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Abstract: We show that covalent functionalization of carbon nanotubes (CNTs) via 1,3-dipolar cycloaddition
is a powerful method for enhancing the ability to process CNTs and facilitating the preparation of hybrid
composites, which is achieved solely by mixing. CNTs were functionalized with phenol groups, providing
stable dispersions in a range of polar solvents, including water. Additionally, the functionalized CNTs could
easily be combined with polymers and layered aluminosilicate clay minerals to give homogeneous, coherent,

transparent CNT thin films and gels.

Introduction

Carbon nanotubes (CNTs) constitute a promising material for
use in the aerospace, textile, and electronics industries, since
this material possesses high chemical and thermal stability,
mechanical strength, flexibility, and electrical and thermal
conductivity as well as low weight." As a matter of fact, the
combination of all of these properties in a single material has
increased the interest in implementing CNTs in current technol-
ogy. In particular, the electronic properties of CNTs in
homogeneous and transparent CNT thin-film composites are
currently being evaluated for applications in electronic devices
such as smart windows, light-emitting diodes, solar cells.'?
Incorporation of even small amounts of CNTs in other materials®
can improve their mechanlcal stabilities®***® and thermal and
electrical properties.*

"N.C.S.R. “Demokritos”.
* University of Ioannina.
§ Universita di Trieste.
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A major drawback in the use of CNTs is the difficulty of
processing them, as they are immiscible with most media
because of their great tendency to establish strong van der Waals
and ;t—u interactions, which cause them to form tight bundles.
Hence, when mixed with other components, CNTs tend to
segregate by self-aggregation, which hinders the development
of homogeneity and does not allow (or at least complicates)
the preparation of the composite. An essential aspect of future
commercial applications is that CNTs should be compatible with
other components with respect to formation of homogeneous
composites as well as easy to manipulate and process.**

Chemical modification of CNTs improves their dispersibility
in organic solvents and water and makes them more compatible
with other materials, facilitating the preparation of composites.’
Functionalization not only facilitates CNT manipulation by
various processes (mixing, blending, dispersion) but also allows
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Scheme 1. (left) Schematic Representation of 1,3 Dipolar Cycloaddition to CNTs Using 3,4-Dihydroxybenzaldehyde and (right) Photograph

of a Solution of SWCNT-~OH in DMF.

SWCNTLOL

tuning of their chemical and physical properties for specific
demands and upgrades their quality through effective purifica-
tion.®

In this work, we show that covalent functionalization of CNTs
is a powerful tool for enhancing the ability to process CNTs
and facilitating the preparation of homogeneous composites with
polymers or clays. CNTs were functionalized with phenol groups
via 1,3-dipolar cycloaddition” in a single step using com-
mercially available reagents. Sidewall functionalization provided
stable dispersions of CNTs in a range of polar solvents, including
water, allowing the fabrication of composites by mixing the
components in solution at room temperature. In fact, the
functionalized CNTs were found to be compatible with polymers
or layered aluminosilicate clay minerals, giving homogeneous,
coherent, transparent CNT thin films and/or gels.

Functionalization of CNTs

Initially, the 1,3-dipolar cycloaddition was tested on single-
walled CNTs (SWCNTys), since the degree of functionalization
is easier to assess and well-established characterization protocols
exist in this case.® The reaction was carried out using N-
methylglycine and 3,4-dihydroxybenzaldehyde (Scheme 1, left),
both of which are commercially available and affordable. After
the reaction, most of the physically adsorbed organic materials
were removed by filtration (see the Experimental Section). The
introduction of phenolic substituents makes the nanotubes more
compatible with other solvents, rendering them dispersibile in
dimethylformamide (DMF) (0.2 mg mL "), for example (Scheme
1, right). The resulting hydroxyl-functionalized SWCNT mate-
rial (SWCNT-f~OH) was characterized by Raman spectroscopy,
thermal gravimetric analysis (TGA), transmission electron
microscopy (TEM), and atomic force microscopy (AFM), all
of which confirmed that the reaction had taken place, affording
the desired SWCNT-f~-OH.

The functionalization was evidenced by Raman spectroscopy
(Figure 1). Comparison of the Raman spectra of neat SWCNTs
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and SWCNT-f-OH showed that the ratio of G- (~1600 cm™ ")
and D-band (~1300 cm™') intensities (the Ig/Ip ratio) was
reduced significantly (from 28 in the pristine SWCNTs to 10
for SWCNT-f~-OH). This decrease was caused by the change in
hybridization of the carbon atoms from sp” to sp> due to
cycloaddition on the sidewalls and tips of the nanotubes. This
is currently considered the most compelling evidence for
covalent functionalization of SWCNTs.®

The UV—vis—near-infrared (NIR) spectrum of a saturated
SWCNT-f-OH dispersion in DMF is shown in Figure 2. The
features in the spectrum are due to the van Hove singularities
of metallic and semiconducting nanotubes and were attributed
to their band-gap transitions. The width of these features reflect
the overlap of features from CNTs having different diameters
and chiral indices.

TEM and AFM characterization gave direct proof of the
presence of functionalized SWCNTs. Representative images

17 —— SWCNT-f-OH
I pristine SWCNT
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Figure 1. Raman spectra of pristine SWCNTs and SWCNT-f-OH.
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Figure 2. UV—vis—NIR spectrum of a saturated solution of SWCNT-f-
OH in DMF.
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Figure 4. TGA curves of (solid line) pristine SWCNTSs and (dashed line)
SWCNT-f-OH.

from the TEM observations are shown in Figure 3. The images
of SWCNT-f-OH show that thin bundles of tubes appeared
throughout the scanned areas. The lengths of the bundles were
on the order of several micrometers, while the diameters ranged
from nanometers to micrometers. Comparison of these images
with those for the raw material illustrated that debundling took
place, providing evidence for the success of the functionaliza-
tion. AFM characterization (Figure 3) correlated perfectly with
what was observed by TEM.

Further evidence for functionalization came from TGA. TGA
results for pristine SWCNTs and SWCNT-f~OH are shown in
Figure 4. SWCNT-f~-OH exhibited a weight loss of 28% at 800
°C, which roughly corresponds to a functional group every 79
carbon atoms.

The FT-IR spectrum of SWCNT-f~-OH (Figure 5a) shows
C—H stretch features at 2950, 2920, and 2850 cm™! that do
not appear in the spectrum of pristine SWCNTs (Figure 5b).
Also, apparent C=C stretch bands and a weak aromatic C—H
band were observed at 1380—1600 and 3040 cm ™', respectively.
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Figure 5. FT-IR spectra of (a) SWCNT-f~OH and (b) pristine SWCNTSs.

Figure 6. Concentrated and dilute solutions of (a) MWCNT-f-OH in ethanol
and (b) MWCNT-f~-ONa in water.
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Figure 7. Raman spectra of pristine MWCNTs and MWCNT-f-OH.

The C—O stretch band at 1200 cm ™' and the O—H stretch band
at 3600—3700 cm ™!, both of which are characteristic of phenols,
were also observed in (Figure 5a), providing additional support
for successful functionalization.

Once it was clear that the cycloaddition had proceeded using
SWCNTs, the reaction was applied to multiwalled CNTs
(MWCNTs). It is easier to work with MWCNTs, as they are
less tightly bundled than SWCNTSs. Nevertheless, MWCNTs
are more difficult to characterize than SWCNTs using typical,
limited characterization techniques, and thus, their characteriza-
tion was achieved using a combination of direct and indirect
methods.

In this case, MWCNT-f~-OH was satisfactorily dispersed in
solvents such as ethanol (2 mg mL™") and DMF (0.4 mg mL "),
providing stable dispersions (Figure 6a). Also, MWCNT-f~OH

J. AM. CHEM. SOC. = VOL. 130, NO. 27, 2008 8735
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Figure 8. TEM images of MWCNT-f-OH.
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Figure 9. FT-IR spectra of pristine MWCNTs and MWCNT-f~OH.

could be easily dispersed at concentrations as high as 0.1 mg
mL " in ethanol/water mixtures with moderate volume ratios.
In order to improve the solubility of MWCNT derivatives in
water, the hydroxyl groups can be deprotonated in the presence
of NaOH to yield the corresponding sodium salts (MWCNT-
f-ONa); these gave remarkably stable colloidal sols in water
(Figure 6b).

Raman spectra showed that the Ig/Ip ratio did not change
significantly (Figure 7). This behavior is not unusual for
covalently functionalized MWCNTSs: the functionalization does
not bring any dramatic increment of the sp® carbons because it

Scheme 2. Attachment of Hexadecyltrichlorosilane to MWCNT-£-OH

takes place solely on the outer layer. In addition, the D band is
partly attributed to amorphous carbon that is removed after
reaction. Therefore, any increase in the D-band intensity due
to functionalization is more than offset by a simultaneous
decrease due to purification.’

TEM observations (Figure 8) gave definitive proof of the
presence of functionalized MWCNTs in the solutions and mainly
showed individual MWCNT-f-OH in the scanned area.

As for SWCNT-f~-OH, the FT-IR spectrum of MWCNT-f-
OH (Figure 9) shows C—H stretch bands at 2922 and 2853 cm ™
that do not appear in the spectrum of pristine MWCNTSs. In
addition, the presence of the aromatic C=C stretching bands at
1400—1600 cm ™" and the C—O stretching band near 1200 cm ™'
that are characteristic of phenols supports successful function-
alization.

An advantage of the phenolic functionalities is that they allow
postfunctionalization of the MWCNTs with other molecules that
can be employed in preparing customized products. More
importantly, the fact that MWCNT-f~OH undergoes well-known,
established reactions of phenolic groups provides additional
proof for successful sidewall functionalization. For instance,
silylation of MWCNT-f~-OH was easily achieved by reaction
with hexadecyltrichlorosilane (Scheme 2). MWCNT-f~-OH was
modified by the addition of individual silyl groups as well as
oligomeric species'® formed through C—O—Si covalent bridges,
leading to the corresponding hydrophobic adducts. A first
indication of the presence of silylated MWCNT-f~OH (MWCNT-
f-OSiR) was provided by the complete loss of the characteristic
solubility of MWCNT-f~OH in ethanol. The successful reaction
was also evidenced by FT-IR spectra (Figure 11) showing the
appearance of distinct absorption bands below 3000 cm ™'

Cl

C15H33—Si:—01
Cl

—

MWCNT-£0OH
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Figure 10. Photographs of optically transparent polymer-composite films obtained by homogeneous dispersion of MWCNT-f-OH in (a, b) PAN and (c)
EVA polymers. In (b), a free-standing PAN/MWCNT-f~-OH composite film is presented. (d) Dispersion of pristine MWNTs in PAN, shown for comparison.

Scheme 3. Esterification of MWCNT-~OH Using Trimellitic Anhydride

MWCNT-~OH

fatalalll

(CHs— and —CH,—) and at 840 (CH3;—) and 1150 cm™'
(Si—O—Si and Si—0—C).

In addition to silylation, a typical reaction of the hydroxyl
group is esterification, which was achieved by reaction of
MWCNT-f-OH with trimellitic anhydride to yield MWCNT-f-
(ArCOOH) (Scheme 3); this product was not soluble in any
solvent. However, in the presence of NaOH, the carboxylic
groups were deprotonated, allowing the CNTs to be easily
dispersed in water. The success of the functionalization was
evidenced by FT-IR spectroscopy (Figure 11): two characteristic
absorption bands at 1703 cm™' and 1651 cm™' revealed the
presence of carboxylic acid and ester groups, respectively, in
MWCNT-f~(ArCOOH).

Formation of Composites

Polymer Composites. Polymer nanocomposite research fo-
cuses on enhancing the properties of polymers using molecular
or nanoscale reinforcements. Polymers have been filled with
synthetic and natural compounds to increase tensile strength,

(9) (a) Dang, Z. M.; Wang, L.; Zhang, L. P. josbisssusstey. 2006, 1-5.
(b) Wang, L.; Dang, Z. M. Appl. Phys. Lett. 2005, 87, 1-3. (c) Yang,
D. O.; Rochette, J. F.; Sacher, E. il 2005, /09, 7788-
7794. (d) Li, W.; Zhang, H.; Wang, C.; Zhang, Y.; Xu, L.; Zhu, K;
Xie, S. pimiiieminy. 1997, 70, 2684-2686. (e) Huang, W.; Lin,
Y.; Taylor, S.; Gaillard, J.; Rao, A. M.; Sun, Y. P. Neugalgl 2002,
2, 231-234.

(10) Ma, P. C; Kim, J. K.; Tang, B. Z. Cgzbay 2006, 44, 3232-3238.

modulus, heat and impact resistance, and electrical conductivity.
The development of reinforced polymer/CNT composites is
difficult because of the problems associated with dispersing
pristine CNTs into polymer matrices. Several strategies for
overcoming this difficulty have been successfully applied, giving
homogeneous polymer/CNT composites that were prepared by

77
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Figure 11. FT-IR spectra of MWCNT-~OH, MWCNT-f-OSiR, and
MWCNT-f~(ArCOOH).
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Figure 12. The Laponite/MWCNT-f~OH composite formed (a) a stable colloid and, after dilution, (c) an optically transparent dispersion. (b, d) Mixtures

of Laponite with pristine MWCNTSs showed clear segregation.

Scheme 4. Proposed Adhesion of Laponite Platelets on the
Surface of MWCNT-#-OH through Ilts Pendant Phenolic Groups

(i) covalent functionalization of CNTs with polymers® or (ii)
in situ polymerization in the presence of CNTs.*

In order to evaluate our OH-functionalized MWCNTSs with
respect to preparation of composites, we decided to blend
MWCNT-f~-OH with two different types of polymers that have
been widely applied and commercialized: (i) polyacrylonitrile
(PAN), a resinous or fibrous polymer that is a precursor for
high-quality carbon fiber used in sport products, clothes, and
concrete reinforcement; and (ii) poly(ethylene vinyl acetate)
(EVA), a widely used elastomeric polymer (foam) that has been
employed in multiple applications, such as electronics, drug
delivery, shock absorption, and encapsulation of silicon cells
in the manufacture of photovoltaic modules.

When raw MWCNTs were mixed with PAN or EVA,
nonhomogeneous films with clear signs of phase separation were
obtained (Figure 10d). In contrast, MWCNT-f~OH was uni-
formly dispersed in the polymer matrix [0.1—2% (w/w)],
forming optically transparent, slightly gray films. The films were
fabricated by mixing a colloidal dispersion of MWCNT-f~-OH
in DMF with a solution of PAN in DMF. The mixture was
spread on a glass slide and allowed to dry, giving a highly
homogeneous, transparent gray film (Figure 10a). This film was
easily detached from the glass surface (Figure 10b). Similarly,
mixing of MWCNT-f~OH in DMF with EVA in toluene resulted
in uniform, optically transparent films (Figure 10c).

Clay Composites. Other important materials for which
demand is increasing are clay minerals, which are widely used
in coatings and concrete additives and as composite nanofillers.
Clays are naturally occurring materials composed of phyllo-

8738 J. AM. CHEM. SOC. = VOL. 130, NO. 27, 2008
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Figure 13. FT-IR spectra of the Laponite/MWCNT-f~OH composite and
the Laponite/pristine MWCNT mixture.

silicate minerals; they show plasticity when the amount of water
is varied, and they can be hardened when dried. The goal here
is to enhance and tailor mechanical and physical properties, such
as fire retardancy of the composites. Homogeneous clay/CNT
composites have been prepared and studied by (i) in situ growth
of CNTs directly on clays,* (ii) mixing of clays and CNTs (with
the mediation of epoxy resins),** and (iii) melt blending.*"

For our assessment, we chose Laponite, a synthetic layered
aluminosilicate mineral, because of its unique combination of
colloidal, swelling, intercalation, and ion-exchange properties.''
We started our research on fabricating composites by adding
raw MWCNTs to an aqueous Laponite suspension. The
MWCNTs failed to redisperse after the product was dried; the
low degree of dispersibility of the raw MWCNTs caused the
formation of large aggregates that were easily observed (Figure
12b,d).

An important advantage of MWCNT-f~-OH is that it forms
stable colloids in mixtures of ethanol/water [80:20 (v/v)], which
in principle might aid in the fabrication of the composites. The
MWCNT-f~-OH dispersion was mixed with an excess of Lapo-
nite [1:10 (w/w)] in water. The presence of clay platelets
remarkably enhanced the dispersibility of MWCNT-f~-OH in
water and the stability of the afforded colloids (Figure 12a,c).
Moreover, the resulting nanocomposites could be reversibly
dried and redispersed in water over many cycles.

(11) Bonn, D.; Kellay, H.; Tanaka, H.; Wegdam, G.; Meunier, J. bgibgids
1999, 15, 7534-7536.
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Figure 14. Laponite/ MWCNT-f~-OH composite (a, b) gel and (c) film.
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Figure 15. XRD pattern of the Laponite/MWCNT-f-OH film.

The enhanced solubility of MWCNT-f~-OH in the presence
of Laponite can be attributed to interactions between the phenol
functionalities of MWCNT-f~OH and the hydroxyl groups (e.g.,
from defect sites) of individual Laponite platelets (Scheme 4).
Consequently, the increased dispersibility of MWCNT-f~OH in
water results from the ionic character of the Laponite sheets
that stick on their surface. As a matter of fact, it is well-
established that charged nanoparticles or clusters attached to
the surfaces of uncharged particles can impart colloidal stability
under the dominance of segregative Coulombic repulsions.'?

Comparison of the FT-IR spectra of the Laponite/MWCNT-
f-OH composite and the Laponite/pristine MWCNT mixture
demonstrates the enhancement of compatibility obtained by use
of MWCNT-f-OH (Figure 13). The spectrum of the Laponite/
MWCNT-f-OH composite shows a strong band at 1020 cm ™'
due to the Si—O stretch in Laponite as well as the bands at
2920, 2850, 1400, and 1600 cm™! characteristic of the func-
tionalized MWCNTs (see Figure 9). In contrast, the presence
of MWCNTs is less evident in the spectrum of the Laponite/
pristine MWCNT mixture due to the lack of intense bands for
pristine MWCNTs and their low dispersability among the
Laponite platelets. Thus, only the characteristic Si—O—Si band
at 1020 cm™' and the bands at 3400 and 1640 cm™' from
absorbed water were recorded.

Furthermore, more-concentrated Laponite/MWCNT-f~-OH
colloids formed composite gels that showed no signs of phase

(12) (a) Tohver, V.; Chan, A.; Sakurada, O.; Lewis, J. A. ogikgigs 2001,
17, 8414-8421. (b) Bourlinos, A. B.; Georgakilas, V.; Zboril, R.;
Dallas, P. ggibag 2007, 45, 2136-2139. (c) Bourlinos, A. B.;
Bakandritsos, A.; Zboril, R.; Karakassides, M.; Trapalis, C. Lgzhaon
2007, 45, 1108— 1111 (d) Garrigue, P.; De]v1lle M. H.; Labrugere,
C.; Cloutet, E.; Kulesza, P. J.; Morand, J P.; Kuhn, A. M
2004 16, 2984 2986.

separation (Figure 14a,b). The adhered Laponite sheets provide
MWCNT-f-OH with ion-exchange properties, thereby potentially
enabling the immobilization of various cationic species having
specific functions (dyes, drugs, biomolecules, or polyelectro-
lytes). A notable finding was the fabrication of self-supported,
monolithic composite films by casting (Figure 14c). Laponite
and its intercalated derivatives generally form shattered films
upon drop-casting and drying. Nevertheless, addition of a small
amount of fibrous MWCNT-f~OH binds the Laponite platelets
together, thereby leading to coherent films that are free of cracks.

The films were further characterized using X-ray diffraction
(XRD) in order to obtain additional information about the
structure and morphology of the resulting nanocomposite. The
XRD pattern of the film (Figure 15) shows a well-defined
reflection attributed to the Laponite prime particles (doo1 ~ 13
A). Since no interlayer space expansion occurred, we can
conclude that either the functionalized nanotubes were located
at the external surface of the clay particles or that the CNTs
were covered with packages of clay platelets consisting of a
few clay layers stacked in perfect registry with maintained order
(lamination).

Conclusions

We have shown that covalent functionalization of CNTs with
phenol groups via 1,3-dipolar cycloaddition is a powerful tool
for enhancing the solubility of CNTs in polar solvents, including
DMF, ethanol, and water. The colloidal state of MWCNT-f-
OH dispersions facilitates processing of the CNTs and increases
their compatibility with other components such as polymers and
clays. The fabrication of homogeneous, coherent, transparent
CNT composite films and/or gels was achieved by simple
mixing colloidal solutions of CNTs with solutions of polymers
or clays without the need for more sophisticated fabrication
techniques such as in situ polymerization or melt blending.

Experimental Section

Physical Measurements. Raman spectra over the range
1000—2400 cm ™' were recorded with a Renishaw RM 1000 Micro-
Raman system using a Nd:YAG laser excitation line at 532 nm. A
power of 0.5—1 mW and 1 um focus spot were used in order to
avoid photodecomposition of the samples.

TEM was carried out on a JEOL JEM 2010 microscope operated
at 200 kV (LaBg cathode, point resolution 1.94 A). The images
presented here are typical and representative of the samples under
observation.

AFM measurements on samples deposited from DMF solutions
by spin coating (3000 rpm x 3 min) onto silicon wafers were carried
out on a Digital Instruments (Veeco) Nanoscope Illa using Veeco
RTESPS tips.

FT-IR spectra over the range 400—4000 cm ™' were measured
with a Bruker EQUINOX 558 infrared spectrometer equipped with
a deuterated triglycine sulfate detector. Each spectrum was the
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average of 64 scans collected at a resolution of 2 cm™'. Samples
were in the form of KBr pellets containing 2 wt % sample material.

XRD patterns were recorded on a Siemens XD-500 diffracto-
meter using Cu Ka radiation. The patterns were recorded over a
20 range of 2—100° in steps of 0.02° with a counting time of 2 s
per step. Samples were in the form of films supported on glass
substrates.

Synthetic Procedures. SWCNT-f-OH. Twenty milligrams of
HiPCo SWCNTs (Carbon Nanotechnologies, batch R0510C), 200
mg of 3,4-dihydroxybenzaldehyde, and 200 mg of N-methylglycine
were suspended in 50 mL of DMF and heated at 120 °C for 5
days. The mixture was then filtered through Millipore filters (0.45
um FG) and washed thoroughly with DMF. The filtrate was
sonicated in DMF for 1 h and then removed; the resulting
suspension was filtered again through Millipore filters (0.45 um
FG). This procedure was repeated three additional times with
sonication in (1) DMF, (2) 1:1 (v/v) ethanol/CHCls, and (3) diethyl
ether. The remaining black solid was dried under vacuum (10~>
bar) for 3 days.

MWCNT-f-OH. Twenty milligrams of pristine MWCNTSs
(Aldrich), 200 mg of 3,4-dihydroxybenzaldehyde, and 200 mg of
N-methylglycine were suspended in 50 mL of DMF. The mixture
was heated at 120 °C for 5 days, and the solid part was separated
by centrifugation (3500 rpm, 5 min) and washed with DMF (1 x
20 mL) and acetone (2 x 20 mL) to remove unreacted organics.
The purified product was dispersed in 100 mL of ethanol and filtered
off. The ethanol dispersion was concentrated to dryness to give a
black solid.

MWCNT-f-OSiR. MWCNT-f~OH (10 mg) and hexadecyl-
trichlorosilane (0.5 mL) were refluxed overnight in toluene (20 mL).
The product was isolated by centrifugation and washed several times
with toluene.
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MWCNT-f~(ArCOOH). MWCNT-f~OH (10 mg) and trimellitic
anhydride (50 mg) were stirred overnight at room temperature in
DMF (20 mL). The resulting product was isolated by centrifugation
and washed with acetone.

PAN/MWCNT-f-OH. MWCNT-f-OH (0.1—2 mg) dispersed in
ethanol was added slowly to a solution of 100 mg of PAN in 10
mL of hot DMF. The mixture was heated at 110 °C to remove
ethanol. The remaining solution was spread on a glass slide and
formed a film upon air-drying.

EVA/MWCNT-f-OH. MWCNT-f~OH (0.1—2 mg) dispersed in
ethanol was added slowly to a solution of 100 mg of EVA in 10
mL of hot toluene. The solution was spread on a glass slide and
formed a uniform film upon air-drying.

Laponite/MWCNT-f-OH. Laponite (100 mg) was dispersed in
10 mL of distilled water after overnight stirring. MWCNT-f~OH
(2—30 mg) dispersed in 4—10 mL of 80:20 (v/v) ethanol/water
was added slowly to the Laponite dispersion and stirred overnight.
The mixture was air-dried on a glass plate or kept as a dispersion
over several weeks.
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