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TLESCEEFHDEE LD THB, / — Proc. Roy. Soc.
(London) , A123, 714 (1929)
"The fundamental laws necessary for the mathematical
treatment of large parts of physics and the whole
chemistry are thus fully known, and the difficulty lies
only in the fact that application of these laws leads to
equations that are too complex to be solved."

3



3

[T
A Whnnil
LU

R K% & BB D EE) D 45 Eff

« RV —F vy g v —irl
JH A ZITEBE IR TCEWO T, EFOER) %
R T B, TSR FRZISERIE L TWVWB EE %
HI ETE A,

o REZOEENIFICHH
fi <,

i B4y +-8h )52 (Classical Molecular Dynamics, MD)

L)% (ma2—h 1% T

« BAEOEEBZESNFETHIILHTE D,
S DPT. BUERIITHRT 5 DIE, B+ £ T,

9 B =7 N\ 7.k e s



7 DB 1T BT S L

o Va7 4 —HRERXEMES GEfXE
(7«4 7 v 7 HEA (FExtEm) )

i [9(1)) = H (1)

\ I'n'rl\

« FHLETE
TR SN DGR
WEHIME ~eV ~ 96KJ/mol ~ 23kcal/mol
{WFHIRIE  ~0.1eV ~ 10KJ/mol ~ 2.3kcal/mol

"Dr. Gerhard Herzberg (Nobel Prize in chemistry, 1983) M #Jk&
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Bull. Chem. Soc. Jpn. 32, 853 (1959)

LCAO SCF Calculation on Anthracene and Reactivity
Indexes in SCF Method

» A0 2 47— IR
e

Tiger (58-62)

By Kenichi Fukul, Keiji MOROKUMA and Teijiro YONEZAWA
PPP SCF calculation

Bull. Chem. Soc. Jpn. 34, 1178 (1961)

An Attempt to Discuss Reactivities of Excited Molecules
by the Molecular Orbital Method

By Kenichi Fukui, Keiji MOROKUMA and Teijiro YONEZAWA
Huckel calculation

Bull. Chem. Soc. Jpn. 38, 1263 (1965).

A Molecular Orbital Treatment of Hydrogen Bonds.
I. Preliminary Results

By Keiji MorokUMA, Hiroshi KATO, Teijiro YONEZAWA
and Kenichi Fukuil

1st extended Huckel calculation IBM709@Japan IBM (61-64)
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2FHim (Molecular Mechanics, MM)
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< New Method for Fullerene Production >

Mitsubishi: 40t/y now, 1500t/y 2007
Conventional Method (Arc Method) New Method (Combustion Method)

Fullerenes produced in a batch system Fullerenes produced in a continuous system
from graphite rods from hydrocarbon

T=1500K, low P; small C,
(n=2,4,6) fragments

ﬂ!f'ﬁl‘i Jhﬁnl“

* Carbon Black Reactor

Graphite Rod Hydrocarbon shown for reference
g ) f $200/k
» Expensive Pmc;%O,OOO/kg » Cost Efficient Prncsg
« Batch Process Not Suitable * Continuous Process Suitable

for Mass Production for Mass Production
\ ) eee |

(= r s ﬂ.uﬁmn.u_.u
(Source: frontier carbon)




“Centrally managed” C,, formation models

Hypothetical mechanisms relying

on more or less sound assumptions; Cn

no intermediate species e -
experimentally confirmed so far. Chiin

|'_-_1| n= 110%

“Lego philosophy”

r— Pentagon Road

(13 Haufler et al. (1991
J\. ™ L ®

(21 Wakaha}ashl & Achiba (1992)

Orles & O

Ring
01 Dy =200 r— Fullerene Road

(3] Heath[lq':"’]@ @
O addition

ol ding ——
(41 Helden at al. (1993)

| o

(5] Lafrmlr et al. | Iﬁ“:li.

Kf

Cithers

[tn

No experimental or theoretical
verification !

Ty Dravid et al. (1993}

1 Robertson et al. { 1992
Graphite =— E:j @

Carbon
nano -tube

Scheme from: Yamaguchi, T.; Maruyama, S. JSME 1997, 63-611B 2398



Brenner-Potential MD Simulation of the Fullerene

Formation Process - Time Scale

242 A

Yamaguchi, Y.; Maruyama, S. Chem.Phys.Lett., 1998, 286, 336-342
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Formation of Fullerenes and Carbon Nanotubes

Qunantum chemical molecular dynamics (QM/MD) studies

Chemistry of sp? carbons
pi conjugation determines the reactivity
Need of quantum mechanics
(classical mechanics, i.e. force field is no good)

Need simulation of minimum of 100 ps—1 ns (104-10°
calculations)
Force Field (MM) relative speed ~1
Density functional tight-binding method (DFTB) ~10%3
Density functional method (DFT) ~106

We use DFTB.

20



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

D. Porezag, Th. Frauenheim, T. Kohler, 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
_ _ Single-zeta
TB-eigenvalue equation chi (HW =& Suv) =0 570 basis set ~100 atoms

v 1 N
Etot — 22 1:igi + Erep + EZyaﬁAquqﬁ 100 pS
i of

E

Finite temperature approach (Mermin free energy E,;c;min) 1
M. Weinert, J. W. Davenport, Phys. Rev. B 45, 13709 (1992)

o 1 Te: electronic temperature

i exp[(ei _;u)/kBTe:|+1 S,: electronic entropy H >\

0<f <1
EMermin — Etot - TeSe S, :_ZKBZ fiIn £ +(1-f)In(1- 1) _
‘ o 1 2 2f

Atomic force
. 87a§ aErep

oH?, H3, ) oS
F,=-2>"1f, £ A 2SN, ——
Z ZC"' { ( S, ]8R} %255, 2 orR, 7

0[




Tackling the Fullerene Formation Mechanism: DFTB/MD Study
S. Irle, G. Zheng, M. Elstner, K. Morokuma, Nano Lett. 3(12), 1657 (2003)

0.01 ps
Ce

o 0.12ps 0.35ps
60 C,s in 30As oot § pog®™ ";Af
ﬁ

cubic box
é

0.09g/cm3 'l;'
2000K, NTV 2

Keep addlng 10 more Czs every 6 psec

“octopus on
a rock”

Single bond (black): 1.356-1.694 [; double bdfd (blue) 1.365-1.229 [; triple b;nd 22

(green): <1.228. @ - 4 &


***S2-121fs.mol
***S2-121fs.mol

Schematics of “Size Up” approach - self-assembly through a
sequence of irreversible processes

= Nucleation
‘ ‘%’”‘{; fﬁ\/ ?
5 1 ¢ Sp - sp~
S TN
0.12 ps
S2 Ring-condensation

Opening-closure

M-conjugation
—_—

J. Phys. Chem. B 110,
14531 (2006)

1 61.58 ps 23



Comparison: Self-assembly of vesicles in diblock polymers

“octopus on

g v \ =Y ) o y (b)
N _ (c) (d)
Putaux et al., Farad. O
Discuss. 128, 163
(2004)
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Dissipative structures vs the arrow of time

llya Prigogine et al., George M. Whitesides et al.

» Non-equilibrium and nonlinearity favor the spontaneous
development of self-organizing systems, which maintain their 5 = £4#&¢ 1L
internal organization, regardless of the general increase in entropy,
by expelling matter and energy into the environment

Examples for order created dynamically out of chaos: Dissipative
structures without associated single potential energy function

Belousov-Zhabotinsky . °

chemical reaction cell ¢

Driving force: d[Ce'""Vions]/dx "%, ' *e® Whitesides
_ o ©

® magnetic spinners
‘e e 1.0 % Driving force:
® ¢ * magnetic gradient/
0% @ ',.. hydrodyn. repulsion
%o Rayleigh-Benard
Biochemical systems: proteins and convection 2#lls

nucleic acids Driving force: dT/dx

- >
““““




More original Size-Up Giant fullerene trajectories

Original runs: fullerenes: 5 out of 25

Time scale:
Picoseconds!
68.7ps 61.6 ps 43.8ps 84.3ps ~45ps cage directly!

New runs fullerenes: 3 out of 10: “C,, feeding” Eime now 12 ps.
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Shrinking of Giant Fullerenes at high temperatures: Size-Down
1. Antenna fall-off 220 1 .
2. C, pop-out 210 7 ) s
200 \_ﬁ—’\.

190
— Wigz 180 \-—_?"7"'"3'2

2 Stages:

170 -
- 160
\I
C67
50 T T b T T T T T 1 140 —
0 100 200 300 Ti4n9e0[ps] 500 600 700 800 130 |
180 - 120 -
0 T S2Z 110 -
f f - C) 100 -
160 -
90 -
150 - Antennas were “manually” removed 80 | |
0 100 200
140 1 Time [ps]
130 - ]
4 T §1z J. Nanosci.
120 | o | | f | | | | | Nanotechnol.(2007)
0 100 200 300 400 500 600 700 800 900 1000

Time [ps] 27



The “Shrinking Hot Giant” road of fullerene formation

Nano Lett. 3, 1657 (2003), J. Chem. Phys. 122, 14708 (2005)
J. Chem. Phys. B 110, 14531 (2006), J. Nanosci. Nanotechnol. 7, 1662 (2007);
Nano 2, 21 (2007)

Stephan Irle, Zhi Wang, Guishan Zheng, Keiji Morokuma

t oo
ol .!|:I:'|]r-! _ SHMOH
#I0 L _:..r[ 2 L,
# LR -

onﬂ_ HE|:||. 141.":-:-1.



Indirect experimental evidences for giant fullerene shrinking

With annealing in He atmosphere

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

- - B e A ST
500 1000 1500 2000 2500 3000 3500 4000 4s00 5000 S50 e

Fig. 4. XB2 MALDI mass spectrum showing C60 and higher fullerenes in carbon black soot

Without annealing in vacuum

14 N
ER N -'i ! [_I‘I 1 |
= T G lmJ]
=0 g .“l Continuous shrinkage of a giant fullerene
26 Coo PI‘ ”l 1LI|J (C1300) trapped inside the cavity of a
S I R H Tlll MWCNT at high temperatures. The time
ol ' Al | |vl||| Lol New J. elapsed (in seconds) is marked.
ilani et a ew .
o WL Phys. 7, 81 (2005) Credit: Phys. Rev. Lett 99, 175503
40 60 80 100 120 140 160 180 200 220 240 (2007)- 29

Mass (Carbon atoms/Cluster)
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Unique physicochemical properties of SWNTs
promise “mouthwatering” applications

4 Semiconductor/metallic wires FET FED )
Transistor Hydrogen storage Conducting polymer
AFM tips Fuel cell/electric capacitor/solar cell component
\ Chemical sensor Structural reinforcement Loudspeaker )

Global network with solar ceII farms:

“‘Space
Elevator”

“ '.,,'.'.-‘\; y '. .
) ,\ AFRICA %

s s
{ y 3 “ ;,.u\ 1 'd N '.. e \
CNameriql! B (s £ W,
/7\\4 / 4 ’;! \ IJ (A W -
/Aty o\ Y, L I,Q“ AND OCEANIA |
s R Vil N R N
RN 4 ' o ;\.1!'..-"' A ’ . TPSh i._."-‘f‘mg
ST ; W/ IR o L N
\“\\\',) ' { wo ORI 7 ] Y VR . el
, AT e R o eh e

From R. E. Smalley’s talk: Our Energy =

Cover Story by B. I Yakobson and R. E. Smalley,
Challenge, http://smalley.rice.edu

C1000000 and Beyond, American Scientist 85, 324 (1997)



SWNT Growth N-dimensional “Parameter Space”

T [°C]
- A . .
feedstock species Systematic Investigation of
feeding rate/ SWNT growth mechanism(s):
pressure 1000 - ;
+ Fill all space with “blocks’/scan full
Substrate parameter space

etching agent +Evaluate interdependence relations

+ “‘perfect” (n,m)-specific synthesis

— >
10 catalyst size [nm]

= Experimentalist:

Co/Mo +Can only construct ~1 machine/year
+ “Let Theory Do It!!”’ (computer time is
Rh/Pd cheap ©)

. 34
catalyst composition
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Previous Car-Parrinello Molecular Dynamics (CPMD)
Heroic efforts on supercomputers, one-shot simulations!

J. Gavillet et al, Root-Growth Mechanism for SWNTSs, Phys. Rey, Lett. 87, 275504 (2001)\

C;,+44C on Co surface at 1500 K, 15

ps 5 carbon atoms diffused to cap
(@) o] (b) !

particle, 51 Co & 102 C atoms, 25 44 3 w &
ps 1 hexagon, 2 pentagons il il ol @ @

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

e {51%'&, Change from diamond structure (sp?) to
R, ﬁéé fullerene cap (sp?) immediately!
TR o simulation time~10 ps

Too short to demonstrate
kl\lano-diamond: Inappropriate model!  self-assembly y




Reactive Empirical Bond Order (REBO) MD

Classical potential, cheaper, many long simulations!

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

Pekaga Fasork i Y. Shibuta & S. \ [Y Shibuta & S. Maruyama, Chem. \
) RS Maruyama, Chem. Phys. Phys. Lett. 437, 218 (2003)
. Lett. 382, 381 (2003)

500 C atoms

500 C atoms +nC, +nC, Ni,gs ON
: Ni;gg, T=2227°C LJ support
e % GEERREYx (20 nm)3 PBC 1=2227°C o
X (f)ns OOns N j QZO nm)3 PBC 30

/F. Ding et al., J. Phys. Chem. B 108, 17369 (2004) \ F. Ding et al., J. Chem. Phys. 121, 2775\
Feeding f3eif F © (2004)
sof 2% B Fe, + nC, T=527°C to 627°C
carbon 3P /\- H
atoms from 33 [l

center of Fe R

clusters:

Fe50 + nC, Q 0

T=627°C .
a.2.0 ns b.2.5ns c.3ns d. 10 ns (@) Fey (b) Fess (©) Fey (d) Fes

Many more studies ...




Growth of Single-Walled Carbon Nanotubes on Metal Cluster

Experiment of continued growth Model system

(5,5) arm-chair

Fe38

fcc: truncated octahedral
structure

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

|

Molecular dynamics of nano-systems is a very
challenging topic.

scc-DFTB/MD with electronic temperature s



DFTB/MD

: . ACS Nano 2, 1437 (2008)
/ 10 Trajectories after 45 ps C supply
A d )

Schematic depiction of C atom insertion events uTraJectory F

(i) (i) (i) E‘ .

=
(@]

-' -. 2,

) Fa Fa % ‘ Ea Fa 8 8

Fe e P N @E = . , . .
Time [ps]

new 5-, 6-, 7-membered rings  Growth rate: ~10 pm/ps>



g Statistics

Relationship between ring type and length
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Cap Growth DFTB/MD

Y. Ohta, Y. Okamoto, S. Irle, and K. Morokuma, Phys. Rev. B (2009)

Experimental snaphots
H.Yshia Ia Lett. (2008).

Nanotube 10 A long
was formed.

During growth, non-hexagonal rings and polyyne chains frequently formed and
then rearrangement of sp? network occurs to construct carbon sidewall.




Cap Fragme D Annealing

Y. Ohta, Y. Okamoto, A. J. Page, S. Irle, and K. Morokuma, ACS nano (2009)

Initial model: Fe,q 1 2 3 4 5

/ ~ -
'); ~ )4 A {{_‘;‘_

; oW ]
& '4,“.-‘. N \'
-

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

t =410 ps



Cap Fragmg D Annealing

Y. Ohta, Y. Okamoto, A. J. Page, S. Irle, and K. Morokuma, submitted

Average 5- and 6-ring
counts over 10 annealing
trajectories

|

five-membered ring
six-membered ring
seven-membered ring

: | r
L

five-membered ring
six-membered ring
seven-membered ring

Number of polygonal rings
£

Number of polygonal rings
N

2
1 4
(6] T

0 n ——_—
T

(6] 50 160 1L-I'>O 2(I)O 2L-">O 360 350 460 (6] 50 1(I)O 1éO 260 ZéO 360 3éO 460
\cTime [ps] Time [ps]
. . 'N,\“
\c\ Hollow in F_e IS Cu g O G
c N required | 1 gc—¢
; c \C / C/CEG/C-H-_G
Formation of first [ o et ¢ -
. c
condensed 2-ring k—c e — I i *—c |
— c
system (5/5 or 5/6) \ e ey ¢
c/c ¢’ < - ™ _c/hwi"xc\c g
: —cC -
Always pentagon first! jcf - NS¢



SCC-DFTB/MD Investigation of Metal & Size Effects on SWNT Growth (5)
Comparison of Mag- & Mgs-catalyzed SWNT growth (M=Fe, Ni)

Bl

®
w
co

S

-

Average Cap Height (Angstrom)
© a2

M

5 10 15 20 25 30
Time (ps)

=]
<

-n
D
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3

~
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—

0 5 10 15 20 25 30
Time (ps)

Average Cap Height (Angstrom)
© a

8

Average No. of Rings

Average No. of Rings

7-membered rings =
6-membered rings
5-membered rings ——

0 5 10 15 20 25 3C
Time (ps)

7-membered fings
6-membered rings
5-membered rings

]

-
ﬂﬁ"‘v arn. el

0 5 10 15 20 25 30
Time (ps)

Size Effect: Average Growth (Average Growth Rates,
dAps— 1) using M, Catalysts after 30 ps

M=Fe M=Ni
x = 38 1.229(4.10) 1.961(6.53)
X — 55 0.654(2.18) 1.302(4.34)
M38:M55 1.88:1 1.51:1

Average Cap Height (Angstrom)

Average Cap Height (Angstrom)

Nig

12 < 7-membered rings ——
6-membered rings
w 20} S5-membered rings
" g‘
[
S 15¢
10 2 g™
gl V/-w/wﬂ
s
©
_‘_,_/-"""" oy iy Al g T
8 A A A 0 — e A " A
0 10 15 20 25 30 0 5 10 15 20 25 30
Time (ps) Time (ps)
12 = 7-membercd rings ——
6-membered rings
@ 20 5-membered rings ——
1 2
[
3 15
10 2 —_
g °T W‘Mﬂ
s
© PR T
’ E T W
8 0 VJ\MMV‘/.’ . :
0 10 15 20 25 30 0 5 10 15 20 25 30
Time (ps) Time (ps)

— SWNT growth rate decreases with increasing
catalyst size.

Larger catalyst particle —- greater surface area +
volume for the decomposed carbon to explore
before contributing to the SWNT base.



SCC-DFTB/MD Investigation of Metal & Size Effects on SWNT Growth (6)

SWNT growth simulated using M, catalysts (M = Fe, Ni; x = 38, 55).

Effect of catalyst composition and size determined.

Correlations between SWNT growth rate/mechanism and TM-C adhesion

energies observed.

Ni-catalyzed SWNT growth mechanism established using QM/MD.

Growth rate
decreases

Growth mechanism changes,
Growth rate decreases

Fe;; G@mm Nigg

1@D |

F955 q Ni55

Growth mechanism changes,
Growth rate increases

Growth rate
increases

Summary



SCC-DFTB/MD Investigation of SWNT Healing (4)
Slower Carbon Supply Rate Leads to Healing

Fast Supply Slow Supply Very Slow Supply
(11.0 ps) (220 ps) (440 ps)
Average Ring Formation and Formation Rates for Fast/Slow/Very Slow Supply Simulations After Adding 22 Carbons.
Fast Supply Slow Supply Very Slow Supply
Rings Formed Formation Rate Rings Formed Formation Rate Rings Formed Formation Rate
Ring Type (x102 ps—1) (x102 ps—1) (x102 ps—1)
5-membered 1.0 8.70 1.7 0.74 1.1 0.24
6-membered 0.8 -6.96 3 7 0.74 1.5 0.33
7-membered 1.7 14.78 1.5 0.65 1.4 0.30




SCC-DFTB/MD Investigation of SWNT Healing (5)
Healing Mechanism: 7+5-Ring — 6+6-Ring Isomerisation

SWNT healing mechanisms require timescales of ca. 5-30 ps (or more...)
—> SWNT healing driven by relative rates of defect formation/removal.

%
Rotation of C-C unit
% -

Page et al. JPCC, In press.

\ Adatom intermediate formed

-
S

0.04 ps

—3-. —_—

7-5 defect formed

2.56 ps




SCC-DFTB/MD Investigation of SWNT Healing (7)
A Proposed Mechanism for Chirality-Controlled SWNT Growth

Throughout root-growth, the base of the SWNT remains defect

rich. These defects ultimately isomerize, forming new

(n,m)
Chirality

_ 6-membered rings. These 6-membered rings are
established

thermodynamically the most stable structure, and gradually lift
away from the SWNT-catalyst region.

Chirality, imprinted on the SWNT cap during nucleation, is

ainjesadwa]

therefore maintained throughout growth by the addition of only
"Defect-rich” 6-membered rings to the sidewall during the growth process
region

el
NG

provided that carbon addition to the SWNT is slow enough.




High Temperature Combustion & Formation of Fullerenes

B ‘-. '. -' 6ps
* add 10 more C, — add 10 more C,

2000K 2000K
l -

2000K]

add 10 more C. & & add 10 more C,
2000K ~ 2000K

6ps
3000K

add 10 more C, w "
3000K
7.49 ps 27.53 ps 27.88 ps E 28.49 ps
[ ]
! ° ! o®
® 1 ]
2w =
28.63 ps 28.68 ps 29.05 ps 20.55 ps

Irle et al., J. Phys. Chem. B, 110, 14531,
(2006);
Irle et al., Nano. Lett., 31657, (2003)
F shrinking driven by
all off events of
‘antennae’ structures
ttached to the
ullerene,
nd ‘pop out’ events of
2in the fullerene

tructure.

SCC-DFTB/MD Simulations

Biswajit Saha

Effect of He Buffer Gas on SHG Mechanism?

500 He, 4000K @/ 500 He, 500K @/

Cgo (0.00 ps) C,p (319.44 ps) Ces (546.92 ps)

#Coge=76 #Coge=60 #Coge=60
11 x 5m-ring 9 x 5m-ring 12 x 5m-ring
17 x 6m-ring 18 x 6m-ring 20 x 6m-ring
3 X 7m-ring 0 x 7m-ring 0 x 7m-ring

sp? antennaes present

GF shrinking rates increase in the presence of He buffer gas.
C> removal from fullerene structures slows over time.

High Temperature Combustion:
Formation of Extended PAH Structures

300K
v

."‘,
B et

o o0 H/C=0.8
AR
PE )\
0 50 100 150 200 250 % T T 2 2o
2500 K 1500 K 300K Time (ps) Time (ps)
\‘:, oy
A3 e 020,

Ak vt N %\ = [ P2soorz_1
,“\57\ —_— }{&{""/E% _741'{.:5 SB[ HIC=06 o2l Rapid
e i a7 ':Q‘ g curvature

- ) ad g""z ~~ decrement
300K g b
N E 004
HIC=0.4 [ T TR TR T

Time (ps)

Formation of extended
., “——graphene-like structures for

mg "@ :
ka .
300K

Saha et al., J. Chem. Phys., 132, 224303,
(2010)

H/C=0.2

low H:C ratios observed




Metal Nanowire Formation

Collision Induced Fusion of Cs2 & ErxCy@Cs2: SCC-DFTB/MD Simulations

Energy (eV)

Fragmentation

150

100

50

Elastic/Inelastic
Collision
Ero@Cs2 + Car +C EroC.@Cs2 +
Ero@Cs2 82782 Er.C.@Cs2

Ramon Valencia

\ Cs2+Cs2
Energ,(mcollision @ 114.1 eV

s 5 8

Outcome of collision reaction determined by
charge residing on fullerene cages!

Kitaura et al., Nano. Lett. 8, 693, (2008)



SWNH « SWNT Transformations on Fe & Ni Catalysts

High-Temperature SWNH«a8SWNT
Conversion on Niss

SCC-DFTB/MD Simulation

L)
Bl .
w® ]
Es M
RS Chandrakumar ; . 4
3 -
3 ]
» Transformation occurs unassisted 8 5 1 15 20 25 30
@ 1500 and 2500 K! Time (ps)
» Driven by formation of pentagons oy | BT s e ]
and hexagons in carbon structure. o d
E &3 Tl
‘B &2
. L L T
L I .
Time [ps)

Jeyouuy

Converted SWNH'’s:
Structures contain several
pentagons/heptagons

Final structures on
Fess @ 2500 K

Origin of Defect Structures?

Original nanocone
contains both zigzag
and armchair edges!

Sm-ring

Tm-ring

Sm-ring

Armchair-Zigzag ---> 5m-ring

Bez-617
—
FICITEIITES A




CVD Processes and SWNT Nucleation on SiO2 Catalysts
SCC-DFTB/MD Simulation

arnoon Ring Formation: _ _ Alister Page
The 15t Step to SWNT Simulated CH4 CVD on SiO2 Nanoparticles

Nucleation

CHx (x=0-3) added-to SiO2 nanoparticle

V4

s \QO produced as primary chemical product
' (agreement with experiment)

Outer regions of SiO2 reduced to
Carbon Ring Production SiC

No. of Rings

2 it §

o SEEsg8 g 20 W
i EEEEE] g 15} ] ’
2 g ] © 10}

=3 —

= St

St - 1 0 n (TN T 1 L

Carbon-Silicon Ring Production 0O 5 10 15 20 25 30 35
o. of Rings

= 723 Y T £o ¢ H X sio

R Sio !

. i N o 8/ VT

o 28 & N / s W e & ﬂ o
= EEE] »
i i

= |

Cyan=C Blue=Si Red=0O White=H Bachmatiuk et al., ACS Nano 3, 4098, (2010)



EREEFIECHETEL L 5 LA LHFOF
#The ONIOM Method (an onion-skin method)

(Own N-layered Integrated molecular Orbital and molecular Mechanics)

Real System .

s s . QM/MM
Intermediate . QM/QI\/I'
Model System Q |\/|/Q MMM

Small ® i
MDdEIn;fstem First Layer

Bond-formation/breaking takes place.

.f—"‘—-\
Use the "High level” method.

Second Layer
Electronic effect on the first layer.
Use the "Medium level" method.

Third Layer
Environmental effects on the first layer.
Use the "Low level" method. >3



ONIOM Energy:
Approximation for the target (high.real) calculation

Level Effect and Size Effect assumed uncoupled

p TL'&RGET
bc S(HIGH
HIGH i { ) . I“” =
+ f’ \” G
— Approximation
= 5
.3 E(ONIOM) = E(LOW REAL)
B + E(HIGHMODEL) - E(LOW MODEL)
& S(LOW) 4 lde .+
LOW | | LOW
il SIZE ¢ f g QM:QM

CsHs

QM:MM

MODEL REAL
54
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Strategy for Protein Effects in Enzymes

Active-site Model (DFT)  oNnjOM (DFT:Amber) ONIOM (DFT:Amber)
Reaction mechanisms  \iechanical Embedding  Electronic Embedding
Spin surfaces Structural and electro-  polarization of QM region

Good for metalloenzymes  gtaic (classical) effects

T ’

w C 2 e ej
‘Molecular
‘Dynamics
QM:MM-FEP Three-layer ONIOM (DFT:DFTB:MM)
Classical free-energy corrections Mutual polarization; polarization of “MM”

on ONIOM geometries region as well as QM region>>



Biosynthesis of Antibiotics In
Isopenicillin N Synthase (IPNS)

Lundberg, Kawatsu et al. (2007, 2008)

H
Oxygen-activated OOCMN D H sH
I o

non-neme iron enzyme NH. H CHCL;”H
: 3
~ 4 6 O I)k
< He. H
(S (g | ACV H coo
- A N 2
Mo had (CHG IPNS
\ M"%: “ 4 2 HQO
- i HH H
3 - N y OOC N - . S
Py Sl T cH;
73 » NH2 O N ~
. CH
Isopenicillin N~ © e

Q . l.._
2 - T
' e\e H Coo 5¢f oo

.cN?. Histidine Penicillin V Amoxicillin



Proposed Reaction Mechanism - ONIOM Calculations

R
HN

N 0
o) o M 0 -00C N
)/&\—P bt )/\ T H, —  » 00c NJ?NH—> N§>'NH

H 2 'lﬁﬁm H HO,oml‘H@M il Q§i‘ﬁ%m Ho ’.HQM HQ\’§W%4

O Felllh ypgp, oL )FT(“)"ASDme W T(IV)'ASDme S gy, Fell) wpep,
o | 0" L 0" L owf | o |
Hiss7g H S H S Hiszzg Hiszzo
Fe(lll)-O0 Fe(ll)-OOH Fe(IV)=0 + H,O First ring Fe(1l)-OH
Second ring
Energy
(kcal/mol)
20 C-H bond activation
16 kcal/mol  O-O bond cleavage
10 - TS 13 kcal/mol
0 | TS “TS”
Spin //

10 transition

50 C-H bond activation

Substrate rearrangement 18 kcal/mol
-30 10 kcal/mol TS
TS

-40 TS // \\
-50 TS

60 TS Fully optimized transition state using
- new QM/MM algorithm
-70

// Transition state not calculated
(e.g. bond rotation)

-80



Comparing Active-Site and
C-H activation TS (6 ONIOM'ME MOdeIS

coord) - No major
Ligand donor |
mechanism
Optimized with active- ‘/\0\

effect vs. end-on O,
(also suggested by

Solomon) ‘
] . @ site and ONIOM Model 1
20 o5 2 = Active-site (QM)
~
S 10- = QM:MM-ME
O-0O bond cleavage: No major effect
& 0 9.8 89
-
bind
8 "10 | = L ffect
i Protein stabilizes O, binding Some differences in ?rge € fec ct)n
> -20 - Metal coordination and Vdw hydrogen bonding Isiease orater
E‘ -30 - ONIOM system - Blue \_
()] Active-site system - Silver ‘
: 1 P |
& -40 =
-50 - 5 coordinate New explicit
before O, binding water MM-interactions

Active site model is bad

I

(o)

o
|



ONIOM DFT:DFTB:MM Model for IPNS

B

Design the DFTB layer by including second-
shell amino acids and those with large
electrostatic effects in a classical description.

Residue effect (kcal/mol)
o

Classical estimate of residue effects

K98 E212,21ES234 W338
Y189 ‘ R279 W330
I|l”||. ||||“ . || ey | . Il H|ULI | ‘.' |‘ | |||||| I |. ||“|l||.|.|.|
[T I‘|||I AR T e
: K327
C-term

“Electron transfer” (3>4)

Layer
High

Low

Residue number

Atoms Representation
Ball and stick

65

5368

Cartoon

59




A missing mechanism of tryptophan 2,3-dioxygenase
Chung, L. W.; Li, X.; Sugimoto, H.; Shiro, Y.; Morokuma, K. JACS 2008, 130, 12298; unpublished.

TDO: Kotake, Y.; Masayama, |. Z.
NH3 IDO or TDO NH; Physiol. Chem. 1936, 243, 237.
* 02 NH IDO: Yamamoto, S.; Hayaishi, O. J.

Biol. Chem. 1967, 242, 5260.
O
Unlike P450, perOX|dase, HO, unclear mechanlsm (deprotonation - electrophilic

addition at C3 with Fe'-O,); physiological roles (e.g. suppress T cell proliferation)
X-ray structures of hIDO(left) & xcTDO (right) Recently-proposed mechanisms

R = CH,CH(CO5)NH;* - R

R
=
=
Yz —Fe”
H---0 Trp

e

r}n ,/,7. 4.-\( TSy \
R I i - 3 )

R 9’ _Ien
Unique active-site: highly hydrophobic active sites; GEEKH _%ﬁ”_ v
unimportant polar residues (mutation); o H i J
- No need external proton and electron donor N\_;\ O;<OH

IDO: Sugimoto, H. et al. PNAS 2006, 2611. TDO: Forouhar, E. et al. PNAS 2007, 473. Vv



Active-site model (B3LYP Results)
The proposed electrophonic addition concerted proton-transfer pathway?

. 1.460 o —
HNC2C3:180.0 HNC2C3: -89.7 ~ -
1.319 — OH < " 1526
1.169 * (1588
1.437 RIS ‘1‘{407 :
-11e {} :ggg} (1.374) Fe-O:
V. > -
N 1.282
Fe:0.78{1.13)
ii Por-1.11{-1.23)
Fe:{2.04} Im.0.21{0.06}
3.8(-12.8) ‘\ Opro-0.39£0.43}
" Ogis-0.20£:0.20}
_ Y Ind:0.73{0.67)

Highly-distorted concerted TSs  Barrier{38.1-40.3’kcal/mol

Commonly-accepted Criegee-type Rearrangement pathway?

High barrier for a neutral Low barrier for an anionic hon-

TDO substrate heme substrate
. 0 1.460(8 [
1. Barrier 0~ N\ 1.841.

HO

(relative to ii) 1517 ,'H 1 365 HO™ /O
o B3LYP: 497 : P i Vi

O © - > L5

&)J MPW1K: 65.2 @ 1_391 B 1. 21%?5&246 _L, o
? B3PWO1: 51.0 o ~ : N

' ' charge N BP86: 37.7 i
TSii.v (B3LYP)  separation v PBEPBE: 38.5 owo

High-energy proposed pathways = Another operating mechanism!!



Summary of the most favorable pathways (active-site model)
Q Concerted addition and proton-transfer

O Direct (a) electrophilic and (b) radical
addition from Fe'-O, and Fe''-O, species
(iii) at either C2 or C3

Q Widely-believed Criegee rearrangement

Formation of dioxetane intermediate pathway
(i) or O-O cleavage pathway to give ferryl-oxo
followed by oxo-attack (iii & iv)

Chung, L. W.; Li, X.; Sugimoto, H.; Shiro, Y.; Morokuma, K. JACS 2008, 130, 12298.

Subsequent experimental findings

L-Trp 1-Me-L-Trp Ob . f Fall.O g
servation of Fe!-O, an
Ko (5D | Ky (uM) | Koy (57D | Ky (uM : Tz
car (57) | Ko (WM) | Koy (57) | Ky (M) ferryl-oxo intermediates in
hIDO (wt) 1.7 21 0.027 150 hIDO by resonance Raman
hiDO (S167A) | 1.95 - 0.032 31
XCTDO (wt) 19.5 114 - ’ Lewis-Ballester et al. PNAS
xcTDO (H55A) | 2.86 133 | 0.048 59 2009, 106, 17371;

Deprotonation is not necessary
Chauhan, N. et al. JACS 2009, 131, 134186.

Yanagisawa et al. Chem. Lett.
2010, 39, 36



ONIOM(B3LYP:Amber) results for xcTDO

First oxygen incorporation processer

A AE 13.6 16.2
(kcal/mol)

3'

-18.4 —— Closed-shell singlet

—— Open-shell singlet
— Triplet

Oxy-heme Direct C2 addition Epoxidation

Direct radical addition TS at C2 only Epoxidation TS




Second oxygen incorporation processes

AAE
(kcal/mol)

-27.4

-23.8

Substrate gives
a proton for

ring-opening a7 0 )
. : -
epoxide Ring-opening oxo-attack C-C cleavage &
assisted by Trp PCET
PT-catalyzed
regiosepecific RO TS Oxo-attack TS C-Ccleavage TS

-

Chung, L. W.; Li, X.; Sugimoto, H.; Shiro, Y.; Morokuma, K. (unpublished)



Summary (ONIOM): Our proposed exceptional pathway for xcTDO
COy

CH2—<

R
i Direct radical addition of Fe!-O," specie

HO/ \ :
%R i _,l—em_ _,':'elv_\ at C2 of Trp
HN- cor

Homolytic O-O cleavage and ring-

=0 Trp
_Ee_ o, . @C:;<NH2 closure to give ferryl-oxo and epoxide
—Fe — H Acid-catalzyed ring opening
tacile PT & Fe,\, Oxo-attack
O cleavage ‘j C-C cleavage and back proton transfer
@% l ea OH

O, activation and oxidation process in heme systems: Dual oxidants in TDO

Missing Piece
o 8.0 OH
z = —o 1© -
0 Q 0—=0 o} o o}
; . + | 1]
—Fel— - — Fe"'— _— = .- Fe'”— e Fen— *H, Fel @ € Fen— -
; ] ko ! Very strong oxidant
Fe'-dioxygen Fe'"-superoxlde Fe'-peroxo anion Fell-hydroperoxo FeV-oxo Fe'V-oxo C d I & I I
(IDO/TDO) (IDO/TDO) (e.g. P450 aromatase)  (e.g. HO) ((iompgzlgg) ) | (Compound I) p
- . e.g.
Mild oxidant : v | |
Direct radical addition Nucleophilic Nucleophilic
with electron-rich oxidation or electrophilic Electrophilic Electrophilic
indole oxidation oxidation oxidation

Besides non-heme oxygenases, not-well-recognized ferric superoxide and ferryl-
0X0 species as the oxidants in heme-containing TDO
= Old heme oxygenase, New heme chemistry



Ferrous soybean lipoxygenase (SLO-1)

Hajime Hirao and KM, J. Phys. Chem. Lett. (2010) 1, 901-906.

CD spectra

X-ray structure ‘ : 1
“ 8600 10300 6-coordinate
0.2F (A1) (A2
B0
£ 0.0
4
-0.1
L icean 22 | ~5000 10600 5-coordinate
! B B2
Is JRY S J
B :
505 )
., 5 | |
R(Fe-0694) = 3.05 A (LYGE) 0.0 maﬁ
2.87 A (1F8N) -

6000 B0OO 10000 12000 14000 16000
Energy (cm’™")

What are the two forms?
Solomon et al., JACS 1995; Chem. Biol. 1997.

Why is R(Fe-Og,) Is so long?

Minor et al., Biochemistry 1996/2001.



)

***** ~ Conf-A: Short Fe-O,, & large O-Fe-N
Conf-B: Long Fe-O,y, & small O-Fe-N

- Different in water orientation.
- Average agreed well with X-ray.

Key geometric parameters (A or degrees)

Conf-A Conf-B Average(A/B) Exptl (WT) Exptl (Q697E)
£ 0,,-Fe-N¢q, 176.9 140.0 158.5 157.4 140.9
r(Fe-Ogos) 2.39 3.46 2.93 2.87 3.41

Our proposal: WT X-ray structure is a mixture of Conf-A and Conf-B.

Q697E will contain only Conf-B.



CD spectra

(a) Theory

R(length) (107-40 cgs)

R(length) (107-40 cgs)

14

12

10

-8
4000

6000 8000 10000 12000 14000

Energy (cm”-1)

16000

Conf-B

----TDDFT
—— SORCI

8000 10000 12000 14000

Energy (cm”-1)

16000

(b) Experiment

1

1 I

T
6-coordinate

-

5-coordinate |

6000

8000

10000 12000

Energy (cm’')

* Good agreement with the experimental spectra.
* Two forms in experiment are Conf-A and Conf-B.

14000 16000



Mechanism of Efficient Firefly Bioluminescence via Adiabatic TS
and Seam of Sloped Conical Intersection

Chung, L. W.; Hayashi, S.; Lundberg, M.; Nakatsu, T.; Kato, H.; Morokuma, JACS 2008, 130, 12880.

CO2 Luc
RO RSBy W,V
ATP Mg**
D-Luciferin (LH,) - 2H* Dioxetanone (DO) - S,

) * o )
o) S N o S N -C
CO
S T < T
N s N s
oxyluciferin (Olu) - S4 oxyluciferin (Olu) - S,
High efficient bioluminescence, (cD(bI) = 0.42): Ando, et al. Nature Photonics 2008, 2, 44.

Bio-imaging
@_( /@ ( Schaap, A. P.; Gagnon, S. D.

J. Am. Chem. Soc. 1982, 104, 3504
2 (kcallmol)  @cg -Sq(%) @cg-Tq (%)

X = H 24.8 0.02 36
X = OMe 245

X =0H 24.5 0.006 1.5
X=0 13.4 1

hemically Initiated Electron-Exchange Luminescence

oy ©
r S NS 10 Koo, J.-Y.; Schmidt, S. P.; Schuster, G. B.
> </ \©: >—</ :I\( Proc. Natl. Acad. Sci. U.S.A. 1978, 75, 30.

N S 0O

Intramolecular C
Q



X-ray structures of the Japanese firefly

 in | y =
OH n OH
£ N ==
Serses” o & | 7
HO NN
o N\ \ - N; 5 = HaN NH
-.2.83 «
anus)\ | wat1 Ctls Y
12,70 A
i2. HN
S OH HO™ \ \
\ Thross Arg

Nakatsu, T.; Ichiyama, S.; Hiratake, J.; Saldanha, A.; Kobashi, N.; Sakata, K.; Kato, H. Nature 2006, 440, 372.

Computational Models & Methods

Bioluminescence of the firefly dioxetanone (DO)

) go\rl ldeal: (32e,260)

© S N—. r2
ij/l\ Y, 4 N Our practice active space:
N S O

(4e,40) for C-C and O-O bonds
(8e,80) for #~conjugated part

Active Site Model: Geometry optimization: SA-CASSCF(12e,120)/6-31G* (S,, S;)

Single-Point calculations: CASPT2(12e,120)/6-31G*



Topology around MECI

25‘|
201 product side
15
2 (51 U) <- (D’ rj
=10 1
== -
5 & /%
oy reactant side
-5 1
10 s 0. ‘0.\6
4 c AV S
Deor ?Vag:z 0.0 ° ‘e“c’e \a
ve COUp'?-'z B 4 e
Ing (a.-u.) 0.6 -Og‘ad‘\e“

Linear interpolated pathway

50

w
o

Energy (Kcal/mol)
(23
o

—4—S0(SA-CASSCF)
- S1(SA-CASSCF)

No Barrier

MECI

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Reaction Pathway

Chung, L. W.; Hayashi, S.; Lundberg, M.; Nakatsu, T.; Kato, H.; Morokuma, JACS 2008,

130, 12880.

(a) Peaked conical intersection (b) Sloped conical intersection

Sloped MECI 2 chemi-excitation
Extend seam = Higher transition probability

Schematic overall mechanism

no* (SA-CASSCF(12e,120)/6-31G™)
nr* \ [CASPT2(12e,120)/6-31G*//SA-
(73.8) CASSCF(12e,120)/6-31G")]

. NCCN: -157
e, 1.23

P <

T =g .‘*19.__(('_

3 MECI 203} 30

DO (28.1) ™ o

(0.0) [1.5] = Emission:
— NCCN: 180 5

48.0-48.7]
??2‘\;0 - ““\‘_ 14__2‘\‘ — \\‘?'04

\! Q
TS T%f“ A Seam o '
\ _ Sloped CI
P R (6.8)
50 154 138 [-24.9 - -26.3] '
0-0 Bond Cleavgge. -

C-C Bond Cleavage

>

Dynamics in Protein Environment in Progress



Reversibly Photoswitchable Fluorescent Protein: Dronpa
Li, X.; Chung, L. W.; Mizuno, H.; Miyawaki, A.; Morokuma, K. JPCB, 2010, 114, 1114

1.GFP: bioluminescence of jellyfish

2. GFP: important in bio-image

3. Different colors of fluorescence from
the mutant or GFP-like proteins

Bio-imaging

RA 153

vvvvv

A

Osamu Shimomura Roger Y. Tsien
Martin Chalfie

New Reversibly Photoswitchable fluorescent protein

nnnnn



Energy

Dronpa (resersible photoactivation and photobleaching)

D-KIE ~

A2 form (off-state)

NH

E}‘ I Hr '"M"'T'TV TP’ THeTerenre nu[ %3
ﬂ-\ Il =\gun@h\=\h-ﬁ- il
L R 7 rystal
0 200 4mTJime . ;;E;ﬂ 800 1000 - Ofsot ﬁ _ ?g:)c 2#‘(16 )

off- (trans) states

Two different proposed reaction pathways

| form (off-state)
o)

[S]
o B form (on-state)
ESPT NH  Ground state
o w/) o i
N [somerization ~
AT NH
o eo N~/
o . AC
Isomerization WNH Ground state
hy HO N=/" proton transfer
NC

Ando, R.; Mizuno, H.; Miyawaki, A. Science, 2004, 306,1370. (2) Habuchi, S.; et al. PNAS 2005, 102, 9511.
(3) Andresen, M.; et al. PNAS 2007, 104, 13005. (4) Fron, E.; et al. JACS 2007, 129, 4870.



ONIOM(CASSCF(6e,60)/3-21G:Amber)/MD of excited states of
Dronpa

HO 0 T° NH 1. Calculate average life time, reaction probability
\O\\( 2. Comparison with dynamics in water solution
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myo-lnositol oxygenase (MIOX)

H. Hirao and K. Morokuma,, J. Am. Chem. Soc. 131,17206-17214 (2009).

MIOX-catalyzed reaction Initial steps
: b RAACLE - g (HZO\) H 0, T/ H HO". 0 ‘ >) <
" CECMON + H _ ______\l“ . O~ 1 -abstraction /H\
S 75 SRR S RO T K
on W He OH N wo Y N
mrpa-innsibal B-glucuronake mixed-valent Fe(ll)Fe(lll) (superoxo)Fe(ll)Fe(lll)
Charalampous et al. Xing et al. Biochemistry 2006a, Biochemistry 2006b,
JBC1950s/1960s. PNAS2006. Brown et al. PNAS2006.

C—-C cleaved, one oxygen atom incorporated, etc.

Overexpression of MIOX causes too much catalysis, leading to
diabetic diseases.

A (superoxo)diiron(l/I) intermediate effects C-H activation.

Still, the nature of the reactive species and reaction
mechanism remain largely unclear.

\Wecomputationally/addressed theseIsSUES:



Reaction profile
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C-C cleavage
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Proton transfer
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Proton transfei

step).
experiment.

product).

In the reactant, LB and HB are the ground states.
O-0 cleavage has the highest barrier (rate-limiting

Theoretical KIE for H-abstraction agreed well with

All but HB have similar stability in 3 (H-addition



Important role of bridging hydroxide

Fn%" y I"/‘[ Spin NOT localized on C1, but goes
B down to Fe2

CO part better viewed as carbonyl.
Nuculeophilic attack by FeOOr, rather

than by FeOOe, is more favorable.
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The bridging hydroxide acts as a catalytic base that
facilitates the nuculeophilic attack of FeOO- on carbonyl.




