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In this work we propose a novel methodology showing how plasma fluorinated single-walled carbon nanotubes (SWNTs) reacted with a primary aliphatic amine (i. e. butylamine, BAM) hardener (BAM-SWNTs) can be used for preparing an integrated nanotube composite material. The results show that BAM-SWNTs act as a strong catalyst with the emergence of specific interactions of cross-linking between the epoxy and amino-functionalized SWNTs during the cure reaction as confirmed by Raman spectroscopy, thermal and dynamic mechanical analysis. Scanning electronic microscopy images showed that the amino functionalized nanotubes have a better dispersion in the polymer matrix. Moreover, the obtained nanocomposites present an improvement in mechanical strength with respect to those prepared with un-functionalized SWNTs.

Introduction

Single-walled carbon nanotubes (SWNTs) have been considered an innovative materials because of their outstanding mechanical and physical properties [START_REF] Tans | Room-Temperature Transistor Based On A Single Carbon Nanotube[END_REF]. Their utilization to prepare polymer composites is very important in several fields like electromagnetic shielding, touch screens and static charge dissipation. In this regard the possibility to realize a fully integrated nanotube-reinforced epoxy system represents a promise for the preparation of composite materials with outstanding mechanical properties and multi-functional features [START_REF] Zhu | Improving the Dispersion and Integration of Single-Walled Carbon Nanotubes in Epoxy Composites through Functionalization[END_REF][START_REF] Li | Electromagnetic Interference (EMI) Shielding of Single-Walled Carbon Nanotube Epoxy Composites[END_REF]. However, the incorporation of nanotubes is not a trivial task mainly if a good dispersion for a chemical grafting to the polymer matrix are mandatory to maximize the advantage of nanotube reinforcement.

In fact, the affinity to adhere to each other, renders as-grown SWNTs intractable and indispersable in common solvents. Two of the key challenges that are in the way of realizing composites made out of carbon nanotubes are securing a reliable control over their surface chemistry through either covalent or non-covalent modification and achieving dispersion [START_REF] Thostenson | Processing-Structure-Multi-Functional Property Relationship In Carbon Nanotube/Epoxy Composites[END_REF][5][START_REF] Gong | Surfactant-Assisted Processing of Carbon Nanotube/Polymer Composites[END_REF][START_REF] Velasco-Santos | Improvement Of Thermal And Mechanical Properties Of Carbon Nanotube Composites Through Chemical Functionalization[END_REF][START_REF] Tang | Preparation, Alignment, And Optical Properties Of Soluble Poly(Phenylacetylene)-Wrapped Carbon Nanotubes[END_REF][START_REF] Cochet | Synthesis Of A New Polyaniline/Nanotube Composite: "In-Situ" Polymerisation And Charge Transfer Through Site-Selective Interaction[END_REF][START_REF] Zhu | Improving The Dispersion And Integration Of Single-Walled Carbon Nanotubes In Epoxy Composites Through Functionalization[END_REF][11][START_REF] Kim | Functionalized Multiwall Carbon Nanotube/Gold Nanoparticle Composites[END_REF][START_REF] Li | Adsorption of Cadmium From Aqueous Solution by Surface Oxidized Carbon Nanotubes[END_REF].

The direct fluorination of SWNTs and their subsequent derivatization provide a versatile tool for the preparation and manipulation of nanotubes with variable sidewall functionalities [START_REF] Plank | Electronic Properties of n-Type Carbon Nanotubes Prepared by CF 4 Plasma Fluorination and Amino Functionalization[END_REF][START_REF] Wang | Studies of Carbon Nanotubes and Fluorinated Nanotubes by X-ray and Ultraviolet Photoelectron Spectroscopy[END_REF][START_REF] Zhang | Sidewall Functionalization of Single-Walled Carbon Nanotubes with Hydroxyl Group-Terminated Moieties[END_REF][START_REF] Pehrsson | Thermal Fluorination and Annealing of Single-Wall Carbon Nanotubes[END_REF][START_REF] Stevens | Sidewall Amino-Functionalization of Single-Walled Carbon Nanotubes through Fluorination and Subsequent Reactions with Terminal Diamines[END_REF][START_REF] Khabashesku | Fluorination of Single-Wall Carbon Nanotubes and Subsequent Derivatization Reactions[END_REF]. Recent studies have shown that fluorine in SWNTs can be efficiently displaced by alkylamino functionalities [START_REF] Khabashesku | Fluorination of Single-Wall Carbon Nanotubes and Subsequent Derivatization Reactions[END_REF]. The nucleophilic substitution offers an opportunity for SWNTs to be integrated into the structure of the epoxy systems through the sidewall amino functional groups.

The plasma treatment for the functionalization of carbon nanotubes represents a novel approach easy to scale up to industrial application. More recently there were a lot of attempts to fluorinate carbon nanotube sidewalls in such manner [START_REF] Khare | The fluorination of single wall carbon nanotubes using microwave plasma[END_REF][START_REF] Felten | Radio-frequency plasma functionalization of carbon nanotubes surface O-2, NH 3 , and CF 4 treatments[END_REF][START_REF] Valentini | Sidewall Functionalization of Single-Walled Carbon Nanotubes through CF 4 Plasma Treatment and Subsequent Reaction with Aliphatic Amines[END_REF][START_REF] Valentini | Chemical Gating and Photoconductivity of CF 4 Plasma Functionalized Single-Walled Carbon Nanotubes by Butylamine[END_REF]. The CF 4 plasma treatment of SWNT sidewall was demonstrated to enhance the reactivity with aliphatic amines [START_REF] Valentini | Sidewall Functionalization of Single-Walled Carbon Nanotubes through CF 4 Plasma Treatment and Subsequent Reaction with Aliphatic Amines[END_REF].

However, at best of our knowledge, nothing was previously reported on the cure reaction induced by these molecular systems when they are added to an epoxy resin.

In this work we have investigated the cure reaction of diglycidyl ether of bisphenol A-based epoxy resin when it was reacted with butylamine molecules anchored onto the fluorinated SWNTs obtained by plasma treatment. The advantage of this method is not only that the functionalization can be achieved in a simple way but mainly that we are using an approach that is simple and versatile as those used in thin-film technologies.

Experimental Details

The single-walled nanotubes were obtained from Bucky USA Inc. and consisted of tubes of 50 nm -1 µm in length (Fig. 1(a)) and 0.8 -2 nm in diameter [START_REF] Valentini | Modification of fluorinated single-walled carbon nanotubes with aminosilane molecules[END_REF] mostly packed in bundles of about 50 nm. A commercially available grade of a diglycidyl ether of bisphenol A-based (DGEBA) epoxy resin (epoxy equivalent weight 187) and a butylamine (BAM) hardener supplied by Sigma-Aldrich Chemicals, were used in this research. Fluorinated SWNTs (F-SWNTs) were obtained by the plasma-assisted decomposition of CF 4 employing a 13.56MHz radiofrequency plasma source as previously reported [START_REF] Valentini | Sidewall Functionalization of Single-Walled Carbon Nanotubes through CF 4 Plasma Treatment and Subsequent Reaction with Aliphatic Amines[END_REF]. For the composite production, fluorinated SWNTs were ultrasonically dispersed for 30 min in the liquid amine in a thermostatic bath at 5°C to avoid the evaporation of the hardener. The F-SWNT grafted with butylamine, BAM-SWNTs, were added to obtain a percentage of 0.1wt% respect to the DGEBA monomer maintaining a stoichiometric molar ratio (1:1) with BAM.

The same procedure was adopted for preparing the nanocomposite with un-modified nanotubes (u-SWNTs).

Isothermal and non-isothermal tests were performed by means of a differential scanning calorimeter (DSC) Mettler Toledo 822 coupled with an intercooler. The standard procedure performed in non-isothermal scans was the following: samples of about 10mg were heated from -50 to 200 °C at a scan rate of 10 °C/min. Isothermal tests were performed at 30°C with a variable time depending on the stabilization of the cure reaction. Non-isothermal scans were then performed on the same samples in order to obtain the dynamic heat of reaction necessary to complete the cure of the reactive system.

The dynamic mechanical properties of the cured systems (i. e. 1 day at room temperature plus 3hs at 60°C) were determined using a dynamic mechanical thermoanalyzer Rheometric Scientific model Ares. The nominal dimensions of the specimens were 25x10x0.5 mm. Tests were carried out in torsion deformation mode, at a frequency of 1 Hz and the temperature programs were run from 30 °C to 100 °C, at a heating rate of 5 °C/min. An oscillating dynamic strain of 0.1% was used.

The thermogravimetric analysis (TGA) was performed on 50 mg samples on a Seiko Exstar 6000 TGA quartz rod microbalance. The tests were done in nitrogen flow (250 ml*min -1 ) from 30 to 800°C with a 10°C/min heating ramp.

Tensile testing on samples was performed on a Instron dynamometer model 4301 at a strain rate of 5 mm/min with dog-bone shape samples. µ-Raman analysis were realized using a Jobin Yvon LabRAM HR800 µ-spectrometer equipped with a CCD air-cooled detector, an Olympus BX41 microscope, a television camera and a 20 mW HeNe laser operating at 632,8 nm. The spectra were registered at a resolution of 4 cm -1 .

For the electrical measurements rectangular copper electrodes with a cross-sectional area of about 8 cm 2 and a spacing of 4 mm were dipped into the BAM/epoxy, BAM-SWNTs/epoxy and BAM-u-SWNTs/epoxy dispersions, respectively. The electrodes were placed in an oven set at 30°C and were exposed to DC field of 50 V/cm.

Results and Discussion

The plasma fluorination of the tubes has been previously demonstrated by infrared spectroscopy [START_REF] Valentini | Sidewall Functionalization of Single-Walled Carbon Nanotubes through CF 4 Plasma Treatment and Subsequent Reaction with Aliphatic Amines[END_REF][START_REF] Valentini | Chemical Gating and Photoconductivity of CF 4 Plasma Functionalized Single-Walled Carbon Nanotubes by Butylamine[END_REF]. Briefly typical absorption peaks at 1221 cm -1 and 1545 cm -1 are attributed to C-F and C=C covalent bonds, respectively, activated on the surface of pristine SWNTs after plasma treatment [START_REF] Valentini | Chemical Gating and Photoconductivity of CF 4 Plasma Functionalized Single-Walled Carbon Nanotubes by Butylamine[END_REF]. Thermogravimetric measurements showed [START_REF] Valentini | Sidewall Functionalization of Single-Walled Carbon Nanotubes through CF 4 Plasma Treatment and Subsequent Reaction with Aliphatic Amines[END_REF] that after pyrolysis in nitrogen the weight loss of fluorinated SWNTs is higher than that observed for the untreated ones. These results, as previously reported, can be ascribed to the disorder induced on the graphene structure of the tubes by the presence of fluorine atoms [START_REF] Plank | Fluorination of carbon nanotubes in CF 4 plasma[END_REF][START_REF] An | X-ray photoemission spectroscopy study of fluorinated single-walled carbon nanotubes[END_REF]. This hypothesis was confirmed by SEM analysis (Fig. 1(b)) and Raman spectroscopy (Fig. 2(a))

where for this last technique the presence of two broad bands extending between 1300 cm -1 and 1580 cm -1 , usually referred as to D (disorder, sp 3 bonding) and G (graphitic, sp 2 bonded carbon) bands [START_REF] Plank | Fluorination of carbon nanotubes in CF 4 plasma[END_REF], and their relative intensity ratio (I D /I G ) gives an indication of the degree of disorder in the carbon nanotubes [START_REF] Plank | Fluorination of carbon nanotubes in CF 4 plasma[END_REF]. In general it was observed that a larger degree of disorder was observed on plasma treated nanotubes (legend of Fig. 2(a)). Moreover, if we consider the radial breathing modes between 200 cm -1 and 400 cm -1 (Fig. 2(b)) whose frequency depends on the inverse of the tube diameter, a slight difference was observed in the F-SWNTs in accordance with the unroping process induced by the plasma treatment (Fig. 1(b)) [START_REF] Valentini | Sidewall Functionalization of Single-Walled Carbon Nanotubes through CF 4 Plasma Treatment and Subsequent Reaction with Aliphatic Amines[END_REF].

In particular, the band around 310 cm -1 typical of u-SWNTs disappears and the relative intensity of the peaks around 330 cm -1 shows a modification after functionalization of the nanotubes.

Since fluorine groups covalently attached to the nanotubes offer the opportunity for chemical interactions with the amine systems, it was recently demonstrated that this reaction proceeds through the intermolecular elimination of HF and the formation of C-N bond [START_REF] Pehrsson | Thermal Fluorination and Annealing of Single-Wall Carbon Nanotubes[END_REF][START_REF] Stevens | Sidewall Amino-Functionalization of Single-Walled Carbon Nanotubes through Fluorination and Subsequent Reactions with Terminal Diamines[END_REF][START_REF] Khabashesku | Fluorination of Single-Wall Carbon Nanotubes and Subsequent Derivatization Reactions[END_REF].

The thermal degradation analysis of BAM-SWNTs and BAM-u-SWNTs have provided further evidence for covalent functionalization. The thermogram recorded under nitrogen flow of BAM-SWNTs (Fig. 3(a)) shows two different steps of degradation which correspond, as previously reported, to the two-step loss of butylamine covalently bonded to SWNTs [START_REF] Khabashesku | Fluorination of Single-Wall Carbon Nanotubes and Subsequent Derivatization Reactions[END_REF]. In detail, the derivative profile (Fig. 3(b)) report two maximum of degradation at 195°C and 450°C; this result, together with the infrared spectroscopy analysis reported elsewhere [START_REF] Khabashesku | Fluorination of Single-Wall Carbon Nanotubes and Subsequent Derivatization Reactions[END_REF][START_REF] Valentini | Chemical Gating and Photoconductivity of CF 4 Plasma Functionalized Single-Walled Carbon Nanotubes by Butylamine[END_REF], confirms the presence of a butylamine fraction distributed over F-SWNTs sidewalls that can only correspond to amine molecules attached to the tubes. Moreover due to the interfacial bonding between the epoxy matrix and the amino functionalized nanotubes, it is found that the tubes appear broken under pull out from the surface (Fig. 4(c)). Fig. 5(a) displays the effect of the nanotube content on the tan δ peaks for all of the SWNT/epoxy nanocomposites. A displacement of the peak at higher temperatures is observed by the addition of BAM-SWNTs, while no significant differences were observed in the case of u-SWNTs addition. This fact is due to the fact that the functionalized nanotubes interacts with the epoxy matrix via the amino groups immobilized on the tube sidewall, reducing the mobility of chains of the epoxy molecules. The effect of the functionalization of SWNTs on the tensile strength with respect to the nanocomposites is reported in Fig. 6. For the BAM-SWNTs based system, the tensile strength increases with respect to the neat system. In the case of the BAM-u-SWNTs/epoxy composite the tensile strength is lower together with the elongation at break. Considering the elastic modulus values al low strain, the BAM-SWNTs based system shows a small increase (E BAM- SWNTs = 1.72 ± 0.21 GPa) of the modulus with respect to the BAM-u-SWNTs/epoxy composite (E BAM -u -SWNTs = 1.69 ± 0.15 GPa) . If we give a look to the modulus of neat epoxy system (E BAM-epoxy = 1.10 ± 0.25 GPa), this suggests that the incorporation of the tubes is more efficient in terms of elastic modulus than that of the cross-linking effect in accordance with the theory of short fibre composites [START_REF] Mallick | Fiber-Reinforced Composites[END_REF].

Current density measurements recorded during the curing of the samples were reported in Fig. 7. For comparison, current values for the neat epoxy-hardener mixture without carbon nanotubes are reported. The process of polycondensation of the pure epoxy system is characterised by a sharp decrease of the current after 40 min. The curing reaction reduces the concentration of non-reacted amine and epoxy molecules, i.e. potential charge carriers, in the dispersion. This effects contributes to a decreasing ionic conductivity. In contrast, the nanotube incorporation led to pronounced changes in the current as a function of time. The current of the BAM-u-SWNTs/epoxy sample cured in a DC field starts to increase and then after 180 min. levels to a constant value. The electric field led to an increase in the conductivity, which can be attributed to the nanotube alignment [START_REF] Martin | Electric field-induced aligned multi-wall carbon nanotube networks in epoxy composites[END_REF]. This effect is less pronounced in the case of BAM-SWNTs/epoxy system. The particular dependency of this process on the presence of the amino modified fillers can be explained only in terms of the ability of the epoxy resin to open and disperse the nanobundles. This conclusion is clearly supported by the Raman results. In the case of composite based un-modified SWNTs, where important interactions between the nanotubes and the epoxy resin were not evident, the of the SWNTs (Fig 8(a)).

On the contrary, the F-SWNTs showed a very important chemical affinity with the matrix; the resin exerts in this case a pressure on the dispersed individual tubes, then the shift of the Raman spectra peaks toward higher frequencies can be explained by the opening of the nanotube bundles produced by the intercalation of the crosslinked resin (Fig. 8 

Conclusions

In this paper we reported how the grafting of butylamine onto CF 4 plasma treated SWNTs is used to obtain a cross-linked epoxy nanocomposite. Moreover, this methodology allows to obtain a BAM-SWNTs/epoxy nanocomposite with superior mechanical and electrical properties. Following these indications we retain that the presented synthesis strategy could have implications toward building some novel architectures with nanotubes and polymers. 
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