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Abstract

Polymers P-1, P-2, P-3, P-4 and P-5 were synthesized by the polymerization of 5,8-bis(ethynyl)isoquinoline (M-1) with (R)-3,30-diiodo-
2,20-bisbutoxy-1,10-binaphthyl ((R)-M-2), (S)-3,30-diiodo-2,20-bisbutoxy-1,10-binaphthyl ((S)-M-2), (R)-6,60-dibromo-2,20-bisbutoxy-1,10-
binaphthyl ((R)-M-3), (S)-6,60-dibromo-2,20-bisbutoxy-1,10-binaphthyl ((S)-M-3), and rac-6,60-dibromo-2,20-bisbutoxy-1,10-binaphthyl (M-4)
under Sonogashira reaction, respectively. Both monomers and polymers were analyzed by NMR, MS, FT-IR, UVevis spectroscopy, DSCe
TGA, fluorescence spectroscopy, GPC and circular dichroism (CD) spectroscopy. CD spectra of polymers P-1 and P-2, P-3 and P-4 are almost
identical except that they gave opposite signals at each wavelength. The long wavelength CD effect of P-1 and P-2 can be regarded as the more
extended conjugated structure in the repeating unit and the helical backbone in the polymer chain. All five polymers have strong blue-green
fluorescence due to the efficient energy migration from the extended p-electronic structure of the repeating unit of the polymers to the chiral
binaphthyl core and are expected to provide understanding of structureeproperty relationships of the chiral conjugated polymers.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic conjugated polymers based on p-conjugated or-
ganic molecules and chain backbone structures have attracted
much interest during the past decade [1e3]. This kind of poly-
mer materials with tunable optical and electronic properties
can be achieved by the careful combination of the designed
monomers. They can be used to prepare organic light-emitting
diodes, electroluminescent devices, nonlinear optical mate-
rials, supramolecular sensors and full-color flat panel displays
[4e7]. Chiral conjugated polymers are optically active mate-
rials made of organic fragments such as aromatic rings and
unsaturated carbon or heteroatom bonds with delocalizable
p-electronic system. Chiral BINOL and its derivatives are
one of the most important C2 symmetric compounds in the
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asymmetric synthesis field [8e10] and fluorescence sensors
in chiral molecular recognition [11e13]. Recently, we have
initiated a project to focus on the conjugated polybinaphthyls
with a main chain chiral configuration. The chiral conjugated
polybinaphthyls can lead to the properties of electro-optical
sensors, asymmetric catalysis, enantioselective and molecular
recognition by controlling the chiral organic groups and the
linker structures at the well-defined molecular level [14e16].

In this paper, we chose an electron-deficient heterocyclic
unit 5,8-bis(ethynyl)isoquinoline as the conjugated molecular
bridge linker into the chiral polybinaphthyls’ main chain back-
bone. Quinoline, isoquinoline, quinoxaline and oxadiazole
derivatives have been widely used as electron transporting/hole
blocking materials in LED devices and LED blends because
this kind of unit has many excellent properties, such as better
chromophore, high electron affinity, high thermal and oxida-
tive stability, and good charge injection and transporting build-
ing blocks [3,5,6,15,17e22]. 5,8-Bis(ethynyl)isoquinoline is
introduced into the polymer main chain to maintain conjugation

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


6599Y. Cheng et al. / Polymer 47 (2006) 6598e6605
Br

OBu-n
OBu-n

(R)-M-3 (S)-M-3

OBu-n
OBu-n

(R)-M-2 (S)-M-2
I

I

I

I

Br

Br

OBu-n
OBu-n

M-4

OBu-n
OBu-n

OBu-n
OBu-n

Br

Br

Br

Scheme 1. Molecular structure of chiral monomers and M-4.
between the isoquinoline and naphthyl segments so that the
electron transporting properties of the polymers can be im-
proved. In addition, by introducing the electron withdrawing
isoquinoline moiety into the main chain, the electron density
may shift away from the ethynyl bond, which could increase
the stability of the resulting chiral polymers. (R)-M-2, (S)-
M-2, (R)-M-3 and (S)-M-3 are chosen as the chiral monomers
for the synthesis of the desired chiral polybinaphthyls. Attach-
ment of the butoxy substituents on binaphthyl rings as the side
chain of the polymers can not only modify the electronic prop-
erties and conjugated structure of these chiral polymers, but
also improve the solubility dramatically in common organic
solvents.

Sonogashira coupling reaction is one of the most important
CeC coupling reactions in organic chemistry synthesis [23e
29]. Herein, we report preliminary results of the synthesis of
two kinds of polymers based on 3,30- and 6,60-positions of
the 1,10-binaphthyl unit by Pd-catalyzed Sonogashira cross-
coupling reaction. All five polymers containing ethynyl link-
age between naphthyl and isoquinoline group can reduce steric
hindrance between backbone rings and groups, and also have
a beneficial effect on delocalizable p-electronic conjugation
structure of polymers. These polymers are expected to have
potential application in blue-green light-emitting materials
with significant fluorescence quantum efficiencies.

2. Experimental section

2.1. General

1H, 13C NMR spectra measurements (all in CDCl3) were re-
corded 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 Perkine
Elmer Lambda 25 spectrometer. DSCeTGA was preformed
on a PerkineElmer Pyris-1 instrument under N2 atmosphere.
Fluorescent spectra were obtained from a 48000 DSCF spec-
trometer. MS was determined on Micromass GCT. Circular
dichroism was determined with a Jasco J-810 spectropolarim-
eter. Molecular weight was determined by gel permeation
chromatography (GPC) with Waters-244 HPLC pump and
THF was used as solvent and relative to polystyrene standards.
All solvents and reagents were commercially available A.R.
grade. (R)- and (S)-1,10-binaphthol (BINOL) were purchased
from Aldrich and directly used without purification. All reac-
tions were performed under N2 using Schlenk tube techniques.
THF, n-butylamine and toluene were purified by distillation
from sodium in the presence of benzophenone. CH2Cl2 and
CH3CN were distilled from P2O5.

2.2. Monomer syntheses

Molecular structures of chiral monomers and M-4 are
shown in Scheme 1. (R)-3,30-Diiodo-2,20-bisbutoxy-1,10-bi-
naphthyl ((R)-M-2) and (S)-3,30-diiodo-2,20-bisbutoxy-1,10-bi-
naphthyl ((S)-M-2) were synthesized according to literature
[15]. (R)-6,60-Dibromo-2,20-bisbutoxy-1,10-binaphthyl ((R)-
M-3), (S)-6,60-dibromo-2,20-bisbutoxy-1,10-binaphthyl ((S)-
M-3) and (rac)-6,60-dibromo-2,20-bisbutoxy-1,10-binaphthyl
(M-4) were synthesized according to literature [14].

2.3. Preparation of 5,8-bis(ethynyl)isoquinoline (M-1)

5,8-Dibromoisoquinoline was synthesized according to lit-
erature [30] (Scheme 2). The crude product was recrystallized
from methanol. Yield was 85%. Mp: 121e122 �C; MS m/z:
287 (Mþ, 100), 206 (22), 127 (53); 1H NMR: d 7.79 (d,
J¼ 8.0 Hz, 1H), 7.90 (d, J¼ 8.0 Hz, 1H), 8.10 (d, J¼
5.7 Hz, 1H), 8.75 (d, J¼ 6.0 Hz, 1H), 9.66 (s, 1H); 13C NMR:
d 119.2, 121.2, 122.2, 127.5, 131.5, 134.1, 136.3, 145.3,
152.3; nmax (KBr)/cm�1: 1604.1, 1364.6, 1256.0, 971.8,
833.78, 818.8, 629.0.

5,8-Dibromoisoquinoline (2.31 g, 8.00 mmol), Pd(OAc)2

(36 mg, 0.16 mmol), PPh3 (168 mg, 0.64 mmol) and CuI
(153 mg, 0.80 mmol) were mixed and dissolved in 80 mL
Et3NeTHF (1:3 v/v) under N2 atmosphere. Trimethylsilyl-
ethyne (2.67 mL, 24.00 mmol (delete)) was added to the above
solution at room temperature. The reaction mixture was kept
stirred at 35 �C for 8 h, and then the mixture was cooled to
room temperature. The mixture was filtered through a short
column of silica gel with ethyl acetate as eluent. After removal
of the solvent, the crude 5,8-bis(trimethysilyethynyl)-isoqui-
noline was dissolved in Et2OeMeOH (80 mL, 4:1 v/v). The
solution was bubbled with N2 for 10 min, and aqueous KOH
(0.985 g, 17.6 mmol in 1 mL water) was added to the above
solution. The mixture was stirred for 2 h at room temperature
and then the solvent was removed under reduced pressure. The
residue was extracted with CH2Cl2 (2� 100 mL) and washed
with saturated brine twice. The combined organic layers were
dried over anhydrous MgSO4. After the solvent was removed
under reduced pressure, the crude product was purified on sil-
ica column by using the mixed solvents, petroleum ether and
ethyl acetate (10:1 v/v), as the eluent to afford a pale yellow
solid. Yield was 82% (1.42 g). M-1 is stable in the air, but
turned brown in the air at room temperature, it could be
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preserved in CH2Cl2 at �4 �C before use. MS m/z: 177 (Mþ,
100), 150 (36); 1H NMR: d 3.64 (1H, s), 3.68 (1H, s), 7.78 (d,
J¼ 7.5 Hz, 1H), 7.89 (d, J¼ 7.5 Hz, 1H), 8.17 (dd, J¼ 5.9,
0.8 Hz, 1H), 8.70 (d, J¼ 5.9 Hz, 1H), 9.77 (d, J¼ 0.8 Hz,
1H); 13C NMR: d 79.9, 80.2, 85.3, 85.8, 119.1, 120.5, 121.7,
128.2, 132.0, 134.6, 136.6, 144.9, 151.5; nmax (KBr)/cm�1:
3237.3, 3201.5, 3069.1, 3026.3, 2097.5, 1696.5, 1686.3,
1603.0, 1558.8, 1373.5, 1296.0, 1282.4, 1234.6, 1212.6,
1176.7, 1035.4, 844.2, 828.9, 805.3, 747.6, 693.0, 650.0, 623.5.

2.4. Preparation of polymers

2.4.1. Preparation of P-1
A mixture of M-1 (200.1 mg, 1.131 mmol) and (R)-M-2

(734.9 mg, 1.131 mmol) was dissolved in 10 mL mixed sol-
vents of 8 mL toluene and 2 mL n-BuNH2. The solution was
first bubbled with N2 for 15 min before 4 mol% Pd(PPh3)4

(52 mg, 0.045 mmol) and 20 mol% CuI (44 mg, 0.23 mmol)
were added to the above solution. The temperature of the mix-
ture was kept at 80 �C for 3 d under N2, and then was cooled to
room temperature. After removal of the solvent, the residual
solid was dissolved in 10 mL THF. The mixture was filtered
through a short silica gel column into methanol (150 mL).
Crude polymer P-1 was precipitated in methanol, and then
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 vac-
uum to give 675.6 mg in 85% yield (Scheme 3). P-1 spectro-
scopic data: 1H NMR: d 0.50e0.52 (m, 6H), 0.82e0.95 (m,
4H), 1.27e1.38 (m, 4H), 3.82 (br, 2H), 4.17 (br, 2H), 7.21e
7.33 (m, 6H), 7.37e7.49 (m, 2H), 7.81e7.98 (m, 4H),
8.36e8.43 (m, 2H), 8.73 (br, 1H); nmax (KBr)/cm�1: 3053.4,
2955.8, 2929.5, 2869.2, 2201.2, 1601.2, 1555.4, 1489.0, 1438.6,
1379.7, 1351.8, 1259.6, 1229.1, 1097.1, 1018.6, 888.9,
842.7, 748.9.

P-2, P-3, P-4 and P-5 were synthesized by using the same
method as P-1.

P-2 spectroscopic data: 1H NMR: d 0.48e0.52 (m, 6H),
0.82e0.95 (m, 4H), 1.27e1.39 (m, 4H), 3.84 (br, 2H), 4.20
(br, 2H), 7.18e7.32 (m, 6H), 7.35e7.48 (m, 2H), 7.80e7.97
(m, 4H), 8.37e8.41 (m, 2H), 8.75 (br, 1H); nmax (KBr)/cm�1:
3053.5, 2955.5, 2930.1, 2869.3, 2201.4, 1601.3, 1554.7,
1489.6, 1439.8, 1379.9, 1351.7, 1228.4, 1062.7, 1017.8,
888.9, 842.4, 748.9.

P-3 spectroscopic data: 1H NMR: d 0.70 (br, 6H), 1.02 (br,
4H), 1.43 (br, 4H), 4.00 (br, 4H), 7.06e7.22 (m, 6H), 7.44 (br,
3H), 7.87 (br, 2H), 8.02 (br, 2H), 8.24 (br, 2H); nmax (KBr)/
cm�1: 3043.6, 2955.4, 2929.6, 2869.2, 2197.4, 1587.7,
1490.5, 1464.9, 1377.9, 1341.3, 1271.0, 1243.7, 1068.5,
1030.5, 825.7.
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P-4 spectroscopic data: 1H NMR: d 0.69 (br, 6H), 1.01 (br,
4H), 1.43 (br, 4H), 3.98 (br, 4H), 7.06e7.21 (m, 6H), 7.35e
7.55 (m, 3H), 7.78e7.90 (m, 2H), 8.02 (br, 2H), 8.24 (br, 2H);
nmax (KBr)/cm�1: 3044.9, 2955.9, 2929.2, 2869.0, 2195.8,
1587.0, 1491.0, 1465.2, 1377.2, 1341.7, 1261.5, 1091.1,
1069.0, 1029.1, 801.6.

P-5 spectroscopic data: 1H NMR: d 0.69 (br, 6H), 0.89e1.05
(m, 4H), 1.44 (br, 4H), 4.00 (br, 4H), 7.03e7.20 (m, 6H), 7.44
(br, 3H), 7.86 (br, 2H), 8.04 (br, 2H), 8.24 (m, 2H); nmax

(KBr)/cm�1: 3044.0, 2956.2, 2929.5, 2869.4, 2197.8, 1588.0,
1490.8, 1465.9, 1378.7, 1341.6, 1268.7, 1091.2, 1069.0,
1029.7, 801.6.

3. Results and discussion

3.1. Syntheses and features of polymers

A general Sonogashira reaction condition was applied to
the polymerization. In this paper, Pd(PPh3)4 was chosen as cat-
alyst instead of PdCl2(PPh3)2 [27,29,31]. The CeC cross-cou-
pling process was easily carried out by the polymerization of
M-1 with (R)-M-2, (S)-M-2, (R)-M-3, (S)-M-3 and M-4 in the
presence of a catalytic amount of Pd(PPh3)4 (4 mol%) and CuI
(20 mol%) at 80 �C under the protection of N2 atmosphere.
Minor-groove polymers P-1 and P-2 were obtained at the
3,30-positions of (R)-M-2 and (S)-M-2, and major-groove
polymers P-3, P-4 and P-5 were obtained at the 6,60-positions
of (R)-M-3, (S)-M-3 and M-4 [9,32]. The results of polymers’
GPC determination show moderate molecular weight. GPC
analysis and the specific rotation results of five polymers are
listed in Table 1. Normally the reactivity order of organic ha-
lides for Sonogashira coupling reaction is vinyl iodide w vinyl
triflate> vinyl bromide> vinyl chloride> aryl iodide> aryl
bromide [ aryl chloride [27,28]. P-1 and P-2 have higher
molecular weight and yields than P-3, P-4 and P-5 because
(R)-M-2 and (S)-M-2 have higher activity for polymerization.

The chirality of 1,10-binaphthol (BINOL) and its derivatives
is derived from the restricted rotation of the two naphthalene
rings. The rigid structure and C2 symmetry of the chiral bi-
naphthyl molecules can play important role in inherent 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 [9,33e

Table 1

Polymerization results and characterization of P-1, P-2, P-3, P-4 and P-5

Yield (%) Mw (�103)a Mn (�103)a PDI [a]D
b Tg (�C)c Td (�C)d

P-1 85 9.7 4.2 2.30 �788 163 290

P-2 85 11.2 4.9 2.31 þ822 171 293

P-3 65 7.2 3.2 2.25 �165 146 304

P-4 65 7.7 3.4 2.18 þ148 152 290

P-5 65 6.1 2.1 2.88 0 141 293

a Mw, Mn and PDI of P-1, P-2, P-3, P-4 and P-5 were determined by gel

permeation chromatography using polystyrene standards in THF.
b Temperature at 25 �C and solvent is THF (c¼ 0.05).
c Determined by DSC at a heating rate of 10 �C/min under N2.
d Determined by TGA under N2 at onset decomposition temperature.
35]. According to Samyn’s report [33,36], the chiral polymer
incorporating chiral R or S binaphthyl units into the main
chain of polymer backbone can adopt a helical configuration.
But no helical configuration can be formed if racemic 1,10-bi-
naphthyl 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 config-
uration of the binaphthyl moieties if chiral binaphthyl units are
connected through rigid groups. A helix is a highly regular
structure in which all bonds that form the helix have the
same configuration (either R or S). Kondo et al. also reported
that the main chains composed of rigid segments are twisted to
one-direction by the chiral binaphthyl linker and an ordered
structure of the main chain backbone incorporating optically
pure binaphthyls can adopt the stable helical configuration
[37]. Yashima et al. thought the generation of a helical struc-
ture should result in significant chiral amplification [38]. In
this paper, the absolute values of the special rotation ([a]D

25)
of polymers P-1 and P-2 are much larger than P-3 and P-4.
As a result, four chiral polymers P-1 and P-2, P-3 and P-4
are made of optically pure binaphthyl units. The optical rota-
tions of P-3 and P-4 are a little larger than that of their chiral
center units (R)- and (S)-2,20-bisbutoxy-1,10-binaphthyl, and
CD spectra of P-3 and P-4 are very close to their correspond-
ing monomers. According to Zhang and Pu’s paper, [11] if
polymers do not have a propagating helical chain conforma-
tion in solution, the optical rotation and CD spectrum of this
polymer are very close to those of its monomeric model com-
pound. That is, each unit in the polymer acts independently
without an organized helical chain structure even though the
1,1-binaphthyl unit itself is helical. P-3 and P-4 may form zig-
zag chain configuration [11,39]. The special rotations and CD
spectra signals of P-1 and P-2 are quite different from their
corresponding monomers. Their specific rotations greatly in-
crease and fluctuate to �788 and þ822 (c¼ 0.05, THF). Dra-
matic changes are also observed in the CD spectra of the chiral
polymers. A helical configuration of P-1 and P-2 should be
generated according to their high special rotation values and
strong CD spectra signals in the long wavelength centered at
about 412 nm, which is attributed to the exciton coupling of
the helical aromatic units [11].

3.2. Thermal analysis of polymers

All five polymers are air stable solid with brown color and
show good solubility in THF, CH2Cl2, CHCl3 and DMF. The
nonplanarity of the polymers in the main chain backbone
and flexible alkyl groups in the side chain can render the chiral
polymers soluble in common organic solvents. Thermogravi-
metric analyses (TGA) of all polymers were carried out under
N2 atmosphere at a heating rate of 10 �C/min. The TGA plot
of P-1 is similar to that of P-2, and P-3, P-4 and P-5 are sim-
ilar. P-1, P-2, P-3, P-4 and P-5 show the glass transition tem-
perature (Tg) at 163, 171, 146, 152, 141 �C, respectively. The
3,30-position polymers P-1 and P-2 have higher glass transi-
tion temperatures than the 6,60-position polymers P-3, P-4
and P-5. Racemic polymer P-5 shows the lowest Tg.
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According to Fig. 1, there is no loss of weight before 300 �C
for P-1 and P-2, but there is about 5% loss of weight before
300 �C for P-3, P-4 and P-5. P-3, P-4 and P-5 exhibit slow
degradation rate. It can be ascribed to the reason that the sta-
bility of the butoxy group of the major-groove polymers P-3,
P-4 and P-5 is lower than that of minor-groove polymers P-1
and P-2, and can also be regarded that the helical configura-
tion polymers P-1 and P-2 have higher stability than the
zigzag configuration polymers P-3 and P-4. Under N2 atmo-
sphere, an apparently one-step degradation is observed at
temperature ranging from 300 to 650 �C. They tend to com-
plete decomposition at 680 �C. A total loss of about 30% is
observed when heated to 700 �C.

3.3. Optical properties

Figs. 2 and 3 illustrate the UVevis absorption spectra and
fluorescent spectra of polymers in THF solution and polymers
as cast-spin films. Optical properties of all polymers are sum-
marized in Table 2. UVevis spectra of polymers P-1 and P-2
are similar, and UVevis spectra of polymers P-3, P-4 and P-5
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Fig. 1. TGA curves of P-1, P-2, P-3, P-4 and P-5.
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Fig. 2. UVevis and fluorescence spectra of P-1 and P-2 in THF solution and

cast-spin film.
are similar due to the same polymer molecular chain structure.
Compared to the repeating unit 2,20-bisbutoxy-1,10-binaphthyl
and M-1, the polymers’ UV absorption spectra display great
red-shifts. The strongest UV absorption peaks lmax of 2,20-bis-
butoxy-1,10-binaphthyl and M-1 appear at 235 and 346 nm, re-
spectively. The strongest absorption wavelengths lmax of P-1
and P-2 in THF solution appear at 386 nm. P-1 and P-2 show
the stronger and broader absorption at the region from 340 to
450 nm than that of their corresponding monomers. The stron-
gest absorption wavelengths lmax of P-3, P-4 and P-5 in THF
solution appear at 377 nm. P-3, P-4 and P-5 show the stronger
and broader absorption at the region from 330 to 430 nm. The
UV absorptions of thin films of 3,30-position and 6,60-position
polymers show red-shifts of about 12 and 8 nm relative to those
measured in solution state, respectively (Table 2). Pu synthe-
sized a series of chiral conjugated polymers incorporating
polybinaphthyls into the main chain and compared their UV
absorption wavelengths of the polymers with their correspond-
ing repeating units, and found that there is almost no extended
conjugation across the 1,10-bond of the binaphthyl units in the
backbone of polybinaphthyl [9,40,41]. In this paper, a large
red-shift in the electronic absorptions of the conjugated
polymers can be attributed to the effective pep* conjugated
segment of the linker conjugated unit M-1 and naphthyl
group in the repeating unit of polybinaphthyls’ main chain
[14,15,42,43].

Fluorescent spectra of all five polymers were determined in
THF solution and in cast-spin films (Fig. 2). The fluorescent
spectra of 3,30-position and 6,60-position polymers are similar
due to the same chain structure except chiral center units. The
polymers can emit blue-green light under UV (361 nm) or
sunlight even in low concentration (1� 10�4 mol/L). 2,20-Bis-
butoxy-1,10-binaphthyl and M-1 do not show visible fluores-
cence. The maximum fluorescent wavelengths lF

max of five
polymers in THF solution are about 490 nm. Polymers show
blue-green fluorescence due to the efficient energy transfer
or exciton migration from the extended p-electronic structure
of the repeating unit of polymer to the chiral binaphthyl core
[15,42,44]. But in the solid film which was fabricated by spin
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Table 2

Optical properties of P-1, P-2, P-3, P-4 and P-5

UVevis (lmax) PL (lmax) FPL
d

Solution (nm)b Film (nm)c Solution (nm)b Film (nm)c Solution

lex lem lex lem

BINOL-OBua 234 e 357 380 e e

M-1 346 e 354 367, 386 e e

P-1 408, 386 420, 397 446 491 460 525 0.36

P-2 408, 387 419, 398 449 492 460 527 0.32

P-3 377 385 433 491 460 529 0.26

P-4 377 385 433 491 460 530 0.32

P-5 377 385 435 488 460 530 0.34

a BINOL-OBu stands for 2,20-bisbutoxy-1,10-binaphthyl.
b Determined in THF solution.
c Determined in cast-spin film.
d These values were estimated by using the quinine sulfate solution (ca. 1.0� 10�5 M) in 0.12 M H2SO4 (Ff¼ 55%) as a standard.
coating on ITO glass at a rate of 3000 rpm/min, the fluorescent
wavelengths lF

max of P-1, P-2, P-3, P-4 and P-5 show red-shift
of 24, 25, 28, 29 and 32 nm relative to those measured in so-
lution state. It can be attributed to a higher conjugated struc-
tural stacking of the repeating unit in the solid than in the
solution [43,45e47].

3.4. CD spectra

The special rotation values and CD spectral data of chiral
monomers (R)-M-2, (S)-M-2, (R)-M-3 and (S)-M-3 can be
found in literature [14,15]. Although the special rotation
values ([a]D

25) of chiral monomers (R)-M-2, (S)-M-2, (R)-M-
3 and (S)-M-3 are �71.8 (c¼ 0.5, THF), þ71.5 (c¼ 0.5,
THF), þ18.8 (c¼ 0.1, THF), �19.5 (c¼ 0.1, THF) [14,15]
and that of the chiral center units (R)- and (S)-2,20-bisbu-
toxy-1,10-binaphthyl are þ57.8 and �57.2, but [a]D

25 of their
conjugated polymers P-1, P-2, P-3 and P-4 are �788, þ822,
�165 and þ148, respectively. The absolute values of the spe-
cial rotation ([a]D

25) of the four polymers are larger than their
corresponding monomers and the chiral center units (R)- or
(S)-2,20-bisbutoxy-1,10-binaphthyl. CD spectral data of P-1,
P-2 and P-3, P-4 in CH2Cl2, CHCl3 and THF are listed in
Tables 3 and 4, respectively. The molecular ellipticity of
(R)-2,20-bisbutoxy-1,10-binaphthyl is: [q]l(max)

¼þ6.65� 105

(225.9 nm), �10.4� 105 (238.2 nm), þ0.66� 105 (283.7 nm),
and the molecular ellipticity of (S)-2,20-bisbutoxy-1,10-
binaphthyl is: [q]l(max)

¼�6.60� 105 (225.5 nm), þ10.6� 105

(238.6 nm), �0.67� 105 (284.2 nm). CD spectra of P-1, P-2,
P-3 and P-4 show little change in three solvents, which dem-
onstrates that all the four conjugated chiral polymers still keep
similar configuration in these solvents. P-1 and P-2, P-3 and
P-4 exhibit intense CD signals with negative and positive cot-
ton effects in their CD spectra, and their position and intensity
are almost identical (Figs. 4 and 5). In addition, we found dif-
ference from the CD spectra of 6,60-position monomers and
their corresponding polymers P-3 and P-4. Monomers
(R)-M-3 and (S)-M-3 have the reversed signs of the special ro-
tation for their corresponding polymers, but their cotton effect
of CD spectra is consistent and CD signal intensities of the
monomers are stronger than the corresponding polymers.
There are great differences between (R)-M-2, (S)-M-2 and
their corresponding polymers. CD spectra of (R)-M-2 and
(S)-M-2 are simpler, their 1Bb bands appear at 231 and
249 nm. On the contrary, CD spectra of P-1 and P-2 become
very complex. The major differences are from the long wave-
length CD effect and the split of 1Bb in the polymers even
though their molar ellipticities are nearly the same magnitude
as that of monomers (R)-M-2 and (S)-M-2. P-1 and P-2 have
1La bands at 269 and 270 nm, respectively. (R)-M-1 and
(S)-M-1 did not have 1La electronic transition in their CD
spectra [39,48,49]. The long wavelength CD effect of poly-
mers P-1 and P-2 appears at 356 and 358 nm, which can be
regarded as due to the extended conjugated structure in the re-
peating unit and a high rigidity of polymer backbone
[15,35,50,51]. The strongest and longest wavelengths’ CD ef-
fect of polymers P-1 and P-2 appear at 411 and 412 nm, which
can be attributed to the helical configuration backbone of the
Table 3

CD spectral data of P-1 and P-2

P-1� 105 (in CH2Cl2) P-2� 105 (in CH2Cl2) P-1� 105 (in CHCl3) P-2� 105 (in CHCl3) P-1� 105 (in THF) P-2� 105 (in THF)

[q] (lmax in nm) þ0.98(223.1) �0.55(221.2) þ0.94(223.1) �0.84(222.5)

�3.05(236.0) þ2.86(236.4) �3.30(237.9) þ2.56(238.5) �2.97(235.8) þ2.74(235.8)

þ1.05(252.6) �1.10(250.3) þ0.67(258.6) �0.97(253.9) þ0.95(251.7) �0.92(255.0)

þ1.12(264.1) �1.11(264.2) þ1.06(265.5) �1.06(262.7) þ1.02(262.0) �0.97(264.1)

þ0.76(355.5) �0.99(357.6) þ0.68(353.1) �0.96(355.4) þ0.63(353.4) �0.50(350.1)

�1.50(396.8) þ2.29(395.3) �1.68(396.6) þ2.48(397.6) �1.56(394.3) þ1.65(394.5)

�2.09(411.3) þ3.15(412.1) �2.06(415.2) þ3.15(413.9) �2.09(412.4) þ1.80(411.9)
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Table 4

CD spectral data of P-3 and P-4

P-3� 105 (in CH2Cl2) P-4� 105 (in CH2Cl2) P-3� 105 (in CHCl3) P-4� 105 (in CHCl3) P-3� 105 (in THF) P-4� 105 (in THF)

[q] (lmax in nm) þ2.13(233.4) �2.30(233.5) þ2.25(234.7) �1.68(234.0) þ2.14(233.3) �1.63(233.6)

�1.14(249.6) þ1.53(246.8) �1.42(253.9) þ0.94(249.6) �1.04(251.5) þ1.19(247.2)
conjugated polymer chains. This is the main difference from
zigzag polymer backbone of major-groove polymers P-3 and
P-4 at 6,60-position of binaphthyl.

4. Conclusions

Sonogashira reaction was found to offer a simple access to
the chiral conjugated polymers. All five polymers show good
solubility in some common solvents due to the nonplanarity
of the twisted polymers in the main chain backbone and flex-
ible alkyl substitutents on binaphthyl rings as side chain of the
polymers. Polymers have strong blue-green fluorescence due
to the efficient energy migration from the extended p-elec-
tronic structure of the repeating unit of the polymers to the
chiral binaphthyl core and are expected to have potential
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Fig. 4. CD spectra of P-1 and P-2.
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Fig. 5. CD spectra of P-3 and P-4.
application in the materials of fluorescent sensors. P-1, P-2,
P-3 and P-4 exhibit strong CD signals with positive and neg-
ative cotton effect in their CD spectra. The major difference
between 3,30- and 6,60-position polymers is that minor-groove
polymers at 3,30-position of binaphthyl adopt the helical con-
figuration and major-groove position polymers at 6,60-position
of binaphthyl form zigzag backbone in the polymer main
chain.
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