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ABSTRACT: The formation of alternating electron transporting and hole transporting 15 nm lamellae within
the active layer of an organic light-emitting diode (OLED) is demonstrated to improve device performance. A
new multifunctional bipolar rod-coil block copolymer containing a poly(alkoxy phenylenevinylene) (PPV) rod-
shaped block as the hole transporting and emitting material and a poly(vinyloxadiazole) coil-shaped electron
transporting block is synthesized. This new block copolymer is the active material of a self-assembling
multicomponent electroluminescent device that can be deposited in a single step. In the thin film, grazing incidence
X-ray scattering and transmission electron microscopy demonstrate that the layers form grains which are oriented
bimodally: parallel and perpendicular from the anode. In this mixed orientation, the device demonstrates better
performance than those with either pure PPV or a blend of the two analogous homopolymers as the active materials,
i.e., higher external quantum efficiency (EQE) and brightness. This improved device performance is mainly
attributed to the bipolar functionality and microphase separation of the block copolymer, which provide highly
efficient hole and electron recombination at the nanodomain interfaces.

Introduction

Organic light-emitting diodes are attractive for display tech-
nologies due to their inherently low materials costs, excellent
stabilities, high efficiencies, broad color tunabilities, and the
possibility of scalable processing and production.1-4 Optimal
device performance depends crucially on balanced charge
injection and transport through the device, a requirement that
has best been satisfied by the incorporation of at least two
materials optimized for electron and hole transport.5 Maximal
interfacial area between electron and hole transporting materials
is also necessary to facilitate the exciton formation.1 Multilayer
structures incorporating hole transporting layers, emitting layers,
and electron transporting layers sandwiched between the two
electrodes have been fabricated by the high-vacuum sublimation
and vapor deposition of small molecule components (Scheme
1a). These intricate devices generally exhibit superior device
performance.6-10 Polymeric materials may be more easily and
inexpensively solution processed, but it is difficult to process
multilayer structures. One approach to overcoming these
processing challenges uses cross-linking technologies that will
allow sequential layer deposition via sequential solution pro-
cessing steps.11-14 Alternately, single step processing may be
achievable through the use of polymer blends15-19 and random
or block copolymers.20-27

Block copolymers have both the chemical advantage of
sequestering the different electronic functionality to the ends
of the chain and the promise of self-assembling nanostructures
with a very high degree of regularity at the 10 nm length scale.28

While the spherical, cylindrical, bicontinuous, and lamellar
nanostructures of classical block copolymers are very alluring
for organic electronic applications, the conjugated backbone of
most light-emitting polymers rigidifies the chain and funda-
mentally alters the thermodynamics of self-assembly. The self-
assembly of rod-coil systems is controlled not only by the
interactions between blocks but also by the liquid crystalline
behavior of the rod block. Predictions indicate that the interplay

between microphase separation and liquid crystallinity creates
thermodynamics and equilibrium microphase structures that are
distinct from classical coil-coil block copolymer systems.29-36

Solution and thermally self-assembled polymeric materials have
demonstrated a number of intriguing phases including wavy
lamellae,37 zig-zags,37 arrowheads,37 straight lamellae,38,39

perforated lamellae,39-41 hexagonal strips,38,42,43 pucks,39,42-44

and spheres.45,46 Shorter chains which appear to be strongly
stretched exhibit even more phases including cylindrical47-49

and bicontinuous cubic38,50,51 morphologies. The subject of
rod-coil self-assembly is an active area of research and the
subject of several reviews.52-57 We recently demonstrated a
phase diagram of a model conjugated poly(alkoxy phenylenevi-
nylene) rod-coil block copolymer with thermally accessible
order-disorder transitions, which agrees well with several
predictions.58-60 This model rod-coil block copolymer system
self-assembles into only lamellar and hexagonally symmetric
structures with changing coil volume fraction and temperature.
Liquid crystalline interactions appear to stabilize the planar
interfaces such that they occupy a larger portion of phase space
than in classical block copolymers,58 though Sary et al.
have recently observed the formation of spheres in a related
system.45,46

Most organic electronics and other applications rely on the
thin film architecture of rod-coil block copolymers. Because
of incommensurability between the average film thickness and
the natural domain spacing of block copolymer lamellae oriented
parallel to a substrate, islands and holes form in submonolayer
films of rod-coil oligomers and polymers.61-64 Pereira and
Williams performed calculations for rod-coil molecules con-
fined between two hard interfaces and found that when the film
thickness is incommensurate with the block copolymer domain
spacing, incommensurability is accommodated through changes
in the rod tilt angle relative to the lamellar normal as well as
reorientation of lamellar domains to be perpendicular to the
substrate.65 Thin films of conjugated rod-coil block copolymers
have been shown to self-assemble into a lamellar microphases
upon thermal annealing with the lamellae oriented primarily
parallel to the substrate. Grains of lamellae with parallel
orientation are characterized by irregular polygon shapes and
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are bounded by defect regions where the lamellae are oriented
perpendicularly out of the plane of the film, resulting in an
unusual bimodal orientation of lamellae both parallel and
perpendicular to the substrate.66,67

For organic electronic applications, the block copolymer
should contain both electron-donating and -accepting blocks for
photovoltaics or electron transporting, hole transporting, and
even emitting and blocking layers in OLEDs. The domain size
of self-assembled rod-coil block copolymers can be controlled
through molecular weight on the scale of 5-100 nm, which
overlaps well with the ∼10 nm length scale of exciton
diffusion.5,68-70 Several groups have prepared block copolymer
systems containing both p- and n-type functional blocks for
OLEDs24-27,71-74 and photovoltaics,75-79 with only a few
demonstrating the long-range order typical of block copolymer
self-assemblies.80-85 Prior studies on nonconjugated bipolar
block copolymers indicate that the nanophase segregation of
components (as opposed to the mixing inherent in random
copolymers) is advantageous to OLED performance.27 It is
advantageous to gain similar nanophase segregation in block
copolymers containing more commonly used light-emitting
polymers with extended chain conjugation. This presents two
major hurdles: synthetic and self-assembly. Well-defined nano-
structures result from well-defined (both molecular weight and
polydispersity control) block copolymers. Most conjugated
polymers are made via condensation routes and are highly
polydisperse, though a few routes exist toward molecular weight
and polydispersity control.86-89 In addition, conjugated poly-
mers, as previously discussed, tend to have rigid backbones,
and their self-assembly is not the same as classical block
copolymer systems.

In this paper, the synthesis of a bipolar rod-coil block
copolymer (as shown in Scheme 2) incorporating a standard
emission block (poly(alkoxy phenylenevinylene)) (PPV) and an
electron transporting moiety (oxadiazole) tethered to a coil-like
backbone is demonstrated. The block copolymer is demonstrated
to form lamellar layers with a spacing of 15.1 nm with the
lamellar interface distributed both parallel to and perpendicular
from the electrodes, as sketched in Scheme 1b. Self-assembled
thin film devices outperform pure poly(alkoxyphenylenevi-

nylene) and blends made from analogous homopolymers of
poly(vinyloxadiazole) and poly(alkoxyphenylenevinylene). The
higher external quantum efficiency (EQE) and brightness of the
nanostructured device clearly demonstrate the importance of
nanostructural control for device optimization.

Experimental Methods

Materials. All reactions were run under N2 unless otherwise
noted. NMR spectra were recorded on Bruker DRX-500 or AVX
400 instrument. Analytical SEC in THF was performed at 35 °C at
a nominal flow rate of 1.0 mL/min on a chromatography line fit
with three columns having pore sizes of 105, 103, and 500 Å,
calibrated with monodisperse polystyrene standards (162-2 100 000
Da). Precursors 2-(3-ethenylphenyl)-5-phenyl-1,3,4-oxadiazole25

and the alkoxyamine initiator90 were synthesized according to
references. All other reagents were obtained from Aldrich and used
as received.

Synthesis of Alkyne-Functionalized Poly(2,5-di(2′-ethylhexy-
loxy)-1,4-phenylenevinylene), 1. Narrow polydispersity PPV was
synthesized by Seigrist polycondensation, as previously described.58

To achieve alkyne end functionality, 1 mL of a 0.5 M solution of
ethynylmagnesium bromide in THF was added to PPV (1 g, 0.28
mmol) solution in 50 mL of dry THF under nitrogen for 10 min.
After reaction, the polymer was precipitated in methanol, yielding
an orange polymer (0.95 g, 95%). 1H NMR (CDCl3) δ: 0.89 (m,
12(n + 1)H, -CH3), 1.45 (m, 16(n + 1)H, -CH2-), 1.81 (m, 2(n
+ 1)H, -CH-), 2.24 (s, 3H, Ar-CH3), 2.64 (t, 1H, HO-), 3.14
(d, 1H, H-CtC), 3.96 (m, 4(n + 1)H, -O-CH2-), 5.68 (d, 1H,
Ar-CH-CtC), 7.20 (s, 2nH, -CHd), 7.53 (s, 2(n + 1)H, Ar-H).

Synthesis of Chloride End-Functionalized Poly(2-(3-ethe-
nylphenyl)-5-phenyl-1,3,4-oxadiazole), 2. A mixture of alkoxyamine
(121 mg, 0.32 mmol) and 2-(3-ethenylphenyl)-5-phenyl-1,3,4-
oxadiazole (2.5 g, 10 mmol) was degassed by three freeze-pump-
thaw cycles, sealed under vacuum, and heated at 125 °C for 3 h.
The viscous reaction mixture was then dissolved in THF and
precipitated twice in methanol to give 2 as a white powder (1.5 g,
60%, Mn ) 5800 g/mol, PDI ) 1.20). 1H NMR (CDCl3) δ:
0.42-1.90 (m, aliphatic H), 4.35 (m, CH2-Cl), 6.53-7.82 (m,
aromatic H).

Synthesis of Azide End-Functionalized Poly(2-(3-ethenylphe-
nyl)-5-phenyl-1,3,4-oxadiazole), 3. Polymer 2 (1.5 g, 0.32 mmol)
was dissolved in DMF (10 mL), and sodium azide (208 mg, 3.2
mmol) was added. The reaction mixture was stirred for 22 h at 60
°C. After reaction, the polymer was precipitated in methanol,
yielding a white powder (1.45 g, 96%). 1H NMR (CDCl3) δ:
0.42-1.90 (m, aliphatic H), 4.53 (m, CH2-N3), 6.53-7.82 (m,
aromatic H).

Synthesis of Poly(2,5-di(2′-ethylhexyloxy)-1,4-phenylenevi-
nylene)-block-(2-(3-ethenylphenyl)-5-phenyl-1,3,4-oxadiazole), 4
(PPV-b-OX). Alkyne end-functionalized PPV 1 (0.71 g, 0.2 mmol),
azide end-functionalized POX 2 (1.07 g, 0.23 mmol), and CuI (7.8
mg, 0.04 mmol) were placed in a Schlenk tube which was evacuated
and back-filled with dry nitrogen. The procedure was repeated three
times. After the evacuating cycles, THF (20 mL) and 1,8-
diaza[5.4.0]bicycloundec-7-ene (500 mg, 3.3 mmol) were added,
and the reaction mixture was placed in a statically controlled oil
bath at 35 °C for 18 h. After reaction, the polymer was dissolved
in dichloromethane and washed with a 0.065 M EDTA solution.

Scheme 1. (a) Typical High-Efficiency OLEDS Contain Many Layers Made from Small Molecule Components Sequentially Evaporated
onto the Anode; (b) Self-Assembly at the 10 nm Length Scale Could Be Used To Incorporate Similar Features into a Device Which

May Be Solution Processed in a Single Step

Scheme 2. Chemical Structure of a Bipolar Rod-Coil Block
Copolymer
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The organic layer was dried with anhydrous magnesium sulfate
and was concentrated in vacuo. The polymer was fractionated,

yielding an orange solid (1.5 g, 90%, Mn ) 10 500 g/mol, PDI )
1.20). 1H NMR (CDCl3) δ: 0.42-1.90 (m, aliphatic H), 2.24
(s, Ar-CH3), 3.96 (m, -O-CH2-), 6.53-7.82 (m, aromatic H).

General Characterization Methods. Small-angle X-ray scat-
tering (SAXS) experiments were performed on beamline 1-4 of
the Stanford Synchrotron Radiation Laboratory (SSRL). The
beamline was configured with an X-ray wavelength of 1.488 Å
and focused to a spot size of ∼0.5 mm diameter. Samples for SAXS
was prepared by annealing polymers at 180 °C in vacuum for 22 h
to form 1 mm thick disks and then sealing the sample between
Kapton windows.

Transmission Electron Microscopy. TEM was performed to
observe the real-space bulk morphology of the rod-coil block
copolymer. Samples were prepared for transmission electron
microscopy (TEM) were prepared by first spin-casting films from
chloroform solutions (10 mg/mL) onto NaCl freshly cleaved from
a single crystalline ingot. Film thickness was controlled by
concentration and spin speed to be 80 nm. Block copolymer layer
thicknesses were measured on dummy samples spun-coat under
identical condition directly onto Si wafers using a Rudolph
Technologies AutoEL ellipsometer. The samples were then annealed
under high vacuum (10-6 Torr) at 180 °C for 22 h and then cooled
slowly to room temperature. The polymer films were then floated
off of the NaCl substrate and onto a water bath where they were
retrieved ontop of a 500 mesh copper TEM grid. To create TEM

Scheme 3. Synthesis Route of the PPV-b-OX Block Copolymers

Figure 1. GPC of block copolymer PPV-b-OX and its precursors
(analogous homopolymers, PPV and POX). The PPV-b-OX was
synthesized by the “click reaction” of PPV and POX. The increased
molecular weight and low polydispersity of the block copolymer
indicates the success of the coupling reaction.

Table 1. PPV, POX, and Block Copolymer PPV-b-OX

polymer Mn (g/mol) (GPC) Mn (g/mol) (NMR) Mw/Mn (GPC)

PPV 4500 3500 1.17
POX 5800 4500 1.20
PPV-b-OX 10500 8000 1.20
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contrast, the poly(vinyloxadiazole) domains were preferentially
stained by exposure to the vapor from a 2% OsO4 solution for 4 h.
TEM images were obtained on a FEI Tecnai 12 (100 kV, bright
field) using the internal charge-coupled device (CCD) camera.
Sample preparations similar to the device structure (with a
poly(styrenesulfonate)-doped poly(3,4-ethylenedioxythiophene) (PE-
DOT:PSS) substrate layer) were not possible due to strong adhesion
between the polymer layers after annealing. Since the TEM substrate
conditions do not match those of the devices, lamellar orientation
in these images do not necessarily match devices. Further experi-
ments discussed below provide details on lamellar orientation.

GISAXS Experiment. The orientation of lamellae relative to
the electrodes in device architectures was observed via grazing-
incidence small-angle X-ray scattering (GISAXS). To mimic the
device architecture, a PEDOT:PSS-coated (100) silicon wafer was
used as the substrate, onto which the block copolymer was spun-
cast from chloroform. Eighty nanometer film thicknesses were
achieved from 10 mg/mL solutions and 1000 rpm spin speeds.
Block copolymer layer thicknesses were measured on dummy
samples spun-coat under identical condition directly onto Si wafers
as previously discussed. Samples were annealed under high vacuum
at 180 °C for 22 h and then cooled slowly to room temperature.

GISAXS experiments were performed at beamline 8-ID-E of the
Advanced Photon Source using an experimental geometry similar
to that described previously.91,92 Experiments were performed using
a 1.664 Å X-ray beam with a width of 100 µm and a height of 50
µm. Data were recorded on a 2D CCD detector, and the sample to
detector distance was 2.27 m. Data were acquired for 30 s per frame
at an incident angle of 0.175° (above the critical such that the X-ray

penetration depth was much larger than the film thickness), and
three frames from different spots on the sample were added to
generate the scattering plot. Scattering angles were converted into
q-space accounting for the planarity of the detector. The qz axis is
calculated using the direct beam as the reference beam and holding
qxy fixed at zero. The qxy axis is similarly calculated, holding qz

fixed at zero. Although the geometry of the grazing incidence
experiment creates distortions in q-space (such that the domain
spacing is not equal to 2π/q*), the qz and qxy axes approximate a
Cartesian coordinate system to a high degree of accuracy in the
small-angle regime and are plotted in this manner. Scattering
intensities are reported in arbitrary units.

Device Fabrication and Characterization. Prepatterned ITO
(150 ( 7.5 nm thickness) on glass substrates with 2 mm wide stripes
and resistivities of 20 Ω/sq were cleaned as described previously.27

A 40 nm thick PEDOT:PSS layer was spun-coat at a rate of 4000
rpm onto the ITO. The organic active layers were then prepared
by spin-coating the block copolymer from filtered chloroform
solutions at 1000 rpm, varying the concentration to achieve 80 nm
thick films. Two millimeter wide, 1 nm thick LiF covered with
100 nm thick aluminum cathodes were deposited through a shadow
mask at rates of 0.2 (LiF) and 4-5 (Al) Å/s in a vacuum chamber
with base pressure below 3 × 10-6 Torr. The devices were tested
in air within 2 h of fabrication. The electrical and optical intensity
characteristics of the devices were measured with a Keithly 2400
sourcemeter/2000 multimeter coupled to a Newport 1835-C optical
meter, equipped with a UV-818 Si photodetector. Only light
emitting from the front face of the device was collected and used
in subsequent efficiency calculations. The electroluminescence (EL)
spectra were measured on a USB4000 miniature fiber-optic
spectrometer. The emission was found to be uniform throughout
the area of each device.

Results and Discussion

Synthesis and Characterization of Block Copolymers.
Monodisperse homopolymers of rodlike PPV and coil-shaped
poly(vinyloxadiazole) were synthesized and then coupled via
1,3-dipolar cycloaddition reactions between the azide and alkyne
end groups using CuI and 1,8-diaza [5.4.0]bicyloundec-7-ene
(DBU)93 to form block copolymers. Narrow polydispersity
aldehyde end-functionalized alkoxy-PPV (Mn ) 3.5K, PDI )
1.17) was prepared through a Seigrist polycondensation as
previously reported.58 An alkyne end-functionality was then
attached (2) through the nucleophilic attack of a Grignard
reagent on the aldehyde group (Scheme 3a). An excess of the
Grignard reagent guaranteed complete functionalization, as
evidenced by the disappearance of the aldehyde signal in 1H
NMR (not shown). The solubility of the Grignard reagent
facilitates subsequent purification of the resulting alkyne end-
functionalized PPV. The number-average molecular weight was
determined to be 3500 g/mol with a polydispersity index of 1.17,
as determined from a combination of 1H NMR and size
exclusion chromatography (SEC) using polystyrene standards,
shown in Figure 1.

Azide end-functionalized poly(vinyloxadiazole) (POX) (3)
was prepared via a nitroxide-mediated living free radical
polymerization route using a chloride-functionalized alkoxyamine
as the initiator as shown in Scheme 3b. As shown by GPC in
Figure 1, the polymerization was well controlled and resulted
in narrow polydispersities of ∼1.2. A single azide end group
on the polymer chain was created by substituting the chloride
introduced in the initiator with sodium azide. The chloride group
was converted into azide (conversion >90%) according to 1H
NMR, as depicted in Scheme 3b.

The block copolymers (4) were formed via “click reactions”
between the azide-end-functionalized POX (3) and the alkyne-
functionalized PPV (1) using CuI and 1,8-diaza [5.4.0]bicy-
cloundec-7-ene (DBU)93 catalysts (Scheme 3b). The click
reactions were performed in an excess of PPV, and the products

Figure 2. Differential scanning calorimetry (DSC) of PPV, POX, and
PPV-b-POX at heating rates of 10 °C/min. The block copolymer
demonstrates both the melting transition of the PPV block and the higher
temperature transition observed in POX.

Figure 3. SAXS of bipolar block copolymer at 30 °C. The block
copolymer is self-assembles into lamellae with spacing of 15.1 nm, as
indicated by peaks at integer multiples of its respective q*.
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were fractionated from THF and methanol. After fractionation,
no residual starting material was observed, and SEC traces of
the block copolymers (Figure 1) demonstrate the expected shifts
toward higher molecular weights indicative of block copolymer
formation. Moreover, no increase of the PDI was observed upon
block copolymer formation, which implies that the coupling
reactions went to completion. Table 1 summarizes the charac-
teristics of the two homopolymers (PPV and POX) and the PPV-
b-OX block copolymer.

Self-Assembly of the Block Copolymer. The nanostructure
of the active layer plays a crucial role in controlling the device
performance, and therefore careful study was done of the
nanometer scale morphology. Here, small-angle X-ray scattering
in transmission mode is used to probe the bulk morphology (mm
thick samples) and in grazing incidence mode to probe the thin
film structure (samples less than 100 nm thick on substrates
matching the device geometry).

Differential scanning calorimetry (DSC) of the PPV ho-
mopolymer indicates a melting transition 58 °C, similar to that
previously documented.94 The block copolymer exhibits both
this transition and the higher glass transition temperature (130
°C) of the POX block, as shown in Figure 2. Above 130 °C,
the block copolymer is mobile and able to self-assemble. It
decomposes at temperatures above ∼300 °C when annealed
under high vacuum (10-6 Torr). Bulk samples of PPV-b-OX
block copolymer were annealed under high vacuum at 180 °C
for 22 h and then cooled slowly to room temperature to achieve
self-assembly.

These annealed samples demonstrate small-angle X-ray
scattering (SAXS) peaks at integer spacings, indicative of a
lamellar nanostructure with a spacing of 15.1 nm, as shown in
Figure 3. The second order peak (2q*) is disallowed by the form
factor in symmetric lamellae, and its diminished character is
common in systems of nearly symmetric lamellae.95 Real-space

Figure 4. Transmission electron micrographs of PPV/POX blend and PPV-b-OX block copolymer cast and annealed on NaCl crystals to demonstrate
degree of order. Samples are stained with OsO4 which makes the POX rich domains appear dark. (a) The PPV/POX blend (1:1 weight ratio) shows
macrophase separation at the micron length scale. (b) PPV-b-OX with annealing at 180 °C for 22 h forms a defective lamellar structure with the
planes oriented perpendicular to the plane of view. Note: the substrate conditions necessary for TEM do not match device substrates.

Figure 5. Lamellar structure in thin films on PEDOT:PSS substrates. (a) Sample geometry for GISAXS experiment is similar to the device geometry
(PEDOT:PSS substrate). (b) A GISAXS scattering pattern taken above the critical angle for PPV-b-POX integrates over the depth of the film.
Scattering peaks only in the qz and qxy directions indicate lamellae oriented bimodally out of and in the plane of the substrate. The film thickness
is 80 nm, and the X-ray incident angle is 0.175°. (c) Line cut taken from the two-dimensional image illustrates higher order peaks consistent with
the lamellar structure. Full distorted Born wave approximation analysis indicates that domain spacings in both the parallel and perpendicular directions
are 15.8 nm.
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imaging via TEM was performed to confirm the lamellar
nanostructure, with contrast enhancement achieved by prefer-
entially staining poly(vinyloxadiazole) with OsO4. Preferential
staining was confirmed by staining of blends of varying
compositional ratios. As shown in Figure 4a, the blend
components macrophase separated into micrometer-scale fea-
tures clearly visible as PPV-rich (light) and POX-rich (dark)
regions. The annealed block copolymer shows nanoscale phase
separation (Figure 4b) with well-controlled width (∼15 nm)
characteristic of lamellae with good microphase separation but
poor long-range order.96

Substrate conditions largely control block copolymer lamellar
orientation, so great care was taken to observe lamellar
orientation and long-range order in device-similar thin film
geometries via grazing incidence X-ray scattering (GISAXS).
In order to mimic the real device structure, the block copolymer
was spun-cast onto a PEDOT:PSS coated silicon wafer as shown
in Figure 5a. When the angle of X-ray incidence is above the
critical angle of the polymer, the X-rays fully penetrate the film
and the resulting scattering pattern (as shown in Figure 5b)
samples structures throughout the entire film thickness. This
scattering pattern shows peaks only along the qz and qxy axes.
Peaks along qz originate from lamellae oriented parallel to the
film, while peaks along qxy are from perpendicularly oriented
lamellae,67 indicating that lamellae form along only these two
orthogonal directions, as schematically shown in the inset of
Figure 5. Line cuts through the two-dimensional GISAXS image
show higher order peaks consistent with lamellar structure in
both the parallel and perpendicular directions. GISAXS is a
semikinematic scattering technique in which both the incoming
and outgoing waves are distorted by the film. As a result, the
domain spacing is not simply given by 2π/q*. Upon calculation
within the distorted wave Born approximation (DWBA),91,92,97

the domain spacings in both the parallel and perpendicular
directions from the substrate were calculated to be ∼15.8 nm,
similar to the bulk value. Although classical block copolymer
lamellae tend to orient unidirectionally parallel or perpendicular

to the substrate,98 previous studies indicate that PPV containing
rod-coil block copolymer lamellae tend bimodally both parallel
and perpendicular to the substrate due to a combination of
kinetic trapping and differences in defect energies.66,67

Electroluminescent Devices. Here, we use the self-assembled
lamellar structures of rod-coil block copolymers to mimic the
multicomponent structure common to OLEDs without the costly
multistep fabrication techniques. Highly efficient organic light-
emitting diodes typically contain at least three layers: a hole
transporting layer, an emitting layer, and an electron transporting
layer sequentially evaporated onto an ITO anode, as shown in
Scheme 1a. Electron and hole transporting layers help balance
charge injection and transport. Electrons and holes recombine
to form excitons in the emitting layer which is often chosen to
tune emission wavelength or to allow for better light emission7,8

The brightness and efficiencies from a PPV-b-OX, a blend of
analogous homopolymers, and a pure PPV control are compared
to demonstrate the effect of nanostructure on device perfor-
mance.

As previously discussed, the PPV-b-OX block copolymer self-
assembles into lamellae with an ∼15 nm spacing with grains
both parallel and perpendicular from the interface. Since PPV
is a good hole transporting and emitting material and oxadiazole
is a good electron transporting material, self-assembled PPV-
b-OX is a good model system to test the effects of nanostructure.
To evaluate how the self-assembled structure effects device
performance, single-layer light-emitting devices with the con-
figuration of ITO/PEDOT:PSS/polymer/LiF/Al (Figure 6a) have
been fabricated and investigated. The self-assembled device
shows better external quantum efficiency and brightness than
the pure PPV device at the same current density (Figure 6b,c).
For example, at 10 mA/cm2, self-assembled device shows 0.5%
EQE and 103 cd/m2 brightness which are 2.7 times higher than
pure PPV device. We speculate that the nanostructured lamellae
in the block copolymer device have a maximum effective
interfacial area between the electron and hole transporting

Figure 6. Block copolymer OLED’s are spun-coat on glass/ITO/PEDOT:PSS and then capped with LiF/Al electrodes (a). The block copolymer
demonstrates superior external quantum efficiency (b), brightness as a function of current density (c), and I-V characteristics (d) than comparable
pure homopolymer PPV and PPV/POX blends.
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domains, which facilitates the formation of excitons even if the
lamellae are not unidirectionally oriented with respect to the
electrodes.

Prior studies indicate that blending electron transporting
materials with hole transporting materials produces efficient
devices,16 so the self-assembled device is compared to one
composed of an analagous blend of homopolymer POX (electron
transporting material) and PPV (hole transporting material). The
blend device demonstrates inferior external quantum efficiency
and brightness when compared to either the pure PPV device
or the block copolymer device at the same current density
(Figure 6b,c). For example, at 10 mA/cm2, the blend device
demonstrates a 0.06% EQE and a brightness of 12 cd/m2, which
are 3 times less than pure PPV device. As previously discussed,
this blend forms large scale (>1 µm) patterns of PPV- and POX-
rich phases. This morphology encompasses very little interfacial
area between the electron and hole transporting domains, which
obstructs the formation of excitons. Further, the very large POX
domains may bridge between the electrodes, resulting in
effective shorts in the device.

Current-voltage characteristics give further insight into the
internal processes of the light-emitting diodes. In the self-
assembled device, current pathways are extremely interrupted
(perhaps due to the bimodal orientation of lamellae), resulting
in reduced current densities as compared to the blend device in
which the large domains of electron and hole transporting
moieties lead to increased transport. (Figure 6) Interestingly,
however, it is clear that the blend device is the least efficient
and the least bright, indicating that this increased transport does
not lead to increased recombination. It should be noted that none
of the devices fabricated contained a specific layer tuned for
emissive properties in order to simplify the study of self-
assembly. This is an obvious route toward improved efficiencies.
Further, eventual control of lamellar orientation will lead to
greater insight into the charge and exciton dynamics within the
device and is another route toward eventual efficiency improve-
ment.

Conclusions

In conclusion, we demonstrate the synthesis of a new self-
assembling rod-coil block copolymer containing electron and
hole transporting blocks. The block copolymer self-assembles
to form 15 nm lamellae oriented simultaneously both parallel
and perpendicular to the substrate. The block copolymer shows
much higher efficiencies and brightness than either pure PPV
or an analogous PPV/POX blend. The thin film morphology of
the block copolymer results in interruptions to charge transport
and facilitates recombination. Consequently, the EQE and
brightness of the self-assembled device are 2.7 times higher than
the pure PPV device.
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