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a b s t r a c t

The chiral polymer P-1 was synthesized by the polymerization of (R)-6,60-dibutyl-3,30-diiodo-2,20-
bisoctoxy-1,10-binaphthyl (R-M-1) with 5,50-divinyl-2,20-bipyridine (M-1) via Pd-catalyzed Heck reaction.
P-2 and P-20 were prepared by Wittig–Horner reaction of (R)-6,60-dibutyl-2,20-bisoctoxy-1,10-binaphthyl-
3,30-dicarbaldehyde (R-M-2) with 5,50-bis (diethylphosphonomethyl)-2,20-bipyridine (M-2) in the
presence of EtONa or NaH, respectively. P-3 was synthesized by Wittig–Horner reaction of (R)-6,60-di(4-
trifluoromethylphenyl)-2,20-bisoctoxy-1,10-binaphthyl-3,30-dicarbaldehyde (R-M-3) with M-2 using NaH
as a base. The four polymers have strong blue-green fluorescence due to the extended p-electronic
structure between the chiral model compounds (R)-6,60-dibutyl-/di(4-trifluoromethylphenyl)-2,20-
bisoctoxy-1,10-binaphthyl (R-1 or R-2) and the conjugated linker 2,20-bipyridyl group via vinylene bridge.
Both monomers and polymers were analyzed by NMR, MS, FT-IR, UV–vis spectroscopy, DSC–TGA, fluo-
rescence spectroscopy, GPC and circular dichroism (CD) spectroscopy. Based on the great differences of
specific rotation values and CD spectra, P-1 and P-2 may adopt a zigzag chain configuration, while P-20

and P-3 may adopt a helical configuration. The responsive optical properties of the two chiral helical
polymers P-20 and P-3 on transition metal ions were investigated by fluorescence, UV–vis and CD
spectra. The results show that Agþ and Ni2þ lead to nearly complete fluorescence quenching of P-20 and
P-3, Cu2þ and Fe2þ can cause obvious fluorescence quenching, but Zn2þ and Cd2þ can only produce slight
fluorescence quenching. Agþ, Ni2þ, Cu2þ and Fe2þ can also lead to the obvious changes of UV–vis spectra
of P-20 and P-3. On the contrary, Zn2þ and Cd2þ cause little changes. Most importantly, the CD intensities
and wavelengths of the chiral helical polymers P-20 and P-3 exhibit the pronounced changes upon
addition of Agþ and Ni2þ.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Conjugated polymers based on p-conjugated organic molecules
and chain backbone structures have attracted much interest during
the past decade [1–6]. 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 other
devices with colors ranging from blue to red [7–14]. Optically active
2,20-binaphthol (BINOL) and its derivatives are one of the most
important C2 symmetric compounds and have often been used as
the starting materials for the preparation of conjugated polymers
that have a main-chain chiral configuration. Especially the
All rights reserved.
conjugated polymer incorporating optically active binaphthyl
moiety in the main-chain backbone could exhibit a sort of excellent
fluorescent materials with good fluorescence quantum efficiency
due to the extended p-electronic structure between the chiral
repeating unit and the conjugated linker unit. These rigid and
regular chiral binaphthyl-based polymers could lead to the prop-
erties of fluorescence sensors for sensitive detection of metal ions
or chiral molecules recognition [15–20], asymmetric catalysts [21–
26], and optoelectronic materials [27–33] by controlling the chiral
organic groups and linker structure at the well-defined molecular
level.

Chiral polymers with helical chain backbone have received
increasing attention due to their helicity generating from secondary
interactions such as hydrogen bonds and van der Waals forces.
These chiral helical polymers undergo conformational change as
well as helical reversal easily. But the inherently stable helical
polymers are less common so far [34–36]. Takeishi and his co-
workers reported that the main chains composed of rigid segments
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are twisted to one-direction by the chiral binaphthyl linker and an
ordered structure of the main-chain backbone incorporating opti-
cally pure binaphthyl could adopt the stable helical configuration
[37]. As a result, there were reports on the application of some
chiral helical polymers based on polybinaphthyls for electrolumi-
nescent, nonlinear optical properties and chiral sensing [21,38,39].
In view of these reports, design and synthesis of chiral helical
polymers based on optically active 1,10-binaphthyl moiety are still
attractive. According to our previous report on the synthesis of
polybinaphthyls, we found that a major-groove zigzag polymer and
a minor-groove hexical polymer were generated while the iso-
quinoline moieties were introduced into the main-chain backbone
by Sonogashira reaction at 6,60- and 3,30-postions of 1,10-binaphthyl,
respectively [40]. In this paper, we report the synthesis of four chiral
polybinaphthyls incorporating 2,20-bipyridyl moieties in the poly-
mer main-chain backbone by Pd-catalyzed Heck reaction or Wittig–
Horner reaction. As a consequence, this allows the investigation on
the influence of the synthetic procedure on the chiral polymer’s
structure and configuration. The results indicate that P-1 and P-2
obtained by Heck and Wittig–Horner reaction in the presence of
EtONa may adopt a zigzag form, but both P-20 and P-3 synthesized
by Wittig–Horner reaction using NaH as a base may exist in a helical
configuration. The responsive optical properties of two chiral
helical polymers P-20 and P-3 on transition metal ions were
investigated by fluorescence, UV–vis and circular dichroism (CD)
spectra. The results show that P-20 and P-3 can show distinguished
sensitive sense of some transition metal ions, such as Agþ, Ni2þ,
Cu2þ, Fe2þ, Zn2þ and Cd2þ. Such distinct ion-responsive behaviors
reveal the large differences of coordination abilities of transition
metal ions with 2,20-bipyridyl ligand receptors in the helical
polymer main-chain backbone. The results also suggest that 2,20-
bipyridyl moiety can act as the recognition site of a special che-
mosensor for sensitive detection of transition metal ions.
2. Experimental part

2.1. Materials

All solvents and reagents were commercially available and
analytical-reagent-grade. (R)-1,10-Binaphthol, 3-methylpyridine
and 4-trifluoromethylphenylboronic acid were purchased from
Aldrich and directly used without purification. THF and Et3N
were purified by distillation from sodium in the presence of
benzophenone. CCl4 and CH3CN were distilled from P2O5. 5,50-
Divinyl-2,20-bipyridine (M-1) was synthesized from 3-methyl-
pyridine by a four-step reaction according to reported literatures
and needed to be kept in the dark at �4 �C before using (Scheme 1)
[18,41]. (R)-6,60-Dibromo-2,20-bis(methoxymethoxy)-1,10-binaphthyl
(1) [42], (R)-6,60-dibutyl-2,20-binaphthol (3) and (R)-6,60-di(4-
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Scheme 1. Synthesis proce
trifluoromethylphenyl)-2,20-binaphthol (7) [43] were prepared for
the synthesis of monomers and chiral model compound according
to reported literatures (Scheme 2).

2.2. Measurements

NMR spectra were obtained using a 300-Bruker spectrometer
300 MHz for 1H NMR and 75 MHz for 13C NMR and reported as
parts per million (ppm) from the internal standard TMS. FT-IR
spectra were taken on a Nexus 870 FT-IR spectrometer. UV–vis
spectra were obtained from a Perkin–Elmer Lambda 25 spectrom-
eter. Fluorescent spectra were obtained from a 48000 DSCF spec-
trometer. DSC–TGA was performed on a Perkin–Elmer Pyris-1
instrument under N2 atmosphere. CD spectrum was determined
with a Jasco J-810 spectropolarimeter. Specific rotation was deter-
mined with a Ruololph Research Analytical Autopol I. MS was
determined on a Micromass GCT. C, H, and N of elemental analyses
were performed on an Elementar Vario MICRO analyzer. Molecular
weight was determined by GPC with Waters-244 HPLC pump and
THF was used as solvent and relative to polystyrene standards.

2.3. Preparation of M-2 (Scheme 1)

Compound M-2 was prepared according to a reported method
[44,45]. A mixture of 5,50-bis(bromo methyl)-2,20-bipyridine [41]
(0.93 g, 2.72 mmol) and triethylphosphite (1.94 g, 12.76 mmol) was
refluxed for 4 h. After removal of the excess triethylphosphite
under reduced pressure, the residue was recrystallized from the
mixture of CHCl3 and n-hexane (1:10, v/v) to afford a white solid
5,50-bis(diethylphosphonomethyl)-2,20-bipyridine (M-2) in 80.5%
yield. Mp: 107–109 �C. 1H NMR (300 MHz, CDCl3): d 8.59 (t, 2H,
J¼ 1.8 Hz), 8.37 (d, 2H, J¼ 8.4 Hz), 7.84–7.80 (m, 2H), 4.14–4.04 (m,
8H), 3.25 (s, 2H), 3.18 (s, 2H), 1.29 (t, 12H, J¼ 7.2 Hz).

2.4. Preparation of model compound R-1 (Scheme 2)

A mixture of (R)-6,60-dibutyl-2,20-binaphthol (3) (0.98 g,
2.46 mmol), K2CO3 (2.38 g, 17.23 mmol), and n-C8H17Br (1.90 g,
9.84 mmol) was dissolved in 20 mL of anhydrous CH3CN. The
solution was refluxed overnight. After being evaporated to dryness,
the residue was extracted with ethyl acetate (2� 30 mL). The
solution was washed with water and brine twice and then dried
over anhydrous Na2SO4. After removal of the solvent, the cruder
product was purified by chromatography on silica gel with petro-
leum ether/ethyl acetate (50:1, v/v) as an eluent to afford a yellow
liquid (R)-6,60-dibutyl-2,20-bisoctoxy-1,10-binaphthyl (R-1) in 83.0%
yield (1.27 g). [a]D

25¼�20.4 (c 0.54, THF). 1H NMR (300 MHz,
CDCl3): d 7.88 (d, 2H, J¼ 8.4 Hz), 7.66 (s, 2H), 7.15 (d, 2H, J¼ 8.4 Hz),
7.10 (dd, 2H, J¼ 9.0 Hz, 1.5 Hz), 4.00–3.90 (m, 4H), 2.76 (t, 4H,
HCHO
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Scheme 2. Synthesis procedures of R-1, R-M-1 and R-M-2.
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J¼ 7.5 Hz), 1.76–1.66 (m, 4H), 1.50–1.37 (m, 9H), 1.32–1.20 (m, 4H),
1.18–0.89 (m, 31H); 13C NMR (75 MHz, CDCl3): d 154.0, 137.8, 132.7,
129.5, 128.4, 127.7, 126.1, 125.6, 121.1, 116.2, 70.1, 35.6, 33.5, 31.8,
29.5, 29.2, 25.7, 22.7, 22.5, 14.2, 14.0. FT-IR (KBr, cm�1): 2955, 2929,
2857, 1596, 1466, 1272, 1245, 1093. MS (EI, m/z): 622 (Mþ, 100%), 510
(19%), 398 (52%), 355 (51%). Anal. Calcd for C44H62O2: C, 84.83; H,
10.03. Found: C, 84.87; H, 10.11.

2.5. Preparation of R-M-1 (Scheme 2)

(R)-6,60-Dibromo-2,20-bis(methoxymethoxy)-1,10-binaphthyl (1)
(5.9 g, 11.1 mmol) was dissolved in anhydrous THF (50 mL), n-BuLi
(15.0 mL, 2.5 mol L�1 in hexanes, 37.5 mmol) was added by syringe
injection at �78 �C under N2 atmosphere. After the reaction
mixture was stirred for 10 min, n-C4H9Br (5.3 g, 38.7 mmol) was
added to the above solution at �78 �C under N2 atmosphere. The
reaction mixture was gradually warmed to room temperature and
stirred overnight. The mixture was extracted with ethyl acetate
(2�100 mL). The combined organic layers were washed with
water and brine, and then dried over anhydrous Na2SO4. After
removal of solvent under reduced pressure, the crude product was
purified by column chromatography (petroleum ether/ethyl
acetate) (30:1, v/v) to afford a colorless viscous product (R)-6,60-
dibutyl-2,20-bis(methoxymethoxy)-1,10-binaphthyl (2) in 70.4%
yield (3.8 g). [a]D

25¼þ38.0 (c 0.5, CH2Cl2). 1H NMR (300 MHz,
CDCl3): d 7.93 (d, 2H, J¼ 9.0 Hz), 7.71 (s, 2H), 7.60 (d, 2H, J¼ 9.0 Hz),
7.19 (s, 4H), 5.12 (d, 2H, J¼ 6.6 Hz), 5.01 (d, 2H, J¼ 6.6 Hz), 3.21 (s,
6H), 2.79 (t, 4H, J¼ 7.2 Hz), 1.75–1.67 (m, 4H), 1.48–1.41 (m, 4H),
0.98 (t, 6H, J¼ 7.2 Hz); 13C NMR (75 MHz, CDCl3): d 152.6, 138.5,
132.9, 130.4, 129.0, 128.1, 126.6, 125.9, 121.7, 117.5, 95.3, 55.7, 35.9,
33.8, 22.8, 14.3. FT-IR (KBr, cm�1): 2956, 2929, 2857, 1596, 1500,
1480, 1241, 1151, 1028. MS (EI, m/z): 486 (Mþ, 7%), 410 (100%), 382
(48%), 339 (34%).
Compound 2 (3.69 g, 7.58 mmol) was dissolved in 30 mL of
anhydrous THF, 10.6 mL of n-BuLi (2.5 mol L�1 in hexane,
26.53 mmol) was added by syringe injection at room temperature
under N2 atmosphere. The solution was stirred for 6 h at room
temperature, and then the solution of iodine (7.7 g, 30.32 mmol in
30 mL of THF) was slowly injected to the mixed solution at �78 �C
under N2 atmosphere. The mixture was then stirred overnight
while the temperature was gradually warmed to room tempera-
ture. The reaction was quenched with 10% aqueous Na2S2O3

(30 mL). After removal of the solvent under reduced pressure, the
residue was extracted with ethyl acetate (2� 50 mL), the combined
organic layers were washed with water and brine twice. The
solution was concentrated to give a crude product of (R)-6,60-
dibutyl-3,30-diiodo-2,20-bismethoxymethoxy-1,10-binaphthyl which
was directly used without purification. The crude product was
dissolved in the mixed solvents of 30 mL of ether and 30 mL of
methanol. 35 mL of HCl (12 mol L�1) solution was added to the
above the solution. The solution was stirred at room temperature
for 8 h. After the removal of the solvent under reduced pressure, the
residue was extracted with ethyl acetate (2� 50 mL). The combined
organic layers were washed with 10% aqueous Na2CO3 and brine
twice and dried over anhydrous Na2SO4. After removal of solvent,
a yellow viscous product (R)-6,60-dibutyl-3,30-diiodo-2,20-binaph-
thol (4) was obtained in the yield of 38.8% (1.91 g). [a]D

25¼þ65.0 (c
0.3, CH2Cl2). Mp: 58–60 �C. 1H NMR (300 MHz, CDCl3): d 8.47 (s,
2H), 7.58 (s, 2H), 7.19 (dd, 2H, J¼ 8.7 Hz, 1.5 Hz), 7.03 (d, 2H,
J¼ 8.7 Hz), 5.36 (s, 2H), 2.74 (t, 4H, J¼ 7.5 Hz), 1.69–1.61 (m, 4H),
1.43–1.36 (m, 4H), 0.99–0.90 (m, 6H); 13C NMR (75 MHz, CDCl3):
d 149.5, 139.7, 139.3, 131.5, 130.8, 129.5, 125.6, 124.3, 112.5, 86.3,
35.4, 33.3, 22.3, 13.9. FT-IR (KBr, cm�1): 3476, 2925, 2854, 1572,
1500, 1441, 1362, 1143. MS (EI, m/z): 650 (Mþ, 100%), 607 (100%).

A mixture of compound 4 (1.7 g, 2.62 mmol), K2CO3 (2.53 g,
18.34 mmol), and n-C8H17Br (2.0 g, 10.46 mmol) was dissolved in
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80 mL of anhydrous CH3CN. The solution was refluxed overnight.
After being evaporated to dryness, the residue was extracted with
ethyl acetate (2� 50 mL). The solution was washed with water and
brine twice and then dried over anhydrous Na2SO4. After removal
of solvent, the crude product was purified by chromatography on
silica gel with petroleum ether/ethyl acetate (40:1, v/v) as an eluent
to afford a yellow liquid (R)-6,60-dibutyl-3,30-diiodo-2,20-bisoctoxy-
1,10-binaphthyl (R-M-1) in 77.8% yield (1.78 g). [a]D

25¼�17.9 (c 0.73,
THF). 1H NMR (300 MHz, CDCl3): d 8.43 (s, 2H), 7.54 (s, 2H), 7.13 (dd,
2H, J¼ 8.7 Hz, 1.8 Hz), 7.06 (d, 2H, J¼ 8.7 Hz), 3.86–3.79 (m, 2H),
3.38–3.31 (m, 2H), 2.74 (t, 4H, J¼ 7.8 Hz), 1.72–1.62 (m, 4H), 1.43–
1.33 (m, 4H), 1.30–1.21 (m, 9H), 1.17–1.03 (m, 7H), 0.98–0.88 (m,
16H), 0.85–0.82 (m, 4H); 13C NMR (75 MHz, CDCl3): d 153.3, 139.7,
138.8, 132.3, 132.2, 128.3, 125.8, 125.6, 125.0, 92.9, 73.3, 35.4, 33.1,
31.7, 29.6, 29.1, 28.9, 25.3, 22.6, 22.3, 14.1, 13.9. FT-IR (KBr, cm�1):
2954, 2927, 2856, 1568, 1465, 1228, 1149, 1026. MS (EI, m/z): 874
(Mþ, 2%), 762 (5%), 650 (100%), 607 (4%). Anal. Calcd for C44H60I2O2:
C, 60.41; H, 6.91. Found: C, 60.47; H, 6.86.
2.6. Preparation of R-M-2 (Scheme 2)

Compound 2 (3.36 g, 6.6 mmol) was dissolved in anhydrous THF
(80 mL), n-BuLi (9.4 mL, 2.5 mol L�1 in hexanes, 23.5 mmol) was
added by syringe injection at room temperature under a N2 atmo-
sphere. The mixture was first stirred for 2 h, and then cooled to 0 �C.
1.9 mL of DMF (24.8 mmol) was added to the above solution. The
reaction mixture was gradually warmed to room temperature and
continued to stir for 4 h. After 60 mL of HCl (12 mol L�1) was added to
the solution, the solution was stirred at room temperature overnight.
After the removal of the solvent under reduced pressure, the residue
was extracted with CH2Cl2 (3� 50 mL). The combined extract was
washed with 100 mL of saturated NaHCO3 solution and brine twice
and then dried over anhydrous Na2SO4. After removal of solvent
under reduced pressure, the crude product was purified by column
chromatography (petroleum ether/ethyl acetate) (10:1, v/v) to afford
(R)-6,60-dibutyl-3,30-diformyl-2,20-binaphthol (5) as yellow solids in
38.4% yield (1.2 g). [a]D

25¼þ216.0 (c 0.5, CH2Cl2). Mp: 150–152 �C. 1H
NMR (300 MHz, CDCl3): d 10.55 (s, 2H),10.19 (s, 2H), 8.28 (s, 2H), 7.77
(s, 2H), 7.30 (dd, 2H, J¼ 8.7,1.8 Hz), 7.15 (d, 2H, J¼ 8.7 Hz), 2.75 (t, 4H,
J¼ 7.8 Hz), 1.73–1.67 (m, 4H), 1.47–1.35 (m, 4H), 0.96 (t, 6H,
J¼ 7.2 Hz); 13C NMR (75 MHz, CDCl3): d 196.9, 153.1, 139.0, 137.9,
136.0,132.5,128.2,127.9,124.8,122.1,116.6, 35.3, 33.2, 22.4,14.0. FT-IR
(KBr, cm�1): 3426, 2955, 2928, 2856, 1658, 1506, 1377, 1294. MS (EI,
OMOM
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m/z): 454 (Mþ, 100%), 436 (11%), 411 (21%), 393 (15%). Anal. Calcd for
C30H30O4: C, 79.27; H, 6.65. Found: C, 79.21; H, 6.67.

By using the same procedure as for the preparation of R-M-1, (R)-
6,60-dibutyl-2,20-bisoctoxy-1,10-binaphthyl-3,30-dicarbaldehyde (R-
M-2) was obtained as a yellow liquid in 76.4% yield from compound
5. [a]D

25¼�17.7 (c 0.62, THF). 1H NMR (300 MHz, CDCl3): d 10.57 (s,
2H), 8.53(s, 2H), 7.82 (s, 2H), 7.27 (dd, 2H, J¼ 9.0, 1.8 Hz), 7.15 (d, 2H,
J¼ 8.7 Hz), 3.81–3.74 (m, 2H), 3.50–3.42 (m, 2H), 2.77 (t, 4H,
J¼ 7.5 Hz), 1.74–1.64 (m, 4H), 1.47–1.34 (m, 4H), 1.30–1.16 (m, 9H),
1.11–1.01 (m, 4H), 0.96 (t, 9H, J¼ 7.2 Hz), 0.86 (t, 9H, J¼ 7.2 Hz),
0.81–0.74 (m, 5H); 13C NMR (75 MHz, CDCl3): d 190.2, 155.7, 140.3,
135.6, 131.0, 130.9, 130.1, 128.9, 128.6, 125.7, 125.4, 76.3, 35.4, 33.2,
31.7, 29.7, 29.0, 28.9, 25.4, 22.6, 22.4, 14.1, 13.9. FT-IR (KBr, cm�1):
2927, 2856, 1693, 1591, 1325, 1127, 1071. MS (EI, m/z): 678 (Mþ, 10%),
566 (34%), 451 (100%), 436 (17%). Anal. Calcd for C46H62O4: C, 81.37;
H, 9.20. Found: C, 81.39; H, 9.14.

2.7. Preparation of model compound R-2 (Scheme 3)

By using the same procedure as for the preparation of R-1, (R)-
6,60-di(4-trifluoromethylphenyl)-2,20-bisoctoxy-1,10-binaphthyl (R-
2) was obtained as a yellow solid in 79.5% yield from compound 7.
[a]D

25¼�69.9 (c 0.54, THF). Mp: 78–81 �C. 1H NMR (300 MHz,
CDCl3): d 8.12 (d, 2H, J ¼ 1.8 Hz), 8.05 (d, 2H, J¼ 9.0 Hz), 7.80 (d, 4H,
J¼ 8.1 Hz), 7.72 (d, 4H, J¼ 8.4 Hz), 7.50 (dd, 2H, J¼ 8.7, 2.7 Hz), 7.31
(d, 2H, J¼ 8.7 Hz), 4.06–3.97 (m, 4H), 1.48–1.41 (m, 4H), 1.23–0.95
(m, 20H), 0.8 (t, 6H, J¼ 7.2 Hz); 13C NMR (75 MHz, CDCl3): d 155.2,
144.8, 134.5, 133.9, 129.8, 129.3, 128.8, 127.4, 126.4, 126.3, 125.7,
125.5, 122.6, 120.2, 116.3, 69.7, 31.8, 29.4, 29.2, 29.1, 25.8, 22.6, 14.0.
FT-IR (KBr, cm�1): 2926, 2815, 1615, 1591, 1468, 1325, 1247, 1113,
1071. MS (EI) m/z¼ 798 (Mþ, 91%), 686 (8%), 574 (100%). Anal. Calcd
for C30H30O4: C, 75.17; H, 6.56. Found: C, 75.27; H, 6.65.

2.8. Preparation of R-M-3 (Scheme 3)

Compound 1 (1.5 g, 2.82 mmol), 4-trifluoromethylphenylboronic
acid (1.88 g, 9.86 mmol) and Pd(PPh3)4 (326 mg, 0.28 mmol) were
mixed in DME (30 mL) under N2 atmosphere. 2 mol L�1 K2CO3

solution (7.4 mL) was added to the above the solution. The resulting
mixture was stirred and refluxed for 10 h under N2 atmosphere. The
mixture was cooled to room temperature, and the solution was
filtered through a short column of silica gel with ethyl acetate as an
eluent. After removal of solvents under reduced pressure, the
residue was extracted by ethyl acetate (2� 30 mL) and washed with
7 R-2
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water and brine twice and dried over anhydrous Na2SO4. After
removal of solvents, the crude product was purified on silica column
using the mixed solvents of petroleum ether and ethyl acetate
(20:1, v/v) as an eluent to afford a white solid (R)-6,60-di(4-tri-
fluoromethylphenyl)-2,20-bis(methoxymethoxy)-1,10-binaphthyl (6)
in 85.6% yield (1.60 g). [a]D

25¼�88.0 (c 0.5, CH2Cl2). Mp: 84–86 �C.
1H NMR (300 MHz, CDCl3): d 8.15 (d, 2H, J¼ 1.5 Hz), 8.08 (d, 2H,
J¼ 9.0 Hz), 7.82–7.68 (m, 10H), 7.53 (dd, 2H, J¼ 9.0, 1.8 Hz), 7.31 (d,
2H, J¼ 9.0 Hz), 5.16 (d, 2H, J¼ 6.9 Hz), 5.07 (d, 2H, J¼ 6.9 Hz), 3.23
(s, 6H); 13C NMR (75 MHz, CDCl3): d 153.3, 144.5, 135.3, 133.7, 130.1,
130.0, 127.5, 126.5, 126.4, 125.9, 125.8, 125.7, 120.9, 117.9, 95.15, 56.0.
FT-IR (KBr, cm�1): 2957, 2903, 1616, 1596, 1496, 1325, 1123, 1069.
MS (EI, m/z): 662 (Mþ, 4%), 586 (100%), 558 (94%).

Compound 6 (1.40 g, 2.11 mmol) was dissolved in anhydrous
THF (40 mL), n-BuLi (2.95 mL, 2.5 mol L�1 in hexane, 7.39 mmol)
was added by syringe injection at room temperature under N2

atmosphere. The mixture was first stirred for 2 h, and then cooled
to 0 �C. 0.59 mL of DMF (7.64 mmol) was added to the above
solution. The reaction mixture was gradually warmed to room
temperature and continued to stir for 4 h. After 20 mL of HCl
(12 mol L�1) was added to the solution, the solution was stirred at
room temperature overnight. After the removal of the solvent
under reduced pressure, the residue was extracted with CH2Cl2
(3� 20 mL). The combined extract was washed with 60 mL of
saturated NaHCO3 solution and brine twice and then dried over
anhydrous Na2SO4. After removal of the solvent under reduced
pressure, the crude product was purified by column chromatog-
raphy (petroleum ether/ethyl acetate) (20:1, v/v) to afford (R)-6,60-
R-M-1 + M-1

R1

n-B

n-Bu

n-B

n-Bu

EtONa/EtOH
R-M-2 + M-2

n-Bu

n-Bu

NaH/THF

NaH

THF

Pd(OAc)2   PPh3

Et3N   DMF

R-M-3 + M-2

Scheme 4. Synthesis procedure
di(4-trifluoromethylphenyl)-3,30-diformyl-2,20-binaphthol (8) as
a yellow solid in 28.5% (0.38 g). [a]D

25¼þ84.6 (c 0.37, THF). Mp:
252–254 �C. 1H NMR (300 MHz, CDCl3): d 10.73 (s, 2H), 10.26 (s,
2H), 8.47 (s, 2H), 8.24 (s, 2H), 7.78–7.70 (m, 10H), 7.38 (d, 2H,
J¼ 8.7 Hz); 13C NMR (75 MHz, CDCl3) d: 196.8, 154.3, 143.7, 138.9,
136.9, 135.9, 130.1, 128.2, 127.8, 127.4, 126.0, 125.9, 125.7, 122.7,
122.4, 116.4. FT-IR (KBr, cm�1): 3444, 3078, 2928, 2844, 2735, 1662,
1616, 1503, 1327, 1136, 1071. MS (EI, m/z): 630 (Mþ, 100%), 612 (42%).
Anal. Calcd for C30H30O4: C, 68.57; H, 3.20. Found: C, 68.77; H, 3.25.

By using the same procedure as for the preparation of R-M-2,
(R)-6,60-bis(4-trifluoromethylphenyl)-2,20-bisoctoxy-1,10-binaphth-
yl-3,30-dicarbaldehyde (R-M-3) was obtained as a yellow liquid in
41.2% yield from compound 8. [a]D

25¼�56.4 (c 0.5, THF). 1H NMR
(300 MHz, CDCl3): d 10.62 (s, 2H), 8.72 (s, 2H), 8.32 (d, 2H,
J¼ 1.8 Hz), 7.80 (q, 8H, J¼ 9.0 Hz), 7.71 (dd, 2H, J¼ 7.8, 1.8 Hz), 7.39
(d, 2H, J¼ 8.7 Hz), 3.89–3.82 (m, 2H), 3.61–3.54 (m, 2H), 1.36–1.28
(m, 6H), 1.15–1.13 (m, 4H), 1.09–0.94 (m, 8H), 0.90–0.79 (m, 12H);
13C NMR (75 MHz, CDCl3): d 190.2, 156.8, 143.4, 137.2, 136.5, 132.1,
130.1, 129.6, 128.8, 128.6, 127.5, 126.6, 126.0, 125.9, 125.3, 122.4, 76.6,
31.7, 29.8, 29.1, 29.0, 25.6, 22.6, 14.0. FT-IR (KBr, cm�1): 2956, 2928,
2857, 1692, 1590, 1446, 1115. MS (EI, m/z): 854 (Mþ, 3%), 742 (12%),
630 (100%), 612 (39%). Anal. Calcd for C52H52F6O4: C, 73.05; H, 6.13.
Found: C, 73.15; H, 6.09.

2.9. Preparation of P-1, P-2, P-20 and P-3 (Scheme 4)

A mixture of R-M-1 (139.9 mg, 0.16 mmol) and M-1 (34.8 mg,
0.16 mmol) was dissolved in the mixed solvents of 6 mL DMF and
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0.2 mL Et3N. The solution was first bubbled with N2 for 15 min
before 5 mol% Pd(OAc)2 (1.9 mg, 0.0084 mmol) and 25 mol% PPh3

(11.0 mg, 0.042 mmol) were added to the above solution. The
temperature of the mixture was kept at 120 �C for 12 h under N2,
and then refluxed at 130 �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 poly-
mer. The resulting polymer was filtered and washed with methanol
several times. Further purification could be conducted by dissolving
the polymer in THF to precipitate in methanol again. P-1 was dried
in vacuum to give 56.2 mg in 42.5% yield. P-1 spectroscopic data:
[a]D

25 ¼�236.8 (c 0.05, THF); 1H NMR (300 Hz, CDCl3): d 8.88 (br,
2H), 8.49–8.45 (m, 2H), 8.23 (br, 2H), 8.06–8.04 (m, 2H), 7.82–7.81
(m, 2H), 7.72 (br, 2H), 7.46–7.41 (m, 2H), 7.18–7.11 (m, 4H), 3.79–
3.76 (m, 2H), 3.39–3.37 (m, 2H), 2.79–2.73 (m, 4H), 1.76–1.65 (m,
8H), 1.45–1.35 (m, 6H), 1.21-0.77 (m, 30H). FT-IR (KBr, cm�1): 3042,
2924, 2853, 1589, 1465, 1228, 1120. Anal. Calcd for C58H70N2O2: C,
84.22; H, 8.53; N, 3.39. Found: C, 81.42; H, 8.39; N, 3.45.

A mixture of R-M-2 (149.4 mg, 0.22 mmol) and M-2 (100.3 mg,
0.22 mmol) and EtONa (50.3 mg, 0.74 mmol) was dissolved in
absolute anhydrous EtOH (20 mL). The solution was refluxed for
18 h under N2 atmosphere. After being evaporated to dryness, the
residue was extracted with CH2Cl2 (3� 50 mL). The solution was
washed with water and then dried over anhydrous Na2SO4. After
the solvent was removed under reduced pressure, the residue was
dissolved by a small quantity of THF, and 60 mL of methanol was
added to precipitate the polymer. A yellow solid was filtered off and
washed with methanol several times. Further purification could be
conducted by dissolving the polymer in CH2Cl2 to precipitate in
methanol again. The polymer was dried under vacuum at room
temperature for 24 h. The final yield was 84.2% (153.2 mg). P-2
spectroscopic data: [a]D

25¼�158.3 (c 0.05, THF); 1H NMR (300 Hz,
CDCl3): d 8.88 (br, 2H), 8.49–8.46 (m, 2H), 8.24 (br, 2H), 8.08–8.03
(m, 2H), 7.80–7.79 (m, 2H), 7.72 (br, 2H), 7.46–7.39 (m, 2H), 7.18–
7.09 (m, 4H), 3.79–3.73 (m, 2H), 3.39–3.35 (m, 2H), 2.79–2.72 (m,
4H), 1.76–1.64 (m, 8H), 1.46–1.36 (m, 6H), 1.24–0.72 (m, 30H). FT-IR
(KBr, cm�1): 3041, 2924, 2853, 1589, 1466, 1227, 1120. Anal. calcd for
C58H70N2O2: C, 84.22; H, 8.53; N, 3.39. Found: C, 81.92; H, 8.43; N,
3.29.

A mixture of R-M-2 (149.4 mg, 0.22 mmol) and M-2 (100.3 mg,
0.22 mmol) and NaH (21.1 mg, 0.88 mmol) was dissolved in anhy-
drous THF (20 mL). The solution was refluxed for 18 h under N2

atmosphere. After being evaporated to dryness, the residue was
extracted with CH2Cl2 (3� 50 mL). The solution was washed with
water and then dried over anhydrous Na2SO4. After the solvent was
removed under reduced pressure, the residue was dissolved by
a small quantity of THF, and 60 mL of methanol was added to
precipitate the polymer. A yellow solid was filtered off and washed
with methanol several times. Further purification could be con-
ducted by dissolving the polymer in CH2Cl2 to precipitate in
methanol again. The polymer was dried under vacuum at room
temperature for 24 h. The final yield was 86.3% (157.0 mg). P-20

spectroscopic data: [a]D
25¼�758.4 (c 0.025, THF); 1H NMR (300 Hz,

CDCl3): d 8.88 (s, 2H), 8.48 (d, 2H, J¼ 8.4 Hz), 8.23 (s, 2H), 8.07–8.04
(m, 2H), 7.79 (d, 2H, J¼ 16.5 Hz), 7.72 (s, 2H), 7.43 (d, 2H,
J¼ 16.5 Hz), 7.20–7.10 (m, 4H), 3.78–3.75 (m, 2H), 3.41–3.37 (m,
2H), 2.77–2.75 (m, 4H), 1.78–1.59 (m, 8H), 1.48–1.36 (m, 6H), 1.23–
0.80 (m, 30H). FT-IR (KBr, cm�1): 3042, 2925, 2854, 1592, 1466,
1230, 1119, 966. Anal. Calcd for C58H70N2O2: C, 84.22; H, 8.53; N,
3.39. Found: C, 80.07; H, 8.24; N, 3.37.

By using the same procedure as for the preparation of P-20, P-3
was obtained from R-M-3 and M-2 as a yellow solid in 80.4% yield.

P-3 spectroscopic data: [a]D
25¼�410.6 (c 0.025, THF). 1H NMR

(300 Hz, CDCl3): d 8.92 (s, 2H), 8.52–8.50 (m, 2H), 8.22 (br, 2H),
8.10–8.08 (m, 2H), 7.83–7.75 (m, 12H), 7.58–7.55 (m, 4H), 7.40–6.37
(m, 2H), 3.85–3.82 (m, 2H), 3.50–3.46 (m, 2H), 1.38–0.75 (m, 30H).
FT-IR (KBr, cm�1): 3044, 2925, 2854, 1616, 1590, 1466, 1325, 1125,
1070, 965. Anal. Calcd for C64H60N2O2F6: C, 76.63; H, 6.03; N, 2.79.
Found: C, 76.57; H, 6.07; N, 2.74.

2.10. Metal ion titration

Each metal ion titration experiment was started with a 3.0 mL
polymer in THF solution with a known concentration
(3.0�10�5 mol L�1). Solutions of metal salt (acetate, nitrate and
sulfate, 5.0�10�3 mol L�1) were used for the titration. Polymer–
metal complexes were produced by adding aliquots of a solution of
the selected metal salt to a THF solution of the chiral polymer. The
mixture was stirred constantly during the titration. All measure-
ments were monitored 15 min after addition of the metal salt to the
polymer solutions.

3. Results and discussion

3.1. Syntheses and feature of the chiral polymers

5,50-Bis(diethylphosphonomethyl)-2,20-bipyridine (M-2) was
obtained by the reaction of 5,50-bis(bromomethyl)-2,20-bipyridine
with an excess of triethylphosphite in 80.5% yield (Scheme 1)
[44,45]. The synthesis procedures of (R)-6,60-dibutyl-2,20-bis(me-
thoxymethoxy)-1,10-binaphthyl (2), the chiral model compound
(R)-6,60-dibutyl-2,20-bisoctoxy-1,10-binaphthyl (R-1), (R)-6,60-dibutyl-
3,30-diiodo-2,20-binaphthol (4), (R)-6,60-dibutyl-3,30-diiodo-2,20-
bisoctoxy-1,10-binaphthyl (R-M-1), (R)-6,60-dibutyl-3,30-diformyl-2,20-
binaphthol (5) and (R)-6,60-dibutyl-2,20-bisoctoxy-1,10-binaphthyl-
3,30-dicarbaldehyde (R-M-2) are shown in Scheme 2 [18,46–51].
Compound 2 was first lithiated with n-BuLi, and then followed by
carbonylation to afford the MOM-protected intermediate, which
was then hydrolysed in HCl solution to afford the crude product 5.
The purification of 5 could be carried out by column chromatog-
raphy on silica gel to afford a yellow solid product in 38.4% yield.
The etherification of hydroxyl groups of 5 could be carried out by
reaction with n-octyl bromide in the presence of K2CO3 to afford R-M-
2 with a satisfactory yield. (R)-6,60-Di(4-trifluoromethylphenyl)-2,20-
bis(methoxymethoxy)-1,10-binaphthyl (6), the chiral model compound
(R)-6,60-di(4-trifluoromethylphenyl)-2,20-bisoctoxy-1,10-binaphthyl
(R-2), (R)-6,60-di(4-trifluoromethylphenyl)-3,30-diformyl-2,20-
binaphthol (8) and (R)-6,60-di(4-trifluoromethylphenyl)-2,20-
bisoctoxy-1,10-binaphthyl-3,30-dicarbaldehyde (R-M-3) were prepared
and purified according to reported literatures (Scheme 3) [43,52–
54]. Compound 8 was prepared by using the same procedure as
compound 5, but it was only obtained in 28.5% yield due to the
influence of strong electron-withdrawing CF3 group. R-M-1, R-M-2
and R-M-3 could be served as the chiral monomers for the
synthesis of the chiral polymers P-1, P-2, P-20 and P-3.

The chiral conjugated polymers P-1, P-2 and P-20 have the same
chain backbone structure containing (R)-6,60-dibutyl-2,20-bisoc-
toxy-1,10-binaphthyl and 2,20-bipyridyl group via vinylene bridge.
But they were prepared by different reactions or under different
reaction conditions (Scheme 4). In this paper, a typical Heck reaction
condition was applied to the synthesis of P-1, the polymerization
was easily carried out by the chiral monomer R-M-1 with M-1 in
the presence of a catalytic amount (5 mol%) of Pd(OAc)2 with Et3N
and triphenylphosphate (PPh3) under N2 [18]. P-2 and P-20 were
synthesized by Wittig–Horner reaction of the chiral monomer R-
M-2 with M-2 in the presence of EtONa or NaH, respectively
[28,32,45,55]. P-3 was synthesized by Wittig–Horner reaction of R-
M-3 with M-2 by using NaH as a base. But we found that P-3 could
not be obtained in a high molecular weight if NaH was replaced by
EtONa. The gel permeation chromatography (GPC) analysis and the



Table 2
Optical properties of P-1, P-2, P-20 and P-3.

UV–vis (lmax)a PL (lmax)a Stokes shift (nm)b FPL
c

lex lem

M-1 273 (w), 321 347 364, 382 (sh) – –
R-1 240, 344 (w) 345 364 – –
R-2 268, 307 344 377 – –
P-1 240, 373 363 434, 455 82 0.50
P-2 238, 383 364 458 74 0.35
P-20 236, 384 345 437, 460 76 0.43
P-3 261, 294, 384 342 437, 458 74 0.45

a Determined in THF solution.
b Stokes shift¼ PL lmax (nm)�UV–vis lmax (nm).
c These values were estimated by using the quinine sulfate solution (ca.

1.0�10�5 mol L�1) in 0.5 mol L�1 H2SO4 (Ff¼ 55%) as a standard.
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Fig. 2. UV–vis spectra of M-1, R-1, R-2, P-1, P-2, P-20 and P-3.

Table 1
Polymerization results and characterization of P-1, P-2, P-20 and P-3.

Yield (%) Mw
a Mn

a PDI [a]D
b

P-1 42.5 7330 3630 2.02 �236.8
P-2 84.2 8980 3280 2.74 �158.3
P-20 86.3 11590 5900 1.96 �758.4
P-3 80.4 11400 3530 3.23 �410.6

a Mw, Mn and PDI of P-1, P-2, P-20 and P-3 were determined by gel permeation
chromatography using polystyrene standards in THF.

b Temperature at 25 �C and solvent in THF.
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specific rotation results of the four polymers are listed in Table 1.
The GPC results of the polymers P-1, P-2, P-20 and P-3 show the
moderate molecular weight. Furthermore we also found that the
chiral polymers P-2, P-20 and P-3 have higher molecular weights by
Wittig–Horner reaction than P-1 obtained by Heck polymerization
method, which is consistent with previous reports [56,57].

The chiral conjugated polymers show good solubility in some
common solvents, such as toluene, THF, CHCl3, and CH2Cl2, which
can be attributed to the nonplanarity of the twisted polymers in
the main-chain backbone and the flexible octoxy, n-butyl or 4-
trifluorophenyl group substitutents on binaphthyl units as side
chain of the polymer. In this paper, we report synthesis and
fluorescence property of chiral polybinaphthyls incorporating 2,20-
bipyridyl moieties in the polymer main chain. An electron-defi-
cient ligand 2,20-bipyridine as the conjugated bridge linker and
a metal chelating ligand was introduced into the chiral poly-
binaphthyl’s main-chain backbone to maintain conjugation
between bipyridyl and naphthyl segments so that the electron
transporting properties of the polymers may be improved and the
electron density may shift away via vinylene bridge. Furthermore,
the vinylene bridge can reduce steric hindrance between naphthyl
and bipyridyl groups, and also has a beneficial influence on the
stability of the resulting chiral polymers [9,11,41,58,59]. This
chelating bipyridyl ligand can orient in a well-defined spatial
arrangement in the chiral polymers main-chain and also directly
coordinate with different transition metal ions to form metal–
polymer complexes. All four chiral conjugated polymers have
strong blue-green fluorescence. Based on fluorescent and UV–vis
spectra, the results show that the chiral polymers have been found
to be highly sensitive to a wide variety of metal ions, and their
fluorescence is efficiently or completely quenched upon the
addition of transition metal ions.
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Fig. 1. TGA curves of P-1, P-2, P-20 and P-3.
The chirality of BINOL and its derivatives is derived from the
restricted rotation of the two naphthalene rings. The rigid structure
and C2 symmetry of the chiral binaphthyl molecules can play an
important role in inherently chiral induction. The dihedral angle
between two naphthalene rings of a binaphthyl molecule ranges
from 60� to 120�, which leads to the kinked or twisted polymer
main-chain backbone [21,60,61]. According to Samyn’s report
[30,31], the chiral polymer incorporating chiral R or S binaphthyl
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Fig. 3. Fluorescence spectra of the repeating units and P-1, P-2, P-20 and P-3.



Table 3
CD spectra data of R-1 and R-2, P-1, P-2, P-20 and P-3 in THF.

R-1� 105 R-2� 105 P-1� 105 P-2� 105 P-20 � 105 P-3� 105

[q] (lmax in nm) �6.91
(229.1)

þ1.66
(226.2)

�1.28
(238.0)

�0.70
(236.9)

�2.59
(232.9)

þ0.65
(239.2)

þ9.54
(240.3)

þ4.95
(256.5)

þ0.39
(263.7)

þ0.23
(263.0)

þ0.88
(258.1)

�1.37
(256.5)

�0.42
(287.0)

�6.59
(275.0)

þ0.41
(279.1)

þ0.22
(283.2)

þ0.78
(304.5)

�0.89
(285.7)

þ0.35
(352.9)

þ0.31
(361.5)

þ1.87
(361.7)

þ1.33
(317.3)

�0.63
(399.4)

�0.52
(409.8)

�2.97
(408.8)

þ1.85
(363.1)
�2.71
(407.7)
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Fig. 5. Emission spectra of metal–polymer complexes for P-20 at the ratio of 1:1
(lex¼ 345 nm).
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units in the main chain of polymer backbone can adopt a helical
configuration. But no helical configuration can be formed if racemic
1,10-binaphthyl monomers are incorporated into the same polymer
backbone, it may form a random-coil-like structure. He pointed out
that polymers are helices due to the twisted configuration of the
binaphthyl moieties if chiral binaphthyl units are connected
through rigid groups. A helix is highly regular structure, which all
bonds have the same configuration (either R or S). Yashima thought
the generation of a helical structure should result in significant
chiral amplification [62]. In this paper, the specific rotation values
([a]D

25) of the chiral polymers P-20 and P-3 greatly fluctuate to�758
and �411 (c 0.05, THF) and are much larger than those of R-1, R-2,
P-1 and P-2, and dramatic changes are observed in the CD spectra
of these two chiral polymers compared with other compounds. It
can be concluded that a helical configuration of P-20 and P-3 should
be generated [16,40].

3.2. Thermal analysis of polymers

P-1, P-2, P-20 and P-3 are air stable solid with yellow-green
color. Based on the results of differential scanning calorimetry
(DSC), P-1, P-20 and P-3 show no glass transition temperature (Tg),
but P-2 shows a Tg at 192 �C. Thermogravimetric analyses (TGA) of
these polymers were carried out under a N2 atmosphere at a heat-
ing rate of 10 �C/min. As show in Fig. 1, although the repeating units
of P-1, P-2 and P-20 are the same polymer composition and back-
bone chain structure, their TGA plots are different. Under a N2

atmosphere, P-1, P-2 and P-20 show an apparently one-step
degradation at temperature ranging from 340 to 550 �C, 330 to
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Fig. 4. CD spectra of the repeating units and P-1, P-2, P-20 and P-3.
560 �C, and 410 to 540 �C, respectively. There is a total loss of about
57.7%, 31.9% and 72.5% for P-1, P-2 and P-20 when heated to 750 �C.
P-3 shows a one-step degradation at the beginning temperatures of
410 �C, and tends to complete decomposition at 580 �C. There is
a total loss of about 56.2% when heated to 750 �C.

3.3. Optical properties

Optical properties of the model compounds M-1, R-1, R-2 and P-
1, P-2, P-20, P-3 are summarized in Table 2, and Fig. 2 illustrates the
Table 4
The quenching ratio (%) and average lg Ksv of P-20 on metal ions.

nPolymer:nion lg KSV
a

1:0.2 1:0.4 1:0.6 1:0.8 1:1 1:2 1:3 1:5

Zn2þ 4.45 10.5 14.2 15.4 16.4 19.5 20.6 25.6 3.42
Cd2þ 2.91 8.10 15.0 17.5 19.1 25.0 27.5 32.2 3.52
Fe2þ 8.58 19.1 27.4 35.7 42.4 54.7 63.6 73.4 4.02
Ni2þ 17.7 31.5 44.3 58.3 67.5 90.0 96.0 99.9 4.77
Cu2þ 17.3 27.3 40.9 49.5 56.2 67.0 77.8 92.4 4.26
Agþ 23.2 51.1 69.6 71.9 76.2 84.9 88.3 89.4 4.96

a Determined upon the molar ratio addition of metal ions for P-20 from 1:0.2 to
1:2.
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Fig. 7. UV–vis spectra of P-20 on Zn2þ, Cd2þ (a

Table 5
The quenching ratio (%) and average lg Ksv of P-3 on metal ions.

nPolymer:nion lg KSV
a

1:0.2 1:0.4 1:0.6 1:0.8 1:1 1:2 1:3 1:5

Zn2þ 3.32 5.43 7.46 8.58 9.57 10.0 10.1 10.5 3.11
Cd2þ 1.54 3.09 4.21 5.38 7.42 7.57 7.68 7.93 2.95
Fe2þ 3.45 6.68 9.97 14.1 18.5 35.7 48.0 60.5 3.62
Ni2þ 21.2 34.7 47.9 55.2 67.9 81.9 94.6 99.6 4.54
Cu2þ 9.87 18.5 25.8 33.2 38.2 48.4 60.5 81.9 3.92
Agþ 32.9 54.4 67.1 73.6 77.1 85.7 86.7 87.8 4.73

a Determined upon the molar ratio addition of metal ions for P-3 from 1:0.2 to
1:2.
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UV–vis absorption spectra of these compounds. According to Fig. 2,
UV–vis spectra of the polymers P-1, P-2, P-20 and P-3 are similar
due to the similar repeating units of the polymer backbone. UV–vis
absorption maxima lmax of R-1, R-2 and M-1 appeared at 240, 268
and 321 nm, and the conjugated polymers P-1, P-2, P-20 and P-3 in
THF show the strong and broad absorption at the region from 350
to 450 nm. Especially, the strongest absorption wavelengths lmax of
P-1, P-2, P-20 and P-3 in THF solution display great red shifts
compared to the model compounds R-1, R-2 and M-1, and appear at
373, 383, 384 and 384 nm, respectively. A large red shift in the
electronic absorptions of the chiral polymers can be attributed to
the effective p–p* conjugated segment of the linker conjugated
units R-1 or R-2 and 2,20-bipyridyl group via vinylene bridge along
the main-chain backbone [21,63,64].
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Fluorescence spectra of M-1, R-1, R-2 and P-1, P-2, P-20, P-3 are
shown in Fig. 3. The four conjugated polymers P-1, P-2, P-20 and P-3
can emit blue-green light under ultraviolet light (361 nm) or
sunlight even in low concentration (1�10�4 mol L�1). R-1, R-2 and
M-1 do not show fluorescence in visible light region. According to
Fig. 3, although P-1, P-2 and P-20 have the same structure and
composition, they have different fluorescent emission spectra. P-1
and P-20 show two wavelength bands at 434 and 455 nm, 437 and
460 nm, respectively, but P-2 only shows one wavelength band at
458 nm. The fluorescent spectrum of P-3 is similar to those of P-1
and P-20 and shows two wavelength bands at 437 and 458 nm. The
PL efficiency (FPL) of P-1, P-2, P-20 and P-3 are 0.50, 0.35, 0.43 and
0.45, respectively. Polymers show strong blue-green fluorescence
with high FPL due to the extended p-electronic structure between
the chiral repeating unit and the conjugated linker unit via vinylene
bridge [18,19,28]. The greatly enhanced fluorescence of chiral
conjugated polybinaphthyls is expected to have the potential
application in the polarized light-emitting materials and fluores-
cent chemosensor on the sensitivity in metal ions sensing.

3.4. CD spectra

The specific rotation values ([a]D
25) of the chiral monomers R-M-

1, R-M-2 and R-M-3 are �17.9 (c 0.73, THF), �17.7 (c 0.62, THF),
�56.4 (c 0.50, THF), and those of the chiral model compounds R-1
and R-2 are �20.4 (c 0.54, THF) and �69.9 (c 0.54, THF). [a]D

25 of
their conjugated polymers P-1, P-2, P-20 and P-3 are �236.8,
�158.3, �758.4 and �410.6 in THF, respectively. CD spectral data of
R-1, R-2, P-1, P-2, P-20 and P-3 in THF are summarized in Table 3
and Fig. 4 illustrates the CD spectra of these polymers. The chiral
polymers P-1 and P-2 exhibit similar intense CD signals with
negative and positive Cotton effects in their CD spectra. But their CD
signals of Cotton effect at long wavelengths become weak. The
optical rotations of P-1 and P-2 are a little larger than those of their
model compound and monomers, and CD spectra of P-1 and P-2
are close to their chiral model compound R-1. According to Pu’s
report, if polymer does not have a propagating helical chain
conformation in solution, the optical rotation and CD spectrum of
this polymer are very close to those of its monomeric model
compound. That is, each unit in the polymer acts independently
without an organized helical chain structure even though the 1,10-
binaphthyl unit itself is helical [16]. Herein, P-1 and P-2 may mainly
form a zigzag chain configuration. In contrast to P-1 and P-2, P-20

and P-3 show the strongest CD signals at about 409 nm, and it also
can be found [a]D

25 of the chiral polymers P-20 and P-3 greatly
fluctuate to �758 and �411 and are much larger than those of R-1,
R-2, P-1 and P-2. According to our previous report [40], the
strongest and longest wavelengths of P-20 and P-3 CD spectra
appear could be attributed to the helical configuration backbone of
the conjugated polymer chains, which is also consistent with their
specific rotations. Based on the generation of a helical structure for
significant chiral amplification, the results demonstrate P-20 and P-
3 could form a helical chain backbone [40,62,65]. According to Pu
and Nelson’s report [16,66], the molecular weight of the chiral
polybinaphthyl had a great influence on the formation of helical
configuration. They thought that a higher molecular weight can
force the chiral polymer to adopt a helical chain structure. In this
paper, we can also find that P-20 and P-3 have higher molecular
weight than P-1 and P-2. The formation of the stable helical
configuration of P-20 and P-3 can be ascribed to the higher
molecular weight. In addition, 1Bb bands of P-1, P-2 and P-20 appear
at 238, 237 and 233 nm, and their 1La bands appear at 264, 263 and
258 nm, respectively. On the contrary, P-3 has the reversed 1Bb

and 1La band signals. This difference may be attributed to the
introduction of trifluoromethylphenyl units at 6,60-positions of
1,10-binaphthyl. With respect to the chiral polymers, both 1Bb and
1La bands of R-1 are stronger than those of the corresponding
polymers P-1, P-2 and P-20, but the chiral polymers show great red
shifts for the 1Bb and 1La bands. In contrast, CD spectrum of P-3
shows about 13 nm red shift for 1Bb band, and no change for 1La

band, but appears the reversed signal compared to R-2. We also
found that P-20 and P-3 have stronger Cotton effect at 362 and
363 nm, which can be regarded as the extended conjugated
structure in the repeating unit and a high rigidity of polymer
backbone [56,59,67,68]. But P-1 and P-2 show weaker signs at 353
and 362 nm.
3.5. Responsive signal changes of the conjugated polymer
on metal ions

The fluorescence quenching behaviors of the conjugated poly-
mers P-20 and P-3 on transition metal ions were examined in THF
solution (Figs. 5 and 6). The influences of various metal ions on the
fluorescence emission response of the polymers P-20 and P-3 are
shown in Tables 4 and 5. The concentrations of polymers P-20 and
P-3 were fixed at 6.0�10�5 mol L�1 corresponding to 2,20-bipyr-
idyl receptor units. Zn2þ, Cd2þ, Fe2þ, Ni2þ, Cu2þ and Agþ ions were
used at a concentration of 5.0�10�3 mol L�1. Fluorescence
quenching behavior of P-20 and P-3 with various molar ratios of
transition metal salts was also investigated to examine the effect
of the chelating ability on the fluorescence quenching properties of
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the 2,20-bipyridyl group in polymers. The quenching efficiency is
related to the Stern–Volmer constant, KSV, and is determined by
monitoring measurable changes in the fluorescence spectra via the
Stern–Volmer equation: I0/I¼ 1þ KSV[Q]. Herein, I0 is the fluores-
cence emission intensity in the absence of the quencher, and I is
the fluorescence emission intensity in the presence of the
quencher. [Q] is the quencher concentration, that is transition
metal ion concentration. In this paper, the quenching ratios (h) of
the polymer to different transition metal ions can be calculated
according to equation: h¼ 1� I/I0. As a result, the fluorescence
quenching ratios of P-20 are 16.4, 19.1, 42.4, 67.5, 56.2 and 76.2% by
Zn2þ, Cd2þ, Fe2þ, Ni2þ, Cu2þ and Agþ upon the 1:1 molar ratio
addition of a metal salt solution, while those of P-3 are 9.57, 7.42,
18.5, 67.9, 38.2 and 77.1%, respectively. Average lg KSV of the
polymer P-20 on Zn2þ, Cd2þ, Fe2þ, Ni2þ, Cu2þ and Agþ is 3.42, 3.52,
4.02, 4.77, 4.26 and 4.96, and those of P-3 are 3.11, 2.95, 3.62, 4.54,
3.92 and 4.73 upon the molar ratio addition of metal ions for
polymers from 1:0.2 to 1:2, which shows that P-20 has the better
sensitivity of these transition metal ions than P-3. As is evident
from Tables 4 and 5, a slight fluorescence quenching could be
detected upon the addition of Zn2þ or Cd2þ, but Fe2þ and Cu2þ lead
to obvious fluorescence quenching, whereas Agþ and Ni2þ lead to
nearly complete quenching for the two polymers on the ion
addition at a concentration of 2:1 molar ratio, which can be
attributed to the intramolecular photoinduced electron transfer
(PET) or photoinduced charge transfer (PCT) between the polymer
backbones and binding metal complexes [69–72]. Herein, metal
ions with an open shell electronic structure, which generally show
the strong metal–ligand orbital interaction to form low-lying
ligand-to-metal (LM) charge transfer state, may exhibit a highly
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Fig. 9. CD spectra of P-20 on Zn2þ, Cd2þ,
quenching response as in the case of Fe2þ with 3d6, Ni2þ with 3d8

and Cu2þ with 3d9 electronic structure. Metal ions with a full-
occupancy outer-shell orbital or half occupancy outer-shell orbital,
which generally show the weak metal–ligand orbital interaction,
may exhibit a low quenching response as in the case of Zn2þ (3d10)
and Cd2þ (4d10). But Agþ (4d10) also causes excellent quenching
effect. The observed optical ion-responsive properties are, to
a certain degree, ion dependent. The dependence of the response
may be associated with metal ion size, coordinating ability with
2,20-bipyridyl, redox properties, etc. [73].

The UV–vis responses of the conjugated polymers P-20 and P-3
on transition metal ions were tested in THF solution (Figs. 7 and 8).
As a result, UV–vis spectra of the polymers appear little change
upon the various molar ratio additions of Zn2þ and Cd2þ for P-20

and P-3 from 1:0.5 to 1:2 (Figs. 7(a) and 8(a)). In contrast, titration
curves of UV–vis of P-20 and P-3 exhibit obvious changes as the
increasing concentration of Agþ, Ni2þ, Fe2þ and Cu2þ. For instance,
the intensity of UV–vis absorption maxima of the Agþ–P-20 and
Ni2þ–P-20 show the gradual reduction, and the absorption wave-
length arising from the conjugated structure of the polymer main-
chain backbone appears the gradual red shift from 384 to 387 nm,
384 to 396 nm, respectively, upon the molar ratio additions from
1:0.5 to 1:5, whereas, the absorption peaks of Agþ–P-20 and Ni2þ–
P-20 at 236 nm which is regarded as the absorption band of the
naphthyl group show a gradual enhancement relative to the free-
metal polymer as the increasing concentration of ion addition
(Fig. 7(b) and (c)). Moreover, UV–vis spectra of Cu2þ–P-20 complex
only appears a gradual enhancement of the absorption intensity at
236 nm (Fig. 7(e)), while the absorption intensities of UV–vis
spectra of Fe2þ–P-20 at 236 nm and 384 nm show pronounced
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enhancement too (Fig. 7(d)). The changes of the absorption
intensity and wavelength of Agþ–P-3, Ni2þ–P-3 and Fe2þ–P-3 are
similar to those of Agþ–P-20, Ni2þ–P-20 and Fe2þ–P-20 (Fig. 8).
Based on Wang and Wasielewski’s report, the ion-recognition-
induced polymers incorporating 2,20-bipyridyl moiety in the
conjugated polymer main chain could exhibit considerable
changes depending on the different metal ions presented and the
polymers used. As postulated by the authors, the red shifts of the
absorption bands could be ascribed to electron density changes
caused by the complexation of metal ions or to conformational
changes in the polymer’s backbone as a result of the chelation. Blue
shifts caused by the coordination of specific metal ions could be
attributed to a deconjugation effect on the polymer’s backbone [73].

The CD responses of the conjugated polymer P-20 and P-3 on
transition metal ions were investigated in THF solution. According
to Figs. 9 and 10, the tested metal ions could be categorized into two
groups: (1) Zn2þ, Cd2þ, Cu2þ and Fe2þ, CD spectra of the metal-
chelated polymers exhibit a little changes (Figs. 9(a) and 10); (2)
Agþ and Ni2þ, CD spectra of the metal-chelated polymers appear
great changes (Figs. 9(b),(c) and 10). The CD signal intensity of
Ni2þ–P-20 complex at 361.7 nm, which can be regarded as due to
the extended conjugated structure in the repeating unit and a high
rigidity of polymer backbone, gradually reduces by 29% upon the
molar ratio additions from 1:0.5 to 1:5, and the CD signal intensity
at 408.8 nm, which can be attributed to the helical configuration
backbone of the conjugated polymer chains, also show a similar
degree of reduction. In addition, the long wavelength CD effect of
metal-chelated polymer appears the gradual red shift from
361.7 nm to 365.8 nm, 408.8 nm to 417.4 nm upon the various
molar ratio additions from 1:0.5 to 1:5. The changes of CD spectra of
P-3 upon the addition of transition metal ions are similar to those of
P-20 (Fig. 10). The result demonstrates that the CD spectra of the
two helical polymers show better sensitive to Agþ and Ni2þ than
the other transition metal ions Zn2þ, Cd2þ, Cu2þ and Fe2þ. The
obvious CD effect changes also indicate that transition metal ions
can coordinate with 2,20-bipyridyl moiety in the chiral helical
polymers and produce an induced circular dichroism (ICD) in the
absorption regions of the polymers. A further comparative study on
CD spectrum changes of the chiral helical polymers on transition
metal ions will be continued in our group.
4. Conclusion

Four chiral polymers incorporating 2,20-bipyridyl moieties in
the polymer main-chain backbone were synthesized by Heck or
Wittig–Horner reaction under different conditions. Based on the
great differences of specific rotation values, molecular weight and
CD spectra, P-1 and P-2 obtained by Heck and Wittig–Horner
reaction in the presence of EtONa may adopt a zigzag form, but both
P-20 and P-3 synthesized by Wittig–Horner reaction using NaH as
a base may exist in a helical configuration. The four polymers have
strong blue-green fluorescence due to the extended p-electronic
structure between the chiral repeating unit and the conjugated
linker 2,20-bipyridyl group via vinylene bridge. Based on the
responsive optical properties of the two helical polymers on tran-
sition metal ions, Agþ and Ni2þ lead to nearly complete fluorescent
quenching of the two polymers, Cu2þ and Fe2þ can cause obvious
fluorescence quenching, but Zn2þ and Cd2þ can only cause slight
fluorescence quenching. Agþ, Ni2þ, Cu2þ and Fe2þ could also lead to
the obvious changes of UV–vis spectra of the two polymers. On the
contrary, Zn2þ and Cd2þ caused little changes. The CD intensity and
wavelength of the chiral polymers also exhibit pronounced changes
upon addition of Agþ and Ni2þ. The results demonstrate that the
2,20-bipyridyl moiety in the chiral polymer main-chain backbone
can act as the recognition site of a special chemosensor for sensitive
detection of transition metal ions.
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