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Effective approaches for the preparation of
organo-modified multi-walled carbon nanotubes and
the corresponding MWCNT/polymer nanocomposites

Ying-Ling Liu

Carbon nanotubes (CNTs) are promising nanomaterials for the preparation of nanohybrids and nanocomposites with polymers.
In the preparation processes, surface modification and functionalization of CNTs have key roles to enhance the compatibility in
organic solvents or water for solution processing routes; furthermore, they improve the interfacial compatibility between CNTs
and the polymer matrix to avoid CNT aggregation in CNT/polymer nanocomposites. Hence, we have developed three approaches
for directly reacting chemical agents and polymer chains with multi-walled CNTs (MWCNTSs). The methods are: (i) sequential
atom transfer radical addition to MWCNTSs, which conveniently builds up polymer architectures on MWCNT surfaces;

(ii) ozone-mediated addition reaction, which effectively chemically bonds non-reactive polymer chains to MWCNTSs;

and (iii) Diels—Alder reaction-mediated MWCNT functionalization, which achieves thermally reversible functionalization/
de-functionalization of MWCNTSs. On the basis of the new reaction routes, the scopes of nanohybrids and nanocomposites of
MWCNT/polymers and their properties and functions have been significantly enhanced and extended. Some examples are

discussed in this review.
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INTRODUCTION
Conventional composites comprised of inorganic reinforcements and
an organic polymer matrix combine the attractive properties of these
two components. When the sizes of the inorganic fillers are reduced to
the nanoscale and the fillers are homogeneously dispersed in the
polymer matrix on the nanosized or molecular levels, the correspond-
ing composites are called nanocomposites and have shown useful
and distinct properties, such as mechanical strength, toughness,
dimensional stability, heat resistance, flame retardancy and barrier
properties, compared with the conventional composites.'”’
Consequently, many types of nanosized fillers, including zero-
dimensional nanoparticles, one-dimensional nanotubes/nanowires,
and two-dimensional nanosheets (for example, clay and graphene),
have been studied for the formation of the corresponding polymer-
based nanocomposites. Among the nanosized fillers for nanocompo-
sites, carbon nanotubes (CNTs) have attracted significant research
attention based on their excellent mechanical and electrical properties
and the morphological advantage of high aspect ratios.®'* Moreover,
large-scale production of CNTs has been successfully performed to
produce commercially available products with reasonable prices.
Because the inorganic nanofillers are expected to homogeneously
disperse in the polymer matrix on the nanoscale, the most critical
issue for nanocomposite preparation is to avoid aggregation of the
nanofillers in the fabrication process. As a result, organo-modification
of the inorganic nanofillers to improve their interfacial compatibility

with the polymeric matrix is the first and key step. CNTs are allotropes
of carbon that are entirely composed of sp? bonds. Their chemical
structure lacks oxygen- and nitrogen-containing polar groups, result-
ing in the high hydrophobicity of CNTs. Hence, CNTs naturally have
less interaction with polar solvents and polymeric materials and tend
to aggregate owing to their own strong m—n interaction. Therefore,
organo-modification is critical and necessary for CNTs in the
preparation of polymer/CNT nanocomposites.

Polar and organic moieties have been incorporated into CNT
outer surfaces physically and chemically. Polynuclear aromatic
compounds''7 and conjugate polymers'®2° have been widely
utilized as the physical modifiers for CNTs based on their strong
n—n interaction with CNTs. The physical modification of CNTs is
reversible and does not alter the conjugate structure of CNT surfaces.
Nevertheless, the method has less molecular design flexibility com-
pared with the chemical approaches. The conventional routes to
chemically modify CNTs start with the oxidation of CNT bundles by
strong acid (nitric acid and sulfonic acid) treatment.?'~?* Oxidation of
the CNT bundles generates carbonyl acid groups on the CNT surfaces,
which could act as versatile chemical groups for further CNT
functionalization, such as esterification, amidation and nucleophilic
addition to epoxide groups. Nevertheless, acid oxidation cuts the CNT
bundles to decrease their aspect ratio and eliminate the caps of CNTs
to transform the resulting CNTs into open tubes.’#?> On the other
hand, chemical modification methods involving reactions at the
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unsaturated C=C groups of CNT surfaces are attractive and have
been widely studied (Figure 1). Many reagents have been applied to
CNT surface modification for the design and preparation of functional
CNTs and the corresponding nanocomposites.?®~28 Nevertheless, there
are problems to be solved, including (i) an easy and convenient
approach to perform controlled polymerization on CNTs and to
prepare well-designed CNT-polymer nanohybrid materials; (ii) a
general method to chemically bond different types of polymer chains,
especially the commercially available engineering plastics, to CNTs;
and (iii) an approach to reduce or avoid the decrease in the electrical
conductivity of CNTs accompanied with surface modification. As
shown in Figure 2, this article gives a focused review of our efforts
aiming to provide solutions to the aforementioned problems
encountered with CNT modification and preparation of CNT-based
nanocomposites.

MODIFICATION OF CNTS WITH ATOM TRANSFER RADICAL
ADDITION/POLYMERIZATION

The incorporation of polymer chains into CNTs results in CNT-
polymer nanohybrid materials that possess the properties of CNTs and
the attached polymers. Building up controlled and well-defined
polymer architectures on CNT surfaces is therefore attractive for the
preparation of materials with specific structures and properties. Atom
transfer radical polymerization (ATRP) is an effective and convenient
method for well-defined polymer synthesis. The combination of CNT
modification and ATRP has been performed.?®=3! A general approach
involves the incorporation of ATRP initiating groups into the acid-
oxidized CNT surfaces and sequential surface-initiated ATRP from the
modified CNT surfaces.?® Block copolymers can be tethered to the

a

CNTs through sequential ATRPs.3® Nevertheless, the approach
involves the acid oxidation of CNTs and shows some limits to
building the polymer architecture on CNTs. The active species of
the atom transfer radical addition (ATRA) reaction is deactivated
radicals, which are reactive toward the unsaturated C=C groups of
CNTs.32 On the basis of this concept, we explored the first example of
ATRA-mediated modification of CNTs (Figure 2a).3*3* Both small
molecules and long polymer chains, which possess ATRA active
groups, have been chemically tethered to CNTs.>> Moreover, if a
polymer chain possessing many ATRA active pendant groups is
utilized as the reagent, the polymer chain is wound, rather than
tethered, on the CNT surface.* On the basis of this reaction, the first
examples of engineering plastic polymer-modified CNTs, including
poly(2,6-dimethylphenylene oxide),* poly(ether sulfone)*®> and poly
(vinylidene difluoride) (PVDF),® have been reported. Moreover,
because some of the C-F groups of Nafion have recently been
demonstrated to be ATRA active, Nafion-CNT nanohybrid materials
have also been obtained.>” After the ATRA reaction, the halogen atom
transfers from the ATRA agent to the CNTs. The resulting C-halogen
groups on the CNT surfaces initiate ATRPs from the modified
CNTs.333> Surface-initiated ATRP is performed to introduce another
polymer chain to the modified CNTs. As a result, different polymer
structures, such as linear (co)polymer chains®* and V-shape
block copolymer chains,*® can be chemically bonded to CNTs in
different modes, such as tethering,® winding?*3®3” and brushing.?®
Furthermore, modification approach has also been applied to Cgj to
prepare multiblock polymer-Cgy nanohybrids*®3° and to graphene
oxide to form versatile polymer architectures on graphene oxide
surfaces.*

1) HNO4/H,SO, or
2) H,0,/ H,SO, or _—~H
3) KMnO,/ H,S0, or % EDC /DCC
4) K,Cr,0,/ H,S0, or 0w HN-R
5) 0y/H,0 Oxidized H
Pristine SWNTs 0]
SWNTs
Q
v
%Q\ M™L, Metal
Colloid

Figure 1 (a) A general oxidation approach to chemically modify/functionalize carbon nanotubes?® and (b) a collection of reaction routes toward carbon

nanotubes.?8 (Reproduced with permission from John Wiley and Sons).
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Figure 1 Continued.

The ATRA-mediated approach provides a simple method to prepare
versatile CNT-polymer nanohybrids. For example, it is convenient to
impart amphiphilic characteristics to CNTs by tethering amphiphilic
block copolymer chains to CNTs. Incorporation of stimuli-responsive
polymer chains to CNTs creates stimuli-responsive CNT-polymer
nanohybrids (Figure 3).>* Moreover, the functionalized CNTs have
been utilized as functional additives for polymers to alter or introduce
functions to the resulting nanocomposites, which is in contrast to the
conventional role of reinforcing fillers of CNTs in the CNT/polymer
nanocomposites. One example demonstrated in our studies is the
preparation of poly(styrene sulfonic acid)-functionalized multi-walled
CNTs (PSSA-MWCNT) as a functional additive for the fabrication of
chitosan/MWCNT nanocomposite membranes used in pervaporative
dehydration on ethanol aqueous solutions.*! The PSSA chains act as
crosslinking agents for chitosan through the reaction between the
sulfonic acid groups of PSSA and the amino groups of chitosan to

Pristine
SWNTs

150-325°C

w2
Ozonation

NoH,

stabilize the corresponding chitosan/MWCNT membranes. The
MWCNTs also serve as rigid toughening agents.>® As a result, both
the mechanical strength and the toughness of the chitosan/MWCNT
membranes have been simultaneously increased by PSSA-MWCNT
modification. When utilized in pervaporative dehydration on a 90 wt%
ethanol aqueous solution, the crosslinked nanocomposite membrane
shows a 5.4-fold separation factor compared with the neat chitosan
membrane, without a significant decrease in the permeation fluxes.*!
The hydrophilic features of the PSSA-MWCNT additive maintain the
high flux of the membrane. This study provides a solution to the trade-
off problems of (i) toughening polymeric materials accompanied with
scarifying mechanical strength and (ii) stabilization of the pervapora-
tive dehydration membrane to enhance the separation performance
accompanied with decreases in the permeation fluxes. Another
example has been demonstrated with MWCNTs functionalized with
poly(sulfone) (PSF) and hydrophilic protein-resistant poly(sulfobetaine
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Figure 2 Our development of carbon nanotubes modification/functionalization discussed in this focused review. (@) ATRA/ATRP mediated method, (b) ozone-
mediated method, and (c) thermally-reversible Diels-Alder reaction mediated method. A full color version of this figure is available at Polymer Journal online.

methacrylate) (PSBMA)*? (coded as MWCNT-PSF/PSBMA) prepared
by the sequential ATRA of chloromethylated PSF to MWCNT's and the
ATRP of SBMA initiated from MWCNT-PSF.>> When added to PSF
membranes, the PSF portion of MWCNT-PSF/PSBMA provides
compatibility with the PSF matrix, and the hydrophilic and protein-
resistant PSBMA chains promote the MWCNT-PSF/PSBMA moving
toward the membrane surface and introducing protein-resistant
features to the membrane. Compared with the neat PSF membrane,
the MWCNT-PSF/PSBMA-modified membrane exhibits 7% protein
absorption and enhanced anti-fouling properties in bio-separation
(Figure 3).3> As a result, the ATRA-mediated functionalization of

Polymer Journal

MWCNTs is convenient and effective to construct polymer architec-
ture and to introduce multi-functional polymer chains to MWCNTs.
The obtained MWCNT hybrids are effective additives for the design
and preparation of functional MWCNT/polymer nanocomposites.

OZONE-MEDIATED PREPARATION OF CNT-POLYMER
NANOHYBRIDS MATERIALS

The ATRA-mediated method could chemically bond existing polymer
chains to CNTs only for polymer chains possessing ATRA-reactive
pendant groups. This approach is not applicable to most engineering
thermoplastics because they do not possess chemically reactive groups.
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Figure 3 (a) SEM micrograph of polystyrene-modified MWCNTs prepared by the surface-initiated ATRP of styrene, showing the presence of the cap of the
MWCNT bundle.32 (b) Thermally responsive MWCNTs functionalized with polystyrene and poly(N-methyisopropylacrylamide) prepared with sequential ATRA
and ATRP reactions.32 Functionalized MWCNTs are effective additives for the preparation of (c) protein-absorption-resistant and (d) anti-fouling

membranes.3°
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Figure 4 (a) Stress-strain curves and (b) stress-loading transfer efficiency of
MWCNT-reinforced polymer nanocomposite films showing the effect of
matrix-polymer-modified MWCNTs.44

For a CNT-reinforced nanocomposite, the interfacial compatibility
between the polymer matrix and the CNTs, and the efficiency of the
loading-stress transfer from the CNTs to the polymer matrix would be
highly enhanced if the CNTs were modified with the matrix polymer
chains.*® Hence, a CNT modification route, which could bond a wide
range of polymer chains to CNTs, is highly expected and has been
demonstrated with an ozone-mediated MWCNT functionalization
(Figure 2b).** Polymer chains in a suitable solution are treated with
ozone to generate peroxide and hydroperoxide groups on the
chains.*>* Thermal decomposition of the peroxide groups forms
radicals, which are reactive toward MWCNTs.32 Consequently, the
radical-possessing polymer chains react toward MWCNTs, resulting in
polymer-functionalized MWCNT nanohybrids. This reaction route is
applicable to most polymers that are soluble in a certain liquid
mediate, including organic solvents and water, to significantly extend
the scope of MWCNT-polymer nanohybrid materials. This method
provides a general route to prepare matrix-polymer-modified
MWCNTs for the preparation of the corresponding MWCNT-
polymer nanocomposites. For MWOCNT/PVDF nanocomposites,
samples with PVDF-functionalized MWCNTs (the matrix-polymer-
modified MWCNTSs) exhibit superior mechanical strength compared
with samples with PSF-functionalized MWCNTSs,** based on the
relatively high stress-transfer efficiency from MWCNTSs to the polymer
matrix that results from the higher interfacial compatibility between
PVDEF-functionalized MWCNTs and the PVDF matrix (Figure 4).
Moreover, the matrix-polymer-modified MWCNT is effective for
toughening polymers.’® Compared with the neat electrospun poly
(lactide) (PLA) nanofiber mat, the sample containing 0.3 wt%
MWCNT-PLA exhibits twofold mechanical strength and sixfold strain
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Figure 5 (a) High-resolution TEM micrograph of Nafion-functionalized

MWCNTs prepared by an ozone-mediated process. (b) The Nafion-
functionalized MWCNTs are effective additives for Nafion membranes to
enhance proton conductivity.8

in an instron test. The toughness of the PLA nanofiber mat has been
enhanced ~12 times by modification with 0.3 wt% PLA-modified
MWCNTs.*

The ozone-mediated method opens a pathway to chemically
incorporate the commercial product of non-reactive functional
polymers into MWCNTs. The functional polymer layer wrapped on
the MWCNT surface performs specific functions along the MWCNT
bundles. Consequently, polyelectrolytes, including Nafion*®*° and
polybenzimidazole (PBI),>® which are raw materials for proton-
exchange membranes of fuel cells, have been chemically bonded to
MWCNTs, although they are non-reactive and were not previously
reacted with MWCNTs. The Nafion-functionalized MWCNT is highly
compatible with the Nafion matrix and is able to induce the sulfonic
acid groups of Nafion chains on the MWCNT surfaces to create long-
range, proton-conducting pathways in the resulting Nafion/Nafion-
functionalized MWCNT nanocomposite membranes. Thereby, the
nanocomposite membrane shows a high proton conductivity of five
times the value recorded on the neat Nafion membrane (Figure 5).43
The proton conductivity exceeds the value measured with the
commercial Nafion 212 membrane. A similar result has also been
shown with the MWCNT-PBI/PBI nanocomposite membrane, which
demonstrates twofold proton conductivity compared with the neat
PBI membrane.’® The nanocomposite membranes also exhibit super-
ior mechanical properties with both, enhanced stress strength and
increased strain. As a result, the polyelectrolyte membranes have been
simultaneously reinforced and toughened. Moreover, the methodology
is effective for hydroxyl ion (OH™) conductive membranes for direct
alkaline methanol fuel cells. The addition of the polyelectrolyte-
modified MWCNTs to the polyelectrolyte-based membranes signifi-
cantly increases their OH™ ion conductivity and depresses their
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Figure 6 The upper part shows the pictures showing the effect of the
thermally reversible modification of MWCNTs through the Diels-Alder (DA)
and retro-DA reactions on the compatibility of MWCNTSs with organic solvent.
The lower part shows the electrical conductivity of the nanocomposites of
PVDF and the DA-reaction-modified MWCNTs. Thermal treatment induces
the de-modification of MWCNTSs, resulting in a dramatic increase in the
electrical conductivity of the nanocomposite.®®

methanol permeability.’>> The nanocomposite membranes exhibit
a high-power density of 105 mW c¢m ™2 in single cell tests,>?> which is
much higher than the values recorded on the corresponding neat
membranes (~10-20 mW cm~2). The results suggest that the func-
tional polymer-modified MWCNTs are effective additives to create
material-transporting pathways in polymer membranes.

THERMALLY REVERSIBLE MODIFICATION OF CNTS BY
DIELS-ALDER REACTIONS

The Diels—Alder (DA) reaction is a thermally reversible 2+4 cyclization
reaction involving a diene group and a dienophile group. Because
CNTs possess many unsaturated C=C groups, functionalization of
CNTs through the DA reaction has attracted researchers’ attention.
The previous reports used modified CNTs to enhance their reactivity
in the DA reaction-mediated modification. Sakellariou et al.>>>* used
benzocyclobutene derivatives to directly react MWCNTSs by the DA
reaction. We have demonstrated that furan (a diene) and maleimide
(a dienophile) groups are highly reactive toward the unsaturated C=C
groups of MWCNTSs.>> The result supports that MWCNTs could serve
as either a diene or a dienophile in the DA reaction-mediated surface
functionalization. Because the DA reaction does not interfere with
other reactive groups, the DA-mediated approach is convenient to
introduce additional functional and reactive groups to MWCNTs,
such as carboxylic acid, hydroxyl, amino and epoxide groups. The
functionalized MWCNTs are useful agents for further chemical
reactions and functionalization.’® Moreover, the reaction route is
effective for the preparation of MWCNT-polymer nanohybrid
materials. Polymer chains, which possess furan or maleimide pendant
groups, can be directly incorporated into MWCNT surfaces.>



Moreover, based on the thermally reversible feature of the DA
reaction, the thermal reversibility of MWCNT functionalization has
been demonstrated (Figure 2c). De-functionalization of the modified
MWCNTs could be achieved by thermal treatment at ~ 160 °C with
the performance of the retro-DA reaction.® The organic moieties
detach from the modified MWCNTS to recover the pristine MWCNTSs
(Figure 6).

One of the attractive properties expected for the MWCNT/polymer
nanocomposites is electrical conductivity.’” The neat (non-modified)
MWCNTs can be used for the preparation of conductive polymer
nanocomposites because chemical modification usually destroys the
conjugate structure of MWCNTSs to decrease their electrical conduc-
tivity. Nevertheless, this might not make sense because the surface
modification of MWCNTs is required to improve the interfacial
compatibility in the corresponding nanocomposites. This is a general
problem for the preparation of electrically conductive MWCNT/
polymer nanocomposites. The thermal reversibility of the DA
reaction-mediated MWCNT modification has provided an effective
solution to this problem. The methodology of this solution is
performable within (i) the modification of MWCNTs with DA
reactions to improve the organo-compatibility of MWCNTs,
(ii) the preparation of MWCNT/polymer nanocomposites with the
DA-adduct-modified MWCNTSs without dispersion and the interfacial
compatibility problem, and (iii) the thermal treatment of the
nanocomposites at temperatures to induce the de-modification of
MWCNTs through the retro-DA reaction and to regenerate the
pristine MWCNTSs, which have high electrical conductivity in the
nanocomposites.>® The efficiency of this method for the preparation of
highly electrically conductive MWCNT/polymer nanocomposites has
been demonstrated with a maleimide-MWCNT/PVDF nanocomposite
containing 0.5 wt% of maleimide-MWCNT. The nanocomposite
shows an electrical conductivity of ~2x10712Scm™!
temperature. After being thermally treated, the electrical conductivity
of the nanocomposite increases to ~5x10"8Scm™! because the
maleimide groups are detached from the maleimide-MWCNTSs to
recover the chemical structure and electrical conductivity of MWCNTSs
(Figure 6). For the sample containing 1.0 wt% of maleimide-
MWCNTSs, thermal treatment increases the electric conductivity from
8§x10711 to 3x1077Scm ™12 A relatively small amount of
MWCNTs is enough to result in MWCNT/polymer nanocomposites
with high electrical conductivity.

at room

CONCLUSIONS

The author has demonstrated some new approaches to chemically
incorporate organic moieties and polymer chains into MWCNTs. The
methods provide high flexibility and convenience in design and
synthesis for a wide range of MWCNT-polymer nanohybrid materials,
which are difficult or impossible to obtain by the conventional
routes for MWCNT modification. The unique MWCNT-polymer
nanohybrids impart attractive properties and specific functions to the
corresponding MWCNT/polymer nanocomposites to extend the scope
and application of the CNT/polymer nanocomposites. I believe that
more possibilities and examples should be explored for CNT-based
based on the developed methods of MWCNT
functionalization.
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