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Experimental Methods 

 

General Synthetic methods. All solvents and reagents were purchased from commercially 

available sources and used without further purification unless otherwise stated. HiPco 

SWCNTs (average diameter: 1.1 nm, purity >85 %) were purchased from Carbon 

Nanotechnologies Incorporating (CNI) and purified according to literature procedures.[15] All 

reactions were performed under an argon atmosphere and monitored by TLC. Column flash 

chromatography was performed on silica gel (Merck TLC-Kieselgel 60H, 15 μm). 

Aryl Functionalized SWCNTs-NHBOC (1). In a typical experiment, 10 mg of purified 

SWCNTs suspended in 20 mL of 1,2-dichlorobenzene (ODCB) and sonicated for 20 min. 

Then, a solution of tert-butyl 2-(2-(2-(4-aminobenzamido)ethoxy)ethoxy)ethylcarbamate (0.5 

mmol) in 10 mL of acetonitrile is added. After degassing the reaction mixture and bubbling 

with nitrogen, 0.8 mmol of isoamyl nitrite is quickly added and the suspension is stirred at 60 

°C for 18 h. Then, after cooling to room temperature, the reaction mixture is diluted with 50 

mL of dimethylformamide (DMF), filtered over a PTFE (0.2 μm) membrane filter and washed 

extensively with DMF and CHCl3 to remove any unbound organic material. Thus, the aryl 

functionalized SWCNTs-NHBOC (1) obtained as black solid on top of the filter. 

Pyrrolidine Functionalized SWCNTs-NHBOC (3). In a typical experiment, 25 mg of 

purified SWCNTs was suspended in 50 mL of N,N-dimethylformamide (DMF) and sonicated 

for 15 min. Then, 2-(2-(tert-butoxycarbonyl)ethylamino)acetic acid (15 mg) and 

paraformaldehyde (25 mg) were added and the mixture was heated to 120-125 °C for 96 

hours. Every 11-13 hours an amount of 2-(2-(tert-butoxycarbonyl)ethylamino)acetic acid (15 

mg) and paraformaldehyde (25 mg) were added to the reaction mixture followed by 

sonication for 10 minutes. After the reaction was stopped and cooled down to room 
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temperature, the reaction mixture was centrifuged. The partially functionalized material 

precipitated, while the dense black supernatant DMF solution was filtered through a 0.2 μm 

PTFE filter and the solid residue collected on top of the filter was washed several times with 

DMF and dichloromethane to remove organic polymeric impurities derived from the excess 

addition of organics species. Thus, the pyrrolidine functionalized SWCNTs-NHBOC (3) was 

obtained as black solid on top of the filter. 

Ammonium Functionalized Water-Soluble SWCNTs-NH3
+ (2) or (4). The BOC protecting 

group of the functionalized SWCNTs-NHBOC (1) or (3) was cleaved by treatment with 

trifluoroacetic acid of a CHCl3 solution for 12 hours. Evaporation of the highly acidic CHCl3 

solution, followed by addition of fresh dichloromethane with sonication, filtration through a 

0.2 μm PTFE membrane filter and eventually washing of the solid material collected on top of 

the filter with methanol, furnished the water-soluble positively charged ammonium 

functionalized SWCNTs-NH3
+ (2) or (4), respectively. The soluble functionalized material is 

stable for several weeks without observing any precipitation. 

Characterization 

The thermogravimetric analysis was performed using a TGA Q500 V20.2 Build 27 

instrument by TA in an oxygen atmosphere. In a typical experiment 1 mg of the material was 

placed in the sample pan and the temperature was equilibrated at 60 ºC. Subsequently, the 

temperature was increased to 800 ºC with a rate of 10 ºC/min and the weight changes were 

recorded as a function of temperature. Transmission electron microscopy images were 

collected with a Philips TEM 208 at an accelerating voltage of 100 kV. Samples were 

prepared by placing one drop of a methanol suspension of the hybrid material onto a copper 

grid (3 mm, 200 mesh) coated with carbon film. Mid-infrared spectra in the region 550-4000 

cm-1 were obtained on a Fourier Transform IR spectrometer (Equinox 55 from Bruker Optics) 

equipped with a single reflection diamond ATR accessory (DuraSamp1IR II by SensIR 
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Technologies). Raman spectra were measured on a Fourier transform instrument (RFS 100 

Bruker Optics) with Nd-YAG 1064 nm line in a backscattering geometry. Steady state UV-

Vis electronic absorption spectra were recorded on a Perkin Elmer (Lambda 19) UV-VIS-NIR 

spectrophotometer. Figures S1-S5 

 

Linear Dichroism Measurements: 

Sample Preparation: 

The ammonium functionalized SWCNTs materials (2) or (4) were dissolved by 

ultrasonication in either N-N′-dimethylformamide (DMF) or pure MilliQ water. Stock 

solutions of the nanotubes were dissolved via ultrasonication at a concentration of 0.1 mg/mL 

with subsequent dilution to 0.01 mg/mL for the linear dichroism measurements since the 

signal was otherwise too high for the detector. 

 

Magnetic orientation Linear Dichroism (MoLD):  

A microcuvette, 5×5 mm was placed between the north and south poles of an electromagnet. 

The magnetic field strength at a range of applied voltages was determined by calibration with 

a Bell 640 Guassmeter and corresponded to a range of 0 - 1 Tesla. The electromagnet was 

aligned in a modified Jasco J-720 Circular Dichroism spectropolarimeter fitted with an Oxley 

prism to produce linearly polarised light. The magnetic field was perpendicular to the 

direction of the light beam. This instrument allows for simultaneous acquisition of both A|| 

and A⊥. The spectra at 0 T were subtracted from the spectra at 0.1 T to obtain the true LD 

spectra to account for the instrumental background, Figure S8. A similar setup could be 

devised for any standard UV-Vis spectrophotometer fitted with polarisers and that can 

accommodate an electromagnet. Isotropic absorption spectra were measured on a Cary 4000 

(Varian) spectrophotometer, Figure S7, and the LDR spectra calculated, Figure S9. Time-
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resolved measurements were carried out at each wavelength that corresponds to a clear van 

Hove peak in the spectrum (e.g λ= 308 nm) in DMF. The magnetic field was switched off and 

the decay in LD signal then monitored at 20 ms intervals. The same measurement was carried 

out in pure DMF and an approximately 5% w/w PMMA (polymethyl methylacrylate) in DMF 

solution. The viscosity of this solution was determined using a controlled shear rate rheometer 

(Paar Physica MCR 300) at 20° C (Figure S10). The decays obtained were fitted using three 

exponentials, one of which corresponded to the instrument response time of switching off the 

electromagnet. 

 

Dynamic Light Scattering (DLS):  

DLS measurements were performed on an ALV CGS-8F DLS/SLS-5022F instrument 

equipped with an ALV-6010/160 correlator and dual APD detectors at a wavelength of 

638.2nm and a scattering angle of 90°. The temperature was set to 25° C and the 

concentration was approximately 0.01 mg/mL. The results obtained in water and DMF are 

shown in Figure S6. The decay of the correlation curve for DMF clearly shows a rather 

homogeneous solution with a short lag-time of under 5 ms corresponding to a spherical 

hydrodynamic radius of approximately 370 nm (polydispersity index ~0.2). (Fitting the 

corresponding diffusion constant to the Tirado de la Torre model, Eqn. 4 of the main text, 

would give a length of 1.7µm). In water the nanotubes are obviously much less well-dispersed 

since the correlation curve is distinctly multi-exponential and the lagtime of over 100 ms 

corresponds to a spherical hydrodynamic radius of several micrometers. Aggregate formation 

and bundling therefore occur in water solution but to a much lesser extent in DMF, 

complementing the levels of orientation seen in the linear dichroism studies. These radii 

obviously do not have a significant physical meaning since the nanotubes are cylindrical and 

it is our intention to fully characterize the size, shape and dispersability of the SWCNTs using 
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(cross-polarized) static light-scattering (SLS). Such a study which would be directly 

comparable to the results of the relaxation measurements is, however, beyond the scope of 

this initial study and we present the DLS results here in a highly qualitative manner.  

Atomic Force Microscopy (AFM) 

AFM images (S12) were acquired on an NTEGRA system (NT-MDT, Zelenograd, Russia) in 

contact mode. Silicon nitride tips (NT-MDT) with a force constant of 5.5 N/m were used. 

Samples in DMF at the same concentration as the linear dichroism measurements were 

spotted on a silicon chip and the solvent allowed to evaporate at ambient temperature. The 

AFM image in Figure S13 was acquired on a Nanoscope IV (Veeco, Digital Instruments Inc.) 

in tapping mode. Silicon probes with a nominal force constant of 40 N/m were used. 
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Figures S1-S11: 
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Figure S1. Thermogravimetric analysis of the pristine nanotubes as purchased (black) and 

after one purification cycle (red). The maximum amount of iron impurity is 10% weight but is 

typically much lower (1-2%). Measurement performed in an oxygen atmosphere. 
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Figure S2. UV-VIS-NIR spectra of aryl functionalized SWCNTs-NHBOC (1) (top spectrum) 

and pyrrolidine functionalized SWCNTs-NHBOC (3) (bottom spectrum), obtained in DMF. 

The loss of van Hove singularities in the spectra of aryl functionalized SWCNTs-NHBOC (1) 

indicates higher degree of functionalization. 
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Figure S3. Raman spectra of aryl functionalized SWCNTs-NHBOC (1) (top spectra) and 

pyrrolidine functionalized SWCNTs-NHBOC (3) (bottom spectra). 
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Figure S4. Attenuated-total-reflectance infra-red (ATR-IR) spectra of aryl functionalized 

SWCNTs-NHBOC (1) (top spectrum) and pyrrolidine functionalized SWCNTs-NHBOC (3) 

(bottom spectrum). The characteristic carbonyl vibrations are circled. 
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Figure S5. Representative TEM images of aryl functionalized SWCNTs-NHBOC (1) (top 

image) and pyrrolidine functionalized SWCNTs-NHBOC (3) (bottom image). 
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Figure S6. Dynamic light-scattering data for 4 in both water and DMF 
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Figure S7. Isotropic absorption spectra (no orientation, non-polarized light) for the linear 

dichroism samples shown in Figure 2 in the main text.  
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Figure S8. Typical LDR spectra for 4 and 2 in both DMF and water for the same samples as 

the above absorption spectra. Levels of orientation and therefore LDr were dependent on 

sonication, time and field strength up to 0.1 T. 
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Figure S9. LDR spectrum for 4 in DMF. This is the highest level of orientation we achieved 

at a field of 0.1 T.  
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Figure S10.  Rheological data for PMMA in DMF solution (5% w/w) 
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Figure S11. Fitting of the relaxation data.  Top material (4) in DMF, bottom material (4) in 
5% w/w PMMA in DMF. Black lines represent the unnormalized acquired data and the red 
lines the fitted exponentials. 
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Figure S12. AFM images of material (4), deposited on silicon from the same solution as used 

in the LD measurements (0.01mg/mL). The average diameter of the ropes seen is 10-20 nm 

and the lengths 1-5 µm 
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Figure S13. AFM images of a typical individual nanotube of material (4) deposited on 

silicon. The diameter is 1.3 nm and the length approximately 700 nm. 
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