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ABSTRACT: We report on the magnetic properties of stable suspensions from oxidized 19 

Multiwalled Carbon Nanotubes (MWCNT) functionalized with aminopyrene (AP). MWCNT form 20 

 stacking adducts with AP (AP-MWCNT), originating homogenous, stable, suspensions in 21 

N,N-dimethylformamide (DMF) or melted agarose. First, we investigated the magneto-optical 22 

properties of these adducts. When applying series of pulsed magnetic fields to nanotube 23 

suspensions in DMF, the pattern of light dispersed increased during the magnetic pulse and 24 

decreased in the intervals, a behavior consistent with magnetic field induced orientation of the 25 

adducts. When adducts were suspended in a melted agarose gel under an external magnetic field, 26 

the extinction coefficient of polarized light through the gel, was larger when the polarization plane 27 

was parallel to the magnetic field direction. Based on the magneto-optical responses observed, we 28 

further investigated the magnetic properties of AP-MWCNT implementing Superconducting 29 

Quantum Interference Device (SQUID), Zero Field Cooling (ZFC) and Field Cooling (FC), and 30 

Thermogravimetric (TGA) and Differential Scaning Calorimetry (DSC) measurements. Pre-31 

oriented AP-MWCNT suspensions depicted a clear superparamagnetic character with hysteresis 32 

loops revealing larger magnetic susceptibility values along their longitudinal axis. ZFC, FC and 33 

TGA/DSC revealed that these magnetic properties were preserved after thermal removal of 34 

aminopyrene from the AP-MWCNT adduct, suggesting that the nanotubular structure dominates 35 

the magnetic contributions. In summary, magneto-optical and SQUID measurements revealed that 36 

nanotube adducts in suspension, behave as nanoscale compass needles aligning their long axis 37 

paralell to externally applied magnetic fields. 38 

 39 
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1. Introduction 40 

Carbon Nanotubes (CNT) have reached considerable interest in Physics, Chemistry and 41 

Biomedicine due to their outstanding physicochemical properties of electrical conductance, 42 

magnetic character, optical activity, thermal capacity, elasticity and chemical versatility.[1-8] 43 

These properties are thought to arise from their unique graphene structure as organized in a 44 

nanotubular arrangement, in which the asymmetric molecular organization determines their 45 

anisotropic properties.[9-11]  46 

The magnetic properties of carbon nanotubes entail considerable relevance, since amorphous 47 

graphite is known to be non-magnetic,[12] while carbon nanotubes depict non zero magnetic 48 

moments.[11, 13] Indeed, a number of previous studies have addressed the magnetism of carbon 49 

nanotubes, either theoretically or experimentally, with different results.[5, 11, 13-20] Some 50 

authors reported that CNT present an inherent diamagnetic nature,[13-15] attributing the 51 

paramagnetic behavior to the metallic impurities.[16] In contrast, others described an intrinsic 52 

paramagnetic behavior of CNT due to the Aharonov-Bohm effect[5, 11, 17, 18] with magnetic 53 

susceptibility depending on their chirality, as metallic or semiconducting.[11, 19] Reasons for 54 

these discrepancies may involve the different characteristics of CNT preparations used; individual 55 

nanotubes[11] oriented in polymer films[13, 14] or co-suspended with DNA or in micelles.[19, 56 

20] In addition, we and others reported previously, the alignment of nanotube suspensions in the 57 

magnetic fields normally used in Magnetic Resonance Imaging,[21, 22] a circumstance that could 58 

enable new applications in the field of contrast agents for biomedical imaging. However, a major 59 

difficulty limiting the investigation of the magnetic properties of carbon nanotubes has been to 60 

obtain, well characterized, stable suspensions of CNT enabling sufficiently prolonged and 61 

reproducible studies under homogeneous conditions.  62 
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We report here on the preparation and characterization of aminopyrene-MWCNT (AP-63 

MWCNT) adducts suspended in N,N-dimethylformamide (DMF) solvent or melted agarose, two 64 

systems yielding stable, reproducible and homogeneous suspensions of AP-MWCNT adducts, 65 

allowing for the detailed investigation of the magnetic behavior of MWCNT. We obtained then 66 

magneto-optical measurements of light dispersion and absorption, complemented with 67 

Superconducting Quantum Interference Device (SQUID), Field Cooling (FC) and Zero Field 68 

Cooling (ZFC), and Thermogravimetric (TGA)/Differential Scanning Calorimetry (DSC) 69 

measurements to investigate the inherent superparamagnetic behavior of the suspensions and its 70 

anisotropy.  71 

2. Experimental 72 

2.1 Synthesis and characterization of  stacking adducts (AP-MWCNT)  73 

The preparation of  stacking adducts (Figure 1) proceeded in two steps: MWCNT oxidation 74 

and adduct formation. 75 

 76 

Figure 1. Synthesis of  stacking adducts from MWCNT and aminopyrene (AP-MWCNT). 77 

2.1.1 MWCNT oxidation 78 

Pristine MWCNT (300 mg) (Short-Purified, > 95 % carbon purity, < 2 % amorphous carbon, 79 

average diameter/length <10 nm/ 1-2 µm, produced by chemical vapor deposition (CVD), 80 

purchased from Ses Research, Houston, Texas, US)  were suspended in 36 mL of sulfuric (98 81 
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%)/nitric (65 %) acid mixture (3:1 v/v) and sonicated (24 h) in a water bath at room 82 

temperature[23-25]. Milli-Q water was then carefully added until pH of the suspension reached 83 

pH=3.0 (Universal Indicator paper pH1-pH14, Johnson Test Paper, Oldbury, UK) and the 84 

suspension was membrane filtered (0.45 µm, Omnipore®PTFE, Madrid, Spain). The MWCNT 85 

filtrate was washed until eluate pH became neutral, and the resulting oxidized MWCNT dried at 86 

80 ºC under vacuum (86 % yield). This treatment oxidized the CNT tips to carboxylic groups 87 

(MWCNTCOOH).[23-25] The oxidized MWCNT depicted the following properties: TXRF/ Fe: 88 

0.031 %, Co: 0.183 %, Ni: 0.007 %; FT-IR (ATR Ge), : 3300, 1910, 1712, 1694, 1560, 1377, 89 

1152, 847 cm-1 (Figure 3, blue).  90 

2.1.2 Adduct formation 91 

MWCNTCOOH (25 mg) were sonicated in 65 mL of N,N-dimethylformamide (DMF) at 25 ºC 92 

during 24 hours and 160 mg of 1-aminopyrene (AP) was added until a homogenous suspension 93 

was obtained.[26] The reaction was stirred in an ultrasonic bath (Fisher Scientific, Madrid, Spain) 94 

at room temperature for 24 hours. After solvent evaporation in vacuo, the resulting nanotubes were 95 

washed with diethyl ether (30 mL x 10 times) and filtered (Omnipore® membrane filtration, 0.45 96 

µm) until complete free AP removal, as detected by HPLC-MS. Finally the AP-MWCNT adducts 97 

were dried in vacuo at 60 ºC for 24 hours (metal concentration was detected by TXRF, Fe: 0.046 98 

%, Co: 0.322 % and Ni: 0.005 %; FT-IR (ATR-Ge),  = 3407, 3238, 1907, 1715, 1572, 1413, 99 

1151, 1089 cm-1).  100 

After purification and removal of aminopyrene excess, Fourier Transform Infrared Spectroscopy 101 

(FT-IR), thermogravimetric analysis (TGA), and X-Ray Photoelectron spectroscopy (XPS) 102 

confirmed experimentally the functionalization, while Molecular Modeling simulations showed 103 
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that the aminopyrene molecules couples to the nanotube surface through  stacking, adopting a 104 

parallel-displaced configuration (Supplemetary Material Fig S2).  105 

 106 

Figure 2. TEM images (200 kV) of commercial MWCNT (A), AP-MWCNT (B) and distribution 107 

length histogram (C). This chemical process results in a relatively homogenous distribution of 108 

nanotubes sizes with average lengths 170 nm. 109 

The oxidation and adduct formation processes, resulted in length distributions of 75 - 250 nm 110 

(maximum around 170 nm), representing 91 % of sample lengths (Fig. 2C). This reduced 111 

significantly the bundles and entanglements of commercial MWCNT (Fig. 2A), favoring further 112 

homogenous suspensions in N,N-dimethylformamide (DMF) or in aqueous agarose gels.   113 

 114 

Figure 3. TEM images of oxidized MWCNT (A) and AP-MWCNT adducts (B) showing open 115 

ends and AP adsorpotion. Images acquired with a GRANDARM300cFEG microscope with 116 

corrective aberration in the objective lens. 117 

A B 
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 118 

Futher TEM analyses (Figure 3), showed clearly the multiwalled carbon nanotube structure with 119 

open ends (yellow circles) as well as the AP molecules adsorbed on their surface in AP-MWCNTs 120 

adducts (yellow circle and arrow in 3B). 121 

2.1.3 Fourier Transform Infrared Spectroscopy (FTIR) 122 

 123 

Figure 3. FTIR ATR (Ge) spectra of MWCNT (black), MWCNTCOOH (blue) and AP-MWCNT 124 

(green). 125 

 126 

FTIR spectra (Figure 3) show progressive functionalization. Pristine MWCNT (black) present 127 

an intense peak at 1555 cm-1, from double bonds  C = C, and bands from 1200 cm-1 to 800 cm-1, 128 

derived from the MWCNT scaffolds. MWCNT-COOH (blue) display bands at 3300 cm-1 from O-129 

H stretching, at 1712 cm-1 from C = O stretching, at 1560 cm -1 from C = C stretching, and at 1377 130 

cm-1 C - O stretching, respectively. FT-IR spectra of AP-MWCNT (green) show, in addition to the 131 
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peaks present in the oxidized nanotubes, bands of N-H stretching at 3400 cm-1 (overlapping with 132 

the bands of O-H stretching from carboxylic groups) and bands of C-N stretching at 1151 cm-1. 133 

 134 

2.1.4 Thermogravimetric Analysis (TGA)  135 

We implemented thermogravimetric measurements to compare the degree of functionalization 136 

of MWCNT, MWCNT-COOH and AP-MWCNT.   137 

 138 

Figure 4. TGA analysis of MWCNT (black), oxidized MWCNT (blue) and - stacking adducts 139 

AP-MWCNT (green) in Ar (A) or in Air (B). 140 

To this end, TGA was performed under two different atmospheres; Ar, to investigate purity of 141 

starting materials and nanotube functionalization (Figure 4A); and air, to observe both 142 
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functionalization and the oxidized carbon of nanotubes (Figure 4B). TGA in Ar of MWCNT 143 

(black) shows only very moderate weight losses, confirming a high purity of the pristine material 144 

(Figure 4A). MWCNT-COOH (blue) and AP-MWCNT (green) originate in both cases, lower 145 

residues than pristine material, indicating a higher degree of functionalization (19.2 % in the 146 

oxidized nanotubes and 22.4 % in  stacking adducts). 147 

TGA in Air (Figure 4B) of pristine MWCNT (black) shows only weight losses close to 500-550 148 

ºC, corresponding to carbon nanotubes. MWCNT-COOH (blue) displays larger weight losses than 149 

MWCNT. The first weight loss (10.3 %), between 90 and 350 ºC, is due to CO2 moieties, while 150 

the second (86,62 %), between 400 to 600 ºC, is due to the carbons of CNT, resulting in a final 151 

residue of 3.08 %. Finally, AP-MWCNT (green) show weight losses of; 4.9 % between 100-220 152 

ºC, 9.3 % between 220 and 400 ºC, and 83,43% from 450 to 600 ºC, resulting in a final residue of 153 

2.37 % at 980 ºC. These transitions correspond primarily, for increasing temperatures, to the 154 

weight losses derived from aminopyrene, CO2 moieties and carbon from the MWCNT, 155 

respectively. 156 

2.1.5 X Ray Photoelectron Spectroscopy (XPS) 157 

 158 

Figure 5. XPS analysis of MWCNT (black), oxidized MWCNT (blue) and stacking adduct 159 

AP-MWCNT (green). 160 
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XPS analysis (Figure 5) shows the atomic species present in the surfaces of MWCNT (black), 161 

oxidized MWCNT (blue) and AP-MWCNT (green). In MWCNT-COOH, the O/C ratio (0.339) 162 

increases when compared to pristine MWCNT (0.27), due to the carboxylic groups introduced in 163 

the oxidation process. An important increment in the N/C ratio (0.092) was found in AP-MWCNT 164 

as compared to pristine and oxidized MWCNT (0.014). In summary, O/C and N/C ratios in the 165 

three samples illustrated the oxygen and nitrogen increments in oxidized MWCNT and  166 

stacking adducts. 167 

 168 

3. Results and discussion 169 

We first investigated the magnetic behavior of AP-MWCNT suspensions in an external magnetic 170 

field using different magneto-optical approaches. First, we studied the response of AP-MWCNT 171 

suspensions (DMF, 3 mg/mL) using a QuantaMaster spectrofluorimeter (PTI, Birmingham, NJ, 172 

USA) measuring light dispersion and sample anisotropy (510 nm). To induce an external magnetic 173 

field inside the optical chamber, we implemented a home-made device consisting in an 174 

electromagnet (50 Gauss, 5·10-3 T) whose magnetic field was perpendicular to the illuminating 175 

beam and the detector. The device allowed switching transiently the magnetic field between the 176 

“off” and “on” positions, making it possible to measure the magnetic field dependence of the light 177 

dispersed by the AP-MWCNT suspension. Figure 6A clearly shows how the presence of the 178 

magnetic field (“on”), induced a significant increase in light dispersion in the plane perpendicular 179 

to the magnetic field. These results suggest an induced orientation of the AP-MWCNT adducts 180 

parallel to the applied magnetic field (Fig 6B-C). 181 
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 182 

Figure 6. A: Light dispersion as a function of time while the magnetic field is switched “on” and 183 

“off”. B, C: Schematic diagram of light dispersion with (B≠0) and without (B=0) the presence of 184 

an external the magnetic field.  185 

 186 

Figure 7. A: Dispersed light is collected at 90º of the incident beam with a coplanar detector to 187 

calculate the anisotropy of the sample. B: Anisotropy of the light dispersion in the presence and 188 

absence of magnetic field. 189 

We completed the measurements of light dispersion with steady-state optical anisotropy 190 

measurements (Supplemetary Material Eq. 1) with the same set-up but using polarized light (510 191 

nm) illumination (Fig. 7A). Optical anisotropy was measured at steady state either, in the presence 192 

(“on”) or in the absence (“off”) of applied magnetic field (Fig. 7B). Optical anisotropy became 193 
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larger in the presence of the applied magnetic field, a finding consistent with a preferential 194 

orientation of the AP-MWCNT adducts in the direction of the applied magnetic field. Note that 195 

optical anisotropy is significantly smaller in the case of the randomly distributed AP-MWCNT 196 

suspensions in the absence of magnetic field. 197 

To further explore the optical anisotropy of AP-MWCNT, we measured the optical absorption 198 

of the suspension under polarized light. The experiments were performed using a 199 

spectrophotometer (LAMDA 1050 UV/Vis/NIR, PerkinElmer, Waltham, MA, USA) at 340 nm, 200 

which corresponds to one of the main absorption peaks of aminopyrene.[27, 28] Aminopyrene 201 

presents remarkable absorption anisotropy depending on the orientation of the aromatic ring with 202 

respect the polarization plane of the illuminating light beam. In particular, the absorption peak at 203 

340 nm originates when the long axis of the aminopyrene ring is positioned parallel to the light 204 

polarization plane. Therefore, this property can be used to investigate the orientation of AP-205 

MWCNT adducts, since aminopyrene is coupled to the nanotube with its long axis oriented parallel 206 

to the long nanotube axis (Supplementary Information Fig S2).[29] On this basis, increased 207 

absorption at 340 nm reveals an increased proportion of AP-MWCNT oriented parallel to the light 208 

polarization plane.  209 

Using this strategy, we investigated anisotropy in the absorption of polarized light in two 210 

different preparations, i) AP-MWCNT suspended in DMF (3 mg/mL), and ii) AP-MWCNT pre-211 

oriented magnetically in a melted agarose (0.5 %) gel (Supplemetary Material/Light absorption). 212 

Under the latter conditions, AP-MWCNT adducts maintained the orientation induced magnetically 213 

during solidification of the agarose gel to room temperature. First, we measured the absorption of 214 

the nanotubes in suspension, using the same home-made magnet previously adapted to the 215 

spectrofluorometer in the experiment described in Figure 7A.  216 
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 217 

Figure 8. A: Polarized light absorbance is higher in AP-MWCNT suspensions when the magnetic 218 

field is switched on parallel to the light polarization plane. B: A cosine function behaviour of the 219 

transmittance at 340 nm is observed when the polarizer rotates the polarization plane of the 220 

illuminating light with respect to an immobile solid block of agarose gel with pre-oriented AP-221 

MWCNT. The transmittance reaches maximum values (and absorption minimal values) when 222 

nanotubes are perpendicular to the light polarization plane. C: The absorption of polarized light is 223 

higher when the AP-MWCNT are oriented parallel to the light polarization plane, because of the 224 

anisotropic absorption of the aminopyrene ring.  225 

The sample was then illuminated with linear polarized light at 340 nm, oriented along the 226 

magnetic field direction. Figure 8A shows the variations in the absorbance of the polarized light 227 

while the magnetic field is switched “on” and “off” sequentially. Clearly, the suspension exhibits 228 

a higher absorbance when the magnetic field is turned “on”, indicating an increased proportion of 229 

AP-MWCNT oriented parallel to the external magnetic field applied (Figure 8C).  230 
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Finally, the AP-MWCNT were pre-aligned magnetically and fixed in a known direction in a 231 

solid agarose gel. To this end, AP-MWCNT were suspended in a melted agarose gel (60 ºC), inside 232 

a 7 Tesla magnet (Bruker Pharmascan, 16 cm bore), while letting the suspension cool down to 233 

room temperature (22 ºC), thus trapping the nanotubes within the solid agarose gel with the 234 

orientation acquired magnetically before cooling. We accommodated then the gel containing pre-235 

oriented AP-MWCNT within the optical path of the polarized light spectrophotometer and 236 

measured the transmittance of the suspension as a function of the relative rotation angle of the 237 

linear polarizer with respect to the pre-oriented AP-MWCNT gel (Figure 8B). The transmittance 238 

shows a maximum when the polarization of the light is perpendicular to the AP-MWCNT 239 

orientation (⊥) (Figure 8C), while it reaches a minimum when is parallel (∥), reproducing this 240 

behaviour periodically when the polarizer rotates progressively. In summary, the rotation of the 241 

polarizer caused a periodical behaviour in the absorption of the polarized light as expected from 242 

an oriented AP-MWCNT suspension. 243 

In conclusion, magneto-optical results obtained with AP-MWCNT in suspension (Figure 8A) or 244 

fixed in agarose gels (Figure 8B) demonstrate; (i) increased light absorption when the external 245 

magnetic field is applied in DMF suspensions, and (ii) increased polarized light absorption when 246 

AP-MWCNT are pre-oriented in melted agarose gels parallel to the field (Figure 8C). These 247 

findings are consistent with a magnetic field dependent orientation of the AP- MWCNT adducts 248 

both in DMF suspensions and in melted agarose gels. 249 

Considering these findings, we addressed the intrinsic magnetic properties of AP-MWCNT 250 

using a Superconducting Quantum Interference Device (SQUID). Briefly; we obtained magnetic 251 

loops from a suspension of AP-MWCNT (1mg/mL) in DMF, pre-oriented at room temperature 252 

(300 K) in an external magnetic field (0.5 T) perpendicular to the SQUID measuring field. The 253 



 

 15 

suspension was then frozen to 5 K (DMF solidifies at 212.15 K), maintaining in this way the pre-254 

orientation of the entrapped AP-MWCNT. Then, we placed the frozen sample in the SQUID cavity 255 

and measured the hysteresis loop at 5 K (“perpendicular” configuration). Right after, the 256 

temperature was increased to 300 K, melting the suspension and reorienting it, this time in the 257 

SQUID measuring field direction, and cooling down again to 5 K within an applied field of 0.5 T. 258 

A second hysteresis loop was then measured in which the AP-MWCNT were aligned in the 259 

direction of the field (“parallel” configuration).  260 

 261 

Figure 9. Magnetic hysteresis loops (A) of AP-MWCNT oriented parallel (red) or perpendicular 262 

(black) to the magnetic field of SQUID. The inset shows an expanded view of the low field region. 263 

The magnetization of the nanotubes is higher in the parallel orientation than in the perpendicular 264 

(B). 265 

Figure 9A shows both hysteresis loops, where the red and black lines correspond to the parallel 266 

and perpendicular orientations, respectively. Clear differences become detectable when both 267 

cycles are compared, expanded in more detail in the inset corresponding to the low-field region. 268 

As expected, the parallel configuration showed higher values of the saturation magnetization than 269 

the perpendicular configuration, therefore exhibiting a clear anisotropic behavior (Fig. 9B). The 270 

alignment of the magnetic moments of the AP-MWCNT adducts in the direction of the measuring 271 

applied field is clearly more efficient when the AP-MWCNT have been cooled down with an 272 

applied field in the same direction (parallel), rendering higher saturated values of the 273 
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magnetization and larger remanence. However, it should be noted here that the shape of the 274 

isotherms cycles (S shaped), in the parallel and perpendicular configurations, could point out to 275 

the existence of an additional contribution to the ferromagnetic one causing the finite remanence 276 

and coercivity. This contribution could be related to a disordered spin glass-like behavior of highly 277 

frustrated moments that could be responsible for the irreversibilities observed at high fields in the 278 

hysteresis cycles. 279 

The same protocol was followed in a sample containing only the DMF solvent (Supplemetary 280 

Material Fig S1), to discard any influence of the solvent on the magnetic differences observed in 281 

Figure 9A. Only the diamagnetic contribution was observed, with no measurable difference in the 282 

magnetic properties depending on the orientation of the aligning field. This proves that the 283 

differences observed in Figure 9A are due to the different orientations of the nanotube adducts 284 

with respect to the measuring field, as induced by the pre-alignment field as described above. Note 285 

that in the data shown in Figure 9A the corresponding diamagnetic contributions have been 286 

subtracted. 287 

We investigated further the origin of the superparamagnetic behavior by assessing the relative 288 

contributions of the aminopyrene molecules and the MWCNT structure. Figure 10A shows 289 

magnetic hysteresis loops measured at 5K for the raw MWCNT used as starting material, the 290 

nanotubes obtained after the oxidation process (MWCNT-COOH) and the amino-pyrene adducts 291 

(AP-MWCNT), measured in powder form. The inset shows the complete cycle, ±5T, in which 292 

saturation is almost reached for the MWCNT sample but not for MWCNT-COOH or AP-293 

MWCNT. This could be related to the existence of hard spins that find it difficult to completely 294 

align with the field due to magnetic disorder and frustration.  The main graph of Figure 10A shows 295 
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an expanded view of the low field region, where clear differences are observed between the three 296 

samples.  297 

 298 

Figure 10. A: Magnetic hysteresis loops measured at 5K of raw MWCNT (black squares), 299 

MWCNT-COOH (red circles) and AP-MWCNT (green triangles). The inset shows the complete 300 

cycle whereas an expanded view of the low field region is presented in the main panel. The 301 

corresponding diamagnetic contribution has been subtracted. (B) Magnetic hysteresis loop of 302 

amynopyrene (AP).  303 

 304 

Raw MWCNT show a ferromagnetic response with a coercive field of 650 Oe. After the 305 

oxidation procedure, this ferromagnetic behavior is lost, most probably due to the removal of the 306 

metal impurities detected by TXRF in the resulting MWCNT-COOH preparation as compared to 307 

the raw MWCNT (MWCNT-COOH/raw; % Fe 0.031/0.159, % Co 0.183/0.611 y % Ni 308 

0.007/0.014). For MWCNT-COOH, the main magnetic component is a ferromagnetic signal, while 309 

for AP-MWCNT is the sum of two contributions. The first one is narrow and related to that 310 

observed in  MWCNT-COOH; the second one exhibits “wasp waist” shape, related to some kind 311 

of directional order gained through the AP-MWCNT interaction. By directional order, we mean a 312 

preferred orientation of the axis of the elemental units (the adduct, in our case).1 313 
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Figure 10B  shows the magnetic hysteresis loop of amynopyrene (AP) measured at 5K, where only 314 

a diamagnetic contribution is observed. Consequently, aminopyrene by itself is not responsible for 315 

the observed magnetism in the AP-MWCNT adduct. 316 

We also explored the M-T curves, as suggested. Zero field cooled (ZFC) and field cooled (FC) 317 

temperature dependent magnetization for the AP-MWCNT adducts are shown in Figure 11. We 318 

observed large irreversibility between FC and ZFC temperature dependent magnetizations, as 319 

measured in an applied field of 500 Oe. This is related to the existence of strong magnetic 320 

frustration in the system. Within the temperature range explored, no drop in magnetization is 321 

observed, indicating a Curie Temperature (Tc) above room temperature. Similar ZFC-FC curves 322 

are obtained for the raw and oxidized MWCNT (Figure S2 Supplementary Material). 323 

Figure 11. Zero field cooled (ZFC) and field-cooled (FC) evolution of the magnetization as a 324 

function of temperature for AP-MWCNT in powder form. 325 

We pursued the determination of Tc at higher temperatures using TGA/DSC measurements 326 

(Figure S3, Supplementary Material). We determined TGA/DSC profiles in samples of 327 

Aminopyrene, raw MWCNTs used as starting material, oxidized MWCNT-COOH and AP-328 

MWCNT. TGA /DSC of Aminopyrene revealed the thermal destruction of this molecule at 300 329 
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oC, while TGA/DSC of MWCNT, and MWCNT-COOH revealed that the nanotube structure was 330 

maintained up to much higher temperatures. Although we could not detect precisely Tc in these 331 

measurements, it is clearly much above the temperature of thermal destruction of AP, suggesting 332 

that the MWCNT structure and its magnetic properties are maintained at higher temperatures than 333 

that of AP desorption/destruction. Interestingly, Tc of helical carbon nanotubes has been reported 334 

to be even higher than 900 degrees (Zuang et al (2013) AIP Advances 3, 052112).2  335 

Our evidence indicates that the superparamagnetic behavior of AP-MWCNT adducts is 336 

maintained after AP has been thermally destroyed/desorbed and thus, is mainly derived from the 337 

MWCNT structure. 338 

To summarize, we investigated herein the magnetic properties of AP-MWCNT suspensions in 339 

DMF or agarose gels using a combination of magnetic and magneto-optical measurements. By 340 

collecting magneto-optical measurements, we showed that when an external magnetic field is 341 

applied to a suspension of AP-MWCNT these are oriented predominantly parallel to the direction 342 

of the external field. These findings prompted us to confirm the intrinsic magnetic anisotropy of 343 

AP-MWCNT using SQUID. Magnetic hysteresis loops demonstrated that AP-MWCNT 344 

preparations exhibit intrinsic magnetic anisotropy, with higher magnetizations achieved when the 345 

nanotubes are oriented parallel to the magnetic field. FC, ZFC and TGA/DSC measurements 346 

indicate that the superparamagnetic behavior is not derived from the AP molecule itself and 347 

therefore derived from the nanotubular structure and the - interaction with adsorbed AP.  348 

Taken together, our results show that AP-MWCNT in suspension behave as nanoscale compass 349 

needles, a circumstance that can be further exploited in multiple fields including biomedical 350 

imaging; as directional contrast agents, or in optics; as moldable polarizers by adding optically 351 

active molecules to absorb/emit light of different wavelengths in an orientation dependent manner.  352 
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