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Description of molecular systems
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Description of molecular systems
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Description of molecular systems
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Description of molecular systems
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Description of molecular systems

Z-matrix
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Description of molecular systems

Identify and draw the molecule
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A 120.0

HC 1.08
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Description of molecular systems

Write the Z-matrices
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Description of molecular systems

Linear and planar molecules: X2
dummy atoms

C O4 C1 O5
X11.0 u\
X11.0 2 90.0 X3
O1lo0C 290.03 90.0

O1lo0C 2 90.0 3 -90.0
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Description of molecular systems

EXxercise
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Description of molecular systems

Exercise Reading exercise
Young
Chapter 8: Building molecular
Copper geometry
a=bh=c=3.615A Chapter 9: Constructing Z-
a=p=y=90° matrix

Sholl and Steckel

Chapter 2: DFT calculations for
simple solids

Cadmium
a=b=2979A, c=5.618A

a =B =90° y=120°
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Energy calculations: Classical methods
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Energy calculations: Classical methods

EFF — Estr + Ebend + Etors + Evdw + Eel + Ecross
>

bend torsional
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Energy calculations: Classical methods
E..(R™B — RAB) = kAB(RAB _ RAB )2 _ kAB(ARAB)Z
Eb d(e ABC QABC ) kABC(QABC QABC )

Ei (@) = ZVH cos(nw)

OOP(%) kB ? Or Eoop(d) — de2

=& o)

L —




Energy calculations: Classical methods

Problems with classical methods

Force field Types Eg Eiena Eoop D E, Eoss Molecules
AMBER 41 P2 P2 mp. 12-6 charge none proteins, nucleic
12-10 acids,
carbohydrates
CFF91/93/95 48 P4 P4 P2 9-6 charge ss,bb,st, general
sb,bt,btb
CHARMM 28 B2 | imp. 12-6 charge none proteins
COSMIC 25 P2 k2 Morse charge none general
CVFF 55 Plor P2 P2 12-6 charge ss,bb,sb, general
Morse btb
DREIDING 37 PZor P2(cos) P2(cos) 12-6or charge none general
Morse Exp-6
EAS 2 P2 P3 none Exp-6 none none alkanes
ECEPP fixed fixed fixed 12-6 and charge none proteins
12-10
EFF 2 P4 B3 none Exp-6 none ss,bb,sb, alkanes
st,btb
ENCAD 35 P2 P2 mp. 12-6 charge none proteins, nucleic
acids
ESFF 97  Morse P2(cos) P2 9-6 charge none all elements 20
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Energy calculations: Classical methods
Problems with classical methods

general

metal coordination
special

proteins, nucleic
acids,
carbohydrates
proteins

proteins

general

hydrocarbons

C,N, O
compounds
general
all elements

proteins
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Energy calculations: Classical methods
Problems with classical methods

Force field R, (A) k (mdyn/A)

C—C C—O C—F C=0 C—C C—0O C—F C=0

MM?2 1.523 1.402 1.392 1.208 4.40 5.36 5.10 10.80
MM3 1.525 1.413 1.380 1.208 4.49 5.70 5.10 10.10
MMEFF 1.508 1.418 1.360 1.222 4.26 5.05 6.01 12.95
AMBER 1.526 1.410 1.380 1.220 4.31 4.45 3.48 8.76
OPLS 1.529 1.410 1.332 1.229 3.73 4.45 5.10 7.92

Reading exercise

Jensen

Chapter 2: Force-field methods
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Back to description of molecular systems

Is the system completely
described yet?

o -0.60345 0.43840 0.45675 || R1=10.96
H 0.36444 0.39261 0.46442 R2 = 0.96
H -0.88229 -0.47684 0.61017 )| A=104.5
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Back to description of molecular systems

L

-0.60345
0.36444
-0.88229

0.43840
0.39261
-0.47684

0.45675
0.46442
0.61017

R1 =0.96
R2 = 0.96
A=104.5

Problem 1: What is the
number of electrons in
the system?

Problem 2: Are there
multiple ways of “filling”
the molecule with
electrons? If yes, how to
handle this problem?
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Back to description of molecular systems

1. Identity of

. each element
' (huclear

masses)

2. Coordinates
of the nuclei
3. Charge on
the “system”
4. Spin
multiplicity of
the “system”

L

-0.60345
0.36444
-0.88229

0.43840
0.39261
-0.47684

0.45675
0.46442
0.61017

R1 =0.96
R2 = 0.96
A=104.5

Problem 1: What is the
number of electrons in
the system?

Solution: Specify the
charge explicitly

Problem 2: Are there
multiple ways of “filling”
the molecule with
electrons? If yes, how to
handle this problem?
Solution: Specify the
“spin multiplicity”
explicitly (brute force)
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Energy landscapes

Over-simplified picture

Energy

A

Energy?

transition state Activation energy?

Exothermic?

product 1 Endothermic?

reactant 2 Endergonic?

Exergonic?

reactant 1 product 2

Reaction Coordinate
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Energy landscapes

CuO/G
N u €0 - OH
NaOH
Entry Catalyst Base Atmosphere Temperature Time Conversion
amount (mg) (eq.) (°C) (h) (%)
1 100 NaOH Air RT 24 255
(1.5)
2 100 NaOH Air 50 24 40.9
(1.5)
3 100 NaOH Air 80 18 65.2
(1.5)
4 100 NaOH 0, 80 10 67.1
(1.5)
5 100 NaOH N, 80 24 21.3
(1.5)
Upadhyay et al.,
Molecular CatalySiS, 6 100 _ 0, 80 10 36
2023 27



Energy landscapes
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Energy landscapes

G (kcal/mol)
G (kcal/mol)

Reaction Coordinate Reaction Coordinate

Upadhyay et al.,
Molecular Catalysis,

2023 29
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Energy landscapes
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Energy landscapes
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Energy landscapes

energy |
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Energy landscapes

Initial Parameters
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Energy landscapes
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Energy landscapes

Some terms to know, remember and understand
- Steepest decent

- Conjugate gradient

- Intrinsic reaction coordinate (IRC)

- Climbing image — nudged elastic band (CI-NEB)
- Quasi-Newton synchronous transit (QST)

Reading exercise Lewars Computational Chemistry

Chapter 2: The concept of potential energy surface 40



Energy calculations by quantum methods

Wave-particle duality

Source
of
classical
particles

hole 1

-fole2

\)
RN = S

wall 1

wall 2

only one of

the holes open

both holes
open
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Energy calculations by quantum methods
Wave-particle duality

Sou rce)

of
waves

0

wall 1 only one of

the holes open

wall 2
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Energy calculations by quantum methods

Wave-particle duality
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Energy calculations by quantum methods

Wave-particle duality




Energy calculations by quantum methods

Schroedinger equation

B0 t) = — 2 P yxt) + V(x 0)E(x )
1Nn—Y( X — X X X
ot om Ox2 ’ ’
Hamiltonian operator
h® _,
H=——V*+V(x
= (%)

45



Energy calculations by quantum methods

Schroedinger equation — Particle in an infinite 1-D well
F

0 1f 0s£x % a

|00 otherwise

region 1 region 2 region 3

V = infinity V=0 V = infinity



Energy calculations by quantum methods

Schroedinger equation — Particle in an infinite 1-D well

)

v (x

)

Vix
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Energy calculations by quantum methods

Schroedinger equation — Particle in an infinite 1-D well




Energy calculations by quantum methods

The electronic structure problem

HlPi(il’iZ""’iN’RlﬁRZ"'"RM) —_ EilPi(ilﬁiZ"'"iN?R'l?RZ"“’RM)

ﬁ:_liv?_lvai_i i_AJri iiJri iZAZB
23 2 Ami My i=1 A=1GA =1 j5i %) A=l B>A RaB
. | N N M 7 N N 1 R . R
Helec __EZV?_ZZP_A_}_ZZI_:T_l_ Ne+vee
i=1 i=1 A=1 "1A i=1 j>1 "ij
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Energy calculations by quantum methods

The electronic structure problem

Quantity

Atomic unit

Value in SI units

Symbol (name)

mass
charge
action
length
energy

rest mass of electron
elementary charge
Planck’s constant/27m
4ne, h / m, e

2 2
h/m, ag

9.1094 x 10! kg
1.6022 x 107 C
1.0546 x 1074 J s
52018 x 10" m
43597 x 10718 ]

m,

e
h

a, (bohr)
E, (hartree)
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Energy calculations by quantum methods

Solution of hydrogen atom

Z

L he I @ o o
- 9m (3:{:2 i 0y? i 022
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> \
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rsin 6 sin ¢

rcos
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Energy calculations by quantum methods

Solution of hydrogen atom

2 2
i [1 0 (?“22) + L 0 (sin@g)wL : J ]¢+V(T)¢:Ew

C2m |72 or r2sinf 06 06 r2 sin® 6 O¢?

%3 (#3) R(r Y (0,0) + L 9 (sin9£> R(r)Y (0, ¢)

7% O or r2sin 6 06 06
1 9 2m
e g RN Y (0.0) =~ [V() = B|R(r) Y (6, 6) = 0
1 0 0 1 0 0
=4 Y(Q @)T—QE (ng) R(T) ~ R(T)T‘Q sinf 90 (Slﬂ 9%) Y(Q (,2'5)
i 2m
HR(r) s 2V (0.:6) = 2 V() ~ E|R() Y (6,6) = 0



Energy calculations by quantum methods

Solution of hydrogen atom

1 0 ( ,0 2mr?
Srerd Gra LURE-S O]
1 o (. .0 1 0”
* \vaarmonn (%) YO0+ 50, 6y 0 067

L d (2d)R(fr)—2mT2[V(r)-E] =1l +1)

Y(0,6)| =0

R(r) dr \| dr 3
1 o (. 0 | 52 )
Y (6, ¢) sin 6 90 (81“939> Y (6,9) + (6. 9) 56 55 Y (6:8) = U+ 1)
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Energy calculations by quantum methods

Solution of hydrogen atom
Ryo(r) = 2aq "/ %e ™"/

L =
RQ?U(T’) = —=0q9 3/2 (1 —

V2
1 37
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Energy calculations by quantum methods

N-electron wavefunction approximation — Slater determinant

LPO — X1(i1) Xz(iz)---Xi(ii) x_](ij)“'XN(iN)

X1(X1)  Ya(Xy) - AN (X1)
; X1(X2)  X2(X3) AN (X2)

Yy = Ogp = ﬁ ; : :
X1XN) X2 (XN) -+ AN (XN)

X(X) = ¢(r) o(s), 6 =0a,f
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Energy calculations by quantum methods

Basis functions

Slater-type orbitals Gaussian-type orbitals
@.(&,n,1,m;r,0,9) =Nr"'e’ 7Y, (0,¢) g(a,1,m,n;x,y,z) =Ne ™ x'y"z"
3|12 128¢° | ,
7 =[] expl-E) gulen =| 7] xewtar)
20487 |
ngs 96]'[ p 2
2048a7 |
E; & a,r) = xy exp(- ar?
©y, = 2397 X exp 7} gxy( ) 3 'y exp( )
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Energy calculations by quantum methods

Basis functions

Slater-type orbitals Gaussian-type orbitals

CUSP CONDITION? 4




Energy calculations by quantum methods

Basis functions

Double zeta

Minimal basis sets and contracted Gaussians: STO-nG
Split-valence basis sets: 6-31G

Split-valence with polarisation functions: 6-31G(d,p)
Split-valence with diffuse functions: 6-31+G(d)

6-311++G(3df,3pd)
58



Energy calculations by quantum methods

Basis functions

Basis set # functions

STO-3G

3-21G

4-31G
Basis set # functions Basis set # functions
6-31G 9 6-311G 13
6-31G* 15 6-311G* 18
6-31+G* 19 6-3114+G* 22

59



Energy calculations by quantum methods

Variational principle

< ¥ trial

H

H

lPtﬂal) = Eyjal 2 Eg = <‘P0 ‘P0>

Reading exercise Levine Quantum Chemistry

Chapter 6: The Hydrogen atom
Chapter 8 The variational method

Koch and Holthausen
A Chemist’s Guide to Density Functional Theory

Chapter 1: Elementary quantum chemistry

60
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