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Abstract Novel disubstituted propiolates bearing chro-
mophoric terphenylene mesogenic groups, namely, 4’-cyano-
4-terphenylyl-2-octynate M(CN) and 4'-methoxyl-4-terphe-
nylyl-2-octynate M(OCHj;) are synthesized, where the
terphenyl groups are connected to the C=C through ester
linkage directly. Using transition-metal catalysts such as the
classical MoCls- and WClg-based metathesis catalysts, the
polymerization of the M(CN) and M(OCH3) are carried out
in a series of different solution, however, did not obtain any
products. It suggests that the WClg- and MoCls-based cata-
lysts are poisoned by the polar groups, on the other hand, the
bulk terphenyl groups and the long alkyl chain around the
C=C bond might inhibit the reaction. M(CN) displays
monotropic nematicity, whereas M(OCH3) exhibits enan-
tiotropic nematicity and smecticity (SmAg) with a bilayer
arrangement when cooled and heated. Ultraviolet spectros-
copy and photoluminescence measurements also show that
the terphenyl groups endow disubstituted propiolates with
strong UV light absorption and high photoluminescence.
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Introduction

Liquid crystalline conjugated polymers have been exten-
sively studied for their intriguing applications and stimu-
late technological innovations in the development of novel
electronic and photonic devices such as liquid crystal dis-
plays (LCD), light-emitting diodes (LED), photovoltaic
cells, film transistors and plastic lasers [1-3]. Polyacety-
lene is an archetypal conjugated macromolecule and its
functionalization has attracted much synthetic effort over
the past decades [4-7]. Compared to the instability and
intractability of polyacetylene, substituted polyacetylenes
show thermal stability, good solubility, excellent lumines-
cence and photoconductivity by introducing different
mesogens [8]. Introducing the orientable mesogenic moi-
eties onto a conjugated polymer backbone, the main chain
can be aligned by virtue of spontaneous orientation of the
LC side chain and macroscopic alignment of LC domains
is also achieved by an external force such as shear stress,
electric or magnetic field [9]. Recently, a variety of poly-
acetylenes containing liquid-crystalline mesogens, optical
nonlinearity and light-emitting chromophores have been
prepared [10-22].

Recent studies have revealed that electrical and lumi-
nescence behaviors of polyacetylenes can be greatly tuned
by changing their molecular structures. Generally, the
mono- and disubstituted type exert great on the properties
of liquid crystalline polymers, such as polynorbornene
derivatives [23]. In contrast to their monosubstituted
counterparts, disubstituted polyacetylenes often enjoys
such advantages as being thermal stability, better film
forming, mechanically much stronger and more lumines-
cent [24-28]. Poly(1-phenyl-1-octyne) (PPO), a highly
luminescent disubstituted polyacetylene, can emit light at
460 nm with high quantum yield (0.43) [29]. If the
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functional pendants were directly attaching to the poly-
acetylene backbone, the functional groups also altered the
properties of the polymers. Substituted propiolates
(RC=CCO,R), in which the carbonyloxy group and the
triple bond are located in immediate vicinity, were found
that the propiolic carbonyloxy groups in the neighborhood
of the main-chain double bonds electronically perturbed
and sterically rigidified the polyene, which in turn altered
the thermal stability, liquid crystallinity, and luminescence
behaviors of the polypropiolates [30]. Conjugated poly-
mers containing mesogenic and chromophoric units can
potentially show very high carrier mobility and emit
polarized light [31]. Its monosubstituted derivatives of
general structure —-[CH = C(Ar)]n or poly(l-arylacetylenes)
are incapable of emitting intense light, but chromophore-
containing poly(l-alkylacetylene) or poly(l-alkynes)
{-[CH=C(CmH,,; ;—Ch)]n (Ch, light-emitting chromo-
phore} can be highly luminescent [32].

The terphenyl is not only a chromophore but also a
mesogenic core [33, 34], especially for cyanoterphenyl
derivatives, which have been used in the preparation of a
wide range of nematic mixtures and, in general, these have
high thermal stability as well as chemical and photochem-
ical stability [35]. Incorporation of terphenyl chromophore
with auxochrome tails into the electronically active poly-
acetylenes chains is of particular interest, because the
spontaneous orientation and chromophoric property of the
terphenyl mesogens might likely lead to materials with
novel, outstanding and interesting properties. Thus, in order
to obtain the attractive properties of liquid crystalline
polyacetylenes, we designed disubstituted propiolates con-
taining terphenyl chromophoric mesogenic groups with
auxochrome tails (-CN and —OCHj3;), where the terphenyl
groups are connected to the C=C through ester linkage,
directly (shown in Scheme 1). The photoluminescence
probably could be enhanced by its constitutional repeat unit
of -RC=CCO,Ar—, which is not only conjugated, but also
polarized by the intramolecular push—pull interaction. We
also carried out their polymerization, but could not obtain
any products due to metal-based catalysts poisoned by the
polar groups. Here, we are concentrated on the effects of the
structural variations on themesomorphic, light emitting
behaviors and thermal properties of the disubstituted

Ay~

o]
M(R)

(R=OCH3, CN)

Scheme 1 The chemical structures of compounds
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propiolates, and the influence of the structures on the
polymerization has also been investigated.

Experimental
Materials

n-Butyllithium, trimethyl borate, 4-(4-bromophenyl)phe-
nol, 2-octynoic acid, tetrakis(triphenylphosphine)palla-
dium(0), and diethyl azodicarboxylate (DEAD), 40% in
toluene were purchased from Alfa Aesar and used as
received without any further purification. Tetrahydrofuran
(THF), toluene and dioxane were dried over sodium. Other
chemicals were obtained from Shanghai Reagent Co., Ltd.,
and used as received.

Techniques

The nuclear magnetic resonance (NMR) spectra were col-
lected on a Bruker ARX 400 NMR spectrometer with
deuterated chloroform or THF as the solvent and with tet-
ramethylsilane (6 = 0) as the internal standard. The infra-
red (IR) spectra were recorded on a Shimadzu IRPrestige-
21 Fourier transform infrared (FTIR) spectrophotometer by
drop-casting sample solution on KBr substrates. Thermo-
gravimetric analysis (TGA) was performed on a PerkinEl-
mer TGA 7 for thermogravimetry at a heating rate of 20 °C/
min under nitrogen with a sample size of 8-10 mg. Dif-
ferential scanning calorimetry (DSC) was used to determine
phase-transition temperatures on a Perkin-Elmer DSC 7
differential scanning calorimeter with a constant heating/
cooling rate of 10 °C/min. Texture observations by polar-
izing optical microscopy (POM) were made with a Nikon
E600POL polarizing optical microscope equipped with an
Instec HS 400 heating and cooling stage. The X-ray dif-
fraction (XRD) study of the samples was carried out on a
Bruker D8 Focus X-ray diffractometer operating at 30 kV
and 20 mA with a copper target (1 = 1.54 A) and at a
scanning rate of 1°/min.

Synthesis of disubstituted propiolates

All the reactions and manipulations were carried out under
a nitrogen atmosphere.

4-Cyanobenzeneboronic acid [I(CN)]

A solution of n-butyllithium (30 mL, 2.87 M in hexane,
0.086 mol) was added dropwise to a stirred, cooled
(—110 °C) solution of 4-bromobenzonitrile (15 g, 0.082
mol) in dry THF (180 mL) under dry nitrogen. The solu-
tion was stirred at below —100 °C for 1 h and a solution of
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trimethyl borate 20.8 mL in dry THF (60 mL) was added at
below —100 °C. The solution was allowed to warm to
room temperature overnight. 10% hydrochloric acid was
added and the solution was stirred for 1 h at room tem-
perature. The product was extracted into ether and the
organic layer was washed with water and dried with
MgSO,. The solvent was removed in vacuo and the crude
product dissolved in THF and precipitated with n-hexane to
give a yellow solid with yield of 70%. 1(OCHj3), white
solid, the synthesis route is the same to 1(CN). 1(R) was
used directly without further purified in the next steps.

4-Hydroxy-4'-cyanoterphenyl [2(CN)]

Under a dry nitrogen atmosphere a solution of 2.00 g of
4-cyanobenzeneboronic acid (13.6 mmol) in 10 mL of
ethanol was added to a solution of 2.75 g of 4-(4-bromo-
phenyl)phenol (97%, 11.02 mmol) and 0.42 g of tetrakis
(triphenyl phosphine) palladium(0) (99%, 0.36 mmol) in
20 mL of benzene and 20 mL of aqueous Na,CO; (2 M).
The reaction was conducted under reflux overnight. The
reaction mixture was then shaken with ethyl acetate and the
insoluble parts were filtered off. The organic layer was dried
with anhydrous MgSQO,, and the solvent was removed by
evaporation in vacuo. The crude product was recrystallized
from acetone to provide a yellow powder, 65% yield.

2(CN), IR (KBr, cm™'): 2215 (C=N), 3351 (-OH).
"H-NMR (ppm, CDCl3): 7.73-7.65 (four d, aromatic, 8H),
7.53 (d, aromatic, 2H ortho to cyano), 6.93 (d, aromatic, 2H
ortho to hydroxyl), 4.91 (s, 1H, —OH).

2(OCHsy), colorless crystal, IR (KBr, cmfl):3393, 2956,
2835, 1608, 1491, 1251, 1031, 815, 644. '"H-NMR (ppm,
CDCl5): 7.60-7.51 (m, aromatic, 8H), 7.00-6.99 (d, aro-
matic, 2H ortho to hydroxyl), 6.90, 6.93 (d, aromatic, 2H
ortho to OCHj3), 5.52 (s, 1H, —OH).

4'-Cyano-4-terphenylyl-2-octynate [M(CN)]

2-Octynoic acid (1.68 g, 12 mmol) was added to a mixture
of  4-hydroxy-4’-cyanoterphenyl (2.71 g, 10 mmol),
(dimethylamino)pyridine, DMAP 1.47 g (12 mmol), and
dicyclohexylcarbodiimide, DCC (2.46 g, 12 mmol), in
30 mL of absolute THF and further stirred for 24 h at room
temperature under an argon atmosphere. After the reaction
finished, the solvent was removed by evaporation. The
crude product was purified by column chromatography
(n-hexane/CHCl; = 1/2) to afford M(CN) as white pow-
der. Yield >81%.

M(CN), IR (KBr, cm™"): 3037, 2930, 2861, 2222, 1727,
1605, 1483, 1385, 1111, 814. '"H-NMR (ppm, CDCls):
7.75-7.60 (m, aromatic, 10H), 7.18-7.14 (d, aromatic,
2H ortho to —O0C-), 3.04-3.01 (t, 2H, —-OOC=CCH,),

1.83-1.79 (m, 2H,-CH,CH,C=),
—CH,CH»—), 0.96-0.94 (t, 3H, —CH3y).
M(OCHj3;), while powder, IR (KBr, cmfl): 3037, 2928,
2852, 1725, 1611, 1483, 1379, 1110, 814. 'H-NMR (ppm,
CDCl5): 7.71-7.51 (m, aromatic, 8H), 7.17, 7.13 (d, aro-
matic, 2H ortho to -O0C-), 7.00, 6.98 (d, aromatic, 2H
ortho to —OCH3), 3.87 (s, 3H, —OCHs3), 3.03-2.99 (t, 2H,
-00C=CCH,), 1.82-1.79 (m, 2H, -CH,CH,C=), 1.46—
1.25(m, 4H, -CH,CH,-), 0.95-0.92 (t, 3H, —-CHs3).

1.46-1.29 (m, 4H,

Results and discussion
Synthesis of disubstituted propiolates

Disubstituted propiolates were synthesized by three steps:
1(R) were prepared by 4-R-bromobenzene, n-Butyllithium
and trimethyl borate, followed by the synthesis of [2(R)]
through Suzuki reaction between the compounds of 1(R)
and 4-(4-bromophenyl) phenol using tetrakis(triphenyl-
phosphine)palladium(0) as the catalyst. The monomers
were synthesized through a esterification reaction route in
the presence of 1,3-dicyclohexylcarbodimine (DCC) and
4-(dimethylamino)pyridine (DMAP). All the intermediate
and final products were thoroughly purified and fully
characterized, and satisfactory analysis data were obtained
(detailed spectroscopic data for the key intermediates and
for all the compounds being given in the Experimental
section).

Structural characterization

Disubstituted propiolates were characterized by spectro-
scopic methods and all the products gave satisfactory data
corresponding to their expected molecular structures (see
Experimental section for details). In the IR spectra of
M(CN) and M(OCHj3;), the C=0 absorption bands of the

monomer M(CN) and M(OCH;) are observed at
1,725 cm ™. M(CN) showed a weak band at about
2,200 cm™! associated with the C=C stretch which is

merged to the absorption band of C=N at 2,221 cm™"'. The
C=C stretch of M(OCH;) is too weak to be observed,
because the C=C is located at the middle of molecular
structure, which absorbs the IR light with low efficiency. In
the '"H-NMR (400 MHz) spectra, the peaks of aromatic
protons and aliphatic proton are located at about 6 = 7.80—
7.00 and o6 = 3.00-0.90, respectively, and a peak at
0 = 3.87 is associated with the protons (—-OCHj) of
M(OCH3;). Except the peaks of solvent and water remained
in the spectra, no unexpected signals are observed in the
spectra of the disubstituted propiolates and all the resonance
peaks can be assigned to appropriate protons. The "H-NMR
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spectra as well as the IR analyses confirmed that the
disubstituted propiolates were synthesized successfully.

Liquid crystallinity

Disubstituted propiolates are white crystals at room tem-
perature and exhibit liquid crystallinity at elevated tem-
peratures. The thermal transition behaviors of the
disubstituted propiolates are examined by DSC and polar-
ized optical microscopy (POM). The POM textures of
disubstituted propiolates are displayed in Fig. 1. Disubsti-
tuted propiolates exhibited optical anisotropy when
observed by POM, suggesting that the terphenyl mesogens
endowed the compounds with thermotropic liquid-crystal-
line behavior. When M(CN) was heated to its melting
point, a large number of anisotropic entities emerged,
which did not disappeared until it enter the isotropic state.
The droplet texture is associated with the mesophasic
nature of a nematic phase, owning to the cyanoterphenyl
mesogen generating the nematic texture [35]. Upon cool-
ing, the isotropic melt (liquid) between the glass slides
remained dark even after it was cooled to the solid state.
We carefully repeated the observation several times but
failed all the time, that is, mesomorphism is monotropic.
Different from M(CN), M(OCH3;) possesses two different
masophases. M(OCH;) first entered the obvious SmAgy
phase with fan texture, followed by the nematic phase with
droplet texture. Cooling M(OCH3) regenerated the SmAy

Fig. 1 Polarized optical
micrographs of melts of M(CN)
at a 155 °C, b 171 °C, and of
M(OCHj3;) at ¢ 201 °C, d

185 °C
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and nematic phase textures in sequence, demonstrating the
enantiotropic nature of the phase transitions. The results
were also identified on the base of the DSC curves and
XRD measurements (be discussed later).

Disubstituted propiolates’ curves under nitrogen were
measured on a differential scanning calorimeter to give
more information about the thermal transitions. DSC curve
of the compounds are shown in Fig. 2 and the temperatures
of the transition are taken from the maxima or minima of the
curves for the samples. M(CN) entered the nematic phase at
153.5 °C with droplet texture in the second reheating cycle,
associated with the g-N transition. The mesophase was
stable in a temperature range over 21.1 °C before M(CN)
finally entered its isotropic state at 174.6 °C. As indentified
by POM, M(CN) could not form orderly arrangement, no
peak observed in the first cooling cycle indicative of the
monotropic nature of the nematic mesophase. The DSC
curve of M(OCHj3;) showed three transition peaks at 206.2,
192.2 and 163.1 °C in the first cooling cycle. The meso-
phase in this temperature range (206.2-192.2 °C) was
identified to be nematic phase with droplet texture. Then the
SmA, with fan texture running across the backs of droplet
texture, however, disappeared upon further cooling to
163.1 °C. Reheating M(OCH3;), three transition peaks
slightly shifted to the higher temperatures were exhibited,
which means the mesomorphism was enantiotropic.

With the aid of XRD measurements, more information
concerning the molecular arrangements, modes of packing,
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Fig. 2 DSC curves of (a) (b)
disubstituted propiolates
recorded under nitrogen during { 206.2°C { M(OCH)
the a first cooling and b second N °
heating scans at a scan rate of = 192.2°C =
10 K/min € SmA, 1S

B M(OCH,) c 163.1°C B
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and types of order in the mesophases of the acetylene liquid
crystals were obtained. The XRD patterns were obtained
from the mesogenic acetylene quenched with liquid nitro-
gen from its liquid-crystalline states, whereas the meso-
phases in the liquid-crystalline states at the given
temperature were frozen by the rapid quenching with liquid
nitrogen. The XRD diagram of M(CN) showed a broad
peak in the high-angle region (20 = 20.49°), correspond-
ing to the average intermolecular spacing of 4.33 A (shown
in Fig. 3). No reflections were observed at low angles,
indicating that there is no layer ordering within the meso-
phases. It is known that a nematic mesophase shows only
one diffuse halo at high angles. Thus, M(CN) is of nematic
mesophase. However, M(OCH3) showed not only the dif-
fuse peak in the high-angle region, but also Bragg reflec-
tions at middle and low angles. The peaked at 20 = 19.82°
(d = 4.48 A) corresponding to the shorter preferred spac-
ings occurring in the packing arrangement of the alkyl
groups within the smectic mesophase. The sharp reflection
at the low angle (20 = 2.84°) corresponds to a layer

S M(OCH,)
©
z
2
£ M(CN)
M M\MM WWWMMMWW'
oty Mg

20 /deg

Fig. 3 X-ray diffraction patterns of disubstituted propiolates quenched
from their liquid crystalline states

Temperature / °C

spacing of 31.23 A, which is in considerable is excess to
the molecular length in its most extended conformation
(23.51 A). This confirms the mesogens are packed in a
bilayer structure. The calculated d/l is 1.32, a value often
found in the SmA, mesophase of the liquid crystalline
molecule, in which the cyanoterphenyl mesogen are
interdigitated in an antiparallel fashion [36]. Interestingly,
in the mid-angle region, the diffractogram of the polymer
also showed a strong reflection at 26 = 5.1°, from which a
d-spacing of 17.21 A was derived. The calculated length
for the interdigitated {(methoxyl-terphenylyl)oxy }carbonyl
groups in the proposed bilayer structure of M(OCHj;) is
17.06 A. The reflection peak at 20 = 5.1° thus may be
related to the regions, in which the rigid {(methoxyl-ter-
phenylyl)oxy }carbonyl groups are interdigitated and well
packed.

Electronic absorption and photoluminescent (PL)

The ultraviolet—visible (UV) and PL of M(CN) and
M(OCH3;) in dilute CH,Cl, are investigated. The incorpo-
ration of the terphenyl groups and the unit of —-C=CCO,—
into the molecular structures allows better conjugation of
the molecules, which endows the monomer with strong UV
absorption and high photoluminescence. The UV spectrum
of M(OCHy,) is detected as a broad strong absorption (300-
340 nm), and M(CN) is red-shifted to 350 nm. The light-
emitting of M(CN) is stronger and also 50 nm red-shifted
at about 400 nm than in the case of M(OCHj3) at about
350 nm. The absorption or light-emitting is red-shifted as
the electron-withdrawing character of the substituent
increases [33].

Conclusions
In this work, we synthesized a group of new functional

disubstituted propiolates and introduced the chromophoric
terphenylene mesogenic as the pendant onto propiolates.
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The thermal, mesogenic, and luminescent properties of
disubstituted propiolates with terphenylene were studied
and the effects of the structural variations on polymerization
of disubstituted propiolates also were given special atten-
tion. Disubstituted propiolates with CN terminal substituent
at terphenylene displays monotropic nematicity, whereas
the one with OCHj; terminal substituent exhibits enantio-
tropic nematicity and smecticity (SmAy) with a bilayer
arrangement when cooled and heated. The incorporation of
the terphenylene groups and the unit of —C =CCO,- into
the molecular structures could allow better conjugation of
the monomers, which endows disubstituted propiolates with
strong UV light absorption and high photoluminescence.
The disubstituted propiolates bearing the polar functional
groups are seems poisonous to the common transition-metal
catalysts such as Mo- and W-based catalysts and the large
inherent steric hindrance of the terphenyl group will further
the destruction. Thus, do our effort to find out an effective
catalyst for the type of disubstituted propiolates will be the
next task, although it may be daunting.
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