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The most important and basic types of calculations in
computational chemistry

* the optimization and

* the frequency calculations.

These methods offer the essential factors for
thermodynamic and kinetic information to
characterize a chemical reaction.

The first step always choose an appropriate
computational method since the surface of the
Potential Energy Surface (right) is highly dependent
on the method.

Second Order Saddle Point

Transition
Structure B

Transition Structure A

Minimum for
Product A

Second Order
Saddle Point
Valley-Ridge
Inflection Point




In chemistry, a reaction coordinate is
“representation” of progress along a reaction
pathway. It is usually a geometric parameter that
changes during the conversion of one or more
molecular entities.
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In computational chemistry usually is very complex
to study the entire surface, also considering that
not all points are interesting. for this reason and
for the simplicity of working on 2D the required
points for a reaction are the minima, maxima and
saddle points which will make our Reaction
Coordinates.

An important fact to model a chemical reaction is
to draw “approximate” PES (2 RC) of the system
with the objective to start with better structures.
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Characterizing the PES

Minima represents stable or quasi-stable species, i.e.
reactants and products with finite lifetime.
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Saddle point represents a maximum along only one direction
(that of the reaction coordinate) and is a minimum along all
other directions. In other words, a saddle point represents a
transition state along the reaction coordinate.
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An important fact to model a chemical reaction is
to draw “approximate” PES (2 RC) of the system
with the objective to start with better structures.

Step 1: Optimizations of Initial Geometries (i.e.
Reactants and Products)

* Frequency Calculation

Step 2: TS Characterization
* Scan

* Frequency Calculation
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Task

STEPS:

> model the reaction of this dimerization.

1. Optimize Reactants and
Products

e
\\\\H
o 2. Explore PES by
)-k O performing a Scan
W\
7~

H;C O 3. Performed an
Optimization (TS)
calculation on the TS
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mem=16gb
wnprocshared=a8
#wchk=chk. chk

#n RMPO Opt freq

STEPS:

1. Optimize Reactants and

Products
TW W WTIE ABsam T ==

File Edit View Build Select | Extensions | Crystallography Settings Help
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STEPS:
1. Optimize Reactants and Products

Zemem=16gb
wnprocshared=8
#wchk=chk. chk
#n RMPO Opt freq

Acetic Acid

Pod =t = P P P

1.
1.

1.

1.

1.

1.

0.

01
C
c 1 el
H 1 B2
H 1 B3
H 1 B4
o 2 BS
o 2 B6
H 6 BY
variables:
Bl
B2
A2 110.
B3
A3 110.
D3 239.
B4
commands: Ad 109 .
D4 119.
B5
A5 109.
S module add gaussian:09.E1 gg 57 .
i AB 109.
$ g09 input.com > output.log A 109.
B7
I A 1%
D7 163.
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STEPS: ns

Ag

. o A1Aa

1. Optimize Reactants and D1
Products 03

DL

D&

Do

D7

D&

RHS

RHS

2.27508
2_88712
1.96868
2_18452
-1.83587
-a.68068082
3.14158
-2.18656
1_83584
3.14159
-a.a688a81
Item

Maximum Force

Force

Haximum Displacement

Displacement

A.08008408 A.80008 a.80008 a.00008
-A8.800080 -9.00008 -0.00008 -9.00801
-A.80888 -9.00000 a.80882 a.88882
-A.80888 -9.00801 a.80882 a.88801

A.080808 -9.00000 a.80883 a.88882
-A.80888 -9.00801 a.80882 a.88882

A.08008408 A.80008 a.80883 a.800883

A.080808 -9.00000 a.80883 a.800883

A.080808 -9.00000 a.888M a.00008

A.080808 -9.00000 a.888M a.88801

Ualue Threshold Converged?
A.80084882 A.888450 YES
A.8088M A.88a300 YES
a.80a827 a.ap1g800 YES
A.808812 a.ae1280 YES

Predicted change in Energy=-4.752885D-11
Optimization completed.
-- Stationary point found.

Optimized Parameters

* (Angstroms and Degrees)

2.27508
2.08713
1.96867
2.10654

-1.083506
o.oofo0

-3.14159

-2.10653
1.083506
3.14159

-0.00000

A(2,1,3)
A(2,1,4)
A(2,1,5)

1.4842
1.1824
1.1828
1.1824
1.379%
1.20876
a.904

118.84693
1124394
118.8685

=
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AMmem=Log0

STEPS: %nprocshared=3
. %cnk=chk. chk

2. Explore PES by performing #n RPMB scan

a Scan Title
0 1
H
o 1 Bl
C 2 B2 1 a2
0 3 B3 2 a3 1 D3
0 3 B4 1 A4 2 D4
C 5 B 1 A5 2 D5
O 6 B6 5 A6 1 D6
H 7 B & A7 5 D7
€ 3 B8 2 aAB 1 D8
H 9 B9 3 A9 2 D9
H 9 Bl10 3 Al0 2 D10
H 9 Bll 3 aAll 2 bll
€ 6 Bl12 5 Al2 1 DpD12
H 13 Bl13 6 Al3 5 D13
H 13 Bl4 6 Al4 5 Dl14
H 13 B15 6 Al5 5 D15
variables:

commands: B1 0.99403 7 0.3
B2 1.37953
AZ 112.79699

ian: B3 1.20766

S mod.ule add gaussian:09.E1 e 115 Sa508

$ g09 input.com > output.log D3 359. 99794
B4 3.95017
A A 1 TAEQ@7)
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STEPS:

2. Explore PES by performing

a Scan

Bl
0.994
1.294
1.594
1.894
2.154
2.494
2.794
3.094
3.294
3.694
3.994

SCF
-0.33221
-0.29779
-0.23958
-0.1308
-0.16356
-0.15121
-0.1438
-0.13491
-0.12091
-0.09992
-0.07412

=1

-0.05

-0.1

-0.15

-0.2

-0.25

L

Keep J ints in memory in canonical form, HReq=898175.

Requested convergence on RMS density matrix=1.88D-88 with

Requested convergence on HMAX density matrix=1.88D-86.

Requested convergence on energy=1.88D-06.

Ho special actions if energy rises.

5CF Done: E{RPHM6) = -8.13426891246930 A.U. after 15
MFock= 14 Conv=8.75D-088 -U/T= 8.9948

S5can completed.

Summary of the potential surface scan:

H B1 SCF
1 8.9948 -8.33221
2 1.2948 -8.29779
3 1.5948 -B8.23958
4 1.8948 -B8.190888
5 2.1948 -B.16356
6 2.4948 -8.15121
7 2.7948 -B8.14388
8 3.8948 -8.13491




Emem=16gb
STEPS. %nprocshared=3
. s%schk=chk. chk
#n RPME& opt({Calcall,T5,NoEigenTest,MaxCycle=40) NoSymm freq
3. Performed an Title
Optimization (TS) calculation 0 1
a] 1 Bl
onthe TS o 18l
a] 3 B3 2 A3 1 D3
0 3 B4 1 Ad 2 D4
C 5 B 1 AS 2 D5
a] 6 B6 5 AB 1 Db
H 7 BY 6 AY 5 DY
C 6 BE 5 AE 1 DB
H 9 B9 6 A9 5 DO
H 9 B1D & A10 5 D10
H 9 Bll 6 Al11 5 D11
C 3 Bl2 2 A12 1 D12
H 13 B13 3 Al3 2 D13
H 13 Bl14 3 Ald 2 D14
H 13 B15 3 AlS5 2 D15
variables:
Bl 1.26210
B2 1.27210
AZ 117.74556
B3 L 27943
A3 40418
D3 74398
B4 . 521
Ad 0782
D 226
BS 7941
AS L7423
commands: D5 . 08064
BG 27971
Ab 40488

DG Lrd533
$ module add gaussian:09.E1 A ¥ 11758580

S g09 input.com > output.log o7 0.25340
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STE PS . Filter: km/mol

3. Performed an v} sl I =
Optimization (TS) calculation ‘_i ]
on the TS 6.30 0.041
56.64 6.774
7797 0.003
141.89 0.000
214.09 0.000
23097 4312
34010 0.000
479.39 0.000
539.02 0.724
547.38 0.000 -
Show Spectra... ]
Animation
ampltude: — U

[¥] Normalize displacements

[ Display force vectors

| > Start Animation | Pause

Messages 1

[
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Task

STEPS:

> model the reaction of this classic SN, reaction.

1. Optimize Reactants and
Products

2. Explore PES by
performing a Scan

3. Performed an
Optimization (TS)
calculation on the TS

[



Population Analysis




Population analysis is the study of charge distribution within molecules.

What does a population analysis deliver

* Determination of the distribution of electrons in a molecule

* Describing the shape of orbitals

* Derivation of atomic charges and dipole ( multiple ) moments

Methods of calculation

e Based on the wave function ( Mulliken, NBO)

e Based on the electron density (Atoms in Molecules)
* Fitted to the electrostatic potential (CHELPG, MK)

.



Mulliken Population Analysis

Advantages

* Available in nearly every software program (most popular method) for molecular modeling.

* Fast and simple method for determination of electron distribution and atomic charged

Disadvantages

» Strong dependence of the results from the level of theory (basis set or kind of calculation)

Example: Li-charge in LiF

=

Population basis set q(Li,RHF) q(Li,B3LYP)
Mulliken STO-3G +0.227 +0.078
6-31G +0.743 +0.593
6-311G(d) +0.691 +0.558




Lowdin population analysis

Advantages
* Sought to improve upon the Mulliken method

* More stable than Mulliken with changes in basis set.

Disadvantages

* More computationally expensive




Natural Bond Orbital Analysis

NBO classifies atomic orbitals into two distinct groups: NAOs, NBOs. NAOs are made up of basis
sets of single atoms (core, valence and Rydberg) and the NBOs are a combination of basis set
atomic orbitals of two atomes.

Two parts of the methods

* NPA ! Natural population analysis to identify the population numbers

 NBO ! Analysis of the bond order based on the electron population obtained by NPA




Natural Bond Orbital Analysis

Advantages
* Smaller dependence on the basis set
* better reproducibility for different molecules

* QOrientates itself at the formalism for Lewis formulas

Disadvantages
* More computationally expensive
* tends to predict larger charged.

* best used for comparing differences rather than absolute atomic charges.
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AIM (Atoms in Molecules)

The population analysis using Atoms in Molecules theory is requested by keyword AIM in a Gaussian
input file. Atoms in Molecules theory bases its calculations on the calculated electron density. The
existence of critical points defines the existence of a bond between two nuclei in AIM.

Advantages

* Almost no dependence on the level of basis sets.

Disadvantages
* For a low level of theory mostly inappropriate
* Instability during calculation runs

* relatively computationally expensive.
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Task

1. Draw HF molecule, optimize the geometry and generate G09
input.

2. Use pop=(full) Pop=Full for Mulliken and Pop=NBO

After Pop command, add a space and type “FormCheck”

3. Run the calculation

Visualizing the orbitals

1. Open the *FChk file in Avogadro

2. Click on Extensions ! Create Surface

3. Select "Molecular Orbital” as surface type

4. Choose the MO you want to visualize and calculate

I, >+ e



You should be able to see something like these that shows the HOMO
and LUMO of HF molecules

OCore fdQut -/ |l & K D § i O Icol Setfings.. | Qisplay Setiings.. © Jool Seflings... Display Seftings.

,;;;/m'é‘_vj\ _/47‘ !\;\Sm
IWNED A7/
NVl N
RO
WO

v

WAVAVAY
NOSELLH




End



