
A Molecule in Review

Danielle F. Sedbrook Synthesis Literacy Group
Nuckolls Group Columbia University Chemistry

August 21, 2009

The Single-Walled Carbon Nanotube



A “Molecule” in Review

Danielle F. Sedbrook Synthesis Literacy Group
Nuckolls Group Columbia University Chemistry

August 21, 2009

The Single-Walled Carbon Nanotube



• Intro: What is a SWCNT?
– Properties
– History
– A challenging synthetic problem?

• Current methods of nanotube synthesis
– Arc Discharge and Laser Ablation
– Chemical Vapor Deposition

• Rational Chemical Synthesis: Nanotube Templates
– [N] Cycloparaphenylenes: “Nanohoops”
– [n,m] Metacyclophanes: “Aromatic Belts”
– Corannulenes: “Nanotube End-Caps”

Outline
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Unique Properties: The Perfect Molecule?
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•Low Density Solid-1.4 g/mL, about the size of a strand of DNA

•Elasticity 5x Greater than Steel
•Tensile Strength up to 63 Gpa
•Specifiic strenth 50x greater than Steel
•Basically no surface friction

•Chemistry similar to other Strained sp2 systems
-not reactive enough to be etched by water or hydroxide
-stable up to 2800 ºC /750 ºC in vacuum/air

•Optical Properties
-Photo and Electroluminescent

•Electronic/Thermal properties
-Theoretical current density 4x10^9 Amp/cm^2 (1000x copper) 

(Measured 10^7)
-Theoretical thermal conduct 6000 W/MK (16x copper) 

(Measured 1200)



Early History of Carbon Nanotube Synthesis
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•3-17th Century: Damascus Steel (???)

•1952: TEM images of (probably) MWCNTs reported by 
Radushkevich and Lukyanovich 

•1991: First confirmed discovery MWCNTs at the anode 
by Iijima

•1993: Back to back articles in Nature by Iijima, et al 
and Bethune, et al on discover of SWCNTs using Arc 
Discharge (they were trying to make fullerenes)

•1996: First synthesis ‘high yielding’ using laser-ablation 
reported in Science by Smalley, et al

•1998: First Reported use of CVD by Dai, et al in Nature



Original Methods of SWCNT Synthesis
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Arc Discharge



Original Methods of SWCNT Synthesis
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Laser Ablation



Chemical Vapor Deposition
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http://www.tf.uni-kiel.de/matwis/amat/elmat_en/kap_6/illustr/cvd_furnace.gif

Type of Nanotube depends on:
-metal catalyst used
-temperature
-size of nanoparticles*
-carbon ‘feedstock’



Chemical Vapor Deposition

Sedbrook - 9 - CU Synthesis Lit Group - CNTs

CVD Growth Mechanisms

Base Growth: 
Catalyst remains 
bound to substrate

Tip Growth: 
Catalyst is lifted off 
substarte



Nanotube Chirality
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Chiral Vector, Ch= na1 + ma2 : indicates # of unit vectors (na1 + ma2) along 
the hexagonal lattice

n=m, metallic

n-m=3q 
semi-metallic

n-m� 3q 
semiconducting



Nanotube Chirality
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Where we now stand
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High Purity Very Long

Uniform Growth 
Direction

With the right recipe you can also get:
-Small Diameter Range
-High percentage semiconducting tubes



Why Rational Chemical Synthesis?
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Still no real control of diameter (range of diamete rs) or chirality

AND

Still no control of all of these features together

Template Based Design

Steinberg, B. and L. Scott; Angew. Chem. Int. Ed. 2009, 48, 5400 – 5402



Carbon Nanohoops
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(a)  (i) nBuLi, THF, � 78  � C, (ii) benzoquinone
(b) (i) NaH, THF, 0  � C, (ii) MeI, 0  � C to  rt
(c) (i) nBuLi, THF, � 78  � C, (ii) isopropyl pinacol borate (Bpin), 

� 78  � C;
(d) Pd(PPh3)4, Cs2CO3, toluene/methanol (10:1),  80  � C. 

Synthesis, Characterization, and Theory of [9]-, [12]-, and  [18]Cycloparaphenylene: 
Carbon Nanohoop Structures 



Carbon Nanohoops
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Aromatization reaction and proposed mechanism



Carbon Nanohoops
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Carbon Nanohoops
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And six months later… Selective Synthesis of [12]Cycloparaphenylene

[3]/[4] = 10
-observe large amounts of trimer 
even when ration is 1:1
-recover 91% of 3 not used in rxn

Hiroko Takaba, Haruka Omachi, Yosuke Yamamoto, Jean Bouffard, Dr., Kenichiro Itami, Prof. Dr. Angew. Chem. Int. Ed. 
2009, 48, 6112 –6116



Aromatic Belts
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(a) MeMgBr, THF, 0 � C,to reflux, 10 h, 86 %; (b) 12 M HCl (aq), RT, 2 h, 91 %; (c) pyrene (6), AlCl3, CH2Cl2, 0 � C to RT, 4 h, 62 %; 
(d) Cl2CHOCH3, TiCl4, CH2Cl2, 0 � C to RT, 2 h, 88 %; 

1,1,8,8-Tetramethyl[8](2,11)teropyrenophane: Half of an Aromatic 
Belt and a Segment of an (8,8) Single-Walled Carbon Nanotube



Aromatic Belts
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(a) MeMgBr, THF, 0 � C,to reflux, 10 h, 86 %; (b) 12 M HCl (aq), RT, 2 h, 91 %; (c) pyrene (6), AlCl3, CH2Cl2, 0 � C to RT, 4 h, 62 %; 
(d) Cl2CHOCH3, TiCl4, CH2Cl2, 0 � C to RT, 2 h, 88 %; 
(e) TiCl4, Zn, pyridine, THF, 0 � C to reflux, 5 h; (f) Cl2CHOCH3, TiCl4, CH2Cl2, 0 � C to RT, 2 h, 11 % (E)-19, 57 % (Z)-19; 
(g) TiCl4, Zn, pyridine, THF, 0 � C to reflux, 4 h, 41 %; (h) DDQ, m-xylene, 145 � C, 48 h, 95 %. 

1,1,8,8-Tetramethyl[8](2,11)teropyrenophane: Half of an Aromatic 
Belt and a Segment of an (8,8) Single-Walled Carbon Nanotube



Nanotube End-Caps
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Nanotube End-Caps
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Pentaindenocorannulene and Tetraindenocorannulene:
New Aromatic Hydrocarbon � Systems with Curvatures Surpassing That of C60

Edward A. Jackson; Brian D. Steinberg; Mihail Bancu; Atsushi Wakamiya; Lawrence T. Scott; J. Am. Chem. 
Soc. 2007, 129, 484-485.



Conclusions

I hope I’ve convinced you that:

• Single-Walled Carbon Nanotubes are important
• In the past ~20 years we’ve achieved some semblance of 

control over their synthesis
• Using current methods we’re just playing a probability 

game
…and maybe we’ll get lucky…

But More likely: 
RATIONAL DESIGN and ORGANIC SYNTHESIS 

are where it’s at…so to speak
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