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Summary

Over the last years the applications of chemically modified carbon nanotubes have 

considerably expanded and progressed in both material and biomedical science. A vast 

number of SWNTs based materials have been rationally designed and synthesized to 

combine specific properties of different matters in a single nanoplatform. However, 

there is still plenty of room for the realization of smart SWNTs composites constituted 

by molecular devices able to respond to external stimuli with a degree of “intelligence”.

The main aim of this work involves the synthesis and characterization of covalently 

chemical functionalized single-walled carbon nanotubes (SWNTs) using both defect site 

and sidewall approaches, in order to develop a material with high solvent dispersibility, 

suitable for bio applications, and with an elevated number of functional groups on its 

surface. The latter are utilized as anchors for spiropyran (SP) photoswitchable 

molecules, which provide “intelligence” to the nanotube scaffold when suitably 

stimulated. The new photoresponsive SWNTs based receptors are expected to find 

applications in sensing and drug delivery systems.

Chapter 1 depicts an overview of (1) SWNTs properties, chemical reactivity and 

covalent functionalization of their defect sites and sidewalls, (2) concept of molecular 

switches with particular interest to SP photoresponsive molecules, (3) examples of SP 

on solid state and on SWNTs scaffolds, (4) SP based receptors for metal ions and 

organic molecules, and finally (5) bioactive molecules on SWNTs for applications in 

drug delivery systems. This chapter also includes aims of this project and a description 

of the techniques used to fully characterize the nanotube materials.

In Chapter 2, the preparation and full characterization of SWNTs covalently 

functionalized with a photo-switchable molecular sensor are reported. After the 

purification, shortening and tip oxidation of the nanotube material polyethylene glycol 

(PEG) linker and spiropyran (SP) photochromes are introduced via amide coupling 

procedure. The enrichment of the SWNTs with SP results in light modulated photo

switchable nanocomposite with envisaged sensing properties.
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Recent reports have questioned the effective covalent functionalization of the SWNT 

surface and in Chapter 3 this important question is answered. The investigation onto the 

effect of NaOH treatment and solvent washing on the functionalization, 

optical/electronic properties and behavior of chemically modified SWNTs are reported. 

It is demonstrated how using a well known 2-step purification/oxidation procedure, in 

the absence of NaOH treatment, COOH functionality is introduced directly onto 

SWNTs, and not only onto carbonaceous material present in the sample. Moreover, the 

functionalized materials still exhibit their distinctive optical/electronic properties, as 

demonstrated by sustained structured spectroscopic absorption and emission features.

Chapter 4 focuses on the development of a multifunctional SWNT-SP nanomaterial, 

where the nanotubes act as selective intracellular carriers of spiropyran molecules that 

behave as photo-responsive and selective receptors for metal ions and small organic 

molecules. In order to ensure a higher degree of photoactive groups in the nanomaterial, 

the SWNTs are here sidewall functionalized by Tour reaction and further reacted with 

PEG linker and photo-switchable SP derivative. The light modulated reversible 

chelation of zinc and acetylsalicylic acid by the SP derivative is reported. In the light of 

the preliminary results illustrated the SP-SWNTs system can be considered as a 

promising caging platform and light modulated delivery carrier of biologically 

important ions and molecules.

Chapter 5 provides a detailed description of the general methods and experimental 

procedures that have been used in this work.

Finally, in Chapter 6 conclusions and future outlook for our project are reported.

Overall, we believe that this research should contribute to further development of 

novel smart dmg delivery systems based on light responsive covalently modified 

SWNTs composites.

VI



Acknowledgements

I wish to thank my supervisor Dr. Silvia Giordani for her guidance and invaluable 

assistance in making this research possible. To the Giordani group both past and 

present: Manuel, Kevin, Laura, Dania, Ilona, Gabor, Lyn, Sonia, and Jyotiranjan for the 

tireless help and precious support, and for making this experience unique. I would like 

to sincerely thank Dr. Tatiana Perova for the help with Raman Spectroscopy and for her 

kindness. Dr. Juan Camacho (Intel), Dr. Paula Colavita and Dr. Eoin Scanlan for fruitful 

discussions. To Dr. Manuel Ruther, Dr. John O’Brien and Dr. Martin Feeney for the 

instrument trainings and their precious assistance with NMR and Mass Spectrometry. 

I’m really grateful to IRCSET, Intel, Science Foundation Ireland and Trinity College 

Dublin for the financial support.

VII



Table of Contents

Declaration

List of Abbreviations

Summary

Acknowledgements

II

III 

V

VII

Chapter 1. Introduction

1.1 Introduction to carbon nanotubes 2

1.2 Structural properties of CNTs 3

1.3 Physical structure and electronic-optical properties of SWNTs 4

1.4 Chemical reactivity of SWNTs 8

1.5 Chemical modification of SWNTs 11

1.5.1 Covalent functionalization of SWNT: defect site chemistry 13

1.5.2 Covalent functionalization of SWNT; sidewall chemistry 16

1.6 Photoresponsive switchable molecules: spiropyrans 18

1.7 SP on solid state 21

1.8 SP and SWNTs 24

1.9 SP based photoswitchable receptors 27

1.10 SP based receptors for organic molecules 30

1.11 SP-metal complex based receptors for organic molecules 33

1.12 Bioactive organic molecules on SWNTs 36

1.13 Aims of this work 41

1.14 Characterization techniques of SWNTs 43

1.14.1 Thermal gravimetric analysis (TGA) 44

1.14.2 Fourier transform infrared spectroscopy (FT-IR) 45

1.14.3 Raman spectroscopy 46

1.14.4 Ultraviolet-visible (UV-Vis) and ultraviolet-visible-near

infrared (UV-Vis/NIR) absorption spectroscopy 48

1.14.5 Near infrared photoluminescence (NIR-PL) spectroscopy 49

VIII



1.14.6 Atomic force microscopy (AFM) and transmission electron 

microscopy (TEM) 49

References 50

Chapter 2. Functionalization of Single-Walled Carbon Nanotubes 

with Optically Switchable Spiropyrans 62

2.1 Introduction 63

2.2 Purification, oxidation and covalent functionalization of SWNTs

with PEG linker and spiropyrans 64

2.3 Characterization of chemically modified SWNTs 68

2.3.1 Thermogravimetric analysis and TEM images 68

2.3.2 FT-IR spectroscopy analysis 71

2.3.3 Micro Raman spectroscopy analysis 72

2.3.4 Raman mapping analysis 77

2.3.5 Atomic force microscopy analysis 78

2.3.6 UV-Vis/NIR absorbance spectroscopy analysis 79

2.4 On-off switching of SWNTs functionalized with spiropyran molecules 80

2.5 Conclusions 83

References 84

Chapter 3. Critical Investigation of Defect Site Functionalization 

on Single-Walled Carbon Nanotubes 87

3.1 Introduction 88

3.2 Purification and oxidation of SWNTs 90

3.3 Characterization of purified and oxidized SWNTs 92

3.3.1 FT-IR spectroscopy analysis 92

3.3.2 Raman spectroscopy analysis 94

3.3.3 X-ray photoelectron spectroscopy analysis 95

3.3.4 NIR-PL and UV-Vis/NIR absorption spectroscopies analysis 97

IX



3.3.5 Thermogravimetric analysis 100

3.3.6 Transmission electron microscopy analysis 102

3.3.7 Atomic force microscopy analysis 103

3.4 Functionalization with fluorescent probe 105

3.5 Spectroscopic analysis of functionalized SWNTs 106

3.6 Microscopic analysis of functionalized SWNTs 110

3.7 Conclusions 111

References 112

Chapter 4. Single-Walled Carbon Nanotubes as Nanovectors 

for Biologically Active Metal Cations and Molecules 115

4.1 Introduction 116

4.2 Purification and Tour reaction on SWNTs 118

4.3 Functionalization of SWNTs with PEG linker and spiropyrans 119

4.4 Characterization of purified and functionalized SWNTs 120

4.4 1 Thermogravimetric analysis and TEM images 120

4.42 FT-IR spectroscopy analysis 123

4.43 Raman spectroscopy analysis 125

4.44 Atomic force microscopy analysis 126

4.5 On-off switching of SWNTs functionalized with spiropyran molecules 128

4.6 Me:ocyanine/metal/NSAID complex formation studies 132

4.6 1 NMR and mass spectrometry 132

4.62 Absorption and emission spectroscopies 135

4.7 Reversible chelation of zinc by SP f-SWNTs 139

4.8 Epifluorescence microscopy images of SP f-SWNTs 144

4.9 Conclusions 145

References 146

X



Chapter 5. Experimental Procedures 149

5.1 General Procedures 150

5.2 Experimental for Chapter 2 154

5.2.1 Materials 154

5.2.2 Preparation of o-SWNT(l) 154

5.2.3 Preparation of tert-Butyl

3-(2-(2-(3-aminopropoxy)ethoxy) ethoxy)propylcarbamate (2) 155

5.2.4 Preparation of f-SWNTs (3) 156

5.2.5 Preparation of SP (4) 157

5.2.6 Preparation of f-SWNTs (5) 157

5.3 Experimental for Chapter 3 158

5.3.1 Materials 158

5.3.2 NIR-PL measurements and efficiency calculation 158

5.3.3 Preparation of purified single walled carbon nanotubes p-SWNTs 159

5.3.4 Preparation of oxidized single walled carbon nanotubes

o-SWNTs [2] 160

5.3.5 Preparation of base treated purified single walled carbon nanotubes

b-SWNTs 161

5.3.6 Preparation of oxidized single walled carbon nanotubes

o-SWNTs [1] 161

5.3.7 Preparation of fluorescein functionalized single walled

carbon nanotubes f-SWNTs [1] 162

5.3.8 Preparation of fluorescein functionalized single walled

carbon nanotubes f-SWNTs [2] 163

5.3.9 Preparation of base treated oxidized single walled

carbon nanotubes ob-SWNTs 163

5.4 Experimental for Chapter 4 164

5.4.1 Materials 164

5.4.2 Preparation of purified single walled carbon nanotubes p-SWNTs 164

5.4.3 Preparation of benzoic acid functionalized single walled

carbon nanotubes f-SWNTs (1) 166

XI



5.4.4 Preparation of PEG functionalized single walled 

carbon nanotubes f-SWNTs (2)

5.4.5 Preparation of spiropyran functionalized single walled 

carbon nanotubes f-SWNTs (3)

5.4.6 Preparation of SP (5)

5.4.7 Characterization of SP (6)

5.4.8 NMR studies

5.4.9 Mass spectrometry

5.4.10 Dispersion of SP f-SWNTs (3)

5.4.11 Cell culture

5.4.12 Incubation with SP f-SWNTs (3) dispersions 

References

167

168

169

170

171

171

172 

172

172

173

Chapter 6. Conclusions and Future Work 174

6.1 Conclusions

6.2 Future work

175

176

Chapter 7. Appendix 177

7.1 Appendix for Chapter 3

7.2 Appendix for Chapter 4

7.2.1 ME-Zn complex formation

7.2.2 ME and ASA: no interaction

7.2.3 ASA and Zn metal ion complex formation

7.2.4 ME-Zn-ASA complex formation
7.2.5 SP switchability and Zn^^ chelation in CI2BZ/CH3CN 9:1

178

182

187

188 

189 

191 

194

List of Publications, Conference Abstracts and Presentations 196

Xll



List of Figures, Schemes and Tables

Chapter 1. Introduction

Table 1.1: Properties of carbon nanotubes (CNTs).

Figure 1.1: Pictorial representation of SWNT, DWNT and MWNT structures.

Figure 1.2: Graphene honeycomb lattice, chiral vector Cnand chiral angle 0.

Figure 1.3: Structural and electronic variety of SWNTs: metallic armchair (5,5) and 

semiconducting zigzag (10,0) nanotubes.

Figure 1.4: Top] Schematic representation of the density of states (DOS) of HiPco 

SWNTs contributing to the UV-Vis/NIR absorption. Metallic SWNT: Mu is the first 

metallic transition. Semiconducting SWNT: Sn and S22 correspond to the first and 

second interband transitions. Valid for small diameter SWNTs. Bottom] Metal (Mu) 

and semiconductor (Sn, S22) transitions in the UV-Vis/NIR absorption spectrum of 

purified SWNTs (p-SWNTs) dispersed in DMF.

Figure 1.5: UV-Vis/NIR absorption spectra of purified (p-SWNTs) and functionalized 

(f-SWNTs) nanotubes in DMF showing the loss of structure upon high degree of 

functionalization.

Figure 1.6: Optical characterization of a HiPco SWNT fraction [Image from ref 59]. 

Figure 1.7: A] Ideal SWNT structure. B] Typical defects in a SWNT [Image adapted 

from ref 13]. Intact sidewall, end cap and defects are marked with grey, red and green 

arrows respectively.

Figure 1.8: rr-orbital misalignment angles (^ in the side-wall and in the fullerene like 

end cap of a (5,5) SWNT [Image from ref 4].

Figure 1.9: Graphical illustrations of non-covalent and covalent chemical modifications 

of SWNTs.

Figure 1.10: Possible effect of acid-oxidizing purification treatments on the SWNTs 

morphology.

Figure 1.11: Examples of amidation and esterification reactions on shortened SWNTs 

hearing carboxylic acid groups. NHS=N-Hydroxysuccinimide, EDC=N-Ethyl-N'-(3- 

dimethylaminopropyl)carbodiimide, HOBt=N-Hydroxybenzotriazole.

XIII



Figure 1.12: Schematic describing some examples of sidewall chemical enrichment of 

SWNTs.

Figure 1.13: Derivatization approach by aryl diazonium salt additions on SWNTs. 

ER=electrochemical reduction, IL= ionic liquids.

Figure 1.14: Examples of absorbance patterns in a photochromic process.

Figure 1.15: Structures and switching mechanisms between different electronic 

configurations of some photochromic compounds.

Figure 1.16: Left] Photo interconversion between the closed (SP) and the open (ME) 

form of a spiropyran. Right] Absorption spectra of a SP solution before (blaek line), 

after irradiation with UV light (wine line) and after storage in the dark (grey line).

Figure 1.17: Examples of SP integrated hybrid materials. A] Fluorescence spectra of 

organogel formed with LMWG and SP (A), after UV light irradiation for 30 s (B) and 

10 min (C), and further visible light irradiation [Image from ref 147]. B] Silylation of 

hydroxyethyl-SP.'^^ C] Coupling of SP with the Wang resin [Image from ref. 154]. D] 

Light-induced fluorescence modulation of a NP containing a fluorescent dye (NBD) and 

a SP [Image from ref 157]. E] Modulation of the optical properties of SP-CdSe/ZnS 

nanocrystals solutions by cycles of UV and Vis irradiation [Images from ref 166].

Figure 1.18: Switches on tubes. A] Photoinduced interconversion of SPO between spiro 

(closed form) and merocyanine (opened form) on MWNTs, and resistance changes for 

MWNTs-SPO thin film [Images from ref. 174]. B] Synthesis of SP functionalized 

SWNTs and absorbanee changes at 5400 cm'' (Sn interband transition) of SP-SWNT 

film following UV, visible illumination or keeping film in the dark [Images from 

ref 175].
Figure 1.19: A] One-dimensional SWNTs based semiconductor with photoswitchable 

molecules assembled on its surface. Light toggles the molecule between a cyclized and 

charge-separated state. These molecules contain a SWNT recognition domain - (alkyl 

chain or pyrene). B] Drain current changes of an individual SWNT device following 

UV and visible illumination cycles [Images from ref 176].

Figure 1.20: Examples of mono and bis SP based metal receptors. 1] First example of 
SP as ligand for metal cations. M"”^ = Cu^"^ or 2] SP based cryptands with a

diazacrown ether bridge. M^"^ = alkaline earth metals.'*^ 3] SP with pendant bis(2- 

pyridylmethyl)amine (Dpa) chelating arms.'** 4] SP calix[4]arene derivate earrying two 

spirobenzopyran moieties. M*^=lanthanides.'*^ 5] SP derivatives with hydroxy group

XIV



adjacent to the benzopyran oxygen. M^'^= Cu^"^, or Ri = H,

CH3 or NO2. R2= CH3, CgHn, CH2Ph or CH2C(CH3)2.'^°

Figure 1.21: Reversible interconversion between the closed SP and a hypothetical 

merocyanine-zinc complex (ME-Zn). Absorption spectra of SP (black line), of SP added 

of 1 equiv of Zn(C104)2 (red line) and after the subsequent irradiation with Vis light 

(green line). Inset] Sequential cycles of conversion between SP and ME-Zn eontrolled 

by visible light [Image from ref 191].

Figure 1.22: Essential ionophore sites in the SP structure for a facilitated metal cation 

ligation.

Figure 1.23: Schematic representation of amino acid transport across liposomal bilayers 

mediated by SP.

Figure 1.24: Schematic representations of the photoehemical ring opening and closing 

of a spiropyran anchored to gold nanoparticles (NPau-SP) in the presence and absence 

of amino aeids.

Figure 1.25: Proposed structure of the binary complex between ME and His, and 

pictures [taken from ref 195] of the colour changes in water by alternate exposure to 

darkness and visible light.

Figure 1.26: Complexation of GSH by a bis-SP and confocal microseope images [taken 

from ref.200] of human acute T cell leukemia A] without and B] with spiropyran.

Figure 1.27: Triple hydrogen bond interaction between the open form isomer ME and 

guanosine derivatives. Molecular recognition of A] SP for guanosine (G) derivatives 

and B] ferrocene-modified bis-SP for guanine-guanine dinucleosides (GG).

Figure 1.28: A] Proposed structure of the ternary eomplex containing two 

merocyanines, Cys (n=l) or Hey (n=2) linked via disulfide bridge, and metal ions Hg^^ 

or Cu . B] Effects of metal ions and amino acids on the absorption spectra of SP in 

10% ethanol/water solution at neutral pH. Pieture: Colour changes of ethanol/water 
solutions containing the SP and Hg^^ in the presence of; 1] no AA, 2] Gly, 3] Leu, 4] 

His, 5] Glu, 6] Asp, 7] Met, 8] Cys, 9] Hey, and 10] GSH (glutathione) [Figure B 

adapted from the original in ref 180].

Figure 1.29: A] Proposed structure of the ternary eomplex eontaining two ME-Zn units 

and a PPi anion. B] Fluoreseence emission spectra of the ME-Zn complex upon addition 

of increasing concentrations of PPi. The signal changes are indicated by the arrows 

[Figure B from ref 188].

2+ xt:2+ r>..2+ .2+ 42+

XV



Table 1.2: Functionalization of SWNTs with pharmaceutical active agents (green box), 

imaging (purple box) and targeting (blue box) units. The blue wavy line indicates 

diverse organic linkers or polymers.

Figure 1.30: A] Steps involved in the tumor-targeting drug delivery of taxoid-SWNT- 

biotin conjugate inside a tumor cell. (1) Internalization of the functionalized nanotube 

vector, (2) cleavage of the disulfide linker and release of the drug, (3) binding of the 

free anticancer drug to microtubules. B] Confocal fluoreseenee microscopy images of 

cells ineubated with the biotin-SWNT-taxoid-fluorescein before (top) and after (bottom) 

addition of GSH. [Figures adapted from ref.219].

Figure 1.31: TGA measurements of purified nanotubes (p-SWNTs) showing weight 

change (blaek line) and its derivative (grey line). The weight loss % at 310 °C is 

attributed to the decomposition of organic groups in the nanotube samples, and the 

residue % at 900 °C to the metal content. The experiment is run in air atmosphere with a 
temperature rate of 10 °C min''.

Figure 1.32: ATR/Fourier transform IR (FT-IR) transmittance spectra of raw (r- 

SWNTs) and oxidized (o-SWNTs) nanotube samples. The spectra have not been 

baseline correeted.

Figure 1.33: Rayleigh and stokes Raman scattering.

Figure 1.34: Raman spectrum of HiPco [batch R0546 Unidym®] SWNTs using a laser 

wavelength of Xexc= 633 nm.

Chapter 2.

Figure 2.1: 2-step purification/oxidation of SWNTs.

Figure 2.2: Chemical functionalization of oxidized SWNTs with PEG linker.

Figure 2.2: a] Representation of the SWNTs functionalized with amino terminated 

chains (1) and (2), b) pictures of the SWNTs dispersions after chemical 

functionalization with functionalities (1) and (2). [SWNTs]= 0.1 mg/mL DMF.

Figure 2.3: A] Representation of SWNTs functionalized with amino terminated Boc 

protected chains (1) and (2). B] Pictures of SWNTs dispersions after chemieal 

functionalization with functionalities (1) and (2). [SWNTs]= 0.1 mg/mL DMF, 

sonication time 30 minutes at minimum power.

XVI



Figure 2.4: Functionalization of SWNTs with SP molecular switch.

Figure 2.5: UV-Vis absorption profiles of TFA treated f-SWNTs and f-SWNTs (5) 
compared with a blank solution (all but nanotubes) which has been treated in the same 

way.

Figure 2.6: Graph] TGA traces in nitrogen of raw, purified, oxidized and functionalized 

SWNTs. Table] Weight losses, estimated number of carbon atoms per organic group 

and residue percentages for the same samples.

Figure 2.7: HR-TEM images of A] raw SWNTs, B] p-SWNTs, and C] o-SWNTs (1) on 

200 mesh Cu holey carbon grids demonstrating the removal of the metal impurities 

(black particles) by 2-step purification/oxidation procedures. Scale bar: 100 nm. Figure 

C inset: detail of a small bundle of o-SWNTs (1) with a diameter of 20 nm circa (scale 

bar: 20 nm). [HR-TEM images from ref 26].

Figure 2.8: TGA first derivative traces of raw, purified and oxidized SWNTs performed 

in air atmosphere. The shift of the graphitic decomposition temperature to progressively 

higher values going from raw to o-SWNTs (1) is indicative of the increasing purity of 

the material.

Figure 2.9: TGA first derivative traces of f-SWNTs (5) and spiropyran (4) recorded 
under air flow.

Figure 2.10: A] Full range FT-IR spectra of (I) raw SWNTs, (II) o-SWNTs (1) and (III) 

f-SWNTs (5). B] Stretching vibrations assignment for (II) o-SWNTs (1) and (III) f- 

SWNTs (5). The peaks intensities are more than 3 times the peak to peak noise 

observed. To improve data visualization the spectra have been baseline corrected.

Figure 2.11: FT-IR spectra of (I) HiPco R0546, (II) oxidized and (III) SP 

functionalized SWNTs. The spectra have not been baseline corrected to show the 
decrease in transmittance observed in the region 1700-650 cm'' when comparing the o- 

SWNTs (1) and SP f-SWNTs (5) to the raw HiPco SWNTs.

Figure 2.12: Micro Raman analyses (Xexc= 633 nm) of (I) raw SWNTs, (II) o-SWNTs 

(1) and (III) f-SWNTs (5). In the insets the RBM analyses are reported. Iq/Ig ratios 

indirectly confirmed the successful covalent functionalization of the nanotube material. 

Figure 2.13: Raman spectra of A] raw HiPco SWNTs, B] oxidized and C] SP 

functionalized SWNTs collected using 457, 514 and 633 nm excitation wavelengths. In 

the insets the RBM analyses are reported.

Table 2.1: Diameter values and structural assignment of raw, purified, oxidized and 

functionalized SWNTs calculated from the highest intensity RBM shifts using equation

XVII



(1) and the chart for the instant structural assignment of the SWNT respectively. 

Excitation with 457, 514 and 633 nm laser lines and relative data are coloured in blue, 

green and red respectively. In the table s = semiconducting, m= metallic.

Figure 2.14: NIR-PL spectra of raw, purified and oxidized SWNTs dispersed in SDBS 

aqueous solution. A] A.exc = 638 nm; B] ^exc = 683 nm; C] A.exc = 785 nm [Figures from 

ref 26].

Figure 2.15: Raman mapping analysis (7.exc= 488 nm) of f-SWNTs (5). A] Full map 

image. B] Single Raman spectra from the region marked in the full Raman map. C] 

RBM mapping in the range 198-221 cm’’. D] D-band mapping. E] G-band mapping. 

Time exposure 0.2 sec, one accumulation, point number 128 x 128.

Figure 2.16: Micro Raman analysis (A,exc= 488 nm) of f-SWNTs (5) in the functional 

group region.

Figure 2.17: AFM topographic images of A] bundles of raw HiPco SWNTs, and B] 

individual SP f-SWNTs (5). C] Cross-section profile illustrating the height of the SP 

functionalized nanotube.

Figure 2.18 : UV-Vis/NIR absorption spectra of A] raw SWNTs, p-SWNTs, o-SWNTs
'y

(1) and f-SWNTs (5) collected on the supernatant of initial 10' mg/mL nanotubes in 

DMF ; B] raw SWNTs, p-SWNTs and o-SWNTs (1) in SDBS aqueous solution 

[SWNTs]i= 2.1 X 10-2 mg/mL, SWNTsrSDBS weight ratio 1:25 [Figure adapted from 

ref 26].

Figure 2.19: A] Photo interconversion of the closed spiropyran (SP, 6) into the open 

form merocyanine (ME). B] Absorption spectra of SP (6) lO'"* M in DMF after 30 

seconds UV illumination (long wavelength, 365 nm) and after 8 minutes storage in the 

dark.

Figure 2.20: UV-Vis absorption spectra of f-SWNTs (5) and o-SWNTs (1) collected on
'y

the supernatant of initial 10' mg/mL nanotubes in DMF.

Figure 2.21: A] f-SWNTs (5) response to UV (365 nm) and Vis (560-900 nm) 

illumination for 30 seconds. Inset: difference absorption spectra of f-SWNTs (5) after 

30 seconds UV, Vis and UV illuminations. B] UV-Vis absorption spectra of o-SWNTs 

(1) after UV and Vis light illumination. Spectra collected on the supernatant of initial 

0.1 mg/mL nanotubes in DMF.

Figure 2.22: Top] On-off switching cartoon of f-SWNTs (5). Bottom] Absorbance 

changes at 556 nm of f-SWNTs (5) solutions following UV (365 nm) and visible (560- 

900 nm) illumination cycles. Gray and white bars indicate the UV and the Vis
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irradiation respectively. The spectra were collected on the supernatant of initial 0. 

mg/mL nano tubes in DMF.

Chapter 3.

Scheme 3.1: Representation of purification and oxidation of SWNTs. A] HNO3 2.6 M, 

100 °C, 48 h. B] NaOH 8M, 100 °C, 48 h in triplicate. C] Neutralization with HCl and 

concentration to a solid. D, E] H2SO4: H2O2 4:1, 35 °C, 1 h. F] NaOH 8M, 100 °C, 48 h. 

Scheme 3.2: Detailed NaOH/solvent washing procedures and pictures of the filtrates. 

Figure 3.1: ATR/FT-IR spectra of A] raw (r-SWNTs) and purified (p-SWNTs), B] base 

treated (b-SWNTs) and oxidized (o-SWNTs [1]), C] oxidized (o-SWNTs [2]) and 

oxidized base treated (ob-SWNTs) nanotubes. Spectra have been baseline corrected to 

improve data visualization.

Figure 3.2: A] ATR/Fourier transform IR (FT-IR) spectrum of carboxylated 

carbonaceous fragments (CCFs). IR (ATR) 3600-3200 (0-H str), 2964 (C-H

str), 1586 (C=C str, or C=0 str), 1396 (C-H bend, or C=0 str), 1051 (C-0 str), 795 (Na- 
O or C-H bend).^^'^^ To improve data visualization the spectrum has been baseline 

corrected. B] Raman spectrum of CCFs. Id/Ig ratio = 1, indicating high degree of 

defects in the carbonaceous material.

Figure 3.3: Pictures of the filtrates following NaOH treatments of A] p-SWNTs and B] 

o-SWNTs [2].

Figure 3.4: Raman spectra (7.exc= 633 nm) of A] r-SWNTs and p-SWNTs, B] b-SWNTs 

and o-SWNTs [1], C] o-SWNTs [2] and ob-SWNTs. All the spectra have been 

normalized on the G-band. Insets show the RBM bands (scale: 0-0.24 a.u.).

Figure 3.5: XPS C Is and O Is spectra of r-SWNTs, p-SWNTs, b-SWNTs, o-SWNTs 
[1] and o-SWNTs [2]. Where fitted components are labelled as: Cl: C-C sp^, C2: 
plasmon loss, C3: C-C sp^, C4: (C=0)-0-, and Ol: Fe203/Fe304, 02: C-0-C/(C=0)-0- 

/C-OH, 03: (C=0), 04: (C=0)-0-Na,^' 05: H2O.

Figure 3.6: NIR photoluminescence (PL) spectra (A,exc = 785 nm) of A] r-SWNTs and 

p-SWNTs, B] b-SWNTs and o-SWNTs [1], C] o-SWNTs [2] and ob-SWNTs. D] 

Histograms showing the average NIR-PL efficiency at A.exc=785 nm (^measurements ~ 3).
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Figure 3.7: UV-Vis/NIR absorption profiles of all samples in DMF. Absorption values 

(Y-axes) have been varied in order to better visualize the van Hove singularities. 

Spectra with actual absorption intensity values are reported in Figure 3.10.

Figure 3.8: TGA traces of r-SWNTs and p-SWNTs. The weight losses % at 310 °C 

attributed to the decomposition of organic groups in the nanotube samples are reported. 

All the experiments have been run in air atmosphere with a temperature rate of 10 °C

mm

Table 3.1: Weight loss % at 310 °C attributed to the decomposition of organic groups in 

the nanotube samples are reported for r-SWNTs, p-SWNTs, b-SWNTs, CCFs, o- 

SWNTs [1] and [2].
Figure 3.9: TGA traces of r-SWNTs, p-SWNTs and b-SWNTs. The experiments have 

been run in nitrogen atmosphere with a temperature rate of 10 °C min'*.

Table 3.2: Weight loss % at 400 °C attributed to the decomposition of organic groups in 

the nanotube samples are reported for r-SWNTs, p-SWNTs, b-SWNTs, CCFs, o- 

SWNTs [1] and [2].

Figure 3.10: HR-TEM of 1] r-SWNTs, 2] p-SWNTs, 3] b-SWNTs, 4] o-SWNTs [1], 5] 

o-SWNTs [2], 6] CCFs, 7] f-SWNTs [1] and 8] f-SWNTs [2] on 200 mesh Cu holey 

carbon grids.

Figure 3.11: AFM topographic images and height profiles of 1] r-SWNTs, 2] p- 

SWNTs, 3] b-SWNTs. Z-slide 0-12 nm for r-SWNTs, and 0-4 nm for p-SWNTs and b- 

SWNTs images.

Figure 3.12: AFM topographic images of 1] o-SWNTs [1] and 2] o-SWNTs [2]. 
Average length, calculated on 100 SWNTs, is 482 ± 170 nm for o-SWNTs [1] and 528 

± 159 nm for o-SWNTs [2]. Z-slide 0-4nm.

Scheme 3.3: Coupling reaction of oxidized SWNTs [1] and [2] with fluoresceinamine. 

Figure 3.13: UV-Vis/NIR absorption profiles of f-SWNTs [1] and f-SWNTs [2]. The 
van Hove singularities are still present in both the samples. [SWNTs]i =1x10'* mg/mL 

DMF. The absorption band associated to the fluorescent dye is not present, as an 

indication of the small amount of fluoresceinamine coupled to the nanotubes.

Figure 3.14: Emission profiles (Zexc= 490 nm) of fluoresceinamine, f-SWNTs [1] and 

[2] and fluoresceinamine n-n stacked to o-SWNTs [2]. The nanotube samples have 

been diluted until same optical absorption values in DMF.
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Figure 3.15: Emission profiles (Xexc= 490 nm) of fluoresceinamine functionalized 

nanotubes f-SWNTs [1] and f-SWNTs [2] compared to r-SWNTs, p-SWNTs, b- 
SWNTs, o-SWNTs [1], o-SWNTs [2] and CCFs [4], [SWNTs], = 1 x 10'' mg/mL 

DMF, [CCFsji =1x10'' mg/mL DMF. Emission peaks at 545 nm are present only in 

the fluoresceinamine functionalized nanotubes.

Figure 3.16: Raman spectra (kexc= 633 nm) of A] o-SWNTs [1] and f-SWNTs [1] and 

B] o-SWNTs [2] and f-SWNTs [2] normalized on the G-band. Insets show the RBM 

bands (scale: 0-0.25 a.u.).

Figure 3.17: A] NIR-PL spectra (A-exc = 785 nm) of r-SWNTs, f-SWNTs [1] and f- 

SWNTs [2]. B] Histograms showing the average NlR-PL efficiency at Xexc =785 nm
(^measurements” 3).

Figure 3.18: XPS C Is and O Is spectra of A] o-SWNTs [1] and f-SWNTs [1], and B] 
o-SWNTs [2] and f-SWNTs [2]. Fitted components are labelled as: Cl: C-C sp^, C2: C- 

C sp^ C3: C-0, C4: C=0, C5: (C=0)-0-, C6: plasmon loss, and Ol: (C=0), 02: C-0- 

C/(C=0)-0-/C-0H, 04: (C=0)-0-Na.

Figure 3.19: AFM topographic images and height profiles of fluoresceinamine 

functionalized nanotubes. 1] f-SWNTs [1] and 2] f-SWNTs [2]. Z-slide 0-2 nm.

Chapter 4.

Figure 4.1: Purification of raw SWNTs by nitric acid, sodium hydroxide and hydrogen 

peroxide treatment.

Figure 4.2: Sidewall functionalization of SWNTs with benzoic acid, via the Tour 

reaction.

Figure 4.3: Functionalization of Tour reacted nanotubes f-SWNTs (1) with PEG chain 

and spiropyran photoswitchable derivative.

Figure 4.4: Pictures of SWNTs dispersions after A] purification and functionalization 

with B] benzoic acid and C] SP derivative. [SWNTs]= 0.1 mg/mL distilled H2O, 

sonication time 30 min at minimum power. Pictures taken 1 h after sonication ceased. 

Figure 4.5: Evidences of effective purification of raw SWNTs after treatment with 

HNO3, NaOH and H2O2, TGA (solid lines) and first derivative (dotted lines) traces of 

raw (r-SWNTs) and purified (p-SWNTs) nanotubes run in air atmosphere.
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Figure 4.6: HR-TEM images of raw (left) and purified (right) SWNTs on 200 mesh Cu 

holey carbon grids demonstrating the removal of the metal impurities (black particles) 

after nitric acid purification and treatment with NaOH and H2O2. Scale bar: 20 nm 

[analyses run by Dania Movia].

Table 4.1: Weight losses % at 500 °C attributed to the decomposition of organic 

functionalities, estimated number of carbon atoms per organic group and residue 

percentages after decomposition in nitrogen atmosphere are reported for raw, purified 

and functionalized SWNTs.

Figure 4.7: TGA first derivative traces in the 100-750 °C range of raw, purified. Tour 

reacted f-SWNTs (1) and SP functionalized f-SWNTs (5) recorded under nitrogen flow. 

Figure 4.8: ATR/FT-IR spectra of A] raw (r-SWNTs), purified (p-SWNTs) and Tour 

functionalized (f-SWNTs (1)), B] TEA treated and SP functionalized (SP f-SWNTs (3)) 

nanotubes. Spectra have been baseline corrected to improve data visualization.

Figure 4.9: Raman analyses (Xexc~ 633 nm). Figure] Raman spectra (normalized on the 

G-band) of r-SWNTs, p-SWNTs and f-SWNTs (1). Table] Id/Ig ratio calculations for all 

the samples.

Figure 4.10: Raman analyses (A.exc= 633 nm) of enlarged A] D- and G- bands, and B] 

RBM bands of raw, purified and functionalized SWNTs. Spectra normalized on the G- 

band.

Figure 4.11: AFM topographic images of r-SWNTs, p-SWNTs, f-SWNTs (1), (2) and 

(3). Z-slide: r-SWNTs 0-10 nm, p-SWNTs and f-SWNTs (1) 0-2.5 nm, f-SWNTs (2) 0- 

3.7 nm, SP f-SWNTs (3) 0-4 nm.

Figure 4.12: A] Photo interconversion of the closed SP (6) into the ME open form. B] 

Absorption spectra of SP (6) 10'^ M in DMF after 1 min UV illumination (365 nm) and 

after 3 min storage in the dark.

Figure 4.13: UV-Vis absorption spectra of r-SWNTs, p-SWNTs, f-SWNTs (1), (2) and 

(3) collected on the supernatant of initial 0.1 mg/mL nanotubes in DMF. The arrow 

indicates the absorption peak ascribable to SP in the nanomaterial.

Figure 4.14: On-off switching cartoon of SP f-SWNTs (3) and absorption studies. A] 

SP f-SWNTs (3) response to UV (365 nm) illumination for 2 min and dark for 3 min. 

Inset: difference absorption spectra of SP f-SWNTs (3) after 2 min UV, 3 min dark and 

additional 2 min UV illuminations. B] Absorbance changes at 585 nm of SP f-SWNTs 

(3) solutions following UV (365 nm) and dark cycles. Gray and white bars indicate the
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UV and the darkness intervals respectively. The spectra were collected on the 

supernatant of initial 0.1 mg/mL nanotubes in DMF.

Figure 4.15: Emission studies. A] SP f-SWNTs (3) response to UV (365 nm) 

illumination for 2 minutes and dark for 3 minutes. B] Emission changes at 670 nm of SP 

f-SWNTs (3) solutions following UV (365 nm) and darkness cycles. Gray and white 

bars indicate the UV and the darkness intervals respectively. The spectra were collected 

on the supernatant of initial 0.1 mg/mL nanotubes in DMF.
Figure 4,16: Hypothetical structure of the triad ME-Zn-ASA, and 'H-NMR partial 

spectra of spiropyran prior to (SP) and after the addition of 1 eq of Zn(C104)2 (ME- 

Zn), 1 eq of aspirin (SP+ASA), and 1 eq of Zn(C104)2 plus 1 eq of aspirin (ME-Zn- 

ASA).
Figure 4.17: Absorption spectra of lO’'* M SP (6) in CH3CN (blue) after the addition of 

1 equivalent of Zn^^ (orange), and an additional 1 equivalent of ASA (dark yellow). 

Pictures of the correspondent solutions are reported in the inset and labelled as A, B and 

C respectively.

Figure 4.18: Kinetic of ME-Zn and ME-Zn-ASA complexes formation. A] Emission 
spectra of a SP solution (10'^ M, CH3CN) after addition of 1 eq of Zn(C104)2 (10'^ M, 

H2O) and Vis irradiation for 1 min. Data interval 30 sec for 50 min. B] Emissions at 633 

nm of SP solutions added of Zn, Zn+ ASA or ASA in equimolar amounts.

Figure 4.19: Kinetic of ME-Zn-ASA complexes formation and release of Zn/ASA by 

Vis light. A] Absorption spectra of a ME-Zn-ASA before and after irradiation with Vis 

light (3300K) for 1 minute. B] Kinetic of ME-Zn-ASA complex formation at 430 nm 

after Vis light illumination.
Figure 4.20: A] Emission spectra of ME (6) (10'^ M, CH3CN) recorded every 30 sec for 

50 min. B] Kinetic of ME (6) decay at 705 nm in the presence or absence of ASA. 

Figure 4.21: Pictorial representation of the cycle of chelation and light modulated 

release of zinc and ASA by the SP-based receptor.
Figure 4.22: Absorption studies. A] Spectra of a SP solution (lO'"* M, CI2BZ/CH3CN 

9:1) after addition of 1 eq of Zn(C104)2 (10'' M, H2O). Data recorded for 1 h every 1 

min, and after 3h. In the inset the colour of the solution after addition of zinc is shown. 

B] Changes in absorption intensity of ME-Zn at 440 nm after Vis light illumination. 

Figure 4.23: Emission studies. A] Spectra of a SP solution (10'^ M, CI2BZ/CH3CN 9:1) 

after addition of 1 eq of Zn(C104)2 (10'^ M, H2O) and Vis irradiation for 1 min. Data
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recorded for 30 min every 30 sec. B] Changes in emissions intensity of a SP solutions 

added of Zn in equimolar amount at 578 nm.

Figure 4.24: Emission studies. A] SP f-SWNTs (3) before and after UV (365 nm) 

illumination for 2 min. B] Emission changes at 667 nm of SP f-SWNTs (3) solutions 

following UV (365 nm) and darkness cycles. Gray and white bars indicate UV (2 min) 

and darkness (5 min) intervals respectively. Spectra were collected on the supernatant of 

initial 0.1 mg/mL nanotubes in CI2BZ/CH3CN 9:1.

Figure 4.25: Release of zinc by SP f-SWNTs (3) triggered by light. A] Emission 

spectra (Zexc= 440 nm) of SP f-SWNTs (3) added of Zn(C104)2 (10‘' M, H2O, Ipl/mL of 

NTs) and of the ME-Zn complex in CI2BZ/CH3CN 9:1. B] Emission changes at 508 nm 

of the same SP f-SWNTs (3) solution added of zinc, following Vis (3300 K) 

illumination (5 min, grey bars) and dark cycles (5 min, white bars). The spectra were 

collected on the supernatant of initial 0.1 mg/mL nanotubes in CI2BZ/CH3CN 9:1.

Figure 4.26: Pictorial representation of the envisaged release of bioactive payloads 

from SWNTs bearing SP photoactive receptors.

Figure 4.27: Representative epifluorescent microscopy images of PMA-activated, 

“macrophage-like” THP-1 cells stained with Phalloidin-Alexa 546 conjugate after 24 h 

exposure to SP f-SWNTs (3). (B, D) Arrows point out SP f-SWNITs (3) aggregates in 

close contact with cells. (C) Macrophage engulfing a SWNTs aggregate (red arrow). (B- 

D) Intensely stained punctate foci of F-actin are visible across the entire cells surface. 

The punctate F-actin fluorescence along the cell is associated with monocyte-to-
-3

macrophage differentiation and it is indicative of adhesive structure formation. Scale 

bar: 20 pm: (A) lOx, (C-D) 50x magnification.

Chapter 6.

Figure 6.1: Pictorial representation of the light modulated cycle of chelation and release 

of Zn^"^ and AA by a SP-based receptor.

Chapter 7.
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Figure 3.1a: Raman spectra (Xexc= 633 nm) of o-SWNTs [1] and o-SWNTs [2], Spectra 

have been normalized on the G-band. The insets show RBMs enlargement (scale: 0- 

0.25 a.u.).

Figure 3.2a: NIR photoluminescence (PL) spectra of r-SWNTs, p-SWNTs, b-SWNTs, 

o-SWNTs [1], o-SWNTs [2], ob-SWNTs and CCFs. ([SWNTsJi = 8 x 10'^ mg/mL; 

[CCFs]i = 8 X 10'^ mg/mL; SWNTs:SDBS weight ratio = 1:25; CCFs: SDBS weight 

ratio = 1 :25). 1] >.exc= 638 nm 2] A,exc = 683 nm. On the bottom, histograms showing 

the average NIR-PL efficiency at A,exc=638 nm and ^exc=683 nm (^measurements~ 3). 

Figure 3.3a: UV-Vis/NIR absorption profiles of r-SWNTs, p-SWNTs, b-SWNFs, o- 

SWNTs [1], o-SWNTs [2] and CCFs. [SWNTsJi =1x10'' mg/mL DMF. Spectra with 

actual absorption intensity values are reported.

Figure 3.4a: TGA first derivative traces of r-SWNTs, p-SWNTs and b-SWNTs 

performed in air atmosphere. The shift of the graphitic decomposition temperature to 

higher values going from raw to p-SWNTs is indicative of the increasing purity of the 

material.

Figure 3.5a: TGA traces of r-SWNTs, p-SWNTs, b-SWNTs, CCFs, o-SWNTs [1] and

[2] , f-SWNTs [1] and [2]. The weight losses % at 310 °C attributed to the 

decomposition of organic groups in the nanotube samples are reported. All the 

experiments have been run in air atmosphere with a temperature rate of 10 °C min '. 

Figure 3.6a: NIR photoluminescence (PL) spectra of f-SWNTs [1] and f-SWNTs [2]. 

([SWNTsji = 8x10'^ mg/mL; SWNTs:SDBS weight ratio = 1:25). A] Xexc= 638 am B] 

Xexc = 683 nm. On the bottom, histograms showing the average NIR-PL efficiency at 

^exc~638 nm and A,ex(;=683 nm (^measurements ~ 3).

Figure 4.1a: UV-Vis absorption profiles of TFA treated f-SWNTs (2) and SP f-SWNTs

(3) compared with a blank solution (all but nanotubes) which has been treated in the 

same way.

Figure 4.2a: TGA traces of r-SWNTs, p-SWNTs, f-SWNTs (1), f-SWNTs (2). TFA 

treated f-SWNTs (2) and SP f-SWNTs (3). The weight losses % at 700 °C attributed to 

the decomposition of organic groups in the nanotube samples are reported. All the 

experiments have been run in N2 atmosphere with a temperature rate of 10 °C min '.
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Figure 4.3a: ATR/FT-IR spectra of A] raw (r-SWNTs), purified (p-SWNTs) and Tour 

functionalized (f-SWNTs (1)), B] TFA treated and SP functionalized (SP f-SWNTs (3)) 

nanotubes.

Figure 4.4a: UV-Vis absorption spectra of r-SWNTs, p-SWNTs, f-SWNTs (1), f- 

SWNTs (2) and TFA treated f-SWNT (2) after UV illumination for 2 min and storage in 

the dark for 7 min.

Figure 4.5a: Emission profiles (Xe\c= 593 nm) of f-SWNTs (2) before and after removal 

of the Boc protecting group by TFA recorded after UV illumination for 2 min and 

storage in the dark for 5 min.

Figure 4.6a: Comparison of emission profiles (X.exc= 593 nm) of SP f-SWNTs (2) and 

SP (5) after UV illumination (365 nm) for 2 min in DMF. [SWNTs] = supernatant of 

initial 0.1 mg/mL, [SP] = 10'^ M.

Figure 4.7a: Top] NMR tubes containing SP before and after the addition of zinc. 

Bottom] MALDI-TOF mass spectrum of ME-Zn complex in CDCN3.
Figure 4.8a: 'H-NMR partial spectra of a CDCN3 solution of SP (6) containing ASA 

after overnight (top spectra) and two month time (bottom spectra) storage in the dark. 

The arrows indicate the peaks that would have changed if an interaction between the 

two molecules occurred.

Figure 4.9a: ES mass spectra of SP (6) A] before and B] after the addition of 1 eq of 

ASA in CDCN3.
Figure 4.10a: 'H-NMR partial spectra (top) and mass spectra (bottom) of a CDCN3 

solution of ASA A] before and B] after the addition of 1 eq of Zn(C104)2 in D2O.

Figure 4.11a: MALDI-TOF mass spectrum of ME-Zn-ASA in CDCN3.

Figure 4.12a: Absorption spectra of 10“'' M SP (6) in CH3CN after A] addition of Zn^"^ 

and ASA in equimolar amounts recorded after 1 hour and 1 day, B] addition of Zn^'^and 

ASA in equimolar amounts and excess of ASA.

Figure 4.13a: Absorption spectra of lO'^* M SP (6) in CEI3CN recorded before and after 

the addition of 1 eq of trifluoroacetic acid (TFA) at 1 hour and 1 day. The absence of an 

increased absorption band at 430 nm following addition of TFA after 1 day, excluded its 

correlation to newly formed MEH. Inset] Pictures of SP (6) solution before and after the 

addition of Zn /ASA and TFA. The different colours further confirmed the non 

similarity of the three SP samples.

Figure 4.14a: Light modulation of the ME-Zn complex. Absorption and emission 

spectra of ME-Zn before and after Vis irradiation (3300K) for 1 min.
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Figure 4.15a; Absorption spectra of CH3CN solutions added of Zn(C104)2, ASA or the 

two together. The absorption shoulder at 310 nm suggests the complexation of zinc by 

the drug.

Table 4.1a: Solvents and mixtures of solvents tested for the solubilization and detection 

of performances of SP-based DDS anchored to SWNTs or in solution. Positive and 

negative results are schematized with a green v or a red x respectively. DBPS: 

Dulbecco’s phosphate buffered saline.

Figure 4.16a: Comparison of absorption and emission spectra of SP (6) dissolved in 

CH3CN (1, 3) or CI2BZ/CH3CN 9:1 (2, 4). 1,2] Absorption profiles of 10'^ M SP 

solutions before and after UV (356 nm) irradiation for 1 min, and after storage in the 

dark. 3,4] Fluorescence decay of 10’^ M SP solutions after irradiation with UV light 

(365 nm) for 1 min recorded at intervals of 30 sec.

Figure 4.17a: Absorption spectra of ME-Zn in CI2BZ/CH3CN 9:1 before and after 

irradiation with Vis light (3300K) for 1 min. The band at 440 nm disappeared indicating 

release of the metal ion and closure of the receptor to the SP isomer.

Figure 4.18a: Absorption spectra of a SP (6) solution (10“'' M, CI2BZ/CH3CN 9:1) 

before and after the addition of 1 eq of Zn(C104)2 (10'' M, H2O) and 1 eq of TFA. 

Pictures of the SP solutions after addition of the acid (SP+TFA) and the metal ion (ME- 

Zn) are reported on the right.

Figure 4.19a: Emission spectra (A,exc= 440 nm) of A] p-SWNTs, f-SWNTs (1) and SP 

f-SWNTs (3) before and after the addition of Zn(C104)2 (lO'' M, H2O, Ipl/mL of NTs), 

B] p-SWNTs before and after irradiation with Vis light (3300K) for 5 min. Spectra 

collected on the supernatant of initial 0.1 mg/mL nanotubes in CI2BZ/CH3CN 9:1.
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Chapter 1. Introduction

1.1 Introduction to carbon nanotubes

1 ^
Carbon nanotubes (CNTs) ’ are macromolecules belonging to the family of carbon 

allotropes which includes diamond, graphite, graphene and fullerenes. Since their 

inception, CNTs have been regarded as a promising material in the fields of physics, 

chemistry, material science, electronics, and nanotechnology thanks to their remarkable

properties (Table 1.1).4-22

Table 1.1: Properties of carbon nanotubes (CNTs).

Properties of CNTs

STRUCTURAL 1D system^

OPTICAL Transitions sharp and strong*’^®

ELECTRONIC Semiconducting/metallic^’''

CHEMICAL Non planar geometry/easy decoration'^’’^''^

THERMAL 17 18Ballistic conduction ’

MECHANICAL High stiffness and unique axial strength'^

For some years now, the biological and medical applications of CNTs are an area of 

considerable scientific interest, thanks to the ability of CNTs to cross the cellular 

membrane and act both as bioimaging agents and as carriers of biologically and

therapeutically active substances in cells 23-30

As a consequence of their outstanding features CNTs have been and will be 

extensively exploited as promising platforms for interdisciplinary applications covering 

different domains, where nanoelectronics and photovoltaic devices, superconductors, 

reinforcing agents, nanostructured biomaterials, imaging probes and drug delivery 

carriers are just a few noteworthy examples.
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1.2 Structural properties of CNTs

CNTs possess a unique tubular nano-structured shape that can be thought of as narrow 

strips of graphene rolled up into seamless tubes. The latter represent a molecular system 

which is nanometer-sized in diameter but up to centimetres long, yielding a 

length/diameter ratio that can exceed 10^. Thanks to this structural peculiarity CNTs can 

be considered as nearly one-dimensional (ID) materials, whose dimensionality is 

intermediate between the OD fullerenes and the 2D graphene layers.^

Depending on the number of rolled up graphene sheets CNTs are classified in 

structural subclasses (Figure 1.1):

Single-walled nanotubes (SWNTs): one graphene sheet is wrapped around forming 

CNTs with diameters close to 1 nm and lengths up to many thousands nm

Double-walled nanotubes (DWNTs): two graphene cylinders are concentrically 

arranged giving rise to CNTs with diameters ranging from 1 to a few nm

Multi-walled nanotubes (MWNTs): more than two graphene sheets are arranged in 

concentric cylinders generating CNTs with diameters up to 100 nm and lengths as 

variable as SWNTs.

SWNT DWNT MWNT

Figure 1.1: Pictorial representation of SWNT, DWNT and MWNT structures.

The properties of CNTs are directly influenced by the number of graphene sheets and 

the way in which they are wrapped. Therefore SWNTs and MWNTs are characterized 

by different mechanical, electrical, thermal and optical features. In this research our 

attention is focused on nanotubes made of a single graphene shell.
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1.3 Physical structure and electronic-optical properties of SWNTs

The structural parameters'*^ (Figure 1.2) that are essential in order to uniquely specify 

the physical and electrical properties that a SWNT will exhibit are:

chiral or Hamada vector C/,

chiral angle 0.

—>

The chiral vector Ch is a linear combination of the unit vectors of the graphene sheets 

and is defined by the relation:

Ch = n d I m d2

where n and m are integers and d/ and are the unit vector of the graphene lattice. Ch 

length represents the SWNT circumference.

The chiral angle 0 is the angle between the chiral vector Ch and the vector d/ and is 

defined by the relation:

0 = tan~^[(rn\f3/(m -I- 2n)]

O metallic 
O semiconducting

Zigzag direction

;0

Ch....... .

Armchair direction

Figure 1.2: Graphene honeycomb lattice, chiral vector Chand chiral angle 0.
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Depending on the values assumed by the pair of integers («, m) three types of SWNTs, 

which differ both in physical properties and configurations, can be depicted:

armchair n = m ^0e^ = 30° (chair pattern along the circumference)

zigzag «^Ow = Oe0 = O° (zig-zag pattern along the circumference)

chiral {n, m) pair where 0° <6< 30°.

Moreover SWNTs can be either metallic or semiconducting depending on the 

arrangement of the hexagon rings along the tubular surface. Therefore, from the integer 

(«, m) values the SWNTs’ electrical behaviour can be determined (Figure 1.3). A 

nanotube for being defined metallic or semiconducting needs to fulfil the rule n-nilh is 

an integer or is a non-integer, respectively. Consequently, all the armchair tubes are 

metallic, while one-third of the zigzag and chiral tubes are metallic and the remaining 

two-third are semiconducting."^* Additionally, a simple chart for the instant structural 

assignment of the SWNTs has been prepared by Ramesh Sivarajan.*

Metallic
Armchair nanotube (5,5)

Semiconducting 
Zigzag nanotubc(lO.O)

Figure 1.3: Structural and electronic variety of SWNTs: metallic armchair (5,5) and 

semiconducting zigzag {10,0) nanotubes.

The optical properties of SWNTs (Figure 1.4) are determined by the integers («, m) 

values and derive from the electronic transitions between the first and the second pair of 

van Hove singularities (“spikes”) in the SWNTs density of states (DOS).^'‘*^’"^^’^° The 

SWNTs gap energy is related to their chirality and diameter,^' therefore each {n,m)

available on www.carbonwall.com
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SWNT shows a different set of van Hove singularities in the valence and conductance

bands. 52

Metallic n-m = 3/
B
Semiconducting n-m # 3/

Figure 1.4: Top] Schematic representation of the density of states (DOS) of HiPco 

SWNTs contributing to the UV-Vis/NlR absorption. Metallic SWNT: Mu is the first 

metallic transition. Semiconducting SWNT: Sn and S22 correspond to the first and 

second interband transitions. Valid for small diameter SWNTs. Bottom] Metal (Mu) 

and semiconductor (Sn, S22) transitions in the UV-Vis/NIR absorption spectrum of 

purified SWNTs (p-SWNTs) dispersed in DMF.

It has been widely reported that defects, vacancies, dopants and covalently bound 

functionalities onto the nanotube surface change its electronic structure because of the

disruption of the carbon 71-conjugation in the tube lattice.Usually a high degree of
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functionalization, such as in the sidewall approach discusses later on, results in the 

complete loss of the Sn, S22 and Mu features,^^ as reported in Figure 1.5.

Figure 1.5: UV-Vis/NIR absorption spectra of purified (p-SWNTs) and functionalized 

(f-SWNTs) nanotubes in DMF showing the loss of structure upon high degree of 

functionalization.

Knowing the energies of the van Hove singularities transitions for specific pairs of 

integers («, m) is essential when absorption, Raman and photolumineseence (PL) 

spectroscopies data need a comprehensive interpretation. The optical frequencies and 

the Raman shifts of measured peaks can be assigned to specific diameter and chirality 

tubes thanks to eomparative analysis based on Kataura plot and radial breathing mode 

(RBM) correlation tables. ’ ’ ‘ An example of optical characterization of a SWNT 

fraction is reported in Figure 1.6.^^

bo
C

>ro
$
co

u
X

0.8 ^

0.7 ^

0.6 ^

0.5 ^
0.9 1.0 1.1 1.2 1.3 

Wavelength (|im) Emission wavelength (jam)

Figure 1.6: Optical characterization of a HiPco SWNT fraction [Image from ref.59].
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In order to investigate if a process preferentially affects metallic or semiconducting 

tubes or to explore whether nanotube diameter selection occurs during chemical 

functionalization, the RBM regions in Raman spectra are usually analyzed. Raman 

spectroscopy is one of the most extensively used characterization techniques for 

SWNTs and it is further discussed later on in this introductory chapter.

1.4 Chemical reactivity of SWNTs

SWNTs are characterized by three different chemical reactive regions: the intact 

sidewall, the end caps and the defects on the sidewall (Figure 1.7).“^’^

The intact sidewall region is characterized by the presence of carbon hexagonal rings 

hybridized sp , the end caps are formed by a pentagonal and hexagonal carbon rings 

distribution, while the defect sites on the sidewalls are mainly characterized by pairs of
•j

five- and seven- membered rings (Stone-Wales defects), sp -hybridized defects and

vacancies on the nanotube lattice. 13

Figure 1.7: A] Ideal SWNT structure. B] Typical defects in a SWNT [Image adapted 

from ref. 13]. Intact sidewall, end cap and defects are marked with grey, red and green 

arrows respectively.

The SWNT chemical reactivity is principally driven by the carbon atoms local strain 

which is due to the non planar geometry of its structure. Pyramidalization angles and 

misalignment of the Ti-orbitals between adjacent pairs of conjugated carbon atoms have 

a central role on the SWNTs structural stability and reactivity.'*
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The pyramidalization angle {6p) is defined by the relation:

ep^{e,,-9oy

where the angle between the 7i-orbital and the a-bond, and it has value of:

0° for trigonal (sp^ hybridized) carbon atoms

19.5° for tetrahedral (sp^ hybridized) carbon atoms

e,„= 109.47

In a flat graphene sheet dp has a value of 0° because of the trigonal hybridization due 

to the highly stabilized C=C 7i-conjugation. All fullerene carbon atoms have a Op = 

11.6° and their geometry is more appropriate for tetrahedral than trigonal hybridization. 

Therefore, in fullerene chemistry, every reaction able to saturate the carbon atoms can 

relieve the local strain and decrease the strain of the remaining carbon atoms.The 

result of the decreased local strain is the easier further addition chemistry and an 

increased reactivity. SWNTs end caps resemble a hemispherical fullerene structure, and 

their chemical reactivity can therefore be compared. Considering that it is impossible to 

reduce fullerenes pyramidalization angle below the value of 9.7°, and the structural 

similarity between fullerenes and the SWNTs end caps, the latter will always present a 

certain amount of chemical reactivity. Hamon et al.^^ reported end cap and sidewall 

pyramidalization angles belonging to different diameters and chiralities of SWNTs. The 

results obtained confirm that SWNTs are more reactive than a flat graphene sheet and 

that the end caps are the most reactive regions in the SWNT structure.
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In SWNTs two types of bonds can be observed (Figure 1.8): 

bonds that are perpendicular to the SWNT axis 

bonds that have an inclination angle to the circumference.

Figure 1.8: 7t-orbital misalignment angles in the side-wall and in the fullerene like 

end cap of a (5,5) SWNT [Image from ref 4].

These bonds possess different 7t-orbital misalignment angles (^, and thanks to torsional 

strain energies calculations, the misalignment angle looks to be the main source of 

strain in SWNTs. 7i-orbitals misalignment angles and pyramidalization angle {dp) scale 

inversely with the SWNT tube diameter, therefore a different chemical reactivity is 

expected in tubes in which dimension and chirality differ.

10
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1.5 Chemical modification of SWNTs

Most of the currently used methods for the SWNT synthesis (including chemical 

vapour deposition (CVD), high pressure carbon monoxide (HiPco), laser ablation and 

arc discharge) produce a raw multi component solid (pristine SWNTs) characterized by 

the presence of;

impurities such as residual catalyst metal particles, metal clusters coated with 

carbon, amorphous carbon and in some cases fullerenes

a mixture of tubes with different lengths, diameters and chiral angles

bundles of different diameter SWNTs

SWNTs with defects both at the tube ends and on the sidewalls.

As a consequence the possibility of finding a pair of identical SWNTs in a macroscopic 

sample is really small, like looking for a needle in a haystack. This sample 

heterogeneity can cause a serious limit for the characterization of SWNT derivatives 

and thus their further applications. It is therefore necessary to introduce an effective 

purification step and chemical-mechanical homogenization procedure in order to 

produce a material which can be successfully processed thereafter.

Different methods can be employed to purify pristine SWNTs where thermal 

annealing, chromatography, ultrasonically assisted filtration, microwave heating, 

centrifugation, oxidation with strong acids (mainly nitric acid) and organic 

functionalization are only some noteworthy examples. ' However, even after 

successful purification (that in some cases severely affects the nanotube structure) one 

of the limitations towards the extensive use of SWNTs is the difficult manipulation and 

the lack of solubility in common solvents due to strong van der Waals interactions that 

stick them together in bundles.

One of the conventional approaches in recent years to improve both the 

solubility/dispersibility and the processibility of SWNTs is through chemical

derivatization 

categories:

73,74 which could be, as schematized in Figure 1.9, divided in two main

- non-covalent functionalization

11



- covalent functionalization.
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NON-COVALENT

wrapping

n-n interaction/adsorption

COVALENT

oxidative cutting 
open end/defect sites

sidewall

Figure 1.9: Graphical illustrations of non-covalent and covalent chemical modifications 

ofSWNTs.

In the non-covalent functionalization approach, as example surfactants, biomolecules 

(such as peptides, oligonucleotides and DNA), polymers and aromatic molecules are 

capable of forming n-n interactions with the graphitic SWNTs surface or being 

adsorbed or wrapped around Jt Qggjjgg decoration of the nanotubc surface

with disparate bulky functional groups, the main and very attractive advantage of the 

non-covalent interaction is the complete preservation of the electronic properties of the 

carbon network. However this supramolecular approach is not within the interest of this 

thesis, therefore it will not be delved further on.

Regarding the covalent approach, which is the one considered in this work, SWNTs 

can be functionalized either on the sidewall or at the open ends/defect sites.

Among the sidewall chemistry a considerable number of functional groups can be 

directly attached to the SWNT surface thanks to the countless reactions that have been 

reported in the literature. On the other hand, the open ended SWNTs are characterized 

by the presence of free carboxylic groups therefore esterifications or amidations 

reactions represent the open ends chemistry.

Besides the improved dispersibility and processibility, one of the key objectives in the 

covalent chemical modification of SWNTs consists in the quantitative control of the 

functionalities introduced onto the nanotube surface, as a substantial structural
Q 1

modification may adversely alter their properties. A high degree of functionalization is

12
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directly linked to a variation of the conductive and electrical properties, which is 

undesirable for electronic uses but might be required in drug delivery applications when 

a high functionality loading is preferable. However, by selecting a priori the sidewall or 

the open ended functionalization route and the operative conditions, the covalent 

approach allows the tailoring of a nanotube material with specific structural, functional 

and electronic properties. Additionally, the recent discovery of reversible covalent 

modification processes has shown to be an important step towards the quantitative
O I

control of the chemical groups attached to the nanotube surface by opening real 

opportunities toward the production of SWNTs with controlled and specific properties.

This thesis will approach to both defect site/open ends (Chapter 2 and 3) and sidewall 

(Chapter 4) chemical methods for the synthesis of SWNTs covalently modified with 

photoactive molecules.

1.5.1 Covalent functionalization of SWNT: defect site chemistry

As previously mentioned, one of the structural characteristics of a raw SWNT material 

is the presence of impurities and defects on its surface. Further defects are usually 

produced while removing the metal catalyst residues from the raw SWNTs, where one 

of the most commonly employed techniques, which is also the one reported in this 

work, is the sample treatment under acid-oxidizing conditions. ’ This process has as a 

secondary effect the formation of oxygenated functions on the defect sites that consist 

mostly in heptagonal and pentagonal carbon rings. The carbon atoms in the defect sites 

possess a higher reactivity than the one present in the “intact” hexagonal rings because 

of the sharing of C=C double bonds with higher strain. As a consequence of the 

purification step a number of oxygenated functions, such as ketones, alcohols and ester 

groups are generated and can be found on the nanotube surface, as schematized in 
Figure 1.10.^^

COOH
acid-oxidizing
conditions

COOH
O OH

Figure 1.10: Possible effect of acid-oxidizing purification treatments on the SWNTs 

morphology.

13
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The purification under strong acidic-oxidative conditions is very popular among the 

nanotube community and is widely employed as initial step for further modification and 

decoration of the SWNTs. Additional chemistry that converts the oxygenated 

functionalities into carboxylic acids is however needed, as only these carbonyl groups 

are capable of reacting with alcohols and amines to give ester and amides derivatives 
respectively.'^ Depending on the harshness of the chemical conditions selected, the 

oxidized vacancies present onto the surface of p-SWNTs can be consumed and behave 

as triggering point for the so-called “oxidative cutting” process which yields shortened 

SWNTs bearing -COOH groups, also called fullerene pipes. Different types of 

oxidizing procedures can be mentioned, such as oxygen plasma treatments, thermal 

oxidations in air or oxygen atmosphere, ozonolysis and gas phase or liquid phase 

oxidations.Oxidation times and conditions used are extremely important and have 

to be meticulously chosen as they directly affect (1) the density of carboxylic residues 

on the open ends, (2) the number of defect sites onto the SWNTs surface and (3) the
or

nanotube lengths. ’ However, one of the most commonly used methods consists of 
refluxing SWNTs in HNO3 followed by ultrasonication in a H2SO4/HNO3 mixture*''’*^ 

or by a treatment in H2SO4/H2O2, ’ ’ else in a milder treatment with just the refluxing 

step in HNO3 In this thesis, and specifically in chapter 2 and 3, the above mentioned 2 

step purification/oxidation in HNO3 and piranha solution will be reported as first 

measure toward the production of a clean, short and covalently functionalized SWNT 

material.

Since their first inception in 1998, fullerene pipes have been widely exploited by the 

nanotube community as easy and standard methods, such as conversion of the carboxyl 

group to acid chloride or to carbodiimide activated ester, allow their further covalent 

decoration. The latter leads up to key benefits that can be listed as:

enhancement of the debundling process^"

improvement of the solubility either in organic solvents or in water' 

reduction of the cytotoxicity^^’^'' 

applications in biomedicine^"’^^

.91,92

combination of unique properties of different materials in one single

multifunctional nanotube-based platform.96,97

14
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A vast number of papers and reviews that report the above mentioned approach have 

been published in the last years,and an exemplification of a number of possible 

amidation and esterification reactions on shortened SWNTs bearing carboxylic acid 

groups is reported in Figure 1.11.

COOH CONHR

CONHR

COOR

Figure 1.11: Examples of amidation and esterification reactions on shortened SWNTs 

bearing carboxylic acid groups. NHS=N-Hydroxysuccinimide, EDC=N-Ethyl-N'-(3- 

dimethylaminopropyl)carbodiimide, HOBt=N-Hydroxybenzotriazole.

The chemical modification of shortened and oxidized SWNTs with organic amines via 

carbodiimide coupling reactions has been widely reported as reliable procedure to 

integrate nanotubes with e.g. biomolecules,^*’'^*^ electron-acceptor complexes, 

semiconductor nanocrystals'®' and fullerenes.®®’'®^ In the two following chapters of this 

thesis the chemical approach that involves the NHS/EDC activation of the -COOH will 

be used to combine nanotubes and photoactive molecules.

15
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1.5.2 Covalent functionalization of SWNT: sidewall chemistry

Chemical modification of the SWNTs sidewalls is more difficult to accomplish if 

compared to that of the fullerene-like ends because of the lower curvature and therefore 

lower reactivity of the nanotube walls. As a consequence harsher conditions and/or 

highly reactive species are needed to functionalize them. Most of the functionalization 

methods reported so far makes use of electrophilic reagents that react with the partial 

deactivated carbon-carbon double bonds in the sidewall surface, but not to intact 

benzene.A considerable number of derivatization schemes have been developed 

and are quoted in a number of recent reviews.'^’*'^''^’*'^’'®^ Some of these are schematized 

in Figure 1.12 and include the use of fluorine, ’ the addition of carbenes and

mtrenes 109-112 Bingel cyclopropanation 113 1,3 dipolar and Diels-alder

cycloadditions,

radicals.^^'^^’"*
Birch reduction conditions ' and the generation of alkyl and aryl

F F
HYDROGENATION 

(BIRCH REDUCTION)
RADICAL ADDITION ROOQ COOR ROOC COOR

o (Wrooc >a-
S^/ rjy' CYCLOPROPANATION

-t X)/ ROOC/' (BINGEL REACTION)
“y Cr/.a ^ /

ROOC Cl Cl Cl Cl

O. SWNT

NITRENE ADDITION

Ri R,
I I

-NyRa

CARBENE ADDITION 
R R

ONO

1,3 DIPOLAR CYCLOADDITION 
(PRATO REACTION)

ARYL DIAZONIUM COUPLING 
(TOUR REACTION)

DIELS-ALDER
CYCLOADDITION

Figure 1.12: Schematic describing some examples of sidewall chemical enrichment of 

SWNTs.
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Aryl diazonium coupling, commonly named Tour reaction, proceeds via radical 

intermediates and it is one of the most examined addition reactions to SWNTs. It allows 

to produce a nanotube material that (1) is highly enriched in functionalities, calculated 

as one organic group every 20 carbon atoms of SWNT, (2) has highly enhanced 

dispersibility in common solvents and water, depending on the nature of the aryl -R 

substituent, (3) is selectively functionalized onto the metallic tubes under controlled 

conditions.Aryl adducts of SWNTs can be formed by following different

routes, as schematized in Figure 1.13. 16

PREFORMED 
DIAZONIUM SALT

Nj* BFV

ER/surf act ants/IL

DIAZONIUM SALT 
GENERATED IN SITU

R

NH2

isoamyl nitrite

Figure 1.13: Derivatization approach by aryl diazonium salt additions on SWNTs.

ER= electrochemical reduction, IL= ionic liquids.

Diazonium salts can be electrochemically reduced in organic media,^^ react efficiently 

with individual surfactant-coated SWNTs in water'^° or in ionic liquids,'*^^ and can be
c c 10 1 100generated in situ by action of isoamyl nitrite on aniline with or without solvent. ’ ’

This wide variety of chemical conditions allowed the widespread use of this approach 

for the chemical modification of SWNT sidewalls, as confirmed by a vast number of 

published works.In chapter 4 of this thesis SWNTs will be sidewall 

functionalized by a treatment with in situ generated 4-carboxybenzenediazonium due to 

the high degree of functionalization required for the potential uses of the proposed 

nanotube material as light controllable drug delivery platform.
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1.6 Photoresponsive switchable molecules: spiropyrans

Molecular switches are molecules that can be reversibly shifted between two or more 

stable states. Light, pH, temperature, electrical current, and ligands are some of the 

stimuli which can effectively lead the molecular switches to convert between the 

different states. Molecular switches are well known for their useful properties such as
123 125optical data storage, ion sensing and photoregenerable surface modifications.

Among this class of molecules, photochromic compounds are widely studied as they 

possess the peculiarity to switch between two different electronic configurations upon 

irradiation at an appropriate wavelength. The term photochromism was coined in 

1955 by Hirshberg'^’ and by lUPAC definition is “a reversible transformation of a 

chemical species induced in one or both directions by absorption of electromagnetic 

radiation between two forms, A and B, having different absorption spectra” (Figure 

1.14).

hv2 or A
B

Figure 1.14: Examples of absorbance patterns in a photochromic process.

Thanks to this exclusive property, photochromic compounds have been extensively 

included in a variety of supramolecular assemblies ranging from polymers ’ to 

optical memories'^*^ and molecular devices.Photochromes are classified based on 

their structure and switching mechanism: stilbenes and azobenzenes, diarylethenes 

and dithienylethenes,'^'*’'^^ fulgides,'^^ anils,'^^ spiropyrans and spirooxazines'^*’'"'® are 

only some examples.Few of the latter are illustrated in Figure 1.15.
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AZOBENZENE or dark 
or A

Figure 1.15: Structures and switching mechanisms between different electronic 

configurations of some photochromic compounds.

19



Chapter 1. Introduction

This thesis is focused exclusively on spiropyrans (SP) and on the study of their 

photochromic behaviour in solution when coupled to SWNTs (Chapter 2 and 4). SPs 

have been specifically chosen because they have shown the ability to isomerise to their 

corresponding merocyanine (ME) “opened” form upon UV light illumination (Figure 

1.15), and to revert back to the starting “closed” structural conformation following 

irradiation with visible light, storage in the dark or heating, typically with high 

sensitivity.'"^'’'^ Each state is characterized by a particular absorbance and by definition 

both transformations must be reversible, as schematized in Figure 1.16.

SP
1.2-

3 1.0-

57
tn 0.8-

Vis light 
or dark UV light

0)_c 0.6-

or A g
e- 0.4-

3 0)

< 0.2-

0.0-

ME

700

Wavelength (nm)

Figure 1.16: Left] Photo interconversion between the closed (SP) and the open (ME) 

form of a spiropyran. Right] Absorption spectra of a SP solution before (black line), 

after irradiation with UV light (wine line) and after storage in the dark (grey line).

Structurally SPs consist of two heterocyclic moieties (indol and benzopyran) that are 

positioned in two perpendicular planes and are linked to each other through a sp^- 

hybridized spiro carbon atom Cspiro (green atom in SP, Figure 1.16).'"'^ The “closed” 

form isomer is the thermodynamically favourable in non polar solvents and it absorbs 

below 400 nm, where the contributions from the indolic and the benzopyran halves of
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the molecule are labelled with 1 and 2 respectively (graph in Figure 1.16).'^^ The 

absorption of a photon in the 200-400 nm region induces the cleavage of the Cspiro-0 

bond leading to the formation of the fully eonjugated zwitterionic “opened” ME isomer 

that strongly absorbs in the visible region (labelled as 3). By following either a 

photochemical or a thermal path the ME form isomerizes back to the colourless SP 

form.

1.7 SP on solid state

Hybrid nanomaterials composed of photoactive molecules and a variety of organic and 

inorganic components have been the subject of several studies over the past decade due 

to their potential applications in optical data storage, optical switches, chem/bio sensors 

and the fabrication of photoresponsive devices. The mixing of components at the 

nanometer scale still attracts the scientific community’s interest because of its potential 

appealing opportunities to build new materials with specifically tailored chemical and 

physical properties. Among these, SP derivatives are very attractive as they retain their 

optical and caging properties when incorporated in hybrid materials. The SP-ME 

system although well studied in solution has not been extensively investigated in the 

solid state. Nonetheless, in recent research studies SP derivatives have been integrated 

in a number of materials for the most disparate uses, which can be listed as:

organogels based on low-molecular weight gelators (LMWG) for applications in

data recording (Figure 1.17 A) 147

polymers, such as (1) poly(A-isopropylacrylamide) for the production of 

microgels with photo-, thermally, and pH-responsive properties in aqueous

suspension’^' and (2) polymethyl methacrylate for the detection of metal ions

silica- and/or polystyrene based materials for energy transfer, fundamental 

spectroscopy and stability studies in solid matrices respeetively (Figure 1.17 B 

and

polymeric nanoparticles (NP) for the potential (1) production of smart inks and 
time sensitive displays'and (2) imaging and biological labelling (Figure 1.17
j^y57,158

152
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gold NP for potential controlled release of amino acidsand for the realization 
of spiropyran-AuNP-based logic gates'^®

gold nanoclusters for potential applications in biological imaging and labelling, 

as well as in reversible data storage/erasing'^'

gold electrodes for (1) electrooxidation of dopamine and metabolites by means
1 f\0of electrostatic interactions and (2) concentration and release of metal ions on 

surfaces in a controlled process

glass and silicon surfaces in micro fluidic devices

CdSe/ZnS nanocrystals for optically addressable devices with improved fatigue 
resistance (Figure 1.17 E)*^^

organic thin film transistors for complex integrated electronic logic circuits or

future new computing systems. 167

Owing to the variety of hybrid devices and the several applications proposed in the 

above mentioned works, plus the constant need of smaller smart devices, it is licit to 

envisage the use of SPs in one-dimensional photoresponsive integrated systems.
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Figure 1.17: Examples of SP integrated hybrid materials. A] Fluoreseenee spectra of 

organogel formed with LMWG and SP (A), after UV light irradiation for 30 s (B) and 

10 min (C), and further visible light irradiation [Image from ref 147], B] Silylation of 

hydroxyethyl-SP.'^^ C] Coupling of SP with the Wang resin [Image from ref. 154]. D] 

Light-induced fluorescence modulation of a NP containing a fluorescent dye (NBD) and 

a SP [Image from ref. 157]. E] Modulation of the optical properties of SP-CdSe/ZnS 

nanocrystals solutions by cycles of UV and Vis irradiation [Images from ref 166].
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1.8 SP and SWNTs

The integration of photo and chemo responsive molecules in one-dimensional CNT 

based materials, where the principal intent consists of switching and sensing

applications in solid state devices, is a topic of current interest. 168-170

The Nuckolls group in 2006 demonstrated for the first time the capability to switch the 

conductance of a molecule in a one-dimensional electrical device based on cut 

functionalized SWNTs. This opened the way to molecular-scale nanotube based 

functionalized electrodes/transistors, and a number of reviews have been reported in the 

last years.Although considerable work has been done to integrate stimuli- 

responding functionalities on SWNTs via both covalent and non-covalent approaches, 

nanotubes are still regarded as ideal scaffold for optoelectronic integrated devices. This 

because such nanosized systems can find applications not only in sensing but also in 

detecting and delivering applications according to the nature of the functionalities 

anchored to the tubes.

Even though CNT-photoswitchable molecules integrated systems have not been 

extensively investigated so far, a number of examples are worth to mention because of 

their promising applications as engineering switches on the molecular level and solid- 

state technologies.

MWNTs covalently functionalized with a photochromic spironaphthoxazines (SPO) 

derivative were reported and the reversible photoresponsive conductance switching of 

the material under UV light irradiation demonstrated.’^'^ The interconversion of SPO 

between the closed and the open form when attached to MWNTs is schematized in 

Figure 1.18A, where the resistance changes for MWNTs-SPO thin film are also 

reported.

A study related to the light modulation of electronic transitions in semiconducting 

SWNTs was reported few years ago. It was demonstrated that the electronic 

characteristics of SWNTs can be tailored by light and additionally that the interband 

transition intensities of functionalized SWNTs (f-SWNTs) with a SP derivative can be 

modulated via photoinduced changes in the SP polarity.The schematic for the 

synthesis of SP f-SWNTs and the light modulated absorbance changes at the Su 

interband transition wavelength of the thin film are reported in Figure 1.18B. The
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results reported in this study can be considered pioneering for the further development 

of SWNT based chemical sensors.

A

uv

Visible

MWCNTs-SPO 
(closed form)

MWCNTs-SPO 
(open form)

m 300 400

TinM(t«c}

B

/O SOCI2 /P
SWNT—C SWNT—C

OH Cl

NO2

Figure 1.18: Switches on tubes. A] Photoinduced interconversion of SPO between spiro 

(closed form) and merocyanine (opened form) on MWNTs, and resistance changes for 

MWNTs-SPO thin film [Images from ref 174]. B] Synthesis of SP functionalized 
SWNTs and absorbance changes at 5400 cm'' (Sn interband transition) of SP-SWNT 

film following UV, visible illumination or keeping film in the dark [Images from 

ref 175].

More recently it has been shown that in a SWNT based transistor SP non covalently 

associated with its surface can be used as conductance switches.By toggling the 

photoactive molecule back-and-forth between the open and close conformations the 

device characteristic can be changed, as showed in Figure 1.19. This study provides an 

example of how to combine unique properties coming from two different components in 

a single nanodevice. In such nanosystems light is sensed and converted into a signal, 

and therefore, at a rudimentary level, they can be compared to biological processes such

as vision and photosynthesis. 169
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Figure 1.19: A] One-dimensional SWNTs based semiconductor with photoswitchable 

molecules assembled on its surface. Light toggles the molecule between a cyclized and 

charge-separated state. These molecules contain a SWNT recognition domain - (alkyl 

chain or pyrene). B] Drain current changes of an individual SWNT device following 

UV and visible illumination cycles [Images from ref.176].

To the best of our knowledge, the above mentioned works are the only reported 

examples where the unique properties of SP derivatives and SWNTs have been coupled 

together. Moreover only one used these two components covalently linked together, 

that is our same approach. However, while the work reported by the Haddon group 

related to the light modulation of electronic transitions in semiconducting SWNTs, our 

focus (discussed in detail in Chapter 2) consists in the design and production of a 

nanosized smart light modulated material that consists of a nanotube scaffold and an 

"intelligent” molecular switch.

Additionally, in all the examples reported so far CNT-photoswitchable systems have 

been assembled on thin films, while we are intrigued by the modulation of the SP 

optical properties in solution to better simulate potential responses in bio environments.
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1.9 SP based photoswitchable receptors

In organic solvents the conversion of SP into ME can be induced by complexation 

with divalent cations,and a vast number of variously substitute’s mono and bis SP 

derivatives that behave as metal ion chelating receptors have been reported in the 

literature. ' To have an overview of the wide range of structures tested in the last 

years few schematic examples of SP-metal complexes are depicted in Figure 1.20. Since 

the synthesis of the first photochromic chelating agent, that dates back to 1965 and is 

labelled with 1, big effort has been made to optimize the SP structure for getting 

selective metal receptors. Only some noteworthy examples that closely correlate to our 

project will be discussed later on in this section.

NO?

Figure 1,20: Examples of mono and bis SP based metal receptors. 1] First example of 

SP as ligand for metal cations. = Cu^"^ or Fe^"^.'^^ 2] SP based cryptands with a 

diazacrown ether bridge. = alkaline earth metals.3] SP with pendant bis(2- 

pyridylmethyljamine (Dpa) chelating arms.'** 4] SP calix[4]arene derivate carrying two 

spirobenzopyran moieties. M^^=lanthanides.'*^ 5] SP derivatives with hydroxy group 

adjacent to the benzopyran oxygen. = Mg^^, Zn^^, Ni^^, Cu^^, Hg^^ or Pd^^. R| = H, 

CH3 or NO2. R2 = CH3, CsHn, CH2Ph or CH2C(CH3)2.'‘^°

27



Chapter 1. Introduction

When a metal receptor is designed, the reversibility is one of the characteristic that has 

to be taken into consideration if versatility is needed. If then the receptor can be 

regenerated by a simple and fast stimulus, such as a light impulse, high performance 

devices can be envisaged. Recently in our group we reported a SP based fluorescent 

receptor that is selective towards Zn ions and that is rapidly photo regenerated (Figure 

1.21).'^' When Zn(C104)2 is added to the SP solution, the metal pushes the equilibrium 

toward the open form isomer thus generating the reactive phenolate anion. The latter 

participates to the coordination of the electronically poor metal together with the 

accessible methoxy group. This receptor has shown to be highly selective and fully 

reversible upon visible light illumination, and the sequential conversion cycles between 

SP and ME-Zn are reported in the inset in Figure 1.21.

SP

Figure 1.21: Reversible interconversion between the closed SP and a hypothetical 

merocyanine-zinc complex (ME-Zn). Absorption spectra of SP (black line), of SP added 

of 1 equiv of Zn(C104)2 (red line) and after the subsequent irradiation with Vis light 

(green line). Inset] Sequential cycles of conversion between SP and ME-Zn controlled 

by visible light [Image from ref 191].
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Upon addition of Zn^"^ the SP solution turned from colourless to deep orange as a 

result of the ME-Zn complex formation. This peculiarity can be used for the naked-eye 

detection of Zn(Il) and offers promising versatility as it is robust with respect to a wide 

range of other metal ions.

Specific ionophore sites revealed to be indispensable in the SP structure to create a 

chelating moiety and thus facilitating the cation-ME interaction and promoting the 

photo-induced control of the metal ligation. Strong electron withdrawing groups (e.g. 

nitro) in para position with respect to the benzopyran oxygen, carboxylated chains in N 

indolic position and a methoxy group in the benzopyran 8’ position have been proposed 

for (1) the release of the cation by Vis light, (2) a higher flexibility and a more stable 
interaction with the metal cation'^"^ and (3) the cooperation with the phenolate anion in 

the chelation of the ion respectively (Figure 1.22).

NO:

Figure 1.22: Essential ionophore sites in the SP structure for a facilitated metal cation 

ligation.

The uptake and the release of cationic species can be modulated by irradiation with 

light at different wavelengths in the visible range, and the metal complex formation can 
be easily detected by a distinctive optical signal'*"* {e.g. band at 500 nm in Figure 1.21) 

and/or by the colour change of the solution upon addition of the metal {e.g. from 

colourless to orange).The light modulated reversible chelation of metals by a SP 

derivative opens the way for the use of such fluorescent and photoregenerable receptor 

for ion sensing applications.

On the light of these recent reports, in this thesis we will investigate the use of a SP 

derivative that bears the above mentioned ionophore sites as receptors for metal ions.
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and Zn in the specific, when anchored to SWNTs (Chapter 4). The final aim of this 

nanosized SP-nanotube based material will not be the ion sensing, but the controlled 

release of the metal by light irradiation. In this way functionalized nanotubes will 

behave as novel light modulated delivery carriers of biologically important cations.

1.10 SP based receptors for organic molecules

SP derivatives have also been investigated as receptors for the recognition and 

quantification of biomolecules such as amino acids,'™'**®'^^''*^^ nucleosides,'^*'^^ 

glutathione and pyrophosphates. However, if a comparison is made with the 

sensors developed for metal ions, the examples reported for the sensing of organic 

molecules are really limited.

In the eighties, the pioneering study of electrostatic interaction between the 

zwitterionic open form of SPs and amino acid (AA) molecules was reported, making 

photoresponsive SPs attractive candidates for the photo-controlled transport of AA

across biological membranes (Figure 1.23). 196,197

INTERIOR

(fh = Spiropyran

(+) ct> = Aminoacid

Figure 1.23: Schematic representation of amino acid transport across liposomal bilayers 

mediated by spiropyran.

Two decades later, the ability of SP to bind and release AA derivatives in a controlled 

way was demonstrated when the photoactive SP dyes are anchored to gold nanoparticles
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(NPau)-'^^ The authors showed that upon irradiation, the SP molecules present at the 

first NPau shell can regulate the assembly (Xexc= 360 nm) and release (A.exc= 520 nm) of 

different AA derivatives that constitute the outer NPau layer (Figure 1.24). The 

photoswitching of the spiropyran anchored to gold nanoparticles (NPau-SP) was 

investigated in the presence of L-tryptophan, L-tyrosine, L-DOPA and R-methyl-L- 

DOPA. In dark conditions, the absorption of NPau-SP remained unaffected upon 

addition of AA solutions, thus excluding any ground state interactions. When the NPau- 

SP was irradiated with UV light (Xgxc = 360 nm) the absorption band of the ME open 

form was observed as expected, and a quick ring closure was recorded afterwards. 

Interestingly when amino acid derivatives were added to the NPau-ME solution the ring 

closure was impeded, due to the two-point electrostatic interaction between the ME and 

the AA zwitterionic forms. This lead to the formation of a complex (NPau-ME-AA 

complex in Figure 1.24) that can be dissociated and reconstituted upon photoirradiation 

with visible and UV light respectively. The light modulation of this NPau-ME-AA 

system opened the way to the design of controlled release drug delivery systems based 

on light controllable SP-based complexes.

NO,

NPau-ME NPau-SP NPau-ME-AA
complex

Figure 1.24: Schematic representations of the photochemical ring opening and closing 

of a spiropyran anchored to gold nanoparticles (NPau-SP) in the presence and absence 

of amino acid.

Later, the isomerization of a spiropyran derivative by an histidyne (His) amino acid 
derivative dissolved in pure water was investigated (Figure 1.25),*^^ and a simple 

method to recognise His through visual colour change of a SP solution after storage in 

the dark was presented.
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NO,

Figure 1.25: Proposed structure of the binary complex between ME and His, and 

pictures [taken from ref 195] of the colour changes in water by alternate exposure to 

darkness and visible light.

Last year the interaction of a novel SP receptor with thiol containing amino acids and 

with reduced glutathione (GSH) was investigated. The first selective SP based receptor 

for GSH was developed that shows strong fluorescence emission upon binding both in 

vitro and in vivo.^^'^ Being the fluorescence output not strongly affected by cysteine, 

homocysteine and other thiol containing peptides this bis-SP sensor can be used as a 

marker of intracellular GSH in living cells. The molecular recognition, which is based 

on multipoint electrostatic interactions between the ME and the GSH, is reported in 

Figure 1.26 together with a confocal fluorescence microscope image (B) that shows the 

fluorescence of the SP molecule upon complexation with the GSH in ceils.

Figure 1.26: Complexation of GSH by a bis-SP and confocal microscope images [taken 

from ref200] of human acute T cell leukemia A] without and B] with spiropyran.
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Among the SP based receptors for nucleosides, in the early nineties the synthesis and 

coloration of a selective SP for guanosine (G) derivatives was reported for the first 
time.'^^ The compound binds selectively the nucleoside through a triple hydrogen bond 

interaction between the acetamidopyridone unit of its ME open form and the guanine, as 

reported in Figure 1.27A. The so-called “recognition/structural change/signalling” 

receptor showed to dramatically change in its UV-Vis absorption spectrum upon 

interaction with guanosine derivatives, signalled by the appearance of a strong band at 

550 nm. The same authors more recently developed a ferrocene-modified bis-SP 

derivative that acted as highly selective signalling receptor for guanine-guanine 

dinucleosides (GG). Also in this case the binding is governed by the hydrogen bonding 

complementarity between the ME isomer and the nucleoside. Upon addition of G or GG 

a strong absorption band in the visible region (575 nm) is observable and the solution 

turns red (Figure 1.27B).

Figure 1.27: Triple hydrogen bond interaction between the open form isomer ME and 

guanosine derivatives. Molecular recognition of A] SP for guanosine (G) derivatives 

and B] ferrocene-modified bis-SP for guanine-guanine dinucleosides (GG).

1.11 SP-metal complex based receptors for organic molecules

A new strategy to recognise and quantify amino acids by SP derivatives has been
1 80introduced in 2006. The interaction between cysteine (Cys) and homocysteine (Hey)

33



Chapter 1. Introduction

with the photoactive dye showed to be weak in neutral aqueous conditions, but the 

ligation of a metal cation to the ME open form of the dye demonstrated to play a key 

role in the recognition process. In the proposed approach, mercury (Hg ) or copper 

(Cu^"^) have shown to be capable to bind both the SP and the AA molecules through a 

cooperative ligation, as depicted in Figure 1.28A. The recognition process is selective 

and sensitive toward Cys and Hey over a number of amino acids, as evidenced by the 

changes in both absorption spectra and colour of the SP solutions upon addition of Hg 

and different AA (Figure 1.28B).

.2+

B

350 400 450 500 550 600 650

A/nm -------►

Figure 1.28: A] Proposed structure of the ternary complex containing two
■y I

merocyanines, Cys (n=l) or Hey (n=2) linked via disulfide bridge, and metal ions Hg 

or Cu^^. B] Effects of metal ions and amino acids on the absorption spectra of SP in 

10% ethanol/water solution at neutral pH. Picture: Colour changes of ethanol/water 

solutions containing the SP and Hg in the presence of: 1] no AA, 2] Gly, 3] Leu, 4] 

His, 5] Glu, 6] Asp, 7] Met, 8] Cys, 9] Hey, and 10] GSH (glutathione) [Figure B 

adapted from the original in ref 180].
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When the three components (SP, metal and A A) exist together the selectivity of 

interaction has shown to be determined by the binding affinity between the metal ion 

and the AA, as well as the relative size of the analyte. The effect of different ligation 

functions at the 8’-position of the spiropyran skeleton on the capability of sensing 

diverse metal ions, when an amino acid intermediate is present in solution, have been 

examined by the same authors.’’*^ It turned out that, in the presence of Cys, the Dpa 

substituted merocyanine (derivative 3 in Figure 1.20) responds with high sensitivity and 

specificity toward Hg , thus opening the way to direct sensing and detection of metal 

ions in aqueous solution.

SP with pendant bis(2-pyridylmethyl)amine (Dpa) chelating arms is capable to form a 
complex with Zn^^ in aqueous solution, and this metal complexation favours the 

selective ligation of a pyrophosphate anion (PPi). The cooperative ligation 

interactions between the metal ion and the organic molecules are reported in Figure 

1.29A. The PPi is coordinated by two merocyanine-zinc (ME-Zn) units, and the 

formation of the ternary complex can be monitored by the decrease of fluorescence 

intensity at 630 nm (attributed to ME-Zn complex) together with the increase of the 

original ME fluorescence at 560 nm (Figure 1.29B).

Figure 1.29: A] Proposed structure of the ternary complex containing two ME-Zn units 

and a PPi anion. B] Fluorescence emission spectra of the ME-Zn complex upon addition 

of increasing concentrations of PPi. The signal changes are indicated by the arrows 

[Figure B from ref 188].
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The long wavelength excitation and emission of the ME-Zn complex reported here, 

opens the way for potential in vivo screening applications of SP based receptors.

On the light of these relevant reports, in Chapter 4 of this thesis a SP based fluorescent 

receptor that selectively and reversibly chelates Zn ions will be investigated as 

potential photo-modulated delivery system of biologically important molecules when 

anchored to SWNTs.

1.12 Bioactive organic molecules on SWNTs

SWNTs have shown the ability to transport biologically active payloads across cell 

membranes.Even if the mechanism of translocation through the phospholipid 

bilayers is still controversial,^^’^* direct and indirect proofs of the presence of SWNTs 

inside cells have been reported.^^’^'*’^^’^®' Moreover, given the capacity of SWNTs to 

interact with amino acids, proteins,^^''^^^ carbohydrates,^'^'^ polymers,^^^ 

siRNA, genes and drugs ’ ’ the applications in medicinal chemistry and

biology are consequently of pronounced interest.^®’^*^’^''*

Drug delivery,^^’^''*'^'’ targeting therapy"*̂39,211,218 biosensing^*^^ are only some 

examples of the promising applications that SWNTs enriched with bio active molecules

have been proposed and explored for.40

The advantage of SWNTs covalent and non covalent functionalization with variable 

size and type cargos, allows the rational design of nanosized carriers of 

pharmaceutically active molecules. Moreover, nanotubes can be strategically enriched 

with different functional groups to bear targeting, imaging and therapeutic moieties at 

the same time, as reported in many recently published works.^®’'*®’^’'^’^*^’^’^ Covalent, non 

covalent or encapsulation approaches are the different functionalization strategies 

applied to couple pharmaceutical active agents to SWNTs, and the examples reported so 

far of such functional nanovectors are summarized in Table 1.2. The exploration of 

SWNTs as carriers of pharmaceutically active payloads is still in its early days and, as a 

consequence, the design and the realization of new drug delivery composites is highly 

appealing.
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Table 1.2: Functionalization of SWNTs with pharmaceutical active agents (green box), 

imaging (purple box) and targeting (blue box) units. The blue wavy line indicates 

diverse organic linkers or polymers.

Drug and 
properties

Release mechanism, 
targeting/imaging 

approach
Material Reference

Amphotericin B 
[antimycotic]

AMPHOTERICINS

Enzymatic cleavage of 
the covalent bond

No targeting unit

Fluorescein imaging unit

FLUORESCEIN 1—n
* H

25,220

Doxorubicin 
[anti-cancer]

Detachment of ti-ti 
stacked drug by pH 

change

RGD (Arg-Gly-Asp) or 
FA (folic acid) targeting 

unit

No imaging unit 
Detachment of ti-ti 
stacked drug by pH 

change

Monoclonal antibody 
targeting unit

Fluorescein imaging unit 
Detachment of 7t-7t 
stacked drug by pH 
change or NIR laser 

irradiation

No targeting/imaging 
units

ANTIBODY')

FLUORESCEIN

224

225,226

Erythropoietin (EPO) 
[performance

enhancing]

Detachment of ti-ti 
stacked drug by pH 

change

No targeting/imaging 
units

Paclitaxel (Taxol") 
[anti-cancer]

Enzymatic cleavage of 
the covalent bond

No targeting/imaging 
units

PACLITAXEtl
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The exploitation of the properties of nanotubes as nanovectors has been primarily 

applied for the delivery of anticancer drugs to specific cancer cells.

Amino acids, ’ antibodies ’ and vitamins such as folic acid and biotin have 

been conjugated to SWNTs functionalized with anti-tumoral drugs or prodrugs, for the 

development of tumor-targeted drug delivery system (DDS). In the above-mentioned 

cases, the lock and key interaction between the substrate and the receptor present on 

nanotubes and on cancer cells respectively, permits the specific binding and local action 

of drugs attached to the tubes surface. In theory an analogous targeted-delivery 

approach can be used to load a variety of pharmaceutically active molecules onto 

nanotubes constructs if specific receptors are known to be expressed in tissues affected 

by abnormal functioning.

Although the investigation onto selective binding sites and complementary substrates 

is not within the interest of this thesis, the elegant example of multifunctional nanotube 
based vehicle for tumor-targeted therapy is worth to mention.^'^ Besides the synthesis 

and full characterization of the material, the study of interaction and release of the 

active molecules inside the cells have also been demonstrated. Figure 1.30A depicts a 

schematic illustration of the steps involved in the transport and release of the taxol 

derivative inside a tumor cell by a SWNT carrier. The internalization of the 

functionalized nanotube vector is made possible by the selective binding of biotin to the 

cell membrane that triggers the receptor-mediated endocytosis. Once the f-SWNT is 

inside, the drug can be released following cleavage of the disulfide linker by 

intracellular GSH and explicate its action, which consists in the block of the mitotic 

process and in the promotion of the apoptosis by stabilization of the microtubules. A 

fluorescent label was anchored to the taxoid to monitor the presence of the drug in the 

living system with time. Confocal fluorescence microscopy images of cells incubated 

with the biotin-SWNT-(taxoid-fluorescein) conjugate are reported in Figure 1.30B. The 

images refer to cells incubated before (top) and after (bottom) the addition of the 

cleavage agent GSH: the binding of the microtubules stands out in the second case, thus 

confirming the achievement of the targeted therapeutic effect.

These results together with the one summarized in Table 1.2 laid the foundations for 

the development of more complex multifunctional drug delivery vectors based on 

SWNTs. No matter if the latter are functionalized with a specific recognition unit into 

their surface, DDSs necessitate to (1) be constituted by a biocompatible platform, and
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(2) be conjugated with a drug or prodrug that can be easily released and explicate its 

action in situ.

B

I O

=

Figure 1.30: A] Steps involved in the tumor-targeting drug delivery of taxoid-SWNT- 

biotin conjugate inside a tumor cell. (1) Internalization of the functionalized nanotube 

vector, (2) cleavage of the disulfide linker and release of the drug, (3) binding of the 

free anticancer drug to microtubules. B] Confocal fluorescence microscopy images of 

cells incubated with the biotin-SV/NT-taxoid-fluorescein before (top) and after (bottom) 

addition of GSH. [Figures adapted from ref.219].

As emphasized by a number of progresses reported by renowned research 

the use of nanotubes in medicine is at a crossroads where the 

concrete applications will depend on the risk-benefit ratio they pose. Even if dissenting 

opinions still exist, the chemical modification of SWNTs surface with organic 

functional groups has proven to be a valid approach to improve their biocompatibility, 

as SWNTs become non-immunogenic when are shortened, functionalized and/or water 

dispersible.^^’"*^’^^’^''’^^^'^^^ Additionally, irrespectively of which functionality they are 

covalently enriched, SWNTs have shown the ability to be internalized by a wide variety 

of cell types and to traffic through different cell barriers, which is of great importance 

if new functional nanomaterials are aimed to be used as DDS.
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In the present research work, and specifically in Chapter 4, we investigate the use of 

sidewall covalent functionalized SWNTs by SP derivative as potential DDS for anti

inflammatory agents, where their release mechanism will be ruled by light radiation.

1.13 Aims of this work

Over the last years the applications of chemically modified carbon nanotubes have 

considerably expanded and progressed in both material and biomedical science. A vast 

number of SWNTs based materials have been rationally designed and synthesized to 

combine specific properties of different matters in a single nanoplatform. However, 

there is still plenty of room for the realization of smart SWNTs composites constituted 

by molecular devices able to respond to external stimuli with a degree of “intelligence”.

The main aim of our research project involves the development of novel nanosized 

and photoresponsive SP/SWNT based materials which unique switching and caging 

properties are regarded as promising for applications in sensing and drug delivery.

SWNTs cannot be easily manipulated because of their lack of solubility in common 

solvents and this represents a significant limitation towards their extensive use, 

especially if the final aim is the application of SWNTs as carriers of biologically active 

molecules. To overcome this problem the first task of this thesis will be the rational 

design of a chemical functionalization protocol of SWNTs with different length 

polyoxyethylene chain with the aim of enhancing the debundling process and 

simultaneously create water soluble (or dispersible) f-SWNTs. Before the enrichment 

with hydrophilic spacers, SWNTs will be (1) purified to have a material free of metal 

catalysts that can be used in bio applications, (2) shortened to permit their easier cell 

internalization, (3) oxidized onto their surface to create a chemical anchor to which 

other functionalities can be attached to and simultaneously produce a less toxic material. 

Finally the tubes will be enriched with SP molecular switches by means of coupling 

reactions, and the light modulated photo switchability of the nanocomposite will be 

investigated by means of UV-Vis/NIR absorption spectroscopy. It is expected that such 

modular smart nanomaterial can find a range of applications including sensing and 

reversible photoswitchable receptors.

Considering then that recent reports have questioned the effective covalent 

functionalization of the SWNTs surface we will also attempt to answer this important
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question beside the investigation onto the preservation of optical and electronic 

properties of SWNTs after chemical treatments. In the specific, we will critically 

compare a batch of oxidized and functionalized SWNTs obtained by following two 

different chemical protocols. In the first the tubes will be subjected to the extensively 

reported 2-step purification/oxidation protocol and an exhaustive solvent washing, 

whereas in the second approach the purified SWNTs will be treated with aqueous 

NaOH solution before the second oxidative step. In both cases the oxidized SWNTs will 

be further functionalized with a fluorescent label in order to compare the final materials. 

We believe that the resulting findings will be extremely relevant for the nanotube 

community, bearing in mind that the decoration of the nanotube surface with carboxylic 

groups has been and still is one of the most utilized anchors for the further chemical 

functionalization via amidation and esterifications reactions.

Another objective of our research will be the functionalization of a highly pure SWNT 

material on its sidewalls by a SP based receptor that can act as a light modulated caging 

platform for metal ions and small organic molecules. We will utilize a SP based 

fluorescent receptor, developed in our lab that has shown to chelate reversibly Zn^^ 

ions. In parallel, we will investigate the fonnation of a supramolecular complex 
between SP, Zn^^ ions and a nonsteroidal anti-infiammatory drug (NSAID) by 

absorption and emission spectroscopies combined with mass spectrometry and 'H- 
NMR. Finally the light modulated release of Zn^^ and NSAID from the SP derivative 

will be examined, and the outcome will be transferred to the fluorescent receptor 

anchored to SWNTs. A pictorial representation of the envisaged process is reported here 

below:

( Photoactive molecule

• Metal ion 

J Bioactive molecule

^^i^Light illumination
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The steps involved can be listed as (1) internalization of the drug delivery system based 

on SWNTs covalently functionalized with spiropyran photoactive molecules that carries 

bioactive metal ions and molecules, (2) release of metal ions and bioactive molecules 

from the SP trigged by irradiation with light, and (3) subsequent induction of a 

therapeutic effect by the released moieties.

The light modulated release of both Zn and NSAID from the SP derivative would 

open promising opportunities in drug delivery especially when the photoactive molecule 

is anchored to an appropriate nanosized carrier such as SWNTs. To the best of our 

knowledge it would be the first time that a triad SP: Zn : NSAID is reported (with or 

without a nanotube vector) and the first time that a SP based DDS is presented.

We hope that successful results from this work will contribute to the development of 

novel smart drug delivery systems based on light responsive covalently modified 

SWNTs composites.

1.14 Characterization techniques of SWNTs

Beside the production of a covalently chemically modified nanotube material, the 

further intent of this project was the development of a characterization procedure which 

could demonstrate a comprehensive picture of the structural, electronic and chemical 

properties of the material synthesised. To confirm the presence of functionality on the 

SWNTs structure several analytical techniques are commonly employed.^’

In this research project we use complementary spectroscopic and microscopic 

techniques together with thermal gravimetric analyses to characterize the raw, purified, 

oxidized and chemically modified SWNTs after every chemical step. Only in this way 

the assessment of their structural properties and behaviour in different solvents as well 

as their degree of purity, functionalization and dispersion can be valued.

In the paragraphs to follow the analytical techniques will be briefly presented and they 

will include: thermal gravimetric analysis (TGA), FT-IR, Raman, UV-Vis and UV- 

Vis/NIR absorption and NIR photoluminescence spectroscopies as well as atomic force 

and transmission electron microscopies.
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1.14.1 Thermal gravimetric analysis (TGA)

TGA is a simple analytical technique that measures the weight loss of a material as a 

function of the temperature. This technique is used to obtain information on the SWNT 

purity, thermal stability and degree of functionalization. TGA measurements are 

generally conducted in air or in an inert atmosphere, such as helium, nitrogen or argon. 

The number of functionalities introduced on the SWNTs can be calculated under a 

nitrogen atmosphere by the equation reported later on in Chapter 2, as the burning 

process is limited to the chemical moieties bound to the nanotube graphitic structure. It 

is well documented that diverse functional groups on a surface show different thermal 

stabilities, and typically the organic non-nanotube material decomposes below 600 °C. 

In air the whole graphitic structure is combustible, and the sample purity can therefore 

be evaluated using this method. The residual mass, also referred as ash content, consists 

mainly of metal particles coming from the catalyst. Figure 1.31 shows and example of 

thermogravimetric analysis run in air of purified SWNTs containing oxygenated 

functional groups on their surface. It is evident from the first derivative trace that the 

organic functionalities decompose rapidly and more effectively than the carbon 

framework (480 °C), and that the sample if free from residual metal catalyst as the 

residue left at 900 °C is nought.

Figure 1.31: TGA measurements of purified nanotubes (p-SWNTs) showing weight 

change (black line) and its derivative (grey line). The weight loss % at 310 °C is 

attributed to the decomposition of organic groups in the nanotube samples, and the 

residue % at 900 °C to the metal content. The experiment is run in air atmosphere with a 
temperature rate of 10 °C min'*.
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1,14.2 Fourier transform infrared spectroscopy (FT-IR)

Infrared (IR) spectroscopy is a chemical analytical technique which measures the 

infrared intensity versus wavelength of light, detecting the vibration characteristics of 

chemical functional groups in a sample. Two different vibrational modes exist: 

stretching (rhythmical movement along the bond axes that leads to a variation in the 

interatomic distance) and bending (torsion and oscillation of the bonds with no change 

in the reciprocal atom position). Vibrational, rotational and conformational changes that 

lead to a rhythmic change of the molecular dipole moment can be observed in the IR. 

After irradiation with an IR source, a molecule tends to absorb the radiation in certain 

wavenumber ranges that are specific for the functional groups present in the structure. 

Therefore the resulting IR spectrum represents a molecular fingerprint of the sample.

SWNTs strongly absorb in the IR range, it is for this reason that very little information 

can be gained with regards to the vibrational properties of SWNTs with this technique. 

However the determination of chemical groups present in appropriate concentration on 

the nanotube structure can be successfully determined using this technique. Figure 1.32 

compares FT-IR spectra of raw and oxidized SWNTs, where the stretching vibration 
assignable to C=0 groups (~ 1720 cm"') is clearly visible for o-SWNTS.

Figure 1.32: ATR/Fourier transform IR (FT-IR) transmittance spectra of raw (r- 

SWNTs) and oxidized (o-SWNTs) nanotube samples. The spectra have not been 

baseline corrected.
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1.14.3 Raman spectroscopy

When electromagnetic radiation passes through matter, most of the radiation continues 

in its original direction but a small fraction is scattered in other directions. The 

redirection of light due to its interaction with matter is called scattering and may or may 

not occur with transfer of energy. The scattered radiation could have the same or a 

slightly different wavelength of the incoming light (Figure 1.33): light that is scattered 

at the same wavelength as the incoming light is called Rayleigh scattering and light that 

is scattered with a different wavelength is called Stokes or Raman scattering.

Virtual
Energy States

Eo=hvo

/W*
Vibrational 

Energy States

E=hvo Eo=hvo

A/V* /VV*

Rayleigh
Scattering

E=h(vo-Vv) Eo=hvo

AAr AAr
E=h(vo+Vv)

AAr

Stokes Anti-Stokes
Raman Raman

Scattering Scattering

4
3
2
1
0

Figure 1.33: Rayleigh and stokes Raman scattering.

In Raman Spectroscopy the radiation is emitted by a laser-beam which interacts with 

molecular roto-vibrational motions and the photon could re-emerge with a lower or a 

higher energy. In Raman spectra the Stokes scattering is observable and a finger print of 

the molecule under examination is easily obtainable. In order to be Raman active a 

molecule needs to display a variation in molecular polarizability.

Raman spectroscopy is one of the most extensively employed methods for the 
characterization of carbon nanotubes^'*''^'*^ and it gives information about impurities, 

tube damage and disorder, degree of functionalization, diameter and chirality of the 

nanotubes analyzed. Furthermore it is a fast and non-destructive technique without the 

need for complex sample preparation. As an example Figure 1.34 shows a Raman
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spectrum from 100 to 4000 cm'' taken from SWNTs that were produced by catalytic 

decomposition of carbon monoxide (HiPco-process).

Raman Shift (cm ')

Figure 1.34: Raman spectrum of HiPco [batch R0546 Unidym®] SWNTs using a laser 

wavelength of Xexc= 633 nm.

The most significant spectral features observable in a Raman spectrum of SWNTs are:

the radial breathing mode (RBM) band (150-350 cm''), which corresponds to the 

radial vibration of the carbon atoms in phase.It is unique to single-walled 

carbon nanotubes and it enables SWNTs diameter measurements with the 
following equation:

_ A
^RBM “ ^ ^

The constants A and B can have variable values, which are attributed to 
environmental effects.^''^ Assuming the presence of individual freestanding tubes 

values of A=204 cm'' and B=27 cm'' have been determined.

From the RBM values and the Kataura plot^^ the electronic properties of the 

nanotubes resonant for a given excitation wavelength can be also deducted.

the D-band (1300-1400 cm'*), also called the “disorder” band that is activated 

when the symmetry of the graphitic structure is disrupted. This can be due to the 

introduction of defects and edge planes on the nanotube sp -hybridized carbon
■3

network, and to the increase of sp -hybridized carbon content. Being a defect 

induced signal, it is supposed to change proportionally with the degree of 

covalent functionalization.^"’’

47



Chapter 1. Introduction

the G-band (1500-1600 cm'*), also called “tangential” mode that is related to the 

tangential motion of the carbon atoms on the nanotube surface. It consists of two 

main sub-bands: the and the G', which relate to the axial and circumferential 

in plane vibrations in semiconducting nanotubes respectively. The G’ band 

allows the determination of the diameter distribution in the sample by the 

following equation:

OJc- = 1591 -
47.7

The distinction of semiconducting from metallic SWNTs is also possible from 

the analysis of the G' band line shape: Breit-Wigner-Fano is metallic, Lorentzian 

is semiconducting.

the 2D-band (2600-2800 cm'*) which is the overtone of the D-band and that is a

fingerprint of the graphitic structure, and is independent of disorder.^"*^

The D- and G-bands intensity ratio (Id/Ig) gives information about the degree of 

functionalization and the defects in the tubes. Usually it increases with the number of 

functionalities and defects introduced in the nanotube structure after chemical 

modification. In this thesis we take into consideration the Id/Ig ratio as an indirect 
measure of the degree of functionalization.

1.14.4 Ultraviolet-visible (UV-Vis) and ultraviolet-visible-near infrared (UV- 
Vis/NIR) absorption spectroscopy

As already discussed in paragraph 1.3 of this introductory chapter, pristine SWNTs 

show characteristic bands in the UV-Vis and UV-Vis/NIR absorption spectra. Those 

bands are due to the transitions between the first and the second pair of van Hove 

singularities in the SWNTs density of states (Figure \A)? It has been reported that after 

covalent chemical modification the SWNTs electronic structure changes because of the 

disruption of the carbon 7t-conjugation in the tube structure. Usually a high degree of 

functionalization results in the complete loss of the Sn, S22 and Mu features (Figure 

1.5). The analysis of SWNTs solutions by absorption spectroscopy is therefore a 

powerful technique to investigate into the preservation of their characteristic and unique 

electronic structure.
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1.14.5 Near infrared photoluminescence (NIR-PL) spectroscopy

O’Connell et al. firstly observed that semiconducting SWNTs emit band gap 
photoluminescence (PL) in the NIR region when present as individual entities.^** The 

possibility to assign optical transitions to specific SWNTs chiralities has confirmed that 

fluorescence is a valid method to assess nanotubes electronic configurations, as already 

shown in Figure 1.6 in paragraph 1.3 of this chapter.

The intensity of the NIR-PL of individual SWNTs can be affected by acid treatment, 

chemical reagents and metal ions. The quenching of the PL has shown to be completely 

reversible upon addition of base or chelating agents if it is a result of protonation 

reaction at the nanotube surface or metal complexation respectively. ' On the 

contrary, irreversible quenching is observed if the SWNTs are exposed to diazonium 

salts. ’ ’ The investigation into quenching of the NIR-PL is therefore useful to

examine the extent of defects onto the nanotube surface.

1.14.6 Atomic force microscopy (AFM) and transmission electron microscopy 
(TEM)

Atomic force miscopy (AFM) and transmission electron microscopy (TEM) are 

powerful tools to visualize the morphology and purity of SWNTs samples.'^ In the 

present thesis, AFM topographic images are recorded to estimate the average length 

distribution of the oxidized and functionalized SWNTs, while TEM images are recorded 

to investigate the effectiveness of purification protocols in progressively removing 

catalyst impurities from the starting material.
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Chapter 2. Functionalization of Single-Walled Carbon 
Nanotubes with Optically Switchable Spiropyrans

UV illumination (ON)

Visible illumination (OFF)

In this chapter the design, synthesis and complete characterization of a smart material 

composed of SWNTs functionalized with SP-based photo switchable molecules are 

reported. Due to the ehemical complexity of the system a range of complementary 

spectroscopic and microscopic techniques was required to provide a complete picture of 

the composition and performance of the nanomaterial. Specifieally, TEM and TGA 

confirmed the successful purification of the nanotube sample; TGA supported the 

presence of molecular switches in the functionalized material; Raman indirectly 

confirmed the successful oxidation of the tubes; FT-IR proved the nature of the 

functional groups introduced onto the nanotube surface and AFM demonstrated 

nanotube shortened lengths. The photo responsive behaviour of the nanomaterial was 

evaluated by UV-Vis/NIR absorption spectroscopy, and the first example of a 

continuous ON-OFF switching of a SP-SWNT material in solution is reported.



Chapter 2. Functionalization SWNTs with SP

2.1 Introduction

The development of nanosized devices that respond to the environment in a manner 

that suggest a degree of “intelligence” is a topic of modern interest. In this context, 

robust molecular sensors that can detect changes in their environment with a high 

degree of selectivity and sensitivity represent important building blocks of target- 

oriented smart materials. A modular system composed of a nanosized scaffold with 

appropriate physical/chemical properties, and a molecular system which desired signals 

can be readily modulated by external stimuli, offer good promise for the development of 

a multi-tasking and target-oriented nanodevice. With this intent, the objective of this 

chapter is the development of a modular smart nanomaterial that couples the unique 

properties of SWNTsand photochromic molecular switches in a single device, where 

the nanotubes act as the scaffolding, and spiropyrans (SP) provide the ‘intelligence’. SP 

were specifically chosen because of their tremendous versatility, fast stimuli 

responsiveness ' and high sensitivities that makes them legitimate candidates for a 

number of profitable applications in nanoelectronics and sensing.

As previously mentioned, SWNTs cannot be easily manipulated because of their lack 

of solubility in common solvents which represents a significant limitation towards their 

extensive use. To overcome this problem we rationally designed a chemical 

functionalization protocol of SWNTs with different length PEGylated chains with the 

aim of promoting the unraveling processand, at the same time, create a water 
dispersible material for potential biological applications.”’*^ Before this, purification, 

shortening and oxidation of the SWNTs will be performed with the aim of (1) having a 

material free of metal catalysts that can be used in bio applications, (2) permit their 

easier cell internalization, and (3) create a chemical anchor to which other 
functionalities can be attached to and simultaneously produce a less toxic material. *^''^ 

The shortened tubes decorated with carboxylic acid groups will be integrated with SP 

molecular switches by means of coupling reactions, and the light modulated photo 

switchability of the nanocomposite will be investigated by means of UV-Vis/NIR 

absorption spectroscopy.

The preparation of integrated nanomaterials where switchable molecular units are 

coupled to SWNTs has received some interest recently (as reviewed in the introductory
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chapter of this thesis),with Haddon and co-workers initially demonstrating the 

possibility of photo-inducing electronic transitions in semiconducting nanotubes 

covalently modified with SP derivatives on solid state.

Our objective considerably differs from the achievements of the Haddon group as we 

are intrigued by the cyclic modulation of the optical properties of SP derivatives 

covalently coupled to SWNTs in solution to better simulate potential responses in 

biological environments. It is expected that such modular smart nanomaterial can find a 

range of applications among the many already demonstrated,^^ including sensing and 

reversible photoswitchable receptors.

Materials of this type are likely to display considerable chemical and structural 

complexity; therefore the development of a comprehensive and reliable characterization 

protocol is imperative. An array of fundamentally different techniques such as TGA, 

FT-IR, Raman, UV-Vis/NIR absorption spectroscopies and atomic force and 

transmission electron microscopies will be used, in order to provide a complete picture 

of the composition and performance of the modular smart material developed.

2.2 Purification, oxidation and covalent functionalization of SWNTs with PEG 

linker and spiropyrans.

Commercially available raw HiPco SWNTs (Unidym®) were utilized during this 

research, which usually contain a variable degree of impurity coming from, the synthetic 

process. Before proceeding with any chemical modification it was therefore necessary 

to purify the sample. As mentioned in chapter 1 of this thesis, a number of different 

procedures are commonly used. The one utilized by our group consisted in the treatment 

of as received pristine SWNTs with a solution 2.6 M of HNO3 that was stirred under

reflux at 100°C for 48 hours (Figure 2.1).23-26

COOH

HNO]2.6M

Raw SWNTs

...COOH H2SO4 ■ H2O2 4:1 (T^^^cOOH 
35°C, 1h

'COOH

O-SWNTs (1)p-SWNTs

Figure 2.1: 2-step purification/oxidation of SWNTs.
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The main impurity present in raw HiPco SWNTs (Unidym®) is elemental iron, and the 

purification procedure in strong acid-oxidizing conditions was therefore used in the 

elimination of the Fe nanoparticles as soluble species (Fe203) by means of the following 

redox reaction:

Fe° + 3N03- + 6H" Fe3+ + 3N02 + 3H20

The purification procedure lead to the formation of a certain amount of open ends as 

well as oxidized defect sites on the SWNTs surface, consequently a mixture of purified 

and oxidized SWNTs were present in the sample. The solubilisation of Fe impurities in 

aqueous media permitted an easy separation of the purified SWNTs (p-SWNTs) by 

means of a filtration under reduced pressure.

To homogenize and to reduce the dimensional dispersion of the purified nanotube 

material, and to obtain SWNTs enriched with -COOH functional groups at the end caps 

(which are the most reactive regions in the SWNT structure), a widely reported 

oxidative protocol has been applied, which consisted of a strong oxidation treatment 

with piranha solution (H2SO4 • H2O2 30% 4:1 ratio) at 35°C for 60 minutes (Figure 

2.1). ■ The oxidation time is of major importance and it has been carefully controlled 

as it determines the number of carboxylic residues produced both on the open ends and 

the defect sites of the SWNTs, besides the nanotube lengths.

The functionalization procedure utilized in this work is based on the reactivity of the 

carboxylic groups which have been introduced with the 2-step purification/oxidation 

protocol, and amidation reactions represent the open ends chemistry applied. The 

covalent functionalization of o-SWNTs (1) was performed using an amide coupling 

procedure in which an amine terminated short chain polyethylene glycol (PEG) linker 

(2) was introduced onto the SWNTs, which was first protected using a tert- 

butoxycarbonyl (Boc) moiety to ensure single ended chain attachment (Figure 2.2).

NHBOC

COOH—
i)nhS, EDC HCI, rt, 30' 

"^COOH -----------------------------------►
COOH HjNi^O^NHBOC

(2)

pyridine, rt, 72h 
DMFO-SWNTs (1)

o

H

f-SWNTs (3)

Figure 2.2: Chemical functionalization of oxidized SWNTs with PEG linker.
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In order to effectively improve the performance of the covalently modified SWNT 

material, an important prerequisite is its solubility in common solvents and aqueous 

media. Different molecular weight PEGylated compounds have demonstrated not only 

to be valuable solubilising agents for SWNTs, but also to increase their biocompatibility 

by reducing the trigger of apoptotic processes in mice.'^'^°'^'

In our case, the hydrophilic PEG linker (2) was specifically chosen as it showed to 

better enhance the nanotube solubility after a short time of mild sonication, when 

compared to a sample previously synthesized in our lab that contains a shorter and non 

oxygenated functional chain (Figure 2.3 A). From the picture reported in Figure 2.3B it 

can be appreciate how the nanotubes coupled with the PEG hydrophilic spacer (2) 

present a better dispersibility among the two samples.

O CH,
X'N"^0^CH3 

H ’
(1)

O CH,

N"^0^CH3 
H ’

(2)

B

Figure 2.3: A] Representation of SWNTs functionalized with amino terminated Boc 

protected chains (1) and (2). B] Pictures of SWNTs dispersions after chemical 

functionalization with functionalities (1) and (2). [SWNTs]= 0.1 mg/mL DMF, 

sonication time 30 minutes at minimum power.

Following removal of the Boc protecting group using trifluoroacetic acid, the 

spiropyran derivative (4) synthesized in our lab, was converted to an activated ester 

using EDC HCl and NHS, as schematized in Figure 2.4. A coupling procedure was 

again used to afford the spiropyran functionalized nanotubes f-SWNTs (5).
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NHBOC

o
|NH O

j|k&^oh
N NHBOC
H

f-SWNTs (3)

Figure 2.4: Functionalization of SWNTs with SP molecular switch.

Kaiser test is a colorimetric assay that reveals quantitatively the presence of primary 

amino groups.It was performed before and after the coupling reaction of SWNTs 

with SP to have a balance of the amount of functionalities introduced. The number of 

amine groups that reacted with the SP was estimated at 59%, and the SP loading was 

calculated as ~ 79 pg/mg SWNTs.The absorbance of TFA treated f-SWNTs and f- 

SWNTs (5) were measured relative to a blank solution at 570 nm that correspond to the 

chromophore generated by the reaction of ninhydrin with primary amines (Figure 2.5).

Figure 2.5: UV-Vis absorption profiles of TFA treated f-SWNTs and f-SWNTs (5) 
compared with a blank solution (all but nanotubes) which has been treated in the same 

way.

The amine loading was calculated from the equation:

jjtnol {Abs sample-Abs blank] ■ diluition (ml)- 10^

g extinction coeff. • sample weight (mg)
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where the extinction coefficient, also known as molar absorptivity, represents how 

efficiently a chemical species absorbs light at a given wavelength. For CNTs this 

coefficient has a value of 15000 M'' cm''. The amine loading was calculates as 433.46 

mmol/g for TFA treated f-SWNTs and as 233.82 mmol/g for f-SWNTs (5), therefore 

the difference of 199.64 mmol/g constituted the amino groups that reacted with the SP 

derivative.

2.3 Characterization of chemically modified SWNTs.

In order to provide a complete picture of the composition of purified, oxidized and 

functionalized SWNT the following complementary techniques were used: TGA, FT- 

IR, Raman, UV-Vis/NIR absorbance spectroscopies, AFM and TEM.

2.3.1 Thermogravimetric analyst.^ and TEM images. Thermogravimetric analyses have 

been run both in air and in nitrogen atmosphere, to evaluate the purity and degree of 

functionalization of raw, purified, oxidized and functionalized SWNTs. It should be 

noted that the removal of all non-reacted reagents was ensured by sonication and 

exhaustive solvent washing cycles after each chemical treatment: as a consequence the 

weight loss below the graphitic decomposition temperature is correlated to organic 

functional groups on the nanotube surface. TGA traces in nitrogen atmosphere for all 

the samples are reported in Figure 2.6 together with weight losses, estimated number of 

carbon atoms per organic group and residue percentages at 900 °C after burning in air.

TGA in nitrogen TGA in air
Sample

Weight loss % 1 functional 
group every

resid ue %
@ 900 °C

raw SWNTs 5 at 500°C - 24

p-SWNTs 15at 500°C - 0

oSWNTs(l) ISatSSOX 2IC 0

f-SWNTs(3) 33 at 450°C 59C 0

TFA f-SWNTs 34 at 450'’C 40C 0

SPf-SWNTs(5) 25 at 450'’C 149C 0

200 300 400 500 600 700 800 900

Temperature (°C)

Figure 2.6: Graph] TGA traces in nitrogen flow of raw, purified, oxidized and 

functionalized SWNTs. Table] Weight losses, estimated number of carbon atoms per 

organic group and residue percentages for the same samples.
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To evaluate the extent of impurity due to metal catalyst in the SWNTs samples, the 

residual ash at 900 °C after combustion in air was taken into account, besides HR-TEM 

analyses. The TGA residue is reduced from 24% in the raw nanotubes to 0% in purified 

and oxidized SWNTs, confirming the successful purification from metal particles via 

the 2-step purification/oxidation protocol. HR-TEM images confirmed this, as 

appreciable from Figure 2.7. Raw SWNTs (Figure 2.1 A) show a high content of iron 

catalyst that is visible as black particles (thanks to the high diffraction contrast of 

metals), while p-SWNT and o-SWNT (1) show a purified material composed mainly of 

bundles of SWNTs free from metal residues (Figure 2.7B and 2.7C, respectively).

■

A

V-

Figure 2.7: HR-TEM images of A] raw SWNTs, B] p-SWNTs, and C] o-SWNTs (1) on 

200 mesh Cu holey carbon grids demonstrating the removal of the metal impurities 

(black particles) by 2-step purification/oxidation procedures. Scale bar: 100 nm. Figure 

C inset: detail of a small bundle of o-SWNTs (1) with a diameter of 20 nm circa (scale 

bar: 20 nm). [HR-TEM images from ref 26].

The TGA of the oxidized (1) and functionalized SWNTs (5) performed in nitrogen 

show a weight loss of about 15% at 350 °C and 25% at 450 °C, respectively, as 

compared to about only 5% at 500 °C of the raw SWNTs. We assume that this weight 

loss occurring during fragmentation is due to pyrolysis of the hydrogenated carbon 

residues. On the basis of this assumption, we estimated that the degree of 

functionalization is of one organic functional group every 21 and 149 carbon atoms 

respectively, by applying the following equation:

X =
(100 - L) •

L- 12
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where X is the number of carbon atoms in the SWNT sample per covalent functional 

group, L is the % weight loss in the range of 100-450 °C, and Mw is the molecular 

weight of the functionality attached to the nanotube. The number 12 refers to the atomic 

mass of carbon, which is the main constituent of SWNT structure. The notable decrease 

of calculated functionalities per carbon atom following functionalization with the 

molecular switch (Figure 2.6), can be explained with the progressive removal of 

functionalized carbonaceous fragments following washing and sonication cycles.'*^’''^

When impurities such as amorphous carbon and metal particles are present in the 

nanotube material, they can act as oxidation initiators creating hotspots on the graphitic 
surface which, as a consequence, combusts at lower temperatures.^^ Hence, the 

significant shift of the graphitic decomposition temperatures of raw, p-SWNTs and o- 

SWNTs (1) from 443 °C to 491 °C and 553 °C respectively (Figure 2.8) in the TGA first 

derivative traces is an additional proof of the efficacy of the purification process.

Temperature (°C)

Figure 2,8: TGA first derivative traces of raw, purified and oxidized SWNTs 

performed in air atmosphere. The shift of the graphitic decomposition temperature to 

progressively higher values going from raw to o-SWNTs (1) is indicative of the 

increasing purity of the material.

To determine as to whether covalent functionalization was achieved, the first 

derivative curves from the TGA analyses have been again taken into consideration. We 

focused on the temperature difference maxima between raw SWNTs, o-SWNTs (1) and 
the f-SWNTs (5) below the graphitic decomposition temperatures^^ and we also 

performed TGA experiments on the pure SP (4). Figure 2.9 shows a comparison of first
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derivative traces of the photoactive molecule with that of the f-SWNTs (5). It is evident 

that SP (4) is almost completely decomposed at 400 °C displaying two temperature 

maximum weight loss rates at 178 °C and 236 °C. These maxima also appear for the f- 

SWNTs (5), although shifted to higher values of 216 °C and 341 °C, indicating the 

presence of SPs on the nanotube material, which is not present as a non reacted species.

Temperature (°C)

Figure 2.9: TGA first derivative traces of f-SWNTs (5) and spiropyran (4) recorded 

under air flow.

2.3.2 FT-IR spectroscopy analysis. FT-IR spectra of raw SWNTs, o-SWNTs (1) and 

f-SWNTs (5) are illustrated in Figure 2.10. The stretching vibrations observed between 
1750 cm"' and 1700 cm"' are characteristic of the carboxyl group, and can be assigned 

to the oxygenated moieties introduced during the oxidative treatment of the SWNTs.^’

Figure 2.10: A] Full range FT-IR spectra of (I) raw SWNTs, (II) o-SWNTs (1) and (III) 

f-SWNTs (5). B] Stretching vibrations assignment for (II) o-SWNTs (1) and (III) f- 

SWNTs (5). The peaks intensities are more than 3 times the peak to peak noise 

observed. To improve data visualization the spectra have been baseline corrected.
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On comparison of the f-SWNTs (5) spectrum with that of the oxidized material 

additional bands are observed indicating the presence of aliphatic chains, amidic, ether 

and amino groups (peak assignments for all the nanotube samples are reported in the 

experimental part in chapter 5). In addition the two distinctive nitro absorption bands at 

1577 and 1362 cm"’ are elearly evident (Figure 2.1 OB III), indicating the presence of the 

spiropyran molecule in the nanomaterial.

An additional indication of successful covalent functionalization is a decrease in 

transmittance observed in the region 1700-650 cm’’ when comparing the o-SWNTs (1) 

to the raw SWNTs, as purification and doping processes introduce holes into the 

valence band of the SWNTs that lead to an increase in the IR absorption bands (Figure 
2.11).^

Figure 2.11: FT-IR speetra of (I) HiPco R0546, (II) oxidized and (III) SP 

functionalized SWNTs. The spectra have not been baseline corrected to show the 

decrease in transmittance observed in the region 1700-650 cm’’ when comparing the o- 

SWNTs (1) and SP f-SWNTs (5) to the raw HiPco SWNTs.

2.3.3 Micro-Raman spectroscopy analysis. The covalent functionalization of the 

SWNTs [Id/Iq ratios calculations] and the detection of spiropyran molecules attached to 

the tubes [functional groups shift assignment] were confirmed by performing Raman 
spectroscopy analysis.^*’^” Micro-Raman scattering measurements were carried out on 

all samples at room temperature using three different excitation wavelengths (457, 514 
and 633 run)'” in order to collect all the varying diameter contributions. Figure 2.12 

illustrates the Raman spectra of raw SWNTs, o-SWNTs (1) and f-SWNTs (5) using an
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excitation wavelength of 633 nm and laser power as low as possible to avoid structural 

degradation.

Figure 2.12: Micro Raman analyses (Xexc= 633 nm) of (I) raw SWNTs, (II) o-SWNTs 

(1) and (III) f-SWNTs (5). In the insets the RBM analyses are reported. Id/Ig ratios 

indirectly confirmed the successful covalent functionalization of the nano tube material.

It is clearly evident from Figure 2.12 that the Id/Ig ratio increases when comparing raw 

to oxidized nanotubes. This increase is indicative of the breakage of the graphene sheet 

symmetry that in the present case can be associated with the introduction of oxygenated 

functionalities onto the nanotube surface. From the result reported we can thus assume 

that the covalent functionalization of the SWNTs was indeed successful. Conversely, 

comparing o-SWNTs (1) and f-SWNTs (5) a decrease in the Id/Ig ratio is observed. This 
is most likely due to removal of the carboxylated carbonaceous fragments (CCFs)'*^’'*’ 

during chemical treatment and the subsequent stringent washing procedure employing a 

range of organic solvents.

The resonance Raman enhancement effect, for a specific SWNT type, happens when 

the laser excitation wavelength approaches the wavelength of the van Hove singularity 

of that nanotube, therefore every laser can be used to examine a limited set of SWNTs 

types. SWNT samples never present a homogeneous diameter distribution and often, 

even after functionalization and sonic treatment, are present in bundles. For this reason 

we have ehosen to use multiple excitation wavelengths to collect all the varying
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diameter contributions. Figure 2.13 displays Raman spectra of raw, oxidized and 

purified SWNTs with the three different excitation wavelengths (457, 514 and 633 nm).

500 1000 1500 2000 2500 3000 3500 4000

Raman Shift (cm ’)

Figure 2.13: Raman spectra of A] raw HiPco SWNTs, B] oxidized and C] SP 

functionalized SWNTs collected using 457, 514 and 633 nm excitation wavelengths. In 

the insets the RBM analyses are reported.

Metallic SWNTs possess a higher electron density near the Fermi level, resulting in an 

increased reactivity over the semiconducting SWNTs.^ In the light of this, we analyzed 

the Raman RBM and GVG' bands to investigate whether the o-SWNTs and f-SWNTs 

(5) samples were enriched in metallic or semiconducting tubes. Blue (457 nm) and 

green (514 nm) laser lines have been used to probe metallic and large diameter 

semiconducting tubes, while the red (633 nm) laser line has been used to probe 

smaller diameter metallic and semiconducting tubes. The symmetry and the line shape 

of the G-band components G^ and G' have been analyzed. From the results obtained we 

can assume that all the f-SWNT samples consist of a mixture of metallic and 

semiconducting tubes, as the G' components do not show a symmetric line shape but 

appear broadened and asymmetric toward the low wavenumber side when the samples 

are excited with the 514 nm laser line."*^ Structural assignments of SWNTs referred to
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higher RBM resonant peaks for each excitation wavelength were additionally calculated 

using the integer {n, m) values from the RBM shifts observed (Table 2.1). Following 

analysis of both the G-band components and the integers («, m) values, we have 

concluded that a preferential functionalization does not occur on the SWNTs using this 

synthetic method.

Considering that the chemical reactivity of the SWNTs is principally driven by the 

carbon atoms local strain (and therefore proportional to the tube diameter), we 

additionally calculated the diameter of resonant tubes by analysing the RBM modes. 

The RBM wavenumbers (tijrbm) depend only on the diameter d of the SWNTs and not 

on the way they are rolled up to form the tube (chiral angles). Additionally, considering 

that the turbm is inversely proportional to the tube diameter d and that the lower energy 

G-band component (G') shows clear diameter dependence, the two following 
equations'^'^’'*^ can be applied to calculate SWNTs diameters:

^RBM “ ^ a)r.- = 1591 -
47.7

(2)

Different values of the constants, A and B, have been reported where the variations in A 
and B are often attributed to environmental effects.^*’ Assuming the presence of 

individual freestanding tubes recently values of A=204 cm'' and B=27 cm'' have been 
determined."'^ These values were used to calculate the diameters of the nanotube 

samples, and the values obtained from the highest intensity RBM shifts are reported in 

Table 2.1.
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Sample name
RBM highest

intensity shift (cnr')
Diameter (nm)

Structural assignment

(n,m)

raw SWNTs 225,262. 215 1.05.0.87. 1.08 (10.5) s, (7.6) s. (9,7) s

p-SWNTs 257,26.T 220 0.89.0.87. 1.06 (ll,l)s,(10.2)s.(15.1)m

o-SWNTs(l) 25.5,201.220 0.90. 1.17. 1.06 (10.5)s,(ll.6) s.(i5.1)m

f-SWNTs(3) 226.201.258 1.02, 1.17. 0.88 (I0,5)s,(ll,6) s.(ll,l) s

TFA treated f-SWNTs 255,26.5. 258 0.89.0.86. 0.88 (10.5)s, (l().2)s. (11.1) s

f-SWNTs (5) 225,261, 258 1.04.0.87. 0.88 (11,4) s, (7,6) s. (11.1) s

Table 2.1: Diameter values and structural assignment of raw, purified, oxidized and 

functionalized SWNTs calculated from the highest intensity RBM shifts using equation 

(1) and the chart for the instant structural assignment of the SWNT* respectively. 

Excitation with 457, 514 and 633 nm laser lines and relative data are coloured in blue, 

green and red respectively. In the table s = semiconducting, m= metallic.

The results coming from (1) above calculations, (2) assignment of optical frequencies 

of NIR-PL emission peaks by Kataura plot^' (Figure 2.14), and (3) Raman RBM band 

intensity analyses, suggest a partial loss of small diameter SWNTs during the 2-step 

purification/oxidation procedure and that any preferential diameter selection occurred.

Figure 2.14: NlR-PL spectra of raw, purified and oxidized SWNTs dispersed in SDBS 

aqueous solution. A] A.exc = 638 nm; B] A.exc = 683 nm; C] A.exc = 785 nm [Figures from 

ref 26].

Calculations were performed using “A simple chart for the instant structural assignment of the SWNTs” by Ramesh 
Sivarajan available on www.carbonwall.eom.
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2.3.4 Raman mapping. Raman mapping measurement was performed at room 

temperature on the SP f-SWNTs (5). To ensure that the material deposited by the 

microscopy cover slide consisted of SWNTs the three characteristic Raman regions, 

RBM, D- and G- bands, were mapped beside the full range spectrum (Figure 2.15).

Map R1_raman_1 W_221_mjK-count
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200
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300.
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200 400 600 800 1000 1200 1400 1600

Raman Shift (cm ’)
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47 S 48 0 48 5 49.0 49 S

Figure 2.15: Raman mapping analysis (A,exc= 488 nm) of f-SWNTs (5). A] Full map 

image. B] Single Raman spectra from the region marked in the full Raman map. C] 

RBM mapping in the range 198-221 cm''. D] D-band mapping. E] G-band mapping. 

Time exposure 0.2 sec, one accumulation, point number 128 x 128.

The presence of functionalities bound to the tubes was confirmed after single Raman 

measurements with high exposure time in a different mapped area. Some typical 

vibrations of the functional groups introduced on the tubes were recorded in the range 

from 300 to 1100 cm'' and are reported in Figure 2.16.
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Raman Shift (cm'^)

Figure 2.16: Micro Raman analysis (A,exc= 488 nm) of f-SWNTs (5) in the functional 

group region.

Raman shifts assigned to stretching and deformation vibrations of amidic groups 

(473, 726 cm''), stretching vibrations of ethers linkages (966 cm'') and nitro aromatic 

groups (1041 cm ') ensure that the PEG chain and the spiropyran derivative have been 

effectively introduced onto nanotube surface.

2.3.5 Atomic force microscopy analysis. AFM analyses were performed to estimate 
nanotube dimensions after the 2-step purification/oxidation protocol. Raw SWNTs and 

f-SWNTs (5) were dispersed in DMF via sonication and subsequently spin-coated onto 

freshly cleaned mica substrates. Figure 2.17 illustrates typically dispersed bundles of 

raw SWNTs (2.17A) and an individual f-SWNT (5) (2.17B) on the substrate surface.

\ » ••• ^
V' ♦

3
am

Figure 2.17: AFM topographic images of A] bundles of raw HiPco SWNTs, and B] 

individual SP f-SWNTs (5). C] Cross-section profile illustrating the height of the SP 

functionalized nanotube.
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The reported lengths of raw SWNTs (Unidym® specification data) are up to 1pm and 

average length calculations on 100 single f-SWNTs (5) from AFM images, confirmed 

the shortening of the tubes to a value of 593 ±0.139 nm.

2.3.6 UV-Vis/NlR absorbance spectroscopy analysis. Optical absorption spectroscopy 

has been used to evaluate the effect of chemical treatment on the characteristic 

properties of the nanotubes by analysis of the electronic structure changes.UV- 

Vis/NIR absorption spectra of raw nanotubes and after nitric acid purification, oxidation 

(1) and functionalization (5) have been recorded on the supernatant of centrifuged 

samples (10' mg/mL) dispersed in DMF (Figure 2.18 A). The electronic structure of the 

SWNTs are only slightly perturbed following chemical modification and a partial loss 

in number and intensity of the van Hove transitions is observed. This result not only 

indicates the effective chemical modification of the tubes, ’ but also confirms the 

preservation of the structured electronic properties of our covalently modified tubes.

Figure 2.18: UV-Vis/NIR absorption spectra of A] raw SWNTs, p-SWNTs, o-SWNTs 

(1) and f-SWNTs (5) collected on the supernatant of initial 10' mg/mL nanotubes in 

DMF; B] raw SWNTs, p-SWNTs and o-SWNTs (1) in SDBS aqueous solution 

[SWNTs]i= 2.1 X 10-2 mg/mL, SWNTs:SDBS weight ratio 1:25 [Figure adapted from 

ref 26].
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The same outcome has been shown in another our work, where absorption studies have 

been run on SDBS aqueous solutions of the same raw, purified and oxidized nanotubes 

(Figure 2.18B), and NIR-PL spectra (already shown in Figure 2.14) strengthened this 

assumption. It is worth to mention that the 2-step purification/oxidation protocol used 

in this work has shown to be a valuable way to produce a nanotube material with 

potential use as novel NIR fluorescent probes for molecular imaging.

2.4 On-off switching of SWNTs functionalized with spiropyran molecules.

In order to observe the switching of the f-SWNT (5) construct we have first studied 

the optical changes which could be induced on a molecular SP in solution upon UV 

irradiation and storage in the dark. A reversible reaction between the spiropyran (6) and 

merocyanine (ME) is observable upon irradiation with UV light (365 nm) and 

subsequent storage in the dark. The absorption spectra are reported in Figure 2.19 where 

it can be seen that after 30 seconds of UV irradiation, the absorption band of the 

merocyanine (at 594 nm) increases in intensity and after 8 minutes of storage in the dark 

it returns to its initial value.

B

Figure 2.19: A] Photo interconversion of the closed spiropyran (SP, 6) into the open 

form merocyanine (ME). B] Absorption spectra of SP (6) 10’'* M in DMF after 30 

seconds UV illumination (long wavelength, 365 nm) and after 8 minutes storage in the 

dark.

On comparison of the UV-Vis absorption spectra of the o-SWNTs (1) and f-SWNTs 

(5) a peak is clearly observable at 417 nm in the latter, corresponding to the bound 

spiropyran (6) (Figure 2.20).
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Figure 2.20: UV-Vis absorption spectra of f-SWNTs (5) and o-SWNTs (1) collected on
'y

the supernatant of initial 10" mg/mL nanotubes in DMF.

This absorption band is shifted with respect to molecular spiropyran (6) in solution, 

which is regarded as stemming from n-n interactions between the spiropyran and the 

graphitic nanotube surface. This is similar to shifts reported for ME bound to bulk

materials. 54

The photoresponsiveness of f-SWNTs (5) in solution has been demonstrated by 

measuring the optical changes that occurred after UV and Vis light irradiations. Figure 

2.21 A illustrates the nature of such changes before and after UV illumination.

B

Figure 2.21: A] f-SWNTs (5) response to UV (365 nm) and Vis (560-900 nm) 

illumination for 30 seconds. Inset: difference absorption spectra of f-SWNTs (5) after 

30 seconds UV, Vis and UV illuminations. B] UV-Vis absorption spectra of o-SWNTs 

(1) after UV and Vis light illumination. Spectra collected on the supernatant of initial 

0.1 mg/mL nanotubes in DMF.
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As a result of UV irradiation (365 nm) an increase in absorbance in the region 

characteristic to the merocyanine isomer is recorded. It is demonstrated that the 

merocyanine absorption band at 556 nm switches back to the starting value following 

30 seconds of illumination with visible light (560-900 nm) as illustrated in Figure 

2.21 A. For improved data visualization, absorption spectra of f-SWNTs (5) have been 

subtracted from the spectra recorded after UV and Vis illumination, as reported in the 

inset in Figure 2.21 A. The same experiments performed on oxidized nanotubes (1), 

have shown no photoresponsiveness as displayed in Figure 2.2IB.

The reversible switching of the spiro molecule is demonstrated schematically in Figure 

2.22A and the changes in the absorbance band intensity of SP f-SWNTs (5) are 

reproducible and the on-off switching cycles are reported in Figure 2.22B.

UV illumination (ON)

V.-

Visible illumination (OFF)

Figure 2.22: Top] On-off switching cartoon of f-SWNTs (5). Bottom] Absorbance 

changes at 556 nm of f-SWNTs (5) solutions following UV (365 nm) and visible (560- 

900 nm) illumination cycles. Gray and white bars indicate the UV and the Vis 

irradiation respectively. The spectra were collected on the supernatant of initial 0.1 

mg/mL nanotubes in DMF.
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2.5 Conclusions

We have demonstrated the preparation of a smart material composed of spiropyran 

functionalized SWNTs. All stages of the synthetic process have been characterized by 

means of TGA, spectroscopic and microscopic techniques to obtain a comprehensive 

overview of their structural, electronic and chemical properties. TGA analysis was used 

to demonstrate that the residue remaining following complete pyrolysis decreased from 

24% in the raw nanotubes to 0% in the functionalized samples, confirming purification 

of the nanomaterial. The latter was supported by HR-TEM images, where black 

particles of residual metal catalyst are not anymore visible after nitric acid treatment. 

Weight losses calculated from TGA analyses suggested the presence of a high degree of 

functionalization of the tubes, estimated at approximately about one organic functional 

group every 149 carbon atoms. The analyses of TGA first derivative curve ensured that 

the SP moieties were present in the functionalized sample. The presence of aliphatic 

chains, amidic, ether and amino groups are confirmed by the stretching vibrations 

observed in the FT-IR spectrum of f-SWNTs as well as the nitro group present on the 

spiropyran aromatic ring. From AFM topographic images the nanotube average lengths 

have been calculated as approximately 600 nm. Raman Spectroscopy has been 

determinant in indirectly confirming the covalent functionalization of the SWNTs; the 

Id/Ig ratio increases when comparing raw to chemically modified SWNTs. Micro 

Raman measurements have been performed on all nanotube samples with three different 

laser excitation wavelengths (457, 514 and 633 nm) in order to examine all 

diameter/chirality contributions. Sustained structured spectroscopic absorption and 

emission features of the chemically modified nanotubes have been confirmed by UV- 

Vis/NIR absorption spectroscopy and NIR-PL. The photoresponsiveness of our f- 

SWNTs in solution was demonstrated by measuring the optical changes that occurred 

after UV and Vis light illuminations. UV irradiation resulted in a substantial increase of 

the band at 556 nm and Vis light irradiation induced restoration of the initial intensity. 

We report light induced reversible conversion of spiropyran molecules attached to the 

SWNT from the close spiro conformation to the open merocyanine form in solution.
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Chapter 3. Critical Investigation of Defect Site 
Functionalization on Single-Walled Carbon Nanotubes

CARBONACEOUS BYPRODUCTS REMOVED BY 
BASIC TREATMENT

FOUOIMNQ
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PWIRCATION
OnPATION

1] HNO3 2.6 M
2] H2SO4: HjOj 4:1

HjO dispersion

The presence of carboxylated carbonaceous material in nitric acid treated SWNT 

samples has recently brought renewed focus on the processes by which covalent 

functionalization of such materials are carried out. In this chapter, using a widely 

reported 2-step purification/oxidation procedure, we investigate the effect of treatment 

with base and solvent washing on the functionalization, final properties and behavior of 

SWNTs. We demonstrate, using a number of spectroscopic and microscopic techniques, 

that in the absence of NaOH treatment, COOH functionality is introduced directly onto 

SWNTs, and not only onto carbonaceous material present in the sample. Covalent 

functionalization of the oxidized materials is also investigated by attachment of a 

fluorescent probe, and ultimately, whether treated with base or solvent washed the 

resulting materials will show to be close to identical with respect to both their 

appearance and properties. The evidence that using either of these purification/oxidation 

strategies functionalized materials can be produced that still exhibit distinctive 

optical/electronic properties is here reported, as demonstrated by sustained structured 

spectroscopic absorption and emission features.



Chapter 3. Investigation of Defect Site Functionalization on SWNTs

3.1 Introduction

The widespread exploitation of the unique properties of SWNTs is still impeded by a 

number of practical aspects such as purity, solubility and processibility. Great effort has 

recently been exerted with regards to their chemical treatment and functionalization in 

order to overcome these problems, and also to drive towards the production of more 

manageable multi-functional materials.

As already mentioned in the introductory chapter of this thesis, two approaches have 

been widely reported in the literature for the chemical modification of SWNTs, which 

involve either the non-covalent adsorption onto the nanotube surface ’ or the covalent 

attachment to the u-conjugated skeleton.^’"* There are obvious advantages related to the 

covalent strategy, such as control over the number of functional moieties which may be 

attached,^'^ in addition to the well defined nature and stability of the linker which 

connects them to the nanotube. Care must be taken however, as the optical, electronic 

and thermal properties depend heavily upon the highly conjugated form in which the
Q I A

SWNTs exist, ‘ and their covalent modification, depending on its location, can result 
in loss of those properties." The two general strategies for covalently attaching 

functional molecules to the nanotube structure involve, as already described, or (1) the 

reaction at the sidewall of the tube, or (2) the addition of functional moieties to oxidized 

defect sites already present or produced during acidic/oxidative purification of the
19material.

In the first strategy the introduction of a covalent bond at the sidewall provokes the 

substantial disruption of the C=C conjugation, and as a consequence the toss of the 

distinctive electronic/optical properties of the tubes. On the contrary, the second 

strategy, which has been extensively used by the nanotube community, permits the 

preservation of the latter depending on both the time of reaction and the nitric acid 

concentration. Nitric acid is used as a standard reagent to remove synthetic by-products
13 17such as residual metal catalyst and amorphous carbon from raw SWNT samples, 

and varying numbers of oxygenated functionalities (mainly carbonyl and carboxylic 

acid groups) can be introduced onto defect sites, to which further functionality are 

commonly subsequently attached.'^

Recently it has been reported that during the acidic/oxidative purification procedure 

small polycyclic aromatic sheets edge-terminated with carboxyl groups, coined as
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carboxylated carbonaceous fragments (CCFs), are also generated and it is understood 

that they form a “uniform and reactive coating on the SWNTs”.The effective 

removal of the CCFs from acid purified samples by NaOH treatment has been 

demonstrated,'^’^* and it has therefore come into contention as to whether reactions 

carried out, following the purification step, actually result in covalent modification of 

the nanotubes or only result in functionalization of the CCFs. Haddon and co-workers 

have more recently shown that nitric acid purified samples exhaustively washed with 

aqueous base nevertheless contained a sufficient number of carboxylic acid groups to 

prepare high quality covalently functionalized nanotubes. Only this year, Romanos et 

al. confirmed that the thermal treatment of SWNTs in mild oxidative conditions leads to 

the formation of amorphous carbon, although a considerable fraction of functional 

groups remains attached onto the SWNTs walls rather than on CCFs.^^

These recent studies raise some important questions as to whether previously reported 

procedures presenting covalent functionalization using defect site chemistryin the 

absence of NaOFl treatment, were actually producing covalently functionalized 

materials, and also bow the final properties of the functionalized materials are affected 

by the presence or absence of NaOH treatment. In order to attempt to answer these 

questions, oxidized SWNTs will be prepared in two batches using a widely reported 2-

step purification/oxidation procedure. 12,29-32 comparable to the one initially developed

by Smalley and co-workers.^^’^'* The first batch will be subjected to the NaOH treatment 

reported by Green and co-workers'^ and the second batch will be washed with a number 

of solvents. A fluorescent label will be subsequently attached to each batch as a simple 

method of monitoring functionalization, and using a variety of complementary 

characterization techniques we will contrast and compare the final properties of 

oxidized and functionalized nanotube materials obtained via the two “washing” 

approaches. We strongly believe that the findings reported in this work will be 

extremely relevant for the nanotube community, bearing in mind that the decoration of 

the nanotube surface with carboxylic groups has been and still is one of the most 

utilized anchors for the further chemical functionalization via amidation and 

esterifications reactions.
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3.2 Purification and oxidation of SWNTs

The purification of as purchased raw SWNTs was performed using the widely 

reported protocol, already utilized and described in chapter 2, which consists of 

refluxing the nanotubes in an aqueous dispersion of nitric acid for 48 hours (Scheme 

3.1). The strong acidic conditions are used to remove catalytic iron nanoparticles and 

also to oxidize defect sites on the SWNTs, with carboxylated carbonaceous fragments 

(CCFs) being produced as a by-product. The purified sample (p-SWNTs) was split into 

two batches, of which the first was subjected to the NaOH treatment to produce b- 

SWNTs and the second was sonicated in organic solvents followed by filtration.

Scheme 3.1: Representation of purification and oxidation of SWNTs. A] HNO3 2.6 M, 

100 °C, 48 h. B] NaOH 8M, 100 °C, 48 h in triplicate. C] Neutralization with HCl and 

concentration to a solid. D, E] H2SO4: H2O2 4:1, 35 °C, 1 h. F] NaOH 8M, 100 °C, 48 h.
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Thereafter both batches were further oxidized for 1 hour at 35 °C in a mixture of 

sulphuric acid and hydrogen peroxide to produce o-SWNTs [1] and [2] (Scheme 3.1). 

Following each synthetic step it was ensured that the nanotubes were washed 

thoroughly with water until a neutral pH was reached, and subsequently dispersed in 

DMF by sonication and washed with DMF and methanol until the filtrate ran clear.

The detailed washing procedures and the filtrate pictures are reported in Scheme 3.2, 

where the presence of carbonaceous material is evident in all the collected fractions 

coming from both NaOH and solvent washing routes. When filtrates 3-5 and 7 are 

compared, their similar colour suggests an analogous amount of carbonaceous material 

removal.

Scheme 3.2: Detailed NaOH/solvent washing procedures and pictures of the filtrates.

r-SWNTs

1. HNO, 2.6M, 100'’C,48h
2. H2O wash

3. sonication in DMF-'
4. NMP, DMF, MeOU wash

Filtrate 1

p-SWNTs
Filtrate!

3 times:
1. NaOII 8M, 100 '’C, 48h
2. UiOwash

b-SWNTs

1. H2SO4 ■ H202 4:1,35 °C, Ih
2. H,0 wash

I Filtrate 3,4,5

I H2SO4 U2O2 4:1,35 °C, Ih 
2. H20wash

IHCI
2. Unification filtrates
3. II2O evaporation

3. sonication in !' SMI’ 
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Filtrate 6

Filtrate?
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3.3 Characterization of purified and oxidized SWNTs

3.3.1 FT-IR analysis

The introduction and removal of specific functional groups following each treatment 

was monitored by infrared spectroscopy. The appearance of absorption bands related to 

carbonyl stretching (1724 cm'') and the stretching of C=C bonds in the polyaromatic 

backbone of the tubes (1570-1580 cm'), ' are clearly evident following treatment 

with nitric acid (Figure 3.1 A).

A-purification

Figure 3.1: ATR/FT-IR spectra of A] raw (r-SWNTs) and purified (p-SWNTs), B] base 

treated (b-SWNTs) and oxidized (o-SWNTs [1]), C] oxidized (o-SWNTs [2]) and 

oxidized base treated (ob-SWNTs) nanotubes. Spectra have been baseline corrected to 

improve data visualization.

The carbonyl stretching vibration may be assigned to carboxylic acid groups (COOFl) 

produced either at defect sites on the nanotubes or on other carbonaceous material in the 

sample. This band notably decreased after NaOH treatment (Figure 3.IB), indicating
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that COOH functionalities in the sample were mainly present on the carbonaceous 

fragments which could be washed away after conversion to the more soluble sodium 

salt. FT-IR and Raman analyses of the filtrate (unified fractions 3-5 pictured in Scheme

3.2) demonstrated the presence of CCFs in accordance with the literature 

in Figure 3.2.

36 as reported

B

Figure 3.2: A] ATR/Fourier transform IR (FT-IR) spectrum of carboxylated 

carbonaceous fragments (CCFs). IR (ATR) 3600-3200 (0-H str), 2964 (C-H

str), 1586 (C=C str, or C=0 str), 1396 (C-H bend, or C=0 str), 1051 (C-0 str), 795 (Na- 

O or C-H bend). ' To improve data visualization the spectrum has been baseline 

corrected. B] Raman spectrum of CCFs. Iq/Ig ratio = 1, indicating high degree of 
defects in the carbonaceous material.

Following oxidation to o-SWNTs [1] the carbonyl stretching vibration is seen to 

reappear. As infrared spectroscopy cannot distinguish between COOH groups attached 

to the nanotubes and those attached to carbonaceous material, o-SWNTs [1] and [2] 

appear almost identical (Figure 3.IB and 3.1C). A small portion of o-SWNTs [2] was 

treated with base in order to investigate the presence of CCFs following the solvent 

washing procedure. Only a small reduction in the carbonyl band is observed going from 

o-SWNTs [2] to oxidized base washed nanotubes ob-SWNTs (Figure 3.1C), strongly 

indicating that the COOH functionalities present in the sample are indeed on the 

SWNTs. The filtrates from both NaOH treatments are illustrated in Figure 3.3, and the 

difference in the quantity of CCFs washed from each sample is evident from the filtrate
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color, demonstrating the influence of the solvent washing and the oxidation procedure 

on the composition of the sample.

Figure 3.3: Pictures of the filtrates following NaOH treatments of A] p-SWNTs and B] 

o-SWNTs [2],

3.3.2 Raman spectroscopy analysis

Raman spectroscopy was used to monitor the introduction of defects into each 

sample, by monitoring changes in the intensity ratio of the characteristic D- (defect) and 
G- (graphitic) bands (Figure 3.4).^^ '''’

Following the purification procedure the Id/Ig ratio increased from 14 to 44% 

indicating breakage of the graphene sheet symmetry (Figure 3.4A). In this case the 

symmetry disruption is associated with the introduction of defects on both the 

nanotubes and the carbonaceous fragments. The relative intensity of the D-band 

subsequently decreased from 44 to 21% following NaOFI treatment, in accordance with 

literature values (Figure 3.4B). ’ ’ The persistence of amorphous carbon (not 

containing acidic functionality) in the sample is however clear from the magnitude and 

shape of the D-band. The relative intensity again increased to 26% following the 

oxidation to o-SWNTs [1], indicating the introduction of defects on both the nanotubes 

and amorphous carbon (Figure 3.4B). When compared to o-SWNTs [2], where the 

sample was washed with NMP instead of aqueous base, the relative D-band intensity 

dropped to below that of the raw material (Figure 3.4C). This coupled with the restored 

sharpness and symmetry of the band, strongly indicates that the oxidation step in 

combination with the NMP treatment results in removal of both the CCFs and 

amorphous carbon from the sample. The NaOFI treatment of o-SWNTs [2] confirms
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this, demonstrating only a small reduction of the Id/Iq ratio (Figure 3.4C). Enlarged 

spectra, shown in Appendix (Figure 3.1a) clearly contrast the broad unsymmetrical D- 

band of o-SWNTs [1] with the sharper more symmetrical D-band of o-SWNTs [2],

A-purification

Raman Shift (cm'^)

Figure 3.4: Raman spectra (3.exc= 633 nm) of A] r-SWNTs and p-SWNTs, B] b-SWNTs 

and o-SWNTs [1], C] o-SWNTs [2] and ob-SWNTs. All the spectra have been 

normalized on the G-band. Insets show the RBM bands (scale: 0-0.24 a.u.).

3.3.3 X~ray photoelectron spectroscopy analysis

X-ray photoelectron spectroscopy (XPS) is a common surface analysis for the 

characterization of carbonaceous materials,'^'as it allows to determine (1) chemical
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composition, (2) presence of impurities, and (3) nature of ehemieal bonds. In the present 

work XPS was used to evaluate the ehanges in the ehemieal nature of the funetional 

groups present in the sample following the different steps of the purification/oxidation 

process. Figure 3.5 illustrates the C Is and O Is core level spectra for each sample in 

addition to the fitting into the various components used to reproduee the speetra [all 

XPS experiments performed by our eollaborators at the University of Mons, Belgium].

to
c
3

.n
(5

toc
(V

292 290 288 286 284 282 540 537 534 531 528
Binding Energy (eV) Binding Energy (eV)

Figure 3.5: XPS C Is and O Is speetra of r-SWNTs, p-SWNTs, b-SWNTs, o-SWNTs 

[1] and o-SWNTs [2]. Where fitted components are labelled as: Cl: C-C sp^, C2: 
plasmon loss, C3: C-C sp^ C4: (C=0)-0-, and Ol: Fe203/Fe304, 02: C-0-C/(C=0)-0- 

/C-OH, 03: (C=0), 04: (C=0)-0-Na,^^ 05: H2O.

Characteristie eontributions including the primary graphitic peak (284.4 eV) and 

plasmon loss (290.6 eV) are evident from the C Is peak of the r-SWNTs. Following 

nitric acid purification a number of new contributions appear, which can be associated
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to the increasing sp^ content (285.3 eV)"” and the grafting of oxygen containing 

functionality (286 -289 eV) onto the sample, most notably carboxylic acid groups at 

288.8 eV."*^ Following NaOH treatment a reduction in the intensity of both the sp^ and 

carboxylic acid components is observed indicating removal of CCFs, while after 

oxidation to o-SWNTs [1], as expected, the intensity of the component associated to 

carboxylic acid increases. When o-SWNTs [1] and [2] are compared the C Is peak and 

its components appear much the same, indicating the similarity in the type and quantity 

of functionality present whether or not NaOH treatment is performed.

Analysis of the O Is peak reveals the presence of iron oxide catalyst (530 eV)'*'' in the 

raw material, which disappears following the purification procedure. A four-fold 

increase in the oxygen content of the sample also occurs as expected, which is 

accompanied by the appearance of an additional component at 531.3 eV representing 

oxygen species of tower binding energy."*^ Following NaOH treatment a reduction in the 

relative intensity of the carboxylic acid containing component is evident, presumably 

due to the removal of CCFs. In accordance with the IR and Raman results this 

contribution again increases following the oxidation procedure indicating introduction 

of carboxylic acid functionality onto the SWNTs. On comparison of o-SWNTs [1] and 

[2] it is again evident that the oxygen containing functionality in each sample is similar 

both in the presence or absence of NaOH treatment.

i. 3.4 NIR-PL and UV- Vis/NIR absorption spectroscopies analysis

In order to fully exploit the remarkable properties of SWNTs, the preservation of
Q

optical and electronic properties following chemical treatments is an important factor. ' 

The effect of each treatment on the structured emission and absorption features of the 

SWNTs was monitored by NIR-PL and UV-Vis/NIR absorption spectroscopies, and the 

results are illustrated in Figures 3.6 and 3.7, respectively.

The NIR-PL spectra clearly show that all nanotubes samples display a structured 

emission in the NIR (Figure 3.6 and 3.2a in Appendix).

In addition UV-Vis/NIR absorption data demonstrate the persistence of the van Hove

singularities (Figure 3.7), which is in accordance with our previously reported results.31
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A-PURIFICATION
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Figure 3.6: NIR photoluminescence (PL) spectra (A-cxc = 785 nm) of A] r-SWNTs and 

p-SWNTs, B] b-SWNTs and o-SWNTs [1], C] o-SWNTs [2] and ob-SWNTs. D] 

Histograms showing the average NIR-PL efficiency at A,exc=785 nm (^measurements = 3).

Wavelength (nm)

Figure 3.7: UV-Vis/NIR absorption profiles of all samples in DMF. Absorption values 

(Y-axes) have been varied in order to better visualize the van Hove singularities. 

Spectra with actual absorption intensity values are reported in Appendix Figure 3.3a.
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The assignment of the optical frequencies from NIR-PL spectra, demonstrate that the 

bands at smaller wavelengths (900-1050 nm), corresponding to small diameter SWNTs, 

are completely destroyed during the purification procedure. This is in agreement with 

the loss of smaller diameter bands from the RBM region of the Raman spectra (Figure 

3.4). The complete destruction of these SWNTs implies that all nanotubes in the sample 

have been affected by the acidic treatment and indicates that the PL observed is not 

simply due to the presence of unaltered nanotubes.

The investigation into quenching of the NIR-PL, following each chemical treatment 

(Figure 3.6D and histograms in Figure 3.2A), has also given us a useful insight into the 

extent of defect introduction on the SWNTs with minimal interference from the other 

carbonaceous impurities present in the sample. The average NIR emission efficiency 

was evaluated for all SWNT samples (Figure 3.6D) and it is clear that a 90 % quenching 

of the photoluminescence was observed following the purification procedure (NIR-PL 

efficiency calculations reported in Chapter 5). Under acidic conditions this is known to 

occur as a result of protonation reactions at the nanotube surfaee.'*^^^ However, 

Weisman and co-workers have demonstrated that this doping process is completely 
reversible upon addition of base."*^’"*^ Following NaOH treatment of the p-SWNTs, 

reappearance of the PL is observed, but only to 30 % of the original intensity, 

demonstrated by the raw material. We thus propose that the irreversible quenching 

observed, originates from defects produced in the nanotube structure during the 

purification procedure, as opposed to reversible doping by protonation. If we also 

consider that functionality introduced onto the nanotube structure during the 

purification procedure, for a large extent, does not seem to consist of carbonyl 

containing moieties (Figure 3.IB), the highly oxidative treatment seems necessary, in 

order to convert the defects into reactive COOH groups.

Following the oxidation procedure the NIR-PL of o-SWNTs [1] and [2] again drops 

to a value of approximately 10 %, whieh is most probably the result of both defect 

introduction and doping processes. After NaOH treatment of o-SWNTs [2] an increase 

in the PL efficieney is evident, however it is still smaller than b-SWNTs suggesting the 

introduction of additional defects during the oxidation step.

99



Chapter 3. Investigation of Defect Site Functionalization on SWNTs 

3.3.5 Thermogravimetric analysis

TGAs were performed on each sample in air, and following treatment with nitrie acid 

nearly quantitative removal of the catalyst was demonstrated, where the residual ash 

content at 900 °C dropped from 34% in the raw material to 1% (Figure 3.8 and Table 

3.1).

Figure 3.8: TGA traees of r-SWNTs and p-SWNTs. The weight losses % at 310 °C 

attributed to the deeomposition of organic groups in the nanotube samples are reported. 

All the experiments have been run in air atmosphere with a temperature rate of 10 °C 

min"'.

Sample Weight loss @310 °C

r-SWNTs 0%

p-SWNTs 19%

b-SWNTs 5%

CCFs 7%

o-SWNTs[l] 11 %

o-SWNTs [2] 10%

Table 3.1: Weight loss % at 310 °C attributed to the decomposition of organic groups in 

the nanotube samples are reported for r-SWNTs, p-SWNTs, b-SWNTs, CCFs, o- 

SWNTs [1] and [2].

TGAs were also performed under a nitrogen atmosphere (Figure 3.9 and Table 3.2). 

On eomparison of both the curve shape and the weight loss below 400 °C, before and
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after treatment with NaOH, a significant change is observable which is indicative of the 

effectiveness of the NaOH treatment in the removal of carbonaceous material from the 

p-SWNTs.

Figure 3.9: TGA traces of r-SWNTs, p-SWNTs and h-SWNTs. The experiments have 

been run in nitrogen atmosphere with a temperature rate of 10 °C min"'.

Sample Weight loss @ 400 °C

r-SWNTs 0.5 %

p-SWNTs 22%

b-SWNTs 8%

CCFs 13 %

o-SWNTs [1] 12%

o-SWNTs [2] 11 %

Table 3.2: Weight loss % at 400 °C attributed to the decomposition of organic groups in 

the nanotube samples are reported for r-SWNTs, p-SWNTs, b-SWNTs, CCFs, o- 

SWNTs [1] and [2],

Another indication of the successful removal of impurities and CCFs from the 

nanotube sample comes from the increased oxidative stability of the material after 

purification and treatment with NaOH (Appendix Figure 3.4a, 3.5a). This result is in 

agreement with recently reported data, where CCFs have shown to act as oxidation 

initiators creating hotspots on the nanotube surface which induce their combustion to

lower temperatures.48
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3.3.6 Transmission electron microscopy analysis

HR-TEM confirmed the effective purification of the nanotube material, where the 

high content of iron catalyst, visible as black particles in the r-SWNTs, is absent in the 

purified material (Figure 3.10).

Figure 3.10: HR-TEM of 1] r-SWNTs, 2] p-SWNTs, 3] b-SWNTs, 4] o-SWNTs [1], 5] 

o-SWNTs [2], 6] CCFs, 7] f-SWNTs [1] and 8] f-SWNTs [2] on 200 mesh Cu holey 

carbon grids.
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3.3.7 Atomic force microscopy analysis

AFM topographic images of r-SWNTs, p-SWNTs and b-SWNTs displayed the 

effectiveness of purification and washing protocols in progressively removing eatalyst 

and carbonaceous impurities going from r-SWNTs to b-SWNTs (Figure 3.11).

2* , *

• •
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300nm

3

\ ♦

Figure 3.11: AFM topographic images and height profiles of 1] r-SWNTs, 2] p- 

SWNTs, 3] b-SWNTs. Z-slide 0-12 nm for r-SWNTs, and 0-4 nm for p-SWNTs and b- 

SWNTs images.
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Additionally, AFM images of o-SWNTs [1] and [2] confirmed the shortening of the 

tubes after oxidation treatments, where average lengths were estimated at 482 ± 170 nm 

and 528 ± 159 nm, respectively (Figure 3.12).

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Nanotube Lenght (pm)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0 7 0.8 0.9 1.0 
Nanotube Lenaht turn)

Figure 3.12: AFM topographic images of 1] o-SWNTs [1] and 2] o-SWNTs [2]. 
Average length, calculated on 100 SWNTs, is 482 ± 170 nm for o-SWNTs [1] and 528 

± 159 nm for o-SWNTs [2]. Z-slide 0-4nm.
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3.4 Functionalization with fluorescent probe

A fluorescent probe, fluoresceinamine, was coupled to both o-SWNTs [1] and [2], as 

illustrated in Scheme 3.3, in order to investigate the presence of COOH functional 

groups on o-SWNTs [1] and [2],

Scheme 3.3: Coupling reaction of oxidized SWNTs [1] and [2] with fluoresceinamine.

HOOC COOH HOOC COOH

Base washed oxidized SWNTs 
(o-SWNTs [1])

Oxidized SWNTs 
(o-SWNTs [2])

1) DMF sonication 1h 1/2
2) NHS sonication 10'
3) EDC HCi sonication 30'
4) HjN p

Ci
HO ^ O ^ OH

DMF, Tr, 5 days

(f-SWNTs[1]) (f-SWNTs [2])

In order to remove the excess of non-reacted reagents from f-SWNTs [1] and [2], the 

samples were dispersed in DMF by sonication and washed with a number of solvents 

until the filtrate ran clear.
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3.5 Spectroscopic analysis of functionalized SWNTs

The fluorescent probe, although not concentrated enough to be seen using UV- 

Vis/NIR absorption spectroscopy (Figure 3.13), is clearly observable from the emission

spectra of both f-SWNT samples excited at 490 nm (Figure 3.14 and Figure 3.15).49

Figure 3.13: UV-Vis/NIR absorption profiles of f-SWNTs [1] and f-SWNTs [2]. The 
van Hove singularities are still present in both the samples. [SWNTsJi = 1 x 10‘' mg/mL 

DMF. The absorption band associated to the fluorescent dye is not present, as an 

indication of the small amount of fluoresceinamine coupled to the nanotubes.

In order to compare the samples at similar concentrations, they were diluted until 

equal values of optical absorption were observed (Figure 3.13). Following excitation of 

these solutions the emission intensities suggest that the degree of functionalization of 

both samples is comparable, affording similarly functionalized materials. When 

compared to the fluorescent probe alone in DMF, a red-shift in the maximum emission 

intensity is observed from 538 to 545 nm for both the f-SWNT [1] and [2]. In order to 

investigate whether the red-shift originates from covalent attachment or from non- 

covalent interaction, fluorosceinamine was titrated into a solution of o-SWNTs [2]. This 

resulted in a slight blue-shift of the emission maximum to 536 nm, strongly indicating 

that the fluorescent probe is covalently bound to the SWNT structure in the 

functionalized samples and not simply physisorbed to the surface as previously seen by 
Dai and co-workers."*®
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Figure 3.14: Emission profiles (Xexc= 490 nm) of fluoresceinamine, f-SWNTs [1] and 

[2] and fluoresceinamine n-n stacked to o-SWNTs [2], The nanotube samples have 

been diluted until same optical absorption values in DMF.

Figure 3.15: Emission profiles (^exc= 490 nm) of fluoresceinamine functionalized 

nanotubes f-SWNTs [1] and f-SWNTs [2] compared to r-SWNTs, p-SWNTs, b- 

SWNTs, o-SWNTs [1], o-SWNTs [2] and CCFs [4], [SWNTsJi = 1 x 10'' mg/mL 

DMF, [CCFsJi =1x10'' mg/mL DMF. Emission peaks at 545 nm are present only in 

the fluoresceinamine functionalized nanotubes.

The Raman spectra of both batches of the oxidized and functionalized SWNTs are 

illustrated in Figure 3.16 and interestingly a decrease of the 1d/1g ratio is observed for 

both following functionalization. Although the decrease is practically negligible in the 

case of f-SWNTs [2], a quite substantial drop is evident for f-SWNTs [1], which seem 

to occur due to the removal of the remaining carbonaceous material from the sample by 

solvent washing.
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Figure 3.16: Raman spectra (A,exc= 633 nm) of A] o-SWNTs [1] and f-SWNTs [1] and 

B] o-SWNTs [2] and f-SWNTs [2] normalized on the G-band. Insets show the RBM 

bands (scale: 0-0.25 a.u.).

NIR-PL spectra of the functionalized samples are illustrated in Figure 3.17 (and 

Figure 3.6a in Appendix) and it is evident that structured emission is sustained, 

indicating retention of the characteristic optical/electronic properties following covalent 

functionalization.

-Average NIR-PL efficiency (ffi 785 nm

Wavelength (nm)
r-SWNTs f-SWNTs [1] f-SWNTs [2]

Figure 3.17: A] NIR-PL spectra (Xexc = 785 nm) of r-SWNTs, f-SWNTs [1] and f- 

SWNTs [2]. B] Histograms showing the average NIR-PL efficiency at >-exc =785 nm
(^measurements” 3).
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The removal of the remaining carbonaceous material from the oxidized samples, 

following solvent washing, is also evident from the reduction in emission in the 880- 

1000 nm region of the spectrum.

XPS analyses of fluorescein functionalized nanotubes f-SWNTs [1] and [2] have been 

performed [by our collaborators at the University of Mons, Belgium], and a comparison 

with the correspondent oxidized samples is reported in Figure 3.18. Following coupling 

with the fluorescent probe, the contribution associated to the defects content (285.3 eV) 

stays, as expected, unaltered for f-SWNTs [2], while it slightly increases for f-SWNTs 

[1]. This is most probably due to the unmasking of defects onto the nanotube surface 

after removal of residual CCFs, as also suggested by the broad and unsymmetrical D- 
band in the Raman spectrum of o-SWNTs [1] (Figure 3.16A).

292 290 288 286 284 282 540 537 534 531 528

Binding Energy (eV) Binding Energy (eV)
292 290 288 286 284 282 540 537 534 531 528

Binding Energy (eV) Binding Energy (eV)

Figure 3.18: XPS C Is and O Is spectra of A] o-SWNTs [1] and f-SWNTs [1], and B] 
o-SWNTs [2] and f-SWNTs [2]. Fitted components are labelled as: Cl: C-C sp^, C2: C- 

C sp^ C3: C-0, C4: C=0, C5: (C=0)-0-, C6: plasmon loss, and Ol: (C=0), 02: C-0- 

C/(C=0)-0-/C-0H, 04: (C=0)-0-Na.

In both of the considered cases, a reduction in the intensity of the carboxylic acid 

component (C5) and an increase of the hydroxyl and carbonyl ones (C3 and C4) are
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observed, indicating the successful introduction of the fluorescent probe in the nanotube 

sample. The type of components in f-SWNTs [1] and [2] are visibly the same, which is 

a proof of the similarity of the two functionalized nanomaterials. However, the relative 

intensity of the C2-C5 bands in f-SWNTs [2] suggests a slightly higher number of 

fluorescent probes in the latter when compared to f-SWNTs [1]. The same conclusion 

can be drawn from (1) the stronger emission intensity when excited at 490 nm, (2) the 

higher Id/Ig ratio, and (3) the more pronounced NIR-PL quenching of f-SWNTs [2], as 

reported in Figure 3.15, 3.16 and 3.17 respectively.

Analysis of the O Is peak of f-SWNTs [1] reveals a small decrease of oxygen species 

of lower binding energy (04), which can be again assigned to residual CCFs removed 

with by solvent washing. On comparison of f-SWNTs [1] and [2] it is however evident 

that the oxygen containing functionality in each functionalized sample is really similar 

following either the NaOH treatment or the solvent washing routes.

3.6 Microscopic analysis of functionalized SWNTs

Representative AFM topographic images of single f-SWNTs [1] and [2] with the 

height profiles are reported in Figure 3.19.
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Figure 3.19: AFM topographic images and height profiles of fluoresceinamine 

functionalized nanotubes. 1] f-SWNTs [1] and 2] f-SWNTs [2]. Z-slide 0-2 nm.
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The average lengths of fluorescein functionalized SWNTs have not been calculated as 

the coupling protocol does not affect the integrity of the nanotube structure.

3.6 Conclusions

Using a well known 2-step purification/oxidation procedure, in the absence of NaOH 

treatment, we have demonstrated that COOH functionality is introduced directly onto 

SWNTs, and not only onto carbonaceous material present in the sample, as previously 

reported for single step nitric acid purification. FT-IR, Raman, NIR-PL and XPS were 

used to demonstrate that both solvent washing and oxidation procedures are important 

with regards to the removal of carbonaceous material and conversion of introduced 

defects to reactive COOH groups, respectively. Covalent functionalization of the 

oxidized materials was also investigated by attachment of a fluorescent probe, and 

ultimately, whether treated with base or solvent washed, the resulting materials are 

close to identical with respect to both their appearance and properties. In addition, we 

have demonstrated that using either of these purification/oxidation strategies, 

functionalized materials can be produced that still exhibit their distinctive 

optical/electronic properties, as demonstrated by sustained structured spectroscopic 

absorption and emission features.
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Chapter 4. Single-Walled Carbon Nanotubes as Nanovectors 
for Biologically Active Metal Cations and Molecules

In this chapter the design, synthesis and complete characterization of a photoresponsive 

multifunctional nanomaterial composed of a SWNTs vector and SP-based caging 

molecules are reported. After sidewall functionalization of the nanotube material with a 

SP based fluorescent receptor, we investigate spectrophotometrically the light 

modulated reversible caging/releasing properties of such composite towards Zn^^ metal 

ions and a nonsteroidal anti-inflammatory drug (NSAID). The formation of a 

supramolecular complex between SP, Zn ions and the NSAID is suggested by 

absorption and emission spectroscopy combined with mass spectrometry and NMR. 

Evidences of the effective functionalization of SWNTs by SP receptors for Zn and its 

light reversible response are offered by thermogravimetric analysis and a number of 

spectroscopic and microscopic techniques. We report here for the first time a potential 

photo controllable SP/SWNTs based drug delivery system (DDS) where the nanotubes 

act as intracellular carriers of light modulated receptors for bioactive metal ions and 

small organic molecules.



Charter 4. SWNTs as nanovectors for anti-inflammatory agents

4.1 Introduction

SWNTs have emerged as efficient intracellular vectors of bioactive payloads for 
alternative drug delivery and cancer therapy applications.'’^

As already underscored in the introductory chapter of this thesis, the vast number of 

covalent, non covalent or encapsulation approaches reported so far opened the way for 

the design and the realization of new and more complex SWNT-based drug delivery 

systems (DDSs). Subsequent to the translocation of such nanosized systems through the 

phospholipid membrane, the therapeutic effect has shown to be initialized by the release 
of active drugs following enzymatic cleavage of chemical bonds,'® opening of the 

capped SWNTs hollow chambers by IR or NIR irradiation," or change in the pH of the 

environment.'^

To date, a number of spiropyran derivatives have been investigated as receptors and 

sensors for the recognition and quantification of biomolecules and ions, showing the 

capability to complex metals cations that can ultimately favour the selective ligation of 

biologically important anions and amino acids.On the other hand, the exploitation 

of such supramolecular complexes is still in its early stage, as the number of bioactive 

organic molecules that can potentially interact with them is certainly vast. To the best of 

our knowledge, SP derivatives have not been used in medicinal chemistry so far. In our 

group we recently reported their low toxicity'® and their behaviour as photoregenerable 

receptors tor Zn ions. ’ therefore, we envisage appealing applications as light 

controllable zinc ion delivery system when SP is anchored to SWNTs scaffolds.

The essentiality of zinc for humans was discovered almost 50 years ago, but its 

function as antinflammatory agent and adjuvant in cancer prevention has been reported 
only more recently.'® Chronic inflammation has been tightly coimected to the 

development of many forms of cancer, and the linkage between the two conditions is 

now part of an accepted paradigm of carcinogenesis.As a consequence, the control 

of the inflammatory response to tissue damage has become undoubtedly a key factor in 

cancer treatment and prevention. Intrigued by the antinflammatory ability of zinc and 

highly motivated by the light modulated reversible chelation of the same metal by SP 

derivatives developed in our lab, we decided to couple the latter ME-Zn receptor with
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the most widely used nonsteroidal anti-inflammatory drug (NSAID), namely the 

acetylsalicylic acid (ASA). Aspirin was specifically chosen as it has shown to decrease 

the incidence of several tumor types,and also because its geometry allows its 

interaction with metal ions.^^ Following chelation of the zinc ions by the SP derivative 

and subsequent addition of ASA, we aim to form a supramolecular complex (ME-Zn- 

ASA) where the anti-inflammatory agents can be released by means of Vis light 

illumination. Once the structure and the performance of the envisaged ME-Zn-ASA 

complex are verified, our goal is the development of a novel class of DDS composed by 

a SWNT scaffold and the ME-Zn-ASA photoresponsive smart delivery unit.

A good DDS candidate requires to (1) be biocompatible,^^ (2) have good 

pharmacokinetic properties (ADME), and to (3) easily release the conjugated bioactive 

molecule when adequately stimulated. To address the first two requirement, the DDS 

proposed here, will be composed of catalyst free SWNTs covalently modified by Tour 

reaction on their sidewalls, and subsequently chemically enriched with PEGylated 

linkers that have demonstrated to improve the nanomaterial water dispersibility and, as 

a consequence, to decrease its immunogenicity and to promote its clearance through the 

urinary excretion route. ’ ’ ' The Vis light responsiveness of the designed SP-based 

delivery system will provide a flexible control of the drug administration, thus meeting 

the third requisite.

Based on the literature and on the preliminary results reported in this chapter, we 

envisage the realization of a drug delivery system based on SP photoresponsive 

receptors loaded on SWNTs. The process steps would consist of (1) shuttling of the 

anti-inflammatory agents through membranes by SWNTs units, ’ (2) Zn and ASA

release in situ by localized Vis light irradiation, (3) promotion of the beneficial effect 

consequent to a decreased induction of inflammatory cytokines and chemokines. As a 

consequence angiogenesis will be slowed down, resulting in diminished invasion and 
metastatic processes, beside an increased apoptosis in cancer eells.'^’^'*

We believe that the findings reported in this chapter will open the way to the design of 

novel smart drug delivery systems based on light responsive covalently modified 

SWNTs composites.
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4.2 Purification and Tour reaction on SWNTs

Commercially available raw HiPco SWNTs (Unidym®) were purified by successive 

treatments with nitric acid, sodium hydroxide, and hydrogen peroxide, as reported in 

Figure 4.1. This protocol, which has been optimized in our lab, was specifically 

chosen as it showed to be effective in the removal of both unwanted metal catalyst and 

carbonaceous material from the sample without affecting the tubes’ integrity.

COOH

HNO3 32.5% [7M]^ 
100 °C, 4h *

COOH
NaOH 2M

CJI^ISQI^cooh 100 °C, 12 h

COOH (x2)

Raw SWNTs

H202(10%)

COOH

NaOH 2M
100 °C. 1h

p-SWNTs

Figure 4.1: Purification of raw SWNTs by nitric acid, sodium hydroxide and hydrogen 

peroxide treatment.

The purified material (p-SWNTs) was subsequently treated with in situ generated 4- 

carboxybenzenediazonium salts to functionalize the nanotube sidewalls. To ensure a 

high degree of benzoic acid functionalities and a good dispersibility in solvents the 

“Tour reaction” was carried out for three consecutive times to afford f-SWNTs (1)

(Figure 4.2). 36

COOH COOH

HOOC

"Tour reaction"

COOH

p-SWNTs

4-aminobenzoic
acid

isoamyinitrite, NMP 
70°C 12 h, N2

x3

COOH COOH 

f-SWNTs (1)

Figure 4.2: Sidewall functionalization of SWNTs with benzoic acid, via the Tour 

reaction.
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4.3 Functionalization of SWNTs with PEG linker and spiropyrans

To further improve the dispersibility of SWNTs in aqueous solvents and to create at 

the same time a more biocompatible material, Boc-protected PEGylated linker (4) was 

again chosen as ideal hydrophilic spacer to be interposed between the nanotube scaffold 

and the photoactive functionality. Compound (4) was coupled to f-SWNTs (1) 
following activation of the benzoic acid groups to the corresponding ester using NHS 

and EDC-HCl (Figure 4.3). The Boc protecting group was subsequently removed by 

trifluoroacetic acid treatment, and the nanotubes bearing free amino groups were reacted
I n

with the activated ester of the spiropyran derivative (5) synthesized in our lab, to 

afford functionalized nanotubes SP f-SWNTs (3).

COOH COOH 0.. .NHR O^^NHR

' H RHNOC^
_____W^

RHNOC
NHS, EDC HCI,DIPEA 

DMF, rt, 4 1/2 days
RHN^O RHn\) 

f-SWNTs (2)

R= H,C,

,Boc

EDC HCI, NHS, Pyridine 
DMF, rt, 3 days

SP f-SWNTs (3)

Figure 4.3: Functionalization of Tour reacted nanotubes f-SWNTs (1) with PEG chain 

and spiropyran photoswitchable derivative.
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The improved solubility of SWNT in aqueous solution after covalent sidewall 

modification is clearly evident from the pictures reported in Figure 4.4, where purified 

and functionalized samples are compared. The solubility of a nanomaterial in water is of 

crucial importance if its envisaged applications involve bio environments. As a 

consequence the demonstrated water solubility of SP-f-SWNTs (3) is paramount as 

DDS based on such photoactive modular system are here investigated.

Figure 4.4: Pictures of SWNTs dispersions after A] purification and functionalization 

with B] benzoic acid and C] SP derivative. [SWNTs]= 0.1 mg/mL distilled H2O, 

sonication time 30 min at minimum power. Pictures taken 1 h after sonication ceased.

The amount of functionalities introduced onto the nanotube sidewalls was investigated 

by Kaiser test. ' The difference in free primary amino groups before and after 

coupling reaction of the nanotubes with SP was calculated by measuring their 

absorbance at 570 nm relative to a blank solution (see Appendix Figure 4.1a). The SP 

loading was calculated as ~ 106 pg/mg SWNTs. If this value is compared to the one 

obtained for SWNTs covalently coupled to SP via the defect site approach (chapter 2), 

the enrichment with a larger number of functional groups is evident in the present case, 

as expected and aimed.

4.4 Characterization of purified and functionalized SWNTs

4.4.1 Thermogravimetric analysis and TEM images

TGAs were recorded in oxygen atmosphere to assess the successful purification of raw 

SWNTs after treatment with HNO3, NaOH and H2O2. The residual ash content at 900
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°C, which dropped from 48% to 8%, is an indication of the efficient removal of the 

metal catalyst, as evident from TGA traces in Figure 4.5.

Figure 4.5: Evidences of effective purification of raw SWNTs after treatment with 

HNO3, NaOH and H2O2, TGA (solid lines) and first derivative (dotted lines) traces of 

raw (r-SWNTs) and purified (p-SWNTs) nanotubes run in air atmosphere.

The 8% value registered after combustion of p-SWNTs can be more likely assigned to 

the presence of small quantities of residual salt coming from the washing procedure 

with NaOH. This assumption was confirmed by TEM analysis, where the metal catalyst 

totally disappeared after the purification protocol, as shown in Figure 4.6.

f-SWNTs
• ■ ■

a F̂prSWNTs

Figure 4.6: HR-TEM images of raw (left) and purified (right) SWNTs on 200 mesh Cu 

holey carbon grids demonstrating the removal of the metal impurities (black particles) 

after nitric acid purification and treatment with NaOH and H2O2. Scale bar: 20 nm 

[analyses run by Dania Movia].

121



Charter 4. SWNTs as nanovectors for anti-inflammatory agents

An additional indication of the successful cleaning of the sample from metal particles 

and carbonaceous impurities was given by the starting decomposition temperature of the 

SWNTs’ graphitic structure. In the presence of impurities, hot spots are usually 

generated on the SWNTs surface which entail the burning of the material at lower 
temperatures.'*'’ When first derivative traces of r-SWNTs and p-SWNTs were compared 

(Figure 4.5) the increased oxidative stability of the material from 420 to 460 °C further 

indicated the effective removal of unwanted impurities after purification and treatment 

with NaOH and H2O2.

To estimate the number of functional groups introduced on the nanotube surface after 

chemical modification and, more importantly, to determine as to whether 

functionalization with SP derivative was achieved, TGA analyses were performed in 

inert nitrogen atmosphere for all the samples (full range traces reported in Appendix 

Figure 4.2a). As schematized in Table 4.1, the weight loss % at 500 °C, which is 

attributable to the decomposition of organic functionalities, increased considerably 

going from raw to purified and SP f-SWNTs (3). This is indicative of the different 

composition of the materials and, as a consequence of the diverse number of functional 

groups introduced on their surface. The decreased number of functional groups per 

carbon atom calculated for SP f-SWNTs (3) is attributed to the removal of residual 

functionalized carbonaceous fragments following exhaustive solvent washings.

TGA in nitrogen
Sample Weight loss % 

@ 500°C
1 functional
group every

residue %
@ 900 °C

raw SWNTs 3 - 70

p-SWNTs 12 - 69

f-SWNTs (1) 28 26C 59

f-SWNTs (2) 35 50C 53

TFA f-SWNTs (2) 30 63C 64

SP f-SWNTs (3) 33 124C 53

Table 4,1: Weight losses % at 500 °C attributed to the decomposition of organic 

functionalities, estimated number of carbon atoms per organic group and residue 

percentages after decomposition in nitrogen atmosphere are reported for raw, purified 

and functionalized SWNTs.
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The successful introduction of SP molecules in the nanotube material was confirmed 

also by the temperature difference maxima between raw SWNTs, p-SWNTs, f-SWNTs 

(1) and SP f-SWNTs (3) in the 100-500 °C range. As already showed in chapter 2, SP 

derivative almost completely decomposed at 400 °C displaying two temperature 

maximum weight loss rates around 180 °C and 240 °C. Also in this case, two maxima 

appeared for SP f-SWNTs (3), and were again shifted to higher values of 214 °C and 

357 °C (Figure 4.7), indicating the presence of SP enriched PEGylated linkers in the 

nanotube material. By applying the equation reported in chapter 2, the organic loading 

was calculated as 1 group every 124 C atoms.

Figure 4.7: TGA first derivative traces in the 100-750 °C range of raw, purified. Tour 

reacted f-SWNTs (1) and SP functionalized f-SWNTs (5) recorded under nitrogen flow.

4.4.2 FT-IR spectroscopy analysis

The introduction of functional groups onto the nanotube surface was monitored by FT- 

IR spectroscopy. Characteristic absorption bands assignable to stretching vibrations of 

specific functional group are clearly evident from the baseline corrected spectra 

illustrated in Figure 4.8 A and B (non corrected FT-IR spectra in Appendix Figure 

4.3a).
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Figure 4.8: ATR/FT-IR spectra of A] raw (r-SWNTs), purified (p-SWNTs) and Tour 

functionalized (f-SWNTs (1)), B] TFA treated f-SWNTs (2) and SP functionalized (SP 

f-SWNTs (3)) nanotubes. Spectra have been baseline corrected to improve data 

visualization.

Following purification with nitric acid and treatment with NaOH and H2O2, absorption 
stretching bands associated to carbonyl groups (1743 cm'') and C=C bonds of the 

nanotube structure (1567 cm"') emerged, thus confirming the introduction of 

carboxylated functionalities on the nanotube frame by conversion of defect sites to 

functionalizable -COOH groups.^^ After functionalization of the nanotube sidewalls by 

Tour reaction, new bands appeared in the region where 0-H and C-0 groups absorb. 

The latter besides the increased intensity of both carbonyl and C=C signals suggested 

the effective introduction of benzoic acid groups in f-SWNTs (1). On comparison of 

TFA treated f-SWNTs (2) spectrum with that of the Tour functionalized material, 

additional bands that suggested the successful coupling of PEG linker to the benzoic 

acid residue were observed (peak assignments for all the nanotube samples are reported 

in the experimental part in chapter 5). Finally when IR measurement were performed on 
SP f-SWNTs (3) the two distinctive nitro absorption bands at 1553 and 1367 cm''
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appeared (Figure 4.8B), confirming the presence of the spiropyran molecule in the 

nanomaterial.

4.4.3 Raman spectroscopy analysis

Raman spectroscopy was used as preferential technique to monitor the extent of 

defects introduction following the chemical processes. The relative intensity of defect 

(D) and graphitic (G) bands was taken into account as their ratio (Id/Ig) is commonly 

calculated to investigate the degree of covalent functionalization on the nanotube 

structure. An increased Iq/Ig ratio indicates a perturbation of the graphene sheet 

symmetry that is ascribable to the insertion of defects/edge planes and, as a 

consequence, functionalities on the nanotube framework.

Figure 4.9 depicts raman spectra of raw, purified and f-SWNTs (1) in addition to Iq/Ig 

values calculated for all the considered samples. Only slight changes are observed in 

RBM, 2D- and G- bands, while the D-band is strongly affected following the Tour 

reaction, indicating covalent functionalization.

Sample Iq/Ig ratio

r-SWNTs 0.056

p-SWNTs 0.109

f-SWNTs (1) 0.661

f-SWNTs (2) 0.607

TFA f-SWNTs (2) 0.621

SP f-SWNTs (3) 0.606

Figure 4.9: Raman analyses (A,exe= 633 nm). Figure] Raman spectra (normalized on the 

G-band) of r-SWNTs, p-SWNTs and f-SWNTs (1). Table] Id/Ig ratio calculations for all 

the samples.

Following attachment of PEG chain, deprotection from the Boc group and coupling to 

SP, the intensity of the defect sensitive D-band stayed almost unaltered as expected.
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This is evident in Figure 4.10 where enlarged D-, G- and RBM band are reported for all 

the samples. The sharpening and restored symmetry of the D-band after progressive 

functional groups enrichment can be explained with the removal of small amounts of 

residual CCFs by exhaustive washing with solvents.

When the RBM region of raw and purified SWNTs are compared (Figure 4.1 OB), the 

destruction of small diameter tubes by nitric acid treatment is confirmed by the 

disappearance of RBM bands resonant at shifts values > 280 cm''.

B

Figure 4.10: Raman analyses (X,exc= 633 nm) of enlarged A] D- and G- bands, and B] 

RBM bands of raw, purified and functionalized SWNTs. Spectra normalized on the G- 

band.

4.4.4 Atomic force microscopy analysis

AFM topographic images were recorded for all the samples dispersed in DMF and 

sprayed on freshly cleaved mica substrate, with the aim of confirming the cleanliness of 

the purified material and its effective disentangling after chemical functionalization 

(Figure 4.11). When r-SWNTs and p-SWNTs are compared, the efficient removal of 

metal catalyst and impurities is once more confirmed: raw material is composed of a big 

portion of carbonaceous material and catalytic particles (dots), while following 

purification only small bundles of clean nanotubes are left. The improved debundling of 

nanotubes after chemical modification is suggested by the distribution of almost all 

individual tubes in f-SWNT (1), (2) and (3) samples.
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Figure 4.11: AFM topographic images of r-SWNTs, p-SWNTs, f-SWNTs (1), (2) and 

(3). Z-slide: r-SWNTs 0-10 nm, p-SWNTs and f-SWNTs (1) 0-2.5 nm, f-SWNTs (2) 0- 

3.7 nm, SP f-SWNTs (3) 0-4 nm.

The chemical protocol here utilized has demonstrated to only slightly affect the tubes’ 

integrity.^^
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4.5 On-off switching of SWNTs functionalized with spiropyran molecules

Before investigating the switching behaviour of SP f-SWNTs (3), the optical changes 

induced by UV light irradiation and storage in the dark on the correspondent SP 

derivative in solution were studied.* The reversible interconversion of SP (6) in the ME 

open isomer was demonstrated by modulation of the absorption band at 593 nm 

following irradiation with UV light (365nm) for 1 minute. This band, that corresponds 

to the ME form of the dye reverted back to the starting value after 3 minutes in the dark 

(Figure 4.12B).

Figure 4.12: A] Photo interconversion of the closed SP (6) into the ME open form. B] 

Absorption spectra of SP (6) lO'"* M in DMF after 1 min UV illumination (365 nm) and 

after 3 min storage in the dark.

The electronic properties of raw, purified and sidewall covalently modified SWNTs 

were evaluated by UV-Vis absorption spectra of DMF solutions (Figure 4.13). 

Following purification the optical features were retained, while the diazonium treatment 

resulted in the complete loss of van Hove singularities in agreement with numerous 
published articles.^^’'*’''^^ The loss of optical transitions in the absorption spectra of f- 

SWNTs (1), (2) and (3) is indicative of covalent functionalization. In SP f-SWNTs (3) a 

peak at 416 nm was detectable, which corresponds to the SP closed isomeric form 

coupled to the PEG linker. As already noticed for SP functionalized nanotubes 

following the defect site approach (chapter 2), the absorption maximum of SP was red-

SP (6), which is the ethyl ester form of SP (5), was specifically chosen as it better 
resemble the features of that bounded to the SWNTs scaffold.
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shifted if compared to the one of the molecule in solution, as an indication of the 

SP/SWNT interaction.

Figure 4.13: UV-Vis absorption spectra of r-SWNTs, p-SWNTs, f-SWNTs (1), (2) and 

(3) collected on the supernatant of initial 0.1 mg/mL nanotubes in DMF. The arrow 

indicates the absorption peak ascribable to SP in the nanomaterial.

The photoresponsiveness retention of the SP switch when coupled to SWNTs was 

investigated via both absorption and emission spectroscopies (Figure 4.14 and 4.15), 

and the optical changes that occurred after UV irradiation and storage in the dark were 

measured. UV irradiation resulted, as expected, in an increased absorbance in the ME 

isomer region (500-600 nm). The reversion of the band at 585 nm to the starting value 

after storage in the dark is demonstrated in Figure 4.14A. For improving the 

visualization of the switching behaviour, absorption spectra of SP f-SWNTs (3) were 

subtracted from the one recorded after UV illumination and darkness (inset Figure 

4.14A). As previously observed, the ME absorption maximum blue-shifted compared to 

the one of the molecule in solution as an indication of tt-tt interaction between the 

photoactive molecule and the tubes.'*'* Analogous experiments were performed on raw, 

purified and all the functionalized SWNTs that showed no photoresponsiveness (spectra
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displayed in Appendix Figure 4.4a), thus further supporting the enrichment of SP f- 

SWNTs (3) with the desired photoactive receptor.

It was possible to modulate cyclically and reversibly the switching of the spiro molecule 

covalently attached to the nanotube material through PEG linker, and the changes in 

absorption intensity of the band at 585 nm are reported in Figure 4.14B, where on-off 

switching cycles are depicted.

Figure 4.14: On-off switching cartoon of SP f-SWNTs (3) and absorption studies. A] 

SP f-SWNTs (3) response to UV (365 nm) illumination for 2 min and dark for 3 min. 

Inset: difference absorption spectra of SP f-SWNTs (3) after 2 min UV, 3 min dark and 

additional 2 min UV illuminations. B] Absorbance changes at 585 nm of SP f-SWNTs 

(3) solutions following UV (365 nm) and dark cycles. Gray and white bars indicate the 

UV and the darkness intervals respectively. The spectra were collected on the 

supernatant of initial 0.1 mg/mL nanotubes in DMF.

The photoswitchability of the SP-SWNTs composite was proved also by emission 

spectroscopy (Figure 4.15). An emission band at 670 nm, which is associated to the ME 

open form, was clearly detectable after UV irradiation of SP f-SWNTs (3) dispersed in 

DMF. This emission peak could be cyclically modulated by UV illumination (2 min)
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and storage in the dark (5 min), thus confirming the switchability of the nanotube 

material. Emission spectra, excited at A,exc= 593 nm, of SP f-SWNTs (3) before and after 

UV irradiation, and after storage in the dark are reported in Figure 4.15A, while in 

Figure 4.15B the on-off switching cycles are shown.

A B

Figure 4.15: Emission studies. A] SP f-SWNTs (3) response to UV (365 nm) 

illumination for 2 minutes and dark for 3 minutes. B] Emission changes at 670 nm of SP 

f-SWNTs (3) solutions following UV (365 nm) and darkness cycles. Gray and white 

bars indicate the UV and the darkness intervals respectively. The spectra were collected 

on the supernatant of initial 0.1 mg/mL nanotubes in DMF.

To ensure that the photoswitchable emission band belonged to the SP molecule, the 

same experiments were performed on f-SWNTs (2) before and after removal of the Boc 

protecting group. In no cases changes were recorded and the emission profiles are 

reported in Appendix Figure 4.5a. The bands at 650 nm and 715 nm in all the nanotube 

samples are associated to the emitting behaviour of SWNTs in the visible region when 

excited at 593 nm.'*^

The emission behavior of the SP alone was recorded and compared to that of the SP f- 

SWNTs (3) (Appendix Figure 4.6a). Bands at a slightly shifted wavelength were 

observed, which could be ascribable to a change in stabilization of the excited transition 

state of the molecule in the presence of nanotubes. As a consequence, the interaction 

between the two constituents of the SP/SWNTs nanodevice synthesized was again 

confirmed.
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4.6 Merocyanine/metal/NSAID complex formation studies

The light modulated reversible chelation of a metal and an NS AID by a spiropyran 

derivative, when the latter is anchored to a SWNTs scaffold, is here investigated. 

However, the study of the molecular system performances before its integration in the 

final nanodevice is good and cautious practice. For this reason the reversible and 

controlled chelation of Zn metal ions and acetylsalicylic acid (ASA) by SP (6)
1 7derivative in solution, in response to light irradiation, was first considered.

The formation and the light controlled modulation of the envisaged supramolecular 

complex between SP, Zn^^ metal ions and ASA was investigated by NMR and mass 

spectrometry analyses combined with absorption and emission spectroscopy studies.

4.6.1 NMR and mass spectrometry

The approach adopted consisted in the preparation, analysis and comparison of six 

different solutions containing i) SP, ii) ASA, iii) SP with 1 eq of Zn(C104)2, iv) ASA 

with 1 eq of Zn(C104)2, v) SP and ASA, and vi) SP, ASA and Zn(C104)2 in equimolar 

amounts. The combination of NMR and mass spectrometry outcomes led to a number of 

results that for simplicity are listed here to follow.

1] SP in CD3CN -I- Zn(Cl04)2 O.IM in D2O 1:1 eq ratio. The complex ME-Zn was 

formed after addition of Zn(C104)2 to the SP solution, as already reported by our 

group and the evidences are reported in the Appendix paragraph 7.2.1 and Figure 4.16.

2] SP + ASA in CD3CN 1:1 eq ratio. No complex was formed when SP was added of 

aspirin, as the NMR spectrum consisted of the sum of signals coming from the two 

molecules with no significant chemical shift changes (Figure 4.16). To exclude proton 

transfer from the ASA to the SP, NMR studies were performed after a two month 

period, confirming that the two compounds do not interact (Appendix paragraph 7.2.2).

3] ASA in CD3CN + Zn(Cl04)2 O.IM in D2O 1:1 eq ratio. As expected,^^ a complex was 

formed when aspirin was added of Zn(C104)2 (Appendix paragraph 7.2.3).
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4] SP in CDsCN + Zn(Cl04)2 0.1 M in D2O + ASA in CD3CN 1:1:1 eq ratio. When 

aspirin was added to a solution containing both SP and Zn , the appearance of a new 

peak in the mass spectrum and the recorded NMR signals may be indicative of the 

formation of a ME-Zn-ASA complex, whose hypothetical structure is depicted in 

Figure 4.16. In the same figure the comparison between the partial ’H-NMR spectra of a 

solution of spiropyran prior to (SP) and after the addition of 1 eq of Zn(C104)2 (ME- 

Zn), 1 eq of aspirin (SP+ASA), and the mixture of 1 eq of Zn(C104)2 and 1 eq of aspirin 

(ME-Zn-ASA) are also shown.

The progressive downfield shift of -OCH3 protons (f-f) going from SP, to ME-Zn and 

ME-Zn-ASA strongly indicated the involvement of the SP methoxy group in the 

complexes coordination. The ester group of the SP side chain demonstrated to be also 

implicated in the metal coordination, as the quartet of protons adjacent to the -COO 

ester group (p’) downshifted with respect to the one in the absence of zinc (p). When SP 

and ME-Zn are compared, the protons adjacent to the indolic nitrogen (m-m’) shift to 

lower fields because of the effect of the positively charged N in the open form, and 

additionally the characteristic coalescence of the gem methyl groups (a) in a singlet at 

1.82 ppm (a’), due to the symmetry of the quasi planar ME, is also observed. The peaks 

corresponding to the aliphatic protons of the ester chain moved downfield after Zn 

complexation by the SP (n-n’, 0-0’) without being further affected after the interaction 

with ASA. Vinylic (b,c) and aromatic (g,h,i,l) protons disappeared after ME-Zn 

formation, and two distinguishable group of signals appeared in the range of 7.6-7.8 

ppm and above 8.5 ppm, as previously reported. In the presence of ASA, the shift of - 

COCH3 protons (v-v’) suggested the involvement of this group in the metal 

coordination.

An additional proof of the formation of the ternary complex ME-Zn-ASA was provided 

by MALDI-TOF mass spectrometry. Being the latter a soft ionization technique, it 

allowed the deteetion of the fragile complex that with other ionization techniques would 

have been possibly decomposed. In the SP-Zn(C104)2-aspirin solution the two peaks 

indicating the presence of a 2SP-Zn-C104' and SP-Zn-C104' complexes were found at 

1067 m/z and 615 m/z respectively. The additional peak at 714 m/z suggested the 

presence of a SP-Zn-aspirin-H20 complex (Appendix paragraph 7.2.4).

We are attempting to obtain crystals of the ME-Zn-ASA triad, as their analysis by 

single-crystal X-ray diffraction would confirm the complex stoichiometry.
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Figure 4.16: Hypothetical structure of the triad ME-Zn-ASA, and 'H-NMR partial 

spectra of spiropyran prior to (SP) and after the addition of 1 eq of Zn(C104)2 (ME- 

Zn), 1 eq of aspirin (SP+ASA), and 1 eq of Zn(C104)2 plus 1 eq of aspirin (ME-Zn- 
ASA).
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4.6.2 Absorption and emission spectroscopies

The ternary ME-Zn-ASA complex formation, the non-interactions between the two 

molecules and the chelation of zinc by the ASA drug, were confirmed by UV-Vis 

spectroscopic analyses. Absorption and emission studies demonstrated the effective

light modulated reversible chelation of Zn and ASA by the SP derivative.

ME-Zn-ASA triad complex formation. The changes in the absorption spectrum of a 

solution 10’'* M of SP (6) in CH3CN before and after the addition of 1 eq of Zn(C104)2 

and ASA were monitored and are depicted in Figure 4.17. The absorption spectrum of a 

solution of SP (picture A) show an absorption band at 358 nm and a low intensity band 

at 588 nm corresponding to a small amount of the open form isomer at the equilibrium. 

After the addition of 1 eq of Zn(C104)2, the solution turned orange (picture B) and a 
high intensity band, that corresponds to the ME-Zn complex, appeared at 489 nm.'^ 

The addition of 1 eq of aspirin turned the solution into dark yellow (picture C), the band 

at 489 nm decreased in intensity, and a shoulder appeared at 430 nm. By comparing the 

absorption profile of ME-Zn before and after the addition of ASA, no intensity changes 

are detectable in the ME and SP bands. Absorptions below 300 nm and at 430 nm 

showed an increase in intensity after 1 day and after addition of an excess of aspirin, 

where the one at a smaller wavelength is due to the ASA molecule (Figure 4.12a in 

Appendix). The presence of a ME-Zn based complex was strongly indicated by the 

persistence of the band at 489 nm, and its decrease in intensity could be exclusively 

explained by the interaction of aspirin with the metal ion that is chelated by the ME 

zwitterion. All the above mentioned considerations brought to the reasonable conclusion 

that the band at 430 nm can be used as a signal to indicate the formation of the ME-Zn- 
ASA complex.

Control experiments (Figure 4.13a in Appendix) confirmed the attribution of the 430 

nm absorption to a species that is not the protonated form of the ME (MEH).
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500 600
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Figure 4.17: Absorption spectra of 10“^ M SP (6) in CH3CN (blue) after the addition of 

1 eq of Zn (orange), and an additional 1 eq of ASA (dark yellow). Pictures of the 

correspondent solutions are reported in the inset and labelled as A, B and C 

respectively.

The ME-Zn complex formation was monitored by emission spectroscopy at intervals 

of 30 seconds for nearly one hour (Figure 4.18A). A 10'^ M solution of SP (6) in 

CH3CN was added of 1 eq of Zn(C104)2 and irradiated with Vis light (3300K) for 1 

minute to ensure the minimum emission of the ME-Zn complex at time zero. Upon 

excitation at A,exc= 481 nm, the emission spectra revealed a band at 633 nm, that 

corresponds to the ME-Zn complex.

Figure 4.18: Kinetic of ME-Zn and ME-Zn-ASA complexes formation. A] Emission 
spectra of a SP solution (10’^ M, CH3CN) after addition of 1 eq of Zn(C104)2 (10'^ M, 

H2O) and Vis irradiation for 1 min. Data interval 30 sec for 50 min. B] Emissions at 633 

nm of SP solutions added of Zn, Zn+ ASA or ASA in equimolar amounts.
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The same experiment was repeated after the addition of i) 1 eq of Zn(C104)2 and 1 eq 

of ASA and ii) only of 1 eq of ASA to the SP solutions. The emission intensity at 633 

nm was again recorded every 30 seconds, and the kinetics of complex formation for the 

three different solutions are plotted in Figure 4.18B. SP added of only ASA showed no 

response at 633 nm when excited at 418 nm (cyan), while emission was observed in the 

presence of the three components. However when the curves of ME-Zn (grey) and ME- 

Zn-ASA (wine) are compared, in the latter a lower emission intensity at 633 nm is 

recorded. We suggest that the interactive force between the metal and the SP dye is 

modified when ASA is present in solution. The outcomes of our experiments are in 

good agreement with the one recently reported where a ME-Zn-PPi complex was 

investigated.'^

Lisht modulated reversible chelation of Zn/ASA by the SP derivative. The reversible 

chelation of zinc and ASA by the photoactive molecule was demonstrated by additional 

absorption and emission experiments and the use of Vis light. The metal cation showed 

to be fully released by the ME-Zn complex after Vis irradiation for just 1 minute, as 

evident by the disappearance of the emission and absorption bands typical of the 

complex at 633 nm and 489 nm respectively (Figure 4.14a in Appendix). After storage 

in the dark the ME-Zn complex was fully reconstituted and several light-controlled 

cycles could be reproduced, as already reported for the same SP derivative bearing a 

free carboxylic acid.'^ The solution containing the triad ME-Zn-ASA was left in the 

dark for 7 days to equilibrate, and afterwards it was subjected to Vis light illumination. 

As reported in Figure 4.19A, the absorption features in the 400-600 nm range 

completely disappeared, as an indication of the release of Zn and ASA. The increased 

absorption below 300 nm, which is ascribable to the free ASA, further supported the 

effective release of the NSAID drug after short Vis light illumination. Following storage 

in the dark for 3 hours the ternary complex ME-Zn-ASA was completely restored 

(Figure 4.19B), as supported by the re-appeared absorption bands in the visible range.
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Figure 4.19: Kinetic of ME-Zn-ASA complexes formation and release of Zn/ASA by 

Vis light. A] Absorption spectra of a ME-Zn-ASA before and after irradiation with Vis 

light (3300K) for 1 minute. B] Kinetic of ME-Zn-ASA complex formation at 430 nm 

after Vis light illumination.

No interaction ME/ASA and chelation of zinc ion by ASA. It has been reported that the 

interaction between a SP and amino acid (AA) can be successfully proved by 

monitoring the change in fluorescence intensity of the ME opened isomer in the 

presence of AA."*^ In our study the same approach was employed to demonstrate the 

absence of interaction between SP (6) and ASA. The solution containing the 

photoactive molecule was irradiated by UV light (365 nm) for 1 min to ensure its 

conversion to the open form isomer (ME). The fully conjugated ME displayed an 

emission band at 705 nm (Figure 4.20A), that almost completely disappeared after 10 

min, indicating the spontaneous and fast closure of the structure.

Figure 4.20: A] Emission spectra of ME (6) (10’^ M, CH3CN) recorded every 30 sec for 

50 min. B] Kinetic of ME (6) decay at 705 nm in the presence or absence of ASA.
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The same experiment was repeated after the addition of 1 eq of ASA to the ME 

solution, and the fluorescence decay was monitored (Figure 4.20B). No significant 

changes were observed, indicating that the ASA is not able to stabilize the zwitterionic 

ME open form, and thus excluding any interaction between the two organic molecules. 

This result is in accordance with NMR and mass spectroscopy results.

Finally, following addition of zinc to an ASA solution the appearance of a new 

absorption band at 310 nm further suggested the complexation of the metal by the drug 

(Figure 4.15a in Appendix).

4.7 Reversible chelation of zinc by SP f-SWNTs

The complexation and the release of zinc metal ions and acetylsalicylic acid by SP (6) 

in solution demonstrated to be fully controllable and modulated by light, as pictured in 

Figure 4.21.

2n^ ME-Zn complex ASA

r
photoswitchable receptors

Figure 4.21: Pictorial representation of the cycle of chelation and light modulated 

release of zinc and ASA by the SP-based receptor.

However, when the photoactive molecule is anchored to a SWNTs scaffold, the 

simultaneous detection of metal ions and/or small organic molecules becomes more 

challenging because of the intrinsic optical features and of the strong absorption 

background of SWNTs. The latter might impede the straightforward assignment or even 

the detection of signals coming from the non-nanotube fraction by absorption 

spectroscopy. In the present work, the more sensitive emission spectroscopy will be
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used to demonstrate both the chelation and the light modulated release of zinc by the SP 

f-SWNTs (3).

Furthermore when the performances of smart photoactive receptors in solution are 

aimed to be reproduced on the same attached to carbon nanotubes, the solubility issue 

becomes a major limitation. As a consequence, a solvent (or a mixture of solvents) 

capable to solubilize the tubes and that, at the same time, permits the preservation of the 

SP-based DDS abilities had to be exploited. A different number of solvents, 

summarized in Table 4.1a in Appendix, were tested on both SP f-SWNTs (3) and SP (6) 

before and after addition of zinc. Acetonitrile, the ideal solvent for the detection and 

performances of the ME-Zn-ASA complex, did not dissolve the nanotube material; 

whereas DMF, one of the solvents of choice for SWNTs, impeded the chelation of Zn^"^ 

by the SP because of its solvation effect. Among the non-coordinating solvents, 

dichlorobenzene (CliBz) was chosen as, conversely to hexane and dichloromethane, it 

well dissolved both SPs and nanotubes. To overcome the problem of the non miscibility 

of the zinc aqueous solution with C^Bz, a ternary mixture composed by CI2BZ/CH3CN 

in ratio 9:1 and aqueous solution of zinc was used.

Absorption spectroscopy confirmed the reversible photoswitchability of the SP 

molecule by UV/dark cycles also in CI2BZ/CH3CN 9:1, where the ME band resulted 

slightly red-shifted (from 588 to 610 nm) as a consequence of the changed polarity of 

the environment.'^’’'*^ When fluorescence decays of the ME open isomer in CH3CN and 

CI2BZ/CH3CN 9:1 were compared, a faster reversion to the closed SP isomer was 

recorded in the second case. Absorption and emission profiles of the photoswitchable 

receptor SP (6) in the two solvents are compared in the Appendix (paragraph 7.2.5, 

Figure 4.16a).

Zinc chelation studies were performed on SP (6) dissolved in CI2BZ/CH3CN 9:1, 

following the same protocol adopted for CH3CN solutions. After addition of 1 eq of 

Zn(C104)2 the solution turned fluorescent yellow and a new absorption band appeared at 

440 nm. The changes in intensity and shape of the latter were monitored with the time, 

resulting in a clear signal attributable to the ME-Zn complex (Figure 4.22).
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Figure 4.22: Absorption studies. A] Spectra of a SP solution (lO"'’ M, CI2BZ/CH3CN 

9:1) after addition of 1 eq of Zn(C104)2 (10'' M, H2O). Data recorded for 1 h every 1 

min, and after 3h. In the inset the colour of the solution after addition of zinc is shown. 

B] Changes in absorption intensity of ME-Zn at 440 nm after Vis light illumination.

Emission studies (Zexc= 440 nm) confirmed the absorption outcomes: the intensity of 

the detected band at 578 nm increased gradually with the time after the addition of the 

metal to the SP solution, to reach a plateau after 30 minutes in the dark, which indicated 

a fast ME-Zn complex formation (Figure 4.23).

Figure 4,23: Emission studies. A] Spectra of a SP solution (10'^ M, CI2BZ/CH3CN 9:1) 
after addition of 1 eq of Zn(C104)2 (10'^ M, H2O) and Vis irradiation for 1 min. Data 

recorded for 30 min every 30 sec. B] Changes in emissions intensity of a SP solutions 

added of Zn in equimolar amount at 578 nm.
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The light controlled release of the metal cation from the ME-Zn was confirmed also in 

this solvent mixture (Appendix, Figure 4.17a). After 1 min of Vis light irradiation the 

solution turned transparent and the peak at 440 nm disappeared. By storing the sample 

in the dark, the complex spontaneously reformed with the same kinetic showed in 

Figures 4.21 and 4.22. To again exclude the attribution of the band at 440 nm to the 

protonated form of the ME (MEH), SP was added of 1 eq of TFA resulting in a different 

absorption profile in the 400-600 nm region (Appendix, Figure 4.18a). This besides the 

different colours of the SP solutions after addition of zinc and TFA, and the diverse 

emission profiles when excited at 440 nm, confirmed the ME-Zn complex formation 

when zinc was added to SP (6) dissolved in CI2BZ/CH3CN 9:1.

Once the functioning of the smart photoactive SP based receptor was proved in 

CI2BZ/CH3CN 9:1, optical measurements were carried out on SP f-SWNTs (3) 

dispersed in the same solvent mixture. Emission spectroscopy was again confirmed as a 

powerful analytical tool to prove the light responsive nature of the modified 

nanomaterial. Following UV irradiation of SP f-SWNTs (3), the band associated to the 

zwitterionic ME was detected at 667 nm, and its intensity was modulated by UV and 

dark cycles of 2 and 5 min respectively. In Figure 4.24 the photoresponsiveness and the 

on-off switching cycles of the nanotube material covalently functionalized with the SP 

receptor are once more demonstrated.

B

Figure 4.24: Emission studies. A] SP f-SWNTs (3) before and after UV (365 nm) 

illumination for 2 min. B] Emission changes at 667 nm of SP f-SWNTs (3) solutions 

following UV (365 nm) and darkness cycles. Gray and white bars indicate UV (2 min) 

and darkness (5 min) intervals respectively. Spectra were collected on the supernatant of 

initial 0.1 mg/mL nanotubes in CI2BZ/CH3CN 9:1.
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The SP f-SWNTs (3) solution was added of Zn(C104)2, left equilibrate in the dark for 

5 min and the emission spectrum (Zexc= 440 nm) was collected. The band recorded at 

508 nm was attributed to the formation of the ME-Zn complex for two reasons. The 

first because its shape and shift value are comparable to that of the ME-Zn free in 

solution, the second because its intensity can be modulated by Vis light (Figure 4.25). 

Sequential conversions between the closed form of the receptor and ME-Zn complex 

anchored to SWNTs scaffolds were recorded after the addition of the metal followed by 

light and darkness cycles.

Figure 4.25: Release of zinc by SP f-SWNTs (3) triggered by light. A] Emission 

spectra (Zexc= 440 nm) of SP f-SWNTs (3) added of Zn(C104)2 (10'* M, H2O, Ipl/mL of 

NTs) and of the ME-Zn complex in CI2BZ/CH3CN 9:1. B] Emission changes at 508 nm 
of SP f-SWNTs (3) added of Zn^"^, following Vis (3300 K) illumination (5 min, grey 

bars) and dark cycles (5 min, white bars). The spectra were collected on the supernatant 

of initial 0.1 mg/mL nanotubes in CI2BZ/CH3CN 9:1.

We have previously shown that when ASA is added to a ME-Zn solution, the 

emission of the complex decreased in intensity, suggesting an interactive force between 

the drug and the metal also when the latter is chelated by the receptor. In the light of this 

and of the weak emission signal recorded for the complex anchored to SWNTs, 

experiments involving the addition of ASA to SP-modified nanotubes were not 

performed. Etowever, the demonstrated zinc-aspirin complex formation besides the 

successful and reproducible release of zinc metal ions by the photoactive receptor 

attached to SWNTs (Figure 4.25B), may suggest that when ASA is added to the
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nanotube solution it would be released together with the metal following Vis light 

illumination, as schematized in the cartoon of Figure 4.26.

(me (
SP

• Zinc

^ Acetylsalicylic acid 

Vis light illumination

Figure 4.26: Pictorial representation of the envisaged release of bioactive payloads 

from SWNTs bearing SP photoactive receptors.

Emission studies (kexc= 440 nm) were additionally performed on p-SWNTs, f-SWNTs 

(1) and SP f-SWNTs (3) and were compared to the emission data recorded for SP f- 

SWNTs (3) after the addition of zinc. In the absence of metal all the nanotube solutions 

presented a small intensity emission band at 508 nm (Figure 4.19a in Appendix). 

However, this band remarkably changed both in intensity and in light responsiveness 

only following addition of zinc to the one functionalized with the SP receptor. This 

result further confirmed the successful chelation of zinc by the SP photoactive molecule 

anchored to the SWNT scaffold.

4,8 Epifluorescence microscopy images of SP f-SWNTs

Epifluorescence microscopy images (performed by Dania Movia) of human monocytic 

leukemia cells (THP-1) treated with SP f-SWNTs (3) showed that “macrophage-like” 

cells grew in close contact with the nanotube aggregates (Figure 4.27A, B and D). 

Careful microscopy analysis showed active engulfment of such aggregates by THP-1 

cells (Figure 4.27C), thus underlining the potential application of SP f-SWNTs (3) as 

drug-delivery platform. Further investigations by TEM would be necessary to better 

clarify whether THP-1 cells are able to uptake SP f-SWNTs (3) inside the cytoplasm.
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Figure 4.27: Representative epifluorescent microscopy images of PMA-activated, 

“macrophage-like” THP-1 cells stained with Phalloidin-Alexa 546 conjugate after 24 h 

exposure to SP f-SWNTs (3). (B, D) Arrows point out SP f-SWNTs (3) aggregates in 

close contact with cells. (C) Macrophage engulfing a SWNTs aggregate (red arrow). (B- 

D) Intensely stained punctate foci of F-actin are visible across the entire cells surface. 

The punctate F-actin fluorescence along the cell is associated with monocyte-to- 

macrophage differentiation and it is indicative of adhesive structure formation.'*^ Scale 

bar: 20 pm: (A) lOx, (C-D) 50x magnification.

4,9 Conclusions

We have demonstrated the light modulated release of antinflammatory zinc ions by a 

smart multifunctional material composed of spiropyrans and SWNTs. The exploitation 

of a number of complementary characterization technique allowed the investigation of 

both composition and performance of chemically purified and sidewall functionalized 

nanotubes. The suitability of the synthesized SP/SWNT material for potential 

applications in bio-systems was suggested by (1) the removal of toxic metal catalyst
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particles, as confirmed by TGA and TEM images, and by (2) their increased debundling 

and dispersibility in common solvents and water, as gathered by AFM topographic 

images and solubility tests. The introduction of PEGylated biocompatible linkers and 

SP photoactive molecules was confirmed by characteristic vibrations of the functional 

groups in FT-IR spectra, by increased weight loss below the graphitic decomposition 

temperature in TGA analyses, and by the higher Id/Ig ratio in Raman spectra after 

functionalization. The introduction of a high number of organic pendants on the tubes’ 

surface was achieved by Tour reaction and was confirmed by Kaiser test.

UV-Vis spectroscopy has been decisive in proving the photoswitchability of the SP 

receptor both when free in solution and when anchored to the SWNT scaffold. Emission 

and absorption studies, combined with mass spectrometry and ^H-NMR demonstrated 

the formation of a supramolecular complex between SP, Zn ions and acetylsalicylic 

acid, coined as ME-Zn-ASA. Visible light illumination showed to trigger the release of 

both metal and NSAID drug from the ternary complex in a controlled manner. The 

successful and reproducible release of zinc metal ions by the photoactive receptor 

loaded on the tubular nanosized scaffold was also proved by UV-Vis spectroscopic 

studies. The set of data presented in this work and the evidences gathered so far, suggest 

that the delivery of ASA together with zinc is potentially achievable when the latter is 

chelated by SP f-SWNTs.

We presented here for the first time a potential photo controllable SP/SWNTs based 

drug delivery system (DDS) where the nanotubes act as intracellular carriers of light 

modulated receptors for anti-inflammatory agents.
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Chapters. Experimental Procedures

5.1 General Procedures

TGA analyses were performed on a PerkinElmer Thermogravimetric Analyzer Pyris 

1 TGA. The method used for performing TGA measurements both in air and nitrogen is 

as follows: 5 minute isothermal step at 30 °C (to equilibrate the sample); heat from 30 

°C to 100 °C at a rate of 10 °C min’’; 20 minute isothermal step at 100 °C (to ensure 

evaporation of the solvents); heat from 100 °C to 900 °C at a rate of 10 °C min"'.

FT-IR spectra were measured in the solid state on a PerkinElmer FT-IR Spectrometer 

Spectrum 100 with a universal ATR sampling accessory (diamond/ZnSe crystal). The 

spectra were recorded at 256 scans with a 4 cm"' resolution.

Micro-Raman scattering measurements were carried out at room temperature in the 

backscattering geometry using RENISHAW 1000 micro-Raman system equipped with a 

CCD camera and a Leica microscope. An 1800 lines mm"' grating was used for all 

measurements, providing a spectral resolution of ~ 1 cm''. As an excitation source the 

Ar^ laser with 457 and 514 nm excitation lines and the He-Ne laser with 633 nm 

excitation with variable powers were used. Measurements were taken with 20 seconds 

of exposure time and 4 accumulations. The laser spot was focused on the sample surface 

using a 50x objective with short-focus working distance. Raman spectra were collected 

on numerous spots on the sample and recorded with Peltier cooled CCD camera. Only 

one spectrum was collected per spot. Frequency shifts were calibrated by a Si reference. 

The intensity ratio Id/Ig was obtained by taking the peak intensities after baseline 

corrections. The data were collected and analyzed with Renishaw Wire and GRAMS 

software.

Raman mapping measurements were collected at room temperature using 

RENISHAW in-Via Raman system coupled with CCD camera. Samples were deposited 

on glass cover slides No 1. The laser spot was focused on the sample surface using a 

lOOx oil immersion objective (N.A. = 1.4). As excitation source laser at 488 nm with 9 

mW power was used. An 1800 lines mm"' grating was used, providing a spectral 

resolution of ~ 1 cm''. Raman maps were taken with 0.2 seconds of exposure time, one 

accumulation and total number of points 128x128. The data were collected and 

analyzed with Wire 3.1 software and NT-MDT Nova software.
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XPS measurements were performed in a VERSAPROBE PHI 5000 from Physical 

Electronics, equipped with a Monochromatic A1 Ka X-Ray source with a highly 

focused beam size which can be selected from 10 pm to 300 pm. The energy resolution 

was 0.6 eV. For the compensation of built up charge on the sample surface during the 

measurements a dual beam charge neutralization composed of an electron gun (~1 eV) 

and the Argon Ion gun (<10 eV) was used.

The UV-Vis and the UV-Vis-NIR Absorption spectra were recorded on a Perkin 

Elmer UVA^is Spectrometer Lambda 35 and a Perkin Elmer UV-Vis-NIR Spectrometer 

Lambda 1050 respectively. All the data were recorded after 1 cycle, with an interval of 

1 nm, slit width of 2 nm and scan speed of 240 nm min’'. The nanotube samples were 

dispersed in HPLC grade solvents by sonication (tip and/or bath), centrifuged for a 

minimum time of 90 min at 4000 rpm and the absorption spectra were recorded on the 

supernatant of initial SWNT concentration of O.lmg/mL or 0.01 mg/mL, except as 

otherwise stated.

Samples were illuminated by using a portable UVP ultraviolet lamp equipped with a 

combination of shortwave (254 nm)/longwave (365 nm) and a Schott KL 1500 LCD 

Visible lamp (560-900 nm).

Emission spectra were taken in a HORIBA Jobin Yvon Fluorolog-3 

Spectrofluorometer equipped with a 450 xenon CV lamp after 1 cycle, with slit width of 

10 nm and integration time 0.1 s. The nanotube samples were dispersed in HPLC grade 

solvents by sonication (tip and/or bath), centrifuged for a minimum time of 90 min at 

4000 rpm and the emission spectra were recorded on the supernatant of initial SWNT 

concentration of O.lmg/mL or 0.01 mg/mL, except as otherwise stated.

NIR-PL studies were carried out in triplicate on supernatants in a L.O.T. ORIEL 
NSl NanoSpectralyzer® (diode lasers; A.exc = 638 nm, 683 nm and 785 nm) with an 

integration time of 1 second and 5 accumulations. Samples were dispersed in aqueous 

sodium dodecylbenzene sulfonate (SDBS) at an SWNTsrSDBS weight ratio of 1:25. 

The dispersions were obtained by sonication and centrifuged at 4000 rpm for 90 min. 

Additional details are reported later on this chapter together with the emission 

efficiency calculation.
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AFM topographic images were collected in semi-contact mode with an NT-MDT 

inverted configuration system. Silicon tips with reflectance gold coated on the back, tip 

apex radius 10 nm, force constant 2 N/m and frequency 170 kHz were used. The data 

were collected and analyzed with NT-MDT Nova software. Samples were prepared for 

analysis by dispersing the nanotubes in high purity DMF by sonication and spin coating 

on mica substrates (results in Chapter 2) or by dispersing the nanotubes in high purity 

DMF by sonication, spray coated onto freshly cleaved mica substrates and dried 

overnight in oven at 90° C (results in Chapter 3).

For High Resolution Transmission Electron Microscopy (HR-TEM) SWNTs 

powders were dispersed in high purity DMF ([SWNTsJj = 0.1 mg/mL) by sonic tip and 

sonic bath. The samples were prepared by dropping an aliquot (10 pL c.a.) of the 

dispersions on 200 mesh Cu holey carbon grids and incubating for some minutes. The 

grids were then drained, dried for 1 day at 37 °C and visualized under a Jeol 2100 

operating at 200 kV with a Lanthanum Hexaborise emission source.

Proton Nuclear Magnetic Resonance spectra were recorded on a Bruker DPX 400 MHz 

spectrometer in CDCI3 (solvents standardized with respect to TMS). Chemical shifts are 

reported in ppm and coupling constants in Hertz. Carbon NMR spectra were recorded 

on the same instrument (100 MHz) with total proton decoupling.

The Kaiser test is a qualitative and quantitative method for the identification of free 

amine groups. ' This test was originally designed to monitor solid-state protein 

coupling, and it has been also successfully applied to characterize amino-functionalized 

nanotubes.

The standard procedure used in all the Kaiser tests was performed as follows:

Exact weight of 1.0 mg of f-SWNTs

Addition of 75 pi of solution 1 (80 g of phenol in 20 ml of EtOH)

Addition of 100 pi of solution 2 (2 ml of KCN ImM in 98 ml of pyridine) 

Addition of 75 pi of solution 3 (1 g of ninhydrin in 20 ml of EtOH)

- Solution heating at 100°C for 7 minutes under vigorous stirring 

Dilution with EtOH until the volume of 5 ml 

Sonication for 7 minutes.
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Qualitative information (presence of free amino groups): if after sonication the solution 

becomes blue/violet the test is positive. The intensive blue color is generated by 

reaction of ninhydrin with free primary amines as reported in the scheme below.

O -H2

Ninhydrin

Ruhemans Blue
Chromophore in solution [570nm]

Quantitative information (how many free amino groups): the absorbance intensity at 

570 nm of the above prepared solution is compared with the intensity absorbance value 

at 570 nm of a blank solution (all but nanotubes) which has been treated in the same 

way.

In order to quantify the pmol of amino groups per gram the following equation is 

applied:

\imollg =
[Abs sample — Abs blank] ■ diluition (ml) ■ 10^ 

extinction coeff.- sample weight (mg)

The extinction coefficient is also known as molar absorptivity and represents how 

efficiently a chemical species absorbs light at a given wavelength. For CNTs this 

coefficient has a value of 15000 M"' cm"’. A single Kaiser test was conducted for each 

of the prepared samples.
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5.2 Experimental for Chapter 2

5.2.1 Materials. SWNTs produced by the HiPco technique were purehased from 
Unidym®, Inc. (Lot no. R0546). Reagents and solvents were purchased as reagent-grade 

from Fisher Scientific Ireland Ltd, or Sigma-Aldrich Ireland and used without further 

purification.

5.2.2 Preparation of o-SWNT (1)

Raw SWNTs

1) HNO32.6M, 100 X, 48h 
 »
2) H2SO4 • H2O2 4:1, 35 °C, 1h

COOHCOOH
COOH

COOH

o-SWNTs (1)

HiPco pristine SWNTs (Unidym® lot R0546) were weighted (100 mg) and dispersed 

in 100 mL aqueous solution of HNO3 (2.6 M). The dispersion was stirred under reflux at 

100 °C for 48 h. After cooling down to room temperature the dispersion was filtered 

through a Millipore system (on a 0.2 pm Isopore filter) and the black solid powder 

collected on the filter was rinsed with distilled water (until the pH value of the filtrate 

was neutral) and dried overnight at 60 °C under vaeuum. The purified nanotubes were 

subsequently dispersed in distilled water, sonicated for 10 min and treated with 100 mL 

of piranha solution (H2SO4 cone ’ H2O2 (30%) at a 4:1 ratio) and the mixture was stirred 

at 35 °C for one hour. After cooling down to room temperature the mixture was diluted 

with ice and filtered through a Millipore system (on a 0.2 pm Isopore filter) and the 

residue rinsed with distilled water (~ 500 mL) until the pH of the filtrate was neutral. 

After drying at 60 °C under vacuum overnight 78 mg of oxidized and shortened 0- 

SWNTs (1) were obtained. FT-IR u (cm'‘): 3004, 2900, 2836 (C-H), 1740, 1714 

(C=0), 1603, 1492, 1431 (C=C), 1384, 1310 (C-C), 1283, 1207, 1156 (C-O-C).
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5.2.3 Preparation of tert-Butyl 3-(2-(2-(3-aminopropoxy)ethoxy) 

ethoxy)propylcarbamate (2)

HjN'
BOC2O
CH2CI2

H,N'

(2)

BOC

'NHBOC

O I

A solution of 4,7,10-trioxa-l,13-tridecanediamine (17.53 mL, 2 equiv, 80.0 mmol) in 

60 mL of dichloromethane (DCM) was added drop wise to a solution of tert- 

butoxycarbonyl anhydride (B0C2O) (8.74 g, 1 equiv, 40.0 mmol) in 60 mL of DCM over 

a three and a half hour period at 0 °C. The solution was then stirred at room temperature 

for 24 h. The solvent was evaporated and the residue was added to distilled water (~100 

mL). The bis-Boc protected derivative, insoluble in water, appeared as a white 

precipitate. The latter was removed by filtration on celite. The water was extracted 5 

times with dichloromethane (15 mL). The organic phases were unified and dried with 

Na2S04 anhydrous. After solvent evaporation under reduced pressure the product (2) 
was obtained as yellowish oil. Yield 68%. Rf= 0.8 (CH2Cl2-MeOH 9:1). *H-NMR (400 

MHz, CDCI3): ^=1.43 (s, 9H, Boc), 1.71-1.85 (m, 4H, CH2), 2.90 (t, 2H, J= 6.0 Hz, 

C//2NH2), 3.23 (d, 2H, J= 5.5 Hz, CH2NH), 3.35-3.41 (m, 2H, CH2), 3.53-3.64 (m, 

lOH, CH2), 5.16 (bs, IH, NH). ‘^C-NMR (100 MHz, CDCI3): = 28.0 (3CH3), 29.2 

(C//2CH2NH2), 31.3 (C//2CH2NH), 38.0 (C//2NH), 39.1 (C//2NH2), 69.2 (CH2), 69.6 

(CH2), 69.7 (CH2), 70.0 (CH2), 70.1 (CH2), 74.1 (CH2), 78.5 (C Boc), 155.7 (COO). 

FT-IR u (cm-'): 3351 (NH), 2929, 2866 (C-H), 1693 (C=0), 1517 (N-H), 1364 (C- 

tBut), 1249 (CO-O-C), 1105 (C-O-C). HRMS (nt/z -ES): Found: 321.24 (M+ H\ 

C15H32N2O5 Requires: 320.43).
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COOK

o-SWNTs(1)

COOH
COOH

COOH

NHBOC 

O
1)NHS.EDC HCI.r.,30' ^

(2) H
pyridine, rt, 72h

DMF f-SWNTs (3)

o-SWNTs (1) were weighted (70 mg) and dispersed in approximately 50 mL of 

dimethylformamide (DMF) by sonication in a water bath for 10 min. N- 

hydroxysuceinimide (NHS) (30 mg in 5 mL of DMF) was added to the dispersed o- (1) 

and the dispersion was sonicated for another 10 min. l-Ethyl-3-(3- 

dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCl) (46 mg in 5mL of DMF), 

was added to the dispersion of o-SWNTs and the sonication continued for an additional 

10 min. The reaction mixture was stirred at room temperature for 30 min and tert-butyl 

2-(2-(2-aminoethoxy)ethoxy)ethylcarbamate (2) (138 mg in 25.5 mL of DMF) was 

added. Pyridine (5.4 mL) was added and the reaction mixture was stirred at room 

temperature for 3 days under N2. The functionalized SWNTs (3) were collected as a 

black precipitate and filtered twice through Millipore system (on a 0.2 pm fluoropore 

FG filter). The black solid collected on the filter was dissolved in DMF, sonicated for 

10 min and filtered again on a new 0.2 pm fluoropore FG filter. The product was 

washed with increasing polarity solvents toluene, diethyl ether, dichloromethane and 

methanol to remove the excess of non-reacted products. The black solid was dried under 

vacuum overnight to afford 76 mg of f-SWNTs (3). FT-IR u (cm''): 3252 (NH), 2915, 

2845, 2603 (C-H), 1739 (C=0), 1570, 1522 (N-H), 1435 (C-tBu), 1150 (C-O-C).
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5.2.5 Preparation of SP (4)

(4)

The spiropyran 4-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indoline]-r-yl)butanoic 

acid (4) was synthesized by Manuel Natali according to the literature procedure 

previously reported^ followed by a basic hydrolysis to generate the carboxylic acid.

5.2.6 Preparation of f-SWNTs (5)

NHBOC

o
|NH O ,

NHBOC

N N H BOC
H

f-SWNTs (3)
NHS, EDC HCI, rt,10' 

DMF, rt, 48h f-SWNTs (5)

A 66 mg quantity of the previously obtained f-SWNTs (3) was dispersed in 25 mL of 

DMF and sonicated in sonic bath for 20 min. A 4.5 mL aliquot of trifluoroacetic acid 

(TFA) was added and the mixture was stirred at room temperature for 9 h. The black 

product was filtered through a Millipore system (on a 0.2 pm fluoropore FG filter) and 

washed in order with pyridine, dimethylformamide, toluene, diethyl ether, 

dichloromethane and methanol. The black solid was dried under vacuum to afford 57.8 

mg of f-SWNT. FT-IR u (cm‘‘): 3261 (NH), 3061, 2866 (C-H), 1737, 1651 (NH-CO), 

1651, 1571 (N-H), 1431 (C-C), 1054 (C-O-C). Solutions of spiropyran (7 mg in 1 mL),
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NHS (2.2 mg in 1 mL) and EDC-HCl (3.3 mg in 1 mL) in DMF were added 

sequentially. The solution was stirred at room temperature for 10 min in order to 

activate the carboxylic groups and the sonicated deBoc f-SWNTs (40 mg in 60 mL of 

DMF) and pyridine (1.2 mL) were added. The reaction mixture was stirred at room 

temperature for 2 days under a nitrogen atmosphere. The product was collected as a 

black precipitate and was filtered through a Millipore system (on a 0.2 pm fluoropore 

FG filter). The residue was collected, dissolved in 10 mL of DMF and sonicated for 10 

min. The f-SWNTs (5) were refiltered through Millipore system (on a 0.2 pm 

fluoropore FG filter) and washed with toluene, diethyl ether, dichloromethane and 

methanol to completely remove any unreacted products. The black solid was dried 

under vacuum overnight to afford 36 mg of spiropyran f-SWNT (5). FT-IR u (cm'*): 

3265 (N-H), 2908, 2844 (C-H), 1732 (NH-CO), 1577, 1362 (NO2), 1478 (C-C), 1520 

(C-C), 1217, 1114, 1091 (C-O-C).

5.3 Experimental for Chapter 3

5.3.1 Materials. SWNTs produced by the HiPco technique were purchased from 
Unidym®, Inc. (Lot no. R1912). Reagents and solvents were purchased as reagent-grade 

from Fisher Scientific Ireland Ltd, or Sigma-Aldrich Ireland and used without further 

purification.

5.3.2 NIR-PL measurements and efficiency calculation. NIR-Photoluminescence 

(NIR-PL) measurements were carried out on r-SWNTs, p-SWNTs, b-SWNTs, 0- 

SWNTs [1], o-SWNTs [2], ob-SWNTs, f-SWNTs [1], f-SWNTs [2] and CCFs
-j

dispersed in aqueous sodium dodecylbenzene sulphonate (SDBS) ([SWNTsJi = 8 x 10' 
mg/mL; [CCFs]i= 8 x lO'^mg/mL) at a SWNTs:SDBS and CCFs:SDBS weight ratio of 

1:25. The dispersions were obtained by sonication (sonic tip and sonic bath) and the 

final pH of the dispersions was equal to the neutral value. The dispersions were then 

centrifuged at 4000 rpm (corresponding to 900 xg) for 90 min. NIR-PL studies were 

carried out in triplicate on supernatants in a L.O.T. GRILL NS I NanoSpectralyzer® 

(diode lasers; kexc = 638 nm, 683 nm and 785 nm) with an integration time of 1 second 

and 5 accumulations.
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NIR-PL efficiency calculations: The NIR-PL transitions of SWNTs are strictly 

correlated with the specific {n,m) nanotube structure. ’ Therefore, a quantitative 

comparison of the NIR emission based on the intensity of a specific NIR-PL band was 

not possible among SWNTs samples treated with different chemical procedures, which 

introduce defects on the nanotubes surface and may influence the sample {n,m) 

composition.

To allow a simple quantitative comparison of the NIR-PL intensity of the various 

SWNTs samples, their emission efficiency was therefore estimated. This value 

represents the spectrally integrated emission values adjusted to the fraction of excitation 

light absorbed by the sample. The emission efficiency was determined for the three Xexc 

as follow:

Emission efficiency = total emission power/ absorption at ^xc

where the total emission power value corresponds to the integer of the total NIR 

emission spectrum. The term referring to the absorption at the selected ^exc was included 

to avoid interference due to small differences in the SWNTs concentration of the 

samples. NIR-PL spectra were acquired three times for each sample to increase the 

significance of the estimation. The emission intensity was then calculated as average 

value (uexp = 3) ± standard deviation. The results are normalised on the emission 

efficiency of r-SWNTs.

5.3.3 Preparation of purified single walled carbon nanotubes p-SWNTs

Raw SWNTs 
(r-SWNTs)

HNO32.6 M
100 °C, 48h

COOH 
XOOH

COOH

Purified SWNTs 
(p-SWNTs)

As received raw HiPco SWNTs (300 mg) were added to HNO3 aqueous solution (2.6 

M, 300 mL). The dispersion was stirred under reflux at 100 °C for 48 h.* ’^ After 

cooling down to room temperature the dispersion was filtered through a Millipore
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system (on a 0.2 fa,m Isopore filter) and the black solid on the filter was rinsed with 

distilled water (3 L, until the pH value of the filtrate was neutral). The tubes were 

subsequently removed from the filter (mud form), dispersed in DMF (100 mL), 

sonicated for 30 min and filtered on a 0.2 p,m Millipore Fluoropore membrane. The 

residue was washed with DMF (500 mL) until the filtrate ran clear. The sample was 

resuspended in NMP (100 mL) and sonicated for 60 min and filtered on a new 0.2 pm 

Millipore Fluoropore membrane. After careful washing with NMP (100 mL), DMF (200 

mL) and MeOH (200 mL) respectively, the sample was collected, dispersed in water 

(100 mL), sonicated for 60 min and freeze dried to obtain the p-SWNTs (270 mg).

5.3.4 Preparation of oxidized single walled carbon nanotubes o-SWNTs [2]

COOH 
XOOH

«^^COOH
COOH

Purified SWNTs 
(p-SWNTs)

H2SO4: H202 4:1

35 “’C, 1 h
hooc'tQ^S^:^cooh 
HOOC^^^^'^'COOH

Oxidized SWNTs 
(o-SWNTs [2])

The p-SWNTs (100 mg) were added to distilled water (10 mL), sonicated for 20 min 

and stirred in piranha solution (H2SO4 cone : H2O2 (30%) at a 4:1 ratio, 100 mL) at 35 °C 

for one hour. After cooling to room temperature and diluting with ice (500 g) a filtration 

through a Millipore system (on a 0.2 pm Isopore filter) was carried out. The residue was 

rinsed with distilled water (3.5 L, until the pH of the filtrate was neutral), removed from 

the filter before completely dry, dispersed in DMF (100 mL) and sonicated for 30 min. 

After the filtration through a 0.2 pm Fluoropore membrane the nanotubes were washed 

with DMF (300 mL) until the filtrate ran clear, removed from the membrane (mud 

form), suspended NMP (100 mL), sonicated for 60 min and filtered on a new 0.2 pm 

Millipore Fluoropore membrane. The sample was dispersed in NMP, dialyzed against 

water for 48 hours and subsequently freeze dried to afford the o-SWNTs [2] (40 mg). 

FT-IR u (cm-'): 3150 (0-H), 2907, 2880 (C-H), 1730 (C=0), 1580 (C=C), 1322 (C-0), 

1237, 1220, 1155 (C-O-C), 1080 (C-0).
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5,3.5 Preparation of base treated purified single walled carbon nanotubes b-
SWNTs 13

COOH 
XOOH

^COOH 
COOH

Purified SWNTs 
(p-SWNTs)

NaOH 8M, 100 "C, 48 h,
x3

Base washed SWNTs 
(b-SWNTs)

+
COOH 

,COOH

Carboxylated
carbonaceous

fragments
(CCFs)

The nitric acid treated sample p-SWNTs (100 mg) was added to a NaOH solution (8 

M, 100 mL) and sonicated for 30 min. The mixture was stirred at 100 °C for 48 h in a 

Teflon® container under nitrogen atmosphere. After cooling down to room temperature 

the nanotubes were isolated by filtration on a 0.2 pm Millipore Fluoropore membrane. 

The residue on the filter was washed with deionized water (3L) until neutral pH was 

reached. The brown filtrate was collected, neutralized with 0.1 M HCl, washed with 

water and concentrated under vacuum. The basic treatment was repeated two additional 

times on the residue left on the filter. The three neutralized filtrates were unified to 

afford CCFs (20 mg) and the residue was freeze dried to afford b-SWNTs (50mg). FT- 

IR u (cm''): 3223 (0-H), 2957, 2871 (C-H), 1718 (C=0), 1570, 1498 (C=C) 1370 (C- 

H)

5.3.6 Preparation of oxidized single walled carbon nanotubes o-SWNTs [1]

^ COOH

COOH

Base washed SWNTs 
(b-SWNTs)

COOH
COOH

H2SO4: H202 4:1

35 °C, 1 h HOOC"^ COOH

Base washed oxidized SWNTs 
(o-SWNTs [1])

The b-SWNTs (30 mg) were added to distilled water (3 mL), sonicated for 20 min 

and stirred in piranha solution (H2SO4 cone : H2O2 (30%) at a 4:1 ratio, 30 mL) at 35 °C 

for one hour. After cooling down and diluting the reacted nanotubes with ice (100 g) a 

filtration through a Millipore system (on a 0.2 pm Isopore filter) was carried out. The
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residue was rinsed with distilled water (2 L, until the pH of the filtrate was neutral), 

removed from the filter before completely dry, dispersed in DMF (50 mL) and 

sonicated for 30 min. After the filtration on a 0.2 pm Fluoropore membrane the 

nanotubes were washed with DMF (200 mL) until the filtrate ran clear and finally with 

MeOH (200 mL). The sample dispersed in water was sonicated for 2 hours and freeze 

dried to afford the o-SWNTs [1] (21 mg). FT-IR u (cm''): 3335 (0-H), 2907, 2868 

2846 (C-H), 1724 (C=0), 1576 (C=C), 1363, 1312 (C-C), 1201, 1148 (C-O-C), 1052 

(C-0).

5.3.7 Preparation of fluorescein functionalized single walled carbon nanotubes f- 

SWNTs [1]

COOH
COOH

HOOC-Ti^^^^^COOH 
HOOC'^^«&'COOH

Base washed oxidized SWNTs 
(o-SWNTs [1])

1) DMF sonication 1h 1/2
2) NHS sonication 10'
3) EDC HCI sonication 30'

Functionaiized base washed SWNTs 
(f-SWNTs [1])

10 mg of o-SWNTs [1] were dispersed in DMF (30 mL) by sonication in a water bath 

for one hour and half N-hydroxysuccinimide (NHS) (4 mg in 10 mL of DMF) was 

added and the dispersion was sonicated for another 10 min. l-Ethyl-3-(3- 

dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCl) (6 mg in 2mL of DMF) 

was added to the dispersion and the sonication continued for an additional 30 min. The 

sample was subsequently added to fluoresceinamine isomer I (14 mg in 3 mL of DMF) 

and the reaction mixtures were stirred at room temperature for 3 days. The 

functionalized SWNTs [1] were collected as a black precipitate and filtered through 

Millipore system (on a 0.2 pm fluoropore FG filter). The black solid collected on the 

filter was washed with DMF (1 L), redissolved in DMF (50 mL), sonicated for 30 min
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and filtered again on a new 0.2 pm fluoropore FG filter. The product was carefully 

washed with DMF (250 mL) and MeOH (250 mL) to remove the non-reacted starting 

material and dried under vacuum to afford 6.5 mg of f-SWNTs [1]. FT-IR u (cm''): 

3128 (0-H), 2911, 2843 (C-H), 1721 (C=0), 1571 (C=C), 1405 (0-H), 1201, 1212, 

1147 (C-O-C).

5.3.8 Preparation of fluorescein functionalized single walled carbon nanotubes f- 

SWNTs [2]

HOOC'^^^^COOH
HOOC^'^^^^^COOH

Oxidized SWNTs 
(o-SWNTs [2])

1) DMF sonication 1h 1/2
2) NHS sonication 10'
3) EDC HCI sonication 30'

Functionalized base washed SWNTs 
(f-SWNTs [2])

10 mg of O-SWNTs [2] were functionalized using the same procedure as shown for 

fluorescein functionalized single walled carbon nanotubes (f-SWNTs [1]), affording 9 

mg of f-SWNTs [2]. FT-IR u (cm''): 3179 (0-H), 2914, 2844 (C-H), 1732 (C=0), 1571 

(C=C), 1437 (O-H), 1211, 1154, 1030 (C-O-C).

5.3.9 Preparation of base treated oxidized single walled carbon nanotubes ob- 

SWNTs

HOOC^ COOH

Oxidized SWNTs 
(o-SWNTs [2])

NaOH 8M, 100 °C, 48h,
x3

HOOC
HOOC

Oxidized base washed SWNTs 
(ob-SWNTs)
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A small amount of oxidized sample o-SWNTs [2] (8 mg) was added to a NaOH 

solution (8 M, 100 mL) and sonicated for 30 min. The mixture was stirred at 100 °C for 

48 h in a Teflon® container under nitrogen atmosphere. After cooling down to room 

temperature the nanotubes were isolated by filtration on a 0.2 pm Millipore Fluoropore 

membrane. The residue on the filter was washed with deionized water until neutral pH 

was reached, and dried under vacuum to afford the base treated oxidized ob-SWNTs (8 

mg). FT-IR u (cm-'): 3178 (0-H), 2953, 2915, 2845 (C-H), 1722 (C=0), 1570 (C=C), 

1359 (C-0), 1219, 1183 (C-O-C), 1052 (C-0).

5.4 Experimental for Chapter 4

5.4.1 Materials. SWNTs produced by the HiPco technique were purchased from 

Unidym®, Inc. (Lot no. R0513). Reagents and solvents were purchased as reagent-grade 

from Fisher Scientific Ireland Ltd, or Sigma-Aldrich Ireland and used without further 

purification.

5.4.2 Preparation of purified single walled carbon nanotubes p-SWNTs

COOH

HN03 32.5% [7M]^ 
100 °C, 4h *

COOH
NaOH 2M 

COOH 100 °C, 12 h 
COOH (x2)

H202(10%) 
100°C, 1h

COOH
COOH

NaOH 2M
Ji^C^t^^g^cooH 100°C, 12h

'COOH

P-SWNTs

As received raw HiPco SWNTs (200 mg, 1.64 of wet cake) were added to HNO3 

aqueous solution (32.5%, 800 mL), the dispersion was sonicated for 15 min at variable 

powers and stirred at 100°C for 4 hours. After quenching with ice (1 Kg) the mixture 

was filtered through Millipore system (on a 0.2 pm Isopore filter) and the black solid on 

the filter was washed with a copious amount of distilled water (6 L, until the pH of the 

filtrate was neutral). The tubes were subsequently removed from the filter (mud form), 

dispersed in distilled water (250 mL), sonicated for 5 min, filtered on a new 0.2 pm
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Millipore Isopore membrane and washed with distilled water (2L). The mixture was 

transferred to a Teflon® container and was made up to 400 mL 2M NaOH solution (32g 

NaOH). The dispersion was sonicated for 10 min at maximum power and stirred 

overnight at 100°C under a N2 atmosphere. After cooling down to room temperature the 

mixture was filtered through Isopore Millipore system and was washed with NaOH 2M 

(400 mL) and further with distilled water (3 L) until the pH of the filtrate was neutral. 

The nanotubes were removed from the filter, sonicated at minimum power for 5 min, 

refiltered on a new Millipore Isopore filter and washed with more distilled water (1 L). 

The mixture was transferred to a Teflon® container for the second basic treatment and 

was again made up to 400 mL 2M NaOH solution, sonicated for 10 min at maximum 

power and stirred overnight at 100°C under a N2 atmosphere. After cooling down to 

room temperature the dispersion was filtered, washed with NaOH 2M (400 mL) and 

further with distilled water until the pH of the filtrate was neutral (3 L).

The nanotubes were collected (wet cake), transferred to a round bottom flask and 

added of H2O2 10% (400 mL). After sonication for 15 min at variable powers the 

mixture was stirred at 100°C for 1 hour. It was subsequently quenched with ice, filtered 

through a Millipore Isopore filter and washed with distilled water (1 L). The residue left 

on the filter was dispersed in water, sonicated for 5 min at full power, refiltered on a 

new Millipore filter and washed with distilled water (1 L). The nanotubes were 

transferred to a Teflon container and were made up to 400 mL 2M NaOH solution. The 

dispersion was sonieated for 10 min at maximum power and stirred overnight at 100°C 

under a N2 atmosphere. After cooling down to room temperature, the solution was again 

filtered, washed with NaOH 2M (400 mL) and further with distilled water (2L) until the 

pH of the filtrate was neutral. The mixture was sonicated, filtered on new Millipore 

filters and washed with distilled water for two additional times. Finally the nanotubes 

were added of HCl 3.5% (400 mL) and rinsed with distilled water (2 L). The sample 

was collected, dispersed in water (100 mL), sonicated for half an hour and freeze dried 

to obtain the purified p-SWNTs (84.5 mg). FT-IR u (cm'*): 3357 (0-H), 2967, 2934, 

2878 (C-H), 1743, 1626 (C=0), 1567 (C=C), 1369 (C-C).
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5.4.3 Preparation of benzoic acid functionalized single walled carbon nanotubes 
f-SWNTs (1)

COOH COOH

COOH

p-SWNTs

Tour reaction

4-aminobenzoic
acid

isoamylnitrite, NMP 
70X 12 h, N2

x3

COOH COOH 

f-SWNTs (1)

60 mg of p-SWNTs were dispersed in of NMP (250 mL) by sonication at full power 

for 30 min. Following addition of p-aminobenzoic acid (1,37 g, 0.01 moles, 2 equiv) the 

mixture was sonicated at full power for additional 15 min. Isoamylnitrite (2 mL, 0.015 

moles, 3 equiv) was added and the mixture was stirred at 70°C overnight under nitrogen 

atmosphere. After cooling down to room temperature, the nanotubes were filtered 

through a 0.2 pm Millipore Fluoropore filter and washed with NMP (300 mL). The 

latter procedure was repeated three times.

The nanotube mixture was finally filtered through a 0.2 pm Millipore Fluoropore 

filter and rinsed with NMP (300 mL) and DMF (400 mL). The residue was collected, 

dispersed in DMF (100 mL), sonicated at full power for 20 min and filter on a new 

Millipore filter. The residue was finally washed with MeOH (500 mL) and dried under 

vacuum to afford the benzoic acid functionalized f-SWNTs (1) (75.5 mg). FT-IR o (cm' 

'): 3305 (0-H), 2958, 2920, 2851 (C-H), 1699 (C=0), 1572, 1539 (C=C), 1378 (0-H), 

1401, 1314 (C-C), 1205 (C-O-C), 1151 (C-0).
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5.4.4 Preparation of PEG functionalized single walled carbon nanotubes f- 

SWNTs (2)

COOH COOH
O^.NHRO^^NHR

(4) H RHNOC

COOH COOH

NHS, EDC HCI,DIPEA 
DMF, rt, 4 1/2 days

RHNOC

RHN ^O RHN R= HjC. ,Boc

f-SWNTs{1) f-SWNTs (2)

40 mg of f-SWNTs (1) were dispersed in DMF (100 mL) by sonication at full power 

for 90 min. After cooling down in ice bath, the nanotube solution was added of 1 -Ethyl- 

3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC HCI) (49 mg in lOmL of 

DMF) and sonicated for additional 45 min in sonic bath. The mixture was subsequently 

stirred in ice bath for 30 min in order to activate the COOH groups. N- 

hydroxysuccinimide (NHS) (32 mg in 10 mL of DMF) was added and the dispersion 

was sonicated for another 30 min and cooled down in ice bath.

89 mg of tert-Butyl 3-(2-(2-(3-aminopropoxy)ethoxy)ethoxy) propylcarbamate (4) 

were dissolved in DMF (10 mL) and added to the mixture in small excess. After the 

addition of A,jV-Diisopropylethylamine (DIPEA) (lOOpL) the nanotube mixture was 

stirred at room temperature for 4 and half days.

The functionalized nanotubes were collected as a black precipitate and filtered 

through a Millipore system (0.2 pm Fluoropore FG filter). The solid was washed with 

DMF (600 mL) and was then re-dispersed in DMF (lOOmL) by sonication in sonic bath 

at full power for 20 min. The material was filtered on a new Millipore FG filter and 

washed with DMF (500 mL) and MeOH (500 mL). The residue was dried under 

vacuum to afford f-SWNTs (2) (42.4 mg). FT-IR u (cm‘'): 3287 (N-H), 2916, 2849 (C- 

H), 1688, 1642 (C=0), 1587, 1530, 1443 (C=C), 1364 (C-0), 1213, 1158 (C-O-C).
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5.4.5 Preparation of spiropyran functionalized single walled carbon nanotubes f- 
SWNTs (3)

R=

EDC HCI, NHS, Pyridine 
DMF, rt, 3 days

R=

f-SWNTs (2) SP f-SWNTs (3)

A 37.5 mg quantity of previously obtained f-SWNTs (2) was dispersed in DMF (400 

mL) and sonicated in sonic bath at full power for 120 min. A 3 mL aliquot of 

trifluoroacetic acid (TFA) was added and the mixture was stirred at room temperature 

for 21 h. The black product was filtered through a Millipore system (on a 0.2 pm 

fluoropore FG filter), washed with DMF (150 mL) and quenched with triethylamine (3 

mL). The residue on the filter was collected, re-dispersed in DMF (100 mL) and 

sonicated in sonic bath for 10 min. The dispersion was filtered again through a new 0.2 

pm Millipore Fluoropore filter. The filtered off solution was brown and, to ensure that 

no nanotubes passed through the filter, the filtering procedure was repeated 3 times. 

This still resulted in a brown filtrate due to the high quantity of carbonaceous material 

removed from the sample. The functionalized nanotubes left on the filter were washed 

with DMF (150 mL), toluene (50 mL), EtaO (50 mL), CH2CI2 (50 mL) and MeOH (250 

mL). The sample was dried under reduced pressure to afford 33.7 mg of Boc 

deprotected f-SWNTs. FT-IR o (cm''): 3332, 3281 (N-H), 2905, 2864 (C-H), 1687, 

1648 (C=0), 1590, 1526, 1498, 1446 (C=C), 1364 (C-0), 1204, 1158 (C-O-C).

10 mg of the spiropyran (SP, 5) were dispersed in dry DMF (20 mL), added of 

EDC-HCl (4.8 mg) and stirred in ice bath for 10 min under a N2 atmosphere, until the 

activated ester was formed (motored by TLC in hexane/EtOAc 2:8). NHS (5 mg) and
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pyridine (~ 1 mL) were added and the mixture was stirred in ice bath for 1 h under a N2 

atmosphere.

30 mg of previously obtained Boc deprotected f-SWNTs were sonicated in dry DMF 

(100 mL) for 5 min, and were added to the activated spiropyran solution. The 

spiropyran-nanotube mixture was stirred at room temperature for 3 days under a 

nitrogen atmosphere. The product was collected as a black precipitate, was filtered 

through a Millipore system (on a 0.2 pm fluoropore FG filter) and washed with DMF 

(300 mL). The residue was collected, re-dispersed in DMF (100 mL) and sonicated for 

2 min. The f-SWNTs (3) were refiltered through Millipore system (on a new 0.2 pm 

fluoropore FG filter) and washed with DMF (150 mL), toluene (100 mL), EtiO (100 

mL), CH2CI2 (300 mL) and MeOH (200 mL) to completely remove any unreacted 

products. The black solid was dried under reduced pressure to afford 29 mg of SP f- 

SWNT (3). FT-IR o (cm’’): 3285, 3120 (N-H), 2917, 2866 (C-H), 1646 (C=0), 1553, 

1367 (NO2), 1565, 1447 (C=C), 1311, 1225, 1150 (C-O-C).

5.4.6 Preparation of SP (5)

(5)

The spiropyran 4-(8-methoxy-3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-l'- 

yl)butanoic acid (5) was synthesized by Manuel Natali according to the literature 
procedure previously reported.''*

169



Chapters. Experimental Procedures

5.4.7 Characterization SP (6)

‘H-NMR (600 MHz, CD3CN): 1.16 (s, 3H, CH3), 1.19 (t, 3H, J= 7.2 Hz, CH3), 1.26

(s, 3H, CH3), 1.84-1.86 (m, IH, CH2), 2.07-2.09 (m, IH, CH2), 2.31-2.35 (m, 2H, 

CH2CO), 3.17-3.32 (m, 2H, CH2N), 3.79 (s, 3H, OCH3), 4.06 (q, 2H, J=1 A Hz and 14.1 

Hz, CH2), 5.97 (d, IH, J- 10.4 Hz, CH), 6.69 (d, IH, J= 7.8 Hz, atom.), 6.87(t, IH, J= 

7.2 Hz arom.), 7.02 (d, IH, J=10.4 Hz, CH), 7.14 (d, IH, J= 6.7 Hz arom.), 7.19 (t, IH, 

J= 7.0 Hz, arom), 7.69 (d, IH, J= 2.3 Hz, arom), 7.80 (d, IH, J= 2.6 Hz, arom). 

‘^C-NMR (150 MHz, CD3CN): 5= 14.5, 19.7, 24.7, 26.3, 32.1, 43.4, 53.3, 56.9, 57.8, 

59.4, 61.0, 107.7, 107.9, 108.4, 116.2, 119.6, 120.3, 122.7, 122.8, 128.7, 129.1, 137.0, 

148.0, 149.9, 173.8.

1.16s1.26s 26.3 19.7

6.87t
NO2 7.19t '

14.5

HRMS (m/z-ES): Found: 453.2025 (M\ C25H28N2O6 Requires: 452.1947)

mtz
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5.4.8 NMR studies. Proton Nuclear Magnetic Resonance spectra were recorded on a 

Bruker Avance II 600MHz NMR Spectrometer with a 5mm TCI cryoprobe operating 

at 600.13 MHz for proton and 150.62 MHz for carbon. The solvents (CD3CN and d- 

DMSO) were standardized with respect to TMS. Chemical shifts are reported in ppm 

and coupling constants in Hertz. Standard solutions of zinc chloride (0.442 M) were 

prepared in D2O. An aliquot of this solution (10 pi) was added to 990 pi of spiropyran 

solution 4.42 xlO'^ M in CD3CN. Another aliquot of the zinc solution (10 pi) was added 

to 980 pi of spiropyran solution 4.42 xlO’^ M in CD3CN, and 10 pi acetylsalicylic acid 

solution O.IM in CD3CN. All the samples were irradiated with UV light (long 

wavelength) for 5 min, equilibrated overnight at room temperature in the dark, and 

afterwards the spectra were collected.

5.4.9 Mass spectrometry. MALDI-TOF MS spectra were acquired using a Waters 

MALDI-Q TOF Premier spectrometer. The instrument was operated in positive or 

negative reflectron mode as required. The laser operated at 337 nm. Samples were run 

using DCTB tra«5-2[3(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile as 

a Maldi matrix dissolved in DCM (2 mg/ml). Matrix solutions were mixed with 

complex solutions with ratio 1:1 and 1 pi of the resulting mixture was spotted on the 

MALDI plate and allowed to dry. The machine was calibrated using PEG. The internal 
lock mass used was [Glu’j Fibrinopeptide B, 1570, 6774 m/z (M+H) MassLynx 4.1 

software was used to carry out post run analysis.

ESI mass spectra were acquired using a Micromass time of flight mass spectrometer 

(TOF) interfaced to a Waters 2690 HPLC. The instrument was operated in positive or 

negative mode as required. Leucine Enkephalin was used as an internal lock mass. Mass 

were recorded over the range 100-1000 m/z. Operating conditions were as follows: ESI 

capillary voltage 2500V, cone voltage 25V , desolvation temperature 200° C, source 

temperature 100°C.The ESI gas was nitrogen. MassLynx 4.0 software was used to carry 

out the analysis.

All samples consisted of CD3CN dilution of that used for NMR analyses.
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5.4.10 Dispersion of SP f-SWNTs (3). Dry powder SP f-SWNTs (3) was weighted 

and added to sterile DMSO at a concentration of 0.1 mg/mL (stock solution). Stock 

solution was sonicated (sonic bath, 4h). 9 mL of RPMI 1640 cell media (supplemented 

with 2 mM L-glutamine, 10% foetal bovine serum (FBS) and 10 mg/ml penicillin- 

streptomycin) was mixed with 1 mL of stock solution, thus obtaining a final SWNTs 

concentration of 10 pg/mL (done by Dania Movia).

5.4.11 Cell culture. Human monocytic leukemia (THP-1) cells were obtained from 

the American Tissue Culture Collection (ATCC). Briefly, THP-1 cells were cultured in 

suspension in modified RPMI 1640 media (supplemented with 2 mM L-glutamine, 10% 

foetal bovine serum (FBS) and 10 mg/ml penicillin- streptomycin) and incubated at 37 

°C and 5% CO2. At 60% confluence, cells were diluted in modified RPMI 1640 media 

at concentrations appropriate for experimental procedure. The passage number was 

restricted between five and fifteen (done by Dania Movia).

5.4.13 Incubation with SP f-SWNTs (3) dispersions. THP-1 cells were seeded on 

glass cover slips in 24-well plates and activated with phorbol-12-myristate-13-acetate 

(PMA) (Sigma-Aldrich, USA) for 72 h to induce differentiation into adherent 

macrophages and stop their natural proliferation. After removing the cell media, 

adherent THP-1 cells were exposed to SP f-SWNTs (3) dispersions in supplemented 

RPMI 1640 cell media. After 24 h incubation cells were carefully recovered from the 

wells and placed on a HistoBond microscope slide (RA Lamb, UK). Samples were then 

fixed with 90% ethanol and subsequently rinsed with saline. F-actin was labeled by 

adding 2U/mL of Phalloidin-Alexa 546 conjugate (Invitrogen, UK). The slides were 

incubated at room temperature in the dark for 30 min, rinsed with saline and mounted in 

Vectashield (Vector, UK) prior to epifluorescence and confocal microscopy. Specimens 

were examined with an Olympus BX51M reflection epi-fluorescence microscope 

equipped with standard PC and the Cell-D image acquisition/processing software (Soft 

Imaging System, SIS, GmbH) (done by Dania Movia).
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6.1 Conclusions

In this research project we have designed, synthesized and fully characterized 

novel smart multifunctional nanodevices composed of spiropyrans and SWNTs. 

The preservation of the switchability of the photochromic dye between its two 

isomeric forms has been explored when anchored to the nanotube scaffold, as a 

first step toward the assembly of more complex devices for potential sensing and 

bio applications.

The achievements of the presented studies can be listed as follows:

first example of a continuous on-off switching of a SP-SWNT material in 

solution;

evidence that following two different washing strategies (NaOH or 

solvents) the final shortened covalently functionalized SWNT materials 

look close to identical in both their appearance and sustained electronic 

properties;

‘y+first example of uptake and release of Zn ions from a SP receptor 

covalently attached to SWNT vectors controllable by Vis light irradiation;

detection of the spontaneous assembly of SP photoactive molecules, zinc 

metal ions and acetylsalicylic acid into a ME-Zn-ASA ternary complex 

when concomitantly in solution;

evidence of the Vis light controlled release of antinflammatory agent (Zn 

and ASA) from the photoactive receptor offering the first example of SP- 

based DDS.

We strongly believe that our research should open new opportunities in the 

design and development of novel SWNT-based composite for drug delivery 

applications, where the bioactive payloads vehicled intracellularly by the tubes 

can explicate their action following visible light impulses.
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6.2 Future work

The production of a drug delivery system that is nanometric in size, that easily 

penetrates the cell membrane and is biocompatible, that specifically binds to receptors 

expressed in target cells, and that releases the transported drugs in situ in response to an 

external stimulus, will be of particular importance in the near future. The light 

responsive DDS proposed in this thesis, where anti-inflammatory Zn^"^ and aspirin 

demonstrated to be released by means of Vis radiation from SP derivative, can be 

regarded as a good candidate especially when covalently anchored to SWNT carriers 

enriched with specific receptor binding units.

Among the bioactive molecules envisaged as potentially deliverable by the reported SP 

f-SWNTs nanovector, we will next consider the neurotransmitter GABA (y- 

aminobutyric acid), some essential amino acids (AA) like glycine, tryptophan, tyrosine, 

cysteine and 5-hydroxytryptophan, and finally the AA derivative L-DOPA. They have 

been specifically chosen for their similarity in structure bearing common functional 

groups {-COOH, -NH2), and because they have shown to be involved in the control of a 

number of pathologies ranging from hypertension to cancer, and neurological diseases 

like Alzheimer and Parkinson.

AAs are good candidates, as they have shown good affinity for both SP derivatives and 

ME-metal complexes. By following the same chemical and analytical approach reported 

in chapter 4, we aim to create light controllable ME-Zn-AA ternary complexes (Figure 

6.1) and to exploit SWNTs transport properties to deliver the bioactive molecules to 

target cells.

Figure 6.1: Pictorial representation of the light modulated cycle of chelation and release

of Zn^"^ and AA by a SP-based receptor.
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7.1 Appendix for Chapter 3

Raman Shift

Figure 3.1a: Raman spectra (A,exc= 633 nm) of o-SWNTs [1] and o-SWNTs [2], Spectra 

have been normalized on the G-band. The insets show RBMs enlargement (scale: 0- 

0.25 a.u.).
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A PURIFICATION A.,„=638 nm Apurifica noN
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Figure 3.2a: NIR photoluminescence (PL) spectra of r-SWNTs, p-SWNTs, b-SWNTs, 

o-SWNTs [1], o-SWNTs [2], ob-SWNTs and CCFs. ([SWNTs], = 8 x 10'^ mg/mL; 

[CCFsJj = 8 X 10'^ mg/mL; SWNTsiSDBS weight ratio = 1:25; CCFs: SDBS weight 

ratio = 1 :25). 1] ^exc = 638 nm 2] X-exc = 683 nm. On the bottom, histograms showing 

the average NIR-PL efficiency at A,exe=638 nm and A,exc=683 nm (^measurements ^ 3).
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Wavelength (nm) Wavelength (nm)

Wavelength (nm) Wavelength (nm)

Figure 3.3a: UV-Vis/NIR absorption profiles of r-SWNTs, p-SWNTs, b-SWNTs, o- 
SWNTs [1], o-SWNTs [2] and CCFs. [SWNTsji =1x10'’ mg/mL DMF. Spectra with 

actual absorption intensity values are reported.

Figure 3.4a: TGA first derivative traces of r-SWNTs, p-SWNTs and b-SWNTs 

performed in air atmosphere. The shift of the graphitic decomposition temperature to 

higher values going from raw to p-SWNTs is indicative of the increasing purity of the 

material.
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Figure 3.5a: TGA traces of r-SWNTs, p-SWNTs, b-SWNTs, CCFs, o-SWNTs [1] and 

[2], f-SWNTs [1] and [2], The weight losses % at 310 °C attributed to the 

decomposition of organic groups in the nanotube samples are reported. All the 

experiments have been run in air atmosphere with a temperature rate of 10 °C min"'.
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Wavelength (nm) 

Average NIR-PL efficiency @ 638 nm

Wavelength (nm) 

Average NIR-PL efficiency @ 683 nm

r-SWNTs f-SVVNTs(1] f-SWNTs [2] r-SWNTs f-SWNTs[1] f-SWNTs[2]

Figure 3.6a; NIR photoluminescence (PL) spectra of f-SWNTs [1] and f-SWNTs [2], 

([SWNTs]j = 8 X 10'^ mg/mL; SWNTsrSDBS weight ratio = 1:25). A] Xexc= 638 nm B] 

A.exc = 683 nm. On the bottom, histograms showing the average NIR-PL efficiency at 

^exc~638 nm and Xexc~683 nm (^measurements” 3).

7.2 Appendix for Chapter 4

The amine loading was calculated from the equation:

fjmol \_Ahs sample-Abs blank] ■ diluition {ml)- 10^ 
g extinction coeff. ■ sample weight {mg)
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where the extinction coefficient, also known as molar absorptivity, represents how 

efficiently a chemical species absorbs light at a given wavelength. For CNTs this 

coefficient has a value of 15000 M'' cm''. The amine loading was calculates as 383 

pmol/g of material for TFA treated f-SWNTs and as 134 pmol/g for SP f-SWNTs (3), 

therefore the difference of 249 pmol/g constituted the amino groups that reacted with 

the SP derivative. SP loading: 249pmol/g x 424.45 )a,g/|j,mol=105.7 pg SP/mg SWNTs.

Wavelength (nm)

Figure 4.1a: UV-Vis absorption profiles of TFA treated f-SWNTs (2) and SP f-SWNTs 

(3) compared with a blank solution (alt but nanotubes) which has been treated in the 

same way.
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Figure 4.2a: TGA traces of r-SWNTs, p-SWNTs, f-SWNTs (1), f-SWNTs (2), TFA 

treated f-SWNTs (2) and SP f-SWNTs (3). The weight losses % at 700 °C attributed to 

the decomposition of organic groups in the nanotube samples are reported. All the 
experiments have been run in N2 atmosphere with a temperature rate of 10 °C min''.
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Figure 4.3a: ATR/FT-IR spectra of A] raw (r-SWNTs), purified (p-SWNTs) and Tour 

functionalized (f-SWlNTs (1)), B] TFA treated and SP functionalized (SP f-SWNTs (3)) 
nanotubes.

aoo 1000 1200 1400

Wavelength (nm)

I
o 0.7

Figure 4,4a: UV-Vis absorption spectra of r-SWNTs, p-SWNTs, f-SWNTs (1), f- 

SWNTs (2) and TFA treated f-SWNT (2) after UV illumination for 2 min and storage in 

the dark for 7 min.
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k = 593 nm

Figure 4.5a: Emission profiles (Xexc= 593 nm) of f-SWNTs (2) before and after removal 

of the Boc protecting group by TEA recorded after UV illumination for 2 min and 

storage in the dark for 5 min.

Figure 4.6a: Comparison of emission profiles (A,exc= 593 nm) of SP f-SWNTs (2) and 

SP (5) after UV illumination (365 nm) for 2 min in DMF. [SWNTs] = supernatant of 

initial 0.1 mg/mL, [SP] = 10’^ M.
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7.2.1 ME-Zn complex formation

Sample preparation. SP (6) was dissolved in CD3CN and added of 1 eq of a O.IM D2O 

solution of Zn(C104)2. It was subsequently illuminated with UV light (365 nm) for 2 
min and left equilibrate overnight at room temperature in the dark before recording 'H, 

'^C, H-H and C-H COSY NMR spectra.

Results

‘H-NMR (600 MHz, CD3CN): 1.19 (t, 3H, J= 7.1 Hz, CH3), 1.86 (s, 6H, CH3), 2.24- 

2.28 (m, 2H, CH2), 2.60 (t, 2H, J=6.7 Hz, CH2CO), 3.91 (s, 3H, OCH3), 4.11 (q, 2H, 

J=l.\ Hz and 14.3 Hz, CH2), 4.52 (t, 2H, J=7.5 Hz), 7.63-7.79 (m, 6H, arom. and CH), 

8.60 (d, IH, J= 2.3 Hz, arom), 8.67 (d, IH, J= 15.8 Hz. arom).

HRMS (m/z -MALDl-TOF): Found: 1067.2675 (M, C50H56N4O16 Cl Zn Requires: 

1067.2671) [2SP+ Zn+ CIO4 ] Found: 615.0822 (M, C25H28N2O10 Cl Zn Requires: 

615.0724) [SP+ Zn+ CIO4']. Spectrum is reported in Figure 4.7a.

SP-Zn

[SP+ Zn+ CIO4 ]
615 0822 

617 0807

519 0814 

703 3811

4^ ilii

,067 [2SP+Zn+CI04-]

840 4094
I ^877 0538 

8251166 I I 939 3526

1072 2742 
1073 2728

1571 6735

1572 6766
r

15536632 15736807
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Figure 4,7a: Top] NMR tubes containing SP before and after the addition of zinc. 

Bottom] MALDI-TOF mass spectrum of ME-Zn complex in CD3CN.
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7.2.2 ME and ASA: no interaction

Sample preparation. SP (6) was dissolved in CD3CN and added of 1 eq of ASA in 

CD3CN. It was subsequently illuminated with UV light (365 nm) for 2 min and left 

equilibrate overnight at room temperature in the dark before recording 'H and H-H 

NMR studies. After a two month time the same solution was again analyzed by 'H- 

NMR.

Results

‘H-NMR (600 MHz, CD3CN): 5= 1.16 (s,3H, CH3), 1.19 (t, 3H, J= 7.2 Hz, CH3), 1.26 

(s, 3H, CH3), 1.84-1.86 (m, IH, CH2), 2.07-2.09 (m, IH, CH2), 2.28 (s, 3H, CH3 ASA), 

2.31-2.35 (m, 2H, CH2CO), 3.17-3.32 (m, 2H, CH2N), 3.79 (s, 3H, OCH3), 4.06 (q, 2H, 

J=l.\ Hz and 14.1 Hz, CH2), 5.97 (d, IH, J= 10.4 Hz, CH), 6.69 (d, IH, J= 7.8 Hz, 

arom.), 6.87(t, IH, J= 7.2 Hz arom.), 7.02 (d, IH, J=10.4 Hz, CH), 7.14 (d, IH, J= 6.7 

Hz arom.), 7.19 (t, IH, J= 7.0 Hz, arom.), 7.19 (d, IH, J= 8.1 Hz, arom. ASA), 7.40 

(m, IH, arom. ASA), 7.66 (m, IH, arom ASA), 7.69 (d, IH, J= 2.3 Hz , arom.), 7.80 (d, 

IH, J= 2.6 Hz, arom.), 8.01 (m, IH, arom. ASA), 9.56 (m, IH, OH).

The signal at 9.56 ppm disappeared with the time, indicating deprotonation of ASA. 

However, no opening of the SP molecule and generation of protonated ME (MEH) was 

observed (Figure 4.8a).

The same result was confirmed by mass spectrometry where the spectra of SP before 

and after addition of ASA looked identical (Figure 4.9a).

HRMS (m/z-ES): Found: 453.2025 (M^ C25H28N2O6, Requires: 452.1947).
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Figure 4.8a: H-NMR partial spectra of a CD3CN solution of SP (6) containing ASA 

after overnight (top spectra) and two month time (bottom spectra) storage in the dark. 

The arrows indicate the peaks that would have changed if an interaction between the 

two molecules occurred.
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Figure 4.9a: ES mass spectra of SP (6) A] before and B] after the addition of 1 eq of 

ASA in CD3CN.

7.2.3 ASA and metal ion complex formation

Sample preparation. ASA was dissolved in CD3CN and added of 1 eq of a O.IM D2O 

solution of Zn(C104)2. It was subsequently illuminated with UV light (365 nm) for 2
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min and left equilibrate at room temperature in the dark before recording NMR studies. 

In the present case UV light irradiation was used to reproduce all the experimental 

parameters.

Results. 'H-NMR and HRMS looked significantly different to the spectra recorded in 

the absence of Zn^"^ thus indicating interaction/chelation of the ion by the aspirin (Figure 

4.10a). Three set of signals were recorded in *H-NMR, suggesting the presence of 3 

systems in solution in the ratio 1:0.5:0.3 that can be more likely assigned to ASA, Zn- 

ASA and [Zn-ASA]2 respectively. Maldi TOF and '^C-NMR spectra further confirmed 

the complexation of zinc by the NSAID. The exact stoichiometry and mechanism of the 

interaction between the metal ion and the ligand are currently under investigation in our 

lab.

‘H-NMR aspirin (600 MHz, CD3CN): 5= 2.28 (s, 3H, CH3), 7.19 (d, IH, J= 8.1 Hz, 

Ha), 7.40 (m, IH, He), 7.66 (m, IH, Hb), 8.01 (m, IH, Hj).

HRMS (m/z - MALDI-TOF): Found: 379.09 (M, C9Hi2C10,oZn Requires: 379.05) 

[aspirin+ Zn+ ClO4‘+2H20]. Found: 663.18 (M, C2oH23ClNOi4Zn2 Requires: 663.93) 

[2aspirin+ 2Zn+ ClO4’+2H20+CH3CN].

Figure 4.10a: H-NMR partial spectra (top) and mass spectra (bottom) of a CD3CN 

solution of ASA A] before and B] after the addition of 1 eq of Zn(C104)2 in D2O.
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7.2.4 ME-Zn-ASA complex formation

Sample preparation. . SP (6) was dissolved in CD3CN and added of 1 eq of a O.IM D2O 

solution of Zn(C104)2. 1 eq of acetylsalicylic acid dissolved in CD3CN was 

subsequently added, the solution was illuminated with UV light (365 nm) for 2 min and 

left equilibrate overnight at room temperature in the dark before recording 'H, H-H 

and C-H COSY NMR spectra.

Results

HRMS (m/z -MALDI-TOF): Found: 1067.2698 (M, C5oH56N40,6 Cl Zn Requires: 

1067.2671) [2SP+ Zn+ C104'] Found: 615.0724 (M, C25H28N20,o Cl Zn Requires: 

615.0724) [SP+ Zn+ C104'] Found: 714.1575 (M, C34H36N2O10 Zn Requires: 714.1767) 

[SP+ Zn+ aspirin+H20] (Figure 4.1 la).
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Figure 4.11a: MALDI-TOF mass spectrum of ME-Zn-ASA in CD3CN.
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Figure 4.12a: Absorption spectra of 10'"^ M SP (6) in CH3CN after A] addition of Zn^^ 

and ASA in equimolar amounts recorded after 1 hour and 1 day, B] addition of Zn^^ and 

ASA in equimolar amounts and excess of ASA.

SP(6)
+ 1 eq TFA @ 1h 
+ 1 eq TFA @ 1day

Wavelength (nm)

Figure 4.13a: Absorption spectra of lO'"^ M SP (6) in CH3CN recorded before and after 

the addition of 1 eq of trifluoroacetic acid (TFA) at 1 hour and 1 day. The absence of an 

increased absorption band at 430 nm following addition of TFA after 1 day, excluded its 

correlation to newly formed MEH. Inset] Pictures of SP (6) solution before and after the 

addition of Zn^VASA and TFA. The different colours further confirmed the non 

similarity of the three SP samples.
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Figure 4.14a: Light modulation of the ME-Zn complex. Absorption and emission 

spectra of ME-Zn before and after Vis irradiation (3300K) for 1 min.

Figure 4.15a: Absorption spectra of CH3CN solutions added of Zn(C104)2, ASA or the 

two together. The absorption shoulder at 310 nm suggests the complexation of zinc by 

the drug.

Solvent
Without SWNTs With SWNTs

SP switch Zn chelation SP switch Zn chelation

CH3CN V V X X

DMF V X V X

MeOH X X X X

DBPS V X X X

DBPS/EtOH V X X X

CH3CN/DMF (9:1) V V
(but not reversible) X X

Table 4.1a: Solvents and mixtures of solvents tested for the solubilization and detection 

of performances of SP-based DDS anchored to SWNTs or in solution. Positive and 

negative results are schematized with V or X respectively. DBPS: Dulbecco’s phosphate 

buffered saline.
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7.2.5 SP switchability and chelation in CI2BZ/CH3CN 9:1

Figure 4.16a: Comparison of absorption and emission spectra of SP (6) dissolved in 
CH3CN (1, 3) or CI2BZ/CH3CN 9:1 (2, 4). 1,2] Absorption profiles of 10'^ M SP 

solutions before and after UV (356 nm) irradiation for 1 min, and after storage in the 

dark. 3,4] Fluorescence decay of 10'^ M SP solutions after irradiation with UV light 

(365 nm) for 1 min recorded at intervals of 30 sec.

Figure 4.17a: Absorption spectra of ME-Zn in CI2BZ/CH3CN 9:1 before and after 

irradiation with Vis light (3300K) for 1 min. The band at 440 nm disappeared indicating 

release of the metal ion and closure of the receptor to the SP isomer.
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Figure 4.18a: Absorption spectra of a SP (6) solution (10 '* M, CI2BZ/CH3CN 9:1) 

before and after the addition of 1 eq of Zn(C104)2 (10'' M, H2O) and 1 eq of TFA. 

Pictures of the SP solutions after addition of the acid (SP+TFA) and the metal ion (ME- 

Zn) are reported on the right.

B k = 440 nm

Figure 4.19a: Emission spectra (Zexc= 440 nm) of A] p-SWNTs, f-SWNTs (1) and SP 

f-SWNTs (3) before and after the addition of Zn(C104)2 (10'* M, H2O, Ipl/mL of NTs), 

B] p-SWNTs before and after irradiation with Vis light (3300K) for 5 min. Spectra 

collected on the supernatant of initial 0.1 mg/mL nanotubes in CI2BZ/CH3CN 9:1.
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