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Abstract

Pendant carboxyl groups were introduced into donor—acceptor polyfluorene carry-
ing benzothiadiazole as an acceptor moiety. The emission color from its solution
was different depending on the solvent. While the methanol solution of the poly-
mer exhibited blue emission, yellow emission was observed from its tetrahydro-
furan solution. Influence of solvent polarity, solution concentration, temperature,
and addition of acid on photoluminescence properties indicated that the observed
change in emission color was due to polymer aggregation coming from inter and/or
intramolecular interaction between pendant carboxyl groups. Polyfluorene carrying
benzothiadiazole moiety with pendant amino groups also exhibited emission color
change and was useful as a fluorimetric sensor for polyacid.

Keywords Polyfluorene - Suzuki coupling polymerization - Donor—acceptor -
Photoluminescence property - Aggregation

Introduction

Donor—acceptor (D-A) conjugated polymers (CPs) are currently of interest due
to the built-in intramolecular charge transfer which can facilitate ready manipu-
lation of the electronic structure (HOMO/LUMO Ilevels). A number of D-A CPs
have been prepared as functional materials, such as printable field-effect transistors
[1-3], low-cost photovoltaic cells [4-9], and near-IR emitting OLED [10]. They
also have attracted particular interest as environmentally responsive photolumines-
cence materials because it is possible to change their emission properties by tun-
ing D—A interaction. For example, Altinok et al. [11] prepared two-dimensional,
D-A poly(phenylene ethynylene)s with pendant tetracene moiety as an acceptor
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unit to observe photoluminescence response upon exposure to oxygen. Nakamura
et al. [12] reported fluorescence solvatochromism of polymers containing fluorene
and maleimide units in the main chain. Yang et al. [13] prepared D—A polyfluorene
carrying naphthoselenadiazole (NSeD) and found that this polyfluorene exhib-
its different emission spectra in solution and solid film. In solution, the copolymer
exhibits two emission peaks at 450 nm and 700 nm, which are corresponding to
fluorene (donor) and NSeD (acceptor) segments, respectively. On the other hand,
the emission at 450 nm decreased remarkably in the solid state due to the interchain
interaction.

We are interested in fluorene-based D—A polymers which exhibit photolumi-
nescence response. Wang and Bazan [14] reported pH-responsive aggregation-
mediated optical properties of conjugated polyelectrolyte copolymers with carboxyl
functionalities, indicating that the fluorescence property in solution can be tuned if
we successfully control the aggregation of D—A polyfluorene molecules. Our idea
is to introduce pendant carboxyl functionalities onto D—A polyfluorene with ben-
zothiadiazole (BT). The carboxyl functionalities are expected to induce controlled
polymer aggregation arising from reversible interaction between carboxyl groups.
Further, existence of carboxyl groups makes it possible to solubilize the resulting
D-A polyfluorene in a polar solvent such as methanol which is usually non-solvent
for polyfluorene. Figure 1 shows chemical structures of polyfluorenes studied in this
work. We report here preparation of D—A polyfluorenes carrying pendant carboxyl
or amino functionalities and their photoluminescence properties.

Experimental
Materials

4,7-Dibromo-2,1,3-benzothiadiazole (1) [15] and 2,7-dibromo-9,9-bis(6'-
butoxycarbonylaminohexyl)fluorene (2) [16] were prepared according to the reported
methods. 2,7-Dibromofluorene (3), 9,9-dihexylfluorene-2,7-bis(trimethyleneborate)
(4) and trioctylmethylammonium chloride (aliquat® 336) were purchased from
Aldrich. Tris{tris[3,5-bis(trifluoromethyl)phenyl] phosphine} palladium was

R R

PFBT-CO,H: R = CO,H
PFBT-NH,: R = CH,NH,

Fig. 1 Chemical structures of D—A polyfluorenes studied in this work
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purchased from Wako Pure Chemical Industries, Ltd. All other reagents were pur-
chased from commercial sources and used as received.

9,9-Bis(5-ethoxycarbonylpentyl)-2,7-dibromofluorene (5)

The mixture of 3 (2.6 g, 8.0 mmol) and potassium tert-butoxide (3.4 g, 30 mmol)
in 50 mL of THF was stirred at room temperature for 1 h. Then, ethyl 6-bromohex-
anoate (5.4 g, 24 mmol) was added and the mixture was refluxed for 16 h. The reac-
tion mixture was poured into water and extracted with dichloromethane. The organic
layer was dried over anhydrous magnesium sulfate and placed under reduced pres-
sure to remove the solvents. The residue was purified by silica gel column chroma-
tography eluting with a mixture of ethyl acetate and hexane (1:9 by v/v) to obtain
5 as a pale yellow powder (2.9 g, 59%). mp 85 °C; 'H NMR (500 MHz, CDCl;,
0): 7.58 (¢, J=6.8 Hz, 2H, Ar-H), 7.48 (m, 4H, Ar-H), 4.06 (¢, /J=7.0 Hz, 4H,
CH,), 2.11 (¢, J=17.5 Hz, 4H, CH,), 1.93 (¢, /=3.8 Hz, 4H, CH,), 1.38 (m, 4H,
CH,), 1.20 (t, J=7.0 Hz, 6H, CH;), 1.10 (m, 4H, CH,), 0.59 (m, 4H, CH,); *C
NMR (125 MHz, CDCl;, 6): 173.6, 152.1, 139.2, 130.3, 126.0, 121.5, 121.1, 60.1,
55.5, 40.0, 34.1, 29.3, 24.5, 23.3, 14.2; IR (KBr) 1724 (C=0); Anal. calcd for
C,oH;4Br,0,: C, 57.25; H, 5.96. found: C, 57.46; H, 5.85.

Polyfluorene carrying benzothiadiazole with pendant ethoxycarbonyl groups
(PFBT-CO,Et)

To a solution of 4 (452 mg, 0.90 mmol), 5§ (274 mg, 0.45 mmol), and 1 (132 mg,
0.45 mmol) in 30 mL of toluene was added cesium fluoride (273 mg, 1.8 mmol) and
tris{tris[3,5-bis(trifluoromethyl)phenyl] phosphine} palladium (36 mg). The reac-
tion mixture was refluxed under a nitrogen atmosphere for 3 days and poured into
methanol to precipitate the polymer. The crude polymer was washed with methanol
using Soxhlet apparatus for 24 h to remove oligomers and catalyst residue to obtain
PFBT-CO,Et as a yellow solid. Yield: 160 mg (31%). GPC: M,,=6820, PDI=2.8.

Polyfluorene carrying benzothiadiazole with pendant carboxyl groups
(PFBT-CO,H)

The mixture of PFBT-CO,Et (60 mg), THF (4 mL), and 1.5 M KOH solution (8 mL)
was refluxed for 40 h. After cooling, 1 M HCI solution was added until the pH=4.
The precipitate was recovered by centrifugation and washed with water to obtain
PFBT-CO,H as a yellow solid. Yield 50 mg (83%).

Polyfluorene carrying benzothiadiazole with pendant butoxycarbonylamino
groups (PFBT-NHBoc)

To a mixture of 4 (402 mg, 0.80 mmol), 2 (289 mg, 0.40 mmol), 1 (118 mg,

0.45 mmol), tris{tris[3,5-bis(trifluoromethyl)phenyl] phosphine} palladium (36 mg),
and aliquat 336 (3 drops) in 30 mL of toluene was added aqueous sodium carbonate
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(2 M, 3 mL). The reaction mixture was refluxed under a nitrogen atmosphere for
2 days and poured into methanol to precipitate the polymer. The crude polymer was
washed with acetone using Soxhlet apparatus for 24 h to remove oligomers and cata-
lyst residue to obtain PFBT-NHBoc as a yellow solid. Yield: 330 mg (60%). GPC:
M, =5270,PDI=1.7.

Polyfluorene carrying benzothiadiazole with pendant amino groups (PFBT-NH,)

To a solution of PFBT-NHBoc (60 mg) in 30 mL of 1,4-dioxane was added 9 mL
of 37% hydrochloric acid. The reaction mixture was stirred for 2 days at room tem-
perature. After removal of the solvent under reduced pressure, 50 mL of acetone
was added to obtain a precipitate. To the precipitate were added THF (6 mL) and
50%NaOH (4 mL) and the reaction mixture was stirred at room temperature for
1 h. The separated organic layer was washed with water and dried over anhydrous
MgSO,. The organic layer was placed under reduced pressure to remove the solvent
to obtain PFBT-NH, as a yellow solid. Yield: 55 mg (90%).

Measurements

'H and '>C NMR spectra were recorded at room temperature on a JEOL A-500
nuclear magnetic resonance spectrometer. Samples were dissolved in CDCl;, and
tetramethylsilane (TMS) was used as the internal standard. Gel permeation chro-
matography (GPC) was carried out on a Tosoh HLC-8020 chromatograph equipped
with a set of polystyrene gel columns (Tosoh TSK gel G2500H +G3000H) and
refractive/ultraviolet dual-mode detectors. Tetrahydrofuran (THF) was used as the
eluent at a flow rate of 1.0 mL/min. The calibration curves for GPC analysis were
obtained using polystyrene standards. Photoluminescence spectra were recorded on
a HAMAMATSU Multi Channel Analyzer PMA-11 with exciting wavelength of
365 nm. Infrared and UV—Vis spectra were recorded on a JASCO FT/IR-4100 and
SHIMADZU UV-2550, respectively.

Results and discussion
Preparation of PFBT-CO,H

In order to introduce pendant carboxyl functionalities onto D—A polyfluorene, we
prepared 9,9-bis(5-ethoxycarbonylpentyl)-2,7-dibromofluorene (5) that carries car-
boxyl functionality masked as the ethyl ester as a comonomer (Fig. 2).

Figure 3 shows synthetic pathway for PFBT-CO,H. Since dibromide 5 carries
ester functionalities which are subject to hydrolysis under conventional Suzuki cou-
pling polymerization using basic reagents, we employed base-free Suzuki coupling
polymerization developed by Brookins et al. [17]. The obtained ester-functionalized
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Fig.3 Preparation of PFBT-CO,H

polyfluorene (PFBT-CO,Et) was finally converted to its diacid form (PFBT-CO,H)
by alkaline hydrolysis followed by acidifying.

The 'H NMR spectrum of PFBT-CO,Et is shown in Fig. 4a. The peaks at 4.0 and
1.3 ppm were ascribed to CH, and CH; of ethoxy groups, respectively. The compo-
sition of the resulting copolymer was determined by "H NMR through the peak area
ratio between the signals coming from the CH; protons of hexyl groups (at 0.8 ppm)
and the ones belonging to the OCHj; protons (at 1.4 ppm) to be m:n=19:81. The
structural composition of the copolymer matched that expected on the basis of the
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Fig.4 'H NMR spectra of a PFBT-CO,Et and b PFBT-CO,H in CDCl,

feed ratio (m:n=1:4). The hydrolysis reaction of PFBT-CO,Et was carried out in
basic conditions. The complete conversion of ethoxycarbonyl to carboxyl function-
alities was confirmed by disappearance of protons due to OC,H; groups (Fig. 4b).

Table 1 summarizes solubilities of PEFBT-CO,Et and PFBT-CO,H. It is notewor-
thy that PFBT-CO,H became soluble in both THF and methanol which is a non-
solvent for PFBT-CO,Et. The observed enhancement of solubility in polar solvent is
due to the incorporation of polar carboxyl groups in PFBT-CO,H.

Optical properties of PFBT-CO,H

Figure 5 shows photoluminescence spectra of PFBT-CO,H in methanol (dotted
line), THF (solid line), and acetonitrile (dashed line) at the polymer concentration of
0.2 mg/mL. The spectrum from methanol solution exhibited emission peaks around
440 nm. On the other hand, a strong emission at 580 nm emerged from THF and
acetonitrile solutions instead of the emission around 440 nm. Therefore, the emis-
sion colors were quite different to our naked eye. While the emission from methanol
solution was blue, THF and acetonitrile solutions gave yellow emission. Although

Table 1 Solubilities of PFBT-

Eth CHCI THF CH,0H
CO,Et and PFBT-CO,H °r 3 3
PFBT-CO,Et Insol Sol Sol Insol
PFBT-CO,H Insol Sol Sol Sol

sol soluble, insol insoluble
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Fig.5 Photoluminescence spectra of PFBT-CO,H in methanol (a, dotted line), THF (b, solid line), and

acetonitrile (c, dashed line) (4., =365 nm) at the concentration of 0.2 mg/mL

both methanol and acetonitrile are polar solvents, the emissions from these solvents

were quite different, suggesting that hydrogen bonding played an important role in
determining emission properties. Since PFBT-CO,H exhibited a bimodal emission,

the band at 440 is assigned to a unimer emission and the band at 580 is an excimer
emission. The emission at longer wavelength is indicative of inter and/or intramo-
lecular aggregation through 7z—z stacking interactions.
Figure 6 shows UV-Vis spectra of PFBT-CO,H in methanol and THF. The
observed wavelengths of maximum absorbance in methanol and THF were 473

T — T T T
500 600 700 800
Wavelength (nm)

T T
300 400

Fig.6 UV-Vis spectra of PFBT-CO,H in methanol (a) and THF (b)
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and 435 nm, respectively. A blue shift in absorption was observed in THF solu-
tion. The optical bandgaps were determined from the lowest energy onset in
methanol and THF solutions to be 1.86 and 2.42 eV, respectively. Probably, the
decreased bandgap in THF solution is because of distortion of m-system arising
from interactions among carboxyl groups.

Figure 7 shows the effect of polymer concentration of PFBT-CO,H in metha-
nol on the emission properties. In dilution conditions, where aggregation is neg-
ligible, the emission of PFBT-CO,H was mainly in the blue region (a). On the
other hand, the emission at longer wavelength was more pronounced in increased
polymer concentration (b and c¢). This shift can be ascribed to aggregation due to
increased interchain contacts.

Therefore, the observed change in photoluminescence spectra in Fig. 6 can be
explained by considering polymer aggregation arising from inter and/or intramo-
lecular interaction between pendant carboxyl groups. In THF and acetonitrile, the
PFBT-CO,H chains aggregated due to the hydrogen-bonding interaction between
carboxyl groups as shown in Fig. 8. On the other hand, the PFBT-CO,H chain
assumes a fully extended conformation in methanol because hydrogen bonds can
be easily disrupted in methanol.

Another evidence of polymer aggregation due to hydrogen bonding is fluo-
rescence change of PFBT-CO,H in THF solution at two different temperatures
(Fig. 9). As the temperature increased from 20 to 60 °C, the emission at 420 nm
emerged, indicating that inter and/or intramolecular interaction was weakened by
the partial cleavage of hydrogen bonding at higher temperature.

Effect of non-solvent addition into PFBT-CO,H in methanol solution was
examined (Fig. 10). Addition of water resulted in decrease in blue emission and
increase in yellow emission. This emission shift is reasonably explained by con-
sidering the polymer aggregation.

T T T T
400 500 600 700 800
Wavelength (nm)

Fig.7 Photoluminescence spectra of PFBT-CO,H in methanol at 0.2 mg/mL (a, dotted line), 0.4 mg/mL
(b, solid line), and 1.0 mg/mL (c, dashed line) (4., =365 nm) at the temperature of 20 °C
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Fig.8 Schematic illustration of PFBT-CO,H chains through hydrogen bonding between pendant car-
boxyl groups

Fig.9 Photoluminescence
spectra of PFBT-CO,H in

THEF at 20 °C (a) and 60 °C (b)
(Aex =365 nm) at the concentra-
tion of 0.2 mg/mL
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T I T
400 500 600
Wavelength (nm)

Fig. 10 Changes in fluorescence spectrum of PEFBT-CO,H (0.5 mg of PFBT-CO,H in 2 mL of methanol)
upon addition of water (a, 0 mL; b, 1 mL; ¢, 2 mL) (4., =365 nm) at the temperature of 20 °C

Finally, we examined the effect of hydrochloric acid. Since hydrogen bond-
ing can be cleaved by strong acid such as hydrochloric acid, the photolumines-
cence spectrum of PFBT-CO,H in THF solution was measured at different con-
centrations of hydrochloric acid. The results are shown in Fig. 11. As expected,
increase in the acid concentration led to a decrease in emission at 580 nm which
comes from aggregated PFBT-CO,H. However, the change in emission spectrum

600 700 800

Wavelength (nm)

Fig. 11 Changes in fluorescence spectrum of PFBT-CO,H (0.5 mg of PFBT-CO,H in 2 mL of THF)
upon addition of hydrochloric acid (a, 0 mL; b, 1 mL; ¢, 1.5 mL) (4., =365 nm) at the temperature of
20 °C
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was not remarkable. Since hydrochloric acid is a non-solvent for PFBT-CO,H,
the effect of cleaving hydrogen bonds was compensated for polymer aggregation
due to addition of non-solvent.

Preparation of PFBT-NH,

D-A polyfluorene carrying BT moiety with pendant amino groups (PFBT-
NH,) was then examined as a material for photoluminescence sensor for poly-
acid, because polyacid can induce polymer aggregation due to formation of
polymer complex through electrostatic interaction between amino and acidic
functionalities.

Polyfluorene carrying BT moiety with pendant amino groups was prepared as
shown in Fig. 12. Suzuki coupling terpolymerization between 1, 2, and 4 was
carried out to obtain PFBT-NHBoc which was converted to PFBT-NH, after the
deprotection of Boc-group under acidic conditions.

Figure 13 shows "H NMR spectra of PFBT-NHBoc and PEBT-NH,. The peaks
at 4.4 and 1.4 ppm were ascribed to amide NH protons and methyl protons of Boc
groups, respectively. After deprotection reaction, these two peaks disappeared
completely.

W :> Br | Br;Q

BocHN NHBoc
Pd (0)

N82C03

BocHN NHBoc

" PFBT-NHBoC
——>  PFBT-NH,

Fig. 12 Preparation of PFBT-NH,
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Fig. 13 'H NMR spectra of a PFBT-NHBoc and b PFBT-NH, in CDCl,

[ T T 1
400 500 600 700 800
Wavelength(nm)

Fig. 14 Photoluminescence spectra of PFBT-NH, in methanol (a) and THF (b) (4., =365 nm) at the con-
centration of 0.2 mg/mL
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Optical properties of PFBT-NH,

Figure 14 shows fluorescence spectra of PFBT-NH, in methanol and THF. The emis-
sion from its methanol solution gave blue emission. On the other hand, the emission
color from its THF solution was yellow. This behavior is almost same as PFBT-
CO,H. Therefore, the observed change in photoluminescence spectrum of PFBT-
NH, can be explained by aggregation of amino groups because primary amines are
known to form hydrogen bonds with each other.

In order to obtain an evidence of polymer—polymer interaction which accounts
for the yellow emission at 580 nm observed in THF solution, photoluminescence
spectrum was examined at different polymer concentration in methanol solution
(Fig. 15). Apparently, the emission at 580 nm increased with increase in PFBT-NH,
concentration, indicating that the emission at 580 nm was coming from interaction
between emitting polymers.

Fluorometric sensor for polyacid

Fluorescent-based sensors appear as one of promising methodology for chemical
sensing with high sensitivity and easy operation [18]. Since polyacid can induce
aggregation of polyamine through acid-base interaction, PFBT-NH, is expected to
act as a sensor for polyacid. We added polyvinylsulfonic acid (PVSA) as a target
molecule to the solution of PFBT-NH, in methanol. Figure 16 shows fluorescence
spectra of PFBT-NH, in methanol containing different amount of PVSA. The emis-
sion at shorter wavelength around 410 nm decreased with increase in PVSA. On
the other hand, the emission at longer wavelength around 550 nm increased with
increase in PVSA. To our naked eye, the emission color changed from blue to yellow

I T T
400 500 600 700 800
Wavelength (nm)

Fig. 15 Photoluminescence spectra of PFBT-NH, in methanol at 0.3 mg/mL (a, blue line), 0.7 mg/mL
(b, green line), and 1.7 mg/mL (c, red line) (4., =365 nm) at the temperature of 20 °C
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T T I T
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Fig. 16 Changes in photoluminescence spectrum of PFBT-NH, (1 mg of PFBT-NH, in 3 mL of metha-
nol) at different amount of PVSA (a, 0 mg; b, 5 mg; ¢, 10 mg) (4., =365 nm) at the temperature of 20 °C

upon addition of PVSA. This change in emission color is thought to be coming from
aggregation of PFBT-NH,, indicating that PFBT-NH, can be useful as fluorometric
sensor for polyacid.

Conclusions

We designed and synthesized novel D—A type polyfluorenes with pendant carboxyl
or amino groups which are soluble in both THF and methanol. The emission color
of the polyfluorene with BT acceptor carrying pendant carboxyl groups changed
depending on solvent polarity, acidity, temperature, and polymer concentration.
Aggregation of the polymer chain due to the hydrogen bonding between pendant
carboxyl functionalities is considered to be the reason for the observed photolumi-
nescence properties. The polyfluorenes with BT acceptor carrying pendant amino
groups also exhibited emission color change depending on the solvent. The shift
in emission color of PFBT-NH, was useful to detect polyacid due to the polyacid-
induced aggregation. These polyfluorenes are expected to be new candidates for sen-
sors and molecular imaging materials.
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