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Review Giant Fullerene Formation 

Irreversible Steps of Giant Fullerene Formation 
Nucleation

sp --> sp2

Ring-condensation

C2

C2

C2

C2

C2

C2-addition

Chain-growth

!"conjugation
Opening-closure

!"conjugation

0.12 ps 

0.35 ps 

2.90 ps 

59.53 ps 

S2 

SI, G. Zheng, Z. 
Wang, K. Morokuma, 
J. Phys. Chem. B 110, 
14531 (2006) 

“octopus on 
a rock” 
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Experimental sizes of fullerene cages … 

Source: Johnson et al., Carbon 40, 189 (2002) 

C76 (1/2/11190) 
912 amu 

C84 (2/24/51592) 
1008 amu 

abundance 

mass [amu/z] 

C36  
(1/0/15) 
432 amu 

D6h 

C60 (1/1/1812) 
720 amu 

Ih 

C70 (1/1/1812) 
840 amu 

D5h D2 C2v 5 

C’2v 2 

D3 2 

#IPR/#all 
#isolated isomers/ 

C78 (3/5/24109) 
936 amu 

Review  Cage Size Abundances 
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… explained by Shrinking Hot Giant Road 

Source: Johnson et al., Carbon 40, 189 (2002) 

C76 (1/2/11190) 
912 amu 

C84 (2/24/51592) 
1008 amu 

abundance 

mass [amu/z] 

C36  
(1/0/15) 
432 amu 

D6h 

C60 (1/1/1812) 
720 amu 

Ih 

C70 (1/1/1812) 
840 amu 

D5h D2 C2v 5 

C’2v 2 

#IPR/#all 
#isolated isomers/ 

C78 (3/5/24109) 
936 amu 

Highway of “fast”-shrinking non-IPR, heptagon-
containing cages with sometimes odd numbers 
of carbons 

kinetic 
stability 
of cage 
isomers 

time D3 2 

Review  Cage Size Abundances 



Review CNT Growth on Carbides 

“Unusual” Case: CNT Growth from C-face SiC 
Surface During High-Temp. Vacuum Evaporation 

8 

 2nd cycle, 50.4 ps 

Δt(Si removal) = 0.24 ps 
T = 2000 K 

 3rd cycle, 75.6 ps  4th cycle, 100.8 ps 

 1st cycle, 25.2 ps 

Zhi Wang, SI, G. Zheng, M. Kusunoki, K. Morokuma,  
J. Phys. Chem. C 111, 12960 (2007) 

M. Kusunoki, et al. Appl. Phys. Lett. 77, 
531 (2000) 



Review Graphene Growth on Carbides 

But: Graphene Growth from Si-face SiC Surface 
During High-Temp. Vacuum Evaporation 

9 

Zhi Wang, SI, G. Zheng, M. Kusunoki, K. Morokuma,  
J. Phys. Chem. C 111, 12960 (2007) 

M. Kusunoki, et al. Appl. Phys. Lett. 77, 
531 (2000) 

Δt(Si removal) = 0.24 ps, 
T = 2000 K 

Initial geometry 

Δt(Si removal) = 0.12 ps, 
T = 2000 K 

Δt(Si removal) = 0.24 ps, 
T = 3000 K 

Adhesion energies: 
Graphene-C > Graphene-Si 

(dome) (sheet) 



Review A Nobelist’s Perspective 
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Sir Harry Kroto in D. J. Palmer, Where nano is going, 
Nano Today 3, 46 (2008) 

“They [nanotubes and 
nanowires] have to have 
reproducible properties, and 
we're not in that situation at the 
present time; you can make 
various types of nanotubes and 
study the properties of them but 
at the moment we don't have 
the control to produce the 
nanotubes with accurately 
specified diameter, structure, 
chirality, you name it.”  
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Review SWNT Growth Control 

Recent advancements in SWNT growth control 
 Diameter control: 

 C. Lu and J. Liu, Controlling the Diameter 
of Carbon Nanotubes in Chemical Vapor 
Deposition Method by Carbon Feeding, J. 
Phys. Chem. B 110, 20254 (2006) 

 H. Shinohara and coworkers: Synthesis of 
single-wall carbon nanotubes grown from 
size-controlled Rh/Pd nanoparticles by 
catalyst-supported chemical vapor 
deposition, Chem. Phys. Lett. 458, 346 
(2008) 

 Chirality control: 
 D. E. Resasco, R. B. Weisman, and 
coworkers, Narrow (n,m)-Distribution of 
Single-Walled Carbon Nanotubes Grown 
Using a Solid Support Catalyst, J. Am. 
Chem. Soc. 125, 11186 (2003) 

Many others ... 

T=800°C 
C2H6 feedstock 
Red: 4200 ppm  
Green: 14,400 ppm 

CoMoCAT: 
Co-Mo 
catalyst 
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Review SWNT Growth Control 

Other improvements 
 High yield: 

 K. Hata, D. Futaba, et al. Water-Assisted 
Highly Efficient Synthesis of Impurity-Free 
Single-Walled Carbon Nanotubes, Science 
306, 1362 (2004) 

 Defect control: 
 S. Maruyama et al., Low-temperature 
synthesis of high-purity single-walled carbon 
nanotubes from alcohol, Chem. Phys. Lett. 
360, 229 (2002) 

 Length control: 
 L. X. Zheng et al., Ultralong single-wall 
carbon nanotubes, Nature Mater. 3, 673 
(2004) 

Many other groups and improvements … 

so-called “supergrowth” 

Low Raman D/G 
ratio = high purity 
when using 
alcohols as 
feedstock 
(ACCVD) 
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Review SWNT Growth Control 

But … How to put the puzzle pieces together? 

(5,5) SWNT 

high yield, desired length, defect-free, eventually catalyst-free 

ACCVD etc … 
Selection of 

“appropriate” growth 
conditions 
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Review Experimental Growth Studies 

Look here … in situ environmental TEM studies of 
SWNT nucleation and growth 

H. Yoshida, et al. Atomic-Scale In-situ 
Observation of Carbon Nanotube 
Growth from Solid State Carbide 
Nanoparticles, Nano Lett. 8, 2082 (2008) 

Fe/SiO2  C2H2:H2  T=600°C 
Fluctuating solid Fe3C 

S. Hofmann, et al. In-situ Observations of 
Catalyst Dynamics during Surface-Bound 
Carbon Nanotube Nucleation, Nano Lett. 7, 
602 (2007) 

Ni/SiO2  C2H2:NH3  T=480 to 700°C 
Fluctuating solid pure nickel 

F. Ding, et al. 
Appl. Phys. Lett. 

88, 133110 
(2006) 

Fe2000, T=1007°C 
REBO/MD 

Li
nd

em
an

n 
in

de
x 

(a
.u

.) 
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Review Experimental Growth Studies 

SWNT Growth N-dimensional “Parameter Space” 

catalyst size [nm] 

catalyst composition 

T [°C] 

Fe 
Co 

Ni 
Co/Mo 

Rh/Pd 

600 

1000 

1 4 10 

feedstock species 
feeding rate/ 
pressure 

substrate 
etching agent 

… 

 Fill all space with “blocks”/scan full 
parameter space 
 Evaluate interdependence relations 
 ⇒“perfect” (n,m)-specific synthesis 

Systematic Investigation of 
SWNT growth mechanism(s): 

 Can only construct ~1 machine/year 
 “Let Theory Do It!!” (computer time is 
cheap ) 

Experimentalist: 



J.-Y. Raty et al, Growth of Carbon Nanotubes on Metal Nanoparticles: A Microscopic 
Mechanism from Ab Initio Molecular Dynamics Simulations, Phys. Rev, Lett. 95, 096103 (2005) 

Nano-diamond: Inappropriate model! 

Change from diamond structure (sp3) to 
fullerene cap (sp2) immediately! 

simulation time~10 ps 
Too short to demonstrate 
self-assembly 

Review Previous CPMD 
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Previous Car-Parrinello Molecular Dynamics (CPMD) 

J. Gavillet et al, Root-Growth Mechanism for SWNTs, Phys. Rev, Lett. 87, 275504 (2001) 

Carbon precipitation on Co carbide 
particle, 51 Co & 102 C atoms, 25 
ps  ⇒  1 hexagon, 2 pentagons 

C30+44C on Co surface at 1500 K, 15 
ps ⇒ 5 carbon atoms diffused to cap 

Heroic efforts on supercomputers, one-shot simulations! 
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F. Ding et al., J. Phys. Chem. B 108, 17369 (2004) 

Bond order potential allows bond breaking via potential switching functions, but 
does not include effects of π-conjugation or charge transfer 

Y. Shibuta & S. 
Maruyama, Chem. Phys. 
Lett. 382, 381 (2003) 

Review Previous REBO MD 

Reactive Empirical Bond Order (REBO) MD 

Feeding 
carbon 
atoms from 
center of Fe 
clusters: 
Fe50 + nC, 
T=627°C 

500 C atoms +nC, 
Ni108, T=2227°C 
(20 nm)3 PBC 

Classical potential, cheap, allows many long simulations! 

Y. Shibuta & S. Maruyama, Chem. 
Phys. Lett. 437, 218 (2003) 

500 C atoms 
+nC, Ni256 on 
LJ support 
T=2227°C 
(20 nm)3 PBC 

F. Ding et al., J. Chem. Phys. 121, 2775 
(2004) 

Fem + nC, T=527°C to 627°C 

Many more studies … 



Review Previous REBO MD 
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Review REBO/MD Simulations 

Specific problems of REBO MD for SWNT growth 
• Problem 1: large number of non-hexagon rings! 

REBO does not discriminate between 
aromatic or antiaromatic rings 
Unrealistically many 4- and 8-
membered rings (formally antiaromatic) 

F. Ding et al., J. Phys. Chem. 
B, 108, 17369 (2004) 

Amorphous structure formation 

• Problem 3: sp3 defects overestimated 

• Problem 2: polyynes are underrepresented 
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DFTB           History 

Density-Functional Tight-Binding (DFTB) 
Extended Hückel type method using atomic parameters from DFT 

(PBE, GGA-type), diatomic repulsive potentials from B3LYP

•  Seifert, Eschrig (1980-86): STO-LCAO; 
2-center approximation
•  Porezag, Frauenheim, et al. (1995): 
efficient parameterization scheme: NCC-
DFTB

€ 

E (NCC−)DFTB = niεi
i

valence
orbitals

∑ +
1
2

EAB
rep

A≠B

atoms

∑

E (SCC−)DFTB = E (NCC−)DFTB +
1
2

γABΔqA
A≠B

atoms

∑ ΔqB

E S( pin− polarized )DFTB = E (SCC−)DFTB +
1
2

pAl pAl 'WAll '
l '∈A
∑

l∈A
∑

A

atoms

∑

Gotthard Seifert     Thomas Frauenheim 

•  Elstner et al. (1998): charge self-consistency: SCC-DFTB
•  Köhler et al. (2001): spin-polarized DFTB: SDFTB

Marcus Elstner 

Christof Köhler 
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Self-Consistent-Charge Density-Functional 
Tight-Binding (SCC-DFTB) 

M. Elstner et al., Phys. Rev. B 58 7260 (1998) 

  

€ 

E ρ[ ] = ni φi
ˆ H ρ0[ ] φi

i

valence
orbitals

∑
1

         

+ ni φi
ˆ H ρ0[ ] φi

i

core
orbitals

∑
2

         

+ Exc ρ0[ ]
3

   
−

1
2

ρ0VH ρ0[ ]
R3
∫

4
       

−

− ρ0Vxc ρ0[ ]
R3
∫

5
     

+ Enucl
6


+
1
2

ρ1VH ρ1[ ]
R3
∫

7
       

+
1
2

δ 2Exc

δρ1
2

ρ0

ρ1
2

R3
∫∫

8
       

+ο 3( )

Approximate density functional theory (DFT) method! 

Second-order Taylor expansion of variational DFT energy in terms of atomic 
reference density ρ0 and charge fluctuation ρ1 (ρ ≅ ρ0 + ρ1) yields: 

Density-functional tight-binding (DFTB) method is derived from terms 1-6 
(zero-order terms)  
Self-consistent-charge density-functional tight-binding (SCC-DFTB) 
method is derived from terms 1-8 (zero- & second-order terms) 

DFTB           Derivation 
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DFTB and SCC-DFTB methods 

 where 
  ni and εi — occupation and orbital energy ot the ith Kohn-Sham 

eigenstate 
   Erep — distance-dependent diatomic repulsive potentials 
   ΔqA — induced charge on atom A 
   γAB — distance-dependent charge-charge interaction functional; 

obtained from atomic chemical hardness ηAA = 1/2(IPA – EAA) 

  

€ 

E DFTB = niεi
i

valence
orbitals

∑
term1
   

+
1
2

E rep
AB

A≠B

atoms

∑
terms 2−6
     

E SCC−DFTB = niεi
i

valence
orbitals

∑
term1
   

+
1
2

γABΔqAΔqB
A≠B

atoms

∑
terms 7−8

       

+
1
2

E rep
AB

A≠B

atoms

∑
terms 2−6
     

DFTB           Energy expressions 



Performance for small organic molecules 
                  (mean absolut deviations) 

•  Reaction energies: ~ 5 kcal/mol 

•  Bond lenghts: ~ 0.014 A° 

•  Bond angles: ~ 2° 

•  Vibrational frequencies: ~6-7 % 

23 

SCC-DFTB: general comparison with experiment 

DFTB  Performance 
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Self-consistent-charge density-functional tight-
binding (SCC-DFTB) 

D. Porezag, Th. Frauenheim, T. Köhler, G. Seifert, R. Kaschner, Phys. Rev. B 51, 12947 (1995) 
M. Elstner et al., Phys. Rev. B 58, 7260 (1998) 

Second order-expansion of DFT total energy with respect to charge fluctuation 

TB-eigenvalue equation  

DFTB Energy, Mermin, gradient 

Finite temperature approach (Mermin free energy EMermin) 

Te: electronic temperature 
Se: electronic entropy 

Atomic force 

E 

2fi 0    1    2 

µ

M. Weinert, J. W. Davenport, Phys. Rev. B 45, 13709 (1992) 

EMermin = Etot - TeSe 

Single-zeta 
STO basis set 
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A B C 

DFT:PW91[1] -6.24 -5.63 -1.82 

SCC-DFTB[2] -5.17 -4.68 -1.86 

Adhesion energies (eV/atom) 

A B C 

[1]: PW91: An ultrasoft pseudopotential with a plane-wave cutoff of 290 eV for the single metal and 
the projector augmented wave method with a plane-wave cutoff of 400 eV for the metal cluster 

{2} Fe-Fe and Fe-C DFTB parameters from: G. Zheng et al., J. Chem. Theor. Comput. 3, 1349 (2007) 

[1] Phys. Rev. B 75, 115419 (2007)     [2] Fermi broadening=0.13 eV  

H10C60Fe H10C60Fe H10C60Fe55 

Fe55 
icosahedron, 

P. Larsson et 
al. Phys. Rev. 
B 75, 115419 
(2007) 

(5,5) armchair SWNT (H10C60) + Fe / Fe55 

DFTB Performance 

Y. Ohta, Y. Okamoto, SI, K. Morokuma, Phys. Rev. B 79, 195415 (2009) 
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All-carbon simulations Parameter Space 
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catalyst 
composition 

T [°C] 

Fe 
Co 

Ni 

feedstock 

C C2 C2H4 

727 
1227 

C2H2 C2H5OH 

1727 

Dr. Yasuhito Ohtab  Dr. Yoshiko Okamoto 

bnow: Professor, Nara Women’s University 



Model system and carbon supply 

R.E. Smalley et al. JACS 128, 15824 (2006) 

fcc Fe38 

(5,5) armchair SWNT 

length = 6.2 Å 
diameter = 7.5 Å 

Silicon-oxide  

Diameter: ~1nm 

Fe particle 

Total: 108 atoms 
Y. Ohta, Y. Okamoto, SI, K. Morokuma, 
ACS Nano 2, 1437 (2008) 

All-carbon simulations Continued Growth 

28 



Simulation Flow Chart 

Tn = 1500 K = 1227°C 

Δt=1 fs 
Nose-Hoover chain  

Equilibrated for 10 ps 

10 geometries are 
randomly sampled 
between 5 and 10 ps 

One C atom is supplied around 
the C-Fe interface every 0.5 ps, 
incident velocity corresponding 
to Tn 

velocity Verlet 

45 ps, 90 C’s are added 

Y. Ohta, Y. Okamoto, SI, K. Morokuma, 
ACS Nano 2, 1437 (2008) & 

J. Phys. Chem. C, 113, 159, (2009) 

All-carbon simulations Continued Growth 
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catalyst composition 

T [°C] 

Fe 
Co 

Ni 

feedstock 
C C2 C2H4 

750 

1227 

Smalley’s experiment 

DFTB/MD 
simulation 

List of theoretical “crutches”: 
• Targeted C atom shooting to Fe/C region 
• Small Fe nanoparticle (~0.7 nm) 
• Very fast C atom supply 



10 Trajectories after 45 ps C supply 

Tu
be

 le
ng

th
 [Å

] 

Time [ps] 
30 

Schematic depiction of C atom insertion events Trajectory F 

new 5-, 6-, 7-membered rings 

Y. Ohta, Y. Okamoto, SI, K. Morokuma,  
ACS Nano 2, 1437 (2008)  

Growth rate: ~10 pm/ps 

All-carbon simulations Continued Growth 
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Self-healing process of sidewall (annealing) 
Fe-Carbon mobility at interface important! 

Trajectory 6: Tn= 1500 K, Te = 10k K, Cint=1500 K  

24.5 ps - 27.5 ps 

Heptagon +  changes into hexagon +   

Movie 

F. Ding, et al. Appl. Phys. 
Lett. 88, 133110 (2006) 

Fe2000, T=1007°C 
REBO/MD 

Li
nd

em
an

n 
in

de
x 

(a
.u

.) 

All-carbon simulations Continued Growth 
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Relationship between ring type and length 
All-carbon simulations Continued Growth 
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T=1500K T=2000K T=1000K 

Continued SWNT growth as function of 
temperature 

10 Trajectories for 3 temperatures 

727°C 1227°C 1727°C 

T[°C] 727 1227 1727 

Growth rate [pm/ps]a 3.48 5.07 4.13 

Chain carbonsa 3.9 0.3 0.2 

SWNT C atomsa 112.9 110.1 102.7 

( (5,5) armchair SWNT) 

Y. Ohta, Y. Okamoto, SI, K. Morokuma, J. 
Phys. Chem. C, 113, 159, (2009). 

aaveraged over 10 trajectories/T  

All-carbon simulations Continued Growth 



34 Y. Ohta, Y. Okamoto, SI, K. Morokuma, 
J. Phys. Chem. C, 113, 159, (2009). 

T=727°C 

10 Trajectories after 45 ps 

Encapsulation of Fe by polyyne 

Trajectory C 

A B C D E 

F G H I J 

(a) 

8.60 ps  7.40 ps  8.32 ps  

(b) Dissociation of C2 from Fe/C 

T=1727°C 

10 Trajectories after 45 ps 

Trajectory G 

All-carbon simulations Continued Growth 
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H10C62Fe38 

(8,0) zigzag 

length = 7.1 Å 

diameter = 6.3 Å 

Equilibrated at 1500 K 

1C 

0.0 ps 0.5 ps 

59C 

30.0 ps 50.0 ps 

40C 52C 

76.0 ps 

Using (8,0) seed SWNT 

fcc Fe38 

All-carbon simulations Continued Growth 



Annealed at 
1500 K 

Cap Fragment Formation DFTB/MD Annealing 
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Y. Ohta, Y. Okamoto, A. J. Page, SI, K. Morokuma, ACS Nano 3, 3413 (2009) 

1 3 4 5 

8 6 7 9 10 

2 

1 3 4 5 

8 6 7 9 10 

2 

10 geometries are 
randomly sampled 
between 5 and 10 ps 
for ten trajectories.  

Initial model: Fe38 

Annealed at 
1500 K 

10 ps  

410 ps  

t = 0 ps 

30 C2’s 
30 ps 

t = 410 ps 



Cap Fragment Formation DFTB/MD Annealing 

A 

t = 0 100 ps 410 ps 200 ps 300 ps 

5 

Average 5- and 6-ring 
counts over 10 annealing 

trajectories 

C C

C

C
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C

C

C

C

Formation of first 
condensed 2-ring 

system (5/5 or 5/6) 

Always pentagon first! 

Hollow in Fe is 
required 

Y. Ohta, Y. Okamoto, A. J. Page, SI, K. Morokuma, ACS Nano 3, 3413 (2009) 



Cap Fragment Formation DFTB/MD Annealing 

A 

100 ps 410 ps 200 ps 300 ps 

5 

Movie, 5 
Δt(frames)=2ps 

Y. Ohta, Y. Okamoto, A. J. Page, SI, K. Morokuma, ACS Nano 3, 3413 (2009) 



Surface Diffusion DFTB/MD Annealing 

t = 0 20 ps 180 ps 

40 C’s 
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 pentagon
 hexagon

Time variation of the 
averaged number of rings 

Lift-off of cap cluster 
was observed 

C40 cluster 

C40Fe38 

Annealed at 
1500 K 

Only pentagons 
and hexagons 
were formed 

Y. Ohta, Y. Okamoto, SI, K. Morokuma  Carbon 47, 1270 (2009) 

Annealed at 
1500 K 



Cap Growth DFTB/MD 

C20 cluster 

C20Fe38 

H. Yoshida et al, Nano Lett. (2008). 

1 C 32 C’s 33 C’s 

20 ps 40 ps t = 0 0.5 ps 

Nanotube 10 Å long 
was formed. 

Y. Ohta, Y. Okamoto, SI, K. Morokuma, Phys. Rev. B 79, 195415 (2009) 

Side Top 

Experimental snaphots 

0 10 20 30 40
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 3-ring
 4-ring
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During growth, non-hexagonal rings and polyyne chains frequently formed and 
then rearrangement of sp2 network occurs to construct carbon sidewall. 
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Metal & Size Effect Parameter Space 
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catalyst 
composition 

T [°C] 

Fe 
Co 

Ni 

catalyst 
diameter 
[nm] 

<1 1.0 5.0 

1227 

Dr. Alister J. Page 



Methodology Metal & Size Effect 

Comparison of M38C40+nC and M55C40+nC Growth 

Cap growth methodology: 

•  SCC-DFTB/MD 
•  MD: Tn= 1500 K, Te = 10,000 K, Δt=1 fs 
•  Velocity-Verlet integration 
•  Nosé-Hoover chain thermostat 
•  All trajectories replicated x 10 

•  Carbon supplied to Cap-Mx boundary. 
•  Carbon supplied @ 1 C / 0.5 ps ("fast") 
and @ 1 C / 10 ps ("slow") 
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Adhesion energies x 10 [eV]  

-1.78 -1.07 



“Fast” growth on M55C40+nC: M=Fe 
Metal & Size Effect Cap Growth on Fe55 

A. Page, S. Minami, Y. Ohta, SI, K. Morokuma, submitted 

Trajectory CFe 
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“Fast” growth on M55C40+nC: M=Ni 
Metal & Size Effect Cap Growth on Ni55 

A. Page, S. Minami, Y. Ohta, SI, K. Morokuma, submitted 
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Comparison of M55C40+nC 
Metal & Size Effect Cap Growth on M55 

A. Page, S. Minami, Y. Ohta, SI, K. Morokuma, submitted 
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Size Effect: M38/M55C40+nC 
Metal & Size Effect Cap Growth on Mx 

A. Page, S. Minami, Y. Ohta, SI, K. Morokuma, submitted 
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Summary: Cap growth on Mx 

Metal & Size Effect Cap Growth on Mx 

A. Page, S. Minami, Y. Ohta, SI, K. Morokuma, submitted 
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Outline 
  Review: Experiments and previous theoretical 

modeling 

  Density-functional tight-binding (DFTB) method 

  All-carbon cap nucleation and growth on iron particles 

  Comparison of growth mechanisms between iron and 
nickel catalysts 

  Simulation of early stages during ACCVD (C2H2 and OH 
on iron catalyst) 

  Summary and outlook 

http://kmweb.fukui.kyoto-u.ac.jp/nano http://qc.chem.nagoya-u.ac.jp 



CVD Parameter Space 
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catalyst 
composition 

T [°C] 

Fe 
Co 

Ni 

feedstock 

C C2 C2H4 

727 
1227 

C2H2 C2H5OH 

1727 

Active Species: C2H2, OH 

C2H5OH  C2H4+H2O 
C2H4  C2H2 + H2 

Dr. Ying Wang 



Acetylene CVD Polymerization 

Initial model: Fe38 

Annealed at 
1500 K 

10 ps  

10 geometries are 
randomly sampled 
between 5 and 10 ps 
for ten trajectories.  

t = 0 ps 

30 C2H2’s 
30 ps 

Polyacetylene formation, largest carbon cluster: C10Hx 

Annealed at 
1500 K 80 ps  



Acetylene CVD Polymerization 

C-C Bond formation 



Acetylene CVD Stationary Points 
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2.142 1.341 

2.265 2.142 
1.362 

3.074 

2.149 

1.351 

1.331 

1.444 

2.195 
1.408 2.128 

1.378 

NImag=0 

C-C Bond formation: 
C2H2(ads)+C2H(ads) → C4H3(ads) 

NImag=0 

NImag=1 
νimag= 455i cm-1 

0.0 

22.5 

-11.8 

Relative energies in [kcal/mol] 
Including ZPE 

IRC verified 
Using GAUSSIAN external 

NImag=0 

NImag=1 
νimag= 1377i cm-1 

36.5 

NImag=0 

8.0 

0.0 

H abstraction: 
C2H2(ads) → C2H (ads) + H(ads) 



Acetylene CVD Species formed 
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Ring formation time Cluster growth hybridization count

Trajectory A: Analysis 
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Outline 
  Review: Experiments and previous theoretical 

modeling 

  Density-functional tight-binding (DFTB) method 

  All-carbon cap nucleation and growth on iron particles 

  Comparison of growth mechanisms between iron and 
nickel catalysts 

  Simulation of early stages during ACCVD (C2H2 and OH 
on iron catalyst) 

  Summary and outlook 

http://kmweb.fukui.kyoto-u.ac.jp/nano http://qc.chem.nagoya-u.ac.jp 
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Our hypothesis Summary 

• Growth at base is chaotic 
• Annealing from pentagon to 
hexagons takes place “very 
slowly” 
• Weaker C-M adhesion strength 
allows faster growth (higher C 
mobility) 

 

(n,m) chirality already 
established in outer tube area 
imprints hexagon addition 
pattern during annealing 

“constructed”  

We found: 
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  During growth, M/C interface region develops short to longer 
polyyne chains, picks up carbon and forms 5/6/(7) rings (“arms of the 
octopus”) 

- In continued growth simulations, SWNT (n,m) chirality NOT 
preserved!  “Chaotic” growth caused by rapid carbon supply. 
- Pentagon-hexagon-only growth achieved by slower surface 
diffusion or addition, defect annealing on the order of 10’s of 
ps. 

  First-ever cap nucleation from bare particle and carbon 
molecules observed in quantum chemical simulations by slow 
surface diffusion (Y-junction and pentagon-first mechanism) 

- Cap nucleation very similar to fullerene cage nucleation, 
slowed down by presence of metal cluster (immobility of C2 
and polyynes) 

Summary 
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• Growth on Ni faster than Fe, due to lower adhesion energy, Ni 
less likely to form carbide 

- Cap nucleation very similar to fullerene cage nucleation, 
nucleation and growth slowed down by presence of metal 
cluster (immobility of C2 and polyynes) with increasing C-M 
adhesion 

Summary 

- diffusion limits growth speed with particle size on simulation 
time scales 

• Acetylene decomposition slow due to H removal bottleneck  
- H migration slow on carbon, fast on Fe 
- H removal mechanism unknown, ideas? 
- Role of oxygen is to oxidize, both carbon and iron 
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Outlook 

59 

Present DFTB/MD Simulations Future Simulations 



Outlook 

Thank you 60 

Challenge to Experimentalists: 
Can you synthesize edge-oxidized caps of specific type 
and diameter, attach specific-size metal catalyst, and 
grow (n,m)-specific tube? (similar to Smalley’s 
continued growth but with caps instead of tubes) 

from: Kataura et al. Carbon 38, 1691 (2000) 
Note: we do not endorse this mechanism, 
Only the picture! 
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