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ABSTRACT: Cationic poly[9,9-bis(60-N,N,N-trimethylammonium)hexyl)fluorene-alt-4,7-(2,1,3-benzothi-
adiazole) dibromide] (PFBT) and poly[9,9-bis(60-(N,N,N-trimethylammonium)hexyl)fluorenyldivinylene-
alt-4,7-(2,1,3-benzothiadiazole) dibromide] (PFVBT) are designed and synthesized to serve as multicolor
light-up probes for biomolecular quantification. Because of the charge-transfer electronic states of the
polymers, they exhibit weak fluorescence in aqueousmedia which can be significantly enhanced by increasing
the hydrophobicity of polymeric microenvironment. Molecular orbital simulations further reveal that the
presence of vinyl bonds endows PFVBT with a stronger charge-transfer character relative to that of PFBT.
Both PFBT and PFVBT exhibit linear fluorescence enhancement as a function of bovine serum albumin
(BSA) orDNAconcentration in buffer solution, allowing effective biomolecular quantification.Of particular
interest is that the light-up responses of PFBT or PFVBT in the presence of BSA and DNA are different,
featuring biomolecule-dependent yellow-to-golden and orange-to-red light-up signatures, respectively. With
a more sensitive light-up response, PFVBT can quantify biomolecules more effectively than PFBT does,
which highlights the crucial role of charge transfer in determining the microenvironment-responsive
fluorescence of conjugated polyelectrolytes for chemical and biological sensing.

Introduction

Molecular recognition and quantification of biological sub-
stances are of scientific importance and economic interest in view
of their vital applications in pharmaceutics, clinical diagnosis,
forensic analysis, and antiterrorism.1 During the past decades,
fluorescent probes have been proven powerful markers in geno-
mics and proteomics.2 Superior to probes with fluorescence
quenching as signal readout, light-up probes with fluorescence
turn-on response possess reduced false-positive signal and in-
creased sensitivity, offering a dark background for easy and
accurate measurement of trace analytes.3 The current light-up
fluorophores are rare, which often have the drawbacks such as
weak light-up contrast, small Stokes shift, nonlinear calibration
curve, poor environmental stability, or insufficient water solubi-
lity.4 Development of high-performance light-up probes con-
tinues to be an active focus of chemistry, biology, and materials
science. A recent advance in this regard is the creation of
fluorophores with aggregation-induced emission (AIE), which
show fluorescent increases in response to a variety of biomole-
cules, including proteins, oligonucleotides, and phosphates.5

Despite their light-up response to different species, the emission
maxima of AIE-based fluorophores in the presence of different
biomolecules are nearly the same. To ultimately realize naked-eye
visualization and cursory recognition of biomolecules,multicolor
light-up fluorophores that can generate distinguishable fluores-
cent colors toward different analytes are in urgent demand.

Conjugated polyelectrolytes (CPEs) are rigid-rod macromole-
culeswithπ-conjugated backbones andwater-soluble side chains,
which integrate optoelectronic properties of conjugated polymers
with electrostatic behaviors of polyelectrolytes for construction
of chemical and biological probes.6 The electron-delocalized

backbones of CPEs facilitate rapid intrachain and interchain
exciton migration, imparting collective optical responses and
amplified signals as compared to small molecule fluorophores.7

To date, most CPEs have been used as fluorescent quenching
probes to detect analytes of interest via electron/energy transfer
mechanisms or analyte-induced polymer aggregation.8 Others
serve as energy donors to amplify the signal output of dye-labeled
biomolecules via F€orster resonance energy transfer (FRET).9

However, CPEs that can inherently generate light-up signatures
toward biomolecules are few.10 By virtue of their light-harvesting
properties and structural diversity, CPEs hold great promise in
developing multicolor light-up probes.

Electrostatic and hydrophobic interactions play an indispen-
sable role in bringing charged CPEs and biomolecules into close
proximity for energy/electron transfer.11 Polymer aggregation
usually concurs with CPE/biomolecule complexation,12 resulting
in three-dimensional interchain exciton migration that is more
efficient than one-dimensional intrachain exciton migration due
to enhanced electronic coupling.13 Variations in the optical
properties of CPEs upon complexation and the principle of
aggregation-enhanced exciton migration have inspired us to
design CPE-based probes with energy donor-acceptor architec-
tures for multicolor sensing of biomolecules, such as DNA,14

heparin,15 and proteins.16 Recently, we also reported an inter-
calating dye harnessed CPE that allowed discrimination of
double-strand DNA (dsDNA) from single-strand DNA
(ssDNA) in biological media.17

Fluorescence principles elucidate that fluorophores with in-
tramolecular charge-transfer electronic states are sensitive to
variations in the external environment, and their quantum yields
increase as the environment becomes more hydrophobic, ulti-
mately giving rise to dramatic fluorescent responses.18 Since
hydrophobicity apart from water solubility is another important
character for biomolecules,19 the microenvironmental polarity of*Corresponding author. E-mail: cheliub@nus.edu.sg.
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CPEs in aqueous solution is reduced through complexation with
biomolecules.20 In addition, complexation-impelled polymer
aggregation also lowers the microenvironmental polarity of
CPEs. The complexation-mediated polymeric microenvironment
change implicates that it is feasible to developmulticolor light-up
probes by incorporating intramolecular charge-transfer charac-
ter into CPEs.

In this contribution, we report two charge-transfer-based
CPEs as multicolor light-up probes for biomolecular quanti-
fication. The CPEs are poly[9,9-bis(60-N,N,N-trimethylammo-
nium)hexyl)fluorene-alt-4,7-(2,1,3-benzothiadiazole) dibromide]
(PFBT) and poly[9,9-bis(60-(N,N,N-trimethylammonium)hexyl)-
fluorenyldivinylene-alt-4,7-(2,1,3-benzothiadiazole) dibromide]
(PFVBT) (Scheme 1). The vinyl bonds between fluorene seg-
ments and BT units within PFVBT are designed to red-shift the
fluorescence as well as to further improve the intramolecular
charge-transfer property relative to that of PFBT. The optical
properties and charge-transfer electronic states of PFBT and
PFVBT are investigated and compared through both spectros-
copy studies and molecular orbital simulations. The light-up
responses and fluorescent colors of PFBT and PFVBT toward
bovine serum albumin (BSA) and DNA are probed in buffer
solution. At last, we demonstrate the quantification of BSA and
DNA using both polymers.

Results and Discussion

Synthesis and Characterization. Postpolymerization was
used to synthesize PFBT as descried in our previous report.21

After Suzuki coupling polymerization, the resulted neutral
precursor was quaternized by trimethylamine to yield PFBT.
The number-average degree of polymerization (DP) of
PFBT is ∼16. On the other hand, Heck coupling polymer-
ization was adopted to incorporate double bonds into the
backbone of PFVBT. The reaction medium for Heck po-
lymerization generally involves a basic organic solvent, such
as diisopropylamine or triethylamine (TEA). Because of the
high reaction temperature (100 �C) in Heck polymerization,
monomers with alkyl bromides are likely to react with the
basic organic solvent, leading to insoluble byproducts.
Therefore, a one-pot polymerization strategy was conducted
to directly synthesize PFVBT starting from a quaternary
ammonium monomer.

The synthetic route toward PFVBT is shown in Scheme 2.
The neutral divinyl monomer, 9,9-bis(60-bromohexyl)-2,7-
divinylfluorene (2), was synthesized in 78% yield by heating

the mixture of 2,7-dibromo-9,9-bis(6-bromohexyl)fluorene
(1) and tributylvinyltin in toluene using PdCl2(PPh3)2/2,6-di-
tert-butylphenol as catalyst at 100 �C for 24 h. The correct
chemical structure of 2 was proven by NMR and mass
spectra as well as elemental analysis. Quaternization of 2
with trimethylamine in THF/H2O afforded the cationic
divinyl monomer, 9,9-bis(60-(N,N,N-trimethylammonium)-
hexyl)-2,7-divinylfluorene dibromide (3), in 95% yield. Fi-
nally, the water-soluble divinyl monomer 3 was copolymer-
ized with 4,7-dibromobenzothiadiazole (4) via a Pd(OAc)2/
P(o-tolyl)3-catalyzed Heck coupling reaction in the mixture
of DMF/H2O/TEA (2:1:2) at 100 �C to directly afford the
water-soluble cationic polymer PFVBT. This polymer was
purified bymicrofiltration, precipitation, and finally dialysis
againstMill-Qwater using a 6.5 kDamolecularweight cutoff
dialysis membrane for 5 days. The limit of water solubility
for PFVBT is∼3mg/mL, which is slightly better than that of
PFBT (∼1 mg/mL).

The chemical structure of PFVBT was determined by 1H
and 13C NMR spectra. As shown in Figure 1, the absence of
resonance peak at ∼6.5 ppm illustrates that PFVBT does
not have cis vinyl protons.22 The resonance peak of trans
vinyl protons at∼7.4 ppm is present andmixed with those of
aryl protons, giving rise to a broad peak with the maximum
at 7.78 ppm. The ratio of the integrated area of the multiple
peaks ranging from 8.17 to 7.05 ppm (corresponding to the
aryl and vinyl protons) to that of the peak at 2.25 ppm
(corresponding to the alkyl protons next to the 9-position of
fluorene units) is nearly ∼3, which is consistent with the
chemical structure of PFVBT. In addition, the weak peaks at
6.91, 5.95, and 5.35 ppm are ascribed to the resonance of
vinyl protons of fluorenylvinylene end groups of PFVBT.
Comparison of the integrated areas between the peak at
5.95 ppm and the peak at 2.25 ppm reveals that the number-
average DP of PFVBT is ∼15. These NMR data not only
indicate the correct chemical structure of PFVBT but also
clarify that PFVBT has a trans-CHdCH configuration,
which is in accordance with the previous studies of Heck
polymerization.23 The trans configuration of PFVBT is
beneficial to biosensor application because it facilitates
backbone planarization and electron delocalization along
the backbone, bringing in a red-shifted absorption and
emission spectra as compared to its cis counterpart.24

Optical Properties. The optical properties of PFVBT and
PFBT in solution and solid states are studied and compared.
Figure 2 shows the UV-vis absorption and photolumines-
cence (PL) spectra of PFVBT and PFBT in water. The

Scheme 1. Chemical Structures of PFBT and PFVBT

Figure 1. 1HNMR spectrum of PFVBT in CD3OD. Asterisk indicates
the solvent peak. The spectrum is broken to eliminate the strong peak of
water at 4.87 ppm.
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polymer concentrations based on repeat unit (RU) are 2 μM.
PFVBT has two absorption maxima at 385 and 515 nm,
which correspond to the π-π* transitions of the vinyl
fluorene segments and the vinyl BT segments, respectively.
The absorption maximum of PFVBT is red-shifted by
∼70 nm as compared to that of PFBT. The presence of vinyl
bonds in the backbone of PFVBT increases the polymer
conjugation length, leading to solution color variation
from yellow for PFBT to red for PFVBT (the inset in
Figure 2). Similarly, the PL maximum of PFVBT in water
is at 685 nm, which is red-shifted by 88 nm as compared to
that of PFBT (597 nm). The PL quantum yields for PFBT
and PFVBT in water are ∼0.04 and 0.005, respectively,
measured using quinine sulfate in 0.1 M H2SO4 (quantum
yield = 0.55) as the standard. In addition, the PL quantum
yields for PFBT and PFVBT in methanol are ∼0.20 and
0.08, respectively, both of which are higher than those in
water. The decreased quantum yields of both polymers in
water are ascribed to the charge-transfer character of the
polymers.10b

The solid-state UV-vis absorption and PL spectra of
PFBT and PFVBT are depicted in Figure 3. The high-energy
absorption maxima in solid state for PFBT and PFVBT are

located at 450 and 522 nm, respectively, which are slightly
red-shifted by ∼5 nm as compared with those in aqueous
solution. The bathochromic shift in absorption from the
solution to solid state is widely observed for conjugated
polymers, which is recognized as a result of the conformation
transformation to a more ordered form that facilitates
π-electron delocalization along the backbone.25 The PL
maxima of PFBT and PFVBT in solid state are 585 and
675 nm, respectively, which are blue-shifted by ∼10 nm in
relation to those in aqueous solution. The opposite shifts in
the emission and absorption maxima can be rationalized by
the charge-transfer character of the polymers, and the blue-
shifted emission maxima are caused by decreased environ-
mental polarity upon turning from aqueous solution into
solid state. Furthermore, the solid-state PL quantum yields
of PFBTandPFVBTare∼0.07 and 0.04, respectively, giving
rise to bright fluorescence as shown in the inset of Figure 3.
The increased quantum yields and narrowed emission spec-
tra in solid state relative to those in aqueous solutions not
only further testify the charge-transfer character of PFBT
and PFVBT but also highlight that the polymer fluorescence
in aqueous solution can be enhanced through CPE/biomo-
lecule complexation and CPE aggregation.

Scheme 2. Synthesis of PFVBT
a

aConditions: (i) tributylvinyltin, PdCl2(PPh3)2/2,6-di-tert-butylphenol, toluene, 100 �C, 24 h; (ii) trimethylamine, THF/H2O, -78 �C, 24 h;
(iii) Pd(OAc)2/P(o-tolyl)3, DMF/water/TEA, 100 �C, 12 h.

Figure 2. UV-vis absorption and PL spectra of PFBT and PFVBT in
aqueous solution at [RU] = 2 μM. Excitation wavelengths for PFBT
and PFVBT are 440 and 490 nm, respectively. Inset shows the photo-
graphs of the corresponding PFBT (left) and PFVBT (right) solutions.

Figure 3. UV-vis absorption and PL spectra of PFBT and PFVBT in
thin solid films. Excitation wavelengths for PFBT and PFVBT are 440
and 490 nm, respectively. Inset shows photographs of fluorescent PFBT
(left) and PFVBT (right) thin films under UV radiation at 365 nm.
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Molecular Orbital Calculations. To understand and com-
pare the charge-transfer electronic states of PFBT and
PFVBT from the viewpoint of molecular orbital, density-
functional theory (DFT) calculations were conducted for
both polymers at the B3LYP/6-31G* level. Figure 4 repre-
sents the calculated lowest unoccupied molecular orbital
(LUMO) and highest occupied molecular orbital (HOMO)
of PFBT and PFVBT with a chain length n=2. Because the
side chains at 9-positon of fluorene units are not conjugated
with the backbone, they have a weak impact on the energy
levels of the fluorene-based molecules.26 Thereby, the catio-
nic side chains are replaced with methyl groups to simplify
the calculation. As shown in Figure 4, the HOMO energy
levels for both dimers are nearly delocalized over the
π-conjugated systems, while the LUMO energy levels are
predominantly localized on the BT units. These results
implicate that the HOMO-LUMO transition for PFBT
and PFVBT is accompanied by charge transfer from the
fluorene segments to the BT units due to the strong electron
deficiency of BTunits, which are consistent with the previous
reports concerning the electronic structure calculations on
BT-based polymers.27

The DFT calculations also demonstrate that the presence
of vinyl bonds lowers HOMO but rises LUMO, together
resulting in a smaller energy band gap for PFVBT relative to
that of PFBT (Figure 4). Moreover, the dihedral angle
between the fluorene plane and the BT plane is ∼35� and
0� for PFBT and PFVBT, respectively. According to these
data, the charge redistribution upon excitation of PFVBT
should bemore obvious than that for PFBT. This theoretical
speculation is experimentally witnessed by the significantly
red-shifted absorption maxima and increased Stokes shift of
PFVBT with respect to those of PFBT (Figures 2 and 3).
Additionally, the lower PL quantum yield of PFVBT relative

to that of PFBT in aqueous solution agrees with the en-
hanced intramolecular charge transfer by introducing the
vinyl bonds. On the basis of these data, PFVBT should have
a more sensitive fluorescence response toward environmen-
tal variations than PFBT does, which is desirable for chemi-
cal and biological sensing.

Multicolor Light-Up Responses toward Biomolecules. The
fluorescence responses of PFBT and PFVBT toward DNA
and BSA are studied and compared in 2 mM phosphate
buffered saline (PBS, pH=7.4) at [RU]=10 μM. The DNA
concentration is based on strands. As shown in Figure 5,
both PFBT and PFVBT exhibit gradually enhanced fluor-
escence with increasing [DNA]. The analyte saturation oc-
curs at [DNA]=1.0 μM for both polymers. Since DNA has
20 negative charges per strand, and each polymer repeat unit
has 2 positive charges, the concentrations for the positive and
negative charges are the same (20 μM) at the saturation
point. This indicates that the analyte saturation stems from
the charge balance between the oppositely charged polymer
and the analyte, which is generally observed for CPE-based
sensors with electrostatic attraction as the main driving
force.7b At [DNA] = 1.0 μM, the fluorescence intensities
of PFBT and PFVBT are increased by 4.7-fold, and 22-fold,
respectively, as compared to their initial intensities in the
absence ofDNA. The emissionmaxima for PFBT/DNAand
PFVBT/DNA remain the same as those in the absence of
DNA, which are 597 and 685 nm, respectively.

The PL spectra of PFBT and PFVBT in the absence and
presence of BSA with [BSA] ranging from 0 to 1.4 μM are

Figure 4. Representation of HOMO and LUMO energy levels and the
frontier molecular orbitals of PFBT and PFVBT with a chain length
n=2 obtained fromDFT calculation at the B3LYP/6-31G* level. The
cationic side chains are replaced with methyl groups in the calculations.

Figure 5. PL spectra of PFBT (a) and PFVBT (b) at [RU] = 10 μM in
2 mM PBS (pH= 7.4) in the presence of DNA with the concentration
ranging from0 to 1.2 μMat intervals of 0.2 μM.Excitationwavelengths
for PFBT and PFVBT are 440 and 490 nm, respectively. The arrows
indicate the direction of increasing [DNA].
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displayed in Figure 6. Both polymers show fluorescence
intensity increases upon BSA addition, concomitant with
the blue-shifted PL maxima. The saturation happens at
[BSA]= 1.2 μM for both polymers. Considering that the
net charges of BSA are around -17 at pH=7.4,28 the
saturation conditions are consistent with the charge balance
principle as aforementioned. At [BSA]=1.2 μM, the fluor-
escence of PFBT and PFVBT increases by 9-fold and
50-fold, respectively, relative to those in the absence of
BSA, while the PL maxima of PFBT/BSA and PFVBT/
BSA are blue-shifted from 586 and 685 nm in the absence
of BSA to 566 and 635 nm, respectively.

These data demonstrate that both DNA and BSA can
induce fluorescence enhancement of PFBT and PFVBT in
aqueous solution. Noteworthy is that in the previous reports
addition of DNA into the aqueous solution of traditional
cationic CPEs results in strong fluorescence quenching ow-
ing to complexation-induced polymer aggregation.12b,21b,29

For PFBT and PFVBT, the complex formation between
oppositely charged polymers and biomolecules creates a
hydrophobic microenvironment to reduce the intensive con-
tact between the electronic backbones of the polymer and
water molecules, leading to the light-up responses. In addi-
tion, the extent of complexation-enhanced fluorescence of
PFBT and PFVBT for BSA is much larger than that for
DNA (Figure 6 vs Figure 5), and the emission maxima of
both polymers in the presence of BSA are blue-shifted as
compared to those in the presence of DNA at the saturation
point. These spectral discrepancies indicate that the polymer
light-up responses are partially dependent on the analyte.
Since BSA is an amphiphilic macromolecule, it has surfac-

tant-like nature in aqueous solution, while DNA is consti-
tuted by sugar backbone and phosphate side groups and
thus is less amphiphilic. In addition, BSA has hydropho-
bic pockets in the native folding structure of its chains.30 As a
consequence, BSA provides a more hydrophobic environ-
ment for the polymers thanDNA does, eventually leading to
the larger light-up extent and blue-shifted emission maxima.

To further compare the light-up properties between PFBT
and PFVBT, the PL spectra in the presence of DNA or BSA
at the saturation points are normalized and presented in
Figure 7a. The full width at half-maximum (FWTH) for
PFBT in the presence of DNA and BSA are 135 and 115 nm,
respectively, while the FWTH for PFVBT in the presence of
DNA and BSA are 175 and 148 nm, respectively. Further-
more, the emission maxima for PFBT and PFVBT in the
presence of BSA are blue-shifted by 31 and 50 nm, respec-
tively, relative to those in the presence of DNA. These
spectral differences indicate that PFVBThas amore sensitive
light-up response toward environmental variation than
PFBT does. These data are in line with the results drawn
from molecular orbital simulations. On the other hand, the
light-up color for each polymer is different in the presence of

Figure 6. PL spectra of PFBT (a) and PFVBT (b) at [RU] = 10 μM in
2 mM PBS (pH = 7.4) in the presence of BSA with the concentration
ranging from 0 to 1.4 μMat intervals of 0.2 μM.Excitationwavelengths
for PFBT and PFVBT are 440 and 490 nm, respectively. The arrows
indicate the direction of increasing [BSA].

Figure 7. (a) Normalized PL spectra of PFBT and PFVBT at [RU] =
10 μM in 2 mM PBS (pH= 7.4) in the presence of BSA or DNA with
the concentration of 1.2 μM. Excitation wavelengths for PFBT and
PFVBT are 440 and 490 nm, respectively. (b) Photographs of the
corresponding fluorescent polymer solutions in the absence (up) and
presence (bottom) of DNA or BSA with the concentration of 1.2 μM
under UV radiation at 365 nm. [RU] = 10 μM in 2 mM PBS (pH =
7.4).31
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DNA and BSA, as a result of the discrepancies in the
emission maxima and FWTH. As depicted in Figure 7b,
PFBT emits light yellow and golden fluorescence in the
presence of BSA and DNA, respectively, whereas PFVBT
emits orange and red fluorescence in the presence of BSA
and DNA, respectively. These images provide clear evi-
dence that both PFBT and PFVBT are multicolor light-up
probes.

Biomolecular Quantification. To demonstrate and com-
pare the capability of PFBT and PFVBT in biomolecular
quantification, the intensity increases in the PL spectra of
both polymers upon addition DNA or BSA are correlated
with analyte concentrations. The calibration parameter j is
defined as the ratio of the increment in the PL intensity at the
emission maximum in the presence of DNA or BSA (IDNA-
I0) to that in the absence ofDNAorBSA (I0). This parameter
considers the fluorescence background along with the extent
of fluorescence enhancement, allowing estimation of the
sensitivity of the light-up probes according to the slope of
the calibration curve. Figure 8 depicts j as a function of
[DNA] or [BSA] for PFBT and PFVBT together with their
trendlines. The good overlap between the trendlines and the
original points in the range of 0-1.0 μM verifies the validity
ofDNAandBSA quantification using these light-up probes.
The deviation from the trendline above the DNA or BSA
concentration of 1.0 μM is caused by the analyte saturation
as aforementioned. The slopes of the calibration curves
of DNA are ∼3.5 and 19 μM-1 for PFBT and PFVBT, res-
pectively, while the slopes of the calibration curves of BSA

are ∼6.5 and 51 μM-1 for PFBT and PFVBT, respectively.
The larger slopes of DNA and BSA calibration curves for
PFVBT relative to those for PFBT reflect the higher sensi-
tivity of PFVBT, which is beneficial to biological quantifica-
tion. On the other hand, it is noteworthy that the calibration
range can be expanded by using different polymer concen-
trations as described in our previous report.15

Conclusions

In summary, two multicolor CPE-based light-up probes cap-
able of emitting biomolecule-dependent yellow-to-golden and
orange-to-red light have been designed for biomolecular quanti-
fication. Different from the postpolymerization method used for
PFBT, a new facile one-pot Heck-coupling polymerization in
aqueous-containing media is adopted to synthesize PFVBT. The
high electron-deficiency of BT units endues PFBT and PFVBT
with charge-transfer electronic states as witnessed by their sol-
vent-dependent optical properties and molecular orbital simula-
tions, eventually leading to microenvironment-sensitive fluore-
scence for both polymers. The introduction of vinyl bonds to the
conjugated backbonenot only imparts larger Stoke shift (170 nm)
and longer wavelength emission (685 nm) in aqueous media
but also induces a stronger charge-transfer character for PFVBT
relative to that of PFBT. The weak fluorescence of both
polymers in aqueous solution can be substantially enhanced
upon complexation with biomolecules which increases the
hydrophobicity of polymeric microenvironment. Upon chan-
ging from DNA to BSA, both PFBT and PFVBT show
increased fluorescence turn-on responses and blue-shifted
emission maxima, resulting in biomolecule-dependent light-
up signatures. In comparison with PFBT, PFVBT has a more
sensitive light-up response, leading to a higher effectiveness in
biomolecular quantification. These findings highlight that the
light-up response of charge-transfer based CPEs is strongly
correlated to the extent of charge transfer that can be adjusted
by backbone modification. Although PFBT and PFVBT are
more appropriate for biomolecular quantification than for
biomolecular detection, attachment of recognition elements to
the polymer side chains could bring in good selectivity. In
virtue of their sharp light-up contrast, large Stokes shift, long-
wavelength emission, linear calibration curve, and sufficient
water solubility, charge-transfer based CPEs provide an intri-
guing platform for chemical and biological sensing.

Experimental Section

Instruments. NMR spectra were collected on Bruker Avance
500 (DRX 500, 500 MHz). Matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) was performed by
using 2,5-dihydroxybenzoic acid (DHB) as the matrix under
the reflector mode for data acquisition. Element analysis was
performed on Perkin-Elmer 2400 CHN/CHNS and Eurovector
EA3000 elemental analyzers. UV-vis absorption spectra were
recorded on a Shimadzu UV-1700 spectrometer. PL measure-
ments were carried out on a Perkin-Elmer LS-55 equipped with
a xenon lamp excitation source and a Hamamatsu (Japan) 928
PMT, using 90� angle detection for solution samples. The
excitation energy at different wavelength was automatically
adjusted to the same level by an excitation correction file. PL
quantum yields were measured using quinine sulfate as the
standard, with a quantum yield of 55% in H2SO4 (0.1 M).
Millex syringe driven filters (0.22 μm, PVDF) were used to
exclude the insoluble substances in the polymer solution before
dialysis process. Fisher brand regenerated cellulose dialysis
tubing with 6.5 kDa molecular weight cutoff was used for
polymer dialysis. Freeze-drying was performed using Martin
Christ Model Alpha 1-2/LD. Photographs of the polymer
solutions and thin films were taken using a Canon EOS 400D

Figure 8. j as a function of [DNA] (a) or [BSA] (b) and its trendline.
The data are based on the average of three independent experiments.
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digital camera under a hand-heldUV-lampwith λmax=365 nm.
The polymer thin films for UV-vis absorption and PL experi-
ments were prepared by spin-coating from polymer solution
(5mg/mL) onto the quartz plates. All PL andUVmeasurements
were carried out at 24 ( 1 �C. The quantum-chemical calcula-
tions of the polymers with n=2 were performed using the
Gaussian 03 software package. Ground-state geometries were
optimized at the Becke’s three-parameter hybrid functional
using theLee-Yang-Parr correlation functional (B3LYP) level
with the 6-31G* basis set. Vibrational analysis was carried at the
same levels of the theory to optimize the structure as equilibrium
structures.

Materials. HPLC-purified DNA oligonucleotide (50-ATC
TTG ACT ATG TGG GTG CT-30) was purchased from
Research Biolabs, Singapore. 10 � PBS buffer with pH = 7.4
(ultrapure grade) is a commercial product of first BASE Singa-
pore. Milli-Q water (18.2 MΩ) was used to prepare the buffer
solutions from the 10 � PBS stock buffer. 1 � PBS contains
NaCl (137 mM), KCl (2.7 mM), Na2HPO4 (10 mM), and
KH2PO4 (1.8 mM). Fresh stock solutions for PFBT (1 mM),
PFVBT (1 mM), BSA (1 mM), (1 mM), and ssDNA (0.1 mM)
were prepared before use. NMR solvents, D3-chloroform (99%)
and D4-methanol (99.5%), were purchased from Cambridge
Isotope Laboratories, Inc. 2,7-Dibromo-9,9-bis(60-bromohex-
yl)fluorene (1), 4,7-dibromobenzothiadiazole (4), and poly[9,9-
bis(60-N,N,N-trimethylammonium)hexyl)fluorene-alt-4,7-(2,1,-
3-benzothiadiazole) dibromide] (PFBT) were synthesized ac-
cording to our previous report.21 The number-average DP of
PFBT is ∼16. Other chemicals and biological reagents were
purchased from Sigma-Aldrich Chemical Co. and were used as
received.

Synthesis of 9,9-Bis(60-bromohexyl)-2,7-divinylfluorene (2).
2,7-Dibromo-9,9-bis(6-bromohexyl)-fluorene (1) (1.30 g, 2.0
mmol), tributylvinyltin (1.33 g, 4.2 mmol), PdCl2(PPh3)2 (56
mg, 0.09 mmol), 2,6-di-tert-butylphenol (8 mg, 38 mmol), and
toluene (20 mL) were mixed in a 50 mL flask. The reaction
mixturewas stirred and heated at 100 �C for 24 h underN2.After
cooling to the room temperature, the mixture was diluted with
ether and treatedwithKF solution (∼10%), whichwas followed
by stirring for 12 h. Themixture was then filtrated to remove the
insoluble solid, and the filtrate was dried over anhydrous
Na2SO4. The solvent was removed under reduced pressure,
and the residue was purified by silica gel chromatograph using
hexane/dichloromethane (5:1) as eluent to give 2 (0.85 g, 78%)
as white crystals. 1HNMR (500MHz, CDCl3, δ ppm): 7.62 (d, 2
H, J = 7.83 Hz), 7.40 (d, 2 H, J = 7.85 Hz), 7.35 (s, 2 H), 6.80
(dd, 2 H, J= 10.86, 17.58), 5.81 (d, 2 H, J= 17.58 Hz), 5.27 (2
H, d, J=10.86), 3.27 (t, 4 H, J=6.81, 6.81), 1.97 (m, 4 H), 1.65
(q, 4 H), 1.19 (q, 4 H), 1.07 (q, 4 H), 0.63 (m, 4 H). 13C NMR
(125 MHz, CDCl3, δ ppm): 151.38, 141.39, 137.71, 136.99,
125.81, 120.78, 120.19, 113.58, 55.21, 40.65, 34.35, 33.03,
29.43, 28.13, 23.86. Element analysis calcd (%) for C29H36Br2:
C 63.98 H 6.67. Found: C 64.18, H 6.63. MS (MALDI-TOF):
m/z 544.51 [M]þ.

Synthesis of 9,9-Bis(60-(N,N,N,-trimethylammonium)hexyl)-
2,7-divinylfluorene Dibromide (3). Condensed trimethylamine
(∼3 mL) was added dropwise to a solution of 2 (163 mg, 0.30
mmol) in THF (5 mL) at -78 �C. The mixture was allowed to
warm to room temperature. The precipitate was redissolved by
adding H2O (5 mL). After the mixture was cooled to -78 �C,
additional trimethylamine (∼3mL)was added. Themixturewas
stirred at room temperature for 24 h. After removal of the
solvent, acetone was added to precipitate 3 (188 mg, 95%) as
white powders. 1H NMR (500 MHz, CD3OD, δ ppm): 7.94 (d,
2H, J=7.83), 7.76 (s, 2H), 7.69 (d, 2H, J=9.14), 7.08 (dd, 2H,
J = 10.93, 17.63), 6.61 (d, 2 H, J = 17.63), 5.51 (d, 2 H, J =
10.93), 3.46-3.40 (m, 4 H), 3.29 (s, 18 H), 2.42-2.26 (m, 4 H),
1.93-1.73 (m, 4H), 1.52-1.35 (m, 8H), 0.92-0.78 (m, 4H). 13C
NMR (125 MHz, CD3OD, δ ppm): 152.28, 142.27, 138.52,
138.27, 126.63, 121.55, 120.89, 113.72, 67.67, 56.14, 53.52,

41.01, 29.96, 26.63, 24.47, 23.41. MS (MALDI-TOF): m/z
581.61 [M - Br]þ.

Synthesis of Poly[9,9-bis(60-(N,N,N-trimethylammonium)-
hexyl)fluorenyldivinylene-alt-4,7-(2,1,3-benzothiadiazole)Dibro-

mide] (PFVBT). A Schlenk tube was charged with 3 (140 mg,
0.212mmol), 4 (62mg, 0.212mmol), Pd(OAc)2 (2mg, 9 μmmol),
and P(o-tolyl)3 (15 mg, 49 μmol) before it was sealed with a
rubber septum. The Schlenk tube was degassed with three
vacuum-argon cycles to remove air. Then, DMF (1 mL),
H2O (0.5 mL), and triethylamine (1 mL) were added to the
Schlenk tube, and the mixture was frozen, evacuated, and
thawed three times to further remove air. The polymerization
was carried out at 100 �Cunder vigorous stir for 12 h. It was then
filtered through 0.22μmsyringe driven filter, and the filtratewas
poured into acetone. The precipitate was collected and redis-
solved inmethanol. Finally, the polymerwas purified by dialysis
against Mill-Q water using a 6.5 kDa molecular weight cut-
off dialysis membrane for 5 days. After freeze-drying, PFVBT
(138 mg, 82%) was obtained as red fibers. 1H NMR (500 MHz,
CD3OD, δ ppm): 8.75-7.05 (m, 12 H), 6.91 (br, ∼0.25 H) 5.95
(br,∼0.25 H), 5.35 (br,∼0.25 H), 3.25 (br, 4 H), 3.07 (br, 18 H),
2.25 (br, 4 H), 1.60 (br, 4 H), 1.21 (br, 8 H), 0.80 (br, 4 H). 13C
NMR (125 MHz, CD3OD, δ ppm): 155.23, 153.23, 142.21,
138.58, 135.10, 130.53, 128.78, 127.45, 125.42, 120.40, 67.69,
56.42, 53.62, 41.13, 30.12, 26.73, 24.88, 23.58.
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