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Introduction

Conjugated polymers are of special interest due to their
excellent optical and optoelectrical properties both in the solid
state and in selective solvents.1,2 They have delocalized,
conjugated electronic structures in their main chains, which
results in unique material characteristics such as photolumines-
cence (PL),3 electroluminescence (EL),4 conductivity, and
oxidative stability.5 Typical examples include the oligomers and
polymers of thiophene,6 p-phenylene,7 phenylenevinylene,8,9

phenylquinoline,10 and fluorene,11,12 which have been exten-
sively used in molecular electronics and electronic devices.13,14

The molecular chains of these polymers tend to aggregate by
strong interchain interactions between neighboring aromatic
moieties, which causes an undesirable red-shift fluorescence and
reduced emission intensity upon thermal annealing or with the
passage of current.15-17 In addition, because of the strong,
interchain interactions between the highly anisotropic, rigid
polymer backbones, most of these compounds are insoluble or
infusible.

Recent attempts have been made to enhance the performance
of conjugated compounds by controlling their strong interchain
interactions through introducing structural irregularities within
the polymer backbone or copolymerizing with conjugated or
nonconjugated comonomers.18-30 One attractive approach is to
combine heterogeneous polymer segments to the conjugated
polymer backbones in the forms of block copolymers.22-30

Interesting results have been reported on the incorporation of
conjugated, rod-like block segments such as polythiophene,23

poly(p-phenylene),24 poly(phenylenevinylene),25,26 phenylquino-
line, vinylenic biphenyls,27 and polyfluorene11,12 into a hetero-
geneous polymer chain. Amphiphilic rod-coil diblock and
triblock copolymers consisting of poly(phenylenevinylene) or
polyfluorenic block were also synthesized to form self-as-
sembling nanostructures in selective solvents.11,26,28-30 In the
case where rod-coil block copolymers are used, coil-like blocks
tend to be segregated from rod-like blocks due to a conforma-
tional dissymmetry between component blocks to generate a
series of supramolecular nanostructures.31 These block copoly-

mers exhibit almost the same EL and PL properties as those
observed for the corresponding conjugated homopolymers. The
spatial confinement of the conjugated blocks in the geometrically
well-defined nanoscopic structures may reduce the dimensions
of the molecular clusters and decrease the intermolecular
aggregation between the luminescent, conjugated molecules.

Polyfluorene and its derivatives are one of promising materials
for light-emitting diodes because of its high PL quantum
efficiencies and thermal stability.18,32-35 However, rigid-rod-
like polyfluorene chains tend to stack cofacially with each other
due to the favorable interchain π-π interactions between
aromatic moieties, which is considered to be troublesome in
light-emitting devices because it may enhance nonradiative
decay both in solution and in the solid state.15-17 Here, we
attempt to synthesize a novel, amphiphilic symmetric triblock
copolymer containing a conjugated rod-like midblock of poly-
(9,9-didodecylfluorene-2,7-diyl) (PF) and coil-like endblocks of
poly[penta(ethylene glycol) methyl ether methacrylate]s (PEG-
MA) by using the atom transfer radical polymerization (ATRP)
technique and demonstrate the effect of the coil-like PEGMA
endblocks on the aggregation and excimer formation of the
conjugated PF segments during annealing at high temperature.
PEGMA was chosen as a hydrophilic, coil-like endblock due
to its excellent solubility in both hydrophobic and hydrophilic
media. Because of the dissimilarities in the molecular conforma-
tion and hydrophilicity between the rod-like, conjugated PF and
coil-like PEGMA blocks, they are expected to be phase-
separated to display a self-assembled nanostructure.

Results and Discussion

A novel conjugated triblock copolymer containing the rod-
like PF midblock and coil-like PEGMA endblocks was syn-
thesized by ATRP of the bromo-ended polyfluorene macroini-
tiator. It is well-known that the alkyl substituents at the C9

positions of PF do not alter its optical and electronic properties
in either the solid state or selective solvents.36 The substituted
fluorene containing a didodecyl unit at the C9 position was used
as a monomeric unit because introducing such long alkyl
substituents would enhance the solubility of PF during the
reaction. The PF blocks with hydroxyl ends 1 was prepared by
the Yamamoto-type coupling of 2,7-dibromo-9,9-didodecylfluo-
rene using a bis(1,5-cyclooctadiene)nickel(0) [Ni(COD)2] cata-
lyst in order to serve as a reductive transition metal-base
coupling agent. The monofunctional comonomer of bromoben-
zyl alcohol was also used as an end-capper to functionalize each
end of 1 into hydroxyl ends. The 1H NMR data of compound
1 confirmed the successful end-capping of the hydroxyl units
on the 2,7-positions of 9,9-didodecylfluorene. The reaction was
carried out in the dark in order to prevent the formation of
fluorenone defects, which are known to reduce the PL properties
of fluorenic compounds.37,38 The symmetric triblock copolymer
of PEGMA-b-PF-b-PEGMA (3) was successfully synthesized
by the ATRP of the bromo-ended polyfluorene macroinitiator
2. In order to prepare a R-haloester-type macroinitiator 2, the
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hydroxyl end-capped 1 was reacted with 2-bromoisobutyryl
bromide (BIB), and the completion of the reaction was
confirmed by 1H NMR data. The absence of fluorenone defects
was confirmed by the 13C NMR data of the compound 2,
indicating that the formation of the fluorenone defects was
prevented during the reaction. 1H NMR data also confirmed the
successful synthesis of PEGMA-b-PF-b-PEGMA (3) by ATRP,
which was carried out for 24 h at 70 °C. The schematic
representation of the synthetic procedure of hydroxyl end-
functionalized, substituted polyfluorene 1, polyfluorene macro-
initiator 2, and PHEMA-b-PF-b-PHEMA (3) is illustrated in
Scheme 1.

The Mn values of 2 and 3 measured from GPC, as shown in
Figure 1, were measured as 5900 and 24 500 g/mol, and their
corresponding polydispersity indices (PDI) were given as 1.51
and 1.36, respectively. The PDI of 2 was relatively high as a
result of the intermolecular coupling reaction between 1’s, which
also increased the PDI of 3. Parts a and b of Figure 2 show the
TGA data of 2 and 3, respectively, measured during heating
from room temperature to 700 °C at a heating rate of 1 °C/min.
Like other polyfluorene derivatives, 2 also exhibits a high
thermal stability, showing less than 10% weight loss at higher
than 400 °C. The onset temperature of the major weight loss of

2 was at about 380 °C. The thermal decomposition of 3 involves
two steps. The first and second steps start from near 200 and
375 °C, respectively. It has been reported that the onset of the
thermal decomposition of the PEGMA segments of PEGMA-
grafted polymeric systems occurs at about 200-250 °C in air.39

Therefore, the first weight loss may be assigned as the thermal
decomposition of the PEGMA endblocks. The second major
weight loss, starting from near 375 °C, can be assigned as the
thermal decomposition of the aromatic oligofluorenic moieties.
The stepwise thermal decomposition of 3 confirms the synthesis
of a triblock copolymer 3 by ATRP.

The nanoscopic, self-assembled structure of 3 was investi-
gated by SAXS. An overview of a typical SAXS data, measured
from the as-received powders of 3 at room temperature, is given
in Figure 3. In this scan, a broad peak was only found at a Q
of about 0.35 nm-1, corresponding to a d-spacing of ∼18 nm.
The broadness of the peak appeared to be due to a short-range
order in the form of small cluster or aggregate of 3, composed
of the repulsive PF and PEGMA block segments with different
hydrophilicities. Because long alkyl substituents of 9,9-didodecyl
units are attached to the C9 position of rod-like 9,9-didode-
cylfluorene-2,7-diyl moieties, they are asymmetric in molecular
geometry and may create only roughly defined interfaces which

Scheme 1

Figure 1. GPC traces of (a) PF macroinitiator 2 (closed circles) and
(b) PEGMA-b-PF-b-PEGMA triblock copolymer 3 (open circles).

Figure 2. TGA data of (a) PF macroinitiator 2 and (b) PEGMA-b-PF-
b-PEGMA (3).
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reduces the structural perfection of the self-assembled domain
structure. In addition, the relatively large polydispersity of the
PF rod segment also causes a broadening in the phase-separated
nanostructure.

The PL property of compounds 2 and 3 was investigated in
chloroform. Parts a and b of Figure 4 show the photolumines-
cence spectra of compounds 2 and 3, respectively, measured in
chloroform. In Figure 4a, we found a fluorescence maximum
at 422 nm (blue) and two vibronic bands at λ ) 442 and 475
nm, which appeared to be due to the photoemission of the PF
blocks. In Figure 4b, the fluorescence maximum of 3 was
slightly blue-shifted to 417 nm compared to one measured from
2, which was mainly due to the better solubility of 3 in
chloroform. PEGMA blocks, composed of methacrylate back-
bone with hydrophilic side groups of ethylene glycol, are more
soluble in chloroform than the aromatic PF blocks are, and their
addition as endblocks reduces the aggregation of the conjugated
PF moieties and makes the effective conjugation length of the
PF moiety become shorter. Note that the equation describing
the emission of the conjugated polymers, σ(λ) ) R(λ)/N (σ(λ)
is the molecular absorption cross section, R(λ) is the absorption
coefficient, and N is the number of molecular entities contained
within a unit volume of the absorbing medium along the light

path) shows that the emission is inversely proportional to the
effective molecular length of the conjugated chains.40

The aggregation behavior of 3 can be demonstrated by the
continuous addition of methanol in its THF solution. Since THF
is a common solvent for both PF and PEGMA blocks, whereas
methanol is a poor solvent for the PF block, adding methanol in
the THF solution of 3 causes the aggregation of 3. Figure 5a-d
shows the PL spectra of 3 in mixed solvents of THF and
methanol with a THF:methanol volume ratio of (a) 10:0, (b)
8:2, (c) 6:4, and (d) 5:5. The PL intensities of the peaks at λ )
440 and 475 nm (vibronic bands) were slightly increased due
to the aggregation of 3. The result indicates that the 0-1 and
0-2 radiation transitions were enhanced by the aggregation of
3 due to π-π interactions between the neighboring aromatic
PF moieties.

The effect of the PEGMA endblocks on the aggregation
behavior and spectral stability of thin films of 2 and 3 in their
solid states was investigated during annealing at high temper-
ature. The thin films of 2 and 3 were prepared by spin-coating
from their THF solutions. Prior to the PL measurements, thermal
behavior of both compounds was measured to select an adequate
temperature for annealing and monitor the chemical degradation
during heat treatment at high temperature. We measured the
first and subsequent cooling and second heating scans of the
as-prepared films of 2 and 3 by using differential scanning
calorimetry (DSC). The data show that double endothermic
peaks in the temperature range near 40-45 and 58-60 °C in
the first heating DSC scans of the samples of 2 and 3 which
corresponded to the melting of melting of the didodecyl
substituents attached to the C9 sites of the fluorene units and
substituted fluorene moieties in the midblocks, which were
successfully decoupled from the flexible coil-like PEGMA
endblocks. However, in the first cooling and second heating
DSC scans, the exothermic and/or endothermic peaks were also
absent, again indicating that no recrystallization of the didodecyl
substituents and the fluorene moieties of both 2 and 3 occurred
during the cooling and reheating scans performed at a rate of
10 °C min-1. This implies that the reorganization of the 9,9-
didodecylfluorene units proceeded slowly in the experimental
temperature range. Since the thin films of 2 and 3 are mobile
in the isotropic phase and the molecular reorganization by chain
aggregation through the π-π interactions between aromatic
moieties can be facilitated by the increased thermal motion of

Figure 3. SAXS data of the as-received specimen of PEGMA-b-PF-
b-PEGMA, measured at room temperature.

Figure 4. Fluorescence spectra of (a) PF macroinitiator 2 and (b)
PEGMA-b-PF-b-PEGMA (3).

Figure 5. Fluorescence spectra of PEGMA-b-PF-b-PEGMA in a mixed
solvent of THF and methanol with a THF:methanol volume ratio of
(a) 10:0, (b) 8:2, (c) 6:4, and (d) 5:5.
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the polymer chains, both samples were heat-treated in their
isotropic state, e.g. 100 °C. Based on the TGA data described
earlier, there was no substantial chemical degradation or change
that occurs during and after heating at 100 °C with a heating
rate of 1 °C/min. The PL emission spectra of the thin films of
2 and 3 annealed at 100 °C during various annealing times are
shown in Figures 6 and 7, respectively. The thin films of the
PF macroinitiator and PEGMA-b-PF-b- PEGMA were prepared
by spin-coating and annealing at 100 °C in a convection oven
during various times from 20 min to 19 h prior to the PL
measurements. Both samples were heat-treated at the same
experimental conditions. These figures clearly demonstrated that
the emission maximum at 525 nm was reduced for 3, as
compared with one measured from 2. The enhanced spectral
stability of 3 ascribed due to the presence of the PEGMA
endblocks, attached to the PF midblocks, which may suppress
the excimer formation of the PF blocks during annealing at high
temperature.

Conclusions

An amphiphilic triblock copolymer of PEGMA-b-PF-b-
PEGMA was successfully synthesized by ATRP utilizing the
PF macroinitiator. Because of the conformational dissymmetry
between the coil-like PEGMA blocks and rod-like PG blocks,
they create the short-range ordered self-assembled domain

structure at room temperature. The fluorescence maximum for
PEGMA-b-PF-b-PEGMA was blue-shifted as compared with
that observed from the PF macroinitiator, mainly due to the
decrease in the effective length of the conjugated PF blocks in
solution. The PL emission spectra of the thin films, annealed at
100 °C for various times, clearly indicated that the PEGMA
endblocks attached to the PF midblocks may suppress the
excimer formation of the PF blocks during annealing at high
temperature.
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