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h i g h l i g h t s

� SWCNTs were functionalized using 2-aminoanthracene by green chemistry.

� Characterized by FTIR, Raman, XRD, SEM and TEM.

� Temperature dependent magnetization and conductivity were investigated.

� 300 fold increase in conductivity was observed for Ant-f-SWCNTs.

� Semiconductor behaviour was observed in the case of Ant-f-SWCNTs.
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a b s t r a c t

Single-walled carbon nanotubes (SWCNTs) were covalently functionalized with anthracene in molten

urea by a green chemical approach. The anthracene functionalized single-walled carbon nanotubes (Ant-

f-SWCNTs) were examined along with SWCNTs, using Fourier transform infrared spectroscopy (FTIR),

Raman spectroscopy, powder X-Ray diffraction (XRD), and scanning, and transmission electron micro-

scopy. The observations revealed the functionalization of SWCNTs by anthracene. The temperature

dependent magnetization (300e5 K) and electrical resistivity were also measured for both SWCNTs and

Ant-f-SWCNTs. The electrical resistivity of Ant-f-SWCNTs at 300 K was found to be 1.27 KUm, which is

much lower than 388.55 KUm for pristine. This indicated a 300 fold increase in conductivity at room

temperature for Ant-f-SWCNTs when compared to SWCNTs. The temperature dependence of the con-

ductivity provided an indication of the semiconducting behaviour.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

The one-dimensional (1D) hollow nano structure of single-

walled carbon nanotubes (SWCNT) provides a unique model sys-

tem for coupling with nanometer-sized magnetic objects (small

magnetic clusters, metallofullerens, molecular magnets, etc.) by

surface functionalization or encapsulation [1]. SWCNTs are

ballistically-conducting nanotubes, which are extremely promising

class of nano structuredmaterials for diverse applications including

magnetic data storage devices, fuel cells, field-emission, scanning

microscopy tips [2]. Moreover, SWCNTs provide a unique model for

the study of the interactions between magnetic clusters and elec-

tron hosts [3]. The major disadvantage is their inability to disperse

in organic and inorganic species. The dispersion of carbon nano-

tubes (CNTs) has thrown open a wide range of applications. Several

approaches have already been reported for the dispersion of CNTs

in aqueous and organic solvents. Among them, surface function-

alization is one of the recent techniques. Functionalization of

SWCNTs not only increases the processing durability but also

changes their physical and chemical properties [4e8]. Covalent

functionalization disrupts the bonding system and breaks the

translational symmetry of SWCNTs by the introduction of saturated

sp3 carbon atoms. As a result, electronic and transport properties of

SWCNTs are significantly improved [9,10]. One of the methods to

study magnetization of the nanotubes is through the use of SQUID

magnetometer [11]. Further, under externally applied magnetic
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field, SWCNTs exhibit paramagnetic or diamagnetic character

depending on the chirality of CNTs, Fermi energy level, and the

direction of the magnetic field relative to the tube axis [12]. The

ferromagnetic behaviour observed in SWCNTs at room temperature

extended the applications of functionalized SWCNTs in areas such

as magnetic storage media and cell therapies [13,14]. The main

objective of our research is the development of useful methods for

functionalized SWCNTs with improved magnetic and electrical

properties for nanoscale devices [15]. Even though a lot of work has

been done on functionalized SWCNTs, the magnetic and electrical

properties of functionalized SWCNTs are yet to be studied in detail.

Hence, for the first time, we report the preparation of anthracene

functionalized SWCNTs (Ant-f-SWCNTs) by an environmentally

friendly green chemistry approach and present a study of their

magnetic response under externally applied magnetic field using

conventional four probe method.

2. Experimental methods

2.1. Materials

SWCNTs were purchased from cheap tubes.com, USA. 2-

aminoanthracene was purchased from Sigma Aldrich, India.

While Sodium nitrite (NaNO2), urea, sodium hydroxide (NaOH),

methanol, N,N-Dimethylformamide (DMF) and Tetrahydrofuran

(THF) were purchased from S.D. fine chemicals, India. All reagents

were of analytical grade without further purifications except

SWCNTs, which were purified with nitric acid and washed with

excess amount of water and methanol.

2.2. Functionalization of SWCNTs

A schematic representation of functionalization of SWCNTs with

2-aminoanthracene is depicted in Fig. 1. The environment friendly

functionalization of SWCNTs using molten urea as solvent was

carried out, as demonstrated earlier by Tour et al. [16]. This protocol

is superior to other methods because of the involvement of lesser

reaction time.50 mg of SWCNTs were added to the mechanically

stirred molten urea at 145 �C, and the mixture was homogenized

for 5 min. Then, 200 mg of 2-aminoanthracene was added to the

above reaction mixture, and stirred for 5 min. Finally, to the above

mixture, 276 mg solid sodium nitrite was added slowly, where a

rapid N2 gas evaluation was observed. Further stirring was

continued for 5 min. Then the reaction mixture was poured into an

Erlenmeyer flask containing 200 ml of double distilled water. The

functionalized SWCNTs were washed several times with hot

distilled water followed bymethanol and THF. The dispersed Ant-f-

SWCNTs were centrifuged and dried in a hot air oven for about 24 h.

Ant-f-SWCNTs have excellent dispersibility in organic solvents (as

shown in Fig. 2) such as DMF and THF.

2.3. Characterization techniques

Surface modification of SWCNTs was checked using Fourier

transform infrared spectroscopy (FTIR) in PerkineElmer Spectrum-

1 instrument with freshly dried KBr pellets in the range of 4000e

400 cm�1. Raman spectra was recorded using Jobin yvon HR800UV

Raman spectrometer equipped with 633 nm HeeNe laser in the

range of 2000e200 cm�1. Powder X-ray diffraction (XRD) mea-

surements were recorded with D8 advance Bruker AXS diffrac-

tometer using CuKa radiation (l¼ 1.5406�A). Aluminawas used as a

standard to eliminate instrument peak broadening. The

morphology of the samples was evaluated using field emission-

Fig. 1. Anthracene functionalization of SWCNTs.

Fig. 2. Dispersion of (a) SWCNTs (b) Ant-f-SWCNTs in DMF.
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scanning electron microscopy (FE-SEM) (JSM-6700, JEOL, Japan).

The particle size and the morphology of the sample were observed

by a transmission electron microscopy (TEM) instrument operating

at 200 KV (JEM 2010-JEOL ltd, Japan). Magnetic studies were carried

out using 9 T physical property measurement system (PPMS) e

vibrating sample magnetometer module (Quantum design, USA).

Electrical resistivity measurement for the samples was carried out

after pelletizing them using hydraulic pressure-Riken, Japan with

7.5MPa pressure. The pelletized samples were kept in a hot air oven

at 100 �C for about an hour to remove any moisture. The

temperature dependent electrical resistivity of the samples was

measured by conventional four probe technique, using a closed

cycle He-cryostat (Closed cycle refrigerator system e variable

temperatures insert (4e800 K) (Sumitomo, Japan). A programma-

ble current source (2 mA) was used for applying constant current,

and the resulting voltage was measured with a programmable

voltmeter.

3. Results and discussion

Ant-f-SWCNTs were characterized using powerful tools

including FTIR, Raman spectroscopy, and XRD to elucidate the co-

valent functionalization. The FTIR spectra of SWCNTs, anthracene

and Ant-f-SWCNTs are shown in Fig. 3(a)e(c) respectively. Peaks

were observed around 3400, 1630, 1402 and 1215 cm�1 for both

SWCNTs and Ant-f-SWCNTs due to the eOH and COOH function-

alities [17]. The CeH stretching frequencies due to carbon network

of nanotubes were observed near 2950 cm�1 for SWCNTs, whereas

in the case of Ant-f-SWCNTs, the peak got sharpened further due to

the contribution of anthracenemoiety [18]. Further, the appearance

of additional peaks in Ant-f-SWCNTs spectra at 3019, 1525 and

769 cm�1 occurred due to the aromatic CeH stretching, CeC bond

stretching and CeH out of plane bending mode respectively. The

above observations confirmed the covalent functionalization of

anthracene molecule on the sidewalls [19,20].

Further, the Raman spectra also furnished a clear evidence for

the covalent functionalization of SWCNTs. In Raman spectra,

SWCNTs exhibited two characteristic peaks at 1585 cm�1 and

1327 cm�1. The G-band (Tangential mode) appeared at 1585 cm�1.

This could be attributed to the Raman active optical phonon mode

E2g of 2D graphene. The origin of the peak at 1327 cm�1 might be

due to the disorder induced D-band, and its appearance can be

assigned to the symmetry lowering effect due to the introduction of

defects and attachment of different chemical species [21]. For Ant-

f-SWCNTs, the G and D-bands appeared with slight deviation at

Fig. 3. FTIR spectra (a) SWCNTs (b) 2-aminoanthrancene (c) Ant-f-SWCNTs.

Fig. 4. Raman spectra (a) SWCNTs (b) Ant-f-SWCNTs.

Fig. 5. XRD pattern for (a) SWCNTs (b) Ant-f-SWCNTs.
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1589 and 1329 cm�1 respectively. These deviations might have

been due to the charge transfer processes between SWCNTs and

anthracene molecules [22]. Further, the increase in intensity of D-

band for Ant-f-SWCNTs, when compared to SWCNTs, could be due

to the introduction of sp3 carbon atoms onto the SWCNTs [23,24].

Furthermore, the enhanced intensity ratio ID/IG for Ant-f-SWCNTs

(1.04), compared to SWCNTs (0.66), may be due to the contribu-

tion of sp3 hybridized carbon atom from anthracene [25]. These

observations added evidence to the functionalization of anthracene

on the SWCNTs (Fig 4).

Fig. 5 represents the XRD studies of SWCNTs and Ant-f-SWCNTs.

The graphitic carbon of SWCNTs exhibited diffracted peak at 25.6�

(2q) where as the Ant-f-SWCNTs showed a higher value of 2q at

26.2�. This shift could be due to the functionalization of SWCNTs.

The average interplanar distance (d) and the average crystalline

size were calculated using Bragg’s law. The average interplanar

distance was found to be 3.48 �A and 3.45 �A for SWCNTs and Ant-f-

SWCNTs respectively. Further, the average crystalline size for

SWCNTs and Ant-f-SWCNTs was calculated to be 25.58 nm and

27.54 nm respectively. The changes in 2q values and average d-

spacing value confirmed the crystallographic rearrangements in

the Ant-f-SWCNTs [26].

Electron microscopic observations were performed to envisage

the structural aspects and morphology of the prepared Ant-f-

SWCNTs. FE-SEM images of the SWCNTs and the Ant-f-SWCNTs

are shown in Fig. 6(a)e(d). FE-SEM images showed that Ant-f-

SWCNTs are bundled together, and tubes are less isolated and

distinct as compared to that of the SWCNTs. The bundling of

nanotubes in Ant-f-SWCNTs is due to the enhanced van der Waals

interactions among the tubes. From Fig. 6(a)e(d) it is also evident

that the tubular structures of SWCNTs were intact even after func-

tionalization [27]. Furthermore, the covalent functionalization of

SWCNTs considerably increased the diameter of the SWCNTs, which

could be clearly visualized, and these observations proved to be

strong evidences for the covalent functionalization of anthracene.

To authentically confirm the covalent functionalization of

SWCNTs, the TEM images were recorded. The TEM images, given in

Fig. 7, confirm the morphology and the nano structure of Ant-f-

SWCNTs. TEM images reveal a spaghetti-like morphology

Fig. 7(a) and (c) for SWCNTs. While the Ant-f-SWCNTs had coaxi-

ally tubular structure, and its walls were well encapsulated with

the anthracene moiety (Fig. 7(c)), the diameter of the Ant-f-

SWCNTs was found to be around 10 nm with single graphitic

layer as indicated in the image Fig. 7(d). The core shell structure

clearly indicated the covalent links between the anthracene and

the SWCNTs. Further, the TEM studies throw light on the disper-

sion of Ant-f-SWCNTs.

3.1. Magnetic property measurement

Fig. 8 shows the plot of temperature dependence of magneti-

zation (M) for SWCNTs and Ant-f-SWCNTs with an applied mag-

netic field of 0.1 T. It is clear that the observed magnetization

property of SWCNTs and Ant-f-SWCNTs completely depends on the

temperature. At room temperature, SWCNTs had higher magneti-

zation value than that of functionalized one. The value of M for

SWCNTs was 0.258 Am2 g�1 and for Ant-f-SWCNTs 0.203 Am2 g�1

at 300 K. As temperature decreases, the magnetization value for

Fig. 6. SEM images (a and c) SWCNTs (b and d) Ant-f-SWCNTs.
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both SWCNTs and Ant-f-SWCNTs increases. A sudden increase of

magnetization was noted below 85 K where the M value of Ant-f-

SWCNTs was slightly higher than that of SWCNTs. The rise in

temperature leads to increase in the magnitude of thermal vibra-

tion of a material which in turn extends to randomization of the

direction of spin magnetic moments that could be aligned. This

could be the reason, that at low temperature, the alignment of

domains in the directions of applied magnetic field for the func-

tionalized SWCNTs was more because of the extended covalently

attached aromatic system.

Pure SWCNTs are diamagnetic in character. Previous reports

gave the magnetization value for SWCNTs encapsulated with iron

nanoparticles as 2.6 Am2 kg�1 at 5 K. In this case, themagnetization

of SWCNTs was observed to be 0.328 Am2 g�1 at 5 K. If iron

nanoparticles were encapsulated in SWCNTs the value would be

around 2.6 Am2 kg�1 at 5 K, whereas we observed the magneti-

zation value of 0.328 Am2 kg�1 for the Ant-f-SWCNTs at 5 K. The

lower magnetization value may be because of the lower percentage

of functionalization. This provides affirmative evidence for the

ferromagnetic property of SWCNTs due to functionalization of

SWCNTs with anthracene, and is not because of the presence of iron

nanoparticles [28]. For SWCNTs, the value of magnetization

changed from 0.258 Am2 g�1 at 300 K to 0.328 Am2 g�1 at 5 K, while

for the covalently functionalized Ant-f-SWCNTs it increased from

0.203 Am2 g�1 at 300 K to 0.364 Am2 g�1 at 5 K.

Fig. 9 shows the plots of Magnetization (M) versus external

applied magnetic field up to �3 T for SWCNTs and Ant-f-SWCNTs,

which were measured at five consecutive temperatures (300, 250,

150, 50, 35, and 5 K). Clear hysteresis loops were observed at 5 and

300 K for the samples, as depicted in Fig. 10. The discrepancy be-

tween hysteresis curves in Fig. 10(a) and (b) might be due to

randomization of the Fe nanoparticles causing its spin canting ef-

fect, which arises under high externally applied magnetic field. It

was clearly observed that the values of saturation magnetization

(Ms), Remenance (Mr) and Coercivity (Hc) increased with the

decrease of temperature. The coercivity values calculated from

Fig. 10 for both SWCNTs and Ant-f-SWCNTs at 300 K and 5 K were

higher than that of bulk Fe (Hc ¼ 0.9 Oe) [29]. This clearly indicates

that covalently functionalized SWCNTs have higher magnetic sta-

bility due to the functionalization of anthracene [30].

Fig. 7. TEM images (a and c) SWCNTs (b and d) Ant-f-SWCNTs.

Fig. 8. M vs. T curve for SWCNTs and Ant-f-SWCNTs.
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3.2. Electrical resistivity measurement

The temperature dependent dc-resistivity of SWCNTs and

Ant-f-SWCNTs is depicted in Fig. 11. The Functionalized SWCNTs

find diverse applications in areas such as nanometer sized

semiconductor devices and inter-connectors. Studies on the

electrical transport properties of functionalized SWCNTs are vital

in order to realize their applicability towards newer electronic

devices. To find the conducting properties of SWCNTs and Ant-f-

SWCNTs, dc resistivity as a function of temperature was

measured using the conventional four probe method. From

Fig. 11, it is clearly observed that the anthracene functionalization

really caused dramatic change in the electrical transport prop-

erty of SWCNTs. For Ant-f-SWCNTs, the value of resistivity at

300 K was found to be 1.27 KUm, which is much lower when

compared with the values of SWCNTs 388.55 KUm observed at

that temperature. This is an indication of the semiconducting

behaviour between 300 K and 2 K. The resistivity measured for

Ant-f-SWCNTs was 1.27 KUm at 300 K which is much lower

compared to the values of SWCNTs 388.55 KUm. This clearly

indicated that functionalization by anthracene in SWCNTs

showed peculiar enhancement of conductivity in the range of

300 to 5 K. The p-p electron interaction between anthracene

moiety and the SWCNTs increases the conductive nature of Ant-f-

SWCNTs [31].

4. Conclusion

Covalent functionalization of the SWCNTs with amino-

anthracene profoundly changed the magnetic response and

Fig. 10. Hysteresis loops for SWCNTs and Ant-f-SWCNTs at 5 and 300 K respectively

under the magnetic field �3 T. The right insert shows the magnification area of the

hysteresis loop.

Fig. 9. Hysteresis loops for (a) SWCNTs and (b) Ant-f-SWCNTs at various temperatures

(from 300 K to 5 K) and applied magnetic field of about �3 T.

Fig. 11. Electrical resistivity vs T of SWCNTs and Ant-f-SWCNTs.
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electrical conductivity of this system. It can be understood that the

relative dimensions of the core and the shell determine not only the

coercivity and exchange field but also the dominant reversal

mechanism of the Ant-f-SWCNTs component. This is the first time

demonstration of the temperature dependent magnetization and

hysteresis studies of SWCNTs and Ant-f-SWCNTs. Four-probe

measurements indicated a 300 fold increase in conductivity at

room temperature for Ant-f-SWCNTs when compared to SWCNTs.

The temperature dependence of the conductivity gave a good

indication of the semiconducting behaviour, which implies the

extended conjugated sp2 network in Ant-f-SWCNTs. These findings

validate Ant-f-SWCNTs as potential candidates for future high

performance electronics [32e35].
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