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Abstract
Several novel poly(pyridinium salt)s with oxyalkylene moieties in the main chain with bulky organic counterions (tosylate and triflimide)
were prepared by either the ring-transmutation polymerization of phenylated bis(pyrylium tosylate) salt with a series of oxyalkylene containing
diamines in dimethyl sulfoxide on heating for 48 h or the metathesis reaction of the corresponding tosylate polymers with lithium triflimide in
methanol. Their chemical structures were determined by elemental analysis and 1H and 13C NMR spectroscopies, and their polyelectrolyte
behavior in dimethyl sulfoxide was determined by solution viscosity measurements. Their weight average molecular weights were in the range
14,000e22,000 and polydispersity indices were in the range 1.20e1.70 as determined by gel permeation chromatography. They were charac-
terized both for their thermotropic and lyotropic liquidecrystalline properties by using differential scanning calorimetry and polarizing optical
microscopy. Since these polymers exhibited liquidecrystalline phase both in the melt and in solution, they can be appropriately classified as
amphotropic class of ionic polymers. Their light-emitting properties were also determined by using spectrofluorometry.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

p-Conjugated polymers such as poly( p-phenylene vinyl-
ene) (PPV), poly( p-phenylene) (PPP), poly( p-phenylene ethy-
nylene) (PPE), polyfluorene (PF), and polythiophene (PT)
exhibit many interesting properties including the emission of
light in the entire visible region of the electromagnetic spec-
trum [1e3]. However, because of the presence of highly p-
conjugated aromatic rings in their chemical structures, they
are usually insoluble in known solvents and decompose before
their melting transitions. Therefore, they impart a serious
problem to process them for making useful devices. Either
to make them soluble in suitable solvents or to make them
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low melting transitions so that they can be processed in the
melt, several chemical structural modifications are required
to address the problems usually associated with this class of
polymers. One of the important chemical modifications is to
incorporate flexible oxyethylene units in the side chain [4e
7] or in the backbones of the p-conjugated polymers [8e
10], although in the latter case the polymers are no longer
considered as fully conjugated systems. This class of polymers
can derive their interesting properties from the conjugated seg-
ments along with their solubility in common organic solvents
because of the presence of oxyethylene units which make
them interesting polymers to study the structureepropertye
application relationships. For example, PFs with oxyethylene
side chains have been prepared by Ni(0) coupling reaction.
The oxygenated side chains enable them to bind with metal
ions, making them suitable as emissive materials for blue-
emitting light-emitting electrochemical cells (LECs) as well
as light-emitting devices (LEDs). Their light emission in
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both LED and LED devices rapidly changes from blue
(lmax¼ 430 nm) to blue-green due to the appearance of
long-wavelength emission centered at 530 nm [4].

Both thermotropic and lyotropic LC phases are usually
observed for polymers with rigid backbones. p-Conjugated
polymers might, therefore, be expected to behave in a similar
manner. Thermotropic LC phases have been studied exten-
sively for PFsep-conjugated polymers. Poly(9,9-dioctylfluor-
ene) exhibits LC phase in the melt between 170 and 270 �C
and poly(9,9-di(ethylhexyl)fluorene) exhibits LC phase above
167 �C. The LC phases are birefringent but the textures ob-
served do not provide an unambiguous identification of the
phase. The texture is retained into a glassy state when it was
rapidly cooled, indicating that the polymer orientation is re-
tained without crystallization. Quenching from the LC phase
of films on polyimide LC alignment layers also results in
oriented monodomains [11,12].

In this article, we describe the synthesis of a series of poly-
(pyridinium salt)s containing flexible oxyalkylene units in the
backbones and organic counterions, and the characterization
of their lyotropic and thermotropic properties. The chemical
structures and designations of these ionic polymers, I-1eI-3
and II-1eII-3, which are prepared and characterized, are
shown in Scheme 1. Because of the presence of flexible oxy-
alkylene units and organic counterions in these polymers, their
solubility in common organic solvents might exceed the criti-
cal concentration (C*) to form lyotropic LC phases in various
organic solvents. Development of this class of polymers hav-
ing lyotropic properties in common organic solvents was the
one principal objectives since there are a limited number of
ionene polymers that exhibit lyotropic LC phases in organic
DMSO/Toluene
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solvents in the literature [13e21]. They were also targeted
to have low crystaleLC phase transitions for their thermo-
tropic properties because of the flexible units present in their
backbones. Again, there are many ionic polymers reported
in the literature, but there exist a limited number of ionic poly-
mers that exhibit thermotropic LC properties [19,21,22e28].
Therefore, development of ionic polymers having thermo-
tropic properties was another goal in this study. Their light-
emitting properties in solutions of various organic solvents
and in the solid state were also included. The three important
and other relevant properties of these polymers were examined
by several experimental techniques including viscometry, gel
permeation chromatography (GPC), polarizing optical micros-
copy (POM), differential scanning calorimetry (DSC), ther-
mogravimetric analysis (TGA), UVevis spectrophotometry,
and photoluminescence spectrometry.

2. Experimental section
2.1. Monomer synthesis
4,40-(1,4-Phenylene)bis(2,6-diphenylpyrylium)ditosylate,
M, was synthesized by using the procedure described in the
literature [16]. The three aliphatic diamines, 2,20-oxybis(ethyl-
amine) (95% pure), 1,2-bis(2-aminoethoxy)ethane (97%
pure), and 4,9-dioxy-1,12-dodecadiamine (97% pure) were re-
ceived from TCI and used as-received to prepare polymers I-
1eI-3, respectively. The LiN(O2SCF3)2 salt was purchased
from SigmaeAldrich Chemical Co. and used without further
purification for the metathesis reaction to prepare polymers
II-1eII-3.
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2.2. Polymer synthesis

2.2.1. Synthesis of polymers I-1eI-3
The bis(pyrylium salt) M (4.64 g, 5.25 mmol) was poly-

merized with 2,20-oxybis(ethylamine) (0.57 g, 5.25 mmol) by
ring-transmutation polymerization [16] reaction to yield poly-
mer I-1 that was carried out at initially 75e80 �C for 24 h and
then 130e145 �C for additional 24 h in DMSO as shown in
Scheme 1. The water generated during the polymerization
was distilled off as a toluene/water azeotrope. The polymer
was isolated in good yield by precipitation from water and
washed repeatedly with large quantity of water. Additionally,
it was stirred in water at room temperature (rt) overnight to re-
move residual DMSO that was embedded in the polymer ma-
trix. It was then dried in vacuo for 3 days at 80e85 �C to
afford 3.8 g (yield 76%). Anal. Calcd for C58H50N2O7S2 (I-
1): C, 73.24; H, 5.30; N, 2.95; S, 6.74. Found: C, 71.92; H,
5.59; N, 3.16; S, 6.16.

Similarly, polymers I-2 and I-3 were prepared by ring-
transmutation polymerization reaction of bis(pyrylium)salt
M (4.63 g, 5.02 mmol and 4.09 g, 4.64 mmol) with the corre-
sponding 1,2-bis(2-aminoethoxy)ethane (0.74 g, 5.02 mmol)
and 4,9-dioxy-1,12-dodecadiamine (1.11 g, 4.64 mmol) to
yield 3.5 g (71%) and 3.9 g (78%), respectively, under essen-
tially identical conditions.

Selected data for (I-2). dH (DMSO-d6, 400 MHz, ppm):
8.36e8.60 (4H, s, aromatic meta Nþ), 7.50e8.34 (24H, m, aro-
matic), 7.43e7.45 (4H, d, J¼ 8 Hz, tosylate), 7.05e7.07 (4H, d,
J¼ 8 Hz, tosylate), 4.53 (4H, s, þNeCH2), 3.11 (4H, s, CH2e
O), 2.78 (4H, s, OeCH2CH2eO), and 2.24 (6H, s, CH3); dC

(DMSO-d6, 100 MHz, ppm): 157.00, 153.09, 146.13, 137.87,
137.87, 136.60, 133.39, 131.25, 130.11, 130.05, 129.98,
129.77, 129.59, 128.35, 127.40, 126.70, 125.86, 69.41, 67.62,
54.10, 21.12. Anal. Calcd for C60H54N2O8S2: C, 72.41; H,
5.47; N, 2.81; S, 6.44. Found: C, 70.56; H, 6.35; N, 2.97; S,
6.37.

Selected data for (I-3). dH (DMSO-d6, 400 MHz, ppm):
8.48e8.58 (4H, s, aromatic meta Nþ), 7.50e8.38 (24H, m, ar-
omatic), 7.43e7.45 (4H, d, J¼ 8 Hz, tosylate), 7.06e7.08
(4H, d, J¼ 8 Hz, tosylate), 4.41 (8H, m, þNeCH2CH2e),
2.80e2.92 (16H, s, OeCH2CH2e), and 2.25 (6H, s, CH3); dC

(DMSO-d6, 100 MHz, ppm): 157.06, 156.61, 152.82, 146.13,
137.84, 136.60, 133.46, 131.29, 130.06, 129.97e129.12,
128.43, 127.38, 126.77, 125.80, 69.49, 66.55, 53.10, 29.27,
25.80, 25.75, 21.10. Anal. Calcd for C66H66N2O8S2: C, 73.44;
H, 6.16; N, 2.60; S, 5.94. Found: C, 73.09; H, 6.25; N, 2.84;
S, 6.00.

2.2.2. Synthesis of polymers II-1eII-3
Polymer II-1 was prepared by the metathesis reaction of

polymer I-1 with lithium triflimide in a common organic sol-
vent such as methanol [16]. The procedure that was employed
was described as follows: polymer I-1 (1.7 g, 1.7 mmol) was
dissolved in 40 mL of methanol on gentle warming. To the
methanol solution of this polymer, 20 mL of methanol solution
of lithium triflimide (1.0 g, 3.5 mmol) was added dropwise on
stirring. The resulting solution was kept at 60 �C for 72 h with
vigorous stirring. After removing methanol by a rotary evapo-
rator, the viscous solution was poured into a beaker containing
distilled water to dissolve both lithium tosylate and excess
lithium triflimide, affording the desired solid polymer II-1. It
was collected by filtration and washed several times with
a large quantity of distilled water. These procedures were re-
peated for at least one more time to ensure that the tosylate
counterions were completely exchanged by the triflimide
counterions in the polymer (monitored by 1H NMR spectrum).
Then it was dried in vacuo at 80e85 �C for 3 days and
weighted to give 1.8 g (yield 91%) of polymer II-1. Anal.
Calcd for C48H36N4O9F12S4 (II-1): C, 49.32; H, 3.10; N,
4.79; S, 10.97. Found: C, 51.58; H, 3.42; N, 4.48; S, 10.00.

Similarly, polymers II-2 and II-3 were prepared by the me-
tathesis reaction of the corresponding polymers I-2 (1.7 g,
1.7 mmol) and I-3 (1.9 g, 1.7 mmol) with lithium triflimide
(1.0 g, 3.5 mmol and 1.0 g, 3.5 mmol) to yield 1.8 (90%)
and 2.0 g (93%), respectively, by using the identical procedure
that was adopted for polymer II-1.

Selected data for (II-2). dH (DMSO-d6, 400 MHz, ppm):
8.45e8.60 (4H, s, aromatic meta Nþ), 7.51e8.36 (24H, m, aro-
matic), 4.53 (4H, s, þNeCH2), 3.11 (4H, s, CH2eO), and 2.78
(4H, s, OeCH2CH2eO); dC (DMSO-d6, 100 MHz, ppm):
157.40, 153.50, 136.92, 135.85, 131.57, 130.55e130.09,
129.87, 129.67, 127.12e127.07, 124.95, 122.38, 121.74,
118.54, 115.33, 69.72, 67.80, 54.38. Anal. Calcd for
C50H40N4O10F12S4: C, 49.51; H, 3.32; N, 4.62; S, 10.57. Found:
C, 51.72; H, 4.13; N, 4.62; S, 10.13.

Selected data for (II-3). dH (DMSO-d6, 400 MHz, ppm):
8.48e8.60 (4H, s, aromatic meta Nþ), 7.52e8.37 (24H, m, aro-
matic), 4.41 (8H, m, þNeCH2CH2e), 2.80e2.92 (16H, s, Oe
CH2CH2e); dC (DMSO-d6, 100 MHz, ppm): 157.42, 156.93,
153.24, 139.32, 136.95, 133.58, 131.60, 130.60, 129.95e
129.70, 127.71, 126.13, 124.95, 121.75, 118.54, 115.34,
69.80, 66.80, 53.40, 29.67, 29.44, 26.10. Anal. Calcd for
C56H52N4O10F12S4: C, 51.85; H, 4.04; N, 4.32; S, 9.89. Found:
C, 52.22; H, 4.30; N, 4.43; S, 9.50.
2.3. Polymer characterization
The 1H and 13C NMR spectra of the poly(pyridinium salt)s,
I-1eI-3 and II-1eII-3 were recorded with a Varian 400 MHz
VnmrJ.2.1A spectrometer with three RF channels operating at
400 and 100 MHz, respectively, in DMSO-d6 using TMS as an
internal standard. Their solutions were prepared by dissolving
ca. 20 mg of specific polymer in DMSO-d6 with tetramethyl-
silane (TMS) as an internal standard. Inherent viscosities
(IVs) of the polymers were measured in DMSO at various con-
centrations (0.02e0.10 g/dL) with a Cannon Ubbelohde vis-
cometer #75 J394 at 35 �C to determine their polyelectrolyte
behavior. Gel permeation chromatography (GPC) was per-
formed for the synthesized polymers in DMSO at 70 �C
with a flow rate 1.0 mL/min with a Waters 515 pump together
with a Viscotek Model 301 Triple Detector Array that com-
bines a laser refractometer, a differential viscometer, and an
RALS/LALS detector in a single instrument with fixed inter-
detector volumes and temperature control to 80 �C. Although
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conventional chromatographic calibrations are not required for
this type of GPC instrument, the pullulan standards of P-10
and P-50 from Polymer Standards Services USA, Inc. were
used for the instrument calibration. Separations were accom-
plished using ViscoGel I-MBHMW-3078 columns from
Viscotek. A 100 mL of 0.2 wt% of polymer in DMSO contain-
ing 0.01 M LiBr was injected into the columns. Data analyses
were performed using Viscotek TriSEC software.

Phase transition temperatures were measured with a TA
2100 differential scanning calorimeter under a nitrogen flow
at heating and cooling rates of 10 �C/min. The temperature
axis of the DSC thermogram was calibrated before use with
the reference standard of high-purity indium and tin. Polymers
usually weighing 4e6 mg were used for this analysis. The
thermogravimetric analysis (TGA) was performed with a TA
2100 instrument at a heating rate of 10 �C/min in nitrogen.

Both thermotropic and lyotropic liquidecrystalline proper-
ties of the polymers were studied using a polarized optical mi-
croscopy (POM, Nikon, Model Labophot 2) equipped with
crossed polarizer and a hot stage. Samples of these ionene
polymers for lyotropic properties were made by dissolving
known amounts of polymers into known amounts of specific
solvents.

Absorption spectra for the polymer solutions were studied
in various spectrograde solvents such as dimethyl sulfoxide
(DMSO), acetonitrile (CH3CN), methanol (CH3OH), chloro-
form (CHCl3), acetone, and tetrahydrofuran (THF) by using
Varian Cary 3 Bio UVevis spectrophotometer at ambient tem-
peratures. Their photoluminescence spectra in solution and
solid states were examined with PerkineElmer LS55 spectro-
photometer with a xenon lamp light source at ambient temper-
ature. The polymer solutions to examine their spectra were
prepared by dissolving the polymers in suitable solvents and
the solvent cast thin films were prepared by placing the poly-
mer solutions on quartz slides and allowed them to dry in vac-
uum oven to evaporate the solvents.

3. Results and discussion
3.1. Chemical structures
The elemental analysis results are consistent with the pro-
posed structures of all polymers, since theoretical percentages
of different elements in the polymers are in good agreement
with the experimental values. All the 1H and 13C NMR spectra
recorded for polymers I-1eI-3 and II-1eII-3 are also in ex-
cellent agreement with their proposed structures. As represen-
tative examples the 1H and 13C spectra of polymers I-1 and
II-1 are shown in Figs. S1 and S2. In Fig. S1a, the 1H NMR
spectrum of polymer I-1 contained the aromatic and the pyri-
dinium ring absorptions between 7.44 and 8.52 ppm, the tosy-
late aromatic absorptions between 7.02 (d, J¼ 8 Hz) and 7.42
(d, J¼ 8 Hz) ppm, the methyl protons of tosylate absorptions
at 2.21 ppm, and the protons from oxyethylene group absorp-
tions between 2.74 (þNCH2) and 4.30 (eOCH2) ppm. Accord-
ing to the mechanism for the conversion of pyrylium salt to
the pyridinium salt [29] the last ring closing step involves
a nucleophilic attack of a vinylogous amino group on a car-
bonyl group and is followed by the loss of a water molecule.
The proton signals of vinylogous amide and amino end groups
were not detected in its 1H NMR spectrum. Additionally, its
13C NMR spectrum contained only aromatic carbon signals
between 126.12 and 157.43 ppm. The carbonyl resonance at
ca. 186.70 ppm, which is attributable to a vinylogous amide
[30], was not detected suggesting that the ring-transmutation
polymerization reaction proceeded to completion. In
Fig. S2a, the 1H NMR spectrum of polymer II-1 contained
the aromatic and the pyridinium ring absorptions between
7.42 and 8.59 ppm, and the protons from oxyethylene group
absorptions between 2.77 (þNCH2) and 4.31 (eOCH2) ppm.
The absence of tosylate proton absorptions (both the tosylate
aromatic and the methyl proton absorptions) suggested that
exchange of tosylate ion with triflimide was effective in the
metathesis reaction under the experimental conditions used.
Its 13C NMR spectrum contained the aromatic carbon signals
between 114.06 and 157.42 ppm and aliphatic carbon signals
at 53.65 (þNCH2) and 67.77 (eOCH2) ppm.
3.2. Dilute solution properties
The polyelectrolyte behaviors of polymers I-1eI-3 and II-
1eII-3 were tested in DMSO by measuring the inherent vis-
cosities of dilute polymer solutions [31e40]. The polymers
I-1 and II-1 did not exhibit a typical polyelectrolyte behavior.
Polymer II-2 showed the lowest increase in inherent viscosity
with decreasing polymer concentrations. Polymer I-2 ex-
hibited two peaks with maxima in inherent viscosities at
very dilute concentrations of 0.04 and 0.08 g/dL. Such peaks
with an increase in inherent viscosities made it difficult to ex-
trapolate the inherent viscosity to c¼ 0 and determine its in-
trinsic viscosity, [h]. The maximum in the plot of inherent
viscosity vs polymer concentration is known as abnormal vis-
cosity behavior reported in the literature not only for flexible
polyelectrolytes but also for rigid-rod polyelectrolytes in water
[38]. Despite the presence of flexible oxyalkylene moieties,
polymers I-1eI-3 and II-1 and II-2 did not obey the empirical
Fuoss equation [31,32]. Unlike polymers I-1eI-3 and II-1 and
II-2, polymer II-3 exhibited a typical polyelectrolyte behavior
in DMSO, that is, its inherent viscosity increased with the
decrease in polymer concentration (Fig. 1a) and the intrinsic
viscosity, [h], was found to be 4.4� 10�3 dL/g by extra-
polating the inherent viscosity to c¼ 0 (Fig. 1b). It also
obeyed the empirical Fuoss equation [31,32], which is usually
applied to random coiled polyelectrolytes: hinh¼ A/
(1þ Bc0.5) 0 (hinh)�1¼ 1/Aþ B/Ac0.5, where A and B are
constants; hinh and c are usual notations. It is known that
a characteristic of a polyelectrolyte is the chain extension
thus resulting in large hydrodynamic volume that occurs in
water or polar organic solvent at low concentrations [38].
This effect is due to Columbic repulsions between charged
groups along the polymer chain, forcing the polymer into an
extended, rod-like conformation. The addition of salt to a poly-
electrolyte solution or change in pH of polyelectrolyte solution
screens the repulsive electrostatic interactions, and the
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Fig. 1. (a) Polyelectrolyte behavior and (b) Fuoss plot of polymer II-3 in DMSO at 35 �C.
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polymer chain shrinks, adopting a more entropically favored
conformation. This is known as the polyelectrolyte effect
[31e40].
3.3. Gel permeation chromatography of polymers
As representative examples, the gel permeation chromato-
graphs (GPCs) of polymers I-2 and II-2 obtained by using
a Viscotek TDA instrument are shown in Fig. 2.

Overall, inter-detector signals, that is, refractometer, vis-
cometer and right angle laser light scattering (RALS) signals
are quite satisfactory with the exception of the fact that sig-
nal-to-noise of RALS signal is less than perfect. Note here
that RALS signals for low molecular weight polymers
(10,000e25,000) are always less than perfect. The data ob-
tained from GPC studies of synthesized polymers are com-
piled in Table 1. These data indicated that they had intrinsic
viscosities in the range 0.05e0.12 dL/g, number average mo-
lecular weights (Mns) in the range 10,000e15,000, weight av-
erage molecular weights (Mws) in the range 14,000e22,000
and polydispersity indices in the range 1.20e1.70. As ex-
pected, the molecular weights and polydispersity indices of
the tosylate and triflimide polymers are essentially in the sim-
ilar range, since triflimide polymers were synthesized by the
metathesis reactions of tosylate polymers with lithium trifli-
mide salts [16].
3.4. Solubility of polymers in organic solvents
The solubilities of the synthesized polymers I-1eI-3 and
II-1eII-3 in various organic both polar and nonpolar solvents
were examined revealing that their solubilities in several or-
ganic solvents were increased significantly as opposed to the
poly(pyridinium salt)s with inorganic tetrafluoroborate coun-
terions (Table 2) [41,42]. The organic tosylate and triflimide
counterions reduce the electrostatic interactions between the
pyridinium ions present in the polymer chain and the counter-
ions due to their significant delocalization of polarizable elec-
tron clouds. Since the counterions are loosely bound through
developing covalent character (more organic-like) that allows
organic solvent molecules to interact with the polymers more
readily. The polymers I-1eI-3 swelled in acetone and
tetrahydrofuran, but the polymers II-1eII-3 were soluble in
these two solvents. Generally, swelling of the polymers is
a slow process, which involves the penetration of solvent mol-
ecules into the polymer matrix thereby increasing its mass and
volume. In the swelling phenomenon, the solvent cannot dis-
solve the polymer to make solution but they have limited
interaction with a given solvent. Polymers I-1eI-3 and II-1e
II-3 showed excellent solubility in dimethyl sulfoxide, and
also good solubility in methanol and acetonitrile. In particular,
the polymers containing tosylate counterions (I-1eI-3) were
more soluble in methanol whereas polymers having triflimide
counterions (II-1eII-3) were more soluble in acetonitrile.
3.5. Lyotropic liquidecrystalline properties
The excellent solubility of polymers I-1eI-3 and II-1eII-3
in protic and aprotic organic polar solvents having the dielec-
tric constants within the range 32.6e48.9 motivated us to ex-
amine their lyotropic properties in these solvents. The solution
properties of polymer I-1 in aprotic polar solvent acetonitrile
(3¼ 37.5) are shown in Table 3. Similar to several poly(pyri-
dinium salt)s that exhibit lyotropic LC phase in both protic and
aprotic polar solvents [13,15e17], it usually formed an isotro-
pic solution at a low concentration up to 10 wt% in this sol-
vent. At an intermediate concentration (C*) (20e60 wt%),
a biphasic solution formed in which an LC phase coexisted
with an isotropic phase, which could not be separable even
on prolonged standing. With the further increase in its weight
percentage, the development of the LC phase increased with
the expense of an isotropic phase in this solvent, which is es-
sentially similar to poly(pyridinium salt)s [13,15e17] as well
as many neutral lyotropic polymers in general [43]. At high
concentration (71 wt%) it formed a fully-grown lyotropic
phase in this solvent. On application of pressure or shear to
a lyotropic phase, it caused the LC domains to deform, break,
and coalesce into new ones, revealing the mobile nature of this
phase. Additionally, at a higher concentration a more viscous
but shearable gel resulted for this polymer. As a representative
example, the photomicrographs of polymer I-1 at 49 and
80 wt% in acetonitrile when viewed with a POM under crossed
polarizers at room temperature are shown in Fig. 3, indicating
its biphasic and lyotropic solutions, respectively. Interestingly
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Fig. 2. Gel permeation chromatographs of (a) polymer I-2 and (b) polymer II-2.
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enough, one was able to draw a fiber manually by using a vis-
cous gel of lyotropic phase of this polymer with a pair of twee-
zers (Fig. 4) wherein the polymer chain alignment and
lyotropic phase are clearly visible. These high concentration
values of polymer I-1 in acetonitrile were indicative of the
Table 1

GPC data for polymers I-1eI-3 and II-1eII-3

Polymer IV (dL/g) Mn Mw Mw/Mn

I-1 0.08 11,816 14,280 1.2

II-1 0.05 15,395 22,134 1.4

I-2 0.12 10,763 14,818 1.4

II-2 0.12 13,229 22,490 1.7

I-3 0.08 15,436 18,638 1.2

II-3 0.10 11,342 18,223 1.6
high degree of alignment of polymer chains required in solu-
tions for the lyotropic phase to be observed.

The textures of lyotropic LC phases of compounds or poly-
mers are more or less similar to thermotropic LC phases of
Table 2

Solubility of polymers I-1eI-3 and II-1eII-3 in various organic solvents

DMSO CH3OH CH3CN Acetone THF

I-1 þ þ þ Swelling Swelling

II-1 þ þ þ þ þ
I-2 þ þ þ Swelling Swelling

II-2 þ þ þ þ þ
I-3 þ þ þ Swelling Swelling

II-3 þ þ þ þ þ
The symbol ‘þ’ indicates that the polymer is soluble.



Table 3

Solution properties of polymer I-1 in acetonitrile (3¼ 37.5) at room

temperature

Solvent Concentration (wt%) Solution propertiesa

CH3CN (3¼ 37.5) 5 Isotropic solution

10 Isotropic solution

20 Biphasic solutionb

31 Biphasic solutionb

49 Biphasic solutionb

59 Biphasic solutionb

71 Lyotropic solutionc

a Observation with a polarizing light microscope between crossed polarizers

at room temperature.
b Lyotropic phase coexisting with an isotropic phase.
c Strong shear birefringence.

Fig. 4. Photomicrograph of a hand-drawn fiber obtained from polymer I-1 at

71 wt% in CH3CN exhibiting both alignment of polymer chain and lyotropic

LC phase inside the fiber (magnification 400�).
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compounds or polymers. However, the thermotropic systems
have an advantage of being one-component systems and,
hence less complex than the lyotropic compounds or polymers
that are by definition many-component systems [44]. The lyo-
tropic phases of compounds or polymers in specific solvents
may exhibit the various textures of nematic, hexagonal (mid-
dle) and lamellar (neat) phases. The latter two phases are orig-
inally found in many amphiphilic compounds [44e46]. The
textures observed with POM studies for all of the biphasic
and lyotropic solutions of polymer I-1 in acetonitrile indi-
cated small and large bâtonnets, and different types of polyg-
onal arrays (often referred to as mosaic textures) (Figs. 3 and
4), all of which were indicative of their lamellar phase
[44e47].
Fig. 3. Photomicrographs of polymer I-1 at (a) 49 wt% in CH3CN and (b)

80 wt% in CH3CN under crossed polarizers exhibiting biphasic and lyotropic

LC phases, respectively (magnification 400�).
An important feature of polymer I-1 was that the textures of
either the biphasic or the lyotropic solutions in acetonitrile
were preserved on slow evaporation of this solvent from these
solutions. Their basic features, that is, threaded textures mixed
with small or large bâtonnets, and polygonal arrays, indicated
that the local orientation of LC forming units in this polymer
did not change when the slow evaporation of solvent occurred
from either biphasic solutions or lyotropic solutions. However,
they underwent a decrease in the density of threads with the
simultaneous development of birefringent domains that pre-
sumably occurred because of the annihilation process between
disclinations of various strengths and types. Finally, it under-
went a time-dependent transition, from its biphasic or lyo-
tropic solutions to a crystalline phase of spherulitic
structures [14,18e21].

Despite the excellent solubility of polymer I-1 in methanol
(as high as 60 wt%) and dimethyl sulfoxide, the development
of LC textures did not occur from these viscous solutions even
on shearing, which precluded the observation of lyotropic
phase in these solvents. Similarly, other polymers I-2 and I-
3 and II-1eII-3 had high solubility in methanol, acetonitrile
and dimethyl sulfoxide, but the identification of lyotropic
LC phases in these solvents was quite difficult because of
very viscous gels. For example, viscous gels of polymers I-2
and I-3 and II-1eII-3 could be prepared by using as high as
80 wt% in acetonitrile. Similarly, viscous gels of polymers I-
2 and I-3 and II-1eII-3 could also be prepared by using as
high as 70 wt% in DMSO. Because of the difficulty in the
preparation of thin films from highly viscous solutions hin-
dered the development LC textures, the well-developed tex-
tures in LC polymers usually occur in thin films under
crossed polarizers. Their high solubility in various polar sol-
vents was related to the high solvophilic effects of these sol-
vents with the pyridinium ions in conjunction with
oxyethylene units present along the backbones of these
polymers.
3.6. Thermotropic liquidecrystalline properties
Fig. 5a shows the DSC thermograms of polymer I-1 ob-
tained at heating and cooling rates of 10 �C/min. In the first
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heating cycle, it showed a broad glass transition (Tg), a very
small endotherm (DH¼ 0.09 kcal/mol of the repeating unit)
with a peak maximum at 186 �C and a broad endotherm
with a peak maximum at 245 �C. In the subsequent cooling cy-
cle, there were no cooling exotherms, but only a Tg at 98 �C. In
the second heating cycle there was a distinct, single Tg at
104 �C, but no other endotherms. Like in the first cooling cy-
cle, there was also a single Tg at 88 �C in the second cooling
cycle. The variation of Tg values in the heating and cooling
cycles suggested that its Tg was strongly dependent on its
thermal history. In conjunction with POM studies, it was
established that the small endotherm at 186 �C in the first heat-
ing cycle corresponded to the crystal-to-LC phase (Tm), since
it exhibited highly birefringent, mobile phase (Fig. 6a) indic-
ative of its LC phase. The broad endotherm in the first heating
cycle corresponded to the LC-to-isotropic transition (Ti),
which was verified by the observation of dark background at
ca. 250 �C under the crossed polarizers. Fig. 6b shows a photo-
micrograph taken near the Ti at 245 �C revealing the dark
spots. It had a temperature range of LC phase, that is, differ-
ence between Tm and Ti, of ca. 64 �C. Furthermore, the Ti of
this polymer was also near to the decomposition temperature
(Td) at 252 �C obtained at a heating rate of 10 �C/min in
nitrogen by TGA measurement at which 5% weight loss of
polymer I-1 occurred (Fig. 7). Its Tm value was marginally
higher than that (182 �C) of an analogous polymer containing
9 methylene units in the main chain [23], but much higher than
that (116 �C) of an analogous polymer containing 12 methy-
lene units in the main chain [24]. Note here that poly(pyridi-
nium salt)s with either tetrafluoroborate or triflate as
counterions do not exhibit thermotropic LC properties because
of their thermal decomposition prior to melting transitions
[22,23]. Thus, it was found that the tosylate ions as organic
counterions in combination with oxyethylene units in the
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main chain were conducive to the thermotropic LC property of
polymer I-1 because of the significant reduction of strong
ionic interactions between positive and negative charges,
which is in excellent agreement with the results of other ionic
polymers [23e26].

The DSC thermograms of polymer II-1 are displayed in
Fig. 5b. In the first heating cycle, it showed a weak Tg and
a small endotherm (DH¼ 0.32 kcal/mol) with a peak maxi-
mum at 148 �C. It showed a distinct Tg at 105 �C in the second
heating cycle, but showed a slightly lower Tg (100 or 90 �C) in
each of the cooling cycles like that of polymer I-1. At the tem-
perature of ca. 150 �C (Tm) it formed a very viscous melt, but
there was no development of identifiable LC texture. However,
it showed occasionally very small birefringent domains on
shearing suggestive of its LC phase. Attempts on annealing
even for 2e3 days were failed to develop LC texture of poly-
mer II-1. The non-identifiable texture of LC phase also
precluded one to determine its Ti. When compared with poly-
mer I-1, it showed excellent thermal stability up to 333 �C
(Fig. 7) obtained under essentially identical conditions. Its
Tm was lower than that of polymer I-1.

Thermal properties of other polymers I-2, II-2, I-3 and II-3
in the series are compiled in Table 4. Polymer I-2 formed
a very viscous melt at 159 �C, which hindered the develop-
ment of an identifiable texture after immediate melting. How-
ever, further heating to a high temperature of 210 �C, it
developed distinctly large birefringence and isotropic (dark)
domains with increased mobility indicative of its LC phase
(Fig. S3a). This LC texture remained up to its Td. Furthermore,
on annealing at 210 �C for 3 h it did not develop the fully bi-
refringence domains. Instead, its large birefringent domains
were broken into smaller ones mixed with isotropic domains
(Fig. S3b). Polymer II-2 exhibited a broad endotherm (Table
4), which was related to its crystal-to-LC transition (Tm). It
Table 4

Thermal properties of polymers I-2, II-2, I-3 and II-3

Polymer Tg
a (�C) Tm

b (�C) Tc
LCeLC0 (�C) Ti

d (�C) Td
e (�C)

I-2 1H 100 159f eg 253

2H 91 e

II-2 1H e 109h ei 310

2H 92 e

I-3 1H 70 126f 163f eg 240

2H 71 e e

II-3 1H e 105h ei 294

2H 83 e

a Glass transition temperature.
b Crystal-to-liquidecrystalline phase transition.
c One type of liquidecrystalline to the other type of liquidecrystalline

phase.
d Isotropic transition.
e Decomposition temperature at which 5 wt% loss of polymer occurred at

a heating rate of 10 �C/min in nitrogen.
f Small endotherm.
g Isotropic transition by POM was not detected because of decomposition.
h Broad and small endotherm.
i Isotropic transition by POM was not detected because of the difficulty in

the visualization of disappearance of birefringent domains into isotropic phase.
was presumably an overlapped one with Tg and Tm. However,
the very viscous nature of this melt hindered the development
of identifiable texture after immediate melting, but with fur-
ther heating to a high temperature of 180 �C or above and
then shearing it developed birefringent domains with increased
mobility indicative of its LC phase (Fig. S4a). Additionally, on
annealing for 2 days at 130 �C, it developed small bâtonnets’
texture along with dark background (Fig. S4b) suggestive of
its LC phase. This LC texture remained up to a high temper-
ature, but its disappearance for the determination of its Ti

was quit problematic.
Polymer I-3 exhibited two small endotherms with peak

maxima at 126 and 163 �C. The small low-temperature endo-
therm was related to the Tm. However, the highly viscous na-
ture of this melt hindered the development of an identifiable
texture at the end of the low-temperature endotherm. Even
with further heating to the end of the second endotherm at
high temperature of 165 �C, it did not develop the LC texture.
However, on annealing for 24 h at 165 �C, it developed large
birefringent domains along with dark regions, just like poly-
mer I-2 (Fig. S5a). This LC texture transformed into small bi-
refringent domains mixed with dark regions (Fig. S5b) when
heated up to 235 �C just before its Td (Table 4). Polymer II-
3 exhibited a small, broad endotherm with a peak maximum
at 105 �C in the first heating cycle. Its broad endotherm in
the first heating cycle was related to its Tm, which was presum-
ably an overlapped one with Tg and Tm. However, the very vis-
cous nature of this melt hindered the development of
identifiable texture after immediate melting, but with further
heating to a high temperature of 160 �C or above and then
shearing it developed small birefringent domains with in-
creased mobility indicative of its LC phase. Additionally, on
annealing for 3 days at 130 �C, it developed small birefringent
domains mixed with dark background suggestive of its LC
phase. This LC texture remained up to a high temperature,
but its disappearance for the determination of its Ti was far
from satisfactory.

The nature or LC phase (nematic or smectic) for each of
these polymers I-1eI-3 and II-1eII-3 was found to be the
smectic phase, since Fig. 6 (and Figs. S3eS5) shows small
and/or large bâtonnets in their photomicrographs. Note here
that the small or large bâtonnets are the microstructures of
low order smectic phases (SA or SC) [48,49]. The biphasic tex-
tures of birefringent and isotropic domains observed in poly-
mers I-2 and I-3, when compared with polymer I-1, were
presumably related to the dilution of LC forming units with
the more flexible units present in these polymers. Similar re-
sults were also reported in other neutral polymers such as
PPV containing oligo(oxyethylene) units in the side chain
[7] and fully aromatic polyesters containing two oligo(oxy-
ethylene) units in the side chain [50] and semiflexible aromatic
polyesters containing oligo(oxyethylene) units in the main
chain [51].

The smectic-to-isotropic phase transition (Ti) for each of
the polymers II-1eII-3 was not detected by DSC measure-
ment presumably because of the broadness of this transition
that occurs frequently in many polymers [23,24]. Attempts
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to determine this transition for each of these polymers by
POM studies also failed, since the observation of the disap-
pearance of weak birefringence phase was quite problematic.
In general, polymers I-1eI-3 had higher Tm values than those
of polymers II-1eII-3. Furthermore, they did not exhibit Ti,
that is, their LC phase persisted up to their decomposition tem-
peratures. Although Ti values of II-1eII-3 were not measured,
but they were far below their decomposition temperatures, all
of them had low Tm values and very high thermal stability.
These results suggested that the triflimide as counterions in
polymers II-1eII-3 not only decreased the Tm but also the
Ti. The reason for both the low Tm and low Ti values of these
polymers originates partly from a recently reported crystal
structure of 1-benzyl-2-ethyl-3-methyl imidazolium triflimide
salt. The negative charge delocalization expected in this or-
ganic counterion extends only from the central nitrogen to
the neighboring sulfur atoms and not to any great extent
onto four sulfonyl oxygen atoms. The result of this partial de-
localization through ppedp interactions is that the negative
charge is significantly buried within the anion and shielded
by four oxygen atoms and two terminal eCF3 groups from
Coulomb interactions with the neighboring cations. These re-
duced interactions, therefore, appear to be associated with the
increased ion mobility and reduced lattice energy in the crys-
talline state [52,53]. Thus, it was reasonable to assume that the
reduced ionic interactions between triflimide and 4,40-(1,4-
phenylene)bis(2,6-diphenylpyridinium) ions in these poly-
mers, as are similar to the ionic salt (vide supra), provided
a unique mechanism for their low Tm and low Ti.

The Td values of polymers I-1eI-3 and II-1eII-3 were de-
termined by TGA measurement at a heating rate of 10 �C/min
in nitrogen. All polymers had relatively high Td values in the
range 241e333 �C, which could be useful for processing at
relatively low temperatures. The differences of Td values of
I-1 and II-1, of I-2 and II-2, and of I-3 and II-3 were 80,
57 and 54 �C, respectively. The steady decrease in Td values
was related to the more flexibility of oxyalkylene units in
the polymer chains. The more flexibility of oxyalkylene units
in the series of these polymers caused lowering of the Td value.
In general, polymers II-1eII-3 having triflimide counterions
showed consistently higher Td values of over 50 �C than the
polymers with tosylate counterions. These results are in excel-
lent agreement with the thermotropic LC properties of other
main-chain ionic polymers containing triflimide as counterions
[23,25].
Table 5
3.7. UVevis and photoluminescence properties
UVevis absorption maxima of polymers I-1eI-3 and II-1eII-3 in various

organic solvents

Polymer lmax (nm)

DMSO CH3CN CH3OH

I-1 340 335 335

II-1 340 335 335

I-2 340 330 330

II-2 340 330 330

I-3 335 330 330

II-3 335 330 330
Because all of the polymers I-1eI-3 and II-1eII-3 con-
tained 4,40-(1,4-phenylene)bis(2,6-diphenylpyridinium) ions
in the main chain that act as chromophores, they were exam-
ined for their optical properties both in solution and in the
solid state. As a representative example, Fig. S6 shows the
UVevis spectra of polymers I-1 and II-1 in DMSO
(3¼ 48.9) recorded at room temperature. Both the polymers
displayed absorption maximum (340 nm) in their UVevis
spectra in this polar solvent. However, their lmax values
were located at 335 nm in slightly less polar solvents such
as acetonitrile (3¼ 37.5) and methanol (3¼ 32.6) (not shown).
The lmax values of polymers I-1eI-3 and II-1eII-3 in polar
organic solvents were collected from their absorption spectra
and are compiled in Table 5. The bathochromic shift in their
lmax values with the increase in relatively low polar solvent
to high polar solvent suggested that all of these absorption
maxima were indicative of closely spaced pep* transitions
common to aromatic rings. A model compound what is known
as 1,2,4,6-tetraphenylpyridinium perchlorate exhibits essen-
tially an identical absorption spectrum with a lmax¼ 312 nm
in ethanol. The absorption band of ortho-substituted pyridi-
nium salt consists of two electronic transitions that are intra-
molecular charge transfer complexes of the 2,6- and the 4-
substituent with the positively charged nitrogen center [54].
Thus, it was reasonable to state that the absorption bands of
all of these polymers arose from the same electronic transi-
tions as those in closely related pyridinium salts.

Fig. 8a shows the photoluminescence spectra of polymer
I-1 at various concentrations in methanol, acetonitrile and
DMSO. The emission spectra of polymer I-1 in methanol
(2.63� 10�6 M) and acetonitrile (6.57� 10�7 M) gave an
identical lem peak at 445 nm at excitation wavelengths of
325 and 330 nm, respectively. However, at much higher con-
centration (1.58� 10�3 M) in DMSO its emission spectrum
showed a lem peak at 584 nm at excitation wavelength of
410 nm, since its lem peak could not be measured at the iden-
tical concentrations in methanol and acetonitrile. Its light
emission at dilute concentration in this solvent was too weak
to measure. However, there were lex peak maxima at 333,
323 and 437 nm in methanol, acetonitrile and DMSO solutions
when monitored at wavelengths 445, 445 and 585 nm, respec-
tively, in its excitation spectra. Furthermore, the intensity of
light emission from DMSO solution was less intense than
that from either methanol or acetonitrile (Fig. 8a). Fig. 8b
shows the emission spectra of thin films of polymer I-1 cast
from methanol, acetonitrile and DMSO when excited at an
identical wavelength of 345 nm. As were similar to solution
spectra in methanol and acetonitrile, its film cast from these
solvents also exhibited a single lem peak at 488 nm at excita-
tion wavelength of 345 nm. At various other excitation wave-
lengths its film also emitted light of ca. 488 nm with varying
intensity (not shown). However, the film cast from DMSO
gave a lem peak at 514 nm at an excitation wavelength of
345 nm. It also emitted light of ca. 514 nm of varying intensity
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at other excitation wavelengths (not shown). The films cast
from methanol, acetonitrile and DMSO exhibited lex peaks
at 346 and 384 nm, when monitored at wavelength of 490,
490 and 515 nm, respectively. When compared the solution
spectra of polymer I-1 to the thin film spectra, there was a sig-
nificant bathochromic shift of 43 nm in both methanol and
acetonitrile films, but there was a significant hypsochromic
shift of 70 nm in DMSO-cast film.

Fig. 9a shows the photoluminescence spectra of polymer
II-1 at various concentrations in methanol, acetonitrile and
DMSO. The emission spectra of polymer II-1 in methanol
(2.14� 10�6 M) and acetonitrile (5.34� 10�7 M) gave an
identical lem peak at 446 nm at excitation wavelengths of
325 and 330 nm, respectively. However, at much higher con-
centration (1.28� 10�3 M) in DMSO its emission spectrum
showed two lem peaks at 553 and 584 nm at excitation wave-
length of 410 nm. The lem peak of polymer II-1, like polymer
I-1, could not be measured at the identical concentrations in
methanol and acetonitrile, since its light emission from such
a very dilute concentration in DMSO was also too weak to
measure. However, there were lex peak maxima at 330, 322
and 437 nm in methanol, acetonitrile and DMSO solutions
when monitored at wavelengths 445, 445 and 585 nm,
respectively, in its excitation spectra. Additionally, the inten-
sity of light emission from DMSO solution was less intense
than that from either methanol or acetonitrile, like that of poly-
mer I-1 (Fig. 9a).

The films of polymer II-1 were prepared from their respec-
tive solutions in acetonitrile or DMSO casting onto quartz
plates. The solid-state emission spectra of polymer II-1 cast
from acetonitrile and DMSO solutions are shown in Fig. 9b.
In thin film, it showed a lem at 502 nm at excitation wave-
length 340 nm when cast from acetonitrile solution, but it
showed a single lem at 514 nm at excitation wavelength
345 nm when cast from DMSO solution. On changing from
acetonitrile solution to the thin film of polymer II-1 cast
from acetonitrile, there was a significant bathochromic shift
of 56 nm in its lem value, when compared with that of solution
spectrum. In contrast, its cast film from DMSO solution
exhibited a significant hypsochromic shift of 39 or 68 nm,
when compared with that of solution spectrum. Similarly,
the light emission from solutions and films cast from various
organic solvents of polymers I-2eII-3 was recorded in this
study. These polymers in the solid state, like polymers I-1
and II-1, exhibited a similar bathochromic shift in methanol-
or acetonitrile-cast films, but exhibited a similar hypsochromic



Table 6

The emission peak maxima of polymers I-1eI-3 and II-1eII-3 in both solu-

tions and films

Polymer Solvent lem (nm) Polymer

concentration (M)
In solution In film

I-1 Methanol 445 488 2.63� 10�6

I-1 Acetonitrile 445 488 6.57� 10�7

I-1 DMSO 584 514 1.58� 10�3

II-1 Methanol 446 ea 2.14� 10�6

II-1 Acetonitrile 446 502 5.34� 10�7

II-1 DMSO 582, 553 514 1.28� 10�3

I-2 Methanol 446 488 2.51� 10�6

I-2 Acetonitrile 446 491 9.42� 10�7

I-2 DMSO 584 509 7.15� 10�3

II-2 Methanol 447 ea 7.03� 10�6

II-2 Acetonitrile 447 501 5.15� 10�7

II-2 DMSO 582, 551 494 7.24� 10�3

I-3 Methanol 442 501 7.16� 10�6

I-3 Acetonitrile 443 ea 7.24� 10�8

I-3 DMSO 585, 545 497 7.39� 10�3

II-3 Methanol 444 ea 9.6� 10�7

II-3 Acetonitrile 442 478 2.41� 10�7

II-3 DMSO 573, 544 487 4.28� 10�7

a Intensity of light emission was too weak to measure in this film.
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shift in DMSO-cast films. The intensity of light emission of
these polymers from DMSO solutions was qualitatively lower
than that from methanol or acetonitrile solutions (Figs. 8a and
9a). In contrast, the DMSO-cast films of these polymers had
comparable intensity of light emission to those in methanol-
or acetonitrile-cast films (Figs. 8b and 9b). The lem peak max-
ima for all of these polymers in both solutions and films are
compiled in Table 6. Furthermore, polymers II-1eII-3 also
exhibited light emission ca. 445 nm from relatively nonpolar
solvent such tetrahydrofuran (3¼ 7.6) and acetone
(3¼ 20.6). The acetone-cast films of polymers II-2 and II-3
exhibited a bathochromic shift of 52 and 43 nm, respectively,
when compared with their solution spectra (not shown).

The bathochromic shift in the light emission from films of
all of these polymers strongly suggests that there existed more
ordered structures in the solid-state films cast from methanol
or acetonitrile. In contrast the hypsochromic shift in the light
emission from films of all of these polymers strongly suggests
that there were less ordered structures in the solid-state films
of these polymers, irrespective of the nature of organic coun-
terions used in this study. Both intra- and intermolecular pep
interactions of chromophores are mainly responsible for these
ordered structures, which in turn usually cause both to shift
lem peak bathochromically and to lower the quantum yields
of light-emitting polymers in the solid state [55,56].
4. Conclusions

Several poly(pyridinium salt)s with tosylate and triflimide
as counterions were prepared by either the ring-transmutation
polymerization of phenylated bis(pyrylium tosylate) salt with
oxyalkylene diamine in dimethyl sulfoxide or the metathesis
reaction of the corresponding tosylate polymer with lithium
triflimide in methanol. They were characterized for their
lyotropic and thermotropic liquidecrystalline properties with
various experimental techniques. Polymer I-1 exhibited a lyo-
tropic liquidecrystalline phase in acetonitrile. Its C* for the
formation of biphasic solution and concentration for the for-
mation of lyotropic phase were 20 and 70 wt% in acetonitrile,
respectively. Polymers (I-1eI-3) with tosylate as counterions
exhibited smectic liquidecrystalline phases at relatively low
temperatures that persisted up to their decomposition temper-
atures. The corresponding polymers (II-1eII-3) with trifli-
mide as counterions had not only low Tm values but also
low Ti values, which were well below their decomposition
temperatures, exhibiting a broad temperature range of LC
phase. Generally triflimide containing polymers also had bet-
ter thermal stability than the tosylate polymers. They are the
novel members of a class of poly(pyridinium salt)s that ex-
hibited both lyotropic and thermotropic liquidecrystalline
properties, which can be classified as amphotropic polymers.
Although the literature is replete with many lyotropic (solvent
induced) and many thermotropic (heat induced) liquidecrys-
talline polymers, relatively few amphotropic liquidecrystal-
line polymers both neutral and ionic polymers exist to date
[14,57e60].

All of them exhibited light-emitting properties both in polar
organic solvents and in the solid state. For example, polymer
I-1 emitted light of wavelength 445 nm from methanol and
584 nm from dimethyl sulfoxide solutions. In its thin film
cast from methanol, the wavelength of light emission was
shifted bathochromically to 488 nm, because of the ordered
structures in the solid state.

The combination of lyotropic liquidecrystalline, thermo-
tropic liquidecrystalline property, the ease of film formation,
and photoluminescence makes these polymers interesting for
optoelectronic applications such as polymer light-emitting de-
vices, especially linearly polarized light emission. They are
also ideal cationic polyelectrolytes for the preparation of mul-
tilayer assemblies with controlled morphologies at a molecular
level by the sequential deposition technique with anionic
polyelectrolytes.
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Appendix. Supplementary data

The 1H and 13C NMR spectra of polymers I-1 and II-1
(Figs. S1 and S2), POM photomicrographs of polymers II-1,
II-2 and I-3 (Figs. S3eS5), and UVevis spectra of polymers
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I-1 and II-1 (Fig. S6) are provided as supplementary material.
The supplementary material associated with this article can be
found in the online version at, doi:10.1016/j.polymer.2008.02.
021.
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