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Ca Nanotubes (CNTSs)

Single-walled CNT (SWCNT)

Multi-walled CNTs (MWCNT) diamétre < 10nm
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Overview on applications

Unique properties:
@ Strongest and stiffest materials on earth, Young’s modulus
~ 1TPa

@ Very high thermal conductivity, 4000 W/m.K

@ Very high current density 10°A/cm? - Ballistic electron transport -
Superconductivity at low temperature

@ Darkest ever - a carpet of nanotube - 99.9% light adsorption
@ Large surface area - large aspect ratio

Promising applications:
NEMS, field emission, FETs, multifunctional composites,
(bio-)sensors, supercapacitors, medical devices, drugs and ...
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Nanoelectromechanical systems (NEMS)

itiild

10 um
CNT nanorelay device HONGJIE DAL Ace. Chem. Res. 202, 35 1035
1. Kinaret et al., Appl. Phys. Lext. 82, 1287 (2002), S. Lee et al., Nano Lett. 4, 2027 (2004).

logical devices, nano-capacitor, biological reaction control and artificial muscle.

nanotube nanotweezers and o Si cantilever base S, Akita et al. Appl Phys. Lett 79, 1691 (2001).
memory
a suspended device V. Sazonova et al., Nature 431, 284 (2004).
biomedical sensors, ultrasensitive mass or charge detectors
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Nanoelectromechanical systems (NEMS)

CONT nanorelay device
1. Kinaret et al., Appl. Phys. Leit. 82, 1287 (2002) .
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a suspended device V. Sazonova et al., Nature 431, 284 (2004).
biomedical sensors, ultrasensitive mass or charge detectors
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S. Lee et al., Nano Lett. 4, 2027 (2004).
logical devices, nano-capacitor, biological reaction control and artificial muscle.

10 um
HONGJIE DAL Acc, Chem. Res. 2002, 35 1035

nanotube nanotweezers and a Si cantilever base

S. Akita et al., Appl. Phys. Let 79, 1691 (2001).
memory

Purpose of our studies: to understand
the electromechanical properties of the

carbon nanotubes (CNTs) for their future
uses.
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1 Mechanical properties

U'EC
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2 Electrostatic properties
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1 Mechanical properties

2 Electrostatic properties

3 Electromechanical properties

4 Selection of nanotubes using physisorption.

Zhao WANG (UTINAM - DSC) Electromechanics of Carbon Nanotubes 2008 5/40



Mechanics

1. Mechanical properties of CNTs
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Theoretical method

Interatomic interaction: AIREBO potential function
Stuart et al, JCP 112, 6472 (2000).

Many-body effects: .:’:’;".'}L
o2es

Molecular dynamics
Energy minimization
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Empirical potential

The interatomic potential U? — AIREBO

Stuart et al, JCP 112, 6472 (2000).
interatomic repulsion and attraction terms. a parameterized Lennard-Jones 12-6.

] |
ZZ[ (1) = b () + ¢ (1) + 3 3 pﬁ;}

bond order function.

i=1 j=1

k#u 8#r J k |
J#i

single bond torsional interactions.

dihedral angle p\b\md angle
© » 7

Y

Parameters fitted to a database of small hydrocarbon, graphite and diamond lattices. _ §
JCP 112, 6472 (2000). u
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Non-linear elasticity under tensile loading
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FIG. 4. Effective Young’s modulus of one group of zigzag
SWCNT's under tensile loading versus axial strain.

Ref: Z. WANG et al., (2008), FN.C.N., accepted
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Torsion of CNTs via Molecular Dynamics Simulations

A Rotational nanoactuator
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Ultimate Twist Rate
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Ref: Z. WANG et al., submitted to Comput. Mat. Sci.
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Electrostatics

2. Electrostatic properties of CNTs

Experimental Collaborators:
M. Zdrojek, Warsaw University of Technology, Poland
T. Mélin , ISEN, IEMN, Villeneuve d’Ascq, France
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Charge injection experiment
b ; ; " EF};‘E tip

charging

Si0, layer
Si wafer

Electric force microscopy charge injection
and detection experiments
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Charge injection experiment

(‘T__.:—-—"I'"'_—._'—P—.

Si0; layer
Si wafer
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For each carbon atom

@ Atomic electric polarization:
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For each carbon atom

@ Atomic electric polarization:

@ Charge-dipole model:
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Formulation of electrostatic energy

Ueee: For a systems with N atoms:

Charge-dipole model:

N

N
U’elec‘ - qu(/\l + ‘/’L) - Z]]I . E,: +
=1

i=1

b =

N N
Z Z i Ti —q9;
i=1 j=1

l\Dl'—‘

N
S Zzp1 Tt qu

i=1 j=1

N N
Zzpi 'T;Ljp "Dj
i=1 j=1

i stands for the electron affinity of atom i

V; is the external potential
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Formulation of electrostatic energy

Ueec: For a systems with N atoms:

N N 1 N N s
chlsc e, Z q:(XI + ‘/;) - Zpl . 5 Z Z fIsz;-Jq‘IJ
i=1 =1 j=1

i=1
N N B 1 N N B

b B e e K T S A
i=1 j=1 i=1 j=1

VEC
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Final formula for Charge-dipole model:

The equilibrium state of the dipole and charge distribution should correspond
to the minimum value of U®*°. =

aUelec _ a[jelec aUeJec _ aUeJec _

Y= Lo IV = - = — = =1V
- iji iy ;.- Jq;
Last step: !
Solution of Linear Algebraic Equations : LAPACK U'FC
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Final formula for Charge-dipole model:

The equilibrium state of the dipole and charge distribution should correspond
to the minimum value of U®*°. =

(‘-)Uelec _ a[jelec aUeIec _ aUelec _

M L NV = 3 = = =
- iju iy ;.- Jq;
Final Formula
N » N Y
Y L+ Y T = — By
g=1 J=1
N . N i
Jj= Jj=
Last step: !
Solution of Linear Algebraic Equations : LAPACK U‘FC
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Charge distribution

u'EC
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Charge enhancement
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Charge enhancement
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Charge enhancement

24

24

Average charge density (10'3 e/atom)

hollow symbols: in space
solid symbols: on a silica substrate

(5. 9)
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Charge distribution

28
R (5. 95)
21N #&——=8 Open-ended: on silica
. \) O— — -0 Open-ended: in space
’ \ Boooznine A Closed-ended: on silica
20 8 &H—A  Closed-ended: in space

4.8 9.6 28.8 100 1000
L in logarithmic scale (n m )
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Experimental verification
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Experimental verification

Extrapolation curve for tube radius R = 0.8 nm
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Experimental verification
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Enhancement ratio vs. tube Radius R

[ ] Experimental data

T T T T T T
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

R (nm)

Ref: Z. WANG et al., Phys. Rev. B 78, 085425 (2008)
Zhao WANG (UTINAM - DSC) Electromechanics of Carbon Nanotubes 2008 22 /40



Enhancement ratio vs. tube Radius R

1.4

+  Extrapolation points from calculation
134 ®  Experimental data
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Ref: Z. WANG et al., Phys. Rev. B 78, 085425 (2008)
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Enhancement ratio vs. tube Radius R

1.4
+  Extrapolation points from calculation
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Ref: Z. WANG et al., Phys. Rev. B 78, 085425 (2008)
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Nanotube bundles

L = infinite

R. H. Baughman, of al.,
Science 297, 757 (2002).

ulFC
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Nanotube bundles
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MWCNTs in an external field

_E=0.001 V.fnm
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Electromechanics

3. Electromechanical properties of CNTs
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Electric-field induced deformation

When an electric field ’\ ,+ »F

is applied to a CNT:
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Electric-field induced deformation

P
When an electric field P . F
is applied to a CNT:

— ——
2pm RSN 1T T—

P. Poncharal et al .. Science 283, 1513 (1999). Y. Wei et al . Appl. Phys. Lett. 79, 4527 (2001).
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Electric-field induced deformation

i NEMS

When an electric field P . F
is applied to a CNT:

CNT nanorelay device

J. Kinaret et al,, Appl. Phys. Lett. 82, 1287 (2002)

S. Lee et al, Nano Lett. 4, 2027 (2004).

— ——
2pm RSN 1T T—

P. Poncharal et al ., Science 283, 1513 (1999). Y. Wei et al . Appl. Phys. Lett. 79, 4527 (2001).

S. Akita et al, Appl. Phys. Lett. 79, 1691 (2001).
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Potential energy

@ Total potential energy of system:
ytot — elec + U'a
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Potential energy

@ Total potential energy of system:
ylot — yelec + U'a

o Ueee: Electric-field induced energy.
Semiconducting CNTs — regularized Dipole-only model.

Langlet et al, Carbon 44, 2883 (2006).
Metallic CNTs — regularized Charge-Dipole model.
Mayer, PRB 75, 045407 (2007).

VEC
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Potential energy

@ Total potential energy of system:
ylot — yelec + U'a
o Uelec: Electric-field induced energy.
Semiconducting CNTs — regularized Dipole-only model.
Langlet et al, Carbon 44, 2883 (2006).
Metallic CNTs — regularized Charge-Dipole model.
Mayer, PRB 75, 045407 (2007).

e U : potential energy due to chemical bonds and long-range

interactions.
Adaptive interatomic reactive empirical bond order (AIREBO) potential.

Stuart et al, JCP 112, 6472 (2000).
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Potential energy

@ Total potential energy of system:
ylot — yelec + U'a
o Uelec: Electric-field induced energy.
Semiconducting CNTs — regularized Dipole-only model.
Langlet et al, Carbon 44, 2883 (2006).
Metallic CNTs — regularized Charge-Dipole model.
Mayer, PRB 75, 045407 (2007).

e U : potential energy due to chemical bonds and long-range

interactions.
Adaptive interatomic reactive empirical bond order (AIREBO) potential.

Stuart et al, JCP 112, 6472 (2000).

@ Equilibrium configuration of atoms in CNTs:

Minimization U™!. (Algorithm: conjugated gradient)
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Molecular simulations
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Molecular simulations
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Molecular simulations

|E|=2.2 V/nm

»

(R

U'EC
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Molecular simulations

|E[ = 3.0 V/nm

U'EC
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Influence of field strength E
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Influence of field strength E

0.35
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Poncharal et al ..

Science 283, 1513 (1999).
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Influence of field direction

sin(@)/ sin( 8)

5 1.0 1.5 2.0 25 3.0

E (Volt/nm)
sin(p)/ sin(@) versus E
for a metallic tube (5,5), L ~ 13.16 nm. ‘
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Electrostriction

0,08 0 0
. = B
metallic (530} horizontal field
0.08 - . e
,,\3 004 -
L)
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0.00 ; ; , . i
0. 0.8 0.8 1.0

0.0 0.2

EZ (Volt “/nm %)
Axial strain e (%) versus E? for a metallic tube (5,5)(L ~ 13.16 nm)
applied electric fields : parallel to the tube axis .
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Effects of tube geometry

E =0.775V/nm, # = 45°

0e

0.4 a b o
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—~ 03 -
S -3
z =
w v
0.2
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0.1 oo
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sin(w) versus R sin(yp) versus L
L ~13.2nm R=0.3 nm

Ref: Z. WANG et al., Phys. Rev. B 75, 205414 (2007)

76, 195434 (2007)
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Effects of defects

Stone-Wales defect

Zhao WANG (UTINAM - DSC)
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Physisorption

4. Selection of nanotubes - physisorption

Experimental Collaborators:
S. Meunier, University of Strasbourg, France.
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Molecules used in experiment

Chiral
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Simulation

Adsorption of chiral molecules on nanotube surface at room
temperature.

Side view Cross view
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Results
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Conclusions et Perspectives

1 Elasticité non-linéaire de nanotubes (CNTs) - Modéle AIREBO -
déformation axiale sous forte contraintes
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Effets de la température - MD
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Conclusions et Perspectives

1 Elasticité non-linéaire de nanotubes (CNTs) - Modéle AIREBO -
déformation axiale sous forte contraintes

2 Torsion de CNTs - taux de torsion ultime - énergie de déformation

3 Répartition de charges électriques nettes sur des CNTs - Modele
charge-dip6le - Comparaison avec I'expérience

4 Déformation de CNTs dans des champs électriques - Modéle Combiné -
Dépendance: champ et géométrie

5 Interaction CNT <-> molécules organiques - Méthode MD -
Comparaison avec I'expérience

Effets de la température - MD
Effets du substrat

Couplage avec la conductivité

Zhao WANG (UTINAM - DSC) Electromechanics of Carbon Nanotubes 2008 38/40



Conclusions et Perspectives

1 Elasticité non-linéaire de nanotubes (CNTs) - Modéle AIREBO -
déformation axiale sous forte contraintes

2 Torsion de CNTs - taux de torsion ultime - énergie de déformation

3 Répartition de charges électriques nettes sur des CNTs - Modele
charge-dip6le - Comparaison avec I'expérience

4 Déformation de CNTs dans des champs électriques - Modéle Combiné -
Dépendance: champ et géométrie

5 Interaction CNT <-> molécules organiques - Méthode MD -
Comparaison avec I'expérience

| Effets de la température - MD
Il Effets du substrat
[l Couplage avec la conductivité

IV Adsorption de surfactants - milieu aqueux UFC
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