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Introduction 
 
On behalf of the Organizing Commitee, we take great pleasure in welcoming you to Zaragoza (Spain) 
for the ChemOnTubes 2008 International Conference. 
 
ChemOnTubes 2008 is an international conference focussing on the chemistry of nanotubes. The 
first ChemOnTubes conference was organised in 2006 in Arcachon (France). It was highly stimulating 
and received a very positive response from scientists coming from academia and industry demanding 
its continuation.  ChemOnTubes 2008 is being held in large part due to this demand and is organised 
in similar way to the prior ChemOnTubes Conference. 
 
Nanotubes exhibit fascinating properties and are now at the stage of emerging in the industrial world. 
Scientific and technological breakthroughs are expected in fields as diverse as composites (for 
thermal, electrical and mechanical applications), biomaterials, actuators, sensors, functional paints 
and coatings, catalysis, filtration etc.  
 
Chemistry opens ways towards dispersion, assembly, functionalization, doping, filling and 
processing. It is the fundamental step which significantly contributes to further advances in the 
application of carbon nanotubes in the above mentioned areas. 
 
ChemOnTubes 2008 conference presents contributions with the latest scientific and technological 
results. Selected oral and posters presentations supplemented by high-level introduction contributions 
given by internationally recognized invited speakers cover the main topics related to the chemistry 
and applications of nanotubes. Contributions in this field on structures with tube-like topology or 
graphene are included as well.  
 
ChemOnTubes 2008 conference brings together about 200 scientists from all over the world 
including academic and governmental organizations as well as the industry sector. Altogether 28 
countries are represented. Within this body of scientists 11 leading international experts in the 
science and applications of carbon nanotubes are giving presentations on the most advanced 
aspects of chemistry and nanotubes as key-note speakers. In addition, 37 selected oral contributions 
and about 150 posters presentations are included. 
 
The organizing committee greatly thanks the following Scientific Institutions, and Government 
Agencies for their help and financial support: Consejo Superior de Investigaciones científicas (CSIC), 
Ministerio de Educación y Ciencia (MEC), Gobierno de Aragón (DGA), GDR-I Nano-I, The European 
Office of Aerospace Research & Development (EOARD) and C-Nano Grand Sud-Ouest 
 
We would also like to thank the following companies for their participation as sponsors Tomas Swan, 
Instrumentación y Componentes, Arkema and Renfe, and as exhibitors LOT, MTB Brandao España, 
Horiba Jobin Yvon, Nanotec ,Telstar and Tomas Swan. 
 
Furthermore, thanks to the staff of Servicio y Publicaciones Zaragoza whose hard work has helped 
the planning and organisation of this conference. 
 
We hope that you will enjoy ChemOnTubes 2008 and your stay in the city of Zaragoza. 
 
 
Bienvenidos a Zaragoza 
 
 
The ChemOnTubes 2008 Organizing Committee 
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COMPANY DESCRIPTION: EXHIBITORS 
 

 
 

LOT Oriel GmbH 
Im Tiefen See 58 
D-64293 Darmstadt 
Phone: +49 6151 - 88 06 0 
Fax: +49 6151 - 896667 

info@lot-oriel.de 
http://www.lot-oriel.com/  

LOT-Oriel was founded in 1970 initially as a sales and marketing company for optical components. The abbreviation "L.O.T." stands for 
lasers, optics and technology, thus outlining the company´s product range. Today, LOT-Oriel is a europeanwide supplier of equipment 
and technology in the fields of optical spectroscopy, analytics, laser technology, surface analytics and nanobiotechnology. 
  
One major focus of the company´s nanotechnology activities is the Scanning Probe Microscopy (SPM) in different aspects: 

• The Atomic Force Microscopes (AFM) from Pacific Nanotechnology features a robust design and easy handling. This allows 
AFM studies to be carried out in routine and quality control. 

• JPK has developed specialised Bio-AFM´s to perform AFM investigations in liquid environment. Special attention is paid to 
the combination with optical microscopy and spectroscopy techniques. 

• The Chicago base company Nanoink is marketing the Dip Pen Nanolithography (DPN) technology. Here a standard AFM tip 
is coated with an "ink", e.g. inorganic or organic molecules. When brought in contact with a substrate nanostructures can be 
"written". 

Different analysis and manipulation systems complement our activities: 
Measurement of hardness and modulus of solids and thin films by micro- and nanoindentation technique from Micromaterials 

• Single Wall Carbon Nanotubes (SWNT) are produced as a mixture of different species. The Nanospectralyzer is a 
specialised spectrofluorimeter for fast and accurate characterisation 

• The CPS particle/grain size analysis disc centrifuge combines the traditional measurement of accelerated sedimentation and 
state-of-the-art technology. The measuring range extends from 5nm to almost 100µm 

 
  

 

 

m.t. Brandao España S.L. 
M.T. Brandao España, S.L..  Ronda de Poniente, 12 - 1º A . E-28760 Tres Cantos, 
Spain 
http://www.mtb.es/ 
http://www.jobinyvon.com/ 
 

MTB Spain, founded in October 1993, distributes and provides after sales service for leading manufacturers in the field of Spectrosco
Lasers, Metrology and Surface Analysis Instrumentation. 

 
MTB Spectroscopy and Lasers division is the exclusive distributor of the following companies: 
- Horiba Jobin Yvon, world wide leader in Raman Spectrometers, Micro-Raman and combined FT-IR – Raman Spectromete

Fluorometers, Elipsometers, CCD’s & ICCD’s, Monochromators and Gratings. 
- JDSU, one of the major manufacturers of Diode Lasers 
- EKSPLA, European manufacturer of Solid State Lasers (Diode Pumped, OPO) and ns / ps Lasers for scientific application
- Sacher Lasertechnik, leader in Littman/Metcalf and Littrow cavities Lasers, suitable for Raman, Fluorescence and Absorpt

Spectroscopy and atom cooling and trapping. 
 
MTB Image, Test & Measurement division distributes FRT – Fries Research & Technology, leader in optical surface characterisation fr
the same sample location, using Multi Sensor Metrology. Between the most used sensors are Chromatic White Light, Confocal Microsco
White Light Interferometer, Thin Film Reflectometer and AFM - Atomic Force Microscope. 

 
MTB not only provides equipments but also complete solutions for specific applications, combining different analysis techniques such
Raman, TCSPC Fluorescence, AFM, SNOM, TERS and Photoluminescence. 
 

http://www.lot-oriel.com/
http://www.mtb.es/
http://www.jobinyvon.com/
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760nm
Multiwall Carbon Nanotubes connected to gold electrode
C. Gomez, Laboratory of New Microscopies UAM 

 
 

Nanotec Electronica S.L. 
Centro Empresarial Euronova 3, Ronda de Poniente 2 
Edificio 2, planta 1ª, oficina A, E28760 Tres Cantos (Madrid) SPAIN  
Phone numbers: +34-918043347, +34-918043326 
Fax: +34-918043348 
e-mail: nanotec@nanotec.es/ web: www.nanotec.es  

Nanotec Electronica is one of the leading companies in the Nanotechnology Industry. In 
only ten years Nanotec Electronica has established itself as one of the strongest 
companies that design, manufacture and supply Scanning Probe Microscopes (SPM). 
Our highly qualified team uses cutting-edge technology in order to provide a cost-
effective tool to gain access to the nanometer scale for both scientific and industrial 
communities. With its headquarters based in Spain and distributors located around the 
world, Nanotec ensures global presence and guarantees total customer satisfaction. 
 
Nanotec´s Cervantes Atomic Force Microscope (AFM) in its several configurations allows 
not only imaging samples with atomic precision but also the study of magnetic, electronic 
and mechanical properties at the nanoscale, making it a powerful tool for physicists, 
chemists, biologists and engineers willing to characterize their samples at the nanometer 
scale. Its robust design provides strong mechanical stability to ensure high imaging 
resolution, and its semi-automated and open design allows scientists to exploit the 
capability of SPM to its maximum for both research and academic purposes. 

 
Nanotec Electronica also provides Dulcinea Control Systems, with an open and modular design that facilitates interfacing with any othe
standard AFM/SNOM/STM system available in the market. Highly versatile, it allows different modes of operation from Contact Mode to
Frequency Modulation Mode and lithography ensuring a reliable and accurate performance of all SPM systems. 

 
Nanotec has also developed and freely distributes SPM software WSxM. Its user-friendly interface ensures easy operation of SPM
microscopes and data processing. WSxM is available for its free download at www.nanotec.es. 

 
  

 
 

TELSTAR INSTRUMAT, S.L. 
Avda. Alcalde Barnils, 70 Planta 3. 08190 Sant Cugat del Vallès(España) 
Tel. +34 935 442 320/ Fax +34 935 442 911 
C/ Benisoda, 3. 28042 Madrid 
Tel. +34 913 717 511/ Fax. +34 917 477 538 
Web: www.telstar-instrumat.com / E-mail: comercial@telstar-instrumat.com 
 

TELSTAR INSTRUMAT, S.L. develops high technology instrumentation sales for research and industry, offering suitable technological 
tools adapted to each application, in order to improve the scientific researches or productive processes of our clients. In these last few 
years, TELSTAR INSTRUMAT has strengthened its activities representing leading companies in Spain & Portugal in the following 
applications:  
 
- Surface and material characterisation  
- Vacuum and cryogenics instrumentation and technology  
- Radiometry and photometry  
- Particle counting  
 
TELSTAR INSTRUMAT, S.L. counts amongst its customers the principal Official Organisation Investigation Centres and private 
customers in the microelectronic, aerospace, automotive, optical, food and pharmaceutical industries and in innovative fields such as 
biotechnology and nanofabrication.  
 
Veeco Instruments is one of our principals that are specifically of interest for the attendees to this conference, with products such as 
SPM, Optical and Mechanical Profilers. 
 
The company's head office is in Sant Cugat del Vallès (Barcelona) and it also has a branch office in Madrid. 

 

mailto:nanotec@nanotec.es/
http://www.nanotec.es/
http://www.nanotec.es/
http://www.telstar-instrumat.com/
mailto:comercial@telstar-instrumat.com
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THOMAS SWAN & Co Ltd. 
Thomas Swan and Company Ltd  
Consett County Durham  
DH8 7ND  United Kingdom 
http://www.thomas-swan.co.uk/  

Founded in 1926 Thomas Swan & Co. Ltd. is one of the UK's leading performance and speciality chemical manufacturers. The 
company is independently owned by the current chairman, Tom Swan, who is also the grandson of the founder. The company is 
divided into 4 key product areas: Advanced Materials, Contract manufacturing, Colours and Performance Chemicals (which includes 
biocides, personal care and rubber chemicals). Thomas Swan has a history of working closely with universities to develop unique and 
forward thinking opportunities which ultimately led to the company being identified as "one of the World's Top 20 Innovators" in 2001. 
 
In April 2004, following over 4 years of collaboration with the University of Cambridge, Thomas Swan launched a carbon nanomaterials 
business dedicated to the production of high-purity single and multi-wall carbon nanotubes. The company is currently capable of 
manufacturing over 6 kg of purified single-wall carbon nanotubes per month using a specialised CVD reactor. In addition, Thomas 
Swan is now able to offer a purified aqueous dispersion of single wall nanotubes. Thomas Swan is now looking to develop industrial 
applications through strategic collaborations with key partners. 
 
 

  
 

 
 
 

http://www.thomas-swan.co.uk/
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CHEMONTUBES 2008 – DETAILS 
 
ORALS: 
 
INVITED LECTURE          (30 min. including discussion time) 
ORAL PRESENTATION   (15 min. including discussion time) 
 
 
POSTERS: 
 
Poster size: Max width: 0.90m - height: 1.40m 
 
Posters can be installed on Sunday from registration on and should be removed on ¨Wednesday before 13:00 
 
 
 
VISIT TO THE CITY 
 
Tuesday, 8 April 2008.  
Departure to the Palace Aljafería from the Hotel Boston at 18:30. 
There will be buses at the Hotel entrance.  
 
 
GALA DINNER 
 
Tuesday, 8 April 2008 at 21:00.  
Gala Dinner in the Hotel Holyday Inn. 
Camino de los Molinois 42 
Zaragoza, 50015 España 
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Location of Hotel for Gala Dinner with respect to Conference Site. 
 
 
 
 
 
 
 
 
 

 

 
 
 
 
 

Hotel  
Holyday Inn 

Hotel  
Boston 
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SCIENTIFIC PROGRAM - CHEMONTUBES 2008 

SUNDAY, 6th April 2008 
14:00 Registrations 
16:00 WELCOME AND OPENING OF THE CONFERENCE 
SESION S0 PLENARY 40 m 
16:20 R.H. BAUGHMAN (Invited) 

(Nanotech Inst. UTD Dallas, USA) 
Diverse Carbon Nanotube Artificial Muscles Meet an 
Exciting New Family Member  
 

SESION S1 FUNCTIONALIZATION 1  1h:30m 
17:00 W.E. BILLUPS, (Invited) 

(Rice Univ., USA) 
Functionalization of Carbon Nanotubes 

17:30 W. CHEN  
(Suzhou Institute of Nano-tech and 
Nano-bionics, Chinese Academy of 
Sciences, China) 

Functionalization of Single-wall Carbon nanotubes by a 
mild Sonochemical Method  
 

17:50 I. JIMÉNEZ-GUERRERO 
(ICMM-CSIC, Spain) 

X-ray absorption (XANES) and photoemission (XPS) 
studies of carbon nanotubes and buckypapers modified by 
N2 and O2 plasmas. 

18:10 
 

B. SIMARD 
(Steacie Institute for Molecular 
Sciences, Canada)  
 

Chemistry of reduced single-walled carbon nanotubes: the 
route to making high performance composites 

18:30 COFFEE BREAK 
SESION S2 SEPARATION AND SORTING  0h:40m 
19:00 
 

G. SCHMIDT  
(CEA-Saclay, France)  

Tuning of Metallic vs Semiconductor Selectivity in the 
Reaction of Diazoniums with SWNT 

19:20 F. BONACCORSO  
(Univ. Cambridge, U.K.)  

Sorting Single Wall Nanotubes by density Gradient 
Ultracentrifugation: Dependence on Surfactant and its 
Concentration 

20:00 WELCOME RECEPTION 
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SCIENTIFIC PROGRAM - CHEMONTUBES 2008 
MONDAY, 7th April 2008 

SESION M1 COMPOSITES 1       1h:30m 
9:00 C. KONING NL (Invited) 

(Eindhoven Univ. of Technology, The 
Netherlands)  

Polymer/Carbon Nanotube Composites: Dispersing wetter, 
conducting better 

9:30 
 

L.A.S. de A. PRADO 
(T. Univ. Hamburg Harburg, Germany) 

Polyamide 12/Functionalised Carbon Nanofibres Composites: 
Thermal and Mechanical Characterisation 

9:50 I. GAZTELMUNDI 
(INASMET- Tecnalia, Spain) 

Study of the influence on rheological, electrical and mechanical 
properties in multiphase nanocomposites 

10:10 N.D. EL BOUNIA 
(Univ. Pau/ ARKEMA, France) 

Experimental investigation of the rheological and electrical 
properties of composites based on carbon black and carbon 
nanotubes synergy 

10:30 COFFEE BREAK 
SESION M2 BIOMATERIALS AND BIOLOGICAL ASPECTS      1h:50m 
11:00 A. BIANCO (Invited)  

(IBMC-Strasbourg, France) 
Applications of functionalized Carbon nanotubes in the field of 
nanomedicine 

11:30 J. BLACKBURN 
(National Renewable Energy Laboratory , 
USA) 

Wiring-up an active hydrogenase with single-walled carbon 
nanotubes 

11:50 J. RAZAL  
(University of Wollongong, Australia)  

Carbon Nanotube Bio-Fibers: Fabrication, Properties, and 
Applications 

12:10 M. HOLZINGER 
(Univ. Grenoble-CNRS, France) 

Affinity Biosensors based on Functionalized Single-Walled 
Carbon Nanotubes 

12:30 
 

MT MARTÍNEZ  
(Instituto de Carboquímica-CSIC, Spain)  

Electronic Detection of Biomolecules by Carbon Nanotube Field 
Effect Transistors 

13:00 LUNCH 
SESION M3 CATALYSIS     1h:20m 
15:00 M. GRANDCOLAS  

(LMSPC-CNRS/ULP, France) 
Titanate nanotube photocatalysts for the degradation of 
chemical and biological warfare agents. Applications to self-
decontaminating textiles and paints under UVA, visible and solar 
light for simulants and real warfare agents. 

15:20 D. SU  
(Fritz Haber Institute MPG, Germany) 

Carbon Nanotubes: Highly Active Catalyst for Dehydrogenation 
Reactions 

15:40 
 

M.C. ROMÁN-MARTÍNEZ  
(Univ. of Alicante, Spain) 

Hybrid catalyst based on carbon nanotubes and nanofibres 

16:00 I. JANOWSKA FR  
(LMSPC, CNRS/ULP, France) 

Macroscopic aligned carbon nanotubes for fine chemical 
processes 

10:30 COFFEE BREAK 
SESION M4 COMPUTATIONAL & THEORETICAL ASPECTS  0h:40m 
16:50 
 

E.R. MARGINE 
( LPMCN Univ. Claude Bernard, France)  

Understanding the reversibility of graphene and carbon 
nanotubes covalent functionalization 

17:10 
 

C. EWELS 
( IMN, France) 

Metal decorated Carbon Nanotubes: towards gas sensing 
applications 
 

SESION M5 DOPING AND FILLING  0h:40m 
17:30 
 

P. LUKANOV  
(CIRIMAT - UMR CNRS, France)  

Filling of double walled carbon nanotubes whith iron precursors 
in solution 

17:50 M. HOULLE 
( LMSPC, CNRS/ULP, France)  

Magnetic nanoparticles casted inside carbon nanotubes : 
CoFe2O4 nanowires 
 

16:00 POSTER SESSION (with buffet and drinks) 
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SCIENTIFIC PROGRAM - CHEMONTUBES 2008 
TUESDAY, 8th april 2008 

SESION T1 COMPOSITES 2   2h:00m 
8:40 D. GULDI (Invited) 

(Univ. Erlangen, Germany) 
Carbon Nanostructures-Integrative Components in 
Multifunctional Molecular Materials. 

9:10 V. SCARDACI  
( Univ. Cambridge, U.K.)  

Carbon nanotube-polycarbonate composites for nonlinear optics 

9:30 C. ZAMORA-LEDEZMA  
( Univ. Montpellier II. France) 

Orientational order and optical properties of anisotropic single 
wall carbon nanotubes-based materials 

9:50 
 

M. IN HET PANHUIS (Invited) 
(Univ. Wollongong, Australia) 

Inkjet Printing: a Viable Tool for Processing Polymer Composite 
Materials  

10:20 
 

P. JIMÉNEZ-MANERO 
(ICB-CSIC, Spain)  

Water-dispersible nanostructured polyaniline/MWNT composites 

10:40 COFFEE BREAK 
SESION T2 ELECTROCHEMISTRY   1h:50m 
11:10 K. ASAKA (Invited) 

(AIST Kansai, Japan)  
High Performance Fully Plastic Actuator Based on Ionic-Liquid-
Based Bucky Gel 

11:40 J.G. DUQUE 
( Rice Univ., USA)  

Anntena Chemistry with Metallic Single-Walled Carbon 
Nanotubes 

12:00 L. KAVAN  
(J. Heyrovsky Institute of Physical 
Chemistry, Czech Republic)  
 

Interaction of amphiphilic Ru-bipyridine complex with single 
walled carbon nanotube: Application for Li-ion batteries 

12:20 F. PAOLUCCI  
(Univ. Bologna, Italy) 

Standard Potentials and Electrochemical Gap of Individual 
Single-Walled Carbon Nanotubes in Solution 

12:40 M.J. ESPLANDIU  
(Univ. Autònoma Barcelona, Spain)  

Amperometric biosensors employing functionalized carbon 
nanotubes 

13:00 LUNCH 
SESION T3 FUNCTIONALIZATION 2   1h:10m 
15:00 M.S. STRANO (Invited) 

(MIT, Cambridge MA, USA) 
The Chemistry of Single Walled Carbon Nanotubes:  
Applications to biomolecule detection, nanotube separation, and 
electronic networks 

15:30 J. CABANA 
(Univ. Montréal, Canada)  

Tailoring properties of carbon n anotubes by chemical 
attachment: Diazonium and [2+1]Cycloaddition 
functionalizations 

15:50 
 

C.A. FURTADO 
(CDTN/CNEN, Brazil)  

Synthesis and Characterization of N- and S-alkyl Carbon 
Nanotube Derivatives 
 

16:10 COFFEE BREAK 
SESION T4 DISPERSIONS 1   1h:10m 
16:40 A.B. DALTON (Invited) 

(Univ. Surrey, U.K.)  
Biocompatible Dispersions of Carbon Nanotubes: 
Functionalisation, Processing and Applications 

17:10 J. COLEMAN 
(Trinity College Dublin, Ireland)  

Dispersions of carbon based nano-materials: The route to useful 
nanocomposites? 

17:30 A. LUCAS 
(CNRS-CRPP , France)  

Sonication-Induced Scission of Carbon Nanotubes and 
Estimation of Tensile Strength 

18:30 DEPARTURE VISIT TO THE CITY 
21:00 GALA DINNER 
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SCIENTIFIC PROGRAM - CHEMONTUBES 2008 
WEDNESDAY, 9th april 2008 

SESION W1 DISPERSIONS 2   1h:10m 
9:10 
 

L. M. LIZ-MARZÁN (Invited) 
(Univ. Vigo, Spain)  

Fabrication of Nanomaterials Using Carbon Nanotubes as 
Templates  

9:40 T. HASAN 
(Cambridge Univ., USA)  

Detecting Single Wall Carbon Nanotube bundles in aqueous 
suspensions through photoluminescence excitation 
spectroscopy 

10:00 S. DETRICHE 
(FUNDP, Belgium)  

Comprehension and prediction of the solubility of carbon 
nanotubes by the Hansen parameters of solubility. 

10:20 C. VALLÉS 
(CNRS-CRPP, France)  

Solutions of reduced graphene sheets 
 

10:40 COFFEE BREAK 
SESION W2 COMPOSITES 3   1h:30m 
11:10 D.H. WAGNER (Invited)  

(Weizmann Institute, Israel) 
Nanotube and Nanocomposite Mechanics - A Guide to the 
Perplexed.  

11:40 M. MAYNE-L’HERMITE 
(CEA Saclay,France) 

Elaboration and properties of membranes and 1D composites 
composed of long and aligned carbon nanotubes 

12:00 H. AIT HADDOU 
(Zyvex Performance Materials, USA) 

Carbon Nanotubes and Polymer: Non-covalent surface 
Engineering of Nanotubes for Commercial Applications 

12:20 M.I. OSENDI  
(Institute of Ceramics and Glass-CSIC, 
Spain) 

Dense and homogenous silicon nitride composites containing 
carbon nanotubes 

12:40 CONCLUDING REMARKS 
13:00 LUNCH 
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Zaragoza (Spain), 6-9th April 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ABSTRACTS 
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Zaragoza (Spain), 6-9th April 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

INVITED CONTRIBUTIONS 
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Diverse Carbon Nanotube Artificial Muscles Meet 

an Exciting New Family Member 
Ray H. Baughman 

NanoTech Institute, University of Texas at Dallas, Richardson, Texas 
e-mail: ray.baughman@utdallas.edu 

 
 
Humankind has had little success in replicating the wondrous properties of natural muscle, which has meant 
that the most advanced prosthetic limbs, exoskeletons, and humanoid robots lack critically needed 
capabilities. Use of electrical input power, instead of nature’s choice of high energy density fuel, is a problem 
for autonomous operation, which severely limits operational lifetime between recharge. Another problem is 
the inability to crowd sufficient motors into available space to provide natural movement. This problem is 
addressed using recently invented fuel powered muscles. Probably no other material has been described for 
so many fundamentally different types of actuators than carbon nanotubes. Demonstrated electrically 
powered and fuel powered nanotube actuators provide up to a few percent actuator stroke and a hundred 
times higher stress generation than natural muscle. Large stroke pneumatic nanotube actuators have been 
demonstrated that use electrochemical gas generation within nanotube sheets. In other studies, nanotubes 
have been used either as electrodes or as additives to profoundly modify the response of other actuating 
materials – like dielectric, ionically conducting, photoresponsive, shape memory, and liquid crystal polymers. 
All of these advances will be discussed, together with most recent improvements. Most important, totally new 
types of carbon nanotube muscles will be described, which were very recently discovered by University of 
Texas at Dallas researcher Ali Aliev. These nanotube muscles provide over 600% actuator stroke, over 104 
%/minute stroke rate and can be operated from near 0 K to far above the demonstrated 800 K.  



Invited – SESION S1 
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Functionalization of Carbon Nanotubes 

W. E. Billups, Feng Liang, Jayanta Chattopadhyay,  
Soma Chakraborty, Jonathan Beach and Arnab Mukherjee 

Department of Chemistry and The Richard E. Smalley Institute for Nanoscale Science 
and Technology, Rice University, 6100 Main Street, Houston, Texas, 77005, USA 

e-mail: billups@rice.edu 
 
 
Reductive alkylation of single-walled carbon nanotubes (SWNTs) using lithium and alkyl halides in liquid 
ammonia yields sidewall functionalized nanotubes that are soluble in common organic solvents [1,2]. Atomic 
force microscopy (AFM) and high-resolution tunneling electron microscopy (TEM) of dodecylated SWNTs 
prepared from raw HiPco nanotubes and n-dodecyl iodide show that extensive debundling has occurred. 
Analysis of the by-product hydrocarbons by mass spectrometry indicates that alkyl radicals are intermediates 
in the alkylation step.  The debundling can be explained in term of extensive intercalation of lithium into the 
bundled SWNTs. Electron transfer from lithium to the SWNTs was investigated by in-situ monitoring of the 
Raman spectrum as lithium was added incrementally to a dispersion of the SWNTs in liquid ammonia [3]. 
The electron/lithium uptake saturation level was determined to be ~C2/Li. This is higher than previous SWNT 
doping results and similar to C2F, which is the limit found previously for direct fluorination of SWNTs.   

Large fullerenes and iron encapsulated graphitic shelled nano-particles that are formed during the synthesis 
of carbon nanotubes have been functionalized by the addition of alkyl radicals and isolated by extraction into 
organic solvents.  The soluble, functionalized fullerenes have been isolated from crude nanotubes that were 
prepared by laser oven, DC arc and HiPco SWNT production methods.   

 

 

 
 
 
 
 
 
 
 
 
 
 
 

Atomic Force Microscopy (AFM) Images of Dodecylated Carbon Nanotubes.   
Tubes are Green and Ropes are Blue.   

 
 

[1] F. Liang, A. K. Sadana, A. A. Peera, J. Chattopadhyay, Z. Gu, R. H. Hauge, W. E. Billups, "A Convenient 
Route to Functionalized Carbon Nanotubes," Nano Lett. 2004, 4, 1257. 

[2] F. Liang, L. B. Alemany, J. M. Beach, and W. E. Billups, “Structure Analyses of Dodecylated Single-
Walled Carbon Nanotubes,” J. Am. Chem. Soc. 2005, 127, 13941. 

[3] Z. Gu, F. Liang, Z. Chen, A. K. Sadana, C. Kittrell, W. E. Billups, R. H. Hauge, and R. E. Smalley, “In Situ 
Raman Studies on Lithiated Single-Wall Carbon Nanotubes in Liquid Ammonia,” Chem. Phys. Lett. 2005, 
410, 467. 
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Polymer/carbon nanotube composites: Dispersing 

wetter, conducting better 
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Meuldijk,a P. v.d. Schoot,a H. Miltner,b B. Van Mele,b O. Regevc 
aEindhoven University of Technology, P.O. Box 513, 5600 MB Eindhoven, The Netherlands. 

b Free University of Brussels, PSSC, Pleinlaan 2, B-1050 Brussels, Belgium 
c Ben-Gurion University of the Negev, 84105 Beer-Sheva, Israel 

e-mail: c.e.koning@tue.nl   
 
 
A versatile, latex-based concept for dispersing Single and Multi Wall Carbon Nanotubes (S/MWNTs) in a 
highly viscous polymer matrix is described [1]. The first, crucial step of the concept is the ultrasound-driven 
exfoliation of the as produced SWNT and MWNT bundles in water, containing surfactant for the stabilization 
of the obtained dispersion. By applying UV/Vis spectroscopy, the minimum required energy input for 
obtaining the maximum attainable degree of exfoliation of the nanotubes could be determined [2]. The 
exfoliation process was also directly visualized with cryo-TEM images, which were in agreement with the 
collected UV/Vis data.  

The surface coverage of exfoliated carbon nanotubes with sodium dodecylsulfate (SDS) surfactant 
molecules was determined by thermogravimetric analysis, UV-Vis spectroscopy, surface tension 
measurements and a variant of Maron’s titration [3]. All four methods, applied to aqueous mixtures of carbon 
nanotubes and the surfactant SDS, consistently yielded a surface coverage of approximately 2-3 SDS 
molecules per square nanometer, which is comparable to the known maximum packing density of SDS at 
the air-water interface and in agreement with the theoretical value calculated with the Gibbs equation for 
surface excess.  

The second step of the concept is mixing the stable aqueous CNT dispersions with polymer latex, preferably 
stabilized by the same surfactant as the CNT dispersion. The third step implies freeze-drying, followed by 
melt processing of the obtained powder into a polymer film. 

The extremely high aspect ratio of the CNTs, along with the very efficient way of dispersing them, generates 
a percolating network of the SWNTs in a highly viscous polystyrene (PS) matrix, which becomes semi-
conductive for SWNT amounts as low as 0.2-0.3 wt %. For commercially available MWNTs, having a lower 
aspect ratio, the percolation threshold is around 1-2 wt%. 

Depending on the molar mass distribution of the PS matrix in PS/SWNT nanocomposites, the well-dispersed 
CNTs significantly raise the Tg of the PS. A low molar mass PS fraction, probably acting as a wetting agent 
for the SWNTs and replacing SDS at the CNT surface during melt processing, seems to be required for an 
improved PS/SWNT interaction [4]. Surprisingly, this enhanced interaction also raises the conductivity level 
of these composites.  

The versatility of the ’latex concept’ is demonstrated for semi-crystalline polypropylene/CNT nanocomposites, 
prepared from aqueous PP emulsions. For this system, a very low percolation threshold was found, and the 
extremely well-dispersed CNTs proved to be excellent nucleation agents for PP, raising the crystallization 
temperature by ca. 15 ºC.   

Three attempts to enhance the conductivity properties of our polymer/CNT nanocomposites will be briefly 
described, viz.(1) the use of high quality, vertically grown MWNTs, (2) the replacement of SDS surfactant by 
conductive surfactants, lowering the contact resistivity, and (3) the manufacturing of conductive PS foams 
with reduced percolation thresholds.  
 
 
[1] O. Regev et al., Adv.Mater. 2004, 16, 248 
[2] N. Grossiord et al., Anal. Chem. 2005, 77, 5135 
[3] N. Grossiord et al., Langmuir, 2007, 23, 3646 
[4] N. Grossiord et al., Chem.Mater. 2007, 19, 3787 
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Applications of functionalized carbon nanotubes 

in the field of nanomedicine 
Alberto Bianco 
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The applications of carbon nanomaterials, including carbon nanotubes (CNT), carbon nanohorns (CNH) and 
nanodiamonds (ND), in the emerging field of nanomedicine are intensifying [1, 2]. The organic 
functionalisation has remarkably facilitated the manipulation of these nanomaterials [3], allowing to devise 
their capacity to penetrate into the cells [4]. As the CNT, CNH and ND are biocompatible, they are 
investigated as novel carrier systems for different classes of molecules, including peptides, proteins, nucleic 
acids and small drugs. This will certainly open the way to the development of new vaccine formulations or 
targeted therapies. Carbon-based nanomaterials can be considered as promising alternatives to the 
common drug delivery systems. 

In this context, we have recently developed a novel non-viral delivery system based on cationic CNT for 
transfer of nucleic acids [5]. In addition, we have explored the possibility of targeted delivery of small organic 
molecules (antibiotics and anticancer agents) and peptide-based synthetic vaccines [6, 7]. In this 
presentation we will describe the functionalisation, the biomedical applications and the cellular and organ 
impact of carbon-based nanomaterials, including nanotubes and nanohorns loaded with different active 
cargos [8, 9]. 

 

 
Rat biodistribution of radiolabeled CNT. Images of whole body distribution after 5 min, 30 min, 6 h and 24 h 

post-injection. 
 
 
[1] Prato M., Kostarelos K., Bianco A., Acc. Chem. Res. 2008, 41, 60. 
[2]  Lacerda L., Bianco A., et al., Adv. Drug Deliv. Rev. 2006, 58, 1460. 
[3] Tasis D., Tagmatarchis, N., et al., Chem. Rev. 2006, 106, 1105. 
[4] Kostarelos, K., Lacerda, L., et al., Nature Nanotech. 2007, 2, 108. 
[5] Pantarotto, D., Singh, R., et al., Angew. Chem. Int. Ed. 2004, 43, 5242. 
[6] Pantarotto, D., Partidos, C. D., et al., Chem. Biol. 2003, 10, 961. 
[7] Wu, W., Wieckowski S., et al., Angew. Chem., Int. Ed. 2005, 44, 6358. 
[8] Lacerda L., Soundararajan, A., et al., Adv. Mater. 2008, 20, 225. 
[9] Singh, R., Pantarotto, D., et al., Proc. Natl. Acad. Sci. USA 2006, 103, 3357. 
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Carbon Nanostructures – Integrative Components 

in Multifunctional Molecular Materials 
Dirk M. Guldi 
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Multifunctional carbon nanostructures are currently under active investigation for producing innovative 
materials, composites, and optoelectronic devices, whose unique properties originate at the molecular level.  
Among the wide variety of carbon allotropes recently discovered, C60, single wall carbon nanotubes (SWNT) 
and single wall carbon nanohorns (SWNH) are of particular interest.  C60 is entirely made of pentagons and 
hexagons resulting in 0.78 nm sized truncated icosahedral carbon spheres.  In contrast, the structure of 
SWNT has a cylindrical shape, which can be conceptually generated by wrapping a one-atom-thick layer of a 
graphene sheet into a seamless cylinder.  The diameter of most SWNT is around 1 nm – similar to that of C60 
– with a tubular length that can reach many thousands of times their diameter.  Importantly, based on 
different arrangements, SWNT possess different electrical properties, which are the result of the electrons 
moving differently in the tube depending on the SWNT arrangement.  SWNH, on the other hand, are typically 
constituted by tubes of about 2-5 nm of diameter and 30 to 50 nm long, which associate with each other to 
give rise to round-shaped aggregates of 100 nm of diameter.  Their large surface areas and inner 
nanospaces are of great importance, since they ensure a great affinity, for example, with organic electron 
donors. 

The accomplishment of multiple-performance objectives in a single system necessitates combining these 
carbon allotropes with other classes of materials.  Our past work has mapped out compounds that proved 
particularly useful: active organic materials such as porphyrins / phthalocyanines and oligomers / polymers.  
We have demonstrated that linking these molecular building blocks creates enormous synergisms in going 
much beyond just harnessing the features of the individual subunits or constituents.  Eventually it enables 
the control over molecular arrangement – well-defined ensembles and superstructures with widely differing 
property values – and results in the development of the necessary tools for fine-tuning properties on the 
molecular, nanoscale level.  

I will highlight the opportunities that rest on carbon nanostructures within the context of charge transfer 
reactions in novel chemical as well as light driven systems with high tensile strength. A fundamental aspect 
of our research is to integrate such functions without sacrificing the structural and electronic integrity of the 
material.  In this context, I will survey our concepts to generate functional entities using the bottom up 
approach, that is, to design, manipulate, characterize, examine, and understand the potential of carbon 
materials as a novel platform for stable electron donor-acceptor hybrids and conjugates.  Important aspects 
will include the impact, the benefits and some of the promises that evolve from charge transfer reactions 
involving carbon nanostructures with high tensile strength on i) the stabilization of radical ion pair states, ii) 
multi electron catalytic reactions, and iii) photoelectrochemical / photovoltaic solar energy conversion. 
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Inkjet printing: a viable tool for processing 

polymer composite materials 
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Carbon nanotubes possess unique electrical and mechanical properties that make them desirable 
components in a range of potential applications.[1] However, their difficulty in processing represents one of 
the key challenges to researchers working in this area. Wet or solution based approaches for processing 
CNT involve two steps: dispersion of carbon nanotubes in common solvents using stabilizing agents, e.g. 
surfactants and polymers.[2-4] This is followed by techniques such as drop casting, filtration or spray 
painting allowing for the fabrication of nanotube containing materials with enhanced electrical, mechanical or 
optical properties.[1]  
 

 
 

Inkjet processing CNT into transparent conducting thin film (see references 5-7 for full details). 
 

A new and exciting processing method is based on inkjet deposition of water based CNT inks. Recent 
developments include the deposition of conducting films from single-wall carbon nanotubes (SWNT) and 
functionalized multi-wall carbon nanotubes (MWNT), as well as deposition of transparent water sensitive 
SWNT and MWNT films [5-7]. In particular I will demonstrate that the unique combination of (conducting 
electroactive or natural) polymers with conducting carbon nanotubes has been proven to be an ideal 
formulation with all of the demanding characteristics needed for inkjet printing. These materials could be 
readily deposited onto a wide variety of substrates such as photo paper, PET, Pt-ITO and Au-PVDF. Several 
important characteristics, such as optical, electrical, and electrochromic behaviour will discussed.  

In conclusion, this presentation will discuss the development of inkjet printing as a viable tool for the 
fabrication of transparent conducting electroactive materials.[7] 

 
[1] M. in het Panhuis, J. Mater. Chem. 2006, 16, 3598.  
[2] R. Sainz, W. R. Small, N. A. Young, C. Valles, A. M. Benito, W. K. Maser, M. in het Panhuis, 
Macromolecules 2006, 39, 7324. 
[3] W. R. Small, C. D. Walton, J. Loos, M. in het Panhuis, J. Phys. Chem. B 2006, 110, 13029.  
[4] M. in het Panhuis, S. Gowrisanker, D. J. Vanesko, C. A. Mire, H. Jia, H, Xie, R. H. Baughman, I. H. 
Musselman, B. E. Gnade, G. R. Dieckmann, R. K. Draper, Small 2005, 1, 820. 
[5] M. in het Panhuis, A. Heurtematte, W.R. Small, V.N. Paunov, Soft Matter 2007, 3, 840. 
[6] W.R. Small, M. in het Panhuis, Small 2007, 3, 1500. 
[7] W.R. Small, F. Masdaloromoor, G.G. Wallace, M. in het Panhuis, J. Mater. Chem. 2007, 17, 4359. 
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In a previous paper, we reported the first dry actuator that can be fabricated simply by layer-by-layer casting, 
using ‘bucky gel’, a gelatinous room-temperature ionic liquid containing single-walled carbon nanotubes 
(SWNTs)[1]. Our actuator has a bimorph configuration with a polymer-supported internal ionic liquid 
electrolyte layer sandwiched by two polymer-supported bucky-gel electrode layers, which allows quick and 
long-lived operation in air at low applied voltages. In this paper, we report some results of the recent 
improvement of the performance of the actuator by optimizing the preparation conditions of the electrode 
layer and gel electrolyte layer. We have developed the low-veltage-driven solid-state actuator that shows the 
maximum stress and strain of 4.7MPa and 1.9%, respectively[2]. The advantage of our bucky gel actuator is 
not only its good performance but also its easy process in fabrication. We report the details on the fabrication 
of the actuator. 

 
 
 
 
 
 
 
 
 
 
 
 

 
[1] T
[2]  K
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Fig. Schematic drawing of the structure of the bucky gel actuator.  

. Fukushima, K. Asaka, A. Kosaka, T. Aida, Ang. Chem. Int. Ed., 2005, 44, 2410. 

. Mukai, K. Asaka, K. Kiyohara, T. Sugino, I. Takeuchi, T. Fukishima, T. Aida, submitted. 
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The Chemistry of Single Walled Carbon Nanotubes: 

Applications to biomolecule detection, nanotube 
separation, and electronic networks 

Michael S. Strano 
MIT, 66-566 Department of Chemical Engineering, Cambridge, MA 02139-4307 

e-mail: strano@MIT.EDU 
 
Recent advances in the spectroscopy of single walled carbon nanotubes have significantly enhanced our ability to 
understand and control their surface chemistry, both covalently and non-covalently.  Three distinct systems under 
investigation in our laboratory highlight these advances. 

Molecular detection using near-infrared light between 0.9 and 1.3 eV has important biomedical applications 
because of greater tissue penetration and reduced auto-fluorescent background in thick tissue or whole-blood 
media. We have pioneered the use of carbon nanotubes as tunable near-infrared fluorescent sensors that are 
highly photo-stable In one system1, the transition of DNA secondary structure from an analogous B to Z 
conformation modulates the dielectric environment of the single-walled carbon nanotube (SWNT) around which it 
is adsorbed. The SWNT band-gap fluorescence undergoes a red shift when an encapsulating 30-nucleotide 
oligomer is exposed to counter ions that screen the charged backbone. We demonstrate the detection of the 
mercuric ions in whole blood, tissue, and from within living mammalian cells using this technology.  Similar results 
are obtained for DNA hybridization and the detection of single nucleotide polymorphism.  We also report the 
synthesis and successful testing of near-infrared β-D-glucose sensors2 that utilize a different mechanism: a 
photoluminescence modulation via charge transfer.  The results demonstrate new opportunities for nanoparticle 
optical sensors that operate in strongly absorbing media of relevance to medicine or biology. 

Covalent and non-covalent chemistries that are selective to single-walled carbon nanotubes of a particular 
electronic type have become increasingly important for electronic structure separation and on-chip modification of 
nano-electronic devices3.  We have performed mechanistic studies to answer longstanding questions regarding 
their nature.  Transient Raman and photoluminescence data collected in-situ reveal a series of two first-order 
reactions involving an adsorbed intermediate, and covalently bound product. The latter step can be deactivated by 
changing the structure of an absorbed surfactant phase, further supporting the mechanism.  We discuss progress 
utilizing this chemistry to separate and sort single walled carbon nanotubes by their electronic structure using a 4-
hydroxybenzene diazonium reagent. 

Lastly, arrays and networks of metallic and semi-conducing carbon nanotubes are finding application in flexible 
electronics, as chemical and biological sensors, and as electronic interconnects.  However, these systems 
demonstrate an environmental sensitivity and chemical reactivity that complicates processing, and facile 
incorporation into devices.  We have studied the irreversible binding of adsorbates to such networks using 
electrical transport and Raman spectroscopy.  The results are described theoretically using a continuum site 
balance model and mass action network involving the adsorbate-substrate interaction4.  All such devices in the 
literature and in our laboratory are shown to possess both reversible and irreversible binding sites that can be 
modeled independently.  A simple analytical test is presented to distinguish between these two mechanisms from 
the transient conduction response of these arrays. 

 
[1] DA Heller, et al.. Science 311 (2006) 508-511.  
[2] PW Barone, et. al.  Nature Materials 4 (2005) 86-92. 
[3] MS Strano: JACS 125 (2003) 16148-53. 
[4] CY Lee and MS Strano. Langmuir 21 (2005) 5192-96. 
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Of the growing arsenal of nanomaterials currently being developed, carbon nanotubes (CNTs) have the 
optical, electronic, and mechanical properties that place them at the forefront for use in nanoelectronics, 
biosensing, and biomedical applications. Unfortunately, as-manufactured CNT samples are highly impure 
and form hydrophobic aggregates that make them difficult to purify, manipulate, and interface with biological 
systems. An important challenge is to develop technologies for dispersing and re-assembling CNTs into 
useful mesoscopic and macroscopic architectures that preserve the capabilities of the constituent 
nanotubes. A key element in meeting this challenge is to control the hydrophobic surface of CNTs. Control of 
macromolecular surfaces, including hydrophobic surfaces, is a defining feature of living systems, and over 
three billion years of evolution has provided many biological macromolecules whose underlying structural 
properties can be adapted to manipulate CNTs. To fully realize the potential offered by CNT-based 
materials, we have developed an extensive series of amphiphilic, peptide-based biomolecules designed to 
noncovalently coat/disperse CNTs. We have demonstrated the efficacy of these peptides and have shown 
that the peptide-coated CNTs can hierarchically reassemble into novel structures through control of solution 
conditions.  
The work to be presented is focused into two aims: 

Aim 1: Optimization of peptide/CNT interactions. In part 1, our efforts to build a specialized toolbox of 
amphiphilic peptide-based biomolecules and to optimize interactions between these peptides and CNTs will 
be discussed. We have exploited the structural diversity of peptides and synthetic tools of chemistry to 
generate a library of amphiphilic peptides with varied CNT affinities and assembly properties.  

Aim 2: Characterize interactions between peptide-wrapped CNTs and living cells. In part 2, we will describe 
our studies on the effect that CNTs have on living systems. Our efforts have focused on determining if 
peptide-wrapped CNTs can enter cells, where they localize, and if internalization leads to cell responses 
such as production of reactive oxygen species. The results from this work will ultimately aid in the 
development of biocompatible CNT-based technologies. 
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In this lecture, a survey will be given on recent work by our group on the use of carbon nanotubes (CNTs) as 
templates for the fabrication of nanomaterials with increased complexity. All examples will comprise the use 
of Colloid Chemistry methods for assembly and surface modification of CNTs. The first part of the talk will be 
devoted to the use of CNTs as one-dimensional templates for the assembly of various types of nanoparticles 
(metallic, magnetic, semiconductor) and the description of the properties of the resulting colloidal composites 
[1-3].  

The second part will comprise the assembly of CNTs on colloidal templates (typically polystyrene or silica 
spheres), leading to well-defined particles with tailored surface roughness [4]. Finally, recent advancements 
will be presented on the synthesis of particles with increased complexity, through combination of the 
strategies outlined above, i.e. assembly of CNTs on colloidal particles and surface modification, either 
through nanoparticle assembly or through uniform surface coating [5]. 
 
 

  
Figure 1. Left: Sem (top) and TEM (bottom) images of carbon nanotubes uniformly covered with single or 
multi-layers of Au nanoparticles. Right: SEM image of a composite particle made by assembly of CNTs on 

polystyrene spheres, followed by silica coating. 
 
 
[1] M. A. Correa-Duarte, L. M. Liz-Marzán, J. Mater. Chem. 2006, 16, 22. 
[2]  M.A. Correa-Duarte, M. Grzelczak et al., J. Phys. Chem. B 2005, 109, 19060. 
[3] M. Grzelczak, M.A. Correa-Duarte et al., Adv. Mater. 2006, 18, 415. 
[4] M.A. Correa-Duarte,A. Kosiorek et al., Chem. Mater. 2005, 17, 3268. 
[5] M. Sanles-Sobrido, V. Salgueiriño-Maceira et al., Small 2007, in press 
.
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Nanotube and Nacomposite Mechanics – 
A Guide to the Perplexed 
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This lecture will focus on the role of nanotubes of several types in the composites area. Indeed, carbon 
nanotubes hold great promises as a possible reinforcing phase in composite materials of a new kind. Some 
of our recent experimental and theoretical results regarding materials mechanics at the nanoscale will be 
reviewed. The main theme includes carbon and tungsten sulfide nanotubes, and nanotube-based composite 
materials. Such developments still present, however, enormous practical challenges, in particular: (1) when 
attempting to probe the properties of individual nanotubes, for which most –but not all- studies consist of 
computer simulations, and (2) when attempting to optimize the mechanical properties of nanocomposites. 
We report in this lecture laboratory results regarding polymer-nanotube composite mechanics, including 
interfacial adhesion and toughness issues. Our most recent electrospun PMMA fiber data, with and without 
carbon nanotubes, are presented and discussed. 
 
 
 
 
References 
[1] O. Lourie, D.M. Cox, H.D. Wagner, “Buckling and collapse of embedded carbon nanotubes”, Physical 

Review Letters, 81 (8) (1998), 1638-1641. 
[2] A.H. Barber, S. Cohen, H.D. Wagner, "Measurement of carbon nanotube-polymer interfacial strength", 

Applied Physics Letters, 82 (23) (2003), 4140-4142. 
[3] L. Liu, H. D. Wagner, “Rubbery and glassy epoxy resins reinforced with carbon nanotubes, Composites 
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Functionalization of carbon nanotubes, with the aim of improving their processability and extending the 
applications such as in sensor and actuator, has attracted increasing attention over the past years[1]. A 
facile strategy to construct organic and inorganic functional materials on carbon nanotube by single step 
ultrasonic radiation is developed. The characteristic of solid-liquid interface cavitation induced by low 
frequency ultrasound provide the great possibility to spatial control over the radical reaction for the CNT 
microsurface modification[2]. Here we reported the novel method for fabricating polymer-gafted single-wall 
carbon nanotubes. Pristine nanotubes were immersed and irradiated in methyl methacrylate monomer for 30 
min. Polymethyl methacrylate (PMMA) grafted single-wall carbon nanotubes (SWNTs) were easily prepared 
by the sonochemically initiated in situ surface radical polymerization. Raman, TGA and FT-IR results showed 
PMMA chains were successfully grafted covalently onto the tube surface, and the maximum grafting ratio is 
estimated at 0.49. The surface-modified SWNTs afforded are then dispersible in good solvents for PMMA, 
such as dichloromethane and chloroform. Collected from a dilute dispersion, the SWNTs are essentially 
disentangled, as confirmed by TEM and SEM. The sonochemical approach may be employed to introduce 
other functional polymer chains, nanoparticles or dopants onto carbon nanotubes, and the ‘green’ value 
involved in this simplifying processing contains low toxicity, clean operation, and short time, which 
undoubtedly generate profound impact on CNT-based nanochemistry and large-scale application. 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Photo taken from the PMMA-grafted SWNTs dissolved in different solvents: (1) in THF (50 mg/L), (2) in toluene (29 ml/L), (3) in 
dichloromethane (78 mg/L) and chloroform (80 mg/L); (b) SEM image of the nanowire-like PMMA-grafted SWNT composite, (c) TEM 
image of individual PMMA-grafted SWNT, (d) TEM image of ultrasound-peelable ropes of PMMA-grafted SWNTs, (e) HRTEM image of 
PMMA-grafted SWNTs nanowires (schematic diagram of cross-section model of the wire is shown in the inset) , and (f) the enlarged 
image of (e). 

[1] Ray H. Baughman et al. science 1999, 284,1340. 
[2] K. S. Suslick et.al, Science 1990, 3, 1439-1445. 
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Surface modification of carbon nanotubes (CNT) is performed aiming towards either the incorporation of 
substitutional atoms in the CNT that will act as electrical dopants, or the attachment of chemical 
functionalities at the surface that will change the interaction of the CNT with their environment. Among the 
possible surface treatments, plasma modification by interaction with partially ionized gases is a very versatile 
and efficient process due to the high reactivity of the energetic species contained in the plasma. Since the 
chemical reactions take place far away from thermodynamical equilibrium, it is difficult to predict the surface 
modification occuring for specific processing conditions, and an empirical study is required.  

In this work, different types of CNT, including single wall nanotubes (SWNT), multiwall (MWNT) and 
buckypapers, have been treated in a proprietary plasma reactor with N2, O2 and Ar gases to induce their 
surface functionalization. The morphology of the different nanotubes, before and after plasma treatment, 
were asessed by SEM microscopy, and the changes in their chemical and bonding structure were 
determined by combining X-ray Absorption Near Edge Spectroscopy (XANES) and X-ray Photoemission 
(XPS)  measurements. A description of the chemical state found for the different types of CNT is presented 
in connection with the details of the plasma processing conditions. 
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It is now widely accepted that chemistry is central to the development of high performance materials based 
on single-walled carbon nanotubes (SWCNT).  Chemistry can solve the problems associated with bundles 
and the lack of binding with the matrices. Since 2000, side-walled covalent functionalization on neutral 
SWCNT has received considerable attention notably by the groups led by Prato, Hirsch, Billups, Tour, 
Haddon and others.  Strategies to anchor all the practical functionalities have been developed.  One 
drawback is that completion of the reaction at the single tube level requires substantial amount of time 
because the SWCNT are inherently un-reactive and importantly they are bundled.   Reaction completion 
takes several hours, even days under refluxing conditions. Recently, Penicaud et al. [1] showed that SWCNT 
can be readily ex-foliated in standard solvents by reduction with alkali metal through electron transfer 
mediated by alkali-naphthalene-THF complexes.  Reduction can also takes place using alkali-benzophenone 
complexes in toluene [2].  As the SWCNT get charged negatively, they ex-foliate as a result of electrostatic 
repulsion.  This is an important practical advance because it readily allows chemistry at the single tube, thus 
saving considerable amount of time.  As chemical processing is the major cost associated with the 
integration of SWCNT in advanced materials, any reduction in processing cost makes industrial utilization of 
SWCNT more plausible.  In addition, reduced SWCNT acquire higher nucleophilic character thus allowing 
new chemistry.  In the initial part of the presentation, we will review and demonstrate that reduced SWCNT 
reacts with a variety of electrophilic reagents or radical donor/acceptors.  Subsequently, we will focus on 
three important aspects related to the chemistry of reduced SWCNT. 

1) Choice of Solvent:  Reduced SWCNT show particular affinity for polar aprotic solvents such as 
DMSO, DMF and others.  These solvents appear to dissolve reduced SWCNT and hence they have 
been used to conduct chemistry and processing of reduced SWCNT by various groups.  Here we 
show that one has to be careful with these solvents, in particular DMSO.  We will show that reduced 
SWCNT react with DMSO to produce methane and side-walled functionalized neutral SWCNT within 
minutes [1].  

2) Functionalization:  Reduced SWCNT have particular affinity with acyl peroxides derivatives.  We 
recently demonstrated that side-walled functionalization occur at room temperature within minutes 
[3].  We will review the process and show that various useful functionalities can be anchored readily 
with this approach.  In particular, we will show that the functionalization degree can be controlled and 
that multi-functionality can be imparted.    

3) Direct integration into matrices:  Reduced SWCNT can be integrated directly without further 
processing into various thermoset, thermosplastic and ceramic matrices [1].  We will show by 
controlling externally the oxidation of reduced SWCNT, one can control the functionalization and 
cross-linking levels into various matrices.   This easy approach is amenable to large-scale and 
avoids costly processing. 

Each of these subjects will be discussed and supported with data.   
 
[1] A. Pénicaud, P. Poulin, A. Derré, E. Angleret and P. Petit, J. Am. Chem. Soc.,. 2005, 127, 8-9 
[2] J. Guan and B. Simard, to be published.. 
[3]  Y. Martinez-Rubi, J. Guan, S. Lin, C. Scriver, R. E. Sturgeon and B. Simard, Chem. Com., 2007, DOI: 

10.1039/b712299c 
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The reaction of diazoniums with SWNT is known to proceed through a 2-step mechanism [1]: a probable 
complexation of the diazonium species onto the SWNT, followed by the covalent bond formation. To tune the 
metallic versus semiconductor (M vs SC) selectivity, we tried to improve the difference in covalent reaction 
rate in tuning the diazonium reactivity. 

Purified arc discharge SWNTs were suspended in an aqueous buffer with a neutral surfactant (poloxamer 
F127). We used a series of diazonium compounds with different substituents in kinetic studies followed by 
absorption spectroscopy in solution as well as electrical measurements on SWNT network transistors. In the 
same conditions, the reaction rates proved a lot higher for the nitro attractor substituent than for the methoxy 
donor, as expected (see figure). Moreover, the M vs SC selectivity seemed to depend linearly on the 
Hammett coefficients (see inset fig.).  

To investigate the mechanism of this reaction in the light of our results, we inquired on the radical or cationic 
nature of the covalent addition. Fe metal, a diazonium reducer [2], induced an increase in reaction rate with 
bromobenzenediazonium as well as a deep loss in M vs SC selectivity. On a contrary, addition of the radical 
scavenger hydroxyquinone inhibited the reaction completely. This indicates that the reaction intermediate is 
probably a radical. 
 
 

0 10 20 30 40 50 60
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

time (min) after adding of RΦN2
+,BF4

-

re
la

tiv
e 

pe
ak

 in
te

ns
ity

-0.5 0 0.5 1
0

10

20

30

Hammett coeff. σ

ra
te

 ra
tio

 M
 / 

S
C

OCH3

Br

NO2

 
 

Kinetics of Metallic (red) and SemiConductor (blue) peak extinction as a function of aryl substituents. Inset: 
Hammett correlation of the extinction rate ratio M / SC.  

 
 
[1] M. L. Usrey, E. S. Lipmann, M. S. Strano, J. Am. Chem. Soc. 2004, 127, 16129:16135. 
[2] V. Mévellec, S. Roussel, et al. Chem. Mater. 2007, 19, 6323:6330 
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The heterogeneity of as-grown Single Wall Carbon Nanotubes (SWNTs) rules out their usage in many 
electronic and optoelectronic applications. Separation of SWNTs based on chirality and diameter was 
recently demonstrated by density gradient ultracentrifugation [1]. However, a detailed investigation of the 
influence of the surfactants and their concentration is still missing. Here we show that natural bile salts are 
most suitable surfactants for density gradient separation, due to their steroid skeleton polar tail, which, in 
aqueous environment, exposes its hydrophilic side to the water and the hydrophobic one to the SWNTs. In 
contrast, typical linear chain surfactants, such as Sodium Dodecylbenzene Sulfonate (SDBS) contain a 
flexible cylindrical body and inefficiently form micelles around SWNTs. The optical properties of the sorted 
SWNTs are characterized by absorption and photoluminescence excitation spectroscopy (Fig 1A). Changes 
of the optical properties of the lower fractions (Fig. 1B) are characterized in terms of exciton energy transfer 
(EET) from large gap donors to small gap acceptor tubes, indicating the formation of small bundles [2]. We 
also demonstrate that by tuning the concentration of the surfactant, it is possible to vary the structure of the 
micelles to achieve very high selectivity.  

 
Fig.1: (A) Photoluminescence Excitation map of sorted (6,5) single wall carbon nanotubes. (B) The bottom 
fractions are enriched in small bundles, as characterized by EET (indicated by solid crosses) from donor 
tubes to acceptor tubes 
 
 
[1] M. S. Arnold, S. I. Stupp, et al., Nano Lett. 2005, 5, 713. 
[2] P. H. Tan, A. G. Rozhin, et al., Phys. Rev. Lett. 2007, 99, 137402. 
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In the present work new nanocomposites based on polyamide 12 and functionalised carbon nanofibres were 
manufactured and characterised in terms of mechanical and thermal properties. The following functional 
groups were grafted at the surface of the fibres: (a) alcohol groups (CNF-OH); (b) polysiloxane oligomers 
bearing phenyl groups (CNF-silane); poly(tert-butyl acrylate oligomers (CNF-PtBA) and peroxide groups 
(CNF-Perox). These functionalised fibres were produced as descried elsewhere [1,2]. The fillers were 
dispersed in polyamide-12 using extrusion, and the composites were further manufactured using injection-
moulding.  

The composites had better thermo-oxidative than neat polyamide-12, although no significant effect of filler 
functionalisation in this property could be observed. Differential scanning calorimetry (DSC) indicated a shift 
of the melting peak of the composites towards lower temperatures, which suggested the formation of thinner 
crystalline lamellae, constituted by α-phase of polyamide 12. The cooling curves (DSC) revealed the 
property of these fillers as nucleating agents, since the crystallisation temperatures were slightly shifted from 
152°C (neat polyamide 12) to 160°C. In spite of this shift only a small variation of the crystallinity degree 
(from 24% for the neat polyamide to about 30% for all the composites) could be detected. Therefore, there 
was no significant increase of the crystallinity degree of the matrix due to the presence of the nanofibres. 

More noticeable changes were observed concerning the dynamical-mechanical properties and tensile 
properties, which were evaluated by dynamic mechanical thermal analysis (DMTA) and tensile tests, 
respectively. Apart from an over-proportional increase of the Young Modulus (+35%) for the composite 
containing 0.20% CNF-PtBA (weight percent) and an increase of the yield stress, it could be observed that 
the relaxations, i.e., the movements of the chain-segments were strongly hindered by the presence of the 
CNF-Perox, CNF-Silane and CNF-PtBA. This was evidenced by the decrease of intensity of the DMTA peak 
at -60°C, associated to the β transition. This behaviour was not detected for the composites containing 
polyamide 12 and untreated carbon nanofibres.  
The experimental reinforcements observed for all the composites manufactured in the present work were 
superior to those predicted by the classical micro-mechanics using Halpin-Tsai equation for composites 
reinforced by randomly oriented short-fibre [3]. The fillers combining ease of preparation and good 
reinforcement properties were CNF-Perox and CNF-Silane.  
 
[1] L.A.S.A. Prado, M.Ghislandi, et al., ” Functionalisation of Carbon Nanofibres (CNFs) through Atom 

Transfer Radical Polymerisation for the Preparation of Poly(tert-butyl acrylate)/CNF Materials: 
Spectroscopic, Thermal, Morphological and Physical Characterisations” J.Polym. Sci. Polym. Chem. Ed.. 
2007, (submitted) 

[2]  M.Ghislandi in ”Effect iof Carbon Nanofibre Functionalisation on Thermal and Mechanical Properties of 
PA12/CNF Nanocomposites” - Master Thesis Institut für Kunststoffe und Verbundwerkstoffe – Technische 
Universität Hamburg-Haburg. 

[3] F.H. Gojny, M. Wichmann, et al., ”Carbon nanotube-reinforced epoxy-composites: enhanced 
 stiffness and fracture toughness at low nanotube content” Comp. Sci. Technol. 2004, 64, 2363-2371. 
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In the present study epoxy, MultiWall Carbon Nanotubes (MWCNT) and organomodified montmorillonite 
(oMMT) clay based singlephase and multiphase nanocomposites have been manufactured creating high 
levels of shear forces to ensure a good dispersion. Samples are subjected to mechanical tests in terms of 
tensile, fracture, compressive and flexural, in order to study the influence of nanoclays on the final 
mechanical properties. The rheological behaviour of the samples is also assessed. Electrical measurements 
on MWCNT based nanocomposites and MWCNT combined with oMMT multiphase nanocomposites are 
performed with the aim of evaluating the effect of adding oMMT to the system. 
 
Carbon Nanotubes are found as excellent fillers to improve the electrical conductivity of isolating epoxy resin 
even at low level of loads, due to their large aspect ratio. Electrical conductivities of up to 10-2 S/m have been 
obtained for 0,5wt-%CNT with a percolation threshold at 0,1wt-% [1]. With regard to the influence on 
mechanical properties, the addition of CNTs increases the fracture toughness up to 45% while the tensile 
properties maintains constant [2]. On the other hand, oMMT has been used as filler to improve not only the 
mechanical properties but also the flame retardancy and gas barrier on epoxy nanocomposites.  
 
Reaching the optimum dispersion of nanomaterials in the epoxy matrix is a key factor. The high intertubular 
Van der Waals attractions allow the formation of Carbon Nanotubes bundles, avoiding the creation of a three 
dimensional nanotube network. This network allows the contact among them creating an electronic path, and 
therefore an increase on electrical conductivity. Better mechanical performance is attributed as well to the 
higher degree of dispersion, in the way that the agglomerations lead to negative mechanical behaviour. 
 
Multiphase epoxy nanocomposites reveal the better dispersion of Single Wall Carbon Nanotubes based 
nanocomposites when nanoclays are introduced in the formulation. Combining both nanomaterials the hybrid 
nanocomposite exhibits a significantly enhanced mechanical and conductivity properties, due to the better 
exfoliation and network formation [3]. In MWCNT and nanoparticles multiphase nanocomposites the fracture 
toughness is increased up to 30%, while the singlephase nanocomposites (epoxyMWCNT) exhibits only the 
15%, and a decrease in electrical conductivity is observed when the load of non conductive filler exceed a 
critical value [4]. 
 
[1] Gojny F.H, Wichmann M.H.G., Fiedler B., Kinloch I., Windle A.H., Bauhofer W., Schulte K., 2006, 

“Evaluation and Identification of electrical and thermal conduction mechanisms in carbon nanotube epoxy 
composites”. Polymer 47, 2036-2045. 

[2] Gojny F.H, Wichmann M.H.G., Fiedler B., Schulte K.,  “Influence of different carbon naotubes on the 
mechanical properties of epoxy matrix composites- a comparative study“, Composites Science and 
Technology 2005, 65, 2300-2313. 

[3] Lei Liu and Jaime C. Grunlan “Caly assisted dispersion of carbon nanotubes in conductive epoxy 
nanocomposites”, Advanced Functional Materials, 2007, 17, 2343-2348 

[4] Jan Sumfleth, Katja Leckband; Malte H.G. Wichmann, Karl Schulte “Nanoparticle- polymer composites 
with hybrid structures- combination of physical properties and synergistic effects”. Proceedings of 
COMP07 
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The composites produced were based on a polyvinylidene difluoride matrix, Arkema’s PVDF Kynar® 720. 
The PVDF was melt blended with CNT or CB at different loading on a static mixer (Brabender type). 
Samples were compression molded at 210°C.All the samples were characterized in term of rheology and 
electrical properties. As can be seen on the following figure, the electrical resistivity changes drastically by 
10 orders of magnitude when a critical weight fraction of carboneous  filler is reached. This abrupt change, 
which takes place earlier for the CNT based composites (around ~ 0.8wt% CNT) indicates electrical 
percolation phenomena, i.e., the transition behavior from a globally insulating composite to a globally 
conducting one. The percolation wt% domain for nanometric carbon black is 10 times higher than that for 
CNT.  
 

 

Electrical resistivity versus wt% carbon material 
 
Both CNT and CB increase the viscosity level especially at low frequency. CNT acts more efficiently as a 
viscosity improver than CB. This can be explained by interactions through the high surface area (250m²/g) 
on which or close to it the molecular mobility of the polymer is reduced. The surface area ratio of CNT to that 
of CB (65m²/g) is in good correlation with the viscosity level obtained. 
When using CNT and CB in ternary blends a synergetic effect is observed for both electrical resistivity and 
viscosity.  
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Currently there are extensive efforts to develop solar-to-hydrogen and hydrogen-to-electricity cells 

and devices. In either case precious metals such as Pt are typically utilized as a catalyst for proton reduction 
or hydrogen oxidation. The reliance on precious metal catalysts in electrochemical cells makes scale-up 
inherently expensive, and the limited supply of metal stocks reduces the potential of wide-scale deployment. 
In nature, various microorganisms have evolved to produce H2 through the catalytic activity of hydrogenases, 
a specialized group of metalloenzymes.  For the most effective use of hydrogenases in biomimetic systems a 
number of technical hurdles must be addressed that limit their application in stable functional electrodes, 
including immobilization of hydrogenase on electrode surface with high electroactive coverage, retention of 
catalytic activity and oxygen stability. Our preliminary research suggests that single-wall carbon nanotubes 
(SWNTs) may address several of these technical problems and also may enable novel device configurations 
due to specific structural and electronic properties of the SWNTs. 

In our preliminary research we have studied changes in SWNT optical signals upon addition of [FeFe] 
hydrogenases found in bacteria Clostridium acetobutylicum (CaH2ase) and algae Chlamydomonas 
reinhardtii (CrH2ase).1 We found evidence that stable charge-transfer complexes spontaneously form in 
solution between SWNT and hydrogenase under conditions of hydrogenase catalytic turnover. We observed 
that nanotubes were sensitized through interaction with hydrogenase to the proton-to-H2 redox half-reaction 
(2H+ + 2e-  H2), meaning the experimental potential is altered by changing the pH or concentration of H2 
gas. The quenching and recovery of SWNT’s photoluminescence at specific redox potentials provides a 
useful spectroscopic handle for mechanistic studies of the nano-bio hybrid system.  Thus, our findings 
demonstrate the concept of “wiring-up” a hydrogenase enzyme. The experimental approach also enables the 
reliable determination of the absolute potential of the energy levels of SWNTs relative to the vacuum level. 

While these initial studies provided detailed information on the electronic interactions of 
semiconducting SWNTs (s-SWNTs) with hydrogenase enzymes, photoluminescence spectroscopy cannot 
probe metallic SWNTs (m-SWNTs).  To probe s-SWNTs and m-SWNTs simultaneously, we have performed 
detailed solution phase Raman spectroscopy of the SWNT-hydrogenase bio-hybrids.  Static and time-
dependent Raman spectroscopies demonstrate amphoteric charge transfer in m-SWNT/hydrogenase bio-
hybrids due to finite carrier density at the SWNT Fermi level.  In contrast, Raman and PL measurements 
demonstrate that s-SWNTs only act to oxidize the hydrogenase, with the s-SWNT LUMO acting as an 
electron sink.  These results confirm the potential for both forward and reverse charge transfer in 
SWNT/hydrogenase hybrids, a prerequisite for the flexible use of SWNT/hydrogenase for both solar-to-
hydrogen and hydrogen-to-electricity conversion. 

 

[1] McDonald, T. J.; Svedruzik, D.; Kim, Y.-H.; Blackburn, J. L.; Zhang, S. B.; King, P.; Heben, M. J. Nano 
Lett. 2007, 7, 3528. 
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Several approaches to the fabrication of continuous macroscopic fibers in the form of ribbons, ropes or yarns 
of carbon nanotubes (CNTs) have been demonstrated. A method that allows effective integration of useful 
molecules within the carbon nanotube fiber structure is wet spinning. Here we describe a novel method to 
produce highly conducting carbon nanotube (CNT) bio-fibers (Fig. 1).[1-2] In this process, carbon nanotubes 
were dispersed using biological molecules and are used as spinning solutions. Unlike previous reports in 
which a polymer binder is used in the coagulation bath,[3-6] we show that these dispersions can be converted 
into fibers simply by altering the nature of the coagulation bath via pH control, use of a cross-linking agent or 
use of a biomolecule-precipitating solvent system. With comparable strength to most reported carbon 
nanotube fibers to date, these CNT bio-fibers demonstrated superior electrical conductivities and respectable 
capacitance. To investigate the cytotoxicity of our fibers, we have carried out cell culture experiments. Using 
L-929 mouse fibroblast cells, results indicated that the fiber materials are not toxic to these cells and form 
suitable substrates to support L-929 cell adhesion and growth. The presence of the biomolecules in the CNT 
dispersion and the products generated from them has a significant effect on the compatibility of the materials 
with L-929 cells. This novel fiber spinning approach could simplify methodologies for creating electrically 
conducting and biocompatible platforms for a variety of biomedical applications particularly in those systems 
where the application of an electrical field is advantageous, for example in controlled drug release[7] or in 
directed nerve and muscle repair. 
 
 

 
Figure 1. SEM showing cross-sections of fibers produced using different methods described above.[2] 

 
 
 
[1] J. M. Razal, G. G. Wallace, et al., In preparation. 
[2] J. M. Razal, K. J. Gilmore, et al., Adv. Func. Mater. In press, doi:10.1002/adfm.200700822 
[3] J. M. Razal, J. N. Coleman, et al., Adv Func Mater. 2007, 17, 2918. 
[4] A. B. Dalton, S. Collins, et al., Nature. 2003, 703, 423. 
[5] B. Vigolo, A. Penicaud, et al., Science. 2000, 278, 1331. 
[6] J. N. Barisci, M. Tahhan, et al., Adv. Func. Mater. 2004, 14, 133. 
[7] J. M. Razal, G. Spinks, et al., In preparation. 
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One challenging goal for the development of biosensors is the conception of three dimensional biostructures 
on electrode surfaces. Single-walled carbon nanotubes (SWCNTs) are promising alternatives as building 
blocs due to their unique electrical[1] and mechanical[2-6] properties, as well as their high specific surface[7].   
Here, we want to present the initial results of the construction of high performance affinity biosensors based 
on functionalized SWCNT frameworks. SWCNTs were functionalized with affinity partner like adamantan or 
biotine derivatives to immobilize glucose oxidase, modified with the respective affinity counter part (β-
cyclodextrine or biotine). We discuss several different routes for nanotube functionalization:   
 

 Covalent attachment of azidocarbonates via the nitrene reaction[8, 9], 
 Non-covalent functionalization using pyrene derivatives, and  
 Electrochemical coating of single-walled carbon nanotubes with pyrrole derivatives. 

 
All precursor compounds were specially synthesized for this purpose. The amperometric glucose sensors 
were constructed by casting the functionalized nanotubes onto Pt-electrodes. For the electrochemical 
fabrication of the sensors, the pyrrole derivatives were electropolymerized SWCNTs coated Pt-electrodes 
and, for comparison, onto freshly polished Pt-electrodes.  
 
These functionalized electrodes were used for the immobilization of modified glucose oxidase. The obtained 
SWCNT glucose sensors were characterized with scanning electron microscopy. Their sensitivities were 
determined with amperometry. We will report our results obtained for the described biosensor setups. 
Advantages and disadvantages of the different preparation methods and the performance of each affinity 
sensor setup will be discussed in detail. 
 
 
References 
[1] R. Saito, M. Fujita, M. S. Dresselhaus, G. Dresselhaus, Appl. Phys. Lett. 1992, 60, 2240. 
[2] S. Iijima, Toraiborojisuto 1996, 41, 724. 
[3] M. M. J. Treacy, T. W. Ebbesen, J. M. Gibson, Nature (London) 1996, 381, 678. 
[4] B. I. Yakobson, Applied Physics Letters 1998, 72, 918. 
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[9] M. Holzinger, O. Vostrowsky, A. Hirsch, F. Hennrich, M. Kappes, R. Weiss, F. Jellen, Angew. Chem., 

Int. Ed. 2001, 40, 4002. 



Oral-SESION M2 

44  ChemOnTubes 2008, 4-6 April 2008 Zaragoza, Spain 

 
Electronic Detection of Biomolecules by Carbon 

Nanotube Field Effect Transistors 
M.T. Martíneza,b, Y. C. Tseng c, I. Loinaz d R. Eritja eJ. Bokor c 

aInstituto de Carboquímica, CSIC. Miguel Luesma,4 Zaragoza, Spain 
bMolecular Foundry, LBNL, One Cyclotron Road, MS 67R3208-22 Berkeley, California, 94720, USA 

cDepartment of Electrical Engineering and Computer Sciences, University of California at Berkeley, Berkeley 
CA 94720-1770 USA 

d CIDETEC Pº Miramón, 196 Parque Tecn. Miramón, 20009, San Sebastián, Spain 
e Instituto de Química Avanzada de Cataluña, CSIC. IRB Barcelona. CIBER-BBN. Spain 

e-mail: mtmartinez@icb.csic.es  
 
 
The integration of biomaterials with carbon nanotubes, CNTs, has promoted an interdisciplinary field of CNT- 
based nanoelectronics and nanobiotechnology. The quick detection of anomalous genes responsible for a 
congenital disease is highly desired and the reading of the human genome has opened the possibility of 
early detection and diagnoses of congenital/terminal diseases (1). 

Electronic sensor arrays based on carbon nanotubes field effect transistors, CNTFETs, have been prepared 
and used for the detection of DNA hybridization. A new approach for the attachment of DNA single 
sequences to the CNTs has been developed. The resulting DNA functionalized CNTs have been 
successfully used for the electronic detection of DNA hybridization. The polymer poly (methylmethacrylate0.8-
co-polyetyleneglycol methylmethacrylate0.1-cosuccinimidyl methaecrylate) has been synthesized and bonded 
non-covalently to the CNT followed by the covalent attachment of an aminated DNA single strand, ssDNA-
NH2, Figure 1.  
 
 
 
 
 
 
 
 
 
 

Figure 1.- Schematic representation of the bonding of the polymer to SWNT and ssDNA-NH2 
 
Then the possible succinimidyl groups remaining in the 
polymer were blocked with ethanol amine before ssDNA 
hybridization to avoid no-specific adsorption of other 
protein or biomolecules. 

For DNA detection studies, chips of 896 devices per 
square centimetre have been prepared and the devices 
having transistor behaviour have been analyzed.  

The results, Figure 2, indicated that there are statistically 
significant changes in the sensor what make feasible the 
electronic detection of DNA hybridization.  

 
 
 
 

Figure 2.- I-V plots of a representative 
device trough the different sensing steps 

 
[1] Katz, E., Willner, I. ChemPhysChem, 2004, 5, 1084-1104 
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Decontamination of paints, fabrics or textiles contaminated by chemical and biological warfare agents is of 
great importance for application in the civil, military as well as counterterrorism fields. Here we report on the 
synthesis of high aspect ratio titanate nanotube-based photocatalysts for designing self-decontaminating 
textiles and paints. The interest of using high aspect ratio 1D-structures compared to usual round-shape TiO2 
nanoparticles is reported. These nanostructures can be coupled to other semiconductive oxides to enhance 
their photoresponse towards UV-A, visible or solar light.  

Titanate nanotubes were synthetized by the hydrothermal treatment of a TiO2 powder in concentrated NaOH 
solution at 130°C. After the hydrothermal treatment, the powder was vacuum-filtered and washed with HCl 
and distilled water until neutral pH, followed by drying and final calcination at 380°C. 

Regarding the deposition processes for designing self-decontaminating paints and textile fibers, different 
coverage methods have been compared, i) spraying of a water/ethanol solution containing a suspension of 
the photocatalytic material followed by drying, three sequences being performed; ii) dip-coating of the 
substrate in a water/ethanol colloidal suspension containing the crystallized photo-catalyst; iii) Layer-by-
Layer deposition [1] allowing the formation of multi-layered polyelectrolyte films by successive adsorption of 
positively charged Polyethyleneimine and negatively charged polyanions of a colloidal solution containing the 
titanate nanotubes. 

Efficient UVA, visible and solar light-activated chemical warfare degradation have been obtained on paints 
and textiles covered by titanate nanotube-based photocatalysts. Kinetics on chemical simulants such as 
dimethylmethylphosphonate and diethylsulfur and real chemical warfare agents such as VX are compared 
under UV-A, visible and solar light illumination, and kinetics of microorganism killing detailed, allowing paints 
and textiles to exhibit global self-decontaminating properties. 
 

 
Example of nanostructured self-decontaminating functionnal textiles. 

 
[1] K. Hyde, M. Rusa, et al., Nanotechnology. 2005, 16, S422-S428154. 
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Metal or metal oxides are conventional catalytic materials that are well-developed for many industrial 
reactions. Recently, there are many efforts to develop metal-free catalysts to replace the traditional catalyst 
due to the limited natural resource, for the environmental protection and for energy saving. Carbon materials 
are usually used in catalysis as supporting materials. However, carbon as the catalytic substance can have 
significant advantages over the conventional metal-supported systems owing to the unique controllability of 
both its surface acidity/basicity and π - electron density through surface functionalization. In a carbon 
material it is the short- and long-range ordering of atomic carbon that essentially determines the macroscopic 
properties (e.g. thermal and electronic conductivities, combustibility) and thus its long-term performance in 
any potential industrial process 

We have used nanostructured carbons, especially carbon nanotubes, as catalyst for the production of 
styrene from oxidative dehydrogenation of ethyl benzene and for the activation of n-butane into C4 olefines 
(1-5). We found that nanocarbons are highly active catalyst for dehydrogenation reactions. The performance 
of nanocarbons in the mentioned two reactions, the comparison with industrial catalysts and the possible 
reaction mechanism will be presented and discussed. 
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[1]  .Zhang, D.S. Su, A. Zhang, D. Wang, R. Schlögl, C. Hebert 

 Angew. Chem. Int. Ed. 46, 7319-7323 (2007)  
[2] D.S. Su, N.I. Maksimova, G. Mestl, V.L. Kuznetsov, R. Schlögl, N. Keller 

 Carbon 45, 2145-2151 (2007) 
[3]  . Delgado, X. W. Chen, D.S. Su, R. Schlögl 

 J. Nanosci Nanotechnol. 7, 3495 (2007) 
[4] L.F. Wang, J. Zhang, D. S. Su, Y.Y. Ji, X.J. Cao and F.S. Xiao 

 Chem. Mater., 19, 2894 (2007) 
[5] J.J. Delgado, D.S. Su, g. Rebmann, N. Keller, A. Gajovic, R. Schlögl 

 J. of Catal. 244, 126 (2006) 

mailto:j.smith@icb.csic.es


Oral – SESION M3 

 ChemOnTubes 2008, 4-6 April 2008 Zaragoza

 
Hybrid catalysts based on carbon nanotubes and 

nanofibers 
Lived J. Lemus-Yegres, M.C. Román-Martínez, C. Salinas-Martínez de 

Lecea 
Department of Inorganic Chemistry. University of Alicante, Ap. 99, 03080, 

Alicante, Spain 
e-mail: Lived.Lemus@ua.es 

 
 
Carbon nanotubes (NT7) and nanofibers (NF) have interesting structures to be used as nano-reactors in 
catalysis if the active species are located in the inner cavity of the tubular structure [1]. Hybrid catalysts have 
been prepared by immobilization of the rhodium complex [Rh(COD)(NH2CH2CH2NH(CH2)3Si(OCH3)3)]+BF4

- 
(abbreviated as Rh(NN)Si) [2,3] on carbon nanotubes and carbon nanofibers. The anchoring procedure [2,3] 
consists on the creation of a siloxane bond between the trimethoxysilane group of the metal complex and –
OH groups on the supports surface. TEM micrographs show that the nanotubes NT7 are heterogeneous in 
size, containing tubular structures with an average diameter of 6.9nm and NF are heterogeneous in size and 
shape with straight tubular structures with very broad distribution of diameters and small nanofibers tangles. 
Adsorption isotherms of the carbon nanotubes and nanofibers are type IIb, generally obtained with 
aggregates of plate-like particles and are indicative of capillary condensation. The presence of a hysteresis 
cycle in the N2 adsorption isotherms of the samples indicate that they contain tubes with both ends open [4]. 

 
Figure 1.- Structures of a) Carbon nanotubes (NT); b) Carbon nanofibers (NF) 

 

The catalytic activity of the hybrid catalysts was tested in the 
hydrogenation of three different substrates: cyclohexene, carvone 
and methyl-2-acetamidoacrylate. Regarding the cyclohexene 
hydrogenation, the hybrid catalysts prepared were more active 
than the homogeneous complex. The higher activity of the 
supported complex is attributed to a confinement effect due to the 
location of the complex in the hollow cavities of the nanotubes [2,3]. 
Catalyst NT7-Rh shows the highest activity in this reaction. 

Table 1 shows the results of activity and selectivity in carvone hydroge
saturated ketone; HC= hemiacetal). It can be observed the tremend
catalysts versus the homogenous complex. Additionally the selectivi
also modified. Current work deals with the use of these catalysts in 
methyl-2-acetamidoacrylate. 
[1] Y. Zhang, H.B. Zhang et al., Appl. Catal. A: Gen. 1999, 187, 213. 
[2] L. Lemus-Yegres, I. Such-Basáñez et al., Carbon, 2006, 44, 605. 
[3]  L.J. Lemus-Yegres, M.C. Román-Martínez et al., Micropor. Mesopor. Mat

2007.05.005  
[4] Gregg, S.J., Sing, K.S.W., Adsorption, Surface area and Porosity, Acade
Table 1.- Activity and selectivity in 
the carvone hydrogenation 

Sample TOF Selectivity 
 (s-1) UK SK HC 
RhNNSi 0.001 100 0 0 
NT7-Rh 6.58 80 18 2 
NF-Rh 1.86 90 10 0 
, Spain 47 
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ous increase in activity of the hybrid 
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Aligned carbon nanotubes patterns have received an increasing scientific interest during the last decades [1]. 
The combination of these nanoscopic structures with high anisotropy and a macroscopic shaping could give 
rise to a new generation of structured reactor with high heat and mass transfer along with an easy product 
and catalyst recovery. The present work aims to report the synthesis of aligned carbon nanotubes with 
macroscopic shape control for use as catalyst support in the liquid- or gas-phase reaction. The Chemical 
Vapor Deposition (CVD) using a mixture of ferrocene and toluene at 800°C led to the formation of a 

homogeneous layer of aligned carbon nanotubes on the 
inner wall of a silica reactor [2]. The height of the carbon 
nanotubes pattern can be controlled by varying the 
synthesis duration depending on the end use of the 
material, i.e. height between 200 to 1200 µm can be 
obtained by varying the synthesis duration from 1 to 4 h.  

The palladium active phase was subsequently deposited 
onto the nanotubes surface. TEM analysis indicates a 
relatively high dispersion of the palladium particles with 
an average particle size of around 10 nm. The high 
dispersion of the palladium particles was attributed to the 
presence of surface oxygenated groups which play the 
role of anchorage sites. Hydrogenation reaction of C=C 
bond carried out in a liquid-phase indicates an extremely 
high selectivity towards the C=C bond hdyrogenation 
even at almost complete conversion, i.e. 92% of 
selectivity at 98% of conversion. It is noteworthy that the 
C=C bond hydrogenation selectivity observed here is 
among the highest yield that had ever been observed. 
The high C=C bond hydrogenation selectivity was 
attributed to: (i) the complete absence of any micropores 
or ink-bottled pores  inside the support matrix which 
could help the primary products desorption, (ii) the 
difference on the surface acidity which could modified 
the adsorption strength of the products. It is also 
noteworthy that the macroscopic shaping of the catalyst 
allows the rapid and easy catalyst recovery without any 

need for post-reaction filtration which is a time and energy consuming step. New results obtained by 
depositing the aligned carbon nanotubes on a high shear static mixer will be also presented and compared 
with those described above. 
 
[1] X. Li, A. Cao, Y. J. Jung, R. Vajtai, P. M. Ayajan, Nano Lett. 2005, 5, 1997. 
[2]  I. Janowska, G. Winé, M. J. Ledoux, C. Pham-Huu, J. Mol. Catal. A: Chemical 2007, 267, 92. 

SEM image of the aligned carbon nanotubes 
with an average diameter of ca. 60 nm and 
length up to millimetre. (Inset) Optical image 
of the silica reactor covered with a layer of 
aligned carbon nanotubes in the inner part. 
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The reversibility of the grafting process of functional groups on the surface of carbon nantotubes is an 
essential step in the recovery of the ballistic properties of metallic nanotubes after separation or assembling. 
Using ab initio calculations we explore different aspects related to the kinetics of absorption and desorption 
of single and paired aryl radicals from the surface of graphene and nanotubes including activation barriers, 
kinetic pathways, and reaction rates. Our results are in good agreement with the recently observed partial 
reversibility of the diazonium salts reaction with carbon nanotubes [1]. Finally, the possibility of improving the 
reversibility using different functional groups will be addressed. 
 
 
[1] J. Cabana, and R. Martel, J. Am. Chem. Soc. 129 , 2244, (2007). 
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One area of potential application for carbon nanotubes (CNTs) is in gas sensing. However pristine 
nanotubes typically show low sensitivity, which has been ascribed to lack of reactivity of the CNT surfaces. In 
order to overcome this, cold low-pressure RF plasma methods have been shown to efficiently ‘activate’ the 
surface of CNTs through the introduction of surface defects, or “active sites”.  The deposition and growth 
behaviour of metal nanoclusters on CNTs differs dramatically depending on whether the surface of the tube 
has been ‘activated’  by such a plasma treatment. Metal cluster morphology is dictated by interactions 
between the deposited atoms and the CNT surface. Thus, fine control of the local defects (type: structural or 
chemical; density) can be used to tune the interfacial properties of the metal clusters, that will determine their 
size and shape, diffusion (or not) avoiding aggregation, coalescence and complete wetting. 

Modern theoretical modelling provides an unprecedented tool for realistic simulations of complex and 
‘messy’ experimental systems such as these.   In particular a detailed understanding of the atomic structure 
and behaviour of the plasma induced surface active sites is required, as well as the resultant interaction with 
metal atoms and nanoparticles. Using DFT (AIMPRO) and DFTB+ codes we examine both graphene and 
CNTs with a variety of oxygen plasma induced defects, as well as their interaction with a variety of metal 
species, notably Au, Pd and Ti.  We correlate our results with experimental HRTEM, XPS and X-ray and 
Ultraviolet photoemission spectroscopy results of both plasma- treated and non-treated CNTs.  Modelling 
successfully provides a complete picture of surface binding, diffusion and aggregation properties for these 
metals, notably highlighting fundamental differences in their surface chemical and electronic behaviour. 
 
 

 
 
 
 
 
 
 
 
 
 
 

Left: HRTEM image of oxygen plasma treated CNT after Au deposition. 
Right: DFT modelling of Au bonding to vacancy-oxygen defects (VO2). 
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Double-walled carbon nanotubes (DWNT) are at the frontier between single (SWNT) and multi-walled carbon 
nanotubes (MWNT). Their structure and properties are both very similar to those of SWNTs but they can be 
functionalized on the outer wall without modifying the inner one, which is their main advantage. 

Our project is aiming at exploiting the potential of multi-functional DWNT for biomedical application, in 
particular to act as magnetic nano-heaters (hyperthermia), drug-carrier systems, sensors and contrast 
agents (MRI). CNT are mechanically and chemically stable carbon shells which can be opened, filled with 
metals, semiconductors, salts, organic materials, fullerenes, etc., and potentially closed again without losing 
their stability [1]. CNT can be filled by ferromagnetic materials and used for therapeutic anti-cancer treatment 
(hyperthermia) to raise the temperature of tumour tissue in-vivo [2]. 

DWNT have been synthesised by catalytic chemical vapour deposition of a H2-CH4 mixture over (Mg, Co, Mo) 
O catalysts [3]. Previous studies have shown that crystallization of metal salts can occur in these small 
diameter DWNT [4]. This work is about opening and filling of DWNT with iron. Mild conditions have been 
chosen for the filling, using wet chemistry route. Oxidative treatments have been performed to oxidize the 
nanotubes and then to cut them by tip sonication. By standing in over-saturated iron (III) nitrate or iron (III) 
chloride solutions, we obtained iron-filled carbon nanotubes. The resulting materials have been studied by 
high-resolution transmission electron microscopy, atomic force microscopy, X-ray diffraction as well as 
Raman and infra-red spectroscopies. Magnetic properties have been measured. 

This work was carried out in the framework of the Marie Curie Research Training Network CARBIO 
(http://www.carbio.eu). 

 
 

 
HRTEM image of iron-filled DWNT. 

 
 

[1] D. Tasis et al., Chem. Rev.,2006, 106, 1105. 
[2] I Mönch et al., J. Phys., 2007, 61, 820. 
[3] E. Flahaut et al.,  J. Mater. Chem., 2004, 14, 646. 
[4] E. Flahaut et al.,  J. Mater. Chem., 2006, 18, 2059. 
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In the past decades, a significant scientific interest has been devoted to the study of confined (0D or 
1D) nanomaterials, i.e. nanoparticles and/or nanowires due to their unusual physical properties. Magnetic 
particles and nanowires have received a considerable attention due to their potential employ in the fields of 
high-density magnetic storage devices, contrast enhancers for magnetic resonance imaging, magnetic 
vectors for cell targeting and drug delivery, and catalysis [1-3]. In this general framework, the present work is 
devoted to the study of CoFe2O4 nanowires by inside the multi-wall carbon nanotube (MWCNT) channel 
obtained by mild chemical synthesis. The main challenge consists in the easy control of the nanowire 
formation and the scalability of the process. However, no microstructural investigation of these complex 
magnetic materials has yet been reported, even if their magnetic behavior is strongly dependent on their 
structural characteristics and organization. This study provides a complete characterization of their 
microstructure, in terms of their spatial organization, size distribution and residual porosity with a resolution 
within the nanometric scale. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 (A) 2D-TEM micrograph of the casted CoFe2O4 nanowire inside the carbon nanotube channel and  (B) the 
corresponding 3D-TEM model showing the porosity and shape of the casted nanowire. 

 
[1] P. S. Doyle, J. Bibette, A. Bancaud, J.-L. Viovy, Science 2002, 295, 2237. 
[2] I. Willner, E. Katz, Angew. Chem. 2003, 42, 4576. 
[3] T.-J. Yoon, K. N. Yu, E. Kim, J. S. Kim, B. G. Kim, S.-H. Yun, B.-H. Sohn, M.-H. Cho, J.-K. Lee, S. B. 

Park, Small 2006,2 ,209. 

B A 

mailto:matthieu.houlle@ulp.u-strasbg.fr


Oral – SESION T1 

 ChemOnTubes 2008, 4-6 April 2008 Zaragoza, Spain 53 

 
Carbon nanotube-polycarbonate composites for 

nonlinear optics 
V. Scardaci,a T. Hasana, Z. Suna, F. Wanga, A. G. Rozhina, I. H. Whitea, W. I. 

Milnea, A. C. Ferraria 
aUniversity of Cambridge, Department of Engineering, 9 JJ Thompson Avenue, 

Cambridge, United Kingdom. 
e-mail: vs288@cam.ac.uk 

 
 
Single-Wall Carbon Nanotubes (SWNTs) show strong saturable absorption in the near infrared (NIR) region, 
i. e. they are transparent under high intensity light, with ultrafast recovery time [1,2]. They are thus suitable 
for nonlinear optical devices such as noise-suppression filters and passively mode-locked lasers [3]. The use 
of polymer composites has proved a very successful approach towards such devices [3-5]. Here we report 
the processing, characterization and application of SWNT-based composites using, for the first time, 
polycarbonate (PC) as host matrix, which is highly transparent and stable against environmental conditions 
[6].  

SWNTs are dispersed in 1,2-dichlorobenzene (DCB) by strong ultrasonication in presence of regioregular 
poly(3-hexylthiophene-2,5-diyl) (P3HT) as dispersing agent, followed by ultracentrifugation and/or filtration to 
remove large bundles and impurities. PC is then dissolved in the solution and the mixture finally dried. A 
40µm-thick freestanding film is obtained with a uniform distribution of SWNTs on a submicrometer scale, as 
no aggregates can be resolved by optical microscopy [6].  

Linear optical properties of the composite are studied by Vis-NIR absorption spectrophotometry. Nonlinear 
optical properties are studied by power dependent absorption measurements with a femtosecond laser 
source. The composite is finally employed in a fiber-laser to generate  sub-200fs light pulses [6]. 
 
 
 
[1] Y.-C. Chen, N. R. Raravikar, et al., Appl. Phys. Lett. 2002, 81, 975. 
[2]  A. G. Rozhin, Y. Sakakibara, et al., Chem. Phys. Lett. 2005, 405, 288. 
[3] A. G. Rozhin, V. Scardaci, et al., Phys. Stat. Sol. (b) 2006, 243, 3551 
[4] V. Scardaci, A. G. Rozhin, et al., Physica E 2007, 37, 115 
[5] G. Della Valle, R. Osellame, et al., Appl. Phys. Lett. 2006, 89, 231115 
[6] V. Scardaci et al. submitted 
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One of the most exciting actual challenges is to control the orientational order in carbon nanotube based 
systems. In this work we study different anisotropic composites prepared with individual single wall carbon 
nanotubes (SWNT): i) a lyotropic liquid crystal based on DNA-stabilized SWNT, ii) inorganic silica-gel 
composites doped with SWNT and iii) organic films of mechanically aligned SWNT. In all cases the starting 
material is an aqueous suspension of SWNT, where exfoliation of the bundles was achieved using non-
covalent adsorption of amphiphilic molecules. The homogeneity of the suspensions and/or composites was 
checked by optical microscopy, and the photoluminescence (PL) signal was used as a probe of effective 
exfoliation. Optical microscopy, birefringence measurements, as well as polarized Raman, PL, and 
absorbance spectroscopies are used to describe the anisotropy of the samples. We also discuss the 
changes in the PL signal due to different environments. 

mailto:zamora@lcvn.univ-montp2.fr
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Nanotube composites with polymers have been usually produced to combine the fascinating properties of 
carbon nanotubes with the processablility of polymers. In the case of conducting polymers composites its 
interesting electrical and optical properties are also conserved. Nevertheless many conducting polymers 
present processability drawbacks, that is the case of polyaniline (PANI). In its conducting, half-oxidized state 
(emeraldine salt, PANI-ES) polyaniline produced with classical methods is not soluble in organic solvents 
and does not melt before its decomposition. In order to avoid this processing problems some strategies have 
been developed: the use of organic acids as dopants, polymerization with chemically modified anilines, 
blends and mixtures with polyelectrolites or other polar polymers, and the synthesis of dispersible 
nanostructured polyanilines[1]. 

Arc discharge-MWNT/PANI composites produced previously in our group[2] displayed a remarkably 
favourable interaction between its components, and MWNTs were well dispersed in the polymer matrix as a 
result. Here we present Arc discharge-MWNT/PANI composites in which polyaniline is in its conducting state 
and has a nanostructured morphology. Moreover, these materials are water dispersable for MWNT loads up 
to 50% in weight, so new processing and characterization techniques could be applied. 

Composites with different MWNT loadings are produced in an in-situ polymerization of aniline under 
ultrasonic irradiation. These materials are characterized using spectroscopy (IR, UV-Vis, Raman), 
microscopy (TEM, SEM) and thermical analyses (TGA). These new composites preserve the properties and 
morphology of the nanostructured polymer with nanotubes integrated in a new kind of nanostructure that lets 
water dispersions to be stable enough to be characterized and processed.  
 

 
TEM image of composite showing nanostructured PANI and MWNTs 
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Single-Wall Carbon Nanotubes (SWNTs) have remarkable mechanical and electrical properties [1]. 
Individual metallic SWNT are ballistic conductors with conductivity that support DC current densities 
approaching 109 A/cm2 [2].  As a consequence, metallic SWNT have a high axial dielectric constant [3], and 
rapidly polarize in response to externally applied electric fields.  Therefore, metallic SWNT can be considered 
nano-scale antennae, while their high aspect ratio , β ≡ L/D ~ 1000, provides a localized apparent field 
amplification factor, β, at their tips. SWNT networks have been shown to efficiently absorb and thermalize 
electromagnetic radiation generally across the RF [4], microwave (MW) [5] and optical [6] frequency regimes. 
We demonstrate that these electrodynamic effects can be exploited in a laboratory MW reactor to drive 
electrochemical reactions with aqueous suspensions of individualized nanotubes. Experimental results 
provide evidence of selective activation of metallic SWNT.  In the presence of high oxidation potential 
transition metal salts like gold chloride or iron chloride, reductive condensation to metallic nanoparticles that 
are regio-specific to the SWNT extremities, yielding novel composite nanostructures. Nanotube antenna 
chemistry is remarkably facile, and could impact nanomedicine, energy harvesting and synthesis. 
 

 
 

(a) Electric field structure around 1 nm x 1�m SWNT in a constant 1 V/�m field. (b) Representative AFM 
images of tip selective reduction of metal salts onto SWNTs by MW reduction. 

 
 
 
[1] Saito, R., M. Fujita, et al., Applied Physics Letters, 1992. 60(18): p. 2204-2206. 
[2] McEuen, P.L., M.S. Fuhrer, et al., IEEE Transactions on Nanotechnology, 2002. 1(1): p. 78-85. 
[3] Benedict, L.X., S.G. Louie, et al., Physical Review B, 1995. 52(11): p. 8541-8549. 
[4] Gannon, C.J., P. Cherukuri, et al., Cancer, Published online 24 October, 2007. 
[5] Imholt, T.J., C.A. Dyke, et al., Chemistry of Materials, 2003. 15(21): p. 3969-3970. 
[6] Ajayan, P.M., M. Terrones, et al., Science, 2002. 296(5568): p. 705-705. 
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The amphiphilic Ru-bipyridine complex, NaRu(4-carboxylic acid-4’-carboxylate-2, 2’bipyridine)(4,4’-dinonyl-
2,2’bipyridine)(NCS)2 can be used as a surfactant for  solubilization of single walled carbon nanotubes 
(SWNTs) in acetonitrile-t-butanol mixture. 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme of the supramolecular assembly of Ru-bipyridine complex with SWNT. 
 
The Ru-complex represents a redox functionality of 3.5 V vs. Li/Li+, which is matching almost exactly the 
formal potential of LiFePO4/FePO4 couple. The supramolecular assembly of SWNT/Ru-bipyridine complex 
(see Scheme) is adsorbed on the surface of LiFePO4 (olivine) via the free carboxylic groups at the bipyridine 
ligand. This provides a composite material with roughly monolayer coverage by the Ru-bipyridine complex. 
The   total amount of elemental carbon in the form SWNT is about 0.04 wt% of the composite, which is 
significantly smaller than the amount of graphitic carbon used in the conventional materials for Li-ion 
batteries (5-10 wt%). Electrodes fabricated from the Ru-complex/SWNT/LiFePO4 composite exhibited greatly 
enhanced activity for electrochemical Li+ extraction/insertion compared to the performance of electrodes 
made from commercial carbon-coated LiFePO4 or from LiFePO4 derivatized either by adsorption of sole Ru-
bipyridine complex or by carbon nanotubes dispersed with the redox inactive pyrene butanoic acid. The 
SWNT backbone promotes the interfacial charge transfer between LiFePO4 and the Ru-complex, whose 
redox potentials are closely matching each other. The so called “nanotube wiring” effect is based on a 
synergic action of adsorbed redox-active molecule, which provides the interfacial charge transfer to the 
olivine surface and the SWNT, which transports charge to longer distances in the composite. The paper will 
review our initial study of the effect [1], and it will also summarize new results from recent studies of SWNTs 
of varying diameters. The narrow CVD-grown carbon tubes (CoMoCat) enhance the wiring effect similarly to 
wider laser-grown tubes, but, interestingly, the narrow tubes improve the activity for anodic wiring  more than 
the laser-grown tubes, and vice versa for cathodic wiring. The nanotube-mediated redox wiring of virtually 
insulating electrode materials like LiFePO4 presents a promising strategy for application in high energy Li-ion 
batteries. 
 

 
[1] L. Kavan I. Exnar, J. Čech, M. Graetzel, Chem.Mater. 2007, 19, 4716. 
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Bandgap fluorescence spectroscopy of aqueous, micelle-like suspensions of SWNTs has given access to 
the electronic energies of individual semiconducting SWNTs, but the redox potentials of SWNTs as individual 
entities have never been reported. The difficulty of performing proper solution spectro-electrochemical 
experiments able to gain information on individual nanotubes is associated with (i) the high ionic strength 
typical of electrochemical experiments (due to the addition of a supporting electrolyte) that promotes 
flocculation of the SWNT suspension, (ii) the interference, with the electrochemical experiment, of the 
surfactants used to solvate the SWNT that foul the working electrodes, and (iii) the limited electrochemical 
stability window of the aqueous medium. These difficulties are minimized by a recently reported, innovative 
way to form thermodynamically stable solutions of unmodified and uncut SWNTs.1 Upon reduction with alkali 
metals, SWNTs produce polyelectrolyte salts that are soluble in polar organic solvents without use of 
sonication, surfactants, or functionalization. Here we report an extensive voltammetric and Vis-NIR 
spectroelectrochemical investigation of true solutions of unfunctionalized SWNTs and determine the 
standard electrochemical potentials of reduction and oxidation as a function of the tube diameter of a large 
number of semiconducting SWNTs. We also establish the Fermi energy and the exciton binding energy for 
individual tubes in solution.The linear correlation found between the potentials and the optical transition 
energies is quantified in two simple equations that allow to calculate the redox potentials of SWNTs that are 
insufficiently abundant or absent in the samples. 
 

 
Left: spectral evolution in the S11 region as a function of potential for K[HiPco-NT]. Right: chirality map 

displaying the average standard potentials associated to each of the SWNT structures identified in this work. 
 
 
[1] Pénicaud, A. et al. J. Am. Chem. Soc. 2005, 127, 8. 
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Carbon nanotubes CNTs are attractive electrode materials due to their good electrical conductivity and 
mechanical strength, as well as their inertness in solution, where they still retain a high surface activity and a 
wide operational potential window. However, the proper construction and orientation of the carbon nanotube 
electrode is critical for its electrochemical properties; high density of open ends (similar to a graphite edge-
planar electrode) can give fast electron transfer response but they only constitute a very small portion of the 
CNT surface exposed to the solution. Side-walls and amorphous carbon-covered surface dominate on the 
overall surface area, lowering the electron transfer kinetics. Moreover and from the point of view of the 
amperometric biosensing, the establishment of a fast electron transfer between the active site of a redox 
biomolecule and the electrochemical transducer is a desired feature to improve sensitivity.   

Accordingly, our purpose is to highlight the transducer and biosensor performance of different electrode 
systems and configurations based on protein-modified carbon nanotubes and compare with graphite 
composites and highly oriented pyrolytic graphite. Amide bonds were formed to immobilize proteins, previous 
carboxylic activation of the carbonaceous element. Specifically, biosensing behavior of different 
configurations of carbon functionalized with redox proteins (myoglobin and catalase) will be evaluated. Such 
proteins exhibit high sensitivity to oxygen and peroxide, respectively, and catalyze their reduction, which can 
derive to oxygen and peroxide sensors. Our results confirmed that carbon nanotube electrodes constitute 
optimal environments for the direct electron transfer of such redox proteins. Additionally, we found that 
electrodes based on vertically aligned carbon nanotubes (nanotube forests) provide the highest electron 
transfer kinetics to the oxygen or peroxide reduction, the fastest sensor response and the highest 
signal/noise ratio, permitting the detection of very low analyte concentrations. 
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Covalent functionalization of carbon nanotubes (CNTs) appears as one of the most important chemical tools 
enabling the processing, manipulation and assembly of CNTs from solution. Here, we compare two different 
kinds of reactions onto the sidewall: a diazonium addition1 and a [2+1] cycloaddition2. In the first method, a 
phenyl is grafted to a single site of the nanotube by a covalent bond using an arenediazonium salt. In the 
second, a carbene derivative is used to graft a methylene that bridged two carbon sites of the sidewall. We 
report the distinctive signs of these covalent functionalizations in conductivity measurements, Raman, UV-
visible and infrared spectroscopy. Moreover, theses techniques have been combined to XPS and 
thermodesorption experiments to follow the defunctionalization that occur upon annealing. We determined 
the accurate temperature at which the methylene and the arene are removed from the sidewall. Finally, the 
CNTs obtained after the thermal treatment were characterized in order to probe the damage induced by the 
functionalization/defunctionalization processes. 
 
 
 
 
[1] Bahr J, Tour J, Chem. Mater. 2001, 13, 3823. 
[2] Chen Y, Haddon RC, et al. J. Mater. Res. 1998, 13, 2423. 
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An intimate knowledge of the 'chemistry' of the carbon nanotube surface, its reactivity and selectivity, has 
been strongly requested and explored in the sense of allowing selection of nanotubes by types, fundamental 
study of individual tubes, nanotube integration with different (organic, inorganic and biological) environments 
and, consequently, making possible the use of carbon nanotube in several potential applications. In this work, 
we discuss the experiences of obtaining amide (-CONHR), amine (-CH2NHR), tioester (-COSR) and tioether 
(-CH2SR) carbon nanotube derivatives, where R = C18H37. These derivatives open the possibility of their 
subsequent use in studies of separation of the nanotubes by chirality and for attachment for instance of 
nanoparticles, quantum dots, catalytic sites and biological entities. Scanning electronic microscopy, energy 
dispersive spectroscopy and thermogravimetry were used for characterizing the morphology as well as the 
quali - and quantitative determination of the composition and purity of each sample. The thermogravimetric 
analysis still allowed the determination of the functionalization degree of the long alquil chains containing 
derivatives, besides the characterization of the possible interactions between those groups and the 
nanotubes. The structural quality of the carbon nanotubes was characterized by Raman spectroscopy, 
before and after the purification step. Finally, Fourier transform infrared and X-ray photoelectron 
spectroscopies and potentiometric titration were also powerful tools in the quali - and quantitative 
characterization of the functional groups added to the nanotubes in each stage of the chemical modification 
procedures. The functionalization routes were well succeeded. Initially, both covalent and non-covalent 
interactions between the functional groups and the nanotubes were characterized, with inclusive the 
suppression of the nanotube radial breathing mode (RBM). After purification, mostly groups adsorbed on the 
nanotube surface were removed and the RBM was restored. The -CONHR, -CH2NHR, -COSR and -CH2SR 
(R = C18H37) groups seem to organize in a micelle form around the nanotubes. The change of the chemical 
nature of the new derivative surface was characterized by the dispersion capacity in several solvents in a 
large polarity range. 

 

    
 
 
 

Figure: Obtaining and characterizing N- and S-alkyl SWNT derivatives 

SWNT-COOH SWNT-COXR 
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We have discovered a small family of solvents including the drug “liquid ecstasy” which can be used to 
create true thermodynamic nanotube solutions. In addition we have developed techniques to control the 
bundle size distribution of nanotubes in common soaps (including Fairy liquid!) as well as DNA, and synthetic 
peptides. The ability to create high quality dispersions and solutions allows us to fabricate advanced 
polymer-nanotube composites. For example we have demonstrated the most electrically conductive polymer-
nanotube composite known, σ~5×104 S/m, conductive enough to be used as a plastic electrode. In addition 
we have made low mass fraction composites as strong, stiff and tough as normal plastics but with a density 
just one third that of water. We have demonstrated that by making extremely high mass fraction (<75%) 
SWNT-elastomer composites, we can increase the stiffness by ×800 while retaining the high strength and 
toughness associated with elastomers. Finally we have extended this work to produce dispersions of 
exfoliated graphite with a significant yield of graphene (1-10%). We use HRTEM, electron diffraction and 
Raman spectroscopy to confirm the presence of graphene. We extend this work to producing highly 
conductive polymer-graphene composites. 
 
 
 

 
Left) SEM image of low density (~300 kg/m3) electrospun composite and right) mechanical properties. 
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Dispersion of carbon nanotube in solvents is an important step for many applications: nano-composites, 
coatings, films, electronic components…  

In this work, we dispersed Multi-Walled (MWNT) and Single-Walled (SWNT) carbon nanotubes in water with 
a commonly used surfactant (SDS) and ultrasonication. Sonication allows disentanglements and shortening 
of the nanotubes. The sonication-induced scission of nanotubes has been already reported [1:4] but not 
often characterized through average characterizations of bulk samples [5]. In addition the main origin of 
nanotube scission is still debated. It is indeed not yet clear if the nanotube length after strong sonication is 
set either by the distribution of structural defects or by the intrinsic strength of the nanotubes. 

Here we determine the average length of the nanotubes by using dynamic light scattering experiments [5] 
and investigate the effects of time and sonication power. We observe that the size distribution of SWNT and 
MWNT becomes narrower and shifted to shorter sizes upon sonication.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

- Lengthes of MWNT measured by DLS measurements at different sonication power- 
 

Our results show that the average size is set by the intrinsic strength of the nanotubes and probably not by 
the spatial distribution of structural defects. In these conditions, nanotube scission can be compared with the 
cavitation-induced scission of polymer chains [6]. Recently, Hennrich and al. have followed this analogy to 
discuss orders of magnitude of shear forces involved in cavitation-induced scission of nanotubes [7]. Here 
we propose a more quantitative analysis by calibrating cavitation phenomena with particles of known 
mechanical properties. This approach allows us a statistical estimation of the tensile strength of a population 
of carbon nanotubes. Comparisons of the tensile strength of MWNT and SWNT will be presented. 
 
[1] M.F. Islam, E. Rojas & al., Nanoletters  2003, 3-2, 269-273 
[2] D.A. Heller, R.M. Mayrhofer & al, J. Am.Chem. Soc 2004, 126, 14567-14573 
[3] K. Arnold, F. Hennrich & al., Phys. Stat. Sol.  2006, 243, 3073-3076 
[4] J. Glory, A. Mierczynska et al., J. Nanosci. Nanotechnol. 2007, 7, 3458-3462      
[5] S. Badaire, P. Poulin & al., Langmuir  2004, 20, 10367-10370 
[6] M.W.A. Kuijpers, P.D. Iedema & al., Polymer 2004, 45, 6461-6467 
[7] F.Hennrich, R. Krupke & al., J. Phys. Chem.  2007, 111, 1932-1937  
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We report interaction and relaxation of excitons in single wall carbon nanotube (SWNT) bundles in aqueous 
dispersions. Such bundles gradually but unavoidably form in conventionally prepared SWNT dispersions [1]. 
By photoluminescence (PL) excitation spectroscopy, we observe exciton relaxation from large bandgap 
semiconducting SWNTs (ls-SWNTs) to smaller bandgap semiconducting SWNTs (ss-SWNTs) [2]. 
Excitations from ls-SWNTs induce PL emission from ss-SWNTs through Förster interactions without 
requiring exciton migration between adjacent nanotubes [2]. Consequently, emission from ls-SWNTs is 
quenched, while that from ss-SWNTs is notably enhanced. This enables us to detect and determine SWNT 
bundles with different size distributions in suspensions. Tuning the bundle composition can thus enhance ss-
SWNT luminescence and, therefore, be useful for optoelectronic applications. 
 

 
 

(Left) Visual illustration of exciton energy transfer from large gap semiconducting nanotubes (s-SWNTs) to 
smaller gap (s-SWNTs) in a bundle. (right) PLE map of as prepared solution (a1, a2) and of the same 
solution after 2 months (b1,b2) showing enhancement of the features originated due to exciton energy 

transfer.  
 
[1] S. M. Bachilo, M. S. Strano, et al., Science 2002, 298, 2361. 
[2] P. H. Tan, A. G. Rozhin, et al., Phys. Rev. Lett. 2007, 99, 137402. 
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First recognized by Iijima in 1991 [1], carbon nanotubes show interesting electronic and mechanical 
properties. However, their manipulation is difficult due, for a part, to their lack of solubility.  
Hence some authors describe carbon nanotubes as poorly soluble, other literature source gives indications 
on the solubility of these compounds [2]. However, besides the specific study of Bahr et al. and Ausman et 
al. [3, 4], solubility of carbon nanotubes has also been noted without an explanation behind. 

This oral contribution presents results obtained on the solubility of non-functionalised carbon nanotubes. A 
first part points to the importance of the solvent viscosity and its role in the results divergence.  We will 
discuss the influence of the centrifugation in the elimination of this problematic parameter. 

A second part discusses the use of the Hansen solubility parameters [5] in order to explain the solubility of 
carbon nanotubes in several solvents. Hansen solubility parameters do not only explain why carbon 
nanotubes are soluble in certain solvents or mixture of solvents but also allow predicting their solubility in yet 
untested solvents.  

The third part will show applications of the Hansen solubility parameters like the size sorting of carbon 
nanotube according to their solvents affinity but also the possibility to obtain a good solvent from the mixture 
of two poor and even bad solvents.  
 
[1]  S. Iijima, Nature 1991, 354, 56 
[2]  E. Najafi, J.-Y. Kim, S.-H. Han, K. Shin, Colloids and Surfaces A, 284, 373 
[3]  L. Bahr, E.T. Mickelson, M.J. Bronikowski, R.E. Smalley, J.M. Tour Chem. Comm. 2001, 193 
[4]  K.D. Ausman, R. Piner, O. Lourie, R.S. Ruoff and M. Korobov J. Phys. Chem. B  2000, 104, 8911 
[5]  C.M. Hansen, Hansen Solubility Parameters, a user’s handbook, CRC Press, London 2000 
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In view of the current interest in graphene [1], there is a wide expectation for a large scale synthesis of 
graphene flakes.  

Following an experimental procedure already employed for spontaneous solutions of single-walled carbon 
nanotubes [2], we have synthesized a graphite intercalation compound which is soluble in polar solvents, 
leading to a solution of reduced graphene layers.  

Deposits of the solution of graphene monolayers have been performed and characterized by atomic force 
microscopy (AFM) and scanning tunnelling microscopy (STM), confirming the presence of graphene 
monolayers (Figure).  

Various graphites have been probed and all of them have been dissolved successfully.  
 
 
 

 
STM of a graphene flake over an HOPG substrate (highly oriented graphite).  

 
 
 
[1] A. K. Geim, K. S. Novoselov, et al., Nat. Mat. 2007, 6 (3), 183. 
[2] A. Pénicaud, P. Poulin, et al., J. Am. Chem. Soc. 2005, 127 (1), 8. 
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The excellent mechanical and physical properties of carbon nanotubes (CNTs) are the origin of their 
potential applications such as conductive materials [1], mechanical reinforcement [2], heat exchange devices 
[3], filtering [4], … Recently, some studies demonstrated the interest to use an aligned network of carbon 
nanotubes to make composites [4-6]. In this context, the motivation of our work is to take the benefit of long 
and aligned multi-walled carbon nanotubes (A-CNTs) to prepare different types of materials (e.g. 1D 
composites or membranes). The objective is to determine the effect of such an aligned network of nanotubes 
on the electrical and mechanical properties of 1D composites, and on the characteristics of membranes in 
terms of porosity and permeability.  

A-CNTs are produced by aerosol-assisted catalytic chemical vapour deposition [7]. 1D composites or 
membranes are prepared by impregnation of the A-CNT network with a polymer (polystyrene or epoxy). A 
thinning step of the resulting material is further applied in order to adjust the thickness and to get either a 
membrane or a 1D composite. The study presented here is focused on 1D composite exhibiting different 
heights, or membranes, elaborated from nanotubes having different crystalline structure. Regarding 
composites with a 1D network of nanotubes in an epoxy matrix, mechanical tests performed in compression 
on samples exhibiting a thickness of 1 mm (e.g. nanotubes length) enable to measure a Young modulus 
reaching 40 GPa. Transport property measurements reveal an effect of Coulomb blockade in these long 
nanotubes confirming the one already reported for shorter nanotubes [8]. In addition, the conductance of 
such composite is depending on the structure of nanotube filler. Directly related to this 1D nanotube-based 
composite concept, it is possible to fabricate nanoporous membranes exhibiting a thickness of 100 to 200 
�m, the hollow central channels of nanotubes constituting an aligned porous network. Through diffusion 
experiments, we will demonstrate that such membranes are permeable in aqueous medium. 
 
[1] J.K.W. Sandler, J.E. Kirk, I.A. Kinloch, M.S.P. Shaffer, A.H. Windle, Polymer 44 (2003) 5893. 
[2] E.T. Thostenson,T.-W. Chou, J. Phys. D 35 (2002) L77. 
[3] J. A. Eastman, S. U. S. Choi, S. Li, W. Yu, and L. J. Thompson, Appl. Phys. Lett. 78, 718-72(2001). 
[4] B.J. Hinds, N. Chopra, T. Rantell, N. Andrews, V. Gavalas, L.G.Bachas, Science, 303, 62, (2004) 
[5] L. Ci, M. M. Shaijumon, X. Li, R. Vajtai, and P. M. Ajayan, Adv. Mater. 19, 3300 (2007). 
[6] T. Borca-Tasciuc, M. Mazumder, Y. Son, S. K. Pal, L. S. Schadler, and P. M. Ajayan, J. Nanosci. 
Nanotech., 7, 1581 (2007). 
[7] M. Pinault, V. Pichot, H. Khodja, P. Launois, C. Reynaud, M. Mayne-L'Hermite, Nano Lett., 5, 12, 2394-
2398 (2005) 
[8] J-F Dayen, T-L Wade, M. Konczyskowski, J-E Wegrowe, Phys. Rev. B, 72, 2005. 
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Carbon nanotubes (CNTs) exhibit superior mechanical and electrical properties as a direct consequence of 
the nanometric dimensions of the individual tube. These remarkable properties have been proven difficult to 
harness because of their un-processability in most mediums/resins.  The strong inter-tube Van der Waals 
attraction forces them to exist in large bundles and ropes that act as an obstacle to most applications, and 
diminishes the special properties of the individual tubes. 

To overcome these difficulties and enable preparation of nano-composites as well as the manipulation of 
individual CNT, a large effort has been devoted to the development of covalent, ionic as well as non-covalent 
approaches for exfoliation and dispersion of CNTs, in different media. 

 

 
 

We present our Kentera™ platform technology that is designed to address the exfoliation, dispersion and 
adhesion of CNTs to the host matrix.  This polymer-based non-covalent approach relies on strong π-π 
stacking interaction with the side wall of CNTs and the presence of designed side chains for the introduction 
of a small energy barrier at large inter-tube separation.  Using this technology we were able to tune the 
interfacial properties of CNTs, disperse them and incorporate them into various resins.  This dispersion 
technology was applied to commercial applications such as liquid mediums dispersion and thermoset resins.  
Mechanical/Electrical data of the nano-composite will be presented to demonstrate the usefulness of this 
approach. 
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Performance of ceramic materials can improve by adding carbon nanotubes because, on one side, their 
carbon-based composition would allow the development of self-lubricating composites and, on the other side, 
the high aspect ratio of these fibres would promote typical toughening mechanisms operating in composites, 
such us crack bridging and pull-out. One major problem in getting dense ceramic composites containing 
carbon nanotubes is choosing an appropriate sintering method to allow full densification without nanotube 
degradation. In addition, accomplishing an ideal dispersion of nanotubes in ceramic matrices is not an easy 
task. 

Silicon nitride (Si3N4) stands out among ceramics for his excellent properties but its densification commonly 
entails the use of rare earth oxides additives and temperatures as high as 1700-1800 ºC for promoting the 
liquid-phase sintering process. The recently developed spark plasma sintering (SPS) technique produces a 
fast densification of powders at temperatures around 200 ºC below those normally used in conventional 
pressure assisted sintering techniques.  

In this work, dense silicon nitride materials containing up to 3 wt% of homogenously dispersed multiwall 
carbon nanotubes (MWNT) have been processed. A quite homogenous dispersion of the nanotubes in the 
matrix was achieved using alcoholic media and following a proprietary method. The composites were 
densified with typical oxide sintering additives (5 wt% Y2O3 + 2 wt% Al2O3) by SPS at temperatures of 1575 
ºC for 5 min, in vacuum (6 Pa). Specimens reached densities above 3.12 g·cm-3, with contents of β-Si3N4 
phase about 70%. No degradation of the MWNT within the matrix was perceived using micro-Raman 
spectroscopy. A blank specimen processed equally but without nanotubes was prepared for comparative 
purposes. Microstructure of the specimens has been observed in fracture and on polished samples by 
scanning electron microscopy (SEM). It is noticeable the good dispersion of nanotubes preserving their high 
aspect ratio (see Figure 1). Mechanical parameters such as elastic modulus, hardness and toughness have 
been determined by indentation methods using an instrumented hardness tester. Finally, thermal 
conductivity of composites was determined from thermal diffusivity measurements using the laser flash 
method.  
 
 

 
 

 Figure 1. SEM micrograph of a Si3N4 specimen containing 3 wt% MWNTs (fracture view).  
 
 
 

5 µm
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Carbon nanotubes (CNTs) appear as a great promise for drug delivery and tumor targeting therapy, thanks 
to their capability of binding different types of biomolecules to their surface. Covalent attachment of bioactive 
molecules to CNTs surface can be achieved through a peptidic bond between a carboxylic group at CNT 
surface and an amine group of the desired antibody [1].  

For this purpose, CNTs should be firstly oxidised by chemical or physical methods, thus creating carboxylic 
groups at their surface. Particularly, we have oxidised both single-wall and double-wall carbon nanotubes 
(SWCNTs and DWCNTs, respectively) by heating them under reflux in nitric acid for a short period of time 
(namely, 1h and 2h). This procedure allows obtaining sufficiently oxidised CNTs without suffering from 
extensive damage, which are useful for further attachment of the protein or antibody. Oxidised CNTs are 
dispersed in aqueous phosphate buffer and the resulting dispersions are characterised by UV-VIS 
spectroscopy in order to precisely determine their concentration. The UV-VIS spectra are recorded from 300 
nm to 1050 nm, and the concentrations analysed at the Van Hove singularities (730 nm, 808 nm and 1030 
nm). The covalent attachment of the biomolecules is then carried out and characterised by Transmission 
Electron Microscopy (TEM). In order to assure efficient functionalisation of the CNTs, these are dialysed to 
remove the excess of biomolecules.  

The internalization of the functionalised CNTs in HeLa cells, which are known to be a tumorogenic and 
adherent cell line, is now under development. To analyse and compare internalization capacity of HeLa cells, 
cultures of differentiated macrophages derived from a monocyte cell line will also be used (figure 1). Cell 
viability assays are carried out by introducing different CNTs concentrations, previously characterised by UV-
VIS spectroscopy, in the cell media [2]. Cells are cultured in a 24 multiwell-plate at 37ºC and 5%CO2.  To 
standardize the cell viability assay, the MTT (3-(4,5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) 
test is used.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1. SEM Image showing an isolated macrophage from the cell line used for the viability assays. 
 
 
[1] Bianco, A., Kostarelos K., Prato M. Current opinion in Chemical Biology. 2005, 9:674-679 
[2] Zhang, D., Yi C. et al. Nanotechnology. 2007, 18:475102   
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In recent years, we have used carbon nanotubes as substrates in neurobiology/neurophysiology to study the 
interaction between neural cells and nanotubes. In particular, the tubular shape and the nanometric size of 
carbon nanotubes, associated with the electrical conductivity and the previously tested biocompatibility, 
make them ideal materials for integration with neurons to possibly repair neural tissues where damaged. 
Previous results have shown that neurons grown on a carbon nanotubes layer display an increase in the 
frequency of synaptic responses together with an increase in firing frequency [1]. We are currently developing 
a technique to use functionalized carbon nanotubes in association with specific organic functionalities that 
should increase the affinity with neurons. The new environment should imitate the one of laminin, an 
adhesion protein rich in amino residues, crucial for the adhesion and disposition of neural cells in vivo. 
 
 

 
 

TEM image of a neuron grown on a carbon nanotubes layer. 
 
 
[1] Lovat, V.; Pantarotto, D.; et al.,Nanoletters. 2005, 5, N° 6, 1107. 
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Background and Aim Given the ever growing interest in exploring the potential use of CNT for biological 
purposes, due to their unique mechanical, chemical and electrical properties, it has become imperative to 
understand the mechanisms by which these carbon nanostructures interact with the biological environment. 
Our aim has been to verify if the effects induced by multi-walled CNTs (MWNTs) on human cells, could be 
due, at least in part, to electro-chemical interactions between these nanotubes and human cells. Methods: 
Human monocyte derived macrophages (MDMs) and electrically sensitive cells (pituitary corticotrope-derived 
AtT20 cell line) were used to test in vitro the effects of two samples of MWNTs (purified and not). Cell toxicity 
was evaluated by confocal microscopy (CLSM) using the two-color fluorescence Live/Dead 
Viability/Cytotoxicity assay. Cell activation by MWNTs was evaluated by measuring the phagocytic ability of 
MDMs (by CLSM after fluorescent beads administration) and the visualization of actin microfilaments 
polymerisation (by CLSM after staining with TRITC-conjugated phalloidin). Morphology of human MDMs was 
analysed by scanning electron microscopy (SEM). The inflammatory potential of MWNTs was evaluated by 
measuring the pro-inflammatory cytokine release by a flow cytometric test ( BD Cytometric Bead Array 
Human Cytokines Kit-BD Pharmingen). Changes of the “electrically-sensitive” cell parameters were also 
assessed: a) the intracellular Ca levels and the cell membrane potential were evaluated by visualizing under 
fluorescent microscopy AtT20 cells labelled with a calcium fluorescent probe (Oregon green) and then 
treated with MWNTs; b) the mitochondrial membrane potential and the intracellular pH were evaluated by 
CLSM using fluorescent dyes (DiOC6 and LysoSensor Green DND-189 probe respectively). Moreover, the 
generation of low intensity electrical currents by MWNTs was measured using a nano-amperometer. Highly 
pure graphite particles were used as control. Results: After 24 hrs of treatment both MWNTs samples did 
not induce significant morphological alterations, indicative of cell necrosis and/or apoptosis, and did not 
decrease cells viability, as compared to graphite particles. The inflammatory potential and the capacity to 
stimulate the MDMs phagocytic ability of purified MWNTs were higher than that of graphite particles. 
Surprisingly, a dramatic reorganization of the actin-cytoskeletal network was observed to occur in a very 
short time (30-45 min) after the addition of purified MWNTs to the cells. Moreover, only purified MWNTs 
induced mithocondrial and cell membrane depolarization as well as changes of the intracellular pH 
immediately after (3-4min) their addition to cell culture medium. Measurements at nanoamperometer showed 
that purified MWNTs were able to generate low voltage intensity currents, while not purified MWNTs and 
graphite did not. We conclude that the alterations of the so called “charge-sensitive” cell parameters, induced 
by purified MWNTs, could be triggered by electro-chemical rather than chemical (receptor-mediated) 
interactions of these CNTs with cells. 
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The viability for the improvement of the platinum electrodes interface impedance using Carbon Nanotubes 
has been studied. Different techniques have been proposed to modify the electrode interface. A suspension 
of Single Walled Carbon Nanotubes dissolved in dimethyl formamide is directly deposited onto the platinum 
multielectrode arrays surface. This deposition method is a novel and easy technique useful for the 
modification of patterned microelectrodes smaller than 100 µm.  The single walled carbon nanotubes have 
been also attached to the electrode by mixing them with a polymer.  Finally the multielectrode array has 
been also modified with multi walled carbon nanotubes grown by Chemical Vapor Deposition. We have 
made a thorough comparison of the common and well-known black platinum and these three Carbon 
Nanotubes modifications as interface material. The lower resistance and higher capacitance for the 40 µm 
diameter nanotubes based electrode, in comparison with black platinum, evidence a clear area increment.  
These results and the practicability of the method suggest that Carbon Nanotubes can be used instead of 
electromodified electrodes to successfully reduce impedance values. 
 
 

   
 

   
 
 

Fig. 3 Optical (left) and SEM (right) images of SWNTs deposited on platinum electrodes. 

mailto:gemma.gabriel@cnm.es


 BIOMATERIALS AND BIOLOGICAL ASPECTS P5 

 ChemOnTubes 2008, 4-6 April 2008 Zaragoza, Spain 77 

 
Functionalisation of Carbon Nanotubes with 

Bioactive Peptides 
Claire Gaillard,a Hélène Dumortier,a Maurizio Pratob et Alberto Biancoa 

a CNRS, Institut de Biologie Moléculaire et Cellulaire, Laboratoire d’Immunologie et Chimie Thérapeutiques, 
15 rue René Descartes, 67000 Strasbourg,France. 

b Dipartimiento di Scienze Farmaceutiche, Università di Trieste, 34127 Trieste, Italy 
e-mail: c.gaillard@ibmc.u-strasbg.fr 

 
 
In the recent years functionalised carbon nanotubes (f-CNTs) have emerged as new and promising materials 
for many biomedical and biotechnological applications [1]. Several researchers have focused their attention 
on these nano-objects for applications in life science like targeted delivery systems for therapeutic molecules, 
imaging agents, biosensors and scaffolds for tissue engineering. 

In this context, our group has studied the use of f-CNTs in complex systems for the development of new 
synthetic vaccines [2], novel delivery routes for peptides and nucleic acid [3] and nano-vectors for 
antimicrobials [4]. The toxicological and pharmacokinetic studies have shown that the functionalised 
nanotubes have reduced toxic effects on cells, tissues and organs [5] compared to pristine, non 
functionalised CNTs because of their higher solubility. 

Functionalisation of carbon nanotubes with peptides can be envisaged for various applications like 
development of drug delivery tools, tumour cell targeting carriers, or cell growth substrates. Indeed, we are 
currently testing these types of conjugates as neuronal substrates. 

In this communication we will present the strategy for the conjugation of the carbon nanotubes with bioactive 
peptides, including peptides involved in cell adhesion and growth (Figure), and their impact on cell 
interaction and viability. 
 

 
Figure. TEM image of peptide functionalized carbon nanotubes. 

 
 
 
[1] Bianco et al. Chem Commun. 2005, 571 
[2] Pantarotto et al. Chem. Biol. 2003, 10, 961 
[3] Pantarotto et al. Angew. Chem. Int. Ed. 2004, 43, 5242 
[4] Wu et al. Angew. Chem. Int. Ed. 2005, 44, 6358 
[5] Singh et al. Proc. Natl. Acad. Sci. USA, 2006, 103, 3357 
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Carbon nanohorns (CNHs) [1], a new type of single-walled carbon nanotubes, have a unique globular 
morphology that suggests attractive possibilities as novel containers for controlled and timed delivery of 
therapeutic molecules [2]. The biomedical applications of this material need as a prerequisite its initial 
chemical modification [3] to increase its solubility. We have functionalized CNHs to make them dispersable in 
aqueous buffers and subsequently labelled them with a fluorescent dye to analyze their uptake by 
phagocytic cells, as well as their potential impact on cell activation and viability.  

We have carried out a direct addition of Boc mono-protected amine functions to pristine CNHs with a further 
deprotection of the terminal Boc groups. The following reaction with fluorescein isothiocyanate (FITC) 
generated functionalized CNH (f-CNH) with a covalently attached fluorescent probe for detection by confocal 
microscopy. f-CNH could be also directly observed inside the cells using TEM (Figure). We have then 
evaluated the impact of these f-CNHs on primary phagocytic cells. We found that f-CNHs were uptaken in 
vitro by primary murine macrophages without affecting cell viability although a certain level of inflammation 
was observed [4]. 
 

 

A BA B

 
TEM images of f-CNHs, scale bar 100 nm (A) and f-CNHs inside a macrophage (B) 

 
 
 
[1] Iijima, S.; Yudasaka, M.; et al., Chem. Phys. Lett. 1999, 309, 165 
[2] Isobe, H.; Tanaka, T.; et al., Angew. Chem. Int. Ed. 2006, 45, 6676 
[3] Cioffi, C.; Campidelli, S., et al., J. Am. Chem. Soc. 2007, 129, 3938 
[4] Lacotte, S.; García, A.; et al., submitted 
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The use of carbon nanotubes, CNTs, as biological sensors is receiving increasing attention. Single walled 
carbon nanotubes offer the advantage of biocompatibility and size compatibility. Nevertheless to be 
quantitative and efficient, such sensors need to be rapid, specific, reproducible, and highly sensitive.  

We have explored the existence of non specific protein adsorption on SWNTs using the biotin- streptavidin 
system. The specific and non specific streptavidin adsorption on SWNTs have been determined using a 
spectrometric method based on the horseradish peroxidase-catalyzed oxidation of 3,3’,5,5’-
tetramethylbenzidine[1].  

As grown and functionalized SWNTs with carboxylic, amino, polyethylene glycol and biotin have been used 
to determine the specificity of streptavidin adsorption. Conclusions about the feasibility of avoiding non 
specific streptavidin adsorption by SWNT covalent functionalization are reported. 
 
 
[1] P. David Josephy, Tohomas Eling, Ronald P. Mason, The Journal of Biological Chemistry,. 1982, 257, 7, 

3669-3675. 
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It has been demonstrated that a variety of different proteins and peptides bind to carbon nanotubes leading 
to stable nanotube aqueous dispersions, therefore offering wide opportunities for nanotube processing in 
biological systems and in the development of carbon nanotube-based bio-devices. Thus, peptide coating 
facilitates carbon nanotube uptake by cells.[1] On the other hand, these nanotube dispersions have 
efficiently been employed in the coagulation spinning of macroscopic carbon nanotube biocomposite 
fibers.[2] Moreover, peptide-coated carbon nanotubes can self-assemble into supramolecular architectures 
and hierarchical structures such as microfibers,[3] fractal-like structures,[4] and liquid crystal ordered 
domains.[5]   

We here report on the interactions between single-walled carbon nanotubes (SWNTs) and a short 
hexapeptide homologous to a portion of the tau, a protein known to form helical filaments in the brains of 
Alzheimer’s diseased patients. Processing of stable hexapeptide-assisted SWNT dispersions led to the 
formation of supramolecular bionanocomposite networks.  We have characterized the strong interaction 
between the hexapeptide and SWNTs by electron microscopy, CD and Raman spectroscopies, and 
mechanical and electrical properties of peptide-impregnated SWNT free-standing films. In order to more 
thoroughly understand the nature the binding interaction we used optical difference spectroscopy to study 
the adsorption kinetics of several proteins and peptides onto these SWNT films.  For most proteins 
adsorption follows a first order kinetic model.  We attempt to correlate rate constants and equilibrium 
loadings of the proteins onto the SWNT films with surface hydrophobicity, measured using a fluorescent 
probe. We demonstrate that peptide-coated SWNT films may be used as substrate for immunochemical 
ELISA assays.[6] 
 
 

 
SEM micrograph of a hexapeptide/SWNT network. 

 
[1] S. F. Chin, R. H. Baughman, et al., Exp. Bio. Med. 2007, 232, 1236. 
[2] C. Lynam, S. E. Moulton, G. G.Wallace, Adv. Mater. 2007, 19, 1244. 
[3] G. R. Dieckmann, A. B. Dalton, et al., J. Am. Chem. Soc. 2003, 125, 1770. 
[4] A. B. Dalton, A. Ortiz-Acevedo, et al., Adv. Funct. Mater. 2004, 14, 1147. 
[5] S. E. Moulton, M. Maugey, et al., J. Am. Chem. Soc. 2007, 129, 9452. 
[6] W. J. Goux et al., submitted. 
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Composite fibres of biopolymer complexes and single-walled carbon nanotubes have been fabricated using 
a wet-spinning approach. The assembly of the fibres is based on polyion complexation (PIC) involving 
electrostatic interactions between anionic (gellan gum) and cationic (chitosan) biopolymers. The effect of 
processing factors, such as pH, polyion concentration, nanotube concentration, and sonolysis regime on 
fibres’ spin-ability and properties were investigated. It was observed that the order of addition is important, 
with injecting chitosan into a gellan gum coagulation bath resulting in stronger fibres compared to fibres 
prepared by injecting gellan gum into a chitosan bath. In addition, the fibres’ electrical properties were found 
to be dependent on nanotube concentration and the humidity, while the composition of the fibres played an 
important role in the magnitude of the Young’s modulus and tensile strength. 
 

 
 

SEM image of a bio-polyion complex fibre made of chitosan and single wall carbon nanotubes coagulated 
with gellan gum. 
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Since their discovery, Carbon Nanotubes (CNT) have been one of the main focuses in materials research. In 
recent years growing interest for CNT arose eminently in the biological and medical field. The application of 
carbon nanostructures as potential drug delivery systems has been discussed thoroughly in the last years [1, 
2]. They are adapted for being smart drug delivery systems in the nanometer range since they exhibit a 
mechanically and chemically stable and biofunctionalizable shell structure. This is perfect for endohedral 
filling and thus for protecting the environment of toxic effects and the filling material from environmental 
exposure. Biocompatible nanocontainers open a wide potential of applications by filling their hollow interior 
with different materials. For the purpose of functionalizing the CNT as therapeutically active units they are 
filled with suitable drugs. In the contemporary chemo therapy platinum analogues are common anticancer 
agents. Amongst this group of cytostatic drugs Cisplatin was the first to be explored and is since the most 
frequently used one. Its further development Carboplatin is more water soluble and less toxic. To pave the 
way for an intrinsic chemo therapy using carbon nanotubes the feasibility of loading Multi walled Carbon 
Nanotubes (MWCNT) with Carboplatin has been tested in this study. Previously opened MWCNT are filled 
by a liquid phase method, stirring them in an isotonic Carboplatin solution. Applying electron microscopy the 
Carboplatin is observable as spherical clusters which are found mostly inside the tubes. Identity of 
Carboplatin was affirmed by energy-dispersive X-ray spectroscopy (EDX), electron energy loss spectroscopy 
(EELS) and X-ray Photoelectron Spectroscopy (XPS). In vitro studies performed with the human bladder 
cancer cell line EJ28 approved the virtue of the therapeutic loaded CNT. Effects of Carboplatin filled CNT 
were determined by using a WST-1 assay measuring the viability of the cells. It was proven that the 
Carboplatin filled MWCNT exhibit anticancer effects while unfilled, opened CNT do barely affect the cancer 
cell growth which points out their of capability for drug delivery. 
 
 

 
TEM image of Carboplatin clusters contained in a Multiwalled Carbon Nanotube 

 
 
 
[1] A. Bianco, K. Kostarelos, M. Prato. Current Opinion in Chemical Biology 9, 674-679 (2005) 
[2] C. Klumpp, K. Kostarelos, M. Prato, A. Bianco. Biochimica et Biophysica Acta 1758, 404-412 (2006) 
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There is a rapidly increasing interest in applying carbon nanotubes (CNT) in biomedicine since they can be 
filled with tailored material, thereby acting as chemically and mechanically stable nanocontainers. Such a 
filling might be e.g. a ferromagnet for local in-situ heating (hyperthermia), or a tumour therapeutic which 
demonstrates the possibilities for the novel nano-devices. Another example is the filling with sensor materials 
in order to spectroscopically probe relevant information. The full potential of the containers is demonstrated 
by the fact that one can simultaneously fill them with a ferromagnet (= heater) and a temperature sensor. 
This allows local heating as applied in the MFH therapy, but compare to conventional nanoparticles a non-
invasive real-time temperature control can also be realised. The containers can be also filled with 
chemotherapeutics and used for chemotherapy by drug-release at the cellular level. This will minimise 
adverse effects by decreasing the needed drug doses. Summarising these nanocontainers can act as 
magnetic nano-heaters, drug-carrier systems and temperature sensors for therapy and diagnosis at the 
cellular level - with a focus on anti-tumour treatment.  

One competitive advantage of CNT is the possibility to synthesise them with narrow tolerances with respect 
to their geometrical dimensions, which is a precondition for biomedical applications. Here we report on a 
systematic approach to synthesize very short CNTs (about 500 to 900 nm), to fill them with a temperatur 
sensor or a therapeutic and to close them again.  

First the CNTs were produced by AA-CVD with a ferrocene/m-xylol solution in a hot-wall-reactor. The CNTs 
grow well aligned at precoated Si-substrates (5 nm permalloy) with a length of about 10 µm [1]. After this well 
known procedure the length of the tubes was systematically reduced by a thermal treatment in oxygen 
atmosphere [2]. At the end the tubes are beyond well aligned on the substrates and have an average length 
of 500 to 900 nm. 

Furthermore the CNTs were filled with different materials, which can be used for diagnostic purposes such 
as contrast agents in MRI. Examples are the filling with copper, bismuth or silver halides, which exhibit a 
strongly temperature dependent NMR signal so that nanoscaled contactless temperature sensors are 
realised. A detailed field and frequency dependent study of different sensors will also be presented [3]. 

At the end the tubes were closed by an additional teatment with ethylene at 900 °C so that we have filled 
reclosed short carbon nanotubes aligned on silicon substrates.  

 
 
 
[1] A. Barreiro, C. Kramberger, M.H. Ruemmeli, A. Grueneis, D. Grimm, S. Hampel, T. Gemming, B. 

Buechner, A. Bachtold, T. Pichler, Carbon. 2007, 45, 55-61. 
[2] B.C. Satishkumar, A. Govindaraj, J. Mofokeng, G.N. Subbanna, C.N.R. Rao, J. Phys. B: At. Mol. Opt. 

Phys. 1996, 29, 4925-34 
[3] A. Vyalikh, R.Klingeler, S. Hampel, D. Haase, M. Ritschel, A. Leonhardt, E. Borowiak-Palen, M. Rümmeli, 

A. Bachmatiuk, R.J. Kalenczuk, H.-J. Grafe, B. Büchner, Physica Status Solidi b 2007, 244, 4092-96 
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Applications of Carbon Nanotubes (CNT) in different fields, ranging from nanomedicine to photophysics, 
have emerged since their discovery. Functionalization of CNT enhances their solubility and therefore 
facilitates the handling as well as provides a way to introduce new molecular entities to tune their properties. 
We have reported that surface functionalized water dispersible Single-Walled Carbon Nanotubes (SWNT) 
are capable of rapid and effective renal clearance and urinary excretion with a blood-circulation half-life of a 
few hours [1]. These observations were independently verified by McDevitt et al. [2] who also studied 
similarly functionalized SWNT and reported that the majority of the injected SWNT rapidly cleared the body 
through the kidney excretion pathway. More recently, we have demostrated that systemic administration of 
larger Multi-Walled Carbon Nanotubes (MWNT) led to clearance from the body of rodents through the 
kidneys and bladder. These studies were performed by dynamic whole body (MicroSingle Photon Emission 
Tomography) imaging [3]. Either SWNT or MWNT have been observed intact in the excreted urine of the 
animals by transmission electron microscopy (TEM).  

 
 

Fig 1. The image shows that CNT enter the systemic blood circulation and permeate through the renal 
glomerular filtration system into the bladder. 

 
The search of future biodevices is based on the covalently link of proteins to SWNT. This ensemble uses 
maleimide group covalently attached to SWNT. We chose YCC (Yeast-Cytochrome C) and Az (Azurin) 
because they show an exposed thiol and disulfide bridge, respectively. According to the large experience of 
Cannistraro’s group in the study [4] of the conduction properties of metalloproteins, a further step of our 
collaboration will be the characterization of the conductive properties of YCC and Az once they have been 
linked to SWNTs, by means of Scanning Tunnelling Microscopy (STM) and conductive Atomic Force 
Microscopy (AFM). MWNT will be  functionalized with adamantyl groups in order to self-assembling them 
onto a gold surface containing a β-CD monolayer. Future applications require a better understanding of the 
structure-properties correlation. For this reason, a whole set of techniques such as AFM, TEM, TGA and 
NMR are often used in our group to characterize the structure of these ensembles. 

 
[1] Sigh, R et al. Proc. Natl. Acad. Sci. USA, 103, 3357-3362 (2006) 
[2] McDevitt, M.R. et al. PLoS ONE 2, e907 (2007) 
[3] Lacerda, L. et al. Adv. Mater. In Press (2007) 
[4] Delfino I. et al. J. Phys.: Condens. Matter 19, 225009 (2007) 
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Purified nanotubes contained only a small amount of metal (2% by weight), so the results strongly indicate 
that the  nanotubes themselves induced the granulomas. The granulomas consisted of macrophages laden 
with black particles, and had very few other white blood cells.Another research group had found similar 
results previously in rats. One of the major effect of nanotubes is that they moved rapidly through the walls of 
the air sacs, in contrast to carbon black. Nanotubes are totally insoluble and nonbiodegradable fibres, and it 
is well known that the pathogenicity of a fibre in the lungs directly correlates with its persistence. These 
results show that a single exposure is enough to trigger serious effects including deaths. No safety tests 
have yet been carried out, especially in the longer-term, on arange of other nanoparticles used, some of 
them in intended medical procedures.  
 

 
 

Snapshot of the Single Wall Carbon Nanotube 
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Carbon Nanotubes (CNTs) are already used in some commercial applications. The question of their release 
in the environment at the end of the life-cycle of the manufactured products may soon become very relevant. 
As the pollution finally concentrates in the aqueous medium, we have chosen to investigate the potential 
ecotoxicity of CNTs in water towards aquatic amphibian larvae.  

CIRIMAT synthesises CNT by Catalytic Chemical Vapour Deposition (CCVD) with a high yield and a good 
selectivity (ca. 80% in the case of Double-Walled Carbon Nanotubes (DWNT) and well characterised [1].  

DWNTs were tested with 2 species of amphibian larvae: Ambystoma mexicanum and Xenopus laevis. Larva 
were exposed to different concentrations of DWNTs from 0.1 mg/L to 1000 mg/L, in controlled laboratory 
conditions to evaluate two different endpoints after 12 days of exposure according to the micronucleus assay 
standard [2]:  

- Acute toxicity on larvae (growth reduction and mortality (%)) 
- Genotoxicity (micronucleus induction in blood erythrocytes (0/00) 

Neither acute toxicity nor genotoxicity was evidenced in the case of Ambystoma larvae [3] in our test 
conditions with DWNTs. However, the results obtained with Xenopus larvae show a dose-dependant growth 
reduction in the organisms exposed to DWNTs. No genotoxicity was evidenced in our experiments.  
 

 
 

Ambystoma (a) and Xenopus lavae (b) in culture medium containing DWNTs. 
 
 
[1] E. Flahaut, R. Bacsa, et al., Chem. Comm. 2003, 1442. 
[2] ISO, 2006. Water quality – Evaluation of genotoxicity by measurement of the induction of micronuclei – 

Part 1: Evaluation of genotoxicity using amphibian larvae. ISO 21427-1, ICS: 13.060.70, GENOVA – CH, 
Août 2006, 15p. 

[3]  F. Mouchet, P. Landois, et al., Nanotoxicology 2007, 1, 149. 
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A growing concern about the potential human health impact associated with carbon nanotubes (CNT) in 
occupational environment emerges. One key-issue in understanding CNT biological effects is to characterize 
their interactions with cells. A prerequisite is the localization of CNTs in cells [1]. A second point is to have 
information about cell modifications after contact with CNTs. Both points can be addressed using 
synchrotron-based micro X-ray fluorescence, used here for the first time to study CNT-cell interactions [2]. 
Experiments have been performed for exposition of murine macrophage to either single-walled or multi-
walled CNTs, the choice of macrophage cells being dictated by their crucial role in inflammation and 
respiratory responses to exogenous agents. 
  
Analysis of the fluorescence signal of iron catalyst particles attached to the nanotubes gives information 
about their cell localization. A dose-response effect is measured for the cellular iron signal in CNT-exposed 
cells. In some of the exposed cells, an additional calcium signal is observed, which also seems to follow a 
dose-response pattern. This finding could be of strong importance in the perspective of understanding the 
toxicological effects of CNTs, since excess of calcium could be linked to functional disorder like cytotoxicity, 
oxidative stress and inflammation [3]. First pharmacological assays with calcium chelators and inhibitors 
confirm our observation by pointing out the influence of calcium on cells viability. 
 
 
 

             
 

Elemental maps of phosphorus, iron and calcium for a macrophage cell exposed to HiPCO single walled 
CNTs. Phosphorus spatial repartition delimitates the cell. Iron signal gives the CNT localization. Ca is only 

found in cells exposed to CNTs.  
 
 

[1] A. E. Porter, M. Gass, et al., Nature Nanotechnology 2007, 2, 713 
[2]  C. Bussy, J. Cambedouzou, et al., submitted 
[3] D.M. Brown, L. Hutchison, et al., Am J Physiol Lung Cell Mol Physiol 2007, 292, L1444 
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Nanostructured composites containing carbon nanotubes (CNTs) have been widely exploited as candidate 
materials for applications in sensing and biosensing, owing to their outstanding electrical properties [1]. One 
of the strategies recently employed for CNT manipulation is the layer-by-layer (LbL) technique, through 
which CNTs are assembled in a multilayer structure in conjunction with different materials [2]. In this study 
we investigated the assembly characteristics and sensing abilities of LbL nanocomposites of 
polyamidoamine dendrimers (PAMAM), single-walled carbon nanotubes (SWNTs) and the enzyme alcohol 
dehydrogenase (ADH), deposited on interdigitated electrodes. The sequential adsorption of the layers was 
monitored via UV-Vis and quartz-crystal microbalance (QCM). Ethanol detection was carried out using 
impedance spectroscopy (IS) as the detection technique, upon immersing the LbL films into aqueous 
solutions with different concentrations of ethanol and monitoring the changes in film capacitance as a 
function of frequency and solution concentration. The data from IS were treated with Principal Components 
Analysis (PCA), from which plots shown in Figure 1 it was possible to distinguish between samples with 
different ethanol concentrations and natural interfering substances such as ascorbic acid and uric acid. The 
presence of SWNTs enhanced the sensitivity for ethanol detection and increased the value of first principal 
component, PC1. 

 
Figure 1. PCA plot using capacitance data at 1 kHz for sensor units (Bare electrode, (PAMAM/PVS)6 and 
PAMAM/CNT/PAMAM/ADH)2) immersed in ethanol solutions at different concentrations and in solutions of 
ascorbic acid and uric acid.  
 
[1] Balasubramanian, K.; Burghard, M., Analytical and Bioanalytical Chemistry. 2006, 385, 452. 
[2] Lutkenhaus, J. L.; Hammond, P. T., Soft Matter. 2007, 3, 804. 

mailto:angelo@ifsc.usp.br


 BIOMATERIALS AND BIOLOGICAL ASPECTS P17 

 ChemOnTubes 2008, 4-6 April 2008 Zaragoza, Spain 89 

 
Interaction of DNA Homopolymers with Single-

wall Carbon Nanotubes 
A. P. Santosa, V. S. T. Peressinottoa, C. A. Furtadoa, A. C. H. Bragab 

a Centro de Desenvolvimento da Tecnologia Nuclear – CDTN/CNEN - Belo Horizonte – MG - Brazil. 
b Instituto de Química, Universidade Estadual de Campinas, Campinas – SP – Brazil 

e-mail: valdirene_peressinotto@yahoo.com.br, adelina@cdtn.br  
 
 
The non-covalently interaction of single- and double-stranded DNA with carbon nanotubes (CNT) have 
recently received extensive attention, since it has been demonstrated that the DNA polymers can self-
organize around the tubular CNT structure in a very stable helical wrapping [1]. This strong interaction 
makes the DNA/CNT hybrids very promising candidates for a new generation of nanoelectronic devices, 
nanoscale sensors and for biomedical applications. In addition, DNA wrapping renders CNTs dispersable in 
water and allows their separation by type [2].  In order to gain a deeper understanding of this system, we 
have carried a systematic study on the interaction of carbon nanotubes with short DNA homopolymers under 
different experimental conditions. In this work we investigated the influence of poly d(A20), poly d(C20), poly 
d(G20), poly d(T20) and poly d(A20):d(T20) on dispersion efficiency of HiPco SWNTs at pH = 7.4 and 8.6. The 
results were compared to that obtained with poly d(GT)n polynucleotides, which are commonly used in 
DNA/carbon nanotubes studies. The dispersion efficiency was estimated by a methodology based on optical 
absorption measurements developed in our group. We found that the highest dispersion efficiency was 
achieved at pH=8.6, under low NaCl concentration. In this condition, poly (dA) dispersed the SWNT the most 
efficiently. However, high ionic strength condition (1M Na+) prevents SWNT interaction with poly d(A) and 
poly d(A):d(T) sequences, demonstrating that intra-strand and inter-strand interactions compete with the π-π 
interaction between aromatic DNA bases and SWNT sidewalls. At pH=7.4 and 0.1M Na+, we found that poly 
d(T20) has the highest dispersion efficiency in agreement with previous work [1]. Circular dichroism 
measurements clearly showed that, while poly d(A20) and poly d(C20) underwent pronounced conformation 
improvement of their right-handed single-stranded helices upon hybridizing with SWNT at pH=8.6, the poly 
d(T20) helical conformation remains practically unchanged. 
 

 
. 

 
 
 
 
 
 
 
Dispersability efficiency as a function of many parameters: (a) nitrogenous base; (b) pH and (c) ionic strength  

 
[1] M. Zheng, A. Jagota, et al., Nat.Mater. 2003, 2, 338. 
[2]  M. Zheng, A. Jagota, et al., Science 2003, 302, 1545. 
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Carbon nanotubes with two main variants, single-walled carbon nanotubes(SWCNT) and multi-walled carbon 
nanotubes(MWCNT)[1], have unique properties which have made them useful in applications in biological 
and biomedical field, such as drug and therapeutic delivery[2,3]. CNTs are ideal choices for drug delivery 
because they can travel through the vasculature and reach the targeting area at full concentration [4].They 
can be loaded with active molecules by forming covalent bonds or noncovalent interactions [5]. There are 
some fundamental barriers toward these bioapplications such as issues concerning the aqueous solubility 
and biocompatibility of CNT. First, we review status of available methods for purification, dispersion and 
solubilization of CNT and then some properties and applications of CNT for drug delivery. 
 
 

 
 

The DNA wraps to provide a tube within 
which the carbon nanotube can reside, hence converting it into a water-soluble object. 

 
  
 
[1] S.K. Smart, A.I. Cassady, et al, Carbon, 2005, 44, 1034–1047. 
[2] Sang Jun Son, Xia Bai, et al, Drug Discovery Today, 2007, 12, 657-663. 
[3] Yi Lin, Shelby Taylor, et al, J. Mater. Chem. 2004, 14, 527–541. 
[4] Mauro Ferrari, Current Opinion in Chemical Biology 2005, 9:343–346. 
[5] Ce´dric Klumpp, Kostas Kostarelos, et al, Biochimica et Biophysica Acta, 2006, 1758, 404 – 412. 
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The high concentration of heavy metals in water has a profound impact in the environment and constitutes a 
major problem for human health. The development of materials for environmental protection to be applied in 
technological processes of detoxification and depuration of water effluents is a research area of extreme 
importance. 

Cadmium (II) is one of the most problematic heavy metals due to the high toxicity even when present in small 
concentration1. The major source of this metal comes from industrial processes such as alloy manufacturing, 
solar battery production and others2, 3. 

A diversity of materials and technological approaches are currently studied to overcome this stern problem, 
and these include the use of sorbent substrates obtained from a variety of sources, such as biomass, 
activated carbons and carbon nanotubes3, 4.  

In the present work, carbon spheres with a diameter distribution from nanometer to micrometer scale were 
prepared by a novel synthetic method. The capacity of this material to adsorb cadmium (II) ions from 
aqueous solution with initial metal ion concentration between 2 and 20 ppm and at a pH interval from 2 to 5, 
was measured using atomic absorption spectroscopy. The kinetic studies on a Cd(II) aqueous solution with a 
initial concentration of 20 ppm and at pH = 5, indicate that the maximum adsorption is attained within 3 hours. 
The adsorption isotherms have shown that, under the same conditions, the Cd(II) ion uptake reaches 22 
mg/g. The results suggest that these new materials may be used as efficient sorbents for the removal of 
other heavy metals from aqueous wastewaters. 

 
[1] D. Mohan, K.P. Singh, Single- and multi– component adsorption of cadmium and zinc using activated 

carbon derived from bagasse – an agricultural waste, Carbon, 2002, 36, 2304-2318. 
[2] H.L. Yan, W.Z.L. Shuguang, D. Ding, X. Cailu, W. Dehai, Adsorption of cadmium (II) from aqueous 

solution by surface oxidized carbon nanotubes, Carbon, 2003, 41, 1057-1062.  
[3] S. Klimmek, H.J. Stan, A. Wilke, G. Bunke, R. Buchholz, Comparative analysis of the biosorption of 

cadmium, lead, nickel and zink by Algae, Environ. Sci. Technol., 2001, 35, 4283-4288. 
[4] B.M. Babic, M.J. Polivina, S. Cupic, B.V. Kaludjerovic, Adsorption of zinc, cadmium and mercury ions from 

aqueous solution on an activated carbon cloth, Carbon, 2002, 40, 1109-1115. 
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During the last decades, a growing interest for nanoparticles and nanostructured materials has induced 
significant and intensive research in the fields of fundamental and applied chemistry and physics. Thus, an 
essential prerequisite for the industrial development of these new nanotechnologies is the availability of 
characterization techniques at the nanometer scale. For instance, it is expected that filling the carbon 
nanotube channel with foreign elements will give rise to unpredicted properties due to the surrounding 
confined space. However one of the major problems when working with carbon nanotubes is to accurately 
determine the localization and morphology of the deposited catalyst particles. To cope up with this issue, 
TEM tomography (or 3D-TEM) has been developed in the field of catalysis [1-3]: this technique consists in the 
volumetric reconstruction of an object from sequential views of the sample recorded at various tilt angles. It is 
thought that in the domain of catalysis, such technique will grant access to the nanometric distribution and 
location of the active phase and that it will help understanding the diffusion and deactivation process in order 
to engineer new generations of materials and catalysts. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sequential view of the 3D-TEM reconstruction: (A) Classical 2D-TEM image of the sample (spherical black 
dots are calibrated gold particles used for volume reconstruction), (B) Planar projection of the reconstructed 
volume after volume reconstruction, (C) Model of the reconstructed volume showing the catalyst particles, 

the carbon nanotube walls, the gold particles and some solvent impurities. 
 
 
[1]  K. P. de Jong, A. J. Koster, Chem Phys Chem 2002, 776, 3. 
[2] M. Weyland, P. A. Midgley, Materials Today 2004, 32, 7. 
[3] O. Ersen, J. Werckmann, M. Houllé, M.-J. Ledoux, C. Pham-Huu, Nano Letters 2007, 7, 1898. 
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It is recognized that future progresses in catalysis closely depend on the development of new catalytic 
materials with nanoscopic characteristics. Technology is constantly pushing towards smaller materials with 
improved properties, i.e. activity and especially selectivity in order to minimize by-products and the 
subsequent wastes disposal, which is cost incentive. Interest in C-C cross-coupling and alkynylation 
reactions has been increasing steadily over the past several years particularly because of the need of new 
conjugated molecules and materials. One of the most effective means of attaining such syntheses is to use 
soluble palladium catalysts in the so-called Stille, Suzuki, Heck and Sonogashira coupling reactions. 
Homogeneous Pd-catalysts are widely utilized due to their versatility, reactivity and functional tolerance. The 
most serious problems associated with the use of homogenous catalysts lie in the difficulties encountered in 
separating the catalyst, both the metal and the accompanying ligands from the product and the lost of this 
expensive material. Palladium contamination of the resulting products and process equipment necessitate 
additional decontamination clean-up and costs. Numerous attempts have been made to heterogenize or 
microencapsulate the more versatile homogeneous catalysts. The use of polymers bearing various physical 
properties (porosity, hydrophobicity, resistivity…), and chelating residues has been used with varying 
success. These heterogenized catalysts are not widely used since their activity is generally lower than that of 
the corresponding homogeneous analogue. Further, it has been stated that activity is frequently lost on 
attempted re-use.  

In the present work the carbon nanotubes were employed as catalyst support in the Sonogashira-type 
reactions. We have also replace the traditional heating mode by a microwave heating mode in order to 
speed the reaction kinetic as the high external surface area and good conductivity of the CNTs favorize the 
transport and vectorization of microwaves leading to a rapid and homogeneous heat transfer through the 
catalyst body [1,2]. The reaction assisted by microwaves could be also conducted in the absence of organic 
compounds which render the process safer regarding to the environmental concerns. 

The palladium was deposited onto the support surface by means of incipient wetness impregnation using an 
aqueous solution of palladium nitrate. The catalyst exhibits a very efficient C-C cross-coupling between 
alkynyl-derivatives and halogeno substrates under eco-friendly experimental conditions. The replacement of 
organic bases by sodium carbonate favoured the conversion. On re-use, the supported Pd nano-particules 
exhibited the same activity and selectivity which was maintained on re-use in up to ten cycles. Catalyst 
leaching and restructuration of the clusters on the surface was not observed by TEM. 
 
 
 
[1] J. H. Olivier, R. Ziessel, F. Camerel, J. Amadou, C. Pham-Huu, New J. Chem., submitted, 2007. 
[2]  I. Janowska, G. Winé, M. J. Ledoux, C. Pham-Huu, J. Mol. Catal. A: Chemical 2007, 267, 92. 
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Carbon nanohorns (CNHs) have been decorated with palladium and platinum nanoparticles, which are 
prepared in-situ by the self-regulated reduction of palladium acetate and chloroplatinic acid, respectively, 
with the aid of sodium dodecyl sulphate (SDS). The latter acts as a reducing agent for the metal ions, while 
at the same time, aids the solubilisation of CNHs. The resulting nanoPd-CNH and nanoPt-CNH hybrid 
materials render soluble in polar media with stability that exceeds the period of several months. The hybrid 
materials have been characterised and morphologically evaluated by complementary microscopy, thermal 
and analytical techniques such as transmission electron microscopy, energy dispersive X-ray 
spectroscopy,dynamic light scattering, thermogravimetric analysis, UV-VIS-NIR and Raman spectroscopy. 
The nanoPd-CNH and nanoPt-CNH hybrid materials have been further tested in catalysis toward the 
formation of carbon–carbon bond in Heck, Suzuki and Stille reaction and were found to possess higher 
catalytic activity as compared with conventional palladium catalyst.  
 

 
 
Representative transmission microscopy images of a) pristine CNHs, b) CNHs decorated with Pd 
nanoparticles and c) CNHs decorated with Pt nanoparticles  
 
 
This work, conducted as part of the award, made under the European Heads of Research Councils and 
European Science Foundation, EURYI (European Young Investigator) Awards scheme, was supported by 
funds from the Participating Organizations of EURYI and the EC Sixth Framework Program. This work was 
also partially supported by the General Secretariat for Research and Technology (GSRT) (19-ΠΑΒ-05). 
Assistance of Dr. Jing Fan (Fundamental and Environmental Research Laboratories, NEC Corporation, 
Tsukuba, Japan) in HR-TEM observation and of Dr. Barry R. Steele (Institute of Organic and Pharmaceutical 
Chemistry, National Hellenic Research Foundation, Athens, Hellas) in GC-MS measurements, is kindly 
appreciated. 
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Since the discovery of carbon nanotubes, extensive research on the synthesis of carbon-free nanotubes has 
been reported, and of oxides especially [1]. Amongst them, TiO2 and materials derived from TiO2 have been 
the focus of numerous studies in recent years for applications in high effect photovoltaic cells, gas sensors, 
cosmetics, ultraviolet blockers and also for targetting promising applications in photocatalytic environmental 
technology. Recently, nanoscale one-dimensional titanium-based structures have started to attract much 
attention, since they offer a larger surface area available in comparison to nanoparticles and also provide 
channels for enhanced electron transfer [2]. Thus, the high adsorption capacity as well as the efficient 
charge separation yielding to reduce the photogenerated electron and hole recombination [3], which is one of 
the limiting factor in photocatalysis, should have determinant roles in the oxidation reactions of organic 
molecules. 

Further, coupling of the titanium-based semiconductive catalyst with adequate supported nanoparticles is 
necessary for enhancing the photoresponse efficiency to light, favoring the reactant adsorption or increasing 
photogenerated charge separation within the material, depending on the nanoparticle nature and on the 
reaction. Therefore, when high aspect ratio tubular photocatalysts are used, 3D resolution microscopy 
appears as a promising and powerful method for targetting higher efficiency photocatalytic nanomaterials. 

Electron tomography, called 3D Transmission Electron Microscopy (3D TEM) [4], is used for the first time to 
spatially resolve titanate nanotubes and the location of gold and WOx nanoparticles on and inside the high 
aspect ratio channel was discriminated. Comparison between 2D and 3D TEM was performed, and internal 
filling and external decoration were discriminated. 

Titanate nanotubes were synthesized by the hydrothermal treatment of a crystallized TiO2 powder in a 10 M 
concentrated NaOH solution under stirring. After hydrothermal digestion at 130°C for 24h, the white powder 
obtained was vacuum filtered and washed with 2 M HCl and distilled water until neutral pH, followed by an 
overnight drying at 110°C and final calcination for 2h at 380°C. Anchorage of gold and WOx nanoparticles 
were performed such as Direct Anionic Exchange and wet imprgenation respectively, with HAuCl4 and 
(NH4)10W12O41,5H2O salts. 

Different photocatalytic oxidative applications, for which coupling the titanate nanotubes with gold or the WOx 
nanoparticles led to high performances, were investigated, such as the photocatalytic CO removal and the 
photocatalytic degradation of dimethylmethylphosphonate and diethylsulfur in the gas phase. 
 

 
[1] Y. Feldman, E. Wasserman, et al., Science. 1995, 267, 222. 
[2] Z.R. Tian, J.A. Voigt, et al., J. Am. Chem. Soc. 2003, 125, 12384. 
[3] T. Tachikawa, S. Tojo, et al., J. Phys. Chem. B Lett. 2006, 110, 14055. 
[4] O. Ersen, J. Werckmann, et al., Nano Letters. 2007, 7(7), 1898. 
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The increasing demand for protection of environment provided the improvement in performance of 
hydrodesulfurization (HDS) catalyst to produce clean fuels. Legal restrictions on sulphur content of fuels 
especially transportation fuels are becoming stringent. For example, sulfur content of diesel fuel in Japan has 
been reduced to below 10 ppm in 2007. In case of gasoline, the actual 150 ppm sulfur limit of the European 
Union decreased to maximum 50 ppm from 2005 and gasoline containing below 10 ppm sulfur has to be 
made regionally available in an appropriately balanced manner [1]. In recent years, there has been growing 
interest in the development of new materials applicable as supports of HDS catalysts that could improve 
activity and performance of the catalysts.  

Alumina is the most important support used in commercial HDS catalysts and it is subject of many papers 
published in recent years [2-6]. This type of support has a good ability to provide high dispersion of metals. 
But there are some chemical interactions between alumina and metal oxides. Some of them are stable and 
resistant to complete sulfidation. So the activity of the catalysts will be decreased compared to a catalyst 
without the interactions. 

In this work, we developed application of carbon nonotubes (CNT) as a novel support in HDS catalysts. 
Resistance to acid and basic media, possibility to control surface chemistry and porosity, recovery of active 
metals by support burning are some of CNT advantages.          

A series of CoMo catalysts on single wall carbon nanotube (SWNT) support prepared also a HDS 
commercial catalyst based on alumina support used in this work. HDS activity of the catalysts compared in a 
similar reaction conditions and naphtha (1270 ppm sulfur) used as feed.   

Hydrodesulfurization of naphtha was carried out in concurrent fixed bed reactor. Sulfidation reaction 
performed with a mixture of ISOMAX+1% DMDS. Parameters such as preesure: 30 bars,            LHSV: 2 

1−hr  and hydrogen to oil ratio of 175 Nlit/lit were maintained constant during sulfidation reaction but 
temperature changed with variable rates. Rate of 40 °C/hr for ambient temperature         to 180 °C, 20 °C/hr 
for 180-260 °C and sulfidation mixture injected at the start of this period, 10 °C/hr for 260-310 °C and finally 
maintained at this temperature for 12 hr. Then pressure decreased to 15 bars and feed changed to naphtha. 
Total sulphur of naphtha decreased to about 10 ppm after 96 hr at total pressure: 15 bars, temperature: 310 
°C, LHSV: 4 1−hr  and hydrogen to oil ratio of 175 Nlit/lit. Naphtha after HDS reaction collected in a 
condenser. Sample draining performed after each 24 hr and final sample used for total sulfur analysis. The 
analysis carried out by XRF (based on ASTM D2622). 

Results show superior activity of new catalysts based on SWNT support. Total content of metal (Co+Mo) in 
new catalysts is lower than commercial catalysts. Also confirmed interaction between metal species and 
alumina support in commercial HDS catalyst has an adverse effect on its activity.   
 
 
[1] B. Williams, Oil Gas J., 2003, 101, 20 
[2] D. Ferdous, A.K. Dalai, J. Adjaye, Applied Catalysis A: General, 2004, 260,153 
[3] S. Texier, G. Berhault, G. Perot, F. Diehl, Applied Catalysis A: General, 2005, 293, 105 
[4] Y.S. Al-Zeghayer, P. Sunderland, W. Al-Masry, F. Al-Mubaddel, A.A. Ibrahim, B.K. Bhartiya, B.Y. Jibril, 
Applied Catalysis A: General, 2005, 282, 263 
[5] J. Herbert, V. Santes, M.T. Cortez, R. Zarate, L. Diaz, Catalysis Today, 2005, 107-108, 559 
[6] V. Sundaramurthy, A.K. Dalai, J. Adjaye, Applied Catalysis A: General, 2006, 311, 155 
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Carbon based materials such as activated carbon, carbon black, natural waste derived chitin, carbon fibers 
and carbon nanotubes have been widely studied and applied as pollutant sorbents1,2. Despite the great 
development in adsorption materials and techniques, several toxic compounds remain major problems in 
standardized wastewater treatment units. Among these, hormones and pharmaceuticals in domestic 
wastewaters3,4, heavy metals and textile dyes in industrial wastewaters5 are high impact pollutants. 

This work reports the application of a new 
carbon based material for textile wastewater 
detoxification and decolourization.  

Carbon spheres (CS) ranging from the 
nanometer to the micrometer scale were 
applied in batch experiments, as highly 
efficient sorbents for basic textile dye Astrazon 
Blue FGGL 300%. Preliminary adsorption 
tests revealed that the CSs possess higher 
adsorption capacity than commercially 
available decolourizing activated carbon. 
Detailed adsorption isotherms fit the Langmuir 
model with a maximum dye uptake of 368 
mg.g-1. Results suggest that ion-exchange is 
the main process involved in the adsorption. 

 

This new material proved to be adequate for 
decolourization and detoxification of effluents 
in the concentration range used by the textile 

industry. 
 
 
[1] Fernandes, F. M.; Araújo, R.; Proença, M. F.; Silva, C. J. R.; Paiva, M. C., Functionalization of carbon 

nanofibers by a Diels-Alder addition reaction. J. Nanosci. Nanotech. 2007, 7, 3514-3518. 
[2] Figueiredo, S. A.; Loureiro, J. M.; Boaventura, R. A., Natural waste materials containing chitin as 

adsorbents for textile dyestuffs: Batch and continuous studies. Water Res., 2005, 39, 4142-4152,. 
[3] Bound, J. P.; Voulvoulis, N., Predicted and measured concentrations for selected pharmaceuticals in UK 

rivers: Implications for risk assessment. Water Res., 2006, 40, 2885-2892. 
[4] Valenzuela-Calahorro, C.; Navarrete-Guijosa, A.; Stitou, M.; Cuerda-Correa, E. M., Retention of 

progesterone by four carbonaceous materials: Study of the adsorption equilibrium. Colloid Surf. A-
Physicochem. Eng. Asp., 2004, 237, 7-13. 

[5] Yin, C. Y.; Aroua, M. K.; Daud, W. M. A. W., Review of modifications of activated carbon for enhancing 
contaminant upt-akesfrom aqueous solutions. Sep. Purif. Technol. 2007, 52, 403-415. 

 

Figure 1 – a) TEM micrograph of carbon spheres, scale bar 
represents 5µm; b) TEM micrograph of isolated CS, scale bar 
represents 50nm; c) 250 ppm basic dye adsorption before 
(left) and after (right) 72 h contact with CS at room 
temperature.
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The oxidation of alcohols to carbonyl compounds is an important task in the fine chemicals industry. An 
alternative to the traditional methods based on using stoichiometric amount of inorganic oxidants involves 
the use of molecular oxygen in presence of metal nanoparticles immobilised on a solid catalyst [1]. It has 
been shown that the rate-limiting step for the oxidation of alcohols on various metals is a dehydrogenation 
step [2]. Moreover the addition of a base can facilitate the dehydrogenation step which can be alternatively 
achieved using basic supports, such as basic mixed oxides. The basicity of the surface of the support can be 
also tuned by the addition of nitrogen basic groups. Carbon nanotubes are good candidate as it is possible to 
tune the basicity of the surface by chemical and physical treatments. Recently many applications of metal 
nanoparticles on N-doped CNTs have been investigated; for example Pt nanoparticles dispersed on N-
doped CNTs are more active than the ones dispersed on Activated Carbon in the methanol oxidation [3]. The 
authors address this higher activity to a better dispersion of Pt nanoparticles on the N-doped support. In 
order to study the effect of the basicity of the support and the influence of the N-groups on the metal 
nanoparticles stabilisation, we prepared Au, Pd and bimetallic Au-Pd nanoparticles immobilised on N-doped 
and unmodified carbon nanotubes (PR24-PS from Applied Science and Baytubes from Bayer). Furthermore 
the catalysts were tested in the liquid phase oxidation of alcohols (cinnamyl alcohol, benzyl alcohol, trans-2-
octen-1-ol and 1-octanol). We characterized the N-doped CNTs by TPD-MS and temperature programmed 
XPS in order to assess oxygen and nitrogen functionalities. The catalysts were investigated by SEM, TEM 
and HRTEM to determine the particle distribution on the supports and the metal nanoparticle structures. The 
catalytic tests in the liquid phase oxidation of alcohols show that N-doped CNTs based catalysts are more 
active the unmodified CNTs based one in all the cases. Table 1 shows the results for cinnamyl and benzyl 
alcohol oxidation using Au-Pd bimetallic catalysts. The N-groups of the surface can play the double role to 
stabilise the metal nanoparticles on the support and to facilitate  the hydride abstraction from the alcoholic 
function. Recycling tests have been performed to study the stability of the catalyst. 
 

Table1 Oxidation of cinnamyl alcohol and benzyl alcohol catalyzed by Au-Pd/CNTs. 

Cinnamyl alcohol Benzyl alcohol Catalysts 

Selectivity 

Cinnamaldehyde 

TOF (h-1) Selectivity 

Benzaldehyde 

TOF (h-1) 

Au-Pd/PR24-PS 81 151 >99 24 

Au-Pd/N-Pr24-PS 82 517 >99 299 

Au-Pd/Baytubes 82 300 >99 347 

Au-Pd/N-Baytubes 85 702 >99 670 

 
[1] N. Dimitratos, A.  Villa, D Wang, L. Prati, F. Porta, D. Su, J. Catal., 2006, 244, 113. 
[2] T. Mallat, A. Baiker, Catal. Today, 1994, 19, 247 
[3] B. Choi, H. Yoon, I. Park, J. Jang, Y. Sung, Carbon, 2007, 45, 2496. 
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Development of new solid catalyst with specific basic surface properties is one of the most active lines of 
research, especially in fine chemicals production, which is still hindered by the problems of catalyst 
separation and waste disposal typically in homogeneous catalysis. CNTs are good candidate as it is possible 
to manipulate them by specific chemical and thermal treatments aimed to tune the surface chemistry. In the 
field of heterogeneous catalysis, nitrogen-doping of CNTs has recently attracted a lot of interests because it 
induces surface modifications, which can enhance the reactivity and the selectivity in many catalytic 
applications [1]. In order to investigate the effect of basic groups on the support we test monometallic Pd 
nanoparticles supported on unmodified and N-doped CNTs in the liquid phase oxidation of benzyl alcohol. 

N doping was performed by NH3 (amination) treatment at temperatures between 473K and 873K on two 
different types of commercial multiwall carbon nanotubes (applied science PR24-PS and Baytubes). Pd was 
prepared by adding Na2PdCl4·2H2O and PVA solution into H2O. After 3 min, NaBH4 solution was added to 
the yellow-brown solution under vigorous magnetic stirring. The brown Pd(0) sol was immediately formed. 
The preformed Pd particles were immobilized onto unmodified and N doped CNTs. Characterization of the 
aminated CNT has been done by means of TPD-MS as well as a temperature programmed XPS experiment 
in order to assess oxygen and nitrogen functionalities. The catalysts were intensively investigated by SEM, 
TEM and HRTEM to determine the particle distribution on the supports and Pd particle structures. The 
results of liquid phase oxidation of benzyl alcohol were summarized in table1. N doping on both CNTs 
increase the activity, especially in case of applied science CNTs. The enhancement of catalytic activity can 
be related to the structures of the catalysts. The effect of N doping on the surface chemistry of the CNTs, 
therefore on the distribution of Pd particles, as well as the metal surfaces and metal-support interface 
structures will be further clarified. 
 
Refrence 
[1] S. van Dommele, Krijn P. de Jong and Johannes H. Bitter, ChemComm (2006), 4859. 
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Table1 Oxidation of benzyl alcohol catalyzed by Pd/CNTs. 

Pd Selectivity 

Benzaldehyde 

Selectivity 

Benzoic acid 

TOF (h-1) 

PR24-PS >99 - 10 

N-Pr24-PS 97 3 836 

Baytubes 96 4 625 

N-Baytubes 95 5 951 
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Nanotechnology involves the study and use of materials at an extremely small scale -at sizes of millionths of 
a millimetre- and exploits the fact that some materials have different properties at this ultra small scale from 
those at a larger scale. In fact, the reinforcement of polymer matrices with nano-size particles of different 
geometries has become very important for a wide range of applications and improved properties such as, 
electrical, mechanical and thermal properties of the plastics [1].  

Usually, additional levels of nanofillers are less than 5 percent, which significantly impacts the weight 
reduction of nanocomposite parts [2, 3]. This dispersion process results in a high aspect ratio and surface 
area, creating higher-performance plastics than with conventional fillers. 

Over the last years GAIKER-IK4 has been working in the development of new polymer nanocomposites 
produced by melt compounding with thermal, mechanical and electrical properties. In this poster, new 
advanced polymer nanocomposites reinforced with 2 wt% and 5 wt% carbon nanotubes and with enhanced 
properties compared to raw thermoplastic will be shown.  
Results show better thermal properties measured by TGA and DSC and enhanced mechanical/rheological 
properties measured by DMTA and capillary rheology for PP and PBT reinforced nanocomposites compared 
to raw PP and PBT.  
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Effect of the CNT content (wt%) on E´ for nanocomposites based on PBT.  
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The composites based on conducting polymers and carbon nanotubes have an important role in the energy 
storage field. In this context, the electrochemical capacitors based on such materials have  stimulated a 
sustained effort [1,2]. In order to expand their  use as active material for the rechargeable lithium batteries, a 
well foreknowledge of the physical and chemical properties is necessary. Therefore, in this paper we develop 
studies of surface enhanced Raman scattering (SERS) on the composites produced by the chemical 
polymerization of 3,4-ethylenedioxythiophene in the presence of single-walled carbon nanotubes (SWNTs). 
The covalent functionalization of SWNTs with poly(3,4-ethylenedioxythiophene) (PEDOT) is evidenced by 
specific variations of the Raman spectra of SWNTs and PEDOT: i) the appearance of a Raman line at 140 
cm-1 indicates an apparent increasing in diameter of the SWNTs as consequence of a new covalent bond 
formed between PEDOT and SWNTs; ii) an enhanced asymmetry in the low energy side of the Raman band 
of SWNTs with the maximum at 1538 cm-1 argues a strong electron-phonon interaction resulting from an 
increased metallic behaviour of the PEDOT/SWNTs composite; and iii) an increased intensity of the Raman 
line at 705 cm-1, which is associated with the deformation vibration mode of C-S-C bond [3] of PEDOT 
molecule, reveals a steric hindrance effect induces by the bonding of PEDOT on SWNTs. Another challenge 
is to use of the PEDOT/SWNTs composite in the rechargeable lithium batteries. Therefore, using the 
PEDOT/SWNTs composite as a positive electrode and an electrolytic solution containing LiPF6, the charge-
discharge characteristics of the rechargeable lithium cells are determined. According to Fig. 1, high specific 
discharge capacity are reported for the PEDOT/SWNTs composite (ca. 218 mAh g-1) in comparison with 
PEDOT doped with FeCl4- ions (ca. 25 mAh g-1). 
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Fig. 1 The effect of cycle life on PEDOT and PEDOT/SWNTs battery capacity.  
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Thanks to the conductive properties of carbon nanotubes (CNTs), composites materials based on CNTs offer 
novel opportunities to make powerful actuators [1]. We investigate in this work sheets of nanotube paper 
reinforced by a polymeric binder. We study the influence of the polymer ratio within papers prepared from 
oxidized multi walled carbon nanotubes (oxidized-MWNT) and polyvinyl alcohol (PVA). Variations of the 
composition allow the electrical and mechanical properties of the composites to be controlled. After 
optimization to combine good electrical and mechanical performances, bimorph devices have been realized. 
One side of the oxidized-MWNT/PVA paper was coated with a thin layer of gold (evaporation). This was 
done to increase the conductivity and to promote the actuation all along the paper sheet. Then, on the same 
side, an inert layer of PVA has been added to make a bimorph. The device has been tested in a liquid 
electrolyte (TBA/TFB 0.5 M into acetonitrile), at constant frequency and different applied voltage. 
Measurements of the bimorph deflections were used to determine the stress generated by the nanotube 
paper [2]. This quantitative evaluation allows a first assessment of the interest of this approach for actuator 
technologies (Figure 1). The results show that the generated stress increases with increasing the applied 
voltage and can reach a value of 0.3 MPa which is similar to the stress generated by a human muscle. 
Currently, other devices are tested in order to achieve dry state actuators.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Evolution of the generated stress as a function of the applied voltage on the oxidized-MWNT/PVA 

bimorph device immersed in a liquid electrolyte (TBA/TFB 0.5 M into acetonitrile). 
 
 
 
[1] R. H. Baughman, C. Cui, A. A. Zakhidov, Z. Iqbal, J. N. Barisci, G. M. Spinks, G. G. Wallace, A. Mazzoldi, 
D. De Rossi, A. G. Rinzler, O. Jaschinski, S. Roth, M. Kertesz, Science, 1999, 284, 1340. 
[2]  B. Raguse, K-H. Müller, L. Wieczorek, Advanced Materials, 2003, 15, 922. 
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The field of organic electronics has been attracted increasing attention in the past decade because of its 
applications in novel optoelectronic devices such as organic light-emitting diodes and photovoltaic devices 
[1]. Poly(3,4-ethylenedioxythiophene) is widely extended in the preparation of organic light-emitting diodes 
as hole-injection layer due to its low ionization potential, good electron block property, solution process ability, 
transparency and stability. PEDOT/CNT nanocomposites are a promising area of development as for 
example to improve the performance of OLEDs [2]. 

Previously, in our group formulations based on PEDOT have been prepared in order to improve the 
properties in electrooptic devices. In this sense, ionic liquids were used to increase the conductivity of 
PEDOT [3]. The highest electrical conductivity obtained, 136 Scm-1, was similar to those of some of the best 
examples of PEDOT: PSS films reported. At the same time we have worked in the use of polymeric ionic 
liquids in nanotechnology as an example, it was obtained the quantitative and completely reversible phase 
transfer of nano-objects between water and organic solvents [4] leading to an increase of stability due to the 
lack of moisture and humidity, mainly in electrooptic devices. 

In this poster presentation we show the results for the obtaining of PEDOT/CNT nanocomposites. The 
nanocomposites were obtained from organic dispersions of PEDOT stabilized with polymeric ionic liquids 
with different quantities of single-walled carbon nanotubes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
SEM photograph of CNT unmodified dispersed in polymeric ionic liquid (a) and PIL/CNT nanocomposites 
with different quantities of CNT (b) 
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[3] M. Dobbelin, M. Salsamendi, et al , Chemistry of Materials 2007, 19, 2147 
[4] R. Marcilla, M .L. Curri, et al, Small 2006, 2, 507 
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Single walled carbon nanotubes (SWNT) have been incorporated into a polypropylene (PP) matrix in 
different concentrations ranged 0.25-2.5 wt %, by an extrusion process. The nanotubes were blended with 
PP particles (approximately 500 �m in size) before mixing in the extruder. Finally, rectangular plates were 
obtained by compression moulding. In order to improve the mechanical properties, these PP-SWNT 
composites were gamma irradiated at different doses, 10 and 20 kGy, to promote crosslinking in the matrix 
and to enhance the interaction between nanotubes and PP. Uniaxial tensile tests and dynamic mechanical 
thermal analysis (DMTA) were performed to assess the mechanical behaviour depending on the different 
nanotubes concentrations and irradiation doses. Besides, differential scanning calorimetry (DSC) 
measurements and thermogravimetrical analysis (TG) were carried out to characterize thermal properties. 
The values of elastic modulus confirmed the reinforcement of the polypropylene matrix with increasing 
SWNT concentrations, although stiffness saturation was observed at the highest concentration. Loss tangent 
DMTA curves showed three transitions for raw polypropylene, and there were no significant variations in the 
non-irradiated nanocomposites at the different nanotube concentrations. Gamma irradiated samples 
exhibited an increase in β transition temperature, associated with changes in glass transition due to 
polypropylene crosslinking. This effect is less pronounced at the highest nanotube concentration. Finally, 
DSC thermograms pointed out that an increase in degree of crystallinity with increasing nanotube 
concentration exists. 
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Two different systems of multi-walled carbon nanotube (MWNT) / poly(methyl methacrylate) (PMMA) 
nanocomposites were prepared by coagulation [1] and wet-casting methods [2], and then dispersibility of the 
MWNT in the PMMA matrix was compared for the two nanocomposite systems using scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), and optical microscopy (OM) [3]. Although 
pristine MWNTs without any modification prior to use were applied in these processing, they were dispersed 
well in the matrix by coagulation method. Moreover, electrical conductivity of the MWNTs/PMMA 
nanocomposites was also studied by four-probe method at room temperature. The percolation threshold for 
MWNTs prepared by coagulation method represented low threshold, which is attributed to the formation of a 
three-dimensional conductive network of the fillers within the matrix. The good dispersion and high aspect 
ratio of MWNTs provide better load transfer via entanglement with the polymer matrix [4]. Therefore it is 
observed that the MWNTs as filler can efficiently enhance mechanical properties of MWNT/PMMA 
nanocomposite prepared by a coagulation method. 
 
 

 
SEM image of 2wt% MWNT/PMMA nanocomposite fracture surface prepared by coagulation method, 

showing three-dimensional conductive network of MWNTs within the PMMA matrix.  
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[2] W. Chen, X. Tao, P. Xue, X. Cheng, Appl. Surf. Sci. 2005, 252, 1404. 
[3] N. Grossiord, J. Loos, O. Regev, C. E. Koning, Chem. Mater. 2006, 18, 1089. 
[4] K. Kim, S. J. Cho, S. T. Kim, I. J. Chin, H. J. Choi, Macromolecules 2005, 38, 10623.  
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PS-grafted carbon nanotubes were obtained following the procedure reported by Wu et al. [1]. Bromine-
terminated polystyrene (PS-Br) and (Br-PS-Br), synthesized by atom transfer radical polymerization (ATRP), 
were directly reacted with multiwalled carbon nanotubes (MWCNT) under ATRP conditions using CuBr/2,2´-
bipiridine as catalyst. The obtained products were studied using several techniques as FT-IR, TGA, UV-vis 
spectra and field emission scanning electron microscopy. The results indicated that carbon nanotubes were 
surface functionalized with both polystyrenes. Besides, results suggest that, in addition to covalent bonding, 
carbon nanotubes could also be surrounded by physisorbed polystyrene. Both PS-Br and Br-PS-Br grafted 
carbon nanotubes were used to prepare nanocomposites with a PS matrix through direct mixing of modified 
MWCNT/THF and PS/THF solutions. The solution was overturned on a heating plate with continuous stirring 
and then dried at 120 ºC under vacuum in order to evaporate the solvent. Following the same procedure 
PS/pristine MWCNT nanocomposites were also made. The filler content in the three different types of 
nanocomposites was 0.01, 0.05, 0.1 and 0.5 wt%.  

Heat flow curves, obtained by differential scanning calorimetry, showed that the glass transition temperature 
(Tg) of neat PS was not modified by addition of pristine MWCNT while there was a slight increase of Tg with 
both PS-grafted MWCNT, 2 ºC for 0.5 wt% PS-Br grafted carbon nanotubes while an abrupt increase of 5 ºC 
resulted with only 0.01 wt% Br-Ps-Br grafted carbon nanotubes but it slightly changed with filler content 
increase.  

Thermogravimetric analysis showed that the thermal stability of PS was enhanced with increasing MWCNT 
content. An increase of about 25 ºC in the degradation temperature was obtained for pristine and PS-Br 
functionalized MWCNT while an enhancement of 30 ºC resulted for Br-PS-Br functionalized MWCNT.  

UV-vis spectra of PS/MWCNT nanocomposites showed that the absorbance at high wavelengths increased 
linearly with carbon nanotubes content independently they were or not functionalized. Using the Beer-
Lambert law, carbon nanotubes agglomerates were detected for filler contents higher than 0.1 wt% in 
PS/pristine MWCNT nanocomposites and over 0.5 wt% in PS/PS-Br functionalized MWCNT composites. In 
the latter, the band of absorbance to 290 nm [2] associated with the PS grafted onto the carbon nanotubes 
was clearly observed.  
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Due to its electrical properties carbon nanotubes have been claimed to be promising sensing elements of a 
future generation of transistor and sensors for sensing different range of chemical substances but with 
special interest in the biomedical field [1]. Chemical control of carbon nanotubes functionalization has 
resulted being an essential step when designing such class of advanced materials [2].  
Controlling nanotubes surface chemistry would allow us to design new kind of nanotubes-based sensors with 
selective sensing properties and create newly high performance light smart films and composites for usage 
as chemical sensor in the nanobiotechnology field. 
In this work the possibility of using multi walled carbon nanotubes (MWCNT) coated polyurethane as 
chemical sensor was analyzed. Pristine aliphatic elastomeric biodegradable polyurethane was dip coated 
into a suspension of 1mg/mL MWCNT in ethanol (EtOH). Coating resulted to be highly irreversible process. 
This surface coated material was used as a sensor in order to compare electrical conduction in different 
solutions. This material was investigate as a potential sensor of EtOH in water solutions. 

 
Differences in current intensities passing through the material when varying ethanol concentration. Right 

corner inset shows experimental set-up for the measurements. 
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Due to its special characteristics, carbon nanotubes[1] have been introduced in a great variety of polymeric 
matrices to yield nanocomposites with improved properties compared to the original polymers. These 
properties can be mechanical strength, electrical conductivity or thermal stability between others. 

Nanocomposites of conducting polymers are being studied for its application in devices like gas sensors, 
biosensors, photovoltaic cell, photodiodes or supercapacitators, and have been also employed as material 
for electrostatic and electromagnetic interference screening [2]. 

Among conducting polymers, polythiophene stands out because of its high conductivity and facile synthesis. 

Composites reported in this work were synthesized following Sugimoto and Yoshino strategy [3] 
incorporating multiwall carbon nanotubes (MWNTs) produced by the arc discharge method. 

Polythiophene, 3-hexilpolythiophene and 3-octilpolythiophene have been synthesized with different amounts 
of MWNTs. This composites have been characterised by UV-Vis, IR and Raman spectroscopies, 
thermogravimetry and X-ray diffraction. Microscopy images (SEM and TEM) have been taken to verify 
material morphology 

                  

 TEM images of composites 

Acknowledgement: 

Funding from Spanish Ministry of Education and Science (MEC) and European Regional Development Fund 
(ERDF) under projects NANOPOLCOND (MAT 2006-13167-C02-02) and NANO-TPE (MAT2007-66927-C02-
01), as well as from Regional Government of Aragon (DGA) under Consolidated Group Programme (DGA-T66 
CNN) is gratefully acknowledged. A.F. acknowledges funding from CSIC under I3P programme. 

 

References: 
[1]Harris P. J. F. „Carbon Nanotubes and Related Structures. New Materials for the Twenty-first Century”, 
Cambridge University Press. 1999 
[2] Baibarac M., Gómez-Romero P. J.Nanosci.Nanotech. 2006, 6, 1-14 
[3] K. Yoshino, S. Hayashi, R. Sugimoto, Jpn.J. Appl.Phys. 1984, 23,L899. 
 

 



 COMPOSITES P37 

 ChemOnTubes 2008, 4-6 April 2008 Zaragoza, Spain 109 

Precursor-derived Si-C-N ceramics reinforced by 
single-walled carbon nanotubes 

L. Fernández-Recio1, Y. Li2, P. Gerstel2, Z. Burghard2, M. Burghard1, J. Bill2 
1 Max-Planck-Institut für Festkörperforschung, Dept. Prof. Kern, Heisenbergstr. 1, 70569 

Stuttgart, Germany 
2 Max-Planck-Institut für Metallforschung and Institut für Nichtmetallische Anorganische 
Materialien, Universität Stuttgart, Pulvermetallurgisches Laboratorium, Heisenbergstr. 3, 

70569 Stuttgart, Germany 
e-mail: L.Fernandez@fkf.mpg.de 

 
 
Organic precursor polymers are ideal starting materials for the synthesis and design of advanced non-oxide 
ceramics. However, ceramics obtained in this manner are brittle as a consequence of their amorphous or 
nano-crystalline microstructure. One approach of mechanical reinforcement is the incorporation of 
toughening elements such as carbon nanofibres or nanotubes. The latter elements are particularly well 
suited for the synthesis of reinforced composites owing to their extraordinarily high tensile strength, large 
length-todiameter ratio and low density. Furthermore, due to their excellent electrical and thermal 
conductivity, they represent a promising filler material to improve the electrical and thermal functionality of 
the base ceramic. 

We report the synthesis of polymer-derived Si-C-N ceramics reinforced by single-walled carbon nanotubes 
(SWCNTs), using a casting process followed by pressure-less cross-linking and thermolysis. The effect of an 
electrical field applied during the cross-linking step of the synthesis procedure was studied toward the task of 
dispersing and simultaneously aligning the SWCNTs in the Si-C-N matrix. To investigate the mechanical 
properties of the composites, the hardness and Young´s modulus were determined. The results show that 
the incorporation of SWCNTs leads to a noticeable increase of Young´s modulus and fracture toughness. 
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Due to the exceptionally good mechanical properties, Carbon Nanotubes (CNTs) should be a well qualified 
candidate as reinforcement in epoxy materials. Although the CNTs themselves are superior, it has shown to 
be quite challenging to obtain the same good behavior of a composite material containing CNTs. The exact 
reason for these difficulties has not yet been completely clarified, but is thought to be due to dispersion, 
orientation and mechanical load transfer problems. More research needs to done for further clarification of 
these issues and subsequent improvement of mechanical properties. 

In this work we have investigated different epoxy polymers filled with multi-walled carbon nanotubes 
(MWCNTs). Both arc discharge and chemical vapor deposition (CVD) tubes have been studied, but the 
present work is focused on commercially available CVD tubes. The main focus has been put on investigating 
variations in ultrasonic dispersion methods, different polymer dispersion stabilizers and the possible bonding 
between the MWCNT and the resins. Scanning electron microscopy (SEM) has been employed to 
characterize both the MWCNT dispersion and microscopic features of the composites. Dynamical 
mechanical analysis (DMA) and tensile strength measurements were used to quantify the reinforcement of 
the composites. The samples have also been compared with ordinary epoxy polymer resins and 
commercially available epoxy/MWCNT systems.  

The experimental results have been supported by numerical models and computer simulations. Different 
models for short-fiber composite materials are adopted and applied for the studied MWCNT/epoxy systems. 
In computer models it is possible to simulate optimal bonding between the tubes and epoxy, as well as the 
orientation of the tubes, and the idea is to apply simulations as a tool for characterization of the (physical) 
composite materials.  
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In this study, different nanocomposites have been manufactured, using an epoxy resin as matrix. Two 
different kinds of carbon nanoreinforcements have been introduced: multi-walled carbon nanotubes (CNTs) 
and nanofibers (CNFs). Also, different amount of nanoreinforcements were added: 0, 0.1, 0.25, 0.5 and 1 wt 
%. The manufacturing process applied consisted on the dispersion of nanoreinforcement into epoxy 
monomer through high shear mechanical stirring and high intensity ultrasonic mixing, using chloroform as 
solvent. After evaporating solvent at 80ºC in vacuum, a stoichiometric amount of amine hardener was added. 
Finally the resultant mixture was undergone to curing thermal treatment [1].   

The viscosity of non-cured mixtures was measured as a function of temperature. These results provide 
information about the homogeneity of the mixtures, the presence of agglomerations and the appearance of 
reaction between epoxy groups and amino-functionalizated CNTs. Figure 1 shows the viscosity of mixtures 
with 0.5 wt % CNFs and amino-functionalised CNTs. The viscosity of samples with CNTs is high due to its 
higher specific surface. Also, the viscosity of epoxy/CNTs mixtures increases when a thermal treatment is 
applied. This means that there is chemical reaction between the oxirane groups of epoxy monomer and 
amino groups of CNTs.  
 
 
 
   

 
 
 
 
 
 
 
 
 

 
Viscosity versus temperature for non-cured nanoreinforced resins  

 
The curing process was evaluated by differential scanning calorimetry (DSC) in order to analyse the effect of 
the presence of nanoreinforcements in the reached conversion. The characterisation of cured 
nanoreinforced epoxy resins was carried out by dynamic mechanical thermal analysis (DMTA), 
measurements of real density and tensile tests. Finally, the electrical resistivity was measured. 

Between the obtained results, it is worthy to stand out that the mechanical and electrical properties of epoxy 
resin are improved by the addition of carbon nanoreinforcements. However, there is an optimum percentage 
of nanoreinforcement, for which the mechanical properties reach a maximum value. This percentage is 
different depending of the reinforcement nature, CNFs and CNTs. In general, the epoxy resins reinforced 
with CNTs present better properties than epoxy/CNFs composites. 
 
[1] A. Ureña, M. Burón, et al., 16th International Conference on Composites Materials. 2007. ISBN: 978 

4 931136 05 2.  
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The exceptional mechanical and physical properties demonstrated for carbon nanotubes, combined with 
their low density, make this new form of carbon as an excellent candidate for composite reinforcement.1 
Thermoplastic composites with carbon nanotubes (CNT) have a great potential as structural materials 
because of their superior mechanical properties and ease of processing. The ring opening polymerization 
(ROP) has been used to obtain polymeric nanocomposites in situ because this methodology offers potential 
advantages relative to the conventional polymerization process. The advantages of this process include the 
low viscosity of the cyclic oligomers, the lack of volatiles and a better control over the molecular weight.2 

The objective of this investigation is to evaluate the effect of carbon nanotubes (CNT) on the properties of 
poly(hexamethylene terephthalate) (PHT), as a function of their weight content and the side-wall 
functionalization. The types of CNT used were multiwalled carbon nanotubes (MWCNT), raw, carboxyl and 
hydroxyl functionalized. The polymers without and with carbon nanotubes were synthesized using an in situ 
ring ROP reaction.  
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Figure 1. ROP of cyclic hexamethylene terephthalate oligomers. 

 
Cyclic oligomers were synthesized by cyclodepolymerization of poly(hexamethylene terephthalate), then 
they were characterized using HPLC and MALDI-TOF. As expected, many cyclic oligomers were formed 
from dimer to heptamer. Multiwalled carbon nanotubes (from Instituto de Carboquimica, Zaragoza, Spain) 
were produced by electric-arc discharge and characterized by Raman spectroscopy, thermal analysis and 
electron microscopy. Weight percentages ranging from 0.05 to 2 wt% of carbon nanotubes were dispersed in 
chloroform by ultrasonication and ultrahigh speed stirring. Then the corresponding amount of cycles was 
added and the solvent evaporated with vacuum at room temperature. The samples obtained by ROP were 
characterized by thermal analysis, electron microscopy, mechanical analysis, and tensile testing. The 
polymerization conversion was similar to that achieved without addition of the nanoadditive, although the 
viscosity of the polyester diminished in the nanocomposites made of hydroxyl-functionalized nanotubes. No 
significant changes in the glass transition temperature of poly(hexamethylene terephthalate) were observed 
over the whole range of assayed compositions. 

The authors would like to acknowledge the financial support received from CICYT by the concession of the 
project (MAT2006-13209-C02-02) and AGAUR of the Generalitat de Catalunya by scholarship FI granted to 
N. González-Vidal. 
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Carbon nanotube aerogels have been developed recently due to their extraordinary mechanical and 
electrical properties[1]. Compared to aerogels  fabricated from silica or pyrolized organic polymers, carbon 
nanotube aerogels have shown and supposed to have many advantages so that can be found many 
potential applications in various fields, such as sorb oil floating on water, etc. 

Mild dissolution of carbon nanotubes, which dissolving carbon nanotubes without acid treatment nor high 
power sonication, offers a gentle method to the solution of carbon nanotubes in organic solvent with relative 
high concentration[2]. This make it possible to produce high-quality carbon nanotube aerogels by 
lyophilization (freeze-drying). Different carbon nanotubes (electric arc, HiPco, Swans and MWNTs) will be 
investigated to obtain final aerogels, scanning electron microscopy (SEM), transmission electron microscopy 
(TEM) are used to characterize the aerogels and their superior electrical conductivity and mechanical 
properties will be measured respectively. 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

The SEM image of carbon nanotube aerogel (inset is the photograph of it) 
 
 
 
[1] Mateusz B. Bryning, Daniel E. Milkie, et al. Adv. Mater. 2007, 19, 661 
[2] Alain Pénicaud, Philippe Poulin, et al. J.Am.Chem.Soc. 2005, 127, 8 
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Traditional surfactants like sodium dodecyl sulfate (SDS) and sodium dodecylbenzene sulfonate (SDBS) 
have been shown to improve the dispersion of nanotubes in an aqueous environment.1 The use of the 
conductive polymer latex poly(3,4-ethylenedioxythiophene) :poly(styrene sulfonate) (PEDOT :PSS) as a 
“surfactant” for the dispersion of SWNTs in water has however not been reported. In this study, this latex is 
used to disperse single SWNTs in water using sonication. The process is monitored using UV-Vis 
spectroscopy2 and this dispersion is used to prepare PS-SWNT composites via a latex based technique.3  

The percolation threshold (ϕp) recorded for PEDOT:PSS stabilized SWNTs is compared to that recorded for 
SDS stabilized SWNTs. Values of 0.2 and 0.45 wt% respectively are observed for the ϕp. The ultimate 
conductivity observed is higher for PEDOT:PSS stabilized SWNTs (500 versus 20 S/m). The formation of a 
“percolating network” in binary PS/polythiophene blends has been noted, but threshold values of approx. 20 
wt% are reported.4  The use of core-shell structures leads to blends with percolation thresholds around 5 
wt%.5 The formation of similar percolating polymer blends in the system reported here is also investigated. 
Percolation of the conductive polythiophene occurs at much lower loadings, approx. 2.5 wt%. The 
morphology of the SWNT-polymer blend is investigated, and the contributions to the overall composite 
conductivity of the two conductive components (PEDOT:PSS and SWNTs) is elaborated on. It is found that 
using a PEDOT:PSS loading of 1.7 wt% (below own percolation threshold), only 0.02 wt% of SWNTs are 
required to prepare a conductive composite.  
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Figure 1: Percolation threshold of SDS and 
PEDOT:PSS stabilized SWNTs in PS  

Figure 2: SEM micrograph showing percolating 
SWNT network in a PS/PEDOT:PSS blend 

 
[1] Islam, M. F.; Rojas, E. et al. Nano Lett. 2003, 3, 269. 
[2] Grossiord, N.; Regev, O. et al. Anal. Chem. 2005, 77, 5135. 
[3] Regev, O.; Elkati, P. N. B. et al. Adv. Mat. 2004, 16, 248. 
[4] Wang, H. L.; Toppare, L. et al. Macromolecules 1990, 23, 1053. 
[5] Khan, M. A.; Armes, S. P. Langmuir 1999, 15, 3269. 
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Carbon nanotube (CNT)/polymer composites have been widely reported since the discovery of carbon 
nanotubes. Due to a unique combination of the electrical, mechanical, optical, and thermal properties, their 
use in polymer nanocomposites is leading to rapidly growing areas of nanotechnology. One of these areas 
are CNT-based sensors [1], which were found to sense external stimuli such as chemicals, mechanical 
stress, temperature and pH. Changes of the electrical properties to the stimuli were shown as the sensing 
behavior. 

In this study, liquid sensing properties of polylactide (PLA)/multi-walled carbon nanotube (MWNT, Nanocyl®-
7000) composites were studied on the basis of the change of the electrical resistance on solvent contact. 
Composites with good MWNT dispersion were prepared by melt processing using a twin screw extruder. 
MWNT loadings between 0.5-2.0 wt% were investigated, and a low electrical percolation threshold below 
0.5 wt% MWNT content was observed. TEM observation revealed that the MWNT form a conductive network 
structure in the PLA matrix which is the key for liquid sensing. The electrical resistance of the composites 
was monitored by a Keithley 2001 multimeter in solvent immersion/drying cycles. U-shaped strips with a 
thickness of 0.5 mm were immersed in solvent kept at 30°C. The electrical resistance reversibly changed 
upon the cycles with good reproducibility. Lower MWNT loading resulted in larger resistance changes 
(Figure), indicating that the conductive MWNT network tends to readily disconnect due to the less dense 
structure at lower loading. Relative resistance R/Ri (Ri: R initial) values were shown to provide a better 
comparison at different loadings. Various solvents (n-hexane, toluene, chloroform, THF, dichloromethane, 
ethanol and water) were successfully detected, showing different degrees of resistance changes. Solubility 
parameters were found to be good indicators to estimate the liquid sensing properties of these PLA/MWNT 
composites. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure: Resistance changes of PLA/MWNT composites in ethanol, depending on MWNT loading 
 
[1] Kong, J., Franklin, N. R., Zhou, C., Chapline, M. G., Peng, S., Cho, K., Dai, H. Science 2000, 287, 622. 
 
This work was supported by INTELTEX, a European Integrated Project supported through the Sixth 
Framework Programme for Research and Technological Development of European Commission (NMP2-CT-
2006-026626). 
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Vanadium oxides VOx are promising materials for numerous applications like power sources [1] and thermo- 
(or electro-) chromic based devices [2]. V2O5 has been used as cathode for lithium ion battery. However, it 
exhibits poor rate capability due to the polarisation of the electrode. This could be overcome by using 
composite electrodes of nanostructured active materials and electronic conductive materials. On the other 
hand, thin films of V2O5, VO2 and V2O3 have been extensively studied for display devices, colour filters and 
smart windows. Unfortunately, the rate of optical switching is limited by the reduced electrical or thermal 
conductivity of the VOx materials. Therefore, the performances of both devices could be dramatically 
enhanced by using VOx composite with carbon nanotubes exhibiting exceptional thermal and electronic 
properties. 

We have developed a process based on the equimolar acetylene-CO2 reaction to grow carbon nanotubes [3] 
at temperature as low as 300°C without any pre-activation of the Fe2Co catalyst. The mild growth conditions 
preserve the nanostructured V2O5 particles or thin film on quartz substrate as well as allow controlling the 
oxidation state of the vanadium. V2O3, VO2 and V2O5 composites with carbon nanotubes are obtained [4]. 
Both produced materials will be applied in lithium ion batteries or in thermo- or electro-chromic windows. 
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Figure: X-ray powder diffraction patterns and SEM image of the VOx – CNTs composites (scale bar is 2µm). 
Fe2Co/V2O5 catalyst is produced by co-precipitation of Fe and Co carbonate on V2O5 nanoparticles.  

 
[1] Y. Wang and G. Cao, Chem Mater. 2006, 18, 2787 
[2] Clara Piccirillo, Russel Binions et al., Chem. Vap. Deposition. 2007, 13, 145. 
[3]  A. Magrez, J.W. Seo, et al., Angewandte Chemie Int. Ed. 2007, 46, 441. 
[4] B. Korbély, A. Magrez, et al., to be submitted 
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Among many extraordinary properties, CNTs have a very high Young modulus, generally reported with a 
value of ~ 1 TPa, making this kind of material even stronger than diamond and carbon fiber. Moreover their 
very light weight makes them first choice materials for mechanical reinforcement of polymer matrices. Most 
of previous studies using CNTs deal with so-called physical mixing, meaning that there is no strong link 
between polymer and nanotube surface, resulting in a relatively poor enhancement of the composite Young’s 
modulus. In our study, we first investigated the functionalization of multi-walled carbon nanotubes (MWNTs) 
surface by sulfonated poly (ether ether ketone) SPEEK chains using a direct attachment reaction, PEEK 
being known as a very promising polymer especially in aerospace field for its particularly high glass transition 
and melting temperature, compared with most of polymer material.[1] MWNTs were oxidized by a nitric acid 
treatment to generate carboxyl groups on their surface, which then react with sulfonated groups of SPEEK 
using hexane diamine as an interlinking molecule.[2,3] Evidence of covalent functionalization of MWNTs by 
SPEEK macromolecules was given by near-edge X-ray absorption fine structure spectroscopy (NEXAFS) at 
the C K-edge, O K-edge, and N K-edge and X-ray photoelectron spectroscopy (XPS). Mechanical properties 
of the MWNT-SPEEK composite material were then tested to quantify the enhancement of Young’s modulus.  
 
 
[1] J.-F. Lamèthe, P. Beauchêne, et al., Aerospace Sci. Technol. 2005, 9, 233. 
[2] R.Y.M. Huang, P. Shao, et al., J. Appl. Polym. Sci. 2001, 82, 2651. 
[3]  M.-R. Babaa, J.-L. Bantignies, et al., J. Nanosci. Nanotech. 2007, 7, 3463. 
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Carbon nanotubes (CNTs) have attracted extensive attention due to their exciting potential applications in 
nanocomposites, sensors and advanced materials with electronic and optical properties [1]. However, 
dispersing CNTs homogenously in material matrix is an obstacle for their further applications. Quite a few 
methods have been studied to help improving the dispersion of CNTs in polymer matrix including using 
ultrasonification, adding surfactant and introducing covalent functionalizations on CNTs. But not much 
research has been done on how to disperse CNTs in metal matrix.  

In this study, a block copolymer was first used as a dispersion agent to separate multiwall CNTs (MWNT) 
onto the Mg alloy chips. Then the chips with the dispersed nanotubes on their surface were melted by a melt 
stirring technique for the further homogeneously dispersion. The molten CNT-alloy melt was poured into a 
cylindrical mould. The mechanical properties were measured by compressive testing. The compression at 
failure, the compressive yield strength and ultimate compressive strength have all been improved 
significantly up to about 20% by only adding 1 wt% CNTs in the Mg alloy. The microstructures were further 
studied under SEM.   

 
 

Mechanical properties of MWNT Mg composites comparing to pure Mg alloy. 
 
[1] Thostenson ET et al., Composites Science Technology. 2005, 65, 491. 
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Chemical vapor deposition (CVD) is considered to be the most viable process for the in situ production of 
nanotubes integrated into a device. Researchers have successfully attempted to control accurately the 
physical form of the carbon nanotubes produced. However, the method still suffers from low yields with 
respect to the carbon source and from high temperatures required for this conversion. A huge effort has 
been devoted to enhance the production efficiency at lower temperatures (350°C [1]) by modifying the 
catalyst (pregrowth chemical activation) or by avoiding catalyst poisoning. 

Regardless of the carbon source, carbon synthesis is limited to classical decomposition reactions, for 
example, CxHy → xC + y/2H2 and 2CO → C + CO2. Recent outstanding results have shown that the 
presence of a small amount of a species that contains oxygen atoms (H2O [2], O2 [3], CO2 [4]) in addition to 
the carbon source improves the yield of the reaction.  

Herein, we will report a reaction between acetylene (C2H2) and CO2, mixed in an equimolar ratio, to produce 
carbon nanotubes (CNTs). The reaction can be described by the following equations: C2H2 + CO2 → 2C + 
H2O + CO or C2H2 + CO2 → C +2CO +H2. An extensive characterisation of the chemical mechanism will be 
presented. A spectacular enhancement of the CNTs yield has been observed compared with those of 
previous syntheses [5], as well as the lifetime of the catalyst is considerably extended [6]. Without any typical 
activation of the catalyst, the equimolar reaction allows the growth of CNTs at temperature as low as 300°C 
on numerous materials, preserving the prior nanostructuration of the substrate. Therefore, in situ growth of 
carbon nanotubes for composite with functional materials is possible. We will present examples with TiO2, 
Bi2O3 (or ZrO2) and V2O5, for respectively photovoltaic, fuel cells and lithium ion battery applications [7], to 
name but a few.  
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is produced together with carbon nanotubes as observed by SEM (scale bar 1 µm). 
 
[1] M.H. Rümmeli, E. Borowiak-Palen, et al., Nano letters. 2005, 5, 1209. 
[2] K. Hata, D.N. Futaba, et al., Science. 2004, 306, 1362. 
[3] G. Zhang, D. Mann, et al., Proc Nat Acad Sci. 2005, 102, 16141. 
[4] A.G. Nasibulin, D.P. Brown, et al., Chem. Phys. Let. 2006, 417, 179. 
[5] A. Magrez, J.W. Seo, et al., Angew. Chem. Int. Ed. 2007, 46, 441. 
[6] J.W. Seo, A. Magrez, et al., J. Phys D: Appl. Phys. 2007, 40, R109. 
[7] A. Magrez, J.W. Seo, et al., to be submitted. 
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Carbon nanotubes (CNTs) are of special interest not only for fundamental physical studies but also for 
materials research because they have outstanding mechanical, thermal, and electrical properties. Important 
breakthroughs have been reported in literature in recent years in the high-yield and structure-selective 
manufacturing and techniques for separating metallic and semiconducting CNTs, single or multiwall CNTs. 
The nm-size of tubes make commercial applications of this material as a reinforcing component in thin films 
possible. Large efforts due to chemical modification and manipulation and fabrication of CNTs allow the 
design and preparation of well-controlled architectures of such composite materials by incorporating 
nanotubes of special properties and in a well-defined orientation into appropriate matrices [1-3]. It was 
already shown on powder-metallurgy processed material that the resulting composites will have enhanced 
properties [4,5].  

In our presentation we discuss preparation technique for CNT-copper thin composite films of thickness in the 
µm-range. For this purpose CNTs were deposited onto a conducting underlayer system by thermal CVD 
process. The conducting layer consists of a barrier and copper seed, and a dense Fe-particle arrangement 
as catalyst. After CNT deposition the copper films were grown by electroplating using a standard plating 
process with different additives. Some experiments were carried out by adding the CNTs into the plating 
bath. Various pre-treatment steps for the nanotubes were also investigated and discussed. Electron 
microscopy (SEM, TEM) and energy dispersive X-ray analysis (EDX) show that a suitable wetting of copper 
on prepared CNT surface can be obtained. Important properties of fabricated composite films will be 
discussed in our paper.  

 

 
 
Figure: Example of a CNT-Cu matrix composite thin film on thermally oxidized Si(100) substrate. The length 
of the tubes grown on the substrate is some µm. 
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Coagulation spinning has been demonstrated as a very efficient method for the fabrication of high-
performance carbon nanotube composite fibers.[1] Thus, continuous single-walled carbon nanotube 
(SWNT)/polyvinyl alcohol (PVA) composite fibers having record energy-to-break (toughness) values were 
fabricated by this technique. These SWNT/PVA fibers have been employed in the fabrication of lightweight 
fiber supercapacitors, which can be woven or sewn into fabrics and, therefore, be potentially considered as 
components for smart textiles. Moreover, these fibers provided remarkable electromechanical actuator 
capabilities. [2-5] 

Coagulation-spun SWNT/polyethylenimine (SWNT/PEI) composite fibers are here reported. The resulting 
SWNT/PEI composite fibers have useful mechanical properties and over a hundred times the electrical 
conductivity of super tough SWNT/PVA composite fibers. The efficient interfacial interaction between the 
polymer and the nanotubes enables the fabrication of stable gel fibers and solid fibers from PEI, which is a 
liquid polymer at room temperature.[6] 
 

 
SEM micrograph of a PEI/SWNT composite fiber. 
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In recent years, polymer / carbon nanotube nanocomposites have received great interest from researchers 
because they frequently exhibit unexpected hybrid properties synergistically derived from the two 
components. These materials can show improved thermal and mechanical properties of polymer matrix 
without the large loading required by traditional particulate fillers. Particularly in the case of carbon 
nanotubes, their high aspect ratio, small size, low density and, more importantly, excellent physical 
properties make them ideal reinforcing fillers for advanced composite materials. Polyamides, known as 
nylons, are widely used in industry and are often studied in science as important engineering materials. 
Reinforcement of nylon with nanofillers to improve mechanical and other properties including changes in 
polymer crystallization behaviour is being attempted [1,2]. Incorporating some fillers into nylon can have an 
important influence on the crystallization behaviour of the polymer matrix by acting as nucleating agents. 
Since the crystalline morphology will affect the mechanical properties of nylon, an investigation of 
crystallization phenomena is of great importance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. DSC cooling and heating scans of nylon-6/MWNT nanocomposites. 
 

In this work, the thermal behaviour of nylon nanocomposites containing multi-walled carbon nanotube 
(MWNT) at various concentrations (0.1–1.0 wt.%) was analysed. For this purpose various nylon-6 / MWNT 
nanocomposites were prepared by melt-mixing using a micro-extruder (Thermo-Haake Minilab system, 
240ºC/10min/150rpm) and the effect of MWNT content on the structure and the crystallization of nylon-6 
were examined. The DSC results presented in Figure 1 show that the MWNT act as a nucleating agent for 
nylon-6, which lead to an increase in the crystallization temperature of the matrix in the nanocomposites 
(Tc,nylon-6 = 190.2ºC and Tc,1wt.% MWNT = 194.2ºC). However, the crystallinity value of nylon-6 appears 
unchanged with addition of MWNT (35–36%). The dependence of the crystallization behaviour on 
composition also influences the double endotherm of nylon-6 located at 214.4ºC (Tm1, γ*) and 221.8ºC (Tm2, 
α). The addition of MWNT does not alter Tm2. However, with increasing MWNT content, Tm1 shifts to higher 
temperature due to the improved stability of the more disordered γ* phase, known as the Brill transition [3]. 
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Polyamide-6 (nylon-6) is an important semicrystalline polymer which is used in many engineering products, 
such as fibres, films and various molding articles. Reinforcement of nylon with nanoparticles is one of the 
pioneering areas in the field of nanocomposites. Current investigations are mainly focused on the 
mechanical properties of nylon / carbon nanotubes [1], which are affected by the dispersion of the nantubes 
in the polymer matrix and the interfacial adhesion between reinforcement and matrix. However, knowledge of 
the influence of carbon nanotubes on the thermal behaviour of nylon nanocomposites is still scarce. The 
purpose of this work is to investigate the effect of the concentration single-walled carbon nanotube (SWNT) 
on nylon-6 crystalline phase transition processed by melt-mixing using micro-extruder (Thermo-Haake 
Minilab system, wt.%=0.1-1, 240ºC/10min/150rpm).  

 
Figure 1. WAXS diffractograms of (a, b) crystallization and (c,d) melting of nanocomposites. 

 
DSC studies demonstrate that the addition of SWNT increases the crystallization rate and crystallinity of 
nylon-6. In the same way, the data presented in Figure 1 using synchrotron radiation indicates that nylon-6 
crystallizes first into a pseudo-hexagonal phase (γ*) from the molten state, and then converts to the 
monoclinic form (α) during cooling. The presence of SWNT favours the appearance of the more-disordered 
γ* phase at higher temperature. This reversible crystal-to-crystal phase transition is a gradual and continuous 
process typically observed in nylons upon heating from the RT, known as the Brill transition [2]. The two α 
reflections converge and merge to one peak caracteristic of the γ* phase prior to melting, accompanied by a 
reduction in the width of the double endothermic peaks in the DSC curves. These observations are 
significantly different from those for nylon / 2D-nanoclay composites [3] and nylon / MWNT prepared by in 
situ polimerization [4], probably due to the difference in geometry or morphology of the nanofillers. The 2D-
nanoclay induces the formation of the γ phase. In contrast, MWNT encourages the α phase formation 
without the appearance of the Brill transition.  
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Carbon/polymer composites have been widely used in structural and electrical applications. One of the 
problems in the formation of the composites is the chemical inertia of the carbon surface that makes difficult 
the fibre dispersion and leads to poor fibre/matrix interaction. This problem is common to carbon fibres (CF), 
nanofibres (CNF), and nanotubes (CNT). 

In the present work CF and CNF were functionalized using the 1,3-dipolar cycloaddition reaction as 
described previously [1]. Polycarbonate composites with 10% CF, and with 10% CF and 1% CNF, both pure 
and chemically functionalized, were mixed by extrusion. Composite specimens were prepared by injection 
moulding. The influence of functionalization on the CF/CNF/PC interface was analysed by scanning electron 
microscopy. The modification of the mechanical and electrical properties resulting from the addition of a 
small amount of CNF was studied.   
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It is well known that dispersion forces in extensional flow are two times higher than those arising in 
equivalent shear flow. Pure extensional flow is quite difficult to generate in practice, but it is possible to 
generate flow with a strong extensional component. Therefore, a topic of potential interest is to investigate 
the efficiency of extensional flow in the dispersion of CNT in thermoplastic matrices. 

In order to study the effect of extensional flow on the dispersion of CNT, a die with multiple converging-
diverging sequences (causing flow contraction) was designed, and mounted in a capillary rheometer. The 
use of a rheometer allowed precise control of the flow conditions and resulting stresses/strain by changing 
temperature and output/ram speed. 

Preliminary studies involved pre-mixing the polymer, in powder form, with 5% weight of carbon nanofibres 
(CNF). The rheometer was charged and the material heated to melt during a pre-set time. Then, the ram of 
the rheometer moved down at constant speed, forcing the material to be subjected to repetitive cycles of 
extensional and shear flow. The experience was performed on polypropylene (PP) and non-functionalized 
CNF, and on blend of PP with PP modified with maleic anhydride, and chemically functionalized CNF. The 
CNF were functionalized using the 1,3-dipolar cycloaddition reaction as described elsewhere [1]. 

The evolution of the distribution/dispersion of the CNF in the polymer matrix as the composite passed the 
various converging/diverging arrangements was observed by scanning electron microscopy of the fracture 
surfaces obtained at low temperature (in liquid nitrogen). Electron micrographs of the fracture surfaces are 
presented in the Figure 1. 

The simple flow induced lead to the breakdown of the large agglomerates of CNF into successively smaller 
aggregates. Good distribution of the individual CNF in the matrix was also observed.   
 

a) b) 

 
Figure 1. Distribution of CNF in PP after application of consecutive cycles of extensional flow: a) after the 1st 

cycle; b) after the 10th cycle. 
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Transparent conducting single wall carbon nanotube (SWNT) thin films are of great interest, due to many 
applications under development, as they present a high electrical conductivity and 80-90 \%\ transparency as 
well as they are flexible. They could be useful as transparent electrodes, flexible transistors or sensors [1-3]. 
It has been reported that either the conductance or I(V) characteristics depend strongly on the amount of 
SWNT deposited on the substrate, and on chemical treatment [4-5]. 
We propose a method for quantify the total amount of carbon nanotubes (CNT) presents in a thin film 
through the analysis of TGA's data [6-7]. This method is based on that every material have a different TGA 
profile, so using mathematical algorithms, curve fitting through the adaptive gradient algorithm,  we are able 
to quantify the contribution of each signature to the data. After this we correlate the results with impedance 
analysis and transparency (%T) determined by optical spectroscopy. 
 
 

Figure: Error surface 
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A new composite thin film of the electroactive fullerene-palladium (C60-Pd) polymer and single-wall carbon 
nanotubes, which were non-covalently modified by 1-pyrenebutiric acid (pyr-SWCNTs), was 
electrochemically prepared under multi-scan cyclic voltammetry (CV) conditions and its conductive, 
capacitive and visco-elasitic properties were investigated.  

Structural formulae of Pd-C60   SWCNT non-covalently decorated by 
1-pyrenebutiric acid 

 
The film was prepared in acetonitrile : toluene (1 : 4, v : v) or 1,2-dichlorobenzene contaning C60, 

pyr-SWCNTs, and palladium acetate.  A tetrabutylammonium salt, vis. 0.1 M (TBA)ClO4 or (TBA)PF6, was 
used as a supporting electrolyte.  Peaks characteristic both for pyr-SWCNTs (radial breathing modes, 
RBM) and C60-Pd in the Raman spectra obtained indicate that pyr-SWCNTs were incorporated indeed in 
the film during electropolymerizational synthesis of C60-Pd.  Moreover, the RBM peaks for the 
pyr-SWCNTs film were deconvoluted in the spectrum of the composite presumably due to diverse 
aggregation of pyr-SWCNTs. Mass of the deposited composite film was measured in situ by piezoelectric 
microgravimetry with the use of an electrochemical quartz crystal microbalance.  A quartz crystal 
resonator with its electrode coated by either C60-Pd or the C60-Pd/pyr-SWCNT composite film was 
transferred to a blank supporting electrolyte solution, i.e., 0.1 M (TBA)ClO4 or (TBA)PF6 in acetonitrile, 
and the current, resonance frequency changes, and dynamic resistance changes vs. potential were 
simultaneously recorded in different potential ranges.  Each film revealed electrochemical activity at 
potentials more negative than ca. -0.7 V.  Both cathodic and anodic currents for the C60-Pd/pyr-SWCNTs 
films are almost twice as high as those for the C60-Pd films.  The presence of pyr-SWCNTs in the film 
increased its capacitance, as manifested by the increase of the CV current.  For the potential range 0 
to -1.2 V, changes of both the resonance frequency and dynamic resistance were almost the same for the 
C60-Pd and C60-Pd/pyr-SWCNTs film.  There were distinct differences, however, for potentials 
exceeding -1.2 V.  That is, the frequency rapidly decreased when the potential reached the -1.2 V value in 
the negative excursion of the potential scan.  However, this decrease was three times smaller for the 
C60-Pd/pyr-SWCNTs film than that for the C60-Pd film.  This decrease of frequency was accompanied by 
the increase of dynamic resistance.  Changes of dynamic resistance for the C60-Pd film were three times 
as large as those for the C60-Pd/pyr-SWCNTs film.  This behavior suggests that the C60-Pd/pyr-SWCNTs 
film is more rigid than the C60-Pd film for potentials more negative than -1.2 V.  Moreover, redox 
conductivity of the C60-Pd film doped with pyr-SWCNTs was higher than that of the undoped C60-Pd film.  
The redox conductivity values, determined from the highest slopes of the rising portions of cathodic 
currents in the range ca. -0.6 to -0.8 V, were 9.2 × 10-5 and 14.8 × 10-5 S for the film of C60-Pd and the 
C60-Pd/pyr-SWCNTs composite, respectively.  
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Carbon nanotubes (CNT’s) are promising reinforcements to develop high-performance polymer composites 
due to their extraordinary properties (large aspect ratio, electrical and thermal conductivity and high modulus 
among others). On the other hand poly(ethylene terephthalate) (PET) is one of the most used thermoplastic 
polyesters and due to its characteristics has worldwide consumption only surpassed by the polyolefins. 
Therefore the incorporation of CNT’s to PET in order to obtain composites with enhanced properties is of 
significant interest since very little data are available in the literature [1,2] 

Using Multiwall Carbon Nanotubes (MWCNT’s) grown by the arc-discharge method [3] and commercial PET 
(Poliseda, S.L., Spain) we have prepared PET-MWCNT composites at different nanotube concentrations by 
a melt compounding process using a laboratory scale twin-screw extruder ( 7cm3 ). 

In this communication we present results on the thermal stability and the crystallization behaviour of the 
composites as well as on the dispersion of the CNT’s in the polymer matrix. Although the thermogravimetric 
analysis reveal that thermal stability seems to be unaffected by the presence of the nanotubes, a strong 
influence on the crystallization behaviour of PET is found in DSC measurements. A significant increase in 
the crystallization temperature indicates that the MWCNT’s act as efficient nucleating entities for PET. 
Additionally, images obtained by scanning electron microscopy (SEM) show a relatively good dispersion of 
the nanotubes in the matrix. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
DSC cooling scans (10ºC/min from 300ºC melt) of PET-MWCNT composite samples  

(CNT wt% is indicated) 
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Blocks containing pure carbon nanotubes (CNTs) in the absence of a binder or a matrix are expected to be 
applied in the fabrication of electrodes and biomaterials for supercapacitors, bioelectrodes and biosensors, 
cell growth scaffolding, dental implants and artificial bone structures. These structures could then take 
advantage of the outstanding characteristics of individual CNTs, which could possess a large specific 
surface area and fascinating electronic and mechanical properties [1]. Additionally, covalent 2D and 3D 
network-carbon nanomaterials from 1D building blocks are gaining more importance due to their fascinating 
mechanical and electronic properties that have been predicted recently [2]. However, it is difficult to only 
solidify pure CNTs in the absence of polymer binder. Multi-walled carbon nanotubes (MWNTs) are normally 
inert and reactions on their surface are difficult. In this context, numerous scientists have faced various 
difficulties in incorporating the MWNTs into polymeric, metallic or ceramic matrices due to their weak 
adhesion (interaction) which do not permit the establishment of sp3 hybridized carbon bonding between the 
tube walls and the matrix. Therefore, pure MWNT composite assemblies have the disadvantage that the load 
is not efficiently transferred to the tubes due to the weak adhesion. This results in tube slipping within the 
matrix, and the presence of sp3-hybridized covalent bonds among nanotubes is significantly inhibited [3].  

In this study we demonstrate that an advantageous method for producing active cross-linking sites on the 
surface of nanotubes is de-fluorination of MWNTs. Fluorination of CNTs is a very important functionalization 
method, since it can be controlled up to full C2F surface coverage, improving solubility and processability, 
and can be followed by full de-functionalization again [4]. As de-fluorination of fluorinated single-walled 
carbon nanotubes (SWNTs) is carried out using thermal treatments at 673-1237 K in vacuo, some volatile 
fluorinated carbonaceous molecules such as CFx decompose [4,5], and de-fluorinated SWNTs could then 
contain active sites all over their surface. Here we report on the production and excellent mechanical and 
electronic properties of free-standing solidified MWNT blocks by de-fluorinating fluorinated MWNTs. The 
method is able to introduce a large number of sp3-hybridized cross-linking among the nanotubes, via a 
spark-plasma sintering (SPS) apparatus operating under 80 MPa at 1273 K for 10 minutes. A theoretical 
mechanism based on theoretical Molecular Dynamics (MD) simulations is also presented for explaining the 
de-fluorination cross-linking process. 

[1] R. H. Baughman, A. A. Zakhidov, W. A. de Heer, Science 2002, 297, 787. 
[2] J. M. Romo-Herrera, M. Terrones, H. Terrones, S. Dag, V. Meunier, Nano Lett. 2007, 7, 570. 
[3] P. Calvert, Nature 1999, 399, 210. 
[4] Z. Gu, H. Peng, R. H. Hauge, R. E. Smalley, J. L. Margrave, Nano Lett. 2002, 2, 1009. 
[5] E. T. Mickelson et al., Chem. Phys. Lett. 1998, 296, 188. 
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The potential optical limiters in the protection of sensors from intense laser pulses has been studied in order 
to examine new nanomaterials which exhibit superior optical limiting properties. Carbon nanotubes have 
emerged as a new candidate of material with potential optical applications, and their optical limiting 
properties have been studied [1-3]. It has been reported that the localized heating due to absorption of laser 
pulse energy can lead to ionization of carbon nanotubes, forming rapidly expanding microplasmas [4]. The 
generated heat is transferred to the surrounding medium (destilled water or chloroform), forming 
microbubbles. These microplasmas and microbubbles strongly scatter light from the transmitted beam 
direction, leading to a decrease in the measured transmitted light energy. 

Silver (Ag) nanoparticles have been well-known to possess large nonlinear optical properties and ultrafast 
response times. Their optical properties have been actively studied by picosecond and femtosecond lasers 
in the surface plasmon absorption region [5]. Ag nanoparticle/SWCNTs is considered to be a new class of 
optical limiters. Here, we report the decoration of 10 nm diameter Ag nanoparticles to single-wall carbon 
nanotubes (SWCNTs) in an effort to investigate the optical limiting properties with an broad band. We 
characterized that Ag nanoparticles decorated on the surface of the bundled SWCNTs using scanning 
electron microscope (SEM) and transmission electron microscope (TEM). The result will be reported in detail 
and discussed. 

 

 
Figure 1. SEM image of Ag nanoparticle/SWCNTs. 

 
[1] X. Sun, R. Q. Yu, G. Q. Xu, T. S. A. Hor, W. Ji, Appl. Phys. Lett. 1998, 73, 3632. 
[2] J. E. Riggs, D. B. Walker, D. L. Carroll, Y. P. Sun, J. Phys. Chem. B 2000, 104, 7071. 
[3] L. Liu, S. Zhang, T. Hu, Z. X. Guo, C. Ye, L. Dai, D. Zhu, Chem. Phys. Lett. 2002, 359, 191. 
[4] P. Chen, X. Wu, X. Sun, J. Lin, W. Ji, K. L. Tan, Phys. Rev. Lett. 1999, 82, 2548. 
[5] P. V. Kamat, M. Flumiani, G. V. Hartland, J. Phys. Chem. B 1998, 102, 3123. 
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Mammography screening is one of the attractive techniques to find out the breast cancer. It is a radiography 
method that compresses breasts with two boards in order to find out the cancer or calcification, indicating the 
existence of early breast cancer. Although the iodinated contrast material has been used, the blood 
capillaries around cancer have not been caught well with the present screening techniques. During the 
radiography, clearer contrasting images can be obtained by characteristic X-rays with an X-ray absorption 
edge that is shorter than that of the target materials. Lanthanum (La) containing materials are suitable for X-
ray target materials as the characteristic X-rays of La (33.3 keV) are just shorter than the X-ray absorption 
edge of iodine (33.2 keV). An X-ray target material requires high melting point, heat conductivity, and electric 
conductivity. For example, Lanthanum possesses low melting point (1,191K), low heat conductivity (13.4 
W/m�K), and Lanthanum oxide (La2O3) possesses low electric conductivity. So these two materials are not 
suitable for X-ray target materials. In contrast, lanthanum carbide-encapsulating carbon nanocapsules 
(LaC2@CNCs), consisting of several graphene sheet capsules, are suitable for X-ray target material because 
they are expected to have high melting point (2523 K: LaC2), heat conductivity (129 W/m�K: graphite), and 
electric conductivity (3×104 S/cm: graphite). Here, we report solidification process and evaluation of 
LaC2@CNC/LaB6 composites. 

LaC2@CNCs were synthesized by a direct current arc-discharge method between pure graphite rod and 
metal-loaded graphite rod [1]. The anode rod was drilled and filled with composite of lanthanum oxide (La2O3) 
powder and graphite to make rod to contain 1.0 atom percent of La. Arc discharge was run with helium 
pressure of 100 Torr and arc-discharge current of 70 A. After arc discharging, the cathode deposit, 
containing LaC2@CNCs, was collected and ground using an agate mortar. Next, the ground sample was 
treated with 1M HCl acid in 333 K for 12 hours to remove La2O3. The resulting sample was ground using 
satellite mill in dry condition for 30 minutes with lanthanum boride (LaB6) powder, used as a binder. Each 
composite contained 20, 30, 40, and 50 weight percent of the cathode deposit. Spark plasma sintering (SPS) 
condition was carried out by varying the sintering pressure from 80 to 120 MPa and the sintering 
temperature from 1123 to 1323 K in order to make a sintered solid of 10 mm in diameter [2]. The surface 
morphology and physical properties of the resulting sintered solid were characterized. The each result of the 
sintering solid will be reported in detail and discussed. 
 
[1] R. S. Ruoff, D. C. Lorents, B. Chan, R. Malhotra, S. Subramoney, Science 1993, 259, 346. 
[2] G. Yamamoto, Y. Sato et al., J. Mater. Res. 2005, 20, 2609. 
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Organic semicondutors are currently regarded as promising candidate for application in the energy 
conversion field, such as large-area photodetectors [1-2] and solar cells [3-4]. In this work we perform 
studies on optical and electrical properties of conjugated copolymers/carbon nanotubes composites with the 
purpose of developing electro-optic devices, in special a photovoltaic cell. The chosen materials are the 
polymer MeHPPV and the comercial sample single-walled carbon nanotubes (SWNT) CoMoCAT® [5]. The 
CoMoCAT® samples are composed of 90% of semiconductor tubes, characterized by Raman spectroscopy 
[6]. Both polymer and purified (SWNT) or functionalized (SWNT-COOH) tubes were previously dispersed in 
organic solvents (NMP, N-Methyl-2-pyrrolidone and THF, tetrahydrofuran) by sonication and then mixed 
together to obtain composite systems. The composite films were prepared by casting technique and 
deposited on quartz substrate for optical measurements and metalic/glasses substrates for other 
measurements. The MeHPPV/SWNT systems were characterized by AFM, FTIR, electrical and optical 
absorption and emission measurements. Our results evidence a polymer-SWNT interaction, which does not 
significantly change the optical properties of the luminescent polymer. Besides, the electrical conduction of 
the composite material is increased when compared to the neat polymer. These results make the 
MEHPPV/SWNT composites candidate materials for application in photovoltaic devices. 
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Figure: Absorption and emission spectra for MEHPPV, SWNT and the MEHPPV/SWNT composite. 

 
[1]Yu, G.; Zhang, C.; Heeger, A.J.; Appl. Phys. Lett., 1994, 64 (12), 1540. 
[2]Yu, G.; Pakbaz, K.; Heeger, A.J.; Appl. Phys. Lett., 1994, 64 (25), 3422. 
[3]Tani, T.; Grant, P. M.; Gill, W. D.; Street, G. B; Clarke, T. C.; Solid State Commun. 1980, 33, 499. 
[4]Yu, G.; Heeger, A.J.; Appl. Phys. Lett., 1995, 78, 4510. 
[5]http://www.ou.edu/engineering/nanotube/comocat.html 
[6] Jorio, A.; Santos, A. P.; Ribeiro, H. B.; Fantini, C.; Souza, M.; Vieira, J. P. M.; Furtado, C. A.; Saito, R.; 
Balzano, L.; Resasco, D. E., Quantifying carbon nanotube species with inelastic light scattering., Physical 
Review B - Condensed Matter and Materials Physics, v. 72, p. 07520, 2005. 
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One-dimensional (1D) nanoscale materials possess superior mechanical properties compared to their bulk 
counterparts [1]. Unidirectional composites made of carbon nanotubes (CNTs) - the ultimate reinforcement 
nanomaterial - embedded in electrospun poly(methyl methacrylate) (PMMA) fibres may possess unique 
mechanical properties.   

In this work, PMMA and CNT reinforced PMMA nanofibres were prepared by a versatile electrospinning 
process. CNTs used in this work are pristine and two types of chemically modified CNTs. Subsequently, 
mechanical properties were measured with a home-made nano-tensile tester in laboratory conditions to 
eliminate any electron beam damaging effects when such test are performed in a scanning electronic 
microscope (SEM) [2]. Compared to our previous work [2], in which pure and CNT-PMMA electrospun fibres 
were tested in the SEM chamber, fibres tested under ambient conditions show much higher strengths and 
Young’s moduli. The mechanical properties of PMMA fibre were affected in differing ways when different 
types of CNTs were embedded. In general, functionalization improved the CNT dispersion in the PMMA 
matrix but at the cost of weakening the CNTs by introducing defects in their structure, which therefore 
affected the mechanical properties of the electrospun composite fibres. Theoretical predictions were carried 
and compared with the experimental data. Fibers mixed with pristine CNTs appear to have the optimum 
combination of mechanical properties. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Stress-strain curves. 
 
 
 
[1] Yu, M. F., Lourie, O., et al., Science 2000, 287, 637.  
[2] Liu, L. Q., Tasis, D., et al., Adv. Mater. 2007, 19, 1228. 
 

mailto:daniel.wagner@weizmann.ac.il
mailto:xiaomeng.sui@weizmann.ac.il


P62 COMPOSITES  
 

134  ChemOnTubes 2008, 4-6 April 2008 Zaragoza, Spain 

 
Characteristics of carbon nanotube-polyester 

elastomer nanocomposites 
Anna Szymczyk,a Zbigniew Roslaniecb 

a Institute of Physics, Szczecin University of Technology, Piastow Av. 48, Szczecin, Poland 
b Institute of Materials Science and Engineering, Szczecin University of Technology, Piastow Av. 19, 

Szczecin, Poland 
e-mail: anna.szymczyk@ps.pl 

 
 
The polymerization of propylene glycol (PG), dimethyl terephthalate (DMT) and poly(tetramethyleneoxide) 
(PTMO) in the presence of a COOH functionalized single wall carbon nanotubes (SWNT-COOH, dispersed 
in organic solvent) was carried out to generate in situ the respective PTT-PTMO/SWNT-COOH 
nanocomposite. The influence of type (SWCNT) surface character (functionl groups) and concentration of 
CNTs on the morphology, interphase interactions, mechanical properties of carbon nanotubes/polyester 
elastomer nanocomposites were studied. It was expected that COOH functionalization of SWNTs can 
improve the dispersion of CNT in polymer matrix. The COOH groups of CNTs during synthesis of PTT-
PTMO composites can react (forming ester bonds) with PTT. 

Composites containing 0.05, 0.1, 0.2, 0.3, 0.5 wt % of SWNT-COOH in poly(trimethylene terephthalate)-
block-poly(tetramethylene oxide) (PTT-PTMO) matrix have been studied by using differential scanning 
calorimetry, dynamic mechanical thermal analysis, thermogravimetric analysis and tensile testing. The 
microstructure of nanocomposites and dispersion of SWNT-COOH in the polymer matrix were examined by 
scanning electron microscopy (SEM, Fig.1) and atomic force microscopy (AFM). 
 

  
 

Fig. 1. SEM pictures of fracture surface PTT-PTMO/ 0.5 wt % of SWNT-COOH. 
 
For composites containing 0.05-0.3 wt % of SWNTs-COOH, the improvement of mechanical properties was 
observed.The microscopic investigations have shown that PTT-PTMO/SWNT-COOH nanocomposites have 
rather homogenous distribution of CNTs in polymer matrix. Some individual nanotubes pulled out from the 
matrix during fracturing and also the places with highly entangled nanotubes (Fig.1) were observed.  
 



 COMPOSITES P63 

 ChemOnTubes 2008, 4-6 April 2008 Zaragoza, Spain 135 

 
Structural and Mechanical Properties of 

Polystyrene Nanocomposites with 1D Titanate 
Nanostructures Prepared by Extrusion Process 

Polona Umeka,  Miroslav Huskićb, Andrijana Sever Škapinc, Urška Florjančičd, 
Barbara Zupančičd, Igor Emrid, and Denis Arčona,e 

aJožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia 
bNational Institute of Chemistry, Slovenia, Hajdrihova 19, 1000 Ljubljana, Slovenia 

cSlovenian National Building and Civil Engineering Institute, Dimičeva 12, 1000 Ljubljana, Slovenia 
dCenter for Experimental Mechanics, Faculty of Mechanical Engineering, University of Ljubljana, Aškerčeva 

6, 1000 Ljubljana, Slovenia 
eFaculty of Mathematics and Physics, University of Ljubljana, Jadranska 19, 1000 Ljubljana, Slovenia 

e-mail : polona.umekt@ijs.si  
 
 
Synergetic combination on a molecular level of physical and chemical properties of inorganic and polymeric 
components is the main driving force in the research of novel nanocomposite systems. These materials 
frequently show improved properties, such as enhanced mechanical strength, thermal stability or higher 
chemical resistance, which are useful characteristics for emergent technological applications [1]. It has been 
demonstrated recently, that nanotubes derived from TiO2 can be grown in large quantities under 
hydrothermal conditions [2,3]. We have also reported [4], that the TiO2-derived nanoribbon's have average 
Young's modulus of about 260±55 GPa and that they show good catalytic activity towards NOx degradation 
[5]. These results suggest that TiO2 derived nanotubes and nanoribbons with their elastic properties and high 
active surface area may be used in polymer composites as reinforcement additive as well as the key feature 
for additional composite functionality. 
Polystyrene nanocomposites with titanate nanotubes and titanate nanoribbons were prepared with an 
extrusion process at 180 °C. Nanocomposites with 1 wt. % of nanofillers and pure polystyrene that was also 
exposed to extrusion process were comparatively examined with SEM, EDS mapping, solid state 1H NMR, 
tensile tests, and shear creep measurements. SEM images and EDS mapping analysis show that titanate 
nanoribbons homogeneously distribute at a micrometer length-scale in the polystyrene matrix during the 
extrusion process. This is not the case for titanate nanotubes, which show stronger tendency to form clusters. 
Solid state 1H NMR studies proved that nanocomposites are however inhomogeneous at a nanometric scale 
where structural components with highly mobile polystyrene molecules coexist with domains of rigid 
polystyrene molecules. Differences in the 1H spin-lattice relaxation at and above glass transition temperature 
Tg=373 K may suggest that nanofillers affect thermodynamic properties of nanocomposite domains [6]. Only 
a slight increase in mechanical tensile properties was observed in the case of the nanocomposite containing 
1 wt. % of titanate nanoribbons probably reflecting a weak interaction between the polymer matrix and the 
nanofiller.  Nevertheless, our results prove that the use of functionalized TiNRs may in combination with 
extrusion process represent a very promising starting point for the preparation of TiNRs nanocomposites at 
the industrial level. 
 
 
 
[1] Special issue: Organic-Inorganic Nanocomposite Materials in Chem. Mater. 2001, 13, 10. 
[2] T. Kasuga, M. Hiramatsu, A. Hoson, T. Sekino, Adv. Mat. 1999, 11, 1307. 
[3] P. Umek, R. Cerc Korošec, B. Jančar, R. Dominko,  D Arčon, J. Nanosci. Nanotechnol. 2007, 7,1. 
[4] P. Umek, P. Cevc, A. Jesih, A. Glotter, C.P. Ewels, D. Arčon, Chem. Mater. 2005, 17, 5945. 
[5] M. Humar, D. Arčon, P. Umek, M. Škarabot, I. Muševič, G. Bregar, Nanotechnology 2006, 17, 3869. 
[6] Polona Umek,  Miroslav Huskić, Andrijana Sever Škapin, Urška Florjančič, Barbara Zupančič, Igor Emri, 
Denis Arčon, submitted for publication to Eur. Polym. J. in November 2007. 
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The exceptional thermal, electrical and mechanical properties of carbon nanotubes, combined with their low 
density and high aspect ratio, suggest that they are especially promising materials for composite 
reinforcement. Carbon nanotube PVC composites containing mass fractions of nanotubes of up to 1wt.% 
were prepared by electrospinning. Mechanical properties of composites were analysed using tensile testing. 
Further improvement in the properties was observed through alignment of the fibres through use of a rotating 
collector drum. Scanning electron microscopy (SEM) was used to observe uniformity, alignment and size of 
the fibers. 
 
 

 
 

Figure 1. SEM image of PVC fibers produced by electrospinning. 
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Carbon nanotubes (CNTs) are probably the most studied nanomaterials in the last decade[1]. Apart from 
being very interesting from a theoretical point of view, carbon nanostructures have a wide range of potential 
applications, owing to their remarkable physical and chemical properties. Exploring the applications of 
carbon nanostructures in a reliable way requires a sample characterization as precise as possible. Study of 
chemical fuctionalization of carbon nanotubes is important to understand their potential applications  
including nanowires and nanoelectronic devices [2-3]. 

In this research, the stability and the structures of the adducts obtained from the cycloaddition  of       o-
benzyne, oxygen and Nitrene derivatives  to different nanotubes have been studied. In addition, high-level ab 
initio and density functional calculations are shown to provide strong evidence to evaluate the energies and 
geometries for [1+2], [2+2] and [4+2] cycloaddition adducts. Our study show that the [2+4] products are more 
strongly bound than the [2+2]  ones. The geometries of  the [2+2] and [2+4] products for addition of o-
benzyne to different nanotubes are shown in Figure 1. In this work aromaticity of these systems based on 
magentic criteria [4]  was also studied. 
 

                                    
                                                    a)                                                     b) 

 
 

Figure 1. [2+4] adducts of benzyne to  a) a C(8,8) and  b) a  Single- walled  carbon nanotube. 
 
 

 
 
 
 
[1] T. W. Ebbesen.,  Carbon Nanotubes, Phys. Today, 1996, 27. 
[2] R.Taylor , D. R. M.  Walton., The Chemistry of Fullerens , Nature, 1993, 685. 
[3] K. Mylvaganam, L. C. Zhang., J. Phys. Chem. B. 2004, 108, 5217. 
[4] H. Fallah-Bagher-Shaidaei, C.  S. Wannere, et al ., Org. Lett, 2006, 8, 863. 
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In the recent years, fluorination has been extensively studied as it provides an important and emerging 
process for functionalising and chemically activating carbon nanotube structures. The first fluorination of 
multi-walled carbon nanotubes was performed ten years ago, followed by single-walled nanotube fluorination 
two years later.[1] The reaction is fast and exothermic and obtained fluorinated nanotubes can be solubilised 
in polar solvents, and act as precursors for further chemical functionalisation upon nucleophilic 
substitution.[1] Potential applications of these compounds include supercapacitors,[2] electrodes in lithium-
ion batteries [3] and lubricants,[4] as well as for the development of novel materials.[5] Different methods of 
fluorination are known through either using atomic fluorine,[6] F2 gas with HF as a catalyst,[7] BF3 gas [8] or 
CF4 plasma functionalisation.[9] 

In this theoretical study, the reaction mechanism of the fluorination process is presented. It has been 
experimentally shown that the addition of fluorine to nanotubes gives two different patterns depending on the 
experimental conditions. Calculations of fluorine binding and migration on carbon nanotube surfaces indeed 
shows that fluorine forms different surface superlattices at increasing temperatures. The ordering transition is 
controlled by the surface migration barrier for fluorine atoms to pass through next neighbour sites on the 
nanotube, explaining the transition from semi-ionic low coverage to covalent high coverage fluorination 
observed experimentally for gas phase fluorination between 200 and 250ºC.[10-11]  
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Experimental evidence for charge concentration at the tip of carbon nanohorns is observed by the 
occurrence of carbon fullerenes attached to their outer surface at specific locations. It is believed that the 
fullerenes are attracted toward the charge concentration located at the tip of the nanohorns. 

In order to investigate this further, using large density functional cluster calculations, we investigate the 
interaction between carbon fullerenes (C60) and carbon nanohorn tips containing different numbers of 
pentagons. Interactions are classified into three types:  weak chemisorption, dispersion force interaction, and 
defect induced covalent cross-linking.  Calculations (from 120 to 410 atoms) cover a range of cone angles 
from flat graphene, through 114º, 84º, 60º, 39º and 20º to fullerene pair interaction.  Full DFT/LDA 
calculations are performed using the AIMPRO code, in a variety of charge states.  The influence of 
dispersion forces are considered independently using a potential term (from the DFTB+ code), and radiation 
damage cross-sections are calculated explicitly. 

We compare the results of the calculations with experimental observation of fullerene-nanohorn interaction 
during carbon nanohorn growth, and examine correlation between cone angle, charge concentration at cone 
tip, and binding energies.  Conclusions are drawn concerning the chemical reactivity of carbon nanohorn tips. 
 

 
 

Left: HRTEM images of fullerene bonded to a carbon nanohorn tip. 
Right: DFT cluster model of C60 bonded to a carbon nanohorn. 
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Creating direct links or networks between carbon nanotubes can be applied in the development of new 
electronic components or nanotube-nanotube composites.[1] But in order to fabricate these junctions or 
networks, exhibiting novel electronic properties, a better understanding is needed of the nanotube reactivity 
and their linking mechanism. Although routes exist for linking carbon nanotubes at defect sites, a better 
control of the introduction and type of these interconnections is still needed. An alternative way to achieve 
nanotube coalescence or inter-connect carbon nanotubes can also be achieved by introducing novel types of 
imperfections to catalyse the formation of covalent nanotube interconnections. 

Recently, free-standing solidified MWNT blocks have been produced by de-fluorinating fluorinated 
MWNTs.[2] The method is able to introduce a large number of sp3-hybridised cross-linking among the 
nanotubes, with excellent mechanical and electronic properties as a result. In order to gain insight in the 
mechanisms involved, a theoretical analysis using semi-empirical AM1 Molecular Dynamics simulations at 
different temperatures is presented in this work.  

In a second approach, the use of Boron is also investigated as a possible route for linking carbon nanotubes. 
This methodology is experimentally applied for inducing coalescence between double-walled carbon 
nanotubes.[3,4] Based on a theoretical investigation using both ab initio and MD simulations, an alternative 
use of this methodology is now proposed for creating direct links between carbon nanotubes to create 3D 
networks. 
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Oxidation of fullerenes and carbon nanotubes is one of the most fundamental of their chemical 
functionalisation reactions, occurring spontaneously at defect sites, as well as through deliberate introduction, 
for example via plasma functionalisation.[1] Oxidation can lead to electronic doping, increased surface 
reactivity, and ultimately to material degradation and failure. Controlled oxidation can lead to useful 
functionality, for example oxidised nanotubes can be applied in gas sensor applications.[2] 

Fullerene oxides were the first fullerene derivative found to exist, and can be formed by a wide of methods 
such as by reaction with dimethyldioxirane, photo-oxidation, ozonolysis, etc. The epoxide is one of the most 
versatile functionalities and provides easy access to further modification.[3] 

In this work we present a theoretical analysis of nanotube and fullerene oxidation. We compare oxidation 
behaviour in terms of aromaticity and binding sites and structures. These results are compared with 
oxidation to heterofullerenes [4] and defect site oxidation in nanotubes, and the kinetic and thermodynamic 
aspects of the oxidation process for both fullerenes and carbon nanotubes are contrasted. The possible 
application of hybrid applications such as fullerenes as oxygen traps in nanocomposite synthesis is 
discussed for next-generation material design. 
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The extraordinary strength and stiffness of carbon nanotubes (CNTs) [1,2] and their high aspect ratio post 
them as exceptional reinforcements even for ceramic matrices. However, prior to adding nanotubes into a 
matrix, it is necessary to overcome their tendency to form large rope-like aggregates (Fig. 1a). There are 
numerous studies about dispersal of CNTs in aqueous media using organic surfactants [3], being sodium 
dodecyl sulphate (SDS) one of the most common.  

In the present work, multi-walled carbon nanotubes (MWNTs), synthesized by supported catalyst chemical 
vapour deposition (CVD) method [4] were dispersed in both alcoholic and water media. A dispersion study of 
these MWNTs based on the use of both mechanical treatments in ethanol and surfactants in aqueous media 
were done. SDS and Gum Arabic (GA) were selected as dispersants varying the dispersant/MWNTs weight 
ratio from 0.025 to 25. The comparison among the different dispersion treatments was realized by scanning 
electron microscopy (SEM) and, in some cases, by transmission electron microscopy (TEM). 
Thermogravimetry (TG) and differential thermal analysis (DTA) were conducted for both dispersants to 
determine the temperature for the complete organics burning out. Different drying processes including 
freeze-drying of the nanotube suspensions were investigated. 

The aqueous suspension of GA/MWNTs (0.25 weight ratio) was the most effective in disentangling as-
synthesized nanotubes. This nanotubes suspension has remained stable for about one year. Dried 
individualized carbon nanotubes were available using a freeze-drying step (Fig. 1b), and the organics were 
almost completely burnt out heating the nanotubes at 300ºC.  
 
 

 
Figure 1. SEM views of the MWNTs: (a) ropes of nanotubes in their as-produced stage and (b) aspect of 

nanotubes after the dispersing and freeze-drying treatments. 
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Since their discovery in 1993, the much heralded properties of single walled carbon nanotubes (SWNTs) 
have not been realised to their full potential due to their propensity to bundle with one another via Van der 
Waals interactions and the diminished properties that result from this bundled state. The literature is 
peppered with various techniques to debundle SWNTs, most of which rely on covalent or non-covalent 
functionalisation of the SWNTs in order to change the solvent-nanotube interaction. This type of three phase 
system has had success. However, the effect of covalent attachments on the electronic properties of pristine 
SWNTs cannot be ignored. Neither too can we neglect the role this third dispersant phase may play in the 
implementation of the debundled SWNTs in any composite. Thus, we arrive at the situation where a simple 
two phase system of SWNTs being exfoliated in an appropriate solvent would be of great benefit to any 
possible user.  

Recently, work from our group has demonstrated debundling by dilution in the common amide solvent N-
Methyl-Pyrrolidone (NMP) [1]. This demonstrated high populations of individual SWNTs confirmed by 
spectroscopic and microscopic techniques. The benefits accruing from this have been measured in various 
composite materials reported by our group. More recently, we have demonstrated spontaneous debundling 
of SWNTs in NMP: it should be stressed that this debundling occurred without the need for sonication. 
Figure 1 shows the trend of average bundle diameter as a function of SWNT concentration. We compare the 
sonicated dispersions to the non-sonicated samples and show that after a period of approximatly 150hrs the 
non-sonicated dispersions are debundled to the same extent as the sonicated dispersions. This spontaneity 
would suggest that the SWNTs are soluble in NMP. To that end, we investigated the various components of 
the free energy of mixing for such a reaction. The entropic component was described using Flory’s model of 
mixing rigid rod-like molecules. Modelling the enthalapic element, we arrived at an expression with a very 
similar form to the famous Scratchard Hildebrand equation – the basis of the like-dissolves-like rule familiar 

to chemists. We show that by matching the surface 
energy of the solvent to the surface energy of the 
SWNT, we obtain optimum debundling of SWNTs: this 
match corresponds to a minimised enthalpy of mixing 
component which would again point toward a SWNT 
solution. To verify this, using Flory’s theory for mixing, 
we express the conditions required for a solution in 
terms of the Flory Huggins parameter. An absolute 
measure for the Flory Huggins parameter was obtained 
using dynamic light scattering. Comparing this 
experimental value to the theoretical requirement for a 
solution, we confirm that SWNTs are soluble in NMP.  

 
 
Figure 1. Average Bundle Diameter versus SWNT 
concentration. Spontaneous debundling of SWNTs is 
outlined. 
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High Resolution TEM (HRTEM) images have been recorded, showing that long natural DNA progressively 
wraps around single-walled carbon nanotubes (SWNTs) over time. SWNTs were dispersed in water using 
natural double-stranded salmon testes DNA and monitored over a three month period. A time-dependent 
sharpening of the van Hove absorption peaks and a progressive increase in the intensity of the near-IR 
photoluminescence (PL) spectra was observed during this time. Well-resolved absorption spectra and 
intense fluorescence peaks are an indication of a large population of individually dispersed SWNTs, while 
the aggregation is known to quench fluorescence and broaden the van Hove peaks [1]. By this 
understanding, one conclusion is that considerable debundling must occur in the DNA-SWNT samples over 
time. However, AFM analysis shows that a large population of individual SWNTs are present throughout and 
that the nanotube bundle diameter distribution does not change significantly during this time. Consequently, 
another mechanism must be responsible for the observed changes. It is known that the nanotubes’ optical 
properties are sensitive to their chemical environment [2]. We therefore suggest that changes in the 
interaction between the nanotubes and DNA could be responsible for the observed changes. We show, 
using HRTEM, that the DNA coating on the nanotube grows with time and that the improvement in the NIR-
PL and absorption spectra coincides with the completion of a full monolayer coating of DNA on the nanotube. 
HRTEM images recorded at this time clearly show helical wrapping of the DNA around the SWNT. In 
addition, circular dichroism spectroscopy (CD) was utilised to observe the free DNA in solution. It was found 
that the intensity of the CD signal reduced over time as the quantity of free DNA in solution decreased as a 
result of DNA wrapping. We suggest that the DNA wrapping may facilitate the restoration of the NIR-PL and 
absorption spectra by the removal of surface oxides from the nanotube sidewalls [3].  
 
 
 

 
 

HRTEM image of DNA wrapping around a SWNT. 
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[3]  Dukovic G., Balaz M., et al., JACS. 2004, 126, 15269. 
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Carbon nanotube films are known for their exceptional electrical and tensile properties and may provide the 
basis for the next revolution in the flat panel displays. In particular, it is expected that they will find an 
application as a flexible electrode material for e-paper type applications. For this to be a reality, the electrical 
properties of nanotube films must be robust against bending, flexing and rolling. Using carbon nanotube film 
on PET we have tested and characterised the behaviour of these films under various stress regimes 
including compression, tensile and adhesion tests. Comparisons have been made between these films and 
other thin films on PET such as gold and ITO. Tested films have been imaged to try to understand 
mechanical changes at a fundamental level.  
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Carbon-nanostructures, such as Carbon Nanotubes (CNTs), thin graphene type layers, and disordered 
graphite layers are under investigation for beyond the roadmap electronic circuits. Besides the synthesis of 
homogenous nano-materials with reproducible properties the placement and contacting remain mayor 
challenges of the bottom-up approach. Devices fabrication requires reproducible and scaleable processes 
compatible with semiconductor production lines. It will be shown that devices, on the base of nano-structures 
have potential for successful integration in terms packing densities, performance benefit, and integration. 
Pathways to realize such devices, which are conducted at the Centre for Research on Adaptive 
Nanostructures and Nanodevices (CRANN) will be shown. The integration employs in-situ CVD growth of 
nanostructures directly onto pre-patterned substrates, contacting and electrical testing with scaleable 
methods. 
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Spectroscopic characteristics of aqueous surfactant suspensions of single wall carbon nanotubes (SWNT) 
are very sensitive to environmental conditions [1-3]. For example, the photoluminescence of semi-conducting 
SWNTs varies significantly with concentration [4], temperature [5], pH [6] or salinity [7]. In most cases, these 
factors restrict the range of applicability of SWNT suspensions. Here we report a simple strategy to obtain 
stable and highly luminescent individualized SWNTs at pH ranging from 1 to 11, as well as in highly saline 
buffers. It relies on combining SWNTs previously suspended in sodium dodecylbenzene sulfonate (SDBS) 
with biocompatible (poly) vinyl pyrrolidone, (PVP), which can be polymerized in-situ to entrap the SWNT-
SDBS micelles. We present a model that accounts for the photoluminescence stability of these suspensions 
based on PVP morphological changes at different pH. Moreover, we demonstrate the effectiveness of these 
highly stable suspensions by imaging individual luminescent SWNT on the surface of live human embryonic 
kidney cells (HEK cells).           

     
a. Fluorescence intensity of SDBS-SWNT (black) and PVP-SDBS-SWNT (red) as a function of pH. 

b. In-situ polymerization of VP around the SWNTs. 
c. Near-infrared luminescence images of individual PVP-SDBS-SWNT in HEK living cells. 
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The current bottleneck to carbon nanotubes (CNT) application in composite materials field consists in the 
difficulty of dispersing them in solvents. As a result of strong van der Waals interactions, as produced CNTs 
are tightly bundled in ropes of several tubes, rendering the carbon-powder insoluble in aqueous and organic 
liquids and thus unprocessable [1]. The interest in applications that require water-soluble CNTs is growing 
and many attention is being directed to the study of surfactant aqueous solutions [2]. In a typical dispersion 
procedure, after the surfactant has been adsorbed on the nanotube surface by hydrophobic or π-π 
interactions, ultrasonication helps nanotubes debundling, providing a mechanical energy able to overcome 
van der Waals interactions in CNT bundles. The electrostatic repulsion between surfactant polar heads that 
remain in solution allows the colloidal stability [3]. 

In this work the dispersibility of HiPCO Single Walled Carbon Nanotubes (SWNT) in different surfactant 
solutions has been evaluated by using UV-vis and Raman spectroscopies. UV absorbance at specific 
wavelengths as well as intensity of SWNTs characteristic Raman bands have been studied as a function of 
sonication time for each type of surfactant. Analysis of aqueous solutions using transmission light 
microscopy has been carried out. Moreover, the morphology of SWNTs films obtained by solutions drying 
has been observed by using Atomic Force and Scanning Electron Microscopies. 
  
 

 
 

Evolution of the absorbance at 237 nm as a function of sonication time for a CTAB-aqueous 0.02 SWNT wt% 
solution 

 
 
 
[1] Thostenson E.T., Ren Z, Chou T.W., Composites Science and Technology. 2001, 61, 1899. 
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[3] Grossiord N., Regev O., Loos J., Meuldijk J., Koning C.E., Analytical Chemistry. 2005, 77, 5135 
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Dispersions of Single Walled Carbon Nanotubes (SWNTs) were prepared using Polyethyleneoxide (PEO)-
Polypropileneoxyde(PPO)- Polyethyleneoxide (PEO) triblock copolymer as dispersing agent. PEO was used 
as one of the monomers because of its good affinity to water. The second monomer, PPO, was chosen for 
being more hydrophobic than PEO in order to reach good interactions with SWNTs surface in aqueous 
media. Thus, several series of polymer’s aqueous solutions were made varying both polymer and SWNTs’ 
concentration. Applying sonication and controlling experimental conditions, fine and stable dispersions were 
obtained. The dispersed SWNTs were characterized by TEM, Raman Spectroscopy and XRD. The 
debundling of SWNTs and the possibility of influencing SWNTs’ alignment are major goals, specially in the 
field of nanocomposite materials. Besides, the introduction of the dispersed SWNTs into a polymeric matrix, 
epoxy resin, in order to have a composite material is considered here to be promising since copolymers are 
chosen also attending to matrix’s affinity. 
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Since their first discovery in 1991 by lijima [1], CNTs have been the focus of considerable research and they 
rank among the most exciting new developments in modern science and engineering. Numerous 
investigators have since reported remarkable and exceptional properties. The unique electrical, mechanical 
and chemical properties of CNTs have suggested applications in a variety of fields such as: polymers and 
ceramics, energy storage, nanoelectronics, health and medical applications and others. 

Our aim in this research is to investigate the effect of temperature in the range of 550°C to 800°C on the 
diameter and length of multiwalled carbon nanotubes synthesized by catalytic chemical vapor deposition 
(CCVD). We have also studied the effect of oxidative acid treatments (HNO3/H2SO4 and  KMnO4/H2SO4) on 
the CNTs obtained at different temperatures. Characterization of products has been performed with 
Transmission Electron Microscopy (TEM) and Field Emission Scanning Electron Microscopy (FESEM). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

FESEM pictures illustrating the synthesis temperature influence: (a) 600 °C and (b) 800 °C. 
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We report dispersion, stability and loading of unfunctionalized isolated Single Wall Carbon nanotubes 
(SWNTs) in N-Methyl 2 Pyrrolidone (NMP). By Photoluminescence (PL) excitation and absorption 
spectroscopy, we show that the isolated SWNTs obtained by ultrasonic treatment in pure NMP gradually 
form aggregates. Such aggregations can be markedly slowed down by Polyvinylpyrrolidone (PVP) addition 
which physically adsorbs on the nanotube surface [1]. When PVP is used as the dispersing agent, high 
SWNT loading (~0.11 g/L) can be achieved, which remains completely stable even after one year. This 
constitutes an improvement of one order of magnitude compared to previously reports of unfunctionalized 
SWNT dispersions in NMP [1, 2]. PL confirms the presence of isolated SWNTs as well as small bundles of 
SWNTs in these dispersions [1, 3]. Isolated SWNT suspensions with a concentration of ~0.002 g/L are 
obtained by ultra-centrifugation treatment of the above-mentioned dispersions. Changes in relative 
photoluminescence intensity in the isolated SWNT dispersions indicate PVP aided dispersion mechanism to 
be preferential to particular SWNT species. 

 
PLE map of isolated HiPco SWNTs in NMP with the open squares showing the exciton-exciton resonance 
positions of SWNTs. Strong emission is observed from (8,6), (8,7) and (9,5) SWNTs while emission from 

other species are suppressed. The position and size of the open circles indicate the exciton-exciton 
resonances of SWNTs in SDBS-D2O dispersion.  

 
[1] T. Hasan, V. Scardaci, et al., J. Phys. Chem. C 2007, 111, 12594. 
[2] S. Giordani, S. D. Bergin, et al., J. Phys. Chem. B 2006, 110, 15708. 
[3] P. H. Tan, A. G. Rozhin, et al., Phys. Rev. Lett. 2007, 99, 137402. 
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CNTs possess exceptional properties as high Young modulus, low density and excellent electrical and 
thermal conductivity. To take advantage of these properties, it is often necessary to disperse CNTs in 
solution for applications such as nanocomposites or nanofluids. But CNTs are hydrophobic and thus are 
difficult to disperse in aqueous media. It is then necessary to use surfactants or to functionalize the nanotube 
surface to obtain stable suspensions. The dispersion is made through sonication, which induces breakage of 
the nanotubes. The length of the nanotubes after sonication decreases when the sonication duration 
increases. 

In this paper, we show that several routes are possible to prepare stable suspensions of nanotube in 
aqueous media. Nanotube suspensions stable over long time have been obtained in water through the 
addition of Arabic gum as a surfactant or thanks to surfactants supplied by the Coatex Company. We have 
also obtained stable suspensions with coolant as a solvent (typically water / ethylene glycol). We also were 
able to disperse nanotubes in aqueous media after covalent functionalization of their surface by diazonium 
salts or Poly acrylic acid (PAA). 

The as-obtained suspensions were characterized by optical microscopy, UV / visible absorption, 
Transmission Electron Microscopy (TEM). To characterize the grafting of PAA on the nanotube surface, TEM 
pictures were recorded and zeta potential measurements as a function of pH were performed. 

As part of research on nanofluids, we introduce nanotubes in heat transfer fluid to increase the thermal 
conductivity fluid. The stability of our suspensions over several months has allowed us to make 
measurements of thermal conductivity, showing an increase by more than 60% compared to pure solvent for 
3% wt of nanotubes in suspension. 
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Graphite has been dispersed and exfoliated in certain solvents to give graphene with high yield. This occurs 
because the energy required to exfoliate the graphene is balanced by the solvent-graphene interaction. We 
confirm the presence of graphene using transmission electron microscopy and electron diffraction.  
 
 

 
Graphene exfoliated from Graphite flakes 
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Short synthetic oligonucleotides have been shown to be effective in dispersing single walled carbon 
nanotubes (SWNTs) in water [1]. However, this technique has previously relied on extensive 
ultracentrifugation to remove aggregates and large bundles [2] [3]. In this work, SWNTs were dispersed in 
H2O using the synthetic oligomers dA15, dG15, dC15, dT15, dA45 and poly(rA) via sonication, followed by mild 
centrifugation. The bundle diameter distributions and populations of individual SWNTs were monitored over 
several weeks using atomic force microscopy (AFM) and both near infra-red photoluminescence (NIR-PL) 
and absorption spectroscopy. It was shown that, similarly to solutions prepared with natural DNA [4], a 
reduction in concentration resulted in smaller nanotube bundle sizes. In addition, bundle diameter 
distributions comparable to those obtained using ultracentrifugation were achieved at lower concentrations. 
Quenching of the NIR-PL signal was initially observed in the dA45 and poly(rA) samples but this returned 
over several weeks, whereas the 15 base solution series immediately exhibited fluorescence, supporting the 
theory that the oligonucleotides gradually wrap around individual nanotubes and that the rate at which this 
occurs is strongly length dependent. 

 

AFM image showing SWNTs dispersed with poly(rA), CNT = 0.001mg/mL  

 

[1] Zheng, M; Jagota, A et al., Nature Materials. 2003, 2, 338. 
[2] Zheng, M; Jagota, A et al., Science 2003, 302, 1545. 
[3] Strano, M.S.; Ming, Z et al., Nano Letters 2004, 4, 543. 
[4] Cathcart, H; Quinn, S et al., J. Phys. Chem. C 2007, 111, 66 
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Obtaining uniform, high quality dispersions of primarily individual single wall carbon nanotubes (SWNTs) is 
critical to exploiting the unique properties of this material. Aqueous dispersions using a range of surfactants 
have been widely used to exfoliate carbon nanotubes [1]. Common practice uses ultrasonication to break up 
the bundles combined with ultracentrifugation to remove aggregates. This results in low yields of debundled 
nanotubes [2]. Our recent work has shown extensive debundling of SWNTs using sodium dodecyl benzene 
sulfonate (SDBS) under conditions of mild point probe sonication and mild centrifugation. We will examine 
the effects of the total input sonication energy on the overall quality of these dispersions. The work presented 
will examine debundling as a function of sonication energy applied both before and after mild centrifugation. 
We will use the in-situ techniques of UV-vis-NIR absorption spectroscopy and NIR photoluminescence to 
directly assess the extent of nanotube debundling [2, 3]. These results will be compared to AFM data 
obtained from adsorption of individual and bundled nanotubes onto functionalised substrates. 
 

 
Sample data showing effect of post-centrifugation sonication on PL emission from low concentration HiPco 

nanotubes. 
 
 
 
 
 
[1] L. Vaisman, H. D. Wagner, and G. Marom, Advances in Colloid and Interface Science 128, 37 (2006). 
[2] M. J. O'Connell et al., Science 297, 593 (2002). 
[3] S. Giordani et al., J.Phys.Chem.B  (2006). 
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We have studied the conductivity of a wide range of different types of single-walled carbon nanotubes 
(SWNT), functionalized single-walled carbon nanotubes and double wall carbon nanotubes in the form of 
thin porous films (Buckypaper). Buckypapers were synthesized by filtering nanotube dispersions prepared in 
different solvents. Resistance of all films was measured by two probe methods and the conductivity of films 
ranged from 1.5×104 Sm-1 down to 2×102 Sm-1. The film of Hipco SWNT prepared using NMP based 
dispersions shows the highest conductivity whereas the carboxylic acid functionalized P3 SWNTs (Carbon 
Solutions Inc) dispersed in DMF shows the highest conductivity (1.3×104Sm-1) among the functionalized 
nanotubes. The presence of defects in the nanotubes was roughly quantified using the ratio of D band 
intensity to the G band intensity, (D/G) of Raman spectra. The nanotube bundle size, d, in the films was 
measured from the SEM images while the film porosity was calculated from the density. Increasing trend of 
conductivity with (G/D) value was observed, whereas it decreases with increasing bundle size (d) and the 
porosity (P%) of the films. We have proposed a scaling relation of conductivity with these three parameters 

as 
dP

DG /
, which is the good agreement with our results.  
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In the last few years carbon nanotubes have attracted a great deal of attention because of various interesting 
properties correlating their characteristic chemical properties with their small dimensions, high anisotropy 
and tube-like structures. 

The utilization of carbon nanotubes in various applications has although been hampered by the fact that they 
are difficult to solubilise and tend to aggregate into large bundles extremely difficult to separate. In the 
present work an amphiphilic -helical peptide (NANO-1) has been used to disperse single-walled carbon 
nanotubes (SWNTs) in water. Large scale debundling of single-walled nanotubes has been demonstrated by 
dilution of the nanotubes/peptide dispersions. Atomic force microscopy (AFM) shows a decrease of the 
mean bundle diameter with decreasing concentration. Infrared photoluminescence spectroscopy has been 
used to confirm the AFM results, showing evident increase of the detected intensity with decreasing 
concentration; hence indicating effective debundling. Number and mass fractions of individual nanotubes 
also increase with decreasing concentration. Detailed analysis of both miscroscopical and spectroscopical 
data suggests the presence of an equilibrium bundle number density.  The dilution process has also been 
compared with the effects of ultracentrifugation, showing the dilution method to be a viable and effective 
alternative.  
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Understanding the dynamics of single-walled carbon nanotube (SWNTs) motion is crucial for establishing 
potential applications of nanotube architectures for material and biological sciences. Here we present 
analysis of the bending dynamics and the confined rotational diffusion coefficient of individual SWNTs in 
water at thermal equilibrium. Individual single-walled carbon nanotubes (SWNTs) in aqueous suspension are 
visualized directly by visible as well as near-infrared fluorescence microscopy. 
The visible imaging is based on simple tagging of the SWNTs with a biocompatible fluorescent marker. We 
measure the confined rotational diffusion coefficient and find it in reasonable agreement with predictions 
based on confined diffusion of dilute Brownian rods. We determine the critical concentration at which SWNTs 
in suspensions start interacting. 
Intrinsic SWNT near-infrared emission is used to visualize bending motions of semiconducting carbon 
nanotubes and deduce their diameter. The variance of the curvature fluctuations induced by Brownian 
motion is analyzed to obtain the persistence length (or bending rigidity); we find that the persistence length 
ranges between ~20 and ~100 micrometers and that it scales with the cube of the SWNT diameter, as 
expected for a hollow pipe.  Additionally, the relaxation times of the slowest bending modes are measured 
through the autocorrelation of the SWNT shape.  The measured relaxation times agree excellently with those 
predicted for a semiflexible chain.  
These findings indicate that SWNTs are ideal model semiflexible filaments. 
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The exfoliation of SWNT bundles is an important step in view of their future use for applications and 
fundamental research. In this presentation we recall the method used for separation and we show that the 
final product is made of isolated tubes by different characterization techniques. Bundles are first intercalated 
by alkali ions using a chemical route. At this step bundles form a ternary compound M+Cx

- (THF)y with x~8 
and y~1 to 2, M is the alkali metal. The space between tubes considerably increases due to intercalation by 
M+ and (THF)y [1]. The exfoliation of tubes occurs when the compound is dissolved in DMSO.[2] After solvant 
removal the final SWNT powder is analysed. AFM and X-ray diffraction performed on the sample before and 
after the process show that the tubes are well separated. Complementary results given by gas adsorption 
volumetry on the same sample are also presented. 
 
[1] J. Cambedouzou et al, Phys. Rev. B 72, 041404(R) (2005)  
[2] A. Pénicaud et al., J. Am. Chem. Soc. 2005 
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Carbon nanotubes (CNTs) are particularly promising for various applications because of their outstanding 
chemical, physical and mechanical properties. Currently, one important challenge remaining for applications 
such as the mechanical reinforcement of polymers [1] or for the development of nanofluids [2] is the efficient 
dispersion of CNTs since this often determines the quality of final materials. 

The aim of this work is to study the dispersion of long and aligned multi-walled carbon nanotubes (MWNTs) 
in water using high intensity ultrasound (US) [3]. Well aligned MWNTs arranged in a “carpet” with iron-based 
encapsulated nanowires and almost free of any by-products were formed by aerosol-assisted Catalytic 
Chemical Vapour Deposition (CCVD), using liquid aerosols generated from toluene and ferrocene solutions 
[4]. We considered as-synthetised MWNTs as well as MWNTs obtained after a post annealing treatment 
aimed at improving their structure [5]. The dispersing conditions, such as power and duration of sonication, 
were varied in order to evaluate their effects on MWNT morphology and structure. Such effects were 
determined by optical and electron microscopy (SEM and TEM), thermogravimetric (TGA) measurements, 
XRD and physisorption analyses.  

This work reports how a high intensity ultrasound process can successfully reduce the nanotube length 
through breakage of initially long MWNTs (hundreds of µm in length) resulting in a 1-5µm length distribution 
measured by TEM on dispersed CNTs (Fig.1). Oxidative behaviour of the different samples measured by 
TGA will be presented as well as the structural evolution followed by TEM showing that most of the MWNT 
tips were opened after length reduction. Moreover, after US treatment a phase evolution of the iron-based 
encapsulated particles was revealed by XRD analysis. This work also reports physisorption studies based on 
a comparative study of adsorption on as-produced, purified and US-treated samples. The influence of the 
different treatments on the tube surfaces is discussed regarding the accessibility of their inner channels, 
which may be restricted by encapsulated Fe particles. 
 

 
Fig.1: (a) SEM image of an as-synthetized aligned MWNT carpet before US treatment, (b) TEM image of the 

MWNT after US treatment exhibiting the length reduction. 
 
[1] R. Andrews, M.C. Weisenberger et al., Current Opinion in Solid State and Materials Science 2004 8, 31 
[2] H. Xie, H. Lee, et al. J. Appl. Phys. 2003 94, 8 
[3] E. Schröder, P. Hydgaard et al., Mat. Sci. Eng. 2003, C 23,721  
[4]  M. Pinault, V. Pichot, et al., Nano lett. 2005, 5., 2394. 
[5]  M. Pinault, M. Mayne-L’Hermite, et al., Diamond and Rel. Mat. 2004, 13, 1266. 
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The discovery of carbon nanotubes prompted intense research intended to find other materials that can be 
synthesized in the form of nanotubes and nanowires and these materials have nowadays great importance 
in nanoscience and nanotechnology [1]. The research devoted to this field is pushed by the potential 
applications offered by such structures in several areas, ranging from spintronics to nanomedicine. While in 
the former area, these nanomaterials appear as key components for applications in nanoscale electronics, 
optics and sensors, in the latter they can be used for biomedical applications such as drug delivery and 
bioseparations, profiting from the fact that inner voids can be filled with species, ranging in size from large 
proteins to small molecules.  

In this work we used nanoporous alumina membranes to produce two types of oxide nanotubes: silica (SiO2) 
[2] and perovskite manganites (CaMnO3) [3], via the sol-gel template method. These templates can be easily 
fabricated using adequate anodization conditions and the pore size and interpore distance easily varied. 
Furthermore, their use for growth of nanotubes has enormous advantages: the possibility to build a net of 
aligned and ordered nanostructures, the chance to fill or functionalize their inner side without affecting their 
outer surface and the ability to control the dimensions required. Using this method, not only can we control 
the length of the nanotubes, but we can also control their diameter and thickness, allowing us to vary these 
characteristics along their surface. 

We will present an optimization study of the sol-gel template method using nanoporous alumina membranes 
allowing to achieve high quality oxide nanotubes and nanowires of SiO2 and CaMnO3, varying template 
characteristics such as pore and interpore sizes, as well as sol-gel parameters such as temperature, 
concentration, viscosity and deposition time. The developed methods can be adequately applied to other 
oxides. 
 

 
SEM image of silica nanotubes obtained by the sol-gel template method. 

 
 
 
[1] S.J.Son, X.Bai and S.B.Lee, Drug Discov. Today. 2007, 12, 650. 
[2] D.T.Mitchell, S.B.Lee, L.Trofin, N.Li, T.K.Nevanen, H.Soderlund and C.R.Martin, J. Am. Chem. Soc.. 

2002, 124, 11864. 
[3]  P.Levy, A.G.Leyva, H.E.Troiani and R.D.Sánchez, Appl. Phys. Lett.. 2003, 83, 5247. 
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Purification of carbon nanotubes is essential for the development of nanotechnology based on this material. 
In this stage, non-nanotube materials resulting from the synthesis process, such as amorphous carbon, 
fullerenes and metallic nanoparticles must be eliminated. Effective removal of the residual catalyst 
nanoparticles is very difficult since they are generally coated with thick graphitic shells, which prevent the 
acid treatments from attacking the metals. Even though a number of purification methods involving gas- and 
liquid-phase oxidation in combination with chemical treatments have been developed, the purification of 
large amounts of carbon nanotubes without damaging their structure remains a challenge. Several groups 
employ drastic processes of liquid-phase oxidation based on prolonged refluxes in strong acid solutions 
[1,2,3] with cause damage on the nanotube structures, introducing defects on their walls and tips. Moreover, 
some functionalities, such as carboxylic (-COOH), hydroxyl (-OH), ethers (-COR) and quinones groups can 
be created during the purification processes [4]. The objective of this study is to determine a more efficient 
route for the removal of metal and carbon impurities from SWNTs produced by the arc-discharge method, 
with minimum introduction of defects and functional groups. The procedure investigated is a multi-step 
process, which combines stages of toluene extraction of fullerenes and soluble impurities with thermal 
oxidation at different temperatures and reaction times and reflux in HCl under soft conditions, as proposed 
by Chiang and co-authors [5,6]. The efficiency of the purification protocols as well as the structural quality of 
SWNT sidewalls, were investigated by thermogravimetric analyses, Raman and FTIR spectroscopies, 
scanning and transmission electron microscopies, and microanalysis by EDS. 
 

    
 

Sample of carbon nanotubes (a) before and (b) after purification process (Protocol II) 
Protocol II: (step 1) toluene extraction; (step 2) 225ºC/air oxidation/18h + HCl 1:1/reflux /12h; (step 2)  275ºC/air 
oxidation/1h30min + HCl 1:1/reflux/6h; (step 3) 390ºC/air oxidation/1h30min 
 
[1] HIDEFUMI, H. Mol. et al.,  Cryst. Liq. Cryst. Sci. Techonol., Sect. A 1995, 276, 267. 
[2]  DILLON, A. et al. , Adv. Mater., 1999, 161354. 
[3] BANDOW, S. et al., J. Phys. Chem. B, 1997, 101,8839. 
[4] FURTADO, C.A. et al.,  JACS, 2004,126, 6095 . 
[5] CHIANG, I. W. et al., J. Phys. Chem. B, 2001, 105, 1157. 
[6] CHIANG, I. W. et al., J. Phys. Chem. B, 2001, 105, 8297.  
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Using physico-chemical properties of single walled carbon nanotubes (SWNTs) for biological or medical 
applications is a very attractive field of research nowadays. It requires both specific reactivity/functionality 
implementation and bio-compatibilization (aqueous media). Different strategies are adopted. Among them, 
non covalent functionalisation of the SWNTs has the advantage of preserving their properties. Different 
surfactants [1], (bio)polymers [2][3][4] or ionic liquids [5] have proved their efficiency in order to separate 
nanotubes in a non covalent way. Different interactions may play a role in the functionalisation mechanism: 
van der Waals, π stacking, hydrophobicity, wrapping 

In this work, the possibility to functionalise in a non covalent way the SWNTs with linear, helical or branched 
polysaccharides is explored. We show that carboxymethylcellulose (CMC), starch components or derivative, 
xyloglucan (XG) allow nanotubes dispersion in aqueous media (see Figure). These dispersions are 
characterized by Raman spectroscopy, optical absorption and by microscopic techniques (AFM, TEM). The 
question of the nature of the interaction can be addressed between the nanotube and the polysaccharide.  

 
 

Figure : Topographic AFM images a) Nanotubes individualized from hydroxypropylated starch/SWNT 
dispersion dried on freshly cleaved mica and rinsed with water. b) Nanotubes from 
carboxymethylcellulose/SWNT dispersion dried on freshly cleaved mica and rinsed with water. 

 
Resonant Raman spectroscopy suggests that the interaction between those biopolymers and the nanotubes 
is selective, depending on the environment and on the nature of the polysaccharide used. There is a 
possible selectivity in terms of size and electronic properties of the nanotubes. The signature of metallic 
nanotubes is strongly affected by this interaction. 

Our results show that the polysaccharide/SWNT complexes may be useful for designing biosensors.  
 
[1] M.F Islam, et al., Nano Letters., 2003, 3, 269  
[2] N. Minami, et al., Applied Physics Letters, 2006, 88, 093123 
[3] A.Star, et al., Angew. Chem., 2002, 114, 2618 
[4] P.Bonnet, et al., Composites Science and Technology, 2007,67, 817 
[5] N.Kocharova, et al., Langmuir 2007, 23, 3363-3371
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Dispersion is a crucial and first step for the use of carbon nanotubes in many fields such as composites, 
paints, fibres, etc. Water based dispersions can be achieved by either covalent or non-covalent 
functionalizations of the nanotubes which are hydrophobic. In this work, we have chosen a non-covalent 
approach and investigated the behaviour of multiwalled carbon nanotubes (MWNT) dispersions stabilized by 
poly(acrylic) acid (PAA). PAA is chosen for its low cost and widespread use as aqueous dispersant in 
industrial formulations.  

We present the study of PAA-MWNT dispersions [1] by showing their phase diagrams depending on pH, 
concentration of PAA and concentration of MWNT. We have performed conductivity measurements to 
determine the aggregation state of the dispersions [2]. As reported in previous studies [3],[4],[5], UV-visible 
spectrophotometry was used to determine the amount of individually dispersed MWNT. Finally, we show that 
we can control the quality of dispersion by tunning pH and concentration of PAA.  
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[1] A. Liu, I. Honma et al., Nanotechnology 2006, 17, 2845-2849. 
[2] J.C. Grunlan, L. Liu et al., Nanoletters, 2006, 6, 911-915. 
[3] N. Grossiord, O. Regev et al., Anal. Chem. 2005, 77, 5135-5139. 
[4] S. Attal, R. Thiruvengadathan  et al., Anal. Chem. 2006 , 78, 8098-8104. 
[5] Z. F. Li, G. H. Luo et al., Nanotechnology 2006, 17, 3692-3698. 
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A significant improvement of the electronic, optical and mechanical properties of carbon nanotubes based 
composites is expected by controlling their alignment. One promising way to achieve the alignment is to 
prepare liquid crystalline phases which possibly lead to switchable anisotropic systems. Nanotubes can be 
dispersed in a liquid crystal matrix [1-3] or form themselves a lyotropic liquid crystal in concentrated aqueous 
suspensions [4]. In this work, we present preliminary results about the orientation of photoluminescent Single 
Wall Carbon Nanotubes (SWNT) in a lyotropic liquid crystal matrix aligned by mechanical shearing. We 
dispersed DNA-stabilized individual nanotubes in a solution of Disodium Cromoglycate (DSCG, also known 
as Cromolyn). We show that a good alignment of the nanotubes can be achieved by shearing the solution 
between two glass substrates. Photoluminescence (PL) from semiconducting tubes was used as the 
fingerprint of isolated (or small bundles) carbon nanotubes or at least nanotubes are free of any contact with 
metallic tubes [5]. The orientational order was studied by birefringence measurements, Raman and PL 
spectroscopies.  
 
 
[1] M. Lynch, D. L. Patrick, Nano Lett. 2002, 2, 1197. 
[2] I. Dierking, G. Scalia, P. Morales, D. LeClere, Adv. Mater. 2004, 16, 865. 
[3] J. Lagerwall, G. Scalia, M. Haluska, U. Dettlaf-Weglikowska, S. Roth, F. Giesselman. Adv. Mater. 2007, 

19, 359. 
[4] S. Badaire, C. Zakri, M. Maugey, A. Derré, J.N. Barisci, G. Wallace, P. Poulin, Adv. Mater. 2005, 17, 1673. 
[5] O’Connell, M. J.; Bachilo, S. M.; Huffman, C. B.; Moore, V. C.; Strano, M. S.; Haroz, E. H.; Rialon, K. L.; 

Boul, P. J.; Noon, W. H.; Kittrell, C.; Ma, J.; Hauge, R. H.; Weisman, R. B.; Smalley, R. E. Science 2002, 
297, 593. 
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Nanostructures obtained by the insertion of molecules in the hollow cavity of single-walled carbon nanotubes 
(SWNT) give to the scientific community the opportunity of studying original confined quasi-1D phases [1].  
When inserted molecules are fullerenes, resulting nanostructures are called ‘peapods’, the structure 
reminding pods (nanotubes) full of peas (fullerenes). Different kinds of peapods are synthesized according to 
the nature of the molecule inserted, for instance the spherical C60 molecule or the egg-shaped C70 molecule.  

In this study, we focus on the fate of the fullerene confined inside SWNT when they are submitted to high 
pressure and/or high temperature (HPHT) conditions.  

In a first part, we show ex situ X-ray diffraction results from peapods having been exposed to HPHT 
conditions. Same HPHT treatments were applied to both C60 peapods and C70 peapods. We observed that 
confined C60 polymerize inside the nanotubes for the same temperature/pressure range than bulk C60. 
However, we did not observe any polymerization of C70 molecules, even for HPHT conditions leading to 
polymerization in the bulk C70 phase. The different structural behaviours observed for C60 and C70 peapods 
after extreme conditions is explained in terms of geometrical arguments. Our results testify for the strong 
influence of the confinement inside the nanotube on the orientational ordering and on the chemistry of the 
C70 molecules [2].   

In a second part, we will focus on the high temperature activated transformation from peapods to double-
walled carbon nanotubes (DWNT). The fine X-ray diffraction analysis of DWNT resulting of the coalescence 
of both C60 and C70 chains shows that the structure of the DWNT is not influenced by the type of starting 
fullerene. This result, together with the determination of the structural parameters of the DWNT, allows us to 
discuss the possible scenario for the growth of the inner tube from fullerenes.  
 

 
 

Schematic representations of a)C60 peapods, b) polymer chains of C60 and C70 fullerenes, and c) a bundle of 
DWNT . 

 
 
 
[1] A.N. Khlobystov, D.A. Britz, et al., Acc. Chem. Res. 2005, 38, 901  
[2] M. Chorro, J. Cambedouzou, et al. , Europhys. Lett. 2007 79, 56003  
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Due to their unique geometry, electrical, mechanical and chemical properties, carbon nanotubes are among 
the most promising materials for future technological applications. However, before they can become 
commercially viable it is vital to be able to control their morphology and hence their physical and chemical 
properties [1,2]. In this study, we have identified general trends with respect to varying growth parameters. 
Here, carbon nanotubes have been doped with increasing levels of nitrogen, which is one proposed method 
of tuning their electrical behaviour [3, 4]. The tubes were synthesised by aerosol chemical vapour deposition 
using a range of different toluene / benzylamine (N-source) mixtures in conjunction with ferrocene (catalyst 
source) at temperatures between 800 and 900°C [5]. Our studies show that the nanotube morphology is 
strongly dependent on the synthesis parameters. For example, the variation of the benzylamine 
concentration of the precursor between 0 and 100vol% results in shorter and thinner nanotubes with fewer 
kinks. However, they were found to be less well graphitised with a greater proportion of "bamboo" structured 
tubes. Generally these tubes showed increased chemical reactivity. The identification of general nanotube 
growth trends is of great importance, because it provides necessary information for the production of carbon 
nanotubes and modified carbon nanotubes exhibiting predefined properties. Such tailored nanotubes are 
vital in applications which seek to exploit the properties of individual carbon nanotubes, for example in 
nanoelectronics. 
 
 

 
 

TEM image of nanotubes synthesised from benzylamine. 
 
 

 
[1] N. Grobert, Materials Today 2007, 10, 28. 
[2] N. Grobert, Materials Today 2006, 9, 64. 
[3] M. Terrones, A. Jorio, et al. Materials Today 2004, 7, 30. 
[4] M. Terrones, P.M. Ajayan, et al. Appl. Phys. A 2002, 74, 355. 
[5] M. Reyes-Reyes, N. Grobert, et al. Chem. Phys. Lett. 2004, 396, 167. 
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Polyelectrolyte solutions of Na-doped single wall carbon nanotube salts (SNS) [1] have been studied during 
redox titration using Raman spectroscopy. Their initial Raman signatures, when compared to undoped single 
wall carbon nanotube (SWNT) suspensions and dry alkali-doped powders, indicate that the nanotube 
solutions is composed of heavily n-doped (negatively charged) SWNTs dispersed in the solvent. [2] Their in-
situ oxidation reaction upon exposure to an electron acceptor, namely iron chloride, has been followed step-
by-step. Raman experiments on SWNTs prepared by the electric arc technique, i.e. with a narrow diameter 
distribution, show evidence of direct charge transfer from acceptor molecules to the SWNT. By increasing the 
volume titration, we noted a gradual change in the spectra that is associated to the neutralization of the 
nanotubes in the solution [2]. These results prove that the reaction follows a simple redox titration and that 
the equilibrium has been reached. Similar redox titration experiments on SNS prepared with HiPco 
nanotubes, i.e. with a broad diameter distribution, has also been used to measure the progressive changes 
in the Raman spectra (See Figure below). Different laser energies further indicate that the redox reaction is 
in fact diameter-selective. Here, we will demonstrate that the position of the neutrality level is diameter-
dependent, which is consistent with the expected dependence with the work function of the nanotubes. [3] 
Finally, we have followed the Raman changes of the HiPco SNS in an electrochemical cell as a function of 
the redox potentials. Preliminary results suggest a similar diameter dependence of the nanotube work 
function, which is consistent with recent results reported by Paolucci et al [4].  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure: Redox titration of a Hipco SNS with a solution of FeCl3. 

 
 

[1] A. Pénicaud, P. Poulin, et al, J. Am. Chem. Soc. 2005, 127, 8. 
[2] E. Anglaret, F. Dragin, et al, J. Phys. Chem. B, 2006, 110, 3949. 
[3] F. Dragin, R. Martel, et al, to be published 
[4] D. Paolucci et al, to be published 
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In recent years, the in-situ and ex-situ filling of single-walled (SWNTs) and multi-walled carbon nanotubes 
has been widely studied whereby the structure of carbon nanotubes and the filling material is carefully 
investigated using predominantly high-resolution transmission electron microscopy. In this context it is 
noteworthy that electron beam irradiation can alter the crystal structure of, for example, carbon nanotubes 
significantly [1,2]. This work focuses on the structural changes that the electron beam can induce on the 
filling material, e.g. 1D CuI nanocrystals encapsulated in SWNTs, and the consequences that result from 
prolonged electron irradiation [3]. 
 

 
 

 
High-resolution transmission electron micrograph of CuI@SWNTs. 

 
 
[1] M. Terrones, F. Banhart, N. Grobert, J.-C. Charlier, H. Terrones and P.M. Ajayan, Physical Review 
Letters 89, 075505 2002. 
[2] F. Banhart, Journal of Electron Microscopy 51, S189, 2002 
[3] N. Grobert, J.L. Hutchison, A.A. Eliseev, R.M. Zakalyukin, N.A. Kiselev et al., in preparation 2007.  
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The introduction of foreign elements inside the channel of carbon nanotubes could lead to a significant 
modification of the intrinsic properties of these nanomaterials. Nitrogen atoms entering in the graphene 
sheets as substitute of carbon could modify in a large extend the acido-basic properties and also adsorption 
of the nanotube itself. Depending on the synthesis conditions, i.e. nature of the N-source, temperature and 
C-to-N atomic ratio, various N-doped carbon nanotubes can be synthesized with different surface properties.  

The aim of the present work is to report the synthesis of N-doped CNTs using a common nitrogen source 
precursor namely ammonia (NH3) and C2H6 as carbon source [1]. Another modified synthesis, performed by 
replacing the C2H6 precursor by a mixture of ferrocene and toluene, was also conducted with the aim of the 
direct macronisation of these N-doped CNTs (Fig. 1). The as-synthesised N-CNTs were subsequently 
employed as catalyst support in the liquid-phase hydrogenation of cinnamaldehyde using palladium as an 
active phase. A higher activity and selectivity were obtained on the N-doped nanotubes compared to the N-
free one which highlighted the surface interaction and/or electronic modification due to the introduction of 
nitrogen into the graphene sheets. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. (A) SEM micrograph showing the morphology of the vertically aligned N-doped CNTs with length 
up to a hundred micrometers, Inset: TEM micrograph showing the microstructure of the N-doped CNT with 

arches along the tube axis (B) XPS measurements of the N-doped nanotubes. 
 
 
[1]  J. Amadou, M. Houllé, K. Chizari, I. Janowska, O. Ersen, C. Pham-Huu, Catalysis Today 2008 in press 
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Electrical properties of carbon nanotubes strongly depend on their diameter and chirality but precise control 
of their morphology has yet to be realised [1]. If carbon nanotubes are to be used as building blocks in 
electronic devices or in multi-functional composite materials, it is of vital importantance to fine tune their 
electronic properties, chemical reactivity and mechanical strength. It is possible to tailor the electrical 
properties of carbon nanotubes by replacing some of the carbon atoms, for example with nitrogen [2, 3], 
however, the insertion of hetero-atoms within the graphitic carbon network  also changes the nanotube 
morphology as well as their chemical reactivity. Using scanning and transmission electron microscopy, 
thermogravimetric analysis, x-ray photoelectron spectroscopy and electron energy loss spectroscopy we we 
investigated the effect of the reaction parameters on the composition and structure of N-doped MWCNTs 
produced via aerosol-based chemical vapour depositionAs a result, clear trends in the morphology of the N-
doped CNTs could be identified depending on the synthesis parameters used. These findings are important, 
because they allow us to generate CNTs of desired structure and hence properties for future technological 
applications. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SEM image of the nanotubes made from benzylamine 
 
[1] N. Grobert, Materials Today 2007, 1-2, 28. 
[2] M. Terrones, A. Jorio, M. Endo, A. M. Rao, Y. A. Kim, T. Hayashi, H. Terrones, J.-C. Charlier, G. 

Dresselhaus, and M. S. Dresselhaus, Materials Today 2004, 7, 30. 
[3] M. Terrones, P.M. Ajayan, F. Banhart, X. Blase, D.L. Carroll, J.C. Charlier, R. Czerw, B. Folley, N. 

Grobert, R. Kamalakaran, P. Kohler-Redlich, M. Rühle, T. Seeger, H. Terrones, N-doping and 
coalescence of carbon nanotubes: synthesis and electronic properties; Appl. Phys. A 2002, 74, 355 
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During the last ten years, intensive research has been addressed towards changing carbon nanotube 
properties by doping. For example, the substitution of carbon atoms by nitrogen modifies the electrical and 
structural properties of carbon nanotubes, resulting characteristic bamboo-shaped structures [1, 2]. 

In this work, carbon nanotube samples were produced in a quartz tube with an inner diameter of 22 mm, 
heated by a 50 cm long horizontal electrical furnace to 800 oC. A solution of 5 wt% ferrocene (Aldrich, 98%) 
in benzylamine (Fluka, 99%) was fed into the reactor using an ultrasonic atomizer. The argon flow rate 
during the nanotube production was 2.5 liter/minute. 

The multi-walled nanotubes produced by this method were investigated by scanning tunneling microscopy 
(STM) and tunneling spectroscopy (STS). In order to perform the STM measurements, 1 mg of nanotube 
sample was dispersed in 20 ml of acetone using an ultrasonic tip. Droplets from the suspension were placed 
on freshly cleaved highly oriented pyrolytic graphite (HOPG) substrate. The STM and STS measurements 
were performed in air. The dI/dV curves obtained from the STS measurements showed asymmetric density 
of states (DOS) in nanotubes, with higher DOS above the Fermi energy. This result is in agreement with 
theoretical calculations performed for nitrogen doped single wall carbon nanotubes [3, 4], and it indicates 
successful doping with nitrogen originating from the decomposition of benzylamine. 
 

 
STM image of nitrogen doped multi-walled carbon nanotubes. 
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Phys. Lett. 2004, 387, 193. 
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Dresselhaus, and M. S. Dresselhaus, Materials Today 2004, 7, 30. 
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A wide variety of metal oxides, metal halides and other materials may be introduced into opened multi-walled 
or single-walled carbon nanotubes (SWNTs) from the melt [1]. Recent discoveries of various forms of carbon 
nanostructures have stimulated research on their application in diverse fields. 

This work is aiming at exploiting the potential of multi-functional single- and double-walled carbon nanotubes 
for biomedical application, in particular to act as magnetic nano-heaters, drug-carrier systems and sensors. 
They can be filled by ferromagnetic materials and used for therapeutic anti-cancer treatment (hyperthermia), 
to raise the temperature of tumor tissue in vivo [2,3]. Carbon nanostructures containing Fe particles meet all 
the requirements for medical application. 

The present work is dealing with the filling of single-, double- and multi-walled carbon nanotubes with 
magnetic nanowires from iron precursors in the melted phase, such as FeI2 and FeCl2. CNT were 
synthesised by catalytic chemical vapour deposition, using a MgO-based catalyst which was reduced at 
1000˚C in a mixture of H2 and CH4 containing 18 mol % of CH4, yielding around 80% DWNTs [4]. These 
tubes have inner diameters ≤ 2 nm. Previous studies have shown that crystallization of metal salts can occur 
in these small-diameter DWNT [5]. 

For filling with FeI2 and FeCl2, which are hydroscopic compounds, we needed to work in dry conditions. The 
resulting samples have been analysed by high-resolution transmission electron microscopy, X-ray diffraction, 
as well as Raman spectroscopy. 

This work was carried out in the framework of the Marie Curie Research Training Network CARBIO 
(http://www.carbio.eu). 
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Rapid progress in the nanoscience and nanotechnologies research field has conducted to the discovery of 
new nanocomposites, chemical and physical phenomena as well as the development of new technologies [1]. 
In the particular domain of organic/inorganic hybrid materials, a special attention has been given on poly (N-
vinyl carbazole) and carbon nanotubes based composites [2-6]. These materials are challenging in 
applications as supercapacitors, rechargeable lithium batteries, optical limiting devices, etc. [2-4] In order to 
diversify of these composites, the electrochemical polymerization of N-ethylcarbazole (ETCZ) on single 
walled carbon nanotubes (SWNTs) films were deposited on the Pt electrode. According to Fig. 1, a down-
shift of the ETCZ reduction peak potential was observed. The convincing proof of the electropolymerization 
of ETCZ on the SWNTs film has been obtained by Raman spectroscopy. A covalent functionalization of 
SWNTs with poly (N-ethylcarbazole) is argued also by infrared spectroscopy studies. The influence of 
monomer and supporting electrolyte concentration as well as the sweep rate on the polymerization 
conditions were investigated, too. 
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Fig. 1 Cyclic voltammograms recorded on the blank Pt electrode (a) and coated with a SWNTs film (b) 
immersed in the 2 10-3M ETCZ, 10-1M LiClO4 and CH3CN solution; scan rate is 100 mV s-1. In both cases, 

the fifth cyclic voltammogram is shown. 
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Field effect transistor structures from different carbon nanostructures, typically nanotubes in form of spray-
deposited random mats on silicon/silicon-dioxide surfaces are investigated, in order to build sensitive and 
selective chemical sensors [1]. We measured the resistance of each mat as a function of gas concentration 
(in air), gate voltage and time. As a simple relative resistance change is insufficient to determine the quality 
and quantity of a present gas, other parameters: changes on different nanostructures, time-domain 
behaviour are analysed. 

The change of the gate voltage (Vg) induces a transient in the resistance of the sensor [2]. The magnitude of 
this transient depends on the value of the gate voltage jump, on the used nanostructure, and on the nature of 
the volatile organic solvent added to the streaming air in which the measurement is carried out. The transient 
is present for both positive and negative Vg. In the figure below a series of transients are shown 
corresponding to different Vg values, for a mat of functionalized SWCNT bundles at different ethanol e.g. 
acetone in air concentrations. The changes in conduction process of CNT-air-vapour systems possibly 
responsible for the observed phenomena are going to be discussed. 
 
 

 
Relative resistance versus time plot of a mat of functionalized SWCNT bundles with 0.6% ethanol 

(continuous), 3% ethanol (dashed), and 2.4% acetone (dotted line) v/v in air concentration, changing the 
gate voltage (relative to source, value displayed in the middle) 

 
 
[1] G. Esen,M. S. Fuhrer, M. Ishigami and E. D. Williams, Appl. Phys. Lett. 90, 123510 (2007). 
[2]  Y. W. Chang, J. S. Oh, S. H. Yoo, H. H. Choi and K.-H. Yoo, Nanotechnology 18 435504 (2007) 
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Carbon nanotubes (CNTs) are very interesting nanomaterials for the electroanalytical research area due to 
their unique electronic, chemical and mechanical properties. A great number of works have been reported in 
the last years showing the ability of CNTs to accelerate electron transfer reactions due to their 
electrocatalytic properties [1]. However, other carbon nanomaterial with a different structure of the graphene 
layers as Carbon Nanofibers (CNFs) has been less used. Furthermore, the most of the electroanalytical 
studies have been focused on the modification of conventional carbon paste electrodes or glassy carbon 
electrodes. Therefore, in this work carbon screen printed electrodes are used to make a comparative study 
between the electrochemical properties of CNTs and CNFs. 
 
 
 
 
 
 
 

 Carbon Screen Printed Electrode 
 
The characterization of carbon nanomaterials (CNTs and CNFs) has been carried out through TEM, SEM 
and XPS analysis. Carbon Nanotubes used durig this work are Multi Walled with a wide range of diameters, 
varying from 3 to 15 nm. Carbon Nanofibers are hollow core and present larger diameters. The majority of 
both nanomaterials have open ends as a consequence of the purification and functionalisation treatments. 
Solubilisation properties of both materials are quite different. While CNTs are difficult to be disolved in almost 
all the solvents, CNFs are easily disolved in organic or aqueous based solvents. The dissolution of these 
nanomaterials is needed for modifying the working electrode of screen printed electrodes by the casting 
method through the later evaporation of the solvent. 

Modified carbon screen printed electrodes with CNTs and CNFs were compared by using some benchmark 
redox systems: ferricyanide, hexaamineruthenium (III), NADH, hydrogen peroxide, acetaminophen, 
hydroquinone, dopamine, methylene blue, uric acid and indigo carmine. Redox systems like 
hexaamineruthenium, ferricyanide or methylene blue did not show great differences in charge transfer 
between the modified electrodes. In fact, the modification of the initial carbon electrode only enhances the 
capacitive current of these redox processes. However, an improvement of the electronic transfer rate and 
faradaic currents was easily detected for compounds like dopamine, hydroquinone and acetaminophen. Also 
the adsorption ability of the modified working electrodes is greatly enhanced for compounds like uric acid. 
Therefore, electrocatalytic and adsorption properties of carbon nanomaterials and the role of their surface 
functional groups in their electroanalytcal properties is discussed on this work.  
 
 
[1] P.Fanjul Bolado, P.Queipo, P.J.Lamas Ardisana, A.Costa García, Talanta  2007, 74, 427. 
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Since their discovery, in 1991 by Iijima1, CNTs have demonstrated unique electronic, magnetic and 
mechanical properties that fuelled a great number of studies on CNTs in the solid state, in particular oriented 
to applications in electronic devices. 

Several approaches have been proposed to obtain the solubilization of CNTs and related species in organic 
solvents and water, including covalent2 and non-covalent3 solubilization and multiple charging by reduction 
with alkali metals as Li, Na or K.4  

Herein we will report on electrochemical and spectroelectrochemical measurements carried out on SWNTs, 
MWNTs and other CNT-type materials, such as nanohorns in organic solvents or water solutions. 
 

 
1 Iijima S., Nature, 1991, 354, 56 
2 Guldi D. M. et al, Angew. Chem. Int. Ed., 2003, 42, 4206-4209 
3 Guldi D. M. et al, Chem. Eur. J., 2006, 12, 3975-3983 
4 Penicaud A. et al., J. Am. Chem. Soc., 2005, 127, 8-9 
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The application of nanomaterials in electroanalysis is continuously increasing as the numerous research 
articles already published on this topic demonstrate. Among these nanomaterials, carbon nanotubes (CNTs) 
are one of the most intensively explored nanostructures due to their unique mechanical, electrical and 
structural properties. Electrocatalysis, enhancement of electron constant rates, stable electroactivity, low 
fouling or the electron tunnelling of enzyme redox sites are some of the advantages observed thank to the 
incorporation of CNTs to electrodic surfaces. 

Among the different methodologies for the modification of the electrodes with CNTs, the cast/dry (i.e the 
deposition/dry of a drop of CNTs solution) method has been widely used due to its simplicity. However, 
although it is very useful for plane electrodes, it is not so suitable for three-dimensional electrodes (i.e. 
cylindrical or spherical). In these cases, the immersion of the electrodes in a functionalised CNTs solution is 
a more appropriate methodology based on their attachment by electrostatic interactions, physical adsorption, 
coordination complex or covalent bonding [1-3]. A clear advantage of these methods is the possibility to 
control the CNTs density on the electrode surface that influences directly on its electrochemical behaviour. 
While high density CNTs modified electrodes behave as a macroelectrode, the response of low density 
CNTs ones is like a nanoelectrode ensemble [3].  

In this work, the modification of wire gold electrodes with multiwalled carbon nanotubes (MWCNTs) is 
studied.  In this sense, different methodology approaches were used: physical adsorption, covalent bonding 
to cysteamine self assambled monolayer (SAM) and coordination complex to mercaptopropanoic acid SAM. 
The density of the deposited nanotubes was controlled by the immersion time of the wire on the CNT 
solution. In order to avoid any other signal than the one coming from the adsorbed nanotubes the unmodified 
Au surface was blocked afterwards. The optimization of all the modified electrodes was based on the 
electroanalytical characteristics and evaluated for the analysis of the system phospatase alkaline and p-
phenil phosphate. 

 
 
 
 

[1] L. Su, F. Gao, L. Mao, Anal Chem. 2006, 78, 2651. 
[2] X. Yu, T. Mu, H. Huang, Z. Liu, N. Wu, Surface Science 2000, 461, 199. 
[3] X. Huang, H. Im, O. Yarimaga, J. Kim, D. Jang, D. Lee, H. Kim, Y. Choi, J. Electroanal. Chem. 2006, 594, 
27. 
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Nanomaterials are acquiring a big impact on the development of electrochemical biosensors. In particular, 
carbon nanotubes (CNTs) present a group of unique properties that have prompted their use in this field [1]. 
Their possibility to be functionalized, their ability to promote the electron transfer reactions and to enhance 
the constant rates and the possibility for miniaturization bring new opportunities for biosensor construction 
and for developing novel electrochemical bioassays. On the other hand, nanoparticles have proved their 
capability to absorb proteins keeping a favourable orientation and therefore, retaining their biological activity. 
Thus, the combination of both nanomaterials can produce a synergic effect. As a result, biosensors with 
improved performance and new device designs can be developed [2]. 

Screen-printing technique is a well-established and simple process for the mass production of single use 
electrodes and biosensors [1,3]. These electroanalytical tools combine ease of use, portability and 
inexpensive manufacture procedure. 

In this work, gold nanoparticle (Au Np) and/or carbon nanotube solutions were used to modify the working 
electrode of screen printed electrodes (SPEs). First, the amount of Au nanoparticles load in both CNT 
modified and non-modified SPE was evaluated by cyclic voltammetry. The effect of adding Au nanoparticles 
in the retention of protein material and the detection of enzymatic products was evaluated for the system 
phospatase alkaline and p-phenil phosphate. Finally, a comparative study among unmodified, CNT modified, 
AuNp modified and CNT/AuNp modified SPEs was carried out in order to evaluate the synergic effect of 
mixing both nanomaterials. 
 
 
 
 
[1] P. Fanjul-Bolado, P. Queipo, P.J. Lamas-Ardisana, A. Costa-Garcia, Talanta 2007, 74, 427. 
[2]  G.G. Wildgoose, C.E. Banks, R.G. Comptom, Small 2006, 2, 182. 
[3] P. Fanjul-Bolado, D. Hernandez-Santos, P.J.  Lamas-Ardisana, A. Martın-Pernıa, A. Costa-Garcıa, 
Electrochimica Acta 2007, in press. 
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The catalyst material of the oxygen electrode in fuel cells commonly used today is platinum on carbon. One 
drawback of platinum is that it is expensive. Therefore, the usage of platinum should be minimized. A 
theoretical work of Norskov et al [1] shows that platinum is a good catalyst, but improvements are possible. It 
is stated that oxygen and OH binding energies on the catalyst play a key role for its catalytic activity. 
Materials like perovskites, whose binding energy depends on the oxygen coverage, represent suitable 
catalysts for the oxygen reduction. Besides the catalyst itself, also the structure of the catalyst support 
determines the efficiency of an electrode. Carbon nanotubes are a good choice as support material, because 
their pore structure guides the gas to the catalyst. 

In this work we demonstrate that a combined catalyst of Pt and the perovskites La0.6Sr0.4CoO3 and 
La0.65Sr0.35MnO3 on a carbon nanotube support displays a smaller polarization in the whole current range 
than a conventional Pt electrode, although considerably less Pt is used. The influence and importance of 
each of these catalysts in the mixture is discussed. 
 
 

 
Steady state current potential curves of air electrodes with different compositions. 

 
 
 
[1] J.K. Norskov, J. Rossmeisl, et al., J. Phys. Chem. B  2004, 108, 17886. 
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Functionalized carbon nanotubes bearing organic and biological molecules are attracting increased attention 
due to their potential biological and biomedical applications.[1] The most commonly used methods to 
characterize modified nanotubes are bulk measurements such as Raman, IR and UV. However, these do not 
provide direct evidence of the attachment of individual molecules. The use of electron microscopy 
techniques such as high resolution transmission electron microscopy (HRTEM) and scanning transmission 
electron microscopy (STEM) for characterization of organic compounds is typically limited by the lack of 
structural periodicity and the presence of low scattering elements (H, C, N, O).  

An important step towards the direct imaging of organic compounds would be their redesign by introducing 
high scattering heavy elements like iodine or mercury, which are clearly visible in HRTEM/STEM.[2] We 
studied the synthesis and modification of organic molecules covalently bonded to SWNTs for their detection 
via HRTEM/STEM in the atomic scale. Using this method, we have presented direct evidence of 
functionalization of SWNTs with carbohydrates (glyco-SWNTs),[3] as shown in Figure 1. Given the difficulties 
associated with the verification of organic functionalization on SWNTs, we believe that such heavy element 
tagging-mediated direct detection could play a valuable role. 
 

 
Figure 1. Z-contrast dark field STEM images of SWCNTs functionalized with iodide labelled carbohydrates. 

Individual iodides (white dots) can clearly be seen in (b) 
 
 
[1] Wu, W.; Wieckowski, S.; Pastorin, G.; Benincasa, M.; Klumpp, C.; Briand, J. P.; Gennaro, R.; Prato, M.; 

Bianco, A. Angew. Chem., Int. Ed. 2005,  44, 6358-6362. 
[2] (a) Meyer, R. R.; Sloan, J.; Dunin-Borkowski, R. E.; Kirkland, A. I.; Novotny, M. C.; Bailey, S. R.; 

Hutchison, J. L.; Green, M. L. H. Science 2000, 289, 1324-1326. (b) Crewe, A. V.; Wall, J.; Langmore, J. 
Science 1970, 168, 1338-1340. (c) Nellist, P. D.; Pennycook, S. J. Science 1996, 274, 413-415. 

[3] S. Y. Hong, G. Tobias, B. Ballesteros, F. El Oualid, J. C. Errey, K. J. Doores, A. I. Kirkland, P. D. Nellist, 
M. L. H. Green and B. G. Davis, J. Am. Chem. Soc. 2007, 129, 10966-10967. 
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The increased use of Magnetic Resonance Imaging (MRI) methods as clinical diagnostic tools has prompted 
for the development of new, more powerful and selective MRI contrast agents (CAs).  Effectiveness of 
diagnosis by MRI is joined to the design of new MR sequences as well as the development of new CAs 
increasing the quality, resolution and specificity of the MR images [1,2]. In the last two decades, our research 
group actively work in this field contributing to the preparation and evaluation of new paramagnetic CAs for 
MRI, [3,4] and others responsive CAs such as, pH probes aimed to measure the extracellular pH within 
tumours through Proton Magnetic Resonance Spectroscopic Imaging (1H MRSI) [5,6]. 

At present, we are interested in the development of a new generation of paramagnetic CAs with anisotropic 
magnetic properties, being the Single Wall Carbon Nanotubes (SWNTs) the ideal systems [7]. 
Functionalization of SWNTs constitutes an active area because of their applicability as organic materials or 
even used as vehicles in drug delivery systems. Furthermore, many synthetic organic transformations of 
SWNTs have been reported in order to modulate their solubility properties in water or in organic solvents, 
making them as promising candidates in biotechnology and nanomedicine [8]. 
 
 
 
This work was support in part by: MEC (CTQ2006-06505/BQU)  (PB), SAF 2004-02145, NAN2004-09125-
C07-03, FIS C03/10, FIS C03/08, FIS G03/155 (SC) and Comunidad de Madrid (S-BIO/0179/2006) (PB, SC). 
 
 
[1] Meerbach, A. E., Toth, E. Eds. In The chemistry of contrast agents in medical magnetic resonance 

imaging. John Wiley & Sons, Ltd., Chichester, 2001.  
[2] Krause W. Ed. Contrast Agents I: Magnetic Resonance Imaging, Top. Curr. Chem., 2002. 
[3] López, P., Seipelt, Ch. G. et al., Bioorg. Med. Chem. 1999, 7, 517.  
[4] Pérez-Mayoral, E., García-Amo, M., et al. Bioorg. Med. Chem. 2003, 11, 5555. 
[5] van Sluis, R., Bhujwalla, Z. M., et al., J. Magn. Res. Med. 1999, 41, 743. 
[6] García-Martín, M. L., Herigault, G., et al., Cancer Res. 2001, 61, 6524. 
[7] Shitaraman, B., Kissell, K. R., et al., Chem. Commun. 2005, 31, 3915. 
[8] Klumpp, C., Kostarelos, K., et al., Curr. Opinion Chem. Biol. 2005, 9, 674. 
 
 
 
 
 

mailto:pballesteros@ccia.uned.es
mailto:viviananegri@hotmail.com


 FUNCTIONALIZATION P111 

 ChemOnTubes 2008, 4-6 April 2008 Zaragoza, Spain 183 

 
Covalent functionalization of Single-Walled 

Carbon Nanotubes and spectroscopic 
characterization of derived SWNT-esters 

Céline Bergereta, Jack Cousseaua,  
Vincent Fernandezb, Jean-Yves Mevellecb, Serge Lefrantb 
a Laboratoire CIMMA, Université d’Angers, UFR Sciences, 2 Boulevard Lavoisier,  

49045 Angers cedex 01, France 
b Institut des Matériaux Jean Rouxel, 2 Rue de la Houssinière, BP 32229 

44322 Nantes cedex 03, France 
e-mail: celine.bergeret@etud.univ-angers.fr  

 
 
Covalent functionalization of single-wall carbon nanotubes (SWNTs) is continuously growing, thus providing 
an attractive approach to the processing and the manipulation of these exciting new materials. In this work 
we have focused on functionalization of SWNTs through oxidation processes generating carboxylic acid sites, 
and leading finally to esters [1]. Two main objectives were first aimed : i) applying this overall 
functionalization process to several types of SWNTs, ii) characterizing the chemically modified SWNTs (TGA, 
XPS, Raman and FTIR spectroscopy), in order to compare their functionalization ability. 

Raman scattering is known to be a fruitful and non-destructive technique [2], provided  several excitation 
wavelengths are used  in order to fulfil resonance conditions for semi-conducting (514.5 and 1064 nm for 
example) and metallic tubes (676 nm for “electric arc” samples and 561 nm for HiPco samples). This latter 
wavelength is issued from a new solid state single frequency laser. Typical spectra are shown in Figure 
below for these two excitations. One can observe that upon functionalization, the “D” band is strongly 
increased in intensity and the Breit-Wigner-Fano profile of the low frequency component of the tangential 
modes is lost. Up-shifts of the Raman modes are also observed. 

From these results, joined to those provided by TGA, XPS studies and FT-IR spectra, the covalent 
functionalization of SWNTs is clearly evidenced. Moreover, as it can be shown from the analysis of 
spectroscopic data, the overall chemical procedure used in this work appears to induce a significant loss of 
metallic character of the starting SWNTs. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure: Raman spectra of functionalized single walled carbon 

nanotubes : 
a) HiPco sample, λexc.= 561 nm ; b) “Electric arc” sample, λexc.= 676  nm 

 
[1] S. Niyogi, M.A. Hamon, H. Hu, B. Zhao, P. Bhowmik, R. Sen, M.E. Itkis, R.C. Haddon, Acc. Chem. Res. 
35, 1105 (2002). 
[2] See for example M.S. Dresselhaus, G. Dresselhaus, A. Jorio, A.G. Souza Filho and R. Saito, Carbon 40, 
2043 (2002), and references therein. 
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The development of novel commutable nanosystems is a topic of great relevance for electronic, magnetic 
and optical devices. In particular weakly coupled hybrid nanostructured formed by a few quantum-dots are 
appealing for both their fundamental properties and their applicative potential in nanoelectronics. In this 
contest superparamagnetic systems are particularly appealing, due to the fact that they display slow 
relaxation of the magnetization at low temperatures. Their inclusion in carbon nanotubes (CNTs)-based 
hybrids could lead to fundamental advances in their characterization and to the coherent control of their 
properties. Moreover it would be a considerable advance in bridging the fields of molecular magnetism and 
CNTs chemisty. However commutable hybrid structures containing a controlled number of magnetic centers 
are lacking at present. Here we report on novel method for the synthesis of hybrid devices composed of 
magnetic nanostructures and CNTs in conditions compatible to the fabrication of CNT-based field effect 
transistors (FETs). 

We consider the creation of hybrids composed of functionalized magnetic nanoparticles and molecular 
nanomagnets alike., A novel method is developed to selectively graft CoFe2O4 nanoparticles, which can be 
commuted by exploiting an optically active charge transfer transition at 530 nm. on single-walled carbon 
nanotubes (CNTs). Controlled multi-dot hybrid devices with a small number of nanoparticles grafted on the 
tube in a controlled and selective way are obtained. The electric properties of CNT-FETs are affected by the 
grafting of the nanoparticles and this can constitute a starting point for future multi-dot commutable 
nanodevices. 

Molecular nanomagnets are also grafted selectively on CNTs using several strategies. Both covalent and 
non-covalent bindings of the molecular magnets on the CNTs are considered, depending on the structure 
and chemical properties of the compounds. We show that the binding process can be controlled and provide 
some insight into the kinetics. The electronic properties of CNT-molecular magnet devices are eventually 
reposted, showing that these hybrid structures are suitable for future fundamental investigations and 
applicative developments. 
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MWCNT reinforced epoxy polymer composites have attracted great interest because the combination of 
these two exceptional materials can have many potential applications in industry. However, real application 
has been hindered by poor dispersion and weak interfacial bonding between MWCNT and epoxy matrix. 
There is agreement in the literature that functionalization of carbon nanotubes seems to be the most 
effective way to overcome these problems. In this work the effect of amine molecular structure in the 
effectiveness of carbon nanotubes functionalization has been analyzed. Three different amines were studied: 
polyamine triethylenetetramine (TETA) and two polyetheramines (Jeffamine D-230 and Jeffamine T 403). 

The amine functionalized MWCNT were prepared as follows: carboxylic groups were grafted onto the 
surface of MWCNT via sonication of a 1:3 volume concentrated solution of HNO3/H2SO4 for 2 h at 30°C. The 
mixture, filtrated and washed, was stirred in thionyl chloride (SOCl2) for 24 h at 70°C to convert the 
carboxylic acid surface groups into acyl chloride groups. After centrifugation and washing to remove the 
excess of SOCl2, the solid was dried in a vacuum oven. Then the solid was added to the wished amine and 
stirred at a given temperature under nitrogen atmosphere for a given time. Temperature and time employed 
depended on the amine used [1-2]. The excess amine was removed by washing in a solvent and then, the 
amino-functionalized MWCNT (f-MWCNT) were dried in a vacuum oven. The resultant f-MWCNT were 
characterized by FT-IR spectroscopy to prove the MWCNT functionalization. Morphologies were analyzed by 
field emission scanning electron microscopy and thermogravimetric analysis was employed to quantify the 
mass fraction of organic groups bonded to MWCNT. Table 1 shows the results of TGA analysis for each 
amine employed. The values do not match the theoretical estimates for a complete COOH-Amine reaction.  

Table 1.   
In table 1 the theoretical estimates of functionalization degree 
considering that only one of the two NH2 chain ends of Jeffamine 
D-230 or TETA contributed to the reaction and, in the case of T-
403, only two of its three chain ends are reactive are also shown. 
As can be seen, a good agreement was obtained, thus suggesting 
that steric restrictions do not allow reaction of all NH2 groups with 
COOH groups. On the other hand, table 1 also shows that the 
polyetheramines seem to be the more effective amines, being 
TETA the more flexible.  
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Mass fraction of grafted  
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D-230 22.4 30.3 
T-403 23.9 27.8 

mailto:marian.corcuera@ehu.es
http://www.springerlink.com/content/h97263707546/?p=9a13195f22e34de4bc54be54bd646a59&pi=0


P114 FUNCTIONALIZATION  
 

186  ChemOnTubes 2008, 4-6 April 2008 Zaragoza, Spain 

 

 
Purification and Functionalization of Carbon 

Nanotubes by Classical an Advanced Oxidation 
Processes 

M. Escobar a,b, S. Goyanes b, M. A. Corcuera c, A. Eceiza c,  
I. Mondragon c, G.H. Rubiolo b,d, R.J. Candal a 

a Instituto de Fisicoquímica de Materiales, Ambiente y Energía, CONICET-UBA. 
Ciudad Universitaria 1428 Bs As, Argentina 

b LP&MC, Dep. de Física, FCEyN-UBA, Pab1, Ciudad Universitaria 1428 Bs As, Argentina. 
c ‘Materials + Technologies’ Group, Dpto. Ingeniería Química y M. Ambiente.  
Escuela Politécnica. Universidad País Vasco/Euskal Herriko Unibertsitatea. 

Pza. Europa 1, 20018 Donostia-San Sebastián, Spain 
d Unidad de Actividad Materiales, CNEA, Av Gral. Paz 1499, San Martin (1650), Bs As, Argentina 

e-mail: marian.corcuera@ehu.es 
 
 
Many oxidants agents such as H2SO4,HNO3, HNO33, KMnO4, O3 have been used to purify and/or 
functionalize carbon nanotubes, CNT [1-3]. As a result of chemical oxidation treatment, the functional groups 
generated on the surface of CNT (typically -OH or -COOH) greatly affect their physico-chemical 
characteristics: electronic structure, dispersability in solvents, and chemical reactivity, between others [4]. 
Consequently, chemical oxidation treatments play an important role in modifying CNT for many potential 
applications. A classical method used to chemically modify the surface is acid attack, i.e, a mixture of HNO3 
and H2SO4 (volumetric 1:3) under low power sonication. However, it is well known that this procedure 
shorten and exfoliate both SWCNT [5] and MWCNT [6], thus affecting their mechanical properties.  
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It is also shown that the intensity of C=C bonds (belonging to the C skeleton) is preserved. 
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In order to develop alternative routes to enhance the 
reactivity, but keeping the exceptional CNT properties, 
Advances Oxidation Processes (AOP) are proposed. 
The studied methods are H2O2/UV, Fenton and Photo-
Fenton process. For comparison, a classical acid 
oxidation method was also studied. The degree of 
functionalization of CNT has been evaluated by FTIR, 
SEM, TEM and TGA-DTA analysis.  
Results indicate that AOP allow a better control for the 
oxidation degree, without producing severe damage in 
the CNT structure. The figure shows that by controlling 
the duration of the application of the AOP, the amount 
of COOH of the CNT can be regulated.  
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Carbon nanotubes (CNTs) are promising new materials identified in 1991 by S. Iijima [1]. Their outstanding 
mechanical and electrical properties have kept the attention of researchers since their discovery. However, 
these large macromolecules are not easy to operate, in particular they are difficult to solubilize and 
homogeneously disperse in host matrices. To date, the most common approach to improve upon the 
situation is to change the CNTs surface properties through covalent functionalization [2]. In spite of definite 
successes, covalent functionalization often induce damages to the CNTs walls sometimes drastically 
affecting some of their intrinsic properties. 

An alternative research direction to cope with this problem is to equip the CNTs sidewalls with the desired 
functionalities through noncovalent interactions. With a binding energy of the order of 40 kJ.mol-1 driven by π-
stacking interactions, pyrene-bearing molecules have already proven to be quite effective [4]. In this work, 
we study the adsorption on the sidewalls of various types of carbon nanotubes (SWNT, DWNT and MWNT) 
of pyrene derivatives bearing, among others, sulfonic acid and trimethylaminoacetyl bromide groups in 
various solvents (water; ethanol, THF …). The absorption is followed by UV-visible spectroscopy.  
 
 
[1]  S. Iijima, Nature 1991, 354, 56 
[2]  D. Tasis, N. Tagmatarchis, A. Bianco, M. Prato Chem. Rev. 2006, 106, 1105 
[3]  N. Nakashima, Y. Tomonari, H. Murakami Chemistry Letters 2002, 638 
[4]  B.S. Kim, R.A. Hayes, J. Ralston Carbon 1993, 33, 25 
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Since discovered by Iijima in 1991 [1], cabon nanotubes (CNTs) have been claimed to be promising 
components of smart materials [2], gas-detectors [3], flow sensors [4] or as additives in high performance 
composite materials for applications ranging from civil engineering, robotics, aeronautics or biomedicine [5]. 
Chemical control of carbon nanotubes functionalization has resulted in been an essential step when 
designing such class of advanced materials.  

Controlling nanotubes surface chemistry would allow us to design new kind of nanotubes-based sensors or 
to create newly high performance light composites with improved thermal, electrical and mechanical 
properties [5].  

Multiwall Carbon Nanotubes (MWCNT) were surface modified firstly oxidizing them with a H2SO4/HNO3 
mixture to obtain more number of reactive carboxylic groups on their surface and then greater functionality. 
Secondly the oxidized nanotubes (MWCNT-COOH) were dispersed in tetrahydrofuran (THF), and made 
react via esterification with a poly(hexamethylen carbonate-co-caprolactone)dyol, a potentially biodegradable 
prepolymer with hydroxyl groups at his ends. Modification process steps were characterized using Fourier 
Transformed Infrared Spectroscopy, FT-IR, Ultraviolet spectroscopy, UV, solubility in different solvents, as 
well as by Thermo Gravimetric Analysis, TGA. Results suggest that surface carboxylic groups are reactive 
enough to graft polymer onto their surface polyol polymers brushes. 
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Carbon nanotubes have unique properties that make them attractive candidates in diverse applications. 
However, the lack of solubility and the difficult handling are the main drawbacks for further development. For 
this reason, research on superficial modification of carbon nanotubes is growing at a rapid rate [1]. In this 
context, the aim of our work is to obtain Single Wall Carbon Nanotubes (SWNTs) with a high amount of 
anchorable points for further attachment of biomolecules. Several strategies can be carried out. Once SWNT 
wrapped with Poly Methyl Methacrylate by a catalytic reaction are obtained [2], the methoxy carbonyl 
terminal groups can be modified to obtain suitable functional groups for further attachment of different 
biomolecules.  

A saponification reaction with lithium hydroxide with a further treatment with acid chloride to derive the 
methoxycarbonyl groups to more reactive carboxylic acid groups has been carried out. The carbodiimide 
chemistry can be employed for further reactions with biomolecules giving SWNT-biomolecule conjugates. On 
the other hand, the reaction of methoxycarbonyl groups with propargylamine gives propargylamide terminal 
groups. These functional groups open attractive possibilities for the attachment of interesting biomolecules 
employing click chemistry based reactions. 
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IR spectra of carboxylic terminal (left) and alkyl terminal (right) modified Poly Methyl Methacrylate wrapped 

on SWNTs. 
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Chem. Rev., 2006, 106, 1105 (c) Bahr J.L.; Tour J.M.; J.Mater.Chem., 2002, 12, 1952 
[2] García A.; Bustero I.; et al., submitted
 
 



P118 FUNCTIONALIZATION  
 

190  ChemOnTubes 2008, 4-6 April 2008 Zaragoza, Spain 

 
Functionalization of Carbon Nanotubes with 

Molecular Switches 
Silvia Giordani,a Manuel Natali, a Elisa del Canto a and Tatiana Perovab 

a School of Chemistry / CRANN, Trinity College Dublin, Dublin 2, Ireland 
b Department of Electronic & Electrical Engineering, Trinity College Dublin, Dublin 2, Ireland 

e-mail: giordans@tcd.ie 
 
 
The ability to miniaturise devices has completely changed our society, and modern technology is constantly 
pushing towards smaller and lighter devices with enhanced functionality. Future technologies will 
increasingly rely on interdisciplinary collaboration to design materials that respond to their environment in a 
manner that suggests a degree of "intelligence".  Nanotechnology is expected to impact all current industries 
including semiconductors, manufacturing, and biotechnology, and it may also create several new ones. 
Major challenges remain before these opportunities can be realized and some of them include the ability to 
assemble, characterize and manipulate materials at the nanoscale level.  

Carbon nanotubes display unique structures and remarkable physical properties and are promising 
candidates for the realization of smart nanomaterials. [1] They have nanoscale dimensions, and can be 
modified through covalent bonding of functional organic molecules, opening the way to structural materials of 
high technological importance. 

Extensive studies on task-oriented molecules such as molecular switches have demonstrated that signals 
can be processed at the molecular level with designed transduction protocols. [2] These findings suggest 
that similar principles can be exploited to operate solid-state devices incorporating molecular components.  
The design of carbon nanotubes functionalized with task-oriented molecules for the development of 
responsive, i.e. “smart” nanomaterials is the main focus of my research program, and here we will describe 
some of our recent results in this endeavour. 
 
 
 
[1] Giordani S., Bergin S.D. et al. J. Phys. Chem. B 2006, 110, 15708. 
 
[2]  (a) Raymo F. M. and Giordani S. J. Am. Chem. Soc. 2001, 123, 4651. (b) Raymo F. M. and Giordani S. J. 
Am. Chem. Soc. 2002, 124, 2004. (c) Raymo F. M. and Giordani S. Proc. Natl. Acad. Sci USA. 2002, 99, 
4941. 

mailto:giordans@tcd.ie


 FUNCTIONALIZATION P119 

 ChemOnTubes 2008, 4-6 April 2008 Zaragoza, Spain 191 

 
New strategies for the biofunctionalisation of 

carbon nanotubes 
Ana Belén González-Guerrero,a Ernest Mendozaa, Eva Pellicera, 

Ana Calleb and Laura M. Lechugab 
a Institut Català de Nanotecnologia (ICN), Edifici CM7, Campus Universitat Autònoma de Barcelona, 

Bellaterra (Barcelona), Spain. 
b Grupo de Biosensores. Centro Nacional de Microelectrónica (IMM-CNM), Consejo Superior de 

Investigaciones Científicas (CSIC), E-28760 Tres Cantos (Madrid), Spain 
e-mail: anabelen.gonzalez.icn@uab.cat  

 
 
The exceptional physicochemical properties of carbon nanotubes (CNTs) have made them emerge as an 
essential platform in nanoscience [1]. In particular, oxidation of the CNT structure has attracted a huge 
interest due to the need of activation their inert surface, as an essential step for covalent biofunctionalization. 
The oxidation of Multi-Wall Carbon Nanotubes (MWCNTs) has been achieved by refluxing at 120ºC in HNO3 
for up to 12h. In this work, we present both a new methodology to investigate the functional group and a 
novel protocol for the covalent functionalisation with biomolecules avoiding cross-linking. 

The first method is based in Bohem’s titration protocol and permits to characterise both the carboxylic groups 
and the total acid sites. Using this method we have investigated the oxidation dynamics of CNTs. The results 
are correlated with TEM observations and Raman spectroscopy measurements. The trends observed are not 
restricted to the case study of MWCNTs oxidation in nitric acid but it also show the generalities of MWCNTs 
wet oxidation[2]. 

Furthermore, the covalent attachment of biomolecules to oxidised MWCNTs has been performed using the 
crosslinker, 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC). The protein is attached 
through an amide bond between the carboxylic group at the nanotube sidewall and the amine group of the 
protein after activation of the carboxylic group with EDC. Our method overcomes the main limitations of this 
type of crosslinker such as loss of reactivity and undesirable crosslinking. The main goal of this work is to 
take advantage of the physico-chemical characteristics of EDC to overcome these inconveniences by 
performing the carboxylic group activation on an organic phase-water interface [3]. 

 
 

a) Left: TEM image showing crosslinking between ferritin proteins (protein-protein crosslinking). The arrows indicate 
some examples. b) Right: TEM image showing MWCNTs biofunctionalisation with ferritin through  of the carboxylic group 
in the organic solvent-water interface. The ferritin molecules can easily be observed decorating the wall of the MWCNTs. 
 
 [1]    Brett Lee Allen, Padmakar D. Kichambare, Alexander Star, Adv. Mater. 2007, 19, 1439-1451. 
 [2]    Ana Belén González-Guerrero, Ernest Mendoza, Francesc Alsina, Eva Pellicer, César Fernández-

Sanchez, Laura M. Lechuga. 2007, Submitted. 
 [3]  Ana Belén González-Guerrero, Ernest Mendoza, Eva Pellicer, Ana Calle, Laura M. Lechuga 2007, 

Submitted.  
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A selectivity investigation of the covalent sidewall functionalization of SWNTs by reductive alkylation (Billups 
reaction) [1] and by the addition of SWNTs with a series of organolithium-, -magnesium and -zinc 
compounds is reported [2]. The functionalized tubes Rn-SWNT were characterized by UV-vis-nIR absorption-, 
nIR emission- and Raman-spectroscopy. The reduction of SWNTs with sodium and the subsequent 
alkylation of the reduced tubes SWNTn- with different alkyliodides and -bromides reveal a pronounced 
SWCNT diameter dependence, that is, SWNTs with smaller diameter are considerably more reactive than 
tubes with larger diameter. Moreover, this reaction sequence favours also the preferred functionalization of 
metallic over seminconducting tubes. The reaction of SWNTs with organolithium- and magnesium 
compounds exhibits also a pronounced selectivity. In general metallic- are more reactive then 
semiconducting tubes. The reactivity of SWNTs towards the addition of organometallic compounds is 
inversely proportional to the diameter of the tubes. The reactivity depends also on the sterical demand of the 
addend. Binding of the bulky t-butyl addend is less favorable than the addition of primary alkyl groups. 
Significantly, although tBuLi is less reactive as, e.g. nBuLi it is at the same time less selective towards the 
preferred reaction with metallic tubes. The explanation for this unexpected behavior is that fast electron 
transfer to the metallic SWNTs having low lying electronic states close to the Fermi level represents a 
competitive initial process. 

 
Alkyl-functionalized metallic versus an unfunctionalized semiconducting SWNT 

 
[1] R. Graupner, J. Abraham, D. Wunderlich, A. Vencelova, P. Lauffer, J. Roehrl, M. Hundhausen, L.       
 Ley, A. Hirsch, J. Am. Chem. Soc. 2006, 128, 6683; D. Wunderlich, F. Hauke, A. Hirsch, Chem. Eur. J. 

2007, published online. 
[2]  D. Wunderlich, F. Hauke, A. Hirsch, J. Mater. Chem. 2007, accepted.  
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Carbon nanotube/polymer composites have been widely reported since the discovery of carbon 
nanotubes.[1] Their use in polymer nanocomposites is leading to rapidly growing areas of nanotechnology 
due to a unique combination of the electrical, mechanical, optical, and thermal properties. Also, the 
morphology of polymers is a key factor in new functional and high-performance materials through realization 
of essential properties predicted from their molecular structures. The morphology control of aromatic 
polymers during solution polymerization has been reported, and poly(p-oxybenzoyl) (POB) whiskers and 
sheaf-like, lozenge-shaped crystals have been prepared.[2,3] It has been recognized that self-assembling 
polycondensation by means of reaction-induced crystallization of oligomers is a valuable method for the 
morphology control of intractable polymers.  
In the present study, we combine the reaction-induced crystallization of oligomers and the presence of 
single-walled carbon nanotubes (SWNTs) nucleators to prepare a novel SWNT/POB hybrid. Polymerization 
conditions were investigated to induce the crystallization of POB oligomers through SWNTs (produced by 
HiPco process, average length : ~200 nm). Concentrations of monomer and SWNTs were 0.5-3.0 mol% and 
0.007 wt/vol%. To introduce hydroxyl polymerization sites on SWNTs, phenol were covalently attached to the 
sidewalls by the diazonium salt [4] prior to the polymerization. The SWNTs were in small bundles by the 
sidewall functionalization. SWNTs/POB plate-like or lozenge-shaped crystals were successfully prepared by 
direct polymerization of p-hydroxybenzoic acid (HBA) in a mixed solvent of DMF/Py with TsCl at 110°C in the 
presence of the functionalized SWNTs. The size of the plate-like crystals were ~200 nm to 3 µm. AFM 
analysis revealed that the plate-like crystals with 3-60 nm in thickness consisted of some layers, ~3 nm thick 
plates. Interestingly, some of the plate-like structures had traces of crystal growth in their centers (Figure). 
Obtained crystals exhibited unique morphology and high crystallinity, producing a novel SWNT/POB hybrid. 
The DPn of the polymerized products was calculated from the IR spectra [3], giving ca. 3-7. Model reactions 
showed that esterification reactions proceed between 
functionalized SWNTs and HBA monomers in the 
polymerization system. On the other hand, 
polymerization in the presence of non-functionalized 
SWNTs at low concentration did not form crystals. 
SWNTs functionality and its aggregation behavior in 
solution are significantly influential on the induction of 
crystallization of oligomers. 
[1] Iijima, S. Nature 1991, 354, 56. 
[2] Kimura, K.; Kohama, S.; Yamazaki, S. Polym. J. 

2006, 38(10), 1005. 
[3]  Kimura, K.; Horii, T.; Yamashita, Y. J. Polym. Sci. 

Part A: Polym. Chem. 2003, 41, 3275. 
[4] Dyke, C. A.; Tour, J. M. J. Am. Chem. Soc. 2003, 

125, 1156. 
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Figure AFM images of (a) height mode and 
(b) amplitude mode of plate-like SWNTs/POB 
crystals formed in the presence of phenol-
functionalized SWNTs



P122 FUNCTIONALIZATION  
 

194  ChemOnTubes 2008, 4-6 April 2008 Zaragoza, Spain 

 
Excitation transfer in a luminescent  

porphyrin-SW carbon nanotube complex 
 J.S. Lauret,a G. Magadur,a,b V. Alain-Rizzo,b C. Voisin,c Ph. Roussignol,c E. 

Deleportea and J.A. Delaireb 
aLaboratoire de Photonique Quantique et Moléculaire, Institut d'Alembert, Ecole Normale Supérieure de 

Cachan, 61 avenue du Président Wilson 94235 Cachan Cedex, France. 
 bLaboratoire de Photophysique et Photochimie 

Supramoléculaires et Macromoléculaires, Ecole Normale Supérieure de Cachan, 61 avenue du Président 
Wilson 94235 Cachan Cedex, France. 

cLaboratoire Pierre Aigrain, Ecole Normale Supérieure, 24 rue Lhomond, 75005 Paris, France. 
e-mail: lauret@lpqm.ens-cachan.fr 

 
 
Tailoring the properties of carbon nanotubes by functionalizing their side-wall is an important point towards 
the realization of carbon nanotube-based optoelectronic or electronic devices. Interactions between 
nanotubes and porphyrin molecules have attracted much attention for about five years [1-8]. 
We report here on "π-stacking" functionalization of CoMoCaT nanotubes with hydrosoluble porphyrins 
(TPPS). The mutual influence on electronic properties of both porphyrins molecules and nanotubes is 
studied by optical absorption, photoluminescence and excitation of photoluminescence spectroscopy in both 
species optical transitions energy range.  The optical absorption spectrum of porphyrins adsorbed on 
nanotubes exhibits a 120 meV red shift of the Soret band. The porphyrin-nanotube complex shows a 99% 
quenching of the TPPS emission. In contrast with previous studies photoluminescence intensity of the 
nanotubes is enhanced in presence of porphyrins. Moreover this enhancement is much better when the 
excitation energy is in resonance with the “π-stacked" porphyrin absorption band. This reveals the existence 
of an excitation transfer from the porphyrin molecules to the nanotube. 
 
 
 
 
 
[1] G.M. Aminur Rahman, D.M. Guldi, S. Campidelli and M. Prato, J. Mater. Chem., 2006,  16, 62. 
[2] H. Li, B. Zhou, Y. Lin, L. Gu, W. Wang, K.A. Shiral Fernando, S. Kumar, L.F. Allard and YP. Sun, 

J. Am. Chem. Soc., 2004, 126, 1014. 
[3] T. Hasobe, S. Fukuzumi and P.V. Kamat, J. Phys. Chem. B, 2006,  110, 25477. 
[4] M. Alvaro, P. Atienzar, P. De la Cruz, J.L. Delgado, V. Troiani, H. Garcia, F. Langa, A. Palkar and  

L. Echegoyen, J. Am. Chem. Soc., 2006, 128, 6626. 
[5] C. Ehli, G.M. Aminur Rahman, N. Jux, D. Balbinot, D.M. Guldi, F. Paolucci, M. Marcaccio, D. Paolucci, M. 

Melle-Franco, F. Zerbetto, S. Campidelli and M. Prato, J. Am. Chem. Soc. 2006, 128, 11222. 
[6] M.A. Herranz, N. Martin, S. Campidelli, M. Prato, G. Brehm and D. M. Guldi Angew. Chem. Int. Ed., 2006,  

45, 4478. 
[7] D.M. Guldi J. Phys. Chem. B, 2005, 109, 11432. 
[8] H. Murakami, T. Nomura and N. Nakashima Chem. Phys. Lett., 2003, 378, 481. 
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Carbon Nanotube (CNT) based devices can be used as highly sensitive nanoscale electrochemical sensors. 
In the case of using nanotubes to form Field Effect Transistors (CNT-FET), it has been demonstrated that 
semiconducting single wall CNTs (SWCNT) are more sensitive than metallic ones or CNT networks. Two 
main technological challenges hinder the batch fabrication of these type devices: control over CNT position 
and control over their chirality.  

We present a process for the batch fabrication of thousands of SWCNT-FET/cm2 devices at wafer scale, 
using conventional UV based lithographic steps. Control over one of the nanotube edges position is 
achieved by a selective deposition of the catalyst particles before a fully compatible Chemical Vapour 
Deposition synthesis process. Although grown SWCNTs can be either semiconducting or metallic, a post-
fabrication automated electric characterization of the devices allows the selection of a determined device 
among all the structures on a wafer. In order to restrict the contact of he analite to the CNT on the SWCNT-
FET sensor, a device passivating process by means of a PMMA mask has also been developed. 

Following the idea of developing ultrasensitive nanoscale sensors that can monitor more single biochemical 
events, we also present optimized functionalization strategies to be applied in such CNT-FET sensors. By 
using pyrene linkers, we have succeeded in the immobilization of different proteins (streptavidin, ferritin, 
myoglobin and catalase) and ion receptors of physiological importance. The pyrene linkers constitute very 
attractive molecules since they interact strongly with the CNT via π−π stacking (without perturbing in a big 
extent its conduction network) and, at the same time, they provide terminal functional groups which can be 
used to anchor biomolecules covalently and selectively. Additionally, we have evaluated the non-specific 
adsorption with the aim to control and address selectively the functionalization on the specific sites of the 
CNT where the pyrene linkers are located.  
By combining the SWCNT-FET batch fabricated structures and the functionalization strategies, we will be 
able of fabricating thousands of sensors at wafer scale. The structures fabrication process can be made 
compatible with other nanotube functionalization strategies so that any kind of SWCNT-FET based sensor 
can be fabricated. 
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(a) Optical images CNT-FET fabricated devices; (b) Schematic cross section of the CNT-FET; (c) AFM 
image of a PMMA passivated SWCNT-FET device.  
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Carbon Nanotubes (CNTs) are generally impure and have very low solubility/dispersability in organic 
solvents, thus chemical treatments are widely studied for both purification and improved solubility. In addition, 
covalent strategies have been used to introduce functional groups and to improve the performance of 
polymer nanocomposites [1]. 

Since in many applications the use of high-purity CNTs is a fundamental issue, a number of purification 
methods for the removal of undesirable impurities have been developed. Liquid-phase oxidation is generally 
carried out with acid solutions such as HNO3 or mixtures of H2SO4/HNO3 to remove metals and carbon 
impurities. Some results have shown that acid-treatment consumes SWNTs and the walls become damaged, 
distorted or even segmented [2], and the bundles are covered by debris consisting of decomposition 
products [3]. Thus, to date, there is no consensus on which method is the most adequate for the purification 
of large amounts of SWNTs, such that the wall and length of tubes remain intact. It is well known that these 
structural parameters control the electronic properties of the tubes.  

Simultaneously, these oxidative processes are capable of generating a variety of oxygenated functional 
groups at the nanotube ends and in particular, at structural defect sites along the tube walls etched by the 
oxidizing agent [4]. The predominance of carboxylic acid groups have been the basis for much of the 
interesting chemistry that has been reported with SWNTs thus far. On the other hand, an ozonolysis reaction 
in solution has been proposed as a alternative to sidewall functionalization of CNTs, resulting in a the 
reaction not only conserves the structural integrity of the tube bundles but also purifies them [5]. 

In this context, the purpose of the present research is to improve our knowledge in order to discriminate between purification 
and functionalization methods, with the aim to establish the most suitable method to minimise the deterioration of the CNTs. In this respect, firstly, 
we have removed non-nanotube carbon and the presence of metal catalyst, and secondly, we compare the effectiveness between the acid-
treatment and the oxidative strategy with the ozonolysis reaction. 
 
 
 
[1] E.T.Thostenson, C.Li, et al., Compos. Sci. Technol. 2005, 65, 491. 
[2]  M.Monthioux, B.W.Smith, et al., Carbon 2001, 39, 1251. 
[3] E.Dujardin, T.W.Ebbesen, et al., Adv. Mater. 1998, 10, 611. 
[4] K.Balasubramanian, M.Burghard Small 2005, 1, 180. 
[5] S.Banerjee, S.S.Wong, J. Phys.Chem.B 2002, 106, 12144. 
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Tube end-functionalization is considered as a means of grafting of carbon nanotubes (CNTs) on-chip for 
their integration in electronic devices.[1] To this end, different approaches are explored to selectively 
functionalize CNTs at their ends. 

The first strategy relies on the functionalization of coated CNTs using ball milling under a reactive 
atmosphere. We anticipate that coating the CNTs before ball milling should prevent the grafting of functional 
groups on the sidewalls as mainly tube tips are accessible. Coating CNTs with a polymer or a surfactant 
(SDS) was investigated for sacrificial non-covalent sidewall passivation. Unfortunately, TEM indicates that 
the coating was not stable under ball milling. 

An alternative method is based on the functionalization of CNTs at their defect sites. We assume that defects 
are located mainly at the nanotube tips. CNTs were first oxidized under mild conditions that should prevent 
the formation of new defect sites.[2] Carboxylic acid functions were then activated using thionyl chloride and 
the corresponding acyl chloride moieties were coupled to an amine. XPS analysis confirms incorporation of 
nitrogen. IR spectroscopy shows the transformation of carboxylic acid to amide function. To localize the 
functional groups, the CNTs were decorated with selenium nanoparticles. The Se particles were generated 
on the nanotube surface upon exposure to H2Se. This gas is selectively oxidized at surface functionalities 
containing oxygen atoms.[3] SEM of pristine purified CNTs shows that the particles are spherical and 
attached to the CNTs mainly at their tips (Fig. 1). SEM images of end-functionalized CNTs are currently 
under investigation. 
 

 
Figure 1: SEM of pristine purified CNTs coated with Se nanoparticles. 

 

The third functionalization approach involves plasma treatment (ion beam) of vertically aligned CNTs grown 
on a wafer surface. The aim is that the functionalization process should be tip-selective as the density of 
aligned CNTs is high and only tips are accessible. XPS indicates that the level of functionalization depends 
on ion energy and irradiation time. However, SEM shows that the pattern of aligned CNTs was damaged by 
the plasma treatment. Milder conditions are investigated to avoid degradation. 

In summary, three strategies were studied for the end-functionalization of CNTs based on the application of 
mechanical, chemical, or energy treatment. The ball milling process was unsuccessful while the chemical 
and plasma processes are promising but require further investigation. 
 
[1] This work is part of CARBonCHIP FP6 European project. For more details see 

http://www.imec.be/carbonchip. 
[2] J. Zhang, H. Zou, Q. Qing, et al., J. Phys. Chem. B. 2003, 107, 3712. 
[3] Y. Fan, M. Burghard, K. Kern, Adv. Mater. 2002, 14, 130 
.
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Carbon nanotubes have attracted great attention because of their unique structural, electronic, mecanical 
and thermal properties [1-3]. However, many of these interesting and unique properties can only be realized 
once the CNTs are integrated into more complex assemblies [4-5]. A common technique to incorporate 
CNTs into such assemblies is through chemical functionalization of the MWNTs, which enables chemical 
covalent bonding between the MWNTs and the material of interest. Examples of such covalent linkages 
achieved through chemical functionalization have been utilized in MWNTs-reinforced polymer composites [6-
7] and biological systems [8]. Chemical functionalization is used to enhance the nanotube-polymer interface. 
Increasing the interfacial binding between MWNTs and the polymers will improve the mechanical interfacial 
strength and thus load transfer to the MWNTs, with the goal of improving the macroscopic mechanical 
properties of composites. Also the chemical functionalization is specially attractive target, as it can improve 
solubility [9] and processibility and allow the unique properties of CNTs to be coupled to other types of 
materials. among the various functional groups used in coupling chemistry, maleic anhydride has high 
reactivity and versatility in reaction with other materials. A free radical reaction was used to functionalize 
MWNTs by Maleic anhydride in the presence of benzoyl proxide, under thermal condition. In this reaction, 
Maleic anhydride grafted MWNT (Mah-g-MWNT) was obtained [10]. 
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Scheme 1. 
 
In this study, Mah-g-MWNT, was reacted with various amines to produce polyamide products. The 
polyamide products are more soluble in organic solvents such as dichloro methane, 1,2-dichloro 
benzene etc in comparison to Mah-g-MWNTs that is insoluble in organic solvents. The reaction 
products were characterised by ATR, IR, SEM, Ramman, and TEM analysis. 
 
[1] X. Sun, W. Zhao, et al., Mater.Sci.Eng.A. 2005, 390, 366. 
[2]  E. Unger, A. Graham, et al., Curr.Appl.Phys. 2002, 2, 107. 
[3] J. Hone, M. whitney, et al., Synth.Met. 1999, 103 ,2498. 
[4] J. Kong, N. R. Franklin, et al., Science. 2000, 287,622. 
[5] S .J. Tans, R. M. Verschueren, et al., Nature. 1998, 393, 49 
[6] A. Eitan, K. Jiang, et al., Chem Mater. 2003, 15, 3198. 
[7] D. E. Hill, Y. Lin, et al., Macromolecules. 2002, 35, 9466. 
[8] K. F. Fu, W. J. Huang, etal, J. Nanosci. Nanotechnol. 2002, 2, 457. 
[9] H. Kitano, K. Tachimoto, et al, Journal of Colloid and Interface Science. 2007, 306, 28. 
[10] H-L. Wu, C-H. Wang,et al, Compisites Science and technology. 2007, 67.1854. 
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Since last few years, highly aligned carbon nanotubes have been obtained by using different methods, 
including the use of nanotemplates such as anodic aluminium oxide AAO. Nevertheless the properties of the 
CNTs grown by this procedure depend on the nature of the template, being difficult the post-synthesis 
alterations. 

In this communication we present an improved alternative method to control the alignment of carbon 
nanotubes by applying external magnetic fields on magnetic nanoparticles functionalized nanotubes. Carbon 
nanotubes have been modified by π- π stacking of a carboxylic acid and the previously synthesized magnetite 
nanoparticles have been bounded to the acid groups [1]. TEM and FESEM show magnetite nanoparticles of 
ca. 4 nm diameter highly dispersed on the nanotube surfaces.  In presence of magnetic fields the modified 
nanotubes can be appropriately oriented along the axis parallel to the field. The magnetic properties of the 
modified carbon nanotubes have also been investigated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FESEM images of carbon nanotube bundles with Fe3O4 nanoparticles on silicon and placed in: (a) zero 
magnetic field and (b) a magnetic field of 200 mT.. 

 
 
[1] F. Marquez, C. Morant, J.M. Sanz, E. Elizalde, J. Nanosci. Nanotech. (in press) 
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The treatment of nanotubes with organo metallic compounds like organolithium compounds leads to the 
formation of negatively charged carbon nanotubes intermediates RnSWCNTn-. This reaction type for 
functionalization of carbon nanotubes has firstly been used for polymerization reactions [1] or to react with 
functional polymers [2]. 

SWCNTs were treated with different organo metallic compounds like n-butyllithium, tert-butyllithium and 
sodium-naphthalene. The resultant negatively charged intermediates were used as initiators for anionic 
polymerization with different monomers under different reaction conditions. Polymer-grafted SWNTs were 
obtained in a one-step synthesis without required nanotube pre-treatment.  

All functionalized SWCNTs were comprehensively characterized using spectroscopic and microscopic 
techniques. 

The aim of these functionalized SWCNTs is to obtain reinforced polymers. 
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Reduction of SWCNTs using sodium-naphthalene and initiation of the polymerization of vinyl monomers. 

 
 
 
[1] G. Viswanathan, N. Chakrapani, H. Yang, B. Wei, H. Chung, K. Cho, C. Y. Ryu, P. M. Ajayan, Journal of 

American Chemical Society. 2003, 125, 9258. 
[2] R. Blake, Y. K. Gun'ko, J. N. Coleman, M. Cadek, A. Fronseca, J. B. Nagy, W. J. Blau; Journal of 

American Chemical Society. 2004, 126, 10226. 
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Carbon nanotubes and nanofibres present unique electrical, mechanical and thermal characteristics [1]. 
Their homogeneous dispersion inside a matrix is expected to impart exceptional properties to the resulting 
composites. The main obstacle to the use of these materials in specific applications is their physical form and 
the low surface energy characteristic of graphite-like materials. They are obtained as an entangled mass of 
nanofilaments, difficult to disperse in organic solvents or polymeric matrices [2]. Chemical functionalisation is 
expected to help untangle the aggregates and increase their solubility. A number of functionalization 
reactions were reported in the literature, [3] some of them involving the π-electron system of the carbon 
material. 

In this study, the functionalization of carbon nanofibers was performed via a Diels-Alder addition reaction. 
The experimental conditions were selected on the basis of a differential scanning calorimetry (DSC) study on 
the reagents and the functionalization was confirmed by thermogravimetric analysis (TGA), scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM). Analysis performed on the surface 
of the functionalized material by X-ray photoelectron spectroscopy (XPS) and FT-IR using the Attenuated 
Total Reflectance (ATR) technique provided valuable information to identify the functional groups that are 
present. The acid-base properties of the functionalized carbon nanofibers further contribute to identify the 
chemical nature of the surface. 
 

 
 

SEM photograph of carbon nanofibers after treatment under Diels-Alder conditions. 
 
 
 
[1] Ajayan, P. M. Chem. Rev., 1999, 99, 1787-1799. 
[2] Dyke, C. A.; Tour, J. M. Chem. Eur. J., 2004, 10, 812-817; Tasis, D.; Tagmaterchis, V. G.; Prato, M. 

Chem. Eur. J., 2003, 9, 4000-4008.  
[3]  Hirsh, A. Angew. Chem. Int. Ed., 2002, 1853-1859,   
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Although much work has been devoted to facilitate manipulation of carbon nanotubes (CNTs) and enhance 
their solubility, we are still far from considering CNTs as entities easy to integrate into inorganic or biological 
systems. One of the most powerful approaches used to achieve this objective has been the covalent 
functionalization of their side-walls and tips [1]. Different reactions have been described, most of them using 
conventional chemical techniques such as refluxing and/or sonication in organic solvents or mineral acids, 
often making use of high temperatures or pressures, long reaction times or highly reactive species. While all 
this work has demonstrated how to functionalize nanotubes with different functionalities, only a few examples 
where carbon nanotubes have been functionalized with a variety or functional groups are known to date [2]. 
This type of multifunctional CNTs would be very attractive as drug delivery systems, sensors or in the 
formation of composites. However, if we take into account practical applications, which require scaling up, 
the reaction conditions are most often lengthy and uncomfortable, therefore alternative functionalization 
approaches are still highly desirable to enable new protocols, simple to execute and easy to scale up. 

In the present work we show a new synthetic strategy to produce multifunctional nanotubes via a microwave-
induced method [3], avoiding the use of long reaction times, contaminating solvents and the extreme 
conditions commonly used. By using this procedure it is possible to obtain multifunctional nanotubes with a 
variety of groups that could be customized to fit a desired application. 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
Raman Spectrum 

 
[1] Tasis, D.; Tagmatarchis, N.; Bianco, A.; Prato, M. Chem. Rev. 2006, 106, 1105 
[2] (a) Lee, K.M.; Li, L.; Dai, L.; J. Am. Chem. Soc. 2005, 127, 4122 (b) Wu, W.; Wieckowski, S.; Pastorin, 
G.; Benincasa, M.; Klumpp, C.; Briand, J.-P.; Gennaro, R.; Prato, M.; Bianco, A. Angew. Chem. Int. Ed. 
2005, 44, 6358 (c) Pastorin, G.; Wu, W.; Wieckwski, S.; Briand, J.-P.; Kostarelos, K.; Prato, M.; Bianco, A. 
Chem. Commun., 2006, 1182 
[3] Brunetti, F.G.;Herrero, M.A.; Muñoz, J de M.; Giordani, S.; Díaz-Ortiz, A.; Filippone, S.; Ruaro, G.; 
Meneghetti, M.; Prato, M.; Vazquez, E. J. Am. Chem. Soc. 2007, 129, 14580 
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Functionalised carbon nanotubes (f-CNTs) are attracting increasing attention as promising candidates for the 
development of new and efficient drug delivery systems, in particular since the discovery of their ability to 
cross biological barriers [1-3]. The application of f-CNTs as nanovectors for the delivery of one or more 
therapeutic agents with specific target recognition capacity and/or optical imaging is a fundamental issue in 
the treatment of different types of infections [4]. In this context, our group has explored the use of carbon 
nanotubes to deliver antibiotics to different cells and, in particular, has studied the administration of 
amphotericin B (AmB), a powerful antifungal agent but highly toxic to mammalian cells. The CNT-AmB 
conjugates were rapidly internalised by mammalian cells without toxic effects and they displayed a higher 
antifungal activity than native AmB against different types of microorganisms [5]. 

In this contribution we will present the functionalisation of CNTs with the antifungal agent, fluconazole, the 
characterisation of the conjugates and their biological properties. 
 
 

 
 

Transmission electron microscopy image and structure of fluconazole- CNTconjugates. 
 
 
 
[1] Pantarotto D, Briand JP, et al., Chem Commun. 2004, 16.. 
[2] Shi Kam NW, Jessop TC, et al., J Am Chem Soc. 2004, 126, 6850. 
[3] Kostarelos K, Lacerda L, et al., Nature Nanotechnology. 2006, 2, 108. 
[4]  Bianco A, Kostaelos K, et al.,  Curr Opin Chem Biol. 2005, 9, 674. 
[5]  Wu W, Wieckowski, et al.,  Angew Chem Int Ed. 2005, 44, 6258. 
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It is by now established that small amounts of well dispersed carbon nanotubes (CNTs) into metal and 
polymer matrices can lead to significantly improved mechanical, electrical and tribological properties of the 
resulting composites. Unfortunately, pristine CNTs have weak affinities for most of the host matrices. 
Chemical functionalization is an effective way to improve their solubility and, by way of consequence, the 
dispersion in the host matrices and compatibility in composite materials. 

Recently, we have reported on the chlorosilanization [1] of multi-walled carbon nanotubes (MWNTs) bearing 
OH functions and on its effectiveness in leading to highly dispersed tubes in polydimethylsiloxane [2] and 
polyacrylonitrile [3]. Through this process, the nanotubes are wrapped in a thin continuous insulating 
siloxane network [4]. While advantageous for some applications, the loss of conductivity can be detrimental 
to others. 

To overcome the problem, we report in this work on our attempts to directly functionalize  MWNTs with 
diisopropyl(3,3,4,4,5,5,6,6,6-nonafluorohexyl)silane (H(C3H7)2Si-(CH2)2-(CF2)4-F). This process is based on 
the catalytic hydrosilylation and leads to C-Si bonds at the defect sites of the MWNTs. The chemically 
modified nanotubes were characterized by X-ray photoelectron spectroscopy (XPS), thermogravimetry 
analysis (TGA) and scanning electron microscopy (SEM).  
 
 
[1] L. Vast, G. Philippin, A. Destrée, N. Moreau, A. Fonseca, J. B.Nagy, J. Delhalle, Z. Mekhalif, 

Nanotechnology, 2004, 15, 781. 
[2] L. Vast, Z. Mekhalif, A. Fonseca, J. B.Nagy, J. Delhalle, Composites Science and Technology, 2007, 

67,880 
[3]  L. Vast, O. Rochez, L. Azoulay, A. Fonseca, J. B.Nagy, G. Deniau, S. Palacin, J. Delhalle, Z. Mekhalif,  
 Journal of Nanoscience and nanotechnology, 2007, 7,3404 
[4]  L. Vast, L. Carpentier, F. Lallemand, J.F. Colomer, A. Fonseca, J. B.Nagy, J. Delhalle, Z. Mekhalif, to be 

submitted 
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The synthesis and characterization of side wall amino-functionalized single-walled carbon nanotube 
derivatives (nPrNH)n-SWNTs is reported. The nucleophilic addition of in situ generated lithium n-propyl 
amide, to the side wall of SWNTs and the subsequent reoxidation of charged intermediates of the type 
(nPrNH)n-SWNTn- leads to carbon nanotube derivatives with covalently attached amino groups. Based on the 
reaction sequence, a homogeneous dispersion of the carbon nanotube material is achieved due to the effect 
of electrostatic repulsion of the negatively charged intermediates. 

The solubility of the resulting propylamine functionalized (nPrNH)n-SWNT material increased drastically in 
organic solvents. Products obtained by direct covalent side wall amination were characterized in detail by the 
following spectroscopic methods: Raman spectroscopy, thermogravimetric analysis (TGA), X-ray 
photoelectron spectroscopy (XPS) and UV/Vis/NIR spectroscopy.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Amidation sequence of SWNTs with lithium n-propyl amide followed by reoxidation (nPrNH)n-SWNT – 
Formation of (nPrNH)n-SWNTs 

 
 
 
[1]  R. Graupner, J. Abraham, D. Wunderlich, A. Vencelova, P. Lauffer, J. Roehrl, M. Hundhausen, L.       
      Ley, A. Hirsch, J. Am. Chem. Soc. 2006, 128, 6683. 
[2]  D. Wunderlich, F. Hauke, A. Hirsch, Chem. Eur. J. 2007, published online 23.11.2007.  
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Hybrid materials composed of conjugated organic oligomers such as fluorenevinylene derivatives [1] and 
carbon nanotubes are among the most promising candidates as organic semiconductors for the preparation 
of electronic devices and organic light emitting diodes [2]. However, single walled carbon nanotubes 
(SWCNTs) are practically insoluble in any medium due to their mutual strong van der Waals interactions. As 
a result, their integration in nanodevices is a challenging task due to manipulation and processing difficulties. 
These have been partially solved by sidewall functionalization [3]. 

Noncovalent functionalization has given excellent results in terms of dispersability issues. In addition, such 
functionalization does not alter the electronic properties of the tubes preserving their extended conjugation. 
On the basis of the affinity of pyrene for CNTs, the solubilization of CNTs in various solvents by noncovalent 
sidewall modification with pyrene-containing systems has been reported [4]. 
In this work, we have synthesized a novel 2,7-fluorenevinylene trimer, which contains pyrene functionalities 
attached at both sites. SWCNT material was found to be easily dispersed in the presence of the trimer by 
mild sonication in organic media. The noncovalently modified SWCNTs (Scheme 1) were characterized by 
UV-Vis, FTIR, Raman, SEM, while photophysical properties were examined by fluorescence measurements 
(steady and time-resolved). 
 
 
 

 
 

Scheme 1. Adsorption of trimer onto the CNT sidewalls 
 
 
 
[1] J. Mikroyannidis, L. Fenenko, et al., J. Phys. Chem. B. 2006, 110, 20137. 
[2]  J. Li, L. Hu, et al., NanoLetters. 2006, 6, 2472. 
[3] D. Tasis, N. Tagmatarchis, et al., Chem. Rev. 2006, 106, 1105. 
[4 D. Guldi, E. Menna, et al., Chem. Eur. J. 2006, 12, 3975. 
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A substantial body of research has been focused on the preparation of high purity carbon nanotubes (CNT) 
in a large scale. Subsequently the purified CNTs can then be filled or functionalized depending on the 
envisaged application. Typically amorphous carbon, graphitic particles and metal particles are the main 
impurities in as-made CNTs. Although several procedures have been used to remove them off, the nitric acid 
has become the standard reagent for purification of CNTs. Recent studies have shown that acid purification 
also leads to partial oxidation of CNT themselves and sometimes to an extensive disruption of the tubular 
structure. Here we report on the use of steam for the purification and opening of CNTs. Steam allows a 
better control of the removal of the carbonaceous fragments, neither functionalizing the SWCNTs nor 
damaging their tubular structure.[1]  

Nitric acid has long been used to create carboxylic acid groups on the CNT walls. In contrast, we have 
recently observed that when a sample of as-made SWCNTs is treated with nitric acid (without any previous 
purification treatment), oxidation debris are formed due to the carboxylation of the amorphous carbon 
present in the sample. This oxidation debris creates a continuous coating along the SWCNT walls and 
prevent their sidewall functionalization.[2] The functionalized amorphous carbon can be easily removed by 
an aqueous base wash leaving behind a sample of SWCNTs with a low degree of functionality. We 
demonstrate here that the sidewall functionalization of carbon nanotubes can be greatly enhanced by first 
removing the amorphous carbon present in the sample.[2] 

After treatment with nitric acid, the carboxylic acid groups present on the sidewalls of the CNTs serve as 
anchor groups to covalently bond organic molecules, which are attracting increased attention due to their 
potential biomedical applications. Bulk measurements (Raman, IR, UV) are commonly used to characterize 
modified SWCNTs; however, these do not provide direct evidence of the attachment of individual molecules. 
We have been able to directly visualise organic molecules covalently bonded to the carbon nanotubes by 
first labelling them with a high scattering element, such as iodine.[3] 
 

 
 

AFM (a) before and (b) after exposure of gold colloids on a sidewall functionalized sample of SWCNTs. An 
absence of gold nanoparticles is found when amorphous carbon has not been removed prior to the 

functionalization treatment. 
 

[1] G. Tobias, L. Shao, et al., J. Phys. Chem. B 2006, 110, 22318. 
[2] L. Shao, G. Tobias, et al., Chem. Commun. 2007, 5090. 
[3] S. Y. Hong, G. Tobias, et al., J. Am. Chem. Soc. 2007, 129, 10966. 
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We are working on the development of new forms of covalently functionalized carbon nanotubes[1] (CF-
CNTs) for biological applications. CF-CNTs have a promising future as vectors for drug delivery[2] and for 
neuronal cell growth [3]. It has been demonstrated that CNTs help neuronal cell growth and that they can be 
employed in drug delivery systems. The necessity of new targeted systems is required for the reduction of 
side effects. The toxicological properties of CNTs have been studied in the last few years and, since they 
result strictly correlated with nanotube solubility[4], we are trying to produce a substrate with high water-
solubility. We use both multi-walled and single-walled CNTs (MWCNTs and SWCNTs) in order to find out the 
best solution for our purpose. We put particular attention on MWCNTs because they are easy to work with 
and we covalently functionalize them in different ways to increase their solubility and their ability to be 
dispersed. Because of the necessity to have a well-characterized system, we are also using “not-
conventional” characterization techniques (e.g. electrostatic force microscope) that exploit the new properties 
due to the functionalization. 
 

 
 

TEM  image (scale bar = 500 nm) of MWCNTs functionalized with positive charges on the surface. 
 
 
[1] S.Campidelli, C.Sooambar, et al., JACS. 2006, 128, 12544. Sang-Keun Oh, Yong-Gu Kim, et al., 

Langmuir. 2003, 19, 10420. 
[2]  A. Bianco, K.Kostarelos, M.Prato, Curr. Opin. Chem. Biol. 2005, 9, 674. 
[3]  V.Lovat, D.Pantarotto, et al., Nano Lett. 2005, 5, No.6, 1107. 
[4] S.K.Smart, A.L.Cassady, et al., Carbon. 2006, 44, Issue 6, 1034. 
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Covalent approaches have been widely used to modify carbon nanotubes (CNT) surfaces for enhancing their 
compatibility with solvents or polymer matrices [1]. One of the approaches is the diazonium-based 
functionalization of CNT. Electrochemistry [2], thermal treatments [3-4], and chemical reagents [5] can be 
used to reduce a substituted aryl diazonium salt and generate aryl radicals that are supposed to be the 
reactive species for CNT functionalization. For example, aligned MWCNT, synthesized via Aerosol assisted 
Catalytic Chemical Vapour Deposition (Aerosol assisted CCVD) [6], were chemically functionalized via in situ 
generation of aryl groups and polymer chains using a method called Diazonium Induced Anchoring Process 
(DIAP) [5]. Here, we present a modified in situ generation of the aryl groups and polymer chains for aligned 
MWCNT functionalization. Hydroquinone is used as a reducing agent of substituted diazonium salt (oxidizing 
agent) at room temperature in water medium. The method generated aryl radicals that can react with 
monomers such as acrylic acid (AA) and hydroxyethylmethacrylate (HEMA) to produce the related polymers 
on MWCNT surfaces. The polymer functionalized aligned MWCNT have been characterized by XPS, TGA, 
TEM, UV-Vis spectroscopy and AFM. Dispersion test (Fig 1) shows that polyhydroxyethylmethacrylate 
(PHEMA) functionalized MWCNT have better dispersion than the pristine ones. Furthermore, the polymer 
functionalized MWCNT were mixed with the polymer matrix by using hot pressing [7]. Morphology (SEM and 
TEM), thermal (DSC) and electrical properties (electrical resistivity) were conducted for the composites 
characterization.  
 

 
Fig 1. MWCNTs (left) & PHEMA-MWCNTs (right) (1 mg for each sample) in 2 ml of DMF. 
 PHEMA-MWCNT in DMF has better dispersion than the pristine one for several weeks. 

 
[1] D. Tasis, N. Tagmatarchis, et al., Chem. Rev. 2006, 106, 3. 
[2] J. L. Bahr, J. Yang, et al., J.Am.Chem.Soc. 2001, 123, 27. 
[3] C. A. Dyke, J. M. Tour, Nano Letters. 2003, 3, 9. 
[4] J. J. Stephenson, J. L. Hudson, et al., Chem. Mater. 2007, 19, 14. 
[5] V. Mévellec, S. Roussel, et al., Chem. Mater. 2007, 19, 25.  
[6] M. Pinault, V. Pichot, et al., Nano Letters. 2005, 5, 12. 
[7] A. Mierczynska, M. Mayne-L’Hermite, et al., J. Applied Polymer Science. 2007, 105, 1. 
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Covalent functionalization of carbon nanotubes (CNTs), either single or multi-walled, is used extensively to 
solubilize or disperse and therefore manipulate these exceptional materials. In addition, it is necessary to 
connect strongly nanotubes between them, for example to increase CNTs composites mechanical properties, 
or to give the nanotubes additional physical and/or optical properties, such as possible photo-induced 
electron transfer, through the grafting of functional groups. Both are of interest for the CNTs fibers developed 
in our laboratory.[1] Although many reported functionalization routes are known,[2] most involving highly 
reactive intermediates, the functionalized ratio is not controlled, while this latter point is fundamental for most 
applications using the extended pi-system of CNTs. 

To this aim, we focused on the reaction of excesses of various halogenated species with SWCNTs-alkali 
metals salts[3] with varying stoechiometries. Indeed, chemical analyses and XPS data of these salts show 
that the stoechiometry of alkali metal with respect to carbon can be varied. On the other hand, spectroscopic, 
chemical and thermal analyses of the reaction products indicate functionalization has indeed taken place. 
Quantification of the ratio of grafted addends over carbon show that a direct correlation exists with the initial 
salt stoechiometry. The functionalization of CNTs through their reduction into salts, similar to the work of 
Billups et al.,[4] therefore represents a convenient way to control the functionalization ratio. Application of 
these results to functions with interest in donor-acceptor assemblies will also be discussed. 
 

 
Weight losses observed at 800ºC in TGA experiments under Ar on the SWCNTs functionalized with 

dodecylcarboxylic acid groups obtained from salts of formula KCx. 
 
 
 
[1] B. Vigolo et al. Science 2000, 290, 1331 
[2]  C. A. Dyke, J. A. Tour, J. Phys. Chem. A  2004, 108, 11151 ; D. Tasis, N. Tagmatarchis, A. Bianco, M. 

Prato, Chem. Rev 2006, 106, 1105 
[3] A. Pénicaud et. al., J. Am. Chem. Soc. 2005, 127, 8. 
[4] E. W. Billups et al.,Org. Lett. 2005, 7, 4067 
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Fluorination is one method for the functionalization of carbon nanotues. For instance, it was successfully 
applied to improve the interphase adhesion between filler and a polymeric matrix in nanocomposites [1]. 
Nevertheless, the details of the fluorination process are still far from being understood.  In this work we 
present the results of an investigation of the electronic structure of  fluorinated MWCNTs by soft X-ray 
fluorescence and photoelectron spectroscopies at the C 1s and F 1s x-ray absorption thresholds. The 
MWCNTs of 10-30 nm diameter and as long as 1 µm were produced by the arc-discharge method [2] and 
fluorinated at 420°C in a F2 flow diluted with N2 and gaseous HF as catalyst [3].  The fluorinated MWCNTs 
investigated in this work are estimated to have 15 wt.% (approx. 10 at%) fluorine.  

Soft X-ray fluorescence (SXF) [4,5] at the C 1s edge was used to probe the density of occupied  states in the 
vicinity of the Fermi energy of pristine and fluorinated MWCNTs, where states are sensitive to the small 
change of the chemical bonding due to the fluorination. The technique has a probing depth of about 50 nm 
and is thus bulk sensitive with respect to individual MWCNTs. Based on the SXF measurements we 
conclude that about 2/3 of all carbon atoms preserve their sp2 hybridization state and about 1/3 form a 
covalent bond with fluorine atoms similar to the C-F bond in carbon fluoride. In conjunction with the relative 
C/F atom ratio, this finding implies that every fluorine atom affects on average the electronic structure of  
three carbon atoms. 

We compare these results with surface sensitive studies of the these samples by soft X-ray absorption 
(NEXAFS) [6] and core-level photoelectron spectroscopy (XPS) [7] at the C 1s and F1s edges and discuss 
depth dependent effects. 
 

 
[1] V.E. Muradyan et.al., presented in ICHMS 2005, unpublished. 
[2] Yu. M. Shul’ga et al., Altern. Energy and Ecology, 2005, 1, 7. 
[3] Yu. M. Shul’ga et al.,  Massspectroscopy, 2005, 2, 41. 
[4] J. Lüning et al., Phys. Rev. B,  1997, 56, 13147. 
[5] S.Eisebitt et al., Appl. Phys. A, 1998,  67, 89. 
[6] M. M. Brzhezinskaya et al., FTT, 2008, 50, 5065  (accepted).  
[7] M. M. Brzhezinskaya et al., Fulerrene and Atom Clusters, submitted. 
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Optical trapping of carbon nanotubes (CNTs) has proved a new and versatile tool for the manipulation and 
deposition of both bundles and single wall structures [1-4]. So far the investigation of this phenomenon has 
been only demonstrated qualitatively in aqueous solutions and the mechanism responsible for the trapping 
has not been fully understood. 

In this work we show a systematic study on optical trapping of CNTs in different environments. CNTs are 
dispersed in water or organic solvents by ultrasonication. The solution is then filtered with 0.5µm retention. 
The dispersion is also achieved in pure organic solvents or with the aid of polymers or surfactants. A wide 
range of ionic and non-ionic surfactants with different chain lengths is used. 

We demonstrate how the surfactant plays a key role in the optical trapping mechanism. While CNTs in pure 
solvent (such as ethylene, chloroform, NMP) are not trappable, the force acting on the dispersed CNTs it is 
dependent on the type of surfactant used to dissolve the carbon nanotubes both in water and in amide 
solvent such as NMP. Using carbon nanotubes ropes we also demonstrate stable rotation on non-symmetric 
structures using linearly polarised light and measure quantitatively both the trapping strength and rotation 
frequency using a four quadrant photodiode. Future perspectives for the use of home made tapered fibers 
for optical trapping of nanostructures are also discussed. 

The radiation force on these highly non-spherical (1D) particles (modelled as a cluster of spheres) is 
calculated by means of a formalism based on the fields expansion in the framework of the T-matrix approach. 
This method does not require in principle any assumption on the particle geometry or dimensions and opens 
up the way to quantitatively understand optical trapping of 1D nanostructures [5]. 
 
 
 
[1] S. Tan, H.A. Lopez, et al., Nano Lett. 2004, 4,1415. 
[2]  J. Plewa, E. Tanner, et al., Optics Express 2004, 12,1978. 
[3] J.Zhang, H.I. Kim, et al., Appl. Phys. Lett. 2006, 88, 053123. 
[4] O.M. Maragò, P.G. Gucciardi et al., Physica E 2007, doi:10.1016/j.physe.2007.10.088 
[5] F. Borghese, P. Denti, et al., submitted 2008. 
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Upon many different techniques such as photoluminescence or Raman scattering, which can give the (n,m) 
indices of carbon nanotubes, electron diffraction remains the only technique which allows a direct accurate 
measurement of nanotubes chiralities. The work we present here is the use of electron diffraction in order to 
estimate the sorting efficiency of carbon nanotubes. 

Carbon nanotubes are sorted by ultra-centrifugation in a gradient density medium [1]. Photoluminescence 
and absorption spectra of the resulting solutions are measured. Eventually, fractionated dispersions are 
filtered and rinsed. Concentration of carbon nanotubes, surfactant and other carboneous species can be 
measured by the thickness and X-ray spectroscopy of the carbon nanotubes film. Very thin films allows 
observation and diffraction of individualized carbon nanotubes, and the resulting chirality density permits the 
comparisons between the experimental and theoretical results. We will present application of these 
combined approach to different kinds of carbon nanotubes samples. 
 
 
 

 
 

film of individualized carbon nanotubes. 
 
 
 
 
[1] Arnold M.S., Green A.A., et al., nature nanomaterials. 2006, 1, 80. 

mailto:romain.fleurier@onera.fr


P142 SEPARATION AND SORTING  
 

214  ChemOnTubes 2008, 4-6 April 2008 Zaragoza, Spain 

 
Chemical Separation of SWCNTs by Electronic 

Structure 
Thurid Gspann, Torsten Koker, Alexander Kolew, Ulrich Gengenbach and 

Georg Bretthauer 
Forschungszentrum Karlsruhe, Institut für Angewandte Informatik, Postfach 3640, D-76021 Karlsruhe, 

Germany 
e-mail: thurid.gspann@iai.fzk.de 

 
 
Single-walled carbon nanotubes (SWCNTs) are considered to provide a possible basis for future innovative 
devices (e.g. actuators, sensors, electronic devices, displays), in particular as they can show metallic as well 
as semiconducting properties. A major task on this road, however, is the separation of these different 
species since all presently known growth processes yield a mixture of SWCNTs of varying chirality, which in 
turn determines their electronic structure.  Here we present studies on the chemical separation of SWCNTs 
according to their electronic structure.  

As outlined by Arnold [1], the process uses a density gradient ultracentrifugation of suspensions in 
concurrent surfactants. We investigate CNT material obtained commercially from two different sources, and 
suspended by two different methods. Varying slightly the procedure of [1], we obtained results as shown in 
Figure 1: different coloured bands indicate the different electronic properties of the respective SWCNTs. The 
bands are investigated by means of absorbance measurements. 
We show here the dependence of this separation method on the CNT material, the suspending method as 
well as the SWCNT concentration in the suspension. 
 
 
 

 
 

Figure 1: Sorting of SWCNTs by electronic type using density gradient ultracentrifugation. Coloured bands 
indicate SWCNTs separated in a co-surfactant solution.  

 
 
 
[1] M. S. Arnold, A. A. Green, J. F. Hulvat, S. I. Stupp, M. C. Hersam, Nature Nanotechnology 2006, 1, 60-65 
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Dispersion and exfoliation of carbon nanotubes by water soluble molecules is a key step towards the 
application of carbon nanotubes in the field of composite materials, biochemistry and biomedicine. Upon 
carbon nanotubes (CNT) dispersion, the solution phase-separate to dispersed nanotubes in the supernatant 
and precipitate phase, which include carbonaceous impurities but also nanotubes and dispersants. Yet, 
simple but accurate tools to measuring the concentrations of the constituents are not available. In most 
studies a comparison between CNT suspensions is based on optical observation, UV-visible measurement 
of a featureless spectrum or at single wavelength. UV-visible measurement is complex since CNT and most 
dispersants absorb along the whole UV-visible spectrum and an overlap of their signals occurs. In this study 
we employ a simple chemometric technique for calculating the concentrations of both dispersant and single-
wall nanotube (SWNT) from a full UV-visible spectrum of aqueous solutions at different pH values. We were 
able to study the effect of pH on protein-dispersed CNT suspensions (protein – bovine serum albumin, BSA). 
The results indicate that both protein charge and its structure affect the dispersion efficiency (see figure). 
Therefore, we are able to point at optimal conditions for CNT dispersion in aqueous media. Moreover, the 
method is a simple tool to study CNT-dispersant interactions. 
 

 
pH effect on BSA (doted bars) and SWNT(striped bars) recovery (solution/initial 
concentration) in the supernatant phase (see text). Top panel – Optical observation of the 
SWNT dispersion; Higher SWNT concentration results in darker solution. Arrow – the 
optimal BSA-dispersed SWNT is found near the isoelectric point of the protein (pH ~5.8).  
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SURNAME NAME ORGANIZATION COUNTRY E-MAIL Participation 
SIMARD Benoit National Research Council 

of Canada 
CANADA Benoit.Simard@nrc-

cnrc.gc.ca 
Oral S1 

SINGH Charanjeet Thomas Swan LTD UK rclarke@thomas-swan.co.uk - - 
STRANO Michael MIT Cambridge USA strano@mit.ed Invited T3 
SU Dangsheng Fritz Haber Institut MPG GERMANY dangsheng@fhi-berlin.mpg.de Oral M3, P26,P27 
SUAREZ-MARTINEZ Irene IMN/CNRS FRANCE irene.suarez@cnrs-imn.fr Oral M4, P67, P69 
SUI Xiaomeng Weizmann Institute of 

Science 
ISRAEL xiaomeng.sui@weizmann.ac.i

l 
P61 

SYRGIANNIS Zois University of Erlangen GERMANY zois.syrgiannis@zmp.uni-
erlangen.de 

P133 

SZYMCZYK Anna Szczecin Univ. Technology POLAND anna.szymczyk@ps.pl P62 
TACHINI Iñaki Instituto de Carboquímica. 

CSIC 
SPAIN itac@icb.csic.es - - 

TASSIS Dimitrios University of Patras GREECE dtassis@upatras.gr P134 
TERRADO Eva Instituto de Carboquímica. 

CSIC 
SPAIN eterrado@icb.csic.es - - 

THORVALDSEN Tom Forsvarets 
Forskningsinstitutt (FFI) 

NORWAY tom.thorvaldsen@ffi.no P38 

TILMACIU Carmen-
Mihaela 

CIRIMAT Toulouse FRANCE tilmaciu@chimie.ups-tlse.fr P101 

THIELE Doreen EMPA SWITZERLA
ND 

doreen.thiele@empa.ch P108 

TKALYA Evgeniy Eindhoven University of 
Technology 

THE 
NETHERLA
NDS 

e.e.tkalya@tue.nl - - 

TOBIAS Gerard University of Oxford UK gerard.tobias@chem.ox.ac.uk P43, P109, P135 
TOMA Francesca 

Maria 
SISSA-ISAS ITALY fmtoma@sissa.it P136 

TRENGGONO Adhitya CEA Saclay FRANCE adhitya.trenggono@cea.fr P137 
UMEK Polona Jožef Stefan Institute SLOVENIA polona.umek@ijs.si P63 
VAHDATI Reza Ali Islamic Azad Univ., Branch 

of Tonekabon 
IRAN arv.kavir@gmail.com P18 

VALLÉS Cristina CNRS - CRPP FRANCE valles@crpp-bordeaux.cnrs.fr Oral W1, P41 
VAN LIER Greogory Free Univ. Brussels (VUB) BELGIUM gvanlier@nanoscience.be P57, P66, P68, P69 
VILLA Alberto Fritz-Haber-Institut MPG GERMANY villa@fhi-berlin.mpg.de P26,P27 
VOIRY Damian CNRS - CRPP FRANCE voiry@crpp-bordeaux.cnrs.fr P138 
WAGNER Hanoch 

Daniel 
Weizmann Institute of 
Science 

ISRAEL daniel.wagner@weizmann.ac.
il 

Invited W2 

WANG Di Fritz-Haber-Institut MPG GERMANY wangdi@fhi-berlin.mpg.de P26, P27 
YOUNG Karen Trinity College Dublin IRELAND kyoung@tcd.ie P64 
ZAKRI Cécile CNRS - CRPP FRANCE zakri@crpp-bordeaux.cnrs.fr Oral T1, T4, 

P92, P30 
ZAMORA-LEDEZMA Camilo LCVN Univ. Montpellier 2 FRANCE zamora@lcvn.univ-montp2.fr Oral T1, P93 
ZIMINA Anna BESSY G.m.b.H. GERMANY zimina@bessy.de P139 
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