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Abstract A poly(pyridinium salt) was synthesized from 4,
4′-(1,4-phenylene)bis(2,6-diphenylpyrilium)tosylate and 3,
3′-dimethylnaphthidine. Tosylate counterion was exchanged
with other organic counterions such as triflimide, 1-
napthalenesulfonate, and 2-napthalenesulfonate in DMSO to
yield a total of four poly(pyridinium salt)s. Their chemical
structures were established by using various spectroscopic
techniques. Gel permeation chromatography showed that their
number-average molecular weights (Mn) were in the range of
56–76 kg/mol and polydispersities in the range of 1.09–1.32.
Their thermal stabilities ranged from 290 to 425 °C, under
nitrogen atmosphere. Even though these polymers didn’t
show thermotropic liquid crystalline phases, counterion-
dependent lyotropic liquid-crystalline phase were observed
in some polar aprotic solvents above their critical concentra-
tions. Each of these polymers emitted green light (500–
572 nm) both in solutions and solid states as observed by
UV–vis and photoluminescent spectroscopies.

Keywords Photoluminescent spectroscopy .Poly(pyridinium
salt) . Ring transmutation polymerization . Ion exchange
metathesis . Differential scanning calorimetry

Introduction

Poly(pyridinium salt)s are a class of ionic main-chain poly-
mers that are usually prepared by ring-transmutation polymer-
ization reaction of bispyrylium salts and diamines and by me-
tathesis reactions. Depending on the chemical structures of
bispyrylium salts and diamines, they can be π–conjugated or
non-conjugated ionic polymers having interesting properties
[1–14]. For example, some non-conjugated ionic polymers
exhibit thermotropic liquid-crystalline (LC) and light-
emitting properties in both solution and solid state [4, 5],
others exhibit amphotropic LC and light-emitting properties
in both solution and solid state [6–8]. Additionally, π-
conjugated and even non-conjugated ionic polymers exhibit
lyotropic LC properties in both protic and aprotic solvents and
light-emitting properties in both solution and solid state de-
pending on their chemical structures [9–14]. In this regard,
they can be considered as functional ionic polymers. For ex-
ample, one such poly(pyridinium salt) derived from
calix[4]arene diamine was reported to have strong interactions
with Pseudomonas fluorescens DNA, predominantly by elec-
trostatic interactions as evaluated by fluorescent titration and
transmission electron microscopy studies [15]. Another poly-
mer prepared from benzidine giving rise to conjugated poly-
electrolyte has been used to develop a sensitive fluorescence-
based biosensor for homogeneous DNA detection [16]. Even
a conjugated poly(pyridinium salt) based on 3,6-diamino-N-
butylcarbazole exhibits aggregation-induced light emission
characteristic up on which a fluorescence turn-on biosensor
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for calf thymus DNA detection and quantification has been
developed [17].

Recently, we reported dispersing single-walled carbon
nanotubes in d imethyl su l fox ide (DMSO) wi th
poly(pyridinium salt)s via non-covalent interactions [18, 19].
Additionally, the 3,3′-dimethylnaphthidine is an interesting
aromatic diamine that has been used for the preparation of
polyamides and polyimides for functional applications. For
example, this aromatic diamine in combination with suitable
dianhydrides, e.g., spiroindane based dianhydides, is used for
the preparation of intrinsic microporous polyimides with en-
hanced selectivity for membrane gas separations [20–23].

In this study, we describe the method of synthesizing four
conjugated poly(pyridinium salt)s that incorporate 3,3′-
dimethylnaphthidine moieties. They were prepared from 4,
4′-(1,4-phenylene)bis(2,6-diphenylpyrylium) tosylate and 3,
3′-dimethylnaphthidine by ring-transmutation polymerization
reaction (I) followed by metathesis reaction (II-IV) with re-
spective organic counterions. Scheme 1 shows the structures
and designations of these poly(pyridinium salt)s (I-IV). The

characterization of their chemical structures, lyotropic liquid
crystalline, and light-emitting properties were performed by
various experimental techniques including Fourier transform
nuclear magnetic resonance (FTNMR), Fourier transform in-
frared (FTIR) spectroscopies, elemental analyses, gel perme-
ation chromatography (GPC), differential scanning calorime-
try (DSC), thermal gravimetric analysis (TGA), polarized
light microscopy (PLM), and UV-Visible (UV–vis) and fluo-
rescence spectroscopies.

Experimental

Materials and methods

S o d i um 1 - n a p h t h a l e n e s u l f o n a t e , s o d i um 2 -
naphthalenesulfonate, and lithium triflimide, were purchased
from Sigma-Aldrich and used without further purification.
The 2-methyl-1-naphthylamine was purchased from TCI
America and concentrated H2SO4 was obtained from Fisher
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Scheme 1 Synthesis of poly(pyridinium salt)s by ring-transmutation polymerization
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Scientific. All solvents used were obtained from Fisher
Scientific and were HPLC grade. FTIR data was obtained
using a Nicolet F530 spectrometer from films deposited on
the IR plate from methanol solutions. The1H (300 MHz)
and13C (75 MHz) NMR spectra were recorded using JEOL
Eclipse spectrometer in DMSO-d6 with TMS as an internal
standard. Elemental analyses were performed by Atlantic
Microlab in Norcross, GA. Pullulan standard P-50 used for
the calibration of the GPC instrument was obtained from
Polymer Standard Services USA, Inc. GPC was run at a flow
rate of 1 mL/min at 50 °C. The GPC instrument was fitted
with a Viscotek Model 301 Triple Detector Array which had a
laser refractometer, a differential viscometer, and a light scat-
tering detector (both right angle laser light scattering and low
angle laser light scattering) in a single instrument and Water
515 pump. The array also had a fixed interdetector system and
temperature control that can be regulated up to 80 °C.
Separations were accomplished using ViscoGel I-MBHMW-
3078 columns purchased from Viscotek. In a typical proce-
dure, an aliquot of 100–200 μL of 2 mg/mL polymer solution
in DMSO containing 0.1 M LiBr was injected. By injecting
different volumes, the dn/dc values were corrected and the
trend was assessed. Collected data was analyzed by Viscotek
TriSEC software. TGA was performed with a Netzsch STA
409 CD using a 3–7 mg sample at a heating rate of 10 °C/min
under helium atmosphere. DSC measurements were carried
out using a Netzsch DSC 200 F3. Finely ground samples were
placed in an aluminum pan and were heated and cooled at the
rate of 10 °C/min under nitrogen atmosphere. Measurements
were made in the temperature range of −30–200 °C. The
resulting thermograms were analyzed above 25 °C using
Netzsch Proteus software. The X-ray scattering studies were
performed on finely ground samples at room temperature with
a PANalytical X′PERT Pro X-ray diffraction spectrometer
using Cu Kα radiation (λ=1.5419 Å) as an X-ray source op-
erating at 45 kV and 40 mA. Lyotropic properties of these
polymers were studied using polarized light microscopy
(PLM) with a Laborlux 12 POL S polarizing light mi-
croscope equipped with crossed polarizers. The polymer
samples were prepared in DMSO and acetonitrile at dif-
ferent concentrations and were equilibrated for 24–48 h.
Samples were then placed between two cover slips and
observed under the microscope. The photomicrographs
were obtained using a Leica DFC425 C camera. These
pho tomic rographs were ana lyzed us ing Le ica
Application Suite v.4.1 software. The UV–vis data was
obtained in acetonitrile and methanol using Agilent
Technologies Cary 60 UV–vis spectrometer. The fluo-
rescence was measured in methanol and acetonitrile as
well as in thin films using Fluoromax-4 spectrometer.
Samples for thin-film measurements were prepared by
evaporating dilute solutions of the corresponding poly-
mers in quartz cuvettes.

Synthesis of monomers

The f i rs t monomer 4,4 ′ - (1 ,4-phenylene)bis (2 ,6-
diphenylpyrylium) tosylate, 1, in Scheme 1 was synthesized
from terepthalaldehyde and acetophenone in two-step proce-
dure as reported in the literature [5]. The second monomer, 2,
in Scheme 1 was also synthesized based on a known proce-
dure [4]. Briefly, in a round-bottomed flask fitted with a reflux
condenser, 42 g of 68 % H2SO4 was taken and stirred using a
magnetic stirrer. To this 5.00 g (0.0292 mol) of 2-methyl-1-
naphthylamine was added dropwise. Sulfate salt of 2-methyl-
1-naphthylamine precipitated which was heated to re-dissolve
to give a red colored solution. The heating was continued for
48 h during that time the product precipitated out as pale pink
solid. The reaction mixture was then cooled overnight, filtered
and washed with de-ionized water and the solid wet cake was
suspended in 100 mL water and heated with 200 mL of 1 M
NaOH for 30min and filtered. The collected solid was washed
with de-ionized water and dried overnight. The crude product
was then recrystallized from ethanol to give 2.25 g (49 %
yield) of monomer 2; mp: DSC peak maximum (Tm) at
216.1 °C. IR (film) (Fig. S1 in the Online Resources) ν
(cm−1): 3473.2, 3454.8, 3375.1, 3060.0, 2971.9, 229.6,
2857.1, 1617.3, 1573.5, 1458.2, 1415.5, 1373.4, 1264.9,
1245.3, 1181.9, 1161.8, 1134.0, 1099.8, 1031.6,1001.8,
948.7, 890.4, 869.6, 758.8.1H NMR (Fig. S2 in the Online
Resources) (300 MHz, DMSO-d6, ppm) δ=8.20 (2H, d), 7.31
(2H, m), 7.07 (2H, s), 7.13 (4H), 5.44 (4H, s, NH2), 2.30 (6H,
s, CH3).

13C NMR (Fig. S3 in the Online Resources) (75MHz,
DMSO-d6, ppm) δ=141.12, 132.80, 132.20, 126.81, 126.58,
124.78, 124.01, 123.01, 122.71, 114.35, 18.51. Anal. (Calcd
for C22H20N2: C, 84.58 H, 6.45 N, 8.97. Found: C, 84.18 H,
6.71 N, 9.10 %).

Synthesis of polymer I

In a round bottom 3-neck flask fitted with a reflux condenser
and a nitrogen purging assembly, 4.600 g (0.005200 mol) of 1
and 1.627 g (0.005210 mol) of 2were taken. To this 50 mL of
DMSOwas added and heated at 120 °C for 72 h. The reaction
mixture was then cooled to room temperature, the product
precipitated from water, filtered, washed with copious amount
of water, and dried under vacuum at 90 °C to give I. Its purity
was determined from the1H NMR spectrum and elemental
analysis. IR (film) ν (cm−1): 3064, 2925, 1613, 1576, 1548,
1494, 1451, 1355, 1226, 1184, 1122, 1034, 1011, 922, 849,
818, 758, 700, 683.1H NMR (300 MHz, DMSO-d6, ppm) δ=
9.14 (4H, s), 8.82 (4H, s), 7.84 (4H, s), 7.45–7.47 (12H, br),
7.28 (12H, br), 7.07–7.09 (8H, m), 6.21 (2H, s), 2.33 (6H, s,
tosylate), 2.27 (6H, s, CH3). Anal. (Calcd for C76H58N2O6S2:
C, 78.73 H, 5.04 N, 2.42 S, 5.53. Found: C, 76.03 H, 4.97 N,
2.48 S, 5.40 %).
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Syntheses of polymers II-IV

Polymer Iwas subjected to metathesis reactionwith sodium 1-
naphthalenesulfonate, lithium triflimide, and sodium 2-
naphthalenesulfonate, respectively, to prepare polymers II-
IV. In a typical procedure, I was dissolved in DMSO and to
this a solution of the lithium or sodium salt of the respective
counterion in DMSO was added and heated at 70 °C for 72 h.
The mixture was then cooled to room temperature and the
product was precipitated from excess water, filtered, washed
with water, and dried under vacuum. This procedure was re-
peated three times to ensure complete exchange of ions veri-
fied by elemental analyses and1H NMR spectra. IR (film) for
II ν (cm−1): 3062, 2953, 1720, 1616, 1598, 1577, 1553, 1495,
1452, 1356, 1231, 1122, 1077, 1035, 922, 847, 756, 701,
673.1H NMR (300 MHz, DMSO-d6, ppm) for II δ=9.11
(4H, s), 8.84–8.81 (4H, m), 7.86–7.83 (12H, m), 7.51–7.40
(16H, m), 7.27–7.31 (14H, d), 6.21 (2H, s), 2.24 (6H, s, CH3).
Anal. (Calcd for II, C82H58N2O6S2: C, 79.98 H, 4.75 N, 2.27.
Found: C, 76.35 H, 4.80 N, 2.27 %). IR (film) for III ν
(cm−1): 3061, 1615, 1549, 1495, 1352, 1229, 1193, 1136,
1058, 844, 757, 699.1H NMR (300 MHz, DMSO-d6, ppm)
for III δ=9.15 (4H, s), 8.82 (4H, s), 7.82 (4H, s), 7.49–7.28
(24H, br), 6.22 (2H, s), 2.25 (6H, s, CH3). Anal. (Calcd for III,
C68H44F12N4O8S4: C, 58.28 H, 3.16 N, 4.00 S, 9.15. Found:
C, 57.14 H, 2.97 N, 3.99 S, 8.88%). IR (film) for IV ν (cm−1):
3061, 2835, 1722, 1616, 1598, 1577, 1553, 1495, 1453, 1357,
1231, 1202, 1080, 1037, 923, 848, 758, 701, 665.1H NMR
(300 MHz, DMSO-d6, ppm) for IV δ=9.11 (4H, s), 8.83 (4H,
s), 7.85–7.82 (12H), 7.70–7.27 (30H), 6.22 (2H, s), 2.23 (6H,
s, CH3). Anal. (Calcd for IV, C82H58N2O6S2: C, 79.98 H,
4.75 N, 2.27. Found: C, 77.00 H, 4.76 N, 2.25 %).

Results and discussion

Chemical structures

Polymer I synthesized by a ring-transmutation polymerization
was subjected to ion exchange metathesis in DMSO with
counter ions 1-naphthalenesulfonate, triflimide, and 2-
naphthalenesulfonate, respectively, to prepare polymers II-
IV. Their chemical structures were established by FTIR,1H
NMR, and elemental analyses. Though polymers II and IV
differ in their structures only by the position of the sulfonate
group in the counterions, II appeared as a light fluffy powder
and IV as a hard solid material. The FTIR spectrum of poly-
mer I displayed characteristics tosylate ion peaks, among oth-
er peaks: 1122 (S=O asymmetric stretching), 1034 (S=O sym-
metric stretching), and 758 cm−1 (S_O stretching) as displayed
in Fig. S4 in the Online Resources. Similarly, polymer II
displayed characteristics 1-naphthalene sulfonate ion peaks,

among other peaks: 1122 (S=O asymmetric stretching),
1035 (S=O symmetric stretching), and 756 cm−1 (S−O
stretching) in its spectrum as displayed in Fig. S5 in the
Online Resources. Polymer III displayed characteristics
triflimide ion absorption peaks, among other peaks: 1352 (C
−F stretching), 1136 (S=O asymmetric stretching), 1058 (S=O
symmetric stretching), and 757 cm−1 (S_O stretching) as
displayed in Fig. S6 in the Online Resources. The IR spectrum
of polymer IV displayed characteristics 2-naphthalene sulfo-
nate ion peaks, among other peaks: 1080 (S=O asymmetric
stretching), 1037 (S=O symmetric stretching), and 758 cm−1

(S_O stretching) as displayed in Fig. S7 in the Online
Resources. As reported for other ionic polymers found in lit-
erature, sulfonate counterion associated with organic cations
showed symmetric bands at lower frequencies than those with
inorganic cations suggestingweak ion-ion interaction between
the organic counteranions and phenylated bipyridinium ions
[4, 5, 24–26]. The1H NMR spectrum of I showed chemical
shift at δ=9.14 and 8.82 ppm for the protons of the aromatic
moieties of poly(pyridinium salt). Chemical shift at δ=7.44,
7.07 and 2.33 ppm were assigned to the protons of the aro-
matic moiety and methyl group of the tosylate counterion. All
other aromatic protons appeared as broad complex patterns in
δ values of 6.21–7.84 ppm. In addition, the methyl protons of
naphthidine moiety appeared at 2.27 ppm. Furthermore, the
absence of vinylogous signals suggests that the ring-
transmutation polymerization reaction underwent to comple-
tion. After exchange of counterion from tosylate to other or-
ganic counterions, the disappearance of tosylate peaks and
appearance of new peaks of sulfonates indicated that the me-
tathesis reaction also proceeded to completion under the ex-
perimental conditions used in III-IV. Because of the forma-
tion of viscous solutions of these polymers in DMSO,13C
NMR spectra could not be recorded for them even at elevated
temperatures. High viscosities of their DMSO solutions
coupled with broadness of their 1HNMR signals suggest high
molecular weights of these polymers. The1H NMR spectra of
polymers I-IV are shown in Figs. S8–S11 in the Online
Resources.

Molecular weights characterization

Since I-IV showed better solubility in DMSO than in other
solvents, their number-average molecular weight (Mn) and
polydispersity index (PDI=Mw/Mn) were measured in
DMSO by GPC technique. Their number-average molecular
weight (Mn) was in the range of 56–76 kg/mol and PDI values
were between 1.09 and 1.31 (Table S1). After the completion
of the metathesis reaction, their Mn and PDI values increased
slightly in most cases suggesting that the weight and size of
counterions affected their molecular weights.

Two other solution parameters, measured in DMSO at
50 °C, were also calculated: they are hydrodynamic radius,
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Rh and radius of gyration, Rg. They were comparable to one
another and in the range of 10.2–11.0 and 13.3–14.3 nm, re-
spectively. These results and the narrow range of polydisper-
sity index suggest that the effect of molecular weight on their
solution, thermal, and optical properties are negligible.

Thermal properties

TGA thermograms displayed in Fig. 1 show relatively high
thermal stabilities for the four ionic polymers. Furthermore,
their thermal stabilities are influenced and varied by the struc-
tural nature of the counterions. Thus, they were found to have
different thermal stability in the TGA thermograms. The low-
est thermal stability was observed for II (290 °C) and the
highest thermal stability was for III (425 °C). Polymers I
(354 °C) and IV (362 °C) have intermediate decomposition
temperatures in between II and III. The higher thermal stabil-
ity of III than that of I is consistent with the previously re-
ported results of other poly(pyridinium salt)s [1, 2]. It is inter-
esting to note that II which appears soft and fluffy has less
thermal stability than IVwhich appears like a hard solid (vide
supra). The difference in thermal stabilities of II and IV also
suggest that even minor changes in the structure of the counter
ions can have profound influence on their thermal stabilities.

The DSC thermograms of polymers I-IV presented in
Fig. 2 (second heating cycles) and Fig. S12 (second cooling
cycles) in the Online Resources showed clearly Tg (also
known as α transition) values in the heating and cooling cy-
cles. Each of them showed a Tg ca. 103 °C in the heating cycle
and 72 °C in the cooling cycle. In the heating cycles, there
were additional low-temperature transitions that were attribut-
ed to β transitions, which were at 65, 44, 60, 50 °C, respec-
tively, for polymers I-IV. Note here that the Tg values were
independent of counterions, but the β transitions were

dependent on counterions. The presence of only Tg in the
heating and cooling cycles for each of these ionic polymers
suggested that they were amorphous, which were verified by
X-ray diffraction studies. Figures 3 and 4 show the X-ray
powder diffraction (XRD) plots of polymers I and IV, respec-
tively, recorded at room temperature. They show broad dif-
fraction peaks with relatively low intensities at both small and
wide angles, which are the characteristic features of amor-
phous phase of these ionic polymers. These peaks can be
assigned to the intermolecular short-range interactions that
are parallel and perpendicular to the long axes of the polymer
chain. The broad wide-angle diffraction peaks at around 2 =
21.05° in case of polymer I and 2 =21.67° in case of polymer
IV that corresponded to the d-spacings of 4.2 and 4.1 Å, re-
spectively, are the distances of two aromatic planes of the
polymer chains. The relative sharp, wide-angle diffraction
peaks at around 2 =11.29° in case of polymer I and 2 =
10.27° in case of polymer IV that corresponded to the d--
spacings of 7.8 and 8.6 Å are related to long-range order
between the polymer chains.

Lyotropic properties

Polymers I-IV formed lyotropic LC phases in DMSO at rela-
tively low concentrations at room temperature as shown in
Fig. 5. The critical concentrations of polymers I and III were
15 wt% in DMSO and that of polymer II was 10 wt% in
DMSO. At these critical concentrations, they exhibited bi-
phasic solutions wherein there coexisted an anisotropic (LC)
and isotropic phase when examined with a PLM under crossed
polarizers. With further increase in concentration, each of
them exhibited a fully-grown lyotropic phase at ca. 25 wt%
in this solvent. Interestingly, polymer IV containing 2-
naphthelenesulfonate appeared to form biphasic solutions

Fig. 1 TGA thermograms of
polymers I-IVobtained at the
heating rate of 10 °C/min under
helium
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(Fig. 5g) with polymer forming ribbon-like morphology over
the concentration range of 10–20 wt% in DMSO when ob-
served using a PLM under crossed polarizers. The intensity of
birefringence of biphasic solutions as well as the number of
ribbon like structures increased with polymer concentration in
this solvent (Fig. 5h). These results are in excellent agree-
ments with the lyotropic properties of other poly(pyridinium
salt)s [1, 8, 9, 14]. It can be assumed that the position of the
sulfonate group in 2-napthalenesulfonate counterion helps to
induce these ribbon-like formations in IV.

Polymer III had the best solubility in acetonitrile among
the polymers in the series. It showed isotropic, biphasic, and
lyotropic solutions at 3, 5, and 10 wt% in this solvent. Its
critical concentration was lower than that in DMSO
(Fig. 6a). These results are consistent with those of other

lyotropic LC forming poly(pyridinium salt)s [1, 8, 9, 14].
Polymers I, II, and IV had low solubility in this solvent.
However, 10 wt% of I had sufficient interactions in this sol-
vent to form biphasic solutions in which gelled polymer
showed birefringence as shown in Fig. 6c. Polymers II and
IV with naphthalene sulfonate counter ions had very mini-
mum interaction with this solvent and exhibited phase separa-
tion. However, when the solvent-swelled polymer sample was
observed with a PLM under crossed polarizers, it showed
birefringence as shown in Fig. 6d and e, respectively. Like
in DMSO, polymer IV also formed ribbon-shaped birefrin-
gence as shown in Fig. 6f. In general, sufficient solubility
and rod-like backbone that facilitates the alignment of the
polymer chain favors LC phase formation in polymer solu-
tions [27]. Solubility and backbone structure are further

Fig. 2 DSC thermograms of
polymers I–IV in the second
heating cycles at the rate of
10 °C/min under nitrogen

Fig. 3 X-ray powder diffraction plot of polymers I recorded at room
temperature

Fig. 4 X-ray powder diffraction plot of polymers IV recorded at room
temperature
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dependent on the structure of the monomers, molecular
weight, temperature, and the interaction of the polymer chain
with solvent and other polymer chains [28].

Therefore, the presence of organic counterions and their
nature in I-IV can influence any of these factors thus favoring
the of formation of lyotropic phases in DMSO and
acetonitrile.

Optical properties

Because of the presence of organic counterions in combina-
tion with phenylated pyridinium moieties and rigid 3,3′-di-
methyl naphthidine moieties, these ionic polymers showed
good solubility in DMSO, but their light-emission properties
in this solvent were very weak. However, their solubility in

Fig. 5 Photomicrographs of
polymers I-IV in DMSO taken at
room temperature under crossed
polarizers showing lyotropic LC
phases (magnification 50×). a I–
15 wt% in DMSO; b I–25 wt% in
DMSO; c II–10 wt% in DMSO;
d II–25 wt% in DMSO; e III–
15 wt% in DMSO; f III–25 wt%
in DMSO; g IV–10 wt% in
DMSO; h IV–20 wt% in DMSO
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acetonitrile and methanol was sufficient enough that enabled
us to measure their optical properties in solutions and in thin-
film states cast from these solvents by UV–vis and
photoluminescent (PL) spectroscopies. Each of the polymers

I-IV showed essentially an identical λmax in the narrow range
of 329–344 nm as measured in its absorption spectra recorded
in acetonitrile and in a narrow range of 345–346 nm in meth-
anol (Figs. S13 and S14, respectively, in the Online

Fig. 6 Photomicrographs of
polymers I-IV in acetonitrile tak-
en at room temperature under
crossed polarizers (magnification
50×). a III–5 wt% in ACN; b III–
15 wt% in ACN; c I–10 wt% in
ACN; d II–solvent swelled poly-
mer in ACN; e IV–solvent
swelled polymer in ACN; f IV–
solvent swelled polymer in ACN
showing ribbon like formation

Fig. 7 Emission spectra of
polymers I-IV in acetonitrile ex-
cited at various wavelengths
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Resources). These results suggest that their absorption maxi-
ma were less sensitive to the polarities of the solvents exam-
ined. In other words, the interactions of acetonitrile and meth-
anol with the polymer backbone did not cause any changes in
the energies of their ground states. The optical band gaps (Eg)
of these polymers were found to be 3.32 eV in acetonitrile and
3.27 eV in methanol as determined from the onset of wave-
length in each of the UV–vis absorption spectra. These Eg

values are similar to other poly(pyridinium salt)s found in
literature [4–6, 14], but higher than those of π–conjugated
light-emitting polymers [29, 30].

Optical properties of polymers I-IV in acetonitrile and
methanol and solvent-cast thin films from these solvents are
summarized in Table S2 in the Online Resources. Figure 7
shows the emission spectra of these polymers in acetonitrile
at various excitation wavelengths of light, each of which con-
sists of a broad, distinct λem peak with no vibrational struc-
tures. Their λem peaks were also dependent on the nature of
the counterions. I and III showed an identical λem peak at
572 nm; and II and IV showed an emission peak at 543 nm,
when excited at various excitation wavelengths of light, in a
relatively polar aprotic solvent like acetonitrile. In protic polar
solvent like methanol, they showed an identical λem peak at
556 nm, when excited at fixed wavelength of light (Fig. 8 and
Table S2). Thus, it appeared that I and III showed a
hypsochromic shift of 16 nm when compared to that in aceto-
nitrile. In contrast, II and IV showed a bathochromic shift of

13 nm in this solvent when compared to that in acetonitrile.
The fwhm value for each of the emission spectra of these
polymers is also quite broad, indicative of light-emission from
a number of chromophoric species.

The films of these polymers I-IV were prepared from their
respective solutions (acetonitrile or methanol) casting onto
quartz cuvettes. Their solid-state emission spectra cast from
acetonitrile and methanol are shown in Figs. 9 and 10 respec-
tively. In thin films when cast from acetonitrile solutions, all of
these polymers showed a broad λem peak in their emission
spectra with the complete loss of vibrational fine structures
at 511 nm when excited at 347, 357, 357 and 342 nm wave-
lengths of light, respectively (Fig. 9). Similarly, when their
films were cast from methanol, they also showed a broad
λem peak in their emission spectra with the complete loss of
vibrational fine structures at 511, 500, 511, and 511 nm when
excited at 367, 362, 357 and 362 nm light, respectively
(Fig. 10). On changing from solutions to the thin films cast
from acetonitrile, I-IV showed large hypochromic shifts of 61,
32, 61 and 32 nm, respectively, in their λem values, when
compared to those of their solutions spectra. Similarly, in thin
films cast from methanol, I-IV showed large hypochromic
shifts of 45, 56, 45 and 45 nm, respectively, in their λem
values, when compared to those of solutions spectra. The
fwhm values of emission spectra in thin films of these poly-
mers cast from both acetonitrile and methanol were relatively
narrower when compared to those in their solutions spectra in

Fig. 8 Emission spectra of
polymers I-IV in methanol excit-
ed at fixed wavelength

Fig. 9 Emission spectra of
polymers I-IV in films cast from
acetonitrile at various excitation
wavelengths
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these solvents. These features strongly suggest that there
existed less ordered structures in the solid-state morphology
of these ionic polymers. Note here that both intra- and inter-
molecular π-π interactions of chromophores of polymers are
mainly responsible for the ordered structures, which in turn
usually cause λem to shift bathochromically to a great extent as
100 nm or higher and lower the quantum yields of light-
emitting polymers in the solid state in general [31, 32].
These π-π interactions of chromophores were essentially min-
ima in case of the conjugated polyp(pyridinium salt)s reported
here. The light emission for each of these polymers occurred
in green region in solutions and in the solid states.

Conclusions

Four conjugated poly(pyridinium salt)s were prepared from 3,
3′-dimethylnaphthidine and 4,4′-(1,4-phenylene)bis(2,6-
diphenylpyrylium) tosylate by ring-transmutation polymeriza-
tion and metathesis reactions. Their molecular structures and
molecular weights were established by a combination of spec-
troscopic techniques and gel permeation chromatography.
Their weight-average molecular weights (Mw) were in the
range of 72–91 kg/mol and polydispersities in the range of
1.09–1.32. Their thermal stability is counterion dependent
and is in the range of 290–425 °C as determined by thermo-
gravimetric analyses. They also form counterion dependent
lyotropic liquid-crystalline phases in organic solvents above
their critical concentrations. Their optical properties evaluated
by spectroflurometry show that each of these polymers emit-
ted green light (500–572 nm) both in solutions and solid
states.
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