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BON Hybrid Quantum Mechanics/Molecular

_Center for

b Mechanics (QM/MM), and ONIOM Approaches

Compulation

The ONIOM Method (an ONION-like method)

(Our own N-layered Integrated molecular Orbital and molecular Mechanics)

\

Real System (R)
A
r N
Intermediate
Model System (IM)

f+\

Small Model
System (SM)
——

First Layer
Bond-formation/breaking takes place.
Use the "High level" (H) method.

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

Third Layer
Environmental effects on the first layer.
Use the "Low level" (L) method.

Morokuma, K. et al THEOCHEM, 1999, 461, 1
Morokuma, K. et al JCTC., 2006, 2, 8151
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jCenter for ONIOM Set Up
:.T.'.'.'.','.'.'.'f.'.';‘.'... DiRh-tetracarboxylate Catalyst

High-Level: B3LYP/{LANL2DZ + [6-31G(d,p)]}

Low-Level: AMBER WITH ESP CHARGES FROM
B3LYP/{LANL2DZ + [6-31G(d,p)]}

v an O I
H ©0-}Rh
4 o

Rh,(OAc),

X-ray structure

ONIOM Structure

X-RAY ONIOM
Rh-Rh 238A 240A
Rh-O 2.03A 2.05A
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e 1835:
.,........;..a... J.J. Berzelius coined the word “catalysis”

Greek words “cata” means “down”
“lysis” means “split”’or “break”

“some reactions between seemingly inert chemicals may
occur in the presence of a ‘third’ substance called catalyst

Jahresberichte fliir Chemie, March/1835

Jons Jacob Berzelius
(1779-1848)

“This new force, which is unknown until now, is common to both organic and
inorganic nature. | do not believe that it is a force completely independent of
electrochemical affinities; ... It is more convenient to give this force a separate
name. | would therefore call this the catalytic force. | would furthermore, call the
decomposition of substances resulting from this force catalysis, just as the
decomposition of substances resulting from chemical affinity is called analysis.”
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_Center for
ﬁfi"":"l'-}' Three Classes of Catalysts
Lompuiauon

= Homogeneous- The catalyst and the reactants are in the same phase

= Heterogeneous- The catalyst and the reactants are in different phases
= Biological - Enzymes
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EMORY Emerson

,Center for Effect of Catalyst on Reaction Profile and
s Activation Energy

Thermodynamics and Catalysis (1909):
catalyst does not shift equilibrium, but accelerates
only thermodynamically allowed reactions

Uncatalyzed reaction

Catalyzed reaction

Wilhelm Friedrich Ostwald
(1853-1932)

1909: Ostward received Nobel Prize
(for Ostward process):

(1903)
2NH3 + 7/2 02 —> 2N02 + 3 Hzo (Pt
sponge as catalyst)

0;+0
0;+0+Cl

Potential energy

20, +Cl

Progress of reaction
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|EMORY  Bmerson Effect of Catalyst on Reaction Profile:

_Center for
:.:'.'.i,'.'.'.'.':.'fﬁ... As a Facilitator to Improve Thermodynamics of
i _ the Reaction

TS

Catalyst

Reactants
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_Center for
Svi;;--:ffl'-:' What we should do:

We should optimized GEOMETRY Frequency Calculations:

and Calculated Energy: To confirm nature of
Every Reactants the calculated structures:
Catalyst Reactants (no Imaginary Freq.)
Intermediate Structures Intermed. (no Imaginary Freq.)
Transition States Products. (no Imaginary Freq.)
Products TS: (ONE Imaginary Freq.)

All calculations should be done Use the calculated energies to obtain:

at the same level of theory: Barriers
Methods and Thermodynamic parameters
Basis Sets Resting State

Kinetic Parameters

ee, Selectivity of the Reaction,
more
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R 00 + H — (M),

X =none and PH,

Relative

Energies Transition State

M(X), + Hy

(H2)M(X), DiHydride

Reaction Coordinate
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Ni (0):  (15)%(25)4(2p)°(3s)(3p)°(4s)?(3d)%(4p)°
K J
core1g  F(sd®) = 0.0 kcalimol
3D (s'd?) = 0.59 kcal/mol
1S (s%d"%) = 42.11 kcal/mol
Pd (0): {13)2(25)2(2p)6(33)2(3p)6....).(55)2(4d)8(5p)°
Core\/36 3F (s?d®) = 71.8 kcal/mol
3D (s'd®) = 18.8 kcal/mol
1S (s%d1) = 0.00 kcal/mol
Pt (0): (\15)2(23)2(2p)6(3s)2(3p)6 ..... )(65)2(5d)8(5p)°
Y
core ' 68

EC lecture series 2020

M(X), + H, —— (H),M'(X),

VALENCE

Effective core potential
(ECP) method allows to
replace core electrons by an
effective potential, thus reducing
# of electrons & # of basis
functions.

3F (s?d®) = 2.36 kcal/mol
3D (s'd®) = 0.00 kcal/mol
1S (s%d"%) = 17.56 kcal/mol

10
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AUSINpirell  \lcthod: (B3LYP — D3BJ)
B Basis Sets: M lanl2dz: also ECP: lanl2dz
Compulatior H 6_31 G(d,p)
Relative energies: in kcal/mol Total energies: in hartree
Ni: (s'd?) Eiot =-169.247761118 Ni: (s'd®) Ei=-169.247761118
Triplet Eit + ZPEC =-169.247761 Singlet Eit + ZPEC =-169.247761
H=-169.245401] 0.0 35.1 H =-169.245401
G =-169.264536| 0.0 35.8 G =-169.264536
Pd: (s'd® E:=-126.675269824 Pd: (s°d'%) E=-126.706763485
Triplet Ewt + ZPEC =-126.67527 Singlet Ei: + ZPEC =-126.706763
H=-126.672909 | 19.8 0.00 H =-126.704403
G =-126.692899| 19.1 0.00 G =-126.723356
Pt: (s'd?) E, =-119.0776387 Pt: (s°d'0) E =-119.056880224
Triplet Ewt + ZPEC =-119.077639 Singlet E.: + ZPEC =-119.056880224
H=-119.075278 | 0.0 13.0 H =-119.05452
G =-119.096132 | 0.0 13.7 G = -119.074337
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f..;::::f:::;:'r.j.t' M(X), + H —— (H),M"(X);

Total energies: in hartree

H, molecule

E.=-1.17868007631
E. + ZPEC = -1.168515

=-1.16521
G =-1.180002

empty d(c)-orbital
(b) Metal center should have
doubly occupied d, -orbital

H N
(3) 5 Thus, in order to reaction proceed:
d;:)<—o O | OF (a) Metal center should have
M H (7]
M Ey

Donation Back-donation
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_Center for Energy Surfaces of the reactions:
Scientifie
Inmpulaliou MO + H2 — (H)zM"

35.1
SINGLET=\, 35'g
\\\
S -
. 2;.;’: SINGLET
TRIPLET S
AH =0.0 -1.2
AG =0.0 4.2
Ni + H, Ni(H),
Pd + H, Pd(H,)
1.703 H
Pd 0.854

(s°d10)  1.703 H

(s'd%)
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7[?_ ﬁ ( ‘)E\‘i Emerson -
— __ Centerfor Energy Surfaces of the reactions:
Scientifie
Inmpulaliou Pto + H2 — (H)th"
13.0 TRIPLET
13.7 -
SINGLET=-__ 2.4
TRIPLET
AH = 0.0 Mo -22-;’
AG=0.0 TS SINGLET
Pt + H, Pt(H,) Pt(H),
H H
Pt 223 H H 854
I 1.511 1.511
0.759
Pt(H,)
TRIPLET Pt
Pt(H),
SINGLET
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f;::::!:;:;:':.;t' Ni°(PR;), + H, — (H),Ni"(PR;)

Method: (B3LYP — D3BJ)

Basis M lanl2dz: also ECP: lanl2dz
Sets: P and H: 6-31G(d,p)

A
9 9

2124 2124 ECW
J
Eiot = -855.615061 E,o = -856.815495
5”5282? ;sf::fm 798 E,,+ZPC = -856.746792
~J = -833. H = -856.737422
0.743 G = -855.595677 G = 856 781527

Ey = -1.178680
E+ZPC = -1.168527

H = 1165222 E [Ni(PH,)] - {2E(PH,) + Ni} = -46.2/-29.5 kcal/mol
o E [(Ho)Ni(PH3)] - {E(H,) + E[Ni(PH2)]} = -11.8/-3.7 kcal/mol
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ﬁ;‘.'.:'.f.‘:l:}i;i.f.f‘ Reaction Profile of Ni(0) + 2 PH, + H,

SINGLET

35.1
35.8 H
TRIPLET =me__ . NOT STABLE
AH=0.0 - s

AG=0.0

Ni + 2PH; +H, — Ni(PH3), + H, — (H2)Ni(PH3),

35.1
SINGLET™, 35'
\\\
\\ '0-3
., 53
TRIPLET - —
AH =0.0 -1.2
AG =0.0 4.2
Ni + H, Ni(H),
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_Cenlter for
Scientific M - Pd
Compulation

E = -814.285642
E +ZPC = -814.218517
d H =-814.208263

V.= -643.58 cm™"

3

2.330 G = -814.256079
1.879 E, = -814.271720
\ E+ZPC = -814.206104
0.803 COMP » TS 1.449 H = -814.196675
G = -814.240872

£

9
Eit = -813.104916 1576  Eror=-814.272639
E+ZPC = -813.051396 E.+ZPC = -814.205056
H = -813.042755 REAC PROD 1_829") H =-814.195637
G = -814.239346

G =-813.085527
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_Center for g
5..;,.,.."-.(. M= Pd: Transition State
Compultation

V.= -643.58 cm-"
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“..i‘.‘.:'.f.‘il:}i;f.f.f‘ Reaction Profile of Pd(0) + 2 PH; + H,

0.0 So, no reaction with H, in the presence of PH;

-17.1

AEnergy
(kcal/mol)
-67.8 -69.1
Pd + 2PH; —— Pd(PH;); —— (Hy)Pd(PH;);— TS — (H),Pd(PH;),
+ H, .
Reaction Coordinates
SINGLET
AH =0.0 17.3
AG =0.0 -12.3
Pd + H, Pd(H,)
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“.é‘.'-'i'.f.‘::'i:'f.;f' Reaction Profile of Pt(0) + 2 PH; + H,

E, = -806.723452
E+ZPC = -806.653179

H =-806.644339
G =-806.687467

2.256

¢C

E. = -805.530345
E,.+ZPC = -805.475418

H =-805.467331
G =-805.509018

13.0 ~ Without PH; 13.0 With PH,
13.7 13.7
SINGLET

SINGLET 24 TRIPLET IGLE
TRIPLET\“~4::1 TRIPLET
~ N
AH=0.0 Ss.. =900 AH=0.0 >, -99.0 -106.4
AG =0.0 ‘x,ﬂs AG=0.0 \\\-80.8 __----:79.8
SINGLET
Pt + H, — Pt(H,) — + 2PH, +H,
2 (Hz) = Pt(H), Pt ———  Pt(PH3); ——2 (H),Pt(PHs),
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