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Abstract: 

The functionalization of carbon nanotubes (CNTs) has long been a challenge, 

due to the low reactivity of CNTs. Herein we present a novel approach to functionalize 

CNT with three different monomers of conductive polymers, all by means of a covalent 

bond directly on the carbon surface. A polymeric nanocomposite covalently linked, 

derived from polypyrrole (Ppy) was also obtained. Firstly, highly reactive negatively 

charged single wall CNTs (SWCNT) salts were functionalized with monomers of 

conductive polymers: 3-Bromothiophene, 3-Acetylthiophene and 1-(2-Bromoethyl)-1H-

pyrrole, leading to three CNT-functionalized materials. After the functionalization, a 

“grafted from” approach was used to polymerize the pyrrole-derived CNT and obtain a 

final, covalently linked, polymeric nanocomposite of SWCNTs/Ppy. All samples were 

characterized by X-ray photoelectron spectroscopy, thermogravimetric analysis, 

scanning electron microscopy, infrared and Raman spectroscopy, which confirmed the 

functionalization and the nanocomposite polymerization. Overall, the results evidence 

the efficiency of the covalent functionalization directly on the skeleton of the CNTs, 

followed by the polymerization and formation of a novel covalently linked 

nanocomposite of Ppy and SWCNTs. These materials are particularly interesting since 

their synergistic effect can benefit future optimal applications such as supercapacitors 

and artificial muscles. 
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1. Introduction 

Carbon nanotubes (CNT) comprise a very interesting class of materials with 

unique morphologies and a structure providing extraordinary mechanical properties 

with a high Young modulus (around 1 TPa) and tensile strength (up to 300 GPa), 

extraordinary electrical and thermal properties. Promising applications are foreseen for 

CNTs in several areas such as electronics, medicine and automotive among others.[1] 

However, their poor dispersibility in any solvents constitutes a limitation towards 

further applications. The preparation of modified CNT containing attached molecules 

allows to overcome the lack of CNT dispersibility. Several compounds may interact 

with CNT by different interactions and the main approaches to modify the CNTs are 

based on the (i) covalent and non-covalent functionalization of the surface of the CNTs 

and on (ii) filling of the empty cavity of the CNT with molecules or metal oxides.[2-5] 

Seeking for new and optimized properties, CNT surface functionalization is a 

perfect way to overcome the drawbacks of the lack of dispersibility and maximize CNT 

potential applications. The non-covalent functionalization of CNTs is an interesting 

approach, and can occur by the adsorption or wrapping of functional molecules, 

surfactants or polymers through van der Waals interactions, π-π stacking and hydrogen 

bonding, among others.[3, 6, 7] However, these are weak interactions and the groups are 

not effectively linked to the CNT surface, becoming easily susceptible to leaching, 

which can sometimes compromise the application. Another approach for 

functionalization is the covalent bonding onto the CNT surface that can be realized by 

several organic reactions such as halogenation, hydrogenation, cycloaddition, radical 

additions, electrophilic addition, among others. Indeed, these reactions allow the 

inclusion of organic molecules by a covalent bond on the CNT surface avoiding 

leaching. They also allow the additional insertion of different functional groups or 
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polymers on functionalized CNTs. With hexagonal rings of carbon sp² hybridization, [8] 

the addition of molecules on the CNTs surface alters the extended π system due the 

formation of sp3 carbons, thus changing their electronic properties that could open the 

field of new applications possibilities [9]. 

Covalent functionalization is limited by CNT surface reactivity, which is close 

to the reactivity of alkenes. The functionalization reactions usually require high 

temperatures (60° up to 500°C) and several reactions steps. Chemical functionalization 

allows to add functional groups such as oxygenated, amino or alkane groups directly on 

the CNTs surface. Oxygenated groups such as carboxylic, hydroxyl and epoxy are also 

promising targets to carry out site-directed functionalization, for example leading to 

ester and amide linkage or epoxy opening. Moreover, CNT can be functionalized with 

monomers that can further be polymerized, forming covalently attached polymeric 

nanocomposites derived from CNTs, yielding synergistic effects between CNTs and 

polymers [1, 10].  

Covalent and non-covalent surface functionalization have shown great results in 

several applications[11-15]. However, approaches for covalent functionalization usually 

require several steps or high temperature reactions, especially for obtaining polymeric 

nanocomposites. Some examples are summarized in Figure 1. One of the simplest 

functionalization reactions is the halogenation of CNT, which may happen by the 

fluorination of CNTs (Figure 1A). The reaction takes part with fluorinated compounds 

from room to high temperatures (500°C) and can be extended to chlorine and 

bromine.[3, 16, 17] Also, CNTs have been subjected to glow discharge and atomic 

hydrogen providing hydrogenated CNT, shown in Figure 1B.[18] In another study, 

CNTs were functionalized with alkylhalides (Br, I and Cl) through an electrophilic 

addition (Figure 1C), under microwave conditions.[19] 
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In fact, covalent functionalization can provide new properties, and the efficiency 

of covalent functionalization was demonstrated by Polyakov et al through a covalent 

link between single wall CNT (SWCNT) and a molecule containing zinc and 

phthalocyanine (ZnPc, Figure 1D). The nanocomposite was used as sensor, detecting 

low concentrations of ammonia, CO2 and other gas.[20, 21] Both covalent and non-

covalent functionalization showed great improvement on gas response sensing, and the 

covalently anchored nanocomposite shows a higher sensor response than the non-

covalent nanocomposite. CNT functionalization through a free radical addition of a 

sulfur derivative species has also been reported [22] in two steps: free radical 

functionalization with sulfur powder and UV irradiation, followed by the reduction with 

NaBH4.(Figure 1E). The obtained CNT-SH was able to be further functionalized with 

epoxy, alkene and thiol compounds. In another approach Yao et al[23] have reported a 

strategy to obtain polymeric nanocomposites which involves the functionalization of 

CNTs with cycloalkanes (in acetone, trimethylamine (TEA), dimethylfuran (DMF) and 

dimethylsulfoxide (DMSO)). For the functionalization, the first step requires a 1,3-

dipolar cycloaddition followed by an esterification with 2-bromoisobutyryl bromide 

(Figure 1F). After the second reaction, the functionalized CNT was polymerized with 

methyl methacrylate forming the polymerized nanocomposite. Covalently linked 

polymeric nanocomposites of CNT also may occur by 3 steps as shown in  (Figure 1G), 

(i) formation of the acid-functionalized MWCNT (MWCNT-COOH) followed by (ii) 

reaction with SOCl2 and Br derivatives and (iii) reaction based on the reversible 

addition fragmentation chain-transfer (RAFT polymerization) with the RAFT agent  

PhC(S)SMgBr.[24] The resulting material was polymerized with the assistance of 2,2′-

Azobis(2-methylpropionitrile) (AIBN). 
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Figure 1. Summary of some reported functionalization of CNTs and formation of 

nanocomposites, adapted from references.[17, 19-24]  

 

Herein, we propose a more straightforward method for functionalizing CNT with 

monomers and further obtaining a polymeric nanocomposite covalently linked. 

Specifically, we targeted reduced nanotube salts, which are negatively charged and 
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highly reactive in reductive functionalization. Previous reports by Voiry et al have 

shown a stoichiometric control of SWCNT functionalization using reduced nanotube 

salts with 1-bromo-decanoic acid and 4-(5-bromopentyloxy)-40-cyanobiphenyl while 

Hof et al studied the functionalization of oxygenated SWCNT with thiophene coupled 

derivatives through ester linkages [9, 25-30]. Moreover, this functionalization directly 

on the carbon backbone has not been reported yet with monomers of conducting 

polymers, to the best of our knowledge. Herein we report a novel SWCNT-derived 

nanocomposite with polypyrrole (Ppy) covalently linked by a “grafted from” approach 

for the growth of the polymers, Figure 2. Firstly, we anchored the monomers 3-

bromothiophene (BTI), 3-acetylthiophene (BATI) and 1-(2-bromoethyl)-1H-pyrrole 

(BPI) on the CNT surface, using reductive functionalization, with the functionalization 

directly on the surface of SWCNT. This gave three materials, namely: SWCNT-BTI, 

SWCNT-BATI and SWCNT-BPI, respectively. Further, as a proof of concept, the 

sample functionalized with BPI was polymerized using FeCl3 in order to obtain a 

covalently linked nanocomposite of SWCNT and Ppy, giving Poly-SWCNT-BPI. The 

samples were fully characterized by X-Ray photoelectron spectroscopy (XPS), scanning 

electron microscopy (SEM), infrared (FTIR) and Raman spectroscopy, and 

thermogravimetric analysis (TGA). Overall, we have successfully obtained the proposed 

functionalized materials, which are promising candidates for a wide spectrum of 

applications.  

 

2. Experimental details 

The reactants employed in the synthesis of the nanocomposites were BTI (97%), 

BPI (97%) and BATI (97%), dimethyl sulfoxide (DMSO) (97%), FeCl3.6H2O (≥ 98%) 
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obtained from Sigma-Aldrich and pyrrole (99%) from Acros organics. The reduced 

nanotubes salt was obtained from a SWCNT (CoMoCAT®) using a previously 

described method, using potassium. [2, 9] 

2.1 Preparation of SWCNT salt 

The potassium salt of SWCNTs was prepared by reacting potassium with 

SWCNT powder on a hot plate, under an inert argon-filled glovebox environment as has 

been reported before for nanotubes and for graphite intercalation.[25, 31, 32] 

Stoichiometry was chosen as KC10 to have a sufficiently high functionalization upon 

later exposure to the monomers BTI, BATI and BPI.[33] In a typical reaction, 50 mg of 

freshly cut potassium metal was added to a 20 mL glass vial containing a 150 mg 

SWCNT sample. The mixture of potassium and SWCNT sample contained in a glass 

vial was heated on a hot plate at 180 °C with continuous mixing for 10 min using a 

stainless-steel spatula. The vial was left on the hot plate, and the mixture was mixed 

with the stainless-steel spatula at every 10 min interval for 1 h and then every 30 min 

for 4 h. The product was allowed to cool to room temperature, and the vial was tightly 

capped for later use. 

2.2 Functionalization of SWCNT salt 

To avoid oxidation of SWCNT salt, the entire procedure was carried out in a 

glovebox under inert atmosphere.[9, 34] 100 mg of SWCNT salt and 50 mL of ultra dry 

DMSO (dried through an InertTM column directly delivering dry solvent inside the box)  

were left stirring overnight in a round-bottom flask and centrifuged 2 times, at 4000 rpm 

for 30 min. The undissolved material was separated from the solution. The covalent 

functionalization was carried out with monomers: BATI, 0.73 g (3.55 mmol), BTI, 400 

µL (4.3 mmol) and BPI, 500 µL (4.1 mmol) solubilized in 2 mL ultra dry DMSO. The 
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monomers were separately added at once to 30 mL of SWCNT salt solution and left to 

stir for 24 h. A precipitate was obtained, indicative of functionalization. The 

suspensions of reacted SWCNTs were exposed to air, out of the glovebox, washed with 

HCl (2 mol L-1) deionized water and then with ethanol, by centrifugation. The final 

solids were dried in an oven under vacuum at 50 °C for 19 h and the samples were 

named SWCNT-BATI, SWCNT-BTI and SWCNT-BPI. 

2.3 Chemical polymerization of SWCNT-BPI 

Polymerization of the covalently functionalized nanotube (SWCNT-BPI) was 

achieved by the addition of 3.5 µL of a pyrrole monomer solution (0.05 mmol) in a 

round-bottom flask containing 4 mL (0.4 mg.mL-1) of SWCNT-BPI in aqueous 

solution. The dispersion was kept stirring while 5 mL of the oxidizing agent 

FeCl3.6H2O (0.25 mol.L-1, 1.25 mmol) in aqueous solution was added slowly. The 

dispersion was then stirred at room temperature for 6 hours. The final solid Poly-

SWCNT-BPI, was separated by vacuum filtration, washed with distilled water and dried 

in oven at 50 °C.  

For comparison purposes, the synthesis of bare Ppy was carried out under the 

same polymerization conditions described above, however without the presence of 

SWCNT-BPI. Also, an oxidized sample, namely SWCNT-Ox was synthetized by 

exposing the reduced carbon nanotubes to air, just the same way as the SWCNT-BPI 

was exposed to air after synthesis. Finally, a non-covalently linked nanocomposite 

between SWCNT-Ox and Ppy was synthetized in order to compare. A procedure similar 

to that described for obtaining the Poly-SWCNT-BPI was used, albeit using SWCNT-

Ox instead of SWCNT-BPI, as initial precursor. The non-covalent nanocomposite was 

named SWCNT-Ox-Ppy. After synthesis, all samples were separated by vacuum 
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filtration, washed with distilled water and dried in an oven at 50 °C. Figure 2 presents 

an overall summary of all samples synthesized. 

 

Figure 1.Summary of the functionalization scheme 

 

2.4 Characterization of the samples 

XPS analyses were performed on a Thermo Scientific ESCALAB 250Xi 

spectrometer using monochromatized Al Kα (hν = 1486.6 eV) excitation energy with an 

X-ray spot size of 650 µm. The high resolution core level and survey spectra were 

obtained with a constant pass energy of 25 eV and 100 eV, respectively. Raman spectra 

were acquired with a Renishaw spectrophotometer with 225 µW laser intensity with 

632.8 nm excitation laser. The calculation of the ratio ID/IG was performed using the 

average of the areas of the deconvoluted D and G bands of 20 spectra of each sample. 

The FTIR spectra were obtained in a spectrophotometer Bomem with 64 accumulations 

using KBr pellets. SEM images were acquired on a Tescan SEM, by deposition of the 

powder dispersed in isopropanol on a silicon substrate. TGA analyses were performed 
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on a TA instrument SDT Q600 model with a heating rate of 5 °C.min-1 varying the 

temperature from ambient to 1000 ° C, using synthetic air atmosphere. 

 

3. Results and discussion 

The functionalization targeted herein lead to various samples that were thoroughly 

investigated by several techniques. It is important to note that the first indication of the 

successful functionalization is the precipitation during the reaction. All samples 

(reduced SWCNT salts and functionalized SWCNT salts) were handled under inert 

atmosphere (glovebox) during the synthesis. At the end of the synthesis the samples 

were exposed to air (outside the glovebox) and they oxidized as a consequence of the 

high reactivity of the SWCNT salts [9]. Note that even after functionalization, it has 

been reported that some unreacted charges remain on the CNTs, leading to 

hydrogenation and hydroxylation.[25] Hence, along with raw SWCNTs, the analogous 

oxidized SWCNT-Ox will be used for comparison throughout the characterization. 

Functionalization of the SWCNTs with BPI, BTI and BATI was first confirmed by the 

XPS measurements presented in Erreur ! Source du renvoi introuvable.3. XPS survey 

spectra show two main peaks, at 285.0 eV for C1s and at 532.0 eV for O1s [35]. One 

indication of functionalization of CNT with BPI, BTI and BATI is the low amount of 

oxygen presented in the XPS spectra of the functionalized samples. Furthermore, for the 

SWCNT-BPI spectrum, a new peak is observed at 400.0 eV which refers to the N1s 

core level and thus to the nitrogen bond [35]. The quantities of C, N and O for the 

SWCNT-BATI, SWCNT-BTI and SWCNT-BPI samples are shown in Table 1. The 

presence of 2.43% of N and the decrease of O (down to 5.39%) for SWCNT-BPI 

confirms the functionalization of the CNT.  



 

13 
 

Figure 3. XPS survey spectra of SWCNT-Ox, SWCNT-BPI, SWCNT-BATI, SWCNT-
BTI and the covalently and non-covalently linked nanocomposites.  

 

Regarding the XPS survey spectra of the nanocomposites (Figure 3), C 1s, N 1s, O 

1s and Cl 2p core level peaks are present in the spectra of both covalent and non-

covalently linked polymerized nanocomposites. Indeed, the quantity of C, N, O and Cl 

(Table 1) are very similar for both nanocomposites. High resolution N1s core level 

peaks in the spectra of the polymerized nanocomposites, Poly-SWCNT-BPI (covalent) 

and SWCNT-Ox-Ppy (non-covalent) agree with the presence of Ppy and the 

nanocomposite formation, as will be discussed in the following.  
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Table 1. Surface chemical composition of the functionalized and polymerized 
nanocomposites, atomic percentage obtained by XPS. 

 

 Sample C 1s N 1s O 1s S 2p Cl 2p Si 2p 

co
va

le
nt

 

 

SWCNT-Ox 
(%) 

75.20 
 

0 
 

21.45 
 

 0 0 3.35 
 

 

SWCNT-BPI 
(%) 

88.74 
 

2.43 
 

5.39 
 

2.00 
 

0 0.88 
 

 

SWCNT-BATI 
(%) 

80.78 
 

0 15.12 
 

1.70 
 

0 2.40 
 

 

SWCNT-BTI 
(%) 

83.18 
 

0.91 
 

11.64 
 

1.95 
 

0 1.59 
 

 

Poly-SWCNT-
BPI (%) 

69.27 11.8
0 

17.18 0 1.59 0 

no
n-

co
va

le
nt

 

 

SWCNT-Ox-
Ppy (%) 

70.84 11.1
6 

14.80 0 1.75 1.60 

 

Figure 4 shows the deconvolution of the C1s spectra of the samples SWCNT-Ox, 

SWCNT-BATI, SWCNT-BPI and SWCNT-BTI. For all samples, the main peak 

presented at 284.8 eV corresponds to C=C sp2 carbon from the CNT structure. The peak 

at 286.6 eV can be related to C-O, the peak at 287.2 eV to C=O, 291.5 eV to the π-π* 

shake-up feature [36], and the peak at 288.3 eV is due to O-C=O [37, 38]. For SWCNT-

BPI, SWCNT-BTI and SWCNT-BATI samples, the peaks at 285.5 and 285.6 eV are 

attributed to C-S and C-N contributions, respectively [39, 40]. Furthermore, 

deconvolution of the N1s XPS spectrum of the SWCNT-BPI sample (Figure 4) shows a 

main peak at 400.5 eV attributed to neutral –NH- while the feature at lower energy 

(398.4 eV) can be related to a defect structure such as imine-like nitrogen =N- [41]. The 

peak present at approximately 396 eV is related to the catalyst (Mo) of the SWCNT. In 
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short, C1s and N1s XPS spectra of the functionalized samples indicate that the 

monomers are covalently bonded on the SWCNT surface. 

  

 
 

 
 
Figure 4. High-resolution C1s XPS spectra of SWCNT-Ox, SWCNT-BATI, SWCNT-
BPI and SWCNT-BTI and high-resolution N1s XPS of SWCNT-BPI. 
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For the covalently and non-covalently linked nanocomposites (Poly-SWCNT-

BPI and SWCNT-Ox-Ppy), the C1s high resolution spectra are presented in Figure 5. 

The peak assignments are very similar to the C1s high resolution spectra of SWCNT-

BPI.[37, 38] Regarding the N1s spectra, they were deconvoluted using three 

Gaussian/Lorentzian peaks: the major peak centered at 400.0 eV is related to the amine-

like structure (-NH-) whereas the peak >401 eV is attributed to the positively charged 

nitrogen atoms (-N+) of the Ppy, evidencing its oxidized species, and the peak at 398.1 

eV is assigned to the imine-like structure of nitrogen species (=N-) [42, 43]. The 

obtained results evidence the formation of the nanocomposites and the oxidized form of 

the polymer due to the presence of charged nitrogen atoms.  

  

  
 

Figure 5. High-resolution C1s and N1s XPS spectra of Poly-SWCNT-BPI and 
SWCNT-Ox-Ppy. 
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 In order to further characterize the carbon-like structure, the Raman spectra is 

presented in Figure 6 and shows features providing general information about the CNT. 

The peaks in the low frequency range below 400 cm-1 are known as the radial breathing 

modes (RBM) of the SWCNT. At higher frequencies, the high intensity peak at 1580 

cm-1 (G+-band) and the low intensity peak at 1532 cm-1 (G--band) are the two main 

components of the G-band feature for SWCNT. The first one related to the longitudinal 

optical mode whereas the latter is related to the transversal optical mode. [44] 

Raman bands intrinsic to the functionalized groups were not observed on the 

Raman spectra of SWCNT-BPI, SWCNT-BATI and SWCNT-BTI, which may be 

associated to a low degree of functionalization. Even for significant degrees of 

functionalization (~30% of the carboxylic acid converted to amides in the case of 

graphene oxide)[45] no bands associated to the anchored moieties are usually observed 

due to the characteristic intense bands of the resonant carbon nanomaterials, which 

dominate the spectra. However, nanotube surface modifications may be evaluated by 

the D/G ratio. The band at 1300 cm-1 (D-band) is related to defects of the sp² 

structure.[44] The ratio of the intensity of the D vs G bands (obtained from the area of 

the deconvoluted bands) is used to estimate the functionalization degree of carbon 

nanotubes and higher ID/IG values is attributed to greater functionalization.[9, 25] 

Indeed, the calculated ID/IG relation of the samples shows an increase as follows: 

SWCNT<SWCNT-Ox<SWCNT-BTI<SWCNT-BATI<SWCNT-BPI (Figure 6), 

indicating a higher degree of defects at the surface of the functionalized materials. As 

anticipated by XPS, this may be associated with the presence of the BTI, BATI and BPI 

functional groups onto the surface of SWCNT [9]. The deconvoluted spectra are shown 

on SI.  
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Raman spectroscopy of the polymeric Poly-SWCNT-BPI and SWCNT-Ox-Ppy 

(Figure 6) was used to identify the polymer formation on the nanocomposites covalently 

and non-covalently linked. New bands are observed in the spectra which are a clear 

indication of the presence of Ppy. The bands at 926 and 1044 cm-1 are correlated to the 

C-H out-of-plane and the CH stretching of neutral species of Ppy, respectively, [46] 

whereas the band at ca 1340 cm-1 is derived from a superposition of the Ppy bands in the 

nanocomposite with the SWCT bands. The Ppy spectrum has already been reported in 

the literature[46, 47] [48] and Table 2 summarizes the main bands of Ppy. The Raman 

features of SWCNT are still present in these spectra; meanwhile the G and D-band are 

overlapped by the Ppy Raman bands, making impracticable the ID/IG analysis of the 

nanocomposites. However, the 2D (also called G’) band is still visible and not 

overlapped in the Poly-SWCNT-BPI and SWCNT-Ox-Ppy.  
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Figure 6. Representative Raman spectra (a) of the samples with excitation at 632.8 nm, 
showing the ID/IG value increases from SWCNT<SWCNT-Ox<SWCNT-BTI<SWCNT-
BATI<SWCNT-BPI; the inset shows a representative SWCNT-BPI Raman 
deconvolution. Also are shown the representative Raman spectra (b) of the covalent and 
non-covalent nanocomposites. 

 

Table 2.Raman bands of Ppy.[46-48] 

Band position (cm-1)  
1581 C=C stretching (carbon skeleton) 
1385 antisymmetric C-N stretching 
1324  C-C stretching of the neutral species 
1235  antisymmetric C-H (plane) bending 
1080 C-H (plane) bending of oxidized species 
1045  C-H (plane) bending of neutral species 
970 cationic ring deformation of Ppy 
928  ring deformation associated to dication 
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Additionally, FTIR analysis (spectra on Figure 7) shows significant differences 

when comparing the functionalized samples and raw SWCNTs. For raw SWCNTs, the 

band at 1640 cm-1 is due to the vibrational modes of C=C and the band at 3450 cm-1 is 

due to O-H groups that can be related to atmospheric moisture attached to 

SWCNTs.[49, 50] Similar features are observed on the SWXNT-Ox spectra. The 

formation of new bands in the spectra e.g. at 1200 cm-1, 1730 cm-1 (C=O) for SWCNT-

BATI and 1431 cm-1 for SWCNT-BPI and 1030 cm-1 for both, indicates 

functionalization. The band at 1431 cm-1 in the SWCNT-BPI spectra may be attributed 

to the stretching of C-N from pyrrole ring [51, 52] and at 1030 cm-1 to C-N stretching 

related to the amine groups [35]. Upon polymerization, FTIR analysis of Poly-SWCNT-

BPI and SWCNT-Ox-Ppy shows the typical bands of Ppy.[48] Focus is given to the 

presence of the band at 960 cm-1 attributed to the C-C out-of-plane vibrations. This is a 

characteristic signature of Ppy polymerization. Overall, the FTIR analysis provides 

additional evidence of SWCNT functionalization and successful polymerization of the 

nanocomposites.  
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Figure 7. FTIR transmission spectra of functionalized samples (SWCNT-Ox, SWCNT-
BATI, SWCNT-BPI) and the covalently and non-covalently linked  nanocomposites 

(Poly-SWCNT-BPI and SWCNT-Ox-Ppy). 

 

Figure 8 presents the TGA data of the functionalized SWCNTs (SWCNT-BPI, 

SWCNT-BATI e SWCNT-BTI). Differences can be observed on the shape of the TGA 

curves. The raw SWCNT sample presents two weight loss events: at 418 °C ascribed to 

the decomposition of carbon skeleton and at 721 °C related to the remaining catalyst 

(Mo).[53] The SWCNT-Ox sample presents only one weight loss, related to the 

decomposition of carbon skeleton, indicating the absence of catalyst in this sample, as 

expected due to the preparation methodology. 

The SWCNT-BATI sample also presents two weight loss events, the first one at 

176 °C associated with evaporation of the remaining solvent (DMSO) and the second at 
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432 °C, ascribed to the decomposition of functionalized groups on the surface of 

SWCNTs and to the carbon skeleton. Regarding to the other functionalized SWCNTs, 

these present only one weight loss (430 °C to SWCNT-BTI and 445 °C to SWCNT-

BPI) related to the functionalized groups on the surface of the SWCNTs and to the 

carbon skeleton. In this case, no additional mass loss can be depicted, which is also 

expected for low degrees of functionalization.[9] The main differences between the 

TGA curves is related to the small and continuous weight loss starting at 100°C. The 

raw SWCNT presents a TGA curve with a flat curvature in the range of 100 – 320°C, 

whereas the functionalized samples present a continuous weight of loss starting in 

100°C, presenting an intense sloping curvature until the end of decomposition. This 

means that there is a decrease on the thermal stability after the functionalization, as 

shown previously in the literature. [9, 54]  

 

 
 

Figure 8.TGA of the samples of the raw and functionalized SWCNTs in air. 

 

SEM images, Figure 9, show the morphology of the raw and functionalized 

SWCNTs. The samples are mainly composed of aggregates of tubular structures of 

CNT before and after the functionalization. The process of functionalization does not 
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alter the characteristic SWCNTs morphology. The morphology of the covalently linked 

nanocomposite are compared to the non-covalently linked nanocomposite (Figure 9). 

The structures are aggregated into bundles showing the polymer wrapping the tubes in 

Poly-SWCNT-BPI. No free SWCNT-BPI is visible and, from the observed morphology, 

we assume that the SWCNT-BPI are coated by the polymer. Evaluating the non-

covalent nanocomposite, SWCNT-Ox-Ppy, two main regions are observed: one 

containing the globular structure of Ppy (circled blue lines) and the other containing the 

SWCNT-Ox coated with Ppy (circled red lines)[55]. The stronger interactions in the 

covalent nanocomposite in contrast to the non-covalent may induce the morphological 

differences observed.  
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Figure 9. SEM images of the oxidized and functionalized SWCNTs, covalent and non-
covalent linked nanocomposite. 

 

As widely discussed in the literature [56-58] covalent functionalization of 

carbon nanomaterials nowadays continue to be a challenge, despite their many 

promising applications. Pursuing novel routes or improvements of known 

methodologies is thus important. Overall, in this paper we have synthesized and 

characterized three different SWCNT functionalized materials, covalently attached on 

the carbon skeleton structure of SWCNT with different monomers, employing mild 

reaction conditions. Moreover, the functionalized material was susceptible of 

polymerization, resulting in a nanocomposite of SWCNT with a covalently attached 

polymer. As a proof of concept, we pursued the polymerization of the pyrrole-derived 

material and the functionalized SWCNT yielded a polymeric nanocomposite for which 

we expect a synergistic effect between SWCNTs and polypyrrole. Regarding the 

polymerization process, we believe that the monomers anchored on the surface of 

SWCNTs take part in the process of chemical oxidative polymerization, providing a 

polymer anchored on the surface of the SWCNT (Figure 10).[48]. Likewise, the 

polymer formed is comprised of monomers freely available (pyrrole from the reaction 

medium) and also the pyrrole derivative attached to the CNT, leading to a highly 

interconnected polymer, strongly linked to the CNT. Thereby, the polymer is wrapping 

the SWCNT-BPI through a covalent bond providing a homogeneous morphology. In 

contrast, for the non-covalent nanocomposites, polymer wrapping is not homogeneously 

distributed and regions containing only Ppy are observed.  
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Figure 10.Schematic representation of the reaction mechanism and covalently and non-

covalently final nanocomposites. 

 
4. Conclusions 

The complexity of organic chemistry reactions on carbon structures limits the 

carbon functionalization, nowadays presented as a strategic tool for development of 

new materials with promising applications. Herein, we have functionalized SWCNTs 

with three different monomers by a one-step and room temperature reaction. Also, we 

have synthetized covalent and non-covalent nanocomposites of SWCNT and Ppy, the 

former based on a covalently anchored monomer polymerization forming 

nanocomposites of conductive polymer on the carbon skeleton of the SWCNT and the 

latter based on π-π interactions. The covalent attachment of the monomers on the 

surface of SWCNT was confirmed by XPS measurements, Raman spectroscopy, and 

other techniques.  Regarding the covalent and non-covalent polymerized 

nanocomposites, both presented similar chemical properties and, in both composites, 

the Ppy was in the conductive form. Nevertheless, SEM images show a more 

homogeneous coverage of SWCNTs with Ppy on the covalently linked nanocomposite 

(Poly-SWCNT-BPI). Overall, the challenge of carbon functionalization has been 

successfully accomplished. The development of different routes to obtain new 

materials, e.g. decreasing the number of reactions steps and favoring mild conditions, 
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is an advance in the functionalization chemistry of carbon structures. In this paper, 

using a one-step reaction under mild conditions, the CNT functionalization has been 

simplified. The strategy adopted here allows the functionalization of CNTs with 

several other molecules and potentiates new application possibilities of CNT 

nanocomposites.  
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