Macromolecules 2009, 42, 2523—2531

Functional Polyacetylenes Carrying Mesogenic and Polynuclear
Aromatic Pendants: Polymer Synthesis, Hybridization with Carbon
Nanotubes, Liquid Crystallinity, Light Emission, and Electrical
Conductivity

Wang Zhang Yuan,* Jacky W. Y. Lam,” Xiao Yuan Shen,” Jing Zhi Sun,**
Faisal Mahtab,* Qiang Zheng,” and Ben Zhong Tang*""*

Department of Polymer Science and Engineering, Key Laboratory of Macromolecular Synthesis and
Functionalization of the Ministry of Education of China, Zhejiang University, Hangzhou 310027, China,
and Department of Chemistry, The Hong Kong University of Science & Technology,

Clear Water Bay, Kowloon, Hong Kong, China

Received November 9, 2008; Revised Manuscript Received January 12, 2009

ABSTRACT: Multifunctional polyacetylenes and their nanohybrids with liquid crystallinity, light emission,
and electrical conductivity are developed in this work. New acetylene monomers containing biphenyl mesogens
and polynuclear chromophores, namely 4-[3-(1-pyrenyl)propylcarbonyloxy]-4'-biphenylyl 11-(4-ethynylphenoxy)-
undecanoate (1), 4-[3-(1-pyrenyl)propylcarbonyloxy]-4'-biphenylyl 10-undecynoate (2), and (9-fluorenyl)methyl-
4-[(9-decynyl)-carbonyloxy]-4'-biphenylyloxycarbonylmethyl carbamate (3), were synthesized and transformed
to their corresponding polymers (P1—P3) by the polymerization reactions catalyzed by organorhodium complexes
of Rh*(nbd)[C¢HsB (C¢Hs)s] and [Rh(diene)Cl],. Whereas none of the monomers were mesomorphic, P1 and
P2 were liquid crystalline. The pyrene pendants enabled P1 and P2 to function as dispersants for short (s)- and
long (/)-multiwalled carbon nanotubes (MWNTs). P1 assisted the dissolution of s- and -MWNTs in THF, with
respective solubilities as high as 723 and 625 mg/L. The resultant P1//-MWNT hybrid maintained the smectic
mesomorphism of P1 and emitted bluish-green light in THF upon photoexcitation. The hybrid solid readily
redissolved in common organic solvents and formed solid films upon solution casting. The hybrid films showed
high electrical conductivity. This work demonstrates that polyacetylenes with multiple functionalities can be

generated by attaching appropriate functional pendants to the conjugated polyene backbones.

Introduction

Conjugated polymers form the materials basis for the “plastics
electronics” and have found an array of high-tech applications
in optoelectronic devices' such as light-emitting diodes,?
electrochemical cells,” field effect transistors,* lasers,” and
photovoltaic cells.® The polymers enjoy the advantages of
excellent macroscopic processability and mechanical strength,
in comparison to their inorganic counterparts.’ Liquid crystals
can be molecularly oriented by external forces such as magnetic
and electrical fields and mechanical stress’ and are the quintes-
sential molecular electronic materials for modern optical display
technologies.® The melt of liquid crystals with conjugated
polymers may generate new materials with advanced functional
properties. Indeed, the mesomorphic conjugated polymers
developed so far have been found, for example, to emit linearly®
and circularly polarized lights'® and have been employed to
impart new features to electrochromic systems.'' Furthermore,
the aligned mesogens have endowed the polymers with high
carrier-transport capability.'?

Many research groups have worked on the development of
mesomorphic conjugated polymers.””'* Polyacetylene is an
archetypal conjugated polymer, and its substituted derivatives
exhibit a variety of novel functional properties, such as
luminescence, photoconductivity, optical nonlinearity, chain
helicity, self-organizability, and biocompatibility.'* We have
worked on the development of liquid crystalline polyacetylenes
and have gained valuable information on the structure—property
relationships involved in the systems.'*'> For example, whereas
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PI is not liquid crystalline, their counterparts PII and PIIT show
mesomorphic properties (Chart 1)."* This indicates that both
skeleton rigidity and pendant interaction have exerted great
influence on the alignment of the mesogenic units.

In the liquid crystalline polyacetylenes, the tails of the
mesogenic units have generally been flexible alkyl chains or
polar functional groups.'*'> What will happen if bulky groups
are attached to the alkyl tails? Will the resultant polyacetylene
derivatives still be liquid crystalline? In the hope of conferring
new functionalities on mesomorphic polyacetylenes and gaining
more information on the structure— property relationships in
the systems, we endeavored to incorporate bulky polynuclear
aromatic units into mesogenic polyacetylenes.
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In this work, we designed and synthesized polymers P1—P3,
in which pyrenyl and fluorenyl units were attached to the ends
of the mesogenic pendants (Chart 2). Pyrene and fluorene rings
are well-known light-emitting chromophores'® and have been
widely employed as building blocks in the construction of
optoelectronic materials.'”'® Because pyrene groups are known
to readily form dimeric species in concentrated solutions and
solid state,'®'? the polymer chains of P1 and P2 are expected
to experience strong molecular interactions. For P3, its amide
groups can form hydrogen bonds. The formation of dimeric
species and hydrogen bonds, as well as the steric effect of the
bulky pendants, will inevitably affect the packing and alignment
of the biphenyl mesogens in the polymers. Whether the polymers
are mesomorphic or not is an open question. Delightfully,
however, polymers P1 and P2 were found to be mesomorphic,
although P3 was not liquid crystalline.

Pyrene derivatives have often been used to help disperse
carbon nanotubes (CNT) in common organic solvents.”>*!' We
have been working on the creation of functional polyacetylene/
CNT hybrids, with the aim of combining the merits of both
components to generate new properties.”” In this paper, we
demonstrate the fabrication of processable nanohybrids of
multiwalled carbon nanotubes (MWNT) and mesomorphic
conjugated polymers by simply admixing MWNT with P1 or
P2 in a common organic solvent such as THF. The PI/MWNT
hybrid was found to exhibit liquid crystallinity, film formability,
and electrical conductivity.

Experimental Section

Materials and Instruments. General information about the
materials and instruments used in this work can be found in our
previous paper in the series*® and will not be repeated here in order
to save the journal space. Dichloromethane (DCM) was distilled
over calcium hydride under argon before use. 4,4'-Biphenol (Beijing
Yangcun Chemical), 10-undecynoic acid (ABCR), Fmoc-glycine
(Fluka), 1-pyrenebutyric acid (Alfa), N,N'-dicyclohexylcarbodiimide
(DCC), 4-(dimethylamino)pyridine (DMAP), and p-toluenesulfonic
acid monohydrate (TsOH; all from SCRC) were used without
further purification. 11-(4-Ethynylphenoxy)undecanoic acid was
prepared according to published procedures.'® Rhodium complexes
of [Rh(cod)Cl], (cod = 1,8-cyclooctadiene), [Rh(nbd)Cl], (nbd =
2,5-norbornadiene), and Rh*(nbd)[CsHsB~(C¢Hs);] were prepared
using literature methods.?*~2°

Melting point was measured on a MELT-TEMP II apparatus.
Weight-average (M) and number-average (M,) molecular weights
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and polydispersity indexes (PDI = M,/M,) of the polymers were
estimated in THF by a Waters associated gel permeation chroma-
tography (GPC) system. An Olympus BX 60 polarized optical
microscope (POM) equipped with a Linkam TMS 92 hot stage was
used to observe anisotropic optical textures. X-ray diffraction (XRD)
patterns were recorded at room temperature on a Philips PW 1830
powder diffractometer using the monochromatized X-ray beam from
the nickel-filtered Cu Kot radiation with a wavelength of 1.5406 A
(scanning rate 0.05 deg/s, scan range 2°—30°). The polymer samples
for the XRD measurements were prepared by freezing the molecular
arrangements in the liquid crystalline state with liquid nitrogen as
reported in our previous papers.'> Electrical conductivity of P1 and
its nanohybrid were measured on a Bio-Rad HL5500PC four-probe
resistivity system.

Monomer and Polymer Syntheses. The synthetic routes to
monomers 1—3 are shown in Schemes S1—S3 (Supporting Infor-
mation). The detailed experimental procedures for the preparations
of 1—3 and their corresponding polymers (P1—P3) as well as their
spectroscopic characterization data are all given in the Supporting
Information.

Polymer/CNT Hybridization. Two kinds of MWNTs, that is,
short (s)- and long (/)-MWNTs with respective lengths of 0.02—1
and 1—10 um, were used in this study. The fabrication of a hybrid
of P1/I-MWNT is described below as an example. Into a tube, 15.0
mg of -MWNT and 8 mL of THF were added. The -MWNT was
predebundled by ultrasonication for 30 min. P1 (20.4 mg) was then
added, and the resultant mixture was vigorously stirred for 1 h and
homogenized by ultrasonication for 15 min. The mixture was then
filtered through a cotton filter to remove the insoluble -MWNT.
The filter was dried in an oven at 120 °C to a constant weight. The
concentration of soluble -MWNT in THF (c¢) was calculated by
eq 1:

= WCNT —(Wp— WF,O)

7 (1)
where Wenr is the original weight of -MWNT, Wg and Wgy are
the weights of the filter after and before filtration, respectively, and
Vs is the volume of the solvent. Thus, (W — Wg) is the weight of
the insoluble -MWNT that was retained by the filter, and Wenr —
(Wr — Wgp) is the weight of the soluble -MWNT that has passed
through the filter.

Results and Discussion

Polymer Synthesis. Monomers 1—3 were synthesized by the
esterification reactions using DCC as dehydrant (cf. Scheme
S1—S3 in the Supporting Information). The reactions proceeded
smoothly, and all the desired monomers were obtained in high
yields (70—86%). [Rh(nbd)Cl], was first used to polymerize 1
in a mixture of THF and triethylamine (TEA). The solution
maintained homogeneous with no solid precipitated during the
whole process of polymerization reaction. However, after
precipitating in methanol and drying in a vacuum oven at 40
°C, the polymeric product became partially insoluble in THF.
The GPC curve of the soluble fraction contains two separated
peaks, with M,,/PDI values of 137500/3.3 and 4400/1.1 for peaks
1 and 2, respectively (Table 1). This indicates that high
molecular weight polymer and low molecular weight oligomer
have been produced simultaneously during the polymerization
process.

In our previous work, we have found that a polymer becomes
insoluble when its molecular weight goes beyond a certain
value.'®* The insolubility of part of the P1 product may be due
to its very high molecular weight. To obtain completely soluble
product, the molecular weight of the polymer needs to be
controlled. Fortunately, by simply changing the solvent to DCM/
Et;N, we succeeded in realizing our goal: a polymer with a
moderate M, value (93 100) was obtained, which was com-
pletely soluble in common organic solvents (Table 1, no. 2).
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Table 1. Polymerization of Monomers 1—3

no. catalyst solvent yield (%) M, PDI
Monomer 1

1 [Rh(nbd)Cl], THF/TEA 68 137 500° 3.3

2 [Rh(nbd)CI], DCM/TEA 76 93 100 1.8

3 [Rh(cod)Cl], DCM/TEA 52 83 400 1.7
Monomer 2

4¢ [Rh(cod)Cl], dioxane/TEA 20 5900 1.3

54 Rh*(nbd)[CsHsB~(C¢Hs)3] THF 73 9 700 1.7

6 Rh™(nbd)[C¢HsB ™ (C¢Hs)s] THF 74 16 100 1.6
Monomer 3

7 Rh*(nbd)[CsHsB~(C¢Hs)3] THF 76 22 400 1.7

¢ Carried out under nitrogen at room temperature for 24 h. [M], = 0.2 M, [cat.] =2 mM. Abbreviations: THF = tetrahydrofuran, cod = 1,5-cyclooctadiene,
nbd = 2,5-norborndiene, TEA = triethylamine, M,, = weight-average molecular weight, and PDI = polydispersity index (estimated by GPC in THF on the
basis of a polystyrene calibration). © Soluble before precipitation but became partially soluble in THF after precipitation in methanol and dried in vacuo; data
given here are for the soluble fraction with high molecular weight. © Carried out at 60 °C. ¢ [Cat.] = 4 mM.

Similar results were obtained when [Rh(cod)Cl], was used as
catalyst.

Unlike monomer 1, monomer 2 is a 1-alkyne derivative,
whose polymerization behavior differs from that of a pheny-
lacetylene derivative.'*'®2¢ As can be seen from Table 1, when
[Rh(cod)Cl]; is used as catalyst in 1,4-dioxane/TEA, only is an
oligomer (M,, = 5900) obtained in a low yield (20%). It is
known that the zwitterionic rhodium complex of Rh™(nbd)-
[C¢HsB™(CgHs)s] is an effective catalyst for 1-alkyne polym-
erization.'®2® We thus attempted to polymerize 2 in THF by
Rh*(nbd)[C¢HsB~(C¢Hs);]. Delightfully, at a concentration of
4 mM, the zwitterionic complex performed well, giving a
polymer with a moderate molecular weight in a high yield
(73%). The molecular weight of the polymer was increased (M,
= 16 100) by decreasing the catalyst concentration to 2 mM
(Table 1, no. 6).

Considering the structural similarity between 3 and 2, we used
Rh*(nbd)[C¢HsB~(C¢Hs);] to catalyze the polymerization of 3.
The result was satisfactory: P3 with an M,, of 22 400 was
obtained in 76% yield (Table 1, no. 7). It should be pointed out
that, when [Rh(nbd)Cl], was used to catalyze 3 in THF/TEA at
room temperature, the polymerization was sluggish, and P3 was
obtained in ~8% yield. This proves that [Rh(diene)Cl], is
inefficient in alkyne polymerization, while Rh*(nbd)-
[C¢HsB™(CgHs)5] is an excellent catalyst.

Structure Characterization. Spectroscopic methods were
used to characterize the structures of the polymers. All the
polymers gave satisfactory analysis data corresponding to their
expected molecular structures (see Experimental Section for
details). An example of the IR spectrum of P1 is given in Figure
1; the spectrum of its monomer (1) is given in the same figure
for comparison. The monomer exhibits absorption band at 3268,
2104, and 1754 cm™!, which are due to stretching vibrations of
=CH, C=C, and C=0, respectively. While the C=0 stretching
band maintains intact, the acetylenic bands are no longer seen
in the spectrum of P1, indicating that the triple bond of 1 has
been consumed by the polymerization reaction.

Figure 2 shows the 'H NMR spectra of 1 and P1. There is no
peak at 0 ~ 2.99 in the spectrum of P1, which is associated
with the resonance of acetylene proton. A new peak due to the
resonance of the olefinic protons appears at 6 ~ 5.80 in the
spectrum of P1, which is absent in the spectrum of 1. This
proves that the acetylenic triple bond of 1 has been transformed
to the olefinic double bond by the polymerization reaction. The
acetylene polymerization shifts the resonance peaks of phenyl
protons from 6 ~ 7.40 and 6.81 in 1 to 0 ~ 6.51 in P1 (cf.
peaks b and c in panels A and B of Figure 2). This is due to the
electron-rich nature of the polyacetylene backbone, which exerts
a powerful shielding effect on the neighboring aromatic protons.
All other resonance peaks can be readily assigned with no
unexpected signals found, as can be clearly seen from Figure 2.
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Figure 1. IR spectra of (A) 1 and (B) its polymer P1 (sample from
Table 1, no. 2).

Figure 3 shows the '*C NMR spectra of P1 and its monomer
1. Whereas the acetylenic carbon atoms of monomer 1 resonate
at 0 76.5 (=CAr) and 83.7 (HC=), these peaks are completely
absent in the spectrum of P1. The polyene backbone resonances,
however, are hard to distinguish due to their overlap with the
carbon resonances of the aromatic pendants, namely, phenyl,
biphenyl, and pyrenyl groups. The result agrees well with the
IR and 'H NMR analyses, thus duly verifying the successful
synthesis of P1.

Polymer/CNT Hybridization. In our previous studies, we
have found that PPA and its derivatives are superior to their
monomers or nonconjugated polymer counterparts in terms of
dispersing CNT in organic solvents.'®** PPA can be used to
functionalize CNT through noncovalent interaction, which has
the advantage of not perturbing the electronic structure of CNT.
It is well-known that planar aryl rings, such as pyrene®**'and
porphyrin,?’ readily form complexes with the CNT surfaces via
strong w—u interaction. Our polymers are expected to show
strong solvating power to CNT. Hybridizations of P1 and P2
with s- and -MWNTs were thus investigated.

As expected, under all the tested conditions, soluble
polymer—CNT nanohybrids were obtained. For s-MWNT, no
matter whether P1 or P2 was used, highly soluble nanohybrids
were always obtained. The resultant nanohybrid solutions show
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Figure 2. 'H NMR spectra of (A) 1 and (B) its polymer P1 (sample taken from Table 1, no. 2) in chloroform-d at room temperature. The solvent
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Figure 3. *C NMR spectra of (A) 1 and (B) its polymer P1 (sample
taken from Table 1, no. 2) in chloroform-d at room temperature. The
solvent peaks are marked with asterisks.

long-term stability and maintain homogeneous for 1 month
without precipitation. However, for -MWNT, although both P1
and P2 are good dispersants, the long-term stability of their
hybrids differs from each other: the P1/l-MWNT solution can
keep homogeneous for weeks, whereas the P2/[-MWNT solution
becomes inhomogeneous after standing for a couple of days.
The results indicate that P1 is a better dispersant than P2. The
difference in the solvating power between P1 and P2 may be
ascribed to the difference in their backbone structure: the PPA
skeleton of P1 can readily wrap onto the MWNT walls,>**
whereas the poly(1-alkyne) skeleton is less affinitive to the
MWNT surfaces. '

Both P1 and P2 are better hybridized with s-MWNT than
[-MWNT, as manifested by the higher solubility and better long-
term stability of the polymer/s-MWNT hybrids in THF. The
lower solubility of -MWNT is understandable because it is more
difficult to debundle I-MWNT than s-MWNT. Even after
debundling, -MWNT strands have higher tendency to entangle
together to form new agglomerates. It also has much higher
strand weight than that of s-MWNT and is therefore easier to
precipitate from the solvent after functionalization. The long-
term stability of its hybrids is thus not as good as that of the
s-MWNT hybrids.

Morphological Structures. The solvating power of P1 and
P2 to CNT stems from the s-electronic interactions between
the polymer chains and the CNT surfaces. To “see” how these
two components interact with each other, transmission electron
microscope (TEM) measurements of the nanohybrids were
carried out. As can be seen from panels A and B of Figure 4,
the polymer chains form coating layers on s-MWNT with
thickness of ~20—30 nm. Interestingly, P1 chains wrap around
the -MWNT surfaces to form thin polymer coating as well as
a unique “pearls on a string” structure (Figure 4C). The P2/I-
MWNT hybrid, however, have a normal core/shell structure.
The effective coating proves good adherence of the polymer
chains to the CNT walls and strong interactions between the
polymer chains.

To further examine the wrapping or coating of the polymer
chains around the MWNT walls, hybrid films were fabricated
on glass substrates from THF solutions of P1/-MWNT. As can
be seen from the scanning electron microscope (SEM) image
of the hybrid film shown in Figure 5A, the P1 chains and the
[-MWNT wires form an interpenetrating networklike structure.
It also manifests the high loading of -MWNT in the nanohybrid.
Figure 5B shows a magnified image of a selected area in Figure
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Figure 4. TEM images of the hybrids of polyacetylenes with short (s)
and long (/) multiwalled carbon nanotubes (MWNT): (A) P1/s-MWNT,
(B) P2/s-MWNT, (C) P1/I-MWNT, and (D) P2/-MWNT. The samples
were prepared from their diluted THF solutions.

Figure 5. SEM images of P1/-MWNT hybrid.
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SA. Evidently, the wrapped -MWNT wires are partially
embedded in the polymer matrix. These SEM images again
testify the strong interaction between the polymers and MWNTs.

Solvating Power. As mentioned above, both P1 and P2 show
strong solvating power toward CNT. Monomers 1 and 2 are
also good dispersants for CNT, thanks to their pyrenyl and
biphenyl groups. To quantitatively evaluate the solvating power,
we measured the solubility of the MWNT functionalized by
different dispersants under the same conditions as previously
reported for PIV (Chart 3)."® In a typical test, predetermined
amounts of polymer (0.0275 mmol) and MWNT (15 mg) were
mixed with a specific volume of THF (8 mL) to make sure that
the data can be comparable with each other.

Figure 6 depicts the solubilities of the s- and -MWNTs
hybridized with the monomers and polymers. Although 1 and
2 can be used as dispersants for CNT, their solvating capacities
are limited: for example, the solvating powers of 1 and 2 toward
[-MWNT are 100 and 75 mg/L, respectively. The solubility of
s-MWNT in THF is somewhat higher than that of -MWNT
under the same conditions. Thanks to the “polymer effect”,'8>22
when 1 and 2 are replaced by their polymers P1 and P2, the
solvating powers are dramatically improved. For -MWNT, the
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Figure 6. Solubilities of the s- and -MWNTs hybridized with 1, 2,
P1, and P2 in THF. Data for PIV are shown for comparison.

solvating powers of P1 and P2 are 625 and 338 mg/L,
respectively, which are more than 6- and 4-fold higher than
those of the monomers. The results are even better for s-MWNT:
its hybrids with P1 and P2 show solubility in THF as high as
763 and 400 mg/L, respectively.

Close examination of the solubility data reveals that P1 always
shows stronger solvating power than P2, no matter whether s-
or -MWNT is used. The solvating power of a dispersant
strongly depends on its molecular structure. The major structural
difference between P1 and P2 lies in the polymer skeleton.
Evidently, with the same pendant group, the PPA derivative
serves as a better dispersant for MWNT, in comparison to its
poly(1-alkyne) counterpart. This is reasonable because the PPA
skeleton can wrap onto the MWNT surfaces,?*® whereas the
olefinic main chain of poly(1-alkyne) makes little contribution
to the dispersion of MWNT in solvents.'®® Thus, in the P1/
MWNT system, both “polymer wrapping” and “pendant com-
plexation” processes contribute to the MWNT dispersion,
whereas in the P2/MWNT hybridization process, only “pendant
complexation” is at work.

We also compared the solvating power of P1 with that of
PIV, which is a congener of P1 without the biphenyl unit in
the pendant group. As can be seen from Figure 6, the solubility
of the s-MWNT hybridized with PIV is only 313 mg/L,"®* much
lower than that of the s-MWNT hybridized with P1. The result
suggests that the biphenyl unit exerts a synergistic or cooperative
effect on the solvating power of the polymer or the dissolution
of the MWNT.

Thermal Stability. Notwithstanding the excellent conductivity
of its doped form, polyacetylene has found few technological
applications owing to its notorious intractability and instability.
Substituted polyacetylenes generally show better processability and
higher stability over its polyacetylene parent. However, PPA shows
a decomposition temperature (7y, defined as the temperature at
which a polymer loses 5% of its original weight) of 225 °C;*® that
is, the polymer becomes unstable when thermally treated. Disub-
stituted polyacetylenes are thermally stable due to the total
replacement of the hydrogen atoms in the polyene backbone by
aromatic or alkyl groups. For example, the Ty value for poly(1-
phenyl-1-propyne) is 330 °C,**? which is comparable to that of
polystyrene (330 °C),*® a stable commodity polymer. Although
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Figure 7. TGA thermograms of P1 (sample from Table 1, no. 2), P2
(Table 1, no. 5), P3 (Table 1, no. 7), PIV, and PV measured under
nitrogen at a heating rate of 10 °C/min.

Figure 8. Mesomorphic textures observed on cooling (A) P1 to 150
°C, (B) P2 to 165 °C, and (C) P1/I-MWNT to 150 °C from their
isotropic states at a cooling rate of 3 °C/min.

the existence of hydrogen atoms in the backbones of mono-
substituted polyacetylenes is not in favor of their stabilities, it
is found that bulky pendants can greatly enhance their thermal
resistances. For example, PIV and PV are thermally stable: their
T4 values are as high as 317 and 354 °C, respectively (Figure
7), thanks to their very bulky pyrene pendants.

The thermal stabilities of P1 and P2 are remarkably high,
noting that they are monosubstituted polyacetylenes. As shown
in Figure 7, the Ty values of P1 and P2 are 348 and 369 °C,
respectively, which are even higher than those of polystyrene
and poly(1-phenyl-1-propyne). The high stability is evidently
due to the incorporation of the biphenyl and pyrenyl pendants
into the polymer structures. This testifies the “jacket effect” of
bulky pendants on the thermal stability of polyacety-
lenes.'*!>'83! From the comparison of the TGA data of P1
and P2 with those of PIV and PV, the improvements in 7y values
are 31 and 15 °C, respectively. From their chemical structures,
it is easy to find out that the introduction of the biphenyl units
has contributed to the thermal stability of the polymers.
However, although both biphenyl and fluorenyl pendants have
been incorporated into the structure of P3, its 74 value is low
(222 °C), probably due to the easy cleavage of the fluorenyl
groups by thermolysis.

Liquid Crystallinity. After checking the thermal stabilities of
the polymers, we proceeded to study their mesomorphic behaviors.
Figure 8 shows the POM microphotographs of the textures of
P1, P2, and P1/I-MWNT recorded in the heating—cooling cycles.
When P1 was cooled from its isotropic state, small batonnets
emerged from the homotropic dark background, forming an
anisotropic mesomorphic texture. This indicates that P1 is liquid
crystalline. The texture contains tiny bands, whose directors are
perpendicular to the long axes of the batonnets. Such in-domain
bands have often been observed during the formation of the
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Figure 9. DSC thermograms of P1 (Table 1, no. 2), P2 (Table 1, no.
5), and PI/MWNTs recorded under nitrogen during the (A) first cooling
and (B) second heating scans at a scan rate of 10 °C/min.

focal-conic textures in liquid crystalline polyacetylenes,'>*3'*32

suggesting that the mesophase of P1 is smectic A in nature.
Our attempt to grow the batonnets to bigger focal-conic domains
failed. This is probably because the rigid PPA skeleton and the
strong m—s interaction between the pyrenyl groups have
prevented the texture from further developing.

When P2 was cooled from its melt state, many anisotropic
entities emerged from the background (Figure 8B). However,
the development of these tiny entities into a typical SmA texture
was difficult. For P3, the POM observation gave a disappointing
result that it was not liquid crystalline. This is probably due to
the hydrogen bonds between the amide groups and steric effect
of the fluorenyl units. It is worth pointing out that none of the
monomers show mesomorphic textures. Thus, although 1 and
2 are nonmesomorphic, their polymers P1 and P2 are liquid
crystalline. This indicates that the polymer chain plays an active
role in the alignment and packing of the mesogenic pendants.

Encouraged by our success of obtaining pyrene-containing
liquid crystalline polyacetylenes, we continued to examine
whether their hybrids with CNT are mesogenic. The P1/[-
MWNT hybrid was selected as an example to check. As shown
in Figure 8C, small-size grains are visible in the microphoto-
graph. It indicates that the hybrid is mesomorphic, although the
alignment and packing of the mesogens in the hybrid are worse
than those in the pure polymer. This is reasonable, since
I-MWNT can be regarded as an “impurity” in huge size, which
hampers the growth of the anisotropic domains.

Differential scanning calorimetry (DSC) measurements were
carried out to evaluate the thermal transition temperatures.
Figure 9 shows the DSC thermograms of P1 and P2 recorded
under nitrogen during the first cooling and second heating scans.
In the first cooling circle, P1 enters the SmA phase from its
isotropic state at 151.6 °C. The mesophase is stable in a
temperature range over 37 °C before the polymer solidifies at
114.0 °C. The associated g-SmA and SmA-i transitions are
observed at 125.1 and 157.2 °C, respectively. The transition
profiles of P2 are somewhat different from those of P1. In its
first cooling circle, a broad exothermic peak associated with
i-SmA is observed at 136.4 °C and the corresponding SmA-i
transition is detected at 166.8 °C.

To find out the effect of CNT on the thermal transitions, we
run the test on the P1/-MWNT hybrid. As can be seen from
Figure 9, its transition profiles are similar to those of P1 and
the i-SmA and SmA-g transitions are found at 141.7 and 108.3
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Figure 10. XRD patterns of liquid crystalline samples of P1 (sample from
Table 1, no. 1), P2 (Table 1, no. 5), and P1/-MWNT. The samples
were heated to 190 °C, cooled to 130 °C at a rate of 3 °C/min, and
then kept at 130 °C for 30 min before being rapidly quenched by liquid
nitrogen.

°C, respectively. The peaks corresponding to the SmA-i and
g-SmA transitions are observed at 123.2 and 148.2 °C,
respectively. The data indicate that the transition temperatures
of the nanohybrid are lower than those of its pure polymer
parent. The incorporation of -MWNT distorts the alignment
of the polymer chains, and the resultant loose stacking or
packing decreases the transition temperatures.

To verify the mesophase assignment and to learn more about
the molecular packing arrangements, XRD analyses were
conducted. The diffractogram of a powder sample can be
generally divided into the low-angle Bragg reflections at 26 ~
3° corresponding to the layer spacing of molecular orientational
order and the high-angle peaks at 26 ~ 20° associated with the
liquidlike intermesogenic organization within the layers.** The
appearance of a broad or sharp peak serves as a qualitative
indication of the degree of order. As can be seen from
Figure 10, P1 shows an XRD pattern consisting of low- and
high-angle peaks. The diffuse peak centered at 20 = 20.39°
gives an average distance (d;) of 4.35 A (Table 2) associated
with the lateral packing arrangement of the pendants. In the
low-angle region, it gives a Bragg reflection at 260 = 4.28°. The
layer thickness is calculated to be 20.62 A, which is shorter
than the fully extended molecular length of the monomer unit
(I =38.09 A) but close to that of the terminal unit containing
the biphenyl and pyrenyl groups (23.51 A; Chart 4).

Different from P1, P2 exhibits two peaks in the low-angle region
and several peaks in the high-angle region. The layer spacing (d;)
of 11.38 A derived from the Bragg reflection at 20 = 7.76° is
close to the length of the biphenyl mesogenic unit, suggesting that
the pyrenyl group is not participating in the mesogenic packing
arrangement in this polymer. This is supported by the sharper peaks
in the high-angle region, which may be associated the separate
packing of the pyrenyl groups. The P1/-MWNT hybrid shows two
peaks almost identical to those of P1. However, because of the
presence of -MWNT, the packing order of the mesogens is
worsened, as reflected by the weaker intensity of the low-angle
peak. The result is consistent with the POM observation: the
MWNT does not destroy the liquid crystallinity of P1 but disturbs
the alignment of its mesogenic pendants.

Light Emission. Monosubstituted polyacetylenes, particularly
PPA derivatives, generally luminesce weakly.** However, when
emissive pendants are properly introduced, monosubstituted poly-
acetylenes can become emissive.'®?*** Pyrene is a famous
emissive chromophore. By incorporating it into the polymers,
luminescent P1 and P2 are obtained. Figure 11 shows the
photoluminescence (PL) spectra of P1 and P2. The PL spectra
of 1, 2, P1/I-MWNT and P2/I-MWNT are also given in the same
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figure for the purpose of comparison. The dilute THF solutions
of 1 and 2 exhibit the “monomer” emission of pyrene at 377
and 397 nm upon photoexcitation. However, their polymers P1
and P2 show the “monomer” emission as well as the “excimer”
emission at 475 nm, even at very low concentrations. This
indicates that the adjacent pyrene pendants in the polymer chain
experience strong intramolecular interactions, which facilitate
the excimer formation. The ratios of the intensities of the
monomer (/) and excimer (/g) emissions for P1 and P2 are
1:0.95 and 1:6.1, respectively. This suggests that the poly(1-
alkyne) skeleton enable ready aggregation of the pyrene
chromophores.

P1/I-MWNT and P2/[-MWNT hybrids emit in similar man-
ners to their polymer parents. As can be seen from Figure 11,
their PL spectral profiles are virtually identical. To collect further
information about the effect of the CNT on the light emission,
fluorescence quantum yield (®g) was measured using 9,10-
diphenylanthracene as standard (®r = 90% in cyclohexane).
Because P1, P2, P1/I-MWNT, and P2/[-MWNT have similar
absorption feature (Figure S5), an excitation wavelength of 343
nm was used for the PL spectrum measurement. It is worth
noting that the ®g value of P2 (11.2%) is much higher than
that of P1 (4.2%). This is because the PPA skeleton can
effectively quench the PL of P1.3*

The introduction of MWNT into a fluorescence system
usually quenches the light emission. As can be seen from Figure
11B, the ® value of P2/[-MWNT is 6.5%, which is much lower
than that of P2 (11.2%). The ®r value of P1/I-MWNT (4.5%),
however, is not decreased but slightly increased, in comparison
with that of P1 (4.2%; Figure 11A). These data are consistent
with our previous results, where fluorescence quenching and
enhancement were observed for the poly(l-alkyne)'®® and
PPA'® systems, respectively.

The PL quenching can be ascribed to the electron and/or energy
transfers from the excitons of the pyrenyl chromophores to the
I-MWNT wires.?>® However, the PL enhancement suggest that
there is a competitive effect involved in the PPA system, which is
helpful to the PL process. The incorporation of CNT may help
enhance the PL efficiency through the reduction in the emission-
quenching defects or exciton traps (e.g., radicals) in the PPA
skeleton generated by photoexcitation.** When I-MWNT is added
into the solution of P1, the favorable interactions between the
[-MWNT walls and the PPA skeletons attract the polymer chains
to wrap around the CNT surfaces.'®™ As a result, the fluorescence
quenching defects or exciton traps in the PPA skeleton are
annihilated by the radical capturing function of the CNT. This
process decreases the likelihood of the exciton trapping by the PPA
skeleton, thus promoting the radiative decay process. The @ value
is determined by the balance between the two competitive effects.
Evidently, in the P1/-MWNT system, the enhancement effect
dominates, whereas in the P2/-MWNT system, the quenching
effect prevails.

Electrical Conductivity. The excellent solubility of the
polymers and their hybrids with CNT have been confirmed by the
usage of wet spectroscopic methods for their structure characteriza-
tion as well as the solvating power evaluation discussed above.
Using the solution-casting technique, smooth and homogeneous
films are obtained from the solutions of P1 and P1/-MWNT hybrid
(Figure 12). It should be stressed that the 1,2-dichloroethane
solution of P1/I-MWNT was prepared by redissolving the dried
hybrid powder. While many polymer/CNT hybrids reported so
far become insoluble or partially insoluble after drying, our dried
hybrids possess good redispersibility. The enhanced solubility,
good redispersibility, and excellent film formability of the hybrid
along with its unique functionalities pave the way to its potential
applications in high-tech devices.
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Table 2. X-ray Diffraction Analysis Data of P1, P2, and P1/l-MWNT*

sample d’ d" di’ di’ ds" d¢’ IS phase
P1 20.62 4.35 38.09 SmA
P2 11.38 8.15 4.62 443 4.22 3.88 34.02 SmA
P1/I-MWNT 21.18 4.34 38.09 SmA

“ The mesophases in the liquid crystal state at the given temperatures were frozen by the rapid quenching with liquid nitrogen. ’ Layer spacing (in units
of A). “ Molecular length (in units of A) calculated from the monomer repeat units in their fully extended conformation.

Chart 4

1=38.09A

CNT is famous for its unique electrical properties,’® and its
hybrids with polymers have been found to show high conductiv-
ity.*” Because of their high aspect ratio, the percolation thresholds
in the CNT networks are one of the smallest among known
materials.®”**® The attractive feature of the CNT-based hybrids
is that the introduction of a relatively small amount of CNT
can have a profound influence on the conductivity of the
materials. Although the size-dependent liquid crystalline be-
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Figure 11. PL spectra of (A) 1, P1, and P1/l-MWNT and (B) 2, P2,
and P2/[-MWNT in THF. Concentration (uM): 12.0 (for 1 and P1),
23.0 (for 2 and P2), 12.0 (for P1 in P1/I-MWNT), 23.0 (for P2 in P2/
[-MWNT). Excitation wavelength: 343 nm. The fluorescence quantum
yields were measured using the solutions with much lower concentra-
tions (at absorbance <0.05).

~— P1
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Figure 12. Photographs of (left) P1 and (right) P1/-MWNT films
formed by casting their 1,2-dichloroethane solutions onto glass sub-
strates.

haviors and the elasticity of CNT have been reported® and the
thin films of the CNT-containing composites have been used
as transparent conductive coatings,’”-*® the conductivity of the
nanohybrids of CNT with liquid crystalline polymers has been
rarely studied.

We measured the sheet resistivity (ps) of the hybrid film by
four-probe contact method based on the Hall effect. For
comparison, the same test was carried out for polymer P1. The
ps value of P1 could not be detected due to the detection limit
of the apparatus, from which its resistivity is derived to be higher
than 4 x 107 Q/O. The sheet resistance of the P1/-MWNT
hybrid film at room temperature is merely 8720 /0, indicative
of a high electrical conductivity.

Concluding Remarks

Functionalized polyacetylenes bearing biphenyl mesogens and
pyrene or fluorene chromophores are successfully synthesized.
Whereas none of their monomers are mesomorphic, P1 and P2
are liquid crystalline. The polymers are also light emitting. This
work proves the feasibility of developing multifunctional
polyacetylenes by melting various functional groups in one
macromolecular structure. The difference in the mesomorphic
behaviors between the monomers and polymers suggests that
the polyacetylene chain has played a constructive role in the
alignment and packing of the mesogenic units.

Insights into the structure—property relationships of the
polymers are obtained in this study. Polymer P1 shows higher
solvating power to MWNT than P2, and the long-term stability
of the solution of the PI/MWNT hybrid is better than that of
its P2ZMWNT counterpart, due to the synergistic and cooperative
m— interactions of the multiple aromatic units in P1 with the
MWNT walls. Whereas the nanohybrids of MWNT with other
polymers often become insoluble after drying, the dried hybrid
powders of the nanohybrids developed in this work show good
redispersibility and film formability.

Polymer P2 is a better fluorophore than P1 because of the
exciton trapping effect of the PPA skeleton of the latter. The
emission of P2 in the P2/-MWNT hybrid is attenuated
because of the quenching effect of the MWNT. On the other
hand, the PL efficiency of P1 in the P1/-MWNT nanohybrid is
enhanced, thanks to the radical annihilation function of the
MWNT. The films cast from the solutions of P1 and its hybrid
show sheet resistance of >4 x 107 and 8720 Q/00, respectively,
indicating that the electrical conductivity of the nanohybrid is
at least 4 orders of magnitude higher than that of its polymer
parent. The multifunctional properties of the polyacetylenes and
their hybrids make them promising for an array of technological
applications.
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