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Disclaimer

• This document is made by organic chemists for organic chemists and thus lot of the theoretical parts are omitted 
and the practical side of calculation is more at focus

• This presentation can still change as new features are added and bugs are ironed out

• This work alone is not a substitute for studying from other sources



Summary and introduction

• This document will specifically talk about DFT methods and won‘t mention Hartree-Fock or post HF methods.

• Calculations are not only useful for justification a mechanism in a paper but can be used to guide your research 
in order to understand the underlying problems and design molecules or systems with better suited properties.

Even a warehouse worker in a screw factory can read Vergilius in Latin. Prof. Hrbolek

• Basic type of calculations ranging from optimization and orbital properties to spectroscopy will be discussed.

• The practical side focused on software will provide information to generating inputs and reading outputs from 
Gaussian and sometimes Orca together with some auxiliary programs. However, once you will learn how to 
proceed with one, learning the second one is much easier.

• Over time this guide will include more and more Orca guides since it has many benefits over Gaussian like 
having much more frequent updates and thus bringing the new relevant methods earlier and being free at the 
same time. Also Orca contains additional methodologies like conformer search (GOAT) which is found only 
there.



Recommended literature – software documentation

Keyword list: https://gaussian.com/keywords/
Common Gaussian errors and solutions: 
https://wongzit.github.io/gaussian-common-errors-and-solutions/#unrecognized-atomic-symbol

• Gaussian 16

• Orca
Orca forum, contains user guide and much more: https://orcaforum.kofo.mpg.de/index.php
Little library with more examples: https://sites.google.com/site/orcainputlibrary/home

Visualization software: https://chemcraftprog.com/
• Chemcraft

Pretty pictures of calculated structures for publications: https://www.cylview.org/
• CYLview

https://orcaforum.kofo.mpg.de/index.php


Recommended literature -  papers

Angew. Chem.Int. Ed. 2022, 61, e202205735

• An article summarizing what to do and what not when performing quantum chemical calculations

• A large benchmark of DFT methods from the perspective of thermochemistry

Phys. Chem. Chem. Phys., 2017, 19, 32184-32215 

Int. J. Quantum Chem. 2013, 113, 2019–2039

• An overview of benchmarks of TD-DFT methods for calculations of excited states

Molecular Physics 2017, 115 (19), 2315–2372

• Another excellent benchmark from Head-Gordon group.

International Journal of Quantum Chemistry 2020, 120 (18). 

• A small guide on how to chose a method and why it shouldn‘t be B3LYP/6-31G.



Recommended literature -  books

Christopher J. Cramer 

• Essentials of Computational Chemistry: Theories and Models, 2nd Edition

Older book, doesn‘t contain newer development (no double hybrid functionals which are currently all the rage).

• Computational Chemistry (Oxford Chemistry Primers)
Jeremy Harvey

Absolute basics of computational chemistry principles. Good as a quick introduction for people untouched by calculations.



What to calculate?

Geometry

• Arguably the most important type of calculation – a starting point for all other calculations
• Transition states vs minima

Energy

• Electronic energy, enthalpy or Gibbs energy
• To compare molecules, calculate thermochemistry and related properties

Geometry scan

• How does energy of the molecule change if we change some geometric property

Excited states and spectra

• Absorbtion, emission in UV-Vis
• Infrared, Raman, NMR shifts, Circular dichroism, ...

Molecular properties

• Orbitals, surfaces, spin densities, ...



Initial geometry Optimization
Frequency 
calculation

Electronic 
transitions

TD-DFT

Conformer 
search

Complex geometry? 
Too many degrees of 

freedom?

Imaginary frequencies 
still present? Reoptimize! 

Higher level 
energy 

calculation

Need more 
accurate energies?

Populational 
analysis

Other stuff

Other calculatable 
properties

What to calculate – a typical workflow

Do a geometry 
cleanup!



What to calculate – a typical workflow

Initial geometry Optimization
Frequency 
calculation

Electronic 
transitions

TD-DFT

Conformer 
search

Complex geometry? 
Too many degrees of 

freedom?

Imaginary frequencies 
still present? Reoptimize! 

Higher level 
energy 

calculation

Need more 
accurate energies?

Populational 
analysis

Other stuff

Other calculatable 
properties

Molecule of interest drawn 
in one of the QC programs

Gaussview, Avogadro, 
Chem3D,...

Boltzmann distribution 
might be necessary 
due to several low-

lying conformers 

Find the LOCAL minima of the molecule
No imaginary frequencies should be 

present!

Confirms the minima and 
calculates thermochemical data 

through partition functions

The chosen method might 
be good for geometry 

optimization but not for 
thermochemistry

Calculates UV-Vis absorption and 
triplet states

Can be used to obtain other 
spectroscopic data like NMR, 
Raman, or circular dichroism

Molecular orbitals, spin densities, 
polar surfaces, etc

Other stuff



A typical workflow for the software side of calculation (Gaussian)

Draw the molecule or take 
coordinates from previous 
job (GaussView, Avogadro, 

Chemcraft)

Finalize the input in the 
text editor and check the 

syntax and free lines

Submit the file on the 
cluster. Wait till its done. 

Check the outcome in the 
text file, Chemcraft or 

Gaussview and process 
the data

Be done!

Or use the acquired data for the next input file!



A typical workflow for the software side of calculation (Gaussian)

Draw the molecule or take 
coordinates from previous 
job (GaussView, Avogadro, 

Chemcraft)

Finalize the input in the 
text editor and check the 

syntax and free lines

Submit the file on the 
cluster. Wait till its done. 

Check the outcome in the 
text file, Chemcraft or 

Gaussview and process 
the data

Or use the acquired data for the next input file!

What functional and basis set to 
use? Do I need solvent correction? 

What am I calculating in the first 
place?

Did I forget some empty line again?

How many CPUs are likely needed? 
How much memory? How long will 

it take?

Transition state obtained; it has one 
imaginary frequency! (If not, resubmit 

with different conditions. E.g, change 
geometry or use a different algorithm.)

Now I can perform IRC 
calculation with this geometry!

Be done!



A typical workflow for the software side of calculation (ORCA)

Draw the molecule or take 
coordinates from previous 
job (Chemdraw, Avogadro, 

Chemcraft)

Finalize the input in the 
text editor and check the 

syntax and free lines

Submit the file on the 
cluster. Wait till its done. 

Check the outcome in the 
text file, Chemcraft or 

Avogadro and process the 
data

Or use the acquired data for the next input file!

What functional and basis set to 
use? Do I need solvent correction? 

What am I calculating in the first 
place?

Did I forget some empty line again?

How many CPUs are likely needed? 
How much memory? How long will 

it take?

Transition state obtained; it has one 
imaginary frequency! (If not, resubmit 

with different conditions. E.g, change 
geometry or use a different algorithm.)

Now I can perform IRC 
calculation with this geometry!

Be done!



What method to chose?    
 

Geometry optimization can be performed with a wide range of functionals fairly acurately. The main problem 
stems typically from presence of hydrogen bonding or other weak (Van der Waals interactions, dispersion 
interactions, ...). Therefore, the more complex interactions are present, the higher level DFT is necessary to 
perform the optimization.
What to pay attention to: 
• Does the structure contain some weak non-covalent interactions?
• Is it an anion?
• Will be the optimization done in a solvent or just in a vacuum? And how much can it influence the 

geometry?
• Use dispersion corrected functionals or add the correction manually. Even older functionals (like B3LYP or 

B97) give far more accurate and reliable results with said corrections!

Suggested functionals

• To get a quick qualitative insight into a problem, usually, fairly low-level methods with small basis sets are 
sufficient. For first studies PBE0-D3BJ, TPSS-D3BJ or similar. As basis set Def2-SVP or Def2-SVPD.

• For pure functional (without Hartree-Fock portion), an approximation called resolution of identity (or 
sometimes density fitting) can be used. This greatly enhance speed without sacrificing accuracy. (Typical 
example would be TPSS-D3BJ/Def2TZVP/Def2TZV).

No matter what you calculate, there is a benchmark of DFT method which you can use as a guidance which 
methods perform well and which to avoid!

All of this can be somewhat „skipped“ with composite methods!



Composite methods        (Orca) 

Paring a DFT functional with an appropriate basis set is necessary to form a balanced method for the required job. And 
while most of the time we can get away with double ζ for a quick calculation to get the feeling and a larger triple or 
quadruple ζ for energy calculations, sometimes error stemming from basis set incompleteness or basis set superposition 
error (BSSE) can cause significant issues. Not to mention presence (or absence) of dispersion corrections and other 
factors.  

Composite methods present a neat little package of all the neccesary components in one keyword!

Composite methods contain specially design functional with basis set and other correction to provide balanced method 
giving reliable and accurate results overcoming the shortcomings of badly chosen methods at fraction of computational 
costs normally connected with using high level approaches. 

Examples: HF-3c, PBEh-3c, r2SCAN-3c, wB97x-3c. 

Recommended method: wB97x-3c Which represents especially 
robust method for geometry optimization, energy calculations 
and other. The quality of the results is comparable to high level 
DFT coupled with quadruple ζ basis set and yet is is much faster. 

Notice, the only method keyword is wB97x-3c. No basis set 
or dispersion related keywords. 



DFT ladder
 

DFT functionals can be separated into several groups based their formulations. As a rule of thumb, the higher 
on the ladder, the higher the complexity of the functional and its precision is better. This have exceptions. 

LDA

GGA

meta-GGA

hybrid GGA
hybrid meta-GGA, *

Double hybrid

The precise solution

Description Typical use case Example

Nobody wants to share the formula
For chemist to lose their 
jobs

Instead of HF these functional have incorporated 
Møller-Plesset correlation

Energies
PWPB95, B2PLYP, 
PBE0DH

Hybrid functionals add Hartree-Fock portion to the 
calculation

Optimization, energies, 
TD-DFT

PBE0, M06-2X, B3LYP,

Meta-generalized gradient approximation – Adds 
second derivative of the density

Optimization, TD-DFT TPSS

Generalized gradient approximation – Adds gradient 
to the local density Optimization, TD-DFT PBE, BLYP,

Local density approximation – the granddaddy of DFT
Not used anymore, but 
can provide good 
geometries

SWVN

*Special category are range-separated hybrids where part of the energy is obtained from pure (or hybrid) functional but past a certain point and exact Hartree-Fock exchange is 
calculated. These methods are especially good for non-covalent interactions and excited states and sometimes energies. (LC-wPBE, wB97xD, LC-BLYP, CAM-B3LYP, ...)
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Common benchmarks

To assess a quality of a particular method, there is a plethora of tests and model reactions or properties to 
calculate in order to find out the accuracy of the method and validate the approach.
Any property can be benchmarked: from thermochemistry, excited states to non-covalent interactions.

Phys. Chem. Chem. Phys., 2017, 19, 32184-32215 



Why B3LYP is NOT a Good Idea

1. It’s OLD and Outdated

Developed in the 90s → Better functionals exist today (ωB97X-D, PBE0, SCAN, etc.).

2. It Lacks Dispersion (van der Waals Forces)

 Fails for noncovalent interactions (π-stacking, hydrogen bonding, etc.).

 You can add Grimme’s D3 correction, but why not just use a better functional?

3. Self-Interaction Error (SIE) Messes Up Energies

 Overdelocalizes electron density → Bad for charge transfer, radicals, anions.

 Underestimates ionization energies and electron affinities.

 Breaks dissociation of molecules (e.g., H₂⁺ dissociates into fractional charges).

4. Fails for Transition Metals & Redox Chemistry

 Overdelocalized d-orbitals → Wrong oxidation states, bad reaction energies.

 Poor accuracy for TM-containing reactions.

5. Underestimates Reaction Barriers

 Activation energies are too low → Overestimates reaction speeds.

 This means bad kinetics predictions in catalysis & organic reactions.

6. Bad for Excited States (TD-DFT Failures)

 Overestimates charge-transfer excitations.

 Poor accuracy for UV-Vis spectra predictions.

7. People use it out of habit, not because it’s the best.

It became a "default" choice, but benchmark studies show better options exist.



Dispersion correction

Most standard functionals do not take dispersion interactions into consideration, leading to inaccurate predictions of binding 
energies, molecular geometries, and non-covalent interactions. There are several schemes which can be combined with most 
of the common functionals to alleviate this issue. 

*Some functionals contain dispersion corrections by default (like wB97xD, or wB97MV but these are more exceptions than a rule).

The most prevalent schemes for dispersion correction were made by the Grimme group:

• The most modern scheme is D4.
• However, the older ones like D3 and D3BJ are still widely in use. 

For the availability check the Orca or Gaussian manual where it is shown for which DFT functionals are these schemes defined.

Input:  Gaussian (has only D3 and D3BJ)    Orca (has also D4)

  Keyword empiricaldispersion=GD3BJ    Keyword is part of the functional



Argon dimer as a benchmark for dispersion forces

• A common way to assess the quality of weak interaction calculation is to simulate argon dimer. Noble gas even though 
not forming covalent bonds, they still reach an equilibrium geometry with well defined minima.

The energy of this interaction was measured to be 98.7 cm−1. 
Or ~1.18 kJ/mol. Due to the small value and sensitivity and 
inherent simplicity, this became a popular testing scheme. 

https://expchem3.com/imagespage/cvd/argon-dimer-binding-energy/
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Common methods and functionals fails to 
correctly model this phenomenon. Including 
dispersion corrections helps tremendously! 

Arguably the most common dispersion correction 
scheme was developed by Stefan Grimme and 

coworkers. The newest variant is D4, although D3 
and D3BJ are still widely used.



Approximations – RI and RIJCOSX       (Orca )

To speed up the calculations there are several approximations which can be applied with minimal impact to accuracy. In 
general, they can be separated into two groups. Approximations applied to the Coulomb integrals (RI, RI-J) and exchange 
integrals (K, COSX) which are relevant for HF, or hybrid and double hybrid functionals. RI can be used also for MP2 based 
methods. Another popular approach is based on reduction of computational cost for calculation of electronic correlation 
(DLPNO). 

It is possible to combine some approximation together for a higher acceleration of calculations. Each approximation needs an 
appropriate auxiliary basis set. In some scenarios certain combinations might be better than others (RIJK is faster for smaller 
molecules than RIJCOSX, but slower for larger ones).

Examples
• ! PBE0  def2-TZVP def2/J RIJCOSX    (approximation for Coulomb and HF Exchange of this 

      hybrid functional)

• ! RI-B2PLYP def2-TZVP def2-TZVP/C RIJCOSX def2/J  (RI approximation for the MP2 step and RIJCOSX for the 
      SCF)

• ! DLPNO-B2PLYP def2-TZVP def2-TZVP/C RIJCOSX def2/J  (DLPNO approximation for the MP2 step and RIJCOSX for 
      the SCF)

Auxiliary basis set for RIJCOSX

Auxiliary basis set for RI or DLPNO



Integration grids (Orca)  

In DFT, the energy and density are computed using numerical integration over a grid of points in space. The grids consist of 
radial points (distance from the nucleus) and angular points (distribution around the nucleus).

The basic grid setting in Orca can be changed using keyword „DefGrid#“ where # is a number of the scheme.
• DefGrid1 = the fastest scheme with the least amount of points 
• DefGrid2 = default option, balanced for speed and accuracy
• DefGrid3 = fine grid for more precise (but slower) calculations

The grid settings can be tuned more finely using specific keywords.



Convergence critera
 

To be added



The need for a basis set – functional alone is not enough!   
 
 

To run a successful calculation we need "method" and "space" to do it

Functional maps a number to a function. In the sense of DFT it assigns energy to a system with particular electron density.

Basis set is a set of orbitals which is used to describe atoms where the calculation takes place.
Sufficiently large basis set is necessary to provide adequate freedom for the functional.

 



Basis sets : What is a basis set ?

Reminder : Atomic orbitals (AOs) are solutions of a central-field problem (Coulomb potential created by a nucleus)

Basis set :

Each nucleus will carry out a set of functions describing the electrons.

The radial part of the OAs is proportional to e-ζr which describes how the probability of finding an electron at a certain 
distance from the atomic nucleus decreases exponentially as the distance r increases. The constant ζ  controls how fast 

this decay occurs.



Basis sets : What is a basis set ?

A basis set is a set of mathematical functions describing the atomic orbitals (1s, 2s, 
2p...) of the atoms present in the studied system (carbon, hydrogen...etc).

Some basis sets are more complete (Dunning basis sets) than others (Pople basis set) in 
terms of the number of different atoms of the periodic table they support.

ex : bromine is not defined it Pople basis set so the energy of benzyl bromide cannot be 
calculated using the 6-311G* basis set.

AOs are built for each atom using a set of basis functions,
then, through LCAO,

molecular orbitals (MOs) and WFs are built.



Basis sets : What is a basis set ?

Different ways to mathematically approximate the behavior of OAs (proportional to e-ζr) :

Slater-Type Orbitals (STOs) : ϕSTO (r)= A*exp(−ζr)   with ζ : the effective nuclear charge parameter
--> Restricted use mostly due to mathematical integration difficulties

Gaussian-Type Orbitals (GTOs) : ϕGTO (r)= A*exp(−αr2) with α controlling the width of the gaussian

Comparison of the shape of STO and GTO functions Construction of a STO with 3 GTOs

[1] Hoggan, P., Ruiz Ruiz, M. B. & Ozdogan, T. Molecular Integrals over Slater-type Orbitals. From pioneers to recent progress. in 63–90 (2010).

[1] [1]



Basis sets : Descriptors of a basis set

1. ZETA : double (DZ), triple (TZ), quadruple zeta (QZ), characterizing the increase of the number of 
basis functions describing the atomic orbitals of each atom. (consistent within one type of basis set)

A higher zeta number allows more flexibility in describing the electron density/WF around the atoms and can lead to more 
accurate results at the expense of a higher computational cost.

2. Polarization functions : Orbitals can deform; for instance, the 1s orbital of hydrogen may become slightly ovoid due 
to polarization. Polarization functions that describe OAs with higher quantum numbers than valence orbitals (e.g., 
p orbitals for hydrogen, d orbitals for second-period elements) can be added to a basis set to allow more shape deformation.

3. Diffusion functions : To describe anions (larger than neutral molecules), diffuse functions are added. These functions are of 
the same type as for valence orbitals but have a greater spatial expansion. Pi stacking and long-range interactions also benefit.



Basis sets : Example : 6- 311+G(d,p)

The 6-311+G(d,p) acronym signifies :

Atomic core orbitals (for all atoms) = sum of 6 Gaussian functions

Valence orbitals = three (311) functions, with the first being a sum of 3 Gaussians (rather close to the nucleus), while the 

other two consist of 1 Gaussian each (11) (further away from the nucleus).

The 'G' indicates that the functions are gaussians.

Diffuse functions = '+' . '+' = diffusion for atoms heavier than hydrogen. '++' = hydrogen atoms are also included.

Polarization functions describing d and p orbitals = (d,p) or '**' (so 6-311+G**).

"=" means here "described by"



Basis sets : Considerations

Each calculation is performed at a certain level of theory, meaning a chosen method and a chosen basis set.

Different methods lead to different potential energy surfaces (ideally similar though !)
AND ALSO same method and different basis will lead to different results.

Ex : Interaction energy of benzene with Na+ :
Eint(M06/6-311G(d,p))= 96.7 kJ/mol
Eint(M06/6-31G(d,p))= 113.1 kJ/mol

The level of theory defines unambiguously a PES and, in turn, the chemistry of a system.



Basis sets : Recommendations

The larger the set, the better quality of the basis and the most computationally expensive its use.

Check details and atoms supported by the considered basis set on : https://www.basissetexchange.org/

https://www.basissetexchange.org/


Basis sets : For example : def2 - TZVP and 6 - 311+G* basis set for carbon

← def2-TZVP:

Multiple gaussians describe 
the s and p orbitals of 
carbon + polarization 
orbitals of higher angular 
momentum (d,f) :

6-311+G* →
Considers the 

4 hybridized sp orbitals of
carbon



Basis sets : Import a basis set that isn't supported by gaussian

Choose the basis set that is not supported by 
Gaussian in the list on basissetexchange.org and 
the atoms you have in your system

Click on "get basis set"
and copy/paste the 
parameters for each atom

gaussian specific example



Basis sets : Import a basis set that isn't supported by gaussian

Write "gen" to generate the basis set 

Copy/paste the parameters of the basis set at 
the end of the atom coordinates with 1 space 
line in between

(ORCA usually has all the basis sets needed)

gaussian specific example

...

End of atomic coordinates/start of basis set parameters



Now that we know how to select a level of theory, 
we will discuss which button to press to actually run calculations.



Basics for cluster control

sh god.sh name #cpus φ filename

squeue Checks all the jobs currently being processed by the cluster

Submits a job for calculation. File god.sh is the same for all the jobs and is reused. #CPUs 
should correspond to the level of jobs (typically 2 or 4 for smaller ones and 10 for large ones). 

Φ corresponds to the specific part of the cluster (s is for more powerful CPUs, p is for older 
ones). Name and filename corresponds to the name shown in the que system and to the 
name of the file you are submitting respectively. Files for submission needs to be .com

Example:

sh log_check.sh Saves unfinished job file into a log-check folder. Good for checking the progress of the 
calculation.

scancel ###### Stops calculation of a job with particular number.



Better way to submit files (Orca example, but works for G16 as well)

Path to your auxiliary file for starting a job.

Use modified files to be able to submit from any folder.

Procedure:
1. Go to the folder with input files ment for submitting (using cd command)

2. Call the file for starting calculations using its full path

3. The job is now running and its output stays in the folder from which it 
was submitted. 

The name of the auxiliary file.
(can differ)

You can copy these 2 files from my directory to setup the same style submision system as well. 
Modify the names or the program (Orca 6 to Orca 5 or Gaussian 16) based on your needs.



Input file example -  Gaussian

L1: The amount of CPU cores for the job
L2: The amount of memory (RAM) per CPU

L3: Parameters of calculation = what is supposed 
to be done? Like optimization, scan, frequency. 
Method used (DFT functional, basis set, solvent 

correction, dispersion) other parameters.

L5: Job description – only for you. Not does not give 
information to the software.

L4, L6: Mandatory space between the lines 
containing commands on what to calculate, job 

description and line with charge and multiplicity! 
Without these, the calculation will crash.

L7: Charge of the molecule and spin multiplicity.

L8 and further: XYZ coordinates of the molecule of 
interest. Can also be specified as Z-matrix.

If you used user specified basis set, it needs to be 
located after the molecular coordinates. The basis 
set needs to contain parameters for all the atoms 
involved in the calculation. At the end of the file 

there needs to be two empty lines!

Empty space at the end of the coordinates!



Output file example – Gaussian – first lines

Previous version, law information, proper citation 
of the used software, etc.

Output file in general contains results of your calculations witch specifics differing based on what was in the input 
file. 



Output file example – Gaussian – input of your file

Input of the calculation. Here you can check if 
everything was understood correctly.



Output file example – Gaussian – Results of optimization

If the molecule was successfully optimized, and 
converged to the final geometry, all the criteria will 

be fulfilled.

Information about orbital energies of the 
optimized molecule can be found in the output.

HOMO and LUMO in Hartree.



Input file example -  Orca

L1: Contains the calculation specific keywords like 
method, basis set, approximations or solvation 
model. Besides that there is also specified what 
should be calculated (optimization, frequency, 

excited states, etc.)

L2: The amount of memory (RAM) per CPU

L11+: XYZ coordinates of the molecule of interest.

L3-5: The number of CPU cores used for the job. Each 
specific line starting with „%“ must be terminated with 

the keyword „end“.

L10: The source of the coordinates. Could by 
changed for external XYZ file by specifying its name 
or can be internal like in this case. This is followed 

by charge and multplicity of the system. 

L6+: All other specific parameters for the calculation 
should be here. It can be anything from the grid size to 

freezing cooridnates or parameters for scan.

Continuation of the coordinates.

Orca is not as sensitive to missed spaces or lines 
or even placement of the keywords like Gaussian!



Output file example – Orca 6  – first lines

Really big Orca, version of the software and so on. 
Underneath is a list of creators and what part of 

code they are responsible for.

Output file in general contains results of your calculations witch specifics differing based on what was in the input file. 



Output file example – Orca 6  – input of your file

Input of the calculation. Here you can check if 
everything was understood correctly.



Output file example – Orca 6  – Energies from frequency calculations

Different thermochemical data of interest



Output file example – Orca 6  – how long did everythink take

Calculation ended without an error



Selection of appropriately sized units can make up for easier and more intuitive understandement of scale and proportions. Kilograms are good for everyday life but widely impractical for particles, there mass is 
sometimes even expressed as energy (E=mc2). (Mass of an electron = 9.1093837139×10−31 kg, or 0.510 998 950 69 MeV => the well known value of 511 keV)

What is Hartree?

Douglas Hartree

• System of units designed to simplify calculations on atomic scale
• Values of several constants were set as equal to unity

Symbol and Name 
Quantity 
(dimensions)

Atomic 
units

SI units 

 ℏ  , reduced Planck 
constant

action (ML2T−1) 1 1.054571817...×10−34 J⋅s

e  , elementary charge charge (Q) 1 1.602176634×10−19 C

me  , electron rest 
mass

mass (M) 1 9.1093837139(28)×10−31 kg

4πϵ0  , permittivity
permittivity 
(Q2W−1L−1)

1 1.11265005620(17)×10−10 F⋅m−1

Eh=2625.6kJ/mol (27.2eV per particle)

Hydrogen atom 
ionization energy

Not exactly double due to 
relativistic effects, but close!

Владимир Фок 



How to build an input and examples (GaussView)

Plenty of software can be used to generate the starting geometry and the basic shape of the input file. 
However, everything can be done in text file and it is usually more convenient. (GaussView 5 as an example)

Electronic configuration, etc.

Tools to change bond length, angles, dihedral 
angles.Selections of atoms or molecular 

fragments.

Crude preoptimization using molecular mechanics. 
(Can be detrimental for unusual structures)

Editor of redundant coordinates. 
(Useful for scans and similar 

operations)



How to build an input using ChemDraw and Avogadro

Write the input for the calculations here or save 
the file and do it in the text file later!

Draw your molecule in chemdraw.
Open the file in Avogadro and use force field to preoptimize it!

Afterwards, use the extension button and export the input file in the 
appropriate format (Gaussian, Orca, etc...)

Save it as .mol file.

Enjoy your newly build input...



Optimization (Gaussian)

Prior every investigation it is important to have the correct geometry of said molecule. It can be obtained via 
geometry optimization.
• Keywords # opt in Gaussian will do the trick.
• For well-behaved molecules, more or less every standard DFT functional will do a reasonable job
• Dispersion correction is essential! (# EmpiricalDispersion=GD3BJ for the latest variant in Gaussian, check 

the availability for functionals, or use dispersion corrected functionals. Orca contains the newest 
correction D4).

• Optimization can be directly coupled with frequency analysis to prove that minima was obtained. 
(Gaussian command # opt freq=noraman)

L3: opt freq=noraman is command for optimization of the 
molecule followed by frequency analysis. Noraman stands for 

not calculating Raman spectra (unless you want it).



Optimization (Orca)

Prior every investigation it is important to have the correct geometry of said molecule. It can be obtained via 
geometry optimization.
• Keywords opt in Orca will do the trick.
• For well-behaved molecules, more or less every standard DFT functional will do a reasonable job
• Dispersion correction is essential! Orca contains plenty of functionals with D3BJ or D4 dispersion 

corrections. Besides that, functionals from Head-Gordon group (wB97 series) has often inbuilt dispersion 
corrections. Composite methods also contains dispesrion corrections by default.

• Optimization can be directly coupled with frequency analysis to prove that minima was obtained. 
(Keyword opt freq)

L1 contains the importat keywords to perform calculations. 
They can be further specify, if neccesary, bellow.



Frequency analysis (Gaussian)

Frequency analysis in general serves 2 purposes. It tells information about at which point of potential energy 
surface a particular geometrical configuration of atoms lies (for example is it a minimum, transition state or 
just assortment of atoms which needs to be further optimized), and it is also used to get thermochemical 
data for particular system (with frequency analysis we can obtain zero-point energy (ZPE, enthalpy or Gibbs 
energy at particular temperature and pressure).
• Keyword in gaussian is # freq and can be either used alone or together with # opt command.
• It is relatively more computationally expensive compared to optimization.

L3: freq=noraman is command for standalone frequency 
analysis of particular system.



Frequency analysis – Output (Gaussian)

Output concerning thermochemical data can be either find in the log file manually or through software (Chemcraft)
These values can be further used to assess relative stability of different species or to calculate reaction energies. 
However, for this all calculations which are supposed to be compared needs to be done with the same method!

Output regarding thermochemistry found in a log file.



Frequency analysis ( Orca )

Frequency analysis in general serves 2 purposes. It tells information about at which point of potential energy 
surface a particular geometrical configuration of atoms lies (for example is it a minimum, transition state or 
just assortment of atoms which needs to be further optimized), and it is also used to get thermochemical data 
for particular system (with frequency analysis we can obtain zero-point energy (ZPE, enthalpy or Gibbs energy 
at particular temperature and pressure).
• Keyword in orca is # freq and can be either used alone or together with # opt command.
• It is relatively more computationally expensive compared to optimization.
• Some methods do not have analytical gradients implemented and thus numerical approach must be used. 

This is significantly more expensive.

L1: Freq is used to obtain Hessian.

Use numfreq command if analytical calculation is not 
available. Or if you need to obtain Raman spectra (In 

combination with      %elprop Polar 1
end



Frequency analysis – Output (Orca)

Output concerning thermochemical data can be either find in the log file manually or through software (Chemcraft)
These values can be further used to assess relative stability of different species or to calculate reaction energies. 
However, for this all calculations which are supposed to be compared needs to be done with the same method!

Output regarding thermochemistry found in a out file. (Other 
thermochemical results are also available.)

IR or Raman can be simulated similarly to other spectral 
methods. Frequencies can be scaled by an appropriate value 
to give correct results (values typically around 0.96 for many 

methods), tables with scaling factor exists. 



Difference in energies in the output

• Enthalpy and Gibbs free energy is pretty self-explanatory. But what does electronic energy (also known as SCF energy) 
and zero-point energy (ZPE) means?

• Even upon reaching absolute zero, the system still has an 
energy associated with Heisenberg uncertainty principle: 
This lowest quantum oscillation is called ZPE.

Zero-point energy

Electronic energy

Differences in ZPE are the reason 
for kinetic isotope effect!

• The electronic energy represents the total energy of the 
electrons in a given molecular system in the context of the 
performer calculation.



Frequency analysis -  Output

File should be also checked for the frequencies. If minima is required, no negative frequency should be present. 
For transition state, !1! negative frequency is expected.

Calculated IR spectra shown in Chemcraft. The list of 
frequencies on the right shows only positive values, therefore 

minima was obtained!



Local minimum vs global minimum

Does frequency analysis say something about if minimum is local or global?
• No! Mathematically they are both the same and don‘t contain imaginary frequencies. Global minimum is only the 

lowest one in energy.
• We can only compare minima of the same PES and say which one is lower or higher.

How to find global minimum?
• For a simple molecule, scan can help (see the example with butane in the scan section). This can tell us how 

energetics of the molecule are tied to certain geometrical parameter.
• There is no definitive proof that you have it, but for flexible molecules with plenty of conformers or rotamers, CREST 

can help.



The scan of dihedral angle versus the energy of butane. In 
other words, how energetically demanding are different 

conformers?

Scans (Gaussian)

Scan is a useful tools for scanning a parameter of a molecule and see how it influences energy. Like bond 
length, angle or dihedral angle between planes. 

L3: opt=modredundant will optimize the molecule withing the 
constraints of the desired scan parameters.

D 11 8 5 1 73 5.00000 
Meaning: D=scan dihedral angle

11 8 5 1 = numbers of atoms to define the dihedral angle
73 5.00000 = number of total steps and size of individual step

Scan can be easily setup in GaussView via Redundant Coordinate Editor. But it can also easily be done by manually.
To setup different scans, you can use B for bond length scan and A for angle. Use 2 or 3 atom for definition respectively.



The scan of dihedral angle versus the energy of butane. In 
other words, how energetically demanding are different 

conformers?

Scans (Orca)

Scan is a useful tools for scanning a parameter of a molecule and see how it influences energy. Like bond 
length, angle or dihedral angle between planes. 

L3: opt=modredundant will optimize the molecule withing the 
constraints of the desired scan parameters.

D 11 8 5 1 73 5.00000 
Meaning: D=scan dihedral angle

11 8 5 1 = numbers of atoms to define the dihedral angle
73 5.00000 = number of total steps and size of individual step

Scan can be easily setup in GaussView via Redundant Coordinate Editor. But it can also easily be done by manually.
To setup different scans, you can use B for bond length scan and A for angle. Use 2 or 3 atom for definition respectively.



Scans -  Output

Output in this case shows us the rotational barrier across the butane central C-C bond. The result is a famous 
diagrams showing maxima at eclipsed conformations and minima at gauche and antiperiplanar 
conformations. 



Conformer search in ORCA -  GOAT: global geometry optimization and ensemble generator

ORCA version 6 and further contains a scheme to search for low lying conformers similar to the popular CREST system. It 
exploits a cheap xTB method and can use implicit solvent corrections. (GOAT can easily hop over small hills.)

• ! GOAT XTB alpb(acetonitrile)   (typical input to start a GOAT job)

Keyword to start the conformer search. Solvent 
correction can be applied using efficient ALPB 

model. (Other solvent models are also available.)

Output

Found conformers, their coordinates and energies will be 
ordered by energy in a separate file „name“.finalensemble.xyz

Open the file in Chemcraft to 
see all of them.



Transition states – TS berny

There are multiple ways how to obtain transition state. The most direct algorythm is TSBerny (Gaussian keyword # 
opt=(calcfc,ts). For this a geometry relatively close to the transition state is needed (can be obtained via scan for 
example). The algorithm then looks for a saddle point. 

L3: opt=(calcfc,ts) is used as a straightforward way to obtain 
transition state.

This method can be a bit tricky to apply since a good starting guess is neccessary. Alternative is QST2 (# 
opt=(calcfc,QST2) ) where the desired transition state is being found on the way between starting material and 
product. Such input file requires 2 separet geometries! 



Transition states – QST2

TSBerny method can be a bit tricky to apply since a good starting guess is neccessary. Alternative is QST2 (# 
opt=(calcfc,QST2) ) where the desired transition state is being found on the way between starting material and 
product. Such input file requires 2 separate geometries! 

L3: opt=(calcfc,QST2) is used to search for a saddle point 
between two minimum geometries.

The structure of starting material.

The structure of product.



Transition states – NEB      (Orca)

Nudged elastic band method in combination with transition state optimization is a fast algorithm to obtain transition state 
geometry between two minima. 
The used input is reminiscent of QST2 method from Gaussian, but internal working principles differ. To use this method 
one need geometry of the starting material and the product (in a separate file).

L1: NEB-TS calls for this type of transition search. Can be 
combined with FREQ keyword to immediately obtain 

frequency calculation to confirm the saddle point.

L7: the file name containing the geometry of product.
In needs to be in the same folder as the input file.



Transition states – NEB output     (Orca)

The output will contain the geometry of the transition state and 
frequency analysis (if requested!).

To confirm the saddle point (transition state), exactly 1 imaginary 
frequency must be present! The value should be relatively high on the 
order of several hundreds cm-1. Otherwise, the transition state might be 
only something like a methyl group rotation.

To further confirm that the transition state belongs to the claimed transformation, intrinsic reaction coordinate (IRC) 
calculation should be used!



Transition states – IRC pathway     (Orca)

Intrinsic reaction coordinate is a type of calculation where a molecular geometry in transition state is let to relax downhill 
to its starting and product forms. This is useful to confirm that between the investigated starting material and product is 
only one saddle point. 

The keyword is „irc“ and can be followed by several other to improve the optimization algorithms (KDIIS, …) and FREQ to 
once again confirm the presence of only one imaginary frequency in the TS and to give imformation in which direction is 
the downhill path.

L1: IRC is used to call for the intrinsic reaction 
coordinate search.



Transition states – Intrinsic reaction coordinate (IRC) (Gaussian )

In order to prove that a particular transition state is directly connected with the starting molecule and the product 
of interest and the path doesn‘t contain any other intermediates, IRC can be performed. This is done by taking the 
geometry of the desired TS and let the program follow the path of least resistance down and see, whether the 
outcome of this calculation leads to expected structures. If it doesn‘t, there is likely another intermediate and TS in 
the way or the TS structure is wrong. 

L3: irc=(maxpoints=50,calcfc) is used in order to get the 
coordinate. If the path is longer, more points than 50 might be 

neccessary. Calfc is used in order to calculate the initial 
direction of the descent from the saddle point. 



Transition states – Intrinsic reaction coordinate (IRC) – Output (Gaussian )

The output can be again visualized in Chemcraft and should contain the transition state as the highest point and 
both direction will lead to minima.

The pathway directly leads to both starting 
structure and the product, therefore this is the 

real transition state for this transformation, 
and it is a reaction with only one saddle point. 



Transition states – IRC pathway     (Orca)

The output of IRC calculation is a list of of coordinates and their energies 
on the downhill path. The list of coordinates and energies can be found in 
the output file. 

The file containing all the relevant geomtries is 
named [input_name]_IRC_Full_trj.xyz

The trajectory allone can be found in the out. file.



Transition states – frequency analysis

Just like with minima, transtion state needs to be confirmed via frequency analysis. This is done the exact same 
way – only in this case the outcome should contain 1 negative frequency in the output.

Negative frequency corresponding to the TS as shown in 
chemcraft!

Frequencies can be animated to show how does the path look.
Bellow shown transition state of spiropyran opening.



Vertical excitation energies (TD - DFT)

Time dependent density functional theory is a way to calculate vertical excitation energies. It is simpler and faster 
then multireference methods, however, it has limitations of accuracy for certain systems. Specifically, molecules 
with high charge transfer character are typically not calculated accurately. On the other hand, triplet energies of 
aromatic compounds can be estimated rather well. 

Use TD-DFT with caution and ideally compare the obtained data to experimental results. Alternatively use post 
Hartree-Fock method to calculate UV-Vis spectra.



Vertical excitation energies (TD - DFT) -  Gaussian

You can calculate absorption spectra or triplet energies in a sense of vertical excitation (Frank-Condon principle) 
using time-dependent density functional theory (TD-DFT) formalism.  

L3: td=(50-50,nstates=20) This command will perform 
calculation of vertical excitation for the molecular geometry 

from the input. You can specify to calculate singlets or triplets 
only (keyword singlets or triplets respectively) or mixture of 
both by using command 50-50 as shown in this example. The 

command nstates=20 decides how many vertical state 
excitations will be searched for. 

L7: 0 1 means like in the case of any other calculation, what is 
the state of origin. Thus in this case, ground state closed shell 
singlet is considered. But you can easily change this for ionic 
molecule, radicals or triplet state (or higher multiplicities).



Vertical excitation energies (TD - DFT) – Gaussian -  Results

The resulting log file contains the information about the excited states and contains the multiplicity of the excited 
state, energy of said state and in case of singlet state, a parameter called force constant, which is directly 
proportional to extinction coefficient.

Besides the information about the nature of the state, energy, 
etc... You can also see the compostion of the orbitals involved 
in each transition and thus say something about the nature of 

this excitation.

We can see from these singlet excitation states that S1 has a 
very low oscilator strength (force constant) and thus its 

absorbtion should be very low. On the other hand, the Excited 
state 8 corresponds to an order of magnitude larger oscillator 

strength.



Vertical excitation energies (TD - DFT) – Gaussian -  Results

We can also visualize the data through multiple programs. Here, Chemcraft is used. The results is not in a form of 
classical spectra with bands but rather just lines corresponding to each transition. Artificial Gaussian or Lorentzian 
broadening can be applied later. 

List of transitions.

Modeled spectra with artificial broadening.

The experimentally measured spectra.



TDDFT -  Orca 

• simulate UV/vis spectra on DFT level
• for vertical single electronic excitation

input

• Basis set
• Functional
• Solvent
• Number of excitations (roots)

* Example for calculation with orca. orca does NOT! Include triplet states as a default. Please consult manual for that. Tamm-Dancoff approximation is used by default, can be switched off.

charge multiplicity

Number of processors

Memory for each process, here: 
2000 MB

your .xyz file



TDDFT  -  Orca 

• simulate UV/vis spectra on DFT level
• for vertical single electronic excitation

output

• Number of excitations
 (roots/states)

• Excitation energy
• Probability of excitation (fosc) 

= oscillator strength

* Example for calculation with orca



TDDFT  -  Orca 

* Example for calculation with orca

• Open orca.out file with Chemcraft
(1) select "single point geometry"
(2) Tools
(3) Show TD spectrum
(4) Abs. Spectrum via trans. el. dip. mom.

• New window will open (see next slide)

(1)

(2)

(3) (4)



TDDFT  -  Orca 

* Example for calculation with orca

Broadening the lines to a peak shape with empirical 
Gaussian or Lorentzian expansion function



TDDFT  -  Orca 

• Carefull with functionals!

* Example for calculation with orca

Measured UV/Vis BHHLYP PBE0

• Use experimental data to find the right functional !
• Remember: you are only calculating electronic states, not vibrational (measured spectra is combination)



Molecular properties 

In addition of transition states, energies, scans, UV-vis spectra simulation, one can 
also calculate other properties :

• HOMO-LUMO gaps

• MO electronic densities

• Alpha spin densities

• Atomic charges (Mulliken, Natural charges)

• Bond orders

• Orbital occupancies

• Polar surfaces

Accessible through population analysis

Accessible through Cube function in Gaussview



Molecular properties : Rendering MOs→Population  analysis

Canonical MOs represent the electronic structure of the entire system, including all atoms and bonds.
→  get MO energies, HOMO-LUMO gap…(Pop=Full)

Localized MOs are a transformation of canonical MOs creating orbitals localized around specific regions of 
the molecule. (Pop=NBO)
→ used for chemical interpretation (they provide a clearer picture of bonding interactions within the 

molecule), finding bond order, atomic charges…
HOW TO guide :

Step 1 : Optimise geometry of molecule at desired level of theory ex: PBE0/def2TZVPD

Step 2 : Take the output geometry as input for the population analysis, specify the same level of theory and 
add the keyword : Pop=Full (canonical), Pop=NBO (Natural Bond Orbitals)

Step 3 : Find other desired information in .log file (Atomic Charges, Bond Orders, Orbital Occupancies, 
HOMO-LUMO gap, geometry SP energy) or by using other analysis algorithms.

Step 4 : Render desired MO isosurface electronic density (have .fchk file)

gaussian specific example



Molecular properties : Step 2 : example of input file : formic acid

For visualization of the MOs, save the .chk files because the visual information is stored there (not in .log file)
Input file example : The geometry of the input file should be previously optimized (STEP 1) at the same level of theory 
(here : PBE0-D3BJ/def2TZVP) !

%chk=FA_Full.chk → Saves the .chk file (ACHTUNG ! Same name of the .chk file as for the .log file!)
Pop=Full → indicates to the program to perform a canonical population analysis
pop=(full,nboread,savenbo) gfoldprint and $NBO BNDIDX $END at the end of the coordinates allows NBO visualization

Output opened in ChemCraft:
FA_Full.log : SP energy, HOMO-LUMO gap, energy diagram of the different MOs and other info
FA_Full.chk :WF/density info that allows to draw the isosurface of the MO of choice (HOMO,LUMO,HOMO-1 for example).

Input for NBO visualization Input for canonical MO visualization

gaussian specific example



Molecular properties : Step 3 : NBO.log file information !

Bond Orders: bond orders between pairs of 
atoms, indicating the strength of the 
chemical bonds (1=single bond, 2= double 
bond…). Different manners of calculating 
them : molecular orbital (MO) theory (D), 
natural atomic orbital (NAO) theory (E) or 
Wiberg Bond Index (F).

Example : Formic Acid 

Atomic Charges: charge distribution among 
the atoms in your molecule. Positive charges 
indicate electron deficiency, while negative 
charges indicate electron excess. (Mulliken 
charges A / Natural charges B)

Orbital Occupancies: how many electrons 
occupy each MO. (Natural Population : Core, 
Valence, Rydberg distribution of electrons C)

A

B C

C

D

E

F

The canonical population analysis doesn’t contain bond order information (only Mulliken charges) ! gaussian specific example



Molecular properties : Step 4 : Render MOs

1. In order to render the canonical MOs or NBOs, one has to convert the .chk file into a .fchk file (readable by post-
treatment softwares like Chemcraft).

To do this, run in the cluster terminal the following commands as follow :
turcasiu@chccs:~> module load G16-A03

turcasiu@chccs:~> formchk filename.chk filename.fchk

A converted .fchk file appears in one’s directory.

gaussian specific example



Molecular properties : Step 4 : Render MOs

2. Open the .fchk file with Chemcraft. 

3. Click on the optimised geometry

4. Tools → Render Molecular orbitals

5. Choose to image the MO of choice 
between all the computed ones (here 
HOMO and LUMO are chosen).

6. Modify the 
visualization 
parameters  of 
the surface 
(show both 
signs, 
design…etc)



Molecular properties : Ex : canonical vs NBO of formic acid

HOMO

HOMO-1

HOMO-2

HOMO

HOMO-1

HOMO-2

←Canonical vs NBO →

NBO’s are more localized and follow 
our ”chemical intuition” in terms of 
π and 𝞼-bonds, lone pairs and 
localization of electrons on atoms.

Canonical MOs are delocalized 
(appear as a mixture of nearly all 
AO of the molecule) which makes 
them harder to interpret in terms 
of chemical bonds or reactivity



Molecular properties : Alpha spin densities 

The electronic density of the alpha electron is that of the SOMO (single occupied molecular orbital) :  

• The procedure is the same as before (regular MOs)
• Reminder : use unrestircted DFT and do not forget to ajust the multiplicity in the input (2 for a radical)

Example of input for rendering NBOs of a radical cation 

E azo HOMO (NBO) E・+ azo 𝛂-SOMO (NBO)

gaussian specific example



Solvent models : The problem of not having isolated molecules

Unisolated molecules → Interactions with their environment !

Einteract=Eintra+Einter

Eintra=Estrech + Ebend + Etorsion + Ecross + Eout           → Bonded interactions

Einter=Eelect + EvdW   → Non-bonded interactions (interaction of electronic densities)

Non-bonded interactions can be of long-range
or short-range type.

Implicit and explicit solvation models exist.



Solvent models : Implicit/Continuum solvation models

Polarizable Continuum Model (PCM) :
→ Uses : molecular cavity following the real geometry of the investigated system + surface charge distribution to represent the polarization of 
the environment

→ Easy to use and a computationally cheap methodology

→ by extending the solute so to contain few explicit solvent molecules, PCM can be used when short-range solute–solvent interactions are 
important

Solvation model density (SMD) :
→ based on empirical paramerization by Truhlar group (more detailed model accounting for a broader range of solvation effects). Specifically 

optimized for the Minnesota functionals
→ can be more computationnaly intensive

One way how to select a solvatation model is to take a look at what model was used to parametrize the particular functional by their authors.

Remarks :
→ PCM and SMD : most widely used and versatile models,  good accuracy across a range of solvation problems.

→ Need to benchmark different solvation models against experimental data to assess their performance for a particular application.
→ Other solvation models exist like Conductor-like screening model (COSMO/COSMO-RS)

Review on Polarizable continuum model (PCM) : WIREs Comput Mol Sci 2012, 2: 386-404 https://doi.org/10.1002/wcms.1086
SMD solvation model : J. Phys. Chem. B 2009, 113, 18, 6378–6396 https://doi.org/10.1021/jp810292n
Review on COSMO and COSMO-RS solvation models : WIREs Comput Mol Sci 2018, 8:e1338. https://doi.org/10.1002/wcms.1338

https://doi.org/10.1002/wcms.1086
https://doi.org/10.1021/jp810292n
https://doi.org/10.1002/wcms.1338


Solvent models : Implicit/Continuum solvation models

Input for Polarizable Continuum Model (PCM) :

Input for Solvation model density (SMD) :

gaussian specific exampleList of available solvents on : https://gaussian.com/scrf/ click “More” then “Solvents”

The solvent contribution to the energy (ΔGsolv) is the difference between the 
energy in vacuum and the energy in solution  is given by : 

ΔGsolv=Evacuum−Esolvent

https://gaussian.com/scrf/


Solvent models : Explicit solvation models

Explicit models are more complicated, more computationally demanding but necessary if one needs a precise and 
accurate description of hydrogen-bonding systems or short-range solvent-molecule interactions.

Difficulty in computing explicit solvation shells because of the large number of molecules required.

Bare-minimum solvation model : Put solvent molecules up to saturation of the coordination sites of the system in addition 
of using a PCM/SMD model

• Use CREST's crystal growth functionality and specify the numbers of solvent molecules desired to form the solvation 
shell

• Then opimization of energy with Gaussian or ORCA

(Alternatively, when the system is simple one can also just manually put several solvent molecule at the expected 
coordination sites)

Full explicit model : Crystal growth



Solvent models : Bare minimum solvation examples

Example of Nile Blue :
Most probable cationic charge site based on 
the closeness of the coordinating 4 water 
molecules to it

Electron density difference 
between ground state and excited 
state : One water molecule seems 
to be more involved than the 
others in the transition !



CREST

• CREST is using xTB (GFN2-xTB is default)
• Different tools:

o Conformational Sampling to obtain all possible conformers and rotamers

o Constrained conformational sampling if you want to make sure, that a specific criteria is met e.g. specific bond length, 
bond angle or dihedral angle should not change.

o (De)protonation of a molecule to find the position of a molecule that will most likely be (de)protonated.

o Quantum cluster growth (QCG) for an explicit solvation model to add the solvent molecules to your molecule to build 
up solvent shells for molecular dynamic simulations (MD)

• See documentation for the keyword you want/have to use

https://crest-lab.github.io/crest-docs/page/examples/example_1.html
https://crest-lab.github.io/crest-docs/page/examples/example_1.html
https://crest-lab.github.io/crest-docs/page/examples/example_4.html
https://crest-lab.github.io/crest-docs/page/examples/example_4.html
https://xtb-docs.readthedocs.io/en/latest/xcontrol.html#fixing-constraining-and-confining
https://xtb-docs.readthedocs.io/en/latest/xcontrol.html#fixing-constraining-and-confining
https://crest-lab.github.io/crest-docs/page/examples/example_5.html
https://crest-lab.github.io/crest-docs/page/examples/example_5.html
https://crest-lab.github.io/crest-docs/page/examples/qcg
https://crest-lab.github.io/crest-docs/page/examples/qcg
https://crest-lab.github.io/crest-docs/page/examples/qcg/example_1.html
https://crest-lab.github.io/crest-docs/page/examples/qcg/example_1.html
https://crest-lab.github.io/crest-docs/page/documentation/keywords.html


CREST

Constrained conformational sampling

crest file.xyz --cinp .xcontrol.sample --T 8  --subrmsd --gfnff | tee crest.log

xTB method selection, here: 
GFN-FF-xTB (FF = force field, 

used e.g. for bigger molecules), 
GFN2-xTB is better for almost 

all other molecules

command

Input for constrained 
sampling, here:

$constrain
 atoms: 1-26
 force constant=0.5
 reference=coord.ref

$metadyn
 atoms: 27-41

$end

number of CPU's you want 
to use, T 4 or T 8 is fine.

*more detailed explanation: https://crest-lab.github.io/crest-docs/page/examples/example_4.html

File with your structure
Only parts that were not constrained will be compared in 

the metadynamics

log file will be 
generated

• .xcontrol.sample and coord.ref files can be generated for you via crest: crest file.xyz --constrain 1-26

atoms you want to constrain



CREST

Constrained conformational sampling

output

• crest.log (in orca: orca.out)
• crest_best.xyz containes most stable structure
• crest_conformers.xyz only conformers
• crest_rotamers.xyz conformers and rotamers

*more detailed explanation: https://crest-lab.github.io/crest-docs/page/examples/example_4.html



Most common errors in Gaussian 

Very often the “Error termination” message can be easily understood. Here are some common reasons for the error :

Incompatibility between the number of electrons and the spin multiplicity
This error is identified by Gaussian and can be read in the last few lines of the output file where the “Error termination” 
message is given. In particular, if the system you want to simulate contains an odd number of electrons, the spin 
multiplicity 2S+1 cannot be 1 because the system cannot be in a singlet state (with S=0). For instance, if you have one 
unpaired electron, the spin multiplicity is 2 because S=1/2.

Syntax error in the input file
At the beginning of the output file, Gaussian summarizes the input file. If already in the input file Gaussian has identified 
an issue, it will indicate it when rewriting the input lines. The syntax error will be indicated with the symbol ‘ just below 
the incorrect string.



Most common errors in Gaussian 

Convergence issues 
Sometimes it can happen that the program terminates with an error message because it could not converge the 
calculation.

To identify this issue, you can open the output file and search for the string “Converged”. If below all occurrences of the 
string “Converged?” you do not read four times the string “YES”, then it means that your calculation did not converge. 
In this case, it is possible to restart the calculation from one of the last configurations, by creating a new input file and 
starting the same calculation but with a different initial geometry. To select the new geometry, search for one of the last 
occurrences of the string “Input orientation” in the output file and copy the coordinates of the atoms into the new input 
file. With this new input geometry, restart the calculation. 



Linux Commands



What was not mentioned (But probably will be filled to this presentation)

• Composite methods
• Aproximation for pure functionals like RI in details
• Aproximation for HF or MP2 containing functionals like RIJCOSX was not mentioned at all
• Some history
• Integration grids
• Calculation time scaling with number of atoms, basis set size, etc...
• Improve basis set slides
• Improve excited state calculations
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Exercise

Exercise!
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