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Abstract: Functionalization of multi-walled carbon nanotubes (MWNTSs) surface with sulfonated
poly(ether ether ketone) SPEEK chains using hexane diamine (HAD) as the interlinking molecule
was investigated. MWNTSs were first oxidized by nitric acid to generate carboxyl groups on their
surface. Grafting of SPEEK chains on the MWNTs surface was achieved using hexane diamine as a
cross-linking molecule. The attachment took place after the reaction of amine groups with carboxyl
groups of oxidized MWNTSs and sulfonate groups of SPEEK as confirmed by infrared (FTIR) anal-
ysis. Scanning electron microscopy (SEM) showed that MWNTSs were packed into a dense and
compact structure. Transmission electron microscopy (TEM) showed that the nanotubes were
wrapped by polymer chains and arranged in a bundle like structure. These observations reveal that
some of MWNTs were interconnected by SPEEK chains.
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1. Introduction

Carbon nanotubes (CNTs) exhibit extraordinary mechanical [1, 2] and electronic
properties [3, 4]. Since their discovery in 1991, these materials have attracted strong in-
terest in terms of their potential applications in various fields such as composites [5-7]
and nano-electronics [8]. However, processing of CNTs presents many difficulties: they
are insoluble in the common solvents and tend to exist as entangled agglomerates. Con-
siderable research efforts have been focused on chemical modification of CNTs surface in
order to improve their dispersibility in both organic and aqueous solvents by decreasing
the van der Waals attractive forces between the nanotubes, and allow for a possibility to
control the nature of binding between CNTs and adsorbed functional molecules [9].
Functionalization of CNTs gives a new approach to develop superior composite materi-
als with high mechanical properties. It enables interactions between polymer matrix and
CNTs to be controlled by using different functional groups attached to the nanotubes
[10-12]. A noncovalent supramolecular approach which involves polymer wrapping of
the nanotubes was shown to be promising for reinforcing the polymers and extending
their applications in electronic devices [13, 14]. The covalent grafting of polymer chains
onto CNTs is important because the long polymer chains help to improve the solubility
of the tubes in a wide range of solvents even at a low degree of functionalization [15, 16]
and lead to a strong interfacial bonding between the two components [17]. Many meth-
odologies were applied for the covalent attachment of polymeric chains to the surface of
CNTs [15]. Specifically, oxidation and fluorination are used to introduce respectively
carboxylic and fluorine groups to the surfaces of the CNTs which allow the sidewall at-
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tachment of nucleophilic substituents carrying terminal functional groups. Diamines
were widely and successfully used to connect the polymer chains to the oxidized or
fluorinated CNTs [18- 20]. However, few studies report on the cross-linking of carbon
nanotubes when diamines are used [21, 22] and this effect needs to be further investi-
gated. In this paper, we report on the covalent functionalization of multi-walled carbon
nanotubes (MWNTs) with sulfonated poly (ether ether ketone) (SPEEK) chains using
hexane diamine as an inter-linking molecule. Fourier transform infrared (FTIR) spec-
troscopy was used to give evidence of the covalent attachment of SPEEK to MWNTs,
when SEM and TEM were used to characterize the morphological changes after the
functionalization.

2. Materials and Methods

Multiwalled carbon nanotubes (MWNTs, CCVD method) were purchased from
Nanocyl. The diameter distribution of MWNTSs ranged from 4 to 15 nm. Commercially
available
Poly (ether ether ketone) (PEEK) was a Vitrex® PEEK 150 PF kindly provided by Victrex.
All following materials were obtained from Aldrich and used as received: Dimethylfor-
mamide (DMF, 99%), 1, 6-hexane diamine (HDA, 99%),

N, N’-dicyclohexylcarbodiimide (DCC, 99%), sulphuric acid (H2S04, 98%) and nitric acid
(HNOs, 70%).

FTIR experiments were carried out on a Bruker IFS 66V spectrometer equipped
with a N2-cooled MCT (Mercury Cadmium Telluride) detector. Transmission IR spectra
were recorded in the 400-4000 cm ! range. The spectral resolution was 2 cm™ and 64 scans
were co-added for each spectrum. Samples were ground thoroughly with potassium
bromide (KBr) at 1 wt % and the resulting powder was pressed into a transparent pellet
using a hydraulic press.

The samples were analyzed using scanning electron microscopy (SEM) (FEI Quanta
200 FEG-SEM). Transmission electron microscopy TEM analyses were conducted on a
120 kV JEOL 1200 EX II analytical electron microscope. The nanotubes were dispersed in
absolute ethanol before preparing the grids for TEM imaging.

The synthesis of sulfonated PEEK (SPEEK) was carried out using H250u treatment
according to the literature data [23]. Typically, 20 g of PEEK was dried in a vacuum oven
at 100 °C for 5 hours and then dissolved in 500 ml of concentrated sulfuric acid (H250s,
98%) under vigorous stirring. The sulfonation degree (DS) of SPEEK in this paper was
about 70%. The DS was estimated by titration according to the technique described
elsewhere [23]. Figure 1 shows a simplified scheme of the PEEK sulfonation.

00

Figure 1. Schematic illustration of the sulfonation of PEEK.

Grafting reaction was carried out following the method reported elsewhere [24].
First, pristine MWNTs (P-MWCNTs, 50 mg) were oxidized using HNOs treatment (250
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ml, 110 °C, 2 hours). Such treatment is known to eliminate metallic particles issued from
the synthesis procedure but also to generate functional groups on the surface, particu-
larly carboxylic acid groups. This treatment is known also to shorten the CNTs length.
Further, the oxidized MWNTs (OX-MWNTs, 40 mg) were dispersed in DMF (200 ml) by
ultrasonication for 2 h. HAD (50 mg) and DCC (50 mg) were simultaneously added. The
mixture was heated at 40 °C and stirred for 24 h. After washing and filtration, function-
alized MWNTs with HDA (HDA-MWNTs) was stored in the oven at 100 °C for 24 hours.
Grafting reaction of SPEEK was carried out in the same conditions by dissolving 200 mg
of SPEEK and 50 mg of HDA-MWNTs in 250 ml of DMF (40 °C,

24 h). The reaction took place between amine functions of HDA-MWNTs and sulfonate
functions present in SPEEK. The sample was separated by filtering and washed by DMF
several times to unsure the unreacted SPEEK chains were removed. The material was
then dried in a vacuum oven at 100 °C for 24 hours and designated SPEEK-MWNTs. This
material formed was brittle and hard to disperse and needed a sonication for 3 hours
prior to TEM observation, which is significantly high compared to three other samples
(40 minutes for both OX-MWNTs and HAD-MWNTs and 1 hour for P-MWNTs).

3. Results

The IR absorption spectra measured on MWCNT samples after each functionaliza-
tion step are compared in Figures 2a and 2b. The IR spectra of HDA and DMF are also
presented to ensure that all samples are free from any contamination. In the sample
OX-MWNTs (spectrum noted (2)), a peak around 1720 cm™ can be assigned to the
stretching mode of the carbonyl vibrations v(C=0) [25]. No such band can be seen in the
spectra of the pristine MWNTs (noted (1)). The band centered at 1580 cm is assigned to
the tangential mode of the nanotubes [26]. This pick is more visible in oxidized MWNTs
than in pristine nanotubes.

After the functionalization with HDA (sample (3)), IR spectrum shows a new band
around 1498 cm! assigned to the stretching vibration of the
C-N group.
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Figure 2. (a) IR spectra of (1) p-MWNTs, (2) OX-MWNTs, (3) HDA-MWNTs, HDA and DMF. (b) SPEEK and (4)
SPEEK-MWNTs.
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The broad band around 1600 cm™ in HDA is assigned to the coupling of N-H group
bending and the C-N stretching vibration of the secondary amine group. The significant
enhancement of the band around 1580 cm! can be attributed to the overlapping of the
IR active phonon mode of MWNTs and the N-H stretching mode of amide group. The IR
spectra of SPEEK-MWNTs (Fig. 2b sample (4)) shows two peaks centered around 1650
and 1720 cm™ both are attributed to the stretching mode of the carbonyl group vibrations.
But compared to HDA-MWNTs sample, the second carbonyl peak at low frequency (1650
cm?) is assigned to the ketone group of SPEEK.

Figure 3 shows the IR spectra the sulfones stretching region for SPEEK and
SPEEK-MWNTs samples. The peak around 930 cm corresponds to the stretching vibra-
tion of the S-O bond (single bond) in sulfonic acid groups and its disappearance was re-
ported to be due to the dissociation of -SOsH groups in the case of perfluorosulfonated
Nafion. [27]. After the grafting reaction (sample (4)), the spectrum shows a strong de-
crease of its intensity. This observation is in good agreement with the study referenced
above.

The shoulder at 1016 cm was reported to correspond to the symmetric stretching of
S-O mode [28] and it can be clearly noticed that it disappears after the grafting reaction.
Furthermore, Al Lafti [29] reported that the bending motion of carbonyl group appear at
1305 cm™ in the case of PEEK and at 1320 cm™ in SPEEK. Al Lafti also stated that this shift
suggests a significant difference in structure of the diphenyl ether segments before and
after sulfonation which imply that the sulfonation occurs preferably on the phenyl rings
flanked with the two ether groups. In our case, a strong band centered at 1320 cm™ is
observed for SPEEK sample. After the grafting reaction, a strong reduction of its intensity
combined with a shift to 1305 cm™ is clearly noticed.

The band at 1024 cm! can be assigned to the stretching vibrations of S=O group [29],
while the two bands at 1082 and 1155 cm™ are assigned to v (O=5=0) symmetric [29]
and asymmetric [30] stretching vibrations in sulfonic acid groups respectively. After the
grafting reaction, a shift to lower wavenumbers can be noticed for the bands at
1024 cm? and 1082 cm™. Yi et al., [30] have observed the same shift for the two frequen-
cies in the case of poly(furfuryl alcohol) (PFA) grafted on sulfonated single-walled carbon
nanotubes. They pointed out that this behavior is due to the electrostatic attractions be-
tween the sulfonic acid groups and the growing chain of PFA. Finally, two bands in the
range of 1210- 1244 cm™ appears in both samples. Previous studies [31-33] have sug-
gested a doublet associated with the asymmetric stretching of sulfonate group with a
second band located around 1200-1230 cm!. The two bands may be associated with a
second mode of asymmetric stretching of the O=5=0O group.
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Figure 3. IR spectra of the sulfones stretching region for SPEEK and (4) SPEEK-MWNTs.

The structure of the samples before and after functionalization was observed using SEM
and TEM. The pristine P-MWNTs exhibit a typical tubular structure and no impurities
(amorphous carbon or metallic particles) were detected (Figure 4). It can be seen that the
nanotube surface of MWNT is relatively smooth and clean and presents a loosely packed
arrangement. The hollows are clearly evident in the TEM image. After the oxidative
treatment (Figure 5), no significant change can be observed compared to the pristine
sample. The tubes were not shortened after oxidation; however, TEM micrograph shows
some defects on small diameter nanotubes surface as indicated by the arrows. SEM and
TEM images of the sample after the grafting reaction of HAD (Figure 6) exhibit the same
entangled structure and the tubes are randomly oriented. No evidence of tube-tube
cross-linking structure can be observed.

Figure 4. (a) SEM and (b) TEM micrographs of pristine MWNTs.
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Figure 5. (a) SEM and (b) TEM micrographs of Ox-MWNTs.

Figure 6. (a) SEM and (b) TEM micrographs of HAD-MWNTs.

After functionalization of MWNT with SPEEK chains, SEM images exhibit a major
change in the structure in comparison to pristine MWNTs (Figure 7). The images show
that MWNTs are packed in a dense and compact ‘bucky paper -like structure.
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Figure 7. SEM micrographs of SPEEK- MWNTs.

In contrast with the pristine MWNTs, TEM micrographs (Figure 8) of the SPEEK func-
tionalized MWNT show clearly irregular layer of material wrapped around the surface of
the nanotubes. One can see that the polymer is attached unevenly on MWNTs surface.
Furthermore, no individual tube can be observed despite the long sonication time prior
to the TEM observation. The MWNTs are aligned and packed together, forming compact
bundle-like structure. The images also illustrate that nanotube bundles are roughly
aligned along the axis of the rope in which many tubes are twisted with respect to each
other. This structure can be the result of the covalent linkage of SPEEK chains to the
nanotubes and the cross-linking of the MWNTs. Indeed, sulfonate groups present on
SPEEK-MWNTs surface react with the amine groups present on the surfaces of
HDA-MWNTs nanotubes. Hence, SPEEK chains are able to bond directly with many
MWNTs and to wrap them leading to the formation of dense CNT network as illustrated
in

Fig. 9. Similar morphology was reported in the case of MWNTs functionalization by
polymeric amines [22]. A possibility of control of level of packing of such system and its
density opens the opportunities to create conductive and functionalized networks of
MWNTs and expand potential areas of these promising materials.
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Figure 9. Schematic illustration of MWNTSs functionalization of with SPEEK chains.
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5. Conclusions

This In conclusion, a functionalization method was successfully applied to graft
SPEEK chains on the MWNTs's surface using a bi-functional molecule, namely hexane
diamine as a cross-linking agent. FTIR measurements confirm the covalent attachment of
SPEEK chains to MWNTs. SEM and TEM observations reveal the aggregation of MWNTs
into a highly compact bundle like structure which indicates that nanotubes were con-
nected to each other by the SPEEK chains and a dense network of MWNTs is formed.
This result suggest that a simple bifunctional molecule used for covalent crosslinking
may not be an efficient way for CNTs functionalization for nanocomposite applications
that need a good dispersion of nanotubes in the polymetric matrix.
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