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CHAPTER
ONE

CHEMTRAYZER2

ChemTraYzer2 (CT2) is a tool for post-processing reactive molecular dynamics (MD) trajectories. The purpose of CT2
is to detect and distinguish the reactive events that occur, construct a database of unique reactions from these events,
and then calculate aggregate kinetic and population properties for the trajectory. Practically speaking, CT2 is capable of
greatly simplifying MD simulations into a set of useful values such as reaction rate constants', net fluxes for all chemical
species, and occurrence counts for all reactions. ChemTraYzer?2 is the successor of ChemTraYzer.

See also:

The GUI tutorial Detecting reactions with ChemTraYzer 2: Hydrogen combustion with ReaxFF will show you how to set
up and perform a ChemTraYzer2 analysis using the Graphical User Interface.

1.1 New in ChemTraYzer2-2023

* trajectory population analysis
* support for trajectories with a non-constant number of atoms
 an improved reaction rates calculator

* additional output files for population statistics

1.2 Important information for using ChemTraYzer2

Bond orders are necessary for post-processing MD trajectories with ChemTraYzer2. CT2 does not estimate bond orders
but instead uses those computed by the MD engine used to run the simulation. Though most AMS engines can compute
bond orders, there are some that cannot (see Summary of engine capabilities). CT2 can still be used with these engines,
but a bond guessing algorithm must be used to estimate the bond orders. This can be done by specifying the following
settings in the MD input.

Important: When preparing MD simulations for use with CT2, it is recommended to set the BondOrders variable in
the Properties block to Yes. This will ensure that bond orders are calculated and stored. Depending on the chosen
engine’s capabilities, either it will supply bond orders or a bond guessing algorithm will be used. More information on
this setting can be found in here

The quality of the ChemTraYzer2’s analysis depends partially on the quality of the bond orders provided, but it is more
dependent on the connectivity information (i.e., whether or not there is a bond between two atoms).

! L.C. Kroeger et al., Assessing Statistical Uncertainties of Rare Events in Reactive Molecular Dynamics Simulations, Journal of Chemical Theory and
Computation 13, 3955-3960 (2017) (http://dx.doi.org/10.1021/acs.jctc.7b00524)



../../AMS/Tasks/Molecular_Dynamics.html#moleculardynamics
../../Tutorials/MolecularDynamicsAndMonteCarlo/ChemTrayzer2.html
../../AMS/Engines.html#available-engines
../../AMS/Engines.html#engines-capabilities
../../AMS/Properties.html#pespointextraproperties
http://dx.doi.org/10.1021/acs.jctc.7b00524
http://dx.doi.org/10.1021/acs.jctc.7b00524
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1.3 The ChemTraYzer2 algorithm

The following is a summary of the steps taken by ChemTraYzer2 while post-processing a MD trajectory. All of these
steps are automatically conducted by ChemTraYzer2, so it is not necessary to understand them in detail in order to use
ChemTraYzer2. This section is simply intended to provide the interested user with more technical information about the
algorithm.

(1) Identifying all bond breaking and bond forming events in the the MD trajectory

Bond changes are fundamental to chemical reactions, and the first step of ChemTraYzer?2 is to analyze the MD trajectory
and detect all bond change events that occur. ChemTrayzer2 defines a bond change event as either of the following:

* Bond formation — this occurs when the bond order between 2 atoms crosses the BondFormationThreshold
parameter between 2 MD frames. More specifically, this means the bond order between 2 atoms must be below
the BondFormationThreshold in one frame and then above it in the subsequent frame.

* Bond breakage — this occurs when the bond order between 2 atoms decreases to below the BondBreakingTh—
reshold. It is defined analogously to bond formation.

(2) Filtering and combining all bond change events into stable reactions using the TStable criterion

Many bond change events in a MD trajectory might represent the formation of short-lived intermediates that do not need
to be explicitly included in the complete reaction. These intermediates, though perhaps important to the mechanism, do
not affect the overall reactants and products of a reaction and may introduce unwanted complexity to ChemTraYzer2
output. For this reason, the adjustable parameter TStable is used to filter out reactive intermediates which exist for an
amount of time less than TStable. An example of using TStab1le to filter reactions is provided below.

A E

\C/ \

B D—F
.

G—H
| |
| |
l l
«— TStable v —> | l
| |

time

* T °T
<«— TStable 8 — L— TStable %

L— TStable 8 —

N

v Tstable condition satisfied ' Final reactions: A+B — E+F “
®  Tstable condition not satisfied ' E+F — H

. J \. /

Fig. 1.1: An example of how ChemTraYzer?2 filters reaction events based on the TStable criterion. In this reaction
network, all species in red are determined to be short-lived intermediates and do not appear in the final reactions.

(3) Removing all reactions that have the same reactants and products

It is not uncommon for chemical equilibria to be observed in certain MD trajectories. Certain equilibria occur on a very
short time-scale, meaning a series of bond change events may be filtered out using the TSt able criterion. In these cases,
the remaining reaction can have identical molecules on both sides of the reaction, as shown below.

A(+B+.) — A(+B + ..))

These reactions are removed from the final reaction list as they have no effect on net species fluxes, rate constants, etc.

2 Chapter 1. ChemTraYzer2
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Note: Reactions that involve bond changes but result in the same molecules will also be filtered. For example, the
following proton transfer will not be included in the final reaction list: H;O+ + H,O — H,O + H30%. Options for
including these reactions will be present in the next version of CT2.

(4) Aggregating equivalent reactions

After the filtering steps are complete, all equivalent reaction events are combined into a set of unique reactions that have
occurred in the MD trajectory. More specifically, the reaction event A — B may have happened multiple times in the
trajectory, and each of these will count toward one occurrence of the A — B reaction. More detail about determining
when two reactions (or molecules) are equivalent is provided in the following section.

1.4 Distinguishing reactions with ChemTraYzer2

In ChemTraYzer2, reactions are determined to be equivalent using a very straightforward condition: two reactions (R1
and R2) are equivalent if the sets of reactant/product molecules of R1 and the sets of reactant/product molecules of
R2 are equivalent. Comparing reactions in this way requires defining the equivalence of two individual molecules, and
this is more challenging to assess. In the original ChemTraYzer, molecule equivalence is determined via a comparison
of canonical SMILES strings. Though SMILES can represent a large number of chemical structures, they fall short in
representing the complete space of chemical reactions. For this reason, ChemTraYzer2 evaluates each molecule using a
subgraph-based descriptor, which is generalizable to the complete reactive chemical space. ChemTraYzer2’s subgraph
descriptor builds local atomic environments using a breath-first search of each atom in a molecule, evaluates a unique
hash value for each atom, and finally sums these hash values to produce a unique hash value for each unique molecule.
This is summarized in the figure below.

Molecule Representation [ Subgraph Representation

Cc 0] (0] 0] Cc H

¥
Hash (atom-centered subgraph)

h; = 21854391061055709...

¥
Hash (entire molecule)
Hm, — Z hi
i€{atoms}

Fig. 1.2: The subgraph-based descriptors used to distinguish molecules in ChemTraYzer2

Note: The current version of the subgraph descriptors do not distinguish stereoisomers

1.4. Distinguishing reactions with ChemTraYzer2 3
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1.5 Using ChemTraYzer2 from the GUI

ChemTraYzer?2 is fully supported in the AMS GUI. A thorough description of using the GUI can be found in the Chem-
TraYzer2 GUI tutorial.

1.6 Tips for getting the most out of ChemTraYzer2

1.6.1 The MD simulation

* Itis important to ensure the simulation is on a time scale that is long enough to observe multiple reaction events.
Multiple occurrences of reactions improve the accuracy of calculations of kinetic parameters such as reaction rate
constants.

¢ The sampling frequency of MD trajectories should be sufficiently small to observe all important reactions. In
AMS MD simulations, this is controlled by the SamplingFreq keyword in the Trajectory block (see the
Molecular dynamics page for more details). If the sampling frequency is too large, important reaction events may
not be detected by ChemTraYzer2, which will have an effect on the quality of the reported properties. A rough
recommendation would be to set the sampling frequency to at most 10 for a time step of 0.25 fs, but the best value
for this parameter depends on the temperature of the simulation.

1.6.2 ChemTraYzer2 Settings

¢ Set the TStable parameter to an appropriate value. Typically, the default value will work for many appli-
cations. However, the user can adjust this parameter to generate output on the spectrum between many reactive
intermediates (low TStable) and a summary of only the main reactions (high TStable). Generally, it is best to
adjust TStable to a level where all important intermediates are long-lived enough to appear in the final output.
You may want to perform a few CT2 analysis using different values for TStable to see how this affects the
results.

¢ Set the BondBreakingThreshold and BondFormationThreshold parameters to appropriate val-
ues for the chemical system. The default values are suitable for most types of systems, but these threshold values
may need to be changed in certain cases (e.g., the MD engine calculates bond orders with a systematic error, bonds
in the system have partial ionic character, etc.).

¢ Set the rate confidence interval RateConfidence to adjust bounds for the reaction rate constants. CT2
assumes the number of observed reactive events are distributed according to a Poisson distribution, where the
expected value is used to calculate the reaction rate constant. The confidence interval specifies what ratio of the
event counts will fall between the lower and upper bounds, with the condition that both bounds represent an equal
number of events. Usually, a confidence interval of 95% is used, which corresponds roughly to 20 in a normal
distribution. For more details about this approach, see” 3 I,

1.7 Minimal input

This is the minimal input script for performing a chemtrayzer2 analysis of your MD trajectory:

#!/bin/sh

SAMSBIN/chemtrayzer2 << EOF
Trajectory
Path path/to/the/ams/results/folder

(continues on next page)

4 Chapter 1. ChemTraYzer2
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(continued from previous page)

End
EOF

1.8 Input options

Several input options can be specified in the chemtrayzer2 input.

The trajectory the user wants to analyze can be specified in the Trajectory block:

Trajectory
FinalFrame integer
FirstFrame integer
Path string

End

Trajectory
Type Block
Description Info regarding the trajectory to analyze.
FinalFrame
Type Integer
Default value -1
Description Last frame of the trajectory to analyze.
FirstFrame
Type Integer
Default value 1
Description First frame of the trajectory to analyze.
Path

Type String

Description The path to ams results dir of an AMS calculation. This folder must contain a ams.rkf

file.

Reaction detection options can be specified in the React ionDetect ion block:

ReactionDetection
BondBreakingThreshold float
BondFormationThreshold float
InitialBondThreshold float
TStable float

End

ReactionDetection
Type Block
Description Parameters for the the reaction detection algorithm.

BondBreakingThreshold

1.8. Input options
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Type Float
Default value 0.3

Description The bond-order threshold for bond breaking. If the bond order of a bond goes below
this value, the bond is considered broken.

BondFormationThreshold
Type Float
Default value 0.8

Description The bond-order threshold for bond formation. If the bond order between two atoms
goes above this value, then this will be considered to be a new bond.

InitialBondThreshold
Type Float

Description The bond-order threshold for determining the connectivity for the first frame of the
simulation. If not specified, the value in BondFormationThreshold will be used instead.

TStable
Type Float
Default value 10.0
Unit fs
GUI name T stable
Description The minimum time for a molecule to be considered stable.

Options for the analysis of the reactions:

Analysis
PerformAnalysis Yes/No
RateConfidence float
End

Analysis
Type Block
Description Statistical post-detection analysis, includes reaction coefficients calculation.
PerformAnalysis
Type Bool
Default value Yes
Description Determine the reaction rate coefficients and statistical errors for the detected reactions.
RateConfidence
Type Float
Default value 0.9

Description Upper and lower bounds to the rate coefficients will be calculated for this confidence
(0 < confidence < 1), assuming a Poisson distribution of the number of reactive events. A value
of 0.9 means that the kinetics of 90% of events of one reaction can be described by a coefficient
between the bounds.

Options for Output file writing:

6 Chapter 1. ChemTraYzer2
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Output
CreatelegacyOutput Yes/No
ShowReactionGraph Yes/No
WriteEventsPerTime Yes/No
WriteKF Yes/No
WriteMolPopulation Yes/No
WriteReactions Yes/No
WriteXYzFiles Yes/No

End

Output
Type Block
Description Settings for program output and output file generation.
CreatelegacyOutput
Type Bool
Default value No

Description Whether to save the reactions, species, and rates as ‘reac.reac.tab’, ‘reac.spec.tab’, and
‘reac.rate.tab’ in the same format as ChemTraYzer 1.

ShowReactionGraph
Type Bool

Default value No

Description Whether or not to show the reaction graph at the end of the calculation. Requires the
python library matplotlib to be installed.

WriteEventsPerTime
Type Bool
Default value No

Description Write two .csv files that contain the number of reactions in every
frame (reaction_events_per_time.csv) and the number of bond changes in every
frame(bond_change_events_per_time.csv)

WriteKF

Type Bool

Default value No

Description Whether to write output to KF
WriteMolPopulation

Type Bool

Default value No

Description Write two .csv files: (1) mol_statistics.csv, which contains basic population statistics
(counts, averages) for each unique species over the entire trajectory; and (2) mol_population.csv,
which provides the count of each unique species in every frame.

WriteReactions
Type Bool

Default value Yes

1.8. Input options
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Description Write two .csv files that contain information about (1) all unique reactions (reac-
tions.csv); and (2) all individual reaction events (reaction_events.csv).

WriteXYZFiles
Type Bool
Default value No

Description Write XYZ files (geometries) for detected species and XYZ movies for detected re-
actions into a subfolder named ‘xyz’.

1.9 Output

1.9.1 Summarizing reactions

ChemTraYzer2 produces 2 main output files for summarizing reactions, reaction_events.csvand reactions.
csv. These 2 files are produced with the option WriteReactions in the Output block.

reaction_events.csv

This file contains a list of all bond breaking or bond forming events. These events are complete reactions that occur for
some specific set of molecules at some specific point in the trajectory. Various important properties are included in this
file, a few of which are listed below.

e Initial frame —the MD frame at which the bond change event began
* Final frame - the MD frame at which the bond change event ended
e Reactants/Products —a SMILES-like representation of molecules involved in the reaction

e Reactants atoms indices/Products atoms indices —the atom indices of the molecules involved
in the reaction

reactions.csv

This file contains aggregate information about all unique reactions that occurred in the trajectory. A few important
properties contained in this file are listed below.

e Rate constant — the calculated value of the reaction rate constants. Note that the units for the reaction rate
depend on the reaction order.

e Number of events —the number of times this reaction occurred in the trajectory

* Reaction event indices —the indices of all reactive events that are equivalent to this reaction. The indices
correspond to indices in the reaction_events.csv file.

8 Chapter 1. ChemTraYzer2
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1.9.2 Reaction frequency

The option WriteEventsPerTime in the Output block will produce two files that detail the accumulated number
of reactions and reaction events per frame over the entire trajectory.

reaction_events_per_time.csv

¢ Frame — the MD frame
e Time — the simulation time for the frame

e Events the number of reactions that begin in the specified frame

bond_change_events_per_time.csv

¢ Frame — the MD frame
¢ Time — the simulation time for the frame

* Events the number of bond change events that occur in the specified frame

1.9.3 Molecular population analysis

The option WriteMolPopulation in the Output block will produce two files that provide summary statistics for
each unique molecule in the trajectory as well as population counts for all frames.

mol_statistics.csv

¢ Molecule hash - the hash value used to identify a molecule

e SMILES —the SMILES representation of a molecule, should one be available

* Average count — the average number of molecule over the entire trajectory

* Average conc. — the average concentration (in mol/L) of molecule over the entire trajectory

e Mann-Kendall value" —a value in the range [-1,1] that indicates whether a molecule behaves more like a
reactant (with a maximum value of -1) or a product (with a maximum value of +1). Intermediates are expected to
have values around 0.

mol_population.csv

¢ Frame — the MD frame
e Time — the simulation time for the frame

e Count the number of a particular molecule in a particular frame

1.9. Output 9
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1.9.4 Geometry output

The option WriteXYZF1iles will produce xyz files for each unique molecule and a series of xyz frames for each unique
reaction. These files are named according to the molecule and reaction indices and will be placed into a directory called
XV Z.

1.9.5 Additional output files

In addition to the main csv output files, ChemTraYzer2 generates a gml
(https://en.wikipedia.org/wiki/Graph_Modelling_Language) file (reaction_network.gml) containing the
full reaction network. At the moment, we don’t offer any built-in tool for visualizing or manipulating this file. The
savvy user might want to import and analyze the . gml file using the networkx (https://networkx.org/) python library or
visualize it with third party graph visualization tools.

1.10 References

10 Chapter 1. ChemTraYzer2
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CHAPTER
TWO

OLED DEPOSITION AND PROPERTIES

Starting with the 2022 release of the Amsterdam Modeling Suite we include a set of workflow scripts for multiscale OLED
modeling. These workflows are developed and validated in close collaboration (https://www.scm.com/news/multiscale-
oled-modeling-collaboration-with-simbeyond/) with Simbeyond to bridge the gap between ab-initio atomistic modeling
of OLED molecules with AMS, and device level kinetic Monte Carlo simulations using Simbeyond’s Bumblebee code.
Together with Simbeyond, we attempt to provide a fully integrated multiscale simulation platform for the digital screening
and prediction of successful OLED materials and devices.

display pixels stack material molecule

cm mm um nm A

The Amsterdam Modeling Suite implements the atomistic simulation part of this multiscale toolchain in the form of two
workflow scripts:

* Deposition (page 13) The first step simulates the growth of a thin film in a molecular dynamics and force-bias
Monte Carlo calculation mimicking physical vapor deposition.

* Properties (page 22) In the second step the morphology resulting from the deposition is used to obtain the distribu-
tions (and possibly spatial correlations) of molecular properties such as ionization potential, electron affinity
and exciton energies at the DFT level. Each molecule’s environment is taken into account in a polarizable
QM/MM scheme using the DRF model.

The output of the Properties (page 22) workflow is
an HDFS5 file (page 24) containing a summary of
the results for a material. This file can be opened
in AMSview for a visualization of the results, but
also directly imported into Simbeyond’s Bumblebee
code to use it in simulations at the device level.

This manual page describes the technical details and
options of the OLED workflow scripts. For a more
hands-on introduction, you may want to start with
the GUI tutorial, that will guide you through the en-
tire workflow using the hole transport material (3-
NPB as an example.

e
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See also:

Tutorial on multiscale modeling of OLED devices

Note: The OLED workflow scripts use ADF and DFTB. In addition to the Advanced Workflows and Tools license, you
will therefore also need a license for ADF and DFTB in order to use the OLED workflows.

2.1 New in AMS2023.1

The exciton energies are now calculated us-
ing the PBEO functional, and should be more
accurate.

The transfer integrals are now calculated with
DFT and should be much more accurate than
the GFN1-xTB calculated transfer integrals
in AMS2022. (The GFNI1-xTB transfer in-
tegrals were much too small.)

The OLED material database has been up-
dated and now contains the PBEO exciton en-
ergies as well as the DFT transfer integrals.
(The morphologies did not change with re-
spect to the 2022 version.)

Experimental: The deposition workflow can
now offload the calculation of forces to

LAMMPS (page 21), allowing much faster depositions if a GPU accelerated LAMMPS installation is available.

Various technical improvements to the properties workflow script:

The HDFS5 file is now created and populated with NaN values in the beginning of the workflow script.

The NaN values are overwritten with the results as they come in, allowing the file to still be used in case

the workflow is interrupted.

— An interrupted workflow can now be restarted by specifying the output HDFS5 file from the interrupted
run with the Restart keyword. Any results on the HDFS5 file will then not be recalculated.

— The SelectedMolecules keyword allows to calculate properties for just a subset of the molecules.

— Result files of finished jobs will now be removed from disk after extracting the relevant properties. This
massively reduces the disk space required to run the properties workflow script.

— Should now consume less memory on the node executing the workflow script, and be more reliable.

— Thanks to improvements in PLAMS, it is now much easier to run the workflow on multi-node allocations

under SLURM.

An issue with the automatic atom-typing in
the deposition workflow has been fixed. (In
AMS2022 nitrogen atoms would often get the
N__3 type, when they should have been N_R.)
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2.2 Deposition

The deposition workflow implements a series of mixed molecular dynamics and force-bias Monte Carlo calculations to
simulate the growth of a thin film with physical vapor deposition.

The molecule gun is used to shoot molecules at the substrate. Upon reaching the surface, the force-bias Monte Carlo
method is used to accelerate the search for favorable adsorption sites. This process is repeated until a thin film of a
user-defined thickness has grown on the substrate.

To make this process computationally more efficient, the deposition happens in so called “cycles”. At the end of each
deposition cycle, the bulk material at the bottom of the growing film is “trimmed off” and stored. Only the two top layers
(each about 10 A thick) are transferred to the next deposition cycle, where the lower of the two layers is frozen. This
ensures that the trimmed off parts of the system fit perfectly together when the system is reassembled in the end of the
simulation. By depositing in cycles we avoid simulating a lot of bulk material and are able to make the total computational
cost linear in the thickness of the deposited film.

At the end of the simulation the layer deposited by the individual cycles are stacked and a short molecular dynamics
calculation on the entire film is used to anneal it from the deposition temperature down to 300K at ambient pressure.

An entire deposition with 6 deposition cycles (and the final equilibration to room temperature) is shown in the video on
the right.

2.2.1 Basic input

The minimal input to the deposition workflow just specifies what to deposit:

#!/bin/sh
DEPOSITION_JOBNAME=myDeposition FSAL-J:';BMJ/oled—deposition << EOF
Molecule
SystemName myMol
End

System myMol
End

EOF

The Molecule block is only really used when depositing mixed molecule materials, e.g. host-guest systems. This will
be explained in a separate section (page 18) below. For a single molecule deposition there should just be one Molecule
block that references the only Sy stem block by name via the SystemName keyword, as shown in the example above.

The System block used by the OLED deposition script closely follows the System block in the input for the AMS
driver, but supports only a subset of the keywords:

System
Type Block
Recurring True
Description Specification of the chemical system. For some applications more than one system may be
present in the input. In this case, all systems except one must have a non-empty string ID specified
after the System keyword. The system without an ID is considered the main one.
Atoms

2.2. Deposition 13
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Type Non-standard block

Description The atom types and coordinates. Unit can be specified in the header. Default unit is
Angstrom.

GeometryFile
Type String

Description Read the geometry from a file (instead of from Atoms and Lattice blocks). Supported
formats: .xyz

BondOrders
Type Non-standard block

Description Defined bond orders. Each line should contain two atom indices, followed by the bond
order (1, 1.5, 2, 3 for single, aromatic, double and triple bonds) and (optionally) the cell shifts
for periodic systems. May be used by MM engines and for defining constraints. If the system is
periodic and none of the bonds have the cell shift defined then AMS will attempt to determine
them following the minimum image convention.

Just like in the AMS driver, as an alternative to the Sy stem block, you an also use the LoadSystem block to load a
system directly from a . rk £ file of a previous calculation.

The deposition workflow uses the ForceField engine for the molecular dynamics simulation of the physical vapor de-
position. In order to also support the deposition of metal containing compounds, we use the UFF force field with the
UFFAMOF-II (https://doi.org/10.1021/acs.jctc.6b00664) parametrization for the deposition. As with any calculation
with the ForceField engine you may manually provide (UFFAMOF-II) atom-types, atomic charges and bond orders in the
input file:

System
Atoms
C [...] ForceField.Type=C_R ForceField.Charge=-0.1186
N [...] ForceField.Type=N_R ForceField.Charge=-0.2563
H [...] ForceField.Type=H_ ForceField.Charge=+0.1021
[...]
End
BondOrders
12 1.0

5 1.5
6 1.5

—_ e
— e

End
End

Whatever is not specified in the input will automatically be determined: the input system is optimized with ADF using
the S12g exchange-correlation functional with a TZP basis set. At the optimized geometry, the Charge Model 5 is used
to calculate the atomic charges, while the rounded Nalewajski-Mrozek bond orders determine the topology. See the ADF
manual for details on the calculation of charges and bond orders. Finally, using the topology determined by the calculated
bond orders, the automatic UFF atom-typing that is built into the ForceField engine is used to determine the atom-types.

If you want to make sure the correct atom-types and bonds are used in your calculation, we recommend building the
system in AMSinput, where you can visually check the bond orders and atom-types to make sure they are correct. The
result can then be exported into a file as a Sy stem block via File — Export coordinates — .in. For the atomic charges
we recommend relying on the automatic calculation with ADF. (Just make sure the ForceField.Charge suffixes are
not included in the atom block. Their absence will trigger the automatic charge calculation with ADF.)

By default a box of 60 x 60 x 120 A is deposited. The first two dimensions give the surface area of the deposited layer,
while the third dimension is the thickness of the layer. The size of the deposited box can be changed using the Size
keyword in the Box block:
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Box
Size 60 60 120
End

Box
Type Block
Description Specifications of the box into which the material is deposited.
Size

Type Float List
Default value [60.0, 60.0, 120.0]
Unit Angstrom
GUI name Box size

Description Specify the desired size of the box. The final deposited box may have a different size.
The x- and y-axis are perpendicular to the direction of deposition, so these may be regarded as
the width of the growing layer. The z-axis is the direction along which the deposition happens,
so this determines the thickness of the deposited layer. Note that the x- and y-axis will be
ignored if a custom substrate is used: the are of the box is then determined by the lattice of the
substrate. The z-axis can still be freely chosen, but should be large enough that there is enough
space for the substrate itself and to deposit more molecules on top of it.

With sizes typical for molecules used in OLED devices, the default box size results in a deposition of ~500 molecules.
Note that the computational time of a deposition scales linearly with the thickness of the layer, but quadratically with the
surface area. This is because a larger area requires both the deposition of more molecules to fill the box, but also makes
each MD step more expensive as more molecules have to be simulated at the same time. When increasing the thickness
of the layer, molecules at the bottom are first frozen, and later removed from the simulation altogether, giving an overall
linear scaling.

The temperature at which the deposition is performed can be configured in the Deposition section.

Deposition
Temperature float
End

Deposition
Type Block
Description Specifies the details of how molecules are deposited.
Temperature
Type Float
Default value 600.0
Description The temperature at which the deposition happens.

Finally, there are a couple more technical options in the Deposition section, that we suggest to leave at their default
values.

Deposition
Frequency integer
TimeStep float
ConstrainHXBonds Yes/No

(continues on next page)
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(continued from previous page)

NumMolecules integer
End

Deposition
Type Block
Description Specifies the details of how molecules are deposited.
Frequency
Type Integer
Default value 10000
Description The frequency in MD steps at which new molecules will be added to the system.
TimeStep
Type Float
Default value 1.0
Unit Femtoseconds
Description The time difference per step.
ConstrainHXBonds
Type Bool
Default value Yes
GUI name Constrain H-* bonds

Description Constrain the bond length for all H-* bonds (i.e. any bond to a hydrogen atom).
Doing this allows choosing a larger time step. If this option is disabled, the TimeStep needs to
be reduced manually.

NumMolecules
Type Integer

Description The number of molecules that we will try to deposit. If not specified the number will
be determined automatically such that the box becomes approximately full.

2.2.2 Output

Running the oled-deposition workflow script creates a single directory in which you can find all results of a de-
position. By default this directory is named oled-deposition.results, but in order to avoid name clashes, that
location can be changed with the AMS_ JOBNAME environment variable. The example below will collect all results in the
directory myLayer.results:

#!/bin/sh
AMS_JOBNAME=myLayer SAMSBIN/oled-deposition << EOF

EOF

Let us go through all files and folders in the working directory in the order in which they are created.

Firstly, the working directory contains a oled-deposition. log logfile. The contents of the logfile are identical to
what you see on standard output when running the oled-deposition workflow.
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The deposition workflow starts with a couple of calculations on single molecules in vacuum. Each of them runs in a
separate folder, in which you can find the usual AMS output files (such as ams . rk f):

myMol.dft_opt/
myMol.ff_opt/
myMol.equilibrate_ff_ input_molecule/

Here myMo1l corresponds to the name of the molecule that was used in the input file. The myMol.dft_opt direc-
tory contains the results of the initial geometry optimization with ADF, which is used to determine the atomic charges
and bond orders if these were not specified in the input. The myMo1l . ff_opt directory contains the results of a sub-
sequent geometry optimization using the ForceField engine with the UFFAMOF-II forcefield. Finally in the myMol.
equilibrate_ff input_molecule directory a short MD simulation at the deposition temperature is performed
to equilibrate the molecule to the desired temperature. We suggest visualizing the trajectory of this equilibration in
AMSmovie to make sure the molecule does not undergo unexpected conformational changes that could be caused by
wrong atom-types or bonds. If the molecule behaves strangely (or falls apart) at this point, one may need to go back and
assign atom-types and bonds manually (page 14) in the input.

When depositing mixtures (page 18) you will see multiple instances of the three directories above: one for each deposited
species.

Once all the preparatory work is done, the actual deposition cycles (page 13) each write a folder and (upon completion of
the cycle) two files:

depo_cycle_1/
depo_box.1.in
depo_box.1.xyz

You can follow the progress of your deposition by opening the ams . rk f in the last depo_cycle_*/ directory. The
depo_box.*.in and depo_box. *.xyz files contain the entire morphology deposited so far: by visualizing them
in order you can watch your material grow!

Important: The files with the . in extension contain the System geometry in form of a System block. This format
contains bond orders, force field atom-types as well as atomic charges. It can be opened in AMSinput and PLAMS and
should be the preferred format when working with the OLED workflow scripts in AMS. The . xyz file is in extended
XYZ format does not contain that extra information. Always use a . in file when transferring a system from one script
to the next, e.g. when going from the OLED deposition to the OLED properties workflow (page 22).

Once all molecules have been deposited the entire box is annealed from the deposition temperature down to room tem-
perature. This creates one directory and (upon completion) a . in and . xyz file containing the annealed morphologies:

equilibrate_box/
equil_box.in
equil_box.xyz

The last step is to take the room temperature morphology and perform a geometry optimization on it. This essentially
removes all thermal vibrations and results in a geometry that is relaxed at the force field level. As you might expect, the
last step also produces a folder and (upon completion) a . in and . xyz file:

optimize_box/
morphology.in
morphology.xyz

It is up to the user to decide whether to continue to the OLED properties workflow (page 22) with the morphology from
equil_box.in (equilibrated to 300K) or morphology.in file (fully relaxed). We recommend using the fully
relaxed morphology though. We also used fully relaxed morphologies for the generation of the OLED material database
(page 31).
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2.2.3 Deposition of host-guest materials

A deposition of host-guest materials can easily be done by specifying multiple Molecule and System blocks in the
input. The following runscript generates a 95% to 5% mixture (by number of molecules) of two compounds:

#!/bin/sh
AMS_JOBNAME=host_guest S$AMSBIN/oled-deposition << EOF

Molecule
SystemName myHost
MoleFraction 0.95
End
Molecule
SystemName myGuest
MoleFraction 0.05
End

System myHost

End
System myGuest

End

EOF

Molecule
MoleFraction float
SystemName string
End

Molecule
Type Block
Recurring True
GUI name Molecules
Description Specification of the molecule to be deposited.
MoleFraction
Type Float
Default value 1.0
GUI name Molar fraction

Description The relative occurrence of the molecule with regard to other deposited species. Only
relevant for mixed molecule depositions.

SystemName
Type String
GUI name Molecule

Description String ID of a named [System] to be inserted. The lattice specified with this System,
if any, is ignored and the main system’s lattice is used instead.
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You can have an arbitrary number of Molecule blocks in your input to deposit multi-component mixtures. Obviously,
the box your are depositing must be large enough that it still contains at least a few molecules of the rarest component.

Note that multiple Molecule and System blocks can also be used to deposit different conformers of the same com-
pound. While conformational changes can in principle happen over the course of the MD simulation, it may be a good
idea to deposit a mixture of conformers directly if their geometries are very different.

2.2.4 Deposition of interfaces

By default the deposition will use a single graphene layer as a substrate. The graphene layer is removed after the first
deposition cycle (page 13) and will not be included in the output morphologies, i.e. the . in files in the working directory
(page 16). Note that the graphene layer is not present in the annealing of the entire morphology from deposition temper-
ature to 300K, which is performed at the end of the workflow. The result of this is that both the bottom and top of the
deposited thin-film by default represents an interface between the material and a vacuum.

Instead of depositing on a clean graphene sheet, the deposition workflow also supports custom substrates. This is intended
to be used for depositing a thin film of one material on top of another material and allows users to study the interface
between the two. A custom substrate is set up using the Substrate and SubstrateSystemkeys in the Box block.

Box
Substrate [Graphene | Custom]
SubstrateSystem string

End

Box

Type Block
Description Specifications of the box into which the material is deposited.
Substrate
Type Multiple Choice
Default value Graphene
Options [Graphene, Custom]
Description The substrate on which to grow the layer.
SubstrateSystem
Type String
GUI name Custom substrate

Description String ID of a named [System] to be used as a substrate. (This is only used when the
Substrate key is set to Custom.)

Here the value of the SubstrateSystem refers to a named System block in the input, representing the geometry of
the substrate. The following example shows how to deposit a molecule B on top of a substrate of molecule A:

#!/bin/sh
AMS JOBNAME=molB_on_molA $5M%EIE/oled—deposition << EOF

Molecule
SystemName molB

End

System molB

(continues on next page)
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(continued from previous page)

End

Box
Size 0 0 240
Substrate Custom
SubstrateSystem molA_substrate
End

System molA_substrate
Atoms

End
BondOrders

End
Lattice

End
End

EOF

The contents of the block System molA_substrate should be obtained by first running a deposition of molecule
A: just use the System block found in e.g. the equil_lbox. in file of that deposition as the custom substrate for
the next job. (Note that no attempt will be made to automatically determine atomic charges, bond orders, or force-field
atom types for the molecules in the substrate. Taking the System block from the results of an earlier deposition is the
easiest way ensure you are using exactly the same bonds, atom types and charges for the substrate molecules in the new
calculation.)

Warning: The custom substrate option can currently not be used to deposit thin films on top of crystalline materials.
The substrate must consist of individual molecules and be >20 A thick, so that it can be split into a frozen (lower) and
thermostatted (upper) layers.

Note that the Box%$S1ize in the x- and y-direction is ignored when using a custom substrate: the size of the custom
substrate is used instead. The thickness of the layer can be set manually when using a custom substrate, but it needs to
accommodate both the already existing substrate as well as the newly grown film on top. Assume that the thickness of the
substrate film is 120 A in the example above. By setting the the z-value of the Box%Size to 240 A, we will have space
to accommodate the substrate and then grow another layer of 120 A thickness on top of it. Note that while the default
graphene layer is removed from the morphology, a custom substrate will be included in the morphology.

2.2.5 Restarting

The OLED workflow scripts are based on the PLAMS scripting framework. As such it can rely on the PLAMS rerun
prevention to implement restarting of interrupted depositions.

The easiest way to restart a deposition is to include the ——restart (or short: —r) command line flag:

#!/bin/sh
AMS_JOBNAME=myDeposition SAMSBIN/oled-deposition —--restart << EOF

EOF
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This first (interrupted) run will have created the myDeposition. results directory. Running the above script again
will move that directory to myDeposition.results.bak and reuse all successful jobs from the first run. (People
already familiar with PLAMS will recognize that this works just like the —r flag on the PLAMS launch script.) Note that
this does not restart the previous deposition precisely at the point where it was interrupted. Instead it restarts from the
beginning of the last deposition cycle (page 13).

When running a deposition workflow on a batch system such as SLURM, you may want to consider always including the
——restart flagin your runscript. It is not a problem if there are no previous results to restart from, but in case your job
gets interrupted and automatically rescheduled, the ——restart flag will make sure that it continues (approximately)
where it stopped.

There is also the ——1oad (or short: —1) command line flag:

#!/bin/sh
AMS_JOBNAME=newDepo S$AMSBIN/oled-deposition -1 oldDepo.results << EOF

EOF

While this can be used to accomplish the same thing the ——restart flag would do, its best use is to specify a directory
of a previous deposition of the same molecules. This can save you the initial step of doing the DFT calculations in order
to determine the atomic charges and bonds. A perfect use it when you have already deposited a mixture (page 18), and
later decide to change the ratio between the compounds: by specifying the results directory of the first deposition the
initial DFT calculations can be skipped entirely. (Again, people already familiar with PLAMS will recognize that this
works just like the —1 flag on the PLAMS launch script.)

2.2.6 LAMMPS offload

The OLED deposition workflow supports offloading the calculation of the force to a local LAMMPS installation. If a
GPU accelerated LAMMPS is available, this can easily speed up the deposition by a factor of 5.

Note: Before enabling offloading, you will need to install LAMMPS and set up the environment as described in Setting
up LAMMPS.

If alocal LAMMPS installation is available, it can easily be used through the following keywords in the OLED deposition
input file.

LAMMPSOffload
Enabled Yes/No
UseGPU Yes/No
UseOpenMP Yes/No

End

LAMMPSOffload
Type Block
Description Offload the calculation to LAMMPS via AMSPipe.
Enabled
Type Bool
Default value No

Description Enable offloading the force field evaluation to LAMMPS instead of handling it inter-
nally in AMS.
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UseGPU

Type Bool
Default value No
GUI name Use GPU

Description Accelerate LAMMPS calculations using a GPU. Requires a LAMMPS library built
with the GPU package.

UseOpenMP

Type Bool
Default value No
GUI name Use OpenMP

Description Parallelize LAMMPS calculations using OpenMP threading. Requires a LAMMPS
library built with the OMP package.

2.3 Properties

The properties workflow is used to obtain distributions (and possibly spatial correlations) of molecular properties such as
ionization potential and electron affinity from the morphology. To accomplish this, it will perform DFT calculations on
all individual molecules from the morphology, taking their environment into account in QM/MM calculation.

The exact workflow (with all default settings) is as follows:

1.

For each molecule in the box, do a quick DFT calculation with LDA and a DZP basis and use the MDC-D charge
model to determine atomic charges. These charges will be used for the electrostatic part of the embedding potential
in the next step.

For each molecule in the box:

L]

Determine which other molecules to consider as the environment. By default all molecules within 15 A
(atom-atom distance) are considered.

Individually, for neutral molecule, cation, and anion:

— Optimize geometry of central QM molecule in frozen MM environment using GFN1-xTB and
UFF4MOF-II with electrostatic embedding in the Hybrid engine.

— Do a DFT single point on the optimized geometry using PBE and an all-electron TZ2P basis. The
environment is taken into account using a polarizable DRF embedding.

Calculate the (approximately) adiabatic ionization potential and electron affinity from the differences in total
energy with respect to the neutral system.

Calculate exciton energies and transition dipole moments of the molecule with TD-DFT using the PBEO
functional. This calculation is performed on the optimized geometry of the neutral molecule obtained earlier,
and the environment is again taken into account using a polarizable DRF embedding.

3. For all pairs of neighboring molecules (within 4 A atom-atom distance of each other) calculate the electron and
hole charge transfer integrals with DFT.

What is described above is the workflow with all default settings. Various aspects of this (such as the ranges) can be
tweaked from the input, see the Settings section (page 27) below.
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2.3.1 Basic input

The simplest possible input for the oled-properties workflow script is just a single Sy stem block.

#!/bin/sh

System
Atoms

End
Lattice

End
[BondOrders
End]
End

EOF

Obviously, the At oms and Lat t i ce blocks are required, while the BondOrders block is optional. If the bond orders
are present, they will be used to determine which parts of the system are connected, which ultimately determines which
sets of atoms are considered distinct molecules. If the BondOrders block is not present, the bonds will be guessed.
Since we only care about which atoms are bonded at all, and not on details such as the bond order, this should work quite
reliably.

Nevertheless, if the morphology was obtained with the AMS deposition workflow (page 13), we can use the fact that
it writes out the morphology as a . in file containing exactly the System block we need. Basically, we use the
morphology. in output file of the deposition as the input for the properties script.

#!/bin/sh
SAMSBIN/oled-deposition << EOF
see oled-deposition manual page

EOF

SAMSBIN/oled-properties < oled-deposition.results/morphology.in

This has the advantage that the bonds are guaranteed to be transferred without change between the two workflows.

By default the properties are calculated for all molecules in the morphology, but this can be limited with the Select-
edMolecules keyword:

SelectedMolecules integer_list

SelectedMolecules
Type Integer List

Description Indices of the molecules to calculate properties for. If not present, all molecules will be
used. Note that indexing starts at O.
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2.3.2 Output

Results directory

Running the oled-properties workflow script creates a single directory in which you can find all results of the
calculation. By default this directory is named oled-properties.results, but in order to avoid name clashes,
that location can be changed with the AMS_ JOBNAME environment variable. The example below will collect all results
in the directory myMaterial.results:

#!/bin/sh

AMS_JOBNAME=myMaterial SAMSBIN/oled-properties << EOF

EOF

This will create the myMaterial.results directory with the following files:

myMaterial.results/
— oled-properties.log
F—— oled-properties.rkf
L— properties.hdf5

The primary output file is the properties.hdf5 file, which we will discuss in the next section.

While the workflow is still running, you will also find subdirectories with the output of the individual DFT calculations
in the results directory. By default these subdirectories are deleted as soon as the relevant properties have been extracted.
Only the output of failed calculations is kept to aid in debugging any issues. What is kept or deleted can be configured
with the following keyword:

StoreResultFiles
Type Multiple Choice
Default value Failed
Options [None, Failed, All]

Description Whether to keep the full result files from all the individual jobs. By default the result files
from all jobs for a particular molecule will be deleted after all relevant results have been extracted
and stored on the HDFS file. Note that keeping the full results for all molecules can easily require
hundreds of gigabytes of storage space.

Data on the HDF5 file

The main output file of an OLED properties calculation is a small HDF5 file
(https://en.wikipedia.org/wiki/Hierarchical Data_Format) called properties.hdf5. It contains the results
that are usually interesting for the design of OLED materials, such as site energies, exciton energies, (transition) dipole
moments, etc. This file can be imported into Simbeyond’s Bumblebee code to use your calculated material in a device
level kinetic Monte Carlo simulation. The following groups and datasets can be found on the HDFS5 file. Note that all
arrays on the HDFS file are indexes starting from zero.

The species group contains information about the different molecular species making up the morphology. There are
two arrays in the species group whose size is equal to the number of different species (numSpecies):

species.name An array of human readable names identifying the molecular species mak-
ing up the morphology. Currently this is just the molecular formula in Hill notation
(https://en.wikipedia.org/wiki/Chemical_formula#Hill _system).
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species.smiles An array of SMILES (https://en.wikipedia.org/wiki/Simplified_molecular-input_line-
entry_system) strings for the different molecular species. May contain a dummy value in case the determination
of the SMILES string from the 3D structure fails for a species.

The molecules group contains the complete geometrical description of the morphology. It contains a number of arrays,
(almost) all of which have the total number of molecules (numMolecules) as their size:

molecules.species An array of integers containing the species a molecule in for of an index into the arrays in the
species group.

molecules.lattice (3 x 3) array containing the lattice vectors in Angstrom.

molecules.position (numMolecules x 3) array containing the center of mass positions of all molecules in
Angstrom. Note that all center of mass positions are within the parallelepiped spanned by the lattice vectors, i.e.
all fractional coordinates are in the [0,1] range.

molecules.atoms Thisis an numMolecules sized 1D array, where each element itself is an array of string,
float, float, float tuplesrepresenting symbol, x, v, z. The X, y and z coordinates are given in Angstrom.

molecules.bonds This is an numMolecules sized 1D array, where each element itself is an array of int,
int, float tuples representing atoml, atom2, bondOrder. Here atoml and atom2 are indices into the
corresponding element of the molecules.atoms array. The bondOrder is a floating point number, where
the value of 1.5 is used to represent an aromatic bond.

The site energies are contained in the energies group on the HDF? file:
energies.IP A numMolecules sized array containing the first ionization potential for each molecule in eV.
energies.EA A numMolecules sized array containing the first electron affinity for each molecule in eV.

energies.HOMO A numMolecules sized array containing the Kohn-Sham orbital energy of the highest occupied
orbital in eV. If requested via the NumAdditionalOrbitalEnergies keyword in the inpur (page 27) of the
properties workflow, more arrays of this type (HOMO-1, HOMO-2, ...) may exist and contain the orbital energies
of lower lying occupied orbitals.

energies.LUMO A numMolecules sized array containing the Kohn-Sham orbital energy of the lowest unoccupied
orbital in eV. If requested via the NumAdditionalOrbitalEnergies keyword in the input (page 27) of the
properties workflow, more arrays of this type (LUMO+1, LUMO+2, ...) may exist and contain the orbital energies
of higher lying virtual orbitals.

Similarly the exciton energies (in eV) can be found in the exciton_energies group. If the calculation of exciton
energies was disabled by setting NumExcitations to 0 in the inpur (page 27), this information is not present.

exciton_energies.S1 Energies of the first excited singlet state (S1) with respect to the ground state. Higher
singlet excitation energies may be found in more arrays of this type (S2, S3, ...) if their calculation was requested
by setting NumExcitations to a value larger 1.

exciton_energies.T1 Energies of the first excited triplet state (T1) with respect to the ground state. Higher triplet
excitation energies may be found in more arrays of this type (T2, T3, ...) if their calculation was requested by setting
NumExcitations to a value larger 1.

Static dipole moments and transition dipole moments (in Debye) can be found in their respective groups:

static_multipole_moments.dipole_moment (numMolecules X 3) array containing the dipole moment
vectors for each molecule.

transition_dipole_moments.S1_S0 (numMolecules x 3) array containing the transition dipole moment
vectors for the SO — S1 transition for each molecule. Transition dipole moments for higher singlet excitations may
be found in more arrays of this type (S2_S0, S3_5S0, ...) if their calculation was requested by setting NumEx —
citations to a value larger 1.
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If the calculation of transfer integrals is requested with the TransferIntegrals$Type key in the input (page 27),
the pairs and transfer_integrals groups will also be available on the HDFS5 file, containing the following
datasets:

pairs.indices A (numPairs x 2) array of integers containing the molecule indices for all pairs of molecules that
were considered close enough to trigger the calculation of transfer integrals between them.

transfer_integrals.electron A numPairs sized array containing the transfer integral (in eV) for electrons
between each pair.

transfer_integrals.hole A numPairs sized array containing the transfer integral (in eV) for holes between
each pair.

Accessing the HDFS5 file

The easiest way to view the data from the HDFS5 file is to open it in the GUI using the AMSview module. There you can
easily plot histograms of all the calculated properties, but also visualize the spacial distribution of the properties.

For more custom built analysis, the HDFS5 file can easily be opened from Python using the h5py (https://www.hS5py.org/)
library, which is included in the AMS Python Stack. The following code snippet shows how to calculate the mean and
standard deviation of the ionization potential:

import h5py

with hbpy.File ("properties.hdf5", "r") as f:
IPs = f['energies']["IP'][:]
print ("IP = ", IPs.mean(), "+" , IPs.std())

The above snippet is only suitable for calculations of pure compounds, as we are calculating the mean and standard
deviation over all molecules, not taking their species into account. For mixtures (page 18) calculating these properties per
species would be much more useful. This can easily be accomplished by using an appropriate mask on the IPs array for
the calculation of mean and standard deviation:

import h5py
import numpy as np

with hbpy.File ("properties.hdf5", "r") as f:

IPs = f['energies']['IP'][:]

speciesIDs = f['molecules']['species'][:]

for specID, specName in enumerate (f['species']['name']):
mask = (speciesIDs==specID) & (~np.isnan(IPs))
print (specName)
print ("IP = ", IPs[mask].mean(), "+" , IPs[mask].std())

Note how we also use the mask to exclude all NaN elements in the array from the calculation of the mean and standard
deviation. Occasional NaN values in the arrays on the HDFS5 file indicate that a property could not be calculated for a
molecule because the job for it crashed or failed in some other way. This is not a problem as long as it happens only
rarely, but the NaN values need to be excluded from the analysis.
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2.3.3 Additional settings

The OLED properties workflow script has a few options that determine what properties will be calculated and/or written
to the HDFS file (page 24) file:

NumAdditionalOrbitalEnergies integer
NumExcitations integer
TransferIntegrals
Include
Cutoff float
Metric [CoM | Atoms | Atoms_noH]
End
Exclude
Cutoff float
Metric [CoM | Atoms | Atoms_noH]
End
Type [None | Fast | Full]
End

NumAdditionalOrbitalEnergies
Type Integer
Default value 1

Description The number of additional orbital energies to write to the HDF5 file. A value of N means
to write everything up to HOMO-N and LUMO+N.

NumExcitations
Type Integer
Default value 1

Description The number of exited states to calculate. By default the S_1 and T_1 states will be calcu-
lated. The calculation of excited states is currently only supported for systems with a closed-shell
ground state.

TransferIntegrals
Type Block
Description Configures the details of the calculation of electron and hole transfer integrals.
Exclude
Type Block
Description Configures which dimers NOT to calculate transfer integrals for.
Cutoff
Type Float
Default value 4.0
Unit Angstrom
GUI name Exclude beyond

Description Exclude dimers for which the distance is larger than this threshold. Acts as a quick
pre-screening to reduce the number of dimers to calculate transfer integrals for.

Metric

Type Multiple Choice
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Default value Atoms
Options [CoM, Atoms, Atoms_noH]
Description The metric used to calculate the distance between two molecules.
* CoM: use the distance between the centers of mass of the two molecules.
» Atoms: Use the distance between the two closest atoms of two molecules.
» Atoms_noH: Use the distance between the closest non-hydrogen atoms of the two molecules.
Include
Type Block
Description Configures which dimers transfer integrals are calculated for.
Cutoff
Type Float
Default value 4.0
Unit Angstrom
GUI name Include within

Description Transfer integrals will be calculated for all molecule pairs within a cutoff distance
from each other. This distance can be measured using different metrics, see the corresponding
Metric keyword.

Metric
Type Multiple Choice
Default value Atoms
Options [CoM, Atoms, Atoms_noH]
Description The metric used to calculate the distance between two molecules.
* CoM: use the distance between the centers of mass of the two molecules.
» Atoms: Use the distance between the two closest atoms of two molecules.
» Atoms_noH: Use the distance between the closest non-hydrogen atoms of the two molecules.
Type
Type Multiple Choice
Default value Fast
Options [None, Fast, Full]
Description The method used for the calculation of the transfer integrals.

There are also a few options to tweak some aspects of the workflow. We have not properly tested their effect on the results.
When changing these options, verify your results against calculations using all default settings.

Embedding
Charges [DFTB | DFT]
Cutoff float
Metric [CoM | Atoms | Atoms_noH]
Type [None | DRF]
End

(continues on next page)
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(continued from previous page)

Relax [None

| Neutral | All]

OccupationSmearing [None | Ions | All]

Embedding

Type Block

Description Configures details of how the environment is taken into account.

Charges

Cutoff

Metric

Type

Relax

Type Multiple Choice

Default value DFT

Options [DFTB, DFT]

Description Which atomic charges to use for the DRF embedding.

e DFTB: Use the self-consistent Mulliken charges from a quick DFTB calculation with the
GFN1-xTB model.

* DFT: Use the MDC-D charges from a relatively quick DFT calculation using LDA and a DZP
basis set.

Type Float
Default value 15.0
Unit Angstrom

Description The cutoff distance determining which molecules will be considered the environment
of the central molecule. The maximum possible cutoff distance is half the length of the smallest
lattice vector. The distance can be measured using different metrics, see the Met ric keyword.

Type Multiple Choice

Default value Atoms

Options [CoM, Atoms, Atoms_noH]

Description The metric used to calculate the distance between two molecules.
¢ CoM: use the distance between the centers of mass of the two molecules.
* Atoms: Use the distance between the two closest atoms of two molecules.

» Atoms_noH: Use the distance between the closest non-hydrogen atoms of the two molecules.

Type Multiple Choice
Default value DRF
Options [None, DRF]

Description The type of embedding used to simulate the molecular environment.

Type Multiple Choice
Default value All
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Options [None, Neutral, All]

Description Which geometries to relax prior to taking the energy differences for the calculation of
ionization potential and electron affinity. The relaxation is done at the DFTB level using the GFN1-
xTB model Hamiltonian with electrostatic embedding in a UFF environment.

* None: Use the geometries directly from the input.

* Neutral: Relax the uncharged molecule and use its optimized geometry for the neutral as well as
the ionic systems. This gives (approximately) the vertial ionization potential and electron affinity.

¢ All: Individually relax the neutral systems and the ions before calculating the total energies. This
gives (approximately) the adiabatic ionization potential and electron affinity.

OccupationSmearing
Type Multiple Choice
Default value Ions
Options [None, Ions, All]

Description Determines for which systems the electron smearing feature in ADF will be used. If
enabled, the molecular orbital occupations will be smeared out with a 300K Fermi-Dirac distri-
bution. This makes SCF convergence easier, as the occupation of energetically close orbitals does
not jump when their energetic order flips. See the ADF manual for details. It is recommended to
keep this option enabled for the ionic systems, which are more likely to suffer from difficult SCF
convergence.

2.3.4 Parallelization

The OLED properties workflow consists of independent chains of calculations for the individual molecules, and therefore
scales very well when running on parallel machines. The OLED properties workflow is computationally very expensive.
While could theoretically run it on your local machine, you will need HPC facilities to do these calculations within any
reasonable time frame.

Luckily, running the OLED workflow via a batch system has become much easier in the 2023 version, thanks to improve-
ments in the underlying PLAMS library. Basically the . run script for the oled-properties workflow script can
just be submitted to the batch system like any other AMS job.

Note: Multi-node OLED properties jobs are currently only supported for SLURM based clusters. For other batch
systems, you will be limited to running the jobs on a single node.

The workflow script will then internally take care of scheduling the individual jobs within the allocation that was made for
it. All available CPUs are divided into groups, and each group of codes works together on one molecule before moving
on to the next. By default 8 CPUs work together, so the oled-properties script submitted to a 128 core cluster
allocation, would internally do calculations for 16 molecules at the same time, each one using 8 cores. The size of the
groups can be configured with the CoresPerJob keyword:

CoresPerJob integer

CoresPerJob
Type Integer
Default value 8

Description The number of CPU cores used for each job in the workflow. Combined with the total
number of cores used (set by the NSCM environment variable or the —n command line argument),
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this indirectly determines the number of simultaneously running jobs. The default value should
usually be a good choice. When changing this value, make sure you are using all allocated cores by
setting a value that divides the total number of cores, as well as the number of cores on each node.

2.3.5 Restarting

Results are continuously written to the HDFS5 file as they are calculated. If a job is interrupted, it will therefore leave an
incomplete HDFS5 file on disk, which can be use to restart the workflow by passing it to the Restart keyword:

Restart string

Restart
Type String

Description The HDFS file from a previous calculation on the same morphology. Data already calcu-
lated on the restart file will just be copied over and not be recalculated.

Calculations are then only done for molecules (and dimers) for which not all results have been found on the restart HDF5
file.

This can be combined with the ——1oad (or short: —1) flag, which uses the PLAMS rerun prevention and may prevent
rerunning jobs for which the full result files are still available in the results directory of the failed job.

SAMSBIN/oled-properties -1 "failed.results" << EOF
Restart failed.results/properties.hdf5

System

End'.

EOF

2.4 Material database

The OLED workflows come with a set of precalculated results for standard materials. These are just the results you would
get if you ran both the deposition and properties workflow with all default settings on these materials. This data can be
used as a reference to judge the performance of the workflows before running them on your own compounds.

Due to its size, the OLED material database is not included with AMS, but can easily be installed via AMSpackages. Once
the material database is installed, you can click either the folder icon next to it in AMSpackages, or the Open button on
the input panel for the deposition workflow in AMSinput to open it in your file browser. Data for each material is stored
in a separate directory, e.g.:

beta-NPB/

— beta-NPB.in

— morphology.in
— properties.hdf5
L— properties.pdf

Here beta—-NPB. in contains the 3D structure of the deposited molecule. (It is basically the input to the deposition
workflow, as all other settings were left at their default values.) Note that all molecules from the OLED material database
can also be found in AMSinput through the search box at the top right. The result of the deposition is stored as the
morphology. in file, which can be opened in AMSinput and directly be used as input for the properties workflow.
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The resulting properties are stored in the properties.hdf5 file, see HDFS5 file (page 24) above for details. A quick
overview of the properties (e.g. the histograms) can be viewed by opening the properties.pdf file in a document

viewer.

As of the 2023.1 release, the OLED material database contains data for the following pure materials, as well as a number
of host-guest systems:

2.4.1 Pure materials

Com- PubChem CID calc. IP+o |calc. EAto
pound [eV]' [eV]
BCP 65149 (https://pubchem.ncbi.nlm.nih.gov/compound/65149) 6.63 £0.20 1.37£0.18
CBP 11248716 (https://pubchem.ncbi.nlm.nih.gov/compound/11248716) | 6.06 £ 0.11 1.43+0.12
mCBP 23386664 (https://pubchem.ncbi.nlm.nih.gov/compound/23386664) | 6.16 + 0.099 1.34 £ 0.13
mCP 22020377 (https://pubchem.ncbi.nlm.nih.gov/compound/22020377) | 6.24 = 0.089 1.14 £0.090
mer-Alq3 16683111 (https://pubchem.ncbi.nlm.nih.gov/compound/16683111) | 5.82 £ 0.29 1.86 £0.29
fac-Alq3 16683111 (https://pubchem.ncbi.nlm.nih.gov/compound/16683111) | 5.88 +£0.33 1.85+£0.32
fac-Irppy3 | 59117881 (https://pubchem.ncbi.nlm.nih.gov/compound/59117881) | 5.78 + 0.25 1.54 £0.25
mer- 59117881 (https://pubchem.ncbi.nlm.nih.gov/compound/59117881) | 5.48 +0.17 1.56 £0.18
Irppy3
a-MADN | 53403806 (https://pubchem.ncbi.nlm.nih.gov/compound/53403806) | 6.06 + 0.081 1.66 £ 0.082
B-MADN | 53403806 (https://pubchem.ncbi.nlm.nih.gov/compound/53403806) | 5.99 £+ 0.082 1.70 £ 0.083
(isomer)
o-NPB 5069127 (https://pubchem.ncbi.nlm.nih.gov/compound/5069127) 5.43 +£0.090 1.55 £ 0.083
o-NPB- 5069127  (https://pubchem.ncbi.nlm.nih.gov/compound/5069127) | 5.53 + 0.081 1.54 + 0.084
2Me (+ 2 methyl groups)
p-NPB 21881245 (https://pubchem.ncbi.nlm.nih.gov/compound/21881245) | 5.42 £0.073 1.51 £0.072
-NPB- 21881245 (https://pubchem.ncbi.nlm.nih.gov/compound/21881245) | 5.50 £ 0.078 1.47£0.074
2Me (+ 2 methyl groups)
2-TNATA | 16184079 (https://pubchem.ncbi.nlm.nih.gov/compound/16184079) | 5.02 + 0.088 1.63 £ 0.068
MTDATA | 11061735 (https://pubchem.ncbi.nlm.nih.gov/compound/11061735) | 4.98 £ 0.089 1.11 £0.078
NBPhen 53403424 (https://pubchem.ncbi.nlm.nih.gov/compound/53403424) | 6.07 £0.17 1.84 £0.16
Spiro- 16134428 (https://pubchem.ncbi.nlm.nih.gov/compound/16134428) | 5.23 + 0.060 1.38 £0.081
TAD
T2T /| 59336459 (https://pubchem.ncbi.nlm.nih.gov/compound/59336459) | 6.63 + 0.079 1.80 £0.076
TMBT?
T2T /| 59336459 (https://pubchem.ncbi.nlm.nih.gov/compound/59336459) | 6.63 £ 0.082 1.80 £ 0.074
TMBT
TAPC 94071 (https://pubchem.ncbi.nlm.nih.gov/compound/94071) 5.25+0.058 | 0.784 £0.069
TBRb 23576810 (https://pubchem.ncbi.nlm.nih.gov/compound/23576810) | 5.33 +0.060 1.98 £0.062
TCTA 9962045 (https://pubchem.ncbi.nlm.nih.gov/compound/9962045) 5.66 + 0.098 1.49 + 0.090
TPBi 21932919 (https://pubchem.ncbi.nlm.nih.gov/compound/21932919) | 6.41 £0.19 1.58 £0.20

! For the calculation of the mean and standard deviation of IP and EA, data points with a modified Z score > 16 were discarded as outliers. This
only affects a few systems that had isolated outliers, e.g. due to SCF convergence problems.
2 T2T and TMBT are actually just two different names for the same compound. We did not realize this until after running the calculations. Both
sets of results are included in the database.
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2.4.2 Host-guest systems

Component | PubChem CID calc. IP+to|calc. EAto
[eV] [eV]

95% CBP 11248716 (https://pubchem.ncbi.nlm.nih.gov/compound/1124874.6p + 0.12 1.44+0.13

5% fac- | 59117881 (https://pubchem.ncbi.nlm.nih.gov/compound/59117889) + 0.12 1.59£0.12

Irppy3

Compo- PubChem CID calc. IPto|calc.c EAt o

nent [eV] [eV]

95% CBP 11248716 (https://pubchem.ncbi.nlm.nih.gov/compound/1 12487 1605 + 0.095 143 +£0.11

5% PtOEP | 636283 (https://pubchem.ncbi.nlm.nih.gov/compound/636283)| 6.06 £ 0.095 1.86 £0.12

Component | PubChem CID calc. IPto | calc. EAto
[eV] [eV]

93.05% 23386664 (https://pubchem.ncbi.nlm.nih.gov/compound/23386664)| 6.14 +0.11 1.34£0.13

mCBP

6.3% 102198498 (https://pubchem.ncbi.nlm.nih.gov/compound/102198498%.95 + 0.13 24610.13

4CzIPN- (+ 8 methyl groups)

Me

0.65% TBRb | 23576810 (https://pubchem.ncbi.nlm.nih.gov/compound/23576810)| 5.39 +£0.098 | 2.04 = 0.090
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CHAPTER
THREE

REACTIONS DISCOVERY

3.1 General

Reactions Discovery is a three-step workflow to find possible (side) reactions from constituent molecules:
1. Reactive molecular dynamics (page 42) based on the NanoReactor (page 43) or Lattice Deformation (page 45)
2. Network Extraction (page 50) using ChemTraYzer2 (page 1) and geometry optimizations
3. Product Ranking (page 53)
To run Reactions Discovery in AMS2024, you need a license for Advanced Workflows and Tools.
See also:
e Quickstart guide with example input file (page 39)
* Reactions Discovery graphical user interface tutorial
* Reactions Discovery in Python (PLAMS) (page 62)
* Frequently Asked Questions (page 65)

3.1.1 What’s new in AMS2024?

The Reactions Discovery workflow is new in AMS2024.
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3.2 Overview of workflow

NanoReactor Lattice Restart

Deformation Continue previous MD
: simulations
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MD trajectories from
previous step

Custom set of MD
trajectories

3.2. Overview of workflow
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Reaction network
from previous step

Temperature
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3.3 Quickstart guide with example input file

A short example illustrating how to run the complete workflow, and how to restart from previous calculations.

#!/bin/sh

# Reactions discovery example for a mixutre of CH3CHZ and OH radicals
# The mixture should form ethanol CH3CH20H and hydrogen peroxide HOOH
# and possibly more products.

rm —-rf complete_nanoreactor.results

AMS_JOBNAME=complete_nanoreactor S$SAMSBIN/reactions_discovery << eor
MolecularDynamics
Enabled Yes
NumSimulations 4
BuildSystem
NumAtoms 50
Density 0.9
Molecule
SMILES C[CH2] # a CH3CH2 radical
MoleFraction 1
End
Molecule
SMILES [OH] # an OH radical
MoleFraction 3
End
End
Type NanoReactor
NanoReactor
NumCycles 5
Temperature 500
MinVolumeFraction 0.6
End
BondOrders Method=Guess
End

NetworkExtraction Enabled=Yes UseCharges=Yes
ProductRanking Enabled=Yes

Engine ReaxFF
ForceField CHON-2019.ff
TaperBO Yes
EndEngine
eor

#Test 1f ethanol is found:

echo ETHANOL: ‘grep -c " CCO " complete_nanoreactor.results/reactions_discovery.log’
#Test 1f hydrogen peroxide is found:

echo HYDROGEN PEROXIDE: ‘grep -c " 00 " complete_nanoreactor.results/reactions_
—discovery.log’

# Use the MD trajectories from the previous job

rm —-rf restart_extraction.results

AMS_JOBNAME=restart_extraction $AMSBIN/reactions_discovery << eor
MolecularDynamics Enabled=No
NetworkExtraction Enabled=Yes MDTrajectories=complete_nanoreactor.results

(continues on next page)

3.3. Quickstart guide with example input file 39




Workflows Manual, Amsterdam Modeling Suite 2024.1

(continued from previous page)

ProductRanking Enabled=Yes
Engine ReaxFF
ForceField CHON-2019.ff
TaperBO Yes
EndEngine
eor

#Test 1if ethanol is found:

echo ETHANOL: ‘grep —-c " CCO " restart_extraction.results/reactions_discovery.log’
#Test 1f hydrogen peroxide is found:

echo HYDROGEN PEROXIDE: ‘grep —-c " 0O " restart_extraction.results/reactions_
—discovery.log’

# Use the previous NetworkExtraction results to restart the ranking
rm -rf restart_ranking.results
AMS_JOBNAME=restart_ranking S$SAMSBIN/reactions_discovery << eor
MolecularDynamics Enabled=No
NetworkExtraction Enabled=No
ProductRanking Enabled=Yes ReactionNetwork=restart_extraction.results
eor

#Test if ethanol is found:

echo ETHANOL: ‘grep —-c " CCO " restart_ranking.results/reactions_discovery.log’
#Test 1f hydrogen peroxide is found:

echo HYDROGEN PEROXIDE: "grep -c " OO " restart_ranking.results/reactions_discovery.
—log’

# Demonstrate LatticeDeformation
rm —-rf complete_lattice_deformation.results

AMS_JOBNAME=complete_lattice_deformation $SAMSBIN/reactions_discovery << eor
MolecularDynamics
Enabled Yes
NumSimulations 2
BuildSystem
NumAtoms 50
Density 0.4
Molecule
SMILES C[CH2] # a CH3CH2 radical
MoleFraction 1

End

Molecule
SMILES [OH] # an OH radical
MoleFraction 3

End

End

Type LatticeDeformation

LatticeDeformation
NumCycles 3
Temperature 500
MinVolumeFraction 0.2
Period 200

End

BondOrders Method=Guess

End

NetworkExtraction Enabled=Yes UseCharges=No

(continues on next page)
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(continued from previous page)

ProductRanking Enabled=Yes

Engine ReaxFF
ForceField CHON-2019.ff
TaperBO Yes
EndEngine
eor

#Test if ethanol is found:

echo ETHANOL: "grep -c " CCO " complete_lattice_deformation.results/reactions_
—discovery.log’

#Test 1if hydrogen peroxide is found:

echo HYDROGEN PEROXIDE: "grep -c " OO " complete_lattice_deformation.results/
—reactions_discovery.log’

3.4 Command to execute, parallelization

Normally you would run:

"SAMSBIN/reactions_discovery" < input_file.in > output_file.out

This will run in parallell and use as many cores as are available on the system or allocation.

You can also explicitly set the number of cores with the —n flag. For example, to run the reactions_discovery
program in serial, you would run:

"SAMSBIN/reactions_discovery" -n 1 < input_file.in > output_file.out

Or you could also run Reactions Discovery in Python (PLAMS) (page 62).

3.5 Engine settings

For Molecular dynamics (page 42) and Network Extraction (page 50) specify the AMS engine:

Tip: Reactions Discovery requires a computationally efficient engine. We recommend to use
e ReaxFF,
e DFTB, or
e ML Potential

Engine
Type Block

Description The input for the computational engine for the MolecularDynamics and NetworkExtrac-
tion tasks. The header of the block determines the type of the engine.
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3.6 Molecular dynamics

To enable the molecular dynamics, set MolecularDynamics%Enabled to Yes. If it is set to No, you can still load
previously run MD simulations and continue with the Network Extraction (page 50) and Product Ranking (page 53) parts.

The reactions discovery tool implements special non-equilibrium MD methods to promote chemical reactions, namely the
Nanoreactor (page 43) and Lattice deformation (page 45). The type is controlled by MolecularDynamics$Type.

The number of simulations to run is controlled by MolecularDynamics$NumSimulations. To get enough statis-
tics, it is recommended to run several MD simulations. The results will be gathered into a single summary in the Network
Extraction (page 50) and Product Ranking (page 53) parts.

To replace all hydrogens with deuterium set MolecularDynamics%$UseDeuterium Yes. If you prefer,
you can use a bond guessing algorithm instead of the engine-calculated bonds by setting MolecularDynam—
ics%BondOrders%Method to Guess.

See also:

Bond orders & Molecule detection

MolecularDynamics
Enabled Yes/No
Type [NanoReactor | LatticeDeformation | Restart]
NumSimulations integer
UseDeuterium Yes/No
TimeStep float
BondOrders
Method [Guess | EngineWithGuessFallback]
End
End

MolecularDynamics
Type Block
Description Settings for reactive molecular dynamics.
Enabled
Type Bool
Default value Yes
GUI name Reactive Molecular Dynamics

Description Whether to run molecular dynamics.

Type
Type Multiple Choice
Default value NanoReactor
Options [NanoReactor, LatticeDeformation, Restart]
Description The type of molecular dynamics.
NumSimulations

Type Integer
Default value 4

GUI name Number of simulations
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Description Total number of MD simulations to run.
UseDeuterium

Type Bool

Default value No

Description If true, all hydrogen atoms will be replaced by deuterium during the MD. This helps
to slow down the motion of the hydrogen atoms. This options does *not* affect the density you
should insert in BuildSystem%Density. However, it *does* affect the density on the resulting
MD trajectory file.

TimeStep

Type Float

Default value 0.5

Unit fs

Description Molecular dynamics time step.
BondOrders

Type Block

Description Details regarding the calculation/guessing of bond orders during Molecular Dynamics.
The bond changes during the MD are later analyzed in the Network Extraction step.

Method
Type Multiple Choice
Default value EngineWithGuessFallback
Options [Guess, EngineWithGuessFallback]
Description How to compute the bond orders.

‘Guess™: Use a bond guessing algorithm based on the system’s geometry. This is the same
algorithm that is used by the Graphical User Interface to guess bonds.

‘Engine WithGuessFallback’: let the engine compute the bond orders but if the engine did not
produce any bond orders, use the bond guessing algorithm as a fallback opion.

3.6.1 Nanoreactor

To enable the nanoreactor mode, set MolecularDynamics%Type to NanoReactor.

The nanoreactor is run without periodic boundary conditions. Details can be found in the Nanoreactor AMS Driver
documentation.

The following 4 phases are looped throughout the simulation:

phase volume fraction time (fs) thermostat T | force constant
(K) (Ha/bohr”2)

pre_compression | 1.05 25 250 0.0005

compression MinVolumeFrac— 25 250 0.01

tion
post_compression| 1.05 100 250 0.0005
diffusion 1.05 Diffusion- Temperature | 0.0004
Time
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The radius of the nanoreactor for each individual phase is calculated as:
* Tnanoreacior (DT phase) = volume fraction'® * InitialRadius
InitialRadius is automatically determined, but can also be explicitly specified in the input.

If you want to customize any numbers other than MinVolumeFraction, DiffusionTime, and Temperature,
or if you want to change the number of phases, you can

* set up your own NanoReactor simulations outside the Reactions Discovery tool, and then
* specify the path to the results using NetworkExtraction (page 51).

All nanoreactor-specific input options:

MolecularDynamics
NanoReactor
DiffusionTime float
InitialRadius float
MinVolumeFraction float
NumCycles integer
Temperature float
End
End

MolecularDynamics
Type Block
Description Settings for reactive molecular dynamics.
NanoReactor
Type Block
Description Option for the reactive molecular dynamics.
DiffusionTime
Type Float
Default value 250.0
Unit fs
Description The length of the diffusion phase in femtoseconds.
InitialRadius
Type Float
Unit angstrom

Description The radius of the initial (spherical) system. If BuildSystem is used, the value
is ignored (then the value is automatically determined). If BuildSystem is not used, then
a guess for the InitialRadius will be made if it is not specified.

MinVolumeFraction
Type Float
Default value 0.6
GUI name Minimum volume fraction

Description The minimum (compressed) volume of the system, as a fraction of the initial
(maximum) system volume.
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NumCycles

Type Integer

Default value 10

GUI name Number of cycles

Description How many compression-expansion cycles to perform.
Temperature

Type Float

Default value 500.0

Unit K

Description Temperature during the diffusion phase. The temperature during the compression
phase will be much higher as a result of the inward acceleration.

3.6.2 Lattice deformation

To enable the lattice deformation mode, set MolecularDynamics%Type to LatticeDeformation.

Lattice deformation requires that the system is 3D-periodic. For more details, see the Lattice deformations (volume
regimes) AMS Driver documentation.

The volume oscillates for NumCycles cycles with a period of Period fs between
* Vinitial, and
* Veompressed = Vinitial* MinVolumeFraction.

All lattice deformation input options:

MolecularDynamics
LatticeDeformation
MinVolumeFraction float
NumCycles integer
Period float
Temperature float
End
End

MolecularDynamics
Type Block
Description Settings for reactive molecular dynamics.
LatticeDeformation
Type Block
Description Option for the reactive molecular dynamics.
MinVolumeFraction
Type Float
Default value 0.3

GUI name Minimum volume fraction
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Description The minimum (compressed) volume of the system, as a fraction of the initial
(maximum) system volume.

NumCycles

Type Integer

Default value 10

GUI name Number of cycles

Description How many compression-expansion cycles to perform.
Period

Type Float

Default value 100.0

Unit fs

Description The period with which the lattice will oscillate in femtoseconds.
Temperature

Type Float

Default value 500.0

Unit K

Description Thermostat temperature during the MD simulation.

3.6.3 Build the initial system

Note: This section describes a convenient way to build the system directly from the input.

You can also build the initial system in any way you like. Then set MolecularDynam-—
ics%BuildSystem%Enabled to False and give the coordinates/lattice or coordinate file in the System
block.

BuildSystem will build a

« sphere centered at the origin if MolecularDynamics%Type is NanoReactor - the radius of the sphere
will automatically be passed on to the NanoReactor settings.

¢ cubic box if MolecularDynamics%Type is LatticeDeformation.

The initial system is specified through a series of Molecule blocks. Each Molecule block contains either a SMILES
string or a reference to a Sy stem block, as well as the mole fraction of that particular molecule.

The initial density and the system size are specified with the Density and NumAtoms keywords:

You can choose to run a short equilibration simulation by setting Equilibration. This can be useful if the packmol-
generated structure is unrealistic.

MolecularDynamics
BuildSystem
Density float
Enabled Yes/No
Equilibration Yes/No
Molecule

(continues on next page)
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(continued from previous page)

MoleFraction float
SMILES string
SystemID string
End
NumAtoms integer
End
End

MolecularDynamics
Type Block
Description Settings for reactive molecular dynamics.
BuildSystem
Type Block

Description Build the initial system for molecular dynamics with packmol. If MolecularDy—
namics$Type is set to Restart, then BuildSystem is ignored.

Density
Type Float
Default value 1.0
Unit g/cm”3

Description The initial density of the system. This should be the lowest density (corresponding
to the largest volume) that you want the system to have. The standard atomic masses are used
when building the system.

Enabled
Type Bool
Default value Yes
GUI name Build System

Description If True, build the initial system using packmol. If False, a System block must be
provided with the initial system.

Equilibration
Type Bool
Default value No

Description Whether to run a short 250 fs equilibration simulation on the packmol-built struc-
ture.

Molecule
Type Block
Recurring True
Description A molecule to put in the MD simulation.
MoleFraction
Type Float
Default value 1.0
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GUI name Relative mole fraction

Description Mole fraction of the molecule (the mole fractions of the various molecules will
be normalized, so only the relative MoleFraction values matter)

SMILES

Type String

Description The SMILES string of the molecules.
SystemID

Type String

Description The ID of the corresponding System (i.e. the header of the corresponding System
block).

NumAtoms
Type Integer
Default value 200
GUI name Number of atoms

Description Approximate total number of atoms in each MD simulation.

3.6.4 Fixed MD settings

The reactions discovery tool automatically sets the following for all MD simulations:
* Short-range repulsive potential,
» Frames are saved every 10 fs. To save disk space, velocities are not saved.
¢ MD checkpoints are saved every 1000 MD steps (allowing to Restart)
* A Berendsen thermostat with a very short time constant and BerendsenApply = Local.

For a complete view of all the MD input, open the mdsim_0/mdsim_0. in file created by the Reactions Discovery
tool.

See also:

Molecular dynamics in the AMS Driver documentation

3.6.5 Molecular dynamics restart

Set MolecularDynamics Type=Restart in order to
* continue interrupted MD simulations (for example if they exceeded the walltime limit), or

* add extra steps to already finished MD simulations

MolecularDynamics
Restart
Directory string
NSteps integer
End
End

MolecularDynamics
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Type Block
Description Settings for reactive molecular dynamics.
Restart
Type Block
Description Settings for restarting MD simulations.
Directory
Type String
GUI name Restart directory

Description Directory containing a previous Reactions Discovery calculation with MD simu-
lations that were not finished. Note: This directory will be scanned recursively for ams.rkf
files!

NSteps
Type Integer
GUI name Number of steps

Description Number of MD steps. If left empty, the number of MD steps from the original
MD trajectory will be used. Note that you need to manually increase this number if you want
to continue finished simulations.

Example: restart MD simulations after they exceeded walltime limit

Input:

MolecularDynamics
Enabled Yes
Type Restart
Restart
Directory /some/path
End
End
Engine

EndEngine

If /some/path contains the following files:

/some/path/dirl/ams.rkf
/some/path/dir2/subdir/ams.rkf

where those ams . rk £ files come from MD simulations, then if

¢ ams.rkf contains an unfinished simulation (e.g. because the job exceeded the walltime limit), it will be restarted
from where it finished, but if

¢ ams.rkf contains a finished simulation, then the trajectory will simply be copied

Note:

e The rest of the MolecularDynamics reactions discovery input block is ignored, meaning that it doesn’t matter
if you specify LatticeDeformation or NanoReactor or their respective settings. The MD settings from
the ams . rk £ file will be used.
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e The Engine block from the reactions discovery input block is used.

* If you restart from a previous reactions discovery results directory (which you likely do), then it may contain
several directories mdsim_0, mdsim_1, etc., or you may have called them something else if you set up the MD
simulations manually. The numbering may change in the restart run, so that the new mds im_1 actually continues
the trajectory from the original mdsim_0O.

Example: Continue MD simulations for more steps

MolecularDynamics
Enabled Yes
Type Restart
Restart
Directory /some/path
NSteps 20000
End
End
Engine

EndEngine

The above will continue all MD simulations until 20000 steps. If the original simulation ran for 5000 steps, then the new
simulation will continue for another 15000 steps.

3.7 Network Extraction

In this second step of the workflow a reaction network is extracted, and the individual molecules are optimized.

3.7.1 Initial Network from ChemTrayzer2

To extract the reaction network, ChemTraYzer2 (page 1) is used. By default, only the trajectories from simulations that
terminated normally are used for network extraction. The reaction network is fully stored in the ams . rk £ file, as well
is in the file reaction_network.gml, which can be directly read into the networkx (https://www.networkx.org)
python module. Reaction network information is also printed to output, and the details of the latter can be set in the input
block NetworkExtraction%Print. In the output, the molecules are listed in order of their net flux; The difference
between the number of instances at the end of the simulation and the number of instences at the start of the simulations.
At this first approximation, products with the highest positive net flux are considered to be the most stable.

3.7.2 Geometry Optimization

For all unique molecules, an attempt is made to find the optimized geometry for that molecule. For each molecule the
coordinates are extracted either from the molecular dynamics runs (reported with source file, frame and atom ids) or
constructed from the SMILES string using from_smiles. Finally, a geometry optimization is performed and each
molecule is assigned the total energy corresponding to the optimized geometry. If the geometry optimization fails, or if
our bond guessing algorithm predicts a different connectivity after optimization, the energy of the unoptimized coordinates
is used instead. If desired, the geometry optimizations can be performed with a different engine, e.g. using an implicit
solvent, if this better approximates the target experimental reaction conditions. To do this, first perform a run with
molecular dynamics only and then perform a restart with molecular dynamics disabled and the engine of choice defined
in the input.
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3.7.3 Molecular Charge Assignment

In order to correctly perform geometry optimizations, the charge of each molecule needs to be determined beforehand.
The charges are obtained by collecting the atomic charges from the output of the molecular dynamics simulations, aver-
aging the resulting molecular charges over the relevant frames, and rounding to integer values. Every molecule will be
connected to at most 2 reactions; The reaction that creates it, and the reaction that destroys it. A check is performed, to
see if all the reaction charges are balanced. If this is not the case, then the corresponding molecular charges are adjusted
to ensure charge balance through-out. The charge adjustments are restricted in that the change Ag per molecule may
not exceed 1.0e. If unbalanced reactions still remain after the charge adjustments, then an ionization reaction is added,
connecting two versions of the molecule, each with a different charge.

3.7.4 Manual specification of MD trajectories
You can run the network extraction on any MD trajectories, even if they were not calculated by the Reactions Discovery
tool.
If
* MolecularDynamics%$Enabled is True, then those MD trajectories will be used for the network extraction,

* MolecularDynamics%Enabled is False, then you can specify a directory with ams.rkf files to analyze with
NetworkExtraction$MDTrajectories

Example:

MolecularDynamics Enabled=No
NetworkExtraction Enabled=Yes MDTrajectories=/some/path

Unfinished simulations are only used if NetworkExtraction$ExtractFromFailedMDJobs is enabled.

NetworkExtraction
Enabled Yes/No
ExtractFromFailedMDJobs Yes/No
MDTrajectories string
Print
FilterFluctuations Yes/No
MaxReactionOrder integer
MinReactionsThreshold integer
SkipRareReactions Yes/No
End
UseCharges Yes/No
End

NetworkExtraction
Type Block
Description Options for extracting the reactive network from MD trajectories
Enabled

Type Bool
Default value Yes
GUI name NetworkExtraction
Description Whether to perform network extraction.

ExtractFromFailedMDJobs
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Type Bool
Default value No
GUI name Extract from failed MD jobs

Description Whether to extract from failed/crashed MD jobs (by default, only successful jobs are
used)

MDTrajectories
Type String
GUI name MD Trajectories

Description If MolecularDynamics%Enabled is False, this directory will be recursively scanned
for ams.rkf files containing MD trajectories. All found trajectories will be used for the anal-
ysis. It should typically be a Reactions Discovery results directory containing finished MD
simulations.

Print
Type Block
Description Printing details
FilterFluctuations
Type Bool
Default value Yes
Description If true, do not print molecules that are only part of recrossing reactions.
MaxReactionOrder
Type Integer
Default value 4
Description If the reaction order is larger than this value, the reaction will not be printed.
MinReactionsThreshold
Type Integer
Default value 3

Description If a molecule is involved in fewer reaction than this value, skip printing the results
corresponding to it. To print all molecules, set this value to 0.

SkipRareReactions
Type Bool
Default value Yes

Description If true,reduce the output by filtering out rare reactions. If false, always print all
reactions.

UseCharges
Type Bool
Default value Yes

Description Use engine-calculated charges if they exist on the MD trajectory files for the Net-
workExtraction
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3.8 Product Ranking

Ranking the molecules based on the net flux over the molecular dynamics simulations is only as reliable as the simulations
themselves. All reactive simulations use some kind of scheme to induce reactivity, and this means that reaction conditions
like temperature and pressure will most likely be higher than the conditions in the target system. Letting a reaction under
our extreme simulation conditions continue too long will most likely result in the degradation of viable products, combined
with the formation of final products that would never be formed at the milder experimental conditions. To correct for
the extreme conditions of the molecular dynamics simulations we assign stabilities to the molecules based on the reaction
network.

Both a value for kinetic stability (cost) and thermodynamic stability are assigned, and ultimately the molecules are orderd
based in the first place on cost, and in the second place on (thermodynamic) stability. The ranked stable products are
saved in the files products. sdf and products.rkf.

3.8.1 Reaction Energies

As the first step in this procedure, we assign reaction energies to all reaction nodes in the network, based on the energies
of the optimized molecules. These reaction energy values have the advantage that they are independent of the simulation
conditions.

3.8.2 Product Cost

We perform a network search to assign a relative cost value to each molecule in the network. The cost ¢ of the reactants
is set to one. The cost ¢, of any product/intermediate molecule p is then assigned in a breadth first search through the
network.

Cp=,.Cr+ (1 + eER/ka)

Here R is the reaction that has molecule p as product, and results in the lowest possible cost ¢,,. The molecules r are the
reactants involved in reaction R. The value E' is the reaction energy of reaction R. T is the ranking temperature, which
is set to 300K by default. Selecting a higher temperature brings the contributions of different reactions closer together,
resulting in relatively lower costs for molecules that are formed via reactions with high reaction energies.

3.8.3 Product Stability

In a similar manner, a thermodynamic relative product stability is assigned, with the stability of the initial reactants set to
zero.

sp=y.,.5+FEr

Again, R is the reaction that has p as product and results in the lowest value of the cost c,,.

3.8.4 Reaction Balance

Separate from the reaction network procedures, a set of stable products is extracted based on two different metrics. First,
molecules with connectivities deviating vastly from the valences of the corresponding elements are discarded. Secondly,
the molecular charges determined in the NetworkExtraction run are compared to the ‘formal’ molecular charges based on
bond orders, and if the two values differ, the molecule is considered a radical, and discarded as a stable product.

For all stable products, an estimated balanced overall formation reaction is then determined by balancing the reaction of
the initial reactants to this product. If it is not possible to balance the reaction, one of the other stable products is included
as a co-product.
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3.8.5 Example: ProductRanking from finished NetworkExtraction

Input:

MolecularDynamics Enabled=No
NetworkExtraction Enabled=No
ProductRanking Enabled=Yes ReactionNetwork=/some/path

ProductRanking%ReactionNetwork must be a previous Reactions Discovery result directory that has at least
finished the network extraction.

ProductRanking

DiscardIons Yes/No
Enabled Yes/No
ReactionNetwork string
Temperature float
WritePaths Yes/No

End

ProductRanking

Type Block
Description Options for ranking of the intermediates by stability
DiscardIons
Type Bool
Default value Yes
Description Remove all ions from the final product list
Enabled
Type Bool
Default value Yes
GUI name ProductRanking
Description Whether to perform ranking of the reaction network.
ReactionNetwork
Type String

Description Directory containing a previous Reactions Discovery calculation with ‘NetworkEx-
traction%Enabled Yes’

Temperature
Type Float
Default value 298.0

Description Temperature used to compute reaction rates from reaction energies of reactions in the
reaction network.

WritePaths
Type Bool
Default value Yes

Description Write full paths to the reaction network for each molecule.
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3.9 Output

3.9.1 Reactants, products, unstable

The results directory contains a file reactions_discovery.rkf. This file contains all the reaction network in-
formation. It can be read by the reactions_discovery workflow, which can use it to perform/redo the ranking process.
Additionally, AMSmovie can be used to view the molecules in the reaction network.

All molecules in the reaction network are categorised either as “product”, “unstable”, or “reactant”.
» Reactants are the molecules that exist at the beginning of the MD runs.
* Products are the suggested stable side products in the reaction network.
¢ Unstable are the molecules that are not considered stable.

There are three reasons a molecule is considered unstable.

1. The number of bonds to the atoms deviates from the atom valence by more than a maximum amount. This maxi-
mum is hardcoded per element.

2. The assigned molecular charge deviates from the formal molecular charge of the molecule. This is a strong indi-
cation that the molecule is a radical.

3. By default all ions are considered unstable, but this can be changed in the input.

The suggested side products can be found in the file products. sdf in the results directory. This file contains all
network intermediates that are considered stable.

The text output contains a list of ranked products, with an estimate of cost of formation (labeled ‘Barrier’) and reaction
energy. This list of products is followed by a list containing for each stable product the shortest path from the initial
reactants. The cost of formation is a soft maximum of all reaction energies in the shortest path to the product.

3.9.2 KF output files

Note: This section documents the sections and variables in the reactions_discovery.rkf file.

General Section content: General information about the ambbatch calculation.

General%account

Type string

Description Name of the account from the license
General%$ElapsedTime

Type float

Description Elapsed time of the AMS workflow.

Unit second
General%engine messages

Type string

Description Message from the engine. In case the engine fails to solves, this may contains extra
information on why.

General%$file—-ident
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Type string

Description The file type identifier, e.g. RKF, RUNKF, TAPE2I...
General%jobid

Type int

Description Unique identifier for the job.
General%ProcessTime

Type float

Description Time the AMS workflow spent in Python.

Unit second
General%program

Type string

Description The name of the program/engine that generated this kf file.
General%release

Type string

Description The version of the program that generated this kf file (including svn revision number
and date).

General%termination status
Type string

Description The termination status. Possible values: ‘NORMAL TERMINATION’, ‘NORMAL
TERMINATION with warnings’, ‘NORMAL TERMINATION with errors’, ‘ERROR’, ‘IN
PROGRESS’.

General%title

Type string

Description Title of the calculation.
General%uid

Type string

Description SCM User ID
General%user input

Type string

Description The text input of the AMS workflow.
General%version

Type int

Description Version number?

MolecularDynamicsResults Section content: Generic results.

MolecularDynamicsResults%$NumSimulations

Type int

Description Number of molecular dynamics simulations that were performed.
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ChemicalSystem(#) Section content: Molecules
ChemicalSystem (#) $nAtoms
Type int
Description The number of atoms in the system
ChemicalSystem (#) $nAtomsTypes
Type int
Description The number different of atoms types
ChemicalSystem (#) $AtomicNumbers
Type int_array
Description Atomic number “Z’ of the atoms in the system
Shape [nAtoms]
ChemicalSystem (#) $AtomMasses
Type float_array
Description Masses of the atoms
Unit a.u.
Values range [0, \infinity’]
Shape [nAtoms]
ChemicalSystem (#) $AtomSymbols
Type string
Description The atom’s symbols (e.g. ‘C’ for carbon)
Shape [nAtoms]
ChemicalSystem (#) $EngineAtomicInfo
Type string_fixed_length
Description Atom-wise info possibly used by the engine.
ChemicalSystem (#) $Coords
Type float_array
Description Coordinates of the nuclei (x,y,z)
Unit bohr
Shape [3, nAtoms]
ChemicalSystem (#) $bondOrders
Type float_array

Description The bond orders for the bonds in the system. The indices of the two atoms partici-
pating in the bond are defined in the arrays ‘fromAtoms’ and ‘toAtoms’. e.g. bondOrders[1]=2,
fromAtoms[1]=4 and toAtoms[1]=7 means that there is a double bond between atom number
4 and atom number 7

ChemicalSystem (#) $toAtoms

Type int_array
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Description Index of the second atom in a bond. See the bondOrders array
ChemicalSystem (#) $fromAtoms

Type int_array

Description Index of the first atom in a bond. See the bondOrders array

Categories Section content: Different categories of molecules.

Categories%NumProducts

Type int

Description Number of products.
Categories%$NumReactants

Type int

Description Number of reactants.
Categories%NumUnstable

Type int

Description Number of unstable systems.
Categories%Products

Type int_array

Description Indices of (RD)History entries that are products.

Shape [NumProducts]
Categories%Reactants

Type int_array

Description Indices of (RD)History entries that are reactants.

Shape [NumReactants]
Categories%Unstable

Type int_array

Description Indices of (RD)History entries that are unstable.

Shape [NumUnstable]

Reaction(#) Section content: A reaction.

Reaction (#) $Composition

Type string

Description The description of the reaction (for example, A => B + C) where the molecules are
described by their empirical formula.

Reaction (#) $Count

Type int

Description Total number of this this reaction was observed.
Reaction (#) $Hash

Type string
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Description Uniquie identifier for this reaction.
Reaction (#) $ProductHashes

Type Ichar_string array

Description Hashes (i.e. the unique identifiers) of the product molecules.
Reaction (#) $3ReactantHashes

Type Ichar_string_array

Description Hashes (i.e. the unique identifiers) of the reactant molecules.
Reaction (#) $ReactionEnergy

Type float

Description The reaction energy for this reaction.

Unit hartree
Reaction (#) $SMILESDescription

Type string

Description The description of the reaction (for example, A => B + C) where the molecules are
described by their SMILES strings.

History Section content: History of the system during the AMS calculation. What is stored here depends on the task
of the AMS calculation. For example, for a GeometryOptimization this will contain the intermediate steps of the
GO, while for a MoleculeDynamics calculation it will contain the MD frames.

History%Bonds
Type subsection
Description ?
History%Coords (#)
Type float_array
Description Coordinates of the systems of a given entry.
Shape (3, ]
History%Energy (#)
Type float
Description Energy of the system of a given entry.
Unit hartree
History%LatticeVectors (#)
Type float_array
Description The lattice vectors of a given entry.
Unit bohr
Shape [3, ‘]
History%nEntries
Type int

Description Number of history entries.
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History%nLatticeVectors (#)
Type int

Description The number of lattice vectors (i.e. the number of periodic boundary conditions) of a
given entry.

History%Step (#)

Type int

Description The step number in a Molecular Dynamics calculation.
History%SystemVersion (#)

Type int

Description Index of the versioned-chemical system of a given frame.

RDHistory Section content: History of a Molecular dynamics simulation.

RDHistory%Balance (#)

Type string

Description The overall balanced reaction for this product
RDHistory%blockSize

Type int

Description Explain the block-system... ?
RDHistory%Cost (#)

Type float_array

Description The sum of the exponentials (exp(E/RT)+1) of the reaction energy of each reaction
involved in formation of this product. Taking the logarithm of this effectively results in the
highest ‘barrier’ along the path.

RDHistory%CreatedBy (#)
Type string

Description This command was used to obtain the coordinates for stability analysis for this
molecule

RDHistory%currentEntryOpen

Type bool

Description ?
RDHistory%FinalCount (#)

Type int_array

Description Number of molecules of this kind at the end of the simulation.
RDHistory%GuessedCharge (#)

Type float_array

Description The formal charge of the molecule as estimated by PLAMS
RDHistory%Hash (#)

Type string
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Description Unique identifier of the molecule.
RDHistory%Id (#)

Type string

Description The indexed formula of this molecule.
RDHistory%InitialCount (#)

Type int_array

Description Number of molecules of this kind at the beginning of the simulation.
RDHistory%ItemName (#)

Type string

Description ?
RDHistory%MolecularFormula (#)

Type string

Description Molecular formula.
RDHistory%Name (#)

Type string

Description SMILES string
RDHistory%nBlocks

Type int

Description Explain the block-system... ?
RDHistory%nEntries

Type int

Description Number of MD history entries.
RDHistory%ParentReaction (#)

Type string

Description The hash of the parent reaction in the shortest path from reactants to this compound
RDHistory%PathEnergy (#)

Type float_array

Description The overall energy balance of the full path to this product
RDHistory%PathTree (#)

Type string

Description The full path through the network to this product, as a string.
RDHistory%PotentialEnergy (#)

Type float_array

Description The potential energy, i.e. the energy as computed by the engine. This is a ‘blocked’
property. See the ‘blockSize’ and ‘nBlocks’ variables for more details.

Unit hartree
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RDHistory%Radical (#)

Type bool_array

Description Is this molecule a radical or not.
RDHistory%ReactionsAsProduct (#)

Type int_array

Description Indices of the reactions in which this molecule was part of the products.
RDHistory%ReactionsAsReactant (#)

Type int_array

Description Indices of the reactions in which this molecule was part of the reactants.
RDHistory%Representative (#)

Type bool_array

Description Signifies if the coordinates are representative of the molecule (as defined by the con-
nectivity)

RDHistory%SMILES (#)
Type string
Description SMILES string

3.10 Reactions Discovery in Python (PLAMS)

An example of how to use Reactions Discovery with Python (PLAMS) can be found in the examples section of the
PLAMS documentation.

The scm.reactions_discovery.plams_job Python module contains the below classes.

class ReactionsDiscoveryResults (job)
Results class for ReactionsDiscoveryJob

get_errormsg ()
Returns the error message of this calculation if any were raised.

Returns String containing the error message.
Return type str

get_md_jobs ()
Returns the AMSJobs used during the calculation.

Returns List of AMSJobs used during the calculation.
Return type ListfAMSJob]

rkfpath ()
Returns path to reactions_discovery.rkf

Returns Path to reactions_discovery.rkf
Return type str

get_network_rd ()
Returns the reaction network represented by Reactions Discovery CombinedMol and CombinedReaction
classes.
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Raises KFError — If the KF file associated with this result does not contain the required infor-
mation.

Returns Graph representing the reaction network, a dictionairy of categories and lists of Com-
binedMol, a dictionairy of categories and CombinedReaction and a list of categories.

Return type Tuple[DiGraph, Dict[str, ListfCombinedMol]], Dict[int, CombinedReaction],
List[str]]

get_network ()
Returns the reaction network represented by a DiGraph and a dictionairy of lists of PLAMS molecules.
Each key in the dictionary is a category.
Returns graph of the reaction network, dictionary of categories and lists of Molecules, and a list
of categories.
Return type Tuple[DiGraph, Dict[str, List{fMolecule]], List[str]]
get_num _md_simulations ()
Returns the number of MD simulations used during the Molecular Dynamics stage.
Raises KFError —If the KF file associated with this result does not contain the right information.
Returns The number of MD simulations used during the Molecular Dynamics stage.
Return type int

class ReactionsDiscoverydJob (name='reactions_discovery_job', driver=None, settings=None,

molecule=None, **kwargs)
PLAMS Job class for running Reactions Discovery.

This class inherits from the PLAMS SingleJob class. For usage, see the SingleJob documentation.

If you supply a Settings object to the constructor, it will be converted to a PISA (Python Input System for AMS)
object.

Attributes:
e input: an alias for self.settings.input
* builder: an alias for self.settings.input.MolecularDynamics.BuildSystem

__init__ (name='reactions_discovery_job', driver=None, settings=None, molecule=None, **kwargs)
Initialize the ReactionsDiscoveryJob.

name [str] The name of the job

driver [scm.input_classes.drivers.ReactionsDiscovery] PISA object describing the input to the Reactions-
Discovery program

settings: scm.plams.Settings All settings for the job. Input settings in the PLAMS settings format under
settings.input are automatically converted to the PISA format. You can specify settings.
runscript.nproc to set the total number of cores to run on.

molecule: scm.plams.Molecule or Dict[str, scm.plams.Molecule] Two possibilities:

* molecule is of type Molecule - it should then be the complete system as a PLAMS Molecule
. Cannot be combined with the driver.input.MolecularDynamics.BuildSystemor
settings.input.ams.MolecularDynamics.BuildSystem. It will be written to the
main System block in the input.

* molecule is a dictionary with string keys and Molecule values - the keys should then be
given in the driver.input.MolecularDynamics.BuildSystem.Molecule[i].
SystemID input option. The molecules will then be used to build the system before the MD.
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classmethod from_rkf (path)
Initialize a job from a reactions_discovery.rkf file.

Parameters path (st r)— Path to a reactions_discovery.rkf file

Returns A new ReactionsDiscoveryJob instance based on the information found in path.
Return type ReactionsDiscoveryJob (page 63)

classmethod from_input (fext_input)
Initialize a job from text input.
Parameters text_input (str)— A multiline text input
Returns A ReactionsDiscoveryJob

Return type ReactionsDiscoveryJob (page 63)

static _extract_mol_from_pisa (pisa)
Remove a molecule from a System block in the ReactionsDiscovery PISA object and return it as molecule(s)

get_errormsg ()
Returns the contents of the jobname.err file if it exists. If the file does not exist an empty string is returned.

Returns The error message
Return type str

get_runscript ()
Generates the runscript. Use self.settings.runscript.preamble_lines = ['linel',

'line2'] or similarly for self.settings.runscript.postamble_lines to set custom set-

tings.
self.settings.runscript.nproc controls the total number of cores to run on.

check ()
Returns True if “NORMAL TERMINATION?” is given in the General section of reactions_discovery.rkf,

AND all molecular dynamics jobs also have finished successfully.

ok ()
Synonym for check()

get_md_jobs ()
Returns: List of AMSJob

property input
PISA format input

classmethod load_external (path, finalize=False)
Load a previous ReactionsDiscovery job from disk.

Parameters
e path (Union[str, Path])- A reactions discovery results folder.

e finalize (bool, optional) - See SingleJob, defaults to False

Raises FileError — When the path does not exist.
Returns An initialized ReactionsDiscoveryJob

Return type ReactionsDiscoveryJob (page 63)

get_input ()
Obtain the input string used to run the Reactions Discovery workflow script.

Returns An input string.
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Return type str

3.11 Frequently Asked Questions

3.11.1 There are no reactions

* Increase the temperature

¢ NanoReactor: Increase DiffusionTime, set MinVolumeFraction to a smaller value, set InitialRa—
dius to a smaller value

¢ LatticeDeformation: Set MinVolumeFraction to a smaller value, decrease Period
e SetMolecularDynamics UseDeuterium=No
» Ensure that you use a reactive potential (e.g. ReaxFF, DFTB, MLPotential)

Note: The best value for MinVolumeFraction depends on the initial  density
(MolecularDynamis%BuildSystem%Density). If you decrease the initial density, you may need to also
decrease the MinVolumeFraction.

Tip: Run the simulation with the fast UFF force field to get a feeling for if the initial settings are reasonable. With UFF
no reactions will happen but you can still see how the density fluctuates in the MD simulation.

3.11.2 There are too many reactions

* Decrease the temperature

¢ NanoReactor: Decrease DiffusionTime, set MinVolumeFraction to a larger value, set InitialRa—
dius to a larger value

¢ LatticeDeformation: Set MinVolumeFraction to a larger value, increase Period
e SetMolecularDynamics UseDeuterium=Yes

Note: The best value for MinVolumeFraction depends on the initial  density
(MolecularDynamis%BuildSystem%Density). If you decrease the initial density, you may need to also
decrease the MinVolumeFraction.

3.11.3 The MD simulations are too slow

¢ Decrease the number of atoms
¢ Decrease the number of NanoReactor or LatticeDeformation cycles

¢ Increase the MD time step
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3.11.4 How should | set the density and compression factor?
* Nanoreactor: The density should be approximately the normal liquid density of your system, with a compression
factor of about 0.5-0.7

¢ Lattice deformation: The density should be about half the normal liquid density of your system, with a compres-
sion factor of about 0.15-0.30

3.11.5 The simulation explodes

* Follow the steps for There are too many reactions.

¢ Decrease the MD time step

3.11.6 How do | use computing resources efficiently?

The steps are parallelized as follows:
* MolecularDynamics runs as many jobs in parallel as possible, respecting the allocation (NSCM)

¢ NetworkExtraction runs NumSimulations ChemTraYzer2 jobs sequentially in serial; then NSCM geometry
optimizations and single points are run in parallel.

* ProductRanking runs in serial

Thus, most of the computational steps except ProductRanking are run efficiently in parallel. You may thus choose to set
ProductRanking Enabled=False if you have a large node allocated, and then restart from the previous results
using ProductRanking Enabled=True on a smaller allocation.
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SIMPLE ACTIVE LEARNING

Simple Active Learning (SAL) is a workflow for on-the-fly training (active learning) of machine learning (ML) potentials
during molecular dynamics (MD).

\L Yes ]

ML
Molecular 3 Accu
Dynamics rate?

T No

Retrain ML < More training ¢

data

4.1 General

Simple Active Learning (SAL) is a workflow for on-the-fly training (active learning) of machine learning (ML) potentials
during molecular dynamics (MD). It is “simple” because it only applies to a single MD simulation.

\L Yes ]

ML
Molecular 3 Accu
Dynamics rate?

T No

Retrain ML < More training ¢

data

The workflow

* Trains an initial ML potential
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¢ Runs the MD simulation

* Pauses the MD simulation and launches new reference (typically DFT) calculations at set intervals or if the ML
potential is not accurate enough

¢ Retrains the ML potential to the new reference data

* Rewinds the MD simulation to the last point where it was known to be accurate

¢ Continues the MD simulation, pauses, retrains, rewinds, continues, ...
Optionally, the workflow can be restarted from a previous workflow (skipping the initial training).
There are five main pieces of input:

* Input system. This is the initial system for the MD simulation. The input is exactly the same as for any other AMS
simulation.

* Molecular dynamics settings. It can be equilibrium or non-equilibrium MD. The settings/input are exactly the
same as for any other AMS simulation.

» Reference engine settings. This can be any engine, but would typically be one of the DFT engines ADF, BAND,
or Quantum ESPRESSO. The settings/input are exactly the same as for any other AMS simulation. This engine
determines the level of theory to which the ML potential is trained.

e ParAMS ML training settings. You can train any ML potential that is supported by ParAMS, for example,
M3GNet. The settings/input are exactly the same as for running standalone ParAMS with Task Machinelearning.

* Active learning settings. These settings determine, for example, how frequently to launch new reference calcula-
tion, and how to judge if the ML potential is accurate enough.

The three main pieces of output are:
¢ The requested MD trajectory, that can be analyzed for results
¢ The trained ML model parameters, that can potentially also be used for other (production) simulations

 All training and validation data, containing the results from the reference calculations

4.1.1 Licensing

To run Simple Active Learning, you need licenses for
¢ Advanced workflows and tools (includes the workflow and ParAMS),
* Classical force fields and machine learning potentials (to run the ML potential simulations)

 The reference engine (e.g., ADF, BAND, or Quantum ESPRESSO)

4.1.2 What’s new in AMS2024?

The Simple Active Learning workflow is new in AMS2024.
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4.2 Quickstart guide

A short example illustrating how to run the workflow directly from the command-line.
See also:

 Python Examples (page 89)

e Input (page 70)

* Tutorial using the graphical user interface

Important: You must first install M3GNet before running this example!

HH

Example to train an M3GNet potential to reproduce the potential energy surface
# of the UFF force field for a small organic molecule

# In real applications, use a different reference engine!

# Before running this example you must install m3gnet:
# "SAMSBIN/amspackages" install m3gnet

# For details or off-line installation, see the package manager documentation.

"SAMSBIN/simple_active_learning" <<EOF
ActiveLearning
Steps
Geometric
NumSteps 5
Start 10
End
Type Geometric
End
End

MachineLearning
Backend M3GNet
CommitteeSize 1
M3GNet
Model UniversalPotential
End
MaxEpochs 200
End

MolecularDynamics

InitialVelocities
Temperature 300.0
Type Random

End

NSteps 10000

Thermostat
Tau 200.0
Temperature 300.0
Type NHC

End

TimeStep 0.5

(continues on next page)
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(continued from previous page)

Trajectory
SamplingFreq 100
End

End
Task MolecularDynamics
Engine ForceField
Type UFF
EndEngine
System
Atoms
0 1.5185424677 1.2528427606 -0.3382346351
C 1.0167107700 0.2231953999 0.1069866215
c -0.3341736669 -0.1931701775 -0.3199821682
¢ -1.3067693409 0.4447398660 0.4319048572
H 1.6797677292 -0.4284512471 0.6676972986
H -0.4715138766 0.0855120883 -1.3968084763
H -0.4208687404 -1.2969328351 -0.3134514232
H -1.6816953421 -0.0877358551 1.1618879254
End
End
EOF
4.3 Input

Simple Active Learning reads all options from an input file, described here. You can also set up this input file in Python
(page 89).

Block Required? | Comment

System/LoadSystem | Yes identical to AMS Driver System/LoadSystem

Task No must be set to MolecularDynamics

MolecularDynamics | Yes identical to AMS Driver MolecularDynamics

Constraints No identical to AMS Driver Constraints

Engine Yes reference engine settings, identical to normal AMS calculations
MachineLearning Yes identical to ParAMS Machinelearning settings

ParallelLevels No identical to ParAMS ParallelLevels settings

ActiveLearning Yes described on this page

The engine settings for the MD simulations are determined from the MachineLearning input. For example, if you train
an M3GNet model, this means that you will automatically run M3GNet also during the MD simulation.

This section only describes the Act iveLearning input block, which controls
* How to generate/load initial reference data
* When to perform reference calculations
¢ Criteria for deciding whether to retrain the model or continue the MD simulation
¢ How much output to save

* Whether to retrain the model and/or rerun the simulation after the active learning loop has finished
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See also:
* Quickstart guide (page 69)
* Python Examples (page 89)

4.3.1 Overview

ActiveLearning
AtEnd
RerunSimulation Yes/No
RetrainModel Yes/No
End
InitialReferenceData
Generate
M3GNetShortMD
Enabled Yes/No
End
ReferenceMD
Enabled Yes/No
End
End
Load
Directory string
FromPreviousModel Yes/No
End
End
MaxAttemptsPerStep integer
MaxReferenceCalculationsPerAttempt integer
ReasonableSimulationCriteria
Distance
Enabled Yes/No
MinValue float
End
EnergyUncertainty
Enabled Yes/No
MaxValue float
Normalization float
End
GradientsUncertainty
Enabled Yes/No
MaxValue float
End
Temperature
Enabled Yes/No
MaxValue float
End
End
Save
ReferenceCalculations [None | All]
ReferenceData [Latest | All]
TrainingDirectories [Latest | All]
Trajectories [Latest | All]
End
Steps
Geometric
NumSteps integer

(continues on next page)

4.3. Input

71




Workflows Manual, Amsterdam Modeling Suite 2024.1

(continued from previous page)

Start integer
End
Linear
Start integer
StepSize integer
End
List integer_list
Type [Geometric | List | Linear]
End
SuccessCriteria
Energy
Enabled Yes/No
Normalization float
Relative float
Total float
End
Forces
Enabled Yes/No
MaxDeviationForZeroForce float
MaxMAE float
MinR2 float
End
End
End

4.3.2 Initial reference data

Before the main active learning loop starts, there must be some training data.

The initial training data can be loaded from disk and/or automatically generated. If no data is loaded and no generation
option is explicitly enabled, then the Re ferenceMD option described below will be automatically enabled to ensure that
there is some data for the initial model training.

ActiveLearning
InitialReferenceData
Generate
M3GNet ShortMD
Enabled Yes/No
End
ReferenceMD
Enabled Yes/No
End
End
Load
Directory string
FromPreviousModel Yes/No
End
End
End
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Generate initial reference data

The M3GNetShortMD option (recommended) follows a short pre-programmed MD simulation using the universal
M3GNet-UP-2022 potential. This gives some structural variation in the initial training data. It generates structures as
follows:

* 300 MD steps with timestep 0.5 fs, temperature = 500 K
* If the system is 3d-periodic then linearly scale the density from 85% to 115% of the original density
* 5 frames are recalculated with the reference engine and added to the training/validation sets
The ReferenceMD option (default if nothing else is specified)
* Runs 3 MD steps (saving every frame) using the exact MolecularDynamics settings specified in the input

* Adds those frames to the training/validation sets

Load initial reference data

If you already have some reference data, for example if you have
* previously run Simple Active Learning, or
* manually created the data by importing into ParAMS and saving,

then you can load it in Simple Active Learning, so that the old data is combined with the new data generated during the
workflow.

If you specify the ActiveLearning$InitialReferenceData%Load%Directory option, then the initial
reference data will be taken from that directory.

Otherwise, if you're loading a previously trained model using Machinelearning%I.oadModel, and if you enable Ac—
tiveLearning%InitialReferenceData%Load%$FromPreviousModel, then both the parameters and the
training and validation data will be loaded.

Initial reference data input

Activelearning
Type Block
Description Settings for Active Learning
InitialReferenceData

Type Block

Description Options for loading reference data.
Generate

Type Block

Description How to generate initial reference data from the initial structure. Can also be com-
bined with the Load block.

The purpose of these options is to get some initial reference structures/data around the current
structure that can be used for Step 1 of the active learning loop.

The ReferenceMD option will be automaticaly enabled if no data is otherwise loaded or
generated.
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M3GNetShortMD
Type Block
Description Structure sampler using M3GNet-UP-2022
Enabled
Type Bool
Default value No
GUI name M3GNet-UP short MD:

Description Run 300 steps with M3GNet-UP-2022 at T=600 K. If the system is 3D-
periodic the density will be scanned around the initial value. Extract 5 frames and run
reference calculations on those.

ReferenceMD
Type Block
Description Run NSteps of the MD simulation using the reference engine.
Enabled
Type Bool
Default value No
GUI name Reference MD:

Description Run 3 steps with the reference engine and add those 3 frames to the training
and validation sets. If no other reference data is loaded or generated, this option will
automatically be enabled.

Load
Type Block
Description How to load initial reference data from other sources. Can also be combined with
the Generate block
Directory

Type String
Default value

Description Directory containing initial reference data. It can be * a ParAMS input
directory or a stepX_attemptY_reference_data directory containing the files
job_collection.yaml, training_set.yaml, and validation_set.yaml. * a ParAMS results di-
rectory.

If a directory is specified here it will be used instead of the data from a previously loaded
model.

FromPreviousModel
Type Bool
Default value Yes

Description If MachineLearning%$LoadModel is set, reuse reference data from that
ParAMS run.

If MachineLearning%LoadModel is notset, or if Directory is specified, then this
input option is ignored.
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4.3.3 When to run reference calculations (step sequence type)

In the Simple Active Learning workflow, the MD simulation is divided into a sequence of active learning (AL) steps.

ActiveLearning
Steps

Geometric
NumSteps integer
Start integer

End

Linear
Start integer
StepSize integer

End

List integer_list

Type [Geometric | List | Linear]
End

MaxAttemptsPerStep integer
MaxReferenceCalculationsPerAttempt integer
End

Step Type Geometric (default)

Example:

* You set up the MD simulation with Nyp = 10000 steps with a time step of 0.5 fs, giving a total simulation length
of 10000*0.5 = 5000 fs = 5 ps.

* You set up the ActiveLearning with Steps$Type = Geometric with Start set to 10 (MD frames) and
NumSteps set to 5, and MaxAttemptsPerStep setto 8

For example using the following input:

MolecularDynamics
NSteps 10000
TimeStep 0.5

# ... other MD options
End
ActiveLearning
Steps
Type Geometric # default
Geometric
Start 10 # default
NumSteps 5
End
End

MaxAttemptsPerStep 8

MaxReferenceCalculationsPerAttempt 4

# ... other ActiveLearning options
End

This will divide the 10000 MD steps into 5 AL steps, where the first AL step contains 1 0 MD steps, and each subsequent
AL step contains progressively more MD steps (following a Geomet ric progression):

The ACTIVE LEARNING loop will contain 5 steps, using the following scheme:
Active Learning Step 1: 10 MD Steps (cumulative: 10)

(continues on next page)
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(continued from previous page)

Active Learning Step 2: 46 MD Steps (cumulative: 56)
Active Learning Step 3: 260 MD Steps (cumulative: 316)
Active Learning Step 4: 1462 MD Steps (cumulative: 1778)
Active Learning Step 5: 8222 MD Steps (cumulative: 10000)

Total number of MD Steps: 10000
Max attempts per active learning step: 8

The progression is geometric because 56/10 = 316/56 ~ 1778/316 ~ 10000/1778 ~ 5.6.

The above scheme means that the active learning loop will be executed as follows:
1. stepl_attemptl_simulation: Run 10 MD steps using the initially trained model
2. stepl_attemptl_ref_calcl: Run reference calculation on final frame
3. Evaluate the Success criteria (page 79):

« If no success: run up to 3 more reference calculations, retrain the model, and loop back to the beginning of the
step 9: rerun AL step 1 (the first 10 MD steps) as stepl_attempt2_simulation using the new parameters,
run reference calculation on final frame, evaluate the success criteria, ...

¢ If success or if the number of attempts > 8: continue to AL step 2

1. step2_attemptl_simulation: Run 46 MD steps starting from the final frame of AL step 1, for a total
(cumulative) length of 56 MD steps

2. step2_attemptl_ref_calcl: Run reference calculation on final frame
3. Evaluate the Success criteria (page 79):

* If no success: run up to 3 more reference calculations, retrain the model, and loop back to the beginning of
the step <: rerun AL step 2 (the 46 MD steps) as step2_attempt2_simulation using the new parameters,
run reference calculation on final frame, evaluate the success criteria, ...

* If success or if the number of attempts > 8: continue to AL step 3

1. step3_attemptl_simulation: Run 260 MD steps starting from the final frame of AL step 2, for a total
(cumulative) length of 315 MD steps

2. Etcetera....

Step Type Linear

The steps can also follow a linear progression.

This is especially useful if you run non-equilibrium MD where you linearly apply some restraint, for example if you use
a ReactionBoost RMSDRestraint following the TargetCoordinate, or apply a linear lattice deformation.

Instead of providing the number of steps, you provide the start step and the step size:

MolecularDynamics

NSteps 10000

# other MD options...
End

ActiveLearning
Steps
Type Linear
Linear
Start 100

(continues on next page)
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(continued from previous page)

StepSize 2000

End
End
End
Active Learning Step 1: 100 MD Steps (cumulative: 100)
Active Learning Step 2: 2000 MD Steps (cumulative: 2100)
Active Learning Step 3: 2000 MD Steps (cumulative: 4100)
Active Learning Step 4: 2000 MD Steps (cumulative: 6100)
Active Learning Step 5: 2000 MD Steps (cumulative: 8100)
Active Learning Step 6: 1900 MD Steps (cumulative: 10000)

Step Type List

You can also list the (cumulative) number of MD steps per active learning step explicitly.
considered to be the end of an active learning step and does not need to be specified.

The final MD step is always

MolecularDynamics
NSteps 10000
# other MD options...

End
ActivelLearning
Steps
Type List
List 100 3333 4567 7777
End
End
Active Learning Step 1: 100 MD Steps (cumulative: 100)
Active Learning Step 2: 3233 MD Steps (cumulative: 3333)
Active Learning Step 3: 1234 MD Steps (cumulative: 4567)
Active Learning Step 4: 3210 MD Steps (cumulative: T777)
Active Learning Step 5: 2223 MD Steps (cumulative: 10000)

Steps input

ActiveLearning
Steps

Geometric
NumSteps integer
Start integer

End

Linear
Start integer
StepSize integer

End

List integer_list

Type [Geometric | List | Linear]
End

MaxAttemptsPerStep integer
MaxReferenceCalculationsPerAttempt integer
End
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Activelearning
Type Block
Description Settings for Active Learning
Steps
Type Block
Description Settings to determine the number of MD steps per active learning step.
Geometric
Type Block
Description Options for geometric.
NumSteps
Type Integer
Default value 10

Description The number of active learning steps to perform. The MD simulation will be split
into this number of active learning steps. The active learning steps will progressively contain
more and more MD steps.

Start
Type Integer
Default value 10
Description The length of the first step (in MD time steps).
Linear
Type Block
Description Options for linear.
Start
Type Integer
Default value 10
Description The length of the first step (in MD time steps).
StepSize
Type Integer
Default value 1000
Description The length of every subsequent active learning step (in MD time steps).
List
Type Integer List

Description List of MD frame indices, for example 10 50 200 1000 10000 100000.
Only indices smaller than MolecularDynamics$NSteps are considered. Note: the
final frame of the MD simulation is always considered to be the end of a step and does not
need to be specified here.

Type
Type Multiple Choice
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Default value Geometric
Options [Geometric, List, Linear]
GUI name Step sequence type:
Description How to determine the number of MD steps per active learning step.
MaxAttemptsPerStep
Type Integer
Default value 15

Description Maximum number of attempts per active learning step. If this number is exceeded,
the active learning will continue to the next step even if the potential is not accurate enough
according to the criteria. If the default value is exceeded, it probably means that the criteria are
too strict.

MaxReferenceCalculationsPerAttempt
Type Integer
Default value 4
GUI name Max ref calcs per attempt:

Description Maximum number of reference calculations per attempt. For successful attempts,
only a single reference calculation is performed. For very short active learning steps, fewer
calculations are done than the number specified.

4.3.4 Success criteria

At the end of an active learning step, a reference calculation (stepX_attemptY_ref_calcl) is performed on the
last frame of the MD simulation.

The results (energy and forces) from this reference calculation are compared to the results of the trained ML potential.

Only if the agreement is accurate enough, such that all success criteria are fulfilled, will the Active Learning workflow
continue to the next Active Learning Step.

Energy: total and relative

Enable the energy success checker with ActiveLearning%SuccessCritera%Energy$Enabled.

Energies can optionally be normalized by some number before making the comparison, by specifying the Active-
Learning%SuccessCritera%Energy$Normalization input option.

By default energies are normalized by the number of atoms. This is suitable for reasonably homogeneous systems
and means that the same criteria can be used for any number of atoms.

You may consider changing the Normalization if your system is very inhomogeneous, for example if you’re looking
at single atom diffusing in a large bulk crystal.
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Total energy

The ActiveLearning$SuccessCriteria%Energy%Total compares the ML-predicted energy Epreq directly
to the reference energy Es:

* AE= Epred - Epef

¢ Success if IAEl/Normalization <ActiveLearning%SuccessCriteria%Energy%Total

Relative energy

Compare the difference between calculated relative reference energies and relative predicted energies.
This success criterion is not invoked for stepl_attempt1 but for all subsequent steps and attempts.
e AE ;=E fcurrem -E r_previous
Ter — 1€l 1€l
° AEpred - Epredcurrenl _ Epredprevious
* AAE = AEeq - AEs

* Success if INAEI/Normalization < ActivelLearning$SuccessCriteria%Energy%Relative

Forces (gradients)

Enable the forces success criterion with Act iveLearning%SuccessCriteria%Forces%Enabled.
The predicted forces are compared to the reference forces in three ways:

e Mean absolute error (MAE) in eV/angstrom, MaxMAE

* R?in the correlation plot between reference and predicted values, MinR2

e Maximum deviation, MaxDeviationForZeroForce

For structures with large components, it is usually not so important the the forces are predicted very accurately, as they
represent unstable structures that are unlikely to appear in an MD simulation. For large force components, one can accept
a larger error (deviation) between the reference and predicted values.

For this reason, the maximum deviation criterion depends on the magnitude of the reference force. The maximum allowed
deviation between predicted and reference force components is determined by the following equation:

N L B L
YO T Fexp(—k(jz] — o)) 1+ exp(—k(—0))

y(z) =

where v is the threshold, x is the reference force, yg is MaxDeviationForZeroForce, L =3, z9=7,and k =0.5.
There is no theoretical basis for this equation other than that it in practice seems to give reasonable thresholds.

This gives the following calculated threshold vs. reference force for a few different values of MaxDeviationForzZe-
roForce:
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4.0 4
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Success criteria input

ActivelLearning
SuccessCriteria
Energy
Enabled Yes/No
Normalization float
Relative float
Total float
End
Forces
Enabled Yes/No
MaxDeviationForZeroForce float
MaxMAE float
MinR2 float
End
End
End

Activelearning
Type Block
Description Settings for Active Learning

SuccessCriteria
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Type Block

Description Criteria for determining whether an active learning step was successful. These cri-
teria compare one or more reference calculations to the predictions. If any of the criteria are
exceeded, the active learning loop will reparametrize the model and repeat the step.

Energy
Type Block

Description Conditions to decide whether the calculated energy is are accurate enough with
respect to reference energies.

Enabled

Type Bool

Default value Yes

Description Enable energy checking during the active learning.
Normalization

Type Float

Description Normalize (divide) energies by this number before comparing to the specified
thresholds. If not specified, it will become the number of atoms.

Relative
Type Float
Default value 0.005
Unit eV
GUI name Relative energy:

Description |AME | /Normalization: Maximum allowed difference between the cal-
culated relative reference energies and relative predicted energies. The relative energies
are calculated for the current structure with respect to the structure in the previous refer-
ence calculation. AE_ref = E_ref(current) - E_ref(previous). AE_pred = E_pred(current) -
E_pred(previous). |AAE| = |AE_pred - DAE_ref|

Total
Type Float
Default value 0.2
Unit eV
GUI name Total energy:

Description |AE|/Normalization: Maximum allowed total energy difference between
the reference and predicted energy. This criterion is mostly useful when restarting a workflow
from a previously trained model but on a new stoichiometry / system, for which the total
energy prediction may be very far from the target. The default value is quite large so it is
normally not exceeded. |AE| = |E_pred - E_ref]

Forces
Type Block

Description Conditions to decide whether calculated forces are accurate enough with respect
to reference forces.
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Enabled

Type Bool

Default value Yes

Description Enable checking the forces during the active learning.
MaxDeviationForZeroForce

Type Float

Default value 0.5

Unit eV/angstrom

Description The maximum allowed deviation between a calculated force component and the
corresponding reference force component. For larger reference forces, the allowed deviation
will also be larger (see the documentation). If any deviation is larger than the (magnitude-
dependent) threshold, the active learning step will be repeated after a reparametrization.

MaxMAE
Type Float
Default value 0.3
Unit eV/angstrom
GUI name Max MAE:

Description Maximum allowed mean absolute error when comparing reference and predicted
forces for a single frame at the end of an active learning step. If the obtained MAE is larger
than this threshold, the active learning step will be repeated after a reparametrization.

MinR2
Type Float
Default value 0.5
GUI name Min R%

Description Minimum allowed value for R*2 when comparing reference and predicted forces
for a single frame at the end of an active learning step. If the obtained R”"2 is smaller than this
threshold, the active learning step will be repeated after a reparametrization. Note that if you
have very small forces (for example by running the active learning at a very low temperature),
then you should decrease the MinR2 since it is difficult for the ML model predict very small
forces accurately.

4.3.5 Reasonable simulation criteria (uncertainties, temperature, ...)
When running MD simulations with ML potentials, it may happen that the simulation explores configurational space where
the ML potential was not trained.
This can lead to strange behavior like
e atoms crashing into each other
* extremely high temperatures
The active learning workflow will try to detect these events and discard any subsequent structures.

If you train a ParAMS ML Committee (MachineLearning%CommitteeSize > 1), the ML model will also
return an estimated uncertainty of predicted energies and forces.
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You can also set a threshold for these uncertainties, such that if they are exceeded the MD simulation immediately
stops, even before the end of the active learning step. You can thus choose to use the predicted uncertainties to decide
when to stop the simulation, and use structures with high uncertainty for the training set. This method can be used in

addition to active learning step division (page 75).

Criterion Implementation

Temperature inside active learning workflow
Distance AMS Exit Condition

Energy uncertainty | AMS Exit Condition

Forces uncertainty | AMS Exit Condition

Note: If a “reasonable simulation criterion” is exceeded, this will never count as a successful step/attempt.

It will always lead to a retraining of the model and an increase of the attempt number, even if MaxAttemptsPerStep is

exceeded.

ActiveLearning

ReasonableSimulationCriteria

Distance
Enabled Yes/No
MinValue float
End
EnergyUncertainty
Enabled Yes/No
MaxValue float

Normalization float

End

GradientsUncertainty

Enabled Yes/No
MaxValue float

End

Temperature
Enabled Yes/No
MaxValue float

End

End
End

Activelearning

Type Block

Description Settings for Active Learning

ReasonableSimulationCriteria

Type Block

Description Criteria for determining whether a simulation is reasonable. If any of the criteria
are exceeded, this will be reported as ' ENERGY_UNCERTAINTY’, TEMPERATURE, etc.,
with capital letters in the output. If a simulation is unreasonable, it will never lead to an increase
of the Step, even if the number of attempts exceeds MaxAttemptsPerStep.

Distance

Type Block

Description Stop the simulation if any interatomic distance is smaller than the specified value.
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Enabled

Type Bool

Default value Yes

Description Stop the simulation if any interatomic distance is smaller than the specified value.
MinValue

Type Float

Default value 0.6

Unit angstrom

GUI name Minimum

Description Minimum allowed interatomic distance.

EnergyUncertainty
Type Block

Description Stop the simulation if the uncertainty in the energy is too high. Currently only
applicable when training committees.

Enabled
Type Bool
Default value No

Description Stop the simulation if the uncertainty in the energy is too high. Currently only
applicable when training committees. If CommitteeSize = 1 then this keyword has no effect.

MaxValue

Type Float

Default value 0.015

Unit eV

GUI name Maximum

Description Threshold for allowed [energy uncertainty divided by Normalization].
Normalization

Type Float

Description Normalize (divide) the energy uncertainty by this number before comparing to
the specified threshold. If not specified, it will become the number of atoms.

GradientsUncertainty
Type Block

Description Stop the simulation if the uncertainty in the gradients (forces) is too high. Cur-
rently only applicable when training committees.

Enabled
Type Bool

Default value No
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Description Stop the simulation if the uncertainty in the gradients (forces) is too high. Cur-
rently only applicable when training committees. If CommitteeSize = 1 then this keyword

has no effect.
MaxValue
Type Float
Default value 0.5
Unit eV/angstrom

GUI name Maximum

Description Maximum allowed gradients (forces) uncertainty.

Temperature

Type Block

Description Discard all frames after the temperature has reached the specified value.

Enabled
Type Bool

Default value Yes

Description Discard all frames after the temperature has reached the specified value.

MaxValue
Type Float
Default value 5000.0
Unit K

GUI name Maximum

Description Maximum allowed temperature

4.3.6 Output to save

The active learning workflow produces many directories containing reference calculations, MD simulations, and ParAMS

training. You can choose how much output to save.

By default, the workflow only keeps the directories it needs to keep going. This always includes

* the entire training and validation sets, and

* the MD trajectory from the beginning of the workflow.

By default, the reference calculation directories are not saved unless the reference calculation fails.

ActivelLearning
Save
ReferenceCalculations [None | All]
ReferenceData [Latest | All]
TrainingDirectories [Latest | All]
Trajectories [Latest | All]
End
End

Activelearning
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Type Block

Description Settings for Active Learning

Save

Type Block

Description The files/directories on disk to keep. If you set these options to A11, a lot of output

will be created. This output is usually not necessary but can be used for debugging purposes,
or to better understand what the workflow is doing.

ReferenceCalculations

Type Multiple Choice
Default value None

Options [None, All]

Description The reference calculation directories (initial_reference_calculations

or stepX_attemptY_ref_calcZ) including the original input and output. These
directories may take up a lot of disk space and are not kept by default. Enable this option if
you need to investigate why reference calculations fail (incorrect input, SCF convergence
problems, ...), or if you want to keep them for some other reason. Note: The output used
for parametrization (energy, forces) is always stored in the ReferenceData (training and
validation sets).

ReferenceData

Type Multiple Choice
Default value Latest
Options [Latest, All]

Description The reference data directories (stepX_attemptY_reference_data)
containing the training and validation sets in ParAMS .yaml format (and ASE .xyz format).
These can be opened in the ParAMS GUI or used as input for ParAMS.

TrainingDirectories

Type Multiple Choice
Default value Latest
Options [Latest, All]

Description The ParAMS training directories (stepX_attemptY_training).

Trajectories

Type Multiple Choice
Default value Latest
Options [Latest, All]

Description The MD trajectory calculation directories
(stepX_attemptY_simulation) using the trained ML potential. ~Note: the
trajectories in these directories are the entire trajectories from the beginning of the
simulation.
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4.3.7 At workflow end: retrain model, rerun simulation
Retrain model

After the final active learning step, you have the option to retrain the model using all reference data.
This may be useful to not “waste” reference calculations that have been performed but not used for training.

Example: if the the last 3 active learning steps (page 75) are successful at the first attempt, then the workflow will have
run 3 reference calculations (for the evaluation of the success criteria) that have not been used for training or validation.

The downside of retraining the model is that you may end up with a model that would have failed the success criteria!

By default, the model is not automatically retrained.

Rerun simulation (final production simulation)
After the final active learning step is successful, you can rerun the entire MD simulation from scratch using the final model
parameters.

This will give you an MD trajectory with consistent sampling frequency and calculated using a single potential energy
surface.

It is run in a directory called final_production_simulation, and replaces the ams.rkf file in the main results
directory.

The reasonable simulation criteria (page 83) are not applied to the final production simulation.

AtEnd input

ActiveLearning
AtEnd
RerunSimulation Yes/No
RetrainModel Yes/No
End
End

Activelearning
Type Block
Description Settings for Active Learning
AtEnd
Type Block
Description What to do at the end of the active learning loop.
RerunSimulation
Type Bool
Default value Yes

Description Rerun the MD simulation (folder: final_production_simulation) us-
ing the last set of parameters. This guarantees that the entire trajectory is calculated using
the same model / potential energy surface, and that the trajectory has a consistent sampling
frequency. This means that it can be used with all MD postanalysis tools.

RetrainModel
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4.4

Type Bool
Default value No

Description Train a final model (folder: final training) using all reference (training
and validation) data, including any reference calculations that have not yet been trained to.

Output

See also:

Python API (page 90)

Simple Active Learning produces the following output directories:

4.5

simple_active_learning.results : The main results folder

loaded_training : copy of the previous ParAMS training directory if MachineLearning%LoadModel
(page 70) is specified.

initial_training : ParAMS training directory to the initial reference data (page 72)
stepX_attemptY_simulation : MD simulation with (re-)trained ML model parameters
stepX_attemptY_ref_calcl : Reference calculation for the success criterion (page 79)
stepX_attemptY_ref_calcN:(N>1) Additional reference calculations if the step was unsuccessful

stepX_attemptY_reference_data : Directory containing reference data in the ParAMS .yaml format,
including the reference calculations for the same X and Y

stepX_attemptY_training: ParAMS training directory for unsuccessful steps
final_training: ParAMS training directory if refraining the model after the last step (page 88)

final_production_simulation : MD simulation run from scratch (page 88) using the final model param-
eters

Python Examples

See online documentation

See also:

Getting Started with PLAMS

PLAMS Examples

ParAMS Python tutorial

Simple Active Learning Python API (page 90)

Simple Active Learning tutorial using the Graphical User Interface
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4.6 Python API

Python APIs for the SimpleActiveLearningJob (a type of PLAMS Job) and SimpleActiveLearningResults classes.

Import it like this:

#!/usr/bin/env amspython

from scm.simple_active_learning import SimpleActivelearningJob

See also:
¢ Getting Started with PLAMS
¢ Python Input System for AMS (PISA) (new in AMS2024)
* Simple Active Learning Python Examples (page 89)

4.6.1 SimpleActiveLearningJob

class SimpleActiveLearningJob (name='simple_active_learning_job', driver=None, settings=None,
molecule=None, **kwargs)
PLAMS Job class for running Simple Active Learning.

This class inherits from the PLAMS SingleJob class. For usage, see the SingleJob documentation.

If you supply a Settings object to the constructor, it will be converted to a PISA (Python Input System for AMS)
object.

Attributes:
e input: an alias for self.settings.input

__init__ (name='simple_active_learning_job', driver=None, settings=None, molecule=None, **kwargs)
Initialize the SimpleActiveLearningJob.

name [str] The name of the job

driver [scm.input_classes.drivers.SimpleActiveLearning] PISA object describing the input to the Simple-
ActiveLearning program

settings: scm.plams.Settings All settings for the job. Input settings in the PLAMS settings format under
settings.input are automatically converted to the PISA format. You can specify settings.
runscript.nproc to set the total number of cores to run on.

molecule: scm.plams.Molecule or Dict[str, scm.plams.Molecule] The initial system in PLAMS
Molecule format, or if the simulation requires multiple input system, given as a dictionary where the
main system has an empty string " " as the key.

classmethod load_external (path, finalize=False)
Load a previous SimpleActiveLearning job from disk.

Parameters
e path (Union[str, Path])- A reactions discovery results folder.
e finalize (bool, optional)- See SingleJob, defaults to False
Raises FileError — When the path does not exist.
Returns An initialized SimpleActiveLearningJob

Return type SimpleActiveLearningJob (page 90)
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classmethod from_rkf (path)
Initialize a job from a simple_active_learning.rkf file.

Parameters path (str)— Path to a simple_active_learning.rkf file
Returns A new SimpleActiveLearningJob instance based on the information found in path.
Return type SimpleActiveLearningJob (page 90)

classmethod from_input (fext_input)
Initialize a job from text input.

Parameters text_input (str)— A multiline text input
Returns A SimpleActiveLearningJob
Return type SimpleActiveLearningJob (page 90)

get_errormsg ()
Returns the contents of the jobname.err file if it exists. If the file does not exist an empty string is returned.

Returns The error message
Return type str

get_input ()
Obtain the input string.

Returns An input string.
Return type str

get_runscript ()

Generates the runscript. Use self.settings.runscript.preamble_lines = ['linel’,
'line2'] or similarly for self.settings.runscript.postamble_lines to set custom set-
tings.

self.settings.runscript.nproc controls the total number of cores to run on.

check ()

Returns True if “NORMAL TERMINATION” is given in the General section of simple_active_learning.rkf.
ok ()

Synonym for check()

run (jobrunner=None, jobmanager=None, watch=False, **kwargs)
Runs the job

property input
PISA format input

4.6.2 SimpleActiveLearningResults

Note: You should not initialize SimpleActiveLearningResults yourself. Instead always access it as job.results,
where job is of type SimpleActiveLearningJob.

class SimpleActiveLearningResults (job)
Results class for SimpleActiveLearningJob

get_errormsg ()
Returns the error message of this calculation if any were raised.
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Returns String containing the error message.
Return type str

rkfpath (file='simple_active_learning')
Returns path to simple_active_learning.rkf

Returns Path to simple_active_learning.rkf
Return type str

readrk£ (section, variable)
Reads simple_active_learning.rkf

get_simulation_directory (step=None, attempt=None, allow_final=True)
Returns the absolute path to a simulation directory.

step: optional, int The step number. If not specified will be autodetected to the last step.
attempt: optional, int The attempt number. If not specified will be autodetected to the last attempt.

allow_final: bool If True and step=None and attempt=None, then it will return final_production_simulation
if it exists.

get_main_molecule (allow_final=True)
Returns AMSResults.get_main_molecule() on the main simulation job.

Parameters allow_final (bool, optional)— _description_, defaults to True
Returns _description_
Return type Union[Molecule, Dict[str, Molecule], None]

get_params_results_directory (step=None, attempt=None, allow_final=True)
Returns the absolute path to a ParAMS results directory that can be loaded with ParAMSJob.load_external
or used as LoadModel in ParAMS or SimpleActiveLearning input.

step: optional, int The step number. If not specified will be autodetected to the last step.
attempt: optional, int The attempt number. If not specified will be autodetected to the last attempt.

allow_final: bool If True and step=None and attempt=None, then it will return final_training/results if it
exists.

get_params_job (step=None, attempt=None, allow_final=True)
Returns the latest ParAMSJob. This can be used to analyze results from the parametrization.

Parameters
* step (Optional[int], optional)— _description_, defaults to None
* attempt (Optional[int], optional)— _description_, defaults to None
* allow_final (bool, optional)— _description_, defaults to True
Returns _description_
Return type ParAMSJob

get_production_engine_settings (step=None, attempt=None, allow_final=True)
Returns the production engine settings from the ParAMSJob

get_reference_data_directory (step=None, attempt=None)
Returns the absolute path to a reference data directory that can be opened in the ParAMS GUI or which lets
you initialize a ParAMSJob with ParAMSJob.from_yaml()

step: optional, int The step number. If not specified will be autodetected to the last step.
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attempt: optional, int The attempt number. If not specified will be autodetected to the last attempt.

allow_final: bool If True and step=None and attempt=None, then it will return final_training/results if it
exists.

4.7 Frequently Asked Questions

4.7.1 What kind of properties can | fit?

In AMS2024 you can only train to
* energies

¢ forces

4.7.2 Can | run on the GPU?

Yes, both the training and production simulations can be run on a compatible GPU when training/running M3GNet.
Running on the GPU results in significant speedup so it is recommended to do so.
To use the GPU you must install a GPU-compatible version of M3GNet or other machine learning backends.

See the ML Potential and ParAMS documentations.

Note: The engines typically used for DFT reference calculations, like ADF, BAND, and the AMS-bundled version of
Quantum ESPRESSO, cannot run on the GPU.

The Active Learning procedure repeatedly switches between ML training, ML production simulations, and reference
calculations.
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4.7.3 What kinds of MD simulations can | run?

Simple Active Learning is compatible with (almost) all types of MD simulations supported by the AMS Driver.

Type

Comment

NVE

NVT

example (page ??) | tutorial

NPT

Temperature ramping

example (page ??)

Multiple thermostats (ther-
mal conductivity)

Molecule gun or sink

(CVD, ALD)

CREST metadynamics

example (page ??)

Constraints (e.g., fixed po-
sitions)

Apply force or velocity
(friction and viscosity)

Lattice deformation linear

Use Steps%Type = Linear | example (page ??)

Reaction boost force

Use committee uncertainties | example (page ??)

Reaction boost target coor-
dinate

Use Steps%Type = Linear | example (page ??)

SN EEENENEN BN IR NEN RN NENENENEN

Force-bias Monte Carlo
(fbMC)

Lattice deformation peri-
odic

Difficult setup to get good training/validation sets

Nanoreactor

Difficult setup to get good training/validation data

Very high temperatures
(combustion)

The workflow automatically considers very high temperatures (> 5000 K) to be
unrealistic and assumes that they are artifacts of the model
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