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Functional polyacetylenes: hybrids with carbon
nanotubes

Jing Zhi Sun,*® Anjun Qin® and Ben Zhong Tang*2®

Functional polyacetylenes (PAs) have attracted great interest and a series of tutorial reviews dealing with
the recent progress in the related fields can be found in the literature. The investigation of the hybrids of
functional PAs and inorganic nanostructures is a newly asserted and developing area. In this review, we
summarise the related works on the hybrids of functional PAs and carbon nanotubes (CNTs) reported in
the last decade. The effects of the structural parameters such as the polymer mainchain, functional
pendants and the linker between them on the solvating power towards CNTs are explored step-by-step.
Concerning the mechanisms of dispersing CNTs into solvents, a novel factor, or donor-acceptor
interaction, has been singled out, thus providing a novel concept to design functional polymers for the
fabrication of CNT-based processable hybrids. The strong solvating power of properly designed
functional PAs facilitates the non-harmful surface functionalization of CNTs and permits using the
hybrids of PAs/CNTs as templates to derive multi-component nanocomposites. Different nanostructures
including Ag nanoparticles, ZnO nanocrystallites, CdS nanorods and vy-FesO4 nanoparticles are
successfully incorporated into the functional PAs/CNTs hybrid systems, which show efficient charge
transfer, charge carrier transport, enhanced solvatochromism, and superparamagnetic properties.
Rationally functionalized PAs demonstrate good biocompatibility and their hybrids with CNTs can be
used as active additives to reinforce the bending strength and modulus of chitosan rods. Finally, a brief
outlook of the promising directions in this promising research area is contributed.
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1 Introduction

Polyacetylene (PA) is the prototype conjugated polymer, and its
doped form is considered to be the first “synthetic metal”.*®
Recently, PA has been appreciated to be the “First Generation”
of semiconducting polymers.* Accompanied by the develop-
ment of semiconducting polymers into the “Third Generation”,
PA derivatives have also demonstrated versatile and advanced
functions for electronic, optical, supramolecular, and biological
materials which retain the attractive mechanical properties and
processing advantages of polymers. For example, it once was a
general concept that a conjugated polymer bearing mesogens in
its side chains could hardly possess liquid crystal properties
because the rigid mainchain may distort the packing of the
mesogens. But some elegantly designed PAs showed good liquid
crystallinity, in which the whole polymer chains play the role of
mesogens and the rigidity of the conjugated mainchains have a
positive effect on inducing anisotropic alignments during the
formation of mesophases.”” According to quantum theory, PA
is non-emissive due to its intrinsic electronic structure.® By
appropriate substitution of the acetylene monomers, the
resultant PAs exhibit modified intrachain electronic coupling
and distinct electronic interactions of the polyene chains; thus,
fluorescence from the pendant, the backbone, or both of them
has been observed.”** More recently, it was found that the
fluorescence intensity of disubstituted polyacetylenes is
evidently boosted in their aggregated states in comparison with
in their dilute solutions or at lowered temperature.'>* This is a
typical phenomenon of aggregation-induced emission
enhancement, which is helpful to tackle the thorny problem of
aggregation-caused fluorescence quenching observed for clas-
sical fluorescent polymers by rational structure design. Since
Tang and Kotera pioneered the work on optically active PAs in
1989,"* a variety of helical PAs have been derived by rationally
attaching chiral centers to the side chains, which result in
chirality in the polyene backbone and result in the formation of
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one-handed helicity.'*'® Meanwhile, the synthesis of helical PAs
using a chiral nematic liquid crystal reaction field as an asym-
metric polymerisation is progressing in parallel.”** In addition,
the fabrication of carbon and graphitic films bearing completely
preserved morphologies and even helical nanofibril structures
using helical PAs as a carbonization precursor has become an
attractive area since the original work reported by Akagi and
colleagues.*

In the past decades, there has been impressive progress in
the synthetic strategy, functional design, and materials appli-
cations of PA derivatives.”*** In pursuing high materials
performance, hybridization of conjugated polymers with inor-
ganic components has been extensively explored. By fine tuning
the chemical functionality, polymer structure, size, morphology
and composition of the inorganic nanostructures, hybrid
materials are expected to show synergistic properties over each
individual hybrid component and even new phenomena. Inte-
grating flexible and easily functionalizable polymeric units with
mechanically rigid and stable inorganic units offers broad
processability and applications. Quite a few comprehensive and
tutorial reviews on the relevant topics can be found in the
literature.*** However, there are no reviews on the hybrids of
PAs with inorganic materials. Herein, we contribute a brief
summary of the recent progress on nanohybrids composed of
functional PAs and inorganic nanostructures.

2 Hybrids of functional PAs and CNTs

Carbon nanotubes (CNTs, including multiwalled nanotubes or
MWNTs and single-walled nanotubes or SWNTs) are of great
interest in scientific research and technological innovation due
to their unique nanostructures and novel materials properties,
especially their remarkable electronic and optical properties.
Several issues have to be addressed before CNTs can be inte-
grated into functional hybrids for the fabrication of advanced
materials and devices. One of the most challenging problems is
their notorious intractability: CNTs are insoluble in any solvents
and infusible at any temperature before decomposing. The
approach of noncovalent functionalization by using conjugated
polymers to improve the processability of CNTs seems to be a
particularly attractive one because it does not damage the
intrinsic electronic structure and properties of CNTs.**** On the
one hand, wrapping CNTs with conjugated polymer chains can
endow the hybrids with processability and new photoelectronic
properties. On the other hand, CNTs can help to enhance the
charge transport, electrical conduction, optical nonlinearity,
mechanical strength, and chemical stability of the hybrids.

2.1 Effect of structure parameters of functional PAs on
solvating power towards CNTs

The first attempt to disperse CNTs in organic solvents by PA was
reported by Tang and Xu in 1999.* In situ polymerization of
phenylacetylene in the presence of CNTs gave rise to soluble
nanohybrids of polyphenylacetylene (PPA) and CNTs. The
hybrids demonstrated a high capacity for nonlinear attenuation
of the incident laser pulses.
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This work triggered the further exploration of processable
hybrids of polymer-CNTs. Later on, disubstituted PAs were
covalently bound to CNT shells and the resulting hybrid also
showed the expected optical limiting properties.** To carry
forward the advantages of noncovalent functionalization and
consider that fused ring aromatics (e.g. pyrene) have been
widely used as effective agents to help dissolve CNTs in organic
solvents,”** we designed and synthesized pyrene-functional-
ized PPAs.* The structures of the monomers and polymers are
displayed in Chart 1 and their solvating power towards CNTs is
shown in Fig. 1.

The experimental results (data in Fig. 1) disclosed the
following information. Firstly, the polymers show much higher
solvating power towards CNTs than their corresponding
monomers (P1vs. M1 and P2 vs. M2). This can be defined as the
“polymer effect”. This effect, in some cases such as fluorescence
enhancement and quenching, is also referred to as “super-
amplification”. Secondly, the solubility of a polymer has
important effects on the solvating power towards CNTs (P3 vs.
P4). P3 itself has a very low solubility in tetrahydrofuran (THF),
thus it has no effect on the dispersion of CNTs in THF solution,
while poly(phenylacetylene-co-M3) (P4) which is highly soluble
in THF possesses the highest solvating power towards CNTSs
among the polymers shown in Chart 1. Thirdly, the pyrene-
functionalized PPA shows better performance than the pyrene-
functionalized polystyrene which has saturated main-chains (P2
vs. P5).* This observation implies that the conjugated backbone
plays an important role in the scenario of dispersing CNTs into
solution. Finally, the pyrene-functionalized PPA demonstrates a
very strong solvating power in that the hybrid of P1/CNTs has a
solubility as high as 575 mg L™ in THF. This value is over 3- and
11-fold higher than the pyrene-containing small molecules
(M1-M3) and pyrene-functionalized co-polystyrene (P5), indi-
cating that there is a pronounced “synergetic effect” of the PPA
skeleton and the pyrene pendant.

The maximum solubility was recorded for the hybrids of the
copolymer P4/CNTs, which is 637.5 mg L™" in THF. At that time,
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Chart 1 Chemical structures of a series of pyrene-functionalized phenyl-
acetylene monomers, the corresponding polymers (P1-P3) and the poly-
(phenylacetylene-co-M3) (P4). The chemical structure of a P4 analogous poly-
styrene derivative (P5) is also presented for comparison.
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Fig. 1 The solvating power of functional PPAs (P1-P4, in Chart 1). The data for
the corresponding monomers M1, M2 and M3, as well as a pyrene functionalized
polystyrene (P5) are also presented here for comparison.

this was the highest among all the solubility data reported for
CNTs functionalized by small pyrene rings and wrapped by
pyrene-containing polymer chains. This success indicates that
functional PAs can be a class of promising polymers to fabricate
soluble CNT-based hybrids. Meanwhile, it also initiates a chain
of further research topics. In polymer chemistry, for instance,
an important topic is how to systematically evaluate the effects
of structural parameters (such as main-chain, functional
pendants, and the linker between them) on the solvating power
towards CNTs. We first examined the effect of the main-chain
through a comparative investigation. As shown in Fig. 1 and 2,
the hybrid of P1/CNTs has a solubility of 575 mg L™ " in THF,
while that of P6/CNTs is only 467 mg L~ ' under the same
conditions.”” This observation has been interpreted as
following. Comparing P2 with P6, the most striking difference
in chemical structure is the polymer main-chain (Charts 1 and
2). For P2, a phenyl group is directly conjugated with a repeat
unit of the polyene, but for P6, there is a sole polyene main-
chain. It is believed that the pristine PA has a planar structure,
irrespective of cis and ¢rans configurations, due to the strong
m-conjugation between the sp>-hybridised carbon atoms in the
polyene chain.*®** Substitution of PA reduces the strong inter-
chain -7 interactions, thus making the PA derivatives soluble
in solvents. Meanwhile, it has broken the planar structure of the
main-chain in the substituted PA. Especially in the case of Rh-
catalyst polymerization, the derived substituted PAs generally
have a cis-rich configuration.”****> With their aromaticity, the
phenyl groups in PPA, on the one hand, enlarge the
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Fig. 2 The solvating power of functional PAs/PPAs (P6-P10, in Chart 2). The
datum for P1 is also presented here for comparison.
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Chart 2 Chemical structure of a series of specially designed functional poly-
acetylenes (PAs).

T-conjugation system of the polymer chain and enhance the -
7 interactions with CNTs, and on the other hand, the phenyl
groups, with a more bulky size compared to methylenes,
increase the probability of a helical conformation and facilitate
the wrapping of the polymer chains onto the surface of CNTs. A
more straight-forward proof comes from the comparison of PPA
and P7. Without the help of phenyl groups, the polyalkyne (P7)
showed very limited solvating power towards CNTs, but PPA has
a solvating power of 100 mg L™ " in THF.5® Moreover, as shown
in Fig. 2 and Chart 2, PPAs with amino- (P8) and carboxyl (P9)
functionalities also exhibit solvating power towards CNTs in
appropriate solvents, and the solvating power of P8* and P9~
towards MWNTs in water are 316 and 200 mg L™ in acidic and
basic conditions, respectively.”® Consequently, PPA derivatives
are preferred in our investigation of the hybrids of functional
polyacetylenes and CNTs.>**

The second structure parameter is the functional pendant of
the PAs. Comparing the solubility data of P7/CNTs (undetect-
able) with P6/CNTs (467 mg L") hybrids (Fig. 2), the effect of
the pendant on the solvating power towards CNTs is quite
pronounced. Accordingly, a series of different aromatic
pendants have been examined. For example, ferrocene was used
as a representative of aromatic pendants to be attached to the
side chain of PA. The resultant P10 demonstrated the expected
solvating power towards CNTs and the solubility was measured
to be 400 and 197 mg L™ " for the hybrids of PLO/MWNTSs and
P10/SWNTs, respectively.®* Besides ferrocene, the same strategy
has been applied to the synthesis of functional PPAs bearing
different pendants such as naphthalene, fluorene, carbazole,
and triphenylamine and the fabrication of their hybrids with
CNTs.>*%%%* Based on the summarization of the data in Fig. 1
and 2, it can be found that, in general, the aromatic pendant
with a larger m-conjugation system shows a higher solvating
power (P10 vs. P6).”” This is a useful criterion for developing
functional PAs and other polymers aimed at achieving desirable
solvating power towards CNTs.

As the third structure parameter, the linker between the
polymer mainchain and the functional pendant also plays a
delicate role. In the same solvent and polymer concentration, P1
has a stronger solvating power than P2. The longer flexible alkyl
spacer may alienate the pyrene moieties from the polymer
mainchain, thereby impairing the - interactions between the
pyrenes and CNTs, which leads to the lower solvating power of
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Chart 3 Chemical structures of functional PAs for demonstrating the effect of
the linker and the role of D-A interactions.

P2. In the case of triphenylamine-functionalized PAs (P11 and
P12, Chart 3), the linker between the triphenylamine pendant
and the polyene backbone has a distinct function.®® P11 is
provided with an evident higher solvating power towards
MWNTs than P12. Viewing their chemical structures, this
difference between P11 and P12 can mainly be ascribed to the
linking mode. The more flexible ethenoid linker not only
extends the conjugation of the polyene mainchain and the tri-
phenylamine pendants but also is favourable for the interac-
tions between the triphenylamine moieties and MWNTSs. In
addition to the determination of the solubility of PAs and the
distance between the mainchain and pendant, the effect
observed for P11 and P12 suggests that the linker can be
endowed with a certain function. Inspired by this idea, as
shown by the chemical structure of P13 and P14, a mesogen
(biphenyl moiety) was inserted between the PPA chain and the
pyrene groups, and flexible alkyl spacers were introduced into
the polymer design to ensure the solubility of the polymers. As
expected, both P13 and P14 demonstrated very high solvating
power towards MWNTs and the solubility of the hybrid P13/
MWNTs (625 mg L") in THF is even better than that recorded
for hybrid P1/MWNTs (575 mg L") (Fig. 3). Moreover, because
of the existence of biphenyl mesogen, the hybrid P13/MWNTs
displays liquid crystal behavior that is similar to its polymer
parent. Fig. 4 displays the polarized optical microscopic
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Fig.3 The solvating power of functional PPAs (P11-P16, in Chart 3). The datum
for P1 is also presented here for comparison.
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Fig. 4 Mesomorphic textures observed on cooling (A) P13 to 150 °C, (B) P14 to
165 °C, and (C) P13//-MWNT to 150 °C from their isotropic states at a cooling rate
of 3 °C min~". Reproduced with permission from ref. 57. Copyright (2009)
American Chemical Society.

photographs of the textures of P13, P14, and hybrid P13/
MWNTs recorded in the heating—cooling cycles.”” The hybrid is
also mesomorphic, but the alignment and packing of the
mesogens are worse than those in the pure polymer because
MWNTs hamper the growth of the anisotropic domains.
Accordingly, the differential scanning calorimetric data reveal
that the i-SmA and SmA-g transition temperatures of the
nanohybrid are lower than its pure polymer.

The effects of the polymer mainchain and the functional
pendants on the solvating power towards CNTs observed for the
monosubstituted PAs also occur for disubstituted PAs. In
comparison with other conjugated polymers, using functional
PAs to prepare CNT-based hybrids has some advantages. For
example, it is easier to separately evaluate the contributions to
the solvating power of the polymer main-chain and side-chains.
This essentially comes from the good availability of functional
acetylene monomers and facile polymerization procedures. In
addition, mono-substituted PAs usually have a high cis content
and the polymer mainchain predominantly takes on a helical
conformation, which is propitious for wrapping the polymer
chains onto the surface of CNTs and results in a strong solvating
power towards CNTs. It is also worthy of mention that the
hybrids of disubstituted PAs and CNTs retain a large portion of
the fluorescence from the disubstituted PA component, sug-
gesting that the hybrids can be potentially used as hybrid
nanomaterials for fluorescent detection and sensors.>>**

2.2 Recognition of the role of donor-acceptor interactions
between functional pendant and CNTs

There are mainly three well-accepted mechanisms of dispersing
CNTs in different solvents with the aid of polymers, which are (i)
m-1 interactions, (ii) van der Waals interactions (e.g. hydro-
phobic-hydrophilic interactions), and (iii) electrostatic inter-
actions between the polymers and the CNTs. As mentioned
above, we have observed that the polymer chain wrapping
around the CNT surface and the - interactions between the
conjugated pendants and the CNT wall work synergistically to
realize a high solvating power of functional PPAs towards CNTs
in organic solvents.

By carefully analyzing the data presented in Fig. 2 and 3,
some subtle discriminations can be found. For example, with

This journal is © The Royal Society of Chemistry 2013
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the same polymer mainchain, the ionized amino-functionalized
PPA (P8") shows stronger solvating power towards MWNTSs than
the ionized carboxylic-functionalized PPA (P9 ).*®* We initially
ascribed this observation to the electron-withdrawing effects of
the carboxylic group, which decreased the electronic density of
the PPA backbone, thereby leading to the decrease in -7
interactions between the polymer mainchains and the MWNTs.
But there might co-exist other factors such as the MWNTSs
favouring cations over anions and the counterions over the
ammonium on P8* and the carboxyl on P9~. Thus, the differ-
ence in solubility between P8*/MWNTs (316 mg L™ ') and P9~/
MWNTs (200 mg L") cannot be simply ascribed to the elec-
tronic effects at this stage.

A nontrivial observation came up in the experiments of
dispersing MWNTs with triphenylamine-functionalized PPAs.>*
P11 demonstrates a higher solvating power towards MWNTs
than P1 and P13. Generally, pyrene is believed to be a larger and
better planar m-conjugate system than triphenylamine, thus it
should perform better than triphenylamine for solvating
MWNTs when pyrene and triphenylamine moieties were linked
to an identical polymer backbone. Accordingly, the observed
stronger solvating power of P11 over P1 and P13 is somewhat
“abnormal”. To elucidate the underlying mechanism of the
phenomenon, a tentative hypothesis of donor-acceptor (D-A)
interactions between triphenylamine and MWNTs was
proposed, considering that triphenylamine and MWNTs are
well-known electron donors and acceptors, respectively. If the
D-A interaction mechanism is true, the following experimental
phenomena could be foreseen.

(i) Solvatochromism. Since MWNTs act as an acceptor, the
intermolecular charge transfer from triphenylamine to MWNTSs
should be detectable. To verify this assumption, we investigated
the solvatochromism of P12 and P12/MWNTs. P12 shows a
weak solvatochromic effect because it is not a D-m-A structure
(Chart 3). An evident solvatochromism, however, has been
observed for the P12/MWNT hybrid (Fig. 5A and B). The
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Fig.5 (A)and (B) are the absorption (Ab) and emission (Em) spectra of P12, and
P12/MWNTs hybrid in different solvents. (C) The Lippert-Mataga plot for P12/
MWNTs and P12; (D) fluorescence quantum efficiency and photosensitivity of the
photoreceptors using P11, P12, and P11/MWNTs, P12/MWNTs hybrids as CGM,
respectively. Adapted with permission from ref. 55. Copyright (2009) American
Chemical Society.
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fluorescence spectrum of the P12/MWNT hybrid progressively
shifts towards red with the increase in the solvent polarity; the
emission maximum (Ae,) shifts from 434.0 to 500.0 nm when
the solvent is changed from dioxane to DMF. The slope of the
Lippert-Mataga plot for P12/MWNTs is larger than that for its
parent polymer P12.>°

(i) Photoinduced charge transfer. Photoinduced charge
transfer is another earmark of a D-A system; thus it is rationally
used to verify the D-A interactions between the polymer and the
MWNTs. We fabricated single-layered photoreceptors using the
triphenylamine-containing PPAs and their MWNT hybrids as
charge-generation materials (CGMs) and the photoconduction
performance (evaluated by photosensitivity S) of the devices was
measured with a standard GDT-II photoinduced discharge
instrument.®** The photoreceptor with P11 as CGM shows a
worse photoconductivity (S = 178.3 mm*> mW ' s™') than the
device based on P12 (S = 1010.1 mm* mW ' s~ ). This can be
explained as following. P11 has a much higher fluorescence
quantum efficiency (¥ = 18.0%) than P12 (®p = 4.5%)
(Fig. 5D). This indicates that the photogenerated geminate pairs
have a high probability of recombining in P11. Consequently,
the density of the photogenerated free charges in the P11-based
photoreceptor is smaller and its S value becomes lower. The S
values for the P11/MWNTs- and P12/MWNTs-based photore-
ceptors are boosted up to 505.1 and 4545.5 mm®> mW "
respectively (Fig. 5D). Both displayed about a 3-fold improve-
ment in photoconduction performance. Since MWNTs behave
as an electron acceptor, the existence of MWNTs in the CGM
improves the charge generation efficiency through the mecha-
nism of photoinduced charge transfer from PPAs to MWNTs.
Meanwhile, the MWNTSs offer one-dimensional electron-trans-
port channels. Their conductive networks quickly transport the
photogenerated electrons to the surface of the photoreceptor to
neutralize the surface charge, thus resulting in enhanced
photosensitivity.

The studies on solvatochromism and photoinduced charge
transfer provided solid evidence to support the D-A interaction
mechanism. But the conclusion that D-A interactions are an
absolute factor in promoting the solvating power of polymers
towards CNTs cannot be fully validated until the following two
issues have been clearly addressed. On the one hand, for the
polymers P1 and P11, the pyrene and triphenylamine pendants
have different linking modes with the polymer mainchain.
Triphenylamine moieties are conjugated with the PPA main-
chain through double bonds in P11, while in P1 the pyrene
moieties are non-conjugated with the PPA backbone by the
separation of saturated and flexible spacers. The differences in
solvating power towards CNTs may be at least partially ascribed
to the function of the linker. On the other hand, pyrene and
triphenylamine are characterized by a planar and arched
molecular shape, respectively. Thus the differences in solvating
power towards CNTs may also be associated with the possibility
that arch-shaped triphenylamine has a better affinity towards
the CNTs’ surface. To rule out these two possible factors, we
designed and synthesized P15 and P16. In these two polymers,
fluorene and carbazole are used as counterpart pendants, which
are linked with the PPA backbone through both saturated and
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flexible spacers to eliminate the conjugation effect. Meanwhile,
fluorene and carbazole have a similar shape and size, thus the
shape effect can be greatly limited. As shown in Fig. 3, the
carbazole-functionalized PPA (P15) shows much stronger
solvating power towards MWNTs than the fluorene-functional-
ized PPA (P16). The D-A interactions have been further
confirmed by the clear solvatochromism and enhanced redox
activity of the nanohybrids.***® Through appropriate molecular
design, this work provides convincing proof for the involvement
of the D-A effect in the polymer wrapping process.

Assuredly, in addition to the w-m stacking, van der Waals
and electrostatic interactions, the D-A interaction offers a novel
strategy for the design and fabrication of macroscopically
processable nanohybrids composed of CNTs and polymers. The
mechanism is schematically illustrated in Fig. 6. The strategy
has been applied to versatile nanohybrids, including the prep-
aration of a nanohybrid of covalently functionalized MWNTSs
with poly(N-vinyl carbazole) (PVK) via RAFT polymerization,®®
the facile preparation of PVK and MWNTs solution and conju-
gated polymer network nanocomposite film,* and the in situ
synthesis of PVK-functionalized SWNTs with enhanced optical
limiting properties.” More recently, this strategy has been
extended to graphene-based hybrid systems.”7*

3 Hybrid of functional PPAs/CNTs as
template

3.1 Direct attachment of inorganic nanostructures to
hybrids of functional PPA/CNTs

It has been demonstrated adequately that PPA chains can wrap
onto the surface of CNTs; thus, functional PPAs possess suitable
solvating power towards CNTs in various solvents. At the same
time, the aromatic pendants of the functional PPA efficiently
enhance the solvating power of the functional PPAs through
-7 interactions and D-A interactions. The pyrene-functional-
ized PPAs provide telling examples.?” Dissection of the fluores-
cent properties of the P6/MWNTs hybrid displays some
meaningful details. In THF solution, the fluorescence quantum
yield of the P6/MWNTs hybrid (@ = 10.0%) is lower than that of
P6 (®p = 11.4%), indicative of emission quenching caused by
the electron or energy transfer between MWNTSs and the pyrene
moieties sticking on the MWNTs.*” The fluorescence spectrum
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Fig. 6 lllustration of the solvating power of carbazole-functionalized PPA
towards CNTs contributed by wrapping of the polymer mainchain, w—m interac-
tions, and donor—acceptor interactions between carbazole pendants and CNTs
(right panel). Reproduced with permission from ref. 58. Copyright (2009) Wiley-
VCH.
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of the hybrids is dominated by the feature of pyrene excimers
with an emission maximum at around 480 nm, which indicates
the concentration of pyrene moieties in the solution is quite
high.

The fluorescence behaviors of P6/MWNTs hybrids indicate
that the wrapping of PPA chains onto MWNTs simultaneously
furnishes the surface of MWNTs with plentiful functional
groups. In comparison with the widely used methodology of
chemical functionalization of CNTs’ surface,”*® polymer
wrapping is uninjurious to CNTs’ structure and properties.
Furthermore, the outer functional groups on the wrapping
chains can be potentially used to modify the surface chemical
properties of CNTs. In this regard, the hybrids of functional
PPAs/CNTs can be considered as templates to develop new
nanostructures or as building blocks to construct new
architectures.

A series of PPA derivatives with different reactive function-
alities, such as amino (P8) and carboxylic (P9), thiol (P17, P18,
P20-P24, Chart 4), were synthesized. Thiol is widely used as a
capping agent to passivate the surface of II-VI group semi-
conductor nanostructures, and the surface modification also
bestows the nanostructures with desirable solubility in some
solvents. Accordingly, thiol-containing PPAs are expected to
inherit the binding ability to metal cations including Zn**, Cd*",
Ag', etc. This was confirmed by experiments on the selective
chemical adsorption of ZnO nanoparticles on casting films of
thiol-functionalized PPA derivatives.®* The casting films were
dipped perpendicularly into a suspension of ZnO nanoparticles
in ethanol for 1 h and then taken out and rinsed with ethanol
several times. The surface morphologies of the films before and
after ZnO suspension treatment were measured by atomic force
microscopy (AFM) in tapping mode and are shown in Fig. 7.

The AFM image of the as-prepared film of P17 reveals that
the film surface is a flat plane with a maximum surface fluctu-
ation of about 28 nm, indicating that the surface of the film is
quite smooth. In contrast, after treating with a suspension of
ZnO nanoparticles, the surface morphology changed greatly,
with particles of 100-200 nm in size spread over the film’s
surface (Fig. 7B). The maximum fall from the top of the particle
to the bottom of the furrow is ~235 nm, much larger than that
in Fig. 7A. The particles on the film surface are confirmed to be
ZnO nanoparticles by elemental analysis. Comparatively, the
AFM image of the PPA film features a smooth plane with fluc-
tuations as small as ~15 nm. After treatment using a ZnO
nanoparticle suspension, the film morphology changes little,
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Chart 4 Chemical structures of functional PPAs with functional groups for
anchoring inorganic nanostructures and showing the biocompatibility.
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Fig.7 (A) Atypical AFM image of the surface morphology of the pristine casting
film of PPA. (B) A typical AFM image showing the scattering of ZnO nanoparticles
on the casting film of P17. (C) A typical TEM image showing the deposition of ZnO
nanoparticles on the surface of MWNTs wrapped by P17. TEM images of CdS
nanorods (D), dispersion of CdS nanorods and CNTs in PPA matrix (E), and
attachment of CdS nanorods along the CNT trunk (F). Adapted with permission
from ref. 81. Copyright (2008) American Chemical Society.

with only tiny dots sparsely left on the surface. The interactions
between the sulfur atoms of P17 and the Zn in the nanoparticles
are believed to be the driving force for the chemisorption of ZnO
nanoparticles onto the surface of P17 film.

After wrapping onto the CNTs’ surface, the interaction
between thiols and metal cations stems from the maternal
polymers, thus the nanostructures of II-VI semiconductors can
chemically adsorb onto the surface of the thiol-functionalized
PPA/CNTs hybrids. As shown by Fig. 7C, it seems that the ZnO
nanoparticles are attached to the surface of the CNTs.** An idea
came to us that the inorganic nanostructures can “soft-land” on
CNTs with the aid of the functional PPA interlayer. By this
strategy, both the inorganic nanostructures and the CNTs can
preserve their own structures and properties. This idea was
soon validated by the investigation on adhering CdS nanorods
to the surface of MWNTSs. CdS nanorods were prepared using a
solvothermal technique and the typical morphology is shown in
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Scheme 1 lllustration of dispersing MWNTSs from bundles to single tubes by the
wrapping of polymer chains (P8* and P9~) and subsequent deposition of Ag or
Zn0O nanostructures on the surface of the polymer/MWNTs hybrids. Reproduced
with permission from ref. 53. Copyright (2009) American Chemical Society.
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Fig. 7D. Simply mixing CdS nanorods with MWNTSs gave rise to
an isolated and messy arrangement of the two components
(Fig. 7E). After wrapping P18 polymer chains on the MWNTSs’
surface, CdS nanorods lean closely to the MWNTs, just like
aerophytes twisting around a trunk (Fig. 7F).

3.2 Growing inorganic nanostructures on the surface of
CNTs by chemical reactions of functional PPA/CNTs hybrids

As illustrated in Scheme 1, the bundles of MWNTs are dispersed
in solvent by P9. The wrapping of PPA mainchains on MWNTs
achieves surface functionalization of MWNTs with carboxylic or
amino groups. Considering that carboxylic groups can coordi-
nate with different metal cations, the obtained hybrid of P9/
MWNTs is a desirable candidate for carriers of metal cations.
Ag' was firstly tried in our investigations and silver nano-
particles were expected to be deposited on the MWNT surface by
the reduction of the Ag' cations with appropriate reducing
agents. As displayed by the TEM and SEM images shown in
Fig. 8A and B, by in situ reduction with NaBH,, the Ag" cations
are transformed to Ag nanoparticles with diameters of ~10-50
nm that are densely bound to the MWNT walls. The spot circled
in Fig. 8A has been analyzed by energy-dispersive X-ray (EDX)
spectroscopy and was confirmed to be silver nanoparticles
(Fig. 8D). The formation of Ag nano-particles was also
confirmed by the sharp plasmonic absorption recorded for the
resulting hybrid of Ag@P9/MWNTs.**

When formaldehyde was used as a reductant, the morphol-
ogies of the resultant hybrids changed remarkably. A thin film
with silver nanoparticles embedded in the coating matrices
(Fig. 8C), rather than nanoparticles is formed. The formation of
these unique morphologies is understandable. The reduction of
Ag' by formaldehyde under mild conditions is a classic silver
mirror reaction; in the presence of MWNTSs, the silver mirror
naturally forms and overcoats on the tube surface.

Not only the reduction of metal cations to metal nano-
particles, but also the oxidation of metal containing organic

0 1 2 3
Full Scale 1941 cis Cursor: -0188 (0 cts)

Fig. 8 (A) and (C) show typical TEM images of MWNTs decorated with silver
nanoparticles and silver coating, respectively. (B) Displays a typical SEM image of
MWNTs decorated with silver nanoparticles. (D) presents the energy-dispersive X-
ray (EDX) spectrum for the spot circled in (A). Adapted with permission from ref.
53. Copyright (2009) American Chemical Society.
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precursors to nanoscale metal oxides can be realized through
polymer/CNTs hybrids. It has been demonstrated that ferro-
cene-containing PPAs are suitable for dispersing CNTs in
organic solvents. Thus, highly processable ferrocene-function-
alized PPAs/CNTs hybrids have been prepared.*® Ceramic
products are derived from P19 and P19/MWNT hybrid under
carbonization in argon atmosphere at 1000 °C for 1 h and the
ceramic yields for P19 and P19/MWNTs are 30.9% and 44.3%,
respectively. SEM images clearly show the presence of MWNTSs
in the ceramic products from P19/MWNTs because MWNTS are
stable at 1000 °C. Both of the resulting powders can be attracted
to a bar magnet, indicating the existence of y-Fe,O;. X-Ray
diffraction patterns for the ceramics obtained from pure P19
and P19/MWNTs hybrid are assigned to y-Fe,O3, in comparison
with the pattern of the y-Fe,O; standard. The existence of the Fe
element in both samples was further confirmed by X-ray
photoelectron spectroscopy (XPS) and energy-dispersive X-ray
(EDX) analyses.®* The magnetization measurements on a
Quantum Design vibrating sample magneto-meter at room
temperature revealed that both pure P19 and P19/MWNTs
hybrid gave rise to superparamagnetic ceramics, and the cor-
responding saturation magnetizations (M) are 29.9 and
26.9 emu g~ ' (Fig. 9). The data are in the list of the best results
reported for magnetic nanocomposites obtained at that time by
the attachment of magnetic nanoparticles onto CNTs.?*

4 Biomaterials based on hybrids of
functional PPAs/CNTs

CNTs are deemed to be the toughest nanomaterial and are
widely used as additives to reinforce polymer materials.®
Appropriately surface modified CNTs have shown to be
biocompatible and to be potentially applied in the areas of
tissue engineering and drug delivery systems.?***** Meanwhile,
a recent investigation of the response of bone cells to MWNTSs
indicated that MWNTs inhibit osteoclastic bone resorption in
vivo and suppressed a transcription factor essential for

Fig. 9 (A) and (B) are typical TEM and high resolution TEM images of P19/
MWNT, respectively. (C) Magnetization curves for the ceramic products obtained
from (a) P19 and (b) P19/MWNT hybrid at room temperature. (D and E) SEM
graphs of ceramic products obtained from P19 and P19/MWNT hybrid under
argon at 1000 °C for 1 h, respectively. (F) EDX spectrum of ceramic products from
P19/MWNT hybrid. Reproduced with permission from ref. 54. Copyright (2008)
American Chemical Society.

This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/C2PY20469J

Published on 14 August 2012. Downloaded by HK University of Science and Technology on 01/09/2017 07:55:08.

osteoclastogenesis in vitro.”*> These results suggest that
MWNTs have beneficial effects on bone growth. Therefore, it is
rational to use MWNTs for the reinforcement of chitosan (CS)
rods because the bending strength and modulus of the pure CS
rods made by in situ precipitation are lower than the quota for
internal fixation of bone fracture in clinical application.****

To get the advantages of MWNTs for the reinforcement of CS
rods, the premise of uniformly dispersing MWNTSs in aqueous
media has to be met. The hybrid of P8"/MWNTs is an opportune
candidate. Coincidentally, the fabrication of CS rods by an in
situ precipitation method is conducted in acidic aqueous solu-
tion, which is also suitable for dissolving the hybrid of P8/
MWNTs. It is expected that the bending strength and modulus
can be enhanced when the MWNTs are aligned parallel to the
axial direction of a CS rod. According to the literature, the
alignment of MWNTs could be induced by using magnetic force
when magnetic nanoparticles are deposited on the surface of
MWNTs.” The strategy described in Section 3.1 finds its
application in this case. The magnetic Fe;O, nanoparticles were
chemically deposited onto the surface of the P§"/MWNTs hybrid
by the coordination of amino groups to Fe’* and Fe*" cations.
The acidic solution containing MWNTs decorated with Fe;0,
nanoparticles and P8" polycations was mixed with CS solution.
The mixture was filled into a cylindrical mold, which was
immersed into a basic solution for in situ precipitation. During
the precipitation process, an external magnetic field was
applied in the axial direction of the cylindrical mold.

As shown in Scheme 2, upon the inducement of the external
magnetic field, the Fe;0,@P8'/MWNTSs nanostructures gradu-
ally aligned in the axial direction of the cylindrical mold. The
average bending strength and bending modulus of the finally
produced reinforced CS rods are 124.6 MPa and 5.3 GPa,

FeCl,
FeCl,
sodium
bicarbonate
Exfoliated Fe,O,@P8*/
MWNT MWNTs hvbrid

5
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Mag i
alignment of MWNTSs in
solidified CS matrix

bicarbo;ate solution
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. Fe;0,@P8*/ Magnetic , Soaking-in
CSimatrix f MWNTs ™= field base solution

hybrid dispersed in CS
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Scheme 2 Synthetic route to the triple-component hybrid of Fes0,@P8*/
MWNT and a schematic illustration of the magnetic-field-induced alignment of
the hybrids in the CS matrix. Reproduced with permission from ref. 60. Copyright
(2011) Elsevier.
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Fig. 10 (A) Quantitative comparison of the bending strength (®: pure CS rod,
@: CS rod reinforced with Fe;0,@P8*/MWNTs hybrid, ®: Dikfix, commercially
available product) and bending modulus (®: pure CS rod ®: CS rod reinforced
with Fes0,@P8*/MWNTs hybrid, ®: Dikfix). (B) and (C) are respectively the TEM
images of P8*/MWNTs hybrids and Fe30,@P8*/MWNTs. (C) An illustration of
cutting the ultra-thin slices; (D) a typical TEM image of the ultra-thin slice from a
CS rod reinforced with Fe30,@P8*/MWNTs hybrid; (C) a magnified image
showing the existence of pure MWNTs (arrows). Adapted with permission from
ref. 60. Copyright (2011) Elsevier.

respectively, which are 34.8% and 29.3% higher than the pure
CS rods. These data indicate that the key mechanical properties
of the CS rods reinforced with axially alighed MWNTs are
approximate to the commercially available product Dikfix. The
coating of a polymer layer and the successive growth of Fe;0, on
the surface of MWNTs were shown by the TEM images in
Fig. 10B and C, respectively. The alignment of the MWNTSs in
the CS matrix is confirmed by the TEM images given in Fig. 10E
and F, which demonstrates that several rod-like nano-sized
entities assigned to the Fe;0,@P8'/MWCNTs can be observed.
The ultra-thin slices were prepared as illustrated in Fig. 10D.
The existence of magnetic Fe;0,@P8 /MWNTSs nanohybrids in
the prepared composite CS rods was also confirmed by SEM
images, X-ray diffraction (XRD) patterns and magnetization
measurements.

Although P8 and P9 are respectively soluble in acidic and basic
aqueous solutions, they cannot be used directly in biological
situations due to the harsh acid and base conditions. Some PPA
derivatives bearing biomolecular functionalities such as mono-
saccharides and nucleotides are biocompatible and harmless to
cells.*” In addition, they are directly soluble in water and
different buffer solutions that have been widely used in biological
investigations. Meanwhile, it has been demonstrated that poly-
mers and oligomers containing saccharide moieties can be
utilized to disperse CNTs in aqueous solutions.”*'** If mono-
saccharides are properly linked to the PPA mainchain, the
saccharide pendants and the PPA backbone may play the roles of
improving the biocompatibility and wrapping and dispersing
MWNTs in aqueous media, respectively. Therefore, a series of PPA
derivative bearing monosaccharides (p-glucose, p-mannose and p-
galactose) were synthesized (Chart 4, P20, P21 and P22) and used
to try to disperse MWNTs in water.

However, the primary experimental results were disap-
pointing. All of the monosaccharide-functionalized PPAs
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Fig. 11 (A) and (B) are TEM images of P21 being precipitated in methanol and
the counterpart of in situ polymerization in the presence of MWNTs in THF,
respectively. (C) and (D) Adhesion of living Hela cells to the microtiter plates
precoated with P21/MWNTs (0.05 mg mL~") and the control (D), respectively. (E)
Quantitative description of the bending strength and bending modulus (from left
to right, pure CS rod, CS rod reinforced with P23/MWNTs nanohybrid, Dikfix, CS
rod reinforced with the addition of 5% hydroxyapatite).

showed very limited solvating power towards MWNTSs in water
despite the good water-solubility of the polymers themselves.
We recognized that the saccharide pendants can induce the
formation of mainchain helicity and can simultaneously
encircle the mainchain, which greatly decreases the ability of
the PPA mainchain to wrap MWNTs. Rationally, we turned to in
situ polymerization of saccharide-modified phenylene mono-
mers in the presence of pretreated MWNTSs, and the results were
satisfactory. For example, the solubility of P21/MWNTSs hybrid is
about 170 mg L' in DMF (dimethylformamide) solvent. As
revealed by the TEM images, without MWNTs, P21 polymer
chains have a spherical micro-morphology (Fig. 11A), but cling
to MWNTs in the hybrid (Fig. 11B). The films of the P21/MWNTSs
hybrid casting on microtiter plates allow for normal adhesion
and growth of HeLa cells after incubation for 1 day in
comparison with a control sample (Fig. 11C and D), indicating
the good biocompatibility of the P21/MWNTs hybrid.

The P21/MWNTs hybrid was also tried to be used for the
reinforcement of CS rods. Before introducing the hybrid into CS
solution, the hydroxylics in P21 had to be deprotected in order
to recover the biological activity of the sugar and enhance the
compatibility with the CS component (Chart 4, P23). When
about 3% (by weight) P23/MWNTs was introduced into the CS
solution, the average bending strength and bending modulus of
the obtained composite CS rods are 109.5 MPa and 5.7 GPa,
respectively. These values are 18.5% and 28.1% higher than the
pure CS rods, and 27.3% and 67.6% higher than the pure CS
rods composed of 5% (by weight) hydroxyapatite (Fig. 11E).

5 Conclusions and outlook

The hybrids of functional PAs/CNTs have shown attractive
properties. By integrating the factors of wrapping with polymer
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mainchain, m- and/or D-A interactions between aromatic
pendants and CNTs, and the flexible linker between the
pendant and mainchain, functional PPAs demonstrate strong
solvating power towards CNTs in different solvents, including
water. Specially designed functional PPAs are in the list of most
powerful dispersants of CNTs among all organic and polymeric
materials. In particular, the discrimination of D-A interactions
out of popularly accepted m- interactions provides a distinct
factor to project novel functional polymers for dispersing CNTs
in different matrices. However, there is still space for accom-
modating new measures to strengthen the solvating power and
to exert unique functions. In view of the structure parameters,
the induced helicity of the PPA mainchain has not been inte-
grated into the factors for solvating CNTs. Combining the hel-
icity with D-A interactions, novel functional PPAs may find
application in the separation of CNTs with different electronic
structures and/or with different diameters. This strategy was
primarily demonstrated by Wenzel and colleagues. They found
that poly(N-decyl-2,7-carbazole) exclusively dispersed semicon-
ducting SWNTs with differences of their chiral indices (n-m) =
2 in toluene; while the fluorene analogue poly(9,9-dialkyl-2,7-
fluorene) selectively dispersed semiconducting SWNTs with
(n-m) = 2 in toluene.'*

Graphene, as an allotrope of CNTs has attracted consider-
able research interest because of its unique structure and
properties. It is of fundamental importance to effectively exfo-
liate single-layered and few-layered graphenes from graphite
and to stabilize the exfoliated graphenes in solvents. In the past
decade, many organic and polymeric agents have been tried and
a few methodologies have been established. In this aspect, few
attempts have been carried out to use functional PAs as
dispersing agents.”>”* Considering the remarkable difference in
their shapes, wrapping graphene with PA mainchains is an
inaccessible approach, but the fused cyclic aromatic pendants
and shape-persistent conjugated mainchains are thought to
have positive effects. In addition, graphene can be considered
as a platform on which the polymerization of functional acety-
lenes can be initiated. This strategy was successfully adopted for
the fabrication of the hybrids of PPA and C60 by Tang and
coworkers.'*

The effective reinforcement of CS rods displays promising
application as bioconjugate materials for the hybrids of func-
tional PPAs/MWNTs. Certainly, a more reasonable polymer
design, more detailed investigations on the conditions for
composite fabrication, longer term stability of the hybrids and
more biochemical and biophysical assays should be performed
before they are pushed into clinical practice. In this review, we
pay more attention to the functional PAs. This is only one
component of the hybrid. In fact, the intrinsic properties of
CNTs such as their high electronic conductivity, high charge
transportability, and high environment stability should be
always kept in mind. These properties of CNTs provide a unique
opportunity for the direct electron transfer between the bio-
logical and chemical analytes in the active electrode area.®*”* It
has been confirmed that CNTs have excellent electrocatalytic
activities for the redox reaction of hydrogen peroxide and
nicotinamide adenine dinucleotide, two major by-products of
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enzymatic reactions, which indicate a promising future for the
simple design and implementation of on-site biosensors for
oxidases and dehydrogenases with enhanced selectivity.***'**
The development of biomolecule-functionalized and water-
soluble PPAs offers a chance for to explore the applications of
the hybrids in chemo- and biosensors. In this regard, the
intrinsic properties of CNTs and multiple surface functionali-
zations will exhibit the advantages of high sensitivity, improved
selectivity and device miniaturization.
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