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ABSTRACT: A series of novel well-defined polyfluorene-based rod-coil copolymers have been synthesized
for application in light-emitting diodes (LEDs). These polymers were prepared by using polyfluorene
macroinitiators to initiate the atom transfer radical polymerization of 2-(9-carbazolyl)ethyl methacrylate
(CzEMA). The incorporation of CzEMA block successfully created energy transfer, and the findings showed
that intramolecular energy transfer dominates in solution while intermolecular energy transfer plays a
more important role in solid state. It was also demonstrated that energy transfer is more efficient for the
block copolymers with respect to the corresponding polymer blends. Better spectral stability has been
demonstrated with these copolymers in comparison to PF homopolymer through annealing studies.
Interesting self-assembled nanostructures were observed for these polymers, which is dependent on the
polymer composition. Electrochemical characterization indicated that the presence of the carbazole
effectively raises the HOMO level with respect to the polyfluorene homopolymer, suggesting better hole
injection properties. Preliminary LED experiments with these polymers indicated enhanced device
performance compared to polyfluorene (PF) homopolymer. The results implied that rod-coil block
copolymers with optoelectronic functionality are promising candidates for blue LED applications in terms
of the suppression of green emission.

Introduction

Conjugated polymers have attracted much interest in
light-emitting diodes (LEDs) due to cost-effective pro-
cessablity, excellent stability, high efficiency, and easy
color-tuning.1 To achieve optimal device performance,
it has been crucial to develop novel optoelectronic
materials with different electronic functionalities be-
cause most electroluminescent polymers exhibit unbal-
anced carrier injection and transportation properties.
Several strategies have been pursued to address such
an issue, including making polymer blends2 and copoly-
mers.3

Recently, rod-coil block copolymers which consist of
conjugated segments connected with flexible segments
have been the subject of extensive studies due to their
unusual morphologies and photophysical behavior in
both solution and solid state.4,5 For optoelectronic ap-
plications, however, it is important to endow the flexible
coils with optoelectronic functionalities. As such, a
combination of complementary virtues from both rod
and coil blocks can be envisioned. The approach sup-
presses the unfavorable macrophase separation encoun-
tered in many polymer blends while presents unique
microphase separation with the formation of highly
ordered geometries or patterns at nanoscales, which
may lead to additional electronic processes such as
exciton confinement and interfacial effects.6 The photo-
physical properties can also be tuned through charge-
transfer and energy-transfer interactions by selecting
the proper luminescent segments. Most recently, a

diblock copolymer architecture has been suggested to
benefit the electroluminescence more than its homopoly-
mer and alternating copolymer counterparts.7 There-
fore, preparation of rod-coil copolymers opens a new
channel to manipulate the optoelectronic properties of
conjugated materials.

Polyfluorenes (PFs) have been known as the most
promising blue-light-emitting polymers due to their
excellent chemical, thermal, processing, and emission
properties.8 Unfortunately, the performance of PF ho-
mopolymer is limited by the poor hole injection proper-
ties. Hole-transporting (HT) units, such as triarylamine
and carbazole, have been integrated into the PF back-
bones to balance the injection of both carriers.3f,9 End-
capping PF main chain with HT moieties has also
proven effective.10 However, as an alternative approach,
PF-based rod-coil block copolymers containing hole-
transporting flexible segments have been rarely stud-
ied.11 This inspired the employment of a carbazole-
containing poly(2-(9-carbazolyl)ethyl methacrylate)
(PCzEMA) as the flexible block. Actually, PCzEMA
shows similar optoelectronic properties in many aspects
to its analogy, poly(vinylcarbazole) (PVK),12 which has
been extensively used as hole transporting material and
energy transfer donor in LED devices.13 In addition,
PCzEMA would be able to be polymerized by atom
transfer radical polymerization (ATRP), which has been
proven efficient to prepare well-defined PF-based block
copolymers in our previous work.14 In this paper, we
extend our previous studies to prepare well-defined
PCzEMA-PF-PCzEMA triblock copolymers under
ATRP conditions (Scheme 1). Spectroscopic, electro-
chemical, morphological, and electroluminescent prop-
erties of these copolymers are investigated. The results
suggest that, by integrating carbazole functionality into
a rod-coil block copolymer structure, we have been able
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to improve the hole-injection property while maintaining
the essential spectral features of PF which is critical to
blue emission. The observed ordered nanostructures of
the block copolymers via self-assembly allow further
optimization of device performance at a supramolecular
level.

Results and Discussion

Synthesis and Characterization of Copolymers.
The PF macroinitiators were prepared through Yama-
moto condensation of 9,9-dihexyl-2,7-dibromofluorene
monomer and 4-bromobenzyl alcohol end-capper at
either 2:1 or 5:1 ratio.14b Esterification of the above
product with 2-bromoisobutyryl bromide afforded final
PF macroinitiators. The structures of the macroinitia-
tors were confirmed by 1H NMR, 13C NMR, and FTIR.
The number-average molecular weight (Mn) was deter-
mined to be about 3000 and 6000 (corresponding to
macroinitiator MI-1 and MI-2, respectively) with typical
polydispersity index (PDI) of 1.5-1.65.

Initially, ATRP of CzEMA was investigated by using
molecular initiator, ethyl 2-bromoisobutyrate, in anisole
with 4,4′-(5-nonyl)-2,2′-bipyridine (dNBipy) and CuCl as
the catalytic system. The monomer conversion reached
90% within 1 h at 70 °C. The resulting PCzEMA
presented molecular weights close to the theoretical
values and narrow PDI as shown in Table 1, indicating
the essentially controlled nature of the ATRP reaction.
Therefore, similar ATRP conditions were used to pre-
pare the block copolymers with the macroinitiators at
different monomer-initiator ratios. The polymerization
results are summarized in Table 1. Generally, high
conversion of the polymerization could be achieved
within a relatively short reaction period. Figure 1 shows
the typical size exclusion chromatography (SEC) profiles

of the PCzEMA-PF-PCzEMA triblock copolymers (PF-
PCzEMA) and the PF macroinitiators (MI-1 and MI-
2). The detector responses corresponding to the PF
macroinitiator residues are negligibly weak, implying
that the macroinitiator has been integrated into the
block structures. The molecular weights determined by
1H NMR are close to the theoretical values and also
corresponding reasonably to the SEC values. The PDI
of the block copolymers has narrowed to less than 1.4
as compared with those of the macroinitiaors, which also
indicates the formation of the well-defined block struc-
tures. Table 1 summarizes the ATRP results of CzEMA.

The chemical structures of the PF-PCzEMA block
copolymers were confirmed by 1H NMR, 13C NMR, and
FTIR spectroscopy. Representative 1H NMR and 13C
NMR spectra of PF-PCzEMA block copolymers are
shown in Figure 2. The results strongly suggest the

Scheme 1. Synthesis Route of the PF-PCzEMA Block Copolymers

Table 1. ATRP Results of CzEMA Homopolymers and Block Copolymersa,b

samples [M]/[I] M/S (w/v)c temp (°C) time (min) conv (%) Mn (theor) Mn (NMR) Mn (SEC) Mw/Mn

PCzEMA1 40 3:5 70 60 90 10 000 6 700 1.18
PCzEMA2 40 1:1 70 50 80 9 000 6 500 1.13
A 20 2:5 75 150 95 8 300 8 600 8 600 1.31
B 31 3:8 75 80 93 10 900 9 900 9 200 1.32
C 80 2:3 70 110 86 22 200 24 400 16 600 1.19
D 139 1:1 70 70 87 36 700 33 900 23 400 1.18
E 40 2:5 90 75 93 14 300 16 400 13 000 1.44
F 60 2:5 75 180 85 19 700 20 100 15 900 1.30

a [dNBpy]:[CuCl]:[I] ) 4:2:1. b MI-1 (Mn ) 3000) was used for A, B, C, and D; MI-2 (Mn ) 6000) was used for E and F. c Ratio of
monomer vs solvent (g/mL).

Figure 1. SEC profiles of PCzEMA-PF-PCzEMA block
copolymers.
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formation of well-defined block copolymers through
ATRP with efficient initiation of PCzEMA and perfect
intactness of PF backbone. The polymer composition can
thus be estimated by comparing the relative integration
of the peak from 3.7 to 4.5 ppm and the peak at 2.2 ppm,
assigned to the two methylene groups (-CH2-CH2-)
in PCzEMA groups and the two methylene groups at
the 9-position of the fluorene ring, respectively. Both
1H NMR and 13C NMR spectra of PF-PCzEMA follow
linear superposition of those of the macroinitiator and
PCzEMA.

Photophysical Properties. The representative UV-
vis and emission spectra of PF-PCzEMA in CHCl3 are
shown in Figure 3. The solution absorption spectra are
close to the weight-averaged sum of the respective
absorbance of both segments, implying the desired
composition has been achieved. The copolymers do not
exhibit any new bands in the absorption spectra,
indicating that there is no observable interaction be-
tween the two components in their ground states. The
fluorescence spectra and efficiencies (excitation at 383
nm) of the block copolymers in CHCl3 are comparable
to those of PF homopolymers, suggesting that the
photoluminescence properties of PF are not influenced
by the PCzEMA segments.

When comparing absorption and emission spectra of
PF macroinitiator MI-1 with a PCzEMA homopolymer
(Figure 3c), one can see that the emission spectrum of
PCzEMA and the absorption spectrum of PF overlap
significantly from which donor-acceptor energy transfer
from PCzEMA to PF can be expected. Note that the
maximum of the absorption of PF is located at the low-
energy side of the emission band of PCzEMA, which
may facilitate the energy transfer because the red-
shifted emission species tend to have longer lifetime.15

In fact, the photoexcitation of carbazole chromophores
at 343, 332, 294, and 262 nm created apparently
identical predominant emission with that excited at 383
nm (Figure 3d). No new emission features were observed
in the wavelength range of 300-700 nm, implying that
intermolecular exciplex can be ruled out in solution. The

energy transfer between the two components was also
probed by photoluminescent excitation (PLE) spectra.
As depicted in Figure 3d, the PLE spectrum measured
at 415 nm as a function of the excitation wavelength
has been normalized in the range of 370-400 nm where
only PF absorbs. The PLE spectrum showed similar
spectral features to the corresponding absorption, in-
dicating that both PF and PCzEMA contribute the
emission. However, when the excitation wavelength
blue-shifts, the relative intensity in the PLE spectra
with respect to the absorption bands decreases signifi-
cantly. Therefore, the transitions from higher excited
states may be accompanied by enhanced possibility of
nonradiative quenching. Similar observation has been
reported by Lemmer et al. in a study of the photophysi-
cal behavior of ladder-type poly(p-phenylene) (PPP) in
solid state.16

It has been found that energy transfer is incomplete
in solution with weak residue fluorescence at 345-365
nm from carbazole chromophores (Figure 3b). The
energy transfer in the solution can be quantitatively
studied by investigating the quenching of the donor
fluorescence (PCzEMA) in the presence of the acceptor
(PF).17 It can be seen that the efficiency decreases
significantly when the PCzEMA segments in the block
copolymers becomes longer (Figure 3b inset). To eluci-
date the incomplete energy transfer, a mixture of
PCzEMA homopolymer and macroinitiator MI-1 in
chloroform with a weight ratio of 3:1 was used as a
control sample. The PL excitation spectrum was identi-
cal to that of MI-1 and did not exhibit any signal from
PCzEMA, in distinct contrast to the block copolymer
with the same composition. Therefore, the singlet
excited states yielded in the simple mixture are only
caused by the direct photoexcitation of the PF segment.
This result unambiguously demonstrates an intrachain
energy transfer involved in the emission of the block
copolymers. We suggest that singlet energy migration
along PCzEMA occurs when it is irradiated at the
wavelength corresponding to the absorption of carba-
zole.18 Excited energy migration between carbazole

Figure 2. 1H NMR (top) and 13C NMR (bottom) spectra of PF-PCzEMA block copolymer. The unsigned peaks are from PF
segments.
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chromophores has been described previously due to
relatively large Förster radius for self-transfer.19 How-
ever, in solution, intrachain long-range energy transfer
may be difficult for such a coiled polymer with linear
architecture due to low local chromophore density.20 The
exciton may emit or be quenched through other depopu-
lation channels prior to transfer to the PF sites,
especially for copolymers with longer PCzEMA coils.
Similar results have been obtained recently in a study
of porphyrin dendrimers.21

The absorption and emission spectra (excitation at
294 nm) of the block copolymers in solid state are shown
in Figure 4a,b. Both the absorption and emission spectra
are almost identical with those measured in solution.
However, the fluorescence residue of PCzEMA has been
completely distinguished in solid state. All the samples
give strong blue emission peaked at 419 nm, similar to
that of PF homopolymers. The energy transfer from
carbazole chromophore to PF is very efficient even for
polymer D with the highest content of PCzEMA. In
addition, excitation of D at 294 nm creates fluorescence
almost 3 times stronger than at 377 nm, indicating that
the intensity of the sensitized emission is even stronger
than that of a direct PF emission. Therefore, sensitiza-
tion of the chromophore by the telechelic antenna is
more efficient than direct excitation at the absorption
maximum. It should be pointed out that although MI-
1/PCzEMA blends also exhibit more efficient energy
transfer in solid state than in solution, the fluorescence
residue is significantly stronger than that of the corre-
sponding copolymers (Figure 4b inset). We suggest that
in solid state excitonic interchain migration dominates
the energy transfer, which facilitates the exciton migra-
tion to achieve long-range energy migration.20 It is

noteworthy that interchain energy transfer has recently
been viewed more important than the intrachain fash-
ion.22 Because of possible inhomogeneous distribution
of PF in the blends as a result of phase separation at
large scales, the fluorescence quenching of PCzEMA is
less efficient in comparison to the block copolymer
architectures.23

PF has previously been suggested to form exciplex
with pendent carbazole moiety in a graft configuration,
which showed significant red-shifted emission in solid
state, even for freshly prepared films.24 For the copoly-
mers, however, photoexcitation of the films only gener-
ated well-resolved emission spectra similar to those in
solution. Therefore, PF and PCzEMA segments in a
block architecture may not interact at a molecular level.
In other words, they may form independent microphases.
Annealing experiments were also performed to inves-
tigate the spectral stability of these block copolymers.
Figure 4c shows the normalized PL emission spectra of
the films of the copolymers and a poly(9,9-dihexylfluo-
rene-2,7-diyl) (PFH) homopolymer annealed at 150 °C
in air for 2 h. It can be seen that, in contrast to PFH,
the green emission has been successfully suppressed for
the copolymers. The results are consistent with the
previous findings that the optical stability of PF could
be improved in polymer blends.25 Recently, formation
of fluorenone caused by photooxidation during annealing
has been demonstrated.26a,b Further studies suggested
that fluorenone excimers be the essential reason for the
spectral instability of PF.26c The enhanced spectral
stability of the copolymers compared to PF homopoly-
mer could be partially ascribed to the surrounding
PCzEMA coils which may shield the PF segments from
oxidation. In addition, since PF has been diluted by

Figure 3. (a) UV and (b) PL spectra (excitation at 294 nm) of PCzEMA and PF-PCzEMA in CHCl3. Inset: energy-transfer
efficiency of the samples. (c) Spectral overlap of PCzEMA and PF. (d) UV, PL, and PLE of copolymer B.
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PCzEMA to some extent in the copolymers, the forma-
tion of fluorenone excimers would be suppressed. The
PCzEMA may also act as an energy barrier to hinder
excitonic migration from polyfluorene to fluorenone
excimer sites. As a consequence, the green emission will
be minimized in the case of the copolymers. It is
important to note, however, that significant decrease
of emission intensity of the copolymers after annealing
was observed even though the green emission was
insignificant. Therefore, the formation of intrachain
fluorenone sites can be expected which do not contribute
to the green emission.26c

Thermal Properties and Morphologies. The ther-
mal properties of the polymers were determined by

differential scanning calorimetry (DSC). No crystalliza-
tion and melting peaks were detected for all samples,
indicating that these materials are amorphous. While
PCzEMA exhibits a Tg at 122 °C, those of the copoly-
mers with different PF blocks are between 126 and 130
°C. Although block copolymers composed of two incom-
patible components usually present two Tgs, the Tg of
PF block was not detected probably due to relatively
short PF chains. Actually, the PF macroinitiators did
not show any Tg during DSC measurements, either.

TEM was employed to study the morphology of solid
films of the block copolymers, as shown in Figure 5a,b.
Sufficient “phase contrast” is obtained by a proper
amount of objective lens defocus in the bright-field mode
of TEM. It can be seen that, upon evaporation of the
chloroform, copolymer B forms wormlike morphology
(dark regions) with a relatively uniform worm diameter
of about 45 ( 5 nm (Figure 5a), while typical spherical
micelles or aggregates (darker regions with higher
electron density) with rather nonuniform and larger
diameter of about 115 ( 30 nm are observed for
copolymer D (Figure 5b). Close inspection on TEM
image of copolymer D, however, shows that the indi-
vidual spherical micelles are “connected” by wormlike
structures with light contrast (indicated by white ar-
rows) to form a unique network morphology. We suggest
that the isolated aggregates are tending to coalesce
together to form complex morphologies by further self-
assembly,27 especially at the later stage of the film

Figure 4. (a) UV and (b) PL spectra (excitation at 294 nm)
of PCzEMA and PF-PCzEMA in solid state. Inset: PL of B
vs the corresponding blend. (c) Normalized PL spectra (excita-
tion at 380 nm) of thin films of B, C, and D as well as PFH
annealed at 150 °C in air for 2 h.

Figure 5. TEM images of block copolymer films: (a) B and
(b) D.
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deposition due to higher solution concentrations. Similar
observations on such self-association behavior have also
been observed in some amphiphilic block copolymer
systems recently.28

It is important to note that the rigid PF segments in
copolymers D and B have the same molecular weight.
However, the molecular weight of copolymer D is much
higher (about 3.4 times) than that of copolymer B.
Therefore, the dark regions with higher electron density
in the TEM micrographs presumably consist of both rod
and coil segments, as evidenced by the increased
diameter of aggregates with the length of PCzEMA coil
block. Such observations indicate that, given the length
of rigid PF segments is fixed (as studied in present case),
increasing the length of flexible PCzEMA segments
probably favors the formation of large spherical micelles
(here, for sample B), while the presence of short coil
block is apt to form wormlike structures (here, for
sample D). It should also be pointed out that the
observed morphologies do not change significantly even
after annealing at 100 °C for several hours. The
relatively stable nanostructures with excellent optical
properties are of potential use in optoelectronic devices.
Further detailed studies will be conducted on the effects
of different film-forming conditions (such as solution
concentration, (selective) solvents used, solvent evapo-
ration speed, and so on) on the growth of the nanostruc-
tured morphologies and control of optical properties
such as energy transfer.

Electrochemical Characterization. The cyclic vol-
tammograms (CV) of homopolymer PCzEMA and block
copolymers E and MI-2 are shown in Figure 6a. The
electrochemical signals of the block copolymer follow the
superposition of those of the individual blocks, suggest-
ing that both PCzEMA and PF serve as independent
electroactive species in the block copolymer. A partially
reversible process can be observed with an oxidation
peak at 1.59 V and the corresponding reduction peak
at 1.26 V which has been assigned to the PF component.
The onset potential shifts to 1.15 V, about 0.2 V lower
than that of PF homopolymer. The slightly increased
oxidation potential of the block copolymer (0.06 V higher
with respect to the PF homopolymer) may be caused by
heterogeneous elecron-transfer kinetics.29 Figure 6b
shows the CVs obtained through continuing scans of the
block copolymer to 1.3 V. The peak current correspond-
ing to the dimer cationic radical increases continuously,
indicating that the electropolymerization of the carba-
zole unit gives rise to the constant growth of carbazole
dimers. Carbazole units can be facilely dimerized elec-
trochemically through oxidation to carbazole cation
radicals followed by intermolecular coupling.24a,30 Note
that after electrochemical scan the onset potential of the
copolymer further shifts to 0.86 V, which is significantly
lower (about 0.5 V) than that of the pristine films.
Accordingly, the HOMO of PF homopolymer is esti-
mated to be 5.8 eV, while that of the block copolymer is
5.6 eV which further decreases to 5.3 eV upon cathodical
scan, considering the energy level of 4.4 eV for Ag/
AgCl.8,31 The results imply that a better hole injection
properties has been achieved. The carbazole units and
dimers are expected to improve the hole injection
properties without affecting the energy levels of PF.

Tuning of oxidation potential is crucial to improve the
carrier injection properties of a conjugated polymer. Our
results have demonstrated that, using block copolymer
approach, one may expect an efficient engineering of the

energy levels without significantly loss of their essential
electronic properties. Another advantage is that the
hole-transporting properties can be further improved
through electrochemical modification. In addition, the
formed carbazole dimers may also serve as cross-linkers
to stabilize the morphology of the block copolymers
through interchain coupling. PF networks have been
prepared by several groups through backbone function-
alization in order to improve the morphological stability
of PF and suppress the green emission.32 As an alterna-
tive approach, electrochemical method is able to make
conjugated networks for morphologically stable layers
in LED.

Electroluminescence. Preliminary electrolumines-
cence (EL) properties of the block copolymers were
investigated with a single-layer device configuration
(ITO/PEDOT:PSS/copolymers/Ca/Ag). The typical EL
spectra are shown in Figure 7a. Strong blue EL emission
can be observed with samples A, B, and E. Copolymer
B presented slightly more low-energy emission than E,
but the green emission has been efficiently suppressed
in contrast to the carbazole-based graft copolymers
reported previously.33 The CIE coordinates are x ) 0.16,
y ) 0.13 for copolymer B and x ) 0.17, y ) 0.12 for
copolymer E, indicating relatively pure blue emission.
It is noteworthy that, similar to the photoluminescence

Figure 6. (a) CV of PCzEMA, macroinitiator MI-2 and
polymer E in CH3CN. (b) CV of polymer E: sweep to 1.3 V,
five cycles. The potentials are measured relative to a Ag/AgCl
reference electrode.
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in solid state, no emission from carbazole can be
observed in the EL spectra. On the basis of the above
observation, it is suggested that the radiative decay of
excitons occurs mainly at PF due to direct carrier
recombination as well as exciton migration from PC-
zEMA.15 Figure 7b shows a typical J-L-V relation
measured from the devices fabricated with the block
copolymers and PFH as comparison. For the block
copolymers, the current density, J, starts to increase
dramatically at about 3 V, and the emission is observed

at about 6.5-8 V. In comparison to PFH, the current
density is decreased for all devices made of copolymers.
Such a decrease has been ascribed to the presence of
the hole-transporting materials in PF matrix which
serve as hole traps while affecting electron transport
insignificantly.2e In addition, both the device efficiency
and the maximum brightness for the block copolymers
are considerably higher than those of PFH (Figure 7b,c).
Considering the energy diagrams of PFH and copoly-
mers, we suggest that the improvement in EL device
performance with these block copolymers is due to the
introduction of PCzEMA block which lowers the HOMO
level and facilitates hole injection from anode as a
consequence. It should be pointed out that the EL
performance is strongly dependent on the copolymer
composition. Thus, the device performance should be
further enhanced by optimizing a number of the mo-
lecular parameters of the copolymers such as polymer-
ization degree and molar percentage of the PF and
PCzEMA blocks and screening more hole-transporting
materials other than carbazole to make a better match
of the HOMO level of the material to the work function
of ITO. Understanding the relationship between film
morphology and device performance is another topic of
interest for us to pursue in the future.

Conclusion

We have synthesized a series of PF-based well-defined
triblock copolymers containing carbazole units through
ATRP. It has been shown that, besides the interesting
nanoscaled structures due to self-assembly which is not
surprising for such a rod-coil copolymer system, the
PF-PCzEMA copolymers by introducing electroactive
carbazole into the rod-coil architecture offers a variety
of new optoelectronic properties. Förster energy transfer
from PCzEMA to PF in such architecture has been
demonstrated. An interchain mechanism has been sug-
gested to elucidate the energy transfer in solid state
with nearly complete extinction of emission from car-
bazole which is ideal for LED application, in contrast
to an intrachain fashion in solution. The green emission
has been suppressed with the copolymers, which is
explained by the dilution effect of the PCzEMA. The hole
injection properties of PF have been improved success-
fully through the incorporation of PCzEMA segments,
and electrochemical modification on these copolymers
is expected to further improve the PF performance.
Electroluminescence characterization presented a pure
blue emission and better device performance than PF
homopolymer. Therefore, these materials represent a
promising class of optoelectronic polymers, based on
which we may build a new platform which allows us to
further explore the structure-property relationship of
optoelectronic materials at a supramolecular level.

Experimental Section

Materials. 2,7-Dibromofluorene (97%), 1-bromohexane (98%),
4-bromobenzyl alcohol (99%), 2-bromoisobutyryl bromide (BiBB)
(98%), CuCl (99.995+%), 1,5-cycooctadiene (COD) (99%+),
ethyl 2-bromoisobutyrate (98%), 4,4′-dinonyl-2,2′-dipyridyl
(dNBipy) (97%), carbazole, ethylene carbonate, and bis(1,5-
cyclooctadiene)nickel(0) (Ni(COD)2) were purchased from Al-
drich Chemical Co. Methacryloyl chloride (98%) was purchased
from TCI and were used as received. N,N-Dimethylformamide
(DMF, TEDIA, 99.9%), dichloromethane (99.9%, TEDIA), and
anisole (Merck) were distilled from calcium hydride and stored
under argon. Tetrahydrofuran (99.8%, TEDIA) and toluene
(99.5%, Merck) were distilled from sodium/benzophenone. The

Figure 7. (a) Electroluminescence spectra of copolymers B
and E in single-layer devices. (b) Current density and lumi-
nance and (c) electroluminscence efficiency as a function of
the bias voltage in single-layer devices of copolymers A, B,
and E and homopoloymer PFH vs voltage. Device structure:
ITO/PEDOT/polymer/Ca/Ag.
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monomer 2-(carbazol-9-yl)ethyl methacrylate (CzEMA) was
synthesized according to published method.34 PF macroinitia-
tors for ATRP were synthesized according to previously
described procedure.14b Poly(9,9-dihexylfluorene-2,7-diyl) (PFH)
was synthesized through Suzuki reaction in our lab (Mn )
20K).

Measurements. NMR spectra were collected on a Bruker
Avance 400 spectrometer with tetramethylsilane as the inter-
nal standard. FTIR spectra were recorded on a Bio-Rad FTS
165 spectrometer by dispersing samples in KBr disks. Size
exclusion chromatography (SEC) analysis was conducted on
a HP 1100 HPLC system equipped with the HP 1047A RI
detector and the Agilent 79911GP-MXC columns, using stan-
dard polystyrene samples as the molecular weight references
and THF as the eluent. UV-vis spectra were recorded on a
Shimadzu 3101 spectrophotometer. The concentrations of the
copolymer solutions were adjusted to about 0.01 mg/mL or less.
Fluorescence measurement was carried out on a Perkin-Elmer
LS 50B luminescence spectrometer with a xenon lamp as a
light source. Differential scanning calorimetry (DSC) was run
on a TA Instruments DSC 2920 module at a heating rate of
20 °C/min. Electrochemistry studies were performed using an
Autolab PGSTAT30 potentiostat/galvanostat with a standard
three-electrode electrochemical cell containing a 0.1 M tet-
rabutylammonium hexafluorophosphate solution in acetoni-
trile at room temperature under argon at a scanning rate of
100 mV/s. A platinum working electrode, platinum wire
counter electrode, and an Ag/AgCl (saturated KCl and AgCl
aqueous solution) reference electrode was used. The thin films
for transmission electron microscopy (TEM) observation were
prepared by dropping the dilute solutions (1% w/v in chloro-
form) onto carbon-coated copper grids. Extra solution was
blotted with filter paper. After solvent evaporation, the
copolymer films were directly observed using a Philips CM300-
FEG TEM under an accelerated voltage of 150 kV without
staining.

ITO-coated glass with a sheet resistance of 20 Ω/sq was used
for LED fabrication. The routine cleaning procedure including
sonication in acetone and methanol and oxygen plasma treat-
ment was carried out. As the hole-transporting layer, a 20 nm
thick poly(styrenesulfonate)-doped poly(3,4-ethylene diox-
ythiophene) (PEDOT) was spin-coated at a rate of 2000 rpm
and an acceleration of 2000 rpm/s for 20 s on ITO. The
copolymer layer of 80-100 nm was spin-coated from a solution
of 10 g/L. A 20 nm thick calcium covered with a 200 nm thick
silver cathode were deposited by thermal evaporation in an
Edwards Auto 306 system at a base pressure of 2.0 × 10-6

Torr. The current-luminance-voltage (J-L-V) curves were
measured using a fully computer-controlled system consisting
of a dynamic multimeter (Keithley DMM 2001), a source meter
(Keithley 3A 2420), and eight calibrated Si photodiodes. The
software was based on LabView. The current and luminescence
output measurements were carried out by a voltage scan
model. All measurements were performed in the glovebox with
water and oxygen concentrations less than 1 ppm. For each of
the materials, four devices were fabricated and tested, and the
best data were used for discussion.

Syntheses. a. Synthesis of PCzEMA by ATRP. PCzEMA
was synthesized by solution polymerization in anisole. In a
typical run, a glass tube was charged with 0.300 g (1.07 mmol)
of CzEMA, 22.1 mg (0.054 mmol) of dNBipy, and 2.7 mg (0.027
mmol) of CuCl before it was sealed with a rubber septum. The
tube was degassed with three vacuum-argon cycles to remove
air and moisture, and anisole (0.80 mL) was added with
syringes. The glass reactor was immersed in an oil bath at 70
°C, and ethyl 2-bromoisobutyrate (5.2 mg, 26 µmol) was
introduced to carry out the polymerization. After a certain
period, the reaction mixture was diluted with chloroform and
passed through a column of neutral alumina to remove the
catalysts. The polymers were precipitated into excess of
methanol and dried in a vacuum at 40 °C to afford white
powder.

b. Synthesis of PCzEMA-PF-PCzEMA Triblock Co-
polymers by ATRP. The triblock copolymers were synthe-
sized by solution polymerization in anisole. In a typical run, a

glass tube was charged with 0.025 g (0.009 mmol) of PF
macroinitiator, 14.7 mg of dNBipy (0.036 mmol), 0.200 g of
CzEMA (0.716 mmol), and 1.8 mg (0.018 mmol) of CuCl before
it was sealed with a rubber septum. The tube was degassed
with three vacuum-argon cycles to remove air and moisture,
and then anisole (0.20 mL) was added with syringes. The glass
reactor was immersed in an oil bath at 70 °C to carry out the
polymerization. After a period of time, the reaction mixture
was diluted with chloroform and passed through a column of
neutral alumina to remove the catalysts. The polymers were
precipitated into excess of methanol and dried in a vacuum at
40 °C. Light yellow powdery to glassy samples were obtained.
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