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ABSTRACT: The synthesis of a series of 6-hydroxy-2-
naphthoic acid derivatives is described. These have been
used to form supramolecular main-chain liquid crystalline
polymers. These hydrogen bond donors are complexed with
a series of bisfunctionalized rigid pyridine species. These
associative chain structures were analyzed through differen-
tial scanning calorimetry and polarizing light thermal optical
microscopy. The liquid crystalline phases formed displayed
mainly enantiotropic nematic phases that display an increase

in clearing temperature as the rigid portions of the supramo-
lecular system increased in length. A decrease in the clearing
temperature was observed as the length of the flexible spacer
group increased. Both of these observations follow estab-
lished trends in liquid crystalline behavior. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 102: 5890-5894, 2006
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INTRODUCTION

The formation of functionalized materials through
noncovalent modification is an area of considerable
scientific interest. One of the most prominent charac-
teristics introduced through this process is the forma-
tion of liquid crystals from nonmesogenic precur-
sors."” A wide variety of mesogenic shapes (calamitic,
discotic, banana-shaped, and bowlic mesogens)* !
and structures (small molecule, main-chain polymers,
side-chain polymers, and networks)'*™"® have been
created through these noncovalent interactions.

One of the most studied supramolecular associa-
tions is the benzoic acid/pyridine molecular complex
formed through a hydrogen bond.'*™'® Extensive work
has been carried out in the formation and analysis of
main-chain supramolecular polymers and small mole-
cules from these components.'**' Biphenyl acid/pyri-
dine derivatives have also been implemented for
mesogen assembly,” but the higher melting nature of
a biphenyl acid can make complexes with some pyri-
dine derivatives difficult, especially if the pyridine is
susceptible to degradation or sublimation at the tem-
peratures needed to induce fluidity in the biphenyl
acid species.
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Naphthalene derivatives have long been recognized
as a mesogen-forming structure.”® Esters formed from
6-hydroxy-2-naphthoic acid produce predictable and
stable mesogenic systems.”* Additionally, derivatives
of 6-oxyisoquinoline (structurally similar to naphtha-
lene) have been used as hydrogen bond acceptors in
supramolecular liquid crystals.> To date, there has
been no study involving naphthoic acid species in the
formation of supramolecular liquid crystalline materi-
als with pyridyl hydrogen bond acceptors. Here, we
report the synthesis of derivatives of 6-hydroxy-2-
naphthoic acid and the formation of hydrogen bonded
complexes with a series of rigid and flexible pyridyl
species. These assembled chain structures display
strong liquid crystalline characteristics (rigid pyridyls)
or the ability to form fibers (flexible pyridyl species).

EXPERIMENTAL
Characterization

Phase transitions were observed using an Olympus BHT
polarizing light microscope equipped with a Mettler-
Toledo FP82-HT thermal optical hotstage connected to a
Mettler Toledo FP90 control unit. Differential scanning
calorimetry thermograms were obtained from a Perkin-
Elmer Pyris 1 DSC. A heating/cooling rate of 10°C/min
was used in both analyses. 'H- and *C-NMR spectra
were recorded on a JEOL Eclipse 400 MHz FTNMR
spectrometer using TMS as an internal standard.

Synthesis

Reagent grade reactants and solvents were used as re-
ceived from suppliers. Spectrographic grade solvents
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were used for all measurements. The synthesis of 4,4'-
azopyridine (AZO P)* and 4,4’ -(p-phenylenedi-1,2-
ethylenediyl)bispyridyl (3RP)* have been reported
previously.

Methyl-2-hydroxy-6-naphthoate

Five grams of 6-hydroxy-2-naphthoic acid was com-
bined with 500 mL of methanol and 0.5 mL of sulfuric
acid and refluxed for 24 h. The excess solvent was
then removed under reduced pressure, and the oil
was poured into 2 L of ice water. A white solid pre-
cipitated was isolated by filtration and recrystallized
from ethanol to provide 2.80 g of a grayish-tan solid.

Yield: 52%; T,,: 153°C; 'H-NMR: 8.52 (s, 1H), 7.94
(d, 1H), 7.75 (d, 1H), 7.68 (d, 1 H), 7.38 (s, 1 H), 7.22
(d, 1H), 3.98 (2, 3H).

General procedure for the preparation of
ethyleneglycoxy-bis-2-(6-hydroxynaphthoic acid)
Methyl-2-hydroxy-6-naphthoate was mixed with the
di-p-tosylate (2.2 : 1 molar ratio) of the appropriate oli-
gomeric ethyleneglycoxy chain with cesium carbon-
ate (2.2 eq.) in acetone and refluxed for 48 h. The mix-
ture was cooled to room temperature, filtered, and
the solvent was removed from the acetone fraction
under reduced pressure. The oil was combined with
250 mL of a 10% potassium hydroxide in ethanol so-
lution and refluxed for 3 h. The solution was cooled
to room temperature, and excess solvent was re-
moved under reduced pressure. The grayish-brown
solid was then added to 4 L of water acidified with
250 mL of 12M hydrochloric acid. A gray precipitate
was collected by filtration and recrystallized from
ethanol to afford the pure bisacid.

3-NBA: 69% yield, T,,: 252-254°C, 'H-NMR: 8.51
(s, 2H), 8.01 (d, 2H), 7.90 (d, 2H), 7.84 (d, 2 H),
7.39 (s, 2 H), 7.25 (d, 2H), 4.25 (t, 4 H), 3.85 (t, 4 H),
3.67 (s, 4).

4-NBA: 72% yield, T,: 184-185°C; 'H-NMR: 8.51
(s, 2H), 8.03 (d, 2H), 7.86 (d, 2H), 7.81 (d, 2 H),
7.39 (s, 2 H), 7.22 (d, 2H), 4.25 (t, 4 H), 3.88 (t, 4 H),
3.67 (t, 4 H), 3.61 (t, 4 H).

5-NBA: 68% yield, T, 164-165°C; '"H-NMR: 8.52
(s, 2H), 8.01 (d, 2H), 7.90 (d, 2H), 7.85 (d, 2 H),
7.38 (s, 2 H), 7.22 (d, 2H), 4.22 (t, 4 H), 3.80 (t, 4 H),
3.55 (t, 4 H), 3.51 (t, 4 H), 3.33 (s, 4 H).

Bis-(4-mercaptopyridine) methane

A 2.5-g amount of 4-mercaptopyridine (0.023 mol) was
mixed with 1.86 g of dibromomethane (0.011 mol)
and 1.26 g of potassium hydroxide (0.022 mol). The
mixture was refluxed in ethanol for 2 h. The resultant
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Figure 1 Materials used.

solution was poured over 1 L of a water/ice mixture
to produce a white solid, which was filtered and
recrystallized from ethanol to afford 1.86 g of a white,
fibrous solid. BMPM: 74% vyield, T,: 93-94°C, H-
NMR: 8.43 (d, 4H), 7.36 (d, 4H), 4.92 (2H, s).

Complex formation

The hydrogen bond complexes were formed by thor-
oughly mixing equimolar quantities of the hydrogen
bond donor and acceptor in the molten state for
2 min under an inert atmosphere. These mixtures
were allowed to cool slowly to room temperature to
form the liquid crystalline materials. Hydrogen bond
formation was confirmed through infrared spectros-
copy by the presence of two characteristic stretching
bands (centered around 2500 and 1950 cm ™).

RESULTS AND DISCUSSION
Liquid crystalline materials

The materials used in this study are provided in
Figure 1. DSC data for these complexes is presented
in Figures 2 and 3, and selected optical images from
these complexes are seen in Figures 4 and 5. A com-
plied table of thermal transitions can be seen in Table 1.

The 3NBA /2RP complex displayed the highest clear-
ing temperature of the systems utilizing the 2RP hydro-
gen bond acceptor. The clearing temperature dropped
as the systems increased the number of flexible ethyl-
ene-glycoxy units between the hydrogen bond donors.
This follows the accepted liquid crystalline theory: As
the flexibility of a chain increases, the molecular
mobility of the mesogens also increases, leading ulti-
mately to a lower clearing temperature. Interestingly,
the only more ordered phase observed was a smectic
A phase formed from the 5SNBA/2RP complex.
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Figure 2 DSC thermogram of 3NBA 2 RP.

Utilizing the 3RP system produced a material that
degraded rather than melt when complexed with the
3NBA donor. The combined species produced too
high of a melting point to effectively measure before
decomposition. The associative chain structure formed
from the 3RP and 4NBA displayed a measurable clear-
ing temperature that was higher than the transition
observed in the 3RP/5NBA system. This also follows
accepted trends, i.e., increasing the flexibility in the
5NBA species would decrease the overall clearing
temperatures.

The complexation of the AZO P hydrogen bond
acceptor with the 3NBA donor produced a complex
that had transitions at temperatures such that the
AZO P sublimed at such a rate that stoichiometric im-
balance was induced into the material. The resultant
material would not display accurate liquid crystalline
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Figure 3 DSC thermogram of 5 NBA AzoP.
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Figure 4 Optical micrograph of 5 NBA 2 RP. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

transitions. The associative chain structure formed
from the 4 NBA and 5 NBA hydrogen bond donors,
however, had transitions sufficiently low that meso-
genic character could be observed. As the ethylenegly-
coxy spacer increased in length, the clearing tempera-
ture subsequently decreased as well.

When the naphthoic acid species were tethered to
bisfunctionalized chains, the liquid crystalline charac-
teristics formed through hydrogen bond dimer for-
mation disappeared, again as typified in benzoic acid
species. When used to form hydrogen bonded com-
plexes with rigid bispyridyls (2RP, 3RP and AZOP)
each of the naphthoic bisacids (3NBA, 4NBA, 5NBA)
displayed thermally stable, enantiotropic liquid crys-
talline (mainly nematic) phases. As the rigid compo-
nents of the complexes increased in length (increasing

3/21/2005 2:58:189 PM

Figure 5 Optical micrograph of 4 NBA 3 RP. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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TABLE 1
Summary of Thermal Analysis Data
2 RP 3 RP Azo P

3 NBA

Heat K 2259 N 233.7 1 Dec. Sub.

Cool 12284 N 214.3 K Dec. Sub.
4 NBA

Heat K193.9N 21531 K195.8 N 201.61 K 1734 N 18031

Cool I12140NV 1150.96 N 130.5 K 1178.5 N 145.1 K
5 NBA

Heat K 163.9S,4 184.4 N 193.3 1 K151.3 N 17331 K151.1 N 162.7 1

Cool 11922 N 1824 K 1131.8 N 108.8 K 1158.2 N 128.8 K

K, crystal; N, nematic; S, smectic; I, isotropic; V, vitrification (cooling to an ordered
glas); Sub., sublimation of azopyridine; Dec., decomposition.

the length of the rigid pyridyl components), the clear-
ing temperature of the liquid crystalline phases in-
creased. This phenomenon is in line with current lig-
uid crystalline theory: By increasing the overall length
of a mesogen, the melting temperature and therefore
clearing temperature of the systems is increased.

The inclusion of the AZOP species as the hydrogen
bond acceptor lowered the clearing temperature fur-
ther when compared with the structurally similar
2RP. One possible explanation for these lowered
clearing temperatures is the electronegativity of the
azo nitrogens para to the hydrogen bond acceptor.
The lower electron density on these acceptors could
weaken the hydrogen bond and therefore weaken the
mesogen-forming phenomenon.

As the flexibility of the spacer groups increases in
the study (comparing three, four and five ethylene-
glycoxy repeat units in the spacer groups), the clear-
ing temperatures of the associative chain structures
subsequently decreased. This is rational when com-
pared with the body of understanding on liquid crys-
talline characteristics—higher amounts of chain flexi-
bility impart more degrees of freedom between the
mesogens, allowing for a lower melting temperature
and a subsequently lower clearing temperature.

Complexes formed through the naphthoic acid spe-
cies show an increase in the transition temperatures as
compared to those seen using a structurally analogous
bisbenzoic acid species. Although biphenyl-based com-
plexes provide strong liquid crystalline complexes as
well, the transition temperatures for assembled chain
structures based on these donors tend to be very high,
often above the degradation temperatures of the parent
species, because of the dramatic increase of the meso-
gen size.”” These naphthoic acid species provide an
compromise between increasing the mesogen length
and maintaining usable transition temperatures.

Nonmesogenic polymers

When the bisnaphthopic acids were used in the for-
mation of supramolecular polymers from BMPM, no

liquid crystalline characteristics were observed. The
aliphatic core of this species imparts enough of an
angle to prevent the formation of a rigid mesogenic
species. The ability of these polymers to form fibers
pulled from the melt was impressive—several fibers
ranging in length from 10 to 66 cm were pulled. Opti-
cal micrographs of these fibers (seen in Fig. 6) showed
a consistent, smooth surface with no anisotropy pres-
ent in the materials. The fibers themselves were iso-
tropic glasses. These fibers crystallized and decom-
posed while kept at room temperature after 6 h. The
crystallization of these components after approxi-
mately 6 h induced chain scission and fiber degrada-
tion. There was no noticeable effect in increasing the
flexible spacer length in the characteristics or the life-
time of the fibers. The crystallization of the compo-
nent species (bisacids and bispyridyl) was apparently
delayed in the formation of the fiber, which allowed
the fibers to exist instead of immediately decompos-
ing to component crystals. Similar behavior has been
observed in fibers pulled from bisacids and tetrakis-
pyridyls.*®

3/23/2005 4:07:26 PM

Figure 6 Optical micrographs of fibers pulled from 5 NBA
BMPM. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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CONCLUSIONS

A series of main-chain liquid crystalline polymers
have been synthesized through hydrogen bonding
with rigid pyridyl species as the hydrogen bond
acceptor and alkoxy-substituted naphthoic acid spe-
cies as the hydrogen bond donor. These materials dis-
played enantiotropic liquid crystalline phases which
were mainly nematic structure. The triethylenegly-
coxy spacer group displayed melting temperatures
that were sufficiently high to induce decomposition
in the complexes formed with 3RP system and subli-
mation in the AZOP complexes. These difficulties
were not observed in the lower melting 4 and 5
NBAs. There was an obvious increase in the clearing
temperature as the mesogen length (from both the
hydrogen bond donor and acceptor species, going
from two ring pyridyls to three) increased. The inclu-
sion of an azobased bispyridyl spacer decreased the
transition temperatures as compared to the alkenyl
species. One supposition for this is a slightly lower
electron density on the pyridyl nitrogen from the azo
group in a para position when compared with the
system with an alkene in the same position. Increas-
ing the length of the flexible ethyleneglycoxy spacer
groups between the hydrogen bond donors decreased
the clearing temperatures of the hydrogen bonded
systems. This follows what is commonly accepted in
liquid crystalline knowledge—more flexibility between
the mesogenic units promotes a lower melting tem-
perature, which would in turn lead to a lower clear-
ing temperature for the assembled molecules. Bis-(4-
mercaptopyridine) methane (a nonmesogen promot-
ing pyridyl species) was used in the formation of
supramolecular polymers. These systems displayed a
strong tendency for fiber formation—short-lived, long
fibers were pulled from the melt of the polymer. Op-
tical micrographs of these fibers displayed a uniform,
hollow nonbirefringent strand.

Naphthoic acid derivatives allow for the formation of
supramolecular complexes. The fused rings of the
naphthalene structure provide an extended, rigid struc-
ture capable of creating mesogenic units. These species
are also capable of forming remarkably stable nonme-
sogenic materials when complexes with a bisfunction-
alized mercaptopyridine hydrogen bond acceptor. The

RIEDEL ET AL.

naphthoic acid species provide achievable transition
temperatures for the formation of associative chain
structures.

The authors thank Dr. David Lewis and James Phillips for
their help and guidance in this work.
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