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ABSTRACT: A novel water-soluble conjugated polymer
po l y { (4 , 4 ′ - a z oben z en e ) - 2 , 7 - [ 9 , 9 - b i s ( 6 ′ -N ,N ,N , -
trimethylammonium)hexyl fluorene]dibromide} (PFAB) has
been designed and synthesized via Suzuki cross-coupling the
fluorene units and azobenzene units. Through simple photo-
reduction, the azo group of the nonfluorescent PFAB to
hydrazine group using UV light, polyfluorene PFAB-L with
turn-on fluorescence in aqueous solution is obtained. The
optical measurements illustrate that the generation of the
flexible hydrazine group induces face-to-face arrangement of
phenyl−fluorene−phenyl moieties. Therefore, the excimer formation of phenyl−fluorene−phenyl moieties was induced in
PFAB-L. And the fluorescence of PFAB-L can be controlled through modulating the protonation of the −NH−NH− group in
solution with different pH. The pH-responsive property is reversible. Moreover, the Fe3+ ions can selectively quench the
fluorescence of the PFAB-L. This new polymer PFAB-L could be used for selective and sensitive sensing Fe3+ ions in aqueous
solution.
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■ INTRODUCTION

Interaction between aromatic rings via π-stacking can affect the
photophysical, electronic, and electrochemical properties of
materials either in solution or in solid states. Controlled
arrangement of π-conjugate groups or molecules is of great
importance in organic materials science and biological
chemistry. Therefore, molecular design and synthesis for
ordering fabrication modulated by molecular crystalline proper-
ties, self-assembly, and supramolecular chemistry have been
widely studied.1−8

Polyfluorene and derivatives have been widely studied for
functional and practical applications such as sensors and
electronic devices for their excellent chemical and physical
properties, high blue light-emitting efficiency, and good thermal
stability.9−20 They also have been widely used for building π-
stacking structure and self-assembly materials with unique
properties. The backbone of blue light-emitting polyfluorenes
are typically rigid and tend to aggregate, resulting in red-shifted
emission. Moreover, excimeric emission has been found in
polyfluorenes, which is always induced in films by interchain
aggregation.21−23 Control over the intrachain self-organization
of polyfluorene derivatives to form strong and controllable
intramolecular excimeric emission in solution has been rarely
reported. A series of complex alkyl-substituted oligofluorenes
that were induced to form a face-to-face structure were only
reported to show strong excimeric emission in organic
solvent.24 However, excimer emission of polyfluorenes in
aqueous solution has not been reported hitherto.

In this paper, we develop a novel water-soluble conjugated
polymer poly{(4,4′-azobenzene)-2,7-[9,9-bis(6′-N,N,N,-
trimethylammonium)hexyl fluorene]dibromide} (PFAB) via
Suzuki cross-coupling the fluorene units and azobenzene units.
Through simple photoreduction (the azo group of the
nonfluorescent PFAB to flexible hydrazine group using UV
light), reduced polyfluorene PFAB-L with strong and control-
lable excimeric emission in aqueous solution was prepared.
Moreover, the excimer−monomer formation of PFAB-L can be
controlled through modulating the protonation of the −NH−
NH− group in solutions with different pH values.
Moreover, the obtained polymer PFAB-L had an interesting

feature of highly selective and sensitive fluorescence quenching
by Fe3+ ions. The Fe3+ ion is one of the most abundant metal
ions in life forms. It involves a variety of fundamental
physiologically processes in organisms and plays an important
role in many biochemical processes.25 Both the deficiency and
excess of Fe3+ ions can induce many diseases such as skin
ailments, various anemia, insomnia, kidney, and liver
damage.26−28 However, only few sensitive and selective
fluorescent sensors for Fe3+ have been reported.29−40 There-
fore, we also prepared a new Fe3+ sensor using the novel
polymer PFAB-L.
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■ EXPERIMENTAL SECTION
Materials and Measurements. The compounds 2,2′-(9,9-bis(6-

bromohexyl)-9H- fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolane)41 and 1,4-dibromoazobenzene42 were synthesized according
to the procedure in the literature. The other materials were obtained
from Alfa-Aesar. The 1H NMR and 13C NMR spectra were recorded
on 400 MHz AC Bruker spectrometer. The UV−vis absorption spectra
were taken on a Hitachi U-3900H spectrophotometer. The
fluorescence spectra were measured with a Hitachi F-7000
spectrophotometer equipped with a Xenon lamp excitation source.
FT-IR spectra were measured on a Bruker IF66v spectrophotometer.
The gel permeation chromatography (GPC) analysis was performed
on a Waters Styragel system using polystyrene as a calibration standard
with THF as the eluent.
Synthesis of Poly[4,4′-azobenzene-2,7-(9,9-bis(6-dibromo-

hexyl) fluorene)] (PFAB-Br). The monomers 2,2′-(9,9-bis(6-
bromohexyl)-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolane) (372 mg, 0.5 mmol) and 1,4-dibromoazobenzene (170 mg,
0.5 mmol) were dissolved into 16 mL of toluene, and then, 4 mL of
2.0 M potassium carbonate was added. After degassing with nitrogen
for 30 min, 10 mg of catalysis Pd(dppf)Cl2 was added. The mixture
was stirred at 80 °C for 48 h under nitrogen. The obtained solution
was cooled down and extracted with CHCl3. The organic layer was
combined and dried over anhydrous MgSO4. Then the solvent was
removed, and the residue was dissolved in 2 mL of CHCl3 and poured
into 200 mL of acetone. Subsequently, the precipitate was collected by
centrifugation. The precipitation process from CHCl3 into acetone was
repeated twice. The product was dried under vacuum to afford 280 mg
of bright orange solid (yield 68%). 1H NMR (400 MHz, CDCl3, δ,
ppm): 8.11−8.04 (br, 2H), 7.89−7.82 (br, 6H), 7.73−7.58 (br, 6H),
3.27 (tr, 4H), 2.12 (br, 4H), 1.68−1.62 (br, 4H), 1.26−1.09 (br, 8H),
0.77 (br, 4H). 13C NMR (400 MHz, CDCl3, δ, ppm): 152.0, 151.6,
150.7, 144.0, 141.2, 140.6, 139.4, 132.3, 127.8, 127.4, 127.0, 126.5,
125.3, 124.4, 123.6, 122.9, 121.4, 120.4, 55.4, 40.3, 33.9, 33.8, 29.1,
27.8, 23.7. Mw = 18493, Mn = 8198, PDI = 2.25.

Synthesis of Polymer PFAB. A 30% trimethylamine-alcohol
solution (2 mL) was added into the solution of PFAB-Br (200 mg,
0.24 mmol) in CHCl3 (50 mL) and stirred for 48 h at room
temperature. Then, the solvent was removed by evaporation under
vacuum. The residue was redissolved by 20 mL of methanol, and the
solvent was removed again. The procedure was repeated five times.
After being dried under vacuum, 230 mg of red solid PFAB was
obtained.

Photoreduction Assay. A 250 μL portion of PFAB (1 × 10−4 M)
solution was added into seven 1 cm × 1 mm quartz cuvettes. Then, the
solutions were respectively irradiated for 0, 5, 8, 10, 11, 12, and 15 min
with a 1000 W high-pressure mercury lamp, which was placed 25 cm
away from the solution. After the irradiation, the absorption spectra of
the samples were measured directly, and 30 μL portions of the
solutions were dropped on the CaF2 chip and dried for the FT-IR
spectra measurements. Five microliter portions of the irradiated
solutions (1 × 10−4 M) were diluted into 1 mL of H2O in a 3 mL
quartz cuvette, and the fluorescence spectra were measured,
respectively.

pH-Responsive Property Assay. A 250 μL portion of PFAB (1 ×
10−4 M) solution in PBS buffer at different pH values (2.0, 3.0, 4.0, 5.0,
6.0, 7.0, 10.0) was added into seven 1 cm × 1 mm quartz cuvettes,
respectively. The absorption spectra of the samples were measured
before and after irradiation for 15 min. Then, 5 μL of the PFAB-L
(PFAB irradiated for 15 min, 1 × 10−4 M) solution was added into 1
mL of PBS buffer (25 mM) at different pH values for fluorescence
spectra measurements. The pH of the buffers was adjusted with HCl
(1 M) or NaOH (1 M) for the pH cycle experiments.

■ RESULTS AND DISSCUSSION
Synthesis and Characterization of PFAB. The chemical

structure and the synthesis procedures of conjugated polymer
PFAB are outlined in Scheme 1a. PFAB-Br was first obtained
via Suzuki cross-coupling. Then PFAB-Br was treated with 30%
trimethylamine solution for 48 h, and water-soluble conjugated

Scheme 1. (a) Synthesis Routine of Polymer PFAB and (b) Photoreduction and pH-Responsive Mechanism of PFAB
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polymer PFAB was obtained. The absorption spectrum of
PFAB-Br in CHCl3 exhibits a broad peak at 415 nm and a
much weaker absorption at 290 nm (Figure 1). The peak at 415

nm is associated with the π−π* transition of the conjugated
fluorene and azobenzene units. The absorption of PFAB in
methanol is similar with PFAB-Br in CHCl3. But the absorption
of PFAB in H2O is red-shifted to 445 nm by interchain
aggregation. Neither PFAB-Br nor PFAB exhibit distinct
fluorescence emission, which is similar to the case of previously
reported conjugated polymers with azobenzene units in the
main chain.43

Photoreduction of PFAB. It is well-known that the azo
units can undergo a reversible cis−trans transition upon
irradiation by the UV or visible light, which can result in the
absorption spectrum being shifted. But for the copolymers
PFAB-Br or PFAB, no obvious cis−trans transitions were
observed after irradiation using conventional UV light for the
highly rigid polymer chains hindered the photoisomerization.
However, after irradiating the copolymers using a 1000 W high-
pressure mercury lamp, we found that the azo (NN)
group of polymers was destroyed. However, for the high
viscosity of the PFAB solution, the accurate chemical structure
of PFAB before and after irradiation cannot be measured using
NMR or even high-temperature NMR. Therefore, we try to
verify the irradiation process of PFAB by the FT-IR spectra. As
shown in Figure 2, a new band appeared at around 1520 cm−1

and gradually increased in intensity with increase of irradiation
time from 0 to 15 min. The band at 1520 cm−1, which can be
attributed to the bending vibration of the NH group,44

illustrated that the azobenzene moieties was reduced to its
hydrazine derivative (NHNH). Similar peaks attributed
to NH bending mode were also observed around 1514 cm−1

when the azobenzene (PhNNPh) was reduced to
hydrazobenzene moiety (PhNHNHPh) by the electro-
chemistry method.45−47 Moreover, the aromatic ring stretching
band shifted from 1732 to 1675 cm−1 because of the variation
in electron density and dipole moment around the rings after
the formation of the electron-donor NHNH group.
The structure of PFAB was supposed to be changed to PFAB-L
as shown in Scheme 1b.

Optical Properties of Copolymers after Irradiation.
Then, we examined the optical properties of PFAB in aqueous
solution and also of PFAB-Br in CHCl3 solution before and
after irradiation to verify the structures. Figure 3a shows
absorption spectra of PFAB-Br ([PFAB-Br] = 1 × 10−4 M in
RUs) in CHCl3 solution as a function of irradiation time. Upon
irradiation time up to 6 min, the absorption spectrum of PFAB-
Br changed dramatically. The absorption peak was blue-shifted
from 415 to 330 nm. Moreover, for the PFAB in aqueous
solution, the variation was similar with the PFAB-Br. As shown
in Figure 3b, the π−π* transition peak of PFAB ([PFAB] = 1 ×
10−4 M in RUs) at 445 nm was gradually decreased in intensity
and blue-shifted upon irradiation for 15 min. Simultaneously, a
new absorption at about 340 nm, which is associated with the
phenyl−fluorene−phenyl moieties, gradually increased in
intensity. The peak at 445 nm disappeared after irradiation
for 15 min, which illustrated that the photoreduction time of
PFAB was longer than that of PFAB-Br. The change of the
absorption spectrum was opposite to the azobenzene trans−cis
isomerization and indicated that the conjugation of polymers
was disturbed by UV radiation.48,49 In addition, a noticeable
color change from yellow to colorless of polymer solutions after
irradiation gave visible evidence of the destruction of the azo
bond (inset in Figure 3a and b).
Accordingly, the fluorescence emission spectra of the

copolymers as a function of irradiation time were also recorded.
As shown in Figure 3c, a clear emission peak around at 388 nm
was observed, which gradually increases in intensity after
irradiation of PFAB-Br upon 0−4 min and then slightly
decreases after irradiation from 4−6 min in CHCl3 solution.
The variation tendency of the emission spectrum was in good
accordance with that of the absorption spectrum. This “turn-
on” emission was due to the phenyl−fluorene−phenyl
oligomers. This result demonstrated that the electron acceptor
azo group has been destroyed.
Even more importantly, a unique emission change of PFAB

solution was observed after irradiation. As shown in Figure 3d,
the intensity of a large, structureless band with maximum at 457
nm, which exhibited a significantly different behavior from the
emission spectra of fluorene derivatives, was dramatically
increased when the irradiated solution was excited at 340 nm.
The fluorescence of PFAB-L was observed to increase gradually
and reach a maximum after 15 min, which was enhanced about
320 times after photoreduction. The fluorescence photographs
of PFAB solution illustrated the strong “turn-on” cyan
fluorescence after irradiation for 15 min (inset in Figure 3b).
The emission peak of PFAB-L was red-shifted by about 70 nm
compared to that of PFAB-Br-L, which was not simply caused
by the aggregation of the polymers. By comparison with

Figure 1. Normalized absorption spectra of PFAB in H2O and in
methanol, PFAB-Br in CHCl3.

Figure 2. FT-IR spectra of PFAB in H2O as a function of UV
irradiation time.
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reported intramolecular excimer emissions of fluorene deriva-
tives,21−23 we supposed that the large band was assigned to
intramolecule excimeric emission of phenyl−fluorene−phenyl
moieties. The azo (NN) group of PFAB was photo-
reduced to its hydrazine derivative (NHNH) in
aqueous solution. The formation of the flexible NH
NH group induces the phenyl−fluorene−phenyl moieties in
the polymer chain to a face-to-face arrangement via π−π
stacking interaction,50−52 causing the intramolecular excimeric
emission. From the results of PFAB-Br and PFAB, we found
that the self-organization of phenyl−fluorene−phenyl moieties
can only be induced in aqueous solution.
Optical Properties of Model Oligomer after Irradi-

ation. From the previous research, there is another possibility

for the green emission at 457 nm of polyfluorene derivatives,
the keto defects in polyfluorene backbone.53,54 Therefore, in
order to clarify the above spectral property, model oligomer
OFAB was synthesized and irradiation experiments were
performed to confirm the structure change. The chemical
structure and the synthesis procedures of OFAB are illustrated
in Figure S1 in the Supporting Information (SI). Figure 4a
illustrates the UV−vis absorption spectrum of OFAB ([OFAB]
= 1 × 10−4 M) as a function of irradiation time. It showed that
before irradiation the absorption spectrum of OFAB in H2O
exhibited a broad peak at 378 nm and a much weaker
absorption at 290 nm. The peak was blue-shifted about 67 nm
compared with PFAB for the reduction of the conjugation
length. After irradiation, the intensity of the peak at 378 nm of

Figure 3. Absorption spectra of (a) PFAB-Br in CHCl3 solution and (b) PFAB in aqueous solution as a function of UV irradiation time, [PFAB-Br]
= 1 × 10−4 M and [PFAB] = 1 × 10−4 M in repeating units (RUs). Emission spectra of (c) PFAB-Br in CHCl3 solution and (d) PFAB in H2O as a
function of UV irradiation time, [PFAB-Br] = 5 × 10−7 M and [PFAB] = 5 × 10−7 M in RUs. The excitation wavelength is 340 nm. (insets) (a and
b) Photographs and (c and d) fluorescence photographs of PFAB-Br and PFAB solution before and after irradiation.

Figure 4. (a) Absorption spectra and (b) emission spectra of OFAB in H2O as a function of irradiation time; [OFAB] = 1 × 10−4 M for absorption
spectra; [OFAB] = 5 × 10−7 M for emission spectra. The excitation wavelength is 330 nm.
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OFAB was gradually decreased as the increase of the irradiation
time, and the peak was gradually shifted to 320 nm. The UV−
vis change of OFAB was similar with the change of PFAB-Br
and PFAB. Then the 1H NMR spectra of OFAB before and
after irradiation were measured in CD3OD. As shown in Figure
S2 in the SI, after irradiation the proton signals of benzene near
the azo unit at 8.05 and 7.93 ppm were shifted to about 7.54
ppm for the electron acceptor NN change to electron
donor NH. However, the proton signal of the active 
NH group cannot be observed maybe for low signal in
CD3OD. Moreover, all of the proton signals of fluorene units
and side alkyl chain were not shifted. The results illustrated that
the azo group was changed and the structure of fluorene units
was unchanged. The ESI-MS spectra of OFAB before and after
irradiation also supports this conclusion (Figure S3 in the SI).

Correspondingly, the emission spectra of OFAB were also
changed after irradiation. Unlike PFAB, OFAB itself exhibited
strong fluorescence emission at 364 and 381 nm. As shown in
Figure 4b, the emission intensity of OFAB was gradually
decreased as the increase of the irradiation time from 0 to 15
min. The fluorescence was quenched about 38% after
irradiation for 15 min, but no new emission peak was observed.
Moreover, water-soluble polyfluorene derivative PFP without
azo group was also irradiated and studied. The structure of PFP
was illustrated in the inset of Figure S4a in the SI. Figure S4a
showed the absorption spectra of PFP as a function of
irradiation time. Upon irradiation, the absorbance of the PFP
was slightly decreased, but no peak shift was observed. The
emission spectra in Figure S4b showed that the emission
intensity of PFP was mildly quenched as the irradiation and no
new peak was observed at 457 nm. The results showed that the

Figure 5. (a) Emission spectra of PFAB-L in PBS buffer (25 mM) as a function of pH, [PFAB-L] = 5 × 10−7 M in RUs. The excitation wavelength
was 340 nm. (b) Emission intensity ratio I457nm/I386nm upon cycling the pH between 5 and 2.

Figure 6. (a) Fluorescence emission spectra of PFAB-L in aqueous solution with successive addition of Fe3+. (b) Fluorescence quenching efficiencies
of PFAB-L as a function of Fe3+ concentration. (c) Fluorescence quenching efficiencies of PFAB-L in the presence of various ions. [PFAB-L] = 1.25
× 10−6 M in RUs, [ions] = 5.0 × 10−4 M, and the excitation wavelength is 340 nm.
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irradiation cannot defect the structure of fluorene units.
Therefore, the possibility of the strong emission at 457 nm
of PFAB-L originated from keto defects was excluded.
pH-Responsive Fluorescence of PFAB-L. Moreover, in

this polymer, the formation of hydrazine group and excimeric
formation was also supported by the pH-responsive fluo-
rescence of PFAB-L in aqueous medium. Emission spectra of
PFAB-L (5 × 10−7 M in RUs) as a function of pH were
recorded in 25 mM PBS buffer. As shown in Figure 5a, at pH >
5 the phenyl−fluorene−phenyl moieties of PFAB-L were linked
with flexible and neutral −NH−NH− groups, PFAB-L showed
strong excimer fluorescence at 457 nm. There was little change
in the intensity or shape of the emission spectrum when the pH
decreased from 10 to 5. However, after the NH group was
protonated to cationic −NH2

+ group in acidic solution, the
electrostatic repulsion interaction of −NH2

+−NH2
+− linkers

would disturb the excimer emission and increase the monomer
emission of phenyl−fluorene−phenyl at 386 nm. Moreover, the
intensity of the monomer emission increased with the
protonation of −NH−NH− group, which was because the
unprotonated amines are efficient electron-transfer quencher of
the excited chromophores.55 Therefore, when pH changes from
2 to 10, the quantum yields of the polymer were 17.8%, 10.5%,
7.2%, 7.9%, 7.4%, 7.5%, and 7.6%, respectively. When the pH
changed from 5 to 2, the emission intensity of excimer at 457
nm decreased 3.6-fold and that of the monomer at 386 nm
increased 8-fold, resulting in an overall 25-fold ratiometric
(I457nm/I386nm) response. Furthermore, as shown in Figure 5b,
the excimer−monomer emission changes of PFAB-L as a
function of pH showed good reversibility.
Fe3+ Detection Using PFAB-L. Then, we detected the

fluorescence of PFAB-L after addition of Fe3+ ions. Figure 6a
shows the emission spectra of PFAB-L ([PFAB-L] = 1.25 ×
10−6 M in RUs) upon gradually addition of Fe3+ ions (0−5 ×
10−4 M). Titrating aqueous solution of Fe3+ salt led to a
significant quenching of the PFAB-L fluorescence. The
quenching of PFAB-L shows a nonlinear curvature at higher
Fe3+ ion concentrations (Figure 6b). And a linear Stern−
Volmer plot is obtained with a Stern−Volmer constant (Ksv) of
8.9 × 103 M−1 at a lower Fe3+ concentration (0−4 × 10−5 M).
For the conventional metal ions sensors based on quenching
fluorescence, the mechanism almost due to combination factors
such as electron transfer, delocalization of excitons, and
competent energy migration along the polymer chain.56−58 In
this system, the monomer emission of PFAB-L appeared when
8 × 10−5 M of Fe3+ ion were added, and the 386 nm peak also
decreased with the increase of Fe3+ concentration. When the
concentration of Fe3+ ion reaches 4 × 10−4 M, the fluorescence
intensity of PFAB-L is quenched up to 90%. The emission peak
at 457 nm almost disappeared, and the peak at 386 nm also
gradually quenched. Therefore, herein the association between
Fe3+ and the NH−NH group disturbs the face-to-face π−π
stacking interaction and also facilitates the efficient electron
transfer, resulting in high fluorescence quenching.
To study the specific interaction of PFAB-L with Fe3+ ions,

various other ions are investigated under identical conditions.
Figure 5c shows the fluorescence quenching efficiency of
PFAB-L in the presence of Fe2+, Hg2+, Cu2+, Cd2+, Ca2+, Mg2+,
Co2+, Zn2+, Ni2+, Pb2+, Ag+, Mn2+, Al3+, and Cr3+ ions. It shows
that PFAB-L is highly selective for Fe3+ ions. Although
fluorescence quenching is detected upon addition of other
ions, the value of the fluorescence quenching efficiency of
PFAB-L for Fe3+ ions is over 2−21 times higher than those for

other ions. Moreover, trivalent ions Al3+ or Cr3+ show obvious
fluorescence quenching to PFAB-L, and the value of the
fluorescence quenching efficiency of PFAB-L for Fe3+ ions is
over 2 times higher than those for Al3+ and Cr3+ ions. These
results indicate that other trivalent ions have some effect on the
fluorescence quenching of PFAB-L, but they also show good
recognition ability for the Fe3+ ions of PFAB-L.

■ CONCLUSION
In summary, a novel water-soluble polyfluorene PFAB-L with
strong excimer emission is obtained. PFAB-L is simply
prepared by photoreduction the azo group of nonfluorescent
PFAB. The rigid azo group of PFAB is reduced to the flexible
−NH−NH− group and induced a face-to-face arrangement of
phenyl−fluorene−phenyl moieties, resulting in “turn-on” of
strong excimer fluorescence at 457 nm in aqueous solution.
The fluorescence of PFAB-L reversibly responds to pH in
aqueous solution owing to protonation of the −NH−NH−
group. Furthermore, PFAB-L was utilized for sensitive and
selective detection Fe3+ in aqueous solution. These significant
and unique properties of PFAB-L will certainly inspire
fundamental development of new materials for chemsensors
and biosensors.
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