatterattrlbuteq to the lipophilic
branching units constructed with alternating vinylene and @lkoxy groups. Bilayer devices (ITO/dendrimer/A) had
acteylene units utilizes a combination of Wittig and Son- & luminous efficiency of around 0.33 cd/A at a brightness
agashira reactions. The synthetic strategy requires theOf 500 cd/ntand 6.3 V.

coupling of twop-formylacetylenes with a 1,1-dibromo-2- There has been very little work on dendritic materials with
phenylalkene using a Sonogashira reaction. The aldehydesarylalkene units for photovoltaic devices thus far. One
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NBu, NBu, MeG 27

t-butyl

tbutyl

tbutyl t-butyl

Figure 6. Amine- and phenyl-centered dendrimers, and phenyl, amine, and triazine branching groups.

material that has been synthesized has hsstalinked are comprised of (hetero)ary(hetero)aryl connectivity. In

dendrons comprised of stilbene units with dialkyamine terms of OLED applications, these materials have proved to
surface groups (for exampB82in Figure 7) or alkoxynapthyl ~ be the most successful and give highly efficient devices.
chromophores at the distal ends of the dendrons covalentlyunlike arylacetylene- and arylalkene-based dendrons that
attached to &. Although charge _:separation of the exci}on tend to be planar at low generations, one of the key

cell operation, no device performance was repotted. is that they form a more nonplanar geometry even at low
53 (H | generations due to the steric interactions of the substituents
3. (Heteroarylenes orthoto the (hetero)arylene(hetero)arylene bond. The fact

The final main class of dendrimers used in opto-electronic that the dendrons are nonplanar even at low generations
applications are those in which the branched componentsmeans that control over the intermolecular interactions of
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or more phenylene-based dendrons are attatfiét.The
dendrimers are prepared via a convergent route whereby the
dendrons are first synthesized and then attached to the ligand,
which is subsequently complexed to the iridium(lll) métal.

For example, the phosphorescent green emissive dendrimer
33 (Figure 8) was prepared in a convergent manner, in which
the first step was the attachment of the solubilizing 2-eth-
ylhexyl groups tgp-bromophenol. A series of metalation and
boronate ester formation and Suzuki couplings gave the
dendronized 2-phenylpyridyl ligand in good overall yield
before complexation with the iridium(lIB# By changing

the ligand structure but keeping the same dendrons, it is also
possible to achieve phosphorescent dendrimers wifiired

and sky-blue emissiot* These phosphorescent dendrimers
gave rise to highly efficient OLEDs due to their ability to
capture both the singlets and triplets that are formed in the
devices as well as controlling the intermolecular interactions
that govern charge transport and light emission. In addition,
the metalinking of the phenyl units meant that the triplet
energy of the dendrons was sufficiently high to avoid
guenching of the phosphorescent cores. For example, the
green emissive dendrim&3 when blended in a host and
used in a bilayer device achieved a brightness of 400 £d/m
at 4.5 V, with a corresponding EQE of 16% and a power
efficiency of 40 Im/W*>This is very close to the theoretical
limit of efficiency of 20% based on an outcoupling of a fifth

of the light generated in the device. More recently, highly
efficient two-layer devices with a neat dendrimer emissive
layer and an electron-transport layer have also been reported
whereby the attachment of a dendron to both (hetero)aryl
components of the ligand34, Figure 8) encapsulated the
charge-transporting and emissive c8€This latter device
(Figure 8) is the simplest and most efficient OLED containing

a solution-processed light-emitting layer.

Mdllen-type dendrori4®as a component of phosphorescent
dendrimers have been less widely investigated. Dendrimers
with Mullen-type dendrons are of interest for controlling the
important intermolecular interactions, as they are more highly
branched than those used 88 and 34. The strategy used
for the synthesis of such dendrimers is a combination of the
Diels—Alder chemistry developed by Men and that used
for the preparation 083. That is, an acetylated 2-phenylpy-
ridyl ligand is reacted with 2,3,4,5-tetraphenylcyclopenta-
dienone and then the dendronized ligand is complexed to
the iridium(lll). The first light-emitting phosphorescent
) ) ’ dendrimers, for exampl@5, with Millen dendrons suffered
Figure 7. Highly branched phenylenevinylene structug®)(and  from poor solubility due to the lack of surface groups.
fgi{gﬂggiﬁfﬂj%%iez‘ggﬁglézt)hat can be used to form such  ;qre vacently, this has been overcome by the attachment of

surface groups to dendrons, leading to very efficient devices
the chromophores at the centers of the dendrimers is greatefEQE > 10%) when the dendrlmesrs were blended witti-4,4
even for lower generation dendrimers. Many of the (hetero)- Pis(N-carbazolyl)biphenyl (CBPY:
arylene-(hetero)arylene materials are prepared by palladium  Fluorescent dendrimers with both the simple phenylene
catalysis methods, and a number of these will be illustrated. dendrons used f@83, for example36 and37,24°and Mulen
The main family of dendritic materials comprised of (hetero)- dendrons have also been reported. An important feature in
arylene-(hetero)arylene components have the dendrons madethe syntheses 086 and 37 is that the same dendron type
of phenyl units connected to each other, and these can beused for the preparation 83 and34 could also be used in
further subdivided into Milen-type dendrons with four or  their preparation. That is, the boronic acid or boronate ester
five phenyl rings and those with three phenyl ukits!s® focused dendrons were reacted with 2-(3-bromophenyl)-
around the branching phenyl ring. The synthesis 6fl&hs pyridine to give the ligand foB3 and were reacted with bis-
type dendrimers has been widely reported and reviewed,2,2-(7-bromo-9,9-din-hexylfluorene) and 2-(5-bromothio-
although, in the context of their use in optoelectronic phenyl)-7-bromofluorene to giv86 and 37, respectively.
applications, there have been far fewer reports. The mostThis demonstrates the advantage of the modular nature of
successful light-emitting dendrimers for OLED applications dendrimer construction. That is, it is possible to have libraries
have had iridium(Ill) complexes as the cores, to which three of dendrons and cores with different combinations of

N(n-Butyl),
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Figure 8. PhosphorescenB8—35) and fluorescent36—38) dendrimers with phenyl-based dendrons, and the structure of the efficient
two-layer OLED containing a neat film &4 and a 1,3,5-tris(N-phenylbenzimidazolyl)benzene (TPBI) electron-transporting layet. R
2-ethylhexyl.

components being drawn from the libraries to give rapid surface groups, were attached to the 9 and 10 positions of
access to new dendrimers. Interesting$, with the bis- anthracené®! The lack of surface groups also meant that
fluorenyl core, emits a deep blue fluorescence while the the dendrimers needed be blended with PVK to allow
fluorenyl—thiophenyl-cored dendrim&7 gives a blue-white ~ processing, and devices with an electron-transporting moiety
emission. The emission &6 is deeper blue than normally in the blend gave good performance for a blue emissive
required for displays, but a86 and 37 have the same  material, with maximum external quantum and luminous
dendrons and surface groups, they can easily be blendedefficiencies of 1.5% and 1.5 cd/A, respectively. Dendrimer
An important feature of the devices that contained blends 38 (Figure 8) is an example of a first-generation’lMn

of the two materials was that as the ratio of the two light- dendronized blue fluorescent emitter. The best fluorescent
emitting components changed, the color of the emitted light device containin@8 (ITO/PEDOT:PSS/PVI3&BCP/LiF/
varied between the two limits of the devices containing the Al) as the emissive material had an external quantum
neat material*®1% Fluorescent dendrimers with simple efficiency of 1.6%. The need for PVK as a host again
phenlyene dendrons without surface groups have also beerprobably arose from the fact that the materials were not very
used in OLEDs. For example, two first-generation phenylene soluble, due to the lack of surface groups, similar to the case
dendrons, similar td33 but without the 2-ethylhexyloxy  of 35.152 High-generation Mlien dendronized dendrimers
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Figure 9. Carbazole-containing phosphorescent dendrimers. Rethylhexyl.

with perylenetetracarboxidiimide cores have also been to porphyriit>® and ruthenium complex coré®, although
reported-®3 Alkyl surface groups were attached to make the they have not been used in optoelectronic devices as yet.
dendrimers solution processable. Single-layered OLEDs gave There have been a large number of reports of well-defined
reddish orange emission with low efficiency (0.14 cd/A). branched macromolecules with (hetero)arylene chromophores
Interestingly, the turn-on voltage (when light is observed) that contain just a single branching atom or group at the
of the OLEDs was found to be dependent on the generation,center of the material. For example, siliééhand nitrogen

with the higher generation having the higher turn-on voltage. atom3¢1-162and silsesquioxarés phenyls'®415truxenes>166

This is due to the fact that the phenylene dendrons aretriazatruxenest”168 triazines!®® and porphyrins®7! have
electrically insulating and the higher generations are shieldingbeen used. While the chemistry for the attachment of the
the electroactive core and slowing charge injection and chromophores to the center of the material varies, the
transport. chromophores themselves are generally synthesized by

A final method for forming phenyl branching groups that various metal-catalyzed reactions. Although the photophysi-
has only been explored a little is based on condensationcal properties of many of the materials have been studied,
chemistry. For example, acetophenone can be condensed witliew attempts have been made to incorporate them into device
Lewis acid catalysis to give 1,3,5-triphenylbenzene. This type structures. One bilayer OLED (ITO/NPL¥/Ca) [NPD =
of chemistry has been used to prepare the core precursor fod,4-bis(N-{ 1-napthy} -N-phenylamino)biphenyl] containing
25'%% and, more recently, truxene-based dendrimers in 41 (Figure 10), prepared by vacuum deposition, gave blue
excellent yield, although OLEDs based on these latter emission with an EQE of 1.2% at 10 ¥2 In a second
dendrimers were not very efficient (EQE 0.16%)%° example, single-layer devices (ITO/PEDOT:P&#Ba/Al)

An interesting development in (hetero)arylene-based den-[Ba = barium] containing spin-coated triazatruxed@
drons has been driven by the use of phosphorescent emitter¢Figure 10) gave good blue emissive devices with Commis-
in OLEDs. The most efficient OLEDs based on small sion Internationale d’Eclairge (C.I.E.) 1931 color coordinates
molecular phosphorescent emitters all have the emitterof (0.15, 0.09) and a maximum EQE and luminous efficiency
blended in a host matrix with a majority of the hosts of 2.0% and 2.1 cd/A, respectively, at a brightness of 602
containing carbazole units, for example, CBP and TCTA cd/n? (29 mA/cn? and 11.7 V)8 Finally, (hetero)arylene-
[TCTA = 4,4,4"-tris(N-carbazolyl)triphenylaming}:55145 based dendrimers with a central branching point and orga-
The host can play a role both in charge transport and in nometallic complexes (platinum and ruthenium) at the surface
preventing quenching of the luminescence caused by ag-have been prepared, although the OLEDs have tended to be
gregation of the emissive species. The dendritic architecturerelatively inefficient}’3:174
can achieve the same role of the host in terms of controlling  All the (hetero)arylene-based materials described thus far
intermolecular interactions, and hence, it was logical to have been well-defined materials with a polydispersity of
develop dendrons comprised of carbazole units and attachone. As with the arylalkene moiety, highly branched arylene-
them to the phosphorescent core. As seen earlier in thebased dendrimers have also been synthesized using pal-
review, there are examples of this strategy whereby the ladium- or nickel-catalyzed cross-coupling reactibftst’”
carbazoles are anchored and connected via nonconjugate@or example, a one-pot Suzuki couplingd&and44 (Figure
ethylene linkage®’ A couple of iridium(lll) complex-cored 11) led to highly branched materials wilh,’s in the range
dendrimers with conjugated carbazole-containing dendronsof 4—12 x 10*17® As with a majority of these types of
have also been reported@9and40 in Figure 9)'°¢.15One syntheses, the materials formed tend to have larger polydis-
of the key results of changing the phenyl-based dendrons topersities than those prepared via a convergent methodology.
carbazole dendrons, for example, moving frd&to 39, was For example, materials prepared from agAAB3; combina-
that the hole mobility was found to be enhanced for the latter. tion of monomers (where Aand A, are dibromo and
The explanation for this was reported to be that the HOMO diboronate ester fluorenyl derivatives, respectively, and B
orbital density is distributed more onto the dendron in the is a tribromooxadiazole derivative) utilizing palladium-
case of39 compared t@3, making it simpler for the charge  catalyzed Suzuki coupling reactions have been reported to
to hop from one dendrimer and/or dendron to i€&Bilayer have polydispersities of 242.6 andM,,’s of 3.7—4.7 x
devices (ITO/PEDOT:PS&/TPBI/LIF/Al) [TPBI = 1,3,5- 10%178 Importantly, in both studies, it was recognized that
tris(2-N-phenylbenzimidazolyl)benzene] containing a neat the materials suffered from the presence of a large number
emissive dendrimer film ofl0 showed good performance of reactive end groups. These were reacted with comple-
with an external quantum efficiency of 8.8% at 100 c8i/m mentary reagents in the final steps of the syntheses in an
and 3.5 V%7 Carbazole dendrons have also been attachedattempt to fully cap the end groups with unreactive func-
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R = n-octyl

Figure 10. Materials with single branching units at the centt &nd42) and starting materials to form highly branched arylene-based
dendrimers 43 and 44).

/
P
N
~ s
\_¢ L7\ —en
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\—on 46

P(O)(OH),

n-hexyl

Figure 11. Thiophene-containing dendritic materials and dendron.

tionality.1"6178The best OLEDs based on the highly branched and the latter utilizing nickel-catalyzed couplings for their
materials were reported to have a maximum EQE of 2.5% formation. For the dendrimers based 4% it is important
(ITO/PEDOT:PSS/dendrimer/Ca) although the brightnessesto note that the extended thiophene units4éb (n = 3)
were not reported’® offered better overlap of the absorption with the solar
Thiophene has a smaller HOM@Q.UMO energy band gap  spectrum and enhanced hole mobility. A power conversion
than benzene, and oligothiophenes can have good chargefficiency (7) of 1.3% at AM1.5 has been reported for a PV
transport due to efficient packing in the solid state. Therefore, cell containing4d5b blended with PCBM (ITOf5b:PCBM/
dendritic thiophenes have been recently investigated for Al).182A number of well-defined branched macromolecules
photovoltaic applications. Both well-defined (for example with triphenylamine or tris(thieno)benzene cores and
45ab in Figure 11}8°and highly branché@! materials have  thiophene-containing arms have also been reported and used
been synthesized with the former utilizing Stille reactions in PV cells. For example, bilayer PV cells wi#6 (formed
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/3 0 /SL:H
@ @ - A®

Figure 12. Silole-based materials.

in a divergent manner using Stille, Vilsmeiddaack, and out-coupling of light of 20%, the maximum external quantum
condensation reactions) had a maximum power conversionefficiency should be 4.5%. The higher efficiency observed
efficiency @) of 1.0% at AM1.5 in a bilayer device (ITO/  is not fully understood but could come from the fact that
46/Cqg/Al). 153 A similar material but with perylene moieties  emjssion arises from an aggregate, which perhaps changes

at thf distal ends when blended with PCBM h?‘d’fmf the ratio of singlet to triplet formation or gives a much greater
0.25% in a no?c;g}lmlzed dewfce (ITO/PE_DOT(;PSS/den- out-coupling of the light. Further evidence for the importance
drimer:PCBM/AI).>* A good performancey = 1.3%, was of the aggregation for light emission from these materials

reported for the branched thiophea@in a heterojunction comes from studies of highly branched silole-containing

solar cell with a perylene electron-accepting layer (ITO/ : . - )
PEDOT:PSS#?/pePer);]e/LiF/AI), althoughahisgwa)s/ at Eow materials. In the highly branched materials, which pack less

incident light intensity (1.9 mwW/c®.% The enhanced weI.I in th;al solid state, therg was no aggregate—enhancgd
performance was attributed to improved light absorbance, €Mission'*! The branched silacyclopentadienes and their
horizontal orientation of the materials to the electrode surface, Structural variants are relatively easily made, and the
and increased-electron delocalization. Nevertheless, these Syntheses often include acetylene-based substété3tor
results are still significantly below those of the best oligo €xample, when diphenylacetylene is treated with lithium and
and poly(thiophene) PV devices. An interesting photovoltaic then silicon tetrachloride, the dichlorosilacyclopentadiéiie (
material has thiophene-based dendrons (for exaddlie in Figure 12) is formed. The two chlorine atoms can be easily
Figure 11) with a phosphonic acid at its focus complexed to substituted to give different derivatives. For example, reaction
CdSe nanocrystal$® Single-layer photovoltaic cells (ITO/  of 51 with 2 equiv of the phenylacetylide anion gave the
48:CdSe/Al) showed initial power conversion efficiencies diphenylacetylene derivative, which was cyclized with

of 0.29% at an illumination intensity of 0.14 mW/€m lithium naphthalide with the subsequent dianion trapped as
) the bis-zinc salt of a spirosilole. Palladium chemistry was
6. Siloles then used to introduce further functionality to the spirosilole,

An interesting class of branched molecules are those based®" €xample, to formb2 (Figure 12). The performance of
on the silacyclopentadiene moiety. Simple examples of this OLEDS based on the silole materials has been found to be
type of material aret9 and 50 (Figure 12), and they are  Sensitive to the variations in the light-emitting silole structure.
notable due to the fact that their photoluminescence is The more heavily derivatised spirosilole materials were less
increased in the solid state and they have electron-transportiuminescent in the solid state than the parent silole, giving
ing characteristics due to the lowered LUMO. The solution rise to less efficient devices although this may also be in
photoluminescence quantum yields4%and50 were 30% part due to the different device structures. For example, an
and 13%, respectively, while the film PLQYs were signifi- OLED containing52 (ITO/NPB/5G2/LiF/Al) [NPB = N,N-
cantly higher at 78% and 85%, respectively. The improve- pjs(1-napthyl)N,N-diphenylbenzidine] had a moderate ef-
ment on luminescence in the solid is opposite to that normally ficiency of 2.0 cd/A at a brightness of 4350 cd/#? In
seen for emissive chromophores, where the emission de gnirast a device containirs, which is similar to52 but

creases in the solid state, and this difference has been oyt the tetraphenylspirosilole, gave yellow-green emis-

attrlputeq to the emission coming from an aggregate. sion with a maximum efficiency of 27 Cd/A and 6 Im/W in
Devices incorporating0 have been reported to have external a single layer device (ITO/PEDOSHCa)® while introduc-
qguantum efficiencies ranging from 0.63%to up to 8% 9 y

(20 cd/A) (ITO/CUPC/TPIBOAIG-/Al) [CuPc = copper tion of one or two $4 in Figure 12) carbazoles onto the
phthalocyanine; TPD = 4,4-bis(N-3-methylphenyIN- phenyl rings attached to the silicon atom reduced the
phenyl)biphenyl[:891% An external quantum efficiency of aggregate-enhanced emission and gave less luminescent
8% for a singlet emitter with a small molecule chromophore materials and OLED¥ Interestingly 54 blended with Alg

is more than would normally be expectesD has a film  has also been used in a PV cell (ITO/NPB/A&VAIqQs/
photoluminescence quantum yield of 85%, and taking into LiF/Al), giving an i of up to 2.2% at low illumination
account the standard singlet to triplet ratio of 1:3 and an power®*
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7. Conclusions D.; Heiney, P. A.; Duan, H.; Magonov, S. N.; Vinogradov, S. A.
Nature 2004 430, 764.

The application of dendrimers to new technology areas (23) Ul ¥ Tseng, ¥, D twon, S ¥ %‘éngugé L.; Bunch, J. S
continues to grow apace. Whlle very Iarge dendrimers have (24) Mynar, Il 'L'ower’% T. J.. Wemmer, D. E.. Pines, A.‘ iret, J.
been made, such high-generation materials are probably not M. J.J. Am. Chem. So@006 128 6334.
needed for many applications and especially for optoelec- (25) goth,J EngLébS”iéB% Vauthey, S.; Helm, L.; Merbach, ACEem--

H H H ur. J. y .

h . . obayasni, R.; awamoto, S.; Star, R. A.; Waldmann, T. A,; agaya,
tronic applications. The branched structure and modular 26) Kobavashi H.. K S- Star. R. A+ Wald T AT
synth_e5|s_ nature of dendrimers means tha_t the re_qwred Y.: Brechbiel, M. W.Cancer Res2003 63, 271.
functionality can be introduced at low generations. This has (27) Fulton, D. A;; Elemento, E. M.; Aime, S.; Chaabane, L.; Bottad,
been vividly demonstrated with charge-transporting and light- M.; Parker, D.Chem. Commur2006 1064.

emitting dendrimers that have been used in OLEDs. The (28) Mynar,J. L; Lowery, T J.; wemmer, D. E.; Pines, A., éfret, J.

M. J. J. Am. Chem. So@006 128 6334.

chemistry used to synthesize the optoelectronic dendrimers (29) Gillies, E. R.; Frehet, J. M. JJ. Am. Chem. So002 124, 14137.
is generally straightforward, and utilization of the convergent (30) Aulenta, F.; Hayes, W.; Rannard, Bur. Polym. J2003 39, 1471.
route ensures that surface groups are present to provide (31) de Groot, F. M. H.; Albrecht, C.; Koekkoek, R.; Beusker, P. H.;

Scheeren, H. WAngew. Chem., Int. EQ003 42, 4490.

solubility during both the synthesis and the processing and (32) amir, R. J.; Pessah, N.; Shamis, M.: ShabatABgew. Chem., Int.

ensures that there are no reactive functional groups remaining

Ed. 2003 42, 4494.

that can lead to device degradation. In comparing the device (33) Li, S.; Szalai, M. L.; Kevwitch, R. M.; McGrath, D. \J. Am. Chem.

performance of well-defined dendrimers versus highly

Soc.2003 125 10516.
(34) Shirota, Y.J. Mater. Chem2005 15, 75.

branched materials at this stage, the former have given the (35) Lor, M.; Thielemans, J.; Viaene, L.; Cotlet, M.; Hofkens, J.; Weil,

superior performance in device applications. While the

development of light-emitting dendrimers is much advanced
and has now reached the stage where they are considered a

the third class of light-emitting materials, their use in other
applications is still in its infancy and there is much yet to be

explored and developed. In particular, for each application,
the shape, generation, and components of the dendrimer need

to be optimized to overcome the factors that limit device
performance. In addition, while the work on light-emitting

dendrimers has shown that high-efficiency devices can be

formed, it is important to recognize that the efficiency of

performance is only one factor and that the devices must _
t (42) Friend, R. H.; Gymer, R. W.; Holmes, A. B.; Burroughes, J. H.;

also have commercially relevant lifetimes. This latter aspec

is one of the great challenges to making dendrimers

technologically relevant for semiconductor applications.
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