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Introduction

This document will provide a hands-on tutorials demonstrating the ADF-GUI, BAND-GUI and so on. All of
these (ADF-GUI, BAND-GUI, DFTB-GUI, ReaxFF-GUI and so on) are very similar and share a lot of options.
So collectively these will just be called the GUI.

The first five tutorials provide an overview over all GUI modules, using ADF as computational engine. If you
are new to the GUI, we advise you to study the tutorials in the order presented.

The advanced ADF-GUI tutorials focus on particular features of the ADF-GUI, or on some particular
application.

Next there are some specialized tutorials that show you how to use the GUI with BAND, DFTB, MOPAC or
ReaxFF.

We estimate that you will need about half an hour for each part of the tutorial, for reading and performing the
hands-on activities. Typically the calculations should give results that are very close to the results shown in
the tutorials. However, in some cases minor changes may occur depending on hardware and software
versions.

Many tutorials are also available as videos. The current videos are actually the tutorial videos for ADF2009,
so there will be differences with the current tutorials.

Additional information may be found in the GUI manual

Starting the GUI: start ADFjobs

We will assume that you have installed the full ADF package on your machines.

The most convenient way to start the GUI is to first start ADFjobs, one of the GUI modules. Using the SCM
menu in ADFjobs (either the text SCM, or the SCM logo) you can next start any other GUI module that you
have a license for.

Depending on your platform, you start ADFjobs in a slightly different way:

UNIX (such as Linux) users

In this tutorial we will assume that you have added $ADFBIN to your PATH. We advise you to do this if you
have not already done so. If you do not wish to add $ADFBIN to your PATH, you must start the utilities using
SADFBIN/adfjobs &

instead of just

adfjobs &

On all UNIX platforms, including Mac OS X, the GUI modules are XWindow (X11) programs. Your
environment should have been set up correctly to run such programs. In particular, you need to make sure
that your DISPLAY environment variable has been set properly.

You can test this easily by starting a simple X program from your shell:

xcalc &


http://www.scm.com/Videos/
http://www.scm.com/Doc/Doc2014/GUI/GUI_reference/page1.html

Assuming the xcalc program is in your $PATH, a small window should appear with the image of a calculator.
If not, please consult your local system administrator for additional help. Typical problems have to do with
your DISPLAY variable, and with security issues when trying to connect to the X server.

When you log in to a remote linux UNIX system using ssh, make sure you are using X11 forwarding. You
can force this by using the -X (sometimes with the -Y) flag to the ssh command. As ssh is taking care of
setting your DISPLAY variable, you should make sure not to set it yourself.

Most GUI modules use OpenGL to render the 3D images. With X11 this is done using the GLX X11
extension. You can test if GLX is working propely by running the glxgears command:

glxgears

In case of troubles, the glxinfo command might also give useful information.

Windows users
In this tutorial we will assume that you have installed the ADF package using the Installer with all the options
set to default.

You can start the GUI (adfjobs) by double-clicking its icon on the desktop.

Macintosh users

Macintosh users have several easy ways of starting the GUI modules: just like on any other UNIX system
(thus, using the command line), or using the ADF2014.01 program.

The easiest way is using the ADF2014.01 program. When you start it, ADFjobs will be started automatically.
Next you can use the SCM menu to start the other ADF-GUI modules.

GUI modules (for the ADF-GUI, BAND-GUI, COSMO-RS GUI,
ReaxFF-GUI, and so on)

The ADF-GUI is the Graphical User Interface for the ADF package. It consists of several modules for
specific tasks. Those modules work together and exchange information. You should make sure you have no
firewall blocking TCP/IP communications inside your machine.

All of the ADF-GUI (and BAND-GUI etc) modules have one common SCM menu on the top left of the
window. On most systems it is represented by a small SCM logo. You can use the commands inside the
SCM menu to start other GUI modules (or switch to them).

In general when selecting a GUI module from the SCM menu it will start and open the current job. If that
module is already open with the current job, it will be activated (brought to the foreground). The current job is
the selected job in ADFjobs, or the job open in some other GUI module if you use the SCM menu in that
module.

The most important exception is opening the New Input module (ADFinput) or ADFcrs (COSMO-RS) in
ADFjobs. In that case the selected job will be ignored, and you can start working on a new calculation. To
open the selected job in ADFinput, you need to click the icon in front of the job.

SCM — Preferences



GUIprefs (SADFBIN/guiprefs) allows you to adjust and save numerous GUI preferences, such as color
schemes, environmental variables, etc. The preferences will be used by all ADF-GUI modules.

SCM — New Input

ADFinput (SADFBIN/adfinput) helps users to easily create ADF jobs. You can use ADFinput to define
your molecule (geometry), pre-optimize it, and to set details of your ADF job using an easy-to-use
graphical user interface. ADFinput will generate the basic job script for you. This script takes care of
running ADF and property programs as required.

The same module can actually create jobs using different methods: ADF, BAND, DFTB, MM, MOPAC,
Open Babel, QMMM, QUILD, ReaxFF and UFF. After starting it, you can simply change the method to
use without starting a different module. Depending on your license, not all options might be available.

SCM — COSMO-RS

ADFcrs ($ADFBIN/adfcrs) enables ADF users to easily select compounds, create COSMO-RS jobs, run
the jobs, and visualize the results.

SCM — View

ADFview ($ADFBIN/adfview) displays volume data, such as electron densities, orbitals, electrostatic
potentials and more. You can also use it to visualize scalar atomic data like charges, some tensor data,
and AIM (Bader) results.

SCM — Movie

ADFmovie ($ADFBIN/adfmovie) follows geometry steps as performed by ADF during geometry
optimizations, IRC calculations, etc. It can be used during the calculation to monitor the progress (based
on information from the logfile), or it can be used to analyze the geometry changes after a calculation. It
is also used to display normal modes calculated with a frequency calculation.

SCM — Levels

ADFlevels (JADFBIN/adflevels) generates a diagram showing the energy levels of a finished
calculation. You can interact with it: show an interaction diagram (how the molecular orbitals are
constructed from fragment orbitals), show labels, occupations, orbitals, etc.

SCM — Logfile

ADFtail (SADFBIN/adftail) shows the contents of a text file, updating when the text file grows (like the
UNIX tail -f command). It is typically used to monitor the 'logfile’. The progress of an ADF calculation is
always written to this file.

SCM — Output

ADFoutput (SADFBIN/adfoutput) shows the output of ADF (or any other text file). It will analyze the
output and provide quick links to sections of interest.

SCM — Spectra
ADFspectra (JADFBIN/adfspectra) shows spectra calculated by ADF. It can show IR, Raman, excitation
and CD spectra, as well as a DOS plot. For some spectra it can also perform additional tasks (using

other ADF-GUI modules), like displaying normal modes or orbitals.

SCM — Band Structure

10



Bandstructure (JADFBIN/bandstructure) shows dispersion spectra like the band structure of solids, or
phonon spectra, as calculated by for example Band or DFTB.

SCM — Dos

ADFdos ($ADFBIN/adfdos) shows DOS-like results. You can easily select which partial DOS to show by
selecting atoms, and you can even select to show the GPDOS for select atoms and L-shells.

SCM — Jobs

This utility (FADFBIN/adfjobs) manages your ADF jobs: run a job on your local machine or on remote
machines. It also serves as a interface to all files belonging to your job, and it serves as a convenient
launcher of the other ADF-GUI modules.

Keyboard shortcuts

Some keyboard shortcuts for menu commands used in the tutorials are platform specific. For example:

¢ Undo: ctrl-Z on Linux/Windows, cmd-Z on Macintosh
e Save: ctrl-S on Linux/Windows, cmd-S on Macintosh

In general, on Linux and Windows machines use the ctrl key to access these shortcuts for the menu
commands, on a Mac use the cmd key. In the tutorials, these command keys may be mentioned as for
example cmd/ctrl-S

If you are using a Mac, the GUI uses the X11 program to run. The X11 program itself may intercept the
menu-shortcuts like Cmd-C, Cmd-H, and so on. You can change this using the Preferences command from
the X11 menu (Enable key equivalents under X11 should NOT be checked).

A three-button mouse is also very convenient for using the ADF-GUI, and on a Mac you can use a Magic

mouse for this purpose. To get three buttons (instead of the standard one or two), download and install the
free utility BetterTouchTool, and configure it to add a middle click.
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ADF-GUI overview tutorials

Tutorial 1: Geometry optimization of ethanol

This tutorial will help you to:

» create a simple molecule

» view the molecule from all sides and save a picture

* make a couple of changes to the molecule with different tools

» set up your ADF calculation

» perform the actual ADF calculation

* visualize some results: energy levels, geometry, electron density, orbitals, ...

Step 1: Preparations

Start ADFjobs

On a Unix-like system, enter the following command:

cd
adfjobs &

On Windows, one can start ADFjobs by double-clicking on the ADF-GUI icon on the Desktop:

double click the ADF-GUI icon on the Desktop

On Macintosh, use the ADF2014.01 program to start ADFjobs:

Double click on the ADF2014.01 icon
Make sure X11 allows you to use keyboard shortcuts (you only need to do this
once) :

Press Cmd-,

If nothing happens everything is fine.

If the X11 Preferences dialog appears:

uncheck the "Enable key equivalents under X11" check box and close

that dialog.
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SCM  File Edit Job Queue Sort Filter View Tools Help
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I

Note that the directory in which ADFjobs depends on how you start ADFjobs, so your screen might look
different.

Make a directory for the tutorial

We prefer to run the tutorial in a new, clean, directory. That way we will not interfere with other projects.
ADFjobs not only manages your jobs, but also has some file management options. In this case we use
ADFjobs to make the new directory:

Select the File —» New Directory command (thus, the New Directory command from the

File menu)
Rename the new directory by typing 'Tutorial' and a Return
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.
€, ADFjobs: X:/ADF_DATA [E=EER™

SCM  File Edit Job Queue Sort Filter View Tools Help

Change into that directory by clicking once on the folder icon in front of it

g
€} ADFjobs: X:/ADF_DATA/Tutorial [E=EER ™

SCM  File Edit Job Queue Sort Filter View Tools Help

Start ADFinput

Now we will start ADFinput in this directory using the SCM menu:

Select the SCM — New Input menu command:

use the SCM menu on the top left (the SCM logo on most platforms),
next select the New Input command from the menu.

The ADFinput module should start:
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SCM  File Edit Select Atoms Bends View Help

ADF Main | Model Properties Details MultiLevel Q

Title:
Preset: Single Point A

Task SinglePaint

Total charge 0.0
Spin polarization: 0.0

Unrestricted: I~ Yes

XC potential in SCF: LDA A

Relativity (ZORA): MNone 4

Basis sat Dz v
Frozen core: Large \d

Mumerical quality: Mormal A

®CONHCOX O * o

The ADFinput window consists of the following main parts:

« the menu bar with the menu commands (File, Edit, ...)

» the drawing area of the molecule editor (the dark area on the middle left side)

+ the status field (lower part of the dark area, blank when the ADFinput is empty as shown above)
» the molecule editor tools

* many panels with several kinds of options (currently the '"ADF Main' panel is visible)

» panel bar with menu commands to activate the panel of choice

» a search tool (at the right of the panel bar)

Undo

ADFinput has an Undo command, which works on your molecule (thus not on your input options).

15




ndo Ctrl £

Redo Shift Ctrl £
Cut Ctrl X
Copy Ctrl C
Paste Ctrl v
Clear

Set Center Of Mass
Set Origin
Symmetry

Mirrar

Rotate 90

Align

v v v v

Crystal L4
Builder... Ctrl B
Conformers. ..

Solvent Molecules. .

If you make a mistake while making changes to your molecule, just use the Edit — Undo menu command to
go back in time. You can Undo more than one step, or Redo a step (with Edit — Redo) if you wish to do so.

Step 2: Create your molecule

Create a molecule

The molecule we are going to create is ethanol.
First we will draw the two carbon atoms, next the oxygen atom, and after that we will add all hydrogen atoms
at once. Finally, we will pre-optimize the geometry within ADFinput.

Create the first carbon atom

To create an atom, you need to select an atom tool.

Select the C-tool by clicking on the button with the 'C'

Back glow is added to the 'C' button to indicate that you are using the C-tool. Also, the status field in the left
bottom corner shows 'C tool, create single bond' to indicate that you are using the C-tool.

Now create the first carbon atom:

Click somewhere in the drawing area
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C tool, create single bond

C{1}, 4 connectors

hCONHClKvO *ﬁ.ﬂ

One carbon atom has been created.

Note that:

« If you move the mouse you will see a white line from that carbon atom to the current mouse
pointer position: this shows you are in 'bonding' mode, and that the bond will be made to the atom
just created.

» The 'C' button has a different color, indicating you are still using the C-tool.

» The carbon atom is selected (the green glow), which indicates that the carbon atom is the current
selection.

« The status field contains information about the current selection: it is a Carbon, number 1, with 4
'connectors’

» The status field also shows the current tool (C), and that a single bond will be made.

Create the second carbon atom

Click somewhere in the drawing area to create the second carbon atom
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C tool, create single bond

>(2), 4 connectors

hCDNHClX-O *ﬁﬁ

A second carbon atom has been created, bonded to the first atom.

The atom will be created along the 'bonding line', at a distance that corresponds to a normal C-C single
bond distance. That is, the bond length is constrained while drawing.

The newly created atom becomes the new selection, and you are still in bonding mode. The next bond will
be created to the carbon atom just created. And you are still using the C-tool.

Create the oxygen atom

To create the oxygen atom you need to switch to the O-tool:

Select the O-tool by clicking on the button with the 'O’

With the O-tool, create an oxygen atom bonded to the second carbon;

Click somewhere in the drawing area
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O tool, create =ingle bond

(3), 4 connectors

hCﬁNHCiX-O * V0

The oxygen atom has been added.
For now, we are done using atom tools, so go back to the select tool:

Select the select-tool by clicking on the button with the arrow (or press the
Esc key)

Add the hydrogens

Now many hydrogen atoms need to be added. You can do this using the H-tool, but a much easier method
is to use the Atoms — Add Hydrogen menu command:
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Mew Fegion From Selected Atoms Ctrl 5
Remaove Selected Atoms From Regions Shift Cirl G

Add Dummy At Center Of Selection
Delete Atomis)

Fuse Atoms
Change Atom Type L4
Ghosts L

Details (Colar, Radius, Mass, ..}

Add Hydrogens CtrlH
Remove Hydrogens Shift Ctrl H
Replace By Structure L

The 'Add Hydrogen' menu command works on the selection only, when present. Thus, only one hydrogen
atom would be added to the oxygen atom. This is not what you want. So first we make sure that nothing is
selected by clicking in empty space.

Click in empty (drawing) space

Now no atoms are selected any more.

Select the Atoms — Add Hydrogen command

Many menu commands have shortcuts. In this case you can also use the shortcut (ctrl-H or cmd-H,
depending on your platform) as an alternative. The shortcuts are indicated in the menu commands.
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All atoms will be saturated with hydrogen atoms. And you have created an ethanol molecule, though the
geometry is still far from perfect.

Pre-optimize the geometry
Now use the optimizer that comes with ADFinput to pre-optimize the geometry.

Click on the pre-optimizer button (the rightmost 'cog wheel' button of the
menu bar)
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UFF Ready
UFF optimization converged: lteration 15, energy 0.00244501 Hartree

FCONHE!K-O *Qﬂ

The geometry of the molecule will be pre-optimized, using UFF by default. Note you can select another pre-
optimizer via the Preferences, or use a different pre-optimizer by right-clicking on the cog wheel and
selecting the method to use from the pop-up menu.

In the status field below the drawing area you can follow the pre-optimization iteration number and the
energy relatively to the starting configuration.

Viewing the molecule

Rotate, translate, or zoom

You can rotate, translate, and zoom your molecule using the mouse.
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You need to drag with the mouse: press a mouse button, and while holding it down move it. Which mouse
button, and which modifier key you press at the same time, determines what will happen:

Rotate Left

Rotate in-plane ctrl-Left

Translate Right

Zoom Mouse wheel, or alt-Left (drag up or down)

The rotate, translate, and zoom operations change how you look at the molecule, they do not change the
coordinates.

This behaviour is the default behaviour, you can change what the right mouse button does using the
Preferences.

Click once somewhere in empty space to make sure nothing is selected.

Click with the left mouse button, and drag:
your molecule will rotate.

Click with the left mouse button with the ctrl-key, and drag:
your molecule will rotate in-plane.

Click with the right mouse button, and drag:
your molecule will be translated.

Click with the right Middle button (if available), and drag up and down:
you will zoom closer to or away from your molecule.

Click with the left mouse button with the alt-key, and drag:
you will zoom closer to or away from your molecule.

Use the mouse wheel, if you have one:
you will zoom closer to or away from your molecule.

Using all these options, try to position the ethanol as closely as possible as

in the
following image:
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Atom colors

The atoms of your molecule will have a pre-defined color, as visible in the molecule editor. You can change
these colors in two ways: either change the global default color per element, or override the default color for
a specific atom. The first method uses the Preferences command, the second method uses the 'Atom
Details panel' via the Atoms — Details (Color, Radius, Mass, ...). In this tutorial we will change the default
color of all Carbon atoms using the Preferences command:

Use the SCM — Preferences menu command to start the preferences module
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|§=CM File Edit Select Al

Preferences

Mew Input

Wiew

Movie

Lavels

Logfile

Cutput
Spectra

Band Structure
Dos

KF Browser

COSMO-RS

Jobs
Cluit Cirl
Cuit All

In the preferences window, go to the 'Atom Colors' panel (use the panel bar
Color menu)
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SCM  File Edit Help

Options | Colors Module Environment Q
Colors General
Pre-Optif  Bond Colors UFF v
Export farmat: PHMG -
Mouse as: Trackball -
Right mouse button: Translate -

Mouse wheel sensitivity: 1.0

Show help balloons: V¥ Yes

Font size: | 12 |1r

Displacement Vectors Scale: 3.0

Parallel Projection: [~ Yes

Periodic Images: WV Show

Mumber Of Images: 1 -
Lattice Vectors: W Show

Save | Preview |

L o

Click on the '+' button, and select C (Carbon) from the periodic table that
pops up.
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Options | Colors | Module Environment

Atom Colors

Caolor Atoms By Scalars:

Scalar Range Symmetric: [ Yes

+ | Default Atom Colors
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You can now change the color for the carbon atoms either by clicking on the colored block next to the C
label

+ | Default Atem Colors
B 000

Click on the colored C-block

Select your favorite color, and dismiss the Color dialog (click the OK button
on most platforms)

Click the Preview button in the bottom of the GUIprefs panel.
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In ADFinput the colors of the carbon atoms will now be adjusted to the color that you have selected.

The 'Preview' button shows the effect of your new preferences in all open GUI modules, but without saving
them. Once you are content with your changes, you can use the 'Save' button to store the new defaults.

If you close the Preferences window without saving, your original settings will be restored in the open
modules.

To revert to the default value of carbon, you can remove the carbon color in Preferences window by
pressing the - button in front of the C color line:

Click the '-' button in front of the C color line
Click the 'Preview' button
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In ADFinput, your carbon atoms now should have their default color again (dark gray).

Use the File —» Close menu command to close the GUIprefs module (the Preferences
window)

When quitting the Preferences module without saving, any changes made visible via the Preview button will
be undone.

Save picture

You can save a picture of your molecule using the 'Save Picture ...' command from the File menu.
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SCM Edit Select Atoms Bonds View Help

Mew Ctrl M
Open... Ctrl O
Import Coordinates. ..

Export Coordinates...

Export Z-Matrix...

Save

Save As..

Save Picture...
Picture Farmat
Picture Resaolution

Eun

Close

The format used is the PNG format. You can change this using the File — Picture Format menu command.
You can also change the resolution. A smaller resolution will result in a smaller file, but will reduce the
quality.

Via the Preferences command it is possible to save your preferred format.

Select the File — Save Picture ... command

Enter the name for your picture: ethanol

Click the 'Save' button

A picture will be saved to disk containing the image of your molecule. Only the drawing area is saved in the
picture, not all the input options.

Molecular conformation

Rotate such that you look along the C-C axis

Rotate your molecule into the following position:

30



Select the top CH3 group

Click once on the top carbon atom
Use the Select — Select Connected menu command
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As you will notice, all atoms directly connected to the selected atom are added to the selection. Alternatively,
you can also make a selection by shift-clicking on the elements you want to select.

Click in empty space
Click on the top carbon atom
Shift-Click once (without moving) on each of the top hydrogen atoms

This has almost the same effect (in this case you have not selected the second carbon atom).
Rotate the selection
We are now trying to make an eclipsed geometry.

ctrl-Click with the left mouse button in one of the selected hydrogens,
and drag around to rotate the selection in-plane.

Rotate the hydrogen atoms in an almost eclipsed position.
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In-plane rotation: 61.34 Degrees

You can move the selection by clicking in a selected object, and dragging with the mouse. All usual
operations are possible: rotate, rotate in-plane, translate and zoom. Zoom in this case means moving the
selection perpendicular to the screen.

In the status field you see the current rotation angle.

You have to click and start dragging at a selected item. If you click and drag in space you will move the
entire molecule.

Back to Staggered Geometry

Click in empty space to clear the selection

Click on the pre-optimize button

The optimizer will bring the structure back to the original staggered geometry. If it does not complete, repeat
this step until it does.
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Getting and setting geometry parameters

Bond length

First select the oxygen atom and the connected hydrogen atom.

This time we make the selection by dragging a rectangle around all objects that we want to select.

Using the left mouse button together with the shift key, drag a rectangle
around the oxygen and hydrogen atom.

Release the mouse button (and the shift key)

The oxygen atom and the hydrogen atom are selected.
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Bond order: 1.0

FCONHCIX-O *'«ﬂ

In the status area you see the distance between the selected atoms, information about the bond, and a
slider.

You can set the distance to any value you wish by editing it, or (most conveniently) by using the slider.

Normally the smallest group of atoms will move to create the requested distance. If you press the control key
while using the slider the last atom selected will be in the group of atoms to move.

Use the slider to move the H atom

Bond angle

Select first one of the top hydrogens by clicking on it

Next, extend the selection (shift key) by clicking on the top carbon atom
Finally, extend the selection (shift key) by clicking on another top hydrogen
atom



In the status area information about the bond angle of the selected three atoms is given, and the slider is
again visible. You can change this value to a value you like, most conveniently using the slider.

Dihedral angle

By selecting four atoms we get information about the dihedral angle. And of course you can also change it,
again most conveniently using the slider.

Move the molecule such that you can see all atoms

Select first one of the top hydrogens by clicking on it

Next, extend the selection (shift key) by clicking on the top carbon atom
Next, extend the selection (shift key) by clicking on the next carbon atom
Finally, extend the selection (shift key) by clicking on the oxygen atom
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Coordinates

To view the coordinates we have to go to a different input panel. The input panels can be selected using the
panel bar on the top of the input panels, the right half of the window.

In the right side of the ADFinput window:
Click on the Model tab in the panel bar
Select the Coordinates command



ADF Main Hndel‘Pmperties Details MultiLevel

Coordinates

[T Use natural coordinates

Maove atomis) upl Move atomi(s) down

You get a list of all Cartesian coordinates. They will be updated in real time when you make changes to the
molecule, and you can also edit the values yourself. In that case, the picture of the molecule will be updated

automatically.

C(1) -4.76948522 |-5.83845652 |0.013345450
C(2) -3.60359403 |-4.88480562 |-0.217573000
O(3) -2.77751330  |-4.84082390 |0.913772650
Hi4) -4 38832373 |-6.85627259 (0242336130
H(5) -5.40006299 |-5.886433387 |-0.899437340
H(6) -5.39190297  |-5.48221221  |0.861266440
H(7) -3.98655197 [-3.867V99645 |-0.461856470
H(&) -3.00640077  |-5.24462877 |-1.08187342
H(9) -3 24665744 [4.28130414 |1.58647751

Note that some atoms are highlighted. These are the currently selected atoms.

The 'Move Atom(s)' buttons will move the selected atoms up or down. In this way you can re-order the

atoms.

You may, in some cases, wish to use Internal coordinates. These will be updated in real time as well, and
you can also edit the values yourself. If you re-order the atoms while using the Internal coordinates, the Z-
matrix will be recalculated from scratch. The Z-matrix panel is in the Details tab, but we will use the search

option to get to it:

Click the search icon at the right of the panel bar

Enter the text "z-ma"

ADF Main | Model | Properties Details MultiLevel

in the search field

Search: |z-ma

L.

Z-Matrix
Geometry Convergence

Step 2 Create your molecule

Panels

Documentation #

O3]

-Z {91330

-4 5408540

DHTS 7ZB50

-4 38832373

-6.85627259

0242336130

H(4)

Note that in the search results the Z-Matrix panel is highlighted, and note that the search is not case

sensitive.

Click on the selected option (Z-Matrix), or use the return key
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ADF Main Model Pruperties‘ Details ‘ MultiLevel Q

Z-Matrix

Maove atomis) upl Move atomis) down |

r |oo r |oo r |oo

1 ([C(1y |0 |0

0
ci2y (1 |0 |0
0

2 I~ [1523835¢ ™ 0.0 ™ |o.o

3 [o@ [2 [ ™ [1.401520¢ ™ [110.3818C I~ [0.0

4 H@4) 1 |2 |2 I [11107071 1 [110.00882 [ [301.41477
5 [HE) |1 |2 |4 ™ [111045211 [109.8910z [T |240.17272
6 [HB) |1 |2 |5 T [11108331 1 [110.10628 [T [240.2267Z
7 HT 2 |1 |2 I [1113857c T [109.9707C T [237.7559C
8 M@ [2 1 |7 I [11104667 T [100.06391 [241.6659C
9 H@ [ 2 [1 I [ooo2s22: ™ [106.6253 - [283.5974C

Extending and changing your molecule

Before making some changes, let's re-optimize. We first select the 'Main' panel so the coordinates will not be
visible during the pre-optimization. Otherwise this may slow down the pre-optimization.

Click on the "Main" tab
Click on the pre-optimize button

Let's try to change the CH20H group in a COOH group.
Thus, we need to:

* remove one hydrogen

» change one hydrogen into an oxygen

» change a single bond into a double bond

After this, we will revert to the ethanol molecule.
Delete an atom
First: delete one hydrogen

Click in empty space to clear the selection
Click once on the hydrogen to delete, it will be selected
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Press the backspace key
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The selected atom is removed.

Change the type of an atom
Next, we will change a hydrogen into an oxygen atom

Select the O-tool (or press the 'O' key)
Double-click on the hydrogen that should change into an oxygen
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Change the bond type of an existing bond

Now the oxygen atom is singly bonded to the carbon, we need to change this into a double bond.

Click on the bond between the carbon and the new oxygen
Use the Bonds — Bond Order — Double menu command (or just press the '2' key)
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v Bond Lengths Constrained
Snap To Default Bond Lengths

AD

Add Bond Ctrl L
Guess Bonds
Femaove Bonds

Aromatic
Double
Triple

The single bond has changed into a double bond.

Another way to modify a bond type is to click on the bond once which will select this bond. Then click on the

bond tool in the menu bar ('ball and stick' logo to the right of the start), and select the proper bond type.

The fastest way to change the bond order is to use the keyboard shortcuts. If you have selected a bond,
press 1 for a single bond, 2 for a double bond, 3 for a triple bond and 4 for an aromatic bond.

To get a reasonable geometry optimize the structure:
Click in empty space to deselect the bond

Press the pre-optimize button
If not converged, press pre-optimize again

43



R

UFF Ready
UFF optimization converged: keration 32, energy 000333050 Hartree

Add new (bonded) atoms
Now, to revert to the ethanol molecule, we first remove the new doubly-bonded oxygen atom, and then add
one hydrogen atom.

Click once on the doubly-bonded oxygen atom to select it
Press the backspace key to delete it

Select the H-tool (or press the 'H' key)
Click once on the carbon atom connected to the oxygen
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H tool, create single bond

4 connectors

N C ONHCX.O S——

Note that this way you started bonding mode again, as indicated by the bond to the mouse position.

Click once in empty space to make a hydrogen atom (connected to the carbon!)
Click once on the justcreated atom to stop bonding

Repeat this to add a second hydrogen to the carbon atom

Pre-optimize the molecule
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UFF Ready
UFF optimization converged: lteration 15, energy 0.00244501 Hartree

FCONHE!K-O *Qﬂ

Once again you have created an ethanol molecule.
Step 3: Select calculation options

Preset

You should always start by choosing the proper preset.

ADF has many different modes of operation. ADFinput presents the correct settings for some common
calculations together as 'presets’'.

So to optimize the geometry of the ethanol molecule we choose the proper preset:

Select the 'Geometry Optimization' preset from the 'Preset' menu.
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ADF .:Z: Main | Model Properties Details MultiLewvel Q

Title: |
Preset: | Single Point -
Task: COSMO-RE Compound
Fragment Analysis
Frequencies
Total charge: Geometry Opt & Freqs
Spin polarization: Geometry Optimization
Unrestricted: =
Linear Transit
Old Linear Transit
XC potential in SCF: Froperties Only
Single Point
Relativity (ZORA): Srict
Transition State Search
Basis set: Defaults
Explicit Defaults
Frozen core: e
Mumerical quality: Save as preset..
Save as full preset...
Delete preset »

Presets might change any number of input options. In this particular example, the main Task will change
from 'Single Point' to 'Geometry Optimization'. You can easily see what fields have been updated by a
preset: they are colored green.

If you would use this preset again later, the input values that are set by this preset will revert to the default
values. If you made changes to those fields you will lose those changes.

Title

This field, currently empty, has no special meaning for the calculation routine. It will be used as an identifier
for your convenience in the result files of the ADF calculation. In this case, let's set the title to the name of
the molecule:

Enter 'Ethanol' without quotes in the 'Title' field.
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ADF Main | Model Properties Details MultiLevel Q

Title: Ethanol

Preset: Geometry Optimization | =
Task: GeometryOptimization
Total charge: 0.0

Spin polarization: 0.0

Unrestricted: [ Yes

XC potential in SCF: LDA v
Relativity (ZORA): Mone 4
Basis set: DZ r
Frozen core: Large v
Mumerical quality: Mormal 4

Note that as soon as you start typing in the title field, the color of the field changes to yellow. The yellow
color here and in other cases indicates that you have made a change with respect to the default value for
this field.

XC functional

An important input option is the XC functional to use.

For this tutorial the default potential during the SCF is sufficient. So just leave this at the default value. For
more accurate results you should select a better XC potential.

Basis set

With the 'Basis Set' pull-down menu you select the basis set you want to use.
The menu gives access to the basis sets regularly used.
For this tutorial we will choose a very small basis set. This will yield less accurate results, but the calculation

runs much faster. Obviously, if you want more accurate results you should use a better quality basis set.
Thus:
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Select 'SZ' from the 'Basis Set' pull-down menu

ADF Main | Model Properties Details MultiLevel Q
Title: Ethanol

Preset Geometry Optimization |«
Task: GeometryOptimization
Total charge: 0.0

Spin polarization: 0.0

Unrestricted: ™ Yes

XC potential in SCF: LDA d
Relativity (ZORA): Mone L
Basis set: SZ r
Frozen core: Large d
Mumerical quality: Maormal L

Numerical quality

The ADF software package uses a numerical integration scheme for virtually everything it may calculate. A
numerical integration scheme generates some kind of grid (and corresponding weights). ADF and BAND
have always been using the teVelde (Voronoi) integration scheme. For many calculations the Becke
integration grid works better, so in ADF2013 the Becke integration grid method has been added. It now is
the default method, and normally you should use the Becke grid option.

Another numerical detail is that a density fit is used, for computational efficiency. The spline ZIm fit is now
the default fit method, the old slater type fit is still availble.

With the Numerical quality option you can select the quality of both the Becke integration and the spline ZIm
fit at the same time.

Increasing the quality makes the results more accurate, but will require substantially more computation time.

Similarly, decreasing the quality will result in less accurate results, but you may get results faster.
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The default value will in most cases be fine, certainly for this tutorial. If you go to the Details section (click on
the ...) you can set details of the integration scheme and fit method. However, the Numerical quality option in
the main panel is the most convenient way to select the quality.

Other input options

The panels on the right side contain many more input options. You select a panel with the menus in the
panel bar, or by searching for a particular option (as we did to locate the Z-Matrix panel). When searching
for an option, any text in the panels will match, as well as from the help balloons. Also the corresponding
ADF input keys will match.

Properties Details MultiLevel Model Properties Details MultiLe Details MultiLevel
ESR, EPR, EFG, ZF3 Conformers Accuracy
ETS-MOCY Coordinates ARH Details
Excitations (UVVis), CD Electric Field Basis
Excited State Geometry Geometry Constraints and Scan COSMO
Franck-Condon Spectrum Intrinsic Reaction Coordinate (IRC) Files (Restart)
Hyperpolarizability Linear Transit (Old) Frequencies (IR}
Localized Orbitals, NBO Regions Geometry Convergence
Magnetizability, Verdet Solvation Integration
MCD Spin and Occupation MMR Details
MNMR Transition State Search Mumerical Cluality
ORD (Optical Rotatory Dispersion) Output Details
Other: Etot, Bader, Charge Transpaort, .. MultiLevel Relativity
Polarizability FDE SCF
Raman, VROA SCF Convergence Details

Fragments
YanDerWaals Select Excitations
VCD Symmetry
Thermodynamics Technical
User Input
HC Details
Z£-Matrix

The menu items use a color coding to show you which panels have been affected by a preset (green), by
the user (yellow), or both (red).

As we will not do anything special right now, you do not need to change anything in other panels.
Step 4: Run your calculation

Save your input and create a job script

Finally you will want to save your input.

Select the File —» Save command.

Enter the name 'ethanol' in the Filename field.
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%, ADFinput 2013.01 (==

SCM  File Edit Select Atoms Bonds View Help

Main | Model Properties Details MultiLevel

@\ Save As

@\;}=| . » Computer » Local Disk (:) » ADF_DATA » Tutorial '|‘9|| Search Tutorial pe

Organize ~ MNew folder = - (7]

MName ° Date modified Type Size

No items match your search.

File name: m -

Save as type: IADFinput Files (*.adf) VI

sae | | Cancel |

= Hide Folders

UFF Ready

UFF optimization conv

H

*C O N HCX O

Click on Save

A dialog pops up asking you if you really want to save the run script even though it will not be correct:

3 1 Saved input is not correct.

Save corresponding run script anyhow?

The run script will not be correct because we use the frozen core option together with metaGGA's, as we
were told before. Accept this and save it anyhow:

Click Yes to save the run script

Now you have saved your current options and molecule information. The file will automatically get the
extension ".adf'.

ADFinput has also created a corresponding script file. This script file has the same name, but with an
extension ".run' instead of ".adf'.
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In the ADFjobs module you can see what files have been created:

Click once in the ADFjobs window to activate it
Click once on the triangle in front of the name of the job (ethanol)

You will see the .adf and .run files, and a .pid file that ADFjobs uses to store information. You might also see
the picture that you saved, if you used the name 'ethanol’ for it. Only the extensions are listed, so the real
filenames are ethanol.adf, ethanol.run and ethanol.pid. Notice the job status icon (the open circle on the
right) that ADFjobs uses to indicate a new job.

p
&), ADFjobs: X:/ADF_DATA/Tutorial [E=EER ™

S5CM  File Edit Job Queue Sort Filter Wiew Tools Help

Localfiles «

-adf Mar 20, 2013 01:54 36469 bytes
pid Mar 20, 2013 01:55 470 bytes
.png Mar 20, 2013 02:01 181895 bytes
«FUn Mar 20, 2013 01:55 1112 bytes

Run your calculation

To actually perform the calculation (the geometry optimization of the ethanol molecule), use the Job — Run
menu command in ADFjobs:

Make sure the ethanol job is selected in ADFjobs (it is if you followed the
tutorial)
Select the Job — Run command

This will execute the run script that has just been created. If you have never made changes in the ADFjobs
setup, the default behavior is to run the job in the background on your local computer, using the Sequential
queue. This queue will make sure that if you try to run more then one job at the same time, they will be run
one after another.

Once your job starts running, ADFjobs will show the progress of the calculation: the last few lines of the
logfile:

<Apr03-2013= <15:50:50= 10 ErrMat 0.00000003 MaxEl 0.00000001
<Apri3-2013= <15:50:50=> »»»> TOTEN

Note that while running, the job status symbol in ADFjobs changes.

If you wish to see the full logfile while the calculation is running, just click on the logdfile lines displayed in the
ADFjobs window:

Click on the logfile lines in the ADFjobs window

Now the logfile is showing in the ADFtail window:
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-
&, ADFtail: ethancllogfile

SCM  File

<Bugl6-2014>
<Augl6-2014>
<Eugl6-2014>
<Mugl6-2014>
<Eugl6-2014>
<Muglg-2014>
<Eugl6-2014>
<Muglg-2014>
<Bugl6-2014>
<Muglg-2014>
<Bugl6-2014>
<Mugl6-2014>
<Mugl6-2014>
<Mugl6-2014>
<Mugl6-2014>
<Bugl6-2014>
<Mugl6-2014>
<Bugl6-2014>
<Mugle-2014>
<Bugl6-2014>
<Augl6-2014>
<Eugl6-2014>
<Mugl6-2014>
<Eugl6-2014>
<Muglg-2014>
<Eugl6-2014>

Coordinates

Atom
1.C

(=R . T AR U N
momomom om0 0

.
<Aug06-2014>
<Augl6-2014>
<Eugl6-2014>
<Aug06-2014>
<Eugl6-2014>
<RAug06-2014>
<Eugl6-2014>
<Aug06-2014>
<Eugl6-2014>
<RAug06-2014>
<Eugl6-2014>
<RAug06-2014>
<Augl6-2014>
<RAug06-2014>
<Augl6-2014>
<Aug06-2014>
<Augl6-2014>
<Aug06-2014>
<Augl6-2014>
<Aug06-2014>
<Augl6-2014>

Edit

Help

<02:40:59>
<02:40:59>
<02:40:59>
<02:40:59>
<02:40:59>
<02:40:59>
<02:41:00>
<02:41:003%
<02:41:00>
<02:41:003%
<02:41:00>
<02:41:00%
<02:41:00>
<02:41:00%
<02:41:00>
<02:41:003
<02:41:00>
<02:41:003
<02:41:00
<02:41:003
<02:41:00
<02:41:00>
<02:41:00
<02:41:00>
<02:41:003%
<02:41:00>
in Geometry
b4
— 3. 751950
-2.291013
-1.291705
-1.521238
-3.941052
-4.452802
-3.942325
—2. 151185
-2.134117
<02:41:00
<02:41:003
<02:41:00
<02:41:00>
<02:41:00
<02:41:00>
<02:41:003%
<02:41:01>
<02:41:01>
<02:41:01>
<02:41:01>
<02:41:01>
<02:41:01
<02:41:01>
<02:41:01
<02:41:01>
<02:41:015
<02:41:01>
<02:41:015
<02:41:01
<02:41:015

Job ethanol has finished

>>>> PTBAS
>>>>» CYCLE

1

2 ErrMat 0.00099408 MaxEl 0.00047938

3 ErrMat 0.00071314 MaxEl 0.00034731

4 ErrMat 0.00021536 MaxEl -0.00011617

5 ErrMat 0.00002470 MaxEl -0.0000080&

& ErrMat 0.00000754 MaxEl 0.00000257

7 ErrMat 0.00000167 MaxEl 0.0000008%5
SCF converged

8 ErrMat 0.00000053 MaxEl 0.00000022
>>>> TOTEN
»>>>> POPAN
>>>> DEBYE
»>>>> HMETS
>>>> ENGEAD
CUFrent ensrgy -2.15019185 Hartree
energy change -0.0000058& 0.00100000 T
constrained gradient max 0.00029588 0.00100000 T
constrained gradient rms 0.00009564 0.00066667 T
gradient max 0.00029588
gradient rms 0.00009564
Cart. Step max 0.00178169 0.01000000 T
cart. step rms 0.00063318 0.00666667 T

GEOMETRY CONVERGED
Calculating Energy Terms
Cycle 9
¥ Z
-1.026831
-0.514821
-1.563077
-1.965678
-1.777523
-0.192673
-1.48152¢8
0.273488
-0.034815
>>>> CORORT
>»>> CLSMAT
>>»>> ORTHON
>>>» GENET
Block Length= 128
>>>> PTBAS
>>>> CYCLE
1
2 ErrMat
SCF converged
3 ErrMat
>>>> TOTEN
>>>> POPAN
»>»>> DEBYE
>>>> BMETS
>>>> POPUL
Bond Energy
Bond Energy
Bond Energy
NORMAL. TERMINATION
END

for Final Geometry

{Angstrom)
0.035447
—[- 053220
0.031883
0.953961
-0.742232
-0.100221
1.017254
0.725541
-1.039257

0.00000004 MaxEl -0.00000001

0.00000002 MaxEl -0.00000001

-2.15019185 a.u.
-58.50969715 eV
-1349.27 kcal/mol

—
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Step 5: Results of your calculation

Logfile: ADFtail

The lodfile is saved and extended by ADF as it is running. Normally it is most convenient to view it only in

the ADFjobs window to prevent screen clutter.

Right now it is already showing in the ADFtail window, and in the ADFjobs window, but you could have used

any text editor.
Wait for the calculation to finish:

Wait until ADFtail shows 'Job ... has finished' as last line
In the dialog that pops up, click 'Yes' to update the geometry

TOTLLE e R e

Spin polarization:

[

9\

IGI Read new coordinates from X:/ADF_DATA/Tutorial/ethanol £217?

Basis set:

Frozen core:

Irtraraticom-

Now close ADFtail by using the File — Close menu command:

In the window showing the logfile (the ADFtail window) :
Select the File — Close command

In the ADFjobs window, note that the job status icon has changed to indicate that the job is ready:
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”
8, ADFjobs: X/ADF_DATA/Tutorial [E=RIE

SCM  FEile Edit Job Queue 3Sort FEilter View Tools Help

Localfiles

.adf Mar 20, 2013 01:54 36469 bytes
-BET Mar 20, 2013 02:03 200 bytes
.job Mar 20, 2013 02:03 7054 bytes
.logfile Mar 20, 2013 02:03 18249 bytes
-out Mar 20, 2013 02:03 157904 bytes
.pid Mar 20, 2013 02:03 521 bytes
.png Mar 20, 2013 02:01 181895 bytes
-results/logfile 0 Mar 20, 2013 02:03 0 bytes
.results/t2l.C Mar 20, 2013 02:03 442368 bytes
.results/t2l.H Mar 20, 2013 02:03 393216 bytes
.results/t2l.0 Mar 20, 2013 02:03 442368 bytes
L EUn Mar 20, 2013 01:55 1112 bytes
-£13 Mar 20, 2013 02:03 49152 bytes
T2l Mar 20, 2013 02:03 1032182 bytes

Files

ADF has created a couple of data files and a couple of text files. You can check this in the ADFjobs window:

Click on the ADFjobs window
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8, ADFjobs: X/ADF_DATA/Tutorial [E=RIE

SCM  FEile Edit Job Queue 3Sort FEilter View Tools Help
<« [ ]

Localfiles

.adf Mar 20, 2013 01:54 36469 bytes
-BET Mar 20, 2013 02:03 200 bytes
.job Mar 20, 2013 02:03 7054 bytes
.logfile Mar 20, 2013 02:03 18249 bytes
-out Mar 20, 2013 02:03 157904 bytes
pid Mar 20, 2013 02:03 521 bytes
.png Mar 20, 2013 02:01 181895 bytes
-results/logfile 0 Mar 20, 2013 02:03 0 bytes
.results/t2l.C Mar 20, 2013 02:03 442368 bytes
.results/t2l.H Mar 20, 2013 02:03 393216 bytes
.results/t2l.0 Mar 20, 2013 02:03 442368 bytes
« FUN Mar 20, 2013 01:55 1112 bytes
-£13 Mar 20, 2013 02:03 49152 bytes
T2l Mar 20, 2013 02:03 1032182 bytes

o
Il

Note that the Local files are visible because earlier in the tutorial you already clicked on the triangle opening
the details for this job.

The .adf file is the input as saved by ADFinput.

The .run file is the run script, also saved by ADFinput.

To enable specific options of your ADF job, changes to the text of the .run script can be made opening it via
double-click. A separate text editor window pops up after the double-click (the non-default text editor
program can be defined via the $EDITOR variable passed to ADF-GUI). When you run your job, your edited
.run file will be used. Note that when you save your input via ADFinput again, your .run file will be
overwritten (and thus you lose any changes you made when editing the .run file).

The .job file is a script file based on the .run file, and is created by ADFjobs. It contains all commands
required to run your job, and is actually run by ADFjobs when you use the Run command.

The .pid file is a file that contains your job status and configuration. It is used by ADFjobs.
The other files are produced by ADF. The .err file contains error messages, the .logfile shows the progress

of the calculation, the .out file is the main (text) output file, and the other files are binary files that store
results of the calculation.
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Geometry changes: ADFmovie

ADF has optimized the geometry, and we can use the ADFmovie module to visualize the progress of the
optimization. So let's start ADFmovie using the SCM menu in your ADFinput window:

SCM | FEile Edit Select Al

Preferences

Mew Input

Wiew

Movie

Lavels

Logfile

Cutput
Spectra

Band Structure
Dos

KF Browser

COSMO-RS

Jobs
Cluit Cirl
Cuit All

Select the SCM — Movie command in ADFinput

The ADFmovie module will display a movie of the geometry optimization.
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&, ADFmovie: ethanol£21 S
SCM File View Graph Help

Frame &
Geometry 6, SCF Bond Energy: -2.14768 Hartree

< <1 » > I L

To step through the different geometries, use the slider below the picture. Clicking in the slider will single
step through the frames. Alternatively you can grab the slider and move to the frame you wish, or you can
use the left and right arrow keys to single step through the frames.

You control playing with the buttons. When your mouse pointer is above any of the buttons, and not moving,
a balloon will pop up showing what that particular button will do.

It is often nice to have a graph of the energy as function of the geometry step. ADFmovie can show such
graphs easily:

Use the Graph — Energy menu command
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&, ADFmovie: ethanol.t21 [ B
SCM  File View Graph Help
Energy (Hartree)
-21423
-21432
21441
21450 -]
21459
-2.1468
Frame 5
Geomet Bond Energy: -2.14768 Hartree r r T r r r T ‘
01 0.8 15 22 29 36 43 50
< <4 10 »r > [ PR | Frame number

You can even show several graphs for different properties at the same time:

Use the Graph — Add Graph menu command
Select two carbon atoms by shift-clicking on them
Use the Graph — Distance, Angle, Dihedral menu command

Q\ADFmavie:ethano\.tZI | =an=n x|

SCM  File VWiew Graph Help

Energy (Hartree)

21423
21432
21441 ]
21450 ]
21459
21468 ]

I I I I I I I !
0.1 0.8 15 22 29 36 43 5.0

Frame number

Distance C(1)-C(2) (Angstrom)

154
1.537
1.534
1.631
1.528
1.525
1.522

I I I I I I I !
0.1 IR} 158 22 29 36 43 5.0

Frame number

Now you have two graphs. One of them is the 'active' graph. When you make a new graph it will always be
the active graph. You can also make a graph active by clicking on it.
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When you select a property from the Graph menu (Energy, Distance and so on) that property will be plotted
in the active graph.

You can also have multiple curves in one graph, if possible: one property per Y-axis. You may have several
curves on the same Y axes if they are using the same unit (all Angstroms for example):

Select two carbon atoms and one oxygen atom by shift-clicking on them
Use the Graph — Distance, Angle, Dihedral menu command

&\ ADFmovie: ethanel.t21

SCM  File View Graph Help

Energy (Hariree)

21423
21432
21441
21450 ]
21459
21468

T T T T T
0.1 R} 15 22 29 3.6 43 50

Frame number

Angstrom e Distance C(1}C(2) Angle C(1)}-C(2)}-0(3) wmmm  degrees

154
1637 - 1092

1534 - 1088
1521 - 1084
1528 - 1080
1525 - 1076

e - 1072

01 0.8 1.5 2.2 29 36 43 50
Frame number

Another feature is that you can click on a point in one of the graphs. It will be marked, the movie will jump to
that particular step, and if you have more then one graph the corresponding point(s) will also be marked in
the other graphs.

To rotate, translate, or zoom the picture, use your mouse, just as in ADFinput.
Use the slider to go to a frame in the middle of the optimization

Selecting atoms provides information about atoms, bonds, etc. The information will be updated when you go
to another point in the movie (a different geometry). You can see examples of these in the pictures above.

You can also show this information in the 3D window:

Use the View — Geometric Info — Angle menu command

60



SCM  File Edit Select Atoms Bonds [View| Help

ADF ) Mai
ResetView d
3D Style k
Wiew Direction L
Camera 3 Title:
Parallel Perspective Preset
Fly To Selection
Align Screen Task
Mouse As g
Anti-Alias Total charg
Axes Spin polariz
Malecule 3 U it
nrestricte:
Background 3
.\ Atam Info
. Color Atoms By XC potentia

Atom Radius From ¥ =

v\ Distances)

O . .

Infio Style L
Hide Hydrogen Atoms Hide Distance(s)
Show Bonds To Hidden Atoms Hide Angle

eriodic r -
Periodi Frozen core

The angle will be visually added to your molecule :
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In the ADFmovie window: select File — Close

Orbital energy levels: ADFlevels

Select your job in the ADFjobs window by clicking on the job name
Select the SCM — Levels command

ADFlevels will start and show a diagram of the energy levels of the ethanol molecule.
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f ™Y
B ADFlevels: ethanol.21 EIEIQ

SCM  File Axes View Help

Hartree
0.7+

0.6 1

0.5 1

0.4 —
0.3 I
0.2 H

0.1

0.0 A _ﬁ*_ o
0.1 :ii::::::::z,_{+_ - — —+—

-0.2 A

-0.3 1

-0.4 4 _H_
0.5 —%%—
o i

0.8 - _+¥_*a#,—’*”##’###_ﬁ+_

-0.9 4

— -
__.._|

-1.0 A

C (ethanol) ethanal O (ethanol) H (ethanol)

In the diagram you can see from what fragment types the molecular levels are composed.
Move the mouse around, above different levels, without clicking

Balloons will pop up with information about the level at the mouse position: The MO number, eigenvalue,
occupation, and how it is composed of SFOs (fragment orbitals).

Click and hold on the HOMO level of the molecule

JAAA

Show Labels 1

Hide Labels
Copy Labels

—S= =
-— -

Show Interactions
Hide Interactions

Show Occupations
Hide COccupations

4

Show All Orbitals

} |
K

In the pop-up that appears, select 'Show Labels'
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Click and hold on the HOMO of the O fragment type
In the pop-up, select 'Show Labels'

0.6 4
0.5 4
0.4 4
0.3 4
0.2 4
0.1+
0.0 4

—-

-0.1

-+ —
-

-0.2

47

0.3

0] —H-

-0.5 1

!

06 4
0.7 A _H_
0.8 /

0.9 -

-1.0 1

Lt 44

C (ethanal) O (ethanaol)

To actually see the orbital, select the orbital from the top of the pop-up menu:

Click and hold on the HOMO level of ethanol
Select the '10A' command

A window with a picture of the orbital should appear.

H (ethanal)



(& ADFview: SCFAAA 3 EEITS)

SCM File Add Fields View Properties Help

You can move (rotate, translate and zoom) the orbital with your mouse.

Close the window showing the orbital: File — Close

(in the window displaying the
orbital)

Electron density, potential and orbitals: ADFview

Select SCM — View

ADFview will start up and show a picture of your molecule:
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@\ADFwew: ethanol.t21 | o S

SCM  File Add Fields View Properties Help

You can use ADFview to visualize all kinds of 'field' related properties: densities, orbitals, potentials, etc. You
actually have already used it before: the picture of the orbital that was created using ADFlevels was shown
by ADFview.

Use the mouse to rotate, translate or zoom, as in ADFinput.

In the Properties menu there are some pre-defined things to visualize: density, spin-density, HOMO, LUMO
and more. If you select one of these, you will see the corresponding item immediately. However, ADFview
can do much more and gives you lots of control.

For example, lets show a density isosurface, colored by the electrostatic potential:

Select the Add — Isosurface: Colored command

Below the picture a control line will be created. ADFview creates one such line for all visual items and
special fields (surfaces, cut planes, calculated fields, etc.) that you add.

W ~ lIsosurface: Colored |U.03 -0.3 03 I Log I Bar

In this particular case the control line contains two pull-down menus that you use to select the fields that you
want to visualize.

From the first pull-down menu in the control line, select Density — SCF
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gl _scF |
Sum Frag
Ortho

Density Laplacian

Fit Density L4
Fit Density Laplacian »

Kinetic energy density *
Potential

XC Potential

ELF

SEDD

NCI

Orbitals (occupied)

Orbitals (virtual) 4

W = lIsosurface: Colored

" Log [T Bar

From the second pull-down menu in the control line,

select Potential -» SCF

% ADFview: ethanol.t21

| e

SCM  File Add Fields View Properties Help

W~ Isosurface: Colored

SCF_Density 0.03 SCF_Coulpot

-0.08440|0.32550€ [~ Log [T Bar

To demonstrate some other possibilities of ADFview, do the following:

Select the Properties - HOMO command

Click on the check box in the FIRST control line to hide the density

Rotate the molecule to get a good view
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B ADFview: ethanolt21 |

SCM  FEile Add Fields Yiew Properties Help

[T 7 lIsosurface: Colored SCF_Density 0.03 SCF_Coulpot -0.08440|0.32550€ [~ Log I~ Bar

¥ ~ lIsosurface: Double SCF_AAA 3: 2.0 -0.0671 0.03

Select the Add — Cut plane: Colored command

In the new control line, press on the pull-down menu and select Density — SCF
Click the check box in front of the 'Isosurface: Double' line to hide the HOMO
Select the Carbon and Oxygen atoms (three atoms)

Click the 'with atoms' button next to the 'Position plane' option (thus the
button, not the check box)

Click the check box in front of the 'Isosurface: Double' line to show the HOMO
Select the Fields — Grid —» Medium command

Click Yes to recalculate the fields

Rotate your molecule to get a good view

68



QADFview: ethanol.t21 | E] e |
SCM  FEile Add Fields Yiew Properties Help

™ 7 lIsosurface: Colored SCF_Density 0.03 SCF_Coulpot -0.08242|0.292692 [~ Log ™ Bar
¥ = Isosurface: Double SCF_AAA 30 2.0 -0.0671 0.03
¥ ~ CutPlane: Colored SCF_Density I Position plane with atnmsl 1e-005 1.0 W Log ™ Bar

You can save the picture you create using the Save Picture menu command:

Select File — Save Picture ...
Enter the name (without extension) of the file you want to create
Click Save

A picture with the (file)name you specified has been created.
You might want to explore some more of the possibilities of ADFview on your own. Many different properties

can be visualized as you probably have noticed in the pull-down menus. Be careful with activating Anti-Alias:
it makes the pictures even better, but also slows ADFview down significantly.

Browsing the Output: ADFoutput

The output file (tutorial.out) is a plain text file. You can view it with your favorite text editor (or text viewer).
You can also use the ADFoutput GUI module which provides a convenient way to check the results:

Select the SCM — Output command
Select the Iterations — Geometry Cycles command

The ADFoutput program will start showing the results of your calculation, and via the menu you jumped to
the first section with geometry details:
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B, ADFoutput: ethanol.out =NRel X
SCM  File Edit Help lterations Properties Response Properties Other Properties  Section
Geometry CYCLE 1 j
Energy gradients wrt nuclear displacements
Atom Cartesian (a.u./angstrom)
X ¥
1cC 0.031269 0.00014% -0.045322
2C 0.0124%8 0.016124 -0.026E836
30 -0.041500 0.048586 0.169077
4 H -0.004560 0.015988 -0.133123 =
S5 H -0.014748 0.017663 0.033914
& H 0.002405 -0.021806 0.030221
7TH -0.000569 0.001933 -0.035736&
g8 H 0.016520 -0.050450 -0.023540
9 H -0.001313 -0.028246 0.037345
|Geometry Convergence after Step {Hartree/Engstrom, Angstrom)
current energy -2.12911567 Hartree
lenergy change -2.12911547 0.00100000 F
constrained gradient max 0.16907745 0.00100000 F
conatrained gradient rms 0.04909440 0.00066667 F
lgradient max 0.16907745
lgradient rms 0.048039440
cart. Step max 0.06634274 0.01000000 F
cart. Step rms 0.02284372 0.00666667 F
Coordinates (Cartesian)
Atom bohr angstrom Geometric Variables
X ¥ Z X ¥ Z {0:frozen, *:LT par.)
1cC -7.090775 -1.928094 0.009658 -3.752276 -1.020304 0.005111 1 2 3
2C -4.324092 -0.978349 0.004205 -2.288211 -0.517720 0.002225 4 5 L
30 -2.4845828 -2.972330 -0.014344 -1.314915 -1.572889 -0.007591 7 8 9
4 H -2.140434 -3.373036 1.835754 -1.132669 -1.784934 0.971439 10 11 12
S H -7.328628 -3.807791 -0.810446 -3.878143 -2.014996 -0.428870 13 14 15
& H -8.446431 -0.611105 -0.821613 -4.469659 -0.323383 -0.434773 16 17 18
7H -7.745809 -2.148170 1.961821 -4.098906 -1.138763 1.038151 19 20 21
8 H -4.013614 0.203628 1.692482 -2.123913 0.107755 0.895623 22 23 24
9 H -3.969658 0.163147 -1.700438 -2.100652 0.086334 -0.899833 25 26 27
o
\

You can use the menus to go to different parts of the output file, or you can just use the scroll bar. If a menu
option is shaded, this means that no corresponding section of the output is available.

Clicking an output section title highlighted in blue will skip to the next section with the same title, if present.

As we are now done with tutorial 1, close all windows that belong to this tutorial:

Select the SCM — Quit All command in any ADF-GUI window

All open windows from the ADF-GUI will be closed.

Tutorial 2: Building Molecules

In the first tutorial you have learned how to construct a molecule by building it out of atoms. That may be a
complex task for bigger molecules. ADFinput has other ways to build molecules.

The quickest is to search for a molecule inside ADFinput, and use it if it is available.

Another way is to search for the molecule on the Internet, and use either the xyz coordinates or the SMILES

string
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Or you can build it using the structure tool in ADFinput. As a more realistic example using the structure tool,
you will build a small peptide chain. Then you will learn how to use the predefined metal complex structures.
You will also learn how to set up your own structures library.

Finally, you can combine the crystal tools to cut molecular systems out of crystals. As an example we will
make a sphere of Cu atoms.

Step 1: Start ADFinput

For this tutorial we again prefer to work in the Tutorial directory:

cd $HOME

Start ADFjobs

Click on the Tutorial folder icon
Start ADFinput via SCM — New Input

Step 2: Search for ethanol

The quickest solution: search (and find) ethanol.

Press ctrl/cmd-F to activate the search box (or click the search icon in the
panel bar)

Enter 'ethanol' as search text (without quotes)
Click on the 'Ethanol (ADF)' match
Rotate to get a good view

Your ethanol is ready. The (ADF) in the search results mean that the molecule has already been optimized
by ADF, using the BP86 XC potential with a TZP basis set and small core.
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For the next demonstration we need a file with the xyz coordinates of ethanol. You can make such a file
using the Export Coordinates option:

Use the File —» Export Coordinates... menu command
Enter 'example.xyz' as filename
Click Save

Step 3: Import XYZ for ethanol

To import a molecule if you have its structure as xyz file (with element types), you can either use the File —
Import Coordinates... or the Edit — Paste command.

Use the File > New menu command in ADFinput
Click 'No' when asked if you want to save your changes

Click in the ADFjobs window to activate it

Use the Job — Refresh List menu command (or press F5)

Click the triangle in front of example to show the example.xyz file
ctrl-double click on the .xyz file (listed in Local files)

| examplesxyz - Notepad E@I&J

File Edit Format View Help

9 -
C 0.01247000 0.02254000 1.08262000
C -0. 00894000 -0.01624000 -0.43421000
H -0.49334000 0.93505000 1.44716000
H 1.05522000 0.04512000 1.44808000
H -0.64695000 -1.12346000 2.54219000
H 0.50112000 -0.91640000 -0. 80440000
H 0.49993000 0. 86726000 -0. 84481000
H -1.04310000 -0.02739000 -0. 80544000
0 -0. 66442000 -1.15471000 1. 56909000

This will open a text editor showing the contents of the the example.xyz file. The editor used depends on
your operating system, but normally you will be able to select and copy text.

Select all text in the ethanol.xyz file
Copy it
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Click in the ADFinput window to activate it
Paste the xyz coordinates (ctrl/cmd-V or Edit— Paste)

You should again get the ethanol molecule, just as you have saved it.

Step 4: Import SMILES string

ADFinput can also interpret SMILES strings (via OpenBabel). As a demonstration, lets try again with
Ethanol:

Use the File > New menu command in ADFinput
Click 'No' when asked if you want to save your changes

Open a web browser

Search for ethanol on wikipedia.org

At the right side of the page, click the 'Show' link to show the SMILES
Copy the SMILES string ( CCO )

Click in the ADFinput window to activate it

Paste the SMILES string (ctrl/cmd-V or Edit — Paste)
Click in empty space in the drawing area to clear the selection
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Again we have an ethanol molecule. SMILES strings do not contain the 3D structure, it was generated by
OpenBabel and is NOT an ADF optimized structure. So normally the next step would be to pre-optimize with
UFF (via the cog wheel), and to optimize the geometry with ADF.

SMILES strings work often, but there are also many examples where the resulting structure does not make
sense.

Step 5: Build ethanol using the structure tool

As a demonstration on how to use the structure tool, we start by building a methane molecule:
Use the File > New menu command in ADFinput
Click 'No' when asked if you want to save your changes

Select the C-tool
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Click somewhere in the drawing area to make a carbon atom
Select Atoms — Add Hydrogen , or faster: press the shortcut (ctrl-H or cmd-H)

If your cmd-H shortcut does not work (on a Mac), you probably need to fix your X11 preferences.

&

The next step is to add a methyl group, using the structures tool:

Select the Structures tool — Alkyl Chains — Methyl structure (the structures tool is
the benzene-like icon on the toolbar)

Notice that the button of the structures menu is glowing, which means that the structure-tool is in use.

Double-click on one of the hydrogen atoms
Zoom out if needed (with right mouse button or mouse wheel)
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You will see that the hydrogen is replaced by a methyl group.

Note that:

» The methyl is orientated along the newly formed C-C bond and the new hydrogens point away
from the existing ones.

» The double-clicked hydrogen is replaced by the carbon atom, since this atom is the 'replacing’
atom.
This atom is defined through having xyz-coordinates (0,0,0).

» The background glow moved from the 'Structures' tool to the 'Pointer' tool button; the 'Pointer’ tool
is active again.

To create ethanol, we need to add a hydroxyl group:

Select the Structures tool — Ligands —» OH structure
Double-click on one of the hydrogen atoms
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Again, the hydrogen is replaced by the structure. In this case, the oxygen replaces the double-clicked atom.
The hydrogen is precisely aligned along the C-O bond and points away from the rest of the molecule. This
shows you the very general way in which the structures will align according to the bonds in the original
molecule and those in the structure. In this case, the hydroxyl group is not immediately orientated as it
normally would be in an ethanol molecule:

Pre-optimize: click on the cog wheel
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And again we have constructed an ethanol molecule.

ADFinput comes with a many predefined structures. Among them are some typical solvent molecules, so
that you can easily add solvent molecules around your system. One of these 'Solvent' structures is Ethanol.
Now add this molecule in empty space:

Select the Structures tool — Solvents — Ethanol structure
Left-click in empty space near the hydroxyl group

Note that the oxygen is selected. Again, this oxygen is defined through having xyz-coordinates (0,0,0). Next
we select the new molecule and orient it with the mouse to a reasonable position:

Use the Select — Select Molecule menu command (or ctrl/cmd-M)

Use the mouse to rotate and translate the ethanol molecule to your favorite
orientation
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This way you can easily add explicit solvent molecules.

Step 6: Building a peptide chain using the structures tool

Now we will build a small peptide chain as another example using the structures tool.

Select File — New

Click 'No' as we do not want to save the setup

Select the Structures tool -~ Amino Acids — AA Backbone structure
Place it in the drawing area
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There appears a subunit (or actually two) of a basic peptide chain. Notice that one of the atoms is selected,
namely the terminal nitrogen. This atom is, again, the 'replacing' atom. In order to extend the peptide
backbone, you now have to choose the right atom to be replaced. The obvious choice is the (non double-
bonded) terminal oxygen.

Click in empty space to deselect the nitrogen

Press the space bar, which activates the last used option of the 'Structure'
tool ('AA backbone' here).

Double click on the terminal oxygen.

You may want to use View — Reset View.
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In a similar fashion, you can now replace the hydrogens on the backbone by amino acid side groups of your
choice. These can be found in the Structures tool - Amino Acid — AA Side Groups sub-menu.

Step 7: Metal complexes and ligands

In the sub-menu 'Metal Complexes' you can find a set of predefined complexes corresponding to commonly
encountered geometries. Furthermore, there are a number of ligands to be found, which can be easily used
with these metal complexes.

Predefined Metal Complex Geometries

Select the File > New command

Click No (do not save changes)

Select Structures tool — Metal Complexes — ML6 Octahedral tool and place it in the
drawing area

Notice that six dummy ("Xx") atoms have been placed around the metal center in an octahedral fashion.

Select one of the dummy atoms by clicking on it
Select Select — Select Atoms Of Same Type menu command
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The Ligands structure sub-menu contains a number of ligands which can be used to replace the dummy
atoms. The Structure menu can, however, also be reached via the Atoms menu.

Select the Atoms — Replace By Structure — Ligands — CN command
Click in empty space to clear the selection
Reset the View if needed

Notice that all dummy atoms in the selection are replaced by CN ligands.

Bidentate Ligands

In order to use the bidentate ligands, we must start with a bare metal center.

Select the File > New command
Click No (do not save changes)

Place an iron atom in the drawing area (click the X button in the toolbar to
get a menu with all elements)

Select the Structures tool — Ligands — Bidentates — Ethylenediamine structure
Double-click on the metal atom
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You can see that, in this case, the metal atom is not replaced by an atom of the structure, contrary to
previous experience, but that the bidentate ligand is simply attached to the central metal atom.

This works because the 'replacing' atom in all bidentate structures is a dummy atom, which has the property
that it won't replace an existing atom. The metal atom will simply take over the bonds that existed on the
dummy atom in the structure. You can easily verify this when you would place the structure in empty space.
Other multidentate ligands are defined in a similar fashion.

Press space bar and double-click on the metal atom
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Notice that the second ligand appears opposite the existing one.

Modifying the Plane Angle

To change the relative orientation of two bidentate ligands, we can change the plane angle. The planes are
defined by two sets of three atoms, the central one being present in both sets. In this case this will, of
course, be the metal atom.

Select, in order, the two nitrogens on ligand one, the metal atom, and the
nitrogens on the second ligand.
Change the plane angle to 90 degrees using the slider

84



MNiS)-M(2]-Fe(l)-M(17]-N(14) (Degrees):

FCONHC!X.O * V0

In this way, you can easily change the environment around the metal from square planer to tetrahedral. This
feature works as long as you choose the atoms in right order, and if the defined planes can freely rotate
relative to each other.

Step 8: Your own structures library

You can make your own structure library very easily.

By default, user defined structures will be stored in the .scm_gui/Structures directory.
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Defining your structures

To be able to actually use the structures as described earlier, it is necessary to define one of the atoms as
having xyz-coordinates (0,0,0). This will then be the atom that will actually appear at the spot of the atom
that is replaced by the structure. If you use the Save As Structure command this will be done for you.

Select the File - New command
Click No (do not save changes)

Build methane

Replace three of the hydrogens by chloride atoms and pre-optimize

Delete the remaining hydrogen

Select the central carbon atom

Use the Structures tool — Save As Structure ... command

Enter a name like trichloromethyl

Note that the selected atom (currently the C atom) will be used as anchor

& ADFinput 2014.01

SCM  File Edit Select Atoms Bonds View Help

ADF Main | Model Properties Details MultiLevel

B Save Structure As e

Name for structure: |trichloromethy|

Use C(1) as anchor.

Cancel OK |

Spin polarization I 0o

Unrestricted I~ Yes

XC potential in SCF: LDA \d
Relativity (ZORA): Mone -
Basis set DZ v
Frozen core: Large \d
Numerical quality: Normal v

-onnectors, fragment Methane

® C ONHCX O

The new structure will appear in the structures menu and can be directly used.

Using dummy atoms

Dummy ("Xx") atoms are treated differently when used in structures. A dummy atom will not replace an
existing atom when it is defined as the 'replacing atom'. Instead, the double-clicked atom will remain and will
accept the bonds that the dummy atom had in the structure.

Build a methane molecule
Replace the carbon atom by a nitrogen atom
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Select one of the hydrogens and replace it by a dummy atom (the Xx atom type,
in the periodic system)

Select the dummy atom

Save the structure using the Structures tool — Save As Structure ... command

1. 10 connectors

Now you can select the structure from the structures menu and directly use it.

Select your new structure from the structures menu
Double-click on one of the hydrogens

Notice that the hydrogen atom is not removed and that the NH3 group is attached to it. Similar behavior has
been demonstrated with the bidentate ligands, where the dummy atoms are also used.

If you want to clean up your structures, you can use the Structures tool — Manage Structures...
command. If you use it, ADFjobs will open and show the contents of your Structures directory. As the
structures are just (simplified) .adf files, you can open them using ADFinput. And using ADFjobs you can
rename them or delete them.
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Step 9: A sphere of Cu atoms, cut out of the crystal

We start making a Cu crystal, using a super cell so we have many real Cu atoms.

To build the crystal, we need to use the periodic tools. These will work only for programs supporting
periodicity, like DFTB.

Start ADFinput (or use File - New in the currently open ADFinput window)
Switch to DFTB mode (panel bar ADF — DFTB)

Select 'Periodicity: Bulk'

Edit — Crystal — Cubic — fcc

Click OK in the pop-up-window

Edit — Crystal — Generate Super Cell...

Click OK in the pop-up-window

Uncheck View — Periodic — Repeat Unit Cells, so only one unit cell will be shown

& ADFinput 2014.01 = | B )
SCM  File Edit Select Atoms Bonds View Help
DFTB ) Main | Model Properties Details Q
Task: GeometryOptimization |+
Model: DFTB \d
Dispersion: MNone v
Periodicity: Bulk \d
Total charge 0.0
Occupation: Fermi 4
Fermi temperature: 5 K
Parameter directory: - Dresden i
™ Show output Kill Run
MC O N HX. & O = -~

Now we have a block of Cu, with explicit Cu atoms (that is using a super cell). Next we will center this block,
and select a sphere of atoms around the origin.

Make sure the origin is in the center of the block: Edit — Set Origin
Select — Select Atom Close To Origin

Select — Select Within Radius

Click OK
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2 ADFinput 2014.01

S5CM  File Edit Select Atoms Bonds View Help

DETB ) Main | Model Properties Details

Model: DFTB
Dispersion: MNone
Periodicity: Bulk

Total charge

Occupation: Fermi

Fermi temperature:

Parameter directory: -

13 atoms selected

™ Show output

Task GeometryOptimization

0.0

Dresden

A

s

Run

Select — Invert Selection
Press the Backspace key to delete the selected atoms

If it does not respond: click once in the drawing area to focus on it,

press the Backspace key again
Switch to ADF: panel bar DFTB — ADF
Rotate a little

and

As you can see, you have a (very small) sphere consisting of Cu atoms in the molecular ADF program:
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&, ADFinput 2014.01 = | B |

SCM  File Edit Select Atoms Bends View Help

ADF Main | Model Properties Details MultiLevel

Title:

Preset: Single Point A
Task SinglePoint

Total charge 0.0

Spin polarization: 0.0

Unrestricted: I~ Yes

XC potential in SCF: LDA A
Relativity (ZORA): MNone 4
Basis sat Dz v
Frozen core: Large \d
Mumerical quality: Mormal A

®CONHCOX O * o

Obviously, by making a bigger super-cell and selecting atoms within a larger radius you can make bigger
spheres.

Step 10: A carbon nanotube

A small piece of nanotube is included in the molecule database, so you can just search for it and use it.
However, typically one wants some specific nanotube structure. And make it infinite (periodic in one
dimension). This can conveniently be done by importing the structure as found on the web:

Use a web browser to go to the TubeGen nanotube structure generator

Request CIF format as output, leave other options at the default values
Click generate

In the browser windows we get the nanotube structure in CIF format, something like the following:

data nanotube

_audit creation method '(3,3) Nanotube -- TubeGen 3.3, J T Frey,
University of Delaware'

~cell length a 7.4762
_cell length b 7.4762
_cell length c 2.4643
_cell angle alpha 90.00
_cell angle beta 90.00
_cell angle gamma 120.00
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_symmetry space group name H-M 'P 1"
_symmetry Int Tables number 1

loop

_atom _site label

_atom site fract x

_atom site fract y
atom site fract z

C 0.7762 0.5000 0.0000
C 0.8138 0.7061 0.0000
C 0.7762 0.7762 0.5000
C 0.6077 0.8138 0.5000
C 0.5000 0.7762 0.0000
C 0.2939 0.6077 0.0000
C 0.2238 0.5000 0.5000
C 0.1862 0.2939 0.5000
C 0.2238 0.2238 0.0000
C 0.3923 0.1862 0.0000
C 0.5000 0.2238 0.5000
C 0.7061 0.3923 0.5000

Next we want to get this structure into ADFinput:

Select the CIF information in your browser
Copy

Start ADFinput

Edit — Paste.

View — Axes

Rotate to get a good view
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We see a piece of nanotube, repeated in all directions. Actually nine nanotubes are visible.

Notice that the nanotubes are oriented along the Z-axes.

The GUI can handle one-dimensional systems. However, in case of a one dimensional system (a chain) the
lattice vector is always along the X direction. So to change our nanotube in a nice periodic one-dimensional
structure we need to rotate it (including the lattice vectors) such that the tube is along the X-axes.

Use the Edit — Rotate 90 menu command to make the nanotube lie along the X-axes

(hint: rotate around the Y-axes)
Switch to a one-dimensional system (chain)

92



The Rotate 90 command did not only rotate the coordinates of the atoms, but also the lattice vectors. Now
we have a small piece of nanotube (remember it already is repeated 3 times for visualization purposes). This
might be sufficient for your purposes, but it is easy to make a bigger piece:

Edit — Crystal — Generate Super Cell
Click OK to repeat the unit cell 5 times
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Switch to some non-periodic code (like ADF) if you wish to treat this piece of nanotube without infinite
symmetry.

Tutorial 3: Building Crystals and Slabs

In this tutorial we demonstrate the working of several tools that combined give you great flexibility to build
periodic structures.

If you are not interested in periodic structures (for example, if you only use ADF), you can skip this tutorial.
The instruments at your disposal are:

* The crystal structures tool.

* The predefined crystal structures in the database (via the search field).
» CIF file importer.

» Crystal builder from space group information.

» Super cell tool to enlarge the unit cell

+ Slice tool to cut out slabs from any crystal.

94



To use these tools you need to use ADFinput in periodic mode. For example, by switching to the BAND
mode, or by switching to DFTB or Mopac and next changing the periodicity.

The Crystal Structures Tool

If you are lucky your crystal structure is already included in ADFinput. Most of the common structures are
there. NaCl is one of them.

Start ADFinput and switch to BAND (or to DFTB, and switch the periodicity to
'Bulk")

Click on the snowflake like pictogram on the toolbar.

Select a "Cubic" lattice and then NaCl

Periodici
LInrestric
oter
Hexagonal L Cristobalite 1
Monoclinic k CsCl ativity
Orthorhombic r Cubic-F
Tetragonal L Cubic-l
Triclinic r Cubic is 5E
) . )
Trigonal ggpnte ; ben c
iamon
From Space Group... . .
Fluarite neric
Generate Slab... La203
Generate Super Cell... m
Map Atoms To Unit Cell._. Perovskite
Set Cell Center Pyrite
Map Atoms Into Cell 2_”'”;' )
Remove Molecules Qutside Cell incolende
bco
MC O N HX,® O Lol (o

Next a dialog pops up where you can change the parameters of the structure, such as lattice constants
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2 ADFinput 2014.01

SCM  File Edit Bonds

Select Atoms View Help

BAND ) Main

Model Properties Details

Title:
Preset:

Task
@\ Dialog Window

NaCl

Presets

p—
Lattice parameters
a
5.63
basis vectors
0 0 0 Ma —
w2 12 12 | cCl —

Cancel | OK

SCF:

Single Point

SinglePoint

Bulk

I~ Yes

LDA

None

DZ
Large

Maormal

In this case there is no need to change anything.

Click OK

Sometimes a crystal is not directly in the list. An example is LiF. It has the same crystal structure as NaCl,

but other elements and a different lattice constant, namely 4.01:
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2 ADFinput 2014.01

SCM  File Edit Select Atoms Bonds

BAND Main | Model Properties Details

Title:

Preset: Single Point
SinglePoint
&\ Dialog Window
MaCl Bulk
Presets
- ™ Yes
Lattice parameters
a CF: LDA
4.01
None
basis vectors
0
Dz
Large
ity: Normal

Open again the NaCl dialog

Change the lattice constant and the elements as shown
Click OK

The NaCl crystal structure will be replaced by the new LiF crystal structure.

Some crystal structures have more parameters.

Select "Tetragonal" and then "Rutile" from the snowflake tool
Click OK
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&, ADFinput 2014.01 = =

SCM  File Edit Select Atoms Bonds View Help

BAND ) Main

Model Properties Details

&\ Dialog Window
Rutile Single Point —
Presets singlePoint =
_
Lattice parameters Bulk —
a c
459 2.96 - ves
basis parameters
x |03 o -
basis vectors o .
o 0 0 Ti =
102 2 R Ti =]
DZ v
A2+8x 12-5x 12 | O =i
L
12-Gx 12+5x 12 |0 = arge M
B Sx 0 (o} — MNormal v
-5x -fx O o] =]
Cancel K

FCONHX ®O B %

As you can see, it has two lattice parameters that need to be specified. But now also the positions of the
oxygens have a parameter "x"

After clicking 'Ok’ your screen will look like this

98



&, ADFinput 2014.01 PSR x|

SCM  File Edit Select Atoms Bonds View Help

BAND Main | Model Properties Details (@',

Title:
Preset: Single Point v

Task SinglePoint v

Periodicity: Bulk v

Unrestricted I~ Yes

XC potential in SCF: LDA v

Relativity: MNone v

Basis set DZ -
Frozen core: Large v

Numerical quality: Normal v

The Crystal Structures Database

All crystal structures known to the crystal structures tool are also available via the search tool.
Just as you can search for a molecule, you can search for a crystal. So lets make NaCl again:
File — New

Click on the search icon, or press control or command - F

Type 'NaCl' (without the quotes)

You should get a couple of matches:
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PSR x|

S5CM  File Edit Select Atoms Bonds View Help

The Crystal Structures Database
The Crystal Structures Tool

Step 4: Running the calculation
Tutorial 1: with a grain of salt

ClIMa: Halite
C18H27CINO2-1: Dyclone
C18H27CINO2-1: Dyclone
CBHBF3MN30452: Enjit

NaCl
AgBr
AgCl
AgF
Bal

Search:

ADF Main Model Properties Details MultiLevel

Macl

Q
i

Documentation »

Molecules »

Crystals »

Frozen core: Large

Mumerical quality: MNormal

Select the NaCl crystal result (not the molecule!):
Click on the 'NaCl' search result (in the Crystals section)

You now should have a NaCl crystal again.
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S5CM  File Edit Select Atoms Bonds View Help

BAND Main | Model | Properties Details (@',
Regions
+ | Regions Selection
L O ER| 5 2

L= | Nacl ij‘v

Number of atoms imported: 2, formula Cl Na

Currently the structures of many simple crystals are included, as well as a few complex structure (optimized
by MOPAC). The zeolite frameworks are also included as a starting point to make your zeolite structure.

Crystal builder (from space group information)

The structure database is very convenient but by necessity incomplete. A more powerful approach is to build
3D crystals from the space group information. Here we give an example on how to build TiO2 (Rutile) again,
now from its space group.

Open the crystal builder:
Click on the snowflake tool and select "From Space Group"
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Cubic
Hexagonal
Monoclinic
Orthorhombic
Tetragonal
Triclinic
Trigonal

From Space Group...

Generate Slab...
Generate Super Cell...

Map Atoms To Unit Cell...

Set Cell Center

Map Atoms Into Cell

Remaove Molecules Outside Cell

NCTON H X, & O 2ol le H N

i

And the following window pops up
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&, ADFinput 2013.01

SCM  File

Edit  Select

Atoms

f&\ Dialog Window

Bond

rSpace Group

[=[=] =

Mumber: |1
Browse:
2P
Mame
Lattice:  friclinic
rLattice parameter:
a b c alpha beta gamma
s 6 7 g0 82 24
-Coordinat
L+
Elem Site Mult. Coords Parameters =

[~ Conventional Unit Cell

Help

Clusel Apply

MCTONTH X ® P = e

Rutile has the symmetry of space group 136

in the

"Number"

field,

and press return

(enter key on Windows) .
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—3pace Group

134 P42Innm -]
135:P42/mbc

137 P42inmc
138:P42incm j

Mame: P42imnm

Lattice: tetragonal

—Lattice parameters

a c
873 |5.02

—Coordinates

[+]

Elem Site Mult. Coords Parameters

=

[T Conventional Unit Cell

Helpl Close | Applyl

Note how the Browser reflects the change and also how the "Name" and "Lattice" values change

Now set the two lattice parameters as below

Lattice parameters

a C
4.59 2.06

We still need to define the atomic coordinates. For starters click on the plus below "Coordinates"
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~Coordinates
_+ ]
Elem Site Mult. Coords Parameters J
- ||::u —l|k — 16 xyz  x[01234 y[01234 z[01234

=

In a book on crystal structures you can find that Rutile has two sites occupied. The Ti atom is on the "a" site

Select the Ti atom and select the "a" site

Elem Site Mult. Coords Parameters

—|Ti —-|a — 2  0.0.0

The oxygens occupy the "f" site.

Click on the plus to add a site
Change the atom type to "O" and the site to "f"

~Coordinates

L+
Elem Site Mult. Coords Parameters

=]l —|a —2 o000
=]lo —|f — 4 xx0 x[01234

As you can see in the "Coords" column and the "Parameters" column, this site has an undetermined
parameter "x". (It represents a symmetry line for this space group.) In the book you can find that for TiO2

"X=0.3".

Set "x" to 0.3

The final dialog looks like

105



’
&, Dialog Window [

—Space Group
Mumber: 136

Browse:

134: P 42Inn m =]
135:P42imbc

137-P42iInmc
138:P42incm EI

Mame: P42imnm

Lattice: tetragonal

~Lattice parameters
=) C
4.59 12.96

~Coordinates
[+]

Elem Site Mult. Coords Parameters :I
=ljn —a — 2 000
(=10 —|t — 4 xx0 xo3

=

[T conventional Unit Cell

ﬂl Closel ﬂl

Press "Apply" and if that looks any good press "Close"
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Slicer: building slabs

The slicer is a very easy, yet powerful tool to make slabs from any crystal structure.

A three layer slab of the Cu(111) surface

Select fcc from the "Cubic" crystals

The element and lattice constant are already correct for Cu.
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S5CM  File Edit Select Atoms Bonds View Help

BAND Main | Model Properties Details

Title:

Preset: Single Point
Task SinglePoint
Bulk
Face-centered cubic
Presets
- I~ Yes
Lattice parameters
= i SCF: LDA
3.61 None

basis vectors
0 o0 0 Cu — Dz

Cancel | OK

Large

jality: Normal

Press "OK" to generate the Cu lattice
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S5CM  File Edit Select Atoms Bonds View Help

BAND ) Main | Model

Properties Details

Title:
Preset:

Task

Periodicity:

Unrestricted

XC potential in SCF:

Relativity:

Basis set
Frozen core:

Numerical quality:

Single Point

SinglePoint

Bulk

I~ Yes

LDA

None

DZ
Large

Maormal

Let us invoke the slicer tool to cut out the slab. The slice tool icon looks like this: E

Click on the slicer tool icon in the toolbar

The following dialog appears

9\ Dialog Window

===

Miller indices: 0o |0

Mumber of layers: 2

.1

[ cart

Close

esian

o]

Set the Miller indices to (1,1,1)
Select Cartesian
Set the number of layers to 3
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9\ Dialog Window @

Miller indices: 1 1 |1 ™ icaresian

Mumber of layers: H_

Clnsel DKl

The "Cartesian" option is needed because the Miller indices are usually (with cubic lattices) thought in the
conventional unit cell rather than the primitive (minimal) unit cell.

Press OK

After pressing OK you will see (from the top)

You may want to rotate it or press the side view buttons in the toolbar to convince yourself that it is a three
layer slab.
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Enlarging the unit cell

Thus far, we have always created primitive unit cells: the smallest possible. Quite often you want to use a
larger, less symmetric unit cell. You can do this for chains, slabs, and crystals, but we will demonstrate how
it works for a slab.

We will continue to work with the 3-layer Cu slab:

Select the Edit — Crystal - Generate Super Cell... command

Thus invoking the Super Cell Tool
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SCM  File Edit Select

Atoms Bonds  View Help

BAND Main | Model Properties Details

Title:

Preset: Single Point v

Task SinglePoint v
&, Dialog Window
Slab v
Super Call
Preset: —
[~ ves
5 [0
0 |5
‘ LDA v
Cancel 0K|
‘ None i
Basis set DZ -
Frozen core: Large v
Numerical quality: Normal v

Here you see how new lattice vectors are expressed in terms of old ones. Because we have a slab this is a
2x2 matrix.

Select the "sqgrt(3) x sgrt(3)" option from the "Preset" menu

Super Cell

F'reset:| sqri(3) x sqri(3) —
2 1
-1 |2

Cancel | Ul{l

The matrix has now changed into 2,-1,-1,2.

Press OK

and you get a unit cell with three atoms per layer:
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Close ADFinput

Tutorial 4: Excitation energies and UV/Vis spectrum of ethene

First you will construct an ethene molecule and optimize its geometry. As this is basically the same
procedure as in Tutorial 1, only short instructions will be given.

Next you will set up the calculation of excitation energies, and let ADF perform the calculation.

Finally, using ADFlevels, ADFspectra and ADFview, you will examine the results.

Step 1: Start ADFinput

For this tutorial we again prefer to work in the Tutorial directory.

You know how to start ADFjobs (in your home directory), and move to the Tutorial directory:
cd $HOME

Start ADFjobs

Click on the Tutorial folder icon

Next start ADFinput using the SCM menu:

Select the SCM — New Input command

Note that if you start ADFinput via the SCM menu you will start ADFinput without loading a job. If you wish to
open ADFinput for a particular job, click on the 'ADF' button in front of it.

For the View command (and Movie, Levels, and so on) the behavior is different: it will immediately load the

job that is selected in ADFjobs.

Step 2: Create your ethene molecule

First we construct an ethene molecule, and pre-optimize its geometry:
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Select the C-tool by clicking on the button with the 'C'
Select the Double bond mode Bond tool — Double
(or use the shortcut: press the '2' - key)
Click somewhere in the drawing area to create a carbon atom
Click again to create a second carbon atom (with a double bond)
Click on the just created Carbon atom to stop bonding
Select the Atoms — Add Hydrogen command
Click the cog wheel to pre-optimize

Your ethene molecule should look something like this:

tion converged: Iteration 3, energy 0.00023069 Hartree

Step 3: Optimize the geometry
The next step is to optimize the geometry using ADF:

Enter a title in the Title field (like 'Ethene')
Select the 'Geometry Optimization' preset
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ADF ' Main

Model Properties Details MultiLevel Q

Title: [Ethene
Preset: | Geometry Optimization | =
Task: GeometryOptimization

Total charge: 0.0
Spin polarization: 0.0

Unrestricted: [ Yes

XC potential in SCF: LDA -
Relativity (ZORA): Mone -
Basis set: DZ r
Frozen core: Large -
Mumerical quality: Mormal -

With the proper options selected, now run ADF:

Select the File - Run command

Click 'Yes' in the pop-up to save the current input
In the file select box, choose a name for your file

(for example 'ethene') and click 'Save'

Now ADF will start automatically, and you can follow the calculation using the logfile that is automatically
shown.

Wait until the optimization is ready (should take very little time)

The following dialog should appear:
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:I Read new coordinates from X/ ADF_DATA Tutorial/ethenet21?

Yes Mo

Click 'Yes' to update the coordinates
Step 4: Calculate the excitation energies

Select calculations options

To set up the calculation of the excitation spectrum:

Adjust the title to something like 'Ethene excitations'
Select the 'Single Point' preset
Use the panel bar Properties — Excitations (UV/Vis), CD command to go to the

Excitations panel
For the 'Type of excitations' option, Select 'Singlet and Triplet'

ADF  Main Hu-del‘ Properties ‘ Details MultiLevel Q

Excitations, CD

Type of excitations: SingletAndTriplet -

Method: Dravidson -

Mumber of excitations:

Select Excitations

Welocity representation: ™ Yes
Spin-flip excitations: I Yes
Calculate rotatory strengths (CD): ™ Yes
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For the tutorial this set up is fine, normally you would also need to select an XC potential that gives better
results, for example SAOP.

Run the calculation

Now everything is ready to actually run ADF. Before running we will save the current input in a different file
(though this is not really required):

Select File — Save As...

Enter a filename (ethene-exci) and click 'Save'
Select File - Run

Wait for the calculation to finish

Step 5: Results of your calculation

Logfile: ADFtail

The logfile shows you that the calculation has finished, and that indeed the excitation code has been
running:

Select SCM — Lodfile
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SCM  File Edit Help

<Mar20-2013> <19:02:48>
<Mar20-2013> <19:02:48>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:45>
<Mar20-2013> <19:02:49>
<Mar20-2013> <19:02:49>
<Mar20-2013> <19:02:49>
<Mar20-2013> <19:02:49>
<Mar20-2013> <19:02:49>
<Mar20-2013> <19:02:50>
<Mar20-2013> <19:02:50>
<Mar20-2013> <19:02:50>
<Mar20-2013> <19:02:50>

Cycle:
Converged.
55 BZ.u
Cycle:
Cycle:
Cycle:
Cycle:
Converged.
55 B3.u
Cycle:
Cycle:
Cycle:
Cycle:
Converged.
5T Bl.g
Cycle:
Cycle:
Cycle:
Converged.
5T BZ.g
Cycle:
Cycle:
Converged.
5T B3.g
Cycle:
Cycle:
Converged.
5T LE.u
Cycle:
Cycle:
Converged.
5T Bl.u
Cycle:
Cycle:
Converged.
5T BZ.u
Cycle:
Cycle:
Cycle:
Converged.
5T B3.u
Cycle:
Cycle:
Cycle:
Converged.

MaxErr:

MaxErr:
MaxErr:
MaxErr:
MaxErr:

MaxErr:
MaxErr:
MaxErr:
MaxErr:

MaxErr:
MaxErr:
MaxErr:

MaxErr:
MaxErr:

MaxErr:
MaxErr:

MaxErr:
MaxErr:

MaxErr:
MaxErr:

MaxErr:
MaxErr:
MaxErr:

MaxErr:
MaxErr:
MaxErr:

NOBMAT. TERMINATION

END

DENSF 2013.01 FunTime: Mar20-2013 19:02:50 HNodes: 1

NOBMAT. TERMINATION

END

Job ethene-exci has finished

0.0000000

0.00527681
0.0002776
0.0000016
0.0000000

0.0364425
0.0003772
0.0000042
0.0000000

0.0007760
0.0000043
0.0000000

0.0004363
0.0000002

0.0000681
0.0000000

0.0004527
0.0000004

0.0002766
0.0000002

0.0018783
0.0000088
0.0000000

0.0023976
0.0000164
0.0000000

Procsa: 1

Energy levels: level diagram and DOS

Select SCM — Levels
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Q\ ADFlevels: ethene-exci.t21

Hartree

0.7 1

0.6 1

0.5 1

SCM  File Axes View Help

0.4 1

0.3

0.2 1

0.1+

0.0 1

0.1

-0.3 1

-0.4 4

-0.5 A

-0.6

-0.7 A

-0.8

-0.9 4

02 —H— _

C (ethene-exci)

:II_,

ethene-exci

H (ethene-exci)

In this level diagram you can see that the HOMO and LUMO consist mainly of carbon p orbitals. It is also

easy to see what orbitals the hydrogens take part in.

Note that the carbon and hydrogen stacks show all carbon and hydrogen atoms at once: they show the
fragment type. ADFlevels can also show the individual fragments but when using atomic fragments you will
get too many fragments. In this particular case symmetry is used, and since there is only one symmetry
unique carbon atom and only one symmetry unique hydrogen atom you still would see only one stack per

atom type.

Select SCM — DOS

In the ADFdos window:

View — Add Graph

Select one hydrogen atom
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SCM  File Edit View Help

DOS HE)

o
S
I

o ad

T T T T T T T T
-12 -0.9 -0.6 -0.3 0.0 03 0.6 09

Energy (Hartree)

Dos Total DOS

24 H
20
16 —
12
08 —
04 —

T T T T T T T T
12 -0.9 -0.6 -0.3 0.0 0.3 0.6 049

Energy (Hartree)

nnectors

In these plots you can see that the partial DOS for the hydrogen atoms have no contribution to the HOMO.
By right clicking on an atom you can also show partial DOS graphs with contribution from selected atoms
and selected L-values only.

Excitation spectrum: ADFspectra

Select SCM — Spectra

ADFspectra will start and show the calculated excitation spectrum.

.
9\ADFspectra:ethene-exthZl |‘:' El ﬁ]
SCM  File Spectra Axes Help 1-»1:Blg 1-»1:B2g 1-»1:B3.g 1-»1:Au 1-»>1:Blw 1->1:B2u 1-»1:B3.u 1-»3:Bl.g 1-»3:B2.g 1-»3:B3.g9 1-»3:Au
1-»3Blu 1->3:B2u  1-»3:B3.u
Oscillator strength (3.u.)
0.36 -
03 -
0.24
0.18 —
012
0.06 —
00 T T I — 1 T -
T T T I T T T
0.15 0.2 0.25 03 0.35 0.4 0.45
Energy (Hariree)
Scaling factor: |1.0  Offset |0.0 Gaussian Fixed Height — Peakwidth: |0.005

When moving the mouse above a peak a pop-up will give you more information about that peak:

Move the mouse above the largest peak and hold it there
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Singlet-Singlet 1B3.u

Energy c0.312121 Hartree
Cscillator strength : 0.372245
Transition dipole moment: -1.337510.00.0

Composition (major contributions);
96.1% 1b1.u-= 1b2.g, dipole contr: ( -1.659523000 0.00000000 0.00000000)
1.0% 1b3.u-= 3a.g, dipole contr: { -0.00889203 0.00000000 0.00000000)
0.8% 2a.g-= 3b3.u, dipole contr: { 0.16153400 0.00000000 0.00000000)
0.6% 1b2.u-=2b1.g, dipole contr: { -0.03477780 0.00000000 0.00000000)
0.4% 1b1.0 -= 3bZ.u, dipole contr: { 0.10460400 0.00000000 0.00000000)
0.3% Za.g-= 4b3.u, dipole contr: { 0.05936610 -0.00000000 -0.00000000)
0.2% 1b1.u-=2bZ g, dipole contr: {-0.02819120 0.00000000 0.00000000)
0.2% 1a.g-=2b3.u, dipole contr: {-0.00279697 0.00000000 0.00000000)
0.1% 1b1.g = 2bZ.u, dipole contr: { 0.04469510 -0.00000000 -0.00000000)

The composition of the excitation in terms of orbital transitions is listed in the pop-up. If you move the mouse
inside the pop-up and click on a line the corresponding orbitals will be shown using ADFview:

Move the mouse inside the pop-up and click on the line with the major
contribution

B, ADFview: SCF_B1lu_1 = liE I&h ADFview: SCF_B2.g_1 S NETH S

5CM  File Add Fields View Properties Help

SCM  File Add Fields View Properties Help

Close the two windows showing the orbitals using File — Close in both windows

Orbitals, orbital selection panel: ADFview

We will now use ADFview to examine the orbitals. Not just one, but have a look at many of them. To do that
ADFview has a simple method to make something similar to an 'orbital selection’ panel: you can tear off the
orbital menus!

Select SCM — View
Select Properties -~ HOMO
Click on the field selector pull-down in the control bar for the HOMO (reading
SCF Bl.u 1: ...),
select Orbitals (occupied)> > 1 —-------- (the dashed line)
The menu will tear off, place it at a convenient location
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SCM  File Add Fields View Properties Help

SCF_Ag 1: 20 -0.7065
SCF_B3.u 1: 2.0 -0.5319
SCF_B2.u 1: 2.0 -0.4405
SCF_Ag 2 20 -0.3956
SCF_B1.g 1. 2.0 -0.3245
v SCF_B1u 1: 2.0 -0.2667

W~ lsosurface: Double SCF_B1.u 1: 2.0 -0.2667

Now you can just click on the different orbitals in the torn-off menu, and very quickly examine those orbitals:

Click on all of the orbitals in the torn-off menu, one by one, and observe the
orbitals
Click again on them

When you click the first time on an orbital, its values need to be calculated and then the orbital is shown.
When you click for a second time on an orbital in the list, it has already been calculated (indicated by the
check mark). And thus it shows immediately.
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SCM  File Add Fields View Properties Help

SCF_Ag 1: 20 -0.7065
SCF_B3.u 1: 2.0 -0.5319
SCF_B2.u 1: 2.0 -0.4405
SCF_Ag 2 20 -0.3956
SCF_B1.g 1. 2.0 -0.3245
SCF_B1u 1: 2.0 -0.2667

W~ lsosurface: Double SCF_B2u 1: 2.0 -0.4405

@\ ADFview: ethene-exci.t21 = | = 22

SCM  File Add Fields View Properties Help

SCF_Ag 1: 20 -0.7065
SCF_B3.u 1: 2.0 -0.5319
SCF_B2.u 1. 2.0 -0.4405
SCF_Ag 20 2.0 -0.3956
SCF_B1.g 1. 2.0 -0.3245
SCF_B1u 1. 2.0 -0.2667

W T lIsosurface: Double SCF_Ag 1. 20 -0.7065
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SCM  File Add Fields View Properties Help

SCF_Ag 1: 20 -0.7065
SCF_B3.u 1: 2.0 -0.5319
SCF_B2.u 1: 2.0 -0.4405
SCF_Ag 2 20 -0.3956
SCF_B1.g 1. 2.0 -0.3245
SCF_B1u 1: 2.0 -0.2667

v -

Isosurface: Double SCF_B1g 1: 20 -0.3245

Close the torn off menu by clicking in its close box

In the same way you can tear off many menus in the GUI, for example to select virtual orbitals. Not only in
the ADFview control bars, but also from the main menu bar. Anywhere you see the dashed menu line.

Close ADFview: File — Close

Transition density: ADFview

You can use ADFview to view orbitals etc, but also to have a look at the transition density. At this moment
ADFview cannot generate this field automatically, it needs to be calculated first using DENSF. The ADFinput
defaults are such that if you perform an excitation calculation, DENSF will automatically calculate the
corresponding transitions densities. So we will start ADFview and next load the .t41 file generated by
DENSF:

Select
Select
Select
In the
at the
Select
Click

SCM — View

File — New

File — Open
file-select pop-up,
bottom

the .t4l file from your calculation
'Open'’'

choose to see all .t4l files using the pop-up menu

(ethene-exci.t4l)

Select Add — Isosurface: Double (+/-)

In the field pull-down menu (in the control line for the double isosurface) you will now find an entry "Transition
Density', and if you select that you will find all transition densities that are available.
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SCM  File Add Fields View Properties Help

TransDens_S53 B1.g_Coulpot_1
TransDens_SS_B1.g_Fitdensity_1
TransDens_SS_B2.g_Coulpot_1
TransDens_SS_B2.g_Fitdensity_1
TransDens_SS_B2.0_Coulpot_2
TransDens_SS_B2.g_Fitdensity_2
TransDens_SS_B3.g_Coulpot_1
TransDens_SS_B3.g_Fitdensity_1
TransDens_SS_B3.0_Coulpot_2
TransDens_SS_B3.g_Fitdensity_2
TransDens_SS_Au_Coulpot_1
TransDens_S55_Au_Fitdensity_1
TransDens_SS_B1.u_Coulpot_1
TransDens_SS_B1.u_Fitdensity_1
TransDens_SS_B2.u_Coulpot_1
TransDens_55_B2.u_Fitdensity_1
TransDens_SS_B3 u_Coulpot_1
TransDens_SS_B3.u_Fitdensity_1
TransDens_S5_B3.u_Coulpot 2
TransDens_S5_B3.u_Fitdensity_2
TransDens_ST_B1.g_Coulpot_1
TransDens_ST_B1.g_Fitdensity_1
TransDens_ST_B2.g_Coulpot_1
TransDens_ST_B2.g_Fitdensity_1
TransDens_ST_B2.g_Coulpot_2
TransDens_ST_B2.g_Fitdensity_2
TransDens_ST_B3.g_Coulpot_1
TransDens_ST_B3.g_Fitdensity_1
TransDens_ST_B3.g_Coulpot_2
TransDens_ST_B3.g_Fitdensity_2

W 7 Isosurface: Double

LR L € € € € € X € € € €€ € € € € € € € € € € € € € < < <

In this case lets select the transition density that belongs to the biggest peak: the Singlet-Singlet 1B3u
excitation:

Select the Transition Density — TransDens_SS_B3.u_Fitdensity_ 1 field

Change the iso value to 0.003
Rotate the molecule a little
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SCM  File Add Fields View Properties Help

W = lIsosurface: Double TransDens_SS5_B3.u_Fitdensity_1 0.003

The resolution is rather coarse, you can use interpolation to get a better picture. Changing the grid has no
effect in this case as you are visualizing a .t41 file, which is just data on a grid (in binary form).

Fields — Interpolated

Select the Transition Density — TransDens_SS_B3.u_Fitdensity_1 field in the I-1 line
In the Isosurface: Double line, change the field to I-1 (in the Other category
in the field selector)
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SCM  File Add Fields View Properties Help

W T lIsosurface: Double -1 0.003
-1 Field: Interpolated TransDens_S5_B3.u_Fitdensity_1 Cubic Factor: |2.0
\ y
ADF Output

Using the output browser you can find all details about your excitation calculation. Use the menu to jump to
the relevant part of output:

Select SCM — Output
Select Response Properties — All Singlet-Singlet Excitation Energies
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B, ADFoutput: ethene-exci.out = | B |

SCM  File Edit Help lterations Properties Response Properties Other Properties  Section

211 STINGLET-STNGLET excitation energies

no. Efa.u. E/eV b SYymmeETEY
il 0.28660 7.79886 0.000 Bl.g
2 0.29837 8.11%08 0.7211E-01 B3.u
&5 0.31231 B.49828 0.3729 Bl.u
4: 0.33676 9.16374 0.000 Bl.g
55 0.34422 9.36660 0.000 B2.g
[ H 0.35804 9.74285 0.000 B3.g
7z 0.36047 9.80830 0.000 B2.g
a: 0.40177 10.93272 0.000 B.u
9: 0.40847 11.06057 0.1956 BZ.u
10: 0.41086 11.18001  0.3285 Bl.u

**%%% STARTING CALCULATION OF SINGLET-TRIFLET EXCITATION ENERGIE EEEREE

[Eigenvalues of small (approximate) problem

i, eigenvalue(i) in dwdson 1 0.2689107520E+00

i, eigenvalue(i) in dwdson 2 0.3287447242E+00
[Eigenvalues of small (approximate) problem

i, eigenvalue(i) in dwdscon 1 0.2688454803E+00

i, eigenvalue({i) in dwdson 2 0.3286424105E+00
[Eigenvalues of small (approximate) problem

i, eigenvalue({i) in dwvdson 1 0.2688454579E+00

i, eigenvalue({i) in dwdson 2 0.3286423791E+00
+ *
= Final excitation energies from Davidson algorithm =
+ *

Hurber of loops in Davidson routine
Hurber of matrix-vector multiplications
Type of excitations = SINGLET-TRIPLET

nmn
w

Symmetry Bl.g

Excitation energies E in a.u. and €V, 4E wrt prev. cycle,
o3cillator strengths f in a.u.

T

S o ® saTr £ AT ia .

Q

KFBrowser

Most result of the calculation are saved to the KF result file (the .t21 file for an ADF calculation). You can
inspect the contents of KF files using the KFBrowser. The KFBrowser is a very recent development,
feedback and bug reports (there will be bugs ...) are welcome!

The KFBrowser gets the raw data out of the result file, and presents a selection of that might be of interest
for users. Over time more results will probably be added to newer versions of the KFBrowser.

It also gives access to all raw data in the result files. This feature is intended for developers only.
Select SCM — KFBrowser
In the KFBrowser window that appears:

Click on the arrow in front of Excitations
Click on the arrow in front of Energies (Hartee) (in the Excitations section)
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s ~
B KFBrowser: ethene-excit21 E@ﬂ

S5CM  File Edit View Graph
» Calculation

» Charges and Spin Densities
» Mulitpoles
» Orbitals

» Energies

-

Energy details

-

Gradients
« Excitations

+» Energies (Hartree):

ST Bl.u 1 : 0.17%8
ST Bl.g 1 : 0.2688
S5 Bl.g_ 1 : 0.2866
ST B3.u 1 : 0.2883
55 B3.u 1 : 0.2984
S5 Bl.u 1 : 0.3123
ST Bl.g 2 : 0.3286
ST B2.g_1 : 0.3302
S5 Bl.g_ 2 : 0.3368
ST B2.g_2 : 0.3370
ST B3.g_1 : 0.3432
55 B2.g_1 : 0.3442
S5 B3.g_1 : 0.3580
§5 B2.g_2 : 0.3605
ST Bl.u 2 : 0.3741
5T B2.u 1 : 0.3831
5T R.u_1 : 0.3836
55 R.u_1 : 0.4018
55 B2.u 1 : 0.4065
55 Bl.u 2 : 0.4109
» Labels:

» Oscillator strengths:

» Nuclear properties

Q

If you click on the name of the property you can select it. Next you can copy it, and paste it for example in
Excel:

Click on "Energies (Hartree)"

Copy (from the Edit menu or the usual shortcut)
Open Excel or some text editor

Paste

After pasting you should have your results nicely formatted in Excel or in some text document. Note that the
values are tab-separated, so pasting into Excel will automatically put the data (energies) in cells.
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A B C D E F
1 Excitation Energies Hartree
2 5TBlu_1 0.1801
3 5TBlg 1 0.2689
4 55Blpg 1 0.2864
5 5TB2.u_1 0.2902
5] 55B2.u_1l 0.2994
7 55Blu_l 0.3122
8 5TBlg 2 0.3308
9 5TB3.g 1 0.3321

10 STB3.g 2 0.3373
11 55Blg 2 0.3389
12 STB2g 1 0.2448
13 55B3.g 1 0.3465
14 S5B2g 1 0.3593
15 55B3.g 2 0.3608
16 STBLu 2 0.3759
17 STAw 1 0.3839
18 STB3.u_ 1 0.3249
13 55A.u_1 0.4019
20 SSB3u 1l 0.4087
21 55BLu_2 0.4134
22

23

24

In a similar way you can copy/paste other results. Or even all results:

In the KFBrowser window:

Edit — Select All

Edit — Copy

In the Excel or text editor window:
Paste

All results should be nicely formatted in your text document or spreadsheet:
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A B C D E F G H

1 General Title Ethene excitations

2 General LicensedtSCM Tutorial License /SCM [/ Amsterdam / NETHERLAMDS
3 General SCM Userlulldls

4 Molecule Molecular  28.0313 Dalton

5 Molecule Mumber o 6

6 Molecule Geometry Angstrom

7 C 1] 0 0.665181
& C 1] 0 -0.060518
9 H 0 -0.93516 -1.238B3
10 H 0 0935159 -1.2383
11 H 0 -0.93516 1.238295
12 H 0 0.935159 1.238299
13 |Molecule Atom labels

14 c(1)

15 c(2)

16 H(3)

17 H(4)

18 H(5)

19 H(6)

20 |Symmetry Molecular D{2H)

21 Symmetry Point grow D{2H)

22 |symmetry lrreps AgB2gB3.gBl.uB2.uB3.u
23 Calculatio Type SIMGLE POINT

24 |Calculatio Integratio 4

25 Calculatio Integratio 4

26 |Calculatio Integratio 4

27 Energy de Crbital iniHartree

28 A.g -1.08051
29 B2.g 0.0328198
30 B3.g -0.78101
31 Bl.u -1.24558
32 B2.u -0.78392
23 B3.u -0.40731
34 Calculatio Becke inte NORMAL

[EX]
Ln

Energy de First-orde 0.001349 Hartree

36 Calculatio SCF status CONVERGED
37 Gradients Gradients Hartree/Bohr
38 1] 1] 1]
29 1] 1] 1]

Another feature of the KFBrowser is that it can show results in simple graphs:
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Close the KFBrowser window
Open it again SCM — KFBrowser
Open the Charges section
Click on Mulliken
Shift-click on MDC-Q (e)
Use the Graph — Selection As Graph command (or double click on the selection)

(e)

A window should appear that shows the selected results, charges in this case:

7
Q\ Charges

= B e |

Save Graph... |

124

084

061

044

0.2

-0.2

04

Graph style: 4 | »

(IR JR3AT

Mulliken

Hirshfeld |

Voronoi Initial
Vorenei SCF X
\uforonR.llI deformation

MDC-
MDC-
MDC-

D
Q

ca)

Ci2)

HE) H4) HEG)

You can use the Graph style buttons to switch to different graph types (XY, Bars or Piechart).

Switch to the KFBrowser window

Open the Energies section

Select all energies (click on first,
Double click on the selection

shift-click on last energy)

132



V ™Y
B Energies E@g
Save Graph...l Graph style: 4 | »

Orbital interaction
-4.264039 Hartree

Electrostatic interaction
-0.625823 Hartree

Coulemb (Steric+ Orblnt) energy
-0.668995 Hartree

Bond energy
-1.196890 Hartree

XC energy
-1.061542 Hartree

Kinectic energy
+1.159471 Hartree

Steric interaction
+3.067148 Hartree

auli repulsion
+3,682971 Hartree

——————————————————————————————————

Finally two features that are intended for developers and expert users: the KFBrowser module can also
show the raw data on the result file, and it can dump a KF file as a plain text file. To activate the expert
mode, use the File — Expert Mode menu command. To save the contents of the result file as a text file
using the File — Save As ASCII... command.

Step 6: Excited state geometry optimization and excited state density

With ADF you can also optimize the geometry of some selected excited state. It depends on your application
which state to optimize, in this tutorial we will pick the state corresponding to the largest peak in the UV/Vis
spectrum.

Determine the name of the excited state corresponding with the largest peak in
ADFspectra (1B3.u)

If your molecule has a different symmetry the name may be different!

In ADFjobs: click on the ADF button in front of the ethene-exci job

ADFInput should open with the ethene-exci job (or come to the front if already open).

Select the Geometry Optimization preset

Select Frozen Core: None

Open the Excited State Geometry panel in the Properties menu
Enter the excited state to optimize (1B3.u)
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File — Save As...
Save the file with a name like 'ethene-exci-1B3u'

File — Run

With ADFmovie you can see how the excited state geometry is different from the ground state geometry:
Wait for the calculation to finish

SCM — Movie

Observe how the geometry changes

With ADFmovie you san see how the excited state density is different from the ground state density:
SCM — View

Add — Isosurface: Double (+/-)

In the field select menu on the bottom: select Excited State — Difference Density
Change the isovalue to 0.0003

Fields — Grid —» Medium to get a better quality

Now you see how the excited state density differs from the ground state density (for this geometry)

& ADFview: ethene-exci-1B1u.t21 = | -

SCM  File Add Fields View Properties Help

¥ ~ lsosurface: Double Difference Density 0.0003

If you wish to see the excited state density, you can do this using a Calculated field (add the ground state
density to the difference density).
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Closing the ADF-GUI modules

To close all modules for your excitations calculation at once, use the Close command from the SCM menu:
Select SCM — Quit

Close will close all open modules that have your current job loaded, except ADFjobs. The Close All
command will close every ADF-GUI module, including ADFjobs:

Select SCM — Quit All

All ADF-GUI modules (and BAND-GUI modules if any) should be closed.

Tutorial 5: Vibrational frequencies and IR spectrum of ethane

Step 1: Start ADFinput

For this tutorial we again prefer to work in the Tutorial directory:

cd $SHOME

Start ADFjobs

Click on the Tutorial folder icon
Start ADFinput using the SCM menu

Step 2: Create your ethane molecule

Next we create an ethane molecule. This is almost identical to making ethanol:

Select the C-tool

Click once to make a carbon atom

Click again to make a second carbon atom

Select Atoms — Add Hydrogens

And do it again: ... add hydrogens

Click the pre-optimize button (the cog wheel)

Click the Symmetrize button (the button with the star, on the bottom toolbar)

You need to add hydrogen twice: the first time one carbon atom was selected. Thus, the 'Add Hydrogen'
command added the hydrogen to that selected atom only. By repeating the '"Add Hydrogen' command the
hydrogens are added in all possible places.

Alternatively, you can, after placing the second atom, click on that atom to finish using the C-tool. In this
case none of the carbon atoms will be selected and you can easily add all the hydrogens at the same time.

The symmetrization should have enforced perfect D3d symmetry, using the Symmol program. The Symmol

program has been developed by Pilati and Forni, see the balloon help on that button for details..

Step 3: Optimize the geometry

Now optimize the geometry using ADF, as in the second tutorial:
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Enter a title (like 'Ethane')

Select the 'Geometry Optimization' preset

Select File » Run

Save your input with a nice name ('ethane')

Wait for the calculation to finish (check the logfile)

In the dialog that appears, click Yes to import the optimized geometry

Step 4: Calculate the vibrational frequencies of ethane
Now we will set up and run the frequencies calculation. It is important to start with the optimized structure, so
make sure you did import the optimized coordinates (the last step of the previous instructions).

Select the 'Frequencies' preset
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ADF Main | Model Properties Details MultiLevel Q

Title: Ethane
Preset: Frequencies -
Task: Frequencies

Tuotal charge: 0.0
Spin polarization: 0.0

Unrestricted: I Yes

KC potential in SCF: LDA -
Relativity (ZORA): Mone -
Basis set: DZ -
Frozen core: Large -
Mumerical quality: Mormal -

For the tutorial we will use the default XC potential. For better results you should select a better XC
potential.

Select File — Run

Click 'OK' to save over the previous version

Click 'Yes' when ADFjobs warns that results are already present
Wait for the calculation to finish

Step 5: Results of your calculation

Logfile: ADFtail

When the calculation is finished the end of your logfile will look something like this:
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’
2 ADFtail: ethane.logfile

SCM  File Edit

<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013>
<Mar24-2013» «€12:05:43>
<Mar24-2013> «<12:05:43>
Job ethane has finished

Help

<12:05:28>
<12:05:29>
<12:05:29>
<12:05:29>
<12:05:29>
<12:05:29>
<12:05:29>
<12:05:30>
<12:05:30>
<12:05:30>
<12:05:30>
<12:05:30>
<12:05:30>
<12:05:30>
<12:05:30>
<12:05:30>
<12:05:31>
<12:05:31>
<12:05:31>
<12:05:31>
<12:05:31>
<12:05:31>
<12:05:31>
<12:05:31>
<12:05:31>
<12:05:31>
<12:05:32>
<12:05:32>
<12:05:32>
<12:05:32>
<12:05:32>
<12:05:32>
<12:05:32>
<12:05:33>
<12:05:33>
<12:05:33>
<12:05:33>
<12:05:34>
<12:05:35>
<12:05:38>
<12:05:41>
<12:05:42>

ADF 2013.01 PunTime: Mar24-2013 12:05:29
Ethane
RunType 8
Net Charge:
Symmetry =
»>>>> FRAGM
»>>>> CORORT
>33 FITINT
»>>> CLSMAT
>»>> ORTHON
»>>>> GENPT
Block Length= 127
»>>>> PTBAS
»»»» CYCLE

1

SINGLE POINT
0 {HNuclei minus Electrons)
D(3D)

ErrMat
ErrMat
ErrMat
ErrMat
ErrMat
ErrMat
ErrMat
SCF converged
9 ErrMat
>>3> TOTEN
>>>> POPRAN
»>>> DEBYE
>>>> BMETS
Bond Energy
Bond Energy
Bond Energy
»>>»> POPUL
>>>> ENGRRD
»»>> ENHESS
»»»> FITINT
»>»>» FIT Al COEFO01
»>>>> FITINT
=== NUCLEUS: 1
=== NUCLEUS: =
»>»»> CALC HESS FMAT
»>>> CRLC HES5S WMAT
NOBMRI. TERMINATION
END

0.94325833
0.47154314
0.05641215
0.00074640
0.00014850
0.00001045
0.00000006

MaxEl
MaxEl
MaxEl
MaxEl
MaxEl
MaxEl
MaxEl

0.31926387
0.15348110
-0.01640700
-0.00036379
0.00005417
-0.00000408
0.00000002

o -1 &n O b L kD

0.00000001 MaxEl 0.00000000

-1.51932911 a.u.
-41.34304865 eV
-953.39 kcal/mol

Nodes:

1 Procs: 4

At the end ADF calculates the force constants for the vibrations.

IR-spectrum (vibrational spectrum): ADFspectra with normal mode selector and

ADFmovie

Select SCM — Spectra
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B ADFspectra: ethanet21 = [
SCM  File Spectra Axes Help View Alg Elg-1

Elg-2 Alu AZu Eu-l1 Eu-2

IR Intensity (km/maole)

20

a0

40 |

50 —

60 —f

3500 3000 2500 2000 1500 1000 500 0
Frequency (1/cm)

Scaling factor: 1.0 Offset: |0.0 Lorentzian Fixed Height — Peak width: |50.0

On the left side of the window the molecule (Ethane) is shown.

On the right side the IR spectrum is shown. You can save a picture (of the IR spectrum) to use in other
programs using the 'Save Postscript' command from the 'File' menu. Alternatively, you may export the xy
coordinates of the spectrum to a plain text file for you own graphing application.

If you move the mouse pointer above the spectrum you will get more information about the peaks in pop-up
windows:

Move the mouse pointer above the largest peak and keep it there

S

| E1g-1_2 Frequency: 1479 1/cm, IR intensity:  0.00 kmimaole

2000 150E1g-2_2 Frequency: 1479 1/cm, IR intensity: 0.00 km/mole
wency (Tiem)y  E1u-1_2 Frequency: 1468 1/cm, IR intensity: 31.32 kmi/mole
E1u-2_2 Frequency: 1468 1/cm, IR intensity: 31.32 kmimaole

\zian Fixed Height —! Peak width: [50.0 |J
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The list of normal modes contributing to the IR peak will show up. By clicking the mouse button at this point,
the first of these modes will be showb by animating the ethane molecule on the left. Alternatively, pressing
and holding the mouse button down, a list of these modes with their symmetry labels will show up:

Press and hold down the mouse on the largest peak

El1g-1_2 T
15 Eig-2 2 500
) Elu-1_2
Elu-2_2
1eig gth: (50.0
—  ShowAll

Choosing one of the modes from the the pop-up list, you can visualize only the corresponding mode.

Select one of the modes in the pop-up menu

(not the Show All)

9\ ADFspectra: ethane.t21

(50, S

SCM  File Spectra Axes Help View Alg

mode E1u-1_2 Fregquenc

Elg-l Elg-2 Alu

A2u Hul Hu-2

IR Intensity (km/mole)

0.00

10,0

200

30,0

400

50.0

60.0 —

-

3500

Scaling factor: |1.0

I
3000

Offset 0.0

I
2500 2000

Frequency (1/cm)

Lorentzian Fixed Height — Peak width: |50.0

1500

1000 500

0

The corresponding normal mode should be shown on the left.

To view another normal mode, most conveniently use the left and right arrow keys to move through them.
Alternatively, you can show another mode just as you showed the first mode (click on a peak, or use the

pop-up menu).

You can make the displacements larger or smaller via menu commands. Or, more conveniently, use the up
and down arrow keys on the keyboard. And you can show the normal mode as vectors:
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Use arrow up key repeatedly to make the displacements larger

Use arrow down key repeatedly to make the displacements smaller

Use the left and right arrow keys to switch between modes

Use the View — Displacement Vectors to visualize the normal mode with vectors

9\ ADFspectra: ethane.t21

SCM  File Spectra Axes Help View Alg

mode E1u-1_2 Frequenc

Elg-1 Elg-2 Alu A2u Hul Hu-2

IR Intensity (km/mole)

0.00

100

200

30,0

400 —

50.0

60.0 —

I I
3500 3000

Scaling factor: |1.0  Offset: |0.0

I I
2500 2000

I I I I
1500 1000 500 0

Frequency (1/cm)

Lorentzian Fixed Height — Peak width: |50.0

You can make the vectors larger or smaller using the same ctrl/cmd-L/K, or arrow up and down.

Another option is to show the normal mode in ADFmovie:

Use the View — Open Mode In ADFmovie

If you use the 'Show All' command from the pop-up list (instead of one specific mode) all modes in the pop-
up list will be shown in ADFmovie windows.

If a mode is visible in ADFmovie you have some extra advanced options. For example, to make a mpg

movie showing the mode.

Sometimes you wish to examine many different normal modes. Obviously you can do this as just described,
but another way is by selecting the mode of interest from the menu. And to make it more convenient to
check many of them, you can tear off these menus, just as you did with the orbital selector menu in

ADFview.

In ADFspectra: File — Close,

Start ADFspectra again SCM — Spectra

Click on the Elu-1 menu,
the modes

and select the dashed bar

Position the torn off menu in a convenient location
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B, ADFspectra: ethane.t21

SCM  File Spectra Axes Help View Alg Eg-l Elg-2 Alu A2u Eu-l EHu-2

IR Intensity (kmimole)

20

30

40

50 —

60 —

2 Elu-l

[P x|

1: 839 cm-1(15.25 km/mole)
2: 1468 cm-1 (31.32 km/mole)
33039 cm-1 (28.67 kmimole)

3500 3000 2500 2000

Frequency (1/cm)

Scaling factor:|[1.0  Offset: 0.0

1500

1000

Lorentzian Fixed Height — Peak width: |50.0

I I
500 0

Click on each of the modes in the torn of menu in turn
Observe the movie windows showing the normal modes

We are done with this tutorial, so close all open ADF-GUI windows:

SCM — Quit All
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Advanced ADF-GUI tutorials

Tutorial 6: HCN Isomerization Reaction

This tutorial consists of several steps to study the isomerization reaction of HCN:

» Geometry optimization

* Linear transit

» Quick frequency calculation

» Transition state search

* Accurate frequency calculation
* IRC

Step 1: Prepare the HCN molecule

cd $HOME

Start ADFjobs

Click on the Tutorial folder icon

Start ADFinput using the SCM — New Input menu command

Draw an HCN molecule (first the N, next the C and finally an H atom)
Select the C-N bond and make it a triple-bond

Pre-optimize the geometry

You should get a linear molecule:

Select the "Geometry Optimization" preset
Select the DZP basis set
Select File - Run, give it the name HCN_GO
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The geometry will be optimized, using a DZP basis set.

Click "Yes" when asked to read new coordinates from the HCN GO.t21 file
Check the C-N and C-H distances

They should be about 115 and 108 pm (1.15 and 1.08 Angstrom), respectively.

Write down the value of the bonding energy printed
at the end of the calculation in the ADFtail window

Step 2: Create a rough approximation for the transition state geometry

The HCN molecule has an CNH isomer. There is an energy barrier between these two states. We are going
to find the transition state and calculate its height.

To find a better starting point for the transition state search we will perform a linear transit calculation as a
rough approximation of the reaction path. We will vary the H-C-N angle in steps between 40 and 140
degrees and let ADF optimize bond lengths at each angle.

To set up the linear transit calculation:

Select the 'Linear Transit' preset

Click on the "..." button next to the GeometryOptimization task to go to the
'Geometry Constraints and Scan' panel

Select all the atoms

You should see '+ N(1) C(2) H(3) (angle)' note in the right panel now:

&, ADFinput: HCN_GO.adf e x|

S5CM  File Edit Select Atoms Bonds View Help

ADF  Main Model | Properties Details MultiLevel (@',

Geometry Constraints and Scan

Mumber of transit points 10

Rerun transit point: ™ Yes

Convergence details

At each optimization step: PartialConverge 4

+ | freeze selected atoms

ﬂ N{1) C(2) H(3) (angle)

WCTONTH X O xR0
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Click the '+' button to add the angle constraint
Now '- N(1) C(2) H(3)' and the two fields as limits for the degree parameter appear.

Enter '140' and '40' in the 'degrees' fields

ADF  Main Hudel‘Pmperties Details MultiLevel Q

Geometry Constraints and Scan

Mumber of transit points: 10

Rerun transit point: [T Yes

Convergence details

At each optimization step: | FartialConverge -

= NH}C(E}H(B}l 1400 [40.0  degrees

+ | freeze selected atoms

ADF will have trouble running the current set up because the HCN molecule is perfectly linear. So we will
help ADF by changing the angle to 140 degrees, the same as the first point of the LT scan.

Use the slider to change the HCN angle to 140 degrees
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&, ADFinput: HCN_GO.adf e x|

S5CM  File Edit Select Atoms Bonds View Help

ADF  Main | Model

Properties Details MultiLevel (@',

Geometry Constraints and Scan

MNumber of transit points 10

Rerun transit point: ™ Yes

Convergence details

At each optimization step: PartialConverge 4

| = | N(1)C)HE) 1400 |40.0 degrees

+ | freeze selected atoms

WCTONTH X O xR0

The set up is complete. Now we will run the LT calculation, but we will save it with a new name as we wish
to keep the results of the HCN_GO calculation:

Use File — Save As to save the file as 'HCN_LT'
Run the calculation

Running might take a few minutes. When the run is finished:
Click "Yes" when asked to read new coordinates

You will see the last geometry, close to CNH. To see how geometry was changing during the LT run, use
ADFmovie:

Select the SCM — Movie command

Select all atoms (use shift-drag to make a rectangle around the atoms)

Use the View — Align Screen command to make sure you can see all atoms

Select the Graph — Energy command

Select the Graph — Distance, Angle, Dihedral command (to get the angle graph, as
three atoms are still selected)

Use the View — Converged Geometries Only command

Zoom in to get a better view of the molecule

Press the Play button (the right-pointing triangle in the controls at the left
bottom of the ADFmovie window)

You will see the hydrogen atom moving from C to N. You will also see a graph of the energy as function of
the LT steps. As the movie is playing a dot shows the corresponding position in the graph.
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Somewhere along the path, there is a transition state we are looking for. Remember that you needed to use
the 'Optimized Geometries Only' command to filter out all the intermediate geometry step, so that you get
only the converged geometries for each LT step.

In the graph, click (without moving!) on the top of the energy graph
Alternatively, use the arrow keys (cursor keys) to move between different
steps, or use the slider

Check which geometry has the maximum energy

You should find that at around an angle of 60-75 degrees the maximum energy is reached. This is Frame 6
(the 7th LT step):

& ADFmovie: HCN_LT.E21 P x|
SCM  File View Graph Help
Hartree  =esm Energy Angle M(1)-C(2)-H(3) wemm degrees
— 140
-0.692 r =
- 120
0701 L oop
|- 100
-0.710
|- 90
-0.719 |- 80
- 70
-0728
- 60
0737 [
Frame & - 40
I I I I I I I I
0 1 2 3 4 5 6 T 8 9
Frame number

You can find this information also in the output file:

Select the SCM — Output menu command
In the ADFoutput window select the Other Properties — 'LT Path command

& ADFoutput: HCN_LT.out o e S
SCM  File Edit Help [erations Properties Response Properties  Other Properties  Section  Include
|Ener:n' (hartree) and Dipole {debye) J
1 2 & 4 5 [ 7 g g 10
Energy -0.742 -0.733 -0.723 -0.712 -0.700 -0.690 -0.685 -0.686 -0.693 -0.705
Dipole x 2.407 2.140 1.824 1.464 1.067 0.650 0.255 -0.044 -0.284 -0.780
'l alee b | 1.384 1.413 1.403 1.357 1.293 =237 12237 1.362 1.634
z 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
size 2.744 2.548 2.307 2.027 1.726 1.448 1.263 1-331 12397 1.811

You will see that indeed the geometry number 7 (corresponding to Frame 6 in ADFmovie) has the highest
energy. In this particular example the choice of the angle is not very important, but in general you will always
want to get the best approximation for the transition state available.

We will now prepare the search for the transition state starting from this geometry:
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Click in the ADFmovie window
Make sure frame 6 is selected
Use the File — Update Geometry In Input command

The geometry of HCN in your ADFinput window will be updated to match the geometry currently selected in
the ADFmovie window:

&, ADFinput: HCN_LT.adf [E=R e

SCM  File Edit Select Atoms Bonds

View Help

ADF  Main Model | Properties Details MultiLevel Q

Geometry Constraints and Scan

Number of fransit points 10

Rerun transit point: ™ Yes

Convergence details

At each optimization step: PartialConverge v

j N(1) C(2) H(3) 140.0 400 degrees

+ | freeze selected atoms

®CONHCX. O * o

Step 3: Finding the transition state: prepare approximate Hessian

In general, it is important to have a good starting Hessian with one imaginary frequency when performing a
TS search. We are going to create such a Hessian by doing a quick frequencies calculation:

Select the "Frequencies" preset (from the Main panel)

Make sure the Numerical quality is set to Normal

Select the 'Geometry Constraints and Scan' panel (via the the panel bar)
Remove the Angle Constraint: click on the '-' in front of the angle constraint
Save the molecule as 'HCN Freql' (Save As)

Run the calculation

The frequency calculation is now in progress and will run very fast. When it has finished:

Select the SCM — Spectra command
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&, ADFspectra: HCN_FregLt21 =] B

SCM  File Spectra Axes Help View AA

IR Intensity (km/mole)

-60.0 —

-30.0

0.000

G0.0

90.0

3600 2700 1800 900 o -900 -1800
Frequency (1/cm)

Scaling factor: 1.0 Offset 0.0 Lorentzian Fixed Height — Peak width: |50.0

If everything was done correctly, you should see a spectrum with three peaks: two in the range of 2000 -
3000 1/cm and one peak in the range of negative or very low positive values. A negative frequency value
actually means that it is an imaginary frequency.

Click with your mouse on the peak corresponding to the imaginary frequency

The normal mode corresponding to that frequency will show on the left side. Check that the frequency
indeed corresponds to the H atom moving parallel to the C-N bond.

Step 4: Search for the transition state

The result file, HCN_Freq1.t21, has an initial geometry for our transition state search. It also contains a
Hessian matrix (produced with the frequencies calculation) that can be used to kick-start the TS procedure.

Bring ADFinput with the HCN Freqgl calculation to the foreground

Select the 'Transition State Search' preset

ctrl/cmd-F and search for 'restart', select the 'Files (Restart)' panel
Click the file select button (looks like a folder) in front of the empty
'Restart file:' field

Select the HCN Freql.t2l file and click 'Open':
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ADF  Main Meoedel Pruperties‘l]etails MultiLevel Q

Files (Restart)

Restart options

Restart file: il | HCN_Freq1t21
lgnore: [T SCFresults
lgnore: [T Geometry
Ignore: [~ Hessian
Save files
Results and restart: W TAPEZ21

[T gzipped
Grid-based data: W TAPE41
Numint data: [~ TAPE10
Fitintegrals: [~ TAPE11
Checkpoint: ¥ TAPE13
Scratch data: [~ TAPE15
COSMO data: [T COSKF

Save the set up as HCN TS (Save As)
Run the calculation

After the calculation has finished (again very fast), you will be asked to read the new geometry from the
results file HCN_TS.t21:

Answer "Yes" to import the latest geometry

Make a note of the bond energy for the transition state (visible in the
logfile)

ADFinput will now display the transition state geometry.

If you compare the bond energy with the bond energy of the optimized HCN molecule from the first

calculation, the difference should be about 1.9 eV. Also check that the geometry makes sense: the C-H and
C-N distances should be around 1.20 and 1.19 Angstrom and the H-C-N angle should be about 70 degrees.

Step 5: Calculating frequencies at the transition state

After every transition state search it is good practice to verify that you indeed have one and only one
imaginary frequency. For this we will repeat the frequency calculation at the TS geometry:
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Make sure you have HCN TS open in ADFinput

Select the "Frequencies" preset (from the 'Main' panel)
Save with name HCN Freqg2

Run

The calculation is running, should not take much time. After the calculation has finished:
Select the SCM — Spectra command

You will be presented with an IR spectrum of the molecule featuring three bands roughly located at 2550,
2050, and (imaginary) -1040 1/cm.

B, ADFspectra; HCN_Freq2.21 o

S5CM  File Spectra Axes Help Miew AA

IR Intensity (km/mole)
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Frequency (1/cm)

Scaling factor: 1.0 Offset (0.0 Lorentzian Fixed Height — Peak width: |50.0

Click on the band at -1040

The visualization of the normal mode corresponding to this frequency should make it clear that this is indeed
the reaction coordinate we are studying.

Step 6: Following the reaction coordinate

ADF can follow the minimum-energy path from the transition state to one or the other product. The method
used in ADF for this is called Intrinsic Reaction Coordinate (IRC). You may want to skip this part as the
calculation might take some time to complete.

Bring HCN Freq2 in ADFinput to the front

Select the "IRC" preset

Go to the 'Intrinsic Reaction Coordinate (IRC)' panel (in Model, or via the
search, or by clicking on the '...' button)

This panel allows you to specify various parameters for the IRC method. The most important parameter is
the direction to follow. The choice is more or less arbitrary. By choosing "Forward path" or "Backward path"
will lead you to one or the other product but it's hard to tell which of the two in what case. We will calculate
both paths at once, so we do not need to change the default.

Another option is the 'Rerun IRC points'. When checked, after the IRC calculation has finished an extra
single point calculation will be performed for each converged points, and the results will be saved. This will
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allow you to observe in more detail what happens along the IRC path, for example how orbitals change. In
this tutorial, lets show how this work, so turn that feature on:

Check the 'Rerun IRC points' checkbox

We also want to make sure all optimizations converge, so lets increase the maxium number of iterations to
50:

Click on the "..." after Convergence details
In the Number of geometry iterations field specify 50

Save as HCN IRC
Run

After some minutes the calculation will finish. You can use ADFmovie to view the IRC path. Of course you
need again to make sure to show the converged geometries only:

Select the SCM — Movie command

Select the View — Converged Geometries Only command

Click OK when the warning message appears (about the changed order of steps)
Select the Graph — Energy command

Select all atoms

Select the Graph — Distance, Angle, Dihedral command

.
,ADFmovie: HCN_IRC.21 [P x|

SCM  File View Graph Help
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From this movie you can see the IRC path, and the energies at the most interesting points. As we have
calculated the forward and backward path in one run, the order of the forward path needs to be reversed to
get a proper energy graph.

You can also examine some properties along the IRC path by studying the output file:

Select SCM — Output (this might take a while, be patient)
Use the Other Properties — IRC Path menu command

You will see a table with the properties along the forward path. To get the backwards path:
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Click on the blue header 'Dist from TS ...'
The output browser should jump to the next section with that header, which is the table for the backward IRC

path.

Step 7: Following orbitals along the IRC: reporting from .t21 files
In the previous IRC calculation you had activated the Rerun IRC points option. As a result the data for all the
converged IRC points is also available.

Bring ADFjobs to the foreground
Click on the triangle for the HCN IRC job to see the job files

i ™y
B ADFjobs: X:/ADF_DATA/Tutorial [E=NTE
SCM  FEile Edit Job Queue Sort Filter View Tools Help

ﬁ -

Local files
-adf Bug 29, 2014 15:3% 30574 bytes
-BFF Bug 29, 2014 15:54 140 bytes
.job Rug 29, 2014 15:39 8017 bytes
.logfile Rug 29, 2014 16:00 2992154 bytes
-logfile~ Rug 29, 2014 15:38 752786 bytes
.0ut Bug 29, 2014 15:54 16486516 bytes
« O~ Bug 07, 2014 05:24 33BBEE9 bytes
pid Rug 29, 2014 1le:00 521 bytes
.resulta/logfile_ 0 Bug 29, 2014 16:00 0 bytes -
.results/sp ircbrl.t2l Bug 29, 2014 15:57 1220608 bytes
-results/sp ircbrl0.t2l Bug 29, 2014 15:58 1220608 bytes
.results/sp ircbrll.t2l Bug 29, 2014 15:58 1220608 bytes
.results/sp irchrl2.t2l Bug 29, 2014 15:58 1220608 bytes
.resulta/sp_ircbrl3.t2l Bug 29, 2014 15:58 1220608 bytes
.results/sp ircbrld.tzl Bug 29, 2014 15:59 1220608 bytes
-results/sp ircbrl5.t2l Bug 29, 2014 15:5% 1220608 bytes
.results/sp ircbrlé.t2l Eug 29, 2014 15:59 1220608 bytes
.results/sp irchrl7.t2l Bug 29, 2014 15:59 1220608 bytes
.results/sp_ircbrlf.t2l Bug 29, 2014 15:59 1220608 bytes
.results/sp ircbrl9.t2l Rug 29, 2014 15:58 1220608 bytes
-results/sp ircbr2.t2l Bug 29, 2014 15:57 1220608 bytes
.results/sp jrcbr20.t2l Bug 29, 2014 15:59 1220608 bytes
.results/sp irchr2l.t2l Bug 29, 2014 15:59 1220608 bytes
.results/sp_ircbr22.t2l Rug 29, 2014 16:00 1220608 bytes
.results/sp ircbr23.t2l Rug 29, 2014 16:00 1220608 bytes
-results/sp ircbr2d.t2l Bug 29, 2014 16:00 1220608 bytes
.results/sp jrcbr25.t2l Bug 29, 2014 16:00 1220608 bytes
.results/sp ircbr3.t2l Eug 29, 2014 15:57 1220608 bytes
.results/sp ircbrd.t2l Rug 2%, 2014 15:57 1220608 bytes
-results/sp ircbr5.t2l Bug 29, 2014 15:57 1220608 bytes
-results/sp ircbré.t2l Bug 29, 2014 15:57 1220608 bytes
.results/sp ircbr7.ti2l Bug 29, 2014 15:58 1220608 bytes
.results/sp ircbr8.t2l Bug 29, 2014 15:58 1220608 bytes
.results/sp ircbri.t2l RBug 2%, 2014 15:58 1220608 bytes -

Q = [

—

If you wish you can select the .t21 file of interest, and use the GUI tools (ADFview, ADFlevels, KFBrowser)
to examine the results for that particalar IRC point in detail. You can also use the Report tool to generate an
overview:

Job — Open .results to open the .results in ADFjobs
Select all sp ... jobs (click on the first, shift click on the last)
Tools — Build Standard Report
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Save the job with a name like 'HCN IRC results'

Wait until the report generation is ready,
the ADFjobs status line at the top will give an indication of the progress

Now you should have a nice overview of the detailed results, as set up in the report options, for all of the
IRC points:

sp_ircf0 -0.114  -0.105 .0 BA 2 Bonding Energy:  -0.684643
-0.084 -0.048 an_3

0.208  0.154 A2R 1 Pauli Repulsien: 2.477306

223 Electrostatic Interaction:  -0.500743

.0 BAS Steric Tnteraction: 1.976563
.0 AR 2

.0 336 Orbital Interaction:  -2.661181
.0 a7

sp_irefl -0.121 -0.111 2.0 332 Bonding Energy:  -0.685410
-0.085 -0.045 2.0 3273

0.216  0.156 anR_1 Pauli Repulsion: 2.463094

-0.310355 2.0 AA_ 4 Electrostatic Intezaction:  -0.505508

-0.103757 0.0 BA S Steric Interaction: 1.963586
-0.054663 0.0 AAR 2

-0.020055 0.0 BA 6 Crbital Interaction: — -2.648968
0.204891 0.0 3A_7

sp_ircf2 -0.13¢  -0.121  -0.490535 2.0 BA 2 Bonding Energy:  -0.687442
-0.085 -0.037 253

0.213  0.158 22R 1 Pauli Repulsion: 2.454402

2n 3 Electrostatic Interaction:  -0.507693

0.0 325 Steric Interaction: 1.94670¢9
.0 B33 2

L0 BRE Crbital Tnteraction: — -2.634115
.0 BAT

sp_ircf3 -0.150  -0.132 .0 2R 2 Bonding Energy:  -0.690132
-0.070  -0.027 0 a3

0.221  0.158 22R_1 Pauli Repulsion: 2.446823

2.0 22 3 Electrostatic Interaction:  -0.508358

.0 BAS Steric Interaction: 1.938465
.0 223 2

0.0 32 6 Crbital Interaction:  -2.628564
0 a7

sp_ireft -0.163 -0.143  -0.496618 2.0 BA 2 Bonding Energy:  -0.693251
-0.057 -0.017 a3

0.220  0.161 ARR_1 Pauli Repulsien: 2.435557

253 Electrostatic Interaction:  -0.505658

22 Steric Interaction: 1.923900
anA_2

p Ozbital Interactien:  -2.623121
Ba 7

Another example of using the Report tool can be found in NH3 Basis Set tutorial.

Step 8: Following orbitals for the LT afterwards: generating jobs for
many geometries

For Linear Transit runs you also might want to follow orbitals, or check other properties for the converged
points. You can do this in exactly the same way as for the IRC run (thus, by activating the Rerun LT points
option). However, this option was not activated.

There is an easy way to generate the information for the converged points afterwards as well. Note that this
would also work after an IRC calculation instead of a LT calculation.

Activate ADFjobs
Select the HCN LT job
Tools — Prepare
In the Prepare window that appears:
In the "Use coordinates from" section, press the "+" and select "ADF
result file()s (.t21)"
Select the HCN LT.t21 results file, and click Open
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In the "Use the input options section", press the "+" and select "Run Type

— SinglePoint"

[+ =] caw =] e

-
9\ Prepare u
rRun: ~Use coordinates from:
FCIADF_DATAMutorialHCM_LT.adf CCIADF_DATAMutoria/HCN_LT 121

~Use these input options: ~Produce jobs:

RunType SinglePaint in directory: XJADF_DATATutorialfautojobs

T+ | -] aift100

Cancel | OK

Click OK

Select all the SP.HCN jobs that have been generated
Job — Run

Wait for the calculations to finish

Now we can use the Report Tool to generate an overview, just as we just did for the IRC calculations:

Select all SP.HCN LT...jobs (click on the first, shift click on the last)
Tools — Build Standard Report
Save the job with a name like 'HCN LT results'

Wait until the report generation is ready,
the ADFjobs status line at the top will give an indication of the progress

Now you should have a nice overview of the detailed results, as set up in the report options, for all of the LT

points:
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£ X:\ADF_DATA\TutoriaNauitojobs\HCN LT resuts.html P~ 2 || & ADF resuits

File Edit View Fovorites Tools He\p

—0.102 -0.111
-0.070  -0.02¢
0.172  0.135

HCN LTHCN_LTit5.SP

-0.101 -0.103
-0.085 -0.03%
0.186  0.142

HCN_LT HCN_LTIt6.SP

-0.108  -0.102
-0.094  -0.04¢
0.203  0.151

HCN_LT HCN_LTIt7.SP

—0.128  -0.117
-0.081 -0.043
0.213  0.159

HCN_LTHCN_LTi8.SP

ital Interaction:

HCN_LT HCN_LTIt9.SP

HCN_LT.HCN_LTit10.SP

orbital Interaction:

Finally, at the end of this tutorial you will have many open windows. To close all ADF-GUI related windows
at once, you may use the SCM — Quit All command.

Tutorial 7: TIH (thallium hydride) Spin-Orbit Coupling

This tutorial consists of several steps:

» TIH spin-orbit fragment analysis

» Separate calculations for Tl and H
» Visualization of the energy diagram
» Visualization of spinors

» Calculate the atomization energy

Step 1: Prepare molecule
First create a TIH (thallium hydride) molecule with a bond length of 1.87 Angstrom (the experimental bond
length):

Open ADFinput and draw a T1H molecule.
Select the Tl and H atoms
Use the slider to set the distance between the atoms 1.87 Angstrom
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Bond order: 1.0

® C O N HCX,O

Step 2: Set calculation options

Next we will set up the calculation. The following details need to be set:
Clear the selection (click in empty drawing space)
Set the title to 'T1lH spin-orbit coupled'

Select the GGA - BP as XC potential in SCF
Select the 'Spin-Orbit' relativistic option

Select the basis set 'TZ2P'
Set Frozen core to 'None'

The Main panel will now look like:
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ADF .:Z: Main | Model Properties Details MultiLevel Q

Title: TIH spin-orbit coupled
Preset: Single Point r
Task: SinglePoint

Total charge: 0.0
Spin polarization: 0.0

Unrestricted: I Yes

XC potential in SCF: GGABP -
Relativity (ZORA): Spin-0rbit -
Basis set: TZ2P -
Frozen core: Mone -
Mumerical quality: Mormal -

We are going to perform a fragment analysis as a trick to get a diagram that makes it very easy to compare
scalar and spin-orbit relativistic results.

Fragment calculations are based on regions, which are just collections of atoms. So we start by making a
region:

Select both atoms

Use the panel bar Model — Regions command

Click the '+' button to add a new region

Change the name of the new region (Region 1) to T1lH SR
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2 ADFinput 2014.01

PSR x|

S5CM  File Edit Select Atoms Bonds View Help

ADF  Main Model | Properties Details MultiLevel (@',
Regions

+ | Regions Selection

e vei0e]

- | ¥ Region_1 v + = | |-

Bond order: 1.0

WCTONTH X O xR0

You have now defined a region containing all atoms, with name TIH_SR.

Use the panel bar Multilevel —» Fragments menu command

Click the 'Use fragments' check box

ADF Main Model Properties Details‘ﬁultiLE\rel‘

Fragments
Use fragments: ¥ Yes
Check charges: v Yes
Fragment Fragment File Charge Cpen
TIH_SR -l 0.0 bt

Step 3: Run your calculation

Use the File —» Save menu command
Enter the name 'T1lH SO' in the 'Filename' field
Click 'Save'

Now you have saved your current options and molecule information.
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As we have set up a fragment calculation, also the .adf and .run files for the fragment have been saved. Lets
study what options are used for the fragment in ADFinput:

Make sure the 'Fragments' panel is still the current panel
Click on the 'Open' button (the dot) for the Tl1H SR fragment

A new ADFinput window will also appear with the name 'ADFinput: TIH_SO.TIH_SR.adf'. This is the name of
the molecule, a dot, and the name of the fragment. The fragment should have the 'Scalar' relativistic option
selected, as that is required when the results will be used as a fragment. The other options are identical to
what you set for the main molecule.

Now close this ADFinput window:

Select the ADFinput window with the name 'ADFinput: T1H SO.T1H SR.adf'
Select File — Close

We are now ready to run the calculation:

Select the ADFinput window with the name 'T1H SO.adf.
Select File » Run

Now two calculations will run: first the building fragment (using the scalar relativistic option), and next the
version including spin-orbit coupling. You will see the two logfiles. Wait until both calculations have finished:

Wait until ADFtail shows 'Job ... has finished' as last line
Select File — Close
Repeat for the second ADFtail, thus closing both logfiles

Step 4: Results of the calculation

TIH energy diagram

To see the effect of the spin-orbit coupling we will first look at the energy level diagram:

Select the ADFinput window with the name 'T1H SO.adf.
SCM — Levels
Select View — Labels — Show

Press and hold the Right mouse button on the stack name 'T1H SO',

Click on 'Zoom HOMO-9 .. LUMO+9'.

Next try to zoom using a drag with the right mouse button, or using the scroll
wheel.

Do this such that only levels between -0.1 and -0.7 eV are shown.

You can move the levels vertically by dragging with the left mouse button.
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&, ADFlevels: TIH_S0.t21 = | B ||

SCM  File Axes View Help
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You can see that the spin-orbit coupling is important to split energy levels.

Especially for the Tl core levels the spin-orbit coupling is more important than the ligand field splitting.
Compare the 8pi, 13sigma, 4delta orbitals (close to 5d atomic Tl orbitals) with the 11j3/2, 20j1/2 spinors
(close to 5d3/2 atomic Tl spinors) and 5j5/2, 12j3/2, and 21j1/2 spinors (close to 5d5/2 atomic Tl spinors).

If you press and hold the right mouse button on one of the levels, you can select a spinor. That spinor will be
shown. You can also show all spinors (in the case of a degenerate level) at once.

The energy diagram of the scalar relativistic fragment calculation shows the atomic contributions to the
scalar relativistic levels.

Bring ADFjobs to the front

Select the TIH SO.T1H SR job (the scalar relativistic fragment)

Use the SCM — levels command

Select View — Labels — Show

Press and hold the Right mouse button on the stack name 'T1H SO.T1H SR',
Click on 'Zoom HOMO-4 .. LUMO+4'.

Next zoom and move the levels using a right mouse drag and or scroll wheel.
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&, ADFlevels: TIH_SO.TIH_SR.£21
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Visualization of spinors

Visualization of spinors is conceptually more difficult than visualization of orbitals.

A spinor W is a two-component complex wave function, which can be described with four real functions @:

real part a (qu, imaginary part a (pa', real part <pBR, imaginary part (ppli

%R +i (Pul
W= ( o I)
Pp tigp
The density p is:
p = l.IJT LIJ

The spin magnetization density m is:

m=yToy

where o is the vector of the Pauli spin matrices. A spinor is fully determined by the spin magnetization

density and a phase factor eie, which both are functions of spatial coordinates.

In ADFview one can visualize the (square root of the) density and spin magnetization density, however, the

0

phase factor €' is summarized only with a plus or minus sign.
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For this tutorial we have a small molecule, and a fine grid is chosen for better visualization.

Select the ADFinput window with the name 'T1H SO.adf.
Select SCM — View

Rotate the molecule, such that one can see both atoms.
Select Fields — Grid — Fine

Select Add — Spinor: Spin Magnetization Density

In the new control line at the bottom, use the field select pull-down menu and
Select Orbitals (occupied) — 3 — SCF_J1/2:1 22: 1.0 ....

&, ADFview: TIH_SO:421 o

SCM  File Add Fields View Properties Help

W ~ Spinor SCF_J121 2210 -03711 0.03

The arrows in this picture are in the direction of the spin magnetization density m. All arrows are
approximately in the same direction, which means that this spinor is an eigenfunction of spin in this direction
of the arrows. In fact this 22 j1/2 spinor is almost a pure a orbital. The arrows are drawn starting from points
in space where the square root of the density is 0.03. The color of the arrows is red or blue by default,

indicating minus or plus for the phase factor el

0

The (square root of the) density and the approximate phase vector e'® can also be viewed separately:

Select Add — 'Isosurface: Double (+/-)
Select Orbitals (occupied) —» 3 — 'SCF_J1/2:1 18: 1.0 ..
Hide the spinor (uncheck the check box at the left of the Spinor label)
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[T = Spinor SCF_J121 2210 03711 0.03

W = lIsosurface: Double SCF_J12:2 18: 1.0 -3.3100 0.03

This spinor 18j1/2 is almost a pure 5p1/2 Tl spinor. A p1/2 atomic orbital has a spherical atomic density, but
a spin magnetization density which is not the same in each point in space.

In the control line with 'Spinor', press on the pull-down menu and
Select Orbitals (occupied) — 3 — SCF_J1/2:1 18: 1.0 ...
Show the 'Spinor' (check the left check box for the spinor line)
Hide the 'Double Isosurface' (uncheck the left check box for the double iso
line)
Hide the atoms: View — Molecule — Sticks
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Step 5: Calculate the atomization energy including spin-orbit coupling

The calculation of the atomization energy is not a simple problem in DFT. Spin-orbit coupling is an extra
complication. In this paragraph a way is presented how to calculate the atomization energy using spin-
polarized calculations in the non-collinear approximation.

If you wish, you can skip the rest of this tutorial.
The Tl atom

To calculate an atomization energy we need to calculate the atoms also including spin-orbit coupling. The
easiest way is to start with the TIH_SO.adf file and change this to an atomic file.

Since the Tl atom is an open shell atom for an (accurate) atomization energy we need to do an unrestricted
calculation. The best theoretical method is the non-collinear method. Note that the 'Spin polarization' field is
not used in the non-collinear method.

Select the ADFinput window with the name 'T1H SO.adf

Delete the H atom (select it and press the backspace key)

Use the panel bar Multilevel — Fragments command

Uncheck the 'Use fragments' option

Use the panel bar Model — Regions command

Remove the TlH SR region (click on the - button in front of it)
Select 'Main' panel

Enter the name 'Tl spin-orbit coupled' in the 'Title' Menu'
Check the 'Unrestricted:' box
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Select the Relativity panel (search for relativity)

Select 'NonCollinear' from the 'Unrestricted Options' Menu

Select File — Save As

Enter the name 'Tl SO' in the 'FileName' field

Click on 'Save'

Click OK to acknowledge the warning about fractional occupation numbers

ADF  Main Model Prop-ertie5| Details | MultiLevel Q
Relativity
Relativity (ZORA): Spin-Orbit -
Muclear model: FPointCharge -

Spin-orbit details

" Collinear
Inrestricted options:
& MonCollinear

Spin-polarization axis: £ -

Now we want to actually perform the calculation for the Tl atom
Run the calculation: File > Run

Wait until ADFtail shows 'Job ... has finished' as last line
In the window showing the logfile (the ADFtail window Tl SO.logfile):
Select File — Close

The H atom

Basically we can follow the same steps as for the Tl atom, but in this case we will start with TI_SO.adf file
and change this.

Select the ADFinput window with the name 'T1 SO.adf

Select the 'Main' panel

Enter the name 'H spin-orbit coupled' in the 'Title' field
Select the Tl atom

Use the Atoms — Change Atom Type — H

Select File — Save As...

Enter the name 'H SO' in the 'Filename' field

Click on 'Save'

Select File —» Run

Wait until ADFtail shows 'Job ... has finished' as last line
In the window showing the logfile (the ADFtail window H SO.logfile):
Select File — Close
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TIH atomization energy

The atomization energy including spin-orbit coupling is a combination of several terms.

Select the ADFinput window with the name 'T1H SO.adf.
Select SCM — Lodfile
Write down the value of the bonding energy printed at the end of the
calculation in the
ADFtail window. (should be around -1038.62 eV)
Select File —» Open
Select the file 'T1lH SO.T1H SR.logfile'
Write down the value of the bonding energy printed at the end of the
calculation in the
ADFtail window. (should be around -3.84 eV)
Select File — Open
Select the file 'Tl SO.logfile'
Write down the value of the bonding energy printed at the end of the
calculation in the
ADFtail window. (should be around -1039.32 eV)
Select File — Open
Select the file 'H SO.logfile'
Write down the value of the bonding energy printed at the end of the
calculation in the
ADFtail window. (should be around -0.95 eV)

The atomization energy including spin-orbit coupling is in this case, the bond energy printed in the
TIH_SO.lodfile plus the the bond energy printed in the TIH_SO.TIH_SR.logfile minus the bond energy

printed in the TI_SO.logfile minus the the bond energy printed in the H_SO.logdfile. (approximately -1038.62 -
3.84 + 1039.32 + 0.95 = -2.19 eV, experimental number is close to -2.06 eV.)

Tutorial 8: Multi-Level principles: Regions, QUILD, QUMM,
Quality per region

In this tutorial the basic concepts of setting up multi-level calculations in the ADF-GUI will be demonstrated.
In most cases one would use a multi-level method for big systems: handle the full system with a fast
method, and use ADF to study a particular region of interest with more detail. As big systems will take too
much time for a tutorial, the concepts will be shown with very small toy systems that are not typical
applications.

Step 1: Regions for multi-level calculations, visualization and grouping

For all multi-level calculations you will need to define regions.

Within ADFinput, a region is a collection of atoms. You manage your regions with the 'Regions' panel in
ADFinput. It allows you to define new regions, modify existing regions, and to apply some commands on
particular regions.

As a first example, we will work with an acetone molecule (CH3COCH3) to demonstrate how to use QUILD.
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Generate regions

Start ADFinput, and build an Acetone molecule (or search for it ...)
Select one of the methyl groups

Use the panel bar Model — Regions command

Click on the '+' button to add a new region

Change the name 'Region 1' into 'Methyl' (the label is editable)

& ADFinput 2014.01 o | ||
SCM  File Edit Select Atoms Bonds

View Help

Quild Main

Model | Details Q

Regions

+ | Regions Selection
Lo T Al :

= | ¥ Methyl

FCONHCX O * G

You have just defined a new region, with a name 'Methyl'. In your molecule window you can see what atoms
are part of this region: they are highlighted with semi-transparent spheres. Note that there are now (at least)
two regions define: the region that you defined, and a region called 'All' that is always present. Obviously,
the All region includes all atoms. If you created the acetone molecule via the search command, you may
have a third region that was automatically made.

Now we will define yet another region: the rest of the molecule. One way to do this is just to select the atoms
that should be part of it, and pressing the '+' button as you did before. However, to demonstrate some of the
things you can do with regions we will do it in another way:

Make sure you have only the All and the Methyl region; if you have more, press
the '-' button in front of the region

Click the check button in the 'All' region

Click the '+' button to create a new region, as you did before

Click the check button in the 'Methyl' region

Click the '-' button in the 'Region 2' line, on the right-hand side
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Basically, what you just did: select all atoms, make a new region containing all atoms, select the atoms in
the Methyl region, remove the selected atoms from the new region. By clicking on the select buttons in the
regions you can easily verify that your regions are now as they should be.

There is also a shortcut to quickly generate a new region containing the selection: Atoms — New Region
From Selected Atoms, or cmd/ctrl - G.

Visualization options per region

You can easily change what regions, and atoms within that region look like:

Click in empty (drawing) space to clear the selection
Click in the check box in front of the 'Methyl' region name to uncheck it

You should observe that the ghost-like region visualization disappears. Please turn it back on:
Click in the check box in front of the 'Methyl' region name to check it

Click on the right arrow at the end of the 'Region 2' line,
and use the 'Sticks' command from the menu that appears
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Now anything in 'Region_2' will be visualized as sticks only. Obviously you could also select any of the other

display options.

Using regions to group molecules for editing

ou can use regions to group atoms together for editing. When changing the distance, angle or dihedral using
the slider atoms that are in one region move together.

As an example, lets break the aceton molecule into three fragments by deleting the C-C bonds:

Delete the CC bonds
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Note that one CH3 fragment and the CO group are still together in one region, and the other CH3 group is in

its own region.

Select the C from the CO group and the C from the CH3 group that is in a

different region

(use shift-click on an atom to add atoms to the selection)
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ADF Main | Model Properties Details MultiLevel Q

Title:

Preset. Single Point \d
Task: SinglePoint

Total charge: 0.0

Spin polarization: 0.0

Unrestricted: I~ Yes

XC potential in SCF: LDA \d
Relativity (ZORA): None v
Basis set. DZ \d
Frozen core Large A
Mumerical guality: Mormal 4

Use the slider to change the distance between the selected carbons

Note that the CO group and the CH3 group in the same region move together, thus the regions act as a tool
to group things together for editing (with the slider). This grouping also works when you want to change an
angle using the slider.

To prepare for the next step of the tutorial, undo the changes you made in this step using the Undo function
repeatedly:

Undo until the C-C bonds are present again

Step 2: QUILD

Once you have defined your regions, it is easy to set up the QUILD calculation:

Use the panel bar ADF — Quild menu to select the Quild panel
Click the '+' button to add an action

Click the '+' button to add a second action

In the first action, select DFTB in the 'Use' field

In the second action, select ADF in the 'Use' field

172




2 ADFinput 2014.01

S5CM  File Edit Select Atoms Bonds View Help

WCTONTH X O xR0

Quild ) Main | Model

Details

Task
Number of iterations

Frequencies:

Convergence criteria

Convergence test:

Gradient convergence:

Step convergence:

Energy convergence:

Box radius:

Freeze:

|+ | Actions
| = | Total
| = | Replace

aulLD DFTB1

GeometryOptimization |+

™ Numerical

HessianGradient v
Hartree/Bohr
au

Hartree

Angstrom

Mothing -

Use
All DFTB 1

Methyl ADF1

ADF A

Remaove

The first action ('Total') defines what to do with the full molecule. It normally will apply to the entire molecule,
and thus the 'All' region is preselected. In the 'Use' field you have specified how to treat the whole molecule:

with DFTB.

The second action ('‘Replace’) tells QUILD to replace the DFTB result for the selected region with results
from another method. The region for which we want to do this is the 'Methy!' region, and it happens to be
automatically selected. You can use the region pull-down menu will to select another region, and it offers

you a short-cut to make a new region.

In the 'Use' field of the second action you have selected what to use as a replacement method: ADF.

In the 'Remove'’ field it should be specified that you wish to remove the DFTB results for this region.

ADFinput will enter this automatically when you save your job. You can also set it manually if you wish.

The Quild panel offers you to set some details for the QUILD calculation. Normally the defaults should work

fine.

Save your set up

Four tabs can be found at the bottom of the Quild panel: 'Quild', 'DFTB 1', 'ADF 1' and 'DFTB 2'. These tabs
allow you to set up the different parts of the calculation. Right now you could make adjustments of the global
QUILD settings. If you press on the 'ADF 1' tab, you will have the option to set the details of the ADF
calculation (for the 'Methyl' region). And if you click on the 'DFTB 1' tab you can set up details of the DFTB
part of the calculation. The 'DFTB 2' tab is the DFTB calculation on the 'Methyl' group that will be removed
from the full system. Normally the set up for this calculation is identical to the full system (DFTB 1), but in

some special cases you will need to modify it. See the QUILD manual for details.

Click on the 'ADF 1' tab

Look through the different panels, to see what options ADF will use.
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make changes!

Click on the 'DFTB 1' tab
Click on the 'DFTB 2' tab
Click on the 'Quild' tab

Now let's run this calculation:

File — Run
Click 'No' when asked to update the geometry

When your calculation is finished you can view the resulting optimization using ADFmovie:

Use the SCM — Movie command
Add a graph: Graph — Energy
Add a second graph: Graph — Add Graph

Show the energy of the ADF-subsystem on the second graph:
Graph — Quild Energies — job 2 : ADF ...

@\ ADFmaovie: acetone-quild.gkf

SCM  File View Graph Help

Energy (Hartree)

-8.3658
-8.3664 —
-B.3670
-8.3676 —
-8.3682
-8.3688

T T T T T T T 1
00 05 1.0 156 20 25 30 a5 40

Frame number

Energy Job 2 (Hartree)

-0.89493
-0.89494

Frame 4 -0.89
Geometry 5, Quild Bonding Ene artree T T T T T
0.0 0.5 1.0 15 20 25 3.0 AE 40

Frame number

You can also open the output file using the SCM — Output command. The other visualization tools can not
be applied to the full QUILD results, but they can be used to examine the result of the ADF calculation (on
the Methyl region). This is done in quildjob.2:

Show the ADFjobs window
Show the QUILD job details (click on the triangle to show the details)
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Localfiles «

.adf Mar 31, 2013 04:07 118837 bytes
.8Fr Mar 31, 2013 04:09 460 bytes
.job Mar 31, 2013 04:07 8370 bytes
.logfile Mar 31, 2013 04:09 34594 bytes
.out Mar 31, 2013 04:09 317663 bytes
.pid Mar 31, 2013 04:08 521 bytes
.gkf Mar 31, 2013 04:09 266240 bytes
.results/logfile_ 0 Mar 31, 2013 04:09 0 bytes
.results/gquildjob.l.inp Mar 31, 2013 04:09 837 bytes
.results/quildjob.1.c21 Mar 31, 2013 04:08 45056 bytes
.results/quildjob.2.t21 Mar 31, 2013 04:09 BEEL2E bytes
.results/gquildjob.3.inp Mar 31, 2013 04:09 537 bytes
-results/gquildjob.3.t21 Mar 31, 2013 04:09 45056 bytes
.results/quildjob.logfile Mar 31, 2013 04:08 15 bytes
« Fun Mar 31, 2013 04:07 2422 bytes

Using the View menu command you will try to open the .t21 result file for the QUILD job. That will not work,
we need to view only the .t121 file of the adf sub-system. To do this, we first open this result file in the
KFBrowser. This tool allows you to inspect details of the binary KF files. Next, use the View command in the
SCM menu of the KFBrowser to open that specific file in ADFview:

Double-click on the .results/quildjob.2.t21 file

In the KFBrowser window, SCM — View

In the ADFview window Remove and Guess bonds (this is a work-around a bug that
messes up the bond display)

Visualize the HOMO in ADFview

Click on the Isosurface:Double pull-down menu and use the Show Details command
Change the Opacity to 70
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¥ — lIsosurface: Double SCF_AAA 10 20 -0.3503 0.03
Opacity: 70 5] Ambient: 1 2] Diffuse:[70 2] Specular: [50 2] Power:[70 4]
Color Scale |Hue: 0 ZJes & saturation:[10031003] value: [1003{1003]

Note that QUILD has added a dummy hydrogen to cap the broken bond.

In the ADFview window, use the SCM — Levels command
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Now you have the ADF result file for the methyl group visible in ADFview and ADFlevels. With ADFview and
ADFlevels you can examine the ADF results as usual.

SCM — Quit All
Step 3: QUMM

Generate ethanol in water

To demonstrate how to set up a QUILD calculation using ADFinput, we will use ethanol in water as an
example. This will also show you how to add explicit solvent molecules to your system:

Start ADFinput

Build an ethanol molecule

Pre-optimize the structure

Edit — Solvent Molecules...

Change the radius of the solvent sphere to a small value,
such that 10 solvent molecules will be generated

Click on 'Add Solvent'
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As you can see, ADFinput has generated 10 water molecules around your ethanol molecule. It also has
created two regions: a Solute region containing the ethanol molecule, and a Solvent region containing the
water molecules. The visualization option for the Solvent region is such that the water molecules will only be
shown using a Wire-frame representation.

Set up the QM/MM calculation

The next step is to set up the QM/MM calculation:
ADF - QMMM: select the 'QMMM' panel

Select the 'Solute' region in the 'QOM Region' pull-down menu
Change the QMMM Task to GeometryOptimization
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Now you will have three tabs: the main QMMM tab that allows you to set QMMM details, the 'ADF 1' tab that
is the setup for the ADF calculation for the Solute subsystem, and the 'MM 5' tab that sets up the MM
calculation for the full system.

ADFinput is currently not very smart in setting the proper atom types for a MM calculation. So you will need
to examine the atom types as they are generated in the MM input, and fix them if they are not correct. To fix
this, if needed, use the Atom Inspector panel to set the Tripos (or Amber) atom types as needed.

Click on the 'MM 5' tab
Activate the 'Run Script' panel (in the panel bar Details)
Check the atom types (in the run script)

Run the QMMM calculation, and see results

Run your calculation File — Run

Show the optimization movie:

In the ADFinput window: SCM — Movie
Graph — Energy
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Note that ADFmovie (and the other GUI modules) will only show the results for the QM part of your
calculation.

To get detailed information on your QMMM calculation, you can check the output file using the SCM —
Output command.

Step 4: Quality per region

Another method to handle bigger systems is to calculate part of your system as you would normally do, and
another part that further away of the region of interest with a lower numerical accuracy, and/or smaller basis
sets. As an example how to set this up we will use the same ethanol - water solvent system that was used
for the QM/MM tutorial in the previous step.

Start ADFinput

Build an ethanol molecule

Pre-optimize the structure

Edit — Solvent Molecules...

Change the radius of the solvent sphere to a small value,
such that 10 solvent molecules will be generated

Click on 'Add Solvent'
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Note that your system consists of two regions: the Solute and the Solvent region.
The next step is to set up the calculation parameters:

Select the Geometry Optimization preset
Click on the "..." on the "Numerical Quality" line
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ADF Main Model

Integration:
Spline Zlm fit;
Basis set:

Frozen core:

Cuality per region

Becke integration:

Solute

Solvent

Spline Zlm fit:

Solute

Solvent

Pmperties‘ Details ‘ MultiLevel

Numerical Quality

Basis set and frozen core:

Solute

Solvent

For the Solvent region:
change the Becke integration to Basic

Becke Mormal r
Mormal -
i *
Large -
Quality: | Unchanged |«
Quality: | Unchanged |+
Quality: | Unchanged |+
Quality: | Unchanged |+
Quality: | Unchanged |+ Core:
Cuality: | Unchanged |+ Core:

change the Spline Zlm fit to Basic
change the Basis quality to SZ
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ADF Main Model Pmperties‘ Details ‘ MultiLevel

Numerical Quality

Integration: Becke Mormal r
Spline Zlm fit; Mormal -
Basis set: DZ -
Frozen core: Large r

Cuality per region

Becke integration:

Solute Quality: | Unchanged |+
Solvent Quality: | Basic -
Spline Zlm fit:

Solute Cuality: | Unchanged v
Solvent Cuality: | Basic -

Basis set and frozen core:
Solute Quality: | Unchanged

4

Core: | Unchanged |«

Solvent Quality: | 82

4

Core:| Unchanged |-

Next run the calculation and see a movie of the results:

Run your calculation File > Run, save with a name you like
Show the optimization movie:

In the ADFinput window: SCM — Movie

In the ADFmovie window: Graph — Energy
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Frame 2
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Note that now you will see the full system, in contrast with the QM/MM results.

Tutorial 9: ADF Fragment Analysis

This tutorial will show you how to use the Fragment Analysis within ADF. The two examples used here are:

« Ni(CO)4
« PtClaHo%

You will set up the calculations, run them, and visualize the results.
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The resulting ADFinput input file (*.adf) is available in the examples directory included in the ADF
distribution. In the examples documentation you can read how to set up a similar calculation without
ADFinput.

The first example in this tutorial is Ni(CO)a4. It consists of one Ni fragment and once CO fragment that is
repeated four times.

The second example is PtCl4H2%". It consists of a PtCl4%" fragment, and one H2 fragment. It is a good
example on how to specify the charges of the fragments.

Step 1: Build Ni(CO)4

The structure is perfectly tetrahedral. You should be able to build the molecule yourself, using the
techniques described in earlier tutorials. One possible way:

Start ADFinput

Build a tetrahedral metal complex: Structure Tool — Metal Complexes — ML4 tetrahedral
Change the central atom into a Ni atom

Select one ligand

Select all ligands: Select — Select Atoms Of Same Type menu command

Change them in CO ligands: Atoms — Replace By Structure — Ligands — CO

Choose the 'Geometry Optimization' Preset

Save and Run

When the run has finished, click 'Yes' to import the optimized coordinates
Save

Your molecule should look something like this:
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Step 2: Define fragments

The fragments that ADF uses are based on the regions that you define. In this example we will generate four
new regions: one for each of the CO ligands. The regions for the CO ligands will get special names to make
sure that ADF recognizes them as one fragment repeated four times.

The Ni atom will not be in a region. ADFinput will automatically create atomic fragments for all atoms not in a
region.

Repeated fragments are indicated with the fragment name followed by '/n', with n the number of the copy. All
copies must match such that one fragment can be positioned exactly over another fragment by rotation and
translation. ADF checks for this, ADFinput does not. In this particular example all four CO fragments are
obviously identical by symmetry.

Panel bar Model — Regions

Select all atoms

Click the '+' button to add another new region (containing all atoms)
Select the Ni atom

Remove the Ni atom from Region 1: click the '-' button on the right side of
the 'Region 1'

Change the name of 'Region 1' into 'CO'

Now one new region has been defined: the CO region for the ligands. The next step is to split the ligand
region into four repeated regions:

Press the triangle on the right side of the CO region line
In the pop-up menu, use the 'Split By Molecule' command

This should result in the following regions:
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Step 3: set up the fragment analysis run

The next step is very easy: we will tell ADF to perform a Single Point calculation (fragment analysis in ADF
only works with a single point calculation), and we tell ADFinput to use the regions that we just defined as

fragments:

Open the 'Main' panel
Select the 'Single Point'

preset

Panel bar MultiLevel — Fragments

Check the 'Use fragments'

check box

Instead you could also select the 'Fragment Analysis' preset, which is identical to the Single Point preset but

with 'Use fragments' activated.
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In the Fragments panel you will see that one fragment is present, without charge: the repeated CO fragment.
ADF will use basic atomic atoms for any atoms not put in another fragment. Thus, the Ni atom will be an
atomic fragment.

Step 4: Run the fragment analysis and view the results
Next you will Save and Run the calculation. When you do this, ADFinput will actually save two different
calculations:

» The CO calculation (with matching .adf and .run file)
» The Ni(CO)4 fragment analysis calculation (with matching .adf and .run file)

You do not need to set up a separate ADF calculation for the CO fragment: when you run the fragment
analysis calculation, the run script will detect that the individual fragments first need to be calculated. It does
so automatically. Next, the fragment analysis calculation will run.

Save
Run
Observe the running of the fragment (CO), and the final fragment analysis

The CO-fragment and Ni(CO)4 calculations all have been performed.

This calculation results in the normal .t21 and .out output files. You can view them with the SCM — View
and SCM — Output commands. More interesting in the case of a fragment analysis is the interaction
diagram that you can view using ADFlevels:

In the still open ADFinput window: use the SCM — Levels command
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In the center you see the levels of the whole molecule, on the sides you see the CO fragment and the Ni-
atom fragment. The interaction lines tell you which molecular orbitals come from which fragment orbitals.

In the output file you can find detailed information about the composition of the molecular levels in terms of
the fragment orbitals.

Step 5: Build PtCl4H2%"

The following is a picture of the PtCl4H2% molecule, after optimization with ADF:
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To make this molecule, an easy way is to start with an octahedral complex to ensure symmetry. Next make
changes to get this molecule, ending with a geometry optimization with ADF:

Build an octahedral metal complex using the Structures button
(Structure Tool — Metal Complexes — ML6 octahedral)

Change the central atom into a Pt atom

Change four dummies in a plane into Cl atoms

Remove one of the remaining dummies

Change the remaining dummy in OH, via Structure Tool — Ligands — OH
(this will ensure the final two H's do not break symmetry)

Change the O atom into an H atom

Choose the 'Geometry Optimization' Preset
Set the total charge to -2
Select the Scalar ZORA relativistic option

Run

When the run has finished, click 'Yes' to import the optimized coordinates
Save

Note that pre-optimization using UFF will make the geometry worse, if you wish you can pre-optimize using
Mopac. But the ADF geometry optimization will also converge without pre-optimization.

Step 6: Define fragments

Define the PtCl4?" and Hz fragments in the Regions panel:
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Panel bar Model — Regions

Select the Pt and Cl atoms

Use the '+' button to add a new region, and name it 'PtCl4'
Select the two H atoms

Use the '+' button to add a new region, and name it 'H2'
Clear the atom selection (click in empty space)

Now the fragments are defined. Next, we set up the fragment analysis calculation:

Select 'Main' panel

Select the 'Fragment Analysis' preset

Panel bar MultiLevel — Fragments

Change the charge of the PtCl4 fragment to -2

Save

The other changes (the overall molecule charge, and the scalar ZORA option) have already been set
previously. The Fragment Analysis preset does not change these.
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ADF  Main Model Properties Details‘l"'lultiLevel‘ Q

Fragments
Use fragments: v Yes
Check charges: M Yes
Fragment Fragment File Charge Cpen

H2 | 0.0 e |
PICI4 Ll -2 X

When you click on the Open button (the big dot) next to the PtCl4 fragment, you can inspect the PtCl4
fragment setup:

Click on the Open button (the big dot next to the PtCl4 fragment) in the
'Fragments' panel

Check the charge of the fragment in the newly opened ADFinput (should be -2)
Close the PtCl4 fragment ADFinput window

For more complex calculations, you could make additional changes to your fragment runs. However,
normally the set up as created by ADFinput should be fine.

Step 7: Run the fragment analysis and view the results

Next you will Run the calculation:

Run

After the calculation has finished, you can view the resulting interaction diagram:
Use the SCM — Levels command

Use the mouse (drag with left mouse, scroll wheel, drag with right mouse)
zoom in on the interesting region (roughly from -0.5 to 0.4)

Select the PtCl4H2 column (by clicking on the name at the bottom
Use the View — Interactions —» Show menu command

With the pop-up menu in the H2 column, shift the H2 levels by +0.28

Only interactions between visible levels are shown. So, if you zoom out no interactions will be visible for
some of the levels. That is the reason that you will need to use the Show Interactions menu command.

We needed to shift the H2 levels to accommodate that in the final molecule the fragment experiences the -2

charge, but this is absent from the H2 fragment calculation. The interaction diagram should look something
like the following:
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In the output file you can find detailed information about the composition of the molecular levels in terms of
the fragment orbitals.

Tutorial 10: Generating a batch of jobs and collecting results:
Basis Set Effects for NH3 Geometry

This tutorial will help you to:

» pre-optimize structures using different methods, including MOPAC

 starting from an existing .adf file, create a batch of similar jobs using the Prepare tool in ADFjobs
* interactively submit a set of jobs using ADFjobs

+ using the Report tool in ADFjobs, analyze results of multiple calculations at once

Step 1: Create and pre-optimize your molecule

Start ADFinput

Create an N atom

Press Esc, and click in empty space so that nothing is selected.
Create an H atom, not too far away

Press Esc, and click in empty space so that nothing is selected.
Add 2 more hydrogen atoms this way.

You should see one nitrogen and three hydrogen atoms in the drawing area now. We intentionally did not
add bonds between the N and H atoms!
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First we will try to optimize this structure using the default pre-optimizer (UFF):

Click 'Pre-optimize' cog wheel button

Using the default pre-optimization algorithm will lead to a structure with way to big N-H distances:

zation converged: Iteration 15, energy -0. 00034319 Hartree

Next we will try to optimize using Mopac.

Undo the previous optimization: Edit — Undo
Right-click on the cog-wheel, select Mopac to pre-optimize

The message '"MOPAC ready' will be displayed in the ADFinput window:
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Mopac will produce a good-looking pyramidal ammonia molecule, with the N-H bond length of about 1.0
Angstrom.

Additionally, it will create proper N-H covalent bonding! These bonds are based on the bond-orders as

calculated by Mopac.

Step 2: Set up a single ADF calculation

Now with our pre-optimized NH3 molecule, we will set up a series of calculation: the optimization of NH3 with
ADF, using different basis sets. The first step is to set up a simple geometry optimization:

Select the 'Main' panel
Select the 'Geometry Optimization' preset
Save as NH3

We have used all defaults for basis set and so on.
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Step 3: Set up a batch of ADF jobs

Next we will set up a series of calculations, using the Prepare tool.

Select the ADFjobs window

In ADFjobs window, locate the 'NH3' job saved earlier
Click onto 'NH3' line to select it

Use the Tools — Prepare... command

Prepare...

Mew Report Template...
Edit Report Template... ¥
Delete Report Template »

Build MyReport Report
Build Standard Report

The Prepare dialog window will pop up.

Because we have selected the NH3 job earlier, NH3.adf filename (including the path) will show up in the
'Run’ field (otherwise, we can select NH3 using '+' button of the 'Run' field). This means we are going to
create jobs that are identical to the NH3 job, but with some details changed (this will next be specified in the
Prepare dialog).

Go to the 'Use these input options' and click '+'

Choose 'Basis Set and Frozen Core' - 'SZ' - 'Large'

In the similar manner, add basis sets 'Dz', 'DzZp', 'TZP',
(optionally 'TZ2P' and 'QZ4P')

Use core 'Large' for all the basis sets
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9\ ADFjobs: X:/ADF_DATA/Tutorial | = | = 52 |

S5CM  File Edit Job Queue Sort Filter View Tools Help

r@\ Prepare u

rRun: rUse coordinates from:
HCIADF_DATATutorialiMH3. adf

+][=] [+1[=] *xz

Usethese input options: ~Produce jobs:

BasisCore SZ Large in directory: X/ADF_DATAMutorialfautojobs
BasisCore DZ Large

BasisCore DZP Large
BasisCore TZP Large

[+][ =] atfit100

Cancel | DKI

The basis set options selected will show up in the 'Use these input options' field. Note that by default the
jobs will be created in the 'autojobs' directory, as specified in the 'Produce jobs' section.

Now click 'OK' in the Prepare window

The Prepare dialog will close and ADFjobs will open the 'autojobs’ directory. Using NH3.adf, the Prepare tool
created a set of jobs inside 'autojobs' named as 'NH3.SZ.Large.adf', 'NH3.DZ.Large.adf' etc. The files
naming intuitively follows the basis set options which has been used, and the rest of the options of the newly
created files are exactly the same as in NH3.adf. The original NH3.adf file has not been altered.
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&\ ADFjobs: X:/ADF_DATA/Tutorial/autojobs —.|.= 53

SCM  File Edit Job Queue Sort Filter View Tools Help

» NH3.TZP.Large
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Step 4: Run your set of ADF jobs
Now we are going to run the batch of ADF jobs which has been automatically prepared in the previous Step
3 of the tutorial Using ADFjobs, one can either run this set of jobs one by one, or all at once.

Click on the first job
Shift-Click on the last job
Run the jobs Job — Run

This will run the jobs in the default queue. Normally this is the Sequential queue, and the jobs will actually
run one after another.

The jobs will start running and their progress can be tracked in ADFjobs. Each ammonia optimization job
should not take more than a few minutes.

Step 5: Analyze results of several calculations at once

When all the ammonia optimization jobs are finished, we can compare the results. The main conclusion that
you will reach is that DZ (double zeta) basis set optimization, job name 'NH3.DZ.Large', leads to the
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incorrect planar ammonia molecule. As covered in the preceding tutorials, you can optionally use several
GUI modules to observe that:

- ADFmovie, which will show the geometry optimization

- ADFinput, which will open the (last) converged geometry

- ADFview, which will open the converged geometry and also would display various density maps in 3D
For example, let us use ADFview to demonstrate the results:

Clear the selection in ADFjobs (press Esc)
Select job NH3.DZ.Large in the ADFjobs window (should then be highlighted)
Select SCM — View
Select Fields — Grid — Fine
Select Properties -~ HOMO
In the isosurface contour value field which appeared at the bottom,
change the default '0.03' to '0.3'
Type 'ctrl/cmd-minus' several times, until the central N atom ball
does not overlap strongly with the HOMO orbital.

Repeat for this for the DZP calculation

What you will observe is that HOMO of ammonia does not have the anticipated sp3 hybridization, when DZ
basis set is used. In the following picture you can see both the DZ and DZP results:

To visualize results from several jobs automatically, you can use the Report tool within ADFjobs:

Go to the ADFjobs window
Select Tools — New Report Template...

199



-
2, Report Untitled

Report
Template name: Untitled

Generate:  HTML ¢ Tab separated plain text

~lmages
¥ Molecule

[¥ HOMO- 0  through HOMO

W LUMO through LUMO + 0

ViewVectorr 1 2 5 Zoom: 1.0

[~ SCFDensity [T Density Colored By Potential
Background Color: #220000

Grid: Coarse [~ AntiAlias

~General
™ Title
[~ Calculation type (single point, geometry optimization, etc)
[~ Number of atoms

[ Molecular weight

[T Symmetry

[ Integration [~ Integration (Min) [ Integration (Max)

[~ Atoms Labels (from 0) W Atom Labels (from 1)

[~ Geometry (in Angstrom)

~Results
¥ Voronoi W Hirshfeld ™ Mulliken [~ MDC charges
[© NMR Shieldings [~ NMR Shielding Tensor
[T NMR J Coupling Constant [ MMR J Coupling Tensor
™ NMR K Coupling Constant [~ NMR K Coupling Tensor
W Orbital info: HOMO- 3 through LUMO + 3
¥ All energies
[™ Bonding Energy
[ Dipole Moment [ Dipole Vector
[T Quadrupole Tensor
[ Gradients [ Hessian
For Excitation Energies 1 through 99999

[~ Energies [~ Oscillator Strenghts [~ Labels
For IR modes 1 through 25

[ Frequencies [ Intensities [~ Labels

[T IR Mormal Modes: 1 through 3
[~ Zero-Point Energy

~Extra ADFreport command line options

Cancell DKI

This will open up Report dialog.

In the 'Report’ field, you can choose the name for your report file and its format ('HTML' or 'Tab separated
plain text'). The other fields ('General’, 'Images’, 'Results') contain various relevant options you can choose
for preparing your report.

In the 'Report'/'Template name' field, type 'MyReport'

In the 'Results' section check 'Dipole Moment' and 'Dipole Vector'
In the 'Extra ADFreport command line options' field: enter 'angle#labels#2#1#3'
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2, Report Untitled

Report
Template name: MyReport
Generate:  HTML ¢ Tab separated plain text

~lmages
¥ Molecule

[¥ HOMO- 0  through HOMO

W LUMO through LUMO + 0

ViewVectorr 1 2 5 Zoom: 1.0

[~ SCFDensity [T Density Colored By Potential
Background Color: #220000

Grid: Coarse [~ AntiAlias

~General
™ Title
[~ Calculation type (single point, geometry optimization, etc)
[~ Number of atoms

[ Molecular weight

[T Symmetry

[ Integration [~ Integration (Min) [ Integration (Max)

[~ Atoms Labels (from 0) W Atom Labels (from 1)

[~ Geometry (in Angstrom)

~Results
¥ Voronoi W Hirshfeld ™ Mulliken [~ MDC charges

[© NMR Shieldings [~ NMR Shielding Tensor

[T NMR J Coupling Constant [ MMR J Coupling Tensor
™ NMR K Coupling Constant [~ NMR K Coupling Tensor
W Orbital info: HOMO- 3 through LUMO + 3

¥ All energies

[™ Bonding Energy

¥ Dipole Moment ¥ Dipole Vector

[T Quadrupole Tensor
[ Gradients [ Hessian
For Excitation Energies 1 through 99999

[~ Energies [~ Oscillator Strenghts [~ Labels
For IR modes 1 through 25

[ Frequencies [ Intensities [~ Labels

[T IR Mormal Modes: 1 through 3
[~ Zero-Point Energy

~Extra ADFreport command line options
angle#labels#2#1%#3

Cancell DKI

The extra command line options used instruct ADFreport to report the angle between atoms 2, 1 and 3, and
include the atom labels for this angle on output. In a similar way more angles could be requested, or
distances, or many other properties. For a description of all options please check the adfreport
documentation.

Click 'OK'

The Report dialog will close, saving our template named 'MyReport'. Now we will generate actual report
following the saved template:

In ADFjobs window, select all the finished jobs from the NH3 set
Select Tools — Build MyReport Report
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SCM File Edit Job Queue Sort Filter View [Tools| Help

-
"J - Prepare...
& » NH3IDZLarge New Report Template. . Sequential -]
& » MNH3IDZPLarge Edit Report Template... ¥ Sequential [*]
»
&B » NH3SZlarge Delete Report Template Sequential P
&ZB » NH3TZPLarge IR IR IOMEE i Sequential )
Build Standard Report
'‘Save As' dialog window will pop up, showing the 'report.html' default filename.
Choose your filename and location, then click 'Save'
Now ADF will work through all your selected jobs and prepare the report. Finally the browser will start
showing your report file (by default, named 'report.html’):
| S
€3 [5 x0r parartutoriansutojobseportimi 9+ > x| @ a0 resuits [
Calculation Molecule HOMO LUMO Orbital-Info HOMO-

Energies Dipole DipoleVector angle labels 213

Tutoriall ONH3 SZ Large H(2)-N(1)-H(3): 119.996

- 4
1.562436

-2.394164

Tutoriall ONH3 DZ Large 0.000  0.000  H(2)-N(1)-H(3): 119.397
-0.000
-0.000

TutoriallONH3 DZP Large

0.000  0.000 H(2)-N(1)-H(3): 119.396
-0.000
-0.000

Tutoriall ONH3.TZP Large H(2)-N(1)-H(3): 118.996

The Report tool created a table-like report of the results. Click on the image above to see it in detail.

We can clearly see that only for DZ basis optimization our NH3 molecule is planar (check the last row of the
report table). The dipole data are also shown in the report. Obviously the dipole moment is zero only for the
planar NH3 structure.

Congratulations, we are done with the ammonia optimization tutorial!

If you want to exit all the GUI modules at once: select SCM — Quit All
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Tutorial 11: Caffeine Bader (AIM) analysis, Benzene NBO
visualization and Occupations

Step 1: Setup and optimize Caffeine

Start ADFinput

Next we need a reasonable guess for the structure of Caffeine. The quickest way to do this is to search for it
in the database of molecules included with the ADF-GUI, and optimize it:

Press cmd-F or ctrl-F to activate the search box
Type 'caffeine' in the search box
Move your mouse pointer on top of the 'Thein' search result

& ADFinput 2014.01 o | | |
SCM  File Edit Select Atoms Bonds View Help

ADF Main Model Properties Details MultiLevel Q
Search: |caffeine i
Documentation »
Step 1: Setup and optimize Caffeine
Tutorial 11: Caffeine Bader (AIM) analysis, Benzene MBO visualization and Occupati
Step 2: Calculation setup
Advanced ADF tutarials
Table of Contents
Molecules »
C8H10N402: Caffeine (ADF)
CBH10N402: Thein
CBH10M402: |socaffeine

Thein C9H13N502: B-Methylaminocaffeine
component of A5.A. and Codeine Compound; component of A.S.A. COHA2NA03: Methorycaffeine

Compound, compenent of Ansemco 2; component of Cafergof;

component of Dilone; component of Midol, component of P-A-C Crystals b
Compound, component of Percobarb; component of Percodan; C72HB8N32032: bis(Caffeine) oxalic acid

component of Phensal; Aled-Pep; Cafamil, Cafecon; Cafeina; .

Caffein; Caffeine ; Caffeine, synthetic; Caffine; Cafipel; Coffeine; C192H288N9E072: Caffeine monohydrate

CAFFEINE; Eldiatric C; Guaranine; Koffein; Mateina; Da5TS SET =/ v

Methyltheobromide; Methyltheobromine; Mix Map; No-Doz; Modaca;

NCI-C02733; Refresh'n; Stim; Theine; Theabromine, 1-methyl-; Frozen core: Large x

Theophylline, 7-methyl; Xanthine, 1,3,7-trimethyl;

1,3.7-Trimethyl-2, 6-dioxopurine; 1,3, 7-Trimathybxanthing; Mumerical quality: Mormal M

1H-Purine-2 6-dione, 3,7-dihydro-1,3, 7-rimethyl-;
3,7-Dihydro-1,3,7-trimethyl-1H-purine-2, 6-dione

SMILES: C2(=0)C1=C{N=C[N[1CIN(C)C(N2C)=0
Formula: C8H10N402

Remarks:
from NCI-Open_09-03,
see hitp:licactus.nci.nin.gov,
MNSC 5036

As you can see, there are several matches. If you position your mouse over the results (without clicking) a
balloon will appear showing the details of that match. For this tutorial we use the second match "Thein", from
the NCI database. Thein is one of the common names for caffeine (and as you can see there are may
alternative names),

Click on the 'Thein' search result

Click somewhere in empty space in the molecule drawing area to deselect the
atoms

Switch to DFTB mode (panel bar ADF — DFTB)

Select model: SCC-DFTB
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Make sure the parameter set is "Dresden" (normally you would want to use
better parameters like the included 30B set)

€, ADFinput 2013.01 o= |
SCM  File Edit Select Atoms Bonds View Help
DFTB Main | Model Properties Details Q
Task: GeometryOptimization |«
Model: SCC-DFTB -
Dispersion: None v
Periodicity. MNone A
Total charge: 0.0
Occupation: Fermi -
Fermi temperature: 5 K
Parameter directory: -l Dresden 1)
[ Show output Kill Run
* C ONHCX O r -

Note that only those parameter sets known to be able to handle your system will be shown in the menu.

If you move your mouse over the parameter field, the information balloon will also show references
applicable to the selected set of DFTB parameters. More detailed information and references will be
displayed if you click on the 'i' button next to the parameter input field.

Click the 'Run' button
If the message says 'NOT converged', press 'Run' again.

The DFTB program should have created something similar to this structure:
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2, ADFinput 2013.01 [ | B
SCM  File Edit Select Atoms Bonds View Help
DFTB Main | Model Properties Details Q
Task: GeometryOptimization | =
Model: SCC-DFTB -
Dispersion: MNone A
Periodicity: Mone -
Total charge: 0.0
Occupation: Fermi v
Fermi temperature: 5 K
Parameter directory: - Dresden i
[™ Show output Kill Run

Step 2: Calculation setup

Next we will calculate the AIM critical points and paths for the current structure.
Switch to ADF mode (panel bar DFTB — ADF)

Now we want to activate the Bader AIM analysis to find the critical points and bond paths. To find where this
option is located, search for it:

Activate the search box (cmd/ctrl-F)
Type 'criti' in the search box
Use the Return key to accept the highlighted match (Other...)

ADFinput will activate the panel that displays the option you are looking for (to calculate the AIM critical
points and paths). The matching input options will be marked with blue italic text. Note that we first had to
activate the ADF mode, the input option search will restrict the search to panels that belong to the current
method (ADF, BAND, DFTB, ...)

Check the box to calculate Bader (AIM ) Critical points, bond paths and atomic
properties

Check the box to calculate AIM atomic energies

Check the box to save the Bader basins
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2, ADFinput 2013.01 [ | B

SCM  FEile Edit Select

Atoms Bonds Niew Help

ADF Main Model Properties Details MultiLevel Q

Other: Etot, Bader, Charge Transport, ...

Print [ Total Energy
[T Charge transfer integrals  (for transport properties)

[ Wayer bond orders

bond paths and atornic properties

Bader (AIM): T

¥ Atomic energies:

W 3ave Bader atomic basing|

Run this setup: File - Run
A dialog will pop up in which you must specify a filename to use for your job, for example caffeine:
Enter 'caffeine' as a Filename, press the Save button

After hitting the save button the calculation will start. You will get two extra windows: first a window for
ADFjobs that allows you to manage your jobs and keep track of their state (for example, queued or running).
You will also get a window showing the ADF log file. This shows you what is going on in the current
calculation.

Depending on your computer, the calculation should be ready after a few minutes at most:

206




Procs: 4

-
B, ADFtail: caffeine logfile
SCM  File Edit Help
<Apr02-2013>» «12:12:30> >>>> POPRN
<Apr02-2013>» «12:12:30> >>>> DEBYE
<Apr02-2013> «12:12:30> NOBMAL TERMINATION
<Apr02-2013% «12:12:30> END
<Apr02-2013> <12:12:31> ADF 2013.01 RunTime: Apr02-2013 12:12:31 Nodes: 1
<Apr02-2013> «12:12:32> *** [NO TITLE) #*=*=*
<Apr02-2013> «12:12:32> RunType : S5INGLE POINT
<Apr02-2013> <12:12:32> Net Charge: 0 (Nuclei minus Electrons)
<Apr02-2013> <12:12:32> Symmetry : NOSYM
<Apr02-2013> «12:12:32> >>>> FRAGM
<Apr02-2013» «12:12:33> >>>> CORORT
<Apr02-2013» «12:12:33> 3>>>> FITINT
<Apr02-2013% £12:12:34> >>>> CLSMAT
<Apr02-2013> <12:12:34> >>>> ORTHON
<Apr02-2013> «12:12:34> >>>> GENET
<Apr02-2013> «12:12:35> Bleck Length= 128
<Apr02-2013% £12:12:35> 3>3>>> PTBAS
<Apr02-2013> <12:12:36> >>>> CYCLE
<Apr02-2013> <12:12:36> 1
<Apr02-2013> «12:12:38> 2 ErrMat 1.53216236 MaxEl 0.272865834
<RApr02-2013% «12:12:39> 3 ErrMat 0.72235627 MaxEl 0.03701125
<Apr02-2013> <12:12:40> 4 ErrMat 0.77948290 MaxEl -0.17230581
<Apr02-2013> «12:12:41> 5 ErrMat 0.24233443 MaxEl 0.05470156
<Apr02-2013> «12:12:42> & ErrMat 0.07326091 MaxEl 0.02209219
<Apr02-2013» <12:12:43> 7 ErrMat 0.03284507 MaxEl 0.00690029
<RApr02-2013> <12:12:45> 8 ErrMat 0.00715308 MaxEl -0.00201944
<Apr02-2013> «12:12:46> 9 ErrMat 0.00359822 MaxEl -0.00091574
<Apr02-2013> «12:12:47> 10 ErrMat 0.00166921 MaxEl 0.00043327
<Apr02-2013> «<12:12:48> 11 ErrMat 0.00035711 MaxEl 0.00011951
<Apr02-2013» «12:12:49> 12 ErrMat 0.00015831 MaxEl 0.00003585
<Apr02-2013> «12:12:50> 13 ErrMat 0.00004128 MaxEl 0.00000901
<Apr02-2013> «12:12:52> 14 ErrMat 0.00001904 MaxEl 0.00000386
<Apr02-2013> «12:12:53> 15 ErrMat 0.00000434 MaxEl 0.00000073
<Apr02-2013> <12:12:53> 5CF converged
<Apr02-2013> «12:13:16> 16 ErrMat 0.00000360 MaxEl -0.00000068
<hpr02-2013> <12:13:17> Total energy -674.47789416 &.u.
<Apr02-2013> «12:13:17> >>>> TOTEN
<Apr02-2013> <12:13:29> Computing AIM critical points
<Apr02-2013> <12:13:34> >>>> POPRN
<Apr02-2013> «12:13:35> >>>> DEBYE
<Apr02-2013> «12:13:35> >>>> BMETS
<Apr02-2013> <€12:13:35> Bond Energv -5.82764289 a.u.
<Apr02-2013> <12:13:35> Bond Energy -158.57823164 &V
<Apr02-2013> <12:13:35> Bond Energy -3656.90 kcal/mnl
<Apr02-2013> «12:13:35> >>>> POPUL
<Apr02-2013> «12:13:38> NOBMAL TERMINATION
<Apr02-2013» «12:13:39> END
Job caffeine has finished

A

Step 3: Orbitals, Potential and AIM results

Start ADFview SCM — View
Show the HOMO Properties -~ HOMO
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&, ADFview: caffeinet21 | =R X

SCM  File Add

Fields View Properties Help

W = lIsosurface: Double SCF_A 37: 2.0 -0.2288 0.02

Hide the HOMO by unchecking the check box at the lower left corner of the
ADFview window

Add — Isosurface: Colored
In the first field selector (to the right of the 'Isosurface: Colored' text at

the bottom), select Density — SCF
In the second field selector (to the right of the '0.03' text in the same

line), select Potential - SCF
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&, ADFview: caffeinet21 = | B S

SCM  File Add Fields View Properties Help

[T = lIsosurface: Double SCF_A 37: 20 -0.2288 0.03
W = lIsosurface: Colored SCF_Density 0.02 SCF_Coulpot -0.08491|0.394874 [~ Log ™ Bar

Hide the surface with the potential energy: uncheck the check box at the lower
left corner of the window
Properties — AIM (Bader)
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Q.ADFview: caffeine.t?1 | =R X

SCM  File Add

Fields View Properties Help

[T ™ lIsosurface: Double SCF_A 37: 2.0 -02288 0.03
[T = lIsosurface: Colored SCF_Density 0.03 SCF_Coulpot -0.08491/0.394874 [~ Log ™ Bar
i AN Critical Points: W Show [ Scale By Density Bond Paths: W Show  Color: Density |

The critical points and bond paths are shown (the molecule balls and sticks representation is hidden). The
different types of critical points (atom CP, bond CP, ring CP and cage CP) are indicated by different colors.
The atom CPs are scaled by density by default, which makes them look like atoms. The bond paths are
colored by density, by default.

You can also visualize the Hessian of the Density in the critical points:

Uncheck the 'Scale By Density' check box in the AIM line at the bottom of the

window

Properties — AIM: Hessian of Density at CPs
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Q.ADFview: caffeine.t?1 | =R X

Add

SCM  File Fields View Properties Help

[T ™ lIsosurface: Double SCF_A 37: 2.0 -0.22838 0.03

[T = lIsosurface: Colored SCF_Density 0.03 SCF_Coulpot |—U.US491 0394874 Log [T Bar
v AlM Critical Points: W Show [~ Scale By Density Bond Paths: ¥ Show  Color: Density

i Tensor AlM: Hessian of Density at CPs | Scale: (1.0  Clampingis [T Show components W Color by eigenvalue

To get a rough display of the Bader basins, use the Bader sampling option:

Properties — Bader Sampling
Zoom in
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&, ADFview: caffeinet21 = | B S

I
p
v

- -

SCM  File Add

Isosurface: Double SCF_A 37 20 -02288 0.03

Fields View operties

- -

Isosurface: Colored SCF_Density 0.03 SCF_Coulpot |—0.08491 0.394874 [~ Log ™ Bar

Al

Tensor

Critical Points: ¥ Show [~ Scale By Density Bond Paths: ¥ Show  Color: Density

AlM: Hessian of Density at CPs | Scale: (1.0 Clampingi5 I~ Show components ¥ Color by eigenvalue

Integration Points Hue: 0.0 f80.c3] saturation: [1002]1003] value:[1005]1005] I” Freeze  All Points

The different colored points show the different basins.

ADFview has many options to visualize the results, the options just used are mainly to show off some
features. Play around with the different options, for example try out what the check boxes do on the left side.
Or try other fields, or colored cut planes, or ...

This finishes the Caffeine Bader (AIM) tutorial, close all its windows:

SCM — Quit

Step 4: Benzene Bader charge analysis and NBOs

Start ADFinput
Make a benzene molecule (for example by searching for it with cmd/ctrl-F)
Set up a Single Point calculation without frozen cores

Panel
Check
Check

Panel
Check

bar
the
the

bar
the

Properties — Other: Etot, Bader, Charge Transport, ...
'Atomic energies' option
'Save Bader atomic basins' option

Properties — Localized Orbitals, NBO
'Perform NBO analysis' option

Request Boys-Foster localized orbitals

Run this setup (File » Run)

When the calculation is done (it should run very fast), we use ADFview to examine the Bader charges and
compare them with Mulliken charges:
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Open the results with ADFview

Show the Bader atomic charges (Properties — Atom Info — Bader Charge — Show)
Color the atoms by Bader charges (Properties — Color Atoms By — Bader Charge)
Show the Mulliken charges (Properties — Atom Info — Mulliken Charge — Show)

&, ADFview: benzenet21 =

SCM  File Add Fields View Properties Help

Bader Charge

0.100

0.1000.279 0.1000.279

\ /

-0.100 -0.2750.100 -0.279
0.0501

.0.100 0.278.100 -0.279 -0.100 -02780 0.279

—_— | —

-2.50e-0086

-0.100 -0.270.100 -0.279

’6. 100 0.279 \ 0.1000.279 -0.0501

-0.100

Next we inspect the NBOs and Boys-Foster localized orbitals. To remove the charge display we close and
open ADFview, but you could also have used the View menu to remove them by hand:

Close ADFview

Open the results again with ADFview

Add a Double Isosurface

Use the field menu in the new control line, and
observe the labels present with the NBOs and NLMOs

Open NBO number 15 (should be similar to C6-H12)

Improve the grid by using Fields — Grid — Fine
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Obviously, you can also visualize the NLMOs or the Boys-Foster localized orbitals (which are just called
Localized Orbitals in the fields menu.

Next we inspect the Bader atomic basins. The numerical integration points are used for this purpose. The
color indicates to which atomic basin the numerical integration point belongs to.

Close ADFview
Open the results again with ADFview
Properties — Bader Sampling
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One can also select one or more atoms, to see only the Bader atomic basins of the selected atoms.
Step 5: Occupations
Now we will remove one electron from a selected orbital (by symmetry) using ADFinput again.

Open your benzene calculation in ADFinput
Model — Spin and Occupation
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&, ADFinput: benzene.adf o [E1 jwt S| B ADFievels: user.evel-guess.151326.421 =B8] =
SCM File Edit Select Atoms Bonds View Help M File Axes View Help
ADF  Main  Model Properties Details MultiLevel Q | fHartres
Spin and Occupation
05
5E2g
I~ Unrestricted 54 Z zau“wgam
A
2P &1
Spin Flip On Restart For. 04438 zn\z.g 25
L=l
5E1.u5E2g
+ | moarty Start Potential
3BLY
182. 4E29
I™ Use Following Qccupation: S MELY
4
A1g AZg A2u B1u B2.g B2u E1.g E1u E2g E2u Ezu
1 [20 [oo 20 [20 o0 [20 [#0 [s0 [s0 [oo
2 [20 |00 o0 [20 [0.0 [00 o0 [40 [#0 oo 18
1ELG
3 20 0.0 40 40 Z
g
4 00 0.0 0o 0.0 “\2‘551
m
5 o0 0.0 00 [o0 u1B2u
5 00 0.0 0o 0o wta
- - o
7 o0 0.0 0o 0o
8 [o0 0.0 00 (0.0 07 _H_ 251
9 0o 0o
05 —H— 2419
10 0o 0o
0.9 4
Reset
10
™ C ONHCX, O C (userlevel-g q 431886r level-g 15131

In the Spin and Occupation panel you see which orbitals are available (by symmetry, and spin if the current
set up is unrestricted). The numbers are the occupations. Next to the ADFinput window ADFlevels will also
have opened, and is showing a level diagram of your current molecule. This helps you to select the proper

occupation.

The level diagram is based on the existing result file (.t21) found. If none, ADFinput will suggest to do a
guess-calculation: a hopefully fast calculation using an inaccurate integration grid, and stopping after a few
SCF cycles. The level diagram shown in that case will not be accurate obviously but will still be helpful in

selecting the proper occupation.

Now, just as an example, we make a hole in the 3E2.g orbital. Note that this is NOT the HOMO.

Change the 4.0 to 3.0 in the 3 E2.g column (the third row)
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ADF  Main Hndel‘Pmperﬁes Details MultiLevel Q

Spin and Occupation

[T Unrestricted

Spin Flip On Restart For:

[+] =1 [v]

+ | Modify Start Potential

¥ Use Following Qccupation:

Alg AZg AZu B1lu BZ2g B2u E1.g E1.u EZg EZ.u
1 |20 |00 [20 [20 (00 [20 |40 |40 |40 |00

2 |20 00 |00 |20 (00 00 00 [40 [40 |00
3 40 (0]
00 o0
00 o0
00 foo
00 foo
00 fo.0
00 foo
10 00 foo

Resetl

Close the guess adflevels

File — Save

Close the ADFinput window

Run (via the Job — Run command in ADFjobs

/8l
gl s

=]
=]
=]
=

EEE
BEE

woom = m m

When the run is complete:
Open ADFlevels using the SCM — Levels command

In the ADFlevels window, use the View — Labels —» Show command
Zoom in to the region of interest (for example using your mouse wheel)
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B, ADFlevels: benzene.t21 ) e S
SCM  FEile Axes View Help

Hartree

024 r H — —

-0.3 4

1E2.u

0.4

054 »s —H— —H— —H— 1E1g

-0.6

o7 —H— 3a1g
081 - - e

-0.9 4
-1.0 4

ERE

-1.2 -

C (benzene) benzene H (benzene)

In the levels diagram you will observe that the HOMO (the 1E1.g) is completely filled, while the orbital below
it has a hole. You can easily see this by the color. Note that we have performed a restricted calculation, so in
effect the hole is averaged over the E orbitals.

Tutorial 12: Spin Coupling in Fe4S4 Cluster

This tutorial will help you to:

* build the structure of iron-sulfur cubane,

« control the spin coupling in multi-center radical systems in two different ways (SpinFlip and
ModifyStartPotential),

» tweak the SCF convergence in the iron-sulfur cubane case,

 visualize the distribution of spin densities in 3D.

Step 1: Create and pre-optimize the Fe4S4 cubane model

Embedded into proteins and coordinated by cysteine ligands, iron-sulfur cubanes are often used by nature in
electron transfer and catalysis. While their native structures can be extracted from protein data bank (PDB)
files, we will use ADFinput module to build a model of the Fe4S4 cubane from scratch in this example.

Start ADFinput

Select the Structure tool — Polyhedra — Cube structure:

Click anywhere in the empty structure drawing area.

This should place a cube in the building area of ADFinput.
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The cube built is constructed of carbon atoms. We will now change four of these atoms to iron (Fe), and next
the remaining four atoms into sulfur (S).

Via Shift-click, select four carbon atoms in the corners of the cubane

Atoms — Change Atom Type — Fe: change the four atoms into Fe
Selection — Invert Selection
Atoms — Change Atom Type — S: change the other atoms into S
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Now you should see the Fe4S4 cubane in the structure drawing area of ADFinput. The proper coordination
to Fe atoms is important in modeling their electronic structure. In proteins, iron-sulfur cubanes are

coordinated by cysteine ligands to the Fe sites. Here, we will model these four cysteines by "SH ligands. The
procedure to add these ligands is described below.

Select all Fe atoms (for example by inverting the selection)
Use the Atoms — Details (Color, Radius, Mass, ...) menu command
Change the number of connectors for all Fe atoms from 10 into 4
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®C ONHCX O

¥ Connectors ¥ Lone Pairs

I” PDBMame [~ Tripos [~ Amber [T Amb Charge

™ Z-Axes ™ X-Axes
Fe(2) R:[1.26 M #4
Fe(4) R:|126 M: #(4
Fes) R[125 W N
Fe7) R[125 M F1n

2 ADFinput 2014.01 =
S5CM  File Edit Select Atoms Bonds View Help
ADF  Main Model Properties| Details | MultiLevel (@',
Atom Details
I Type V¥ Screen Radius W Mass [~ ZNuc ¥ Color

Switch to the Main panel

Add hydrogens to the still selected Fe atoms using the Atoms — Add Hydrogen

menu command

Select the (newly added) hydrogens

Use the Atoms — Replace By Structure — Ligands — OH menu command:

This will replace hydrogen atoms into OH ligands.
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Select one of the O atoms
Use the Select — Select Atoms Of Same Type command to select them all
Use the Atoms — Change Atom Type —» S to change them into S

The next step is to optimize this structure. It is a difficult system, and the pre-optimizers will fail. So we will
use ADF to optimize the geometry.

Set the charge to -2
Select the Geometry Optimization preset

Click the Symmetrize button (the star) to check the symmetry (should be Td)
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&, ADFinput 2014.01 PSR x|

S5CM  File Edit Select Atoms Bonds View Help

ADF Main Model Properties Details MultiLevel (@',

Title:
Preset: Geometry Optimization | =

Task: GeometryOptimization

Total charge: -2.0
Spin polarization: 0.0
Unrestricted [~ Yes

XC potential in SCF: LDA -

L

Relativity (ZORA): Nonea v

.

Basis set DZ v
Frozen core: Large v

Mumerical quality: Maormal v

mol: Td symmetry enforced

File — Run (enter FeS as name)

When ready, click OK to use the optimized geometry in ADFinput
SCM — Movie

In the Movie window: Graph — Energy
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& ADFinput 2014.01 e
S5CM  File Edit Select Atoms Bonds View Help
ADF Main Model Properties Details MultiLevel (@',
Title:
Preset: Geometry Optimization | =
Task: GeometryOptimization
Total charge: -2.0
Spin polarization: 0.0
Unrestricted I~ Yes
XC potential in SCF: LDA b4
Relativity (ZORA): Mone v
Basis set DZ v
Frozen core: Large v
Mumerical quality: Maormal v
Symmol: Td symmetry enforced
®C ONHCX O * 0

Close the movie window: File — Close
Step 2: Obtain the solution for the high-spin (HS) state of the cubane

In Fe4S4 systems, the iron sites are commonly high-spin ferrous (Fe>*, S = 5/2) or ferric (Fe?*, S = 2). For
the present example, we will use the iron-sulfur cubane oxidation state where the two sites are ferric and the
remaining two are ferrous. This oxidation level of Fe4S4 is well-defined and occurs, for example, in
rubredoxin and high-potential iron-sulfur proteins (HIPIPs). For our model system, Fe4S4(SH)4, this implies
the total charge of -2.

The relative directions, or coupling, of the individual site spin vectors is a very important issue in obtaining
the desired density functional solution in Fe4S4, as well as many other systems which display a multi-center
radical character.

Within the common open-shell approach, the spin vectors are either parallel or anti-parallel. The case when
all the spins are parallel is called high-spin (HS). Obtaining self-consisted field (SCF) solution for the HS
case is normally simpler because the program does not need to resolve the ambiguity of distribution the
sites spin vectors. While the ferromagnetic HS solution commonly does not correspond to the lowest energy
electronic state, this solution can be used to obtain the electron density corresponding to the lower energy
spin-coupled state. In this step, we will obtain the HS solution for the iron-sulfur cubane, which will be used

later in the tutorial. The HS solution for the [Fe4S4(SH)4]2' model correspondsto S=2x5/2+2x2=09.

Select the ADFinput window

Select the Single Point preset
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Keep the total charge at -2

Set the spin polarization to 18 (corresponds to S = 9)
Check the unrestricted box

File — Save As...
Enter FeS HS as filename and save

File - Run

&, ADFinput: FeS.adf PSR x|

S5CM  File Edit Select Atoms Bonds View Help

ADF Main Model Properties Details MultiLevel (@',

Title:

Preset: Single Point v
Task: SinglePoint

Total charge: -2.0

Spin polarization: 18.0

Unrestricted

XC potential in SCF: LDA b4
Relativity (ZORA): None v
Basis set DZ v
Frozen core: Large v
Mumerical quality: Maormal v

ADFtail window will pop up showing the progress of the job:
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& ADFtail: FeS_HS.logfile = | B |-

SCM  File Edit Help
<Rpr02-2013» <01:13:55> RunType : SINGLE POINT

<Apr02-2013> <01:13:55> Net Charge: -2 {Nuclel minus Electrons)
<Bpr02-2013» «01:13:55> Spin polar: 18 (Spin A minus Spin B electrons)
<RApr02-2013> <01:13:55> Symmetry : T(D)

<Rpr02-2013> <01:13:55> >>>> FRAGM

<Rpr02-2013> <01:13:59> >>>> CORORT

<Rpr02-2013% <01:13:59> >>>> FITINT

<Rpr02-2013» <01:14:00> >>>> CLSMAT

<Rpr02-2013» <01:14:00> >>>> ORTHON

<Rpr02-2013> <01:14:00> >>>> GENPT

<Rpr02-2013> <01:14:00> Block Length= 127

<Rpr02-2013> <01:14:00> >>>> PTBAS

<Rpr02-2013> <01:14:00> >>>> CYCLE

<Rpr02-2013» «01:14:00> 1

<hpr02-2013> «01:14:00>
<hpr02-2013> <£01:14:00>
<hpr02-2013» <£01:14:00>
<Rpr02-2013% <01:14:00>
<Rpr02-2013» <01:14:00>

ErrMat 3.40074776 MaxEl -0.50954045

ErrMat 4.02800581 MaxEl 0.683694039

ErrMat 5.83347121 MaxEl -0.87860896

ErrMat 5.10877265 MaxEl 0.89310431

ErrMat 0.45477356 MaxEl 0.07058301
<BApr02-2013> <01:14:00> ErrMat 1.92737621 MaxEl 0.40873106
<Apr02-2013» «£01:14:00> ErrMat 0.30436589 MaxEl 0.03397638
<Apr02-2013> «<01:14:00> 9 ErrMat 0.15124790 MaxEl 0.019488849
<Apr02-2013» «01:14:01> 10 ErrMat 0.07754150 MaxEl 0.01178686
<hpr02-2013> «01:14:01> 11 ErrMat 0.02022897 MaxEl 0.00340035
<Apr02-2013» «01:14:01> 12 ErrMat 0.02020223 MaxEl -0.0031594659
<Bpr02-2013> «<01:14:01> 13 ErrMat 0.00256652 MaxEl -0.00041044
<Rpr02-2013> «<01:14:01> 14 ErrMat 0.00080158 MaxEl -0.00011704
<RApr02-2013> «<01:14:01> 15 ErrMat 0.00004511 MaxEl -0.00000631
<BApr02-2013% <01:14:01> 16 ErrMat 0.00000611 MaxEl -0.00000098
<Rpr02-2013> <01:14:01> SCF conwverged

<BApr02-2013> <01:14:01> 17 ErrMat 0.00000409 MaxEl 0.00000058
<Rpr02-2013>» <01:14:01> WARNING: partially occcupied orbitals

<RApr02-2013> <01:14:01> Solutions with partially occcupied orbitals may not be
<RApr02-2013> <01:14:01> lowest in energy. You might consider lowering the
<RApr02-2013> <01:14:01> symmetry in the input and explicitly specifying integer
<Rpr02-2013> <01:14:01> occcupations. In that case always check that you obtain
<Rpr02-2013> «<01:14:01> an aufbau solution.

<RApr02-2013> «£01:14:02> >>>> TOTEN

<RApr02-2013> «£01:14:02> >>>> POPRN

<BApr02-2013% «£01:14:03> >>>> DEBYE

<Bpr02-2013% «£01:14:03> >>>> BMETS

o =1 o N = La P

<Rpr02-2013> <01:14:03> Bond Energy -2.96272827 a.u.
<Apr02-2013> «£01:14:03> Bond Energy -80.61993814 &V
<RApr02-2013> «01:14:03> Bond Energy -1859.14 kcal /mnl

<Bpr02-2013> <01:14:03> >>>> FOFUL
<Rpr02-2013> <01:14:08> NORMAL TERMINATION
<RApr02-2013> «<01:14:08> END

Job Fe5 HS has finished

The logfile shows that the convergence has been obtained in 17 SCF cycles.
Step 3: Couple the spins in Fe4S4 using the SpinFlip option
While SCF solution for the high-spin (HS) state of a multi-center spin system can often be easily found, this

solution does not necessarily correspond to the lowest energy state.

To generate the solution with the desired collinear spin arrangement, one option is to use the 'SpinFlip'
concept that has been earlier introduced by L. Noodleman and coworkers. In this two step procedure:
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« first the spin-unrestricted HS solution is generated with all the site spins ferromagnetically coupled
in one direction (all spins up, 1).

* Nextthe a (1) and B (|) electron densities centered at the sites which are expected to be
antiferromagnetically coupled (spins down, |) to the total spin vector are exchanged for the earlier
obtained HS solution, using the SpinFlip option, and the calculation is restarted.

Because this approach often results in lowering the electronic symmetry of the system while retaining its
structural symmetry, a solution obtained in such way is often called the broken symmetry (BS) state. In such
cases you will need to make sure that your BS calculation is done with lower symmetry.

The concept of SpinFlip and BS state can be illustrated considering our iron-sulfur cubane case with two

ferrous (Fe3+, S = 5/2) and two ferric (Fe2+, S = 2) sites. One of the well-characterized BS states for this
level of Fe4S4 oxidation corresponds to S = (5/2 + 2) - (5/2 + 2) = 0, 21:2].

Select the ADFinput window with your FeS HS calculation
Make sure the 'Main' panel is visible
Change the spin polarization from 18 to 0

This spin polarization setting corresponds to S = 0 zero spin of the BS electronic state.

Panel bar Model — Spin and Occupation

ADFlevels will show the levels from your previous calculation. As we are not changing the occupations this
info is not needed for this tutorial.

Close the window showing the energy level diagram (ADFlevels ...)
Select the two (out of four) arbitrary Fe sites in the drawing area
Click + next to the Spin Flip on Restart For: line.
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To achieve the desired BS solution, the SpinFlip procedure should be applied to 2 out of 4 Fe sites of Fe4S4.
In the above example, we selected sites Fe(2) and Fe(7). This will instruct SpinFlip algorithm to interchange

a (1) and B (]) electron densities associated with these two Fe sites when the job will be restarted, changing

the HS 41:0| spin state to the BS 21:2] spin state.

The Spin Flip option only works when restarting, so set up the restart calculation from the HS results:
Panel bar Details — Files (Restart)
Click folder icon in front of the 'Restart file:' field,

Select the Fe HS.t2l1 file (it should already be selected, so just press the
Open button)

228




& ADFinput: FeS_HS.adf

PSR x|

SCM  File Edit Select

Atoms Bonds  View Help

WCTONTH X O xR0

ADF Main Model Properties|DetaiIs

MultiLevel

Restart options
Restart file:
Ignore:

lgnore:

Ignore:

Save files

Results and restart:

Grid-based data:
MNumint data
Fitintegrals:
Checkpoint
Scratch data:

COSMO data:

Files (Restart)

i |[FeS_HS 21
[~ SCF results
[ Geometry

[~ Hessian

¥ TAPE21
™ gzipped
¥ TAPE41
[~ TAPE10
[ TAPE11
¥ TAPE13
[~ TAPE15
™ CoskF

The above will instruct ADF to read the converged HS solution we obtained in the previous step of the
tutorial. This solution has been saved in the Fe_HS.t21.

Panel bar Details — Symmetry
Set the symmetry symbol to NOSYM
save the job as FeS BS SPINFLIP

File — Save As,
File — Run
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& ADFtail: FeS_BS_SPIMFLP.logfile

<Apri2-2013>
<Apr02-2013>
<Apri02-2013>
<Apr02-2013>
<Apr02-2013>
<Apri2-2013>
<Apr02-2013>
<Apri02-2013>
<Apr02-2013>
<Apr02-2013>
<Apri2-2013>
<Apr02-2013>
<Apri02-2013>
<Apri02-2013>
<Apr02-2013>
<Apr02-2013>
<Apri2-2013>
<Apr02-2013>
<Apri02-2013>
<Apr02-2013>
<Apr02-2013>
<Apri2-2013>
<Apr02-2013>
<Apri02-2013>
<Apr02-2013>
<Apr02-2013>
<Apri2-2013>
<Apr02-2013>
<Apri02-2013>
<Apri02-2013>
<Apr02-2013>
<Apr02-2013>
<Apri2-2013>
<Apr02-2013>
<Apri02-2013>
<Apr02-2013>
<Apr02-2013>
<Apri2-2013>
<Apr02-2013>
<Apri02-2013>
<Apr02-2013>
<Apr02-2013>
<Apri2-2013>
<Apr02-2013>
<Apri02-2013>
<Apri02-2013>
<Apr02-2013>

SCM  FEile Edit

Help

<01:34:33>
<01:34:33>
<01:34:33>
<01:34:33>
<01:34:33>
<01:34:33>
<01:34:33>
<01:34:35>
<01:34:35>
<01:34:35>
<01:34:36>
<01:34:36>
<01:34:36>
<01:34:36>
<01:34:36>
<01:34:37>
<01:34:37>
<01:34:38>
<01:34:38>
<01:34:39>
<01:34:39>
<01:34:40>
<01:34:40>
<01:34:41>
<01:34:41>
<01:34:41>
<01:34:42>
<01l:34:42>
<01:34:43>
<01:34:43>
<01:34:44>
<01:34:44>
<01:34:45>
<01:34:45>
<01:34:46>
<01:34:46>
<01:34:46>
<01:34:47>
<01:34:49>
<01:34:50>
<01:34:50>
<01:34:50>
<01:34:50>
<01:34:50>
<01:34:50>
<01:34:58>
<01:34:58>

ADF 2013.01 PRunTime: Apr02-2013 01:34:33 Nodes: 1
*k% (NO TITLE) %%+

BunType : SINGLE BOQINT
Net Charge: -2 (Nuclei minus Electrons)
Spin polar: 0 (S5pin A minus Spin B electrons)
Symmetry : NOSYM
>>>> FRAGM
>>>> CORORT
>>>> FITINT
>>>> CLSMAT
>>>> ORTHON
»>>>> GENET
Block Length= 128
>>>> PTBAS
>>>> CYCLE
1
2 ErrMat 0.39670725 MaxEl 0.05917262
3 ErrMat 0.62443637 MaxEl -0.08442353
4 ErrMat 1.74689977 MaxEl 0.27978924
5 ErrMat 0.26854363 MaxEl -0.03079317
& ErrMat 0.05458055 MaxEl 0.00646215
7 ErrMat 0.05732161 MaxEl 0.00729052
8 ErrMat 0.01905670 MaxEl -0.00289469
9 ErrMat 0.01055734 MaxEl 0.00178191
10 ErrMat 0.02356708 MaxEl 0.00673121
11 ErrMat 0.00559004 MaxEl -0.00094243
12 ErrMat 0.00259673 MaxEl -0.00037557
13 ErrMat 0.00316780 MaxEl 0.00075655
14 ErrMat 0.00178196 MaxEl 0.00029%9227
15 ErrMat 0.00229913 MaxEl 0.00030964
16 ErrMat 0.00025905 MaxEl 0.00003443
17 ErrMat 0.00004198 MaxEl 0.00000756
18 ErrMat 0.00001464 MaxEl -0.00000228
1% ErrMat 0.00002337 MaxEl 0.00000355
20 ErrMat 0.00000348 MaxEl 0.00000058
SCF converged
21 ErrMat 0.00000577 MaxEl 0.00000148
»>>»> TOTEN
>>>> POPRN
>>>» DEBYE
>>>> AMETS
Bond Energy -3.08114133 &.u.
Bond Energy -83.84212155 &V
Bond Energy -1833.45 kcal/mol
>>>> POPUL
HOBMAT. TERMINATION
END

Job Fe5 BS SPINFLIF has finished

Procs: 4

e ——————————————————————————

As you see, our FeS_BS_SPINFLIP job converges in 21 cycles.

Step 4: Coupling the spins using the ModifyStartPotential option, use
ARH SCF convergence method

There is an alternative to SpinFlip available in ADF, which is aimed to achieve a specific spin-coupled
solution in a single calculation only. This is done using the MODIFYSTARTPOTENTIAL key in ADF: it allows
you to create a spin-polarized potential at the very start of the calculation.

Please read the page of ADF user's guide on MODIFYSTARTPOTENTIAL key prior to proceeding with this
step of the tutorial. As follows from the MODIFYSTARTPOTENTIAL description, this key allows to control
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the ratio of spin-a and spin-$ electrons associated with fragments via 'alpha' and 'beta’ numbers. For the
purpose of the present tutorial, we will consider the four Fe sites as fragments. Apparently, 'alpha’ and 'beta’
numbers will correspond to the number of spin-a and spin-f electrons, correspondingly, associated with a
Fe site.

So follow these instructions to obtain the BS solution via the MODIFYSTARTPOPTENTIAL option:

Open your FeS HS calculation in ADFinput
Change the spin polarization from 18 to 0

Panel bar Details — Symmetry
Set the symmetry to NOSYM

Panel bar Model — Spin and Occupations
Close the ADFlevels window

Select the four Fe atoms
Click the '"+' in front of 'Modify Start Potential'
Set the alpha and beta occupations, for the four Fe atoms:
14 alpha and 10 beta
14 alpha and 9 beta
10 alpha and 14 beta
9 alpha and 14 beta

&, ADFinput: FeS_HS.adf [E=RIE

SCM  File Edit Select Atoms Bonds

View Help

ADF  Main | Model

Properties Details MultiLevel Q

Spin and Occupation

¥ Unrestricted —

Spin Flip On Restart For:

L]l =1Lv]

|+ | Modify Start Potential

= | ¥ | Fe(2 Aipha: [140 Beta:|10.0
_— | ¥ | Fe{4) Alpha: [14.0 Beta:|9.0
= | ¥ | Fe5) Aipha: [10.0 Beta:[14.0
_— | ¥ | Fe(?) Alpha: [9.0  Beta:|14.0

™ Use Following Occupation:

Al E ial T2

[0 [0 20" [10] 50" [oo [0’ [20]
[0 [0 20" [o0 (30" o0 30’ [z0]
[10 [0 0.0 o0 [oo [0o [30 [0
0.0 [0.0 [o0 00 [0 [o0 [20 [20

0.0 |00 |00 0.0 0.0 0O |20 |00
0.0 |00 |00 0.0 0.0 0O |20 |00
0.0 |00 |00 0.0 0.0 0O |20 |00

O @ o~ M M & W M

®CONHCX. O * o

For the spin-up Fe3+, S = 5/2, the alpha and beta numbers would be 14 and 9, correspondingly, and for the

spin-up FeZ+, S = 2, these numbers are 14 and 10. For the spin-down Fe sites, alpha and beta numbers
should be apparently transposed. Also, our desired BS state for this level of Fe4S4 oxidation corresponds to
S=(52+2)-(5/2+2)=0,21:2] .
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Note that SCF procedure might be problematic.

You can play with several options to help the convergence. In the SCF panel (in Details) you can experiment
with several mehods like LISTi, A-DIIS, E-DIIS and ARH. In the SCF convergence details panel further
options are available, like mixing, level shifting, orbital freezing and DIIS details.

In this particular case, the ARH method (in the SCF panel) works, although it needs a lot of iterations.

Panel bar Details — SCF

Select the ARH convergence method
Set the maximum number of SCF cycles to 1000

& ADFinput: FeS_HS.adf PN x|

SCM  File Edit Select Atoms Bonds

View Help

ADF Main Model Properties|DetaiIs

MultiLevel (2,

SCF

Maximum number of SCF cycles: 1000

Final SCF convergence

Convergence method: ARH 4
Use Scalable SCF: I~ Yes

Details

During geometry optimizations
Always use final criterium: W Yes

Minimum SCF convergence:

WCTONTH X O xR0

File —» Save As: save the job as FeS BS MODIFYSTARTPOTENTIAL
File - Run
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&, ADFtail: FeS_BS_MODIFYSTARTPOTENTIALlogfile = | B e

SCM  File Edit Help

<Apr02-2013>» «01:55:46> 174 0.00423710 0.00045405 -8222.5362081183 REDO :J
<Apr02-2013>» «01:55:47> -8222.5362726745
<Apr02-2013» «01:55:48> 175 0.00425740 0.000539811 -8222.5362740640
<Apr02-2013>» «<01:55:50> 176 0.00147085 0.00015603 -8222.5362736087
<RApr02-2013> «01:55:51> 177 0.00293749 0.00040610 -8222.5362764818
<Apr02-2013» «01:55:53> 178 0.00259396 0.00023432 -8222.5362729960
<Apr02-2013>» «01:55:55> 1749 0.00435022 0.000458872 -8222.5362198055 REDO
<Apr02-2013>» «01:55:56> -8222.5362417051 REDO
<Apr02-2013> «<01:55:57> -8222.5362767641
<hpr02-2013> «01:55:58> 180 0.00340876 0.00048049 -8222.5362825321
<Apr02-2013>» «01:56:00> 181 0.00456025 0.00074108 -8222.5362440855 REDO
<Apr02-2013>» «01:56:01> -8222.5362853298
<Apr02-2013» «01:56:02> lg2 0.00305806 0.00030728 -8222.5362927883
<Apr02-2013» «<01:56:04> 183 0.00357044 0.00047847 -8222.5362915169
<Apr02-2013> «01:56:06> 184 0.00223226 0.00023507 -8222.5362875871
<RApr02-2013> «01:56:08> 185 0.00483825 0.00069699 -8222.5362746384 REDO
<Apr02-2013>» «01:56:08> -8222.5362918789
<Apr02-2013>» «<01:56:10> 186 0.00231919 0.00023150 -8222.5362831983 REDO
<Apr02-2013>» «01:56:11> -8222.5362908602
<Apr02-2013> «<01:56:12> 187 0.00087568 0.00009439 -8222.5362897284

<Apr02-2013> <01:56:12> Done Augmented RBoothaan-Hall iterations
<Apr02-2013>» «<01:56:13> 3

<Apr02-2013> «<01:56:13>
<Apr02-2013> «<01:56:14>
<Apr02-2013> «<01:56:14>

ErrMat 0.03396703 MaxEl -0.01010352
ErrMat 0.11365611 MaxEl 0.03401385
ErrMat 0.02197183 MaxEl -0.00308953
<Apr02-2013» «<01:56:14> ErrMat 0.00806834 MaxEl -0.00133388
<Apr02-2013» «01:56:15> ErrMat 0.00272677 MaxEl 0.00038515
<Apr02-2013>» «01:56:15> 9 ErrMat 0.00087105 MaxEl 0.00009456
<Apr02-2013> «01:56:16> 10 ErrMat 0.00211553 MaxEl -0.00085792
<Apr02-2013> «<01:56:16> 11 ErrMat 0.00044257 MaxEl 0.00008929
<Apr02-2013» <01:56:17> 12 ErrMat 0.00013335 MaxEl 0.00002018
<Apr02-2013» «<01:56:17> 13 ErrMat 0.00003537 MaxEl 0.00000572
<Apr02-2013>» «01:56:18> 14 ErrMat 0.000024728 MaxEl 0.00000446
<Apr02-2013> «01:56:18> 15 ErrMat 0.00001473 MaxEl 0.00000268
<hpr02-2013> «01:56:19> 16 ErrMat 0.00000640 MaxEl 0.00000091
<Apr02-2013> <01:56:19> S5SCF converged

<Apr02-2013» «<01:56:19> 17 ErrMat 0.00001115 MaxEl -0.00000182
<Apr02-2013> <01:56:20> >>>> TOTEN

<Apr02-2013> <01:56:22> >>>> POFRN

<Apr02-2013> <01:56:23> >>>> DEBYE

<Apr02-2013> <01:56:23> >>>> RMETS

Ch -1 A ks

<Apr02-2013> <01:56:23> Bond Energy -3.08114132 a.u.
<Apr02-2013> <01:56:23> Bond Energy -83.84212112 &V
<Apr02-2013» «<01:56:23> Bond Energy -1833.45 kcal/mol

<Apr02-2013> <01:56:23> »>»>> POFUL
<Apr02-2013> <01:56:31> NORMAL TERMINATION
<Apr02-2013> «01:56:31> END

Job FeS5 B3 MODIFYSTARTPOTENTIAL has finished

e ———————————————————————————

Hopefully you will be able to converge the job, to the same energy and state as the SpinFlip job.

Thus both the SpinFlip and the ModifyStartPotential option allow you to obtain a desired Fe spin coupling
pattern in the Fe4S4 case. While SpinFlip is a two-step approach and ModifyStartPotential works as in a

single step, the SpinFlip approach shows a better performance during SCF (much better and faster SCF
convergence).

Step 5: View the spin density of the broken symmetry (BS) solutions

In the two previous steps of this tutorial, we have generated the broken symmetry (BS) solution for the
Fe4S4 cubane using alternatively the SpinFlip and ModifyStartPotential options. Here, we will analyze this
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BS solution viewing the Fe spin densities using ADFview, and confirm that the spin alignment of the iron
sites is 21:2| This type of analysis can also be powerfully used during presentations and for scientific
illustrations.

Select your FeS BS SPINFLIP calculation in ADFjobs
Use the SCM — View menu command to activate ADFview

You should see the [Fe4S4(SH)4]2' system in the ADFview window.

The spin-density is available as a short-cut in the Properties menu:

Properties — Spin Density

You should see now the two Fe ions surrounded by blue blobs (spin up,1) and the other two by red blobs
(spin down, |):

Change the iso value to 0.03

&, ADFview: FeS_BS_MODIFYSTARTPOTENTIAL 121

=

Cc-1

SCM  File Add Fields

Field: Calculated

View Properties Help

SCF_Density_A

SCF_Density_B

P -

Isosurface: Double

Cc-1

0.03

Note that you now have two visualizaion lines: one is a calculated field that actually calculates the difference
between the alpha and beta spin density. The other is a double isosurface that visualized the calculated
field. You can use thse calculated fields for many purposed. For example, by changing the -' into a '+' you

are visualizing the total density instead of the spin difference density.

In the same way you can also check the spin densities for the FeS_HS and
FeS_BS_MODIFYSTARTPOTENTIAL results.
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Tutorial 13: Generating and using conformers

The ADF-GUI does have some basic support for handling conformers. This includes the generation of
conformers, the refinement of conformers using different theoretical methods, and the caclulation of
properties like spectra (UV/Vis, IR, NMR, and others). These spectra are the weighted spectra of the
individual conformers, typically using a Boltzmann weighting.

The different conformers to handle are stored in a .sdf file. This .sdf file is a standard SDF file, with the
calculated energy in the title for each conformer. It also contains information were to find calculation results
for the individual conformers, if present.
If you want to calculate something using the conformers of your molecule:

» Generate and view the conformers (and thus the .sdf file that contains them)

» Refine the structures of hte conformers, for example with ADF (this gives a new .sdf file)

» Calculate the spectrum of interest for selected conformers

» View the Boltzmann averaged spectrum
Each step will do something for all (or the selected) conformers, and at the end of each step a new .sdf file is
generated based on the results of the calculations. The original .sdf file is kept in the .results directory, with a
timestamp, for reference purposes.

For this tutorial we will do this for a small example molecule: propanoic acid.

Step 1: Set up propanoic acid in ADFinput

Start ADFinput
Build propanoic acid (for example via search in ADFinput)
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2 ADFinput 2014.01

SCM  File Edit Select Atoms Bonds View Help

ADF Main | Model Properties Details MultiLevel

Title:

Preset. Single Point \d
Task: SinglePoint

Total charge: 0.0

Spin polarization: 0.0

Unrestricted: I~ Yes

XC potential in SCF: LDA \d
Relativity (ZORA): None v
Basis set. DZ \d
Frozen core Large A
Mumerical guality: Mormal 4

Step 2: Generate the conformers

Bring up the Conformers tool with the Edit — Conformers... menu command
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Generate Conformers

R3S filter:

Mumber of conformations: G600
0.2
Optimize with ROKit-UFF: V¥ Yes

Final RM3 filter: 0.1

™ Showlog

Close | Show Conformers Generate Conformers

In this panel you set up how to generate the conformers (using RDKit).

The defaults should work fine: generate 600 random conformations, filter them with an RMS filter to avoid
duplicate structures. Next optimize with RDKit-UFF so each conformation runs into some local minimum
(conformer), and again filter with an RMS filter to avoid duplicate structures.

If you experience problems, or are curious, checking the Show log check box before generating the
conformers will givve some feedback during the conformer generation.

Note that the starting geometry does not matter, RDKit just looks at the bonding structure and not at the
atom positions. The conformations are generated using distance-geometry conformation generator. For
more info, see the RDKit web site.

Click the "Generate Conformers" button
Save your molecule when asked to do this ('propanoicacid')
Wait until conformer generaton is done
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Click on the "Show Conformers" button
In the ADFmovie window use the Graph — Energy menu command

&, ADFmovie: propanoicacid.sdf =

SCM File View Select Graph Help

Energy (Hartree)

0.006 —

00053 —

0.0046

0.0039

0.0032

00025

Frame 11
UFFEn

Frame number

Using ADFmovie you can now examine the generated conformers. Note that the energy is the UFF energy
as calculated by RDKit.

Step 3: Refine the conformer geometries with ADF

Next step is to improve the geometries of the conformers. If there are many conformers this may be
expensive, so you may want to limit the conformers to be optimized to those with a certain energy range
from the lowest conformer. Note that this energy range is a crude estimate by UFF. In the ADFmovie
window you can see the energies of the conformers.

Close the ADFmovie window

In the ADFinput window:
Click Close in the Conformers tool

Make sure you are in ADF mode
Select the Geometry Optimization preset

Switch to the Conformers panel in the Model section
Check the option to run your job for selected conformers

Select all conformers with energy below 10 kcal/mol

Other options: move the mouse over them and check the balloons, the default
values are correct
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ADF  Main Hndel‘Properties Details MultiLevel Q

Conformers

Run your job for selected conformers: W Yes

File with conformers: -l

Shnwl

Cnly confarmers
with energy below: 10 Ekcalimaol

and in the lowest: count

Post-process conformers:

Sort: ¥ Yes
RIS filter: 0.1 Angstrom
Align: ¥ Yes
Clean up result files: [ Yes

These settings in the conformers panel will run your job (whatever you specify in ADFinput to do, a geometry
optimization right now) for all selected conformers: the conformers within 10 kcal/mol from the lowest
conformer. In this case that is all conformers we have, and we do this to see the effect on the spectra later
on at high temperatures. If you have many conformers you may wish to restrict the energy range to reduce
computation time.

If you wish to see the conformers again, click on the Show button next to the 'File with conformers:' field
(which should be empty right now).

After the calculations have been done, a new .sdf file will be created, the conformers will be sorted (by
energy), filtered to avoid duplicates, and aligned. Normally you would use a better basis set, but for the
tutorial we stick to the DZ basis set (to get some results fast).

Run your setup (File & Run, click Save to save your set up)

Once the job is running:
follow it with ADFmovie (in ADFjobs SCM — Movie)
in ADFmovie show the energy (Graph — Energy)

Wait until the calculations have finished (around 7 minutes on a recent
desktop machine)
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&, ADFmovie: propanoicacid.logfile = —

SCM File View Select Graph Help

Energy (Hartree)

-2.322

-2.324

-2.326

-2.328

-2.330

-2.332

Frame 11
Coordinates, Bond Energy: -2 321044 hartree T T T T T T T T T T 1

<< > [

Frame number

Close ADFmovie (showing the logfile)
Open ADFmovie (now it should show the new .sdf file, see title)
Show energy panel ADFmovie windows (Graph — Energy)

In the ADFjobs window open the details by clicking on the triangle
Locate the original .sdf file in the .results folder (with time stamp)

Click on it to select it
Open it in ADFmovie (SCM — Movie) :

Show energy panel in ADFmovie window (Graph — Energy)

As you can see the conformer geometries and energies as optimized by ADF differ greatly from the UFF
results:
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B, ADFmovie: conformers.20140827.0137.sdf =

SCM File View Select Graph Help

Energy (Hartree)
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0.0053 —

00046 —

0.0039

00032

00025 —
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&, ADFmovie: propancicacid.sdf [

SCM File View Select Graph Help

Energy (Hartree)
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In the ADFjobs window you could also select the results for individual conformers: select the result file of
interest, and use the SCM menu (Output, Spectra, KF Brower, ...) to examine it.

Step 4: Calculate the IR spectrum

To calculate the IR spectrum for all conformers (in the current .sdf file, with optimized ADF geometries), just
set up an IR calculation in ADFinput as you would for a single molecule. And, just as for the geometry
optimization in the previous step, use the Conformers panel to do this for all conformers.
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As we also want to keep the current conformers (for example, to calculate different spectra), we will save the
setup with a new name, and for that reason we will need to select the proper .sdf file with conformers in the
conformer panel:

Close the ADFmovie windows

In ADFinput:
Use the Frequencies preset (in the Main panel)

Select the Model — Conformers panel
Make sure the checkbox "Run your job for selected conformers:" is still checked
Select the conformers file (the .sdf file) from the previous step

& ADFinput: propanoicacid.adf =aney X
SCM  File Edit Select Atoms Bonds

View Help

ADF Main Model Properties Details MultiLevel Q

Conformers

Run your job for selected conformers: ¥ Yes

File with conformers: Wl ||propanoicacid.sdf

Show

Only conformers
with energy below: 10 kcalimol

and in the lowest: count

Post-process conformers:

Sort: W Yes
RMS filter: 0.1 Angstrom
Align- ¥ Yes
Clean up resultfiles ™ Yes

FCONHCX O * G

File — Save As... and save the job with a new name (propanoic acid IR)
File - Run

Wait until the calculations have finished (around 7 minutes on a recent
desktop machine)

Step 5: Visualize the Boltzmann weighted IR spectrum

SCM — Spectra
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&, ADFspectra: propanoic acid [Rsdf

(S0 | S|

SCM File Spectra Axes Help View A AA AAA

IR Intensity (km/mole) Boltzman average

40
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R
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‘ - nu ‘ ‘ PR IIE T T T
4000 3500 3000 2500 2000 1500 1000 500
Frequency (1/cm)
Scaling factor:[1.0  Offset 0.0 Lorentzian Fixed Height — Peak width:|50.0 Bolzman Averaged  — TI(K) 300.0
Change the temperature to 0 K
@, ADFspectra: propanoic acid IR:sdf | | |
SCM File Spectra Axes Help View A AA AAA

IR Intensity (kmmole) Bolzman average
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Obviously you can also select a high temperature, but the spectrum will be missing contributions from
conformers that have been filtered away.

You can select what weights to use Boltzmann, Uniform or User defined:

Select "User Weights" from the weights pull down at the bottom
(the menu labeled "Boltzman Averaged" at this moment)
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FQ\ Conformer Weights l SRR éf

Conformer Energy Multiplicity Weight

conformer_1 1464 4165023633936 [17 0.0 =
conformer_2 -1463.382005421433 20 0.0

conformer_3 -1463.371072740172 [23 0.0

conformer_4 -1462.722855385275 25 [0.0

conformer_5 -1462.712187723093 22 0.0

conformer_6 1452 540877618653 EX 0.0

conformer_7 -1458.797155702568 47 [0.0

conformer_g -1456.902704401083 EX 0.0

conformer_8 -1456.887644172121 81 0.0

conformer_10 -1456.481017920153 [ 0.0

conformer_12 1456 479135461533 g2 [o.0

conformer_11 -1456 473487875672 E 0.0 |

Uniform | Zero | Bolizman ISUU.U K Mormalize | Use Multiplicityl Close | Applyl

In the Conformer Weights window you can set the weight explictly as you like for each conformer. You can
use the buttons at the bottom to preset values. Move the mouse over the buttons and check the balloon help
for more information. The multiplicity is the number of random RDKit conformations generated that ended up
in the same conformer after optimization.

Step 6: H-NMR, UV/Vis

By now it should be evident how to set up calculations for all of the conformers. Two more examples: the H
NMR spectrum and the UV/Vis spectrum.

Open the previous IR job in ADFinput

Change the Preset to Single Point

Go to the NMR panel (in the Properties section)

Select all H atoms
Click the + button next to "NMR shielding for atoms"

Go to the Conformers panel
Make sure the propanoic acid.sdf file is still used as source of conformers

File — Run
Wait for the calculation to finish (around 1 minute)

SCM — Spectra

The final spectra (at OK and at 300K) should like this:
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@, ADFspectra: propanoicd acid NMR.sdf = |

SCM File Spectra Aves Help View Nucleus

Intensity Boltzman average
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H - NMR Chemical Shift (opm)
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&, ADFspectra: propanoicd acid NMR.sdf =N RE X

SCM File Spectra Axes Help Niew Nucleus

Intensity Boltzman average
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H- NMR Chemical Shift (opm)

Scaling factor:[1.0  Standard: [31.7 Lorentzian Fixed Height — Peak width: [0.1 Bolzman Averaged  —! T(K)  [300.0

Calculate the UV/Vis spectrum, Boltzman weighted conformer contributions at 0K
and 300K
Wait for the calculations to finish (around 3 minutes).

The final spectra (at OK and at 300K) should like this:
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@, ADFspectra: propanoic acid UV.sdf = B )
SCM File Spectra fxes Help 11 1534 1>B1A 1>1A" 15340 1>3A°

Oscillator strength Boltzman average

0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

; ; I 1] i 1 1 {1 o i | T T s ;
042 015 018 021 024 0.27 03 033

Energy (Hartree)

Scaling factor: 1.0 Offset 0.0 Gaussian Fixed Height —' Peak width:|0.005 Bolzman Averaged  — T(Ky [0

@, ADFspectra: propanoic acid UV.sdf = B )
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Tutorial 14: Visualization of densities, orbitals potentials, ...

The ADFview module has many features. The basic use of ADFview is explained in the first tutorial.

In this tutorial some additional features of the ADFview module are demonstrated. As a toy molecule the
anthracene molecule is used:

Step 1: Get Single-Point calculation results with ADF on Anthracene

Start ADFinput
Set up an anthracene molecule
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Run the calculation with all default settings
When the calculation is ready, open ADFview

B, ADFview: anthracene.t21 =aRCEl X

SCM  File Add Fields View Properties Help

Step 2: Details: Divergent and Rainbow Colormap, scalar range of field
on isosurface

Now lets generate an isosurface of the density colored by the electrostatic potential:

Add — Isosurface: Colored
Left field selector at bottom: Density — SCF
Right field selector at bottom: Potential — SCF
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B, ADFview: anthracene.t21 = | B |3

SCM  File Add Fields View Properties Help

¥ T lIsosurface: Colored SCF_Density 0.03 SCF_Coulpat 0.064317/0.21415E [~ Log ™ Bar

Obviously the image is not as smooth as it should be, as a result of the coarse grid used to calculate the
denstiy and potential. So improve it by using a better grid:

Fields — Grid — Medium
Click Yes to recalculate the 2 fields

Play around with the isovalue, and note how the two numbers on the right change

When you change the iso value, the default range for the coloring scheme will be adjusted automatically
(provided you have not changed them yourself). This range corresponds to the minimum and maximum

value of the coloring field (in this case the SCF Potential) accross the isosurface (in this case of the SCF
Density), at the isovalue you specify.

Many more details can be set. First, begin by showing the color legend:

Check the Bar check box at the bottom right

(note: on some systems the text Bar might be partially invisible due to a
resize box)
Click once in the color bar
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B, ADFview: anthracene.t21 = | B |3
SCM  File Add Fields View Properties Help

SCF_Coulpot
0.271

W = lsosurface: Colored SCF_Density 0.03 SCF_Coulpot

Opacity: 1UUj|Ambient 1 jIDiﬁuse: 70 jISpecuIar: 50 ﬁl Power: 70 jl

Color Scale Hue:[0 {65 3| saturation:[1003]1003 value: 10031004 cColormap: Diverging —

[T UseClipPlane [ Interactive Plane  Use Atoms | Use Atoms [mirror}| XY | XY | Xz | -HZ | YZ|-YZ

0.06075€/0.271007 [~ Log W Bar

The color bar shows the mapping of the colors used to the scalar values of the potential. By clicking on the
color bar you open the detail settings, three extra lines with extra controls. Another way to open the details
line is using the pull-down menu located on the left, currently with title "Isosurface: Colored". In that menu
you will find a "Show Details" and a "Hide Details" command. If you have the color bar visible, you can also
just click on it to toggle the detailed controls.

The first line of the detailed controls allows you to set what the surface looks like: opacity, diffuse, specular
and power. Roughly speaking these control how shining or dull the surface looks like, they are called the
material properties controls.

The second line controls the color mapping. The Hue, Saturation and Value fields give you the option to
specify two colors. The colormap option gives you an option to change how the transition from one color to
the other goes. The default colormap is the Diverging colormap: it goes from one pure color to white to the
other pure color. Another colormap implemented is the Rainbow colormap: it goes from one color to the
other color via other pure colors.

The third line allows you to control a clipping plane, cutting through the isosurface so you can look inside.

Select the Rainbow Colormap
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B, ADFview: anthracene.t21 = | B |3
SCM  File Add Fields View Properties Help

SCF_Coulpot
0.271

W = lsosurface: Colored SCF_Density 0.03 SCF_Coulpot

Opacity: 1UUj|Ambient 1 jIDiﬁuse: 70 jISpecuIar: 50 ﬁl Power: 70 jl

Color Scale Hue:[0 365 2| saturation:[1003] 1003 value: 10031003 colormap: Rainbow —

[T UseClipPlane [ Interactive Plane  Use Atoms | Use Atoms [mirror}| XY | XY | Xz | -HZ | YZ|-YZ

0.06075€/0.271007 [~ Log W Bar

In general the Divergent colormap makes it easier to see small variations in some property, although the
Rainbow colormap is obviously much more colorfull. If you have a symmetric scalar range, the divergent
colormap will put the zero value at the white color. For the electrostatic potential this is not useful, but for
example for a difference density it makes sense:

Delete the Colored Isosurface (use the left pull-down menu on that line)

Fields — Calculated
In the Calculated Field C-1 controls: select left field Density — SCF
In the Calculated Field C-1 controls: select iright field Density — Sum Frag

Add — Isosurface: Colored

In the Colored Isosurface line: Left field selector at bottom: Density — SCF
In the Colored Isosurface line: Right field selector at bottom: Other -1 — C-1
In the Colored Isosurface line: change isovalue to 0.1

In the Colored Isosurface line: show the color legend

In the Colored Isosurface line: Specify a symmetric scalar range like -0.025
to 0.025
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9\ ADFview: anthracene.t21 | = | B |3

SCM  File Add Fields View Properties Help

C-1  Field: Calculated SCF_Density = SumFrag_Density
¥ T lsosurface: Colored SCF_Density 0.1 c-1 -0.025 0.025| [T Log ™ Bar

Step 3: Multi Isosurface

An even better way to see what happens to the density when forming a molecule out of the atomic
fragments can be made using the multi-iso option. The idea is that a whole set of isosurfaces is generated,
for a range of iso values. The surfaces will be colored by there isovalue.

In the Colored Isosurface line: Use the Delete command from the left pull-down
menu

Add — Isosurface: Multi

In the Multi Isosurface line:
in the field select menu select the density difference: Other —>1— C-1
set N (the number of isosurfaces) to 7

change the min-max range to -0.01 ... 0.01

Click on the -XY button to use a Clip plane in the XY plane
(the sign determines from which side you can see)

Use cmd/ctrl - Minus repeatedly to make the atomic spheres very small

Fields — Grid — Fine
Click OK to confirm recalculating the fields

Rotate and zoom to get a good view
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5\ ADFview: anthracene.t21

SCM  File Add Fields View Properties Help

Cc-1 Field: Calculated SCF_Density - SumFrag_Density
¥ ~ Isosurface: Multi c-1 Min: |-0.01  Max: [0.01 N |7 I” Log I Bar

Opacity: |100-3] Ambient [1 3| Diffuse: [70 E|C Specular: |50 =] Power: |70 E|C

Color Scale Hue:[0  ={65 3 saturation: [100=]1003] value: [100]1005] Colormap: Diverging —

¥ Use Clip Plane ™ Interactive Plane Use Atoms | Use Atoms [mirror)l XYl -XYl X.Zl -X.Zl YZ|-YZ

Now you can very clearly see that the elecron density in the bonds is increased (blue), and where that
electron density comes from (everywhere else, including close to the atoms)

The clip plane allows you to cut away part of an isosurface, such that you can look inside. The buttons on
the last detail line allow you to position the clip plane as needed.

Instead of using a clipping plane you can make the isosurfaces transparent:

Remove the clipping plane (uncheck the Use Clip Plane check box)

o)

Change the Opacity to 20 %
View — View Direction — Along Z-axes

Zoom a little closer
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9\ ADFview: anthracenet21

SCM  File Add Fields View Properties Help

C-1 Field: Calculated SCF_Density - SumFrag_Density
V T Isosurface: Multi c-1 Min: -0.01  Max |0.01 N: |7 I Log ™ Bar

Opacity: [2q] 33 Ambient: |1—_§| Diffuse: |70 E|C Specular; |50 -5] Power: |70 E|C
Color Scale Hue:[0 2]65 & saturation: [1003] 1004 vaiue: 10021003 colormap: Diverging —

[T UseClipPlane I Interactive Plane UseAtornsl UseAtoms(mirror)l XYl—XYlXZl—XZlYZ -YZ

Step 4: Combining visualization techniques

You can also combine several visualization methods in one image.

In the Isosurface: Multi line
set Opacity to 100
click the -XY button to use a clipping plane
rotate to look from the side
Check the "Interactive Plane" check box
Drag the red line to move the clipping plane slightly above the atom plane
(you might need to use the -XY button to realign it first)
UnCheck the "Interactive Plane" check box

Add — Cut Plane: Colored
In the Cut Plane: colored line
Select the C-1 field
Select three atoms, and click the Position plane with atoms button
(note you can select atoms by shift-dragging a rectangle around an
atom,
repeating this trick 3 times)
Use the same scalar range as for the Multi Isosurface (without log option!)
Zoom to get a close view

Now you get a picture using the multi-iso and colored plane options at the same time.
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&\ ADFview: anthracene.t21

SCM  File Add Fields View Properties Help

C-1 Field: Calculated SCF_Density

- ‘ SumFrag_Density ‘

¥ 7 lsosurface: Multi c-1

Min: -0.01  Max |0.01 N: 7 I” Log ™ Bar

opacity:[1003] ambient [1 2] Difuse:[70 4] specutar:[50 3] Power:[70 3

Caolor Scale Hue:\[l j"BS jlSaturation:|100§||100§|Value:|10[]j||10[]§| Colormap: Diverging —

¥ Use Clip Plane ™ Interactive Plane Use Atoms | Use Atoms [I’TI"I'OI')l XYl -XYl Kz | —X.Zl YZ|-YZ

W ~ CutPlane: Colored |C—1

||- Position plane  with atomsl -0.01 0.01 I~ Log I Bar

Step 5: Play with lights

ADFview has also some options to control lights. This allows you to change an image the way you like it by
adding a directed light source that casts shadows. You can also control the amount of ambient light and
directed light. It is hard in general to say what is the best setting, so just try and play around:

View — Show Scene Light

In the extra scene light line (the topmost of the control lines at the bottom):
Check the box to turn the light on
Check the box to position the light
Position the light as you like it

(you may have to rotate
Change the intensity of the
(the Scene/Camera light
Uncheck the box to position

to be able to control the light properly)
extra light and the ambient light
controls)

the light

Rotate and zoom as you prefer

One possible image you can make this way looks like this:
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@\ADFview: anthracene.t21 = | ] e |
SCM  File Add Fields

View Properties Help

Scene Light ¥ on ™ Paosition light 45 2100 2| scene/Camera light Intensity
C-1 Field: Calculated SCF_Density - ‘ SumFrag_Density ‘
M 7 lsosurface: Multi c-1 Min: -0.01  Max |0.01 N: 7 I” Log ™ Bar

opacity:[1003] ambient [1 2] Difuse:[70 4] specutar:[50 3] Power:[70 3
Caolor Scale Hue:\[l j"BS jISaturation: |1UD§||1U[J§| Value:|10[]j||100§| Colormap: Diverging —

V¥ UseClipPlane I Interactive Plane  Use Atomsl Use Atoms [mirror)l )(Yl —)(Yl Xz | —){Zl YZ|[-vZ
T ~ CutPlane: Colored | C-1 ||- Position plane  with atomsl -0.01 0.01 I~ Log I Bar
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BAND-GUI tutorials

This section contains tutorials that show you how to use BAND via the BAND-GUI. As the BAND-GUI is very
similar to the ADF-GUI, we will focus here on BAND specific features.

If you are not familiar with the ADF-GUI (or the BAND-GUI), please have a look at the Introduction and ADF-
GUI Overview tutorials.

For example, it will show you how to start the BAND-GUI.

The Building Crystals and Slabs tutorial in the overview section is especially important for BAND users.

Tutorial 1: with a grain of salt

According to any freshman chemistry textbook, in NaCl one electron is transferred from the Sodium to the
Chlorine. The occupied 3p states form the valence band, while the empty sodium states hybridize into a
conduction band. We will put these idealized ideas to the test.

This tutorial will teach you how to:

» define the geometry of a NaCl crystal

* run the calculation

» view the band structure

» view an orbital for a particular band and k-point
» view the (partial) density of states

» view the deformation density

» view the atomic charges

The BAND-GUI has been designed to be a lot like the ADF-GUI. This makes it much easier for people to
use both programs. To avoid repetition, the BAND-GUI tutorial assumes that you are familiar with some
basic usage of the ADF-GUI. If you do not know how to rotate, translate, zoom etc within the ADF-GUI,
please read through the first ADF-GUI tutorial before starting with this BAND-GUI tutorial. Even better: try
using the ADF-GUI yourself. You can get a demo-license for this purpose if needed.

Step 1: Start ADFinput

Start ADFjobs

We prefer to run the tutorial in a new, clean, directory. That way we will not interfere with other projects.
ADFjobs not only manages your jobs, but also has some file management options. In this case we use
ADFjobs to make the new directory:

Select the File — New Directory command (thus, the New Directory command from the
File menu)

Rename the new directory by typing 'BandTutorial' and a Return

Change into that directory by clicking once on the folder icon in front of it

Now we can start BANDinput using the SCM menu:

Use the SCM — New Input menu command
Switch to BAND mode (panel bar ADF — BAND)
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& ADFinput 2014.02 = | 5 jwt|
SCM  File Edit Select Atoms Bonds View Help
BAND | Main | Model Properties Details Q
Title
Preset: single Point v
Task: singlePoint v
Periodicity: Bulk 4
Unrestricted: I~ Yes
XC potential in SCF: LDA \d
Relativity: Mone v
Basis set DZ v
Frozen core: Large v
Numerical quality: Normal v
MC ONHIX & O 2. e @R

The BANDinput window consists of the following main parts:

» the menu bar with the menu commands (File, Edit, ...)

» the drawing area of the molecule editor (the dark area on the middle left side)

+ the status field (lower part of the dark area, blank when the ADFinput is empty as shown above)
» the molecule editor tools

* many panels with several kinds of options (currently the 'BAND Main' panel is visible)

* panel bar with menu commands to activate the panel of choice

» a search tool (at the right of the panel bar)

In the drawing area you see the lattice vectors, with three repetitions of the unit cell along each vector. The
first lattice vector is red, the second green, and the third blue. Using the View Periodic menu you can
change the display of the periodic images:

View — Periodic — Repeat Unit Cells
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8 ADFinput 2014.02

B |

SCM  File Edit 5Select Atoms Bonds View Help

BAND | Main | Model Properties Details

Title
Preset:

Task:

Periodicity:

Unrestricted:

XC potential in SCF:

Relativity:

Basis set
Frozen core:

Numerical quality:

Single Point

singlePoint

Bulk

I~ Yes

LDA

MNane

DZ
Large

Mormal

If you look in the toolbar with molecular editor tools, you see that the rightmost button is no longer glowing.

You can also use this button to toggle the display of the periodic images:

Click once on the rightmost button in the toolbar (the four dots)

Now you should see the periodic repetitions again.

Step 2: Set up the unit cell

Salt has an fcc lattice. First we need to set the lattice vectors:

Panel bar Model — Lattice
Enter the lattice vectors, as shown below
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8 ADFinput 2014.01

==

SCM  File Edit 5Select Atoms Bonds View Help

BAND  Main | Model

Properties Details

Periodicity: Bulk

Lattice vectors (Angstrom):

0 275
275 0
275 275

Lattice

-

Volume: 41.6 Angstrom*3

275
275
0

Step 3: Add the atoms

Now we will add the Na and Cl atoms. It is convenient to turn of the periodic display while doing this:

Uncheck View — Periodic — Repeat Unit Cells
Click on the X tool, and select Na

After this you see at the bottom of the screen "Na tool" in the status field:
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8 ADFinput 2014.01

==

SCM  File Edit 5Select Atoms Bonds View Help

BAND  Main | Model

Properties Details

Periodicity: Bulk

Lattice vectors (Angstrom):
0

275
275

Na tool

Lattice

2.75

275

Volume: 41.6 Angstrom*3

275
275
0

Click once in the drawing area, near the origin
Click once on the created atom to stop bonding
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As you can see the atom is not exactly in the origin. This can be fixed if you wish:
Edit — Set Origin

To add the Cl atom you can proceed the same way:

Select the Cl tool (via the X button again)
Click once somewhere in the unit cell
Click on the new Cl atom to stop bonding

Next you should edit the Cl coordinates and change the ClI color:

Select the coordinates panel: panel bar Model — Coordinates
Change the Cl coordinates to be (2.75,2.75,2.75)

Check View — Periodic — Repeat Unit Cells

Now your system looks like:
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==

SCM  File Edit 5Select Atoms Bonds View Help

BAND Main | Model | Properties Details

Q

Coordinates

[ Use natural coordinates

Move atom(s) up | Move atom(s) down
Na(1) 0.0 0.0 0.0
Cl2) 275 2.75 275

Atoms 1,2: Distance: 0.596

Step 4: Running the calculation

If you wish so, you can give your calculation a title:

Panel bar Main
Enter NaCl in the "Title" field

File — Save, name it "NaCl" and press Save.

File — Run

The progress of the BAND calculation is visibale in the ADFjobs window (a few lines of the 'lodfile'). (the
'logfile"). After a few minutes the calculation has finished, and it looks like:
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p
2 ADFtail: NaCllogfile~

E-02

<kugl0-2014%
<Augl0-20143>
<Augl0-2014>
<hugl0-2014>
<hugl0-2014:>
<kugl0-2014%
<Augl0-20143>
<Augl0-2014>
<hugl0-2014>
<hugl0-2014>
<hugl0-2014:>
<Augl0-20143>
<hugl0-2014>
<hugl0-2014>
<hugl0-2014>
<hugl0-2014:>
<kugl0-2014%
<Augl0-20143>
<Augl0-2014>
<hugl0-2014>
<hugl0-2014>
<kugl0-2014%
<Augl0-20143>
<Augl0-2014>
<hugl0-2014>
<hugl0-2014>
<hugl0-2014:>
<Augl0-20143>
<hugl0-2014>
<hugl0-2014>
<hugl0-2014>
<hugl0-2014:>
<kugl0-2014%
<Augl0-20143>
<Augl0-2014>
<hugl0-2014>
<hugl0-2014>
<kugl0-2014%
<Augl0-20143>
Job NaCl has

SCM  File Edit Help

€18:23:06>
<18:23:06>
<18:23:06>
<18:23:06>
<18:23:06>
€18:23:06>
<18:23:06>
<18:23:06>
<18:23:06>
<18:23:06>
<18:23:06>
€18:23:06>
<18:23:06>
<18:23:06>
<18:23:06>
<18:23:06>
€18:23:06>
<18:23:06>
<18:23:06>
<18:23:06>
<18:23:06>
€18:23:06>
<18:23:06>
<18:23:06>
<18:23:06>
<18:23:07>
€18:23:07>
€18:23:07>
<18:23:08>
<18:23:08>
<18:23:09>
<18:23:09>
€18:23:10%
<18:23:11>
<18:23:13>
<18:23:13>
<18:23:13>
€18:23:13>
<18:23:13>
finished

Max. cycle time CP: 1.997
10: 0.062
Mean cycle time CP: 1.881
10: 0.027
EL: 1.996
final mix.par. 0.075
Approx. conv.rate: 0.000
FEEMI ENERGY: -0.2959 R.0.
-8.0521 E.W
Band gap: 0.1836 R.U.
4.9966 E.V
>>>> ENERGY
ENERGY OF FOEMATION: -0.2730 R.T.
-7.4275 E.V.
-171.2824 KCAL/MOL
>»>> CHRRGE
>>»>>> HIRSH
>>>> DOS

cannot use good scaling dos routines
storing all partial DOS

integrate over delta E

>>>> BZ5TRUCT

>>>> PREFRREBAS

------ K.. 11
—————— K.. 22
—————— K.. 30
>»>> PREPAREHAM
—————— K. 11
------ K.. 22
—————— K.. 30
copy T (V/VOC)

copy eigensystem
NOT ALL FILES CLOSED
NORMRT. TERMINATION
END

Wait for the

text 'Job NaCl has finished'

e ——

The calculation has produced two important result files: "NaCl.out", which contains the result of the

calculation in text format, the second is"NaCl.runkf" which is a binary result file.

Step 5: Examine the band structure

SCM — BAND Structure

This will open the bandstructure window:
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&, BANDstructure: NaCl.runkf | o
SCM  File Options  Help
E (Hartree) \/

RN T ;/ \f:»/\/(\

N

| | | | | I | | | | | | |
1 2 3 1 4 28 1 5 3 4 5 6 3

K-point numbers

Brillouin Zone Path Visualisation
I Show K Points ™ Show Lattice Vectors [~ Show

Fermi Surface [T Other spin surface ¥ Show Brillouin Zone W Show Path

It consists of a plot and a picture of the Brillouin zone. In the plot the red line is the Fermi level. Below the
Fermi level are four occupied bands. You can see this more clearly by vertical zooming:

Click on the right mouse button, and drag the pointer up to zoom vertically
When the region of interest gets out of view, drag it into view (with the left

mouse button)

The bottom part of the plot will look like:

264



.
&, BANDstructure: NaCl.runkf | = | B |t

SCM  File Options  Help

E (Hartree)

-0.3

04 el S = =

| | I | | I | | | | | | |
1 2 3 1 4 28 1 5 3 4 5 6 3

K-point numbers

Brillouin Zone Path Visualisation
I Show K Points ™ Show Lattice Vectors [~ She

ermi Surface [T Other spin surface ¥ Show Brillouin Zone W Show Path

In most k-points you see now four bands below the Fermi level. In some k-points you see fewer because
they are degenerate.

Now you may wonder about the path taken through the Brillouin zone. This is where the bottom part comes
in handy. You can zoom and rotate, just as with molecules in BANDinput.

Zoom in a bit, by using the scroll wheel on your mouse or pressing the Middle
button and moving upwards
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Toggle the button to display the k-points

Brillouin Zone Path Visualisation
IV Show K Points [~ Show Lattice Vectors [ Show Fermi Surface [ Other spin surface W Show Brillouin Zone W Show Path

Now click on the line from 5 to 1
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@\ BAMNDstructure: NaCl.runkf | B -

SCM  File Options Help
E (Hartree) /

X Nz \¢/><\

1 T T~ T —

I I I I I T I I I I I I I
1 2 3 1 4 26 1 5 3 4 5 6 3

K-point numbers

Brillouin Zone Path Visualisation
¥ Show K Points [~ Show Lattice Vectors [T Show Fermi Surface [T Other spin surface W Show Brillouin Zone W Show Path

Note how the line lights up, and also how the corresponding segment is indicated in the plot by a gray
background. You can also click on the plot to select line segments.

Rotate the Brillouin zone a bit to convince yourself that the line (from k-point 5 to 1) runs from the center to
the center of a hexagonal face.

Step 6: Visualizing the results

Plotting the orbitals

Now what is the character of the bands? Let us first examine this narrow band at about -0.5 Hartree.

SCM — View
In ADFview: Add — Isosurface Double (+/-)

In the bar at the bottom of the window, you can select which field to show.

Select the lowest band (k=0,0,0) (the topmost in the Occupied menu part 1)
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SCF_k=(-0.040,-0.040,-0.040) : 2.0 -0.7936
SCF_k=(-0.040,-0.040,+0.000) : 2.0 -0.7918
SCF_k=(-0.080,-0.040,-0.040) : 2.0 -0.7861

SCF_k=(-0.080,+0.040,+0.040) : 2.0 -0.7861
SCF_k=(-0.080,-0.080,-0.080) : 2.0 -0.7853

SCF_k=(-0.080,-0.080,+0.080) : 2.0 -0.7853
SCF_k=(-0.080,-0.080,-0.040) : 2.0 -0.7840

SCF_k=(-0.080,-0.080,+0.040) : 2.0 -0.7840
SCF_k=(-0.080,-0.040,+0.080) : 2.0 -0.7840
SCF_k=(-0.080,+0.000,+0.040) : 2.0 -0.7840
SCF_k=(-0.080,-0.080,+0.000) : 2.0 -0.7825
SCF_k=(-0.080,+0.000,+0.080) : 2.0 -0.7825
SCF_k=(-0.080,-0.040,+0.040) : 2.0 -0.7818
SCF_k=(-0.080,-0.080,-0.080) : 2.0 -0.4194

SCF_k=(-0.080,-0.080,+0.080) : 2.0 -0.4194
SCF_k=(-0.080,-0.080,+0.000) : 2.0 -0.4085
SCF_k=(-0.080,+0.000,+0.080) : 2.0 -0.4085
SCF_k=(-0.080,-0.080,-0.040) : 2.0 -0.4044

SCF_k=(-0.080,-0.080,+0.040) : 2.0 -0.4044
SCF_k=(-0.080,-0.040,+0.080) : 2.0 -0.4044
SCF_k=(-0.080,+0.000,+0.040) : 2.0 -0.4044
— SCF_k=(-0.080,-0.040,-0.040) : 2.0 -0.3990

W = Isosurface: Double Select Field ...

Fit density * P SCF_k=(-0.080,+0.040,+0.040) : 2.0 -0.3990
Density . SCF_k=(-0.080,-0.040,+0.040) : 2.0 -0.3882
Core/Atomic b SCF_k=(-0.080,-0.040 +0.040) : 2.0 -0.3882
Potential . SCF_k=(-0.040,-0.040-0.040) : 2.0 -0.3839
XC Potential L4

SCF.

(-0.040,-0.040,+0.000) : 2.0 -0.3825

Orbitals (occupied) b SCF_k=(-0.020,0.040,0.040) : 2.0 -0.3711
Oroitals wirual)  »| R SCF_k=(0.080,+0.040+0.040) : 2.0 -0.3711
20 T

From the label you can see that it has an energy of -0.8012 and the coordinates are (0,0,0).

A progress bar will appear, and after a while you will see the orbital:
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B, ADFview: NaClrunkf (= B [

SCM File

Add Fields View Properties Help

¥ T lsosurface: Double SCF_k=(+0.000,+0.000,+0.000) : 2.0 -|0.03

If you rotate it a bit and toggle the isosurface on and off (with the check box in front of it), you can convince
yourself that this orbital is located around the small atom, which is the Chlorine.

Toggle the periodic view (the menu View — Periodic — Repeat Unit Cells)
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.
B, ADFview: NaClrunkf (= B [

SCM File

Add Fields View Properties Help

¥ T lsosurface: Double SCF_k=(+0.000,+0.000,+0.000) : 2.0 -|0.03

Obviously this is the 3s band of Cl. The strange truncated spheres are due to contributions of neighboring
cells.

It is generally easier to interpret orbitals at k=(0,0,0), the gamma point. At the end of the list of occupied

orbitals you find the other three orbitals in the gamma point.

Select the last orbital
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B ADFview: NaCl.runkf |5|E|éj

SCM  File Add Fields View Properties Help

W~ Isosurface: Double SCF_k=(+0.000,+0.000,+0.000) : 20 -{0.03

Actually, the last three orbitals in the Gamma point are degenerate. Take a look at all three of them.
From these orbital pictures we can conclude that the valence band is indeed mainly of Chlorine-p character.

You may want to check the lowest orbitals of the (unoccupied) conduction band.
Plotting the partial density-of-states

There is in fact a much more easy way to conclude that the valence band is mainly of Chlorine-p character.
Open the DOS module: SCM — Dos

and a window like this will appear:
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4, ADFdos: NaCl.runkf I

SCM  File Edit View Help

Dos Total DOS

09

07

068 —

04 —
03

02

0.0 —

T T T T T T T
-0.6 -04 -02 0.0 02 04 0.6

Energy (Hartree)

The Fermi energy is around -0.43, and there is clearly a gap. Just below it there is a valence band, and at
-0.2 Hartree starts the conduction band.

Select the View — Add Graph command
(Now you see two plots of the total DOS)

Select with the mouse the Chlorine atom (the small green one)

&, ADFdos: NaCl.runkf i 0

SCM File Edit Yiew Help

2
Q
oW

Cli2)

cooooooooo
S e Ll oo
SO0 0 000000

T T T T T T T
-0.6 -04 -02 0.0 02 04 0.6

Energy (Hartree)

Dos Total DOS

=]
n
N I O

I I I I I I I
-0.6 -04 -02 0.0 0z 0.4 0.6

Energy (Hartres)

40 connectors
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It is already immediately clear that the valence band comes from the Chlorine, and the conduction band from
the Sodium.

Right-click with the mouse on the selected Cl atom and
check the 'P-DOS' check box in the pop up menu.

B ADFdos: NaCl.runkf | =an=N X )

SCM  File Edit View Help

BEE CI(2) IP)

o
S
Y

T T T T T T T
-0.6 -04 -0.2 0.0 0z 04 0.6

Energy (Hartree)

Total DOS

I I I I I I I
-0.6 -04 -02 0.0 0z 0.4 0.6

Energy (Hartres)

connectors

This shows that the valence band is clearly made of Chlorine p-orbitals.
Plotting the deformation density

Intuitively you might expect that the charge of Na should be +1 and from the CI -1. This can be best seen by
making a cut plane:

Go to ADFview (SCM — View)
Delete the double isosurface with the 'Isosurface: Double'
pull-down menu in the bar on the bottom and select 'Delete'
Add — Cut Plane: Contours (+/-)
Select the deformation density in the fields menu (in the Fit density sub-menu)

¥ — Cutplane: (+-) Cont Select Field ... ™ Position plane with atoms| 15 1e-005 |1.0 ¥ Log

L Fiaensiy ) r
Density >
Core/Atomic » SCF_TotalFitdensity
Potential » SCF_GradientFitdensity
XC Potential 3 SCF_LaplacianFitdensity

Orbitals (occupied) *
Orbitals (virtual) L4

The result is a bit disappointing, because the plane is perpendicular to the atoms
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B, ADFview: NaCl.runkf

=)

SCM  Eile Add  FEields View Properties Help

I — Cutplane: (+-) Cont SCF deformation

[ Position plane with atoms

15

1e-005 1.0

W Log

To get it right enable at the bottom the "Position plane" toggle:

SCF deformation

¥ Position plane with atoms

You will now see a white frame. Drag it to the right until you see an arrow in it
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B, ADFview: NaCl.runkf

=)

SCM  File Add Fields

¥ — Cutplane: (+/-) Cont

View Properties Help

SCF deformation

¥ Position plane with atoms

15 1e-005 1.0 W Log

Now you can "grab" the arrow head and turn it to make the plane go through the atoms

@\ ADFview: NaCl.runkf

[ x|

¥ = Cutplane: (+/-) Cont

SCM  File Add Fields View Properties Help

SCF deformation

[T Position plane with atoms

15 1e-005 1.0 W Log
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Indeed we see that charge is added (blue) near the Cl and removed (red) from the Na atom. The trend is
good, but what is the total amount of charge transferred?

Step 7: Check the charges

Use the "Properties — Atom Info — Hirshfeld Charges — Show" menu command

This will show you

& ADFview: NaCl.runkf P <

SCM  File Add Fields View Properties Help

¥ — Cuiplane: (+/-) Cont SCF deformation [~ Position plane with atoms 15 1e-005 1.0 W Log

So the amount of charge transferred is only about 0.2. This is of course due to the fact that the Cl p-band
overlaps quite significantly with the Na region.

The conclusion of this tutorial: we should take the idea that one electron is transferred from Na to Cl with a
grain of salt.

Tutorial 2: a transition state search

This tutorial will teach you how to:

» do a geometry optimization

» watch the geometry optimization as a movie
» do a frequency calculation

* examine the eigen modes

» perform a transition state search

* make a few mistakes and fix them

Throughout we will consider the toy system of a periodic chain with three atoms in the unit cell.
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Step 1: Create the H3 toy system

We are going to enter the geometry manually, just as in the first tutorial.

Start ADFinput

Switch to BAND mode (panel bar ADF — BAND)
Set periodicity to Chain

Panel bar Model — Lattice

Set the lattice constant to 10.0

& ADFinput 2013.01 (e o e
SCM  File Edit Select Atoms Bonds View Help
BAND Main Model | Properties Details Q

Lattice

Periodicity: Chain A4

Lattice vectors (Angstromy:

10.0

ANCTOON H X ® O * o |o [E B

Add with the mouse three hydrogen atoms somewhere in the cell
Panel bar Model — Coordinates

Change the coordinates of the H atoms to match the following picture
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N
& ADFinput 2014.01 B
S5CM  File Edit Select Atoms Bonds View Help

BAND Main | Model | Properties Details Q

Coordinates

[T Use natural coordinates

Move atomis) up

Wove atomis) down

HA) o 0 0
HEZ) |1 0 0
HE) |3 0 0

Atoms 1,2: Distance: 5.839

You have now created the cylinder symmetric toy system.

Step 2: Optimize the geometry

Go back to the 'BAND Main'
Choose as preset
File —» Run,

panel
'Geometry Optimization'
save the job with name H3 geo

After it has finished the program asks you
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& ADFinput: H3_Geo.adf

SCM  File Edit Select Atoms Bonds View

BAND Main | Model Properties Details

Title:

Preset: Geometry Optimization

Task: | GeometryOptimization

=Y ML

-:9} Read new coordinates from X:/ADF_DATA/BandTutorial/H3_Geo.runkf?

Yes Mo )
[Tone
Basis set Dz
Frozen core: Large
Numerical quality: MNormal

Answer 'Yes'
Now let us look at the progress as a movie.
SCM — Movie

A small movie pops up ending like this
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&\ ADFmovie: H3_Geo.runkf | =NRCIE X

SCM File View Select Graph Help

Frame 20
Geometry 21, SCF Bond Energy: -0.26208 Hartree

< <1 > [ L

Now take a look how the energy changed during the optimization.

Choose the Graph — Energy menu command
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&, ADFmovie: H3_Geo.runkf = —

SCM File View Select Graph Help

Energy (Hartree)

-0.230

-0.235

-0.240

-0.245 —

-0.250

-0.255 —

-0.260

0 2 4 6 8 10 12 14 16 18 20
Frame number

As you can see the energy goes down, which is a good thing. Let us check in the logfile whether we were
fully converged.

Open the logfile: SCM — Lodfile
Scroll from the end a bit upwards and you will see
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i Y
ADFtail: H3 Geo.logfile~ L= | B
og

SCM  File Edit Help

<Bug27-2014> <00:54:59> cart. step rm3 0.00047170 0.01058354 T _j
<Rug27-2014> <00:54:59> Geometry Conwverged

<Rug27-2014> <00:54:59> final caleulaticn

<Bhug27-2014> <00:54:59> >>>> RRADIAL

<hug27-2014> <00:54:59> making explicit operators for cylinder symmetry
<hug27-2014» <00:54:59> >»>»>> POINTS

<Aug27-2014> <00:54:59> Acc.Num.Int.= 3.500

<Aug27-2014> <00:54:59> making explicit operators for cylinder symmetry
<Bug27-2014> <00:54:59> >>>> FITSYM

<Bug27-2014» <00:54:59> >3>>> CRERTETAPELQ

<Bhug27-2014> <00:54:59> >>>> DISTRIBUTEGRID

<hug27-2014» <00:54:59> >»>»> CELLS

<hug27-2014» <00:54:59> >>»>> NUMGED

<hug27-2014» <00:54:59> >>»>> VMULTI

<Bug27-2014> <00:54:59> >>>> ELSTAT

<Bhug27-2014> <00:54:59> >>>> ATMFNC

<Rug27-2014> <00:54:59> CalcAtomicProperties

<Bhug27-2014> <00:54:59> >>>> FREPRREBAS

<Bhug27-2014> <00:54:59» -—-——— K .. 3
<Bug27-2014>» <00:54:59> >>>> PREPRREHRM
<Bug27-2014> <00:54:58» -————— K .. 3

<Bhug27-2014> <00:54:59> >>>> FREPRREFIT

<Aug27-2014> <00:54:59> Dependent f£fit set

<Rug27-2014> <00:54:59> start of SCF loop

<Rug27-2014> <00:54:59> reusing glrho from previcus scif

<Rug27-2014> <00:54:59> restarting sct

<hug27-2014> <00:54:59> cyc= 0 err=3.31E-06 cpu= 03 ela= 03

<hug27-2014> <00:54:59> reusing convergence settings from previous SCF

<Bug27-2014> <00:54:59> HALFWRY

<Eug27-2014> <00:54:59> cyc= 1 err=1.13E-07 meth=m nvec= 1 mix=0.0750 cpu= 03 ela= O3 £it=4.50
E-04

<Bhug27-2014> <00:54:59> SCF CONVERGENCE

<Rugl27-2014> <00:54:59> cyc= 2 err=9.47E-08 meth=d nvec= 2 mix=0.4000 cpu= 0z ela= 0z fit=4.50
E-04

<hug27-2014> <00:54:59> cyc= 3 err=9.67E-08 meth=d nvec= 1 mix=1.0000 cpu= 03 ela= Oz fit=4.50
E-04

<hug27-2014> <00:54:59> using the exact gradient of the density

<Bug27-2014> <00:54:59>

<Rug27-2014> <00:54:59> Max. cycle time CP: 0.0&62

<Bhug27-2014> <00:54:59> I0: 0.016

<hug27-2014» <00:54:59>

<hug27-2014> <00:54:59> Mean cycle time CP: 0.043

<Bug27-2014> <00:54:59> I0: 0.008

<Bug27-2014> <00:54:59> EL: 0.062

<Bug27-2014> <00:54:59>

<Rug27-2014> <00:54:59> final mix.par. 0.075

<Rug27-2014> <00:54:59> Approx. conv.rate: 0.000

<hug27-2014» <00:54:59>

<hug27-2014» <00:54:59> FERMI ENERGY: -0.1878 R.U.

<hug27-2014> <00:54:59> -5.1088 E.WV

<Aug27-2014> <00:54:53> Band gap: 0.2835 R.U.

<Bug27-2014> <00:54:59> 7.7148 E.V

<Bug27-2014» <00:54:59> >3>>> ENERGY

<Bhug27-2014> <00:54:59> ENERGY OF FORMATION: -0.2621 R.U.

<hug27-2014» <00:54:59> -7.1315 E. V. _J
<hug27-2014» <00:54:59> -164.4559 KCAL/MOL -j

S ——————————————————————————————

You see the final geometry and status of the five convergence criteria. Because they are all satisfied you
see the log message 'Geometry Converged'.
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Step 3: Calculate the Hessian

Go to BANDinput
Select in the 'BAND Main' panel the 'Frequencies' preset

& ADFinput: H3_Geo.adf =R
SCM  File Edit Select Atoms Bonds View Help
BAND & Main | Model Properties Details Q

Title:

Preset: Frequencies
Task Frequencies
Periodicity: Chain
Unrestricted [~ Yes

XC potential in SCF: LDA
Relativity: MNone

Basis set Dz

Frozen core: Large
Numerical quality: Normal

File — Save As...

Save the project as H3 freq

File — Run

When it is done, click Yes to accept the new coordinates

After the calculation has finished

SCM — Spectra
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[= [ B [t

SCM  File fxes Help View NormalMode

Normal Mode Count

vV

T T T T T T T
2400 2000 1600 1200 800 400 0 -400
Frequency (1icm)

Scaling factor: [1.0 Offset:[0.0 Lorentzian Fixed Height — Peakwidth: |50.0

There appear to be three peaks, whereas you would expect 3N degrees of freedom. With three atoms (N=3)
we should have nine modes. We can examine this a bit closer

click on the 'NormalMode' menu.

MaormalMode

1. -0 cm-1(1.00 kmimaole)
2. -0 cm-1(1.00 kmimaole)
3. 0cm-1(1.00 kmimaole)
4. 0cm-1(1.00 kmimaole)
5 0cm-1{1.00 km/imole)
6. 0cm-11.00 kmimaole)
7. 0cm-1(1.00 kmimaole)
3. 1677 cm-1 (1.00 kmimole)
9: 2016 cm-1 (1.00 kmimuole)

So there are indeed nine vibrational modes. Only two are nonzero because only symmetrical modes are
calculated by default. To see what a mode looks like

Select the mode at 1662 cm-1, either from the 'NormalMode' menu,
or by clicking on it directly in the graph.

The vibrational mode will be shown on the left:
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&, ADEspectra; H3_frequrunkf [=]E [

SCM File Spectra Axes Help View NormalMode

Normal Mode Count

s

T T T T T T
2400 2000 1600 1200 800 400 0 -400
Frequency (1icm)

Scaling factor: [1.0 Offset:[0.0 Lorentzian Fixed Height — Peakwidth: |50.0

Step 4: Search the transition state

A minimum has vanishing gradients and only positive eigen modes. A transition state (first-order saddle
point) is characterized by having one negative mode. With a transition state search the optimizer will go
uphill in the direction of the lowest (nonzero) eigen-mode and downhill in all other degrees of freedom. In our
example it would follow mode 8. Let us give it a try from the minimum.

Choose in the 'BAND Main' panel the preset 'Transition State Search'
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& ADFinput: H3_freq.adf

PSR <

SCM  File Edit Select Atoms Bonds View Help

BAND Main | Model Properties Details

Title:
Preset: Transition State Search| »

Task TransitionState v

Periodicity: Chain v

Unrestricted I~ Yes

XC potential in SCF: LDA v

Relativity: MNone v

Basis set DZ -
Frozen core: Large v

Numerical quality: Normal v

We have just calculated a Hessian (with the frequency run) so we'd better use it.
Use the panel bar Details - Geometry Convergence command

Click on the folder button next to 'Initial Hessian From:'
Select with the file dialog 'H3 freqg.runkf'
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& ADFinput: H3_freq.adf

PSR <

S5CM  File Edit Select Atoms Bonds View Help

BAND Main Model Properties‘Details

Geometry Convergence

Optimize lattice: ™ Yes
Number of iterations

Initial Hessian from = || H3_freq.runkf

Convergence criteria
Gradient convergence: Hartree/Angstrom
Energy convergence: Hartree

Step convergence: Hartree

Convergence details

Trust radius: Angstrom
Dynamic trust radius: ™ Yes

Max. nr. of GDIIS vectors:

First GDIIS iteration:

File —» Save As, use name
File — Run

After it has finished:
Update the coordinates
SCM — Movie

Graph — Energy

H3 ts

in BANDinput
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B, ADFmovie: H3_ts.runkf = | Bl |l
SCM File View Select Graph Help

Energy (Hartree)

-0.246

-0.249

-0.252

-0.255

-0.258 —

-0.261 —

Ergy 24340 Hartree

2 B 10 14 18 22 26 30
Frame number

The third H atom ends up exactly in the middle of the (repeated) H1 and H2 atoms. Let us finally check that
we are indeed in the transition state.

In the 'BAND Main' panel select the task 'Frequencies'
Save the project as 'H3 ts freq' and run it.

When the calculation is ready:

open ADFspectra and click on the 'NormalModes' menu

You should see:

MaormalMode

1. -48 cm-1 (1.00 kmimale)
2. -0 cm-1(1.00 kmimaole)
3. 0cm-1(1.00 kmimaole)
4. 0cm-1(1.00 kmimaole)
5 0cm-1{1.00 km/imole)

6. 0cm-11.00 kmimaole)

7. 0cm-1(1.00 kmimaole)
3. 0cm-1(1.00 km/mole)
9: 4214 cm-1 (1.00 kmimole)

We have found a geometry with vanishing gradients with one weak negative vibrational mode. We have
succeeded in finding a transition state.

SCM — Quit All

Tutorial 3: a transition state search with a partial Hessian*

This tutorial will teach you how to:
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» calculate a partial Hessian
» do a constrained TS search using the partial Hessian

In this "advanced" tutorial we consider a slightly more realistic system. Some of the calculations may require
20 minutes to run on a two core machine.

Step 1: Create the system

We are going to make a one layer Li (001) slab with a 2x2 unit cell, assuming familiarity with the build tools

Start ADFinput and switch to BAND mode.

From the structure tool select 'Cubic' and 'bcc'
Set 'Element' to Li

Set the lattice parameter to 3.49

Press 'OK'

Invoke the Slice tool

Set the Miller indices to 001, select 'Cartesian', and enter 1 layer.
Press 'OK'

Use the Edit — Crystal — Generate Super Cell... command
Select the preset '2x2' and press 'OK'

Panel bar Model — Coordinates

Your screen should look like this:

&, ADFinput 2014.01 PSR x|

SCM  File Edit Select Atoms Bonds View Help

BAND Main | Model | Properties Details (@',
Coordinates

™ Use natural coordinates Atoms 1,2: Distance: 3.490
Move atom(s) up | Move atom(s) down

Li(ty 0.0 0.0 0.0

L2y  |0.0 -3.49 0.0

Li(3) -3.49 0.0 0.0

Li(4) -3.49 -3.49 0.0

Add with the mouse two hydrogen atoms anywhere in the screen
Set in the table the coordinates of the first hydrogen atom to (0, -0.5, 2)
Set the second H atom coordinates to (0, 0.5, 2)
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The final geometry looks like this

B ADFinput 2014.01 ey
SCM  File Edit Select Atoms Bonds View Help
BAND  Main Properties Details (2,

™ Use natural coordinates

Coordinates

Maove atom(s) up | Move atom({s) down

% " *»

» Jnfo | S -

-—L | - a—r

Li() |00
L2y |00
‘ ‘ L@ [-249
Li4) [=49
HiE) [0
—® — 88— HE) [0

0.0
-3.49
0.0
-3.49
-0.5
0.5

0.0
0.0
0.0
0.0

Atoms 2,6: Distance: 1.517

Step 2: Calculate a partial Hessian

Select the 'BAND Main' panel
Select the Frequencies preset
Set 'Basis Set' to 'SZ'

290




&, ADFinput 2014.01 PSR x|

S5CM  File Edit Select Atoms Bonds View Help

BAND Main | Model Properties Details (@',

Title:

Preset: Freguencies v
Task Freguencies v
Periodicity: Slab v
Unrestricted I~ Yes

XC potential in SCF: LDA v
Relativity: MNone v
Basis set 52 -
Frozen core: Large v
Numerical quality: Normal v

Go to the 'Frequencies' details panel (click on the '...' button)

Select with the mouse the two tiny Hydrogen atoms (zoom in to make selecting
them easier)

Click on the '+' button next to 'Partial Hessian For:'
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&, ADFinput 2014.01 PSR x|

S5CM  File Edit Select Atoms Bonds View Help

BAND Main Model Properties‘Details

Frequencies

Step size: Angstrom

Partial Hessian for. L+ =] H(5),H(8)

Symmetry displacements only: [ Yes

File - Run, name the job H2onLi freq
Say 'No' when asked to update the coordinates

Let us examine the eigen-modes that we have found for the Hydrogen molecule

Select the SCM — Spectra menu command
Open the 'NormalMode' menu

Now you will see that there is an eigen-mode at 452 cm-1 and one at 2428 cm-1. Convince yourself that the
452 mode moves the H2 perpendicular to the service and that the 2422 mode is essentially an H2 stretch
mode. The lowest mode looks like a promising start to find the transition state for dissociation over the Li
surface.

Step 3: Transition state search with a frozen substrate

We have just found the vibrational modes of the Hydrogen molecule, assuming that the Li substrate remains
fixed. Let us now find the transition state under the same assumption.

Close the 'ADFspectra' window and go back to BANDinput.
Select the 'BAND Main' panel and select the 'Transition State Search' preset
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@\ ADFinput: H2enLi_freq.adf

[FEEEE x

S5CM  File Edit Select Atoms Bonds View Help

BAND Main | Model Properties Details

Title:

Task TransitionState

Periodicity: Slab

Unrestricted I~ Yes

XC potential in SCF: LDA

Relativity: MNone

Basis set 52
Frozen core: Large

Numerical quality: Normal

Preset: Transition State Search| »

v

Panel bar Model — Geometry Constraints

The two hydrogen atoms are still selected, if not select them again

Use the Select — Invert Selection command
Click on the '+' button next to 'freeze selected atoms'
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& ADFinput: H2onli_freq.adf

==

SCM  File Edit

Select  Atoms

. —w . —w

.

Bonds

-

View Help

BAND Main Model Properties Details

Geometry Constraints

Convergence details

_— | Ll LiE)Lid)

|+ | Li(1)Li(2) Li3) Li(4) (dihedral)

e
L

Panel bar Details — Geometry Convergence
Set the initial Hessian to 'H2onLi freq.runkf'
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& ADFinput: H2onli_freq.adf

==

SCM  File Edit Select Atoms

. —w . —w

.

Bonds

View Help

BAND Main Model Properties|DetaiIs

Optimize lattice
Number of iterations:

Initial Hessian from:

Convergence criteria
Gradient convergence:
Energy convergence

Step convergence:

Convergence details
Trust radius:

Dynamic trust radius:
Mazx. nr. of GDIIS vectors:
First GDIIS iteration

Geometry Convergence

™ Yes

wm | HZ2onLi_freq.runkf

Hartree/Angstrom

Hartree

Hartree

Angstrom

I~ Yes

File — Save As..., use name H2onLi ts

File — Run

After the run has completed:

SCM — Movie

In the movie window: Graph — Energy
View — View Direction — Along x axis

Reorient to get a good look

It should look like
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&, ADFmovie: H2onLi ts.runkf

SCM  File View Select Graph Help

Energy (Hartree)

024

-025

026

027 o

028

-028

030 o

-031

-032

Frame 21
Geometry CF Bond Ener ee T T T T T T T

2 5 8 " 14 17 20

Frame number
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DFTB-GUI tutorials

DFTB provides accurate results at a fraction of the cost of a DFT evaluation. The tutorials in this section
show you how to use DFTB via the DFTB-GUI. Since the DFTB-GUI is very similar to the ADF-GUI, we will
focus here on DFTB specific features.

If you are not familiar with the ADF-GUI (or the DFTB-GUI), please have a look at the Introduction and ADF-
GUI Overview tutorials.

The DFTB-GUI can be launched from ADFJobs or by changing the program from the pull-down menu to
DFTB. As such, one can switch seamlessly between different programs, for instance to use DFTB as a pre-
optimizer for an ADF or BAND calculations.

The tutorials use DFTB parameter sets that are available for any user who has a DFTB license. For your
convenience als the DFTB parameter sets from DFTB.org have been included. They often give much better
results. In general we would advise you use one of the 30B parameter sets with DFTB3 if possible.

To use the DFTB.org or QUASINANO parameters as included with the ADF package they need to be
enabled in the license file. For many users this has already been done. If not, please contact us to have the
DFTB.org and QUASINANO parameters enabled. For acacdemic users this is free of charge. Alternatively,
the DFTB.org parameters can be downloaded from the DFTB.org web site (after registration).

Tutorial 1: DFTB charges, frequencies and dynamics (MD)

This tutorial will walk through the main features currently provided by the DFTB engine, using the GUI.
DFTB achieves evaluation accuracy at a much lower computational cost than DFT, making it suitable for
molecular dynamics evaluations, even on large systems.

We will walk through three different steps in this tutorial. The first step aims at pre-optimizing a simple
molecule with DFTB. The second step will evaluate IR frequencies, spectrum and vibrational modes. Finally,
the third and last step will perform a simple molecular dynamics evaluation.

Step 1: DFTB: Pre-optimization and Charges

Start ADFjobs
SCM — New Input
Select the DFTB panel: panel bar ADF — DFTB

In the ADFinput panel:

cmd/ctrl-F, find benzene

Select the entry Benzene (ADF) in the Molecule section of the search result
Select the Main panel

Make sure the GeometryOptimization task is selected

Make sure the model is DFTB

Make sure the parameter set is "Dresden" (normally you would want to use
better parameters like the included 30B set)

Move your mouse over the parameter set option, and note the references in the
help balloon

Click 'Run' in the DFTB panel to optimize the molecule.

When done (DFTB Ready in the lower left corner of the window) :
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Use the View — Atom Info — Atomic charge: Net (dftb) -~ Show menu command to show the
DFTB charges on each atom

2, ADFinput 2013.01 =naey X~

SCM  File Edit Select Atoms Bonds View Help

DETB ) Main |Model Properties Details Q

Task: GeometryOptimization | »

.\ /‘ Model DFTB -

Dispersion: None v

Periodicity: Mone v

0.072 -0.072 ~0.072 0.072 Total charge: 0.0
o— —

Occupation: Fermi v

-0.072 -0.072 Fermi temperature: 5 K

(5_572 \ 0.072 Parameter directory: |- | Dresden i

on converged: teration 4, energy -1 95 Hartree

[T Show output M Run
*C ONHCX O * U0

A Self Consistent Charge (SCC) evaluation allows atomic Mulliken charges to vary in an iterative procedure.
This influences the DFTB Hamiltonian until self consistence of these charges is reached.

Enabling SCC requires higher computational cost due to the iterative procedure taking place for each energy
evaluation, but higher accuracy of the final result. If SCC is disabled, the resulting final charges are not self
consistent, thus the procedure will be faster, but less accurate.

Set the model to SCC-DFTB

Click 'Run' again in the DFTB panel to optimize the molecule.

Note how both equilibrium geometry and atomic charges are affected by the SCC evaluation:
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[T Show output
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& ADFinput 2013.01 | (S e
SCM  File Edit Select Atoms Bonds View Help

DETB | Main Model Properties Details Q,

Task: GeometryOptimization |«

Model SCC-DFTB v

Dispersion: MNone v

Periodicity: MNone v

Total charge 00

Occupation: Fermi v

Fermi temperature: 5 K

Parameter directory: -l Dresden i

Run

Step 2:

Frequency evaluation

This example will show how to compute vibrational frequencies and modes using DFTB.

Choose Frequencies as the Task to perform.
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&\ADFinput:DFFBFrequencwes.adf | (S e
SCM  File Edit Select Atoms Bonds View Help
DETB | Main Model Properties Details Q,
Task: Frequencies v
Model SCC-DFTB v
Dispersion: MNone v
Periodicity: MNone v
Total charge 00
Occupation: Fermi v
Fermi temperature: 5 K
Parameter directory: -l Dresden i
[T Show output Kill Run
¥ C ONHCX O * O

File > Run, use DFTBFrequencies as name when asked for a name

When the calculation is ready (Job DFTBFrequencies has finished in the
logfile):
Close the logfile (File — Close)

In ADFjobs:

Select the "DFTBFrequencies" job

SCM — Spectra

Click on each individual frequency band to show the associated vibrational
mode.
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Step 3: Molecular dynamics

DFTB supports a Velocity Verlet algorithm for Molecular Dynamics. It also supports two types of
thermostats. In this example, we will perform a simple molecular dynamics evaluation using DFTB.

In the ADFinput window, choose MolecularDynamics as the Task to perform.
Make sure the model SCC-DFTB option is selected, and the parameter set is

Dresden (normally you want to use better parameters like the included 30B set)

Click on the Details button (...) to the right of the Molecular Dynamics task

Set the Number of steps to 2000, the Timestep to 0.5, and the Sampling frequency to

5

Make sure the thermostat is set to Berendsen,
500.0 kelvin.

Save your input choosing File —» Saveas ..., with
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SCM  File Edit Select Atoms Bonds View Help

€C O N HC X, O

DFTB Main

Model

Properties Details

Number of steps:

Time step:

Sampling frequency.

Thermostat:
Temperature:
Damping constant:
Apply Berendsen:

Scaling frequencies

Preserve

Initial velocities:

Initial temperature

Restart file
Checkpoint frequency:

MD

2000
05 fs

Berendsen
5000 K
100 fs

Local

W Total mementum
¥ Angular momentum

W Center of mass

Random

=

File — run
You can monitor the calculation in real-time:

While the calculation is running:

SCM — Movie

In the ADFmovie window: Graph — Energy
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Tutorial 2: Periodic DFTB, Lattice Optimization, DOS, band
structure and phonons

This tutorial will walk through the use of periodic DFTB to optimize the lattice parameters. The density of
states and band structure of the optimized structures will be displayed.

Step 1: Lattice optimization - input setup

To perform geometry optimization of a lattice, we will start from a diamond crystal with incorrect lattice
values, and let DFTB optimize this value. Next, we will proceed to display additional information obtained
during the evaluation.

Start ADFinput

Select the DFTB panel: panel bar ADF — DFTB

Choose Bulk to enable periodicity.

Click the structure tool (the snowflake next to the X tool),
Choose Cubic — Diamond

Set the lattice parameter parameter a to 6.0 and click OK
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&, ADFinput 2014.01 =B =

SCM  File Edit Bonds

Select  Atoms View Help

DFTB Main | Model Properties Details Q

GeometryOptimization |+
2, Dialog Window
Diamond DFTB \d
Presets None v
_
Bulk v
Lattice parameters
a 0.0
6.0
basis vectors Fermi v
-ug -8 -8 C —
ature 5 K
18 118 118 c —
cancel| oK ectory: - Dresden i

[ Show output Kill Run
MC ONHIX & O ST R L

Click the Details button (...) for the GeometryOptimization task

Check the Optimize Lattice box

Go to the Main panel

Make sure model is set to DFTB, and that the Dresden parameter set is selected
(normally you would want to use better parameters like the included 30B set)
Choose File — Save as... and save the input as "DFTB-Diamond".

Step 2: Lattice optimization - execution

File — Run.
While the optimization is running, you can watch the progress by clicking SCM
— Movie

When asked to read the new coordinates (when the calculation finishes), click
Yes

From the movie, you can observe how the unit cell shrinks as it is optimized.

Step 3: DOS and Band Structure

You can visualize the density of states (DOS) directly from the converged optimization.

SCM —» DOS (in the ADFmovie or ADFinput window)
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Similarly, you can visualize the band structure

SCM — Band Structure
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Step 4: Phonons

Activate the ADFinput window with the DFTB-Diamond input
Select "Phonons" as Task
File — Save as..., use "DFTB-Phonons" as filename

File — Run

When completed: use SCM — Band Structure in the ADFtail window (showing the
logfile)

A window will appear showing the phonons diagram. Clicking on the curves at the location of the vertical red
bars will show the actual crystal vibrations.
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Tutorial 3: Proton affinities with third order DFTB (DFTB3)

In this tutorial we will calculate a proton affinity, defined as the negative gas phase enthalpy for the

protonation reaction A"+ H* — AH. Gaus, Cui and Elstner have shown that third-order terms (DFTB3)
generally improve the proton affinities with respect to second order self-consistent charges (SCC).

We will calculate the proton affinity of the acetate anion, CH3COO". In the first step of this tutorial, we will

optimize acetic acid at the DFTB3 level. The second step will perform the computation on the anionic
species, and compute its proton affinity.

Contact us to enable parameter files from DFTB.org, including the ThirdOrder set for DFTB3, needed to run
this tutorial. For non-profit users there is no additional charge for this.

Step 1: Optimization of the neutral molecule

Start ADFjobs
SCM — New Input
Switch to DFTB mode (panel bar ADF — DFTB)
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Use the Structure tool, select Solvents — Acetic acid

Click anywhere in the visualization pane. The acetic acid molecule will appear.
Make sure the GeometryOptimization task is selected and charge is set to 0.0
Select DFTB3 as the model.

Select the ThirdOrder parameter set.

Click 'Run' in the DFTB panel to optimize the molecule.

When the optimization is complete (DFTB Ready in the lower left corner of the window), note the final
energy (for the paramenter set used in this example, E(HAc) = -11.57557462 Hartree)

&_ ADFinput 2013.01 [
SCM  File Edit Select Atoms Bonds View Help

DFTB Main | Model Properties Details Q

Task GeometryOptimization | »

Model: DFTB3 v

Dispersion: MNone 4

Periodicity: MNone v

Total charge: 0.0

Occupation Fermi v

Fermi temperature 5 K

Parameter directory: - DFTB.org/200-1-1 i
DFTB Ready
DFTE optimization ged: teration 5, energy -11

[~ Show output Kill Run

® C ONHCX O *x Vo

Step 2: Optimization of the acetate and the hydrogen ions

In order to perform the calculation on the acetate ion, we will remove the hydrogen ion from the previously
computed acetic acid molecule.

Select the hydrogen in the COOH group by clicking on it.

Press the Backspace key on your keyboard. This will delete the hydrogen atom.
Select the Main panel

Set the charge to -1.0

Click 'Run' in the DFTB panel to optimize the molecule.
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SCM  File Edit Select Atoms Bonds View Help

DFTB Main | Model Properties Details Q

Task GeometryOptimization | »

Model: DFTB3 v

Dispersion: MNone 4

Periodicity: None 4

Total charge: -1.0

Occupation Fermi 4

Fermi temperature 5 K

Parameter directory: - DFTB.org/3o0b-1-1 i

DFTB optimization converged: teration 7, energy -11.24581539 Hartree

[T Show output M Run
W®CONHCX. O * O

At the end of the procedure, note the final energy (for the parameter set used in this example, E(Ac”) =
-11.280518 Hartree).

Additionally, the energy of the lone proton must be obtained.

Select and delete every atom of the molecule, except one hydrogen atom.
Select the Main panel

Make sure the GeometryOptimization task is selected. Although this is effectively
a single point calculation, the GeometryOptimization task reports the energy
directly in the molecule window, facilitating the read out of the energy.

Set the charge to 1.0

Click 'Run' in the DFTB panel.
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R, ADFinput 2013.01 =
SCM  Eile Edit Select Atoms Bonds View Help
DFTBE ' Main | Model Properties Details Q
Task: GeometryOptimization |«
Model: DFTB3 v
Dispersion Mone A4
Periodicity: Mone *
Total charge: 1.0
QOccupation: Fermi v
Fermi temperature: 5 K
Parameter directory: - DFTB.org/300-1-1 i
n converged: teration 1, energ 0000 Hartree
[~ Show output Kill Run
® C O N HC X

Finally, annotate the value for E(H*) = 0.236417 Hartree. The proton affinity is computed as PA = E(Ac’) +
E(H™) - E(HAC), resulting in a final Proton Affinity of 0.566798 Hartree, or 355.67 kcal/mol.

We leave it as an example to calculate the PA with DFTB2 (SCC), and compare it with the high-level ab

initio results that are also quoted in the DFTB3 paper.

Tutorial 4: UV/Vis spectrum of Ir(ppy)3

In this tutorial we will use time-dependent DFTB to calculate the UV/Vis absorption spectrum of the Iridium

complex Ir(ppy)3.

Start ADFinput

Obtain a Ir(ppy)3 molecule by pasting the following coordinates into ADFinput:

Ir 0.012398 0.011138 -0.034888
N -0.039454 0.033020 2.182572
c 1.196760 -0.025409 2.759734
c 1.312058 0.049492 4.160403
H 2.297136 0.010793 4.623158
c 0.176907 0.180049 4.949521
H 0.267945 0.241793 6.035562
c -1.080728 0.227837 4.337521
H -1.998559 0.321169 4.918229
c -1.136029 0.147902 2.951293
H -2.086922 0.175812 2.417126
c 2.320171 -0.152466 1.829294
c 2.023265 -0.155989 0.436568
c 3.102011 -0.288673 -0.454369
H 2.909074 -0.300226 -1.528367
c 4.415258 -0.411210 0.002305
c 4.695599 -0.406624 1.375984
H 5.722404 -0.504771 1.732389
c 3.649435 -0.277487 2.282572
H 3.871783 -0.280893 3.351436
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H 5.231463 -0.511562 -0.717544
¢} 0.348035 0.181591 -2.073796
¢} 0.477555 1.514919 -2.556751
C 0.724684 1.764358 -3.922454
H 0.829885 2.787826 -4.287727
¢} 0.844594 0.712499 -4.823508
H 1.037805 0.912270 -5.878913
¢} 0.719659 -0.604432 -4.359020
H 0.813485 -1.438052 -5.059452
¢} 0.474019 -0.859703 -3.009006
H 0.385255 -1.893716 -2.671738
¢} 0.365837 2.600714 -1.582092
N 0.167789 2.211524 -0.287922
¢} 0.070484 3.136313 0.682683
H -0.072051 2.747901 1.692346
¢} 0.145763 4.501897 0.436809
¢} 0.336880 4.923011 -0.884173
H 0.401581 5.985888 -1.124354
¢} 0.445887 3.971689 -1.889620
H 0.597414 4.283773 -2.922014
H 0.063205 5.212485 1.259290
N -2.184281 -0.109350 -0.312568
¢} -2.661123 -1.388612 -0.350406
¢} -4.046619 -1.609170 -0.458307
H -4.429551 -2.628420 -0.482142
¢} -4.923390 -0.534729 -0.529917
H -5.997987 -0.707636 -0.612774
¢} -4.412321 0.767839 -0.500666
H -5.061792 1.641013 -0.565173
¢} -3.036095 0.927439 -0.392594
H -2.577985 1.917423 -0.370095
¢} -1.646438 -2.441110 -0.271132
¢} -0.290616 -2.036409 -0.112573
¢} 0.684523 -3.046718 -0.059045
H 1.733837 -2.770376 0.056220
¢} 0.343229 -4.396378 -0.157833
¢} -0.995273 -4.783541 -0.314549
H -1.261180 -5.838892 -0.394860
¢} -1.983096 -3.806784 -0.368630
H -3.023159 -4.112311 -0.498560
H 1.126462 -5.157297 -0.113713

Select the DFTB panel: panel bar ADF — DFTB
Choose SinglePoint as the Task to perform

TD-DFTB is based on the SCC extension to DFTB and is therefore best used with the SCC-DFTB model. It
is also incompatible with fractional occupation numbers, so we switch to the Aufbau occupation scheme.

Set the Model to SCC-DFTB
Select the Aufbau Occupation scheme

We need to select a parameter set that includes Iridium.
Change the parameter directory to QUASINANO2013.1

We want to obtain the absorption spectrum up to 6 eV, so we allow for some safety margin and calculate all

singlet-singlet excitations up to 6.8 eV which is 0.25 Hartree. The "Number of excitations" field acts an upper
limit for the calculated number of excitations if the "Excitations up to" field is used. We do not need an upper
limit for this tutorial, so we set it to something large.

Use the panel bar Properties — Excitations (UV/Vis) to go to the TD-DFTB configuration
Select SingletOnly as the Type of excitations to calculate

Change the Number of excitations to calculate to 10000

Calculate Excitations up to 0.25 Hartree
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S5CM  File Edit Select Atoms Bonds View Help
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Minimum oscillator strength

TD-DFTB

Type of excitations:
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Transition charges:

DFTB Main Model Properties Details

Excitations (UV/Vis)

Singletonly
Auto
10000
0.25 Hartree

Precalculated

We are now ready to run the calculation. It should only take a few seconds.

Save your input using File — Save as ...
Run the calculation with File - Run
Wait for the calculation to finish

We can now use ADFspectra to have a look at the results.

Select SCM — Spectra
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MOPAC-GUI tutorial

This section contains tutorials that show you how to use MOPAC via the MOPAC-GUI. As the MOPAC-GUI
is very similar to the ADF-GUI, we will focus here on MOPAC-specific features.

If you are not familiar with the ADF-GUI (or the MOPAC-GUI), please have a look at the Introduction and
ADF-GUI Overview tutorials.

For example, it will show you how to start the MOPAC-GUI.

MOPAC (Molecular Orbital PACkage) is a semiempirical quantum chemistry program based on Dewar and
Thiel's NDDO approximation. It is available from OpenMOPAC. The documentation for MOPAC is also
available on that site.

MOPAC is included with the ADF distribution. However, it needs to be enabled in your license file. If it is not
enabled, please contact SCM to get more information. Note that MOPAC is free for academic users. The
MOPAC that is included with the ADF distribution is the standard MOPAC from OpenMOPAC, with a minor
modification to use the SCM license technique.

If you wish to use a MOPAC version different from the one included with the ADF distribution, you can do
this by setting the SCM_MOPAC environment variable, either in your shell startup script or via the SCM —
Preferences command:

+ do not set SCM_MOPAC when you want to run the MOPAC included with the ADF pacakage, in
most situations this is the easiest solution

» set SCM_MOPAC to the complete path to the Mopac executable

» set SCM_MOPAC to some command if want to run MOPAC on a different machine, the command
must pass the arguments and standard input, and should start the mopac.scm script on the other
machine (located in SADFHOME/bin)

Tutorial 1: Toluene charges, movies, frequencies and normal
modes

The MOPAC-GUI is basically the same set of programs as the ADF-GUI. we suggest you start with the ADF-
GUI tutorials if you are not familiar with the ADF-GUI.

When saving a job and running, MOPAC will be executed. The MOPAC results (output and AUX file) will be
converted to a .rkf result file, that allows visualization of the results with the GUI modules like ADFview,
ADFmovie and ADFspectra. Results that may be visualized include geometry, optimization changes (with
energy), charges, bond orders, frequencies and normal modes. Obviously the MOPAC output file is also
available

This tutorial will give you an example how to use MOPAC via the MOPAC-GUI from SCM.

Set up Toluene in MOPACinput

Start ADFjobs
SCM — New Input
Switch to MOPAC mode (panel bar ADF — Mopac)
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&, ADFinput 2013.01 By
SCM  File Edit Select Atoms Bonds View Help

Mopac Main | Model Properties Details Q

Task GeometryOptimization |

Method: PM7 v

Solvation method: Mone v

Periodicity: Mone A4

Total charge: 0.0

Spin polarization 0.0

Unrestricted: I~ Yes

Mozyme: ™ Yes

Sparkles: ™ Yes

[T Show output Kill Run

We will now make a Toluene molecule. Most conveniently this is done by simply searching for it within the
MOPAC-GUI:

Control/Command-F

Enter 'toluene' as search text

Select 'Toluen' (the second match) from the list of matches

Click once in the drawing area in empty space to clear the selection
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SCM File Edit Select Atems Bonds View Help

Mopac Main | Model Properties Details Q

Task GeometryOptimization |
Method: PM7 v
Solvation method: Mone v
Periodicity: Mone A4
Total charge: 0.0

Spin polarization 0.0

Unrestricted: I~ Yes

Mozyme: ™ Yes

Sparkles: ™ Yes

[T Show output Kill Run

’CONHClX-O *'\‘D

Run interactively

In the Mopac Main panel you can see what options for MOPAC have been selected: by default a Geometry
optimization will be performed, using the PM7 method. MOPAC will also calculate the bond orders, and the
GUI will automatically update the molecular bonds using these calculated bond orders. To show this, we will
first remove the bonds and then run MOPAC by pressing the Run button:

Bonds — Remove Bonds
Press the 'Run' button

316




&, ADFinput 2013.01

=

SCM  File Edit Select Atoms Bonds View Help

Mopac Main

Model Properties Details

Task:

Method:

Periodicity:
Total charge:
Spin polarization

Unrestricted:

Mozyme:

Sparkles:

[T Show output

’CONHClX-O *'\‘D

Solvation method:

GeometryOptimization

PM7

Mone

Mone

0.0
0.0
I~ Yes

I~ Yes
I~ Yes

v

al

Run

The geometry has been optimized, but as the starting geometry was very reasonable this did not lead to big
changes. In the status area you can see that MOPAC used 17 iterations, and you can see the final heat of

formation. And obviously the bonds reappeared. These bonds are actually based on the bond orders as

calculated by MOPAC.
You can now also show the calculated atomic charges:

View — Atom Info — Mopac Charges — Show
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SCM  File Edit Select Atoms Bonds View Help

Mopac Main | Model Properties Details Q
Task GeometryOptimization |
Method: PM7 v
Solvation method: Mone v
Periodicity: Mone A4

-0.173 0.149 Total charge: 0.0
Spin polarization 0.0
Unrestricted: I~ Yes

-0.130

Mozyme: ™ Yes

\0' 147 Sparkles: I~ Yes

eat of formation Umo ™ Show output Kill Run

’CONHC|X-O *'\‘D

To see the MOPAC output, check the 'Show output' check box. And there is another way to run MOPAC
interactively: use the pre-optimizer button (the cog wheel).

Check the 'Show output' check box
Right-click on the cog-wheel (the pre-optimizer button), and select Mopac from
the menu
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H ] 0.000130 0.000508& 0.978380

H 10 0.000970 0.000114 0.000075 0.977143

H 11 0.000087 0.000103 0.000454 0.000103 0.977693

H 12 0.000130 0.000076 0.00012% 0.00050%8 0.000485 0.978375
H 13 0.9548393 0.000009 0.000001 0.000009 0.000000 0.000001
H 14 0.964580 0.000285 0.000012 0.000018 0.000000 0.000032
H 15 0.964582 0.000018 0.000032 0.000286 0.000000 0.000012

H 13 0.973621
H 14 0.001480 0.975383
H 15 0.001460 0.001187 0.9753E4

TOTAL CFU TIME: 0.02 SECONDS

== MOPLC DONE ==

S ————————————————————————

As the geometry already had been optimized, nothing much happens. Except the MOPAC output file will be
opened and appear in a new window. This file actually starts with the AUX file, followed by the output file.

Close all windows except ADFjobs (no need to save your setup)

Save job and results: charges and movies

The previous section showed how to run MOPAC interactively, typically to be used as a pre-optimizer.
However, you can also run the MOPAC calculation as a 'real' job. Then the result files will be saved, and you

can analyze them with the GUI tools.
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SCM — New Input

Panel bar ADF — Mopac

Control/Command-F

Enter 'toluene' as search text

Select 'Toluen' (the second match) from the list of matches

Click once in the drawing area in empty space to clear the selection
Check the 'Show output' check box

Once again we have our Toluene molecule. Now to run it as a job simply use the Save and Run command
from the menu:

File — Save, save the job with name 'Toluene'
File - Run

When asked to read the new coordinates (when the calculation finishes), click
Yes

SCM — Logfile

The logdfile will show the progress of the calculation:
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B, ADFtail: Toluene logfile

SCM  File Edit Help

1.15696045804490
-2.4292686631073
-0.7791620049250

1.7003426280098
-0.7791355418895

2.9425876434117

1.7003737553273
-2.8216891698900
-2.58457206027442
-2.8457876143642

-0.2362742330428
1.1567724743487
-0.93794684484841
-0.2360571644866
1.8561014202794
1.1566491888500
-2.4295803989145
-0.7786485086546
1.7004127002822
-0.7786154380711
2.9426450952995
1.7004420303895
-2.8213301048241
-2.8456588601637
-2.8457281878630

-0.2360865213655
1.1567053432487
-0.9378991683157
-0.2359641418611
1.8557264188971
1.1566583478513
-2.4297665924932
-0.7782589539909
1.7003847896161
-0.7782332157819
2.9429126105787
1.7004235558820
-2.8211533288455
-2.8457457530182
-2.8458079559975

-1.2058651688366
0.0000286623049
2.1488338315489
2.1485752971448

-2.1498915671944
0.0000264002247

-2.1489955735081
0.0005588996158
0.8820454162742

-0.8825639693947

1.2076860520679
1.2061052290361
0.0002254049652
-1.2079445877694
0.0000842479067
-1.2061866670086
-0.0000096339902
2.1500927645799
2.1489946748618
-2.1501296301080
0.0000230534883
-2.1490160047802
0.0005623088303
0.8822776298133
-0.88276659383764

1.2080151493562
1.2060017897659
0.0000066067802
-1.2080658170957
-0.0000763116568
-1.2059193555081
-0.0000025520155
2.1502871837615
2.1488126359387
-2.1503183160970
0.0000171705623
-2.1488361109650
0.0005604617989
0.8825012000830
-0.8829844288616

2013-03-24 14:07:26 MOPRAC ready
Job Toluene has finished

0.0008513288410
-0.0044670736852
0.0048534817873
0.0026038663073
0.00426118065446
-0.0053093403236
0.0020610827510
1.02385967113419
-0.5096486851499
—-0.5087309029208

HELT OF FORM UFPDATED:KCRL/MOL=+0.132030272541774D4+02
GRADIENT UFPDATED:KCRL/MOL/RANG=+0.206867212789583D+01
ATOM X UPDATED:ANGSTROMS [0045]=

0.0006580242274
0.0025073435799
-0.0035336913070
0.0004487013271
-0.0017359703551
0.0020791851935
-0.0041027546583
0.0045728198213
0.0025170468353
0.0038801321221
-0.0045177561891
0.0020358782937
1.0242210580526
-0.5095501761722
-0.5086038650530

HELT OF FORM UFDATED:KCRL/MOL—=+0.132012176845274D+02
GRADIENT UPDATED:HCRL/MOL/ANG=+0.910320949274582D+00
ATOM X UPDATED:ANGSTROMS[0045]=

0.0011365899251
0.0017384885003
-0.0042773974582
0.0008077190178
-0.0008008697518
0.0014212494373
-0.0040216844817
0.0041317459683
0.0027836340272
0.0034777376323
-0.0042713207304
0.0022871010223
1.0253489105828
-0.5095273788447
-0.5085718703811

—

SCM — View
Properties — Atom Info — Atom Charge: Net (mopac) — Show
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&, ADFview: Toluene.rkf

=<0

SCM  File Add Fields Yiew Properties Help

0.147
»

fo.130
0.157

0.1620.458 -0.173 0.149
- '

'0.157
L -0.130

\.0. 147

As the 'Show Output' check box has been checked, the Mopac output is available:

Close the ADFview window
SCM — Output
Scroll to the end
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2, ADFoutput: Toluene.out

kil

TOTAL JOB TIME:

== MOPAC DONE ==

0.07 SECONDS

SCM  File Edit Help lterations Properties Response Properties Other Properties  Section

c 1 c 2 c 3 c 4 C 5 cC &

c 1 3.975087

c 2 1.445517 3.976853

c & 1.423683 0.000591 3.990377

£ 4 0.001452 0.1119865 1.423381 3.975087

< 5 0.001151 1.440240 0.112124 0.001151 3.976162

c (3 0.111890 0.000617 0.000592 1.445745 1.440118 3.976855

c 7 0.004783 0.006191 1.014806 0.004784 0.001381 0.006187

H &  0.964050 0.000214 0.000321 0.005095  0.005233  0.000153

H 9 0.000334 0.965665 0.005254 0.000110 0.000351  0.005229

H 10 0.005092 0.000153 0.000321 0.964049 0.005235 0.000214

H 11 0.005214 0.000293 0.000142 0.005216& 0.965265 0.0002583

H 12 0.0001140 0.005235 0.005260 0.000333 0.000350 0.965646

H 13 0.005424 0.000028 0.002460 0.005422 0.002408 0.000028

H 14 0.001858 0.000065 0.000722 0.004491 0.000579 0.000078

H 15 0.004489 0.000078 0.000720 0.001854 0.000576  0.0000&5
c 7 H 8 H 3 H 10 H 11 H 12

c 7 3.924655

H 8 0.000970 0.977148

H 9  0.000190 0.000508  0.978375

H 10 0.000596% 0.000114  0.000075  0.577147

H 11 0.000097 0.000103 0.000484 0.000103 0.977656

H 12 0.000180 0.00007& 0.000129 0.000509 0.000485 0.978368

H 13 0.954315 0.000009 0.000001 0.000003 0.000000 0.000001

H 14 0.964588 0.000285 0.000012 0.000018 0.000000 0.000032

H 15 0.964603 0.000018 0.000032 0.000286 0.000000 0.000012
H 13 H 14 H 15

H 13 0.973624

H 14 0.0014&0 0.975386

H 15 0.001458 0.001197 0.975389

Now for a geometry optimization it might be interesting to see a movie of the progress of the optimization:

Close the ADFoutput window
SCM — Movie

Graph — En

ergy
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&\ ADFmavie: Teluene.rkf | =an=n X

SCM  File View Graph Help

Energy (Hartree)

0.023

0.0227 —

0.0224

0.0221

00218

0.0215

00212

I I I I I I I 1
0 2 4 i 8 10 12 14 16

Frame number

You can also use ADFmovie to get detailed information about the geometry (distances, angles and so on),
just as for an ADF geometry optimization. If you don't know how, check the ADF-GUI tutorials.

Close all windows except ADFjobs and the ADFinput window showing your MOPAC

input

IR spectrum and normal modes

Now we will modify our MOPAC job to perform a frequencies calculation:

Activate the ADFinput window (MOPACinput)
In the Mopac Main panel, change the Task to 'Frequencies'

File — Run

Answer 'Yes' to save your setup

Answer 'Yes' to acknowledge that you are saving over a previous job
The logdfile will be shown, and will very soon show the job is ready,

SCM — Spectra

The calculated IR spectrum will be shown:
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9\ ADFspectra: Toluene.rkf

] S

SCM  File Spectra  Axes

Help View A

IR Intensity (km/mole)

500 —

1000 —

1500 —

2000 —

2500

3000 —

3600 3000 2400 1800

Frequency {1/cm)

Offset: |0.0

Scaling factor: (1.0

I I I I II 1 w”” I I I

1200

Lorentzian Fixed Height — Peak width: |50.0

600 o -600

Right-click on the peak around 2762 cm-1,
maximum intensity)

and select mode A 37

The selected mode will be shown:

(with the

& ADFspectra: Toluene.rkf

||:| @&1

SCM  File Spectra Axes Help View A

IR Intensity (km/maole)

500 —

1000 —

1500 —

2000 —

2500 —

3000 —

3600 3000 2400 1800

Frequency {1/cm)

I I I I IIII w”” I I I

1200

mode A_37 Frequency

, IR intensity:

Offset: |0.0

G00 0 -600

Scaling factor: [1.0

Lorentzian Fixed Height — Peak width: |50.0

Browse through the normal modes using the left and right arrow key

Try the alternative method:

tear off the A menu by selecting the dashed line
Use the torn-off menu to examine some more modes

In ADFspectra: (A — ====)

SCM — Quit All
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ReaxFF-GUI tutorials

This section contains tutorials that show you how to use ReaxFF via the ReaxFF-GUI. As the ReaxFF-GUI
is very similar to the ADF-GUI, we will focus here on ReaxFF specific features.

If you are not familiar with the ADF-GUI (or the ReaxFF-GUI), please have a look at the Introduction and
ADF-GUI Overview tutorials.

For example, it will show you how to start the ReaxFF-GUI, and how to manually edit molecules.

The first tutorial provides you with an overview over all relevant GUI modules. It will create a mixture of
methane and oxygen, and burn it. This will clearly demonstrate that ReaxFF can handle reactions.

The second tutorial will show you how to set up a more complex system and how to use some of the

advanced features of ReaxFF. In setting up the system you will also find out how to create an aluminum
surface.

Tutorial 1: Burning methane

This tutorial will help you to:

+ create a simple mixture (methane and oxygen)

» set up to burn it quickly (set up your ReaxFF simulation)

* burn it: perform the actual ReaxFF simulation

« visualize what is happening during and after the simulation

Step 1: Start ReaxFFinput

Start ADFjobs
SCM — New input
Switch to ReaxFF mode (panel bar ADF — ReaxFF)
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&, ADFinput 2013.01 | B | S

SCM  File Edit Select Atoms Bonds View Help

ReaxFF ) Main | Model Details Q

Task Energy Minimization |

Force field: - i
MNumber of iterations: 40000

Start with: 0 non-reactive iterations

Time step: 025 fs

Wethod: Velocity Verlet + Berend| »

Temperature 2080 K
Damping constant 1000 fs

Pressure 0.0 GPa
Damping constant 5000 fs

W CONHCOX O * UG

Step 2: Create a methane / oxygen mixture
Next we will make the methane - oxygen mixture. For full combustion we need at least 2 oxygen molecules
for each methane molecule. So we will use 100 methane molecules and 250 oxygen molecules.

Edit — Builder
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&, ADFinput 2013.01 = | B S

SCM  File Edit Select Atoms Bonds View Help

Builder

Lattice vectors (Angstrom):

100.0 0.0 0.0
0.0 100.0 0.0
0.0 0.0 1000

+ | Molecules

— | Current — ¥ Wove to center of box
= | Fill boxwith —i 100 copies of. -

Random start: [ Yes

Distance: |2.5 Angsitrom

Current density: 0 g/mL
New density will be around: 0 g/mL

% C ONUHCX, 0 * O Close Generate Molecules

The Builder allows you to build your system, and set some things like the cell vectors that define the
computation cell. ReaxFF always uses periodic boundary conditions. The default cell is a cube with sides of
100 Angstrom.

You can use the Builder to add many molecules, randomly distributed. In the list of molecules to be added
the Current molecule is already present. If you have any molecules already, the new molecules will be
added. Right now we have no molecules yet, so we can remove that entry.

Click the '-' button in front of 'Current'
Click the + button in front of 'Molecules' once (so now we can specify two

kinds of molecules to add)

Change the box to a cube of 25.0 Angstrom
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&, ADFinput 2013.01

SCM  File Edit Select Atoms Bonds View Help

Builder

Lattice vectors (Angstrom):

250 0.0

0.0 25.0

0.0 0.0
+ | Molecules

— | Fill box with —i 100 copies of.

= | Fill boxwith —i 100 copies of.

Random start: [ Yes

Distance: |2.5 Angsitrom

Current density: 0 g/mL
New density will be around: 0 g/mL

Close

WYolume: 15625.0 Angstrom*3

0.0
0.0
250

o[

Generate Molecules

Click in the entry field of the first line
Type 'me' (without the quotes) to search for methane
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&, ADFinput 2013.01 la=ahEh

SCM  File Edit Select Atoms Bonds View Help

Builder
Lattice vectors (Angstrom): WYolume: 15625.0 Angstrom*3
250 0.0 0.0
0.0 25.0 0.0
0.0 0.0 25.0
+ | Molecules
— | Fill box with —i 100 copies of. Mel -l
L= | Fillb Molecules » = &=
CH4: Methane (ADF)
CH20: Formol

CHBMN: Methanamine (ADF)
CH40: Methanol (ADF)
5:Cosan
Crystals »
cr

Amo2

HaF2 -

Hgs
Random start: [ Yes

Distance: |2.5 Angsitrom

Current density: 0 g/mL
New density will be around: 0 g/mL

% C ONUHCX, 0 * O Close Generate Molecules

As you can see, a search box appears to find your molecule, very similar to the search box in the panel bar.

Select the 'Methane (ADF)' match

Click the file select button on the other 'Fill box with' line
Click in the entry field of the second line

Type 'o', to search for 02

Select the '02 (ADF)' match

Change the 100 copies of 02 into 250 copies

You now have specified how the builder should build your system: 100 methane molecules with 250 oxygen
molecules added.
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&, ADFinput 2013.01

e B

SCM  File Edit

Select Atoms Bonds View Help

W CONHCOX O * UG

Builder

Lattice vectors (Angstrom):

250 0.0

0.0 25.0

0.0 0.0
+ | Molecules

— | Fill box with —i 100 copies of. |Methane

= | Fill boxwith —i |250 copies of. |02

Random start: [ Yes

Distance: |2.5 Angsitrom

Current density: 0 g/mL
New density will be around: 1.02 g/mL

Close

WYolume: 15625.0 Angstrom*3
0.0
0.0
25.0

o[

Generate Molecules

At the bottom of the Builder panel you can see that the current density is zero. The new density, after adding
methane and oxygen, will be around 1 g/mL, which is obviously very high for this mixture. For this tutorial
that is fine as it means things will happen faster.

Next we will actually generate the molecules:

Click the

'Generate Molecules'

button
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&, ADFinput 2013.01 la=ahEh

SCM  File Edit Select Atoms Bonds View Help

Builder
Lattice vectors (Angstrom): WYolume: 15625.0 Angstrom*3
250 0.0 0.0
0.0 25.0 0.0
0.0 0.0 25.0
+ | Molecules

— | Fill box with —i 100 copies of. |Methane

o[

= | Fill boxwith —i |250 copies of. |02

Random start: [ Yes

Distance: |2.5 Angsitrom

Current density: 1.02 g/mL
New density will be around: 1.02 g/mL

% C ONUHCX, 0 * O Close Generate Molecules

The molecules are generated at random positions and orientations, with constraint that all atoms (between
different molecules) are at least the specified distance (2.5 Angstrom) apart.

The system looks good, we can now close the Builder:

Click the Close button at the bottom of the Builder window

Step 3: Prepare for burning: set up the simulation

The next step is to set up the details of the simulation. For this tutorial we will perform an MD simulation, at
very high temperature and density. This is to make things happen quickly. Obviously it is not a realistic
system.

Select the 'Molecular Dynamics' task
Click the 'i' on the right side of the Force field line

A new window should appear describing what force fields are available, including a short description and
references. For this particular example we will use the CHO force field for hydrocarbon oxidation.

Close the window describing the force fields
Click on the folder-like button in the Force field line
Select the CHO.ff force field

Enter 50000 as number of iterations
Enter 10000 as number of non-reactive iterations

Specify a temperature of 3500 K
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&, ADFinput 2013.01

==

SCM  File Edit Select Atoms Bonds View Help

W CONHCOX O * UG

ReaxFF ) Main | Model Details Q

Task: Molecular Dynamics | »

Force field: - CHO.ff i
MNumber of iterations: 50000

Start with: 10000 non-reactive iterations

Time step: 025 fs

Wethod: Velocity Verlet + Berend v

Temperature 3500 K

Damping constant 1000 fs

Pressure 0.0 GPa

Damping constant 5000 fs

Step 4: Burn it: run the simulation

Now we will run your set-up:

Use the File - Run command

When asked to save your input,

save it with the name 'Methane'

ADFjobs should come to the foreground, and your job should be visible at the top. On the right side you can
see that the job is running (this is indicated by the gear-icon). When running, in the ADFjobs window the
progress of your simulation is showing (from the logfile). When you click on the progress lines the logdfile will

open in its own window:

Click on the logfile lines in the ADFjobs window to open the logfile
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B, ADFtail: Methane logfile [E=REEE

SCM  File Edit Help

Iteration Nmol Time (fs) Epot(kcal) Vol (A~3) T(K) Pres (MPa) Dens (kg/dm3) _:J

1] 350 0.00 -73853.04 15625.00 3500.00 0.00 1.02

50 350 12.50 -71385.09 15625.00 2682.58 0.00 1.02
100 350 25.00 —73141.52 15625.00 3307.45 0.00 1.02
150 350 37.50 -73825.58 15625.00 3611.15 0.00 1.02
200 350 50.00 -74687.56 15625.00 3892.66 0.00 1.02
250 350 62.50 -74030.54 15625.00 3692.65 0.00 1.02
300 350 75.00 —72975.33 15625.00 3350.24 0.00 1.02

As you can see in the lodfile, the simulation is running.

To see more details, we now will use ADFmovie. Note that you can do this while the simulation is still
running!

Start ADFmovie: SCM — Movie in the logfile window
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rg\ ADFmovie: Methane.rokf | = | = |£h]1

SCM File VYiew Graph Properties Energy Terms Help

teration 1.300

< <1 » > I L

ADFmovie will show you the trajectory of your system. Note that it will automatically read new data as soon
as it becomes available.

It can also show graphs of the properties that ReaxFF calculates:

In the ADFmovie window:

Use the Properties —» Temperature command

Use the Properties — Temperature (Set) command

Use the Properties — Potential Energy command

Make the window bigger to make viewing the graph easier
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B, ADFmovie: Methane.rekf =aaCy X |

SCM  File View Graph Properties Energy Terms Help

Kelvin = Tomperature Potential Energy keal/mol
= Temperature (Set)

4000 —
- -71600

3800 —
- -72200

3400 — ’ ‘ f

3200 —

- -72800

M
FEUY WYY Y
v W W V >~ 72400

[ -74000
3000 —

[ -74600
2800 —

I I I I I I I I I
200 500 800 1100 1400 1700 2000 2300 2600

n Iteration

Note that the two temperatures (the actual temperature, and the set temperature) are both plotted on one
axes. The other axes is used for the second property (in this case the potential energy).

You can go to a particular point in the simulation using the slider below the window showing your system, or
you can click somewhere on one of the curves plotted. You can also use the arrow keys (left and right) to
move through the simulation.

Click on the temperature curve, move around in the movie
Jump to the end of the movie to follow the progress

As ReaxFF is a reactive force field, reactions may take place. In this particular example the methane should
react with the oxygen, eventually producing H20 and CO2.

You can make graphs that show how many of the different molecule types are present. The following
instructions often work, but it depends on what molecules are present in your simulation. You might try this
step again after waiting some time. Remember that we requested 10000 non-reactive iterations, so just
leave it running for 30000 iterations or so. Especially the production of H20 and CO2 take some time.

After about 30000 iterations:
Use the Properties — Molecule Fractions command
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ra\ Molecules l =| =] éJ
ru'lnleculel ru'lax#l .ﬂwe#l Graph  Show i
02 250 221.9471 r 3
CH4 100 784215 r v
H20 37 75669 r 3
HO2 18 6.0604 r v
CH20 26 56083 r v
CH302 15 45603 r v
CH3 13 37686 r v
HO 9 23355 r 3
CH40 8 1.9950 r 3
H202 7 1.9091 r v
CH30 B 0.9388 r 3
CH402 5 0.8612 r v
Co 3 05967 r v
coz 2 0.4661 r v
CH202 4 0.4430 r v
CHO 3 0.3802 r 3
CH303 3 0.3322 r 3
CHO3 2 0.2612 r v
CHO2 3 0.2529 r 3
H203 3 0.2231 r v
H2 2 0.1983 r v
CH203 3 01818 r v
HO4 3 0.1818 r v
CH402 4 0.1785 r 3
il o] nAEQT — =

In the dialog window that appears all molecules that occur in the calculation are shown (up to the moment
the dialog is created). By clicking at the top in the dialog you can sort the molecules by name, occurence in
the last frame, or average occurence. The first column of check boxes allow you to select for which
molecules to show a graph of their occurence (the number of molecules of the selected type, per time step).
The second column allows you to show or hide that particular molecule type. This can be convenient to hide
the orignal molecules for example, so you can easily see what is happening.

In the molecule fractions dialog:
Check the graph check box to show the curve for H20
Repeat for CH4, and for CO2 if any present yet.
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B, ADFmovie: Methane.rxkf |‘:' E ||
SCM  File View Graph Properties Energy Terms Help
Kelvin = Temperature Potential Energy kcalimol
= Temperature (Set)
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Obviously, no reactions take place in the first 10000 iterations.
You can put one of the curves on a different axes if you wish:
Click once on the curve showing the number of CH4 molecules,

'active'
Use the Graph — Curve On Right Axes command

curve

this makes it the

B, ADFmovie: Methane.rd | = | 5 e
SCM File View Graph Properties Energy Terms Help
Kelvin = Temperature Potential Energy kealfmol
mmmm Temperature (Set)
4000
[ -72000
3s00 —{fh
ISTANR -73000
2800 it 74000
3400 i
-75000
3200
3000 -76000
2800 -77000
[ T T T T T T T
0 5000 10000 15000 20000 25000 30000 35000
Iteration
— H20 CH4  —
40 - — 100
- a0
33
- L
- 70
19 —
12 |- 50
Frame 1 5] r <&
tteratio T T T
0 5000 10000 15000 20000 25000 30000 35000
o | Ilteration
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Clicking on the curve also had two other effects (besides making it the active curve): you jumped to the
iteration in the movie corresponding to the point where you clicked, and the molecules that belonged to that
curve are selected.

Flying to the selection also makes it easier to spot them:

Use the Properties — Molecule Fractions command to add a CO2 curve if you have not
yet done so

Click on the curve showing the CO2 production

Use the View — Molecule — Balls & Sticks to view the CO2 molecules more easily
Use the View — Fly To Selection command a few times

B ADFmovie: Methane,rkf =nnc X

SCM  Eile VYiew Graph Properties Energy Terms Help
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When you now go forward or backwards in time, it is easier to see how the reactions actually take place.
Note that the atoms remain selected, even if they are no longer part of a CO2 molecule. In a similar way you
can focus on H20 produced:

Switch back wireframe: View — Molecule — Wireframe

Click on the curve showing the H20 production

Use the View — Fly To Selection command if needed

Use the View — Molecule — Balls & Sticks to view the H20 molecules more easily
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Another tool to see what is going on is hiding molecule that are not of intereset. In this example, let's hide

CH4 and O2:

Clear the selection by clicking in empty space

Switch to wireframe: View — Molecule — Wireframe

In the molecule fractions dialog, uncheck the second check box for CH4 (in the
Show column)
In the molecule fractions dialog, uncheck the second check box for 02 (in the
Show column)
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Use the molecule fractions dialog to show all molecules again

Wait until the calculation is ready
Select the CO2 curve (click on it)
Move it to the left axes: Graph — Curve On Left Axes
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There is another tool to focus on a region of interest, by showing only some selected part:

View — Molecule — Ball & sticks

Select an atom somewhere in the center

Use the Select — Within radius ... command, and select all within 5 angstrom
View — Show Selection Only

Click in empty space to clear the selection

341




B, ADFmovie: Methane.nkf = | B |l

SCM File View Select Properties Energy Terms Averages Graph Help

Kelvin wm Temperature Potential Energy keal/mol
= Temperature (Set)

4000 —J 72000
3800 -73000
-74000

3600 . -75000
-76000

¥

3400 I 77000
1200 73000
o -79000

3000 -80000
2800 -81000

-82000

T T T T T T T
1000 8000 15000 22000 20000 36000 43000 50000

lteration

— 20 CHA
C02

— 100
80.0 L o
700 — )
600 | .
500 H - &0
40.0 H - 50
300 — - 40
200 H - 30
100 H - 20
00 - e HRTY

T T T T T T T

1000 8000 15000 22000 29000 38000 43000 50000
<K<4 1> [ teration

View — Show All to see everything again

To prepare for the next tutorial, quit everything:

Bring the ADFjobs window to the foreground
Use the SCM — Quit command to close all windows for this job

Tutorial 2: Water on an aluminum surface

This tutorial will help you to:
« create an aluminum slab

* add a solvent (water)
* run the simulation and see what happens

Step 1: Start ReaxFFinput

Start ADFjobs
Use the SCM — New input menu command
Switch to ReaxFF mode (panel bar ADF — ReaxFF)

Step 2: Creating the surface

Bulk aluminum has an fcc crystal structure, with a lattice constant of about 4.0 Angstrom.
To create the surface, we first build bulk aluminum:

Edit — Crystal — Cubic — fcc
In the dialog that appears:
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Select the preset Al
Click the 'OK' button
View — Periodic — Repeat Unit Cells

In your molecule editor screen you should see a picture of the bulk aluminum structure. The unit cell
contains one atom. As ReaxFF input by default does not show repeated cells, it had to be turned on
explicitly. Otherwise you see only the single atom in the unit cell.

®CTONTHCIX, O * O

&, ADFinput 2013.01 B
SCM File Edit Select Atoms Bonds View Help
ReaxFF ) Main | Model Details Q
Task: Energy Minimization \d
Force field - i

MNumber of iterations: 40000

Start with: 0 non-reactive iterations

Time step: 025 fs

Method: Velocity Verlet + Berend v

Temperature 2080 K
Damping constant: 100.0 fs
Pressure: 0.0 GPa
Damping constant: 500.0 fs

Now create the surface:

Edit — Crystal — Generate Slab...

In the Dialog window:
Check the 'cartesian' check box
Set the number of layers to 3
Click OK

View — Periodic — Repeat Unit Cells
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Start with: 0 non-reactive iterations

Time step: 025 fs

Method: Velocity Verlet + Berend| v
Temperature 298.0 K
Damping constant 1000 fs
Pressure: 0.0 GPa
Damping constant: 500.0 fs

FC O N HC'X, O o

&, ADFinput 2013.01 [ES =
SCM  File Edit Select Atoms Bonds View Help
ReaxFF | Main | Model Details Q
Task: Energy Minimization v
Force field - i
MNumber of iterations: 40000

You will see three atoms as it is a three-layer slab.

In this case we do not want just one unit cell, but a much bigger piece of the slab:

Turn off periodic view:

View — Periodic — Repeat Unit Cells
Edit — Crystal — Generate Super Cell...
Put 10, 10, 1 on the diagonal
Click OK

Rotate get a better view
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&, ADFinput 2013.01 =

SCM  File Edit Select Atoms Bonds View Help
ReaxFF | Main | Model Details

Task: Energy Minimization v

Force field -

MNumber of iterations: 40000

Start with: 0 non-reactive iterations
Time step: 025 fs

Method: Velocity Verlet + Berend| v
Temperature 298.0 K

Damping constant 1000 fs

Pressure: 0.0 GPa

Damping constant: 500.0 fs

FC O N HC'X, O o

Now we have a real slab of aluminum, three layers thick. Note that the Generate Super Cell command
adjusted the lattice vectors to match the new unit cell.

Step 3: Add solvent

The next step is to add water to the system, and make sure that the slab is in the center of the simulation
box:

Edit — Builder
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===

SCM  File Edit Select Atoms Bonds View Help

Builder

Lattice vectors (Angstrom):

28.63782464 0o
0.0 28.63782464
0.0 0.0

+ | Molecules:

- Current —

— | Fill box with: — 100 copies of:

Random start: [~ Yes

Distance: |2.5 Angstrom

Current density: 0.1639 g/mL
Mew density will be around: 0 g/mL

Close

Wolume: 23486.68 Angstrom*3

0.0
0.0
28.63782464

[¥ Move to center of box

=

Generate Molecules

Change the third dimension of the lattice vectors to 100.0

Check the 'Move to center of box' box on the line for the Current molecule

Type 'wa' in the line with 'Fill box with'
Select 'Water (ADF)' from the search results
Specify 2500 copies

Specify a distance of 1.0 Angstrom (this is the minimum distance between the

molecules)
Click the 'Generate Molecules' button on the bottom
Use the View — Periodic — Show Unit Cell command to visualize the box

Rotate to your favorite view
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B ADFinput 2013.01 = | S

SCM  File Edit Select Atoms Bonds

Builder
Lattice vectors (Angstrom): Wolume: 82012.5 Angstrom*3
28.63782464 0.0 0.0
0.0 28.63782464 0.0
0.0 0.0 100.0
+ | Molecules:
- | cument — ¥ Move to center of box
— | Fill box with: —1 |2500 copies of |Water -l

Random start. [~ Yes

Distance: |1.0 Angstrom

Current density: 1.076 g/mL
Mew density will be around: 1.823 g/mL

Close Generate Molecules

Step 4: Set up the simulation, including a temperature regime

Now we will set up the MD-simulation. We will use the Al-water force field:

Close the Builder by clicking the Close button on the bottom
Select the 'Molecular Dynamics' Task
Click on the folder icon and select the Al1-H20 force field

Specify 10000 iterations

347



B ADFinput 2013.01 =aR=n X

SCM  File Edit Select Atoms Bonds View Help

ReaxFF | Main | Model Details

Task: Molecular Dynamics \d

Force field - Al-H20.7

MNumber of iterations: 100000

Start with: 0 non-reactive iterations
Time step: 025 fs

Method: Velocity Verlet + Berend| v
Temperature 298.0 K

Damping constant 1000 fs

Pressure: 0.0 GPa

Damping constant: 500.0 fs

In the simulation we would like something to happen. So we will use a high temperature for water, but try to
keep the aluminum cool. Also, we will start with a low temperature MD to relax the initial set-up. This can all
be accomplished using a temperature regime, specifying different temperatures for different regions.

For this we first need to define two new regions: one for the aluminum slab, and one for the water. Regions
in ReaxFFinput are the same as in the ADF-GUI: they are defined as a collection of atoms. Via the Regions
panel you can define the regions:

panel bar Model — Regions

Click once on the select button (the V like button) in the Auto-Generated region
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SCM  File Edit Select Atoms Bonds View Help

A ! . 7500 2
Auto-Generated: 7500 atoms. 7500 atome selected

FC O N HC'X, O o

ReaxFF  Main | Model ‘ Details Q
Regions
+ | Regions Selection
oA Effs) =
- | T Auto-Generated v]l+]|[=]~

By pressing the select button you have selected all atoms in the 'Auto-Generated' region. This region will
always contain the atoms that are added by the Builder. Thus, as you can see, all water molecules are

selected.

We are going to set up a region for the water molecules, and a region for the aluminum surface:

With the water molecules still selected, press the + button in front of the

Regions label
Click and select the text 'Region 2' and change it into 'Water'
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B ADFinput 2014.01
SCM  File Edit Select Atoms Bonds

View Help

ReaxFF  Main | Model | Details Q
Regions
+ | Regions Selection
n T EARE -

_=| I Auto-Generated [+ =]~
j V' water ﬂ ﬂ j M

RCTONTHCOX O * o

Now we have a region defined that contains all water molecules. Note that the selected atoms (in this case
all water molecules) were automatically added to the new region. The + and - buttons add or remove the
selected atoms to a region.

Click in the drawing area so it has focus (otherwise the next will select the

region name)

Select — Select All

Press the + button in front of the Regions label again to add a new region
(containing everything as everything was selected)
Change the name Region 3 to Al

Click the select button in the Water region to select all water molecules
Click the '-' button in the Al region to remove the water from the Al region
Click in empty space to clear the selection
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SCM  File Edit Select Atoms Bonds

View Help

RCTONTHCOX O * o

ReaxFF Main

Model | Details

Regions

j' Regions

L T

_=| I Auto-Generated
j ¥ Water

= F A

Selection

L] e =] -
LI+ =] -
= -

The different regions are shown with colors. This does make the display a lot slower. You can turn off (or on)
this display with the check box in front of the Region names, and you can set visualization style per region:

Uncheck the check box at the left of the Water region line
Press the triangle on the right side of the Al region line,
'Balls And Sticks' visualization option

and choose for the
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SCM File

Edit

Select  Atoms

Bonds  View Help

ReaxFF  Main | Model | Details Q
Regions

j' Regions Selection

o A v

_=| I Auto-Generated [+ =]~

j ™ water ﬂ ﬂ j v

—lF A L flell=1~

Now we have defined the regions that we need, now set up the temperature regime:
Panel bar Model — Temperature Regime

Press the '+' button in front of the Regime label twice to add two temperature

steps
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& ADFinput 2014.01 | S
SCM  File Edit Select Atoms Bonds View Help
ReaxFF  Main | Model | Details Q
Temperature Regime
j' Regime
Iteration TIK) Damp (fs) dT (K)
=P L]
All — 2080 1000 0.0 =
| = ||10000 L+
All — 2980 100.0 0.0 J

At iteration 0, we start with an MD simulation at T=0 K:

change the first 298.0 to 0.0
everything)

(note this applies to region All which is

At iteration 2000, we set the water temperature to 2000 K, while keeping the aluminum temperature at 0 K:

Change the number of iterations from 10000 to 20000
Press the + button on the right side of the line starting with 20000

Change the first All on the 20000 step to Al,
0.0 K

Change the second All on the 20000 step to Water,

to 2000.0 K

Your temperature regime setup should look like this:
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SCM  File Edit Select Atoms Bonds View Help

ReaxFF  Main | Model | Details Q
Temperature Regime
+ | Regime
Iteration TIK) Damp (fs) dT (K)
- fo +
All — 2080 1000 0.0 =
= ||2000 +
Al — 0 100.0 0.0 =
Water —1 20000 1000 0.0 —

Step 5: Run the simulation

Now we can run our set up:

File — Run
When asked to save, specify Al-water as filename

Let it run for some time (until iteration 500 or so)
SCM — Movie

View — Molecule — Balls And Sticks

Rotate and zoom to get a good view of the surface
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If you look around, you will most likely see many water molecules attaching to the aluminum surface. After
some time, you might also see hydrogen atoms distracted from the water molecules, which are now moving
around the surface on their own.

You might leave the simulation running to see what will happen. It will take a lot of time though.

If you do not want to wait for the simulation to finish, kill the job:

Bring the ADFjobs window to the front
Make sure your Al-water job is selected (click once on it if not)
Kill it Job — Kill

Close all GUI modules: SCM — Quit All
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COSMO-RS GUI Tutorials

This part will provide a hands-on tutorial demonstrating the COSMO-RS GUI. Its purpose is to give a quick
tour of the main features of the COSMO-RS GUI.

The first tutorial describes how to create COSMO result files that are needed as input for the COSMO-RS
calculation. The second tutorial describes some analysis tools (sigma profile, sigma potential), and shows
how to set COSMO-RS parameters. The third tutorial describes how to calculate properties, such as solvent
vapor pressures, solvent boiling points, partition coefficients (log P), activity coefficients, solvation free
energies, Henry's law coefficients, solubilities, vapor liquid diagrams binary mixture (VLE/LLE), and excess
energies. The fourth tutorial describes how to use the COSMO-RS compound database ADFCRS-2010 of
COSMO result files. The fifth tutorial describes how to calculate pKa values. The sixth tutorial describes how
to use the ionic liquid database ADFCRS-IL-2014, and it describes what the consequences are of treating a
cation and an anion as separate molecules, as opposed to treating a cation and anion pair as one molecule.

Additional information may be found in the COSMO-RS part of the GUI Reference manual and COSMO-RS
manual

Tutorial 1: COSMO result files

If you already have COSMO result files for all the compounds that you are interested in you can skip this
tutorial, without problems of continuity. For example, ADF has a database of COSMO result files, the
COSMO-RS compound database ADFCRS-2010.

The purpose of this tutorial is to teach you how to make data for a compound using the ADF program such
that it can be read by COSMO-RS. COSMO-RS expects so called COSMO result files, which are results of
quantum mechanical calculation using COSMO. In ADF such a COSMO result file is called a TAPE21 (.t21)
file, or a COSKEF (.coskf) file. For example the COSMO-RS compound database ADFCRS-2010 consists of
.coskf files. In other programs such a file can be a .cosmo file. For example, at http://www.design.che.vt.edu/
VT-Databases.html a database of .cosmo files can be found, which were made with a different program.
Note that the optimal COSMO-RS parameters may depend on the program chosen.

Please read through the first ADF-GUI tutorial before starting with this tutorial, see the ADF-GUI tutorials.
Even better: try using the ADF-GUI yourself, especially Tutorial 1.

In this tutorial an ADF COSMO result file and a MOPAC COSMO result file is made. For ADF COSMO-RS

calculations the recommended choice is to use ADF COSMO result files.

Step 1: Start ADFinput

For this tutorial we prefer to work in a separate directory, for example a directory called Tutorial, as was
explained in ADF-GUI Tutorial 1.

You know how to start ADFjobs (in your home directory), and move to the Tutorial directory:

Start adfjobs
Click on the Tutorial folder icon

Next start ADFinput using the SCM menu.

Select the SCM — New input menu command.
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Step 2: Create the molecule

First we construct a water molecule, and preoptimize its geometry:

Select the O-tool by clicking on the button with the 'O’

Click somewhere in the drawing area to create an oxygen atom
Select the select-tool by clicking on the button with the arrow
Click once in empty space so nothing is selected

Select Atoms — Add Hydrogen

Click the optimizer button

Your water molecule should look something like this:

Step 3: ADF COSMO result file

The next step is to optimize the gas geometry using ADF, and perform the ADF COSMO calculation at the
optimized gas phase geometry.

Enter a proper title in the Title field (like 'water')
Select Preset — COSMO-RS Compound
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ADF Main |Model Properties Details MultiLevel Q

Title: water

Preset: COSMO-RS Compound |
Task: GeometryOptimization
Total charge: 0.0

Spin polarization: 0.0

Unrestricted: [ Yes

XC potential in SCF: GGA:BP v
Relativity (ZORA): Scalar v
Basis set: TZP v
Frozen core: Small v
Mumerical quality: teVelde &, Normal v

For your information, the proper settings for the gas phase geometry optimization are: the Becke Perdew
exchange correlation functional (GGA:BP), use of the scalar relativistic ZORA Hamiltoninan, a TZP small
core basis set (for lodine a TZ2P small core basis set), and an integration accuracy of 6. Like for lodine for
heavier elements than Krypton, a TZ2P small core basis set is recommended. Note that these settings were
used for the optimization of the COSMO-RS parameters.

With the proper options selected, now run ADF:

Select File — Run
In the file select box, choose a name for your file (for example 'water')
and click 'Save'

Now ADF will start automatically, and you can follow the calculation using the logfile that is automatically
shown.

Wait until the optimization and ADF-COSMO calculation are ready (should take
very little time)
Click 'Yes' in the pop-up to read the coordinates from a .t21 file.

Now the geometry of the water molecule is the optimized one, and the ADF COSMO calculation has been
performed. The result file water.coskf, which is an ADF COSMO result file, can be used as input for a
COSMO-RS calculation.

Note that a .coskf file is not a complete .t21 file. For example, if one has such a .coskf file, only the COSMO

surface charge density can be viewed with ADFview. Thus a .coskf file is mostly useful for COSMO-RS
calculations.

Expert details
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If you do not want to optimize the geometry, set 1 to the number of geometry iterations in Details —
Geometry Convergence. More details on parameters used in the COSMO calculation can be found in
Model — Solvation, and Details — COSMO. See also the COSMO-RS manual.

Step 4: MOPAC COSMO result file

A MOPAC COSMO result file can be created in almost the same way as an ADF COSMO result file. In this
step we will skip the first steps of creating the water molecule. We will change the program from ADF to
MOPAC, and select the COSMO solvation method.

Select ADF — Mopac
Select Solvation Method - COSMO-CRS

Mopac Main | Model Properties Details Q
Task: GeometryOptimization |

Method: PM7 v

Solvation method: COSMO-CRS v

Feriodicity: Mone v

Total charge: 0.0

Spin polarization: 0.0

Unrestricted: [ Yes

Mozyme: [ Yes

Sparkles: [ Yes

For sake of clarity we will save the COSMO calculation under a different name, and run the calculation

Select the 'Save As..' command from the 'File' menu

In the file select box, choose 'water mopac' as name for your file and click
'Save'

Select File - Run

Wait until the optimization is ready (should take very little time)

Click 'Yes' in the pop-up to read the coordinates from a .rkf file.

After the calculation has finished the file water_mopac.coskf, which is a MOPAC COSMO result file, can be
used as input for a COSMO-RS calculation.

Expert details

Note that MOPAC is a semi-empirical quantum chemistry program, whereas ADF is based on density
functional theory (DFT). Thus the MOPAC COSMO result files will not be of the same quality as the ADF
COSMO result files.
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Part of the COSMO parameters that are set can be found if one selects Details — Run Script. Technically
ADFinput will add some keywords to the input for MOPAC (see also http://www.openmopac.net) in case of a
MOPAC COSMO calculation:

PM7 EPS=9999.9 RSOLV=1.3 COSWRT NSPA=362

Tutorial 2: COSMO-RS overview: parameters and analysis

Step 1: Start ADFcrs

For this tutorial it is convenient to start with an empty directory, for example, with the name Tutorial.
On a Unix-like system, enter the following command:

SADFBIN/adfcrs &

On Windows, one can start ADFcrs by double-clicking on the ADFcrs icon on the Desktop:

double click the ADFcrs icon on the Desktop

On Macintosh, use the ADF2014.01 program to start ADFcrs:

double click on the ADF2014.01 icon which will start ADFjobs
Select SCM — COSMO-RS

Alternatively if you know how to start ADFjobs (in your home directory), and move to the Tutorial directory:

cd S$SHOME

Start adfjobs

Click on the Tutorial folder icon
Select SCM — COSMO-RS
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&EM Eile Compounds Method Properties Analysis Graph Help

Q, Search or add compound to the list of compounds

Compound

File Name:

Name:

Other Names:
Caculated Molar Mass:
Bond Energy:

Gas Phase Bond Energy:
COSMO surface Area:
COSMO Volume:

0.00000 g/mol
0.00000 a.u.
0.00000 a.u.
0.00000 Angstrom**2
0.00000 Angstrom**3

= |

Input Data
Nring: 0
Drop H-bond interaction: [ Yes
Scale factor COSMO surface Area: 10
Pure compound vapor pressure: 0.0 bar
at temperature: 0.0 Kelvin
Antoine coefficients: 00 A
00 B
00 C
Melting point: 0.0 Kelvin
A fusion H: 0.0 kcal/mol
A fusion Cp: 0.0 kcal/lmol K)
Flash Point: 0.0 Kelvin
Density: 0.0 kgL
-] I |

This ADFcrs window consists of the following main parts:

* the menu bar with the menu commands

» on the left: a list of compounds

» on the right: some properties for the selected compound

This is the so called List of Added Compounds, which is the window you will get if you select Compounds

— List of Added Compounds.

If you run the COSMO-RS GUI the first time, you will be asked if you would want to download and install the

COSMO-RS compound database:

Download and install the COSMO-RS compound database?

If you have the permission to write such directory (in $ADFHOME/atomicdata/ADFCRS-2010), it is
recommended to download this COSMO-RS compound database. You may need to have administrator
priveleges to do so. On the other hand, for this tutorial, it is not necessary that the COSMO-RS compound

database is downloaded.

Step 2: Add Compounds

In tutorial 1 it was shown how to make ADF COSMO result files. In this tutorial we will use some ADF
COSMO result files that were made before. These files can be found the directory SADFHOME/examples/
crs/Tutorial2. Copy these COSMO result files (water.coskf, methanol.coskf, ethanol.coskf, and
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benzene.coskf) to the directory Tutorial. As the name suggests these are COSMO result files of water,
methanol, ethanol, and benzene, respectively.

Note that these COSKF (.coskf) files contain only the part of an ordinary TAPE21 (.t21) file which is needed
in a COSMO-RS calculation. These COSKEF files can only partly be used in ADFview, for example.

Select Compounds — Add Compound(s)
List of Added Compounds

Add Compound(s) Ctrl A
Install COSMO-RS databse...

Show Selected Compound Ctrl M
Save Data Selected Compound As

A file select box will open, that looks like (may look different on different platforms)

File names: Open

Files of type: List of compounds (* compoundlist) — | Cancel ,J*
v
List of compounds (*.compoundlist)
COSMO kf files (*.coskf)
ADF result files [*t21)
COSMO files (*.cosmo)
or
Filename: ~  Open
Filter: List of compounds (*.compoundlist) ~  Cancel |

List of compounds (*.compoundlist)
COSMO kf files (* coskf)

ADF result files (*t21)
COSMO files (*.cosmo)

Select Files of type (or Filter) — COSMO kf file (*.coskf)

Select muliple files: benzene.coskf ethanol.coskf methanol.coskf and
water.coskf

Click 'Open'

On the right side of the List of Added Compounds one finds some data that was written from the last file
that was opened, in this case water.coskf. Here it is also possible to add some pure compound input data.
We will not do so now since there is no need. For some other types of compounds user input is required at
this point, however. We will encounter an example of that in the next step.
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Compound water

File Name: [privateftmp/Tutorial/water.coskf
Name: water
Other Names: H2O
Caculated Molar Mass: 18.01856 g/mol
Bond Energy: -0,52651 a.u.
Gas Phase Bond Energy: -0.51623 a.u.
COSMO surface Area: 43.01129 Angstrom*+2
COSMO Volume: 25.55240 Angstrom**3
Input Data
Nring: 0
Drop H-bond interaction: [ Yes
Scale factor COSMO surface Area: 1.0
Pure compound vapor pressure: 0.0 bar

at temperature: 0.0 Kelvin
Antoine coefficients: 0.0 A

00 B
00 C

Melting point: 0.0 Kelwin

A fusion H: 0.0 kcalfmol

A fusion Cp: 0.0 kecalfimol K}
Flash Point: 0.0 Kelvin
Density: 0.0 kgL

Step 3: Set pure compound parameters

In the COSMO-RS model (see Ref.[2] in the COSMO-RS manual) there is a ring correction term. This is
important for, for example, the benzene molecule, which has 6 ring atoms. However, it is really required only
when the vapor pressure of the compound is going to be computed (either because that is explicitly
requested or because it is used in predicting partial vapor pressures in a mixture or gas/liquid partitioning
coefficients).

For some properties, like solubility of a solid, one can or one has to include some pure compound properties
in the left window of the List of Added Compounds for a selected compound.

It is possible to save this pure compound data in as a new COSKF file (or COSMO file).

Click in the left window (in the List of Added Compounds) benzene
Enter '6' without quotes in the 'Nring' field in the right window
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Compound benzene

File Name: [privateftrmp/Tutorial/benzene.coskf
Name: benzene
Other Names: CBHB
Caculated Molar Mass: 78. 04695 g/mol
Bond Energy: -2.74793 a.u.
Gas Phase Bond Energy: -2.74372 a.u.
COSMO surface Area: 123. 02244 Angstrom#+2
COSMO Volume: 111.87533 Angstrom**3
Input Data
wring I
Drop H-bond interaction: Yes
Scale factor COSMO surface Area: 1.0
Pure compound vapor pressure: 0.0 bar

at temperature: 0.0 Kelvin
Antoine coefficients: 0.0 A

00 B
00 C

Melting point: 0.0 Kelvin

A fusion H: 0.0 kcalfmol

A fusion Cp: 0.0 kecal/{mol K)
Flash Point: 0.0 Kelvin
Density: 0.0 kgL

To save this data in a .coskf file

Click in the left window (in the List of Added Compounds) benzene
Select Compounds — Save Data Selected Compound As
Enter the name 'benzene' in the 'Filename' field

If you have followed this tutorial from the start then you will overwrite an existing benzene.coskf file. You will

be asked if you want to to that, click 'Yes'. The writing can take some time, especially for larger compounds.
During this time the COSMO-RS GUI is not available for other actions.

Step 4: COSMO-RS and COSMO-SAC parameters

One can easily change between the COSMO-RS or COSMO-SAC method that is going to be used in the
calculation by selecting Method — COSMO-RS or Method — COSMO-SAC. Here we will use COSMO-RS,
since ADF was parametrized for this method.

Select Method — COSMO-RS
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Expert option: set COSMO-RS parameters

Select Method — COSMO-RS
Select Method — Parameters

ADF COSMO-RS Parameters % | COSMO-RS element specific parameters
Atom Dispersion Constants
Use ADF combi2005 |v COSMO-RS parameters H [ -00340 Fe 00 sh 0.0
_ He| 00 Co 0.0 Te 0.0
W use !nput (Compounds Menu) pure compound vapor pressure(s) il oo Ni 00 | 0062
v use input (Compounds Menu) pure compound density N - e . o
General COSMO-RS parameters B| 00 Zn 00 Cs 0.0
r_av 0.400 Angstrom C | -0.0356 Ga 0.0 Ba 0.0
g 15100 (kcal/mol) A~2/e”2 N | -0.0224 Ge 0.0 La 0.0
f corr 2.802 0 | -0.0333 As 0.0 Ce 0.0
c_hb 8850.0 (kcal/mol) A™2/e"2 F -0.026 Se 0.0 Pr 0.0
sigma_hb 0.00854 e/A~2 Ne 0.0 Br -0.055 Nd 0.0
a_eff T 694 A~z Na 0.0 Kr 0.0 Pm 0.0
lambda 0130 Mg 0.0 Rb 0.0 sm 0.0
omega . -0.212 kcal/mol Al 0.0 Sr 0.0 Eu 0.0
eta -9.65 Si -0.04 Y 0.0 Gd 0.0
ch_ortf 0.816 P -0.045 Zr 0.0 Th 0.0
s | -o.052 Nb 0.0 Dy 0.0
use Klamt 2005 |v combinaterial term cl [ -0.pass Mo 0.0 Ho 0.0
W only H-bond for H, N, ©, and F arl o0 Tc 0.0 Er 0.0
v use temperature dependent H-bond kK [ oo Ru 0.0 Tm 0.0
v use fast approximation cal 00 Rh 00 ¥b 0.0
sc| 00 Pd 0.0 Lu 0.0
Technical and accuracy parameters Ti| 0o Ag 0.0 Hf 0.0
rsconv T 1e-7 kcal/mol v [ o0 cd 0.0 Ta 0.0
maxiter [ 10000 c| 00 In 00 w 0.0
bpconv . le-6 bar Mn| 0.0 Sn | 0.0 Re | 0.0
bpmaxiter 40
solconv ' le-5 molarfraction
solmaxiter | 40
solxilarge |  0.99 molar fraction
ehdeltaT | 1.0 Kelvin

Default '"ADF combi2005' COSMO-RS parameters are selected, which are ADF optimized COSMO-RS
parameters. See also a discussion of the COSMO-RS parameters in the COSMO-RS manual. If one selects
the 'Klamt' option for 'Use: ... COSMO-RS parameters', the optimized parameters are chosen, which are
optimized by Klamt et al., see Ref. [2] in the COSMO-RS manual.

Expert option: set COSMO-SAC parameters

Select Method — COSMO-SAC
Select Method — Parameters
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ADF COSMO-SAC parameters | use COSMO-SAC element specific parameters
Atom Epsilon Constants

Use 201 3-ADF Xiong ‘v COSMO-SAC parameters H 33813 F 843513 cr 0.0 Y 0.0

. He 00 Ne 00 Mn 00 Zr 00
v use input (Compounds Menu) pure compeund vapor pressure(s) U 00 Na 00 e 00 S
v use input (Compounds Menu) pure compound density e
Be 0.0 Mg 0.0 Co 0.0 Mo 0.0
General COSMO-SAC parameters B 0.0 Al 00 Ni 00 1 0.0
a_eff [ 64B13 A"2 Csp3 29160.92 Si 0.0 cu 0.0 Ru 0.0
) Csp2 3005183 P | 8251221 Zn 0.0 Rh| 00
sigma0 001233 efa~2 Csp 2068598 S | 56067.81 Ga 0.0 Fd 0.0
oo N.sp3 2348854 Cl | 4506519 Ge 0.0 agl 0D
an 79.532 A~2 N.sp2 22663.38 Ar 0.0 As 0.0 cd 0.0
Aes 787713 (kcalimol)ia~4/e~2) N.sp 6390.40 K 0.0 Se 0.0 In 0.0
Bes 0.0 (kcalfmol{A™d/e”2)K 2 0.5p3-H 8527.06 Ca 00 Br| 5294783 Sn 0.0
Cohoh 5786.72 (kcalmollia~4/e~2) 0.5p3 8484.38 sc 0.0 Kr 0.0 sb 0.0
Cotot 273958 (kcal/mol)ia~4/e2) 0.5p2 6736.85 Ti 0.0 Rb 0.0 Te 0.0
Cohot | 4707.75 (kcalimol)ia”~4/e”2) 0Osp2-N | 1214528 v 00 sr 0.0 | 10591088
rav 051 Angstrom COSMO.—RS elgment specific parameters used in ADF COSMO-SAC
- —— o5l Atom Dispersion Constants
H -0.0340 s -0.052 Ga 0.0 Fd 0.0
COSMO-RS parameters used in ADF COSMO-SAC He 0.0 a -0.0485 Ge 0.0 Ag 0.0
omega [ 0212 kealfmol Li 0.0 Ar 0.0 As 0.0 cd 0.0
ata [ 800 Be 0.0 K 0.0 se 0.0 In 0.0
[~ use temperature dependent H-bond B 0.0 Ca 0.0 Br -0.055 sn 0.0
C -0.0356 Sc 0.0 Kr 0.0 sb| 00
Technical and accuracy parameters N 020 U 24 i a0 = 700
I | o -0.0333 v 0.0 sr 0.0 | -0.062
NS 10000 F -0026 cr 00 ¥ 00 Xe 0o
bpeone | 1leo|bar Ne 0.0 Mn 0.0 zr 0.0 Cs 0.0
bpmaxiter a0 Na 0.0 Fe 0.0 Nb 0.0 Ba 0.0
solconv | le-5 molar fraction Mg 0 C_O i s Ay L i
solmaxiter [ 40 Al 0.0 Wi 0.0 Tc 0.0 Ce 0.0
solxilarge | 099 molarfraction o =Bl i 0y g iy 57 g
CnlEET T P -0.045 Zn 00 Rh 00 Nel 00

Only the activity coefficients are calculated according to the COSMO-SAC method. Vapor pressure will be
approximated using ideas from the COSMO-RS method, and not using the COSMO-SAC method. In order
to do that some COSMO-RS parameters can be set that are used in an ADF COSMO-SAC calculation. See
also a discussion of the COSMO-SAC parameters in the COSMO-RS manual.

For the rest of the tutorial the COSMO-RS method will be used:

Select Method — COSMO-RS

Step 5: Visualize the COSMO surface: ADFview

You can use ADFview to have a look at the COSMO surface, and the COSMO surface charge density. This
is possible if the COSMO result file of the compound is a .coskf file or a .t21 file.

Select Compounds — List of Added Compounds

Click on the left side water

Select Compounds — Show Selected Compound

An ADFview window should pop-up

Select ADFview — Add —

COSMO: Surface Charge Density — on COSMO surface (reconstructed)

Select ADFview — View — Background — White

Increase the size of the ADFView window, such that a control line
at the bottom of the ADFview window is visible

In the control line click on the 'Cosmo surface' pull-down menu and
use the Show Details command

Select in the lowest line Colormap — Rainbow

In the control line click on the 'Cosmo surface' pull-down menu and
use the Hide Details command
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Then you will see something like:

The red part represents positive COSMO charge density (the underlying molecular charge is negative), the
blue part negative COSMO charge density (the underlying molecular charge is positive). You can also look
at the COSMO surface points themselves.

Select
In the

Select
In the

Add — COSMO: Surface Charge Density — on COSMO surface points

control line click on the 'Cosmo surface points' pull-down menu and
use the Show Details command

Colormap — Rainbow

control line click on the 'Cosmo surface points' pull-down menu and
use the Hide Details command

367



The small spheres represent the COSMO surface points that are used for the construction of the COSMO
surface.

Next we will close this ADFview window.

Select the ADFView window 'water'
Select File — Close
Select the COSMO-RS GUI window

ADFview has many options to change the look of the picture.

Select Compounds — Compounds

Click on the left side methanol

Select Compounds — Show Selected Compound

An ADFview window should pop-up

Select ADFview — Add —

COSMO: Surface Charge Density — on COSMO surface (reconstructed)

Select ADFview — View — Background — White

Check ADFview — View — Anti-Alias

Increase the size of the ADFView window, such that a control line
at the bottom of the ADFview window is visible

In the control line click on the 'Cosmo surface' pull-down menu and
use the Show Details command

Change the Opacity to 70

Select Colormap — Rainbow
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Next we will close this ADFview window.

Select the ADFView window 'methanol'
Select File — Close
Select the COSMO-RS GUI window

Optionally one can change the default settings for the colormap that is used in ADFview
Select SCM — Preferences — Module — ADFview

Select Colormap — Rainbow

Step 6: Analysis: The sigma profile

The o-profile shows the amount of surface area for a given COSMO charge density.

Select Analysis — Sigma Profile Pure Compounds
Check the '+' button to add 'benzene', 'ethanol', 'methanol', and 'water'
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Sigma Profile Pure Compounds Kill Run

Pure Compound Solvents

j benzene

. ethanol
_____ = methanol
water
Sigma: number of values: (n+1}, n= 50
maximum value: 0.025

Select File - Run
Click 'Yes' when asked to 'Save changes (required to run)?'
Enter the name 'tutorial2' in the 'Filename' field

The sigma profiles (o-profile) of the four pure compounds will be shown in a graph and in a table in the right
part of the window. The whole window can be resized. The relative size of the left part of the window
compared to the right part can be changed if one moves the sash that is in between these parts. In the right
part of the window one can also change the relative size of the upper part compared to the lower part if one
moves the sash that is in between these parts.

plal mmm= 1 benzene

mmmm 2 ethanol

19 c3: methanol

16 — cd: water

13 —

10 —

:||' —

4 J <

_ e, L _ oy
I I I I I I I

-0.021 -0.014 -0.007 0.0 0.007 0.014 0.021

O (e/A¥+2)

With default settings, if one clicks in the graph one can zoom (right mouse, or Command-Left (drag up or
down)), or translate (left mouse) the graph. If one clicks in the graph window at the left or below the axes, a
popup window will appear in which one can set details for the graph window.

Note that the o-profile depends on the method (COSMO-RS or COSMO-SAC) that was used in the
calculation. Here we have used COSMO-RS. In this case the o-profile depends on the actual value for r_av
(rav), which is one of the COSMO-RS parameters, see one of the previous steps.

One can also look at the hydrogen bonding part of the o-profile.
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Select Graph — Y axes — hydrogen bonding (HB) part sigma profile

pla) mmm= HB part cl
mmmm HE part c2
28 o HB part c3
24 — HE part c4 \
20 — A\
16 — A \
12 — {
\\ |
DB - "-\-.-i'1I ." |I
) ] i
04 — v/ j '
00 — ’ L.
| | | | | | |
-0.021 -0.014 -0.007 0.0 0.007 0.014 0.021

O (e/A¥+Z)

Step 7: Analysis: The sigma potential

Select Analysis — Sigma Potential Pure Compounds

Check the '+' button to add 'benzene', 'ethanol', 'methanol', and 'water'
Press 'Run'

The sigma potentials (o-potential) of the four pure compounds will be shown in a graph and in a table in the
right part of the window. The o-potential depends on the temperature of a compound. Here the temperature
is set to 25 °C (298.15 K).

o-potential m— 1 benzene
L2 "
(L/Ax*2) [kcalfmol)_ c2: ethanol
0.070 c3: methanol
cd: water /'”'ﬂ" ,_——/

0.0 —3 \
-0.070

-0.14 —

-0.21

-0.28 —

-0.35 —

| | | | | |
-0.021 -0.014 -0.007 0.0 D.007 0.014
O (efA+*2)

In the details for the graph window the line widths for all curves were set to '3'.

Note that the o-potential is not calculated for values of the COSMO charge density that are non-existent on
the COSMO surface of a certain compound.
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Sigma Potential Pure Compounds
Method: COSMO-RS

Temperature: 298.15000 Kelvin
Pure Compounds File name
cl: benzene Jtmp/Tutorial/benzene. coskf
c2: ethanol Jtmp/Tutorial/ethanol. coskf
c3: methanol Jtmp/Tutorial/methanol.coskf
cd: water ftmp/Tutorial/water. coskf
ole/A**2) cl c2 c3 c4
-0, 02500
-0, 02400
-0.02300
-0.02200
-0. 02100
-0. 02000
-0.01968
-0, 01808 -0. 29397269
-0, 01708 -0,36372876 -0,33340701 -0, 236090756
-0, 01608 -0.30097037 -0, 27590320 -0,18153786
-0.01500 -0,23758220 -0, 21798802 -0.12841097
-0. 01400 -0.17440142 -0.16028445 -0, 07897803
-0.01300 -0,11309661 -0,10457933 -0, 03410305
-0.01200 -0, 05710450 -0.@5337639 0. 00328907
-0, 01168 -0.01161227 -0, 00754875 B, 83311581
-0, 01006 B, 02860749 B, 02232651 B, 05020093
-0, 00900 0. 03577277 0, Mdo03047 0, 05811904
-0, 00200 0. 03787878 0, 04158478 0, 04246226 B, 06143319
-0. 00700 0. 02969348 0.03169112 0. 03778561 0. 05783816
-0. 00600 0.02181825 0.02893939 0, 03405602 0. 05698220
-0, 00500 0, 01508554 0, 02388828 0,02941521 0, 05403241
-0, 08400 0.01855242 0.01913338 0.02498197 0.05211206
-0, 00308 0, 00803712 0. 01474734 0. 020098877 0.05199226
-0, 00208 B, 00571986 0.01204207 0. 01826476 B, 49230063
-0, 00108 0, 00391231 0, 01047442 0.01594799 0. 04922807
0. 000O0 0, 00295134 0, 00887138 B, 01377564 0. 04926470
0. 00100 0. 00278182 0.00814529 0.01209359 0. 750716
0. 00200 0. 00364656 0.00822705 0. 01169674 0, 4876684
0. 00300 0, 00639814 0, 00906871 0,01297842 0, 4910836
0. 00400 0.01254335 0.01391514 0. 01633456 0.04844323
0. 00500 0. 01957790 0, 02182671 0, 02008320 0, 4676193
0. 00660 B, 02595901 B, 02807902 0. 02361397 0. 05208756
0. 00700 0, 02638413 0, 02445748 B, 05067382
0. 00300 0, 4030095 0, 03516569 0. 05456122
0. 00900 0. 04713907 0. 4416924 0.05734731
0. 01000 0.05810729 0. 04990077 0, 4216055
0,01160 0, 06275628 0, 05488734 0,02270744
0.01200 0.07250347 0. 06080846 -0, DO286580
0.01300 0, 07610871 0, 05451829 -0, 03827410
0.01460 0. 07506712 B, 05328434 -0, 02050303
0.01500 0, 06196112 0.03132241 -0,12896326
0. 01600 0, 03330333 -0, 00645187 -0,18213360
0.01700 -0, 00708983 -0, 05380134 -0, 23950236
0.01800 -0, 05378152 -0, 10503679 -0.30088489
0,01900
0. 02000
0.02160
0.02200
0.02300 372
0.02400
0. 02500



Tutorial 3: COSMO-RS overview: properties

How the properties are calculated and definitions used can be found in the section Calculation of properties
in the COSMO-RS manual.

Step 1: Start ADFcrs

For this tutorial we assume that you know how start ADFcrs and how to add compounds. Like in tutorial 2
we ask you to add the compounds water, methanol, ethanol, and benzene. One can do this, for example, by
opening the .crs file that was created in tutorial 2. Save the file as tutorial3.crs.

Start ADFcrs

Select File — Open...

Select 'tutorial2.crs' in the 'Filename' field
Select File — Save As

Enter the name 'tutorial3' in the 'Filename' field

Alternatively on a Unix like system one may copy the COSMO result files (water.coskf, methanol.coskf,
ethanol.coskf, and benzene.coskf) in the directory SADFHOME/examples/crs/Tutorial2 to an empty directory
and enter the following command in this directory where the COSMO result files are present:

SADFBIN/adfcrs benzene.coskf ethanol.coskf methanol.coskf water.coskf &
Note that one has to set the number of ring atoms for the benzene compound.

Select Compounds — Compounds

Click on the left side benzene

Enter '6' without quotes in the 'Nring' field
Select File — Save As

Enter the name 'tutorial3' in the 'Filename' field

In the compounds window one can also set the vapor pressure of the pure compounds at a given
temperature, or set the Antoine parameters. If these values are not specified (if they are zero) then the pure
compound vapor pressure will be approximated using the COSMO-RS method. This is relevant, for
example, for the calculation of the (partial) vapor pressures of mixtures, calculation of boiling points of
mixtures, and calculation of Henry's law constants.

Step 2: Vapor pressure

The vapor pressure of a solvent at different temperatures can be calculated with Properties — Vapor
Pressure Pure Solvents or Properties — Vapor Pressure Mixture.

Select Properties — Vapor Pressure Pure Solvents

Check the '+' button to add 'methanol'

Select unwanted solvents in the the list

Check the '-' button to remove these unwanted solvents
Press 'Run'
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Solvent Vapor Pressure Kill Run

Pure Compound Solvents

+ | fmethanol

Temperature: number of steps: 10
from: 29815 |Kelwin v
to: 29815 |Kelwin v

In this case the result is a table with one entry:

Solvent Vapor Pressure
Method: COSMO-RS

Solvent File name

cl: methanol /tmp/Tutorial/methanol. coskf
Temperature Vapor pressure & vap H

(Kelvin) (bar) (kcal/mol)

208.150 B.14142156 11.38484886

Select Celsius for the unit of temperature

Enter '0.0' without quotes in the 'Temperature from:' field
Enter '100.0' in the 'to:' field

Press 'Run'

In this case the result is a graph and a table. If one clicks in the graph window at the left or below the axes, a
popup window will appear in which one can set details for the graph window. After some manipulation in the
details of the graph, the graph can look like:
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3500

3000 —

2500
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temperature (Celsius)

In this case COSMO-RS predicts a vapor pressure of about 0.61 bar (around 455 Torr) at 323.15 K (50.0

°C) for the pure liquid methanol.

Solvent Vapor Pressure
Method: COSMO-RS

Solvent File name
cl: methanol ftmp/Tutorial/methanol.coskf

Temperature Vapor pressure A vap H
(Kelvin) (bar) (kcals/mol)
273.150 0.02359935 11.76707348
283.150 0.05052382 11.62773485
293.150 0.10177401 11.47045660
303.150 0.19391791 11.29454040
313,150 0.35111807 11,09990817
323,150 0. 60664078 10.88718616
333.150 1.00383775 18. 65773766
343.150 1.59631067 10.41363343
353.150 2.44707966 10.15755774
363.150 3.62674766 §.89265789
373.150 5.21083968 9.62235437

Step 3: Boiling point

The boiling point of a solvent at different pressures can be calculated with Properties — Boiling Point Pure

Solvents or Properties — Boiling Point Mixture.

Select Properties — Boiling Point Mixture

Select '2 components' in the popup menu next to Solvent
Select 'methanol' for the first component in the Solvent
Select 'ethanol' for the second component in the Solvent
Enter '0.5' for the 'Mole fraction' of methanol

Enter '0.5' for the 'Mole fraction' of ethanol
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Select atm for the unit of pressure

Enter '0.1' in the 'Pressure from:' field
Enter '1.0' in the 'to:' field

Press 'Run'

Solvent Boiling Point Kill | Run |

Solvent 2 components | | Mole fraction |1r

methanol * 0.5

ethanol * 0.5

olelelolo

Pressure: number of steps: | 10
from: | 0.1]| | atm v

to: | 10 | atm -

In this case the result (may take several seconds) is a graph and a table.

ressure
P ]

s memmm ] methanol

10 £2: ethanol
0.9 —

0.8 —

oooocooo
[l S VRN -, B R
|

I I I I I I I I
300 305 310 315 320 325 330 Sk

temperature (Kelvin}

The red curve is the total vapor pressure, the blue curve the partial methanol vapor pressure, and the green
curve is the partial ethanol vapor pressure. The table gives the numerical values.
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Solvent Boiling Point
Method: COSMO-RS

Solvent Mole Fraction
cl: methanol 0.50000000
c2: ethanol 0.50000000

Temperature Vapor pressure A_vap H
(Kelwin) (bar) (keal/mol)
298,243 0.10132500 11.55487831
308.480 0.19251750 11.36583106
315.168 0.28371000 11.23266134
320,105 0.37490250 11.12684283
324,156 0.46609500 11.03775287
327.584 0.55728750 16.96013950
330.569 0. 64848000 10. 89096406
333.221 0.73967250 10.82830388
335.814 0.83086500 10, 77085184
337.797 0.92205750 10.71767516
339.809 1.01325000 10.66808232

Temperature Partial pressures (bar)

(Kelvin) cl c?

298,243 0.07208539 0.02923963
308.480 0.13569386 0.02682364
315.108 0.19882369 0.08488631
320,105 0.26163208 0.11327042
324 .156 0.32419706 0.14189793
327.584 0.386856574 0.17072175
330.569 0.44876970 0.19971029
333.221 0.51083166 0,22884082
335.814 0.57276877 0.25800620
337.797 0.63459444 0.2874634
339.809 0.69631943 0.31693054

Temperature Activity coefficients (gamma)

(Kelvin) cl c2

298,243 1.01335628 1.00942575
308.480 1.01370168 1.00982176
315.108 1.01388857 1.01004205
320.1605 1.01401133 1.01019036
324 .156 1.014095382 1.01029984
327.584 1.01416723 1.01038518
330.569 1.01422048 1.01845416
333.221 1.01426360 1.01851142
335.814 1.01429920 1.01055986
337.797 1.01432901 1.01060146
339.809 1.01435425 1.01063763

Temperature 1n (gamma)

(Kelvin) cl c2

298,243 0.01326787 0,00938161
308.480 0.01360866 0.00977384
315.108 0.01379301 0.00999196
320.105 0.01391408 0.01013879
324 .156 0.01400135 0.01024716
327.584 0.01406782 0.01033162
330.569 0.01412032 0,01039989
333.221 0.01416283 0.01845656
335.814 0.01419793 0.01050449
337.797 0.01422732 0.01054566
339.809 0.01425220 0.01058145

Mass

fraction

0.41023444

0.

58976556

excess G°F
(kcalsmol)

.DD6T1184
. 08716689
. 00744690
. 00765020
00781002
. 00794174

DOBO5377
00815123

00823744
00831472
00838472

File name
Jtmp/Tutorial/methanol. coskf
/tmp/Tutorial/ethanol. coskf

excess H°E
(kecal/mol)

=l
=l
=l
=l
=l
=il
=l
=l
=l
=l
=l

DOBIZTI3
00613526
00558597
00515651
Do479884
00448968
00421581
00396894
00374349
00353552
00334211

excess -TS°E
(kcals/mol)

Dooooooooo@

01364977
01330216
01303287
01280671
01260886
01243142
01226958
01212016
01198093
01185023
V01172683

Thus in this case COSMO-RS predicts a boiling point of 339.8 K (66.7 °C) at 1 atm. for this mixture of 50%

mole fraction methanol and 50% mole fraction ethanol. At this temperature COSMO-RS predicts that the

vapor consists about 69% of methanol.

Using Graph — Y Axes — one can view different properties in the graph, like activity coefficients and

excess energies.
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Step 4: Flash point

The flash point of a mixture can be calculated with Properties — Solvent Flash Point, if pure compound
flash points are given as input.

Here we mix equal volumes of water (assuming a density of 0.997 kg/L) and ethanol (assuming a density
0.789 kg/L). For a flash point calculation the pure compound flash points are needed as input, since
COSMO-RS does not predict pure compound flash points. The ADF COSMO-RS module uses Le
Chatelier's mixing rule to calculate the flash point of a mixture.

Select Compounds — List of Added Compounds

Select 'ethanol'

Enter '286' for the 'Flash point' of ethanol

Select Properties — Flash Point

Change the popup menu 'Mole fraction' in 'Mass fraction'
Select 'ethanol' for the first component in the Solvent
Select 'water' for the second component in the Solvent
Enter '0.442' for the 'Mass fraction' of ethanol

Enter '0.558' for the 'Mass fraction' of water

Press 'Run'

Solvent Flash Point Kill | Run |
Solvent Z components | | Mass fraction |~r
Q, | ethanol v | 0.442
Q| water v | 0.558
iy il
< o |
4 P |
In this case the calculated flash point will be close to 25 °C.
Solvent Flash Point
Method: COSMO-RS
Solvent Mole Fraction Mass fraction File name
cl: ethanol 0.23655837 0.44200008 Jtmp/Tutorial/ethanol. coskf
c2: water 0.76344163 0.55800000 Jtmp/Tutorial/water. coskf
Flash Point Vapor pressure A wvap H excess G°E excess H°E excess -TS"E
(Kelvin) {(bar) {kcal/mol) (kcal/mol) (keal/mol) {kcal/mol)
297.869 0.02518677 12. 70401644 0.15830431 -0.13985325 0.29815756
Flash Point Partial pressures (bar)
(Kelvin) cl c2
297.869 0.02424087 0.00894591
Flash Point Activity coefficients (gamma)
(Kelvin) cl c2
297.869 1.81417426 1.18027319
Flash Point 1n(gamma)
(Kelvin) cl c2
297.869 0.59563M1 0.16574593
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Step 5: Activity coefficients, Henry coefficients, Solvation free energies

The activity coefficients a solvent and the activity coefficients of infinitely diluted solutes in a solvent can be
calculated with Properties — Activity coefficients. At the same time Henry coefficients and solvation free
energies will be calculated.

Select Properties — Activity coefficients

Select 'water' for the first component in Solvent

Add 'benzene', 'ethanol', and 'methanol' to the list of Solutes
Press 'Run'

Activity Coefficients Kill | Run |
Solvent 1 component | | Mole fraction |1r

Q, | water - | 10

Q Al

o & |

Q A

o ™ |

[~ Use density solvent (kg/L): | 1.0
Temperature: | 29815 | Kelvin -

Solutes (infinite dilute)
+ | benzene
_[ethanol

: methanol

If one does not supply a density of the solvent in the input the program calculates the density of the solvent
by dividing the mass of a molecule with its COSMO volume. Note that the calculated activity coefficients do
not depend on this density. One may improve the results for the calculation of the Henry constants, by
selecting a compound in the List of Added Compounds, and include pure a compound vapor pressure at a
given temperature.

The result of the calculation is given in the form of a table.
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Activity Coefficients
Method: COSMO-RS

Temperature: 298.15000 Kelvin
Solvent Mole Fraction  Mass Fraction
sl: water 1. 08000008 1. 08000008
Activity Henry Constant Henry Constant AG (kcalsmol) AG (kcalsmol)
Solvent Coefficient  (mol/(L atm)) dimensionless gas->solute lig-=solute
s51: water 1. 02000008 6.099163e+04 1.472674e+06 -8.41483 0. 00000
Solutes (infinite dilute)
cl: benzene 2069,41739613 1.975253e-01 4,769347e+00 -0.92559 4.52364
c2: ethanol 8.49130251 1.3469832+02 3.252359e+03 -4,79151 1.26735
c3: methanol 2.55872405 1.819680e+02 4,393708e+03 -4,96973 0.55665

Relevant for the calculation of the Gibbs free energy of solvation AG from the gas phase to the solvated
phase is the reference state, used here is 1 mol/L in both phases.

Step 6: Partition coefficients (log P)

Preset Octanol/Water, Benzene/Water, Ether/Water, Hexane/Water

The partition coefficients (log P) of infinitely diluted solutes in a mixture of two immiscible solvents can be
calculated with Properties — Solvent Log Partition Coefficients. There are presets for the calculation of
Octanol/Water, Benzene/Water, Ether/Water, and Hexane/Water partition coefficients. The presets use
compounds that are present in SADFHOME/atomicdata/ADFCRS. First the preset Octanol/Water is used.

Select Properties — Partition Coefficients (LogP)

Select 'Preset Octanol-Water' in the popup menu next to Solvent
Add 'benzene', 'ethanol', and 'methanol' to the list of Solutes
Press 'Run'
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Log Partition Coefficients (solvent phase 1/phase 2) Kill | Run |

Solvent | Mole fraction v

Preset Octanol-Water + phase 1: phase 2:

¢ | octanol « | 0725 0.0

<3, | water v [ 0275 1.0
=y - | |

W Use molar volume phase 1/phase 2: | 6.766

Temperature: 29815 |mem |v

Solutes (infinite dilute)
ﬂ enzene
_|ethanol
Imethanol

In case of partly miscible liquids, like the Octanol-rich phase of Octanol and Water, both components have
nonzero mole fractions. The preset also gives a value for the molar volume quotient of the two solvents.

The result of the calculation is given in the form of a table.

Solvent Log P
sl: 1-Octanol 3.55421340
52 Water -1. 56605577
Solutes (infinite dilute)
cl: benzene 2.12166806
c2: ethanol 0, 08682421
c3: methanol -@,52892989

User defined

A user can also define 2 phases of a mixture of two (or three) immiscible solvents.

Select Properties — Partition Coefficients (LogP)

Select 'User Defined 2 components' in the popup menu next to Solvent
Select 'benzene' for the first component in the solvent

Select 'water' for the second component in the solvent

Click the check box 'Use input volume solvent phase 1/phase 2'

Enter '4.93' in the 'Use input volume solvent phase 1/phase 2' field
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Add 'ethanol', and 'methanol' to the list of Solutes
Press 'Run'

Log Partition Coefficients (solvent phase 1/phase 2) Kill | Run |
Solvent | Mole fraction |~r
User Defined 2 components + phase 1: phase 2:
Q, | benzene - | LD| 0.0
Q| water v | 0.0 | 1.0
4 - |
¥ Use molar volume phase l/phase 2: | 4.93
Temperature: | 298.15 |Kﬂvm |v

Solutes (infinite dilute)

ﬂ fzthanol

:rﬂethannl

.............

Here an input value is used for the volume quotient of the two solvents. If one does not include such value,
the program will use the COSMO volumes to calculate the volume quotient. The COSMO volumes can be
found by selecting a compound in the List of Added Compounds.

The result of the calculation is given again in the form of a table.

Log Partition Coefficients (solvent phase l/phase 2}
Method: COSMO-RS

Temperature: 298.15000 Kelvin
Solvent phase 1 Mole Fraction  Mass Fraction
s1: benzene 1. 00000000 1. 00000000
Solvent phase 2
s2: water 1. 00000000 1. 00000000
Solwvent Log P File Name
s1: benzene 2.62300118 Stmp/Tutorial/benzene. coskf
s2: water -4 ,83461019 Stmp/Tutorial/water. coskf
Solutes (infinite dilute}
cl: ethanol -1.38292689 Jtmp/Tutorial/ethanol. coskf
c2: methanol -2.05390651 Jtmp/Tutorial/methanol. coskf
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Step 7: Solubility

The solubility of a solute in a solvent can be calculated with Properties — Solubility in Pure Solvents or
Properties — Solubility in Mixture. The solute can either be a liquid, solid, or gas.

Solubility liquid in a solvent

First the solubility of benzene in water for a range of temperatures.

Select Properties — Solubility in Pure Solvents

Check the '+' button to add 'water'

Select 'benzene' for the 'Solute'

Enter '273.15' without quotes for the temperature in the 'from:' field
Enter '373.15' in the 'to:' field

Press 'Run'

Solubility Solute in Pure Solvents Kill | Run |

Pure Compound Solvents

j water

Temperature: number of steps: | 10
from: | 27315 |Kelwin v
to: | 37315/ | Kelvin -

Solute

Q, | benzene |1r Liquid v

If a range of temperatures is requested a graph is shown.
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solubility
{mole fraction) solubility benzene in water

0.0012 -
0.001 —
0.0008 —
0.0006 —

0.0004

| | | | | | | | | |
0 10 20 30 40 50 60 70 80 90 100

temperature (Celsius)

The assumption made in the solubility calculation may be invalid in case of a solubility of a liquid in a
solvent, especially if the solubility of the solvent in the liquid is high. For binary systems one may check this
by calculating the miscibility gap in the binary mixture of the two liquids. An example is given for the
calculation of the miscibility gap in the binary mixture of Methanol and Hexane.

Note that experimentally benzene is a solid below 5.5 °C, and a gas above 80.1 °C. This has not been taken
into account in this case. See the next examples.

Solubility solid in a solvent

For the solubility of a solid compound it is necessary to include the melting point, the enthalpy of fusion, and
optionally, since it is often not so important, the A heat capacity of fusion of the pure compound. These
values can be given for each compound if one selects Compounds — List of Added Compounds. Here,
some experimental values will be included for benzene (see, for example, http://en.wikipedia.org/wiki/
Benzene).

Select Compounds — List of Added Compounds
Click on the left side benzene

Enter '278.7' in the 'Melting point' field
Enter '2.37' in the 'A fusion H' field
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Input Data

Nring: B

Drop H-bond interaction: [ Yes
Scale factor COSMO surface Area: 10
Pure compound vapor pressure: 1.01325 bar

at temperature: 353.3 Kelvin

Antoine coefficients: 0.0 A
00 B
00 C

Melting point: 278.7 Kelvin

A fusion H: 2.37 kcalfmol

A fusion Cp: 0.0 kcal/imol K}
Flash Point: 262 Kelvin

Also an experimental value for the density of water will be used:

Select Properties — Solubility in Mixture

Select 'water' for the first component in 'Solvent'

Check the '+' button to add 'benzene' in the list of Solutes
Click the check box 'Use input density solvent (kg/L)’'

Enter '1.0' in the 'Use input density solvent (kg/L)' field
Change one of the popup menu's 'Kelvin' in 'Celsius'

Enter '0.0' without quotes in the 'from:' field

Enter '10.0' in the 'to:' field

Select Graph — Y Axes — solubility (g/L solvent)

Change the popup menu next to Solutes from 'Liquid' to 'Solid'
Press 'Run'
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Solubility Solutes in Solvent

Kill |

Run |

Solvent 1 component |« | Mole fraction |v
Q, | water v | 1.0
a v
a v
= v
= v
v Use density solvent (kg/L): | 1.0
Temperature: number of steps: | 10
from: | D.D| Celsius -
to: | 10.0 | Celsius -
Pressure: for solubility of gas: | 101325 | bar v
Solutes Solid -

benzene

A graph (and table) is shown, which after some manipulations could look like:
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solubility
(g/L solvent)

175 — "

165 — =
B / /
155 :

I I I I I I I I I I
0 1 2 3 4 5 & 7 8 9

temperature (Celsius)

Solubility gas in a solvent

For the solubility of a gas one should the change the 'Liquid' popup menu in 'Gas' and enter a partial
pressure in the 'Pressure’ field.

Select Compounds — Compounds

Click on the left side benzene

Enter '1.01325' in the 'Pure compound vapor pressure' field
Enter '353.3' in the 'at temperature' field

Select Properties — Solubility in Mixture

Select 'water' for the first component in 'Solvent'

Check the '+' button to add 'benzene' in the list of Solutes
Click the check box 'Use input density solvent (kg/L)'
Enter '1.0' in the 'Use input density solvent (kg/L)' field
Use 'Kelvin' as unit for the temperature

Enter '353.3' without quotes in the 'from:' field

Enter '373.15' in the 'to:' field

Change the popup menu next to Solutes from 'Solid' to 'Gas'
Use 'atm' units for the pressure

Enter '1.0' for the partial vapor pressure of benzene
Select Graph — Y Axes — solubility (mol/L solvent)

Press 'Run'
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¥ Use density solvent (kg/L): | IL.0|

Temperature: number of steps: | 10
from: | 353.3 | Kelvin -
to: | 373.15 | Kelvin v

Pressure: for solubility of gas: | 1.0 |atm -

Solutes Gas -

A graph (and table) is shown, which after some manipulations could look like:

solubility
(mol/L solvent)

0.056 —
0.054 —
0.052 —

0.05 —

0.048 —

0.046 —

[ | [ [ [ [ | [ [
82 24 B6 88 Q0 92 94 96 98

termperature (Celsius)

The solubility of a gas in a solvent can also be calculated using Henry's law, which is valid for ideal dilute
solutions,

Select Properties — Activity coefficients

Select 'water' for the first component in Solvent

Click the check box 'Use input density solvent (kg/L)'

Enter '1.0' in the 'Use input density solvent (kg/L)' field

Use 'Celsius' as unit for the temperature

Enter '90.0' for 'Temperature'

Select only 'benzene' in the list of 'Solutes (infinite dilute)'
Press 'Run'

The calculated Henry constant for benzene (infinite dilute) in water will be close to 0.049 mol/(L atm) at 90
°C.

Note that for benzene in the compounds window the vapor pressure of benzene at 353.3 Kelvin was
entered. If these values are not specified (if they are zero) then the vapor pressure will be approximated
using only the COSMO-RS method. This is relevant for all properties where the vapor pressure plays a role,
thus it is relevant for the calculation of Henry's law constants and relevant for the calculation of the solubility
of a gas in a solvent.
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Step 8: Binary mixtures VLE/LLE

A phase diagram of a mixture of two components can be calculated with Properties — Binary Mixture
VLE/LLE. The binary mixture will be calculated for a list of molar fractions between zero and one. This can
be done at constant temperature (isothermal) or at constant vapor pressure (isobaric).

Isothermal

A binary mixture is calculated in which the pure compound vapor pressures are approximated using the

COSMO-RS method.

Select Properties — Binary Mixture VLE/LLE
Select 'water' for the first compound
Select 'methanol' for the second compound
Use 'Kelvin' as unit for the temperature
Enter '298.14' in the 'Temperature' field
Press 'Run'

Binary Mixture VLE/LLE Kill | Run |
Compounds
1: Q| water -
2: @, | methanol -

| Mole fraction v
Mumber of mixtures: (n+5}, n= | 10
Isotherm, iscbar, flash point: isotherm -
Temperature: | 298.14| | Kelvin v

An activity coefficient plot for water(1) and methanol(2) will be shown.
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activity

coefficients cpnial

m— gammaZ binary mixture of water (1) and methanol (2)
2.4
22
2.0
18 —
le —

14

1.2 —

10 . : -

0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10
¥l

The results of the calculation are also given in the form of a table, which shows the molar (and mass)
fraction of each compound in the liquid, the activity coefficients, the activities, the temperature, the total and
partial vapor pressures, the molar fraction of each compound in the vapor (Y), the excess Gibbs free energy

GE, the excess enthalpy HE (calculated with the Gibbs-Helmholtz equation), the excess entropy of mixing -

TSE, the Gibbs free energy of mixing G™MX the enthalpy of vaporization AvapH (calculated with the Clausius-
Clapeyron equation).
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Binary Mixture VLE/LLE

Method: COSMO-RS

Compounds
1. water
2: methanol

File name

/tmp/Tutorial/water. coskf

Jtmp/Tutorial/methanol. coskf

Units: pressure(bar), energy (kcal/mol), temperature (Kelvin)

®L
00000
00400
02000
10000
20000
30000
40000
50000
60000
70008
80000
90000
98000
99600
ololo]olo]

FOOPOOPEOREERE e

x1
00000
00400
02000
10000
20000
30000
40000
50000
60000
70000
20000
90000
98000
99600
00000

FOOPDOEPPEORER0e

*1
00000
00400
02000
10000
20000
30000
40000
50000
60000
70000
80000
90008
98000
99600
00000

FPoOPEoPCOREORE

[eicNolcloololololololololol )

®2
00000
99500
98000
90000
20000
70000
60000
50000
40000
30000
20000
10800
02000
00400
[ololalolo]

temperature

298,
298,
298,
298.
298,
298,
298,
298,
298,
298,
298,
298,
298,
298,
298,

[elcRoolclcloNolcolcloolool

14000
14000
14000
14000
14000
14000
14000
14000
14000
14000
14000
14000
14000
14000
14000

G"E
00000
00103
00511
02457
04644
06502
7957
08911
09239
08776
07304
84519
01068
00221
00000

HHEHREREHREHBREREE B

pr

-0,
-0,
-0,
-0,
-0,
-0,
-0,
-0,
-0,
-0,
-0,
-0,
-0,

cooooopoooo0200

gammal
.54449
.54215
.53277
.48506
42338
.35962
.29452
.22936
.16590
10658
. 05487
.01617
. 00075
. 000E3
. D000

essure
14133
14077
13855
12763
11447
10189
08986
07832
06707
05568
04319
02722
0777
00250
00108

H™E
Nolalalolo]
00308
01512
060683
12164
15788
17797
18231
17149
14640
10826
05875
01239
00250
. 00000

=R=R=R=R=-R=R=R=R=R=R=R=R=R=R=] [ S

beoopoopoonoone

gamma2
Nalalalala]
. DOO0D
. 00008
. 00213
00976
. 02545
.B5312
. 09893
173086
. 29365
.49598
. 85602
37457
.51957
.55864

pl
00000
00001
00003
00016
00031
00044
00056
00066
00075
00084
00091
00099
00106
00107
00108

-T5°E
00008
00410
02022
09359
16807
22290
25754
27142
26389
23417
18130
10394
02307
00471
00000

1nigammal)

el olcololololololololololol

[elcRololololololoolololololol

43460
43318
42708
39546
35304
30720
25814
20649
15349
10128
05341
01604
00075
00003
000080

p2
14133
14077
13851
12747
11417
10145
08930
687766
06632
05485
04228
02623
00671
00142
00000

G mix

Nollalolo]
-0,
-0,
-0,
-0,
-0,
-0,
-0,
-0,
-0,
-0,
-0,
-0,
-0,
. 00000

01442
05298
16804
25004
29689
31916
32155
30635
27415
22343
14741
04740
01324

1n(gamma2)

iy

AL,
1
AL,
AL,
AL,
AL,
AL,
AL,
AL,
AL,
AL,
12,
RES
14,
17.

PoOPooLooDOOR00

FOODOODEEORE200

00000
olololalo]
00008
00213
00971
02513
05176
09433
15962
25746
40273
61843
ae482
92409
93047

w1
olololalo]
00005
00024
00125
00268
08432
00621
00846
01125
01500
02107
03624
13614
42994
00000

vap H
38502
38537
38701
40180
43575
48664
55390
63714
73319
84302
96834
14003
76100
41646
60846

al: xl*gammal

[elciololololololololololioNol HOOODOoOOoOODoD oD oo oo

HFOOoOoOoOoOoOoOooooooo

00000
00617
03066
14851
28468
40789
51781
61468
69954
77461
84389
91455
98073
99603
000080

y2
00000
99995
99976
99875
99732
99568
99379
99154
98875
98500
97893
96376
86386
57006
00000

wl
00000
00225
01135
05881
12326
19421
27268
35995
45757
56751
69226
83502
96498
99291
00000

a2: x2*gamma2

1,
0.99600
0.98008
0.90192
0.80781
0.71781
0.63187
a.
0
0
0
0
0
0
0

These values can also be shown in a graph. The property for the x- and y-axes can be selected from the
'Graph' Menu. For example, a graph of the excess energies can be shown by:

Select Graph — Y Axes — excess energies
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temperature
total vapor pressure
partial and total vapor pressures

EXCESS BNergies
Gibbs energy of mixing
enthalpy of vaporization

x1, x2: molar fractions

v1l, y2: molar fractions in vapor phase
¥l, yl

X2, y2

wl, w2: mass fractions

activity coefficients
In {activity coefficients)
activities
A plot of the excess energies will be shown.

excess

energies (kcal/mol) g,\E
-TSE
02 —
01 i,
am < -// ‘\\
_01 —
| | | | | | | | | |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0

%1

The red curve is the excess Gibbs free energy GE, the blue curve is the excess enthalpy HE, and the green
curve is -T times the excess entropy sE.

Isothermal, input pure compound vapor pressure

A binary mixture is calculated with input data for the pure compound vapor pressures. These can be, for
example, experimentally observed pure compound vapor pressures. Note that the calculated partial and
total vapor pressures will now depend on these input pure compound vapor pressures.

Select Compounds — List of Added Compounds

Click on the left side water

Enter '0.123416' in the 'Pure compound vapor pressure:' field
Enter '322.45' in the 'at temperature:' field
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Compound water

File Name:

MName:

Other Names:

Caculated Molar Mass:
Bond Energy:

Gas Phase Bond Energy:
COSMO surface Area:
COSMO Volume:

Input Data

Nring:
Drop H-bond interaction:

Scale factor COSMO surface Area:

Pure compound vapor pressure:
at temperature:

Antoine coefficients:

Melting point:
A fusion H:
A fusion Cp:

Flash Point:

ftmp/Tutorial/water.coskf

water

HZO
1%. 01066 g/mol
-0.52651 a.u.
-0.51623 a.u.
43.01130 Angstrom**2
25.55240 Angstrom**3

0123416 bar

' 322.45| Kelvin

0.0 A
00 B
00 C

0.0 Kelvin

0.0 kecal/mol

0.0 kcalfimol K}
0.0 Kelvin

Click on the left side ethanol

Enter '0.294896' in the 'Pure compound vapor pressure:' field
Enter '322.45' in the 'at temperature:' field

Select Properties — Binary Mixture VLE/LLE

Select 'water' for the first compound

Select 'ethanol' for the second compound

Enter '322.45' in the 'Temperature' field

Select Graph — X Axes — x2: molar fraction 2

Select Graph — Y Axes — partial and total vapor pressures

Press 'Run'
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Binary Mixture VLE/LLE Kill | Run |

Compounds

1: Q| water v
2: Q, | ethanol -

Mole fraction v
Number of mixtures: (n+5), n= | 10
Isotherm, isobar, flash point: isotherm -
Temperature: | 322.45 | Kelwin -

A vapor liquid equilibrium (VLE) diagram for water(1) and ethanol(2) will be shown.

pressure

(bar) S;essure binary mixture of water (1) and ethanol (2)
p2
025
0.2 H
015 —
01 —
005 - \\
0.0 -
| | | | | | | | | |
0.0 01 02 03 0.4 05 06 0.7 08 09 10

The red curve is the total vapor pressure, the blue curve is the partial water vapor pressure, and the green
curve is the partial ethanol vapor pressure. One can also change the x and y axes, for example:

Select Graph — X Axes — x2, y2
Select Graph — Y Axes — total vapor pressure

pressure = ¥ - pressure
(bar) p

water/ethanol at 322.45 K
— 2 - pressure

03 —

0.25
0.2 —
015 -
01 —
0.05 -
0.0

| | | | | | | | | |
0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

ethanol (2) molar fraction liquid and vapor

Isothermal, miscibility gap, LLE

Water and benzene do not mix well, thus there will be a miscibility gap.
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Select Properties — Binary Mixture VLE/LLE
Select 'water' for the first compound
Select 'benzene' for the second compound
Use 'Celsius' as units for the temperature
Enter '50.0' in the 'Temperature' field
Enter '100' for 'Number of mixtures'

In this case a a liquid-liquid equilibrium (LLE) is calculated. The number of mixtures for which the binary
mixture is calculated should be not too small, otherwise the properties of the 2 immiscible liquids phases will
not be so accurate.

Binary Mixture VLE/LLE
Method: COSMOD-RS

Compounds File name
1: water ftmp/Tutorial/water. coskf
2: benzene ftmp/Tutorial/benzene. coskf

Miscibility gap LLE between x1 = 0.00051 and x1'= 0.99931
Properties of the 2 immiscible liquid phases

®1 X2 gammal gammaz2 1n(gammal) In(gamma2) al: xl*gammal a2: x2*gamma2
0, 00051 0.99949 1976.46015 1.00007 7.58906 0.00007 0,99933 ©,99957
0,99931 0, 00059 1.00002 1445, 64049 0. 00002 7.27631 0,99933 ©,99957

If the check box Graph — X axes — force 1 liquid phase within possible miscibility gap is deselected,
then results will be shown in the graph and table only for those compositions of the mixture, which are
outside of the miscibility gap. If the check box Graph — X axes — force 1 liquid phase within possible
miscibility gap is selected, then results will be shown also within the miscibility gap, with the unphysical
conditions that the two liquids are forced to mix.

Deselect check box

Graph — X axes — force 1 liquid phase within possible miscibility gap
Select check box
Graph — X axes — force 1 liquid phase within possible miscibility gap

®x1: molar fraction 1
¥2: molar fraction 2
y1: molar fraction 1 in vapor phase
y2: molar fraction 2 in vapor phase
%1, yl
+ %2, y2
wl: mass fraction 1
w2: mass fraction 2

gammal: activity coefficient 1
gamma2: activity coefficient 2
al: x1*gammal
a2: ¥x2%gamma2

vforce 1 liguid phase within possible miscibility gap
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Isobaric

A binary mixture is calculated in which the pure compound vapor pressures are approximated using the
COSMO-RS method if the input values for the pure compound vapor pressures are zero. Alternative one
can click a check box in the 'Method' Menu.

Select Method — Parameters

Click on the check box 'use input (Compounds Menu) pure compound vapor
pressures (s) '

to deselect it

[ use input (Compounds Menu) pure compound vapor pressure(s)

Select Properties — Binary Mixture VLE/LLE
Select 'methanol' for the first compound
Select 'ethanol' for the second compound
Enter '1l0' for 'Number of mixtures'
Select Isotherm, isobar, flash point — isobar
Select Graph — X Axes — x1: molar fraction 1
Select Graph — Y Axes — temperature

Press 'Run'

Binary Mixture VLE/LLE Kill | Run |

Compounds

1: Q, | methanol -

2: g ethanol -

Maole fraction r
Number of mixtures: (n+5), n= | 10
Isotherm, isobar, flash point: isobar -
Pressure: | 1.01325 | bar *

The calculated boiling points (may take several seconds) for a binary mixture of methanol(1) and ethanol(2)
will be shown.
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temperature

(Celsius) binary mixture of methanol (1) and ethanol (2)

76 —
74 —
72
70 —
68 —
66 —
64 —
62 —

0.0 01 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
%1

If one clicks in the graph window at the left or below the axes, a popup window will appear in which one can
set details for the graph window. In the graph above the 'Units' for the 'Left Y Axes' were chosen to be
'Celsius'.

Next the same binary mixture is calculated in which experimental pure compound vapor pressures are used.

Select Method — Parameters

Click on the check box 'use input (Compounds Menu) pure compound vapor
pressures (s) '

to select it

W use input (Compounds Menu) pure compound vapor pressure(s)

Select Compounds — Compounds

Click on the left side methanol

Enter '1.01325' in the 'Pure compound vapor pressure:' field
Enter '338' in the 'at temperature:' field

Click on the left side ethanol

Enter '1.01325' in the 'Pure compound vapor pressure:' field
Enter '351' in the 'at temperature:' field

Select Properties — Binary Mixture VLE/LLE

Press 'Run'

The calculated graph will look not very different, but it will be more accurate.

Step 9: Ternary mixtures VLE/LLE

A phase diagram of a mixture of three components can be calculated with Properties — Ternary Mixture
VLE/LLE. The ternary mixture will be calculated for a list of molar (or mass) fractions between zero and one,
for each of the compounds. This can be done at constant temperature (isothermal) or at constant vapor
pressure (isobaric).

In this step we will use experimental boiling points as input.

Select Compounds — Compounds

Click on the left side water

Enter '1.01325' in the 'Pure compound vapor pressure:' field
Enter '373.15' in the 'at temperature:' field

Click on the left side methanol

Enter '1.01325' in the 'Pure compound vapor pressure:' field
Enter '338' in the 'at temperature:' field
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Click on the left side benzene

Enter '1.01325' in the 'Pure compound vapor pressure'
Enter '353.3' in the 'at temperature' field

Click on the left side ethanol

field

Enter '1.01325' in the 'Pure compound vapor pressure:' field
Enter '351' in the 'at temperature:' field
Isothermal
Select Properties — Ternary Mixture VLE/LLE
Select 'methanol' for the first compound
Select 'ethanol' for the second compound
Select 'benzene' for the third compound
Use 'Mole fraction'
Enter '10' for 'Number of mixtures'
Select Graph — X Axes — x1: molar fraction 1
Select Graph — Y Axes — x2: molar fraction 2
Select Graph — Z Colormap — total vapor pressures
Select Isotherm, isobar, flash point — isotherm
Use 'Celsius' as units for the temperature
Enter '70.0' in the 'Temperature' field
Press 'Run'
Ternary Mixture VLE/LLE Kill
Compounds:
1: Q| methanol v
2: Q| ethanol -
3. Q| benzene -
Mole fraction
Mumber of mixtures: (n+1){n+2)2, n=
Isotherm, isobar, flash point: isotherm
Temperature: | ?D.Cll Celsius

Run

10

The result will be a graph and a table. In the table one can find the results of the calculation at 55
(=(n+1)(n+2)/2, with n=10) different compositions. At those compositions the table shows the molar (and
mass) fraction of each compound in the liquid, the activity coefficients, the activities, the temperature, the
total and partial vapor pressures, the molar fraction of each compound in the vapor (Y), the excess Gibbs

free energy GE, the excess enthalpy HE (calculated with the Gibbs-Helmholtz equation), the excess entropy

of mixing —TSE, the Gibbs free energy of mixing Gmix, the enthalpy of vaporization AvapH (calculated with the

Clausius-Clapeyron equation).

These quantities can also be shown in the graph as a colormap, in which the color represents the value of
the quantity at a certain composition. On the X axes of the graph one can choose the molar (or mass
fraction) of one of the compoumds, on the Y axes one can choos the molar (or mass fraction) of another
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compoumd. The molar (or mass) fraction of the third compound is then fixed, since the sum of the fractions
is 1.

In this case the colormap shows the total vapor pressure:

x2
10 pressure (bar)
149469
0.80
0.60 -
0.709413
0.40
0.20 -
0.0
| | | | | | | | | | ]
0.0 01 02 0.3 0.4 05 0.6 0.7 0.8 0.9 10
x1

One can improve the quality of the graph by increasing the number of compositions. Note that the number of
different compositions for n=20 is 231 (=(n+1)(n+2)/2).

Enter '20' for 'Number of mixtures'
Press 'Run'

If one clicks in the graph window at the left or below the axes, a popup window 'Graph details' will appear in
which one can set details for the graph window. If one chooses in the 'Z Colormap' part of this popup
window as the minimum color magenta, as maximum color red, use 100 as number of colors, and change
the minimum and maximum values, then the graph could look like this:
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x2

10 pressure (bar)

L

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
x1

Isobaric

Note that isobaric calculations are more expensive than isothermal calculations. Thus the following example
takes quite some time, since again for n=20 the number of different compositions is 231.

Select Properties — Ternary Mixture VLE/LLE
Select 'water' for the first compound
Select 'ethanol' for the second compound
Select 'benzene' for the third compound
Use 'Mole fraction'

Enter '20' for 'Number of mixtures'
Select Isotherm, isobar, flash point — isobar
Use 'bar' as units for the pressure
Enter '1.01325' in the 'Pressure' field
Select Graph — X Axes — x1: molar fraction 1
Select Graph — Y Axes — x2: molar fraction 2
Select Graph — Z Colormap — temperature
Press 'Run'
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Ternary Mixture VLE/LLE Kill Run

Compounds:
1: Q| water -
2: @ | ethanol -
3: QO | benzene -

Mole fraction v
Mumber of mixtures: (n+1)(n+2)/2, n= 20
Isotherm, isobar, flash point: isobar R
Pressure: 1.01325 | bar -

The result will be a graph and a table. Note that this may take some time, since isobaric calculations are
more expensive than isothermal calculations. Click in the graph window at the left or below the axes. If one
chooses in the 'Z Colormap' part of the 'Graph details' as the minimum color blue, as maximum color red,
use 5 as number of colors, change the unit to Celsius, and change the minimum and maximum values, then
the graph could look like this:

¥2
10 temperature (Celsius)
80.0

0.80 —

0.60 -

0.40 —

0.20

0.0
| | | | | | | | | | 1
0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 10

x1

In addition to the colormap of the temperature, an approximate miscibility gap of the ternary mixture is
shown in the graph. In this case, within the miscibility gap there are two immiscible phases of the liquid in
equilibrium. The composition of the two phases, which are in equilibrium, can be found at the end points of
the tie line that are drawn. The calculated temperatures within the miscibility gap are calculated with the
unphysical condition that the three liquids are forced to mix, thus these calculated temperatures (and other
quantities) within the miscibility gap should not be used. By inspection of the graph, one can observe that
the calculated minimum boiling point (azeotrope) is around 68 °C.
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Step 10: A composition line between solvents s1 and s2

A phase diagram of a mixture of two solvents, which both could be mixtures, can be calculated with
Properties — Solvents s1 - s2 Composition Line. The mixture will be calculated for a list of molar (or
mass) fractions of the solvents between zero and one, and the compositions of solvent 1 and solvent 2 are
linearly interpolated. This can be done at constant temperature (isothermal) or at constant vapor pressure
(isobaric).

In this step we will try to investigate one of the tie lines of the ternary mixture of water, ethanol, and benzene
in more detail. An attempt is made to use the tie line on which ends the calculated minimum boiling point is
found, see the tie line which is below the black line in the next picture:

x2

10 temperature (Celsius)

80.0

0.80 -

P

060 —

x1

The compositions of solvents s1 and s2 are chosen where the black line in the picture above crosses the
boundary of possible compositions. This means that solvent s1 and solvent s2 are mixtures of 2 compounds.
Again experimental boiling points are used in the calculation.

Select Properties — Solvents s1 - s2 Composition Line
Use 'Mole fraction'

Select '3 components' in the popup menu next to Solvent
Select 'water' for the first compound

Select 'ethanol' for the second compound
Select 'benzene' for the third compound

Enter '0.0' for the mole fraction of compound
Enter '0.9' for the mole fraction of compound
Enter '0.3' for the mole fraction of compound

of solvent sl
of solvent s2
of solvent sl
Enter '0.1' for the mole fraction of compound of solvent s2

Enter '0.7' for the mole fraction of compound of solvent sl

w w NN

Enter '0.0' for the mole fraction of compound of solvent s2
Enter '100' for 'Number of mixtures'

Select Isotherm, isobar, flash point — isobar

Use 'bar' as units for the pressure

Enter '1.01325' in the 'Pressure' field

Select Graph — X Axes — s1_x: molar fraction s1
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Select Graph — Y Axes — pure compound activities
Press 'Run'

Solvents 51 - 52 Composition Line Kill | Run |
Linear interpolation between the compositions
of solvent s1 and solvent 52
| Maole fraction |v
Solvents 3 components | w s1: 52
Q, | water v | 0.0 | 0.9
Q, | ethanol v | 03| 0.1
Cl | benzene - | 0.7 | 0.0
. v |
Q « | |
Number of mixtures: (n+1), n= | 100
Isotherm, isobar, flash point: isobar -
Pressure: | 1.01325 | bar *
The result will be a table and a graph.
activities ] water
w2 ethanol
c3: benzene
40 —
33 -
26 —
1.9
12 - ______’__’_d_’———’_’_——___—__ \
05 — ‘Ai
""--_._____
T T T T T T T T T |
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

sl _x: molar fraction s1

The activities of the pure compounds should be equal at the end point of a tie line a1 = a1',a2 = a2', and a3 =
a3'. If we look at the graph with close inspection this is approximately true for the molar fraction of solvent s1
with (approximately) s1_x = 0.007 and s1_x' = 0.91. At a molar fraction of 0.91 of solvent s1 the calculated

temperature is approximately 67.9 °C.
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Next we will use this temperature of 67.9 °C and look at the Gibbs free energy of mixing. This will also give

information about the miscibility gap.

Select Isotherm, isobar, flash point — isotherm
Use 'Celsius' as units for the temperature
Enter '67.9' in the 'Temperature' field
Select Graph — X Axes — s1_x: molar fraction s1
Select Graph — Y Axes — Gibbs energy of mixing wrt pure compounds

Press 'Run'

Solvents 51 - 52 Composition Line

Linear interpolation between the compositions

of solvent s1 and solvent s2

Kill |

Run

| Mole fraction

-

Solvents 3 components | w 51: s2:
Q | water v | 0.0 | 0.9
Q, | ethanol v | 0.3 | 0.1
Q, | benzene - | 0.7 | 0.0
4 - | |
=y - | |
Number of mixtures: (n+1}, n= | 100
Isotherm, isobar, flash point: isotherm -
Temperature: | 5}'.51| Celsius -
Gibbs energy
of mixing (kcal/mol)
-0.050 -
-0.15 -
020
-0.25 —
I | | I | | | | |
0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

s1_x: molar fraction sl
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The black line was added to show the miscibility gap more clearly. Indeed at 67.9 °C for molar fractions
between s1_x = 0.007 and s1_x' = 0.91, the Gibbs free energy of mixing will be lower if the liquid has 2
phases.

Note, that one should use isothermal conditions, if one wants to use the calculated Gibbs free energy of
mixing to determine whether there is a miscibility gap. Note also, that no miscibility gap is calculated if one
uses Properties — Solvents s1 - s2 Composition Line, even if there is one, like in this case. This is

because with the calculated values for only 1 composition line between 2 solvents, that involve more than 2
compounds, in general one does not have enough information to determine the exact miscibility gap.

Tutorial 4: Examples using the COSMO-RS compound
database

ADF has a database of COSMO result files, the COSMO-RS compound database ADFCRS-2010.
4.1: Install and use the COSMO-RS compound database

Step 1: Install database

For this tutorial we assume that you know how start ADFcrs. Next we will install the ADFCRS-2010
database.

ADFcrs — Compounds — Install COSMO-RS databse...
Follow the instructions

The downloading and reading of some information about all compounds may take a minute. More
information this database can be found on this page. You must have the permission to write this database
(in SADFHOME/atomicdata/ADFCRS-2010). You may need to have administrator priveleges to do so. For

this tutorial it is necessary that the COSMO-RS compound database is downloaded in the correct directory
$ADFHOME/atomicdata/ADFCRS-2010.

Step 2: Add or search compounds

There are several ways to select a compound from the database and add it too the List of Added
Compounds. The easiest way is to use the search button. A separate search window will popup if one
clicks the search button. In the List of Added Compounds this search button looks like:

C, Search or add compound to the list of compounds

In other windows it can look like: O" (to select 1 compound) or ﬂ (to add multiple compounds).

Select Compounds — Compounds
Click on the search button
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Nr ¢ ‘ dir =z ‘ Name | Formula | CAS & | Other Name : ‘FllE Name
d1867 Triphenylethylene C20H16 58-72-8 /home/|
d1868  Triphenylmethane C19H16 519-73-3 /home/
d1869  Triphenylphosphine C1BHISP 603-35-0 /home/
d1870 Tripropylamine COH2IN 102-69-2 /home/
d1871  Tripropylene-glycol-monomethyl-ether Cl0H2204 25408-49-1 /home/
d1872 Tripropylene-glycol C9H2004 1638-16-0 /home/
d1873 Undecanal C11H220 112-44-7 /home/
dl874 Undecane C11H24 1120-21-4 /home/
dl875 Undecyl mercaptan C11H245 5332-52-5 /home/
d1876  Undecylamine C11H25N 7307-55-3 /home/
d1877 Valeronitrile CSHIN 110-59-8 /home/
d1878 Vanillin CBHBO3 121-33-5 /home/
d1879  Vinbarbital C11H16N203 125-42-8 /home/
d1sse  Vinyl acetate C4HB02 108-05-4 /home/
d1g88l  Vinyl bromide C2H3Br 593-60-2 /home/
d1s882  Vinyl chleride C2H3C1 75-01-4 /home/
dl883  Vinyl fluoride C2ZH3F 75-02-5 /home/
dl884  Vinyl formate C3H402 692-45-5 /home/
d188s  Vinyl pivalate C7H1202 3377-92-2 /home/
d1886  Vinyl propionate C5HBO2 105-38-4 /home/
d1s8s7 Vinylacetonitrile C4H5N 109-75-1 /home/
d1sss  Vinylcyclohexene CB8H12 100-40-3 /home/
d1889  Vinylnorbornene C9H12 3048-64-4 /home/
d1sge VX C11H26NO2PS  5@782-63-9 /home/
d18gl Water H20 7732-18-5 /home/
dl892  Xanthene C13H100 92-83-1 /home/! 4},

I el

Search: Cancel

4

Click on 'CAS' to sort by CAS registry number

Click again to reverse the order

Click on 'Nr' to sort by number

Click on 'dNr' to sort by database number

Click on 'Name' to sort by name

Click on 'Formula' to sort by formula

Enter 'pentanol' in the 'Search' field

Click on 'Cyclopentanol'

Click 'OK'

Nr & | dNr s | Name & | Formula & | cAs 1 |[File Name
d98l Cyclopentanol C5H100 96-41-3 /home/ | —
d1g4 1-Pentanol C5H120 71-41-0 /home/
d613 2-Pentanol C5H120 6032-29-7 /home/
d716 3-Pentanol C5H120 584-02-1 /home/
ds78 2-Methyl-1-pentanol C6H140 105-30-6 /home/
d6gz 3-Methyl-1-pentanol CEH140 589-35-5 /home/
dB99 3-Methyl-3-pentanol C6H140 17-14-7 /home/
d753 4-Methyl-2-pentanol C6H140 108-11-2 /home/

=

Search

Cancel

Now Cyclopentanol is added to the List of Added Compounds. If the search button is used again
Cyclopentanol will have number 1.

Nro: | dNr ¢ | Name :

| Formula 1

| CAS 1

4

il dg81

Cyclopentanol

06-41-3

In the COSMO-RS databse there is a file called 'all.compoundlist’, which is a plain text file, in which on each
line a filename of a ADF COSMO result file is given. One could make a different .compoundlist file which

contains a only a selection of the compounds. This can be handy if one wants to add compounds to the List
of Added Compounds.

The compounds could also have been added by adding multiple .coskf files, by selecting 'COSMO kf file
(*.coskf)' for the popup menu 'Files of type' (or 'Filter'), and selecting all .coskf files. On Windows it may,
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however, fail to add more than a few hundred .coskf files at a time in this way. If that fails, one should use
the .compoundilist file.

Step 3: Set pure compound data

For the compounds in this database the number of ring atoms (Nring) is provided, which is needed in the
COSMO-RS model (see Ref.[2] in the COSMO-RS manual) in order to calculate a ring correction term.

After selecting Compounds — List of Added Compounds and selecting a compound it is also possible to
add some pure compound input data. Pure compound data could be found, for example, at Refs. [411-413].
If one wants to save the pure compound input data in a .coskf file Select Compounds — Save Data
Selected Compound As.

References
[411] Wikipedia
[412] NIST Chemistry WebBook

[413] CHERIC. Korea Thermophysical Properties Data Bank: Pure Component Properties

Step 4: Visualize the COSMO surface: ADFview

You can use ADFview to have a look at the COSMO surface, and the COSMO surface charge density. Here
we use the selected cyclopentanol of the previous step.

Select Compounds — List of Added Compounds
Click on the left side 'Cyclopentanol'
Select Compounds — Show Selected Compound
Select the ADFView window 'Cyclopentanol'
Select ADFview — Add — COSMO: Surface Charge Density —
on COSMO surface (reconstructed)
Select ADFview — Add — COSMO: Surface Charge Density —
on COSMO surface points
Select ADFview — View — Background — White
Increase the size of the ADFView window, such that control lines
at the bottom of the ADFview window are visible
In the control line click on the 'Cosmo surface' pull-down menu and
use the Show Details command
Select in the lowest line Colormap — Rainbow
In the control line click on the 'Cosmo surface' pull-down menu and
use the Hide Details command
Do the same for the 'Cosmo surface points'
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Next we will close this ADFview window:

Select the ADFView window 'Cyclopentanol'
Select ADFview — File — Close
Select the COSMO-RS GUI window

4.2: Octanol-Water partition coefficients (log Pow)

In this example the Octanol-Water partition coefficients for 7 different compounds are calculated and

compared to experiment.

In case of partly miscible liquids, like the Octanol-rich phase of Octanol and Water, both components have
nonzero mole fractions. Next an input value is used for the volume quotient of the two solvents. The values
for the nonzero mole fractions in the Octanol-rich phase and the molar volume quotient of the two solvents
were taken from Ref. [421]. If one does not include such value, the program will use the COSMO volumes to
calculate the volume quotient. The COSMO volumes can be found by selecting a compound in the List of

Added Compounds.

Select Properties — Log Partition Coefficients

Select

Enter
Check

Press
Enter

'Preset Octanol-Water' in the popup menu next to Solvent
'298.15" for the 'Temperature' in 'Kelvin'
the '+' button to add 'Acetamide',

'Methanol', 'Formic acid', 'Diethyl ether', p-Dichlorobenzene,
'Hexamethylbenzene', and '2,2',4,4',5-Pentachlorobiphenyl’
'Run'
the name 'tutorial4d' in the 'Filename' field
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Log Partition Coefficients (solvent phase 1/phase 2) Kill | Run |

Solvent | Mole fraction v

Preset Octanol-Water + phase 1: phase 2:

¢ | Octanol » | 0725 0.0

3, | water v | 0275 1.0
a - |

¥ Use molar volume phase l/phase 2: | 6.766

Temperature: 29815 |Kelvin |v

The result of the calculation (may take a few seconds) is given in the form of a table. Note that not all
compounds were selected as solutes, otherwise the calculation would take much more time.

Solvent Log P
sl: 1-Octanol 3.55421340
s2: Water -1.56685577
Solutes (infinite dilute)
cl: 1,4-Dichlorobenzensa 3.19547483
c2: 2,2',4,4',5-Pentachlorobiphenyl 6.46838994
c3: Acetamide -1.19813225
cd: Ethoxyethane 1.81984953
£5: Formic_acid -0.26141881
c6: Hexamethylbenzene 4.,965169075
c7: Methanol -0,52892989

In the database the name 'Ethoxyethane' is used for 'Diethyl ether', and the name '1,4-Dichlorobenzene’ is
used for 'p-Dichlorobenzene’. In the search window that popups if the search button is clicked, some
alternative names are given for some of the compounds.

Next the calculated Octanol-Water partition coefficients are compared to experiment in the following table.

lexperimental lo calculated

Solute Por\,N[422] ’ log Pow
1 |Acetamide -1.16 -1.20
2 [Methanol -0.82 -0.53
3 |Formic acid -0.41 -0.26
4 |Diethyl ether 0.83 1.82
5 |p-Dichlorobenzene 3.37 3.20
6 |[Hexamethylbenzene 4.61 4.96
7 |2,2',4,4'5-Pentachlorobiphenyl 6.41 6.47
References

[421] S.-T. Lin and S.I. Sandler, Prediction of Octanol-Water Partition Coefficients Using a Group
Contribution Solvation Model, Industrial & Engineering Chemistry research 38 (1999), 4081
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[422] Experimental numbers taken from Wikipedia at July 15, 2010, http://en.wikipedia.org/wiki/
Partition_coefficient. The experimental numbers may have been determined at a different temperature than
25 °C.

4.3: Henry's law constants

In this example Henry's law constants for 17 different compounds are calculated and compared to
experiment.

The Henry's law constants depend on the density of the solvent, Water in this case. If one does not supply a
density of the solvent in the input the program calculates the density of the solvent by dividing the mass of a
molecule with its COSMO volume. The density of Water at 20 °C (293.15 K) is approximately 0.998 kg/L.
Note that the calculated activity coefficients do not depend on the density of Water.

Remark: To only add the compounds needed in this example, one can also open a new COSMO-RS GUI
window (SCM — COSMO-RS), Select Compounds — Add Compound(s), go to the directory where the
COSMO-RS compound database is downloaded (SADFHOME/atomicdata/ADFCRS-2010), and select
tutorial4.3.compoundlist. This is recommended. Then the added compounds are at the top of the list if one
uses the '+' button, or search button. The tutorial4.3.compoundlist is a file with a list of compounds that is
limited to the compounds needed in this example.

Select Properties — Activity coefficients

Select 'Water' for the first component in Solvent

Enter '293.15' for the 'Temperature' in 'Kelvin'

Click the check box 'Use input density solvent (kg/L)'

Enter '0.998' in the 'Use input density solvent (kg/L)' field
Check the '"+' button to add

'Acetaldehyde', 'Acetone', 'Acetonitrile', 'Benzene', 'Chloromethane',
'Cyclopentane', 'Dimethyl sulfide', 'Ethanol', 'Formaldehyde',
'Methanol', 'Methyl acetate', 'Methyl bromide', 'Methyl fluoride',
'Methyl iodide', 'Pyridine', 'Thiophene', and 'Toluene'

Press 'Run'

Activity Coefficients kil | Run |
Solvent 1 component - | Mole fraction |~r

Q| water v | 10

4 0 |

=y o |

4 -

Q o |

¥ Use density solvent (kg/L): | 0.998
Temperature: | 29315 | Kelvin b

The result of the calculation (may take a few seconds, depending on the number of compounds selected) is
given in the form of a table.
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Activity Henry Constant Henry Constant

Solvent Coefficient  (mol/(L atm)) dimensionless
s1: Water 1. D000 8.64981 62+ 2.053516e+06

Solutes (infinite dilute)

cl: Acetaldehyde 5.12533979 1.346311e+01 3.196221e+02
c2: Acetone 4,22812812 7.826277e+01 1.858004e+03
c3: Acetonitrile 8.91040975 9.122082e+01 2.165635e+03
c4d: Benzene 2194, 03446136 1.931746e-01 4,586077e+00
c5: Chloromethane 102.39204250 1.388302e-01 3.2959092+00
c6: Cyclopentane 12585.16423077 7.134070e-03 1.693670e-01
c7: Dimethyl_sulfide 456, 72277672 1.307327e-01 3.1036692+00
c8: Ethanol 8.35744627 1.648505e+02 3.913648e+03
c9: Formaldehyde 6.61726640 1.576117e+00 3.741793e+01
cl@: Methanol 2.51184950 2.196288e+02 5.214116e+03
cll: Methyl acetate 28.33504711 1.181600e+01 2.805188e+02
cl2: Methyl bromide 149,57445052 2.367470e-01 5.628511e+00
cl3: Methyl fluoride 39.00701465 5.468613e-02 1.298281e+00
cld: Methyl_iodide 311.41293359 3.209987e-01 7.6206952+00
cl5: Pyridine 12,91986651 1.213114e+02 2.880003e+03
cl6: Thiophene 101252800939 5.412552e-01 1.284971e+01
cl7: Toluene 870860414483 1.750668e-01 4,156186e+00

The Henry's law constants also depend on the vapor pressure of the pure compounds in the gas phase. In
the compounds window one can also set these vapor pressures of the pure compounds at a given

AG (kcal/mol)
gas->solute
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temperature, or set the Antoine parameters. If these values are not specified (if they are zero) then the pure
compound vapor pressure will be approximated using the COSMO-RS method. Best is to include the
experimental vapor pressure for a pure compound at the used temperature, thus in this case at 293.15 K.

To include all experimental numbers is rather tedious, thus one could skip the following part, and only look at

the results below.

Select Compounds — Compounds
Click on the left side 'Acetaldehyde'

Enter '0.968' in the 'Pure compound vapor pressure:' field
Enter '293.15' in the 'at temperature:' field

Click on the left side 'Acetone'

Enter '0.246' in the 'Pure compound vapor pressure:' field
Enter '293.15' in the 'at temperature:' field

Click on the left side 'Acetonitrile'

Enter '0.095' in the 'Pure compound vapor pressure:' field
Enter '293.15' in the 'at temperature:' field

Click on the left side 'Benzene'

Enter '0.100' in the 'Pure compound vapor pressure:' field
Enter '293.15' in the 'at temperature:' field
Click on the left side 'Chloromethane'

Enter '4.94' in the 'Pure compound vapor pressure:' field
Enter '293.15' in the 'at temperature:' field

Click on the left side 'Cyclopentane'

Enter '0.346' in the 'Pure compound vapor pressure:' field
Enter '293.15' in the 'at temperature:' field
Click on the left side 'Dimethyl sulfide'

Enter '0.530' in the 'Pure compound vapor pressure:' field
Enter '293.15' in the 'at temperature:' field

Click on the left side 'Ethanol'

Enter '0.059' in the 'Pure compound vapor pressure:' field
Enter '293.15' in the 'at temperature:' field

Click on the left side 'Formaldehyde'

Enter '4.47' in the 'Pure compound vapor pressure:' field
Enter '293.15' in the 'at temperature:' field

Click on the left side 'Methanol'

Enter '0.129' in the 'Pure compound vapor pressure:' field
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Enter
Click
Enter
Enter
Click
Enter
Enter
Click
Enter
Enter
Click
Enter
Enter
Click
Enter
Enter
Click
Enter
Enter
Click
Enter
Enter
Click
Enter
Enter

'293.15" in the 'at temperature:' field
on the left side 'Methyl acetate'

'0.230"' in the 'Pure compound vapor pressure:' field
'293.15" in the 'at temperature:' field

on the left side 'Methyl bromide'

'1.83" in the 'Pure compound vapor pressure:' field
'293.15" in the 'at temperature:' field

on the left side 'Methyl fluoride'

'33.7"'" in the 'Pure compound vapor pressure:' field
'293.15" in the 'at temperature:' field

on the left side 'Methyl iodide'’

'0.443"' in the 'Pure compound vapor pressure:' field
'293.15"' in the 'at temperature:' field

on the left side 'Pyridine'

'0.021" in the 'Pure compound vapor pressure:' field
'293.15" in the 'at temperature:' field

on the left side 'Thiophene'

'0.082' in the 'Pure compound vapor pressure:' field
'293.15" in the 'at temperature:' field

on the left side 'Toluene'

'0.029' in the 'Pure compound vapor pressure:' field
'293.15" in the 'at temperature:' field

on the left side 'Water'

'0.02536" in the 'Pure compound vapor pressure:' field

'293.15" in the 'at temperature:' field

Select Properties — Activity coefficients

Press

'Run'

For some of the compounds the Henry's law constants differ quite substantially.

Solvent
sl:
Solutes
cl
c2:
c3:
cd:
c5:
ch:
c?:
cl:
c9:
cld:
cll:
clz:
cl3:
cld:
cl5:
clG:
cl?:

Activity Henry Constant Henry Constant

Coefficient (mol/(L atm}) dimensionless

Water 1. 00060008 2.2139642+03 5. 25608 0e+04
(infinite dilute)

. Acetaldehyde 5.12533979 1.131675e+01 2. 686663 e+02
Acetone 4,22812812 5.398046e+01 1.281527e+03
Acetonitrile 8.91040975 6. 632825e+01 1.574671e+03
Benzene 2194, 03446136 2.559036e-01 6. D75300e+00
Chloromethane 102.39204250 1.110809e-01 2.635227e+00
Cyclopentane 12585.16423077 1.289392e-02 3.0610591e-01
Dimethyl_sulfide 456, 72277672 2.319484e-01 5.506589e+00
Ethanol 8.35744627 1.138660=+02 2. 703246e+03
Formaldehyde 6.61726640 1.898164e+00 4,506351e+01
Methanol 2.51184958 1.732752e+02 4,113655e+03
Methyl acetate 28.33504711 8.615254e+00 2.045311e+02
Methyl bromide 149,57445052 2.051216e-01 4. 869705e+00
Methyl_fluoride 39. 00701465 4.271174e-02 1.014801e+00
Methyl iodide 311.41293359 4, 069860e-01 9. 662084e+00
Pyridine 12.91986651 2.068391e+02 4.,912854e+03
Thiophene 1012.52800939 6. 762370e-01 1.605426e+01
Toluene 8708, 60414483 2,223173e-01 5.277942e+00
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Experimental determined Henry's law constants might, for example, be found at http://www.henrys-law.org,

where a 'compilation of Henry's Law constants for inorganic and organic species of potential importance in

environmental chemistry' were listed by R.Sander, and where also an explanation can be found of the many
different definitions and units for Henry's law constants.

The calculated Henry's law constants will be compared to experimental values in the next graph and table.

The experimental numbers were taken from Ref. [431], where the experimentally determined dimensionless

Henry's law constant H°C is the inverse of the dimensionless Henry's law constant ky°C, that is used in the
COSMO-RS module.
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HCC = kH, invCC = 1/(kHCC)

Henry's law constants

10
1]
-
0.1
=
3 0.01 4
3 ~
ﬁ 0.001
0.0001 -
0.00001
0.000001 T v T T v
0.000001 0.00001 D.0001 0.001 0.01 0.1 10
experimental
Solute experimental H°@20°C [431] calculated H*°@20°C
1 |Methyl_bromide 2.01 10" 2.05 107"
2 [Chloromethane 3.05 10" 3.80 107
3 [Methyl_fluoride 6.04 1071 0.86 107"
4 IMethyl_iodide 1.70 1071 1.04 107"
5 |Cyclopentane 5.25 100 3.27 10°
6 [Benzene 1.91 10" 1.65 107"
7 [Toluene .09 10! 1.89 10"
8  |Methanol 1.37 1074 2.43 107
9 |Ethanol 1.48 1074 3.70 10
10 [Formaldehyde 8.6110°° 2.22 1072
11 |Acetaldehyde 2211073 3.72 1072
12 |Acetrone 1.10 1073 0.78 10
13 [Methyl_acetate 4.02 1073 4.89 103
14 |Acetonitrile 6.35 1074 6.35 104
15 |Pyridine 1.14 1072 2.03 1074
16 [Dimethyl_sulfide 6.35 102 1.82 10
17 [Thiophene 7.46 102 6.23 1072
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In most cases the calculated Henry's law constants are quite close to the experimental ones, except for
Formaldehyde and Pyridine.

The Henry's law constant of Formaldehyde is more than a factor of 103 wrong. The origin of this error is that
in Water solution the hydration of Formaldehyde leads to Methanediol, and Methanediol is even the
dominant form if one dissolves Formaldehyde in Water. This is not taken into account in the calculation. In
Ref. [432] a distinction is made between the apparent and intrinsic Henry's law constants, which differ from

each other by approximately a factor of 103 for Formaldehyde, and a factor of approximately 2.4 for
Acetaldehyde. In Ref. [432] the intrinsic Henry's law constant for Formaldehyde was determined to be 2.5
mol/(L atm) at 25 °C, which is close to the value of 1.9 mol/(L atm) which was calculated with COSMO-RS,
although at a different temperature of 20 °C.

The calculated Henry's law constant of Pyridine is approximately a factor of 102 different than the
experimental value in Ref. [431]. However, the experimental values for Pyridine taken from Ref. [433] are

1.1 102 mol/(L atm) and 9.0 10" mol/(L atm), which are not very different from the calculated value with

COSMO-RS of 2.1 102 mol/(L atm). Also the experimental values for Pyridine reported in Ref. [434] are in
much better agreement with the value calculated with COSMO-RS.

References

[431] J. Staudinger and P.V. Roberts, A critical compilation of Henry's law constant temperature dependence
relations for organic compounds in dilute aqueous solutions, Chemosphere 44 (2001), 561

[432] E.A. Betterton and M.R. Hoffmann, Henry's law constants of some environmentally important
aldehydes, Environmental Science & Technology 22 (1988), 1415

[433] R. Sander (1999), Compilation of Henry's Law Constants for Inorganic and Organic Species of
Potential Importance in Environmental Chemistry (Version 3), http://www.henrys-law.org

[434] M. Bernauera and V. Dohnal, Temperature dependences of limiting activity coefficients and Henry's
law constants for N-methylpyrrolidone, pyridine, and piperidine in water, Fluid Phase Equilibria 282 (2009),
100

4.4: Solubility of Vanillin in organic solvents

In this example the solubility of Vanillin in 9 different solvents is calculated and compared to experiment.

Vanillin (4-Hydroxy-3-methoxybenzaldehyde) is a solid at room temperature. For the solubility of a solid, one
should include the melting point and the enthalpy of fusion of the solid in the right window of the List of
Added Compounds for a selected compound. If known the A heat capacity of fusion should also be
included, although it is often less important.

Remark: To only add the compounds needed in this example, one can also open a new COSMO-RS GUI
window (SCM — COSMO-RS), Select Compounds — Add Compound(s), go to the directory where the
COSMO-RS compound database is downloaded (SADFHOME/atomicdata/ADFCRS-2010), and select
tutorial4.4.compoundlist. Then the added compounds are at the top of the list if one uses the '+' button, or
search button. The tutorial4.4.compoundlist is a file with a list of compounds that is limited to the compounds
needed in this example.

Select Compounds — List of Added Compounds

Click on the 'Search or add compound to the list of compounds'
A search window will pop up

Enter 'Vanillin' in the 'Search' field

Click on 'Vanillin'
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Click 'OK'

The search window will disappear

Click on the left side 'Vanillin'

Enter '355' in the 'Melting point:' field

Enter '5.35' in the 'A fusion H:' field

Select Properties — Solubility in Pure Solvents

Check the '+' button to add pure compound solvents

'Water', 'l,2-Dichloroethane’

'l1-Propanol', 'Oxolane' (THF), 'Acetonitrile',

'2-Butanone', 'Ethanol', 'Methanol', and 'Toluene'

Enter '298.15' without quotes for the temperature in the 'from:' field in
'Kelvin'

Enter '298.15' in the 'to:' field in 'Kelvin'

Select 'Vanillin' for the 'Solute'

Change the popup menu next to Solute from 'Liquid' to 'Solid'
Press 'Run'

Solubility Vanillin in pure solvents

Temperature Solubility Solubility Solubility Solubility Solubility Solubility Activity
(Kelvin)  (mole fraction) (mass fraction) (mol/L solvent) (mol/L solution) (g/L solvent) (g/L solution) coefficient Pure solvent
208.150 0.18867293 0.26519972 3.01135544 2.54938930 457.86859188 402.83261553 1.24820660 sl: 1,2-Dichloroethane
298.150 0.20728497 0.39831761 3.72965087 3.11947327 567.08350284 474.30762036 1.13613060 s2: 1-Propanol
298.150 0.36932052 0.55270212 6.10510086 4.73201158 928.26423790 719.48978379 0. 63766507 s3: Dxolane
298.150 0,16724232 0.42670038 4.27973747 3.30464465 650.72270747 502.46243624 1.40815317 s4: Acetonitrile
298.150 0,32179154 0,50029414 4.99194748 4.10032000 759.01234657 623.44275902 0.73184893 s5: 2-Butanone
298.150 0.19676057 0.44719160 4.63654802 3.55538189 704.97480457 540.58636663 1.19690034 s6: Ethanol
298.150 0.17463534 0.50112797 5.92785943 4.04436234 901.31527134 614.93454561 1.34854036 s7: Methanol
298.150 0.08160121 0.12796592 1.01773318 0.98968810 154.74362549 150.47944554 2.88602101 s8: Toluene
298.150 0.00052948 0.00445175 0.03440366 0.03429437 5.23098567 5.21436759 444 .84506442 s9: Water

Note that for the calculation of the solubility in units of mol/L and g/L the program uses information of the
mass and COSMO volume of the solvent and solute. Especially the COSMO volume may not always be
accurate.

These results can be put in a table. Compared to experiment there can easily be a factor of 2 deviation.

lexperimental Solubility Vanillin (mol/ |calculated Solubility Vanillin (mol/L
Solvent L) [441] solution)

1 |1,2-Dichloroethane 1.175 2.65

2 |1-Propanol 1.820 3.12

3 |Oxolane 3.594 4.73

4 |Acetonitrile 2.360 3.30

5 [2-Butanone 2.138 4.10

6 |[Ethanol 2.470 3.56

7 |Methanol 4.160 4.04

8 [Toluene 0.302 0.99

9 |Water 0.070 0.034
References

[441] Experimentally determined solubilities of Vanillin in some organic solvents were taken at July 15, 2010,
from http://old.oru.edu/cccdal/sl/solubility/allsolvents.php?solute=vanillin.

4.5: Binary mixture of Methanol and Hexane

In this example a vapor-liquid diagram of Methanol and Hexane is calculated and compared to experiment.
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First a binary mixture of Methanol and Hexane is calculated at a constant temperature of 333.15 Kelvin.
Next this binary mixture is calculated at a constant pressure of of 1.01325 bar. Experimental pure compound
properties are used.

Select Compounds — List of Added Compounds

Add 'Methanol' and 'Hexane' to this list

Click on the left side 'Methanol'

Enter '0.845' in the 'Pure compound vapor pressure:' field
Enter '333.15' in the 'at temperature:' field

Click on the left side 'Hexane'

Enter '0.77' in the 'Pure compound vapor pressure:' field
Enter '333.15' in the 'at temperature:' field

Select Properties — Binary Mixture VLE/LLE

Select 'Methanol' for the first compound

Select 'Hexane' for the second compound

Enter '100' in the 'Number of mixtures' field

Select Isotherm, isobar, flash point — isotherm

Enter '333.15' for the 'Temperature' in 'Kelvin'

Press 'Run'

Select Graph — X Axes — x1, y1

Select Graph — Y Axes — total vapor pressure

pressure (bar)  =esm x] - total pressure Methanol/Hexane at 333.15 K
= y] - total pressure

1.4
13
1.2
11
1.0 -
09
0.8 —

| | | | | | | | | |
0.0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 10

Methanol molar fraction liquid and vapor

In case of a miscibility gap there are two molar fractions x1 and x1', for which both compounds have the
same activities. In the calculation one can plot the activity a1 versus a2. If there is a closed loop, there is a
miscibility gap:

Select Graph — X Axes — al: x1*gamma
Select Graph — Y Axes — activities

activities e 3l x1*gammal Methanol/Hexane at 333.15 K
10 o2 xZ2¥gamma

098 —
096 —
094
092

I I I I I I I I I I
0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1.0

al: x1*gammal

Thus there is a calculated miscibility gap. The properties of the two immiscible liquid phases are given in the
table: the calculated miscibility gap is between approximately x1 = 0.275 and x1' = 0.811, with a calculated
total vapor pressure of approximately 1.48 bar. Within the miscibility gap, the liquid mixture consists of 2
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immiscible liquid phases, one is Methanol-rich, the other Hexane-rich. Note, however, that within the
miscibility gap the COSMO-RS calculation further incorrectly uses a forced 1 liquid-phase instead of 2
immiscible liquid phases. Also note that a pressure-maximum azeotrope is in the miscibility gap.

If the check box Graph — X Axes — force 1 liquid phase within possible miscibility gap is selected,
then results will be shown also within the miscibility gap, with the unphysical conditions that the two liquids
are forced to mix. If the check box Graph — X Axes — force 1 liquid phase within possible miscibility
gap is deselected, then results will be shown in the graph and table only for those compositions of the
mixture, which are outside of the miscibility gap.

[ force 1 liquid phase within possible miscibility gap

Deselect the check box Graph — X Axes — force 1 liquid phase within possible miscibility gap
Select Graph — X Axes — x1: molar fraction 1
Select Graph — Y Axes — excess energies

excess -
energies (k)/mol) H~E

-TS™E
miscibility gap

Methanol/Hexane at 33315 K

1.4 H

1.2

10 —

0.80 —

0.60 —

0.40 —

0.20 —

0.0

| | | | | | | | | |
0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0

Methanol molar fraction liquid

Select Compounds — List of Added Compounds

Click on the left side 'Methanol'

Enter '1.01325' in the 'Pure compound vapor pressure:' field
Enter '337.8' in the 'at temperature:' field

Click on the left side 'Hexane'

Enter '1.01325' in the 'Pure compound vapor pressure:' field
Enter '342' in the 'at temperature:' field

Select Properties — Binary Mixture VLE/LLE

Select 'Methanol' for the first compound

Select 'Hexane' for the second compound

Enter '100' in the 'Number of mixtures' field

Select Isotherm, isobar, flash point — isobar

Enter '1.01325' for the 'Pressure' in 'bar'

Press 'Run'

Select Graph — X Axes — x1, y1

Select Graph — Y Axes — temperature

Select the check box Graph — X Axes — force 1 liquid phase within possible miscibility gap
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There is a calculated miscibility gap between approximately x1 = 0.221 and x1' = 0.835, with a calculated
temperature of approximately 323.3 Kelvin (50.1 °C). Within the miscibility gap, the liquid mixture consists of
2 immiscible liquid phases, one is Methanol-rich, the other Hexane-rich. Note that if the check box 'force 1
liquid phase within possible miscibility gap' is selected, within the miscibility gap the COSMO-RS calculation
further incorrectly uses a forced 1 liquid-phase instead of 2 immiscible liquid phases. Also note that a
temperature-minimum azeotrope is in the miscibility gap.

Temperature (Celsius) Methanol/Hexane at 1.01325 bar
85
60 —
55
50 —
| | | | | | | | | |
0.0 01 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0

Methanol molar fraction liquid and vapor

Experimental results for the Methanol-Hexane mixture were taken from Ref. [451]. These are compared with
the calculated ones in the next graph. More experimental VLE data might also be found at Ref. [452].

Methanol/Hexane at 1.01325 bar
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References

[451] Wikipedia Hexane data page: http://en.wikipedia.org/wiki/Hexane_(data_page)

[452] CHERIC. Korea Thermophysical Properties Data Bank: Binary Vapor-Liquid Equilibrium Data

4.6: Large infinite dilution activity coefficients in Water

In this example infinite dilution activity coefficients of 31 organic compounds in Water are calculated and
compared to experiment.
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Remark: To only add the compounds needed in this example, one can also open a new COSMO-RS GUI
window (SCM — COSMO-RS), Select Compounds — Add Compound(s), go to the directory where the
COSMO-RS compound database is downloaded (SADFHOME/atomicdata/ADFCRS-2010), and select
tutorial4.6.compoundlist. This is recommended. Then the added compounds are at the top of the list if one
uses the '+' button, or search button. The tutorial4.6.compoundlist is a file with a list of compounds that is
limited to the compounds needed in this example.

Select Properties — Activity coefficients

Select 'Water' for the first component in Solvent

Check the '"+' button to add infinite dilute solutes:
'1,1,1-Trichloroethane', 'l,2-Dichloroethane', 'l-Bromobutane',
'l-Bromopropane',

'l-Chlorobutane', 'l-Chlorohexane', 'l-Chloropentane', 'l-Chloropropane',
'l1-Propoxypropane', '2-Bromobutane', '2-Bromopropane', '2-Chloropropane’',
'Benzene', 'Bromoethane', 'Chloroform', 'Cumene', 'Dichloromethane’',
'Diisopropyl ether', 'Di-n-butyl ether', 'Ethylbenzene', 'Ethyl iodide’,
'Mesitylene', 'm-Xylene', 'n-Butylbenzene', 'n-Propylbenzene',

'n-Propyl iodide'’,

'o-Xylene', 'p-Xylene', 'Tetrachloroethene', 'Toluene', and 'Trichloroethene',
Press 'Run'

Activity
Solvent Coefficient
sl: Water 1. 0000S5EE

Solutes (infinite dilute)
cl: 1,1,1-Trichloroethane 5766.95182845

c2: 1,2-Dichloroethane 078, 07537316
c3: l-Bromobutane 0275.52976991
c4: 1-Bromopropane 2358. 31867460
£5: 1l-Chlorobutane 7248 .43771732
ch: 1-Chlorohexane 1.4630e+05
c?: 1-Chloropentane 31258, 74835258
c8: 1-Chloropropane 1732.38815420
c9: 1-Propoxypropane 4892, 71406742
cld: 2-Bromobutane 780757966617
cll: Z-Bromopropane 1771.27579998
cl2: 2-Chloropropane 1418.58278201
cl3: Benzene 2069.41739613
cld: Bromoethane 601, 48306250
cl5: Chloroform 1474 ,37474271
clg: Cumene 82533. 31803119
cl7: Dichloromethane 277.52288306
cl8: Diisopropyl_ether 2342.86434473
cl9: Di-n-butyl ether B9586. 8559828
c20: Ethylbenzene 29942 . 09797810
c2l: Ethyl iodide 1193.40995106
£22: Mesitylene 1.4916e+05
£23: m-Xylene 35630, 36833685
c24: n-Butylbenzene 5.1630e+05
£25: n-Propylbenzene 1.2442e+05
£26: n-Propyl_iodide 5156. 78166415
c27: o-Xylene 23712 .65363979
C28: p-Xylene 32951.52763728
c29: Tetrachloroethene 38095.38515417
£30: Toluene 8132.99212852
£31l: Trichlercethene 5449, DE328583
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These results can be put in a graph and a table. Experimental results taken from Ref. [461].

infinite dilution activity coefficients
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experimental
Solute experimental y2” [461] calculated y2”

1 Dichloromethane 253 278
2 Diisopropyl_ether 628 2343
3 1,2-Dichloroethane 641 076
4 Bromoethane 679 601
5 Chloroform 903 1474
6  [2-Chloropropane 1.48 10° 1.4210°
7 1-Chloropropane 1.75 10° 1.73 103
8 [2-Bromopropane 2.09 103 1.77 10°
9 |Ethyl_iodide 2.19 103 1.19 108
10  |1-Propoxypropane 231103 4.89 10°
11 |Benzene 2.48 103 2.07 10°
12  |1-Bromopropane 2.86 10° 2.36 10°
13 [1,1,1-Trichloroethane 5.90 103 5.77 10°
14 [-Chlorobutane 7.61 10° 7.25 103
15  [2-Bromobutane 3.32 10° 7.8110°
16 |n-Propyl_iodide 8.55 103 5.16 10°
17 [Trichloroethene 8.75 103 6.45 10°
18  [Toluene 9.19 103 8.14 103
19  [1-Bromobutane 1.22 10% 0.93 10*
20  lo-Xylene 3.05 10% 2.37 10
21 [1-Chloropentane 3.21 104 3.13 10*
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22  |[Ethylbenzene 3.27 10* 3.00 10*
23 |m-Xylene 3.32 104 3.56 10%
24 |p-Xylene 3.33 104 3.30 10*
25  |Tetrachloroethene 3.60 10% 3.81 10*
26  [Di-n-butyl_ether 4.72 10* 8.95 10*
27 |Cumene 1.02 10° 0.83 10°
28  [Mesitylene 1.17 10° 1.49 10°
29  |n-Propylbenzene 1.36 10° 1.24 10°
30 [1-Chlorohexane 1.4110° 1.46 10°
31  |n-Butylbenzene 5.66 10° 5.16 10°
References

[461] J. Li, A.J. Dallas, D.I. Eikens, P.W. Carr, D.L. Bergmann, M.J. Hait, C.A. Eckert, Measurement of large
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4.7: Parametrization of ADF COSMO-RS: AGhydr, vapor pressures,

partition coefficients

In Ref. [471] the ADF COSMO-RS parameters were fitted to 642 experimental values of properties for the
set of 217 molecules from the supplementary material of Klamt et al. [472]. These properties are the AG of
hydration, the vapor pressure, and the partition coefficients for Octanol/Water, Hexane/Water, Benzene/
Water, and Ethoxyethane/Water. In this example all these properties will be calculated for the set of 217
compounds, and the results will be put in this table, and compared to the experimental data collected by
Klamt. et al. in Ref. [471].

» Table with the calculated and 642 experimental values

Note that these calculations in this section may take a while, because of the many compounds calculated at
once.

Open a new COSMO-RS GUI window (SCM — COSMO-RS). Select Compounds — Add Compound(s)
go to the directory where the COSMO-RS compound database is downloaded (SADFHOME/atomicdata/
ADFCRS-2010), and select tutorial4.7.compoundlist.

AG of hydration

Select Properties — Activity coefficients

Select 'Water' for the first component in Solvent

Enter '298.15' for 'Temperature Kelwvin'

Click the check box 'Use input density solvent (kg/L)'

Enter '0.997' in the 'Use input density solvent (kg/L)' field

Check the '+' button to add infinite dilute solutes, the first 217 from the
list

Press 'Run'
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Activity Coefficients Kill | Run |

Solvent 1 component | | Mole fraction |v
Q| water v | 10
Y - |
4a i |
4 3 |
=y 5 |
W Use density solvent (kg/L): | D.99?|

Temperature: | 298.15 | Kelvin |v

The results for the free energy of hydration (A G (kcal/mol) gas — solute) can be compared with
experimental values, see this table and next graph.

Delta G hydration (kcal/mol)

calculated
Y

=10

=12 T T T T T

-12 -10 -8 -6 -4 -2 0
experimental

Vapor pressure

Select Properties — Vapor Pressure Pure Compounds
Enter '298.15' for 'Temperature Kelvin'
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Check the '+' button to add the first 217 from the list
Press 'Run'

Solvent Vapor Pressure Kill | Run |

Solvent: | Mole fraction |1r
g Methane - | 10
Q| v | 0.0
Q| v | 0.0
Q v | 0.0
Q| v | 0.0

Temperature from: | 298.15 |Kelwin -
to: | 298.15 | Kelvin -
Number of temperatures: in+1), n= | 10

One should take the log1o of the calculated vapor pressure in bar. The results for the calculated vapor

pressures can be compared with experimental values, see this table and next graph. Suggestion is to do this
only for a few molecules.

Log (vapor pressure/bar)
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Octanol-Water partition coefficients

Select Properties — Log Partition Coefficients
Select 'Preset Octanol-Water' in the popup menu next to Solvent
Enter '298.15' for the 'Temperature' in 'Kelvin'
Check the '+' button to add the first 217 from the list
to the list of infinite dilute solutes
Press 'Run'

Log Partition Coefficients (solvent phase 1/phase 2) Kill | Run |
Solvent | Mole fraction v
Preset Octanol-Water +* phase 1. phase 2:
<% | Octanol v [ 0725 0.0
3, | water v [ 0275 1.0
4 - | |
v LUse molar volume phase 1/phase 2: | 6.766
Temperature: 29815 |Kel1urin |v

The results for the Octanol-Water partition coefficients can be compared with experimental values, see this
table and next graph.
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Octanol/Water partition coefficient

calculated

-2 T T T T T

-2 -1 0 1 2 3 4
experimental

Hexane-Water, Benzene-Water, and Ethoxyethane-Water partition coefficients

Select Properties — Log Partition Coefficients
Select 'Preset Hexane-Water' in the popup menu next to Solvent
Enter '298.15' for the 'Temperature' in 'Kelvin'
Check the '+' button to add the first 217 from the list
to the list of infinite dilute solutes
Press 'Run'

Log Partition Coefficients (solvent phase 1/phase 2) Kill | Run
Solvent | Mole fraction v
Preset Hexane-Water - phase 1: phase 2:

@ Hexane v | 1.0 | 0.0

3 | water ~ [ 00 | 1.0

=Y - |

¥ Use molar volume phase l/phase 2: | 7.28

Temperature: | 298.15 | Kelvin |v
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Select Properties — Log Partition Coefficients
Select 'Preset Benzene-Water' in the popup menu next to Solvent
Enter '298.15' for the 'Temperature' in 'Kelvin'
Check the '+' button to add the first 217 from the list
to the list of infinite dilute solutes
Press 'Run'

Log Partition Coefficients (solvent phase 1/phase 2) Kill | Run |
Solvent | Mole fraction v
Preset Benzene-Water » phase 1. phase 2:

% | Benzene w | 10 | 0.0

<3 | water « [ oo [ 10

Q - |

¥ Use molar volume phase 1/phase 2: | 4.93

Temperature: 298.15 | Kelvin |v

Select Properties — Log Partition Coefficients
Select 'Preset Ether-Water' in the popup menu next to Solvent
Enter '298.15' for the 'Temperature' in 'Kelvin'
Check the '+' button to add the first 217 from the list
to the list of infinite dilute solutes
Press 'Run'

Log Partition Coefficients (solvent phase 1/phase 2) Kill | Run |
Solvent | Mole fraction v
Preset Ether-Water - phase 1. phase 2:

3, | Ether v [ 10 oo
43, | water ~ [ 00 | 1.0

EY - |

v Use molar volume phase 1/phase 2: | 5.75

Temperature: 298.15 | Kelvin |v

The results for the Hexane-Water, Benzene-Water, and Ethoxyethane-Water (Ether-Water) partition
coefficients can be compared with experimental values, see this table and next graph.
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4.8: COSMO-SAC 2013-ADF

In Ref. [481] in the method that is called COSMO-SAC 2013-ADF, parameters were optimized for use with
ADF COSMO result files. In this example sigma profiles, partition coeffcients, and a binary mixture will be
calculated using COSMO-SAC 2013-ADF as is implemented in ADF, which can be compared to COSMO-
SAC 2013-ADF results in Ref. [481]. Note that in the ADF implementation pure compound properties, like
vapor pressure, boiling point, and enthalpy of vaporization, are not calculated according to the COSMO-SAC
2013-ADF method, this has not been implemented yet. In the compounds window one can include for each
compound the experimental pure compound liquid density (kg/L), from which the program can calculated the
pure compound liquid molar volumes. If this density is not given the pure compound liquid molar volume will
be calculated from its COSMO volume. For COSMO-SAC 2013-ADF this is important since there is a
dispersion contribution in the mixture interaction, which depends on these pure compound liquid molar
volumes.

Open a new COSMO-RS GUI window (SCM — COSMO-RS) .
Select Method — COSMO-SAC
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Method | Prope

COSMO-RS
+« COSMO-5AC

Parameters
This will make all next calculations use the COSMO-SAC 2013-ADF method instead of COSMO-RS
Sigma profiles

Select Analysis — Sigma Profile Pure Compounds
Check the '+' button to add Aniline, Water, 2-Butanone, and Acetone
Press 'Run'

Select Graph — Y axes — hydrogen bonding (HB) part sigma profile

Sigma Profile Pure Compounds Kill Run

Pure Compound Solvents

+ |Aniline
Water
= {|2-Butanone
""""""" Ethanol
Sigma: number of values: (n+1}, n= 50
maximum value: 0.025

The results for the sigma profiles can be compared with Fig. 3c and 3f of Ref. [481].

428



plol mmm 1 Aniline
2 Water
16 o c3: 2-Butanone
mmmm 4 Ethanol
14 —
12 —
10 —
8 4
h -
4 -
2 ] U
o —
I I I I I I I
-0.021 -0.014 -0.007 0.0 0.007 0014 0021
o [efA*+2)
plal mmm= HE OH part cl
mmmm HE OH part c2
2.0 HB OH part c3
mmmm HE OH part c4
17 _| we= HBOT partcl
' mmsm HE OT partc2
HE OT part c3
14 —| s HE OT part cd
11
0.8
05 ,I
0.2 — & \

[ [ [ [ [ [ [
-0.021 -0.014 -0.007 0O 0.007 0014 0021

T (e/A*+3)
Partition coefficients

Select Compounds — List of Added Compounds
Add 'Methanol', 'Ethanol', 'Acetone', and 'Pyridine' to this list
(if they are not there yet)
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Click on the left side 'Methanol'

Enter '0.7918' in the 'Density:' field

Click on the left side 'Ethanol'

Enter '0.789' in the 'Density:' field

Click on the left side 'Acetone'

Enter '0.791' in the 'Density:' field

Click on the left side 'Pyridine'

Pyridine '0.9819' in the 'Density:' field

Select Properties — Log Partition Coefficients

Select 'Preset Octanol-Water' in the popup menu next to Solvent
Enter '298.15' for the 'Temperature' in 'Kelvin'

Check the '+' button to add 'Methanol', 'Ethanol', 'Acetone', and 'Pyridine'
Press 'Run'

Select 'Preset Hexane-Water' in the popup menu next to Solvent
Press 'Run'

Select 'Preset Benzene-Water' in the popup menu next to Solvent
Press 'Run'

Select 'Preset Ether-Water' in the popup menu next to Solvent
Press 'Run'

The results for the log1o partition coefficients for Octanol/Water (log Pow), Hexane/Water (log PHw),
Benzene/Water (log Pew), and Ethoxyethane/Water (log PEw), can be put in a Table. These results can be

compared with the results in the Supporting information of Ref. [481]. There are some small differences, but
note that a different program was used, and thus there will be small differences in the implementation.

The experimental results are taken from Ref. [471].

log Pow log PHW log PBW log PEW
Solute exp. calc. exp. calc. exp. calc. exp. calc.
[Methanol -0.77 048 |280 312 185 235 [}1.10 |0.80
Ethanol -0.31 0.11 -2.10 (242 123 |1.68 [|0.55 [-0.26
IAcetone -0.24 }-0.17 093 [|0.85 |0.04 [0.12 }-0.21 -0.20
Pyridine 0.65 0.86 |-0.35 |-0.10 0.45 0.85 |0.08 0.51

Binary Mixture Acetone and Water

Select Compounds — List of Added Compounds

Add 'Acetone' and 'Water' to this list

(if they are not there yet)

Click on the left side 'Acetone'

Enter '0.791' in the 'Density:' field

Enter '3.7' in the 'Pure compound vapor pressure' field
Enter '373.15' in the 'at temperature' field

Click on the left side 'Water'

Enter '0.997' in the 'Density:' field

Enter '1.01325' in the 'Pure compound vapor pressure' field
Enter '373.15' in the 'at temperature' field

Select Properties — Binary Mixture VLE/LLE

Select 'Acetone' for the first compound

Select 'Water' for the second compound

Enter '20' in the 'Number of mixtures' field

Select Isotherm, isobar, flash point — isotherm

Enter '373.15' for the 'Temperature' in 'Kelvin'

Press 'Run'
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Select Graph — X Axes — x1, y1
Select Graph — Y Axes — total vapor pressure

Binary Mixture VLE/LLE Kill | Run |
Compounds
1: Q | Acetone -
2: Q| water -

| Mole fraction |v
Number of mixtures: (n+5), n=| 20|
Isotherm, isobar, flash point: isotherm -
Temperature: | 37315 | Kelvin -

These VLE results be compared with Fig. 4f of Ref. [481].
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Switch back to the COSMO-RS method

Since the other part of the COSMO-RS GUI tutorials uses the COSMO-RS method, we switch back to the
COSMO-RS method.

Select Method - COSMO-RS

Tutorial 5: pK; values

In the literature one can find several strategies to calculate pKa values. Some of these strategies involve the
inclusion of explicit solvent molecules, in combination with a continuum model, like COSMO. The strategies
described in the next examples do not take into account explicit solvent molecules, only the continuum
model is included.

5.1: Empirical pKj calculation method

In Refs. [511,512] one can find several strategies to calculate pKa values. The strategy described in this

example does not take into account explicit solvent molecules, only the continuum model is included. Like in
Ref. [512] an empirical fit is used to correlate calculated values with experimental pKj values, to account for

systematic errors. The largest errors are probably present in the calculation of the solvation energies of the
charged species. In these cases one probably should include explicit solvent molecules, however, that may
introduce other sources of errors, and this will not be investigated here. The calculation of pKa values of

acids (HA) and bases (B) is based on the following reaction model:

(acids) HA (ag, 1M) + H20 (I, 1M) — H30" (aq, 1M) + A” (ag, 1M) (5.1.1)

(bases) HB™ (aq, 1M) + H20 (I, 1M) — H30" (aq, 1M) + B (ag, 1M) (5.1.2)
The free energy of dissociation for acids and bases is calculated as

(acids) AG giss = G(A) - G(HA) + G(H30™) - G(H20) (5.1.3)

(bases) AG*diss = G(B) - G(HB™) + G(H30") - G(H20) (5.1.4)

The ~ denotes a standard state of 1M (1 mol/L). The pKa can then be calculated as (see for example Refs.
[511,512])

pKa = AG giss/(RT In(10)) - 1.74  (5.1.5)

At T =298.15, 1/(RT In(10)) = 0.733 mol/kcal. The term -1.74 is to correct for the standard state of liquid
water, which is 55 mol/L.

Emperical fit

Like in Ref. [512] instead of this equation (5.1.5), a linear fit has been made by correlating the calculated

AG*diss values with experimental pKj values, to account for systematic errors that are present in this
method. For acids and bases a different empirical adjusted equation will be used, optimized for the ADF
COSMO-RS implementation:
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(acids) pKa = 0.62 AG diss/(RT In(10)) + 210 (5.1.6)

(bases) pKa = 0.67 AG diss/(RT In(10))-2.00  (5.1.7)

These fitted parameters are not so far from the fitted parameters in Ref. [512]. Zero-point vibrational

energies have not been taken into account in the calculation of the free energy of dissociation. H3O"
(Hydronium ion) is the conjugate acid of Water. Molecules can have two or more equivalent sites for
protonation or deprotonation are also not taken into account, which can have an effect on the pKa value.
However, such effects are not taken into account here. Like for neutral compounds, one should optimize the
anions and cations in the gas phase, and use this geometry also in the COSMO calculation. It is important to
choose the lowest energy conformer. In the example below the molecules have a single relevant
conformation for the protonated and deprotonated form.

Acids

Copy the .coskf files which are listed in SADFHOME/examples/crs/Tutorial5/tutorial5.1_acid.compoundlist
and the file tutorial5.1_acid.compoundlist the directory Tutorial. The tutorial5.1_acid.compoundlist is a file
with a list of acids and their conjugate bases that is limited to the compounds needed in this example. In
these .coskf files already the correct number of ring atoms is included.

Open a new COSMO-RS GUI window

Add the compounds listed in tutorial5.l acid.compoundlist

Select Properties — Activity coefficients

Select 'Water' for the first component in Solvent

Enter '298.15' for 'Temperature Kelvin'

Check the '+' button to add the first 12 compounds from the list
Press 'Run'

Activity Henry Constant Henry Constant AG (kcal/mol) AG (kcal/mol) G (kcalsmol)
Solvent Coefficient  (mol/(L atm)) dimensionless gas->solute lig-=solute solute
sl: Water 1. 00000000 6.099163e+04 1.472674e+06 -8.41483 0. 00000 -332.353
Solutes (infinite dilute)
cl: conjugate_acid_Water 0. 00000000 1.835299e+79 4.431422e+80 -110. 02194 -69.39290 -310.740
c2: Methanol 2.55872440 1.819679e+02 4.,393707e+03 -4.96973 0.55665 -691.909
c3: conjugate_base_Methanol 0. 00000000 4.,906422e+64 1.184680e+66 -90.14082 -52.62191 -B82.353
cd: Ethanol 8.49130394 1.346983e+02 3.252358e+03 -4.79151 1.26735 -1069.412
c5: conjugate_base Ethanol [oMalalalalololoo] 1.153070e+62 2.784146e+63 -86.55434 -45, 21861 -1060.507
c6: Phenol 53.051616035 8.914335e+02 2.152411e+04 -5.91119 2.35292 -1878.676
c7: conjugate base Phenol 0. 00000000 7.164326e+49 1.729863e+451 -69.90139 -26. 62066 -1882.197
c8: Acetic_acid 4,62532219 1.695189e+03 4.095118e+04 -6.29199 0.90742 -1067.958
c9: conjugate base Acetic_acid 0. 00000000 1.393230e+61 3.364025e+62 -85.30218 -41, 91667 -1086.171
cl®: Benzoic_acid 164.19332365 5.444285e+03 1.314550e+05 -6.98328 3.02230 -2247.256
cll: conjugate_base_Benzoic_acid 0. 00000000 7.152585e+54 1.727028e+56 -76.72166 -28.10476 -2264.076

Using equation 5.1.6 (pKa = 0.62*0.733*AGdiss*+2.10), with AGdiss = G(conjugate_base_acid) - G(acid) +
G(conjugate_acid_Water) - G(Water) in kcal/mol, results can be put in a table.

Acid |experimenta| pKa [512] calculated pKa
1 |Methanol 15.5 16.27
2 |Ethanol 15.9 15.97
3 |Phenol 9.82 10.32
4 |Acetic acid 4.75 3.64
5 |Benzoic acid 4.27 4.28
Bases

Copy the .coskf files which are listed in SADFHOME/examples/crs/Tutorial5/tutorial5.1_base.compoundlist
and the file tutorial5.1_base.compoundlist the directory Tutorial. The tutorial5.1_base.compoundlist is a file
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with a list of bases and their conjugate acids that is limited to the compounds needed in this example.

these .coskf files already the correct number of ring atoms is included.

Open a new COSMO-RS GUI window

Add the compounds listed in tutorial5.l base.compoundlist

Select Properties — Activity coefficients

Select 'Water' for the first component in Solvent

Enter '298.15' for 'Temperature Kelvin'

Check the '+' button to add the first 16 compounds from the list
Press 'Run'

Activity Henry Constant Henry Constant AG (kcal/mol)  AG (kcal/mol)

Solvent Coefficient  (mol/(L atm)) dimensionless gas->solute lig-=solute

sl: Water 1. 00000000 6.099163e+04 1.472674e+06 -8.41483 0. 00000
Solutes (infinite dilute)

cl: conjugate acid_Water 0. 00000008 1.83529%e+79 4.431422e+80 -110.02194 -69.39290
c2: Aniline 175. 00997668 2.896507e+02 6.993762e+03 -5.24514 3.06010
c3: conjugate_acid_Aniline 0. 00000008 5.245631e+53 1.266584e+55 -75.17369 -24.41620
cd: 1H-Imidazole 6.13167588 1.079447e+07 2. 6063 79e+08 -11.48157 1.07445
c5: conjugate_acid_lH-Imidazole 0. 00000008 1.518985e+47 3.667666e+48 -66.25390 -23.66387
c6: Pyrazine 3.81256935 3.716906e+02 8.974656e+03 -5.39290 0.79293
c7: conjugate_acid_Pyrazine 0. 00000000 4.932067e+46 1.190872e+48 -65.58743 -18.07019
c8: Pyrazole 11.71220330 5.389101e+04 1.301226e+06 -8.34150 1.45789
c9: conjugate acid_Pyrazole 0. 00000000 1.262754e+49 3.048982e+50 -68.87294 -25,20129
cle: Pyridine 14.30882736 1.022845e+02 2.469712e+03 -4.62841 1.57653
cll: conjugate acid_Pyridine 0. 00000008 1.320137e+42 3.187537e+43 -59.34953 -16.86290
cl2: Quinoline 419.92061700 4,112869e+02 9.930730e+03 -5.45288 3.57865
cl3: conjugate_acid_Quinoline 0, 00000003 8.846259e+37 2.135974e+39 -53.65535 -10.34479
cld: Guanidine 0.38818447 6.368541e+08 1.537716e+10 -13.89743 -0.56065
cl5: conjugate acid_Guanidine 0. 00000008 4.,654262e+54 1.123795e+56 -76.46707 -33.90573

n

G (kcal/mol)
solute

-332.

-310.
-2001.
-1995.
-1321.
-1315.
-1508.
-1492.
-1308.
-1296.
-1617.
-1609.
-2604.
-2596.
-1203.
-1214.

Using equation 5.1.7 ((pKa = 0.67*0.733*AGdiss-2.00), with AGdiss = G(base) - G(conjugate_acid_base) +

G(conjugate_acid_Water) - G(Water) in kcal/mol, results can be put in a table.
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740
214
379
150
123
180
379
661
310
979
846
671
162
561
712

Base lexperimental pKa [512] calculated pKa

1 JAniline 4.6 5.75

2 |1H-Imidazole 7 5.65

3 |Pyrazine 0.7 0.85

4 |Pyrazole 2.5 2.55

5 |Pyridine 5.14 4.62

6 |Quinoline 4.80 4.43

7 |Guanidine 13.8 14.09
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5.2: Relative pKa calculation method

The method described in this example is based on one of the strategies in Ref. [521]. This method uses the
experimental pKa value of a reference compound, experimental gas phase deprotonation energies, and
COSMO-RS solvation free energies. A suitable reference compound (HRef) should be chosen, which is
similar to the actual compound (HA) one is interested in. For example, the deprotonation reaction could be

similar in both compounds. The calculation of pKa values is based on the following reaction model:
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AG sol

HA(ag, 1M)  + Ref(aq, 1M) " HRef(ag, IM)  + A(ag, 1M)
—

1 -aGonHA) | -AGsow (Ref) 1 aG'son (HReN T AG sow (A7)
—

HA(g, 1M) + Ref(g, 1M) R HRef(g, 1M) * A9, M)
AG gas

The ~ denotes a standard state of 1M (1 mol/L). The free energy of solvation is then calculated as

AG soin = AG gas + AG solv(HRef) + AG soiv(A") - AG solv(HA) - AG solv(Ref )

The pKa can then be calculated as (see for example Ref. [521])

pKa = AG soln/(RT In(10)) + pKa(HRef)

The success of this method relies on the availability of a suitable reference compound with an accurately
known experimental pKa value. Instead of experimental gas phase deprotonation energies one might

calculate the gas phase reaction free energy AG*gas, using DFT or some high level ab initio method.

Example Ethanol

In this example the pKa value of Ethanol will be calculated. As reference compound Methanol is chosen,
which has an experimental pKa value of 15.5. Experimental deprotonation energies are taken from Ref.

[521, supporting information], for Methanol this is ArGO = 1569 kJ/mol, and for Ethanol ArGO = 1555 kJ/mol,

see also, for example, Ref. [522]. The COSMO-RS solvation free energies of Methanol, Methoxide (the
conjugate base of Methanol), Ethanol, and Ethoxide (the conjugate base of Ethanol) have already been
calculated in the previous tutorial 5.1. At T = 298.15, 1/(RT In(10)) = 0.733 mol/kcal. The free energy of
solvation (kcal/mol) and the pKa of Ethanol are then calculated as

AG soln = (1555-1569)/4.184 - 4.97 - 86.56 + 4.79 + 90.14 = 0.05 kcal/mol
pKa (Ethanol) = 0.733*0.05 + 15.5 = 15.5

The calculated pKa of Ethanol of 15.5 is close to the experimental value of 15.9.
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Tutorial 6: The COSMO-RS model for lonic Liquids

6.1: Install and use the ADF COSMO-RS ionic liquid database

lonic liquids (ILs), usually consisting of a large organic cation and a small inorganic polyatomic anion, have
attracted considerable attention in recent years due to their unique thermophysical properties. The low vapor
pressure and high conductivity of these molten salts combined with highly tunable properties, have resulted
in highly diverse applications across many different fields in chemistry, materials science (battery
electrolytes), chemical engineering (gas sorption and purification), and many more.

To calculate thermodynamic properties of ionic liquids with COSMO-RS, the IL may be described either as a
single ion pair or as discrete cations and anions. The latter method will be mainly used here.

The COSMO-RS ionic liquid database ADFCRS-IL-2014 contains 80 cations and 56 anions. This ADFCRS-
IL-2014 database consists of ADF COSMO result (.coskf) files, from standard ADF quantum mechanical
calculations, as described in COSMO-RS tutorial 1. The user can create new anions and cations using that
same approach and add them to the List of Added Compounds.

First download and unzip the COSMO-RS lonic Liquid Database ADFCRS-IL-2014

We recommend putting the database in your ADF data directory (e.g.,
C:\ADFiDATA)

Start ADF COSMO-RS, for instance from ADFJobs or any other GUI compenent: SCM
— COSMO-RS

Next we will add the compounds in the database.

Select Compounds — Add Compound(s)

Select Directory - the directory of the downloaded COSMO-RS database
ADFCRS-IL-2014

Select Files of type (or Filter) — List of compounds (*.compoundlist)

Select il.compoundlist

Click 'Open'

The reading of information about the ionic liquids may take a minute.
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6.2: lonic liquid volumes and densities

lonic liquid densities may be estimated from the molecular volume and molar mass (MW) of the constituent
cations and anions. The COSMO volume is stored in the coskf file and is displayed, together with the MWV,
when a compound is selected in the COSMO-RS GUI.

Click on the search button in the compounds field
Select IL cation l-butyl-3-methyl-imidazolium

Click OK

Mame: IL cation_1-butyl-3-methyl-imidazolium
Other Names: CBH15N2 CAMIM ; C4Clim ; BMIM
Caculated Molar Mass: 139.12352 g/mol

Bond Energy: -5.06194 a.u.

Gas Phase Bond Energy: -4.98199 a.u.

COSMO surface Area: 202.49833 Angstrom**2

COSMO Volume: 197. 18097 Angstrom**3

Volumes and molar mass of other cations and anions can be similarly found. Data for a few compounds are
listed below.

COSMO Imw
Volume (A3) (g/mol)
cations
C4MIM |1-butyl-3-methyl-imidazolium 197.181 139.124
C6MIM  |1-hexyl-3-methyl-imidazolium 241.003 167.155
C8MIM |1-octyl-3-methyl-imidazolium 282.855 195.186
anions
BFa tetrafluoroborate 72.489 87.003
PFe hexafluorophosphate 103.495 144.964
NTF2  |bis(trifluoromethylsulfonyl)amide 213.173 279.917

The molecular liquid density could be approximately calculated as (V in A3 and MW in g/mol)

density = (MWcation + MWanion)/[0.6022*(Vcation + Vanion)]

density (g cm'3)
ionic liquid lexpt [621] calculated
C4MIMBF4 1.208 1.392
CE6MIMBF4 1.148 1.346
C8MIMBF4 1.109 1.319
C4MIMPFg 1.37 1.569
CE6MIMPFg 1.293 1.505
C8MIMPFg 1.237 1.462
C4MIMNTf2 1.429 1.696
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C6MIMNTf2 1.37 1.635
C8MIMNTf2 1.32 1.591

As can be seen from this table, the calculated densities are systematically overestimated by approximately
15%. Thus, the COSMO volumes underestimate the volume of a single compound, if they are used for
estimating the liquid densities.
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6.3: Activity coefficient calculation

The activity coefficient of a compound i solvated in an ionic liquid is an important thermodynamic property.
The cation and anion, which have been treated separately, will be used in equal amounts to ensure an
electroneutral mixture in the COSMO-RS calculation.

In other applications cation-anion pair have been treated as one molecule, however, in the COSMO-RS
calculations below we will treat the cation and anion as two separate molecules. This has consequences for
the value of the activity coefficients.

IL + one solute

For example, for a 1:1 IL (i.e., [A]'[B]"), the activity coefficient at a finite concentration of solute i in the binary
mixture (IL + solute) can be calculated by

Vibin — (Vitern Xitern)/Xibin — Yitem/(.H_X”_bin)

where the superscript "tern" represents the hypothetical ternary system comprising cation, anion and solute
i, with

te tern

) m _ .
Xcation = Xanion

. tern .
Xcation + Xanion

tern Xitern =1
and the superscript "bin" represents the binary mixture comprising solute and IL, with

XILbin + Xibin =1

Accordingly, the activity coefficient of a solute i in the binary mixture (IL + solute) at infinite dilution is
simplified as

v =0.5yi®"  (atinfinite dilution)

Thus in this case we should scale the activity coefficient at infinite dilution yitem, which is directly obtained

from the COSMO-RS calculation, with a factor of 0.5.

IL + two solutes
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Similarly, for a ternary system comprising component i, component j and an ionic liquid, the activity
coefficient at finite concentration of component i can be calculated by

Yitern = Yiquart/(1+X|Ltern)

where the superscript "quart" represents the hypothetical quaternary system comprised of cation, anion,
solute j and solute j, with:

quart _ Xan quart

Xcation anion

Xcationquart + Xanionquart + Xiquart + quuart =1

and the superscript "tern" represents the ternary mixture comprising solute i, j, and IL, with

XILtern + Xitern + thern =1

IL + infinitely dilute alkanes

Select Properties — Activity coefficients

Select '2 components' in the popup menu next to Solvent

Select 'IL cation l-ethyl-3-methyl-imidazolium' for the first component in
Solvent

Enter 0.5 for the Mole fraction of the first component

Select 'IL anion tetracyanoborate' for the second component in Solvent
Enter 0.5 for the Mole fraction of the second component

Enter '308.15' for 'Temperature Kelvin'

Check the '+' button to add 'Hexane', 'Heptane', 'Octane', and 'Decane'’
Press 'Run'
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Activity Coefficients

Kill | Run |

v | Mole fraction

Solvent 2 components
Cl, | IL cation_1-ethyl-3-methyl-imidazolium -
C, | IL_anion_tetracyanoborate -

[~ Use density solvent (kg/L):

Temperature: |

E |

0.5

0.5

1.0

308.15] | Kelvin

Solutes (infinite dilute)

_i_IHexane

" Heptane
- | [Octane
............. Decane

If one does not supply a density of the solvent in the input, the program calculates the density of the solvent
by dividing the mass of a molecule with its COSMO volume. Note that the calculated activity coefficients do

not depend on this density. The result of the calculation is given in the form of a table.

Solvent
s1: IL anion_tetracyanoborate

s2: IL cation_l-ethyl-3-methyl-imidazolium

Solutes (infinite dilute)

cl: Hexane
c2: Heptane
c3: Dctane
cd: Decane

Activity

Coefficient
(o alalalalalala]
0, 00000010

B3.85793286
163 . 95440920
189.51520802
573.57596278

Henry Ceonstant
(mol/(L atm))
1. 167500e+29
4,983206e+33

2.843771e-01
5.312843e-01
1. 106209e+00
4.391703e+00

Note that for a comparison to experimental numbers, the calculated activity coefficients have to be scaled
with 0.5, as was discussed before. In the next figure the results of the calculated activity coefficients at

different temperatures are compared to experiment.

440



5.5
5
4.5 ~e~Decane
3 Nonane
= 4
£ ~“#=Qctane
35 ¥ =&-Heptane
=#=Hexane
¥ X
3 X =8=Pentane
X X
2.5
2
2.75 2.85 2.95 3.05 3.15 3.25 3.35
1000/(T/K)

In this figure activity coefficients at infinite dilution of n-alkenes in [EMIM]*[TCBJ are shown for different
temperatures ranging from 298 K to 358 K. The scattered points are experimental data from Ref.[633]. The
points that are connected with a line are calculated numbers with ADF COSMO-RS. For example, for
Hexane, the calculated values T = 308.15 K are: 1000/308.15 = 3.245, In(0.5*63.8579) = 3.46.
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6.4: Henry's law constants

In this tutorial, we will calculate Henry's law constants for COz2 in different ionic liquids. Henry's law constant
reflects the solubility of a gas in a solvent, and one way to define it is

Hi=vi® Pi°

where Hi is the ratio between the partial vapor pressure of a compound i in the gas phase and its molar

fraction in the liquid phase, yi~ is the the activity coefficient of the compound at infinite dilution, and PiS is the
saturated pure compound vapor pressure of the gas.
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The familiar Antoine and Wagner equations can be used to calculate the vapor pressure below the critical
temperature Tg, if one knows the coefficients. Above T, they can be extrapolated as a hypothetical vapor
pressure. If the experimental saturated vapor pressures of a gas is not available, then it can be estimated by
COSMO-RS.

The saturated vapor pressure of CO2 at 298.15 K can be calculated by the following Antoine equation:

In Pco,® (MPa) = 12.3312 - 4759.46/(T(K)+156.462)

The saturated vapor pressure of CO2 at 298.15 K is 6.436 MPa (= 64.36 bar) according to this equation. The
Antoine equation can also be written as:

Vog Pco,® (bar) = 6.35537 - 2067.0/(T(K)+156.462)

The activity coefficients of infinitely diluted carbon dioxide in [HMIM]*[Tf2N]" will now be calculated.

Select Compounds — List of Added Compounds

Search on the left side 'Carbon dioxide' and click on it

Enter 6.35537 for the Antoine coefficient A on the right side

Enter 2067.0 for the Antoine coefficient B

Enter 156.462 for the Antoine coefficient C

Select Properties — Activity coefficients

Select '2 components' in the popup menu next to Solvent

Select 'IL cation l-hexyl-3-methyl-imidazolium' for the first component in
Solvent

Enter 0.5 for the Mole fraction of the first component

Select 'IL anion bis(trifluoromethylsulfonyl)amide' for the second component
in Solvent

Enter 0.5 for the Mole fraction of the second component

Enter '298.15' for 'Temperature Kelvin'

Check the '+' button to add 'Carbon dioxide' (Remove the alkanes if they are
still present)

Press 'Run'
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Activity Coefficients Kill | Run |

Solvent 2 components |« | Mole fraction |v
Cl, | IL_cation_1-hexyl-3-methyl-imidazolium - | 0.5
Cl, | IL_anion_bis(trifluoromethylsulfonyl)amide |+ | 0.5
o =
a ]
a v |
[~ Use density solvent (kg/L): | 1.0
Temperature: | 29815 | Kelvin -
Solutes (infinite dilute)
j Carbon dioxide
The results of the activity coefficients.
Activity Coefficients
Method: COSMO-RS
Temperature: 298. 15000 Kelwin
Solvent Mole Fraction Mass Fraction
s1: IL_anion_bis(triflucromethylsulfonyl)amide 0. 50000000 0.62611217
s2: IL cation_1l-hexyl-3-methyl-imidazolium 0.50000000 @.37388783
Activity Henry Constant
Solvent Coefficient (mol/(L atm})
sl: IL_anion_bis(trifluoromethylsulfonyl)amide 0. DDOO0OE2 3.228765e+31
s2: IL cation_l-hexyl-3-methyl-imidazolium 0. DOOOOE35 1. 169083e+35
Solutes (infinite dilute)
cl: Carbon_dioxide 1.01477613 1.134397e-01

As discussed before, we should scale the COSMO-RS calculated activity coefficient at infinite dilution y~
with a factor of 0.5. Henry's law coefficient is y” times the saturated vapor pressure of CO2 at 298.15 K

(64.36 bar). For CO2 in [HMIM][Tf2N]" the calculated H = 0.5*1.0148*64.36 = 32.7 bar. Applying the same
calculations for more ionic liquids gives these results:

| H (bar) |

443



ionic liquid |expt [644] |calculated
BMIM PFe 563.4+0.3 53.1
BMIM Tf2N 33.0+0.3 35.5
HMIM Tf2N 31.6+£0.2 32.7
HMPY Tf2N 28.4+0.2 31.4
C6FOMIM Tf2N 27.3+0.1 33.8
C8F13MIM Tf2N 25.2+0.2 31.0
HMIM eFAP 25.240.1 27.1
HMIM pFAP 21.6+0.1 25.8
C5MIM bFAP 20.2+0.1 25.2
EtsNBH2MIM Tf2N 33.1+1.2 30.5
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There are many different definitions of Henry's law constant. Henry's constant as calculated directly by
COSMO-RS, kH (mol/(L atm)), is defined as the ratio between the liquid phase concentration of a compound

and its partial vapor pressure in the gas phase. The relationship between kH and H is:

H = kH,inv™

= 1/(kH Vsolvent)

where Vsolvent is the molar volume of the ionic liquid. If no densities for the cation, anion, or solvent are

given, COSMO-RS will use the COSMO volume for calculating the molar volume of the ionic liquid, which is
0.2735 L/mol (=(241.00+213.17)*0.6022/1000) for [HMIM]*[Tf2N]’, if the usual convention is followed, that a
pair of a cation and an anion is treated as one molecule. Thus in this case H = 1.01325/(0.1134 * 0.2735) =

32.7 bar, where a conversion factor from atm to bar is included.
Note that kH does not depend on whether one treats a cation and an anion as separate molecules, or if a

pair of a cation and an anion is treated as one molecule. H = kH,inv"* does depend on this definition.
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6.5: Gas solubility and selectivity in ionic liquids

In this example the solubility of carbon dioxide in ionic liquids is calculated and compared to experimental
data.

In the ADF COSMO-RS calculation, an ionic liquid molecule is described as a discrete cation and anion.
Thus, the system of gas and ionic liquid will be treated as a hypothetical ternary mixture ("tern") consisting of

gas, cation, and anion. For a 1:1 ionic liquid, the solubility of gas xgas®™

can be calculated by

in the hypothetical ternary system

Xgastem = Ngas/(Ngas * Ncation+Nanion) = Ngas/(Ngas + 2NIL)

where anstem is the molar fraction of the gas in the hypothetical ternary system, and ngas, Ncation, Nanion,

and njL_ are the molar amounts of gas, cation, anion, and IL in the liquid phase, respectively. For the real gas
and IL binary system, the gas solubility x (molar fraction of the gas in the IL) is defined as:

X= ngas/(ngas +niL)

Combining the previous equations yields:
x=2 Xgastem/(Xgastem +1)

First we use the experimental Antoine coefficients for CO2.

(Skip this part if you have just done COSMO-RS tutorial 6.4)

Select Compounds — List of Added Compounds

Search on the left side 'Carbon dioxide' and click on it
Enter 6.35537 for the Antoine coefficient A on the right side
Enter 2067.0 for the Antoine coefficient B

Enter 156.462 for the Antoine coefficient C
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Next we calculate CO2 solubilities.

Select Properties — Solubility in Mixture

Select '2 components' in the popup menu next to Solvent

Select 'IL cation l-hexyl-3-methyl-imidazolium' for the first component in
Solvent

Enter 0.5 for the Mole fraction of the first component

Select 'IL anion bis(trifluoromethylsulfonyl)amide' for the second component
in Solvent

Enter 0.5 for the Mole fraction of the second component

Enter '8' for 'Temperature: number of steps'

Enter '282.0' for 'Temperature from'

Enter '322.8' for 'Temperature to'

Change the popup menu next to Solutes to 'Gas'

Use 'MPa' units for the pressure

Enter '2.0' for the partial vapor pressure

Check the '+' button to add 'Carbon dioxide'

Press 'Run'

Solubility Solutes in Solvent Kill | Run |
Solvent 2 components |« | Mole fraction |v
Cl, | IL_cation_1-hexyl-3-methyl-imidazolium - | 0.5
Cl, | IL_anion_bis(trifluoromethylsulfonyl)amide |+ | 0.5
Q v ]
o ]
a |
[~ Use density solvent (kg/L): | 1.0
Temperature: number of steps: | 8
from: | 2820 |Kelvin v
to: | 3228 | Kelvin v
Pressure: for solubility of gas: | 20 | MPa R
Solutes Gas -

Larbon dioxide
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From the results we will use the calculated mole fractions at 282.0 K, 297.3 K, and 322.8 K.

Solubility solutes in solvent

Temperature Solubility
(Kelvin)  (mole fraction)
282,000 0.43818804
287,100 0,38810555
292,200 0.34482958
207.300 0.30725565
302.400 0.27450426
307.500 0,24585973
312. 600 0.22073118
317.700 0. 19862571
322.800 0.17912904

Do the same calculation for a number of vapor pressures of Carbon dioxide, namely 0.5 MPa, 1.0 MPa, and
1.5 MPa. Remember that we need to convert the calculated solubilities anstem to the solubility x in the

binary system, consisting of gas and IL, with X = 2 xgas'®™/(xgas'®™ + 1):

TemperaturelP (MPa)  [ytern X

282.0 05 0.111 0.200
282.0 1.0 0.221 0.361
282.0 15 0.329 0.496
282.0 2.0 0.438 0.609
297.3 05 0.078 0.144
2073 1.0 0.155 0.268
297.3 15 0.231 0.376
297.3 .0 0.307 0.470
322.8 05 0.045 0.086
322.8 1.0 0.090 0.165
322.8 15 0.135 0.237
322.8 2.0 0.179 0.304

In this example we also calculated the solubity of carbon dioxide at relatively high presures. In this case, for
more accurate results, we also need to take the nonideal behavior of the gas into account, the gas fugacity.

fgas = Pgas CD(T,P)

where fgas is the gas fugacity at the system temperature and pressure, and ®(T,P) is the fugacity
coefficiency of the gas. We will approximate the fugacity coefficiencients with:

O(T=282.0 K,P) = (1 - 0.06 (P/MPa))

O(T=297.3 K,P) = (1 - 0.05 (P/MPa))

d(T=322.8 K,P) = (1 - 0.04 (P/MPa))

Note that these values are only approximate, and certainly not applicable for higher pressures. We can use
the same solubilities as calculated before but plot them agains fugacity instead of pressure.

Temperature f (MPa) P (MPa)
282.0 0.50 0.52
282.0 1.00 1.07
282.0 1.50 1.67
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282.0 2.00 2.32
297.3 0.50 0.51
297.3 1.00 1.06
297.3 1.50 1.63
297.3 2.00 2.25
322.8 0.50 0.51
322.8 1.00 1.04
322.8 1.50 1.60
322.8 2.00 2.19

The results can be compared with experimental values from Ref.[651].

2.5

P(MPa) |,

[y

0.5

0 0.1

For low pressures one can estimate gas solubility using Henry's law constants:

X= Pgasq)(T,P)/Hgas

0.2

W,

X

X exptat322.8K
=®-calculated perfect gas
=B-calculated with fugacity

X exptat297.3K
=®-calculated perfect gas
=#-calculated with fugacity

X expt at 282.0K
=®=calculated perfect gas

=B-calculated with fugacity

0.6

For low pressures ®(T,P) will be close to 1. Calculating Henry's law constants has been described in
COSMO-RS Tutorial 6.4, and following this procedure for CO2 in [HMIM][Tf2N], results in H = 2.242 MPa at

T=282K,H=23.204 MPa at T = 297.3 K, and H=5.5222 MPa at T = 322.8 K.

Gas selectivity

Gas selectivity in ionic liquids can be defined as

Sijj = HilHj
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where Sjjj is the selectivity between gas i and j in ionic liquids; Hi and Hj are Henry's law constants of gas i
and j, which can be calculated using the methods as described in the COSMO-RS Tutorial 6.4.
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6.6: VLE for systems containing ionic liquids

In this example a vapor-liquid diagram of Acetone in [EMIM][Tf2N] at 353.15 K is calculated and compared
to experiment. The experimental saturated pure compound vapor pressure is used for Acetone.

Select Compounds — List of Added Compounds

Search on the left side 'Acetone' and click on it

Enter '2.1516' in the 'Pure compound vapor pressure' field

Enter '353.15' in the 'at temperature' field

Select Properties — Solvents s1 - s2 Composition Line

Select '3 components' in the popup menu next to Solvents

Select 'Acetone' for the first component in Solvents

Select 'IL cation l-ethyl-3-methyl-imidazolium' for the second component in
Solvent

Select 'IL anion bis(trifluoromethylsulfonyl)amide' for the third component in
Solvent

Enter '1.0' for the mole fraction of compound of solvent sl
Enter '0.0' for the mole fraction of compound of solvent s2
of solvent sl
of solvent s2
of solvent sl

Enter '0.0' for the mole fraction of compound
Enter '0.5' for the mole fraction of compound
Enter '0.0' for the mole fraction of compound

w w NN P

Enter '0.5' for the mole fraction of compound of solvent s2

Enter '20' for 'Number of mixtures'

Select 'Isotherm' from the Isotherm, isobar, flash point popup menu
Use 'Kelvin' as units for the temperature

Enter '353.15'" for 'Temperature'

Press 'Run'
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Solvents s1 - 52 Composition Line Kill | Run |

Linear interpolation between the compositions
of solvent s1 and solvent s2

| Mole fraction |v
Solvents 3 components | ¥ sl: s2:
Q| Acetone » | 10 oo
E IL_cation_1-ethyl-3-methyl-imidazolium v | 0.0 | 0.5
E IL_anion_bis(trifluoromethylsulfonyllamide |+ | 0.0 | 0.5
a = —
= )
Number of mixtures: (n+1l),n= | 20
Isotherm, isobar, flash point: isotherm -
Temperature: | 35315 |Kelvin -

Remember that, before we compare to experiment, we need to convert the calculated molar fractions xitem

from the hypothetical ternary system to the molar fractions xibin in the binary acetone-IL system with:

Xibin =2 Xitern/(Xitern +1)

Xitern = leln/(z _ leln)

calculated expt [661]

\tern \oin P (kPa) \bin P (kPa)
0.00 0.0000 0.000 0.0133 1.139
0.05 0.0952 7.352 0.0383 3.485
0.10 0.1818 15.051 0.0539 4.825
0.15 0.2609 23.115 0.0683 6.073
0.20 0.3333 31.561 0.0949 8.509
0.25 0.4000 40.407 0.1521 14.884
0.30 0.4615 49.669 0.2081 21.660
0.35 0.5185 59.362 0.2735 30.115
0.40 0.5714 69.498 0.3393 39.811
0.45 0.6207 80.086 0.4022 50.263
0.50 0.6667 91.128 0.4647 61.862
0.55 0.7097 102.62 0.5249 74.281
0.60 0.7500 114.54 0.5839 87.870
0.65 0.7879 126.86 0.6369 101.46
0.70 0.8235 139.53 0.6846 114.73
0.75 0.8571 152.47 0.7264 127.22
0.80 0.8889 165.56 0.7631 138.75

450



0.85 0.9189 178.64 0.7948 149.16
0.90 0.9474 191.48 0.8222 158.37
0.95 0.9744 203.78 0.8455 166.29
1.00 1.0000 215.16 0.8653 173.07
0.8967 183.75
0.9376 196.92
0.9671 205.80
0.9844 210.74
0.9933 213.25
0.9972 214.40
0.9990 214.94
1.0000 215.16

Comparing the calculated and experimental vapor pressure of acetone in [EMIM][Tf2N] in a graph:
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