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ABSTRACT: An efficient approach to the organic functiona-
lization of multiwalled carbon nanotubes (MWCNTSs) for the
production of highly soluble/dispersible materials has been
accomplished by a class of highly reactive and thermally stable
nitrones. Besides the unprecedented solubility in aprotic polar
solvents of the functionalized samples (up to 10 mg of
fMWCNTs per mL of DMF), we have demonstrated, for the
first time, that the CNT functionalization by nitrones prefer-
entially occurs at the defective CNT sidewalls without any
appreciable degradation of their sp” network. The role of the
reticular imperfections on the graphitic lattice of the MWCNTSs has been experimentally and theoretically addressed. A complete
chemical (TGA-MS, FT-IR, SSA) and morphological (TEM, AFM) characterization of the functionalized materials has accounted
for the high degree of CNT functionalization, whereas Raman scattering, in combination with complementary XRPD and active
surface area (ASA) measurements, has provided unambiguous evidence of the key role played by the structural “disorder” of the
MWCNTs in the nitrone cycloaddition. Density functional theory (DFT) calculations on the reactivity of selected topological
defects at the CNT sidewalls have contributed to trace-out a “defect-based” sidewall reactivity trend. The excellent processability of
the functionalized MWCNTs has been finally exploited for the preparation of highly homogeneous CNT /polymer nanocomposites
with CNT loadings as high as 3 wt %.

KEYWORDS: MWCNTs, nitrones, 1,3-dipolar cycloaddition, topological defects, Raman, ASA, DFT calculations

B INTRODUCTION composites. The major drawback in the use of pristine CNTs is
Since their discovery,' carbon nanotubes (CNTs)? have related to the_ir scarce prf)cessabﬂity and mis.cibility _in the most

received growing attention in nanotechnology, because of their common media. Relevant intersupramolecular interactions between

unique mechanical, thermal, and electrical properties.>* Cur- the tubes are actually responsible for self-aggregation effects, which

rently, CNTs are among the nanomaterials with the largest ultimately prevent their homogeneous dispersion in solution or in

impact on a wide range of technological applications. In parti- host polymeric matrices.

cular, their incorporation, even in small amounts, into other

(macromolecular) materials has been found to improve the Received:  December 23,2010

thermal stability® ” and mechanical properties® '* of the resulting Published: March 02, 2011
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The chemical functionalization of the CNT sidewalls is a well-
established approach to facilitate the material manipulation and
improve both its dispersibility in organic solvents/water and
processability with other macromolecular materials. The chemi-
cal functionalization allows for a tuning of the CNTs chemical
and physical properties, and also represents an efficient method
for their purification. The development of new methodologies
for the covalent functionalization of CNTs, aimed at integrating
these nanomaterials into more-complex functional structures,
has recently emerged as an area of great interest."" In this respect,
much attention is being paid to the covalent attachment of
organic fragments to the 77-conjugated skeleton of single-walled
carbon nanotubes (SWCNTs) and multiwalled carbon nano-
tubes (MWCNTs).'? Nevertheless, the latter, which are more
suitable for specific technological applications such as the
production of polymer-based nanocomposites, are less investi-
gated, because of their typically higher curvature radius and
related macromolecular architecture complexity. These features
are responsible for reduced sidewall chemical reactivity and
a more difficult characterization of the resulting functionalized
materials.

Despite the high chemical inertness of the CNT sidewalls,
some relevant examples of organic functionalization have been
successfully addressed.'’ The methods exploited so far include
the treatment with nitrenes,'® nucleophilic carbenes,'* diazo-
nium salts,"> bromomalonates,'® and free radicals.'” In particular,
1,3-dipolar cycloadditions'® represent a special class of organic
reactions whose applicability to the CNT functionalization is
well-documented in several theoretical'®*® and experime-
ntal*' ** reports. The cycloaddition of azomethine ylides onto
SWCNTs or MWCNTs represents a powerful tool for producing
highly soluble and pure CN'Ts.**** Calculated reaction energies
and barriers for the cycloaddition of other 1,3-dipoles to a model
armchair (5,5) SWCNT predict that ozone, nitrile ylide, and
nitrile imine are also good candidates for the CNT functionaliza-
tion."” In contrast, unfavorable energy balances (high activation
energy and relatively low energy barrier for the retro-cycloaddi-
tion process) make nitrone cycloaddition less feasible, compared
to other dipoles.'® Although it is generally accepted that the
chemical reactivity of CNTs depends, in principle, on the CNT
sidewall curvature, ™% the 1,3-dipole reactivity versus the CNT
curvature still remains a subject to be unravelled. Our preliminary
studies on the 1,3-dipolar cycloaddition of a highly reactive and
thermally stable cyclic nitrone (namely, (3S,4S)-3,4-di-tert-bu-
toxy-3,4-dihydro-2H-pyrrole N-oxide 1°°), to SWCNTs and
MWCNTS have shown unexpected reactivity trends.* Attempts
to functionalize SWCNTSs using nitrone 1 were unsuccessful,
while highly functionalized materials with unprecedented solu-
bility/dispersibility in organic solvents have been prepared from
the functionalization of MWCNTs. Notably, an in-depth char-
acterization of the functionalized materials has suggested that the
diffuse structural defects on the carbon sidewall lattice of the
MWCNTSs act as preferential reactive sites for the formation of
the covalent bonds, preserving the crystal domain size of the sp”
network.*

In the present work, we report a full account on the 1,3-dipolar
cycloaddition to MWCNT's using two stereohomogeneous cyclic
nitrones (1 and 2; see Scheme 1), the derivatization of the
functionalized materials (FMWCNTs) (Scheme 1), their de-
tailed characterization and use for the production of polymer-
based nanocomposites. Theoretical DFT calculations have been
accomplished to shed light on the role of the “disordered carbon”

Scheme 1
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at the MWCNT sidewall, with respect to its chemical reactivity in
the nitrone cycloaddition reaction.

A morphological [atomic force microscopy (AFM), transmis-
sion electron microscopy (TEM), specific surface area (SSA)]
and chemico-physical (Raman spectroscopy, X-ray powder dif-
fraction (XRPD), active surface area (ASA)) surface character-
ization of the MWCNTs, before and after functionalization, has
been carried out to obtain information on the relationships
between the surface structure and the chemical reactivity of
these macromolecular systems. All the collected data led us to
conclude that much of the chemical reactivity preferentially
occurs at the CNT surface defect sites.

Finally, the extremely high solubility/dispersibility of selected
nitrone-functionalized MWCNTSs has been applied to the pre-
paration of homogeneous polymer-based composites with a
CNT loading up to 3 wt %. Morphological (TEM) and thermal
[differential thermal analysis (DSC) and thermogravimetric
analysis (TGA)] investigations on the resulting composites are
presented and discussed.

B EXPERIMENTAL SECTION

General Considerations. All manipulations were carried out
under dry nitrogen atmosphere using standard Schlenk-type techniques.
Nitrogen (=99.999% from Rivoira) was dried through a CaCl, column
and deoxygenated with an oxisorb cartridge from Messer Griesheim
prior to use. Anhydrous toluene was obtained by means of an MBraun
Solvent Purification System. Dry dimethylformamide (DMF) was
prepared according to the literature procedure®" and stored over 4 A
molecular sieves under a nitrogen atmosphere. MWCNTs (>90%
carbon basis, provided by Sigma—Aldrich) were previously dried at
80 °C under reduced pressure (1.3 x 10 > bar) for 8 h, then stored
under N, atmosphere. Unless otherwise stated, all other chemicals
were purchased from commercial suppliers and used as received
without further purification. Nitrones 1 and 2 were prepared in a
multigram scale, according to literature procedures.”® Samples sonica-
tion was carried out using a Julabo USR3 Labortechnic bath sonicator
(35 kHz, Power 2 X 150 W), cooling the samples in a water/ice
mixture throughout the sample treatment. Note: All measurements
carried out on pristine MWCNTs and functionalized -MWCNTs were
conducted on samples that underwent identical washing/filtration/sonica-
tion/workup procedures. Filtration was done through either a 100-nm-
pore polycarbonate membrane (Millipore) or a 200-nm-pore Teflon
membrane (Millipore).

Material Characterization and Analyses Conditions. TGA
was performed under N, atmosphere (50 mL/min) on an EXSTAR
Thermo Gravimetric Analyzer (TG/DTA) Seiko 6200 coupled with a
ThermoStar GSD 301 T (TGA-MS) for mass spectroscopy (MS) gas
analysis of volatiles. DSC measurements were carried out using a
Perkin—Elmer DSC-7 differential scanning calorimeter. The samples
were heated from 60 °C to 180 °C to eliminate their thermal history then
cooled to 30 °C and heated again to 200 °C at a cooling/heating rate of
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20 °C/min. Thermal scans were performed under nitrogen atmosphere
after instrument calibration, carried out using indium (T, = 156.60 °C)
and zinc (T, = 419.47 °C) as standards. TEM analysis of modified
and unmodified CNTs was performed using a Philips CM12 micro-
scope operating at 120 kV, on samples prepared by drop casting of
previously sonicated suspensions over carbon-coated grids. TEM images
were recorded with a CCD camera (Gatan 791). TEM analysis on
CNT/PVPy composites was performed using a Zeiss EM 900 instru-
ment by applying an accelerating voltage of 80 kV. Ultrathin sections
(~50 nm thick) of film specimens embedded in an epoxy resin were
prepared with a Leica EM FCS cryoultramicrotome that was equipped
with a diamond knife. The sample was maintained at —60 °C, and the
knife was maintained at —25 °C. AFM analysis was performed using a
Park System XE-100E AFM instrument, on samples prepared by spin-
coating (4200 rpm, 20 s) previously sonicated sample suspensions on
freshly cleaved mica substrates. The AFM images were recorded with
standard tips (Veeco Tips NCHV-A) in tapping mode at a scan rate of
1.0 Hz. Raman spectroscopy measurements were carried out using the
green line (514.5 nm) of an Ar-ion laser. Spectra were obtained using a
Spex Triplemate spectrometer that was equipped with high-resolution
holographic gratings, and recorded using a liquid nitrogen-cooled CCD
(Symphony Horiba Jobin Yvon). The overall spectral resolution was
1.3 cm™ . All samples were maintained at constant room temperature
(23 °C) and under helium atmosphere (3 bar) during the experiment;32
an inert atmosphere was used to prevent undesired carbon oxidation,
induced by possible local laser heating, which, in turn, was greatly
reduced by the enhanced thermal conductivity of the pressurized gas.
The Raman spectra were collected to detect the presence and strength of
the G and D modes.>* The G mode, which is located at ~1580 cm ™', is
characteristic of the sp® in-plane bond-stretching motion of pairs of C
atoms in graphite-like structures. The D mode, which is forbidden in
perfect graphite, is found at ~1350 cm ™" and becomes active only in the
presence of disorder.>® All recorded curves were fitted using Lorentzian
lineshapes and the intensity ratios (namely, I/I) were calculated from
the fitted total curve parameters.>> > According to the literature,® D-
and G-peak intensities were used for the calculation of the I, /I ratios
and the related average defects distance (Lp). Here, we anticipate that
an Ip/Ig ratio of 1.6 was found in the pristine-MWCNT material,
while sensibly different values were calculated for the functionalized
fi-MWCNT, f,-MWCNT, and fou-MWCNT samples.

Fourier transform infrared (FTIR) spectroscopy was performed on a
Bruker FTIR Spectrometer (Mod. VERTEX-80 V) equipped with a
broadband MCT detector that was cooled at liquid N, temperature. All
CNT samples were prepared by mixing spectroscopic-grade KBr with
MWCNTs or fMWCNTs (2—3 wt%) and analyzed in the 400—
4000 cm ™' range (800 scans) with a resolution of 1 em ™", X-ray powder
diffraction (XRPD) measurements were carried out in a Bragg—
Brentano geometry with a Panalytical XPERT PRO powder diffract-
ometer that was equipped with a W/Si graded parabolic mirror and a
PIXcel solid-state detector. The diffractograms were recorded in the
10—80° 20 region, operating with Cu Ko radiation (4 = 1.5418 A). A
7.5-mm-height antiscatter slit was used on the diffracted beam. The 20
step size was 0.0263°, with a counting time of 317 s/step. The
measurements were carried out in air at ambient pressure and tempera-
ture. Elemental analyses were performed using a Thermo FlashEA 1112
Series CHNS-O elemental analyzer with an accepted tolerance of 0.4
units. The Brunauer—Emmett—Teller (BET) specific surface area
(SSA) and porosity (the latter based on t-plot methods) were measured
on an ASAP 2020 Micromeritics instrument, using N, as absorbent at
liquid N, temperature. Before measurements, all CN'T samples (~30—
40 mg) were completely degassed at 60 °C for 24 h. The temperature-
programmed desorption (TPD) experiment for the MWCNT active
surface area (ASA) determination was performed using a U-shaped
quartz plug-flow reactor coupled with a Hyden Analytical HPR20 mass

spectrometer that was equipped with a Selected ElectroMultiplier
(SEM) detector for the analysis of volatiles (see the Supporting
Information for procedure details).

1,3-Dipolar Cycloaddition of (R,R)-1, and (S)-2 onto
MWOCNTS. In a typical procedure, MWCNTs (120 mg) were weighed
into a two-necked 250-mL flask and suspended in 58 mL of dry and
degassed DMF. The suspension was sonicated for 15 min and then
treated with a degassed DMF solution (2 mL) of nitrone 1 (360 mg, 1.56
mmol) or 2 (245 mg, 1.56 mmol). The mixture was maintained under
vigorous stirring and under nitrogen atmosphere and heated at 160 °C
for three days, then allowed to reach room temperature upon standing
overnight. The suspension was filtered through a 100-nm-pore poly-
carbonate membrane and the solid residue was washed in sequence with
dichloromethane (3 X 20 mL), water (3 X 20 mL), and ethanol (3 x
20 mL), each time being sonicated for 10 min and separated from the
supernatant by centrifugation. The solid residue (~110—120 mg for
both samples) was then dried under vacuum at 50 °C to constant weight
to give functionalized MWCNT samples labeled as f;-MWCNTs (those
reacted with nitrone 1) and ,-MWCNTs (those reacted with nitrone 2).

Preparation of fou-MWCNTs. In a typical procedure, f;-
MWCNTs (80 mg) were weighed into a 25-mL Schlenk flask and
suspended in trifluoroacetic acid (10 mL). The suspension was degassed
and sonicated for 15 min before maintaining it, at room temperature,
under vigorous stirring and nitrogen atmosphere for 24 h. The mixture
was then sonicated for 15 min and stirred at room temperature for an
additional 24 h. The suspension was then filtered through a 100-nm-
pore polycarbonate membrane and the solid residue was washed with an
EtOH/H,0 mixture (1:1v/v) (3 X 15 mL) and dried under vacuum at
50 °C to constant weight to give ~60 mg of the fo-MWCNT sample.

Preparation of the f;-MWCNTs/PVPy Composites. The f;-
MWCNTSs/PVPy nanocomposites were prepared by mixing aliquots
[0.375 mL (0.5 wt %), 0.750 mL (1 wt %), 1.5 mL (2 wt %), and 2.25 mL
(3wt %)] of a freshly sonicated (1 h) stock DMF solution/dispersion of
fi-MWCNTs (4 mg/mL) with a hot DMF solution (60 °C) of poly(4-
vinylpyridine) (PVPy, M, =~ 160000; conc: 300 mg/mL). After the
mixture was stirred for 15 min, the nanocomposite thin films (dry film
thickness of ~50 um) were fabricated by casting the solutions on a glass
Petri dish (@ 7 cm) and evaporating to dryness in a fume hood at 40 °C
overnight. Film detaching from the glass supports was obtained by
heating under vacuum at 70 °C for 15—48 h.

Computational Methods. Calculations were performed on
periodic models of CNTs of different morphologies (SWCNTs,
MWCNTs, defected CNTs, etc.) with external diameters ranging
from 4 A to 15 A. Supercells built by the replication of the nanotube
unit cell from 4 to 6 times were taken into account in the model as to
minimize spurious interactions between images of defect sites and/or
chemisorbed species. Accordingly, periodic boundary conditions in
three dimensions were applied, with a cell size in the direction parallel
to the nanotube axis (z-axis) ranging from 15 A to 25 A and cell sizes
in the other two dimensions large enough to keep a minimum
distance of ~15 A between system images. All calculations were
performed at the spin-unrestricted DFT level by applying the PBE
gradient-corrected exchange-correlation functional.*® Reaction en-
ergies were computed as follows: AE = Exppucr — (Eent +
Exrrrong), where Exppuct, Ecnty and Exprrone are the total
DFT energies of the cycloaddition product, CNT and nitrone,
respectively. Orbitals were expanded in terms of a localized basis
set of double-§ quality plus polarization with a plane-wave basis set
for the expansion of the charge density with an energy cutoff of 200
Ry. Geometry optimizations were performed by relaxing all atomic
degrees of freedom and the cell length in the z-direction until a
maximum gradient of 0.02 eV/A was obtained. A modified version of

the Siesta program package®”*® was used in all calculations.
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Figure 1. (a) TGA profiles of pristine MWCNTs and f,-MWCNTs associated with the MS analysis of volatiles (N, atmosphere, 50 mL min~ ). (b) 3D
representation of detectable mass peaks (m/z S5 and m/z 56) in the temperature range of 110—475 °C.
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Figure 2. TGA profiles of pristine MWCNTSs and fo;;-MWCNTs associated with the MS analysis (m/z 18) of volatiles (N, atmosphere, 50 mL min~ ).

B RESULTS AND DISCUSSION

Nitrones are a class of 1,3-dipoles with large application in the
synthesis of natural compounds and biologically active molec-
ules.* In particular, the stereohomogeneous di-tert-butoxypyrro-
line N-oxide 1 and the mono-tert-butoxypyrrolidine N-oxide 2
(see Scheme 1) have emerged as easily accessible 1,3-dipoles
from the chiral pool for the synthesis of optically active hydro-
xypyrrolidines and bicyclic azaheterocycles, such as pyrrolizi-
dines and indolizidines.*™* Their good reactivity, even with
sluggish dipolarophiles,**** together with their excellent thermal
stability, make these five-membered cyclic nitrones excellent
candidates for organic functionalization at the CNT's sidewall.
Moreover, the facile and stereoconservative deprotection of
the ‘BuO groups at the cycloadduct moiety allows for a fine
tuning of the lipophilic/hydrophilic character of the functio-
nalized materials.

192

The reaction of nitrones 1 and 2 with MWCNT's was carried
out under similar experimental conditions (solvent, reaction
time, and temperature) and the final bulk functionalized materi-
als (f,-MWCNTs and f,-MWCNTs) were used as-synthesized
without further treatment. This chemistry produces a high
functionalization degree and it can be easily performed on a
relatively large scale. Evidence of the sidewall functionalization
was first obtained by comparing the TGA profiles of fi-
MWCNTs and f,-MWCNTs (Figure 1la) with those of the
pristine MWCNTs. To make this comparison as truthfully as
possible, the pristine sample was subjected to a similar thermal
treatment (160 °C for three days) /sonication/washing/filtration
workup of the functionalized materials, before being character-
ized. A mass analysis performed on the low-molecular-weight
volatiles (from 25 amu to 125 amu), produced during the
thermogravimetric tests (carried out under N, atmosphere),

6 dx.doi.org/10.1021/cm103655y [Chem. Mater. 2011, 23, 1923-1938



Chemistry of Materials

was used to obtain a qualitative information on the composition
of the functionalized samples, together with an elucidation of the
thermal decomposition path of the organic functional groups
present at the CNT sidewall (see Figures 1a and 1b). Consistent
with previously reported results on the f;-MWCNT sample,* a
weight loss of 3.80% was calculated for the f,-MWCNTs in the
temperature range of 110—475 °C (calculated as the weight
difference between the TGA profiles of ,-MWCNT's and pristine
MWCNTs). Such a weight loss difference has been attributed to
the thermal decomposition and rearrangement of the tert-butoxyl
groups of the cycloadduct moieties, with isobutene evolution
(m/z 56 M"; m/z 55 M —1). A three-dimensional (3D)
representation of the mass peaks observed accounts for the
exclusive rearrangement of the fert-butoxyl groups to give
isobutene (Figure 1b); no evidence of different decomposition
paths or other significant mass fragmentations was obtained in
the specific temperature range. At higher temperatures, only a
gradual weight loss due to partial oxidative decomposition of the
bulk material (1/z 44, CO, evolution) was observed. The lack of
other relevant fragmentations led us to conclude that the
MWCNT functionalization generates thermally stable chemical
entities with both nitrones. This observation is consistent with
the expected formation of hexahydro-pyrrole[1,2-b] isoxazole
frameworks at the CNT sidewall. On the basis of the thermo-
gravimetric profile, one may definitively conclude that a 10.6
wt% of the 3-BuO-nitrone 2 is grafted onto the MWCNT
sidewalls, which roughly corresponds to one tert-butoxypyrroli-
dine N-oxide group every 110 C atoms. The N and O quanti-
tative elemental analysis (pristine MWCNTSs: N, 0.03; O, 0.00;
fr-MWCNTs: N, 0.72; O, 2.47) approximately refers to one tert-
butoxypyrrolidine N-oxide group every 146 C atoms, in fairly
good agreement with the loading previously calculated.

The higher functionalization degree for f,-MWCNTSs, com-
pared to the previously reported di-tert-butoxypyrrolidine N-
oxide-containing materials (f;-MW CNTs),* can be ascribed to
the higher reactivity of the less sterically crowded nitrone 2.
Nevertheless, ,-MWCNTSs showed a lesser extent of solubility/
dispersibility in aprotic polar organic solvents (CH,Cl,, DMF),
when compared to f;-MWCNTSs. Solutions with a maximum
content of 3 mg of ,-MWCNTSs were prepared by rapid
sonication of the functionalized CNTs in DMF to give stable
inks with no apparent CNTs rebundling over a time period of
weeks. On this ground, the unprecedented solubility observed for
the previously reported f;-MWCNTs in DMF (close to 10 mg of
fi-MWCNTs per mL of DMF) is probably due to higher solva-
tion effects of the two dangling ‘BuO arms.

On the f-MWCNT sample, the deprotection of the ‘BuO
groups at the cycloadduct moieties was achieved by treatment
with trifluoroacetic acid at room temperature.**® The thermo-
gravimetric profile for the resulting fo-MWCNTs showed two
distinct weight losses between 90 °C and 350 °C, which were
assigned to the thermal decomposition of the hydroxy function-
alities with water evolution (m/z 18, H,0), while the initial slight
weight variation (0.8%) was ascribed to the elimination of
adsorbed humidity (Figure 2). Above 350 °C, a gradual weight
loss, due to the partial decomposition of the CNT networks and
residual organic fragments attached to their sidewalls (m/z 44,
CO, evolution), was recorded. Finally, the complete deprotec-
tion of the tert-butoxyl groups was deduced from the disap-
pearance of the typical isobutene mass fragmentation (m/z S$
and 56).
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Figure 3. (a) Nitrogen adsorption—desorption isotherm linear plot
(BET) of pristine and functionalized MWCNTs recorded at 77 K (inset
involves the volume of N, adsorbed at partial pressures of P/P, < 0.05).
(b) Pore volume distribution [dV/dlog(w)] for pristine and functiona-
lized MWCNTs (inset involves the pore volume distribution in the
micropore region).

Unlike the f;-MWCNT and f,-MWCNT samples, the dihy-
droxy-pyrrolidine N-oxide functionalized materials (for)
showed very modest solubility in either DMF or CH,Cl, and
CH,CL,/EtOH (1:1) mixtures. Light-gray solutions of fo-
MWCNTs (with no CNT rebundling upon standing for weeks)
were prepared by sonication of the solid sample in the proper
solvent with concentration spanning from 0.1 mg/mL to 0.15
mg/mL and 0.25 mg/mL in CH,Cl,, CH,Cl,/EtOH (1:1), and
DME, respectively. This set of data, which perfectly matches with
the solubility values reported in the literature for similar
materials,*” highlights the primary role of the sterically crowded
alkyl groups at the CNT sidewall to maintain a high solubility/
dispersibility degree for these macromolecules in common
organic solvents.

Specific Surface Area (SSA) and Pore Size Distribution of
the Functionalized Materials. Figure 3a illustrates the nitrogen
adsorption isotherms of pristine and functionalized f;- and f,-
MWCNTs. According to the IUPAC classification, all nitrogen
adsorption isotherms can be described as Type IV profiles with a
characteristic H1 hysteresis loop generated by regularly shaped
mesopores.*® A higher N, adsorption, at low partial pressure
(<0.05), in the isotherm of pristine MWCNTs indicates the

1927 dx.doi.org/10.1021/cm 103655y |Chem. Mater. 2011, 23, 1923-1938



Chemistry of Materials

a)

Figure 4. TEM (left) and AFM (right) images of (a) pristine MWCNTs, (b) f,-MWCNTs, and (c) for-MWCNTs. (For the morphological

characterization of f;-MWCNTSs, see ref 30.)

presence of a higher micropore density in this sample,
compared with the functionalized (f;-MWCNT and f,-
MWCNT) materials (see inset of Figure 3a). Accordingly,
the integrated areas enclosed within the limits P/P, = 0—0.0S
showed a 3-fold decrease in the adsorbed N, volume, com-
pared to the pristine sample, leading to a micropore volume
decrease in the nitrone-functionalized materials. The mea-
sured specific surface areas (SSAs) are 263, 186, and 160 m”
g_l for pristine MWCNTs, f;-MWCNTs, and f,-MWCNTs,
respectively.

The important decrease of the BET SSAs (up to 39%) in the
functionalized samples is not totally unexpected,”* yet it fits well
with the observed micropore density reduction in the nitrone-
functionalized materials (see Figure 3b and inset of the micropore
region). Indeed, it has been well-established that nitrogen physi-
sorption occurs not only on the exterior walls of CNTs but also in
the void regions (channels and grooves) that exist between
individual entangled nanotubes or nanotube bundles.*”*"

In addition, the reduction of the SSAs and microporosity in the
functionalized materials is ultimately a proof of their higher
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Figure 5. FT-IR spectra of (a) f;-MWCNTs, (b) f,-MWCNTs, and
(¢) four-MWCNTs.

degree of deaggregation. Indeed, microporosity is mainly due to
the presence of channels along with the CNT bundles.*”*>%?
Therefore, the nitrone functionalization of the CNT's sidewall is
expected to reduce the supramolecular interactions responsible
for the aggregation between the nanotubes also in the solid state.

Morphological, Spectroscopic, And Structural Character-
ization of the Nitrone-Functionalized MWCNT Samples.
TEM and AFM characterization of the pristine and functiona-
lized materials has provided evidence of the MWCNT-sidewall
functionalization. A comparison of TEM and AFM images
obtained for raw (Figure 4a) and functionalized (Figures 4b
and 4c) materials clearly showed a high degree of deaggregation
in solution for all the nitrone-treated samples. Although f;-
MWCNTSs™ and f,-MWCNTs (Figure 4b) did not show any
relevant morphological difference, revealing highly separated
tubes throughout the entire observed area, small bundles of
tubes were observed for the dihydroxypyrrolidine N-oxide
derivatives (fop-MWCNT), in perfect agreement with their
lower solubility/dispersibility (vide supra). For all the raw and
functionalized nanomaterials studied, the nanotube lengths span
from 100 nm to several micrometers, while the external dia-
meters fall in the range of 10—30 nm. In both pristine and
functionalized samples, neither appreciable changes of the
MWCNT diameters and lengths nor the presence of amorphous
material were observed.

Additional experimental characterization of the MWCNT
functionalization was provided by the FTIR spectra of fi-, f,-
and fo-MWCNT samples (see Figure 5).

Well-defined ¥v(C—H) and v(C—O—C) vibrational modes
between 2950—2750 cm ' and 1120—1080 cm™ ', respectively,
together with the 5(CH,/CH,) modes at 1470—1430 cm ™ ' and
1390—1365 cm ™', appeared on the transmission profiles of both
fi- and ,-MWCNTs. Reduced C—H stretching/bending inten-
sities were observed in the fo-MWCNT sample, while a broad
band between 3250 and 3500 cm ™" was assigned to the ¥(O—H)
modes.

Raman Spectroscopy, XRPD, and ASA Measurements. It is
well-established that CNT's exist in many possible morphological
variations, depending on the methods used for their prepara-
tion.>*>” The knowledge and control of their final carbon
texture and crystallite size distribution are of fundamental impo-
rtance while studying their covalent or noncovalent sidewall
functionalization.***>***° While it might be possible to justify,
on theoretical grounds, that CNTs with very small diameters

(1—5 nm), such as SWCNTs, exhibit a chemical reactivity that is
different from that of graphite, there is no fundamental reason
why MWCNTSs with diameters of >10 nm should behave dif-
ferently, chemically speaking, from graphite.®’ To this purpose,
“structural disorders” in MWCNTs related to different types of
reticular imperfections at the graphitic lattice [Stone-Wales
defects, vacancies and divacancies (Frenkel type pairs), edge-like
defects, tube kinks, interstitial defects between external and
internal tubes]®*~** are usually invoked to account for the large
part of the chemical and electrochemical activity of these
macromolecular systems.>*>*%"%° The presence of low-orga-
nized carbon is also responsible for the high SSA and ASA values
(see the Specific Surface Area (SSA) and Pore Size Distribution
of the Functionalized Materials section). Raman spectroscopy
investigation conducted on pristine and functionalized MWC-
NTs suggests that surface defect sites, particularly in the form of
exposed edge-like defects and holes at the tube walls,%® play a
major role in the 1,3-dipolar cycloaddition of the cyclic nitrones
under study to the MWCNT sidewall.

The Raman spectra of pristine and functionalized MWCNTs
excited with the 514.5-nm laser line under inert atmosphere are
shown in Figure 6. Typically, all spectra exhibit three main
characteristic bands in the spectral region between 1000 and
2000 cm ™' (D, D/, and G modes), and their overtone and com-
bination bands between 2400 and 3400 cm ™' (G’ = 2D). While
the first-order G mode (E, , symmetry) is attributed to a regular
sp” graphitic network, the D and D’ modes (A, , symmetry)
are due to the so-called double resonant Raman scattering from a
nonzero-center phonon mode, and they are originated from
disorder and defects in the carbon lattice.*****”~"* Finally, the
radial breathing modes (wggyr) around 180—260 cm™ ! are too
weak to be observed, because of the large diameters of the sample
tubes (10—30 nm). Accordingly, the intensity ratio between the
D and G modes (Ip/I;) is commonly used as a benchmark of the
crystallite and defect sites surface density. From a closer exam-
ination of the spectra reported in Figure 6, it can be inferred that
the functionalization process reduces the I /I intensity ratio,
suggesting that a substantial modification occurs at the nanotube
surface. As a matter of fact, the value of the intensity ratio
observed in the pristine material (Ip/I = 1.6) reduces to 1.1 in
all the functionalized MWCNTs [see panels (c), (d), and (e) in
Figure 6, respectively]. Panels (a) and (b) refer to the same
sample of pristine MWCNTs before and after the experimental/
workup procedure, respectively (see the Experimental Section
and General Considerations sections). Identical D- and G-mode
intensities recorded for pristine and treated samples definitively
exclude any appreciable chemical modification of the CNT
surface in the absence of the functionalizing dipole (nitrone 1
or 2), as well as any change in the D-band of the functionalized
samples, [panel (b) vs panels (c) and (d)], because of the simple
removal of the carbonaceous impurities.

These results indicate that the 1,3-dipolar cycloaddition of
nitrones 1 and 2 does not occur at the lattice points of the regular
sp” network but involves the diffuse Raman active defect sites at
the CNT sidewall responsible for the D- and D’-mode
intensities.”®’* A phenomenological model to correlate the
graphite defect density to the Ip/I; ratio has been recently
proposed by Lucchese and co-workers.”> According to this
model, the average distance Ly, between the defects increases
from 7.3 nm (treated MWCNTs) to 9.4 and 9.8 nm for f;-
MWCNTs and f,-MWCNTs, respectively. The acid treatment
for the tert-butoxyl deprotection at the f;i-MWCNT does not
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Figure 6. Raman spectra of (a) pristine, (b) treated, and (c, d, e) functionalized MWCNTs. The comparison among the various spectra (panel f)
evidences that the functionalization process modifies the I, /I ratio, suggesting that a surface modification has occurred. (The colored dots represent
the experimental points. The single peak fittings are represented by dot-dashed lines, while the full line represents the total fit to the spectrum.)

produce any apparent modification in the I /I ratio of the foy-
MWCNT sample, which translates into a roughly unchanged Lp,
value (9.3 nm). Finally, a G-peak downshift of ~4 cm ™" observed
in the functionalized samples, with respect to both pristine and

treated MWCNTs, accounts for nanotube surface modifications
that ultimately decrease the intrabundle interactions. A similar
downshift has been proposed for other covalent CNT function-
alizations.”>”® Finally, this result agrees with the observed SSA
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decrease of the functionalized samples, because of the reduction
of the void regions (micropore channels and grooves) existing
between the individual entangled nanotubes.*”! (See the BET
discussion in the Specific Surface Area (SSA) and Pore Size
Distribution of the Functionalized Materials section.)

The knowledge and control of the CNT surface features is of
mandatory importance when studying any type of covalent or
noncovalent CNT sidewall functionalization. Two additional
experiments, apparently complementary to the Raman scattering
technique, were set up to characterize the CNT surface proper-
ties. First, XRPD diffractograms were acquired for CNT samples
before and after the functionalization with nitrones 1 and 2.
Consistent with the Raman measurements, the XRPD diffracto-
grams revealed that both crystallinity and morphology of the
CNTs were preserved during the sidewall functionalization.”””®

No relevant shifts in the peaks position could be measured
(Figure 7), while only negligible half-height peak-width (full
width at half maximum, fwhm) variations were calculated for the
different CNTs samples (f;-MWCNTs, fwhm = 2.96°% f,-
MWCNTs, fwhm = 3.14% fo-MWCNTSs, fwhm = 3.07°% and
pristine MWCNTs, fwhm = 3.16°). The Scherrer equation
applied to these patterns revealed that the average number of
ordered graphite layers in the crystallites of all the analyzed
samples was constantly equal to eight (see the Supporting In-
formation).>®

Next, the surface properties of pristine MWCNT' were investi-
gated with the concept of active surface area (ASA). %7778 This
technique allows for the evaluation of the chemically accessible
and reactive sites present at the surface of carbon nanostructures,
which are largelgf ressgonsible for their chemical and electroche-
mical reactivity.”**%*”%52 These reactive sites, usually located at
the edge of the graphene planes as point defects, vacancies, and
dislocations inside the hexagonal network,*%>%* are generally
high-surface-energy sites and hence can be easily oxidized, gene-
rating carbon—oxygen surface groups. On these grounds, the
ASA value was quantified using an oxygen chemisorption experi-
ment, followed by analysis of the composition of the gas evolved
during a temperature-programmed desorption (TPD) experi-
ment. As shown in Figure 8, during the TPD experiment, the
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Figure 8. Temperature-programmed desorption (TPD) profile from
MWCNT obtained after oxygen chemisorption at 300 °C.

evolution of significant quantities of CO and H,, and a small
amout of CO,, was clearly observed. The latter is observed
between 350 °C and 700 °C, while CO and H, evolution could
be detected at temperatures over 650 °C, with similar profiles
in the entire scanned temperature range. The amount of CO
and CO, desorbed was used for the ASA calculation. The
inte%ration of the CO and CO, traces accounts for ~8.1 X
10" mol C/gpwent, which is consistent with a relatively
high ASA value of ~12.8 m?/ gvwent that is potentially
available for the covalent bonding.82

This ASA value represents 4.8% of the total surface area
measured by N, physisorption (SSA), a fraction that is in good
agreement with the ASA and SSA values reported in the literature
for commercially available MWCNT samples.”’

Theoretical Calculations. Understanding the role of topolo-
gical defects on the covalent functionalization of complex carbon
nanostructures (such as the MWCNTSs used herein) is an
important prerequisite to gain insight into their chemical reac-
tivity. Moreover, the way nitrones graft to the MWCNT sidewalls
may be used to account for other related organic functionaliza-
tions with different 1,3-dipoles.*” While the electrochemical
activity of defect-containing CNTs has been intensively investi-
gated,”**>®! equal attention has not been devoted to unveil the
role of “disordered carbon” (nongraphitic active sites and
domains) at the outer sidewall network of MWCNTSs, with
respect to their chemical reactivity>® in cycloaddition reactions.
Unravelling the operative mechanisms responsible for the re-
activity of 1 and 2 on complex and disordered carbon nanos-
tructures such as MWCNTs is certainly beyond the scope of the
present study. On the other hand, DFT calculations on the
reactivity of selected topological defects at the CNT sidewalls can
be used to trace-out a “defect-based” sidewall reactivity trend.
This aspect is of major importance for the organic functionaliza-
tion of macromolecular structures with a diameter larger than
10 nm (such as MWCNTSs), since their reduced external curvature,
when compared to other carbon nanostructures such as SWCNT's
and fullerenes, would decrease the chemical reactivity of the sp”
sidewall. The interplay between the electronic structure of the
reactive site and its high defect-induced surface energy (due to
C—C bond reconstructions and local deformations) is the key
factor to be taken into account for the analysis of the nitrones
cycloaddition reaction.
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Table 1. Summary of the AE Values [kcal (mol) '] for the 1 and 2 Cycloaddition Reaction to Carbon Nanostructures®

(9,0)// (9,0)//(18,0)
nitrone  (18,0) (5,5) (18,0) Stone-Wales (18,0) S—1DB  double vacancy
1 +22.8 +22 —0.9 unstable —43.9
2 —39.4

armchair armchair zigzag
GNR GNR (—COOH) GNR C,H, Cq[6,6] graphene
+2.4 —6.0 unstable —28.1 —15.8 +17.5
—6.0 —28.4 —13.8

“ Calculated energies for the cycloaddition reaction occurring on ethylene (C,H,), fullerene (Cgo), and graphene have been reported for comparison.

a)

Figure 9. (a) Optimized structure for a SW defect on the sidewall of a (18,0) SWCNT; (b) optimized structure for nitrone 1 interacting with the defect

site shown in panel a.

Preliminary DFT calculations for the CNT cycloaddition of
nitrone 1 have been conducted on a defect-free sidewall of a
zigzag (18,0) and an armchair (5,5) SWCNT, respectively. In
particular, we have considered the reaction of 1 on the transversal
and circumferential C—C bonds at the sidewalls, typically
recognized as the most chemically reactive sites.*> SWCNTs
have been selected as CNT models, since the weak dispersion
forces existing among adjacent walls in a MWCNT do not affect
the chemical properties of its defect-free outer sidewall.*®

In agreement with previously reported theoretical studies on
similar 1,3-dipole-CNT cycloadditions,"”®”™*’ the computed
energies for the reaction of 1 with defect-free sidewalls were
thermodynamically unfavored [+22.8 kcal mol ™" for a zigzag
(18,0) and +2.2 kcal mol~ " for an armchair (5,5) SWCNT; see
Table 1].

Note that the outer diameters of both SWCNTs taken into
account [(18,0) ~ 1.4 nm, (5,5) &~ 0.7 nm)] are 10—20 times
smaller than the average diameter of the MWCNTs used in our
experiments (@ = 15 nm). In view of the typical CNT reactivity
decrease for increasing diameters,”” one may infer that the same
cycloaddition reaction carried out on a larger diameter defect-
free sidewall will be even less favored.

Turning the attention to the analysis of the CNT defects as
higher surface energy sites for covalent bonding, the Stone-Wales
(SW) defects generated from the displacement of one C atom
between two adjacent Cg-rings, was first examined as one of the
most common topological defects present in the real CNT
samples.”® Previous works indicate that these defects are more
reactive sites than the defect-free hexagonal C-atom networks.”"*>
In particular, the SW defects originated from the rotation ofa C—C
bond that is parallel to the axis of a zigzag CNT (Figure 9a)
usually exhibit a larger propensity to functionalization.”® On
these grounds, we have evaluated the reaction energy for the
cycloaddition of 1 to the latter type SW defect originated on a
(18,0) SWCNT (see Figure 9b).

As for defect-free systems, the interactions between an outer
nanotube sidewall containing a SW defect and the inner tubes

(as for the case of a MWCNT) can be considered negli-
gible. Calculations revealed that the cycloaddition reaction is
thermodynamically favored, compared to the cycloaddition
onto a defect-free sidewall, but it is basically thermoneutral
(—0.9 kcal mol™"). Although the small reaction energy
computed for the cycloaddition of 1 to this topological defect
cannot be invoked to justify the high degree of functionaliza-
tion experimentally observed in MWCNTs, the comparison
with a defect-free system certainly strengthens the idea of a
defect-based reactivity trend.”!

Hence, we focused our attention on the reactivity of 1 toward
other common structural defects present at the CNT sidewalls,
such as single vacancies (SVs) and double vacancies (DVs). The
former, which originates from the removal of a single C atom
from the hexagonal network of the sidewall, can be generated
either by specific CNT growth techniques’* or by electron-beam
irradiation.”® The removal of a single C atom from the CNT side-
wall causes a bond reconstruction/rearrangement in close proxi-
mity of the vacancy,’ giving rise to new C—C bonds with
enhanced reactivity.”””® A similar behavior is also predicted for
DVs, where a favorable rearrangement of the 7t-electrons in the
network” makes this type of topological defect remarkably more
stable than the previous one” 1% In particular, the configura-
tion constituted by two SVs, one for each adjacent coaxial
graphitic shell, has been found to be thermodynamically stable
and relatively common in defected MWCNTSs.'** Note that the
strong electronic structure rearrangement induced by SVs or
DVs can lead to an enhancement of MWCNTSs interwall inter-
actions; a direct consequence of this rearrangement is the
improvement of the mechanical properties of multilayered
carbon nanostructures.'>'%*

The reactivity of 1 onto SVs and DVs was assessed by calcula-
tions on systems obtained relaxing a periodic model structure for
2(9,0)//(18,0) DWCNT, containing a total of 432 carbon atoms
in the supercell, after removal of one or two C atoms, respec-
tively. The combination of these two diameters sets the final
interwall distance to 3.4 A (a value that is almost identical to that
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Figure 10. (ab) Optimized structure and frontier orbitals [(c) HOMO and (d) LUMO] for a (9,0)//(18,0) DWCNT with a reconstructed double

vacancy (DV) in the “interlinked” configuration.

found in graphite), thus maximizing the attractive 7z-stacking
interaction between the tubes.'® Accordingly, in the computa-
tional model a SV originated from the removal of one C atom
from the outer (18,0) nanotube shell and a DV originated from
the removal of two C atoms from adjacent shells of a
(9,0)//(18,0) DWCNT were taken into account.

The most stable configuration for a SV corresponds to the 5—
1DB defect, commonly observed in SWCNTs (see Figure S1 in
the Supporting Information).”**” However, DFT calculations
concerning the cycloaddition of 1 to different C—C bonds in the
proximity of the S—1DB defect site did not show any evidence of
formation of stable chemically bound adducts (Table 1). This behavior
can be ascribed to the peculiar electronic structure of a SV, which is
known to delocalize the spin-polarized electron density over the
conjugated 7T-electron skeleton.”® As a result, radical reactions are
strongly favored at this vacancy,”” while only a negligible contribution
to the 1,3-dipolar nitrone cycloaddition at the C—C sites is expected.

In the DV case, the model system generated by the removal of two
adjacent C atoms from both sidewalls of a (9,0)//(18,0) DWCNT
resulted in, upon reconstruction, a stable energy minimum, corre-
sponding to an “interlinked” configuration (Figure 10a and
10b).°*"® Notably, the frontier orbitals of this geometry
(Figures 10c and 10d) are very similar to those of a pristine
SWCNT; this indicates a minor effect on the overall electronic
properties of the reconstructed DV-defected sidewall. Moreover,
the final electronic structure exhibits a marked singlet-spin
closed-shell character, as expected for rearrangements of the
electronic configuration that permit the recovery of the sp>
hybridization of the C atoms.'%~'%®

The addition of 1 to the most accessible of the C—C bonds in
the proximity of the defect results in unstable products. However,
the addition of 1 to the C—C bond of the reconstructed

Figure 11. Optimized structure for the product of the addition of
nitrone 1 to the site originating from a DV on a (9,0)//(18,0) CNT.
Atom colors are coded as follows: green, carbon; red, oxygen; white,
hydrogen; and blue, nitrogen.

pentagonal ring and perpendicular to the nanotube axis (bond
C,—Cy, in Figure 10b), leads to a stable adduct, shown in
Figure 11, which is 43.9 kcal mol ™' more stable than the
reagents, suggesting a remarkable reactivity of the DV with
respect to the cases previously discussed. Note that the
reaction proceeds by breaking the C—C bond where the
cycloaddition takes place. This effect, previously observed
for other CNT sidewall reactions involving strained C—C
bonds, is partially responsible for the enhanced reactivity in
the cycloaddition reaction of 1.'%
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a)

Figure 12. PVPy-f;-MWCNT composites at variable nanofiller loadings: (a) 0.5 wt %; (c) 1 wt %, and (d) 3 wt %. Panel b shows a sample prepared with

a 0.5 wt % loading of pristine MWCNTs.

Finally, the presence of edge-like defects at the CNT sidewalls
was considered by computing the energy for the cycloaddition of
1 to the edges (armchair or zigzag) of graphene nanoribbons
(GNRs)."'? Indeed, the morphology of the edge-like defects
exhibits marked structural similarities with the GNR edges.SS In
particular, we considered the addition of 1 to the terminal C—C
bonds, parallel and transversal, with respect to the GNR axis
for armchair and zigzag edges, respectively (see Figures S2 and S3
in the Supporting Information). These C—C bonds are com-
monly recognized as the most reactive attack sites for GNRs.''°
The reaction of 1 with both types of edge-like defects gave
unfavorable cycloaddition energies. While a slightly endothermic
process was calculated in the case of an armchair edge defect (2.4
kcal mol '), calculations for the zigzag-type edge defect only led
to a weakly bound adduct. Noteworthy, the calculations carried
out on oxidized edge-like defects, modeled through the addition
of a —COOH group to one of the carbon atoms of the 77(C=C)
reactive site at the armchair GNR (Figure S4 in the Supporting
Information), led to a moderately favored thermodynamic
process, passing from +2.4 kcal mol ' to —6.0 kcal mol '
(see Table 1).

Energy calculations carried out on the cycloaddition of 2 gave
comparable results, without revealing any significant contribu-
tion from the reduced dipole steric hindrance; the relative
reaction energies (for exoenergetic processes, with respect to
the addition of nitrone 1) are listed in Table 1.

In conclusion, the very high binding energy calculated for the
cycloaddition of 1 to a DV of a DWCNT suggests that a closed-
shell configuration of the sidewall, together with local distortions
of the C—C bonds, may facilitate the overall process. These
results are in agreement with the experimental arguments.*' %%

f-MWCNTs/Poly-4-vinylpyridine Composites. Nanocom-
posite materials based on nanoscale-reinforced Polymers repre-
sent an ever-increasing area of research.’ '*"'' Tt has been
established that the combination of a soft polymer matrix with
nanosized rigid filler particles can provide new composite mate-
rials with largely improved modulus and strength, even at very
low nanofiller loadings."'>”""* On this ground, the unique
mechanical, thermal, and electrical properties of carbon nano-
tubes, together with their very high aspect ratio, make these
nanodimensional fillers among the best candidates for the pre-
paration of polymer-reinforced nanocomposites with remarkable
chemical and physical properties.'"* Notwithstanding, the suc-
cessful usage of CNTs in polymer composites usually requires
either a noncovalent or a covalent modification of the CNT's to
improve their dispersibility/processability in both liquids and
solid matrices, avoiding severe phase-segregation problems.””" >~ !
Although the organic functionalization of the CNT surface
(covalent modification) represents a well-established approach
to reach a high level of nanotube dissociation, its use in the
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preparation of CNT/polymer composites is a sort of double-
edge sword. In fact, the higher the sidewall organic functionaliza-
tion extent, the higher the corruption of the tube structural
integrity with subsequent worsening of its mechanical
properties.'** At variance with other organic functionalization
approaches, our method to increase the MWCNTs dispersibility
provides highly soluble materials without affecting the crystal
domain size of the sp> CNT network (see the Raman Spectros-
copy, XRPD, and ASA Measurements section). Since the diffuse
structural defects present on the MWCNTS act as preferential
reactive sites, the physical and chemical properties of the original
macromolecular fillers are preserved.

Poly(4-vinylpyridine) (PVPy) is an amorphous hydrophobic
polymer with good solubility in aprotic polar solvents and
excellent processability, both in solution and in the melt, to give
freestanding thin films with several applications."'®"'*'** Be-
cause of the superior solubility of the f;-MWCNT sample in
DMEF (compared with f,- and fo-nanomaterials), it was the filler
of choice in the preparation of PVPy-based composites at
different CNT loadings. A PVPy solution in DMF was mixed
with a DMF solution of f;-MWCNTs (0.5—3 wt %) and the
resulting mixture sonicated for 30 min before casting it on a
6-cm-diameter glass capsule (the initial thickness of the solution-
cast samples in the present study was higher than 300 um).
Thereafter, the casting sample was allowed to evaporate under a
fume hood at room temperature overnight and it was further
dried to constant weight under high vacuum (ca. 10~° bar) at
70 °C for 24 h. The same procedure was also applied to the
preparation of a PVPy-based composite using 0.5 wt % of pristine
MWCNTSs. In contrast to the latter, where phase segregation
effects were clearly visible (Figure 12b), PVPy composites
prepared using f;-MWCNTSs showed a perfect and uniform
dispersion of the nitrone-functionalized nanofillers to give either
slightly gray and optically transparent films at lower nanofiller
loadings (0.5—1 wt %; see Figures 12a and 12c) or uniformly
dark and homogeneous polymer composites at higher nanofiller
loadings (1—3 wt %; see Figure 12d).

All the composites prepared by the casting evaporative tech-
nique gave rise to thin films with thicknesses ranging from 45 ym
to 55 um that could be easily detached from the glass support
upon standing under vacuum at 70 °C.

TEM analyses on the composites obtained using f;-MWCNT's
and pristine MWCNT's were carried out to address the influence
of the CNT functionalization on the homogeneous dispersion of
the nanofillers within the host PVPy matrix. Figures 13a, 13b, and
13c show three micrographs taken at different magnifications for
the composites containing 0.5 wt % of pristine MWCNTs,
1 wt %, and 2 wt % of f;-MWCNTs, respectively.

From these pictures, it is evident that the pristine nanotubes
are poorly dispersed and not homogeneously distributed within
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Figure 13. TEM micrographs of (a) PVPy-MWCNT composite at 0.5 wt % loading of pristine CNTs; (b) PVPy-f,-MWCNT composite at 1 wt %
nanofiller loading; (c) PVPy-f;-MWCNT composite at 2 wt % nanofiller loading. From left to right micrographs are reported at increasing magnifications

(12000, 20000, and 30 000 ).

the polymer matrix (Figure 13a). Loosed micrometric bundles of
nanotubes are present, together with a few single particles spread
over the observed area. In contrast, the functionalization of
MWCNT remarkably improves the filler distribution and dis-
persion. Indeed, in both cases where the f;-MWCNT filler was
employed, no micrometric bundles were anymore present, and
only individual MWCNTs uniformly dispersed within the poly-
mer matrix were observed, as shown in the TEM micrographs
taken at different magnifications (see Figures 13b and 13c).
Finally, the increased CNT loading was not found to reduce the
overall fillers dispersion extent within the host PVPy matrix (see
Figure 13b vs Figure 13c).

Differential scanning calorimetry (DSC) measurements con-
ducted on each composite revealed only slight variations of the
glass-transition (Tj) values, with respect to the neat PVPy film.
Indeed, both composites prepared with pristine and functiona-
lized MWCNT's showed T, values comparable to that measured
for pure PVPy; slight T, changes were attributed to both the
degree of dispersion and nanofillers loading. In particular, the
slight increment (~1 °C) in the T, value measured for the
composite prepared with 0.5 wt % pristine MWCNTs is reason-
ably due to the presence of nanofillers not dispersed at a
nanoscale level, as shown by TEM micrographs (Figure 13a).
In contrast, a slight decrease of T, values for the composites
prepared with f;-MWCNTSs suggested the presence of an

effective polymer/CNT interfacial interaction, improved by the
MW sidewall-grafted functionalities and proved by the excellent
dispersion/deaggregation degree of the nanofillers within the
polymer. TGA profiles for PVPy and CNT-composites showed
slightly improved termical properties with Ty "** and midpoint
temperatures up to 5 °C higher that those measured for the neat
PVPy film"**'** (see the Supporting Information).

B CONCLUSIONS

Starting from curiosity-driven research (“Can nitrones functio-
nalize carbon nanotubes?”),* the authors of this paper have been
able to unveil the central role played by the lattice sidewall defects of
complex carbon nanostructures (such as MWCNTs) on their
covalent functionalization. The cyclic nitrones used in this study
lead to the production of highly functionalized materials with
unprecedented solubility/dispersibility in organic solvents. An in-
depth surface chemical and spectroscopical analysis of the function-
alized materials led to the conclusion that the sidewall structural
defects present on the pristine MWCNT act as preferential reactive
sites for the nitrone 1,3-dipolar cycloaddition. The application of a
phenomenological model capable of correlating the lattice defects
density to the Raman Ip/Ig ratio has shown an increase of the
average distance of Raman active defect sites while moving from
pristine to functionalized samples. An interplay between the

1935 dx.doi.org/10.1021/cm 103655y |Chem. Mater. 2011, 23, 1923-1938



Chemistry of Materials

electronic structure of the reactive sites and their high defect-
induced surface energy has been taken into account to calculate
the thermodynamics associated to the nitrone cycloaddition to
selected CNT topological defects.

Besides an unprecedented handling of modified MWCNTS,
which paves the way to their convenient use in a wide number of
applications (including the preparation of inks and nanocom-
posites), the key feature of the present functionalization ap-
proach (over others) involves its nondamaging character; indeed,
the preservation of the CNT sidewall sp” network does not
change the chemico-physical properties of the pristine materials.'>°
In this respect, the nitrone-MWCNT covalent functionalization
can be a valuable alternative to the noncovalent bonding
approaches'"'?” for the generation of highly soluble/dispersible
CNTs. Moreover, the way in which the nitrones graft to the
MWCNT sidewalls may also contribute to elucidate other
related organic functionalizations.*’

Last, but not least, the facile chemical modification of the
functional groups at the edge of the chiral pyrrolidine frameworks
allows for a modulation of the hydrophobic/hydrophilic nature of
the cycloaddition products. The introduction of chiral and tunable
functional groups on the CNT sidewalls represents a starting point
for the development of further nanotubes derivatization approaches.
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