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the Fluorescence-Quenching Effect
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ABSTRACT: A new anionic conjugated polymer contain-
ing a fluorene group in the main chain was designed and
synthesized from poly(2,7-(9,9'-dihexylfluorene)-5,5'-biben-
zimidazole) (PFBI). The polymer showed strong blue emis-
sion with high quantum efficiency (0.64) at 450 nm in MeOH
and the dramatic quenching effect by Methyl Viologen
(MV?"). The fluorescence-quenching effect results from the
weak complex formation between an anionic polymer and

electron acceptors such as bipyridinium derivatives. The
linear Stern—Volmer constant (K_,) was 3.7X10° M~ for
MV?>*. The newly synthesized polymer is expected to show
the applicability for biological and chemical sensors. © 2003
Wiley Periodicals, Inc. ] Appl Polym Sci 91: 900-904, 2004
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INTRODUCTION

Fluorescent conjugated polymers have been one of the
most attractive research fields for their varieties of
applications such as light-emitting displays, laser di-
odes, fluorescent polarizers, and sensors.'™* Nowa-
days, they are attracting great interest as sensory ma-
terials due to their high sensing efficiency and thermal
stability, facile processibility based on small mole-
cules.” Remarkable advance in researches in biological
and chemical sensors have been achieved recently,
Chen et al.® proposed a novel biosensor system using
the quenching effect of fluorescent conjugated poly-
mers. They demonstrated that the fluorescence of water
soluble polymers such as PPV derivatives is quenched
by N,N'-dimethyl-44’-bipyridinium (MV?*, Methyl
Viologen) via the photoinduced electron transfer. Due to
the weak complex formation between the anionic poly-
mer and the cationic quencher, when the quencher is
linked to a specific ligand such as biotin, the quenched
fluorescence can be fully recovered by using a quencher-
recognition protein such as avidin. This can be applied to
highly sensitive biosensors in fields such as toxicology,
medical diagnostics, etc.

Although many PPV derivatives have been studied
and have shown great development in fluorescence-
based sensors, they still have several problems and
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limitations such as low fluorescence and quenching
efficiencies. For application of the sensors to detect
small quantities of biomolecules—in monitoring dis-
eases like cancers and blood analytes with real time—
new highly sensitive materials having improved opti-
cal properties were beginning to make their necessity
felt. Hence, to fulfill these requirements, the fluorene
group was introduced into benzimidazole. Polyflu-
orenes represent the major class of highly blue-light-
emitting conjugated polymers. Its 9-position offers the
improved solubility and processibility.” To our knowl-
edge, the sensors using polybenzimidaozles have been
rarely reported.

In this work, a new sulfonated polybenzimidazole
having a fluorene group in the main chain (PFBI-
SO;7) was designed and synthesized by the direct
sulfonation of the polymer poly(2,7-(9,9'-dihexylflu-
orene)-5,5'-bibenzimidazole) (PFBI). The synthesized
polymer will be expected to exhibit improved optical
properties such as a good emission color, high fluo-
rescence quantum efficiency, and thermal stability.
Details of the characteristics, optical and sensory prop-
erties of the polymer will also be discussed.

EXPERIMENTAL
Materials

9,9-Dihexylfluorene-2,7-dicarboxylic acid was pre-
pared according to the previously reported proce-
dure.®>” All chemical reagents were supplied by Al-
drich (USA), TCI (Japan), Acros (Belgium), Junsei (Ja-
pan), and Samjun (Korea). They were used without
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further purification. For the NMR measurement,
methyl sulfoxide-ds (DMSO-d,, Aldrich, 99.9%), for-
mic-d acid (DCO,H, Aldrich, 98%) and methyl-d; al-
cohol-d (CD,;OD, Aldrich, 99.8%) were used as re-
ceived.

Synthesis
Synthesis of PFBI

3,3'-Diaminobenzidine tetrahydrochloride (0.18 g, 0.5
mmol) was dehydrochlorinated in phosphorus pen-
toxide/methanesulfonic acid (PPMA) (5 mL) at 110°C
for 2 h under a dry nitrogen flux. Then 9,9-dihexylflu-
orene-2,7-dicarboxylic acid (0.21 g, 0.5 mmol) was
added and the solution was heated to 130°C for 3 h
under a positive nitrogen flow with stirring. The re-
sultant viscous solution was poured into a diluted
NaOH solution, filtered off, and washed with water
and methanol several times. For further purification,
the precipitation was carried out from a formic acid
solution into methanol/triethylamine several times
and then dried at 80°C in a vacuum. Yield, 0.27 g
(98%); IR (KBr, cm™ '), 3,500-3,000 (broad, N—H in
imidazole), 2,919 and 2,850 (aliphatic C—H), 1,616
(C=N in imidazole); '"H-NMR (DCO,H, ppm), 8 8.08—
8.60 (12 H), 2.42 (4 H), 1.14 (16 H), 0.78 (6 H).

Synthesis of PFBI-5O;™

PFBI (0.0594 g, 0.1 mmol) was dissolved in purified
N-methyl-2-pyrrolidinone (NMP) (9 mL) and allowed
to stir at room temperature for 10 min. In an argon
filled glovebox, NaH (0.04 g, 1 mmol) was slowly and
carefully added to the solution and then, the mixture
was stirred at room temperature for 3 h under a pos-
itive nitrogen flow. Purified 1,3-propane-sultone was
added to the solution and the solution was stirred at
room temperature for 6 h under a positive nitrogen
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flow. The resulting polymer was precipitated by pour-
ing it into an excess of distilled diethyl ether. Then the
precipitate was filtered and washed with acetone and
diethyl ether several times and dried at 100°C in a
vacuum. Yield, 0.059 g (>70%); IR (KBr, cm™"),
3,500—3,000 (broad, N—H in imidazole), 2,925 and
2,854 (aliphatic C—H), 1,615 (C=N in imidazole),
1,046 (5O in N-alkyl chain); 'H-NMR (CD,OD,
ppm), 6 7.80-8.38 (12 H), 3.64 (4 H), 3.49 (4 H), 2.42 (4
H), 2.01 (4 H), 1.14 (16 H), 0.78 (6 H).

Measurements

'"H-NMR spectra were obtained using a Varian VXR-
300 FT-NMR spectrometer, referenced to tetrameth-
ylsilane (TMS, Acros, 99.9+%) as an internal stan-
dard.

FT-IR spectra were recorded on Nicolet 360 FT-IR
on KBr (BDH Laboratory Supplies, UK, Spectrosol)
pellets.

UV-visible absorption (Abs) and photolumines-
cence (PL) spectra were recorded on a Shimadzu UV-
2101PC UV-VIS scanning spectrophotometer and a
Shimadzu RF 5301PC Spectro fluorophotometer with
a xenon lamp as a light source, respectively, at room
temperature.

The fluorescence quantum efficiency was calculated
with 9,10-diphenylanthracene in cyclohexane as a ref-
erence using the equation (1)

onl 45

where ®p;, A, F, and n are the fluorescence quantum
efficiency, the absorbance at the excitation wave-
length, the integral over the fluorescence spectrum,
and the refractive index of the solvent, respectively,

(1)
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Scheme 1 Synthesis of PFBI-SO; .
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and the subscripts of s and r refer to the sample and
the reference solution specimens, respectively.'”

RESULTS AND DISCUSSION
Synthesis and characterization

The dicarboxylic acid monomer of 9,9-dihexylflu-
orene-2,7-dicarboxylic acid was prepared according to
the previously reported procedure.®”

As shown in Scheme 1, PFBI was prepared from
9,9-dihexylfluorene-2,7-dicarboxylic acid and 3,3’-dia-
minobenzidine tetrahydrochloride wvia conventional
direct condensation in PPMA as both a condensation
agent and a polymerization solvent.'"'*'* In Figure
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Figure 1 (a) The IR spectrum of poly(2,7-(9,9'-dihexylflu-
orene)-5,5"-bibenzimidazole) (PFBI) and (b) the 'H-NMR
spectrum of PFBI-SO; ™. The single and double asterisks (*)
and (**) indicate the solvent (CD;0D) and tetramethylsilane
(TMS), respectively.

CHOI ET AL.

1(a), the IR spectrum of PFBI exhibits characteristic
imidazole absorption bands at 3,500-3,000 cm ™! and
1,616 cm ™" corresponding to N—H and C=N stretch-
ing, respectively,''> while there is no carboxylic acid
absorption band at 1,682 cm ! as shown in that of the
dicarboxylic acid monomer. This IR result indicates
that polymerization has been successfully carried out.
Greenish brown fibrous PFBI showed poor solubility
in common organic solvents except for polar aprotic
solvents such as NMP, DMSO, and N,N-dimethylfor-
mamide (DMF). The polymer was also soluble in an
acidic solvent such as formic acid and trifluoroacetic
acid.

PFBI-SO;~ was synthesized from PFBI by direct
sulfonation with 1,3-propane-sultone in NMP. Sodium
hydride in NMP caused deprotonation of the NH
group of the imidazole rings to give a polyanion.'*™'¢
Subsequent treatment of the polyanion with 1,3-pro-
pane-sultone gave the sulfonated polybenzimidazole.
The IR spectrum of PFBI exhibits characteristic imida-
zole absorption bands at 3,500-3,000 cm ™! and 1,046
cm ™" corresponding to S=O stretching. The peaks of
C—H in the side chain appeared at 2,925 and 2,854
cm ™. In Figure 1(b), the "H-NMR spectrum of PFBI-
SO;~ exhibits new peaks due to the —NCH,, —CH,,
—CH,SO3Na at 6 3.49, 2.01, and 3.64 (ppm), respec-
tively. The degree of sulfonation was calculated as
60% from the peaks integral ratio between hydrogen
atoms of —NCH, alkyls in the imine group and those
of two alkyl groups in a fluorene group. Yellowish
brown fibrous PFBI-SO;~ showed better solubility in
polar aprotic solvents such as DMAc and DMSO than
PFBI due to higher polarity by sulfonated long alkyl
chains in a benzimidazole group. The polymer also
showed good solubility in MeOH, but showed poor
solubility in water.

Optical characterization

PFBI-SO;~ showed the maximum absorption wave-
length at 345 nm and the emission maximum at 450
nm in MeOH with a concentration of 1X107°M. In
MeOH, the polymer showed strong blue fluorescence
with the high quantum efficiency (®p; =0.64). To de-
termine the fluorescence quantum efficiency, 9,10-di-
phenylanthracene was used as a standard mate-
rial."”"'® The standard quantum efficiency of 9,10-di-
phenylanthracene in cyclohexane is 0.90 at the
excitation wavelength of 350 nm. Refractive indices of
cyclohexane and methanol are 1.4262 and 1.3290 at
20°C. In the measurement of PL quantum efficiency,
the excitation wavelength was fixed to 350 nm and the
integration region of a PL spectrum was chosen be-
tween 360 and 690 nm.

Figure 2(a) shows the quencher-concentration de-
pendence of the fluorescence spectrum of the polymer
in MeOH. The addition of low concentration of MV**
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Figure 2 (a) PL spectra changes of 1xX10~°M PFBI-SO; " in
MeOH upon the addition of MV>* and (b) the picture shows
the strong blue emissive and quenched solution.

leads to noticeable changes in the PL spectrum. It is
reported that many intermolecular photophysical pro-
cesses usually result in the fluorescence quenching or
other similar effects corresponding to quenching.
PFBI-SO;~ showed the dramatic quenching effect
with the addition of MV>*. When one equivalent of
MV?" was added, the fluorescence was almost
quenched without a large change in the PL spectrum
shape. Figure 2(b) exhibits the strong blue emissive
and quenched solution after MV>" was added.

The efficiency of fluorescence-quenching is quanti-
fied through the Stern—Volmer constant, K,

0

where ®° and @ are the fluorescence quantum effi-
ciencies in the absence and presence of the quencher,
and [Q] is the concentration of quencher ions. The
Stern—Volmer analysis of fluorescence quenching with
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Figure 3 The Stern-Volmer plot for quenching of the flu-
orescence of 1xX107°M PFBI-SO;~ by MV?" in MeOH.

MV?* under the dilute condition gave a linear plot
and the quenching constant, K,, = 3.7X10°M ™" was
obtained from Figure 3. So the new anionic conjugated
polymer exhibited remarkable and high sensitivity to
cationic quencher of MV>". The efficiency of fluores-
cence-quenching is promoted with the increase in K.
It is also reported that K, can be increased with in-
crease in the charge of the quenchers.'” The quenching
mechanism is not explained exactly, but it is believed
that the quenching is caused by the electron transfer
from the singlet excited state of the polymer to
quencher MV=" 20722

Figure 4 exhibits the PL spectra of PFBI-SO;™ in
MeOH, MeOH-H,O (2:1), MeOH-H,O (1:1), and
MeOH-H,O (1:2). The absorption spectra showed the
small amount of red-shift with increase in the volume
fraction of H,O (345-355 nm). The polymer exhibited
the good emission in MeOH, but the fluorescence was
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Figure 4 Figures 4 PL spectra of 1.2X10 °M PFBI-SO;~ in

MeOH (1), (2:1) MeOH-H,O (0J), (1:1) MeOH-H,O (O), and
(1:2) MeOH-H,O (—).



904

noticeably quenched with the addition of H,O. The
changes in the spectroscopic properties with the sol-
vent suggest that the polymer is strongly aggregated
in H,O, but it exists in a monomeric and non-aggre-
gated state in MeOH.>

CONCLUSIONS

We synthesized and characterized a new anionic con-
jugated polymer based on bezimidazole containing a
fluorene group. The polymer (PFBI-SO;7) was syn-
thesized by direct sulfonation of PFBI. The polymer
showed the strong blue emission with high quantum
efficiency (0.64) at 450 nm in MeOH and the dramatic
quenching effect by MV*". PFBI-SO;~ was gradually
quenched with the addition of MV?>* and the linear
Stern-Volmer constant (K,,) was obtained as
3.7x10°M "' for MV?*. This new anionic conjugated
polymer showed promise in application of biological
and chemical sensors.

This paper was supported by the IMT-2000 Program of
Advanced Backbone IT technology development project
supported by Ministry of Information & Communication in
republic of Korea.
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