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ABSTRACT: A series of novel conjugated copolymers containing 9,9-dihexylfluorene and europium
complex-chelated benzoate units in the main chain had been synthesized through a three-step process,
involving Suzuki coupling copolymerization, hydrolysis of benzoate units, and postchelation. The chemical
structures of the copolymers were characterized by FT-IR, 1H NMR, 13C NMR, GPC, and ToF-SIMS. The
copolymers exhibited relatively high glass transition temperatures after incorporation of the rare earth
complexes. The photoluminescence (PL) properties of the copolymer complexes in solution and in film
form were investigated. Intramolecular energy transfer from the fluorene groups to the europium complex
occurred in diluted solutions of the copolymer. The efficiency of this process depended strongly on the
structure of the ligands for the europium complex and the composition of the copolymers. The PL spectra
of the copolymer complexes consisted of two emission bands, one in the 350-550 nm region and another
at around 612 nm, corresponding to the π* f π transitions of the fluorene moieties and the f-f transitions
of the europium ions, respectively. In the copolymer films cast from solutions, emission from the fluorene
groups could be suppressed, and the absorbed excitation energy was transferred effectively to the europium
complexes in the copolymer. Nearly monochromatic red emission (with a line width of about 4 nm) was
detected under UV excitation at room temperature.

Introduction

The first demonstration of efficient polymer light-
emitting diodes (LEDs) in 19901 has spurred consider-
able interest in the application of conjugated semi-
conducting polymers for display technology.2 Full color
displays will require pure red, green, and blue emission.
Obtaining monochromatic emission from conjugated
polymers or small organic molecules is still difficult,
since their emission spectra typically have a line width
(full width at half-maximum, or fwhm) of 50-200 nm,3
arising from the inhomogeneous broadening and the
presence of vibronic progression. Moreover, in conju-
gated molecules, light is only generated from the singlet
excitons, while the triplet excitons are lost in the
nonradiative transitions. On the basis of spin statistics,
only 25% of the excitons in conjugated molecules have
the singlet character. Thus, the quantum efficiency of
a conjugated polymer LED cannot exceed 25%.4 The
future development of polymer LEDs requires the
synthesis of new materials that retain the inherent
properties of conjugated polymer, such as the semi-
conductive properties and mechanical flexibility, and
overcome the drawbacks of conjugated polymers, such
as low efficiency and broad emission bands.

Rare earth compounds are excellent chromophores
that exhibit intense fluorescence with a narrow spectral
bandwidth (fwhm of 5-20 nm) and relatively long decay
lifetime (10-2-10-6 s).5 They are the most widely used
materials in CRT displays and inorganic LEDs.6 A great

deal of effort has also been devoted to the application
of rare earth complexes in organic LEDs.7 Pure red,
green, blue, white, and infrared electroluminescence
(EL) from the respective complexes of Eu3+, Tb3+, Tm3+,
Dy3+, and Er3+ have been reported.7,8 However, many
of the low-molecular-weight rare earth complexes un-
dergo decomposition to some extent during film forma-
tion by vacuum deposition.9 Decomposition of the rare
earth complexes can be avoided in spin-coated films
containing the rare earth complexes dispersed in poly-
mer matrices.3,10 A drawback of this technique is that
nonuniform blending or dispersion of the dopants may
result in phase separation and ionic aggregation.11 The
use of polymers with the lanthanide complexes co-
valently bonded in the main chain or as pendant groups
will help to overcome the above-mentioned problems.

There are apparent advantages to incorporate the
rare earth complexes into the conjugated polymers. First
of all, since the emission from rare earth ions originates
from transitions between the f levels that are well
protected from environmental perturbations by the filled
5s2 and 5p6 orbitals, the resulting emission spectra are
expected to be sharp and narrow. Second, the 25% limit
on internal quantum efficiency of the conjugated poly-
mers can be overcome, since not only the energy of the
singlet, but also that of the triplet, can be transferred
to lanthanide ions to generate the emission. Third, films
can be cast directly from solutions of the rare earth
complex-containing polymers, thereby facilitating the
fabrication and improving the stability of the films.
Finally, crystallization, phase separation, and ionic
aggregation, which are detrimental to the performance
of a device, can be avoided by binding the rare earth
complex directly to the polymer backbone.
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We have embarked on the design and synthesis of a
series of conjugated copolymers containing europium
complexes chelated to the main chains. The synthetic
route, which involves Suzuki coupling copolymerization,
hydrolysis, and postchelation, may be readily extended
to the synthesis of other conjugated polymers containing
other rare earth complexes, such as the Tb3+, Nd3+,
Tm3+, and Er3+ ion complexes. Such materials will
permit the fabrication of pure red, green, and blue
(RGB) polymer light-emitting devices as well as other
photonic devices, such as lasers (based on Nd polymers)
and amplifiers (based on Er polymers).

Results and Discussion
Design of the Conjugated Copolymers. The emis-

sion efficiency of a rare earth complex depends strongly
on the effective energy transfer from the polymer
domain to the rare earth ions. This is a two-steps
energy-transfer process involving3 (a) Förster energy
transfer from the conjugated blocks to the ligands and
(b) Dexter energy transfer from the ligands to the
excited states of the rare earth ions. To utilize both the
Förster and Dexter energy transfer in the europium
complex-containing polymer, a proper guest-host sys-
tem must be selected. With a highly efficient emitting
guest, the energy levels of the singlet and triplet
excitons in the host must lie above the corresponding
levels in the guest. Efficient energy transfer also
requires the overlap of the emission spectrum in the
host and the absorption spectrum in the guest. Since
most of the rare earth complexes absorb in the region

of 200-400 nm, only those conjugated polymers with
their emission bands falling in the ultraviolet or blue
light region, such as polyfluorene, polycarbazole, poly-
(p-phenylene), poly(1,3,4-oxadiazole), and their deriva-
tives,12,13 may serve as the host. Fluorene and phenylene
units are chosen to build the polymeric backbone since
both of them are highly efficient blue emitting chro-
mophores.14,15 To improve the solubility of the copolymer
in organic solvents, alkyl chains are introduced into the
fluorene unit at the 9-position. It has been reported that
polyfluorenes with substituted alkyl chains undergo
changes in solubility and glass transition temperature,
but not in the photoluminescence (PL) spectrum.16

To transfer energy from the ligands to the europium
ions (the Dexter process), the triplet level of the ligands
must be higher than the energy level of the first excited
state (5D0, 17270 cm-1) of the europium ions.17 More-
over, for Eu(III) ion, the energy levels of the first excited
state (5D0) and that of the second excited state (5D1) are
very close together. To reduce the nonradiative energy
transfer between these two levels, the triplet level of
the ligands and the first excited state of Eu(III) ions
must be as close to one another as possible. Some
â-diketone ligands, such as thenoyltrifluoroacetone
(TTA), dibenzoylmethane (DBM), and 1-(2-naphthoyl)-
3,3,3-trifluoroacetone (NTA), meet the above criteria.18

Synthesis of the Monomers and Copolymers. The
synthetic routes for the monomers are shown in Scheme
1. 2,7-Dibromo-9,9-dihexyl-9H-fluorene (C1) was syn-
thesized in high yield (96%) by the reaction of 2,7-
dibromofluorene with 1-bromohexane, catalyzed by

Scheme 1. Synthetic Routes for the Monomers and Reagents
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concentrated NaOH (aqueous, 50% w/w), and in the
presence of a phase transfer catalyst, triethylbenzyl-
ammonium chloride. The substituted fluorene bromide
reacted with magnesium in THF to form a bifunctional
Grignard reagent, which was subsequently reacted with
trimethyl borate at a low temperature (-78 °C). The
resulting fluorene boronate was hydrolyzed with 5%
H2SO4 to give the diboronic acid (C2) with a yield of
63%. The monomer, 2,7-bis(trimethylene boronate)-9,9-
dihexyl-9H-fluorene (C3), was finally obtained (in 88%
yield) by esterification of the dibronic acid with tri-
methylene glycol.19 The other monomer, 3,5-dibromo-
benzoic acid (C4), was converted to the correspond-
ing methyl benzoate (C5, yield 95%) by the highly
efficient methylation of carboxylic acid with KOH/CH3I
in DMSO.20

The Suzuki coupling reaction21 was applied to the
synthesis of the copolymers of 2,7-bis(trimethylene
boronate)-9,9-dihexyl-9H-fluorene and methyl 3,5-di-
bromobenzoate (P1 to P3, Scheme 2). The advantages
associated with this reaction include reactivity being
less sensitive to steric hindrance, mild reaction condi-
tions, less side reactions, and higher conversions.22

Moreover, a well-defined alternating copolymer can be
produced by this reaction. After copolymerization, the
carboxylic groups were recovered by hydrolysis in
methanol/THF and acidification.23 The flossy solids so-

obtained (P4 to P6) are soluble in THF but insoluble in
toluene, acetone, chloroform, DMSO, and ethanol.

Rare earth complexes are commonly synthesized by
dissolving the ligands in warm ethanol, neutralized to
pH ) 6 with a base, followed by the addition of the
europium chloride solution.24 This common procedure
was applied to the preparation of the copolymer com-
plexes in mixed solvents of THF and ethanol. It was
found that the solubility of the copolymer became very
poor in THF after neutralization with the aqueous
NaOH. As a result, only a small portion of the carboxylic
groups in the copolymer had successfully chelated the
europium ions. To carry out the chelation of the eu-
ropium ions in the absence of neutralization and to
ensure the complete chelation of the carboxylic groups
with the europium ions, a highly reactive europium salt,
europium triisopropoxide (C6), was synthesized from
anhydrous europium chloride (Scheme 1).25 The salt is
soluble in 2-propanol, benzene, and THF. The isopro-
poxy groups of the salt can be easily substituted by
chelators, such as the carboxylic group and â-diketone,
to form a europium complex in anhydrous organic
solvents.26 In this work, several copolymers containing
the europium complexes in the main chain (P7 to P12)
were successfully prepared by this method (Scheme 3).

Infrared Spectroscopy Results. The representative
FT-IR spectra of the copolymers are shown in Figure 1.
For comparison, the FT-IR spectra of 3,5-dibromo-
benzoic acid (C4) and methyl 3,5-dibromobenzoate (C5)
are also shown in Figure 1. Changes in the character-
istic stretching absorption bands of the CdO and -OH
groups are obvious in Figure 1. In the FT-IR spectrum
of 3,5-dibromobenzoic acid, the CdO groups absorb at
approximately 1705 cm-1. After esterification (C5), the
CdO vibration has shifted to about 1731 cm-1, and the
broad -OH stretching at around 3100 cm-1 has dis-
appeared. In the IR spectrum of the copolymer of methyl
benzoate and 9,9-dihexylfluorene (P1), the CdO stretch-
ing (1728 cm-1) remains close to that of the correspond-
ing monomer (C5). After hydrolysis, this characteristic
CdO band of the copolymer (P4) has shifted back to
1698 cm-1, near that of the CdO band in 3,5-dibromo-
benzoic acid (C4). The typical broad absorption band of

Scheme 2. Synthetic Route and Molecular Structure
of the Copolymers

Scheme 3. Synthetic Route and Molecular Structure
of the Copolymers Containing Fluorene and

Europium Complex in the Main Chain

Figure 1. Comparison of infrared spectra of monomers and
copolymers.
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the -OH group has reappeared again. With the increase
in fluorene to benzoate molar ratio in the copolymers
(x/y ) 1, 2, and 5; see Scheme 2), the absorption peak
of the CdO groups in the copolymer becomes asym-
metric after hydrolysis. A weak shoulder at about 1733
cm-1 was also found in the spectrum of P6. This
observation indicates that the ester groups of the
copolymer were not hydrolyzed completely, probably due
to the fact that hydrolysis of esters is a reversible
reaction.

After incorporation of the europium complex, the FT-
IR spectrum of the copolymer (P8) shows the absence
of the CdO stretching vibration of the carboxylic group
at 1698 cm-1, while the typical antisymmetric and
symmetric stretching vibrations of the carboxylate group
at about 1579 and 1461 cm-1 have appeared.27 The
results suggest that the coordination bonds are formed
between the Eu(III) ion and the carboxylic group of the
copolymer. Furthermore, the broad absorption band of
the -OH group is almost undetectable, suggesting that
most of the carboxylic groups of the copolymer are
chelated to the europium ions. The CdO and CdC
stretching vibrations of the â-diketone ligands coordi-
nated with the complex are at about 1623 and 1539
cm-1, respectively. The ring vibration of the other
ligand, 1,10-phenanthroline, is observed at 1516 cm-1,
although the intensity is relatively weak. Other IR
absorption bands at around 1603, 1467, and 1247 cm-1,
which are also observed in the spectra of the copolymers
before chelation, are attributable to the aromatic ring
stretching of the fluorene groups. In addition, two weak
bands at 641 and 581 cm-1, associated with the Eu-O
stretching vibrations,24 are also observed. These FT-IR
results further confirm the formation of the europium
complex.

1H NMR and 13C NMR. Figure 2 shows the 1H NMR
spectra of the copolymers before (P1) and after (P4)
hydrolysis. The two main groups of peaks associated
with chemical shifts at 7.68-8.36 and 0.74-2.19 ppm
can be attributed to the aromatic and the alkyl protons,
respectively. The assignment of these peaks is given in
Figure 2. The resonance of methyl protons on the ester
group appears at a lower field of 3.91 ppm. This
chemical shift is not observed in the spectrum of the
copolymer after hydrolysis, indicating that the hydroly-
sis of P1 is almost complete. However, the resonance
signal of the carboxylic proton is not observed in the
10-12 ppm region in the spectrum of the hydrolyzed

polymer. It is well-known that the 1H NMR signal of
-COOH becomes weak and undetectable when the
carboxylic group is in a complicated chemical environ-
ment due to the formation of H-bonds and association.
The presence of a trace amount of water in the deuter-
ated solvent may also affect the detection of -COOH
group.

In the 13C NMR spectrum of the copolymer P1 (shown
in Figure 3), the chemical shifts for all the different
carbon species are clearly shown in the 19 groups of
peaks. The carboxyl carbon is bonded to two electron-
withdrawing atoms (O), and the resonance is, therefore,
expected at a very low field (at about 167 ppm). Because
of the rigid five-member ring structure, the aromatic
carbon of the fluorene group is susceptible to the ring
current effect of the adjacent benzene rings. These
carbon atoms are therefore deshielded and also appear
at a lower field. Other chemical shifts can be assigned
reasonably to the aromatic and aliphatic carbon atoms.16

The 13C NMR spectra of the copolymer before and after
hydrolysis are similar, although they have been meas-
ured in different solvents. However, the chemical shift
of the methyl carbon in the ester group at about 52.8
ppm has disappeared in the spectrum of the copolymer
after hydrolysis (P4). This result indicates again that
the hydrolysis of the copolymer P1 is almost complete.

The 1H NMR and 13C NMR spectra of the copolymer
complex P8 are shown in Figure 4. Because of the
paramagnetic nature of the Eu(III) ion, the 1H NMR
peaks of the protons around the atoms, such as O and
N, may shift substantially to a lower field.28 Actually,
europium-â-diketone complexes have been widely used
as “shift reagents” in NMR measurements.29 As shown
in Figure 4, the 1H NMR spectrum of P5-Eu(DBM)2phen
(P8) is very complicated. There are four weak chemical
shifts in the low magnetic field region (10.89, 10.49,
9.90, and 8.89 ppm). These four peaks are roughly
attributed to the protons near the coordinated atoms
in the ligands, viz., dibenzoylmethane (DBM), benzoate
and 1,10-phenanthroline (phen). It is difficult to assign
the peaks individually. However, the aromatic and
aliphatic protons of the fluorene group are not affected
since they are further away from the coordination
center. Their chemical shifts are similar to those of the
copolymer before chelation. A well-resolved 13C NMR
spectrum of the copolymer complex P8 is shown in
Figure 4. In the regions of chemical shift for the

Figure 2. Comparison of 1H NMR spectra (300 MHz) of
copolymers P1 (in CDCl3) and P4 (in d8-THF). Figure 3. Comparison of 13C NMR spectra (75 MHz) of

copolymers P1 (in CDCl3) and P4 (in d8-THF).
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aromatic (119.8-151.7 ppm) and aliphatic (13.91-55.24
ppm) carbon atoms, the spectrum is similar to that of
the copolymer before chelation, except that new peaks
have appeared in the aromatic region due to the
contribution of the carbon atoms of the ligands. This
result indicates that the effect of europium complex to
the carbon atoms, which are not bonded directly to the
coordinated oxygen atoms, is not obvious.

Molecular Mass. The molecular weights and poly-
dispersity indexes (PDI) of the copolymers were meas-
ured by gel permeation chromatography (GPC) using
THF as the eluent and polystyrene standards as the
references. The results are shown in Table 1. With the
increase in monomer ratio of fluorene to benzoate (x/y
) 1, 2, and 5; see Scheme 2), the molecular weight of
the copolymer (from P1 to P3 or P4 to P6) increases
unambiguously. This phenomenon can be explained by
the solubility of the resulting copolymers. Since the
fluorene monomer contains two long alkyl side chains,
the increase in fluorene content can improve the solu-
bility of the resulting copolymer during condensation,
thus allowing the polymerization to proceed without
phase separation. Comparison of the molecular size data
of the copolymers (P1, P2, and P3) to those of their
hydrolyzed counterparts (P4, P5, and P6) reveals that
the molecular weight (Mn) increases and polydispersity
decreases after hydrolysis. These phenomena suggest

that the copolymers have been further purified after the
hydrolysis and acidification reactions, although the
phenomena can probably also be attributed, in part, to
the inadequacy of the standards used in the GPC
measurements. The most significant feature observed
in Table 1 is that the molecular weight of the copolymer
containing the europium complex (P7, P8, and P10) is
much higher than that of corresponding copolymer prior
to the coordination of the europium complex. This result
provides further confirmation to the successful forma-
tion of the polymer complex.

The degree of chelation (P%) of the -COOH groups
is calculated and listed in Table 1. The values suggest
that only about half of the carboxylic groups in copoly-
mer P7 coordinate with the europium ions. Because of
the steric hindrance of the complex and the high density
of the carboxylic groups in the copolymer, the neighbor-
ing carboxylic groups may have been prevented from
chelating the europium ions. The degree of chelation in
P10 is also only about 75%. It is likely that some ester
groups, which cannot chelate the europium ions, exist
in P6 due to the incomplete hydrolysis of P3 (see the
FT-IR results of P6). It appears that P5 is more suitable
for coordination complex formation than P4 and P6. The
P% of -COOH groups in P8 is as high as 94.4%. Taking
into account of the incomplete hydrolysis, there is
probably no free carboxylic group remaining in P8. It
is well-known that the existence of the carboxylic group
will quench the excitons when the material is used as
the emitting layer.30 The highly active europium triiso-
propoxide ensure the complete coordination of the
carboxylic groups with the Eu(III) ions. Such materials
provide the possibility of high quantum efficiencies
when LED devices are fabricated utilizing these poly-
mers as the emitting layer.

Mass fragments of the copolymer complexes are
revealed by the time-of-flight secondary ion mass spec-
trometry (ToF-SIMS). ToF-SIMS is useful for the de-
termination of the molecular structures of polymers,
such as the repeat units, side chains, end groups, and
functional groups.31 Figure 5 shows the positive ion ToF-
SIMS spectra of the copolymer containing the europium
complex (P8). The assignments of the main positive ion
fragments are shown in the mass spectra. The main
europium complex fragment containing the carboxylate
is found at 835 (M/z), indicating that the europium
complex has been successfully coordinated to the car-
boxylic groups of the copolymer. Other fragments con-
taining the europium complex are also found in the high
mass region (M/z ) 550-780). In the mid-mass region
(M/z ) 200-500), fragments of the polymers backbone
(fluorene and phenylene) and the ligands (DBM and
phen) are found. The europium ion appears in the
spectrum at M/z around 152, as expected. The spectrum
in the mass range 0-120 shows the presence of species
associated with the alkyl side chain. Thus, the ToF-
SIMS results reveal the structure of the copolymer
containing the europium complex.

Thermal Properties. The thermal properties of the
copolymers under nitrogen or air have been investigated
using differential scanning calorimetry (DSC) and ther-
mogravimetric analysis (TGA). The results are shown
in Table 2 and Figure 6, respectively. Copolymer
complex P7 shows weight loss commencing at about 125
°C. This polymer contains residual carboxylic groups
(see Table 1), which fail to coordinate with the europium
ions due to steric hindrance. The residual -COOH

Figure 4. (a) 1H NMR (300 MHz) and (b) 13C NMR (75 MHz)
of the copolymer complex P8 in CDCl3.

Table 1. Molecular Weight and Polydispersity Index
(PDI) of the Copolymers

polymer Mh n (×104) Mh w (×104) PDI P (%)a

P1 0.82 1.38 1.69
P2 1.37 3.02 2.20
P3 3.18 10.1 3.18
P4 0.96 1.35 1.43
P5 1.65 3.34 2.03
P6 3.90 9.90 2.54
P4-Eu(TTA)2phen (P7) 1.63 3.16 1.94 62.6
P5-Eu(DBM)2phen (P8) 3.11 9.80 3.15 94.4
P5-Eu(NTA)2phen (P9) 2.83 8.32 2.94 82.0
P6-Eu(TTA)2phen (P10) 4.18 11.3 2.70 74.8
P6-Eu(DBM)2phen (P11) 4.11 10.6 2.58 73.4
P6-Eu(NTA)2phen (P12) 4.06 9.78 2.41 70.2

a P(%) is the degree of chelation of the -COOH groups. Assume
100% hydrolysis, the degree of chelation is calculated as shown
in the following example: P(%) ) [(Mn of P7)/(Mn of P4)] ÷ [(M of
repeat unit of P7)/(M of repeat unit of P4)] × 100% ) [(1.63 ×
104)/(0.96 × 104)] ÷ (1227.27/452.7) × 100% ) 62.6%.
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groups tend to adsorb moisture. The adsorbed solvent
is given off when the polymer is heated to above 100 °C
in the air. The major thermal degradation occurred at
about 312 °C. No weight loss was observed in the low-
temperature region for the other two copolymer com-
plexes (P8 and P10), suggesting that all the free
carboxylic groups have coordinated with the europium
ions. These two copolymer complexes exhibit only a
major weight loss commencing at about 315 °C. The
glass transition temperature (Tg) of the copolymers was
measured by DSC at a heating rate of 10 °C/min and a
nitrogen flow rate of 70 cm3/min. The Tg of the copoly-
mer with 5:1 molar ratio of fluorene: phenylene (P3) is
about 115 °C (Table 2). In comparison with P3, the Tg

of the copolymer containing the europium complex (P10)
has increased by ∼10 °C. These Tg values are much
higher than those of other polyfluorenes (Tg ∼ 50-100
°C).32 The relatively high Tg’s of the present copolymer
complexes are advantageous to applications as emissive
materials in light-emitting diodes.33

Photoluminescence in Solution. To investigate the
energy transfer between the fluorene group (donor) and
the europium complex (acceptor), the optical properties
of the copolymers were studied first in diluted solution
(10-5 mol/L) at room temperature. Figure 7 shows the
photoluminescence (PL) spectra of three copolymer
complexes (P7, P8, and P10) and a copolymer (P1)
doped with the europium complex. Every spectrum
(except for the spectrum of the doped copolymer) con-
sists of two groups of emission peaks. The first group is
in the range 350-550 nm. This broad emission band is
associated with the π* f π transitions of the fluorene
moieties of the copolymers. In the cases of P8 and P10,
the emission band has a sharp emission peak at 413
nm and a shoulder at about 436 nm (fwhm of about 50
nm). The relatively sharp emission peak arises from the
radiative decay of singlet excitons.34 As shown in Figure
7, the PL spectrum of P7 is quite different from those
of P8 and P10. The main emission peak of fluorene is
apparently blue-shifted to 393 nm. In addition to the
shoulder at about 414 nm, a new shoulder appears at
about 370 nm. The latter is attributable to the emission

Figure 5. Positive ion ToF-SIMS spectra of P8 film spin-cast
from THF solution on ITO glass.

Table 2. Relative Efficiency of Energy Transfer and
Thermal Property of the Copolymers

IEu/IF
c

polymer
Eu%

(w/w)a
Tg (°C)

(midpoint)
Td (°C)d

(onset) solution film

P3 115.8 388.6
P4-Eu(TTA)2phen (P7) 9.43 192.3 b 125.6 0.59
P5-Eu(DBM)2phen (P8) 9.11 127.3 315.6 0.21 98.9
P5-Eu(NTA)2phen (P9) 8.77 126.7 317.8 0.08
P6-Eu(TTA)2phen (P10) 3.61 124.8 316.4 0.07 4.04
P6-Eu(DBM)2phen (P11) 3.24 40.7
P6-Eu(NTA)2phen (P12) 2.93 0.04

a Eu% (w/w): the content of europium ion in the copolymer. The
Eu content is lower than that calculated from the degree of
chelation because of incomplete hydrolysis. b Note that weight loss
happened before this temperature. c The relative efficiency of
energy transfer is defined as the fluorescence intensity ratio: IEu/
IF, where IEu is the maximum intensity of the main emission peak
of europium complex at around 612 nm and IF is the maximum
intensity of the main emission peak of fluorene groups in the range
of 412-422 nm. d Temperature for the onset of thermal decom-
position.

Figure 6. Thermogrametric analysis of copolymers P7 (solid
curve), P8 (dashed curve), and P10 (dotted curve) carried out
in air.

Figure 7. Comparison of the PL spectra of the copolymers
containing europium complex in dilute solution (1.0 × 10-5 mol
(repeat unit)/L, THF as solvent, λex ) 350 nm): P7 (solid
curve), P8 (dashed curve), P10 (dotted curve), and P1 doped
with Eu(DBM)3phen (dash-dotted curve).
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from a monofluorene unit. These phenomena arise from
the difference in effective conjugation length of this
copolymer. Since P7 is an alternating copolymer of
fluorene and m-phenylene, the m-phenylene group
develops a poor coplanarity with the fluorene unit and
reduces the effective conjugated length of the copolymer.
P8 and P10 are random copolymers (Scheme 2), in
which the neighboring fluorene groups are not separated
in the backbone. As a result, the effective conjugation
length of the copolymers is extended.

The other emission group consists of three narrow
peaks (enlarged in the inset of Figure 7), which originate
from the transitions between the 4f states of the
europium ion in the copolymers. The three PL peaks
centered at 578, 593, and 613 nm are attributable to
the 5D0 f 7F0,5D0 f 7F1, and5D0 f 7F2 transitions,
respectively.24 Note that emission from the europium
complex is not detected in the case of P1 doped by
Eu(DBM)3phen, having the same europium content
as that of P7. Because the absorption band of
Eu(DBM)3phen is buried under the excitation spectrum
of P1 (Figure 8), the excitation energy was entirely
absorbed by copolymer P1. Moreover, the europium
complex (acceptor) fails to accept the energy generated
by the radiative decay from fluorene group (donor) of
P1. In such a diluted solution, the europium complex
and the fluorene group are separated from each other
by a distance more than the critical distance for Förster
energy transfer. However, in the cases of P7, P8, and
P10, the europium complex is directly bonded to the
main chain of the copolymer. Thus, the distance between
the donor and the acceptor is fixed and is not influenced
by the diluted solution environment. Intramolecular
Förster energy transfer does happen between the fluo-
rene group and the europium complex in the copolymer,
as the emissions from the europium complexes are
detected in diluted solutions. More recently, a series of
conjugated polyfluorenes with the europium complex in
the side chain have been synthesized in our group.35

However, the Förster energy transfer only occurs in the
solid state. The same phenomenon has often been
reported in conjugated polymer system doped with a
small europium complex.3,36 It seems more reasonable
to attribute this process to intermolecular energy trans-
fer rather than to the intramolecular process, since the
long alkyl side chain may have physically separated the
donor from the acceptor.

The relative energy-transfer efficiency in the copoly-
mer containing the europium complex is determined
from the ratio of the maximum emission intensities of
the two chromophores (Table 2). As shown in Table 2
and Figure 7, P7 has the highest energy-transfer
efficiency in solution compared to the other copolymers
of similar europium content. For the same polymer
backbone, the copolymer complexes with DBM as the
â-diketone ligand usually have a higher efficiency (Table
2) compared to those with other â-diketone ligands (TTA
and NTA). This phenomenon is due to different degrees
of overlap between the emission spectrum of the fluo-
rene and the absorption spectrum of the europium
complex in the copolymers. The spectral overlap be-
tween the fluorene emission and europium complex
absorption in diluted solution is shown in Figure 8.
Because of the blue shift of the emission spectrum, P1
has a larger degree of spectral overlap than the other
two polymers (P2 and P3), with the different europium
complexes. The absorption peaks of the europium
complexes with different â-diketone ligands are red-
shifted according to NTA < TTA < DBM. Their spectral
overlap with a particular polymer increases as the above
sequence. When the europium complexes are incorpo-
rated into the copolymers, the energy-transfer efficiency
of the resulting copolymer complexes will be dependent
on the extent of spectral overlap.

Photoluminescence in the Solid State. Figure 9
shows the PL spectra of the copolymer films formed by
spin-casting from THF solutions on ITO glass sub-
strates. Because of the formation of excimers, the
emission spectrum of the fluorene groups is red-shifted
by about 10 nm and undergoes broadening. The forma-
tion of excimers is a common phenomenon in conjugated
molecules in solid state.37 The effective conjugation
length is extended in the excimers, leading to the red
shift of the emission spectrum. However, the emission
peak of the europium complex remains at about 612 nm.

Comparison of the fluorescence spectrum ofP8 film
with the corresponding solution spectrum reveals dis-
tinct differences (see Figures 7 and 9). Blue light is the
dominant emission in solution. However, it has dis-
appeared almost completely in the solid state. This
difference indicates that the efficiency of energy transfer
in the solid state is much higher than that in solution.
The phenomenon arises from the fact that the distance

Figure 8. Absorption spectra of Eu(DBM)3phen (solid curve),
Eu(TTA)3phen (dashed curve), and Eu(NTA)3phen (dotted
curve); excitation and emission spectra (λex ) 350 nm) of P1
(solid curve), P2 (dashed curve), and P3 (dotted curve) in THF.
Note that the intensities were arbitrarily chosen in order to
optimally fit the spectra.

Figure 9. Photoluminescence spectra of the polymer films
formed by spin-coating from THF solutions on ITO glass
substrates.
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between the donor and the acceptor is very small in the
solid state. In addition to the intramolecular energy
transfer, intermolecular energy transfer also takes place
in the solid state.

Nearly monochromatic red emission spectra, with a
fwhm of about 4 nm, are obtained from the films of P8
and P11 (Figure 9). These two copolymers contain the
same â-diketone ligand (DBM) in the europium complex.
The absorption spectrum of this Eu complex has the
largest degree of spectral overlap with the emission
spectrum of the donor copolymer. Thus, the energy-
transfer efficiencies in P8 and P11 are much higher
than those in the other copolymers. These two copoly-
mer complexes are excellent candidates for fabricating
pure red light-emitting devices, since they have both the
semiconductive properties of conjugated polymers and
the pure red emission characteristics of europium
complexes. There is also a sharp red emission peak at
613 nm (fwhm ) 8 nm) in the PL spectrum of the film
from P10. However, the blue emission from the fluorene
groups is not completely suppressed in this film.

Conclusions

A series of novel conjugated copolymers containing
fluorene and rare earth complexes in the main chain
were synthesized. The synthetic route to these polymers
involved three steps. First of all, a series of copolymers
of 2,7-bis(trimethylene boronate)-9,9-dihexyl-9H-fluo-
rene and methyl 3,5-dibromobenzoate were synthesized
through a palladium-catalyzed Suzuki coupling reaction.
The copolymers were then hydrolyzed to provide the
active carboxylic ligands in the main chains. Finally,
the polymeric ligand, together with the â-diketone
ligands and 1,10-phenanthroline, chelated the highly
reactive europium triisopropoxide to form the desirable
copolymer complexes. FT-IR, NMR, GPC, and ToF-
SIMS results revealed the successful formation of the
designed copolymer complexes. Unlike the small mo-
lecular rare earth complexes, these copolymer complexes
were soluble in THF and could be cast into transparent
films with good mechanical flexibility. The aggregation
of the europium ions in the copolymer films was
completely avoided. The copolymer complexes exhibited
much higher glass transition temperatures (Tg) than the
other polyfluorene derivatives. The copolymer complexes
were capable of both blue and red emissions under UV
excitation. When the copolymer complexes were dis-
solved in solution, blue emission was the dominant
mode. However, the blue emission was significantly
reduced in the solid state. For copolymer complexes P8
and P11, the blue emission was completely suppressed
and nearly monochromatic red emission (with a fwhm
of about 4 nm) was observed. This phenomenon was
attributed to the effective Förster energy transfer from
the fluorene group to the europium complex in these
copolymer complexes. Efficient intramolecular energy
transfer was possible since the two chromophores were
connected in the same polymer backbone. These novel
photoluminescent properties may enable them to be
used as pure red-emitting materials for full color RGB
displays.

Experimental Section

Measurements. 1H and 13C NMR spectra were collected
on a Bruker ACF 300 spectrometer with d-chloroform or d8-
THF as the solvent and tetramethylsilane as the internal
standard. FT-IR spectra were recorded on a Bio-Rad FTS 165

spectrometer by dispersing the samples in KBr pellets. UV-
vis and fluorescence spectra were obtained on a Shimadzu
UV-NIR 3100 spectrophotometer and on a Shimadzu RF
5301PC luminescence spectrophotometer, respectively. Ther-
mogravimetric analysis (TGA) was conducted on a TA Instru-
ments TGA 2050 thermogravimetric analyzer at a heating rate
of 20 °C/min and under an air flow rate of 75 mL/min.
Differential scanning calorimetry (DSC) measurements were
carried out on the Mettler Toledo DSC 822e system under N2

and at a heating rate of 10 °C/min. Europium contents were
measured by titration with EDTA standard solution. Concen-
trated HClO4 and HNO3 were used to decompose the polymer
samples before titration. ToF-SIMS analysis was carried out
on an ION-TOF SIMS IV instrument (ION-TOF, GmbH,
Germany). The polymer films were spin-cast from the THF
solution onto ITO glass substrates. In the analysis, the primary
ion beam (10 keV Ar+) with a spot size of about 50 µm was
rastered over an area of 500 × 500 µm2 while keeping the total
dose under 1013 ions/cm2. The pressure in the analysis chamber
was maintained at 1.0 × 10-9 Torr or lower during measure-
ment. To reduce the charging effect, an electron flood gun was
used for the charge neutralization. Gel permeation chroma-
tography (GPC) analysis was conducted on a HP 1100 HPLC
system equipped with the HP 1047A RI detector and the
Agilent 79911GP-MXC columns, using standard polystyrene
samples as the molecular weight references and THF as the
eluent.

Materials. Europium oxide with high purity (99.99%) was
supplied by Shanghai Yuelong Nonferrous Metal Ltd Co.,
China. Other starting materials and reagents were purchased
from Aldrich Chemical Co. Tetrahydrofuran (THF) was re-
fluxed over sodium in the presence of benzophenone until a
persistent blue color appeared and then distilled. Other GR
or HPLC grade solvents were purchased from Merck-
Schuchardt Chemical Co. and were used without further
purification (unless otherwise stated). The catalyst, tetrakis-
(triphenylphosphine)palladium (Pd(PPh3)4), was freshly pre-
pared according to the method reported in the literature.38

General Procedures for the Preparation of Poly[2,7-
(9,9-dihexylfluorene)-co-5-(methoxycarbonyl)phenylene-
1,3-diyl]. Under an argon atmosphere, monomer C3 and
monomer C5 (or plus C2) were mixed together with 1.0-1.5%
(mol) of Pd(PPh3)4 in a small flask. Degassed aqueous solution
of potassium carbonate (2.0 M) and toluene (3:5, volume ratio)
were added to the reactor. The mixture was stirred vigorously
at 80-90 °C for 72 h under an argon atmosphere. The resulting
solution was added dropwise into stirring methanol to pre-
cipitate the polymer. The fibrous solid was collected by
filtration and washed with methanol and water. The material
was washed continuously with acetone for 2 days in a Soxhlet
extractor to remove the oligomers and catalyst residues. The
product was dried under reduced pressure overnight. P1 was
a pale yellow solid (yield 85.4%). P2 was a gray flossy solid
(yield 88.1%). P3 was a gray flossy solid (yield 85.6%).

General Procedures for the Preparation of Poly[2,7-
(9,9-dihexylfluorene)-co-5-carboxyphenylene-1,3-diyl]. Un-
der the protection of argon, poly[2,7-(9,9-dihexylfluorene)-co-
5-(methoxycarbonyl)phenylene-1,3-diyl] (P1, P2, or P3) was
dissolved in THF and refluxed with a solution of sodium
hydroxide (5-10 wt %) in methanol (THF/MeOH ) 1:1, in
volume). With the hydrolysis in progress, the solution became
opaque, and a substantial amount of insoluble solid appeared
after 24 h. The reaction was allowed to proceed for another
24 h. The reaction mixture was poured into 100 mL of distilled
water with vigorous stirring to form a milky solution. After
acidified with diluted hydrochloric acid (0.5 M), the resulting
white material was isolated by filtration and washed thor-
oughly with doubly distilled water. The crude product was
dissolved in THF and then reprecipitated in an excess volume
of methanol under vigorous stirring. This procedure was
repeated 2-3 times. The polymer was dried in a vacuum oven
at 50 °C for 24 h. P4 was a light brown solid (yield 96.6%). P5
was a light yellow flossy solid (yield 90.6%). P6 was an off-
white solid (yield 84.0%).
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General Procedures for the Preparation of Copoly-
mers Containing Europium Complex (P7-P12). All the
glassware was prebaked at 110 °C, cooled under vacuum, and
purged with nitrogen. 0.294 mmol of europium triisopropoxide
(C6) in the mixed solvent of benzene and 2-propanol (1:1,
volume ratio) was injected into a flask and then diluted with
dried THF (3 mL). The solution was warmed to 60 °C in an oil
bath. A solution of 0.294 mmol of poly[2,7-(9,9-dihexylfluo-
rene)-co-5-carboxyphenylene-1,3-diyl] (P4, P5, or P6) in dried
THF was added dropwise into the flask by means of a syringe.
The reaction took place immediately, and a white viscous solid
appeared. The reaction mixture was kept under stirring and
refluxing for half an hour under an argon atmosphere. A
calculated amount of â-diketone ligand was dissolved in 5 mL
of THF and added dropwise into the reaction mixture over a
period of 15 min. As the chelation progressed, the viscous solid
redissolved to form a clear solution. After 5 h, the last ligand,
1,10-phenanthroline (anhydrous), in 2 mL of THF was added.
The reaction was continued for another hour. The resulting
solution was concentrated and dropped into water to precipi-
tate the polymer. The crude product was washed thoroughly
with hot ethanol to remove the residue ligands and small
molecular complexes. The polymer was dried in a vacuum oven
at 50 °C for 24 h. Yield: 65-87%.
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