Scaled Hypersphere Search Method
for Mapping All Reaction Pathways
on Potential Energy Surface

Development of a Ne\_/f) Algorithm

gty
L S
g L

i e

Koichi Ohno
| E . ; q* fhn ,f,'::;\ e o,
. : o .?:'ET. L: Ao fﬂ-ﬁ?;ﬁfgﬁﬂ: G, "'.
Graduate School of Science, - "~

Tohoku University, JAPAN K

. ) 1|:|- - § = wlF h ! ..\..-\ G s I_" . .lﬂj
- i 1 - j. -. q = I-. I T _' v .'I' :-: F o n e I..::_ i
S e i ) [R5 R o R et Y




f
| * e
S hE T T o e e

This is Ptolemaios’s map, in which
JAPAN and AMERICA are missing!




To know the World entirely,

Global Mapping Is necessary.

Discovery of New Routes

1492 Christpher Columbus
1498 Vasco da Gama
1497 Sebastien Gabbot
1499 Amerigo Vespucci
1519 Ferdinand Magellan




To know the World of Stereo Dynamics in detail,
Global Mapping of Potential Energy Surfaces PES
IS Important.

Minima

Equilibrium Structures EQ
«Saddle points:

Transition States TS
*Valleys:

Intrinsic Reaction Coordinates IRC




Algorithms for PES Mapping

EQ: Geometry Optimization e
Problem Depend on the initial guess!

e TS:
SEAM Jensen (1992)

o BB Floudas et al. (1992)

Eigen Vector Following (EVF) : Cerjan & Miller (1981)
Gradient Extremal (GE) : Sun & Ruedenberg (1993)
Sphere Optimization (SO) : Abashkin & Russo (1994)

Nudged Elastic Band (NEB) Jonsson et al. (1998)
Problem Partially possible, but generally impossible!

e |RC:

Problem Uphill walks are impossible!

Downhill walks are possible DY Steepest Descent Method.

A Method for Uphill walks should be dvelo

ned!




When Uphill walks become possible,
Complete Reaction Route Mapping
also become possible

Start from an EQ

Uphill ¥y walk One after another algorithm!
Find all reaction routes A a4 = 4
| EQ _,I . EQ ~_— EQ

A &

TS( ( f TS() TS ()
Dissociation | Transition /flﬂ-\’)"j_ﬁ 'Lx\
(DC) State TS ( EQ ":_:.‘j"_j‘;—:j EQ | TS | EQ |
K\h______ y TS \ 4 h\[ “"'f\ - _f,:'

Downhill ©ywalk TS

Dissociation | Equilibrium
(DC) Structure(EQ)



How to find
the entrance to a reaction route?

IDEA Among all Directions surrounding an EQ Point,
Search a Direction with the Maximum Downward Distortion!



Application to a model potential (1)
Cerjan - Miller Potential : J.Chem.Phys. 75, 2745 (1981).

1 This Work (SHS) <
Scaled Hypersphere Search

2 SO Method: :
Avashkin &Russo (1994)

3,4 EVF Method: ¢
Banergee et al. (1983)

Earlier Methods tend to follow
lower parts along soft modes.




Application to a model potential (2)
Mduller - Brown Potential : Theoret.Chim.Acta 53, 75 (1979).
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How to Find the Downward Distortion?

Scaled Hypersphere Search (SHS) Method
K. Ohno and S. Maeda, Chem.Phys.Lett. 384 (2004) 277

Scaled Normal Coordinate : g=A Y2 Q,

If the PES is harmonic, then the energy on the hypersphere
becomes constant

Thus, Downward Distortions on the real potential surface

can easily be made by a simple search of minima on the
hypersphere

An efficient search becomes possible without try-and-errors.

A complete search becomes possible because of the use of
a closed surface..



Application to a model potential (2)
Mduller - Brown Potential : Theoret.Chim.Acta 53, 75 (1979).
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Global Search for HCHO System

(o)/(H/ patiac (@), \ o h
U o (H’ — =43 kealimol
@, @

EQ3 (Cy) TS6 (Cy)

Unknown Region Before E = 60.6 kcal/mol E = 110.8 kcal/mol
PATHSAf \ PATH3B

This Work O "
@g éc; @(H)

®
TS3(Cy) TS4 (Cy) TS2 (Cy)
E = 87.5 kcal/mol E = 123.0 kcal/mol E = 90.0 kcal/mol

PATH2A \ f PATH2B T PATH1B
7\( )/C PATH4C o. PATH2C (o{ paTH2D &L g PATHIA ©
‘H

P =
@ @ ®/Q> ® ®%>\®

EQ4 (Co) TS5(Cy) EQ2 (Cy) TS1(Cy) EQ1 (Cyy)
E = 168.7 kcal/mol E =175.7 kcal/mol E = 55.7 kcal/mol E = 86.4 kcal/mol E = 0.0 kcal/mol

©O-e__,

<4 New Reactions <4 Known Reactions



H, CO < - HCHO




Map around cis-HCOOH

EQq (Cs) TSs (Cs) \ TSe (C1) EQs (C1)
E = 83 kcal/mol E = 185 kecal/mol / E =161 kecal/mol E =111 kcal/mol

HCHO + O
E =122 kcal/mol

9
E = 124 kcal/mol / Ci's- HCOOH E=5 kcalfmol trans-HCOOH
E=0 kcalf‘mol E = -4 kcal/mol
Hz + CO; <
E = 15 kcal/mol EQs (C2v)
T53 (Cs) TSg (C1) dihydroxy-carbene

= 127 kcal/mol = 124 kealimol = - 29 keal/mol



Map around trans-HCOOH

- o] ﬁ*@

TS10(C1) EQ7 (C1)
E =141 kecal/mol E = 107 kcal/mol

E 1 H,0 + CO
: E =12 kcal/maol

EQs (C1) TS19 (C1)
E = 111 kcal/mol E = 150 kcal/mol

EQq (Cs)
cis-HCOOH TS1 (C1) EQ; (Cs) TSJ (C1)
E = 0 kcal/mol E =5 kcal/mol trans-HCOOH = 1086 kcal/mol
/ E = -4 kcal/mol
EQs (Cs)
dihydroxy-carbene 187 (C1) TSg (C2v)
E = 52 kcal/mol

E = 22 kcal/mol E = 105 kcal/mol



Global Search for HCOOH System

15 keal/mol B
176 keal/mol CO-> +H cal/mo
cis-HCOH + O 96 kcal/mol 2 2 HoO + CO
=

151 kc:a1fn>‘ i H’"ﬂj /

30 I-mal.-frnc:

& 2- kc:alfmol
15 kcal/mol e g. %Ek:a%;] H2
CO2 + H2 : /
{ HOC + OH
99 kcal/mol
HCHO + O
122 kcal/mol 208 kecal/mol H202 + C

12 kcal/mol 224 kecal/mol

o 3;
31 kealfmol "~

& 83 kealimol cyclic-COO + Ha Known reactions
H->O + CO '---. \ 2 101 kealimol _
12 koallmol 89 keal/mol CO + O + Ho “—New reactions
129 keal/mol

16 EQ and 46 TS were found 8 EQ and 36 TS were newly found



Isomerization Routes of HOCN
(Before This Work) EQ and 9TS

EQ2 : eyanic acid
EQE : f:u‘I:m:'-lc acid "ﬁm:c 1} E 11?2|¢aum 12&1 kmu'ml %‘J
E s80keamel | q; R‘w E 24.8 kealimol

E 4-4 EW EQ3Cg) T2M(Cs ‘h
E = 82 T kcal/mol E= E'I_E hcd.l'mnl oo Lsnagis&m
A g 15?5 keabmel B 'y

EQT: Im:u:ya nic acid
Cs)
E= Dl:::slmwl,

:

TSBICy)
E= 1306 kcalmed

056

TS11(Cg) 1
E = 1533 kealimel

.
—— \ -,

{Csl r

E = 67.3 kealimol

y 3 —
i EQ4C
%\ £Q8 - isofulminic acid 5'15"‘;“‘“’”’” [ E= 1132 heabmol




Global Search for Isomerization of HOCN

EQ% ; fulminic acid TS1B(C EC5{C1) ity EQ2 : cyanic acid
(Cs) E= 1106 xdmmal | E =172 kealimol S R (Cs)
E = 24 8 kealimel
"
“oe 'Oq “““w i ¢
TS8(Cs)
E = 144.5 kcal/mol EQ3 T81(Cs)
= £=92.7 hoatimol E = §1.2 kealimol TS2(Cs)

[ S TS3Cy) Y E = 148.1 kcalimal

# = -
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i N/

EQ1 ; isocyanic acid
{Cs)

EQ7(Cs) - oL .;.HE g
e =
E 196.0 kealimol T510{C4) TS13{C4) 'ff
E 223.9 kcabimol E = 154.1 kealimaol ‘/ +
m
TS5Cq) TIE{C4)
. g o é‘ E = 140.6 kcallmol g = 130 5 kealimol

TE"I-EI{C )
E = 231.6 keal/mol

TS1{C5)
E = 153.3 kcalimol

g.f e
\ : E = 152.2 kealimol

EQE - isoflminic acid
{Cs) 9.
E = 67.3 koal/mol ' \\

O9EQandl TS werefound 2EQand9 TS were newly found

TS12(Cq)
= 182 2 keal

EQACq)
E = 1132 keal'mol t— Known

= New

[ EQS(Cs) ‘
E = 144 9 kcalimmol




Reactions of H+NOC




Application of the SHS Method to finding
a new synthetic route with no byproducts
recommended by economy and environments

IDEA

* Find Dissociation Channels by SHS
starting from the aimed compound (A)

A - B+C

* Trace back to the initial compounds from
the dissociation products (B and C)

B+C - A



New synthetic routes of
Amino acids
from simple molecules

Glycine

NH,



Glycine Synthesis via a -lactone

(Step 1a) 2.175 A
CO2 + CH) w35 ...

(Step 1b) Qg 1485 A /
CO +HCHO = P Bg acetolactone
@ 1.979 A
TS
(Step 2)

& 1.020 A
’ C%)Gz 403 A
' , : \

7

Glycine



Glycine Synthesis via Ylide
from CH, and NH;

Ammonium Ylide



Methylene _
Ammonia












Ammonium Ylide



Glycine Synthesis
via Carboxylation of Ammonium Ylide

Co,



Carbon Dioxide

Ammonium Ylide
















Glycine
CH,+NH,+CO, - H,NCH,COOH



Summary

Using Scaled Normal Coordinates,

Scaled Hypersphere Search (SHS)
Algorithm

Is developed for finding All Reaction
Pathways on the Potential Energy Surface.

For a Given Chemical Composition
1) All Isomers
2) All Dissociation Paths
3) All Synthetic Paths

All Reaction Pathways can be Discovered.

This technique may be used to
construct an Automated Reaction
Simulator

based on complete mapping of potential
energy surface.
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A View from a Saddle Point
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Mapping All Reaction Pathways
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Development of a New Algorithm
for Finding All Reaction Pathways
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