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The fabrication of multilayer organic light-emitting diodes through solution processing presents
challenges, especially regarding dissolution of the first layer during deposition of a second layer. One
possible approach to this problem is to insolubilize the first layer using cross-linking. Cross-linking
has also been used to control the morphological stability and aggregation phenomena of the active
organic materials. In this short review, we discuss the alternative chemically, thermally, and photo-
chemically promoted cross-linking chemistries that have been examined in the context of organic
light-emitting diodes including: the hydrolysis of silicon compounds to form siloxanes; the poly-
merization of styrene, acrylate, and oxetane groups; and the dimerization of trifluorovinyl ethers,
benzocyclobutenes, and cinnamates.

Introduction

The study of materials, processing, and devices for
organic light-emitting diodes (OLEDs) is a rapidly devel-
oping field. OLEDs are of interest partly because of their
ability to be processed onto a variety of substrates, their
potential for low cost fabrication, and the possibility for
fabricating energy-efficient displays and/or solid-state
lighting sources.1,2 The earliest multilayer OLEDs were
reported by Tang and Van Slyke in 1987 and were based
on a bilayer architecture.3 Early OLEDs were based on
fluorescent organic materials in which emission is only
obtained from hole-electron recombination events that
result in the formation of singlet excited states, placing
limitations on the maximum efficiency of devices.4 Use of
phosphorescent transition-metal-based emitters, enabling
emission from both singlet and triplet excited states,
was first reported by Forrest and co-workers in 19995

and has become widespread. Continuing progress in
increasing the performance and development of phos-
phorescent OLEDs has commonly been the result of new
complex architectures employing a variety of multilayers
with different functions including: hole and electron
injection and transport; hole, electron, and exciton block-
ing; and acting as a host for phosphorescent emitters.6,7

Thehighest efficiencydevicesaregenerally those fabricated
using high-vacuum vapor deposition of small-molecule
organic materials. This approach permits the fabrication of
well-defined multilayers with relative ease. Moreover, small-
molecule organic compounds can be highly purified
using crystallization and/or sublimation prior to use. Poten-
tial drawbacks are the tendency of many small-molecule
organic materials to undergo morphological changes, such

as recrystallization, especially at elevated operating tempera-
tures. In some cases, molecules from one layer have been
found to diffuse into another during operation.8 In addition
to these considerations,which canpotentially adversely affect
device stability and lifetimes, vacuum-processing is also
relatively time-consuming and expensive, while fabrication
on large-area substrates canalsobeproblematic.2 In contrast,
solution-based approaches have the potential to facilitate
rapid and low-cost processing and can be extended to large-
area substrates, and to high-throughput reel-to-reel proces-
sing. At the same time, higher molecular-weight materials
that cannot be vapor-deposited, such as polymers or oligo-
mers, can show relatively good morphological stability (and
presumably resistance to molecular diffusion) relative to
small molecules. One drawback with solution processing, at
least of higher-molecular-weight materials, is that it is gen-
erally more difficult to purify these materials; high material
purity is considered to be a critical factor in achieving long-
lived devices. Moreover, and of particular relevance to this
review, the use of solution-processing to create multilayer
architectures canbechallenging. Inparticular, depositionofa
second layer from solution can lead to partial dissolution of
the preceding layer if the solvent required for the second
material also dissolves the first. Careful design and/or selec-
tion of materials and solvents so that the solvent for a given
layer does not dissolve preceding layers (the so-called “ortho-
gonal solvent” approach) can help circumvent this problem.
Indeed, deposition of polymers from organic solvents
onto PEDOT-PSS {poly(3,4-ethylenedioxythiophene) poly-
(styrenesulfonate)}, which is itself typically deposited from
aqueous solution and insoluble in organic solvents, is com-
monly used in device fabrication.9,10 Several groups have
studied other applications of the “orthogonal solvent” ap-
proach but the method is not always practical to implement
for a given pair ofmaterials.11-15 An alternative approach to
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facilitating multilayer solution processing is to insolubilize
an organicmaterial following deposition and prior to deposi-
tion of subsequent layers. PPV (poly(p-phenylenevinylene))
is an example of an insoluble electroactive material that can
be formed from thermal treatment of solution-processed
films of a soluble precursor.16 A more general approach for
achieving solubilization subsequent to solution deposition is
to incorporate reactive substituents onto soluble electroactive
molecules or polymers that, when subjected to thermal, light,
or chemical treatments, react to cross-link the film.
This short reviewwill discuss and compare the different

functional groups that have been used cross-link active
organicmaterials- both small molecules and polymers-
for use in OLEDs. Although several other reviews have
discussed aspects of cross-linking for OLEDs,17-19 we
will discuss additional examples using a wide range of
cross-linking chemistries and, in the conclusions, com-
pare the advantages and disadvantages of some of the
approachesused todate.For the purposesof this reviewwe
will define cross-linking as a process whereby the forma-
tion of new covalent bonds leads to insolubilization of an
organic layer. Such layers can, therefore, be resistant to
degradation by solution-processing of a subsequent layer

from solution, as shown schematically in Figure 1. The
processmay be used to fabricate either devices inwhich the
active layers are entirely processed from solution, or
“hybrid” OLEDs containing both solution and vacuum-
deposited layers. In addition, cross-linking has been used
to control other properties of OLED active materials,
including morphological stability-for example, to sup-
press phase segregation or crystallization-and aggrega-
tion phenomena.

Cross-Linking Chemistries

Siloxanes. The formation of siloxanes from the hydro-
lysis of halo- or alkoxysilanes is widely used in materials
science. As shown in Scheme 1, the reaction proceeds by
hydrolysis, followed by condensation20 of the resulting
silanols to give Si-O-Si linkages. Although the process
can lead to effective cross-linking and the resulting bonds
are very strong and stable, water-either remaining from
the hydrolysis step or formed by the condensation - and
alcohols or hydrogen halides-from the hydrolysis step-
are potential contaminants in cross-linked siloxane films
that can potentially impair device performance. The ear-
liest example of the application of siloxane-formation to
cross-link an OLED material was reported by Li et al. in
1999.21 A tris(trichlorosilyl)-functionalized triarylamine
hole-transport material (1, Scheme 2) was synthesized that
could be easily spin-coated and then cross-linked. The
hydrolysis step involved exposure of the layer to moisture
followed by a curing step (120 �C) to produce a hard,
stable, and adherent film. A “Scotch tape” test was used to
confirm resistance to delamination through comparing
pre- and post-test UV-vis absorption spectra. Thermo-
gravimetric analysis (TGA) demonstrated very good
resistance to thermal decomposition and differential scan-
ning calorimetry (DSC) data showed no thermal events
across a range of 50-400 �C, supporting the conclusion of
successful cross-linking. Atomic force microscopy (AFM)

Figure 1. Schematic showing how cross-linking permits solution proces-
sing of multilayer OLEDs.

Scheme 2. Cross-Linking of a Trichlorosilyl-Functionalized Triphenylamine

Scheme 1. Siloxane-Based Cross-Linking



660 Chem. Mater., Vol. 23, No. 3, 2011 Zuniga et al.

was used to confirm that the thin films were smooth and
defect free. OLEDs were fabricated with the architecture:
ITO/cross-linked-1/Alq3/Mg (ITO = indium tin oxide;
Alq3 = tris(8-hydroxyquinolinato)aluminum, vacuum-
processed). Device testing showed turn-on voltages of ca.
6V and average external quantum efficiencies (EQE) of ca.
0.2%. The possibility of trace water or HCl remaining in
the hole-transport layer after the curing step was not
directly addressed.
Trichlorosilyl groups were utilized by Yan et al.22

to modify bis(diarylamino)biphenyl groups as a cross-
linkable electron-blocking material (Figure 2). OLEDs
were fabricated in which a blend of 2 and 3 (1:1 by weight)
was deposited from toluene onto PEDOT-PSS. These
films cross-link spontaneously within seconds of expo-
sure to air to yield a smooth insoluble film. The polymer 4
was then deposited from xylenes as an electron-transport
material, resulting in the device architecture: ITO/PED-
OT-PSS/2:3/4/Ca/Al. Thus, the use of cross-linking en-
abled fabrication of a device in which all the organic
layers were solution-processed. The current density at a
given field in the cross-linked device was ca. three times
lower than that in a reference device omitting the cross-
linkable layer (i.e., ITO/PEDOT-PSS/4/Ca/Al), whereas
the current efficiency was an order of magnitude higher,
demonstrating how cross-linking can facilitate the fabri-
cation of better devices.
Tri(alkoxy)silyl groups have also been used for the

cross-linking of hole-transport/electron-blocking materi-
als based on bis(diarylamino)biphenyl and bis(diaryl-
amino)benzene small molecules by Lee et al. (Figure 3).23

Several cross-linking conditions (using various annealing
temperatures) were tested and then evaluated by solvent
exposure of the films followed by UV-vis absorption
measurements; annealing at 150 �C was found to be
necessary to achieve sufficient cross-linking density to
insolubilize the layers. AFM studies provided evidence

that the cross-linked films were smooth. Three OLED
architectures were employed for the evaluation of the
cross-linked layers: I) ITO/PEDOT-PSS/PF/BaF2/Ca/
Al, II) ITO/PEDOT-PSS/6/PF/BaF2/Ca/Al, and III)
ITO/PEDOT-PSS/5/PF/BaF2/Ca/Al where PF is a poly-
(fluorene) derivative that was spin-coated from solution.
Electroluminescence (EL) measurements showed onlyminor
changes between the emission color of the devices.Devices II
and III had lower current densities than I at a given voltage
and showed ca. 30% greater current efficiencies, but the
turn-on voltages were higher. Thus, this provides another
example of the use of siloxane formation to help in the
fabrication of more efficient multilayer devices. However, in
noneof these siloxane cross-linkable systemshas the effect of
the cross-linking groups on electronic behavior been inves-
tigated by a comparison of cross-linked and non-cross-
linked materials and so the potential impacts of side-
products of the cross-linking reaction are unclear.
Styrenes. Styrenes are well-known to undergo poly-

merization through both radical and anionic mechanisms.
In particular, the radical polymerization can be thermally
initiated. Thus polymerization of styrenes can potentially
serve as a method for thermally cross-linking OLED
materials. A small molecule functionalized with a single
styrenemoiety will yield a linear polymer (whichmaywell
be soluble) and so candidates for cross-linking are typi-
cally functionalized with at least two styrene groups. The
method has also been applied to polymers, both by
incorporating the styrene groups as end groups or as side
groups (Scheme 3). Attractive features of styrene chem-
istry, in contrast to the siloxane chemistry discussed
above, is that no additional reagents are required and
no side products are anticipated, besides those associated
with chain terminations. However, the functional organic
materials must be stable at the temperatures required for
cross-linking and relatively unreactive toward the propa-
gating polymer chain.

Figure 2. Cross-linkable bis(trichlorosilyl)-functionalized bis(diarylamino)biphenyl derivative and other polymers used alongwith it in device fabrication.

Figure 3. Cross-linkable bis(tri(alkoxy)silyl)-functionalized bis(diarylamino)biphenyl and bis(diarylamino)benzene hole-transport materials.
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A considerable body of work with styrene cross-linking
groups has been concerned with using cross-linking as a
means of controlling the emission properties of polyfluo-
renes. Pure polyfluorenes are blue emitters in solution,
but additional red-shifted emissions shown in the solid
state have generally been attributed to the formation of
intrachain aggregates, exciplexes, and/or excimers24 (with
fluorenone impurities also playing a role in some cases25).
In 1999, Miller and co-workers26 synthesized cross-link-
able oligo- and poly(dialkylfluorenes) of variedmolecular
weights (7, Figure 4) by Ni0-coupling of the appropriate
dibromofluorenes and end-cappingwith 4-bromostyrene.
Non-cross-linkable analogues (8) were obtained by end-
capping the polymerization with 4-bromotoluene, TGA
showed no significant weight loss up to ca. 400 �C. Cross-
linking was monitored through using in situ IR spectros-
copy, DSC, and thin-film solubility tests. The disappear-
ance of the vinyl group CdC and vinyl C-Hmodes with
increased thermal annealing time and the insolubility of
the resulting thin-films in chloroform (as evidenced by
their UV-vis spectra) were suggestive of cross-linking.
DSC of an uncross-linked polymer (Mn = 3500) showed
a glass-transition, Tg, of 80 �C on the first heating and an
exothermic transition at ca. 175 �C. Subsequent heating
cycles showed increasingly high Tg values, as well as the
disappearance of the exothermic peak, which also sup-
ported the conclusion that a thermal cross-linking event
had occurred. To establish the effects of cross-linking on
excimer/exciplex and/or aggregation effects, thin films of
7 and 8 were prepared and annealed at 200 �C for 12 h.

Their photoluminescence (PL) spectra revealed little
change in the emission on annealing of 7, while the
non-cross-linkable 8 shows amarked red shift in emission
after annealing; the red-shifted peak was attributed to
aggregate formation on annealing, with the cross-linking
of 7 inhibiting this aggregation. Single-layer OLEDs
(ITO/7 or 8/Ca) were fabricated. The EL spectra for 8

showed a red-shifted emission peak similar to that seen in
the PL data. Although the excimer emission peak was less
significant in comparison to the PL data, this could be
attributed to the use of a higher molecular-weight sample
of 8. The authors suggested that the degree of excimer/
exciplex/aggregate formation is dependent on the poly-
mer’s molecular weight, with higher-molecular-weight
samples exhibiting lower chain mobility, resulting in
suppression of intermolecular ordering and limited
excimer formation. For 7, the relatively weak bathochro-
mically shifted EL peak was explained in terms of the
effect of cross-linking in preventing the polymer ordering
upon annealing. The authors noted that decreased reac-
tivity of the cross-linking styrene end groups with increas-
ing molecular weight and that for Mn > 30 kDa cross-
linking suppressed excimer formation less effectively. A
polymer weight range of 3-5 kDa was suggested to be
ideal for cross-linking of these polymers. However, poly-
mers at the low-molecular-weight end of this range may
not form high-quality thin films. In the same study, vinyl
benzyl cross-linking moieties were also incorporated into
the side-chains of a poly(dialkylfluorene) main-chain
polymer, 9 (Figure 5). Depending on the molecular

Scheme 3. Thermally Initiated Cross-Linking of Styrene-Functionalized Molecules and Polymers

Figure 4. Cross-linkable polyfluorene and an analogous non-cross-linkable homopolymer.
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weight, this second class of cross-linkable polymer was
also found to become insoluble upon annealing at 200 �C
for 10-60 min. PL data showed that cross-linking of this
type of compound was unable to suppress bathochromi-
cally shifted emission peaks.
In 2001, Carter and co-workers27 reported cross-

linkable amorphous poly-2,7-fluorene networks as a
means of limiting aggregation and excimer/exciplex
effects, as well as permitting the processing of multi-
layers. In order to fabricate blue OLEDs, copolymers of
2,7-fluorene and a spiro-bifluorene compound were
prepared with various molecular weights and end-
capped with styryl groups (10, Figure 6). The spiro-
bifluorene was introduced to impart amorphous proper-
ties with high Tg values; indeed, increasing values of Tg

were observed for polymers with increased spiro-
bifluorene content. Thin films of polymer 10 (Mn = 3.8
kDa)were prepared and thermally cross-linked at 120 �C
for 30min. Thin-film PL data for this polymer in both its
cross-linked and uncross-linked states show suppression
of aggregate emission, while that of the corresponding
non-cross-linkable homopolymer, poly-2,7-(9,9-dihexyl-
fluorene) showed a red-shifted emission. An OLED
(ITO/PEDOT-PSS/11/10/Ca/Al) {11 is shown in Figure
7} was fabricated using a higher molecular weight sam-
ple of 10 (Mn = 12.8 kDa), because of its formation of
higher quality films, as the emissive layer and cross-
linking this material at 100 �C. The EL spectrum showed
no signof aggregate/excimer emission.The externalquantum
efficiency (EQE) of the device was reported at 0.08% at
9 V. Based on the low EQE, a device possessing an
additional solution-processed electron-transport layer
was fabricated. Although this device showed a worse
EQE of 0.06%, it illustrated the potential of styrene-

based cross-linking to facilitate the fabrication of multi-
layer devices.
In 2003 Bozano et al.28 reported an investigation of a

blend of two styrene-functionalized cross-linkable poly-
mers. Cross-linking was employed as a possible means of
inhibiting the tendency of polymer blends to suffer from
phase-segregation effects.29 The blend of a blue-emitting
polyfluorenewith styryl end-capping groups (7, Figure 4),
and a polymeric triarylamine hole-transport material
with the same styrene end groups, 11 (Figure 7) was com-
pared to a blend of non-cross-linkable analogues termi-
nated with 4-butylphenyl groups. Thin films on silicon
wafers were characterized by AFM and both cross-link-
able and non-cross-linkable polymer blends were cured at
150 �C under nitrogen. AFM data (Figure 8) indicated
that a non-cross-linkable single layer blend of 7 and 11

analogues suffered significant phase segregation, whereas
this was considerably diminished in the cross-linked
blend. Films (single component or cross-linkable blends)
were also fabricated on top of a cross-linked 11 layer. For
both these double-layer samples, relatively smooth films
were observed; this observation in the non-cross-linked
blend was attributed to adoption of a stratified morphol-
ogy resulting from the effect of the underlying layer on the
top layer. Nevertheless, even for cross-linked blends,
some degree of segregation was observed. OLEDs with
an architecture: ITO/PEDOT-PSS/active layer(s)/Ca or
LiF were fabricated. All devices were thermally annealed
(150 �C for 45 min) regardless of whether the polymer in
question was cross-linkable or not. For evaluation of
single-layer polymer blends, devices containing a blend
of cross-linkable 7 and 11 in different ratios were fabri-
cated and compared with a device incorporating a blend

Figure 6. Spiro-linked polyfluorene material with styrene cross-linking groups.

Figure 5. Polyfluorene with cross-linkable vinyl benzyl side groups.
Figure 7. Polymeric triarylamine with terminal styrene cross-linking
groups.
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of the two analogous non-cross-linkable polymers.
Although the cross-linked devices generally exhibited

higher leakage currents, they seemed to have a better
recombination efficiency, which led to higher radiance
than the equivalent devices based on non-cross-linkable
blends.Many devices with varying types of blends of both
cross-linkable and non-cross-linkable polymers were stu-
died and the EQE data are summarized in Figure 9.
Bilayer devices, in which a second layer (single compo-
nent or blend) was deposited on a layer of cross-linked 11,

showed that the bilayer architecture was in all cases more
efficient than the single-layer devices. Overall, the work
discussed in this paper showed that cross-linkable blends
of polymers could be used as active layers in OLEDs and
that, by varying the blend ratios, the device properties and
efficiencies could be controlled, thus showing that the
blending approach can be a viable alternative to copoly-
mer approaches.
A PPV derivative functionalized with styryl end groups

(Figure 10) was studied by Wang and co-workers.30

Although films of PPV itself had previously been made
obtained as insoluble films,31 the PPV precursor route
had the disadvantage of potentially leaving byproducts
that could deleteriously affect device performance. By
using cross-linkable styryl end-capped PPV polymers
bearing solubilizing alkoxy groups, the authors were able
to achieve cross-linking while avoiding the potential for
forming these side products. Thin-films of the polymer
were prepared and thermally cross-linked (175 �C for 1 h);
UV-vis spectra before and after solvent washing indicate
that cross-linking results in an insoluble film, whereas
AFM showed the cross-linked films to have a generally
smooth texture. Device properties of the cross-linkable

PPV derivatives were evaluated in two OLEDs devices.
The first was a single-layer device possessing the archi-
tecture: ITO/PEDOT-PSS/cross-linked-12/Ca/Al. The
device emitted in the yellow-green with a low luminance
efficiency of 0.054 cd/A. The second device was a double-
layer devicemade possible by the cross-linking of the PPV
layer and incorporated an electron-transport layer com-
posed of a polymethacrylate with oxadiazole side chains
between the cross-linked PPV and Ca/Al layers. This
second device had a reported luminance efficiency of
0.7 cd/A, which is a marked improvement over that of the
single layer device.
In 2006, Paul et al.32 reported on a cross-linkable hyper-

branched triarylamine-based hole-transport material (13,
Scheme 4). The material was synthesized by Heck coupling
as shown in Scheme 4. TGA data showed that the non-
cross-linked polymer was stable up to 350 �C under argon.
DSC showed a single exothermic transition at 150 �Con the
first scan that disappeared in subsequent scans and was
taken as evidence of polymerization. On the basis of the
DSC results, thin films were cross-linked at temperatures
above150 �Cto forma three-dimensionalpolymernetwork.
UV-vis spectroscopywas used to compare the resistance of
cross-linked films to washing with tetrahydrofuran to that
of the non-cross-linked material. A bilayer OLED was
fabricatedwith the architecture: ITO/cross-linked-13/MEH-
PPV/Ca/Al {MEH-PPV = poly-[2-methoxy-5-(20-ethyl-
hexyloxy)phenylene vinylene)}. This device was compared
to an analogous device in which PEDOT:PSS was used
in place of the cross-linked hyperbranched material. Both
devices were exhibited quite similar EQEs, indicating that

Figure 8. AFM topography images of blends of either cross-linked (“x”)
or analogous non-cross-linkable (“n”) layers . Above left: single layer n-7/
n-11 (90:10). Above right: single-layer x-7/x-11 (90:10). Below left:
double-layer n-7/n-11 (90:10) on top of x-11. Below right: double-layer
x-7/x-11 (90:10) on top of x-11. Reproduced with permission from ref 28.
Copyright 2003 American Institute of Physics.

Figure 9. EQE measurements of OLEDs based on cross-linked blends
of 6 and 11 (x-blends) and blends of their non-cross-linkable analogues
(n-blends);DHFandHPTAdenote6 and 11 (and their non-cross-linkable
analogues) respectively. Reproducedwith permission from ref 28. Copyright
2003 American Institute of Physics.

Figure 10. PPV derivative with cross-linkable styrene termini.
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the cross-linked material was able to function as an
adequate hole-transport/injection layer.
In 2007, Jen and co-workers described a di(styrene)-

functionalized tris(carbazolyl) triphenylamine derivative,
14, with the structure and cross-linking chemistry as
shown in Scheme 5, as a hole-transporting layer that
could be placed between PEDOT-PSS and the solution-
processed emissive layer of anOLED33 (PEDOT-PSS has
been reported to partially quench emission from an
immediate adjacent emissive layer and the use of inter-
layers has previously been reported to improve device
performance34). DSC, UV-vis, andAFM (see Figure 11)
indicated that cross-linking could be achieved by isother-
mally heating thin films at 180 or 160 �C for 30 min (the
latter failing to cross-link fully). White-emitting phos-
phorescent OLEDswere fabricated with an overall device
architecture as follows: ITO/PEDOT:PSS(60 nm)/cross-
linked-14(15-34 nm)/EML (30 nm)/TPBI(25 nm)/CsF/
Al {EML = blend of blue-, green-, and red-emitting
transition-metal phosphors with PVK; TPBI = 1,3,5-
tris(N-phenylbenzimidazol-2-yl)benzene} were fabricated.
The devices were found to possess stable emission with
good CIE coordinates in the near-white range; Table 1
summarizes their performance. Devices with 14 showed
much better performance than the control with no inter-
layer between PEDOT-PSS and the emissive layer, the
efficiency increasing and then decreasing at the thickness
of the hole-transport layer is increased. The improved
performance of the 14 devices was attributed to enhanced

hole injection into the emissive layer due to the ionization
potential (IP) of this material lying between that of

Scheme 4. Representative example of the Type of Hyperbranched Hole-Transport Material Formed by 4-Bromo-40,40 0-divinyltriphenylamine
under Heck Conditions

Figure 11. (a) Pre- andpostwashingUV-vis of14 cross-linked at 160 �C;
inset shows DSC of (1st ramp) non-cross-linked and (2nd ramp) cross-
linked 14. (b) Pre- and postwashing UV-vis of 14 cross-linked at 180 �C;
inset shows AFM post-cross-linking. Reproduced with permission from
ref 33. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
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PEDOT-PSS and PVK, and to electron and/or exciton
blocking. No devices were reported that would enable
comparison of the performance of cross-linked and non-
cross-linked 14 and, therefore, permit one to ascertain the
effects on the functional transport groups of the thermal
processing needed for cross-linking.
Another paper by Jen and co-workers35 was concerned

with small-molecule styrene-functionalizedbis(diarylamino)-
biphenyl derivatives 15-19 (Figure 12). DSC showed
broad exothermic events above 150 �C for all the styrene-
functionalized compounds with no additional exothermic
events on second heating cycles. Films of the materials were
cross-linked at 170 �C for 30 min and demonstrated good
resistance to washing with chlorobenzene (annealing at
150 �C led to only ca. 85% resistance). The monofunc-
tional 15 was, as expected, only polymerized and did not
cross-link. AFM of the cross-linked thin films showed
them to be smooth and free of defects with root-mean-
square roughness values below 1 nm. Devices were fab-
ricated with the following architecture: ITO/PEDOT:
PSS/cross-linked-16-19/4/CsF/Al, where 4 acts as
the electron-transport and emissive layer. Table 2 sum-
marizes the devices and their performances. The results
showed that the use of the cross-linked hole-transport
materials improved device performance relative to a
device wth no such layer. As with their earlier work on
14 (see above), this was attributed to enhanced hole
injection into the emissive layer and to exciton and/or
electron blocking. Use of a higher cross-linking tempera-
ture of 230 �C led to poorer performance, which the
authors attributed to degradation of the PEDOT-PSS.
Again, this work demonstrates that a cross-linked hole-
transport interlayer can faciliate solution processing of all
the active layers of the device, the resulting device archi-
tecture leading to enhanced device performance while

employing a lower temperature cross-linking step relative
to that required for some other cross-linking chemistries
(e.g., BCB and TVFE thermal approaches, see below).
In 2009, Fr�echet and co-workers36 reported the devel-

opment of cross-linkable bis(styrene)-functionalized het-
eroleptic iridium complexes 20-23 (Figure 13). DSC
showed a broad exothermic event around 145 �C asso-
ciated with the cross-linking event, no additional exother-
mal events being seen in a second heating, with only Tg

events observed. The authors studied these emitters as
hole-transport and electron-blockingmaterials, as well as
emissive layers. Scheme 6 summarizes the cross-linking of
these materials from compounds 20-23. For hole-trans-
port/electron-blocking applications, compound 20 (PPZ
complex) was deposited and cross-linked. Blends of 20
with 21-23 (DFPPY,TPY, andPQcomplexes) were used
to achieve different colored emissive materials (in 90:10
wt % ratios of 1:2,3, or 4). These cross-linked films were
evaluated for solvent resistance via UV-vis by monitor-
ing absorption changes after washing films with chloro-
benzene; 15 min was insufficient to fully insolubilize the
layer, while 30 min proved adequate. Luminescence data
for thematerials before and after cross-linking showed no
significant changes. AFM showed that smooth films were
obtained from these materials. Compound 20 was studied
as a cross-linkable hole-transort/electron-blocking layer in
three types of devices: (I) ITO/EML/LiF/Al, (II) ITO/24/
EML/LiF/Al, and (III) ITO/24/EML/Cs2CO3/Al {EML is
a block copolymer host containing triphenylamine and
oxadiazole moieties doped with a green-emitting Ir com-
plex}. Films of compound 20were deposited by spin-casting
fromchlorobenzene and cross-linkedat 180 �Cfor30min to
obtain cross-linked compound 24. The results showed a
near doubling of the device EQE with the introduction of
the cross-linked layer of compound 24. Improved hole

Table 1. Data for OLEDs with Various Thicknesses of 14 (Scheme 5) Used As Hole-Transport Layer

thickness of 14

no hole-transport material 15 nm 25 nm 34 nm

device no. 1 2 3 4
max ηext (%) 2.07 4.01 5.85 5.2

power efficiency @ 800 cd/m2 (lm/W) 2.08 4.56 5.59 3.74

Scheme 5. Cross-Linking of a Styrene-Functionalized Tris(Carbazolyl) Triphenylamine Derivative
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injection into EML and electron blocking by 24 were
thought to be responsible for these improved properties.
Cross-linked blends of 20 and 21-23 were evaluated as
emitters in devices with the architecture: ITO/24/25-27/
ETL/LiF/Al {ETL is a homopolymer of an oxadiazole-
based material}. The devices represent good examples of
fully solution-processed multilayer OLEDs. A near-white
device in which the red-emitting material was doped into
the blue-emitting host was also fabricated. For these all
solution-processed devices, maximum efficiencies above
2% were reported, albeit with relatively low brightnesses

Figure 12. Cross-linkable styrene-functionalized bis(diarylamino)biphenyl derivatives.

Figure 13. Cross-linkable phosphorescent emitters.

Table 2. Data for OLEDs Using Styrene-Functionalized

Bis(diarylamino)biphenyl Hole-Transport Materials

material EQE (%) luminance efficiency (cd/A)

none 0.72 2.42
16 1.78 6.29
17 2.92 9.45
18 2.15 7.56
19 3.2 10.8
20

a 0.99 3.51

a cross-linked at 230 �C for 30 min; all others 180 �C for 30 min.
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(up to 400 cd/m2 at high driving voltages of 20-25 V) (see
Table 3). The low brightness and efficiencies were attributed
by the authors to the poor electron transport by the com-
plexes, leading to an imbalanceof charge in the emissive layer.
Acrylates. Acrylates are another class of monomer read-

ily polymerized by a radical mechanism. The polymeriza-
tion is generally carried out using thermal or photochemical
activation of a radical initiator. Accordingly, a molecule
functionalized with two or more acrylate groups can give a
cross-linked network when polymerized.
Bacher et al.37 reported the synthesis of a series of

acrylate-functionalized hexaalkoxytriphenylenes in 1999
(Figure 14). Themonoacrylate-functionalized compound
28was photopolymerized to give a soluble linear polymer
with a photoradical initiator (2,4,6-trimethylbenzoyldi-
phenylphosphine oxide, which absorbs strongly in the
350-400 nm range) underUVexposure at 130 �C(under an
inert atmosphere) as a test of photopolymerization condi-
tions. The di- and triacrylates were subsequently used to
form cross-linked polymer networks. IR spectroscopy was
used tomonitor functional group changes in the filmsbefore
and after cross-linking. UV-vis spectra of the polymers
showed little change following theUV irradiation, while the
absence of significant changes following washing with
dichloromethane indicated successful insolubilization

by the cross-linking. UV cross-linking in combination
with a photomask was used for photopatterning of the
polymer network and the patternedmaterial was character-
ized by surface profiling and scanning electron microscopy.
The materials were subsequently tested in OLEDs having
the architecture: ITO/photopolymerized 28-33/Alq3/Al.
Devices fabricated based on photopolymerization/cross-
linking of films of the hole-transport monomers 28-33

showed device brightnesses (at 10 mA/cm2) decreasing in
the order 28 (90 cd/m2)> 29 (67 cd/m2)> 30 (78 cd/m2)>
31 (13 cd/m2) > 32 (8 cd/m2) > 33 (3 cd/m2). Interestingly,
the device based on a photopolymerized film of polymer 28
showed a brightness ca. 10 times lower than an equivalent
device based on film spin-coated from a sample of poly-28
synthesized in solution.38

In 2006, work on a cross-linkable derivative of tris(8-
hydroxyquinolinato)aluminum (Alq3) was published byDu
et al. (Scheme 7),39 with the aim of inhibiting the crystal-
lization that has been observed for vacuum-processed Alq3
layers. Cross-linking was performed by either UV irradia-
tion using a photoinitiator or thermally (150 �C for 15min),
to give either the homopolymer (34) or a copolymer with
N-vinylcarbazole (35). To determinewhether the process
was successful in forming a cross-linked polymer net-
work, DSC and TGA data were obtained. DSC data for
the UV-irradiated films did not show the Alq3 glass
transition, typically observed at 120 �C, and this was
taken as evidence of the formation of the polymer net-
work. TGA data showed increased thermal stability at
high temperatures versus a linear chain Alq3 polymer.
OLED devices were fabricated with the architecture:
ITO/PEDOT-PSS/34 or 35/LiF/Al. When comparing
the homo- and copolymers, the efficiencies showed that

Scheme 6. Cross-Linking of Styrene-Functionalized Iridium Complexes

Table 3. Device Results for OLEDs Based on Cross-Linked Iridium

Complexes

devicea max EQE (%) brightness (cd/m2)

I 5 225
II 9.8 125
III 9.2 145

a See text for architectures.
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the co- polymer with a 10:1 ratio of Alq3 to carbazole
was the most efficient (approximately 4-5 times higher
than the homopolymer).
Trifluorovinylethers. The trifluorovinylether (TFVE)

group is known to undergo a thermally activated 2 þ 2
cycloaddition to form a hexafluorocyclobutane moiety at
temperatures of ca. 200 �C (Scheme 8).40 The process is
reported to occur via diradical intermediate that subse-
quently ring closes; head-to-head cycloaddition predo-
minates.41 This reaction typically proceeds with minimal
side reactions and can be carried out in the presence of a
wide range of functional groups,making this an attractive
cross-linking strategy for organic electronics application,
the major consideration being the thermal stability of the
active materials at the reaction temperature. However,
because this is a dimerization, rather than a polymeriza-
tion, at least three TFVE groups must be incorporated
into small molecules in order to ensure cross-linking; this
situation can be contrasted to groups such as styrene and
acrylate discussed above.
In 2006,Niu et al.42 reportedon the use ofTFVEs to cross-

link a hole-transport polymer in which styrene monomers
with TFVE side chains were copolymerized with monomers
with bis(diarylamino)biphenyl side chains (Figure 15). 36
could be thermally cross-linked at 235 �C for 40 min and
was used, alongwith another TFVE-functionalizedmaterial,

a tris(trifluorovinylethyl)-functionalized tris(carbazolyl)
triphenylamine small molecule (37, Figure 15) in an OLED
with the architecture: ITO/36(20 nm)/37/EML/TPBI/Al
{EML= solution processed emissive layer composed of an
iridium-basedphosphor in ablendofPVKandTPBI}.Thus,
the use of TFVE cross-linking permits fabrication of an
OLED with three solution-processed layers, the two cross-
linked layers acting as a redox cascade for hole injection from
ITO into the emissive layer. The device showed an EQE of
3%, whereas an analogous device omitting the 37 material
demonstrated a much lower EQE of 1.24%, which was
attributed to a large barrier for hole injection from 36 into
the emissive layer.
Another tris(trifluorvinylether)-functionalized hole-

transport small molecule (Figure 16) was reported by
Lim et al.43 in 2006, with the intention of developing an
alternative hole-transport/hole-injection material to
PEDOT-PSS. TGA indicated good thermal stability with
respect to weight loss, whereas a large exothermic peak
was observed in the DSC at 230 �C. Complete insolubi-
lization in chlorobenzene (as revealed by UV-vis) re-
quired 2 h of heating which may be rather long for a
processing step for commercial applications and increases
the probability of thermal damage to the active materials.
Cross-linking was carried out heating to 230 �C for 2 h.
AFM images of these cross-linked films showed a smooth

Figure 14. Hexaalkoxytriphenylenes (28-33) bearing one, two, or three polymerizable acrylate groups.
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surface with a root-mean-square roughness smaller than
that of PEDOT-PSS (0.47 nm vs 1.15 nm)). The polymer
HTL was tested in an OLED with the architecture: ITO/
38/PFO/Ba/Al {PFO = poly-2,7-(9,9-dioctylfluorene)}
and compared to an equivalent device with PEDOT-
PSS in place of the cross-linked material. The devices
had similar EL spectra. The device with the cross-
linkable layer showed a higher turn-on voltage than
that with PEDOT-PSS, but the luminance and luminance
efficiency (0.132 cd/A vs 0.091 cd/A) were improved. The
study clearly shows the successful employment of
the TFVE cross-linking groups in small-molecule based
HTL layers, but the relatively long time at high tempera-
ture required for cross-linking could prove problematic
if extended to other active materials (although higher

numbers of TFVE groups permolecule could perhaps help
in this regard).
Benzocyclobutenes. The benzocyclobutene (BCB) group

is another example of a moiety that undergoes a thermally
activated dimerization, typically at 200 �C or above, in this
case forming a dibenzocyclooctadiene ring,2 which is
formed by scission of one of the cyclobutene C-C bonds,
followed by an irreversible cycloaddition (Scheme 9).44 The
Fr�echet group1 in 2007 reported a polystyrene with bis-
(diarylamino)biphenyl and cross-linkable benzocyclobu-
tene side groups, 39 (Figure 17). The cross-linking of 39
(m:n = ca. 9:1) was initiated by heating between 180 and
250 �C(itwasunreactive at temperaturesbelow150 �C); this
led to the irreversible formation of dibenzocyclooctadiene
rings. The cross-linked polymer was reported to possess
good stability toward ambient atmosphere, moisture, and
light. The results of DSC,UV-vis, andAFM studies of the
material are summarized in Figure 18. The UV-vis spectra
illustrate the effect of 2 h vs 4 h of thermal annealing on
the solubility in chloroform; it was evident that 2 h is insuffi-
cient to fully insolubilize the film. AFM studies showed

Scheme 7. Cross-Linkable Tris(8-hydroxyquinolinato)aluminum Derivative and Its Homopolymerization or Copolymerization with

N-Vinylcarbazole

Scheme 8. Thermal 2þ 2Cycloaddition of aTrifluorovinyl Ether
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that the cross-linked polymer film produced was smooth.
OLEDdeviceswere fabricated using the general architecture
ITO/39/Alq3/LiF/Al, both with and without cross-linking
39, or a small molecule TPD equivalent device for compara-
tive purposes. Testing of all OLEDdevices showed emission
was from the Alq3 emissive layer exclusively. EQE values
showed little difference between the cross-linked and un-
cross-linked 39 devices (both ca. 0.7%), but both of these
devices had slightly lower efficiencies compared to the small-
molecule TPD device (ca. 0.89% efficiency). The authors
also fabricated a trilayer OLED with the architecture: ITO/
cross-linked-39/EML/BCP/LiF/Al {EML is a bipolar poly-
mer with oxadiazole and triphenylamine side chains doped
with an Ir phosphor; BCP = bathocuproine}. A device
without any hole-transport layer was also fabricated for
comparison purposes. The device with the cross-linked hole-
transport layer had a lower turn-on voltage and possessed a
higher current density at low voltages. At higher voltages,

though, the current density was lower for the cross-linked
device. The EQE increased from 6.4% to 10.4% following
the introduction of the cross-linked hole-transport material;
this was attributed to better exciton confinement and move-
ment of the recombination zone toward the center of the
device. This work demonstrates both that the thermal cross-
linking of BCB groups does not adversely affect device
performance (in the Alq3 devices) and that BCB cross-
linking permits fabrication of more efficient devices incor-
porating two solution-processed layers (in the phosphores-
cent devices). The prolonged heating apparently required to
effect cross-linkingmay, however, prove to be a limitation of
the use of BCB with application to other OLED materials.
Cinnamates and Chalcones. Cinnamates and chalcones

can react via a [2þ 2] cycloaddition (shown in Scheme 10
for a cinnamate) when exposed to UV irradiation and
have been used widely used as cross-linkers for polymers
for some time.45,46 Cinnamates and chalcones absorb
at ca. 290 and ca. 345 nm, respectively and so moderate
transparency of the activematerial at these wavelengths is
desirable in order to allow light to reach the cross-linking
groups and tominimize the possibility of photodamage to
the active material. As with the thermal reactions of
TFVE and BCB groups, this reaction is a dimerization
and so at least three cinnamates or chalcones permolecule
are required to achieve cross-linking. Thus far, however,
the use of these reactions in the context OLEDs has been
restricted to side-chain polymers.
An early demonstration of cross-linking to produce

robust films for OLED applications involved cinnamate
groups and was reported by Li et al.47 in 1997: a poly-
(methacrylate) ter-polymer (40, Scheme 11) was synthe-
sized with distyrylbenzene-, oxadiazole-, and cinnamate-
containing side chains, with the polymer composition
being controlled by changing the monomer feed ratios.
Pin-hole free films were readily deposited by spin-coating
or drop-casting and could be cross-linked using UV

Figure 15. Hole-transport materials with trifluorovinylether cross-linking groups.

Figure 16. Tris(trifluorovinyl)-functionalized triphenylamine.
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exposure (in air) for 10 min or longer. DSC showed an
increase in the glass-transition temperature from 107 to
154 �C on cross-linking. A decrease in the distyrylben-
zene absorption at 394 nm as well as the cinnamate

absorption was observed on UV exposure, illustrating
the possibility for undesirable photodamage when using UV
photo-cross-linking. OLEDs were reported with the archi-
tecture: ITO/cross-linked-40/Ca or Al with an efficiency of
0.1% for the Ca device.
Zhang et al.48 used a copolymer of methacrylate mono-

mers with side chains incorporating bis(diarylamino)-
biphenyl and cinnamate (41) or chalcone (42) groups
(see Figure 19). UV-vis data following different UV
exposure times showed decreases in overall near-UV
absorption for copolymers 41 and 42; this was attributed
to the cycloaddition reaction. For a homopolymer con-
taining only the hole-transport monomer, no change in
absorption was observed, which suggested this group was
stable against photodecomposition. Insolubilization of
the copolymers was demonstrated by UV-vis spectra of
the photopolymerized films both before and after tetra-
hydrofuran washing. To test the effect of cross-linking on
OLEDdevice performance, OLEDswere fabricated with the
architecture ITO/41 or 42/Alq3/Mg with or without cross-
linking. When tested, the devices were shown to be less
efficient when cross-linked, despite theUV-vis evidence that
the hole-transport groups were largely unchanged. This was
consistent with earlier work in which triarylamine-functiona-
lized polynorbornenes were found to undergoUV-promoted
cross-linking (the mechanism of which was unclear) that was
accompanied by a marked decrease in device performance.49

An additional study of similar cross-linkable copoly-
mers (43-46, Figure 20) was reported in 2003;50 this
focused on a range of substituted hole-transport deriva-
tives with a slightly different linker group and demon-
strated both photopatterning of the polymers (Figure 21)
and that OLEDs could be fabricated with similar perfor-
mance to non-cross-linked devices. AFM was used to
show that the cross-linked films showed little change after
annealing at 160 �C,while vapor-deposited films of TPD
changed significantly at only 80 �C. OLED devices were
fabricated with the general architecture: ITO/43-46/Alq3/
Mg:Ag. The EQEs of 45-based devices were studied as
a function of UV energy exposure per unit of area (see
Figure 22); the EQE was stable up to a 25 mJ/cm2 dose of
350nm light, butdecreasedbeyond that, demonstrating that
triarylamine-based systems can be relatively stable under
limited UV exposure. Cross-linking was also exploi-
ted to fabricate devices with two solution-processed

Scheme 9. Benzocyclobutene thermally initiated cross-linking

Figure 17. Benzocyclobutene-bis(diarylamino)biphenyl copolymer.

Figure 18. UV-vis spectra of 39 before (dark squares) and after washing
with chloroform following cross-linking (opencircles) for 2 h (top) and4h
(bottom); top inset showsDSCof 39 and bottom shows anAFMimage of
the cross-linked film. Reproduced with permission from ref 1. Copyright
2007 American Chemical Society.

Scheme 10. [2 þ 2] Cycloaddition of Cinnamates
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cross-linked layers: ITO/44/(43 or 45)/Alq3/Mg:Ag. These
devices showed increased EQE relative to devices with a
single cross-linked hole-transport layer; this was attributed
to more facile stepwise injection of holes from ITO into the
lower-IP polymer, the higher-IP polymer, and finally into
Alq3 in the trilayer devices, in contrast to a two-step process
in a bilayer device where one of the two barriers is con-
siderably larger. The lifetimes ofOLEDswith a single cross-
linked hole-transport layer were studied. For 43-46, the
device half-lifetimes were 681, 1575, 1849, and 840 s when
cross-linked, while a value of 1550 s was found for a device
based on un-cross-linked 44. Although these half-lifetimes
for all these devices with solution-processed hole-transport
layers are much less than that for an analogous control
device based on vapor-deposited TPD (36000 s), the data
clearly show that, at least for these systems, the UV cross-
linking process itself (when optimized) does not adversely
affect OLED lifetime. The successful identification of con-
ditions under which these polymers can be cross-linked
without significant impacts on device performance (rela-
tive to non-cross-linked analogues) has led to subsequent
use of cross-linked 45 in OLEDs as a hole-transport mate-
rial onto which polymeric electron-transport51 or emissive52-54

layers are solution-processed.
Oxetanes. Oxetanes are strained four-membered

cyclic ethers that can undergo cationic ring-opening

polymerization (CROP) to form linear polyethers.55Accord-
ingly, a molecule functionalized with two or more oxetanes
can be cross-linked when a suitable initiator of the cationic
polymerization process is added (see Scheme 12). Often the
process is initiated by the use of UV photoacid-generators
such as diaryliodonium or triarylsulfonium salts. These
photoacid-generators typically show strong absorptions in

Scheme 11. Cross-Linking of a Cinnamate-distyrylbenzene-oxadiazole Copolymer

Figure 19. Cross-linkable copolymers of bis(diarylamino)biphenyl and
cinnamate or chalcone methacrylates.

Figure 20. Methacrylate bis(diarylamino)biphenyl-cinnamate copolymers.

Figure 21. UV-vis spectra of 45 after different doses of UV irradiation
and image of a photopatterned film of 44. Reproduced with permission
from ref 50. Copyright 2003 American Chemical Society.
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the UV (e.g., 235 nm for Ph3S
þ,56 although absorption

maximacanbe red-shifted through substitution57), excitation
of which leads to a bond cleavage and ultimately to the
generation of a strong acid, but can also generate protons
when sensitized (throughan electron-transfermechanism) by
dyes with longer absorption wavelengths,57-59 thus poten-
tially including active materials used in OLEDs. Potential
advantages of this approach include the low shrinkage gen-
erally observed on oxetane polymerization and the relatively
high polymerization rates,60-62 although heating is often
used subsequent to photoinitiation to drive the polymeriza-
tion toward completion, especiallywhen theoxetanemoieties
are not particularly mobile at room temperature. Of course,
for OLED applications, it is important that the active
materials involved are not themselves sensitive to strong
Brønsted acids. In addition, protons or oxonium species are
likely to remain in the material following CROP; in
particular, protons may then migrate to other layers of
the device under the influence of the electric field used

for device operation. In some cases, bases and nucleo-
philes have been used to neutralize these species, but
this of course raises the possibility of incorporating
additional impurities into the films. Nevertheless, a
variety of OLEDs, including some with high efficien-
cies, have been demonstrated based on oxetanes.
Early work on oxetanes for cross-linking was reported in

1999 by Bayerl et al.61 To show the oxetanemoiety could be
successfully employed to cross-link a layer in an OLED
device, they synthesized bis(diarylamino)biphenyl modified
with either short or extendedoxetane functionalities (47 and
48, Figure 23). Films of 47 or 48 were deposited on ITO
alongwith 1wt%of a photoacid-4-(thiophenoxyphenyl)-
diphenylsulfonium hexafluoroantimonate-and cross-
linked by UV exposure (1 min at 302 nm). The films
became insoluble and DSC showed disappearance
of the glass-transition events observed for the mono-
mers. To establish the effect cross-linking had on device
performance, researchers fabricated two devices with poly-
mer 47with andwithout cross-linking (architecture: ITO/47/
Al). The cross-linked device showed a marked increase in
current maximum (15 times greater) compared to the
non-cross-linked device. A second type of device con-
taining an additional emissive layer spin-coated onto
cross-linked 47 was fabricated (architecture ITO/
cross-linked-47/EML/Ca {electron-transport/emis-
sive layer, EML = blend of poly(R-methylstyrene,
PBD, and perylene}) and emitted blue light at 2000 cd/
m2 under continuous operation.
Nuyken et al.17 reported a range of oxetane-functiona-

lized diamine derivatives in 2002 (Figure 24). After UV
cross-linking using a sulfonium salt photoinitiator the
films were found to be resistant solvent by inspection
of the UV-vis absorption spectra. OLED test devices
(architecture: ITO/49 or 50/Ca) were demonstrated
using these cross-linked materials as the single active
layer. Another approach examined was the synthesis of

Figure 23. Oxetane-functionalized bis(diarylamino)biphenyl derivatives studied by Bayerl et al.

Figure 22. UV dosage effects on the EQE of OLEDs in which 45 is the
hole-transport layer. Reproduced with permission from ref 50. Copyright
2003 American Chemical Society.

Scheme 12. Cationic Polymerization of Oxetanes
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copolymers containing hole-transport and oxetane groups
as side-chain functionalities (Figure 25). Introduction of the
oxetane comonomer was reported to adversely affect the
hole-transport properties of the polymer; this was attributed
todilutionof the transport functionality by the electronically
inert cross-linking comonomer.
The oxetane cross-linking functionality was inte-

grated into a series of conjugated polymers that were
shown to be patternable by photomasking, as reported
in 2003, by Meerholz and co-workers (Scheme 13).63

Arylene building blocks were incorporated in different
feed ratios to afford polymers with a variety of emission
colors as summarized in Table 4. Here the oxetane
groups were used to cross-link multiple layers in a
multicolor OLED in which the active layers were
processed entirely through spin-coating. All polymers
except 55 contained the oxetane functionality. Photo-
polymerization was achieved by exposing the polymers
(52-54) to UV (3 s at 302 nm) in the presence of a
photoacid generator (4-[(2-hydroxytetradecyl)-oxyl]-
phenyl}-phenyliodonium hexafluoroantimonate). IR
measurements showed the disappearance of the oxe-
tane groups after UV irradiation; the chain ends were
reported to be oxonium cations that required treatment
with several bases or nucleophiles (except for tetrahy-
drofuran, these were not specified) to neutralize
the cationic charges. Evaluation of the PL and EL

spectra showed no effect from cross-linking. OLED
devices with an architecture: ITO/PEDOT/EL polymer
(52-55)/Ca/Ag were fabricated. Compound 55 was
used for a non-cross-linkable control device. Initial
devices were not cross-linked and all devices 52-55

showed good efficiencies that were comparable to the
best reported values at that time for fluorescent
OLEDs, suggesting that the presence of oxetanes has
little effect on the hole- or electron-transport properties
of the active functionalities or the emission of the
polymers. When cross-linked, devices based on 52-54

all demonstrated high efficiencies (at high luminance)
and resisted breakdown at high current densities than
non-cross-linked devices.
Another study of the oxetane-functionalized bis(diaryl-

amino)biphenyl derivative 50 (Figure 24) was published
by Bacher et al.64 The photopolymerization process (in
the presence of a photoacid generator) was monitored
using IR spectroscopy as a function of different UV
exposure times: the intensities of polyether peaks (at 1175
and 1020 cm-1) increased and that of oxetane (980 cm-1)
decreased (Figure 26). Photopatterning by UV irradiation
through a shadow mask required heating to ensure the
mobility of the oxetane groups during the cross-linking
process. After removal of the non-cross-linked material by
washing with THF the patterned surface was examined by
AFM to reveal a good replica of the pattern of the shadow
mask (Figure 27).
A side-chain approach was explored by Bacher et al.65

based on various types of cross-linkable copolymer of
monomers containing hole-transporting diamines and
oxetanes (Figure 28). DSC showed the polymers to have
glass transitions below 100 �C which proved important

Figure 25. Oxetane-bis(diaryalmino)biphenyl copolymer.

Figure 24. Oxetane-functionalized bis(diarylamino)oligophenylene derivatives studied by Nuyken et al.

Table 4. Composition of Oxetane-Functionalized Conjugated Polymers

(See Scheme 13)

color-emitting polymers

52

(X-blue)
53

(X-green)
54

(X-red) 55(blue)

I moiety (mol %) 50 50 50 50
II 25 25 25
III 15
IV 10 10 10 10
V 15
VI 10
VII 5
ηmax (pristine) (cd/A) 2.9 7 1 3
ηmax (cross-linked) (cd/A) 3 6.5 1.1 n.a.
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with respect to the photocross-linking process as will be
discussed below. Films of the polymers were cross-linked
in the presence of a photoacid generator (doped at 1 wt%)
byexposure toUVlight (10 s at 366nm)witha curing step at
150 �C postirradiation, i.e., above the glass-transition
temperature to increase the mobility of the oxetane groups.
In the absence of the heating step, the viscosity limited the
effective reaction of the oxetane groups. Simple OLEDs
were fabricated with the architecture: ITO/56-63/Ag. A
reference device was also prepared with the cross-linkable
small-molecule diamine derivative 64 (Figure 29). The

copolymer devices had a higher turn-on voltage than the
64 device; this was attributed to the overall lower propor-
tion of diamine to electronically inactive backbone and/or
oxetane groups in the copolymers.
Meerholz and co-workers66 studied 64 (seeFigure 29), 65,

and 66 (Figure 30) as cross-linkable hole-transport layers
onto which emissive/electron-transport layers composed
of PVK, Ir phosphors, and oxadiazole-derivatives were
solution-processed. Some of the devices showed very
good performance, especially for solution-processed
OLEDs. The best device (based on a green phosphor)

Scheme 13. Cross-Linkable Copolymers Containing Bis(oxetane)-Functionalized Moiety (ArBr2 = II) (Compositions of 52-55 are

Defined in Table 4)
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showed a maximum EQE of 18.8% (depending on
conditions) and at 100 cd/m2 the power efficiency was
calculated to be 50 lm/W, better than other green poly-
mer-based devices at that time. This device used two
cross-linked layers: a hole-injection layer consisting of
cross-linked 66, chemically p-doped with NOSbF6, and
a second layer of cross-linked 66. A similar red device
exhibited an EQE of 13%. Blue devices (not directly
comparable because of different host materials) exhib-
ited a lower EQEof 5.7%, attributed to poor triplet state
confinement. In all cases, the device lifetimes were noted
to be quite limited; however, the authors noted that this
is a general problem with some of the PVK/oxadiazole
host systems and so the cross-linking process is not
necessarily implicated here.
An oxetane-functionalized phosphor, 67 (Figure 31), has

also been used in multilayer cross-linked orange-emitting
devices; the best performance was obtained from
a device with the architecture: ITO/PEDOT-PSS/
66/64/EML/ETL/CsF/Al.67 Films of hole-transport

materials 66 and then 64, containing 2.0 and 0.5 wt %,
respectively, of 4-octyloxy-diphenyliodonium hexa-
fluoroantimonate were successively deposited and
cross-linked using UV irradiation (365 nm for 6s) with
a postexposure bake (110 �C for 1 min). The EML
was comprised of 81.7 wt % of 64, 15 wt % of 67, and
3.3 wt%of an initiator (4-octyloxy-diphenyliodonium-
hexafluoroantimonate) and was also cross-linked byUV
exposure (365 nm for 10 s) followed by a postexposure
bake (150 �C for 15min). At low phosphor loadings, there
is incomplete energy transfer from 64 to 67, whereas at
higher phosphor content, greater initiator concentrations
seem to be required to achieve cross-linking, which in turn
requires higher temperature treatment (>200 �C) to
remove the amine radical cations formed from photo-
induced electron transfer from 64 to the initiator, which
leads to some decomposition of the emitter. Accordingly,

Figure 26. (a) Effect ofUVexposure on the attenuated total reflectance IR spectra of a filmof 50 and (b) dataderived fromIRdata showing the decrease in
the oxetane content with UV irradiation time. Reproduced with permission from ref 64. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

Figure 27. AFM image of a UV-patterned surface of 50. Reproduced
with permission from ref 64. CopyrightWiley-VCHVerlagGmbH&Co.
KGaA.

Figure 28. Copolymers containing oxetane and bis(diarylamino)biphenyl
or bis(diarylamino)benzene groups in the side chains.
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the 15% used represents a compromise between these
considerations. Finally, a PBD/poly(methylmethacrylate)
blend was used as a solution-processed ETL. A maximum

luminance efficiencyof 18.4 cd/Awas obtainedat a voltage
of 5 V and a brightness of 100 cd/m2, with a maximum
power efficiency of 15 lm/W; these efficiencies are excellent
for solution-processed devices, approaching those seen for
the best vacuum-deposited orange devices. Additional
devices with no hole-transport layer, or with a single
hole-transport layer, performed somewhat more poorly,
whereas the presence of the ETL is particularly important,
with a device omitting this exhibiting ca. 30 times poorer
luminance efficiency.
In 2009,68 K€ohnen et al. reported a variation on the

oxetane approach, which they referred to as “layer-
by-layer cross-linking”. This is shown schematically in
Figure 32; oxonium ions present at the surface of a layer
following cross-linking can potentially initiate cross-
linking in a subsequent oxetane layer solution processed
on top. Moreover, in this study, rather than initiating the
cross-linking of the first layer using a photoacid, the

Figure 30. Additional examples of oxetane-functionalized bis(diarylamino)biphenyl derivatives.

Figure 29. Small molecule oxetane-functionalized bis(diarylamino)-
biphenyl used in a comparison with the polymers shown in
Figure 28.

Figure 32. Schematic of the layer-by-layer cross-linking approach. Reproduced with permission from ref 68. CopyrightWiley-VCHVerlagGmbH&Co.
KGaA.

Figure 31. Oxetane-functionalized Ir-based orange emitter.
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Scheme 14. Polymer Scheme, Components, and Feed Ratios Used in the Synthesis of Materials for Use in the Layer-by-Layer

Cross-Linking Approach
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process was initiated by sulfonic acid groups present
in the PEDOT-PSS layer. The hole-transporting and
emissive polymers evaluated are shown in Scheme 14.
The process of cross-linking the films was achieved by
spin-casting oxetane-functionalized copolymers onto
PEDOT-PSS, followed by a heating step (100-200 �C),
which is believed to cause the CROP-based cross-linking
reaction of the oxetanes to proceed upward through the
layer. Coulombic attraction between the charged reac-
tive cationic oxonium species and the anionic PEDOT
component does not appear to limit the CROP process
as high thicknesses (>100 nm) could be achieved. The
authors suggested that a counteranion, such as a sulfate
ion resulting from decomposition in the PEDOT-PSS
layer, migrates through the layer accompanying cationic
reactive oxonium species. Indeed, addition of a salt or
excess poly(styrene sulfonic acid) to the cross-linking
layer led to an increased rate of cross-linking as well as
thicker films. The authors noted that the most effective
cross-linking temperature should be near or above the
glass transition of the material used. Following cross-
linking of the initial layer, it was found that subsequent
layers could also be cross-linked, thus permitting the
solution-processing of multilayer devices from solution
in which each layer is cross-linked, not only within the
layer, but also to the adjacent organic layers, thus,
presumably leading to highly robust organic-organic
interfaces.
A white OLED was fabricated with the multilayer

architecture: ITO/PEDOT-PSS(35 nm)/68(20 nm)/71
(5 nm)/70(10 nm)/69(60 nm)/Ba/Ag. The reported effi-
ciency was 4.5 cd/A at 100 cd/m2 and 2.1 cd/A at 1000
cd/m2. The device was found to be “near-white” in
emission but showed voltage-dependent color. The
initial device performance of an OLEDs fabricated
using PEDOT-PSS initiation was found to be similar
to that for an analogous device fabricated using photo-
initiation, but the lifetime was improved in the former
device (by a factor of 3.1 for a single layer red OLED
(71) to an extrapolated half-brightness lifetime of
6200 h). Two blue devices were also evaluated. The
first device used a PEDOT-PSS cross-linked 68 and a
photochemically cross-linked blue 69 layer. A second
device employing the combined PEDOT-PSS-initiated
layer-by-layer approach was also fabricated. Com-
pared to a fully photochemically cross-linked control
bilayer device, the first device (where the hole-transport
layer, 68, was cross-linked by PEDOT but the emissive
layer was photochemically cross-linked) showed a
10% improvement in lifetime, whereas the second
device (where layer-by-layer cross-linking was employ-
ed) had a lifetime improvement by a factor of 2.1 (to
greater than 1000 h). The presence of side products
from the photoacid were suggested as a potential
reason for decreased lifetime in the reference devices.
The PEDOT-PSS/layer-by-layer approach should be
free of these species, although the possibility of mobile
counteranions within the active layers could lead to its
own problems.
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Conclusions

This review of the literature concerning cross-linkable
organic materials for OLED applications has shown that

they can play a useful role in simplifying the fabrication of
multilayer devices by solution-processing. A wide range

of different cross-linking chemistries have been investi-

gated to insolubilize both small molecules and polymers
and, in some cases, highly efficient devices with EQEs

approaching 20% have been achieved using these cross-
linked materials. A range of factors should be considered

in selecting a cross-linking approach, some of these are
summarized in Table 5 and discussed in the following

paragraphs.
Although siloxanes show rapid cross-linking under

relatively mild conditions, this approach has not been
adopted widely in recent work, perhaps due to under-

standable concerns regarding possible adverse affects
associated with the presence or water and/or condensa-

tion side products. The recently reported PEDOT-PSS-

initiated polymerization of oxetanes also proceeds under
relatively mild conditions and presumably low tempera-

tures could be used in the case of low-Tg materials.
However, most studies have used cross-linking chemistry

that is thermally or photochemically activated.
Of the groups that have been used as thermal cross-

linkers, styryl groups require temperatures above 150 �C
and heating times ranging from minutes to hours. These

groups seem promising based on the literature reports

showing their application to a great diversity of groups

having a variety of device functions. Trifluorovinyl ether

and benzocyclobutene thermal cross-linkers provide an

alternative to the styryl groupbut generally require higher

temperatures (>200 �C) and, for some examples, heating

times of several hours. The need for such long heating

steps can be an issue and the high temperatures needed

could have detrimental effects on the electroactive com-

ponents of the OLED devices. Moreover, the polymeric,

rather than dimeric, nature of cross-linking obtainable

with styrenes means that fewer reactive groups per small

molecule (2 vs 3 or more for TFVE and BCB groups) are

required for cross-linking. On the other hand, fewer side

products or defects might be anticipated to be formed by

the dimerization of TFVE and BCB groups than by the

polymerization of styrenes.
Three very different UV-initiated cross-linking chemis-

tries have been utilized in OLEDs: the radical polymeriza-
tionof acrylates and the cationic polymerizationof oxetanes
have been initiated by photoradical-generators and photo-
acid-generators, respectively, whereas the dimerization of
chalcones and cinnamates occurs by direct photoexcitation
of the cross-linking groups. UV cross-linking offers the
potential for pixelation and other patterning using standard
lithographic procedures. However, achieving sufficient
cross-linking without photodamage to the active materials
(which may result in side products with adverse effects on
device performance or lifetime) can be challenging in some
cases, especially where absorptions of the photoinitiator
or photo-cross-linkable group overlap with those of the

active material and the latter do not sensitize the former.
Although the use of photochemistry offers the potential
to avoid the high temperatures associated with thermal
cross-linking, in the case of oxetane polymerization a
heating step is also often found to be useful in driving the
photochemically initiated reaction toward completion.
The oxetane and cinnamate/chalcone approaches are
attractive in that these groups are inert under radical
polymerization conditions and so can be readily incor-
porated as side chains into main-chain acrylate or sty-
rene polymers. Photopolymerization of both acrylates
and oxetanes produce additional products from the
photoinitiators, which could potentially interfere with
device performance.
Despite the range of cross-linking chemistries discussed

above, we are unaware of any study that directly com-
pares alternative cross-linkingmethods using comparable
materials and devices. Such studies would be of great
value to the OLED community, especially if conducted
using a range of active materials with different device
functions and susceptibility to side reactions. Moreover,
there is, in general, a paucity of device lifetime data for
cross-linked OLEDs, with only a limited number of
studies reporting comparable lifetimes to analogous
non-cross-linked devices and even fewer in which these
lifetimes are promising for potential applications. The
availability of more data of this type in the public
domain would be very helpful in assessing the potential
utility of cross-linking.
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Abbreviations Used

AFM, atomic force microscopy
Alq3, tris(8-hydroxyquinolinato)aluminum
BCB, benzocyclobutene
DSC, differential scanning calorimetry
EQE, external quantum efficiency
EL, electroluminescence
EML, emissive layer
ETL, electron-transport layer
IP, ionization potential
IR, infrared
ITO, indium tin oxide
OLED, organic light-emitting diode
PBD, 2-(4-biphenylyl)-5-(4-tert-butylphenyl)-3,4-oxa-
diazole
PEDOT-PSS, poly(3,4-ethylenedioxythiophene) poly-
(styrenesulfonate)
PL, photoluminescence
PPV, poly( p-phenylenevinylene)
PVK, poly(N-vinylcarbazole)
TFVE, trifluorovinyl ether
TGA, thermogravimetric analysis
TPBI, 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene}
TPD, 4,40-bis(m-tolylphenylamino)biphenyl
UV-vis, ultraviolet-visible
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