Synthesis and Liquid-Crystalline Properties of
Poly(4-vinylpyridinium) Bromides N-Substituted
with Dialkyloxyterphenyl Groups

Rocio Guadalupe Santos-Martell,’ Let1c1a Larios-Lépez,' Rosa Julia Rodriguez-Gonzalez,'
Bertrand Donnio,” Daniel Gulllon Damaso Navarro-Rodrlguez1

ZCentro de Investigacion en Quimica Aplicada, Boulevard Enrique Reyna 140, 25253, Saltillo, Coahuila, Mexico
“Institut de Physique et de Chimie des Matériaux de Strasbourg, Unité Mixte de Recherche 7504 (Centre National de
la Recherche Scientifique-Université Louis Pasteur), 23 rue de Loess, 67037 Strasbourg Cedex, France

Received 11 May 2010; accepted 1 September 2010
DOI 10.1002/app.33334

Published online 8 December 2010 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: Poly(4-vinylpyridine)s (P4VPs) fully and
partially quaternized with dialkyloxyterphenyl groups
were synthesized and characterized. These new polymers
developed both liquid-crystalline (LC) properties and a
light emission (luminescence) in the blue region. The meso-
morphic behavior of the polymers was initially character-
ized by differential scanning calorimetry and polarizing
optical microscopy and was further corroborated by X-ray
diffraction analyses. The X-ray diffraction patterns showed
in the low-angles region several equidistant diffraction
peaks (door, dooa, doos, ---) and in the wide-angles region a
broad peak typical of nonordered mesophases. From dyg;
and the length of the monomers, we deduced that the
molecular arrangement in the mesophase corresponded to a
double-layered stacking of molecules with mesogens tilted

with respect to the smectic plane and the backbones sand-
wiched between. In this arrangement, the different parts of
mesogens are segregated from one another in layered
domains. The longer smectic periods observed for copoly-
mers indicated that the nonsubstituted pyridine cycles were
sandwiched between two smectic layers. The emission spec-
tra of these polymers were characterized by a broad signal
centered at 365 nm. The combination of LC properties with
luminescence in the polymers is interesting for the pre-
paration of thin films with aligned emitters, particularly for
linearly polarized light emission. © 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 120: 20742081, 2011
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INTRODUCTION

Unprecedented attention has been focused on
n-conjugated polymers because the discovery of
their light-emitting (LE) properties." These polymers
are fairly insoluble and normally they are modified
with alkyl chains of different length for proper han-
dling and processing.”> The combination of alkyl
chains with n-conjugated cores is interesting because
it frequently leads to a liquid-crystalline (LC) behav-
ior that increases the potential applications of the
material, especially in devices requiring highly ori-
ented molecular emitters, as is the case with linearly
polarized LE diodes.>* On the other hand, T-conju-
gated molecules with few repeating units can be
introduced into polymer chains through a flexible
spacer, and the resulting polymer can also develop
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LE and LC properties, along with some other inter-
esting characteristics, such as good mechanical pro-
perties and easy processing; this makes possible the
fabrication of large-area thin films.?

In a previous study, we observed 4-vinylpyridine
(4VP) N-substituted with an alkyloxybiphenyl meso-
gen polymerizes spontaneously leading to a fully
quaternized poly(4-vinylpyridine) (P4VP).° This spe-
cific polymerization method was used to prepare
P4VP N-substituted with different mesogens; how-
ever, there has been no report on the use of n-conju-
gated cores longer than a biphenyl group.”® P4VP
N-substituted with biphenyl cores through a flexible
spacer normally develops single-layer smectic
phases with upright molecules (or mesogens) later-
ally arranged head to tail, as was deduced for pyri-
dine N-substituted with similar mesogens.””” In a
recent study on molecular liquid crystals, we
observed that the pyridine N-substituted with longer
rigid cores, such as terphenyls, developed double-
layer smectic phases.11 In such an arrangement, the
ionic groups and elongated cores are fully segre-
gated from one another in layered domains; this
indicates that the m interactions of terphenyl cores
are strong enough to counterbalance the interactions
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between the ionic species in such a way that the
head-to-tail arrangement in these molecules is not
developed. We thought it of interest to extend this
work to polymers, so we synthesized and character-
ized ionic polymer liquid crystals based on poly(4-
vinylpyridinium) bromides N-substituted with 4,4-
dialkyloxyterphenyl groups. The results of the LC
properties of these new materials are presented and
discussed in this article.

EXPERIMENTAL
Materials and instrumentation

4-Bromophenol, 4'-bromo-4-hydroxybiphenyl, 1-bro-
motetradecane, 1,8-dibromooctane, 1,12-dibromodode-
cane, bromine, butyllithium (1.6M in hexanes), triiso-
propylborate, tetrakis(triphenylphosphine)palladium(0)
or Pd(0) complex, tert-dodecanthiol, hydroquinone,
pyridine and 4VP, sodium hydroxide, hydrochloric
acid (37%), sodium carbonate, potassium carbonate,
potassium iodide, azobisisobutyronitrile, dimethylfor-
mamide, tetrahydrofuran (THF), dichloromethane,
methanol, and ether were used as received. THF
was distilled from a sodium/benzophenone complex
before use. 4VP was distilled at 80°C under reduced
pressure from a 4VP/KOH mixture. All chemicals
and solvents were purchased from Aldrich Co. (St
Louis Missouri, USA) and J. T. Baker (Phillipsburg,
NJ, USA).

'"H-NMR spectra were recorded with a JEOL
(Akishima Tokyo, Japan) spectrometer (300 MHz)
with CDCl;, tetrahydrofuran-ds, and CDCl;/CD;0D
as solvents. Thermograms were registered from an
open Mettler FP94HT differential scanning calorime-
ter (or an MDSC 2920 from TA Instruments) (New
Castle DE, USA) at heating and cooling rates of 5°C/
min. Thermogravimetric analysis was performed on
vacuum-dried samples with a TGA Q500 (TA Instru-
ments) with a nitrogen vector gas at a heating rate of
10°C/min. Optical textures of the mesophases were
registered upon cooling in an Olympus (Tokyo,
Japan) BH-2 polarizing optical microscope coupled
with a Mettler (Greifensee, Switzerland) FP82HT hot
stage. X-ray diffraction analyses were performed with
an INEL (Artenay, France) CPS120 diffractometer
with Ko, copper radiation and a homemade electrical
oven. The ultraviolet-visible (UV-vis) absorption
spectra were recorded on a Shimadzu (Kyoto, Japan)
2401PC UV-vis spectrophotometer (250450 nm),
whereas the emission spectra were obtained with a
PerkinElmer (Seer Green U.K.) LS 50B spectrofluori-
meter (350-500 nm). Polymer solutions were excited
with a UV light of 304 nm. Solutions for the opti-
cal characterization were prepared with spectro-
scopic-grade chloroform at concentrations around
0.04 mg/mL.
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Synthesis of polymers

The intermediates and final polymers were prepared
through the synthetic route outlined in Scheme 1.
Initially, an alkyl chain was introduced into the 4
bromo-4-hydroxybiphenyl through a Williamson re-
action.'” The resulting molecule (I) was then reacted
with butyllithium and triisopropylborate to obtain
an arylboronic acid (I1)."* The 4-bromophenol was
reacted with o,o-dibromoalcanes to obtain the 4-(®-
bromoalkyloxy) bromobenzene (III), which was, in
turn, coupled with II to prepare the 4"-(w-bromo-
alkyloxy) 1-alkyloxyterphenyl (IV; Suzuki reac-
tion)."* The experimental conditions for the synthesis
and purification of the intermediates were similar to
those described in previous articles.'

The quaternization/polymerization reaction was
carried out by the introduction of compound IV
(1 mmol) into freshly distilled 4-vinyl pyridine
(50 mL), and the mixture was heated at 80°C and
stirred for 20 h. The molecular weight of the poly-
mers was not determined because of solubility prob-
lems; however, the feature of the "H-NMR spectrum
was typical of polymeric materials. On the other
hand, P4VP was synthesized by free-radical poly-
merization (azobisisobutyronitrile as initiator) to fur-
ther prepare polymers that were partially quater-
nized with dialkyloxyterphenyl mesogens. The
molecular weight of the nonquaternized P4VP, as
determined by solution viscosimetry in ethanol at
25°C, was 2.2 x 10* g/mol.'® The quaternization
degree (or percentage quaternization) was calculated
from the ratio of the integrals of the peaks centered
at § = 4.5 ppm (—CH,—N™) and 8 = 6.8 ppm (4CH,
Ar, in ortho position to C—0).

For the sake of brevity, the fully and partially
quaternized polymers were labeled Pol-n-m and
Copol-n-m, respectively. As indicated in Scheme 1,
n and m are the lengths of the terminal alkyl chain
and the spacer, respectively. The partially quater-
nized polymers are also referred as the copolymers.

RESULTS AND DISCUSSION
Synthesis of the polymers

The synthesis, purification, and characterization of
the intermediates (I-IV in Scheme 1) were described
in detail in previous reports.'”'” The intermediate
IV was used to quaternize both 4VP and P4VP to
obtain the fully and partially quaternized side-chain
LC polymers, respectively.

The quaternization of 4VP with bromoalkyl deriv-
atives produced N-alkyl-substituted 4-vinylpyridi-
nium bromides, which were unstable and polymer-
ized spontaneously; this led to fully quaternized
polymers.'”® To prevent a parallel thermal free-
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Scheme 1 Synthetic route for the preparation of P4VPs fully and partially quaternized with terphenyl groups through a

flexible spacer.

radical polymerization of the nonquaternized 4VP, a
small amount of hydroquinone was added to the
reaction. Through this method, the polymers Pol-14-
8 and Pol-14-12 were obtained at relatively high
yield (ca. 83%). Both polymers were analyzed by 'H-
NMR spectroscopy; however, because of their simi-
larity, only the spectrum of Pol-14-12 is presented
and discussed (Fig. 1). In this spectrum, the two
broad peaks located between 7.8 and 9 ppm corre-
sponded to protons of the pyridinium ring. The
presence of only these two signals in this region of
the spectrum indicated that all pyridine cycles in
the polymer were quaternized.'” The peaks centered
at 6.8 and 7.6 ppm corresponded to protons of
the terphenyl group. The small and broad signal
observed at 4.5 ppm was assigned to protons of
the methylene attached to the nitrogen atom
(—CH,—N™), whereas the peak at 4 ppm was attrib-
uted to protons of the two methylenes in o to the
oxygen atom (—CH,—O). Finally, the signals at 1.2—
1.6 ppm corresponded to protons of the internal
methylenes, whereas that at 0.9 ppm corresponded
to those of the methyl group. The spectrum also
showed a small peak at 3.4 ppm, which was attrib-
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uted to the protons of methanol (traces from deuter-
ated methanol), and a big peak at 2.5 ppm, which
was assigned to the protons of water. Alkyl pyridin-
ium salts are hygroscopic molecules and are used to
crystallize with half of the molecules of water; these
were difficult to remove.”

N

|
(CH2)12—OOC‘4H”

88 84 80 76 72

ppm

Figure 1 'H-NMR spectrum of Pol-14-12 obtained in
CDCl3/MeOD at 60°C.
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Figure 2 Amplification (5 = 6-9 ppm) of the 'H-NMR
spectra of P4VP, Pol-14-12, and Copol-14-12 measured in
CDCl3/MeOD at 60°C. The percentages indicate the extent
of quaternization.

A second strategy for preparing poly(vinylpyridi-
nium) salts N-substituted with mesogenic groups is
the quaternization of a previously synthesized P4VP.
Through this method, only partially quaternized
polymers can be obtained because of the steric hin-
dering effect produced by the already substituted
cycles; this becomes more and more important as
the degree of quaterinzation increases. This effect is
more pronounced when voluminous mesogens are
used as quaternization agents.*!

The 'H-NMR spectrum of the partially quater-
nized P4VP showed the same signals compared to
that of the fully quaternized polymer, except for
those signals corresponding to the pyridinium ring,
which are shifted and overlapped. Figure 2 shows
the expanded "H-NMR spectra (from 6 to 9 ppm) for
the fully and partially quaternized polymers; the 'H-
NMR spectrum of the nonquaternized P4VP is also
shown. Signals of the nonquaternized P4VP were
centered around 6.4 and 8.2 ppm, whereas those for
a fully quaternized P4VP (100%) shifted and
appeared around 8.1 and 8.7 ppm; however, for the
partially quaternized P4VP (ca. 40% in this study)
the corresponding signals shifted and overlapped.
The shifting of signals in these polymers was com-
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pared with those observed in previous studies for
similar systems (from 5 to 80%), and good concord-
ance was found with respect to the polymer quater-
nized around 40% with mesogenic groups.

Thermal behavior

The initial decomposition temperatures (T,’s) for
polymers Pol-14-8 and Pol-14-12 were 220 and
238°C, respectively. This relatively poor thermal sta-
bility arose primarily from the poor heat resistance
of the CH,—N" bond.?? The T, values for Copol-14-
8 and Copol-14-12 were 246 and 250°C, respectively.
The relatively lower T, observed for the fully quater-
nized polymers indicated that the close vicinity
between the pyridinium rings had a negative effect
on the thermal stability, as was previously observed
for partially substituted P4VPs with methoxy-
biphenyl groups. To prevent the thermal decompo-
sition of the polymers, the T; was used as the maxi-
mum temperature for the differential scanning
calorimetry (DSC) analyses.

The DSC thermograms (cooling scans) of the fully
and partially quaternized polymers are shown in
Figure 3. The fully quaternized polymers showed
quite diffuse exotherms, whereas the partially qua-
ternized ones developed relatively well-defined exo-
therms: one around 100°C and one or two located
between 150 and 200°C. Through polarizing optical
microscopy, we observed that both the fully and
partially quaternized polymers remained birefrin-
gent after they melted and at temperatures close to
their T; values. On cooling from the isotropic state,
batonnets and homeotropic zones were observed,

4.1 Ji
Pok14-12 g
14.5 Jig

Pol-14-8 -
5 6.5 Jig
(I
8
T |Copol-14-12 7.98 Jig
18.9 Jig
9.1 Jig
N 1.1 Jfg
f Copol-14-8 155 Jig
(o]
X
L))

0 50 100 150 200
Temperature, °C

Figure 3 DSC traces registered on cooling (5°C/min) for
Pol-14-8, Pol-14-12, Copol-14-8, and Copol-14-12.
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Figure 4 X-ray diffraction patterns of (a) Pol-14-8 and (b) Pol-14-12 registered at different temperatures on cooling.

and although some focal conic objects were (hardly)
distinguished, the registered optical textures were
rather nonspecific. To corroborate the LC nature of
these polymers, X-ray diffraction experiments were
conducted at different temperatures, and the results
are described in the following section.

Structure of the mesophases

The X-ray patterns of polymers Pol-14-8 and Pol-14-
12, registered at different temperatures, are shown
in Figure 4. To prevent the thermal degradation of
the polymers, a maximum temperature of 220°C was
used for the X-ray data acquisition.

All of the patterns in Figure 4 show in the low-
angles region one sharp Bragg reflection (dyy) and
several equidistant peaks (dpop, doos and dpos); these
reveal the layered structure (smectic) of the LC
phases. The smectic period (dop1) was compared
with the length of the monomer (L) in its most
extended conformation (L = 44.3 and 49.3 A for n-m
values of 14-8 and 14-12, respectively), which was
calculated with molecular modeling software (Spar-
tan 4, Irving California, USA), and we considered as
a model molecule the monomer 4-vinylpyridinium
N-substituted with the corresponding mesogenic

TABLE I
Smectic Periods (dyy1) and dyp1/2L Ratios Calculated from
the X-Ray Diffraction Patterns Registered at Two
Different Temperatures

door (A) doo1/2L
Polymer 2000C 150°  L(A)  200°C 150°C
Pol-14-8 78.0 78.7 44.3 0.880 0.888
Pol-14-12 89.2 91.0 49.3 0.904 0.922
Copol-14-8 97.9 101.8 443 1.105 1.148
Copol-14-12 101.3 105.8 49.3 1.027 1.073

Journal of Applied Polymer Science DOI 10.1002/app

group (Table I). dyyy was almost twice L for both
polymers; this indicated that the molecular arrange-
ment corresponded to a double-layered smectic
phase. According to this result, the mesogenic
groups of neighboring chains were not interdigi-
tated. The cos '(dog;1/2L) value indicated that the
molecules were tilted with respect to the normal of
the smectic plane at angles of around 28 and 24° for
Pol-14-8 and Pol-14-12, respectively. The angle
decreased by 2 or 3° with decreasing temperature
from 200 to 150°C. According to these results, the
smectic structure may have consisted of double

O;:é% — )
LA

a b

Figure 5 Schematic representation of tilted smectic struc-
tures of (a) fully and (b) partially quaternized P4VP with
dialkyloxyterphenyl groups through a flexible spacer.
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Figure 6 X-ray diffraction patterns of (a) Copol-14-8 and (b) Copol-14-12 registered at different temperatures upon

cooling.

layers of tilted molecules with the ionic species; the
aromatic cores and the alkyl chains were fully segre-
gated in three microdomains periodically arranged
in space, as schematized in Figure 5(a). In such an
arrangement, the negative and positive ionic species
may be positioned facing each other to satisfy the
electrical interactions. The polymer backbone,
—(CH,—CH),—, to which the pyridinium rings are
attached may be sandwiched between the smectic
layers.

On the other hand, the arrangement of molecules
within the smectic layers was determined from
the signal appearing in the wide-angles region of the
X-ray diffraction pattern. At 200°C, the patterns of
both polymers showed a broad diffraction peak; this
indicated a liquidlike ordering of the molecules
within the smectic layers. On cooling to 150°C, this
broad peak remained almost unchanged, except for
the small sharp peak appearing at 4 A, and that is
normally associated with the n stacking of aromatic
cores. Most studies on the m stacking of aromatic
cores have reported distances ranging between
3.3 and 3.6 A; however, we found some publicatior}s
reporting m-stacking distances of 3.8 and 4 A;
these were close to the values found in this study.
Such m-stacking distances concern phenylenethyny-
lene oligomers and conjugated oligoquinolines bear-
ing a m-conjugated phenylene group.”** No reports
were found in the literature about distances associ-
ated with m stacking in terphenyls. In conjugated
aromatic cores, the contiguous rings are twisted
from one another to a certain dihedral angle because
of the repulsion forces between hydrogen atoms in
the ortho position. This nonplanar molecular confor-
mation could have been related to the relatively big
distance (~ 4 A) observed in the polymers studied

here. Finally, the layered structure, developed from
the isotropic state, was retained at room tempera-
ture, as is typical in polymers bearing lateral meso-
genic groups and which was certainly related to the
rigidity of the polymer chain at low temperature.
The presence of sharp equidistant Bragg reflec-
tions in the X-ray pattern of partially quaternized
polymers (Copol-14-8 and Copol-14-12) also revealed
a layered structure for their LC phases (Fig. 6). The
intensities of dogz, doos, and dgos for Copol-14-12 were
higher than those for the corresponding reflections
of Copol-14-8; this indicated a longer correlated
layer stacking for the former. The smectic periods
(dpo1) of these copolymers were also compared
(Table I) with L in its most extended conformation
(4VP N-substituted with the corresponding meso-
genic group), and dgp; > 2L. One possible reason for
such a longer stacking period was the localization of
the nonquaternized monomers between two smectic
layers, as schematized in Figure 5(b). In a previous
study, the expansion of the smectic period was stud-
ied in detail for a series poly(4-vinylpyridinium)
salts partially substituted with methoxybiphenyl
groups.” In that study, two antagonist effects were
considered to explain the apparent inconsistency of
the variation of dyy;, as a function of the quaterniza-
tion degree: First, the exclusion of the nonsubsti-
tuted pyridine rings from the sublayer of the meso-
genic groups, which contributed to the thickening of
the smectic layers, and second, the tilting of the
mesogenic groups, which contributed, on the con-
trary, to the thinning of the smectic layers. This
interpretation certainly applied to copolymers
Copol-14-8 and Copol-14-12, whose mesogens may
have been tilted, as was already deduced for the
fully quaternized polymers Pol-14-8 and Pol-14-12.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 UV-vis absorption (dashed line) and emission
(solid line) spectra for (a) Pol-14-8 and (b) Copol-14-8
dissolved in CHCl;.

On the other hand, the X-ray patterns obtained at
200°C showed a broad peak in the wide-angles
region; this indicated a liquidlike ordering of meso-
gens for both copolymers. Although on cooling to
180°C, the broad peak of Copol-14-8 became a little
bit sharper; this indicated a tendency to develop a
hexatic order. The small peak associated with the n
stacking of conjugated cores was also observed in
the wide-angles region (~ 4 A) of the X-ray patterns
of the copolymers.

According to the X-ray analyses of both the fully
and partially quaternized polymers, the m stacking
of terphenyls and the electric interactions of the
ionic groups were determining interaction forces
and led to a double-layered smectic structure in
which the different parts of mesogens may have
been completely segregated from one another.

Absorption and emission properties

UV absorption and emission spectra of the fully and
partially quaternized P4VP were obtained from
dilute solutions in spectroscopic-grade CHCl;. For
both polymers, the absorption and emission spectra
showed maxima centered around 294 and 364 nm
(blue light), respectively (Fig. 7).2° The absorption/
emission process is associated with electronic excited
states occurring in the n-conjugated core. The Stokes
shift of around 70 nm, which was calculated from
the absorption and emission spectra, indicated

Journal of Applied Polymer Science DOI 10.1002/app
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that the ground and excited states were different
and were probably associated with the torsion of
adjacent phenylene rings due to excitation. The
shape of the emission spectra changed as a function
of the quaternization degree. The observed left-side
shoulder (blueshifted) was more pronounced for the
fully quaternized polymer, which in solution (with
CHCI; as the solvent), showed a deep blue color
under the illumination of a UV lamp (365 nm). On
the contrary, the right-side shoulder (redshifted) was
less pronounced for this polymer, and the color of
the solution was blue green. To give a convincing
explanation of the photophysical properties as a
function of the quaternization degree, much more
study is still necessary on the optical characteristics
of this kind of polymer.

CONCLUSIONS

The polymers synthesized in this study are new lig-
uid crystals bearing both ionic groups and m-conju-
gated moieties. Fully quaternized polymers were
obtained through the unconventional spontaneous
polymerization of N-substituted pyridinium salts,
whereas partially quaternized polymers were pre-
pared by the quaternization of P4VP with bromo-
dialkyloxytrephenyl derivatives. Both the fully and
partially quaternized polymers showed two or more
thermal transitions, which revealed their meso-
morphic behavior. By comparing dgp; with L, we
deduced a double-layered smectic structure for the
LC phases, with pending mesogens tilted with
respect to the smectic plane. On the other hand, the
polymers showed luminescence in the blue region
(ca. 360 nm). Finally, we believe that this study will
contribute to the understanding of the properties
of comblike polymers showing both LC and lumi-
nescent properties, particularly of those polymers
bearing ionic groups.

The authors thank Guadalupe Méndez for her technical
assistance in the thermal characterization of the polymers.
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