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Fluorescent chemosensor for metal ions based on optically
active polybinaphthyls and 1,3,4-oxadiazole
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Abstract

Linear chiral polymers P-1 and P-2 were synthesized by the polymerization of (R)-5,50-dibromo-6,60-di(4-methylphenyl)-2,20-bisoctoxy-
1,10-binaphthyl (R-M-1) with 2,5-di(4-vinylphenyl)-1,3,4-oxadiazole (M-2) and 2,5-di(4-tributylstannylphenyl)-1,3,4-oxadiazole (M-3) via
Heck and Stille cross-coupling reaction, respectively. The chiral conjugated polymer P-1 can show strong green-blue fluorescence, and the chiral
polymer P-2 shows strong blue fluorescence. While the conjugated polymers P-1 and P-2 were used as fluorescent chemosensor for metal ions,
their fluorescence can be efficiently quenched on the addition of different metal ions. The obvious quenching effect of the polymers P-1 and P-2
indicates that the intramolecular photoinduced electron transfer (PET) or photoinduced charge transfer (PCT) between the polymer backbone
and receptor-ions in the main chain of fluorescent chemosensor can lead to the pronounced fluorescence quenching. The results also show
that the chiral polymers P-1 and P-2 incorporating 1,3,4-oxadiazole moiety as the recognition site can act as a special fluorescent chemosensor
for the appropriate detection of the sensitive and selective sense of metal ions.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic conjugated polymer based on p-conjugated or-
ganic molecules and regular arrangement of polymer chains
has still been attracting much interest during the past decade.
These functional polymers with tunable optical and electronic
properties can be achieved by the careful combination of the
designed monomers. They can also be used to prepare organic
light-emitting diodes, electroluminescent devices, nonlinear
optical materials, supramolecular sensors and full-color flat
panel displays [1e4]. Fluorescent chemosensors are dye mol-
ecules whose fluorescence excitation/emission changes in
response to the surrounding medium or through specific
molecular recognition events. Due to their simplicity and
high sensitivity, fluorescent sensors have been widely
utilized as popular tools for chemical, biological, and medical
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applications [5e8]. The most general strategy for fluorescent
sensor design is to combine fluorescent dye molecules with de-
signed receptors for specific analytes, so that the recognition
event between receptor and analyte can lead to a fluorescence
property change of the dye moiety. On the basis of the con-
cepts provided by hosteguest chemistry, cation sensing has re-
cently risen to a dominant position in research devoted to the
detection of designated species. One of the keys in designing a
useful chemosensor is to effectively convert molecular recog-
nition into optical signals. Most of the fluorescent chemosen-
sors for cations are composed of a cation recognition unit
(ionophore) together with a fluorogenic unit (fluorophore)
and are called fluoroionophores. An effective fluorescent che-
mosensor must convert the event of cation recognition by the
ionophore into an easily monitored and highly sensitive optical
signal from the fluorophore [9,10]. Fluorescent conjugated
polymers have several advantages over small molecule sensors
due to enhancements associated with electronic communica-
tion between receptors along the polymer backbone, process-
ability, and ease of structural modification. The conjugated

mailto:yxcheng@nju.edu.cn
http://www.elsevier.com/locate/polymer


6800 Y. Liu et al. / Polymer 48 (2007) 6799e6807
polymers incorporating molecular recognition moieties are
that they can make use of the high sensitivity of conjugated
polymers to external structural perturbations and to electron
density changes within the conjugated polymer main back-
bone, when they can interact and form complexes with metal
ions [11e13].

The conjugated polymers incorporating optically active bi-
naphthyl moiety in the main chain can exhibit a sort of excel-
lent fluorescent material with good fluorescence quantum
efficiencies due to the extended p-electronic structure between
the chiral repeating unit and the conjugated linker. These rigid
and regular chiral binaphthyl-based polymers have represented
a new generation of materials for applications in areas such as
fluorescence sensors in chiral molecule recognition and elec-
tro-optical materials [14e19]. According to the previous liter-
atures, the skeletal structure of BINOL could be selectively
functionalized at 3,30- or 6,60-positions of binaphthyl, so far
there has not been report on the polymer based on optically
active binaphthyl at 5,50-positions to form the linear poly-
binaphthyls main-chain backbone. In this paper, we report
the bromination of (R)-6,60-di(4-methylphenyl)-2,20-binaph-
thol at 5,50-positions of BINOL in a mild condition for the
direct and facile synthesis of (R)-5,50-dibromo-6,60-di(4-methyl-
phenyl)-2,20-binaphthol. (R)-5,50-Dibromo-6,60-di(4-methyl-
phenyl)-2,20-bisoctoxy-1,10-binaphthyl (R-M-1) can be directly
obtained by the etherization of hydroxyl groups of (R)-5,50-di-
bromo-6,60-di(4-methylphenyl)-2,20-binaphthol with n-C8H17Br.
The linear polymers P-1 and P-2 can be synthesized by the
polymerization of R-M-1 with 2,5-di(4-vinylphenyl)-1,3,4-
oxadiazole (M-2) and 2,5-di(4-tributylstannylphenyl)-1,3,4-
oxadiazole (M-3) via Heck and Stille reaction, respectively.
Conjugated polymers containing 1,3,4-oxadiazole moiety are
one of the most widely used electron transporting and hole
blocking materials in LED devices and LED blends because
oxadiazole unit combined with the advantage of the excellent
properties on the better chromophore, high thermal and oxida-
tive stability, and the good charge injection and transporting
building blocks [1,20e24]. The polymer P-1 has strong
green-blue fluorescence, and the polymer P-2 can show strong
blue fluorescence. Moreover, this neutral ligand 1,3,4-oxadi-
azole can coordinate with different transition metal ions to
form polymer complexes. While the polymers P-1 and P-2
were used as fluorescent chemosensor for metal ions, their fluo-
rescence can be efficiently quenched on the addition of different
metal ions. The results indicate that the polymer P-1 can show
more sensitive and selective sense of metal ions Ni2þ, Cu2þ,
Pb2þ, Zn2þ, Hg2þ, and Agþ than the polymer P-2. Such distinct
ion responsive behaviors also reveal the obvious difference of
two chiral polymer backbone structures.

2. Results and discussion

2.1. Syntheses and features of the monomers and
polymers

4-Methylphenylboronic acid was synthesized according
to the literature [25e27]. (R)-6,60-Dibromo-2,20-binaphthol
and (R)-6,60-dibromo-2,20-bis(methoxymethoxy)-1,10-binaphthyl
were prepared and purified as per the reported literatures
[28e32]. The chiral repeating unit R-1 and the monomer
R-M-1 were synthesized from (R)-BINOL (Scheme 1), and
2,5-di(4-vinylphenyl)-1,3,4-oxadiazole (M-2), 2,5-di(4-tri-
butylstannylphenyl)-1,3,4-oxadiazole (M-3) and the repeating
unit 2,5-diphenyl-1,3,4-oxadiazole (M-4) were prepared as per
the reported literatures (Scheme 2) [22e24,33e36].
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Optically active 2,20-binaphthol (BINOL) have often been
used as the starting materials for the preparation of the conju-
gated polymers that have a main-chain chiral configuration.
According to the reported literatures, the skeletal structure
of BINOL can be selectively halogenated at the 3,30-or 6,60-
positions of 2,20-binaphthol, leading to a variety of binaphthyl
derivatives [29,30,37e39]. So far there has not been report on
halogenation of BINOL at 5,50-positions except that Shimada
and Lemaire reported the direct and facile synthesis of
5,50-diiodo-/5,50-dibromo-2,20-bis(diphenylphosphino)-1,10-
binaphthyl (BINAP), and Pirkle described the synthesis of
5,50-dibromo-6,60,7,70-tetramethyl-2,20-binaphthol [40e42].
But when the 4,40-positions of BINOL were occupied by bro-
mine atoms, additional bromination occurred at the 6,60-posi-
tions to give 4,40,6,60-tetrabromo-2,20-binaphthol [43e45].
Based on Lin’s and Pu’s reports, the bromination substitution
could undergo at the 4,40-positions while 6,60-positions of BI-
NOL were occupied by chlorine atoms and hydroxyl groups of
BINOL were etherized by ethyl groups [28,46e48]. In our
study, (R)-BINOL can be specifically brominated at 5,50-
positions in a mild condition to afford a pure product in an
excellent yield of 83% when 6,60-positions are occupied by
4-methylphenyl groups. Fig. 1 shows 1H NMR of (R)-5,50-
dibromo-6,60-di(4-methylphenyl)-2,20-binaphthol. Chemical
shifts of 5,50-position protons in 1H NMR of (R)-6,60-di(4-
methylphenyl)-2,20-binaphthol appears at 8.08 ppm. But this
single peak disappears in the 1H NMR of (R)-5,50-
dibromo-6,60-di(4-methylphenyl)-2,20-binaphthol, from which
it can be concluded that bromination occurs at 5,50-positions
of BINOL. To our knowledge, it is the direct and facile bromi-
nation of BINOL at 5,50-positions so far. Starting from the bro-
mination of BINOL at 5,50-positions, we can further design
and synthesize a series of the novel binaphthyl-based chiral li-
gands by strategic placement of substituents within the frame-
work of a given BINOL derivative. These chiral ligands based
on steric and electronic properties can be modified at the well-
defined molecular level, which will lead to the outcome of
a new generation of novel binaphthyl-based materials for ap-
plications in asymmetric catalysis, chiral sensors and electro-
optical devices.

R-M-1 can be served as the monomer for the synthesis of
the desired chiral polymers P-1 and P-2 with the linear
main-chain backbones. Here, the typical Heck and Stille reac-
tion conditions were applied to the polymerization (Scheme 3)
[49e55]. The polymerization could be produced in good
yields of 80.1% and 87.3%, respectively. The GPC results of

Fig. 1. 1H NMR of (R)-5,50-dibromo-6,60-di(4-methylphenyl)-2,20-binaphthol.
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Scheme 3. Synthesis procedures of P-1 and P-2.
the polymers P-1 and P-2 show the moderate molecular
weight (Table 1). The octoxy and 4-methylphenyl group sub-
stituents on binaphthyl ring as the side chain of the polymer
can not only improve solubility in common organic solvents,
but also modify the electronic properties and conjugated struc-
ture of chiral polymer. Herein, an electron-deficient hetero-
cyclic unit, 1,3,4-oxadiazole as the conjugated molecular
linker and recognition site of fluorescent chemosensor was
introduced into the main-chain backbone of chiral conjugated
polymers to improve the electron transporting properties of the
polymer and increase the stability of the resulting chiral
polymers P-1 and P-2. But so far, there are few reports on
1,3,4-oxadiazole unit as the precursor into the chiral conju-
gated polybinaphthyls main chain [22e24]. The chiral conju-
gated polymers P-1 and P-2 can show strong fluorescence and
directly coordinate with metal ions to form the metalepolymer
complexes. In our study, while the conjugated polymers P-1
and P-2 were used as fluorescent chemosensor for metal
ions, their fluorescence can be efficiently quenched on the
addition of different metal ions.

P-1 and P-2 are air stable solids with dark green color and
show good solubility in THF, CH2Cl2, CHCl3 and DMF. The
nonplanarity of the polymer in the main-chain backbone and
flexible octoxy and 4-methylphenyl group substituents on
binaphthyl unit can render the chiral polymer soluble in com-
mon organic solvents. P-1 shows a glass transition temperature
(Tg) at 111 �C, but P-2 shows no glass transition temperature
(Tg). Thermogravimetric analyses (TGA) of two polymers
were carried out under a N2 atmosphere at a heating rate of
10 �C/min. According to Fig. 2, the TGA plot of P-1 is

Table 1

Polymerization results and characterization of P-1 and P-2

Yield (%) Mw
a Mn

a PDI [a]D
b

P-1 80.1 8970 8930 1.01 þ154.0

P-2 87.3 25,220 19,280 1.31 þ120.0

a Mw, Mn and PDI of P-1 and P-2 were determined by gel permeation chro-

matography using polystyrene standards in THF.
b Temperature at 20 �C and solvent in CH2Cl2 (c¼ 0.10).
different from that of P-2, and P-2 has higher thermal stability
than P-1. P-1 exhibits two-step degradation process, first step
degradation is observed at temperature ranging from 210 to
425 �C. There is about 6% loss of weight. The second step
degradation appears at temperature ranging from 430 to
560 �C. P-1 tends to complete decomposition before 750 �C.
A total loss of about 60% is observed when heated to
800 �C. But P-2 appears an apparently one-step degradation
at temperature ranging from 365 to 650 �C, and tends to com-
plete decomposition at 750 �C. A total loss of about 70% is
observed when heated to 800 �C.

2.2. Optical properties

Figs. 3 and 4 illustrate the UVevis absorption spectra and
fluorescent spectra of the linker repeating units M-2 and M-4,
the chiral repeating unit R-1 and the polymers P-1 and P-2 in
THF. Optical properties of the repeating unit and the polymers
are summarized in Table 2. Compared to the repeating unit R-1
and the linker repeating units M-2, M-4, UVevis absorption
spectra of the conjugated polymers show greater red shift.
UV absorption maxima lmax of M-2, M-4 and R-1 appear at
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Fig. 2. TGA curves of P-1 and P-2.
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314, 292 and 267 nm, respectively. The absorption wave-
lengths lmax of P-1 and P-2 appear at 307 and 322 nm in
THF solution. But both P-1 and P-2 show stronger and broader
absorption in the region from 280 to 380 nm. It can be con-
cluded that there is a large red shift in the electronic absorp-
tions of conjugated polymers due to the effective pep*
conjugated segment of the linker conjugated unit M-2 or
M-4 and the chiral repeating unit R-1 in the linear main chain
of the polymers P-1 and P-2 [14,15,23,56].

According to Table 2 and Fig. 4, M-2, M-4 and the chiral
repeating unit R-1 can show double band fluorescence in ultra-
violet region. The fluorescent wavelength lF

max of P-2 appears
at 423 nm, but P-1 shows greater red shift to 468 nm. The
fluorescent efficiency (FPL) of P-1 and P-2 are 0.61 and
0.23, respectively. It can be concluded that the polymer P-1
has strong fluorescence with higher fluorescence quantum
efficiency due to the more extended p-electronic structure
between R-1 and the conjugated linker M-4 via vinylene
bridge [15,23,24,57]. Furthermore, 4-methylphenyl branches
at 6,60-positions of 1,10-binaphthyl moieties can act as the
polymer light absorbing antenna. This light harvesting effect
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350 400 450 500 550 600
0.0

0.4

0.8

1.2

1.6

2.0

N
o

r
m

a
l
i
z
e
d

 
I
n

t
e
n

s
i
t
y
 
(
a
.
u

.
)

Wavelength (nm)

 M-2

M-4

R-1

P-1 

P-2
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can also enhance the fluorescence of the linear conjugated
polymers due to an efficient intramolecular energy migration
from the light absorbing antenna to the conjugated polymers’
main chain. The greatly enhanced fluorescence of the chiral
conjugated polymers P-1 and P-2 is expected to have the
potential application in the polarized light-emitting materials
and fluorescent chemosensor for the detection of the sensitive
and selective sense of transition metal ions.

2.3. CD spectra

The specific rotation value ([a]D
25) of the chiral repeating

unit R-1 is �67.3 (c 0.68, CH2Cl2), and [a]D
25 values of the

polymers P-1 and P-2 are þ154.0 (c 0.1, CH2Cl2) and
þ120.0 (c 0.03, CH2Cl2), and have the opposite signal with
the chiral repeating unit R-1. As a result, the chiral polymer
is made of optically pure 1,10-binaphthyl units. Both the chiral
repeating unit R-1 and the chiral polymers P-1 and P-2 exhibit
intense CD signals with negative and positive Cotton effect in
their CD spectra (Fig. 5). CD spectral data of the chiral repeat-
ing unit R-1 and the polymers are listed in Table 3. 1La and 1Bb

band positions of the polymers P-1 and P-2 are almost similar
as the chiral repeating unit R-1, but CD intensity of the chiral
repeating unit R-1 appears more than twice the magnitude as
that of polymers P-1 and P-2. The chiral polymers P-1 and
P-2 do not appear the long-wavelength Cotton effect. This
result may be attributed to the linear structure of

Table 2

Optical data of M-1 and M-4, R-1 and polymers

UVevis (lmax) PL (lmax) Stokes shifta FPL
b

lex lem

M-1 314 350 369, 389

M-4 292 314 340, 354

R-1 267 353 373, 385

P-1 307 359 468 161 0.61

P-2 322 353 423 101 0.23

a Stokes shift¼ PL lmax (nm)�UVevis lmax (nm).
b These values were estimated by using the quinine sulfate solution (ca.

1.0� 10�5 M) in 0.5 M H2SO4 (Ff¼ 55%) as a standard.
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polybinaphthyls at 5,50-position. According to Pu’s and our
previous reports [58,59], if optically active polybinaphthyls
do not have a propagating helical chain conformation in solu-
tion, the specific rotation and CD spectrum of this kind of
polymer are very close to those of its monomeric model com-
pound. In this paper, the chiral polymers P-1 and P-2 adopt the
linear main-chain backbone due to the polymer chain at 5,50-
positions of 1,10-binaphthyl, which has the similar chain back-
bone as the 4,40-positions polymer of 1,10-binaphthyl [60].

2.4. Responsive properties on metal ions

The effects of the molecular recognition sites in optically
active polybinaphthyl-based conjugated polymers P-1 and P-
2 on metal ion sensing have been investigated (Figs. 6 and
7). The influences of various metal ions on the fluorescence
emission response of the polymer are shown in Table 4. The
concentrations of P-1 and P-2 corresponding to 1,3,4-oxadi-
azole receptor units were fixed at 1.0� 10�5 M. The selectivity
of the chemosensor for metal cations was examined. Ni2þ,
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Fig. 6. Emission spectra of metalepolymer complexes for P-1 at the ratio of

1:1 (lex¼ 359 nm).

Table 3

CD spectral data of the chiral repeating unit R-1 and polymers

R-1� 105 P-1� 105 P-2� 105

[q] þ7.88 (252.2) þ2.36 (249.0) þ3.47 (249.0)

(lmax in nm) �8.48 (270.1) �3.73 (270.7) �4.89 (267.3)
Cu2þ, Pb2þ, Zn2þ, Hg2þ, Agþ ions were used at a concentra-
tion of 6.0� 10�4 M. Fluorescence quenching behavior of P-1
and P-2 with various molar ratios of metal salts was also in-
vestigated to examine the effect of the chelating ability on
the fluorescence quenching property of the 1,3,4-oxadiazole
group in the polymers. The fluorescence quenching ratios of
P-1 are 39.3, 36.2, 36.6, 39.2, 34.5, and 33.7% by Ni2þ,
Cu2þ, Pb2þ, Zn2þ, Hg2þ, and Agþ ions upon the 1:1 molar ra-
tio addition of a metal salt solutions, while that of P-2 are
23.2, 22.3, 19.1, 26.7, 23.3, and 24.3%, respectively. The ob-
vious quenching effect of P-1 and P-2 to metal ions can be as-
cribed to intramolecular photoinduced electron transfer (PET)
or photoinduced charge transfer (PCT) between the polymer
backbone and receptor-ions in the main chain of fluorescent
chemosensor [61e64].

The quenching efficiency is related to the SterneVolmer
constant, Ksv, and is determined by monitoring measurable
changes in the fluorescence via the SterneVolmer equation:
I0/I¼ 1þ KSV[Q] (Fig. 8). Here I0 is the fluorescence emission
intensity in the absence of the quencher, I is the fluorescence
emission intensity in the presence of the quencher, and [Q] is
the quencher concentration, that is metal ion’s concentration.
Ksv constants of the polymer P-1 to metal ions are bigger
than that of P-2 (Table 3), which indicates that the polymer
P-1 can show more sensitive and selective sense of metal
ions Ni2þ, Cu2þ, Pb2þ, Zn2þ, Hg2þ and Agþ than the polymer
P-2. Such distinct ion responsive behaviors revealed the
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Fig. 7. Emission spectra of metalepolymer complexes for P-2 at the ratio of

1:1 (lex¼ 353 nm).
Table 4

The quenching ratio (%) and average Ksv of the transition metal ions to P-1 and P-2

P-1 (nion:nP-1) P-2 (nion:nP-1) KSV� 104 (M�1)

1:0.2 1:0.5 1:0.8 1:1 1:2 1:5 1:0.2 1:0.5 1:0.8 1:1 1:2 1:5 P-1 P-2

Agþ 25.5 27.5 29.8 33.7 38.6 48.8 13.7 17.5 18.3 24.3 33.9 52.1 8.78 4.55

Hg2þ 26.1 29.4 31.4 34.5 39.7 48.7 11.7 16.4 21.5 23.3 34.3 52.0 9.23 4.26

Pb2þ 19.5 28.5 31.8 36.6 39.9 45.4 5.96 12.7 16.7 19.1 30.2 55.7 7.92 2.74

Cu2þ 24.2 26.0 32.2 36.2 40.9 50.8 11.4 15.1 20.1 22.3 32.3 51.2 8.64 3.99

Ni2þ 33.3 35.4 37.9 39.3 44.2 54.6 11.3 15.9 20.0 23.2 28.9 50.2 12.3 4.07

Zn2þ 33.0 35.1 36.8 39.2 41.3 54.2 12.9 18.1 24.1 26.7 36.6 53.4 12.5 4.85
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obvious difference of two chiral polymer backbone structures.
It can also be found that the emission wavelengths of all
metalepolymer complexes of P-2 do not produce an obvious
change from metal-free polymer, but the fluorescent wave-
lengths and spectra of P-1 show an obvious difference upon
addition of a metal ion solution. The maximum emission
wavelength lF

max of P-1 at 468 nm appears blue-shifted to
the region of 460e430 nm. On the contrary, the weak emission
wavelengths of P-1 at 406 nm show an obvious fluorescent
enhancement upon the addition of a metal salt solution.

3. Conclusions

The linear conjugated polymers P-1 and P-2 based on chi-
ral polybinaphthyls at 5,50-positions show strong fluorescence
due to the extended p-electronic structure between the chiral
repeating unit R-1 and the conjugated linker M-4. While the
conjugated polymers P-1 and P-2 were used as fluorescent
chemosensor for metal ions, their fluorescence can be effi-
ciently quenched on the addition of different metal ions. The
obvious quenching effect of P-1 and P-2 to metal ions can
be ascribed to intramolecular photoinduced electron transfer
or photoinduced charge transfer between the polymer back-
bone and receptor-ions in the main chain of fluorescent
chemosensor. The results indicate that the polymer P-1 can
show more sensitive and selective sense of metal ions Ni2þ,
Cu2þ, Pb2þ, Zn2þ, Hg2þ and Agþ than the polymer P-2. It
may provide the critical information for the design of novel
and sensitive chemosensory materials.

4. Experimental section

4.1. General

1H and 13C NMR spectra measurements (all in CDCl3)
were recorded on a 300-Bruker spectrometer with TMS as
an internal standard. FT-IR spectra were recorded on a Nexus
870 FT-IR spectrometer. UVevis spectra were obtained from
a PerkineElmer Lambda 25 spectrometer. DSCeTGA was
performed on a PerkineElmer Pyris-1 instrument under a N2
atmosphere. Fluorescent spectra were obtained from a 48000
DSCF spectrometer. MS was determined on a Micromass
GCT. Specific rotation was determined with a Ruololph
Research Analyfical Autopol I. C, H, and N of elemental ana-
lyses were performed on an Elementar Vario MICRO analyzer.
The circular dichroism (CD) spectrum was determined with
a Jasco J-810 spectropolarimeter. Molecular weight was deter-
mined by gel permeation chromatography (GPC) with Waters-
515 HPLC pump and THF was used as solvent and relative
to polystyrene standards. All solvents and reagents were com-
mercially available A.R. grade. (R)-2,20-Binaphthol (BINOL)
were purchased from Aldrich and directly used without purifi-
cation. All reactions were performed under a N2 atmosphere
using Schlenk techniques. THF and Et3N were purified by dis-
tillation from sodium in the presence of benzophenone.
CH2Cl2 and CH3CN were distilled from P2O5.

Metal ion titration: Each metal ion titration experiment was
started with 4.0 mL of polymer in THF solution with a known
concentration (1.0� 10�5 M). Solution of metal salt (acetate
or chloride, 6.0� 10�4 M) was used for the titration. Poly-
meremetal complexes were produced by adding aliquots of
a solution of the selected metal salt to a THF solution of the
chiral polymer (4.0 mL). The mixture was stirred constantly
during the titration. Steady-state fluorescent spectra were mon-
itored 15 min after addition of the metal salt to the polymer
solution.

4.2. Preparation of the monomer R-M-1

(R)-6,60-Dibromo-2,20-bis(methoxymethoxy)-1,10-binaphthyl
(0.96 g, 1.80 mmol) and Pd(PPh3)4 (208.2 mg, 0.180 mmol)
were mixed in DME (15 mL) under a N2 atmosphere. 4-Methyl-
phenylboronic acid (0.86 g, 6.32 mmol) and 2 M K2CO3 solu-
tion (4.7 mL) were added to the above solution. The resulting
mixture was stirred and refluxed for 10 h under a N2 atmo-
sphere. The solution was gradually cooled to room tempera-
ture, and the solution was filtered through a short column of
silica gel with ethyl acetate as an eluent. After removal of sol-
vents under reduced pressure, the residue was extracted with
CH2Cl2 (2� 40 mL) and washed with water and brine twice
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and then dried over anhydrous Na2SO4. After removal of
solvent, the crude product (R)-6,60-di(4-methylphenyl)-2,20-
bis(methoxymethoxy)-1,10-binaphthyl was further purified by
column chromatography (petroleum ether/ethyl acetate)
(15:1 v/v) to afford a pure solid product (730 mg, 73% yield).
The product was dissolved in mixed solvents of 10 mL THF
and 10 mL methanol. Fifteen millilitres of HCl (12 M) solu-
tion was added to the above solution. The solution was kept
stirring at room temperature for 8 h. After the removal of all
solvents under reduced pressure, the residue was extracted
with ethyl acetate (2� 30 mL) and washed with 2 M K2CO3

solution and brine twice, and dried over anhydrous Na2SO4.
After removal of solvent, a pure solid product (R)-6,60-
di(4-methylphenyl)-2,20-binaphthol was obtained in the yield
of 93.3% (573 mg); Mp: 113e116 �C; [a]D¼�288.2 (c 0.5,
CH2Cl2). 1H NMR (CDCl3): d 8.08 (s, 2H), 8.02e8.05 (d,
2H, J¼ 8.9 Hz), 7.55e7.58 (d, 6H, J¼ 8.0 Hz), 7.40e7.43
(d, 2H, J¼ 8.9 Hz), 7.26e7.24 (m, 6H), 5.12 (s, 2H), 2.40 (s,
6H). 13C NMR (CDCl3): d 153.1, 138.3, 137.5, 137.3, 132.8,
132.1, 130.2, 130.0, 127.6, 127.5, 126.4, 125.1, 118.6,
111.1, 21.6. FT-IR (KBr, cm�1): 3500.3, 3423.8, 3021.4,
2918.2, 1596.9, 1500.6, 1471.8, 1383.5, 1355.9, 1286.5,
1217.5, 1189.3, 1173.4, 1148.6, 1128.3, 935.3, 889.5, 812.5.

Bromine (0.30 mL, 5.79 mmol in 10 mL CH2Cl2) was
slowly added to a solution of (R)-6,60-di(4-methylphenyl)-
1,10-binaphthol (540 mg, 1.16 mmol) in CH2Cl2 (10 mL) at
�15 �C over 1 h. The solution was stirred overnight and grad-
ually warmed to room temperature. The reaction was
quenched with 10% aqueous Na2S2O3 (20 mL). After removal
of solvent under reduced pressure, the residue was extracted
with ethyl acetate (2� 40 mL). The combined organic layers
were washed with 10% aqueous Na2S2O3 and brine twice,
and then dried over Na2SO4. After removal of solvent, the
crude product (R)-5,50-dibromo-6,60-di(4-methylphenyl)-2,20-
binaphthol was purified by column chromatography (petroleum
ether/ethyl acetate) (10:1 v/v) to afford a pure solid product
(600 mg, 83% yield); Mp: >250 �C; [a]D¼�70.0 (c 0.5,
CH2Cl2). 1H NMR (CDCl3): d 8.59e8.62 (d, 2H, J¼ 9.3 Hz),
7.50e7.53 (d, 2H, J¼ 9.3 Hz), 7.32e7.35 (d, 4H, J¼ 7.9 Hz),
7.25e7.27 (d, 6H, J¼ 7.2 Hz), 7.13e7.15 (d, 2H, J¼
8.6 Hz), 5.14 (s, 2H), 2.42 (s, 6H). 13C NMR (CDCl3):
d 153.7, 139.6, 139.5, 137.8, 134.0, 132.3, 130.8, 129.9,
129.2, 128.9, 124.0, 123.7, 119.7, 111.3, 21.7. ESI-MS: 623.5
m/z (Mþ 1). Anal. Calcd. for C34H24Br2O2: C, 65.38; H, 3.87.
Found: C, 65.46; H, 3.77. FT-IR (KBr, cm�1): 3525.8, 3497.6,
3024.1, 2917.2, 1611.0, 1592.1, 1564.1, 1517.5, 1487.4,
1466.4, 1366.7, 1231.9, 1209.8, 1173.8, 1152.2, 1132.1,
1021.6, 955.3, 817.7, 810.9.

A mixture of (R)-5,50-dibromo-6,60-di(4-methylphenyl)-
2,20-binaphthol (400 mg, 0.64 mmol), K2CO3 (710 mg,
5.13 mmol) and n-C8H17Br (500 mg, 2.56 mmol) was dis-
solved in 20 mL of CH3CN. The solution was refluxed over-
night. After being evaporated to dryness, the residue was
extracted with petroleum ether (3� 20 mL). The combined or-
ganic layers were washed with 5% aqueous NaOH (30 mL)
and brine, and then dried over anhydrous Na2SO4. After re-
moval of solvent, the crude product was purified by
chromatography on silica gel with petroleum ether as an eluent
to afford a viscous product (R)-5,50-dibromo-6,60-di(4-methyl-
phenyl)-2,20-bisoctoxy-1,10-binaphthyl (R-M-1) (540 mg,
99.3% yield); [a]D¼þ29.03 (c 0.62, CH2Cl2). 1H NMR
(CDCl3): d 8.56 (d, 2H, J¼ 9.3 Hz), 7.54e7.57 (d, 2H, J¼
9.6 Hz), 7.37e7.39 (d, 4H, J¼ 7.8 Hz), 7.26e7.29 (d, 4H,
J¼ 7.8 Hz), 7.14e7.20 (m, 4H), 4.01e4.10 (m, 4H), 2.44 (s,
6H), 1.01e1.27 (m, 24H), 0.88 (t, 6H, J ¼ 7.1 Hz). 13C
NMR (CDCl3): d 155.4, 140.0, 138.6, 137.5, 134.7, 130.0,
129.9, 129.4, 129.0, 128.4, 125.3, 122.9, 120.5, 116.9, 69.9,
32.1, 29.7, 29.6, 26.1, 23.0, 21.7, 14.5. Anal. Calcd. for
C50H56Br2O2: C, 70.75; H, 6.66. Found: C, 70.79; H, 6.75.
FT-IR (KBr, cm�1): 3057.5, 2952.7, 2924.8, 2868.9, 2854.7,
1612.7, 1591.8, 1517.4, 1478.7, 1465.1, 1342.9, 1267.5,
1211.4, 1146.0, 1100.4, 1078.9, 1050.0, 1021.7, 809.2, 708.6.

4.3. Preparation of monomers M-2 and M-3

The monomers M-2 and M-3 were prepared and purified as
per the reported literatures [22e24,33e36].

M-2 spectroscopic data: Mp: 127e129 �C. 1H NMR
(CDCl3): d 5.43 (d, 2H, J¼ 10.9 Hz), 5.92 (d, 2H,
J¼ 17.6 Hz), 6.80 (dd, 2H, J¼ 17.6, 10.9 Hz), 7.59 (d, 4H,
J¼ 8.3 Hz), 8.12 (d, 4H, J¼ 8.3 Hz). 13C NMR (CDCl3):
d 116.21, 123.01, 126.78, 127.13, 135.87, 140.82, 164.36.
nmax (KBr)/cm�1: 1625.1, 1577.3, 1492.9, 1411.9, 1080.7,
993.3, 901.9, 851.0, 717.9. MS m/z: 274 (Mþ, 82), 131
(100). Elemental anal. (%) Calcd. for C18H14N2O: C 78.81;
H 5.14; N 10.21. Found: C 78.67; H 5.17; N 10.05.

M-3 spectroscopic data: 1H NMR (CDCl3): d 0.92 (t,
J¼ 7.23 Hz, 6H), 1.13 (t, J¼ 7.8 Hz, 4H), 1.32e1.42 (m,
4H), 1.53e1.63 (m, 4H), 7.66 (d, J¼ 8.1 Hz, 4H), 8.08 (d,
J¼ 8.1 Hz, 4H). 13C NMR (CDCl3): d 10.10, 14.53, 27.38,
29.46, 123.79, 126.19, 137.41, 148.48, 165.20. IR, nmax

(KBr)/cm�1: 2956.2, 2926.0, 2870.8, 2832.4, 1599.6, 1535.7,
1483.7, 1463.4, 1052.1, 1015.4, 825.7, 735.0. MS (m/z): 801
(MþOþH, 100), 362 (27).

4.4. Preparation of polymers P-1 and P-2

A mixture of R-M-1 (159.7 mg, 0.19 mmol) and M-2
(51.6 mg, 0.19 mmol) was dissolved in the mixed solvents of
5 mL of DMF and 0.3 mL of Et3N. The solution was first bub-
bled with N2 for 15 min before 5 mol% Pd(OAc)2 (2.2 mg,
0.0098 mmol) and 25 mol% PPh3 (12.4 mg, 0.047 mmol)
were added to the above solution. The temperature of the mix-
ture was kept at 130 �C for 12 h under N2, and then refluxed at
140 �C for an additional 2 h. The mixture was cooled to room
temperature, and then was filtered through a short silica gel
column in methanol (50 mL) to precipitate out the polymer.
The resulting polymer was filtered and washed with methanol
several times. Further purification could be conducted by dis-
solving the polymer in CH2Cl2 to precipitate in methanol
again. P-1 was dried in vacuum to give 144.9 mg in 80.1%
yield. Polymer spectroscopic data: [a]D¼þ154.0 (c 0.10,
CH2Cl2). 1H NMR (CDCl3): 8.53 (br, 2H), 8.16 (br, 4H),
8.07 (br, 2H), 7.50e7.60 (m, 8H), 7.34 (br, 4H), 7.11e7.17
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(m, 4H), 6.91e6.96 (m, 4H), 4.02 (br, 4H), 2.40 (s, 6H), 1.47
(br, 4H), 1.08 (br, 20H), 0.84 (s, 6H). Anal. Calcd. for
C68H68N2O3: C, 85.08; H, 7.08; N, 2.92. Found: C, 77.91;
H, 7.16; N, 2.65. FT-IR (KBr, cm�1): 3052.0, 3023.4,
2922.5, 2852.9, 1607.7, 1515.6, 1492.3, 1464.1, 1333.9,
1265.7, 1181.3, 1068.9, 1014.8, 961.4, 810.9, 743.7.

P-2 was synthesized by using the Stille reaction. A mixture
of R-M-1 (204.1 mg, 0.24 mmol) and M-3 (192.4 mg,
0.24 mmol) was dissolved in 8 mL mixed solvents of dioxane
and DMF (v/v 1:1). After the solution was bubbled with N2 for
15 min, Pd(PPh3)4 (13.9 mg, 0.012 mmol) was added. The
reaction solution was kept at 90 �C for 72 h under N2. After
cooling to room temperature, the solution was filtered through
a short silica gel column into methanol (60 mL) to remove pal-
ladium black from the solution and precipitate out the crude
product P-2, which was washed several times with methanol.
Further purification could be conducted by dissolving the
polymer in CH2Cl2 to precipitate in methanol again. P-2
was dried in vacuum to give 202.4 mg in 87.3% yield.
[a]D¼þ120.0 (c 0.10, CH2Cl2). 1H NMR (CDCl3): 8.29
(br, 2H), 8.18 (br, 2H), 7.92e8.08 (m, 2H), 7.87 (br, 2H),
7.48e7.58 (m, 8H), 7.32e7.36 (m, 4H), 6.98e7.01 (m, 4H),
3.97 (br, 4H), 2.26e2.41 (m, 6H), 1.03e1.19 (m, 4H),
0.84e0.87 (m, 20H), 0.79e0.81 (m, 6H). Anal. Calcd. for
C64H64N2O3: C, 84.58; H, 7.05; N, 3.08. Found: C, 74.11;
H, 6.97; N, 3.08. FT-IR (KBr, cm�1): 3054.7, 3023.1,
2923.2, 2853.4, 1612.1, 1591.3, 1516.0, 1496.1, 1482.7,
1343.0, 1265.3, 1183.6, 1093.2, 1075.6, 1019.5, 962.0,
811.8, 733.0.
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