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CHAPTER

ONE

PREFACE

1.1 Before you begin. . .
This manual is a work in progress, covering the physical background of the force field development in the
ACT, which is short for Alexandria Chemistry Toolkit, from potential energy functions to the molecular
properties supported by the ACT, algorithms used for training, how to generate training data, installation
and usage.

A pdf version of this manual is available.

Throughout this document we highlight alexandria commands like this. There are also hyperlinks in the
document, both for the references and in the running text, often linking to Wikipedia.

The authors welcome suggestions for additions and improvements as well as corrections for factual errors.
Please send your comments by e-mail to david.vanderspoel at icm.uu.se.

We kindly request that you cite the paper about ACT [1] and other relevant works if you use the software
for a scientific publication of your own.

The ACT can be downloaded as free and open source software from Github.

1.2 About the Alexandria Chemistry Toolkit
The Alexandria Chemistry Toolkit (ACT) allows for global optimization of force fields for molecular
simulation. That means that, in principle, a whole force field can be derived at once by training param-
eters to reproduce results from ab initio or density functional theory as well as experimental data when
available.

The ACT software consists, at the time of writing about 107,000 lines of C++ code, of which about
35,000 lines were generated by the Mathematica TM software (Section Coulomb Interaction using Slater
charges). In addition about 7,500 lines of Python code are part of the ACT.

The ACT was developed in the lab of David van der Spoel at Uppsala University, Sweden. A list of
contributors is given on the github page of the project.

1.3 Motivation for the ACT
The fundamental motivation for the development of the ACT are given in these reviews [2, 3, 4, 5, 6, 7,
8]. Milestones on the way to a new family of physics-based force fields are given below.:

• A long series of benchmarks of force fields [9, 10, 11, 12, 13, 14, 15].

• Databases of quantum-chemical data produced as part of the Alexandria project: enthalpies of
formation and thermochemistry [16] applied to force fields here [13].

1
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• The Alexandria Library with more quantum-chemistry data [17, 18].

• A phase-transferable force field for alkali halides [19] with applications towards prediction of melt-
ing points and conductivities for alkali halide liquids and mixtures [20, 21, 22, 23].

• A new potential for treating the angle in linear molecules [24].

• New models for noble gases including accurate simulations of the melting point of solid noble
gases [25].

• Use of symmetry-adapted perturbation theory for a study of exchange around a water molecule
[26].

• An evaluation of potentials for chemical bonds in molecules [27].

The remainder of this document contains first the User Manual, describing installation and practical
usage of the ACT including the properties that can be predicted by the ACT software and Alexandria
force fields.

The second part is the Reference Manual which presents, somewhat rudimentary at the time of writing,
the physical foundation of the ACT models and the algorithms for training force fields.

Happy force field designing!

1.3. Motivation for the ACT 2



CHAPTER

TWO

USER MANUAL

2.1 Installation of the ACT
The Alexandria Chemistry Toolkit (ACT) relies on a number of libraries. Even though we tried to keep it
to a minimum, some more or less standard libraries are needed. ACT should compile fine on any UNIX
(including MacOs) or Linux machine. %Most of the libraries can be installed using Anaconda or even
Miniconda which has the advantage of running in user-space entirely, that is you do not super-user access
to install it.

2.1.1 Prerequisites
The following software packages are required for the ACT to work:

• C and C++ compilers supporting C++20 at least. On Linux a GNU c++ version newer than 12.0
is recommended.

• Some version of a library that supports the message passing interface (MPI) for parallel program-
ming. A popular version is OpenMPI.

• The cmake tools (at least version 3.13.0) are needed for compiling the code.

• For linear algebra operations we use the Eigen library, version 5 or better.

• The RDKit library (at least version 2025.09.4)

• The Boost developer library of version 1.86.0 (matching RDKit)

• The LibXml2 is needed for processing the XML data files used by the ACT.

• Python, version 3.8 or better, and a number of Python libraries, namely, NumPy, Matplotlib, and
PubChemPy.

The following libraries are optional only, but may be useful for developing the ACT:

• The Class Library for Numbers is used in an optional part of the code (Slater-distributed charges
[17]) and can be omitted.

• The SQLite database engine is needed to process experimental data as well as quantum chemistry
data from the Alexandria Library [17], available from Zenodo.

For developers, the following additional packages are needed:

• doxygen, it is used for generating software documentation,

• graphviz can be optionally added for generating graphs and tree-structures in the doxygen docu-
mentation,

• pygments, for source code listings,

3
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• sphinx, which is used for building the manual, with

• sphinxcontrib-bibtex, for the references and

• nbsphinx for including Jupyter Notebooks.

2.1.2 Conda Environment
There are multiple ways to fulfill the prerequisites. The simplest way that should suffice on a single
computer (i.e. not a cluster), is to first install miniconda on your computer, download the ACT conda
environment file Yml and create and activate a new conda environment.:

conda create -n ACT
conda activate ACT
conda config --add channels anaconda
conda config --add channels conda-forge
conda install librdkit-dev>=2025.09.4 libboost-devel>=1.86.0 cmake eigen>=5␣
→˓libxml2 numpy matplotlib pubchempy pillow

This should install the libraries mentioned above (note: it will take some time!). If you are installing
ACT on a high-performance computing cluster, there likely is support for compilers and a MPI library
already. If not, then add the openmpi package to your conda install line. Most Linux installations come
bundled with the GNU compiler suite (GCC) and for macOS the Xcode package can be downloaded free
of charge from Xcode. If you do not have a compiler, add gcc to the conda install line:

conda install gcc=14 gxx=14 openmpi=5

For developers, please additionally install these packages:

conda install doxygen graphviz pygments sphinx sphinxcontrib-bibtex nbsphinx

Attention

If you are installing ACT in a cluster we recommend to use the cluster-provided compilers and in
particular the MPI library since it may be tuned to make optimal use of the communication hardware.
High-performance computer centers typically provide compilers libraries using some kind of module
system.

2.1.3 Running the Installation
Once you have download ACT either as a release version or by cloning the git repository, enter the
directory where the ACT source code is installed, and issue the following commands:

mkdir build-Release
cd build-Release
cmake -DCMAKE_INSTALL_PREFIX=$HOME/tools ..
make -j 8 install

where the CMAKE_INSTALL_PREFIX flag points to the location where ACT will be installed and the -j
8 flag instructs the make command to utilize 8 cores to speed up compilation.

In order to start using the software, run the following command:

2.1. Installation of the ACT 4
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source $HOME/tools/bin/ACTRC

or add it to your .bash_profile (or equivalent, for remote machines) or .bashrc (or equivalent, for local
machines), and restart the shell or log in again. Then you can run the alexandria executable using:

alexandria -h

To make sure you do have the correct commands in your path, please try the command:

which alexandria

which should give you something like:

% which alexandria
~/tools/bin/alexandria

There are some building options available that are mainly of use for developers (see cmake flags available
to build the alexandria program.). These options have to be specified using:

-DOPTION=Value

where Value can be ON or OFF or something more option specific.

Table 2.1: cmake flags available to build the alexandria program.

Flag Description
CMAKE_BUILD_TYPE Build Type: either Release (default) Debug (for use with

a debugger) or ASAN (Adress Sanitizer, for uncovering
memory leaks and debugging crashes).

CMAKE_INSTALL_PREFIX Path where to install the ACT, see above
CMAKE_PREFIX_PATH Path where cmake can look for libraries. Multiple paths

can be specified, separated by semicolons, for instance
-DCMAKE_PREFIX_PATH=${CONDA_PREFIX}/lib

ACT_CLN Install ACT using the Class Library for Numbers for high
precision calculations, used for Slater integrals.
Default OFF, activated when ON.

ACT_BUILD_MANUAL Whether or not to provision for building the manual.
Requires installing developer tools, default OFF.

CMAKE_C_FLAGS By default nothing is needed, but sometimes this linker
flag helps to overcome problems:
“-L${CONDA_PREFIX}/lib -Wl,-rpath,${CONDA_PREFIX}/lib”

CMAKE_CXX_FLAGS See previous entry, you likely need to add both.

2.1.4 Troubleshooting Installation
Sometimes, the cmake process or building using make does not work as described above. For instance,
there may be library mismatches like this:

undefined reference to `__cxa_call_terminate@CXXABI_1.3.15'

which is caused by the fact that conda libraries expect specific versions of system libraries, combined
with the make process supplying a wrong version of that library. In that case you can instruct cmake to

2.1. Installation of the ACT 5



Alexandria Chemistry Toolkit, Release 1.2b

change the order of libraries by adding the flags to the cmake command line according to Table 2.1.

2.1.5 Testing the ACT
To start testing, you first want to familiarize yourself with the test set. If the ACT is in your home directory,
you can:

cd ACT/build-Release

Then you can build the test set using:

make tests

and run it using:

make test

which should give the following output:

Running tests...
Test project /Users/spoel/GG/ACT/build_Release_DOUBLE

Start 1: TestUtilsUnitTests
1/17 Test #1: TestUtilsUnitTests ............... Passed 3.10 sec

Start 2: WangBuckinghamTests
2/17 Test #2: WangBuckinghamTests .............. Passed 0.33 sec

Start 16: AlexandriaTests

(more tests):

16/17 Test #16: AlexandriaTests .................. Passed 8.80 sec
Start 17: SobolTests

17/17 Test #17: SobolTests ....................... Passed 0.16 sec

100% tests passed, 0 tests failed out of 17

You can also run an individual test, like this bin/sobol-test which should give this output:

[==========] Running 2 tests from 1 test case.
[----------] Global test environment set-up.
[----------] 2 tests from SobolTest
[ RUN ] SobolTest.Test08
[ OK ] SobolTest.Test08 (0 ms)
[ RUN ] SobolTest.Test09
[ OK ] SobolTest.Test09 (0 ms)
[----------] 2 tests from SobolTest (0 ms total)

[----------] Global test environment tear-down
[==========] 2 tests from 1 test case ran. (0 ms total)
[ PASSED ] 2 tests.

Note that these tests are run every time a change in the ACT source code is uploaded to github, to prevent
errors in the code from being introduced.

2.1. Installation of the ACT 6
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2.2 Using the ACT
To use the ACT, you first need to install the ACT. Once you have finished that, please try the command:

alexandria -h

and:

alexandria help commands

the output of which is given in Table 2.2 .

Table 2.2: Commands available in the alexandria program.

Com-
mand

Description

an-
a-
lyze

Analyze molecular or force field properties from a database and generate publication quality
tables in LaTeX.

b2 Compute second virial coefficient as a function of temperature.
edit_ffManipulate and compare force field files in various ways and test whether reading and writing

works.
edit_mpUtility to merge a number of molecular property files and a SQLite database. Can also test

reading and writing the molecular property file. It can also check the molecular property file
for missing hydrogens and for whether it is possible to generate topologies for all compounds.
Finally it can generate charges for all compounds.

gen_ff Generate a force field file from a user specification.
gen-
top

Generate a molecular topology and coordinates based on structure files. Only inputs for
OpenMM can be generated at this point in time.

ge-
om-
e-
try_ff

Deduce bond/angle/dihedral distributions from a set of structures and add those to a force field
file.

help Print help information.
merge_ffUtility to merge a number of force field files and write a new file with average parameters. Can

also write a LaTeX table.
min_complexGenerate inputs for an energy scan.
nma Perform normal mode analysis and compute vibrational frequencies and thermochemistry prop-

erties.
sim-
u-
late

Perform a MD simulation and generate a trajectory.

train_ffTrain a force field to reproduce reference data.

Note that one can get detailed help for the alexandria modules using the -h flag, e.g.:

alexandria train_ff -h.

In addition to the alexandria program, the ACT contains a number of python scripts and utilities (Table
2.3 ), some of which are needed for the quantum chemistry calculations as well (see Sections Generating
SAPT data and Generating single molecule data).

2.2. Using the ACT 7
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Table 2.3: Python utilities available in the ACT.

Com-
mand

Description

co-
ords2molprop

Read a bunch of structure files containing molecule dimers A-B and write a molprop
file.

dimer_scan Compute dimer potentials for along a user-defined distance between two molecules.
donchev2molpropConvert dimer interactions from the Donchev paper [28] to a molprop file.
gauss2molpropRead a Gaussian output file from the Alexandria library [17] to a molprop file.
gener-
ate_mp

Read and process many Gaussian output files from the Alexandria library [17] and gen-
erate a molprop file.

install_act Script to install the ACT
molselect Make a selection file based on compounds from the Alexandria Library.
ncia2molprop Read an xyz file and write a molprop file.
plot_convergenceRead an ACT training log file and plot the converge of the parameters as a function of

generations in the evolution of the gene pool.
reshuf-
fle_selection

Read a selection file and randomly assign Train status to entries, then write a new se-
lection file.

view_fitness Visualizes the fitness per generation of a GA/HYBRID by plotting the maximum, min-
imum, mean, and median, for an example see Fig. 2.1

0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0
Generation

10 3

10 2

10 1

100

101

102

103

104

Fit
ne

ss

Train fitness
min
max
mean
median

Fig. 2.1: Sample convergence plot from a HYBRID training, generated by the view_fitness script.
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2.2.1 ACT File formats
The ACT contains a number of specific file formats, in principle all of them generated by the ACT itself
through scripts (Table 2.3) or alexandria (Table 2.2). The files are listed below:

• Selection file, with .dat extension. List of monomers or dimers and designation on whether they
are part of the train or test set. In case of dimers, the two compounds are separated by a hash (#)
symbol.:

water#ethanol|Test
water#water|Train
ethanol#ethanol|Train

• Force field file, with .xml extension.

• Molprop file, with .xml extension.

2.2.2 Creating a new force field file from scratch
Start by copying the examples directory from the source catalog, and change directory to exam-
ples/NonPol.

Now, let’s see what alexandria gen_ff has to offer:

alexandria gen_ff -h

(to see the output check the help text).

As we see there are many options, but for Alexandria force fields most can remain default. Make a fresh
directory and use the one-line script:

./genff.sh

which gives output similar to:

There are 62 atom types in the force field with 42 properties.
There are 127 element properties

Thanks for using the Alexandria Chemistry Toolkit.

The script prints that it has read and processes a number of files from the ACT installation. These data files
can be copied and modified by the user. The files should be relatively simple to understand. Installed files
are in the share/act directory. Please note that the force field files use the eXtensible Markup Language
that provides a structured way of storing data. Do not edit manually if at all possible.

This force field file gives us something to start with, but it is not complete yet. First, we have to add the
possible bond lengths, bond angles etc., and those come from the Alexandria Library (see below). For
now, we will use the provided file in XML/alcohol.xml. Thus, we need to run:

./geomff.sh

which should produce the following output:

Welcome to the Alexandria Chemistry Toolkit

There are 5 molecules in the selection file SELECTIONS/alcohol-monomer.dat.
(continues on next page)
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(continued from previous page)

There are 5 molprops. Will now sort them.
There were 0 double entries, leaving 5 after merging.
There were 5 total molecules before merging, 5 after.
Have generated 34 entries for bond charge correction (SQE algorithm).

Please check output in file geometry_ff.log.

This generates a ready-to-optimize force field file, myff2.xml and a log file that is good to inspect. It
provides statistics over the geometry of compounds in the input xml file:

bond-c3_b~h_b len 108.8 sigma 0.3 (pm) N = 28
bond-c3_b~c3_b len 150.9 sigma 0.6 (pm) N = 7

angle-c3_b~c3_b~c3_b angle 112.1 sigma 0.6 (deg) N = 3
angle-c3_b~c3_b~o3_b angle 108.6 sigma 3.8 (deg) N = 7

which informs us, for instance, that there are 28 aliphatic c3-h bonds in the input with an average length
of 108.8 ± 0.3 pm.

2.2.3 Train your first force field
Now you can run the first part of the example training, the intermolecular interactions, using:

./run_inter.sh

and the adventure has begun! This part will train the van der Waals parameters 𝜎 and 𝜖 (Eqn. (3.18))
as well as the charge distribution width 𝜁 (Eqn. (3.2)) and the electronegativity 𝜒 and hardness 𝜂. The
command will output some text to the terminal:

There are 16 threads/processes and 5 parameter types to optimize.
rank: 0/16 nodetype: Master superior: 0
nmiddlemen: 16 nhelper_per_middleman: 0
ordinal: 0 nhelper: 0
middlemen: 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

showing the genetic algorithm is using 16 individuals and the code is being run on 16 threads in parallel.
Then, at the end you will see something like:

There were 39 EPOT-Train outliers for Train.
There were 29 EPOT-Test outliers for Test.

Please check output in file train_inter.log.

encouraging you to inspect the log file. It can be very helpful to check outliers that can help you to find
inconsistencies in both the data and the model you are trying to train. After this training instance, a
correlation plot EPOT.xvg will be produced (Fig. 2.2); you can use the:

./plot-epot.sh

script to make the plot yourself as well.
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Fig. 2.2: Correlation between interaction energy from SAPT (x-axis) and training (y-axis).

You can inspect the different .xvg output files in the generated subdirectory inds. Fig. 2.3 shows how the
total deviation from SAPT data, you can recreate the figure using the:

./plot-chi2.sh

script. Fig. 2.4 shows how well the Gaussian distribution widths converge.

Note that these graphs were made using the plotxvg script that is based on matplotlib.

After training the parameters governing intermolecular interactions, it is time to train the bonded forces.
For this, we need to modify the selection of compounds to be monomers, we use the force field file
that was trained on SAPT interaction energies (Train-inter.xml) and reference energies come from MP2
calculations.

./run_intra.sh

will do this training. As targets in this training we use both the intramolecular energies and the forces,
however the deviations in the forces are weighted down by a factor of 0.1 because of the magnitude of
the numbers. You will get similar output as for the intermolecular training:

There were 60 EPOT-Train outliers for Train.

Please check output in file train_intra.log.

Again, please inspect the contents of the log file carefully. A quick check of the intramolecular force field
can be done by computing frequencies:

./run_nma.sh
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Fig. 2.3: Convergence of the 𝜒2 fitness value for the first individual in the example training. Note the
jump at iteration 100, due to the catastrophe penalizer kicking in.
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Fig. 2.4: Convergence of the Gaussian distribution widths 𝜁 for five atom types. The jumps in the graphs
are due to genetic algorithm performing crossover between individuals.
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which will perform a normal mode analysis (Sec. Normal Mode Analysis) and compute an infrared
spectrum (Sec. Infrared Spectra) based on your new force field. This should yield a spectrum like the
one in Fig. 2.5.
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Fig. 2.5: Simulated infrared vibrational spectrum for ethanol based on the force field derived in this
tutorial (please compare to Fig. 2.7).

As a final test of your new force field, we can use alexandria simulate -minimize to determine the opti-
mized structure of a methanol dimer. For this, run:

./minimize.sh

and check the output structure, after_em.pdb. It should look like Fig. 2.6.

Fig. 2.6: Structure of a methanol dimer after minimization using the force field derived by the ACT in
this tutorial. Visualization using Avogadro.

Please make sure to inspect all the scripts provided here to learn about the command line options to ACT
modules, but be advised that there are many more options and possibilities.

To design a force field for your own system of choice you will have to provide quantum chemistry data
(Sec. Training Data), and create selection files (Sec. ACT File formats). Most of the steps you have
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gone through in this tutorial can be adapted to your need. For large trainings it is useful to study the
parallellization features of the ACT (Sec. Running training using parallel processing).

2.2.4 Is my training hitting a wall?
To make training efficient, it is good to limit the search space. In some cases we can use chemical intuition
to estimate the search space. For instance, we know that polarizability should be a positive number and
that it is highly element dependent. For hydrogen, a likely range is 0.1 < 𝛼 < 0.5 Å3. Such boundaries
are implemented in the force field file like this:

<parameterlist identifier="h_s">
<parameter type="alpha" unit="Angstrom3" value="0.46"
uncertainty="0.008" minimum="0.1" maximum="0.5"
ntrain="300" mutability="Bounded" nonnegative="yes"/>

</parameterlist>

this example is after an optimization where the optimal value ended up being 0.46, based on a dataset
comprising 300 hydrogen atoms. Note the nonnegative=”yes” which will prevent alexandria tools from
making this parameter negative ever.

For many cases, we do not have an {em a-priori} intuition of what the values should be and we make a
guess. Then, after a series of optimizations, we can check whether the bounds are OK, using an alexandria
tool (assuming you have generated and trained a polarizable force field .xml ):

alexandria edit_ff -ff ff.xml -ana EEM
<snip>
POLARIZATION n2_s alpha at maximum 1.5
POLARIZATION n4_s alpha at minimum 0.6
BONDCORRECTIONS c2_~c3_z hardness at minimum -0.4
BONDCORRECTIONS c2_z:n2_z hardness at minimum 0
BONDCORRECTIONS c3_z~c3_z hardness at minimum -0.4

Some of the parameters are indeed hitting the wall. To adjust the parameters we use the same tool again:

alexandria edit_ff -ff ff.xml -o new.xml -stretch -p alpha
<snip>
Thanks for using the Alexandria Chemistry Toolkit.

and then we check the resulting force field file in the same manner as before:

alexandria edit_ff -ff new.xml -ana EEM
<snip>
BONDCORRECTIONS c2_z~c3_z hardness at minimum -0.4
BONDCORRECTIONS c2_z:n2_z hardness at minimum 0
BONDCORRECTIONS c3_z~c3_z hardness at minimum -0.4

Now the polarizability minimum (for n4_s) and maximum (for n2_s) have been stretched. The same can
now be done for hardness.

You can also do the reverse. When you are confident that the optimization is close to the final result, but
want to randomize again without starting from scratch, you can set new minimum and maximum values
for the parameters using, e.g.:
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alexandria edit_ff -ff new.xml -o new.xml -p bondlength -limits 0.98

please check the on-line help ( alexandria edit_ff -h ) for more information.

2.2.5 Running training using parallel processing
The training process is heavy in computer time. Therefore, it has been parallellized using the MPI library.
Since this is a prerequisite for compiling the ACT, you likely have it installed if you got this far. In fact
this is used in the example scripts, where N is the number of cores you have available. Please consult
with your cluster manager if in doubt. Clusters using the Slurm queueing system may need to use srun
instead of mpirun. As far as we have tested [1], the code is quite efficient down to 4-5 molecules per
core. In the above example there are 10 compounds in the training set, such that it is not worthwhile to
use more than 2-3 cores, but do experiment with the number of cores.

2.3 MD Simulations with Alexandria Force Fields

2.3.1 Using ACT simulate
The command alexandria simulate will perform a simulation in the gas phase, i.e. without periodic
boundary conditions. This obviously limits the usefulness but the OpenMM software can be used for
condensed-phase simulations using ACT force fields [1, 25]. The alexandria simulate utility is aimed
for validation of the potentials, for instance by evaluating whether the total energy is conserved, it can be
verified that the force is the derivative of the potential.

The utility can also be used to minimize the energy of a molecule or small cluster

alexandria simulate -minimize -ff actff.xml -f coords.pdb -charges mp2.xml -c afterem.pdb
-g minimize.log

where actff.xml is the force field file, coords.pdb is a structure file (xyz and sdf are supported as well). The
alexandira -charges mp2.xml indicates a molprop file (database) with monomeric (optimized) structures
used for generating charges. The files afterem.pdb and minimize.log are output files.

2.3.2 The ACT-OpenMM interface
The OpenMM [29] software in its native form is controlled from Python scripts. This allows users
great control over the simulations. OpenMM allows to specify user-defined energy functions, which
we use to implement both Gaussian-distributed charges [19, 30] and many Van der Waals potentials [25]
(see Section Energy Function). To facilitate this, a special python code was implemented that makes it
relatively easy for the user to run simulations and minimization. The first step is to convert an ACT force
field file (actff.xml}) to one compatible with OpenMM (*openmmff.xml):

alexandria gentop -ff actff.xml -openmm openmmff.xml
-charges mp2.xml -db "water methanol"

with two additional arguments. First, flag -charges mp2.xml indicates a molprop file (database) with
monomeric (optimized) structures used for generating charges and, second, the flag -db “water methanol”
instruct the code to produce an OpenMM topology for those compounds. If one or more of the compounds
is not present in the database, a warning will be issued.
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2.3.2.1 MD simulations using OpenMM

It is easy to perform simulations based on an Alexandria force field. For this, we rely on the OpenMM
software that you need to install separately. Then you can use the ACT python interface to OpenMM, as
in this simple script, that we will call run.py:

#!/usr/bin/env python3

from act_openmm import ActOpenMMSim

sim = ActOpenMMSim(pdbfile="file.pdb",
datfile="dimer.dat",
xmlfile="ff.xml",
txtfile="output2.txt",
verbose=True)

sim.run()
sim.log_to_xvg("energy.xvg", [ "Potential Energy (kJ/mole)"])
sim.log_to_xvg("temperature.xvg", [ "Temperature (K)" ])
sim.log_to_xvg("density.xvg", [ "Density (g/mL)" ])

Here, we first instantiate an ActOpenMMSim object, and pass it a structure file file.pdb, a simulation
parameter file dimer.dat and a force field file ff.xml. We also instruct the code that output should be
written to output2.txt and that we want a lot of information in that file. Then we can run it, that’s all! The
last three lines are for convenience of plotting the results. We can run this script using:

python ./run.py

or submitted to a cluster, preferably with GPUs available.

2.3.2.2 Energy Minimization using OpenMM

An energy minimization of the input structure can be done using this script:

#!/usr/bin/env python3

from act_openmm import ActOpenMMSim

sim = ActOpenMMSim(pdbfile="file.pdb",
datfile="dimer.dat",
xmlfile="ff.xml",
txtfile="output2.txt",
verbose=True)

sim.setup()
sim.minimize()
sim.write_coordinates("final.pdb")

which is run here using the same flags as the simulation. Note that details about simulations and mini-
mization can be specified in the dimer.dat file.
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2.4 Predicting Molecular Properties
The ACT can be used to perform MD simulations of clusters in the gas-phase using the alexandria
simulate command. This module includes the possibility to perform energy minimizations with the flag
-minimize. For simulations employing periodic boundaries the OpenMM package~ [29] should be used
instead. For more details about MD simulations, see Section MD Simulations with Alexandria Force
Fields.

Below we describe some of the properties that can be computed using the ACT.

2.4.1 Electrostatic Potential
The charge distribution 𝜌 of a molecule is determined by the nuclear position of the𝑁 atoms at positions
x and the electron density 𝑛(r). The molecular electrostatic potential (MEP) at a point in space 𝑟′ is thus
given by

Φ(r′) =
1

4𝜋𝜀0

[︃
𝑁∑︁
𝑖=1

𝑧𝑖
‖x𝑖 − r′‖

−
∫︁

𝑛(r)

‖r− r′‖
d𝑟

]︃
(2.1)

where 𝑁 is the number of atoms, 𝑧𝑖 are the nuclear charges, 𝜀0 is the permittivity of vacuum and in-
tegration is over the entire space. The minus sign before the integral is due to the negative charge of
electrons.

Accurate knowledge of the MEP contributes to, for example, the understanding of interactions and func-
tion of biological macromolecules in solution~ [31]. For a molecule in the gas phase, Eqn. (2.1) can be
evaluated using density functional theory and wave function quantum chemistry, albeit at a significant
computational cost. Databases of such calculations for small molecules are available to facilitate reuse
[8]. For large condensed-phase systems, however, it is common to apply classical force fields, where
electrons are not taken into account explicitly. Instead, effective partial charges on atoms are used. The
electronic degrees of freedom, charge polarization, is sometimes taken into account through induced
point dipoles and higher electrostatic moments, or by using a core-shell model~ [32, 33, 34]. For addi-
tional background we refer to some excellent reviews~ [35, 36, 37].

The MEP can be used as a target in model development in the ACT, however we recommend against that
for both fundamental and practical reasons~ [38].

2.4.2 Electrostatic Moments
If point r′ in Eqn. (2.1) is outside the distribution of electron density and r′ >> r, the electrostatic
potential can be evaluated through the Taylor expansion of |r− r′|−1 [39]:

1

|r′ − r|
≈ 1

𝑟
+ (r̂ · r) 1

𝑟2
+

1

2

[︁
3 (r̂ · r)2 − 𝑟2𝐼

]︁ 1

𝑟3
+ · · · (2.2)

where r̂ = r′/𝑟 and 𝐼 is the identity matrix. By inserting Eqn. (2.2) into Eqn. (2.1), we get

Φ(r′) ≈ 1

4𝜋𝜖0

𝑄

𝑟
+
𝜇0
𝑟2

+
Θ0

𝑟3
+ · · ·

𝑄 is the monopole moment, sometimes called the zeroth moment of the molecular electron density. In
principle this is the total charge of the molecule. In what follows we combine both the atomic cores and
the electron density into 𝑛(𝑟). Then, 𝑄 is given by

𝑄 =

∫︁
𝑛(r)𝑑r
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𝜇0 is the vector of the permanent dipole moment, which measures the polarity of the molecular electron
density. 𝜇0 is given by

𝜇0 =

∫︁
𝑛(r) (r̂ · r) 𝑑r

Θ0 is the tensor of the permanent quadrupole moment, which exhibits the deviation of the distribution
of the molecular electron density from spherical symmetry. Θ0 is given by

Θ0 =
1

2

∫︁
𝑛(r)

[︁
3 (r̂ · r)2 − 𝑟2𝐼

]︁
𝑑r

The quadrupole tensor can be written as a traceless 3×3 matrix in the Cartesian coordinate if one writes
(r̂ · r)2 as:

(r̂ · r)2 = r̂ · (rr) · r̂

where rr is the outer product of vector r with itself. This results in a matrix that can be written in terms
of the Cartesian components of the vector r as follows:

rr =

⎡⎣ 𝑥2 𝑥𝑦 𝑧𝑥
𝑦𝑥 𝑦2 𝑦𝑧
𝑧𝑥 𝑧𝑦 𝑧2

⎤⎦
Finally, we get

1

2

[︁
3 (r̂ · r)2 − 𝑟2𝐼

]︁
= r̂ · 1

2

⎡⎣ 3𝑥2 − 𝑟2 3𝑥𝑦 3𝑧𝑥
3𝑦𝑥 3𝑦2 − 𝑟2 3𝑦𝑧
3𝑧𝑥 3𝑧𝑦 3𝑧2 − 𝑟2

⎤⎦ · r̂ (2.3)

2.4.3 Polarizability
The shape of the molecular electron density changes when it interacts with an external electric field;
hence, the total energy of the molecule changes. The static response of a molecule to a homogeneous
external electric field, (F), can be studied by expanding its energy in a Taylor series [40, 41]:

𝐸 (F) = 𝐸 (0) +
𝜕𝐸

𝜕F

⃒⃒⃒⃒
F=0

F+
1

2

𝜕2𝐸

𝜕F2

⃒⃒⃒⃒
F=0

F2 +
1

6

𝜕3𝐸

𝜕F3

⃒⃒⃒⃒
F=0

F3 + · · ·

where

−𝜕𝐸
𝜕F

⃒⃒⃒⃒
F=0

= 𝜇0

−𝜕
2𝐸

𝜕F2

⃒⃒⃒⃒
F=0

= 𝛼

−𝜕
3𝐸

𝜕F3

⃒⃒⃒⃒
F=0

= 𝛽

where 𝜇0 is the vector of permanent dipole moment, 𝛼 is the tensor of polarizability, which is the linear
part of the response of the molecular electron density with respect to the external electric field, and 𝛽 is
the first hyperpolarizability [40].

Instead of expanding the energy, we can expand the dipole moment of a molecule in an external electric
field [41], written as

𝜇 = 𝜇0 + 𝛼F+
1

2
𝛽F2 + · · ·
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where 𝛼F gives the vector of induced dipole moment, 𝜇1 [40]:

𝜇1 = 𝛼F

that can be written in matrix form as⎡⎣ 𝜇𝑥
𝜇𝑦
𝜇𝑧

⎤⎦ =

⎡⎣ 𝛼𝑥𝑥 𝛼𝑥𝑦 𝛼𝑥𝑧

𝛼𝑦𝑥 𝛼𝑦𝑦 𝛼𝑦𝑧

𝛼𝑧𝑥 𝛼𝑧𝑦 𝛼𝑧𝑧

⎤⎦⎡⎣ 𝐹𝑥

𝐹𝑦

𝐹𝑧

⎤⎦ (2.4)

From the polarizability tensor the polarizability isotropy [41, 42],

𝛼̄ =
(𝛼𝑥𝑥 + 𝛼𝑦𝑦 + 𝛼𝑧𝑧)

3

and the polarizability anisotropy [42],

∆𝛼 =
√︁

[(𝛼𝑥𝑥 − 𝛼𝑦𝑦)2 + (𝛼𝑥𝑥 − 𝛼𝑧𝑧)2 + (𝛼𝑦𝑦 − 𝛼𝑧𝑧)2 + 6(𝛼2
𝑥𝑦 + 𝛼2

𝑥𝑧 + 𝛼2
𝑦𝑧)]/2

can be calculated.

2.4.4 Normal Mode Analysis
Please note that the text below is largely taken (with permission) from a paper by Henschel et al. [43].

The ACT contains the alexandria nma tool that performs a normal mode analysis to determine the vibra-
tional frequencies of a compound. Vibrational frequencies are required to compute the IR spectra and
thermochemistry of molecules. The normal modes of molecular vibrations can be obtained by eigen-
value decomposition of the Hessian matrix, whose elements are the second derivatives of the energy
with respect to the atomic coordinates 𝑞.

𝐻𝑖𝑗 =
𝜕2𝐸

𝜕𝑞𝑖𝜕𝑞𝑗

where 𝑖 and 𝑗 run from 0 to 𝑁 − 1, where 𝑁 is the number of atoms in the molecule. If virtual sites 𝑣
are used, for example, to model the 𝜎-hole for halogen atoms, the energy, E, depends on the positions of
both atoms and virtual sites; that is, 𝐸 = 𝐸(𝑞0, ..., 𝑞𝑁−1, 𝑣0, ..., 𝑣𝑀−1), where the positions of the 𝑀
virtual sites, 𝑣, in the compound are a function of the atomic coordinates q.

The Hessian is computed numerically—the N atoms are moved independently in all three spatial di-
mensions, and the forces are computed. From these forces, the second derivative of the energy is then
evaluated numerically. Note that the positions of the virtual sites are updated before each force calcula-
tion, which means that their influence on the Hessian is taken into account explicitly when computing
𝐻 .

2.4.4.1 Infrared Spectra

For the calculation of a full IR spectrum, in addition to the vibrational frequencies, the intensities and
the line shapes are required.

In case of the quantum chemical calculations both the eigenfrequencies and the corresponding IR inten-
sities are produced by default when a frequency calculation is requested in, for instance, the Gaussian
software~ [44]. The frequencies for about 5000 compounds are available from the Alexandria library~
[17] at the B3LYP/aug-cc-pvtz level of theory~ [45, 46, 47, 48].Details of the quantum chemical calcu-
lations from which the frequencies were obtained have been presented previously [16, 17].

2.4. Predicting Molecular Properties 19



Alexandria Chemistry Toolkit, Release 1.2b

For the force field calculations, the intensities 𝐼𝑛 were derived from the transition dipole derivatives:

𝐼𝑛 =
3∑︁

𝑘=1

(︂
𝜕𝑝𝑘
𝜕𝑄𝑛

)︂2

(2.5)

where 𝑘 iterates over cartesian dimensions, 𝑝 is the dipole moment of the molecule, and 𝑄𝑛 the normal
coordinate 𝑛. In order to take into account virtual sites 𝑣 we note that

𝑝𝑘 = 𝑝𝑘(𝑞0, ..., 𝑞𝑁−1, 𝑣0, ..., 𝑣𝑀−1)

and rewrite equation (2.5) as:

𝐼𝑛 =
3∑︁

𝑘=1

(︂
𝜕𝑝𝑘
𝜕𝑞𝑠

𝜕𝑞𝑠
𝜕𝑄𝑛

)︂2

where 𝑠 iterates over the 𝑁 atomic coordinates. To make the calculation of intensities practical, the

numerical derivative of the dipole moment with respect to the atomic coordinates
𝜕𝑝𝑘
𝜕𝑞𝑠

is stored in a text

file during the normal mode analysis and finally we note that the term
𝜕𝑞𝑠
𝜕𝑄𝑛

corresponds to one over
component 𝑠 of eigenvector 𝑛.

As an example, an infrared spectrum can be generated using the OPLS2020 force field [49] and a molprop
file using:

alexandria nma -ff OPLS2020 -charges OPLS2020-charges -db ethanol -ir ir-
→˓ethanol

yielding the spectrum in Fig. 2.7.
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Fig. 2.7: Simulated infrared vibrational spectrum for ethanol, based on the OPLS2020 force field.
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2.4.4.2 Thermochemistry

The Canonical ensemble 𝑄(𝑁,𝑉, 𝑇 ) can be used to compute the molecular Internal energy 𝐸 ((2.6)),
the standard Entropy 𝑆𝑜 ((2.7)), and the Heat-Capacity 𝐶𝑣 ((2.8)) at constant volume, using

𝐸 = 𝑅𝑇 2

(︂
𝜕l𝑛𝑄

𝜕𝑇

)︂
𝑁,𝑉

(2.6)

𝑆𝑜 = 𝑅l𝑛𝑄+𝑅𝑇

(︂
𝜕l𝑛𝑄

𝜕𝑇

)︂
𝑁,𝑉

(2.7)

𝐶𝑣 = 2𝑅𝑇

(︂
𝜕l𝑛𝑄

𝜕𝑇

)︂
𝑁,𝑉

+𝑅𝑇 2

(︂
𝜕2l𝑛𝑄

𝜕𝑇 2

)︂
𝑁,𝑉

(2.8)

where 𝑅 is the ideal gas constant and 𝑇 the absolute temperature. For an ideal gas, 𝑄(𝑁,𝑉, 𝑇 ) can be
decomposed into Partition-Function of different degrees of freedom: electronic (el), translational (tr),
rotational (rot) and vibrational (vib) motions. Therefore, for a molecular ideal gas, 𝑄(𝑁,𝑉, 𝑇 ) can be
expressed as:

𝑄(𝑁,𝑉, 𝑇 ) =
(𝑞e𝑙𝑞t𝑟𝑞r𝑜𝑡𝑞v𝑖𝑏)

𝑁

𝑁 !
(2.9)

The Rigid-Rotor and the Quantum-Harmonic-Oscillator can be used to approximate the contribution of
the rotational and vibrational motions. The partition function of a rigid rotator is defined as

𝑞r𝑜𝑡 =
𝑇

𝜎Θr𝑜𝑡

where 𝜎 is the symmetry number, Θr𝑜𝑡 the rotational temperature defined as

Θr𝑜𝑡 =
ℎ2

8𝜋2I𝑘𝛽

where I is the moment of inertia, 𝑘𝛽 the Boltzmann constant, and ℎ the Planck constant. The partition
function of a quantum harmonic oscillator is defined as

𝑞v𝑖𝑏 =
𝑒

−𝛽ℎ𝜈
2

1− 𝑒−𝛽ℎ𝜈

where 𝜈 is the vibrational frequency of the oscillator. If we define the vibrational temperature as Θv𝑖𝑏 =
ℎ𝜈
𝑘𝛽

, then we will have

𝑞v𝑖𝑏 =
𝑒

Θv𝑖𝑏
2𝑇

1− 𝑒
Θv𝑖𝑏
𝑇

Applying Eqn. (2.9) to Eqn. (2.6) followed by the multiplication rule in logarithm yields:

𝐸 = 𝐸𝑡𝑟 + 𝐸𝑟𝑜𝑡 + 𝐸𝑣𝑖𝑏

and similarly,

𝐶𝑣 = 𝐶𝑡𝑟 + 𝐶𝑟𝑜𝑡 + 𝐶𝑣𝑖𝑏

𝑆𝑜 = 𝑆𝑡𝑟 + 𝑆𝑟𝑜𝑡 + 𝑆𝑣𝑖𝑏

Thermochemical properties are computed automatically by the alexandria nma command. For more
details, please see Van der Spoel et al. [13].
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The alexandria nma used above to generate the infrared spectrum in Fig. 2.7 computes the thermo-
chemical variables as well (Table 2.4). Information on calculation of the enthalpy of formation will be
pubslished in the near future.

Table 2.4: Thermochemical values for ethanol at 298.15 K based
on the OPLS2020 force field.

Property Experiment OPLS2020
𝑆𝑜 (J/mol K) 281 [50] 273.0
𝐶𝑣 (J/mol K) 57 [16] 62.2

2.4.5 Second Virial Coefficient
The second Virial-Coefficient is the second term in the Virial-Expansion that describes the deviation
from the ideal gas law for real gases:

𝑃

𝑅𝑇𝜌
= 𝐴+𝐵2(𝑇 )𝜌+ 𝐶3(𝑇 )𝜌

2 + ...

with 𝑃 the pressure, 𝑅 the gas constant, 𝑇 the temperature and 𝜌 the density.

𝐵2(𝑇 ) is a useful property gauging interactions in the gas phase because experimental values are available
for close to 2000 compounds as a function of temperature. It is computed from an integral weighting the
interaction between two molecules over three-dimensional space.

𝐵𝑐𝑙
2 (𝑇 ) = −1

2

∫︁ ∞

0

⟨
𝑒−𝛽𝑢12(r) − 1

⟩
𝑑r

where 𝑢12(r) is the interaction energy between two compounds (Eqn. (3.53)), 𝛽 = 1/𝑘𝐵𝑇 and the
integral is over all space and relative orientations of the compounds. If we sample these adequately
(including at close, repulsive, distance) we can simplify the integral to a one-dimensional one:

𝐵𝑐𝑙
2 (𝑇 ) = −2𝜋

∫︁ ∞

0
𝑟2
⟨
𝑒−𝛽𝑢12(𝑟) − 1

⟩
𝑑𝑟

The above equation is entirely classical and quantum corrections have to be added according to:

𝐵𝐹
2 (𝑇 ) =

ℏ2

24(𝑘𝐵𝑇 )3

2∑︁
𝑗=1

⎡⎣
⟨
F2
𝑗

⟩
𝑚𝑗

⎤⎦
for the force on the compounds and

𝐵𝜏
2 (𝑇 ) =

ℏ2

24(𝑘𝐵𝑇 )3

2∑︁
𝑗=1

⎡⎣ ∑︁
𝛼=𝑥,𝑦,𝑧

⟨
𝜏2𝑗,𝛼

⟩
𝐼𝑗,𝛼

⎤⎦
for the torque on the compounds, where𝑚𝑗 is the mass of the molecules 𝑗 and F2 is the averaged square
force on one molecule given by⟨︀

F2
⟩︀
= 𝑘𝐵𝑇

∫︁ ∞

0

⟨
𝑒−𝛽𝑢12(r) [∇𝑢12(r)]2

⟩
𝑑r

and where 𝐼 is the moment of inertia of the molecule and 𝜏2 is the average square torque on one molecule
defined by ⟨︀

𝜏2𝑗,𝛼
⟩︀
= 𝑘𝐵𝑇

∫︁ ∞

0

⟨
𝑒−𝛽𝑢12(r) [∇𝜔𝑢12(r)]

2
𝑗,𝛼

⟩
𝑑r.
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The change in 𝐵2(𝑇 ) as a function of temperature can be used to scrutinize the repulsive and attractive
components of the potential energy. 𝐵2(𝑇 ) is negative at low temperatures due to attraction forces, while
it becomes positive at higher temperatures as repulsion forces start to dominate, and passes through a
maximum and eventually decreases at very high temperatures where repulsion force are fully dominant~
[51].

Code to compute the second virial coefficient is available in the alexandria b2 command. Since the
calculation is relatively expensive it has been implemented to use parallel processing using the message
passing library. You can run it on a 16-core machine like:

mpirun -n 16 alexandria b2 -v 3 -g TIP4P -b2 TIP4P -ff TIP4P
-f water#water.pdb -T1 373.15 -T2 673.15 -dT 25.0
-maxdimer 32768

where TIP4P corresponds to the well-known water model~ [52], the 𝑇1 and 𝑇2 are the temperature limits
(note gas-phase for water), 𝑑𝑇 is the temperature interval and maxdimer determines how many relative
orientations will be evaluated. Due to the underlying algorithm for Quasi-Random numbers, this should
be a power of two. The result is plotted in Fig. 2.8.
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Fig. 2.8: Sample second virial coefficient and components for water using the TIP4P model.
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THREE
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3.1 Energy Function
The ACT supports a range of different potentials for classical force field simulations. These potentials
are described briefly in what follows.

3.1.1 Non-bonded interactions

3.1.1.1 Coulomb Interaction using Point charges

The Coulomb interaction can be computed with point charges:

𝑉𝑐𝑜𝑢𝑙(𝑟𝑖𝑗) =
𝑞𝑖𝑞𝑗

4𝜋𝜀0𝜀𝑟𝑟𝑖𝑗
. (3.1)

3.1.1.2 Coulomb Interaction using Gaussian charges

Alternatively, the Coulomb interaction can be described using Gaussian shielded charges

𝑉𝑐𝑜𝑢𝑙(𝑟𝑖𝑗) =
𝑞𝑖𝑞𝑗erf (𝜁𝑖𝑗𝑟𝑖𝑗)

4𝜋𝜀0𝜀𝑟𝑟𝑖𝑗
, 𝜁𝑖𝑗 =

𝜁𝑖𝜁𝑗√︁
𝜁2𝑖 + 𝜁2𝑗

, (3.2)

where 𝜀0 is the permittivity of vacuum, 𝑞𝑖,𝑗 are the charges and 𝜁𝑖,𝑗 are the charge distribution widths
(screening factors). Note that Eqn. (3.2) includes a relative dielectric constant 𝜀𝑟 that can be used to
parameterize a non-polarizable force field using charge-scaling [53].

3.1.1.3 Coulomb Interaction using Slater charges

In addition, Slater distributed charges can be used as described in ref. [30], from which the text below is
an adapted version.

The spherical Slater orbital wavefunction is given by

𝜓𝑛(r) =

√︃
(2𝜁)2𝑛+1

4𝜋(2𝑛)!
r𝑛−1e−𝜁r (3.3)

where 𝑛 is the highest quantum number of the element and 𝜁 is the exponent giving the width of the
charge density. The distribution of charge can be described by the charge density, which is the square of
the wave function ( (3.3) ). The Coulomb integral can then be written as [54, 55]:

𝐽𝑖𝑗(r) ∼
∫︁ ∫︁

|𝜓𝑛(ri)|2
𝑞𝑖𝑞𝑗

|ri − rj|
|𝜓𝑚(rj)|2𝑑ri𝑑rj (3.4)

24
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where𝜓𝑛 and𝜓𝑚 are the Slater wave functions of atoms 𝑖 and 𝑗 with quantum numbers 𝑛 and𝑚 and with
partial charges 𝑞𝑖 and 𝑞𝑗 , respectively. Both (3.2) and (3.4) have a finite limit as 𝑟 → 0. As a result, these
functions are well behaved at small 𝑟. A number of methods [56, 57] have been proposed to evaluate
(3.4). Hentschke gives an analytical solution [55]:

𝐽𝑖𝑗(r) =

1

4𝜋𝜖0

𝑞𝑖𝑞𝑗
‖ri − rj‖

4𝜁2𝑛+1
𝑖 𝜁2𝑚+1

𝑗

(2𝑛)!(2𝑚)!

𝜕2𝑛−2𝜕2𝑚−2

𝜕𝜁2𝑛−2
𝑖 𝜕𝜁2𝑚−2

𝑗

(︃
1

𝜁3𝑖 𝜁
3
𝑗

)︃

×
[︂
1−

(3𝜁2𝑖 − 𝜁2𝑗 )𝜁
4
𝑗

(𝜁𝑖 − 𝜁𝑗)3(𝜁𝑖 + 𝜁𝑗)3
𝑒−2𝜁𝑖𝑟𝑖𝑗 −

(𝜁2𝑖 − 3𝜁2𝑗 )𝜁
4
𝑖

(𝜁𝑖 − 𝜁𝑗)3(𝜁𝑖 + 𝜁𝑗)3
𝑒−2𝜁𝑗𝑟𝑖𝑗

−
𝜁𝑖𝜁

4
𝑗

(𝜁𝑖 − 𝜁𝑗)2(𝜁𝑖 + 𝜁𝑗)2
𝑟𝑖𝑗𝑒

−2𝜁𝑖𝑟𝑖𝑗 − 𝜁4𝑖 𝜁𝑗
(𝜁𝑖 − 𝜁𝑗)2(𝜁𝑖 + 𝜁𝑗)2

𝑟𝑖𝑗𝑒
−2𝜁𝑗𝑟𝑖𝑗

]︂
.

(3.5)

Eqn. (3.5) was implemented in a Mathematica TM program from which C++ code was generated for
the analytical computation of 𝐽𝑖𝑗 and its analytical derivatives with respect to 𝑟, which are necessary for
computing forces. Due to the nature of Eqn. (3.5), there are many terms with large powers, particularly
for 𝑛 > 3. Thus, the equations have to be implemented using the arbitrary precision arithmetic library
Class Library for Numbers ( CLN ). to avoid numerical instabilities. It should be noted that the arbitrary
precision library significantly increases the computational cost to analytically solve Eqn. (3.5)

3.1.1.4 Long range Coulomb interactions

It is good practice [58] to use the particle-mesh Ewald [59, 60] method to treat long-range electrostatics
interactions in the condensed phase. In short, the method splits the Coulomb potential, either Eqn. (3.1),
Eqn. (3.2) or something similar into a short and a long-range part as follows

𝑉𝑐𝑜𝑢𝑙(𝑟𝑖𝑗) = 𝑉𝑐𝑜𝑢𝑙 erfc(𝛼𝑟𝑖𝑗) + 𝑉𝑐𝑜𝑢𝑙 erf(𝛼𝑟𝑖𝑗) (3.6)

using the fact that the complementary error function {rm erfc} equal 1 - {rm erf}. The first term here
is the short-range part, that is computed in real space, and the second term is the long-range part that
is computed in Fourier (reciprocal) space by moving charges on a regular grid [60]. The constant 𝛼
determines how quickly the short-range potential decays to zero, and it can be computed from a user-
specified relative error tolerance related to moving charges on a grid. Given the cut-off distance 𝑟𝑐 and
an error tolerance 𝜖, typically 10−4, we have

𝛼 =

√
−ln 2𝜖

𝑟𝑐
(3.7)

where ln is the natural logarithm. This shows that 𝛼 has the dimension of 1 over distance in the units of
rc. Fig. 3.1 shows how the division over short and long-range interactions works in practice, and how the
long range contribution should be incorporated into simulations using a modified Coulomb function.

3.1.1.5 Polarization

Polarization can be treated explicitly as well in the ACT using the core-shell model [32, 33]

𝑉𝑝𝑜𝑙(𝑟𝑐𝑠) =
1

4𝜋𝜀0

𝑞2𝑠
2𝛼𝑐

𝑟2𝑐𝑠, (3.8)

where 𝑞𝑠 is the shell charge, 𝛼𝑐 is the polarizability and 𝑟𝑐𝑠 the distance between core and shell particles.

3.1.1.6 Induction correction

A term to add extra attraction between atoms was proposed in ref. [61]

𝑉𝑖𝑐(𝑟𝑖𝑗) = −𝐴𝑖𝑗e
−𝑏𝑖𝑗𝑟𝑖𝑗 (3.9)
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Fig. 3.1: Total Coulomb energy V as a function of distance r for two like unit charges, Gaussian-shielded
Coulomb and short and long-range parts of the energy function. Ewald-tolerance 𝜖 0.0001, rc 0.9 nm, 𝛼
3.24269/nm and Gaussian screening 𝜁 5/nm.

with𝐴𝑖𝑗 and 𝑏𝑖𝑗 constants to be trained. The geometric combination rule is used for𝐴𝑖𝑗 and the arithmetic
combination rule for 𝑏𝑖𝑗 . It is not certain whether the exponential functional form is optimal to describe
this interaction and there is no theory behind this.

3.1.1.7 Pauli Repulsion and London Dispersion

The repulsion and dispersion interactions acting between atoms 𝑖 and 𝑗 can be described by a number
of potentials. In a recent study on noble gases [25] we found that the 14-7 potential due to Halgren [62]
was one of the most accurate ones:

𝑉14−7(𝑟𝑖𝑗) = 𝜖𝑖𝑗

(︃
1 + 𝛿𝑖𝑗
𝑟𝑖𝑗
𝜎𝑖𝑗

+ 𝛿𝑖𝑗

)︃7(︃
1 + 𝛾𝑖𝑗

(
𝑟𝑖𝑗
𝜎𝑖𝑗

)7 + 𝛾𝑖𝑗
− 2

)︃
(3.10)

where 𝜖𝑖𝑗 is the well depth at minimum, 𝛾𝑖𝑗 and 𝛿𝑖𝑗 are dimensionless numbers that were originally shared
for all elements. However, in our previous work [25], we treated 𝛾 and 𝛿 as free atom-specific parameters
subject to optimization and combination rules.

Furthermore, the generalized 4-parameter Buckingham potential with an adjustable long-range attraction
is implemented as [63]

𝑉𝐺𝐵𝐻(𝑟𝑖𝑗) = 𝜖𝑖𝑗
𝛿𝑖𝑗 + 2𝛾𝑖𝑗 + 6

2𝛾𝑖𝑗

1

1 + ( 𝑟
𝜎𝑖𝑗

)6

[︂
6 + 𝛿𝑖𝑗

𝛿𝑖𝑗 + 2𝛾𝑖𝑗 + 6
𝑒
𝛾𝑖𝑗(1− 𝑟

𝜎𝑖𝑗
) − 1

]︂
− 𝜖𝑖𝑗

1 + (
𝑟𝑖𝑗
𝜎 )𝛿

(3.11)

where 𝛾 and 𝛿 again are dimensionless constants.

Another potential that is supported is the buffered (Wang) Buckingham potential [64]:

𝑉𝑊𝐵𝐻(𝑟𝑖𝑗) =

(︃
2𝜖𝑖𝑗

1− 3
𝛾𝑖𝑗+3

)︃(︃
𝜎6𝑖𝑗

𝜎6𝑖𝑗 + 𝑟6𝑖𝑗

)︃⎡⎢⎣ 3

𝛾𝑖𝑗 + 3
𝑒
𝛾𝑖𝑗

(︂
1− 𝑟𝑖𝑗

𝜎𝑖𝑗

)︂
− 1

⎤⎥⎦ (3.12)
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where 𝜖𝑖𝑗 is the well depth at minimum, 𝜎𝑖𝑗 is the Van der Waals radius and 𝛾𝑖𝑗 determines the steepness
of the potential and 𝑟𝑖𝑗 is the distance between particles 𝑖 and 𝑗. The buffered Buckingham potential
mentioned above have been used to develop an accurate phase-transferable model for alkali-halides [19,
20, 21, 22, 23] and the original Buckingham potential [65] is implemented as

𝑉𝐵𝐻(𝑟𝑖𝑗) = 𝐴𝑖𝑗e
−𝑏𝑖𝑗𝑟𝑖𝑗 − 𝐶𝑖𝑗

𝑟6𝑖𝑗
(3.13)

where 𝐴𝑖𝑗 , 𝑏𝑖𝑗 and 𝐶𝑖𝑗 are parameters to be trained. An alternative way of formulating the Buckingham
potential [66] is

𝐸𝑀𝐵𝐻 =
𝜖

1− 6
𝛾

[︂
6

𝛾
𝑒𝛾(1−

𝑟
𝜎
) −
(︁𝜎
𝑟

)︁6]︂
(3.14)

where 𝜖 is the well-depth 𝜎 reflects the position of the minimum and 𝛾 is again a dimensionless constant.
Although mathematically identical to Eqn. (3.13) we have shown that the potentials behave differently
when combination rules are applied [25].

The well-known Tang-Toennies potential [67, 68] containing five parameters is implemented according
to:

𝑉𝑇𝑇 (𝑥) = 𝐴𝑒−𝑏𝑥 −
5∑︁

𝑛=3

[︃
1− 𝑒−𝑏𝑥

2𝑛∑︁
𝑘=0

(𝑏𝑥)𝑘

𝑘!

]︃
𝐶2𝑛

𝑥2𝑛
(3.15)

where repulsion and dispersion terms shared the parameter 𝑏. Here, all five parameters can be trained
by the ACT. This potential was used in our recent work on noble gases published where we investigated
combination rules [25].

In other works, the Tang-Toennies potential is extended with an additional parameter [69] giving the
exponential functions a different decay length 𝑏:

𝑉𝑇𝑇2(𝑥) = 𝐴𝑒−𝑏𝑒𝑥𝑝𝑥 −
5∑︁

𝑛=3

[︃
1− 𝑒−𝑏𝑑𝑖𝑠𝑝𝑥

2𝑛∑︁
𝑘=0

(𝑏𝑑𝑖𝑠𝑝𝑥)
𝑘

𝑘!

]︃
𝐶2𝑛

𝑥2𝑛
(3.16)

and the ACT supports both these functions. Van Vleet et al. described a more accurate formula for
the Pauli repulsion [70] that was applied to derive a force field later [71]. In this model the exchange
repulsion is given by the Slater-ISA formula

𝑉𝑒𝑥𝑐ℎ = 𝐴

(︂
1

3
(𝑏𝑟)2 + 𝑏𝑟 + 1

)︂
exp−𝑏𝑟 (3.17)

where it can be noted, that no additional parameters are needed for equation~:eq:slater_isa compared to
the repulsion part in the Tang-Toennies potential (Eqn. (3.15)). In the ACT the Slater-ISA exchange can
be combined with the damped dispersion part of the latter potential.

The Lennard-Jones 12-6 potential [72] is available as well:

𝑉𝐿𝐽(𝑟𝑖𝑗) = 4𝜀𝑖𝑗

(︃
𝜎12𝑖𝑗
𝑟12𝑖𝑗

−
𝜎6𝑖𝑗
𝑟6𝑖𝑗

)︃
(3.18)

and, in addition, the 12-6-4 potential

𝑉𝐿𝐽(𝑟𝑖𝑗) = 4𝜀𝑖𝑗

(︃
𝜎12𝑖𝑗
𝑟12𝑖𝑗

−
𝜎6𝑖𝑗
𝑟6𝑖𝑗

)︃
− 𝛾

𝑟4
(3.19)

which is meant to model ion-dipole interactions is supported too.
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It is worth noting that in all these potentials (except Buckingham, Eqn. (3.13)) parameters describe both
the exchange and dispersion interactions at the same time, which necessitates simultaneous training of
these interaction. To account for anisotropy in exchange, a correction can be implemented using a virtual
site particle on the atom that has a 𝜎-hole interacting with other particles [26]:

𝑉𝐸𝑋𝐶𝐻,𝐶𝑜𝑟𝑟(𝑟𝑖𝑗) = −𝐴𝑖𝑗e
−𝑏𝑖𝑗𝑟𝑖𝑗 (3.20)

where𝐴𝑖𝑗 and 𝑏𝑖𝑗 are parameters to be optimized. This correction term (Eqn. (3.20)) does not need to be
applied to all possible atom pairs, therefore a new combination rule, dubbed “Kronecker” is introduced

𝐴𝑖𝑗 = (1− 𝛿𝑖𝑗)
𝐴𝑖 +𝐴𝑗

2

where 𝛿𝑖𝑗 is the Kronecker delta operating on particle types 𝑖 and 𝑗. This means that only interactions
between 𝜎-holes (represented by a virtual site) and atoms are non-zero. To avoid parameter explosion,
the atomic 𝐴𝑖 are set to zero and only the virtual site 𝐴𝑗 is non-zero. This is reasonable since the virtual
site represents a property of the 𝜎-hole of the atom it is connected to. The arithmetic combination rule
is used for 𝑏𝑖𝑗 .

Multiple different combination rules can be used for parameters involved in van der Waals interactions,
both within ACT and through the interface to OpenMM. For details, see the paper by Kříž et al. [25].

3.1.1.8 Treatment of long range dispersion

The different Van der Waals potentials described above can be used with Lennard-Jones PME [59, 73] if
treated carefully. LJ-PME assumes a simple dispersion interaction given by

𝑉𝐿𝐽𝑃𝑀𝐸(𝑟𝑖𝑗) = −𝐶𝑖𝑗

𝑟6𝑖𝑗
(3.21)

for atoms 𝑖 and 𝑗, which differs from the potentials mentioned above. For LJ-PME, it is beneficial to use
the geometric combination rule, hence

𝑉𝐿𝐽𝑃𝑀𝐸(𝑟𝑖𝑗) = −𝐶𝑖𝐶𝑗

𝑟6𝑖𝑗

where 𝐶𝑖 and 𝐶𝑗 , in contrast to Eqn. (3.21), have units of distance to the third power.

To minimize the difference between the potential used and the LJ dispersion over the whole volume
outside the cut-off, and to specify correct inputs to OpenMM, starting from e.g. Eqn. (3.12) we have to
solve the following equation:

0 =

∫︁ ∞

𝑟𝑐
4𝜋𝑟2𝑖𝑗

[︃(︃
− 2𝜖𝑖𝑗

1− 3
𝛾𝑖𝑗+3

)︃(︃
𝜎6𝑖𝑗

𝜎6𝑖𝑗 + 𝑟6𝑖𝑗

)︃
+
𝐶𝑖𝐶𝑗

𝑟6𝑖𝑗

]︃
d𝑟𝑖𝑗 (3.22)

where we integrate from the cut-off 𝑟𝑐 to infinity. In this notation, we have to insert the combination
rules for 𝜖, 𝜎 and 𝛾. For the special case that 𝑖 = 𝑗, the constant 𝐶𝑖𝑖 can be derived using Mathematica
TM as

𝐶𝑖𝑖 = 𝜖𝑖
3 + 𝛾𝑖
𝛾𝑖

𝑟𝑐3𝜎3𝑖

(︃
𝜋 − 2arctan

[︃(︂
𝑟𝑐

𝜎𝑖

)︂3
]︃)︃

which we can then convert back to a 𝜎′ compatible with standard Lennard-Jones by

𝜎′𝑖 =

(︂
𝐶𝑖𝑖

4𝜖𝑖

)︂1/6

.
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Note however, that we need to get effective 𝜎′ for all atoms, which means the problem turns into a mini-
mization problem where

𝜀2 =
∑︁
𝑖,𝑗

[︃∫︁ ∞

𝑟𝑐
4𝜋𝑟2𝑖𝑗

[︃(︃
− 2𝜖𝑖𝑗

1− 3
𝛾𝑖𝑗+3

)︃(︃
𝜎6𝑖𝑗

𝜎6𝑖𝑗 + 𝑟6𝑖𝑗

)︃
+
𝐶𝑖𝐶𝑗

𝑟6𝑖𝑗

]︃
d𝑟𝑖𝑗

]︃2
(3.23)

has to be minimized with respect to𝐶𝑖 independently for each set of combination rules. In the Alexandria
alkali-halide model we used the Wang-Buckingham potential (Eqn. (3.12)) in conjunction with the com-
bination rules due to Kong [74] in which 𝜎𝑖𝑗 depends on all the 𝜎, 𝜖 and 𝛾. This makes it cumbersome to
analytically derive integrals like Eqn. (3.23) for many combinations of potentials and combination rules.

Another problem is, that the parameters 𝐶𝑖 that we need to compute the long-range dispersion interac-
tion now depend on the cut-off, which means they should preferably not be computed beforehand. In
summary, the 𝐶𝑖 should be derived numerically given the potential and combination rules at the start of
a simulation.

3.1.1.9 Combination Rules for Van der Waals Potentials

In a recent paper [25] we studied the effect of combination rules on potentials for noble gases and intro-
duced two new combination rules (Eqn. (3.34) and Eqn. (3.35) ). Here is a brief summary, copied (with
permission) from that paper.

Combination rules reduce the number of parameters required for the pair-wise potentials introduced above
because the parameters describing the interaction between dissimilar X–Y atoms are reconstructed from
parameters of homodimers X–X and Y–Y. In this way, it is necessary only to fit atomic parameters on
data for homodimers. Different sets of mathematical expression were considered, as detailed below.

The two simplest expressions that have historically been used as combination rules are the geometric [75]
and arithmetic [76] averages, respectively:

𝑋12 =
√
𝑥1𝑥2 (3.24)

%was used for all three parameters 𝜖, 𝛾, 𝜎 in “geometric” rules. It is also used for 𝜖 in “arithmetic” rules
and for 𝜎 in “Kong-Mason” rules [74].

𝑋12 =
𝑥1 + 𝑥2

2
(3.25)

where 𝑥1 and 𝑥2 are the atomic parameters. Both these rules can in principle be applied to all parameters
in the Van der Waals potentials described above and the rules are well-behaved mathematically.

Hogervorst introduced a set of combination rules for 12-6 Lennard-Jones and exp-6, modified Bucking-
ham, potential (Eqn. (3.14)) [77]. He proposed using Eqn. (3.26) for 𝜖 for both potential forms. For the
𝜎 of 12-6 potential (Eqn. (3.18)), the arithmetic mean (Eqn. (3.25)) was used. In the case of the mod-
ified Buckingham potential (eqn. (3.14)), expression~:eq:cr_sigma5, which depends on the combined
parameters 𝜖1,2 and 𝛾1,2 was advocated for the 𝜎, along with arithmetic mean for 𝛾.

𝑋12 =
2𝑥1𝑥2
𝑥1 + 𝑥2

(3.26)

𝜎612 =

√︃
𝜖1𝛾1𝜎61
𝛾1 − 6

𝜖2𝛾2𝜎62
𝛾2 − 6

(𝛾1,2 − 6)

𝛾1,2𝜖1,2
(3.27)

Where the 𝛾1,2 used Eqn. (3.25) and 𝜖1,2 Eqn. (3.26). It should be noted that equation (3.26) is ill-
behaved if both 𝑥1 and 𝑥2 are zero, while Eqn. (3.27) is ill-behaved if either 𝛾1,2 or 𝜖1,2 is zero. Yang et
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al. [78] introduced an expression for the Morse potential [79], using Eqn. (3.26) for 𝜖, while eqn. (3.28)
is used for 𝜎 and 𝛾.

𝑋12 =
𝑥1𝑥2(𝑥1 + 𝑥2)

𝑥21 + 𝑥22
(3.28)

The expression for 𝛾 proposed by Mason [80] for the exp-6 potential has the form %red{while used other
rels for epsilon, sigma in alexandria}

𝛾12 =
√
𝜎1𝜎2

(︂
𝛾1
2𝜎1

+
𝛾2
2𝜎2

)︂
(3.29)

Waldman and Hagler [81] introduced expressions (3.30) for 𝜖 and (3.31) for 𝜎
to reproduce experimental well-depths and interaction distances.

𝜖12 =
√
𝜖1𝜖2

2𝜎31𝜎
3
2

𝜎61 + 𝜎62
(3.30)

𝑋12 =

(︂
𝑋6

1 +𝑋6
2

2

)︂1/6

(3.31)

Although Eqn. (3.31) was devised for 𝜎 we have evaluated it for other parameters here as well, hence the
notation with 𝑋 . Qi and coworkers advocated the use of buffered 14-7 Lennard-Jones potential (Eqn.
(3.10)) due to Halgren [62], alongside combination expressions (3.30) for 𝜖 and (3.32) for 𝜎: [82]

𝑋12 =
𝑥31 + 𝑥32
𝑥21 + 𝑥22

(3.32)

A further relation, the harmonic mean rule, was proposed by Halgren [62]:

𝑋12 =
4𝑥1𝑥2

(𝑥
1/2
1 + 𝑥

1/2
2 )2

(3.33)

Finally, we introduce two new combination rules that we have not seen published previously. Since the 𝜎
in most potentials can be interpreted as a Van der Waals radius, we introduced a relation averaging third
powers, corresponding to an atomic volume [25]:

𝜎12 =

(︂
𝜎31 + 𝜎32

2

)︂1/3

. (3.34)

In addition, we applied the following rule for in particular 𝜖 since it yield an 𝑋12 that is smaller than the
geometric one (Eqn. (3.24)):

𝑋12 =

(︂
2

𝑥−2
1 + 𝑥−2

2

)︂1/2

(3.35)

The combination relations described above were permuted with each other into new combination rules.
In this way, relations that depend on only one parameter type were used for any parameter. Relations
depending on multiple parameters were used only for the specific parameter type combination they de-
pend on (e.g. Eqn. (3.30) was only used for 𝜖, using homodimer 𝜖 and 𝜎). In our previous work on alkali
halides [19] we used combination rules according to eqn. (3.27) for 𝜎, eqn. (3.26) for 𝜖 and eqn. (3.25)
for 𝛾 with the Wang-Buckingham potential (Eqn. (3.12)).

A number of these combination rules can be written using the generalized mean equation [83]

𝑀𝑝(𝑥1, 𝑥2, ..., 𝑥𝑁 ) =

(︃
1

𝑁

𝑁∑︁
𝑖=1

𝑥𝑝𝑖

)︃1/𝑝

(3.36)
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for 𝑝 ̸= 0. For 𝑝 = 0, Eqn. (3.36) turns into the geometric rule. Table 3.1 lists other well-known
combination rules and their respective exponent 𝑝. Hohm also describes combinations of the generalized
mean and other similar expressions, but the most important observation he made was that the exponent 𝑝
can be varied at will [83]. In the ACT it is possible to train this parameter along with the Van der Waals
parameters.

Table 3.1: Correspondence between well-known combination rules
and the generalized mean equation (3.36).

p Name Equation
-2 Inverse Square (3.35)
-1 Hogervorst 𝜖 (3.26)
-1/2 Harmonic Mean (3.33)
0 Geometric (3.24)
1 Arithmetic (3.25)
3 Volumetric (3.34)
6 Waldman-Hagler 𝜎 (3.31)

3.1.2 Bonded interactions

3.1.2.1 Harmonic potential

Bond vibrations can be described using a harmonic term based on the bond length 𝑟𝑖𝑗

𝑉𝑏(𝑟𝑖𝑗) =
𝑘𝑏𝑖𝑗
2

(︀
𝑟𝑖𝑗 − 𝑟0𝑖𝑗

)︀2
, (3.37)

where 𝑘𝑏𝑖𝑗 is the force constant, and 𝑟0𝑖𝑗 is the equilibrium bond length.

3.1.2.2 Morse potential

A Morse potential [79] can be used, with one addition:

𝑉𝑀 (𝑟𝑖𝑗) = 𝐷𝑒
𝑖𝑗

[︂
e−2𝛽𝑖𝑗(𝑟𝑖𝑗 − 𝑟0𝑖𝑗) − 2e−𝛽𝑖𝑗(𝑟𝑖𝑗 − 𝑟0𝑖𝑗)

]︂
+𝐷0

𝑖𝑗 (3.38)

The term 𝐷𝑒
𝑖𝑗 roughly corresponds to a dissociation energy, however since there are Coulomb and/or

Buckingham interactions between the atoms as well, the total “bond” potential is given by the sum of
three terms and a correction term 𝐷0

𝑖𝑗 is needed to get the correct energy minimum.

3.1.2.3 Wei-Hua potential

In a very recent study we found the potential due to Hua [84, 85] to be the best compromise between
accuracy of the vibrational frequencies and computational cost [27]. It is given by:

𝑈(𝑟) = 𝐷𝑒

⎛⎝[︃ 1− 𝑒−𝑏(𝑟−𝑟𝑒)

1− 𝑐𝑒−𝑏(𝑟−𝑟𝑒)

]︃2
− 1

⎞⎠ (3.39)

where 𝐷𝑒 is the well-depth, 𝑟𝑒 the equilibrium bond length, and 𝑏 and 𝑐 are constants with ‖𝑐‖ < 1.
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3.1.2.4 Angle potential

Angle vibrations are described using a harmonic term based on the angle 𝜃𝑖𝑗𝑘

𝑉𝑎(𝜃𝑖𝑗𝑘) =
𝑘𝜃𝑖𝑗𝑘
2

(︀
𝜃𝑖𝑗𝑘 − 𝜃0𝑖𝑗𝑘

)︀2
, (3.40)

where 𝑘𝜃𝑖𝑗𝑘 is the force constant, and 𝜃0𝑖𝑗𝑘 is the equilibrium angle.

3.1.2.5 Angle potential for linear compounds

The reference position, corresponding to a minimum energy structure, x0
𝑗 for a central atom 𝑗 in a linear

triplet of atoms 𝑖, 𝑗, 𝑘 is given by

x0
𝑗 = ax𝑖 + (1− a)x𝑘 (3.41)

where 𝑎 is a constant defined by the bond-lengths 𝑖− 𝑗 and 𝑗− 𝑘. In a group with bonds 𝑖− 𝑗 and 𝑗− 𝑘
with lengths 𝑏𝑖𝑗 and 𝑏𝑗𝑘 respectively, the constant is

𝑎 =
𝑏𝑗𝑘

𝑏𝑖𝑗 + 𝑏𝑗𝑘
. (3.42)

If the order of atoms is flipped 𝑎 will change to 1− 𝑎. The potential 𝑉𝑙𝑖𝑛 is then given by

𝑉𝑙𝑖𝑛 =
k𝑙𝑖𝑛
2

(︀
x𝑗 − x0

𝑗

)︀2 (3.43)

with k lin the force constant [24].

3.1.2.6 Out-of-plane vibrations

Finally, out-of-plane vibrations are treated by another harmonic potential

𝑉𝑖(𝜑𝑖𝑗𝑘𝑙) =
𝑘𝜑𝑖𝑗𝑘𝑙
2
𝜑2𝑖𝑗𝑘𝑙,

(3.44)

where 𝑘𝜑𝑖𝑗𝑘𝑙 is the force constant and 𝜑𝑖𝑗𝑘𝑙 is defined by the angle between the two planes 𝑖, 𝑗, 𝑘 and 𝑗, 𝑘, 𝑙.
This potential was historically termed improper dihedral.

3.1.2.7 Torsion potential

A torsion potential is implemented using a Fourier series:

𝑉𝑑(𝜑𝑖𝑗𝑘𝑙) =
5∑︁

𝑛=0

𝑐𝑛cos
𝑛(𝜋 + 𝜑𝑖𝑗𝑘𝑙) (3.45)

where 𝑐𝑛 are constants and the torsion angle is defined as above. The constant 𝜋 is added to be compatible
with the Ryckaert-Bellemans potential [86] that is implemented in simulation codes like GROMACS [87]
and OpenMM [88].

3.1.2.8 Proper dihedral

A simpler torsion potential is implemented for backward compatibility as:

𝑉𝑑(𝜑𝑖𝑗𝑘𝑙) = cos(𝑛𝜑𝑖𝑗𝑘𝑙 + 𝜑0) (3.46)

where 𝑛 is the multiplicity (number of minima in 360 degrees) 𝜑0 is an offset angle.
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3.1.3 Special potentials
The ACT includes a flat-bottom position restraint potential according to

𝑉𝑓𝑏𝑝𝑟(𝑟) =

{︃
0 𝑟 ≤ 𝑟0
𝑘
2 (𝑟 − 𝑟0)

2 𝑟 > 𝑟0
(3.47)

where 𝑘 is the force constant and 𝑟0 the radius of the sphere (centered at the origin) in which the potential
is zero. The flat-bottom potential is activated by flags to the alexandria simulate command. It is useful
mainly to keep molecules close to the origin and prevent them from flying into outer space.

3.1.4 Virtual Sites
A virtual site is an extra point, located at a defined position in a molecule. A variety of virtual site options
is currently implemented within the ACT framework:

• a virtual site on top of an atom (VSITE1) [89]

• a virtual sites along the bond (VSITE2) for the description of anisotropic charge distribution and
exchange [26] such as encountered in 𝜎 holes

• a virtual site on the bisector of a angle, like in the TIP4P water model [52] (VSITE3S) or in alcohol
(VSITE3)

• off-plane virtual sites for modeling lone-pairs in s𝑝3 hybridized compounds, such as water
(VSITE3SOUT, symmetric) or asymmetric for compounds like alcohols [26, 90].

• Four-particle virtual sites (VSITE4) to model a lone-pair on an amine group.

3.1.5 Total energy
The total energy 𝐸 of a compound then follows from

𝐸 = 𝑉𝑣𝑑𝑤(𝑟𝑖𝑗) + 𝑉𝑐𝑜𝑢𝑙(𝑟𝑖𝑗) + 𝑉𝑝𝑜𝑙(𝑟𝑐𝑠) + 𝑉𝑏(𝑟𝑖𝑗) + 𝑉𝑎(𝜃𝑖𝑗𝑘) + 𝑉𝑖(𝜑𝑖𝑗𝑘𝑙) + 𝑉𝑑(𝜑𝑖𝑗𝑘𝑙). (3.48)

Finally, it should be noted that the number of excluded neighbors is user-configurable. That means that
atoms that are covalently bonded can interact both through the Buckingham (or Lennard-Jones) and
Coulomb potentials, and through the bonded potentials. The main reason for this is that the short-range
Coulomb interactions yield polarization anisotropy that is difficult to reproduce by a non-interacting
model. To make sure that the forces on the atoms in a molecule are zero in the reference minimum-
energy structure from quantum chemistry, both bond lengths 𝑟0𝑖𝑗 and angles 𝜃0𝑖𝑗𝑘 can be treated as free
parameters, that may differ substantially from the reference geometry. The number of exclusions can be
selected separately for Coulomb and Van der Waals forces.

In total there are up to seven “atom” parameter types (𝜖, 𝜎, 𝛾, 𝛿, 𝜁, 𝑞𝑠, and 𝛼) and 7-14 “bond” parameter
types (𝑘𝑏, 𝐷𝑒, 𝑟0, 𝑟𝑚𝑎𝑥, 𝑘𝜃, 𝜃0, 𝑘𝑙𝑖𝑛 and 𝑐𝑛) where 𝑛 is the dihedral term index running from 0 to 6 to
determine. All the atomic parameters are taken to be hybridization state dependent (corresponding to,
for instance, sp 1, sp 2 and sp 3 carbon atoms). %It is straightforward to add support for other potentials,
such as proper dihedrals.

3.2 Force Field Training Algorithms
This chapter was written by Juli{'a}n Marrades and is based in part on his M.Sc. thesis
:cite:p:`Marrades2022a`.

Within the alexandria train_ff module of the Alexandria Chemistry Toolkit you can choose among three
algorithms to optimize force field parameters:
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• Markov Chain Monte Carlo (flag -optimizer MCMC)

• Genetic Algorithm (flag -optimizer GA)

• Hybrid GA/MCMC (flag -optimizer HYBRID)

Let us see what they do behind the scenes and how to control them.

3.2.1 MCMC
Assume we want to set the values for five parameters (nParam = 5) by performing ten MCMC iterations
(flag -maxiter 10). Then, the code “reads”

for (int i = 0; i < 10; i++)
for (int j = 0; j < 5; j++)
stepMCMC();

That is, we do 10 X 5 = 50 MCMC steps. What is a MCMC step though? In essence,

• prevDev: previous deviation from data

• Choose a parameter and alter it

• newDev: new deviation from data

• If newDev < prevDev, we accept the parameter change and continue into the next step. Else, apply
Metropolis Criterion. That is, with some probability we accept the change. Otherwise, we restore
the parameter to its previous value and proceed into the next step.

Now, let us add some more detail to the algorithm.

1. we already have the deviation from data of the previous step in prevDev.

2. we arbitrarily choose a parameter out of the param vector, say param[i], which is bounded by its
maximum pmax[i] and its minimum pmin[i], yielding the range prange[i] = pmax[i] - pmin[i].
Here is where the -step [0, 1] flag comes into play by specifying a fraction.\

3. we draw a value of delta, which is uniformly distributed in [- step * prange[i], + step * prange[i]]
and add it to the parameter value param[i] += delta. If the parameter has gone beyond its maxi-
mum, we set its value to the maximum. Same goes for the minimum.<br>

4. we compute the deviation newDev from data of the modified parameter vector. If newDev < pre-
vDev, we accept the change and finish the MCMC step. Otherwise, we apply the Metropolis Cri-
terion and finish the step. Then go back to 1.

3.2.1.1 Metropolis Criterion

If Mathematics is your thing and you {em really} want to know the nitty-gritty stuff, you have thorough
explanations of this method on href{https://en.wikipedia.org/wiki/Metropolis%E2%80%93Hastings_
algorithm}{Wikipedia} and Shuyi Qin’s Master thesis [91]. Here, we shall say that the Metropolis Cri-
terion allows us to take steps that do not get us closer to a minimum, giving the opportunity to explore
the parameter space and avoid local minima. How exactly?

The probability of accepting a “bad” parameter change is controlled by the flag -temp T flag and follows
the equation

𝑝𝑟𝑜𝑏 = 𝑒𝑥𝑝(−𝑑𝑒𝑙𝑡𝑎𝐷𝑒𝑣/𝑇 )

where deltaDev = newDev - prevDev. Note that the unit of temperature is the same as that of the deviation.
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Given deltaDev, a higher temperature gives a higher probability of acceptance, as -deltaDev/T tends to
0 and exp(0) = 1. On the other hand, a lower T gives less chances of acceptance, as -deltaDev/T tends
to −∞ and 𝑒𝑥𝑝(−∞) = 0.

ACT gives us the possibility to lower the temperature (simulated annealing) during the MCMC optimiza-
tion with the flag -anneal [0, 1] flag. If we use flag -anneal 0.5, the temperature will be flag -temp T
until 50% of the iterations have been completed. Then, it will be linearly decreased until it reaches 0 on
the last iteration.

There are two remarks to be made here:

• The temperature is kept constant during the nParam MCMC steps that take place for a given iter-
ation.

• Since division by 0 is not defined, we set T = 1e-6 on the last iteration.

Fig. 3.2 shows a schematic example of the temperature over time when we use actflag{-maxiter 10 -temp
5 -anneal 0.5}.

Fig. 3.2: Annealing during a MCMC run.

3.2.1.2 Multiple MCMC runs

We can optimize several candidate solutions in parallel using the -pop_size flag. If the -random_init flag
is set (default), each candidate solution will be initialized arbitrarily and respecting parameter ranges. If
-norandom_init is employed, the candidate solution(s) will be initialized as specified by the force field
file(s) provided by the user.

3.2.2 Genetic Algorithm
Quoting WikipediaGA

In computer science and operations research, a genetic algorithm is a metaheuristic
inspired by the process of natural selection that belongs to the larger class of
evolutionary algorithms. Genetic algorithms are commonly used to generate
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high-quality solutions to optimization and search problems by relying on biologically
inspired operators such as mutation, crossover and selection.

In this section, we describe our implementation of a genetic algorithm for force field parameterization.
If this is the first time you hear about genetic algorithms and want to acquaint yourself, we recommend
you to read Chapter 2 of Steven F. van Dijk’s PhD thesis [92] and/or head over to Youtube.

Our implementation is based upon a class definition and an external function for computing random
numbers (Listing Class definition. ).

Listing 3.1: Class definition.

1 class Genome
2 {
3 double params[];
4 double deviation;
5 double probability;
6 };
7

8 // Returns a sample of a random variable that is
9 // uniformly distributed in [0, 1]

10 double random();

then the genome evolution boils down to the code in Listing Schematic of the evolution algorithm

Listing 3.2: Schematic of the evolution algorithm

1 void evolve(int popSize, int nElites, int prCross, int prMut)
2 {
3 Genome oldPop[popSize] = initialize(popSize); // Initialize
4 Genome newPop[];
5 computeDeviation(oldPop); // Deviation from data
6 int generation = 0;
7 do
8 {
9 sort(oldPop); // Sorting

10 if (penalize(oldPop, generation)) // Penalty?
11 {
12 // Recompute deviation and sort again
13 computeDeviation(oldPop);
14 sort(oldPop);
15 }
16 generation++;
17 computeProbabilities(oldPop); // Selection probabilities
18 // Elitism
19 for (int i = 0; i < nElites; i++)
20 newPop.add(oldPop[i]);
21 // Rest of population
22 for (int i = nElites; i < popSize; i += 2)
23 {
24 Genome parent1, parent2 = select(oldPop); // Selection
25 Genome child1, child2;

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

26 if (random() <= prCross) // Crossover?
27 child1, child2 = crossover(parent1, parent2);
28 else
29 child1, child2 = parent1, parent2;
30 // Mutation
31 for (Genome child : {child1, child2})
32 {
33 mutate(child, prMut);
34 newPop.add(child); // Add to new population
35 }
36 }
37 computeDeviation(newPop); // Deviation from data
38 oldPop = newPop; // Swap populations
39 newPop.clear(); // Erase all genomes in the population
40 }
41 // Termination
42 while (!terminate(oldPop, generation));
43 }

flag popSize and flag nElites are assumed to be even. Let us explore the different stages of the process.

3.2.2.1 Initialization

This stage fills the params field in the Genome class, generating popSize (flag -pop_size) genomes.

If we are using flag -norandom_init, the genomes will be initialized as specified by the force field file(s)
provided. If we are employing flag -random_init, each genome will be initialized by setting a random
value for each parameter, uniformly distributed over the allowed range.

3.2.2.2 Deviation from data

Here we fill the deviation field in for each Genome in the population by computing the deviation from
the dataset.

3.2.2.3 Sorting

Sorting is not a mandatory step but may be required depending on the GA components selected by the
user. We sort the population in ascending order of deviation. Whether we sort or not is controlled by the
flag -sort flag.

3.2.2.4 Penalties

At this stage, we may alter the population if certain conditions are met, with the main goal of preventing
premature convergence and enforcing solution diversity.

Covering such a small portion of the space you are. Broaden your search, you should. -
Yoda

To that end, we have a function penalize() which returns true if the population was penalized and false
otherwise.

For now, there are two components in this function:
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• Volume. This option enables flag -sort. If the volume spanned by the population divided by the
total volume of the parameter space is smaller than flag -vfp_vol_frac_limit [0, 1]|, the {em worst}
fraction flag -vfp_pop_frac [0, 1] of genomes in the population will be randomly reinitialized. If
flag -log_volume is used, volumes will be computed in logarithmic scale. * But wait, then the
volume could be negative! Yes, we have to fix that!*

Death comes equally to us all, and makes us all equal when it comes. - John Donne

• Catastrophe. Each flag -cp_gen_interval generations, a fraction flag -cp_pop_frac [0, 1] of the
genomes in the population will be randomly reinitialized. Genomes to reinitialize are arbitrarily
chosen.

3.2.2.5 Selection probabilities

We provide three options for computing selection probabilities:

1. Rank (flag -prob_computer RANK)

2. Fitness (flag -prob_computer FITNESS)

3. Boltzmann (flag -prob_computer BOLTZMANN)

The sum of the selection probabilities of the genomes in the population, is 1.

3.2.2.6 Rank

This option enables flag -sort. The selection probability depends exclusively on the index (rank) of
genome in the population (Listing Calculation of the probability from the order of probabilities.).

Listing 3.3: Calculation of the probability from the order of prob-
abilities.

1 for (int i = 0; i < popSize; i++)
2 {
3 oldPop[i].probability = (popSize - i) / (popSize * (popSize + 1) / 2);
4 }

That is, the lower the index, the higher the probability of being selected. The independence of the devi-
ation avoids the possible phenomena of a genome with a very high selection probability dominating the
population.

3.2.2.7 Fitness

The selection probability is inversely proportional to the deviation (Listing Calculation of the probability
from the deviations from data.).

Listing 3.4: Calculation of the probability from the deviations from
data.

1 double total = 0;
2 double inverses[popSize];
3 double epsilon = 1e-4;
4 for (int i = 0; i < popSize; i++)

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

5 inverses[i] = 1 / (epsilon + oldPop[i].deviation);
6 total += inverses[i];
7 for (int i = 0; i < popSize; i++)
8 oldPop[i].probability = inverses[i] / total;

3.2.2.8 Boltzmann

The temperature parameter is specified by the flag -boltz_temp flag and controls the smoothing of the
selection probabilities (Listing Use of Boltzmann-weighting when calculating the probability). A higher
value will avoid polarization in the probability values and vice versa. The flag -boltz_anneal flag allows
us to decrease the temperature over time and has the same logic as flag -anneal, except that it targets the
Boltzmann selection temperature and operates based on the maximum amount of generations.

Listing 3.5: Use of Boltzmann-weighting when calculating the
probability

1 double total = 0;
2 double exponentials[popSize];
3 double epsilon = 1e-4;
4 for (int i = 0; i < popSize; i++)
5 exponentials[i] = exp(1 / (epsilon + oldPop[i].deviation) / temperature);
6 total += exponentials[i];
7 for (int i = 0; i < popSize; i++)
8 oldPop[i].probability = exponentials[i] / total;

3.2.2.9 Elitism

In order to avoid losing the best candidate solutions found so far, the GA will move the top nElites flag
-n_elites genomes, {em unchanged}, into the new population. That means, the genome will not undergo
crossover nor mutation.

When flag -n_elites > 0, flag -sort will be enabled.

3.2.2.10 Selection

Once the selection probabilities are computed, the population becomes a href{https://en.wikipedia.org/
wiki/Probability_density_function}{probability density function} from which we can sample genomes
based on their probability.

As of now, only a vanilla selector is available. It only looks at the probability and can select the same
genome to be parent1 and parent2.

3.2.2.11 Crossover

With certain probability prCross, controlled by the flag -pr_cross flag, two parents will combine their
parameters to form two children. Right now, only an N-point crossover is available, where N is defined
by the flag -n_crossovers flag.

If N = 1, we arbitrarily select on crossover point (v) and:
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v v
|X|X|X|X|X|X|X|X|X| --> |X|X|Y|Y|Y|Y|Y|Y|Y|
|Y|Y|Y|Y|Y|Y|Y|Y|Y| --> |Y|Y|X|X|X|X|X|X|X|

If N = 2, we arbitrarily select two crossover points (v) and:

v v v v
|X|X|X|X|X|X|X|X|X| --> |X|Y|Y|Y|X|X|X|X|X|
|Y|Y|Y|Y|Y|Y|Y|Y|Y| --> |Y|X|X|X|Y|Y|Y|Y|Y|

If N = 3, we arbitrarily select three crossover points (v) and:

v v v v v v
|X|X|X|X|X|X|X|X|X| --> |X|X|Y|Y|Y|X|X|X|Y|
|Y|Y|Y|Y|Y|Y|Y|Y|Y| --> |Y|Y|X|X|X|Y|Y|Y|X|

If N = 4. . . you get the idea (hopefully).

3.2.2.12 Mutation

Given the mutation probability prMut, controlled by flag -pr_mut, we iterate through the parameters. If
the probability is met, we alter the parameter, otherwise, we leave it unchanged.

for (int i = 0; i < nParams; i++)
{
if (random() <= prMut)
{

changeParam(params, i);
}

}

The parameter is changed in the same way as in MCMC, by a fraction of its allowed range and not
allowing values outside of it. The fraction in this case is controlled by the -percentage flag, which has
the same meaning as -step, but applies to GA instead of MCMC.

3.2.2.13 Termination

This stage decides whether the GA evolution should continue or halt. We allow the user to tweak the
termination criteria with several flags:

1. flag -max_generations: evolution will halt after so many generations.

2. flag -max_test_generations (disabled by default): evolution will halt if in the last flag -
max_test_generations the best deviation of the test set found so far has not improved.

3.2.3 HYBRID
Even though this optimizer has a very fancy name, it is just a GA with MCMC as its mutator engine.
When MCMC acts as a mutator, it will always alter the genomes independently of flag -pr_mut. Also,
it is important to note that the simulated annealing by default is applied independently in each MCMC
run. For instance, in case we would use flag -max_generations 2 -maxiter 10 -temp 5 -anneal 0.5, Fig.
3.3 shows the temperature during the MCMC part.
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Fig. 3.3: Annealing in the hybrid algorithm

However, when using the flag flag -anneal_globally, the starting temperature of the annealing will be
decreased in steps at the beginning of each generation.

3.3 Force field design

3.3.1 Physical Background
The Alexandria force-fields have a functional form consisting of van der Waals (vdw), electrostatics
(coul), polarization (pol) and bonded terms including a radial (b), angular (a), out-of-plane dihedral (i)
and torsion (d) terms.

𝐸 = 𝑉𝑣𝑑𝑤(𝑟𝑖𝑗) + 𝑉𝑐𝑜𝑢𝑙(𝑟𝑖𝑗) + 𝑉𝑝𝑜𝑙(𝑟𝑐𝑠) + 𝑉𝑏(𝑟𝑖𝑗) + 𝑉𝑎(𝜃𝑖𝑗𝑘) + 𝑉𝑖(𝜑𝑖𝑗𝑘𝑙) + 𝑉𝑑(𝜑𝑖𝑗𝑘𝑙) (3.49)

where 𝑟𝑖𝑗 refers to the distance between atoms 𝑖 and 𝑗, 𝑟𝑐𝑠 to the distance between a core and a shell
(Drude) particle, 𝜃𝑖𝑗𝑘 to the angle given by three atoms 𝑖, 𝑗 and 𝑘, and 𝜑𝑖𝑗𝑘𝑙 to a torsional angle between
the planes given by atoms 𝑖, 𝑗, 𝑘 and atoms 𝑗, 𝑘, 𝑙. For each of the terms, multiple functional forms are
available, so that within the Alexandria framework, different force-fields, including previously published
ones, can be reconstructed and compared to one another in a systematic manner [6]. For details on these
potentials we refer to Chapter Energy Function.

In total there are seven atom parameter types and 7-14 bond parameter types. A variety of virtual sites
can be used, like those used in water models [34, 93] or to model anisotropy due to 𝜎-holes on halogen
atoms or water [26].

3.3.2 Determining atom types
When importing structure files (SDF, PDB, or XYZ), ACT uses RDKit for the initial chemical perception,
including sanitization and aromaticity assignment [94].

Attention

If bond information is present in the PDB or SDF file, it will be used by ACT. That means the user
is responsible for providing correct information, unless the compound is a special case, see below. If
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there is no bond information in the PDB (or a XYZ) file, it will be generated using RDKit. There is
no guarantee that the output from RDKit is correct in all cases, however. Please check your output.

Atom typing in ACT is based on SMARTS patterns stored in share/atom_bond.xml [95]. The distributed
atom_bond.xml file assigns atom types for carbon, nitrogen, oxygen, phosphorus, and sulfur according
to their hybridization state, adding 1,2,3 behind the element symbol. For all other elements, atom types
are assigned based on formal charge. For neutral atoms, the default atom type is the lowercase element
symbol.

The file also contains special cases, such as resonance structures or situations where RDKit assigns bond
orders or hybridizations that differ from those required by the ACT force fields. For example, sulfate
(SO4

2−) is assigned with one sulfur as s3 and four oxygens with mixed types (o- and o2), which does
not reflect the resonance equivalence of the oxygens. These special rules are typically placed at the top
of the file.

You may provide your own atom_bond.xml. ACT always checks the current working directory first (the
filename must be exactly atom_bond.xml), and if no file is found there, it falls back to the shared directory.
The file is ordered from most specific to most general rules (see Table 3.2 and Table 3.3).

ACT provides two Jupyter notebooks to assist with inspecting and developing SMARTS patterns:

• atom_bond_demo.ipynb: Provide a specific molecule to obtain the assigned bonds and atom types,
together with a labeled 3D visualization.

• test_smarts.ipynb: Provide a molecule and a SMARTS pattern and the notebook returns the match-
ing atoms and a 2D depiction with highlighted hits.

Users are strongly encouraged to verify that the chemical interpretation is appropriate for their specific
use case. If you need assistance creating new SMARTS patterns, please open an issue on GitHub.

The code to determine atomtypes is implemented in both the C++ code and in a Python file
get_mol_dict.py that is part of the ACT distribution. The latter can be used in conjunction with the
generating quantion chemistry data in the SaptACT repository.

Table 3.2: Special-case SMARTS patterns used by ACT

Molecule/Rule SMARTS / recursive SMARTS atom_type(s) q bo
sulfate [#16](=[#8])(=[#8])(-[#8-])-[#8-] s3, o2, o2, o2,

o2
-2 1.5

phosphate2 [#8-]-[#15](-[#8-])(-[#8-])=[#8] o3, p3, o3, o3,
o3

-3 1.5

phosphate [#15D4]([#8D1])([#8D1])([#8-,#8D1])([#8-
,#8D1])

p3, o3, o3, o3,
o3

-3 1.5

phosphate2 (variant
2)

[#8-]-[#15](-[#8-])(-[#8-]) o3, p3, o3, o3 -2 1.5

carboxylate [#6X3](-[#8-])=[#8] c2, o2, o2 -1 1.5
phosphate3 [#8-]-[#15](-[#8-]) o3, p3, o3 -1 1
nitro1 [#7+](-[#8-])=[#8] n2, o2, o2 0 1.5
nitro2 [#7+](-[#8])=[#8] n2, o2, o2 0 1.5
water [#8](-[#1])-[#1] ow, hw, hw 0 1
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Table 3.3: Atom type SMARTS patterns used by ACT

Atom type rule SMARTS / recursive SMARTS atom_type(s) q
gaff h5 ring 2EWG [#1X1;$(*-[c](~[#7,#8,#16,#17,#35,#53])~[#7,#8,#16,#17,#35,#53])] h5 0
gaff h4 ring 1EWG [#1X1;$(*-[c]~[#7,#8,#16,#17,#35,#53])] h4 0
gaff h3 chain 3EWG [#1X1;$(*-[C]([#7,#8,#16,#17,#35,#53,F,Cl,Br,I])([#7,#8,#16,#17,#35,#53,F,Cl,Br,I])([#7,#8,#16,#17,#35,#53,F,Cl,Br,I]))]

| h3 | 0
gaff hc tertcarbon like [#1X1;$(*-[#6X4]([#6])([#6])[#1])] hc 0
gaff h2 C eq 2EWG [#1X1;$(*-[C](=[#7,#8,#9,#16])([#7,#8,#9,#16]))] h2 0
gaff h2 chain 2EWG [#1X1;$(*-[C]([#7,#8,#9,#16,#17,#35,#53])[#7,#8,#9,#16,#17,#35,#53])] h2 0
gaff h1 chain 1EWG [#1X1;$(*-[C]-[#7,#8,#9,#16,#17,#35,#53])] h1 0
gaff h1 chain 1EWG double [#1X1;$(*-[C]=[#7,#8,#9,#16])] h1 0
gaff ha conjugated CX3 eq C [#1X1;$(*-[#6X3]=[#6])] ha 0
gaff ha triplebond [#1X1;$(*-[#6X2]#[#6])] ha 0
gaff hc aliphatic C [#1X1;$(*-[#6X4])] hc 0
hcl [#1X1;$(*-Cl)] hcl 0
hbr [#1X1;$(*-Br)] hbr 0
gaff ho oxygen [#1X1;$(*-O)] ho 0
gaff hn nitrogen [#1X1;$(*-N)] hn 0
gaff hn aromatic n [#1X1;$(*-n)] hn 0
gaff hs sulfur [#1X1;$(*-S)] hs 0
gaff hp phosphorus [#1X1;$(*-P)] hp 0
hf [#1X1;$(*-F)] hf 0
hi [#1X1;$(*-I)] hi 0
gaff ha generic [#1X1] ha 0
gaff hc any [#1] hc 0
p sp [#15;^1] p1 0
p sp2 [#15;^2] p2 0
p sp3 [#15;^3] p3 0
p sp3 sp3d [#15;^4] p3 0
p sp3 sp3d2 [#15;^5] p3 0
s sp [#16;^1] s1 0
s sp2 [#16;^2] s2 0
s sp3 [#16;^3] s3 0
s sp3 sp3d [#16;^4] s3 0
s sp3 sp3d2 [#16;^5] s3 0
c sp [#6;^1] c1 0
c sp2 [#6;^2] c2 0
c sp3 [#6;^3] c3 0
c sp3 sp3d [#6;^4] c3 0
c sp3 sp3d2 [#6;^5] c3 0
n sp3 +1 [#7+;^3] n4 1
n sp [#7;^1] n1 0
n sp2 [#7;^2] n2 0
n sp3 [#7;^3] n3 0
n sp3 sp3d [#7;^4] n3 0
n sp3 sp3d2 [#7;^5] n3 0
o sp [#8;^1] o1 0
o sp2 [#8;^2] o2 0
o sp3 [#8;^3] o3 0

continues on next page
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Table 3.3 – continued from previous page
Atom type rule SMARTS / recursive SMARTS atom_type(s) q
o sp3 sp3d [#8;^4] o3 0
o sp3 sp3d2 [#8;^5] o3 0
li +1 [Li+] Li+ 1
li 0 [Li] li 0
na +1 [Na+] Na+ 1
na 0 [Na] na 0
k +1 [K+] K+ 1
k 0 [K] k 0
rb +1 [Rb+] Rb+ 1
rb 0 [Rb] rb 0
cs +1 [Cs+] Cs+ 1
cs 0 [Cs] cs 0
be +2 [Be+2] Be2+ 2
be 0 [Be] be 0
mg +2 [Mg+2] Mg2+ 2
mg 0 [Mg] mg 0
ca +2 [Ca+2] Ca2+ 2
ca 0 [Mg] mg 0
al +3 [Al+3] Al3+ 3
al 0 [Al] al 0
si -4 [Si-4] Si4- -4
si +4 [Si+4] Si4+ 4
si 0 [Si] si 0
p -3 [P-3] P3- -3
p +3 [P+3] P3+ 3
p +5 [P+5] P5+ 5
f -1 [F-] F- -1
cl -1 [Cl-] Cl- -1
cl +1 [Cl+] Cl+ 1
cl +3 [Cl+3] Cl3+ 3
cl +5 [Cl+5] Cl5+ 5
cl +7 [Cl+7] Cl7+ 7
cl 0 [Cl] cl 0
br -1 [Br-] Br- -1
br +1 [Br+] Br+ 1
br +3 [Br+3] Br3+ 3
br +5 [Br+5] Br5+ 5
br +7 [Br+7] Br7+ 7
i -1 [I-] I- -1
i +1 [I+] I+ 1
i +3 [I+3] I3+ 3
i +5 [I+5] I5+ 5
i +7 [I+7] I7+ 7
br 0 [Br] br 0
he 0 [He] he 0
ne 0 [Ne] ne 0
ar 0 [Ar] ar 0
kr +2 [Kr+2] Kr2+ 2

continues on next page
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Table 3.3 – continued from previous page
Atom type rule SMARTS / recursive SMARTS atom_type(s) q
kr 0 [Kr] kr 0
xe 0 [Xe] xe 0
xe +2 [Xe+2] Xe2+ 2
xe +4 [Xe+4] Xe4+ 4
xe +6 [Xe+6] Xe6+ 6
rn 0 [Rn] rn 0
rn +2 [Rn+2] Rn2+ 2

3.3.3 Determining partial charges
The electrostatic potential (ESP, Section Electrostatic Potential) has historically been used to determine
partial charges [96] and the ACT supports training models to reproduce the ESP. However, in a very
recent paper we have shown that fitting charges to reproduce the ESP in a limited volume around a
compound is fundamentally flawed due to lack of information [38]. If the purpose is to build models
that reproduce electrostatic interactions, this can be done directly by training models to reproduce SAPT
energy components. Here, the split-charge equilibration (SQE) algorithm [97] is used to generate the
effective partial charge on each atom in a molecule. SQE, in turn, is based on the electronegativity
equalization method (EEM), as developed by Rapp{'e} and Goddard [98]. In brief, EEM uses the atomic
hardness 𝜂 and electronegativity𝜒 to determine the atomic charges in a molecule from a Taylor expansion
of the molecular energy in terms of charges. The SQE algorithm introduces a correction to the atomic
electronegativities for bonded atoms ∆𝜒 as well as a bond hardness ∆𝜂. With this addition, charge can
flow through bonds only, which overcomes issues with over-polarization in the EEM [99].

The ACT code implements the possibility to generate charges for compounds in dimers or clusters where
charge transfer between compounds is disallowed which is a reasonable approximation since charge trans-
fer has been shown to have limited impact on the binding energy of non-covalent complexes [100]. For
the SQE algorithm two atomic parameters (𝜒 and 𝜂) as well as two bond parameter types (∆𝜒 and ∆𝜂)
need to be determined and the ACT can train SQE parameters to reproduce electrostatic and induction
energies [38]. For background information we refer the reader to an excellent review by Jensen [101],
but below follows a break-down of using SQE with shells or virtual sites.

3.3.4 Charge Equilibration with Shells or Virtual Sites
Among the approaches to modeling the charge-dependent component of a force field, those rooted in
the chemical potential equalization principle are especially notable, as the principle stems directly from
density functional theory [102]. The first computational implementation of the chemical potential equal-
ization principle was the electronegativity equalization method (EEM) [98, 103]. However, due to limi-
tations of this model, Chelli et al. proposed the atom-atom charge transfer (AACT) model [104]. Later,
Nistor and co-workers combined the EEM and AACT approaches into a single framework, the split-
charge equilibration (SQE) model, which fulfills the essential criteria for a successful charge-transfer
potential [97, 99]. The ACT implements both the EEM and the SQE as algorithms for determining
partial charges.

In brief, EEM minimizes an empirical model of the intramolecular electrostatic energy (computed from
the atomic electronegativity 𝜒𝑖 and atomic hardness 𝜂𝑖) with respect to the atomic partial charges 𝑞𝑖,
where 𝑖 are the atoms. This method comprises a second order expansion of the molecular energy 𝐸EEM

in terms of the partial charges 𝑞𝑖:

𝐸EEM(𝑞1, 𝑞2, . . . , 𝑞𝑁 ) =
𝑁∑︁
𝑖=1

[︃
𝜒𝑖𝑞𝑖 +

1

2
𝜂𝑖𝑞

2
𝑖 +

1

2

𝑁∑︁
𝑙=1
𝑙 ̸=𝑖

𝑞𝑖𝑞𝑙𝐽𝑖𝑙

]︃
, (3.50)
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where 𝑁 is the number of atoms, 𝜒𝑖 are the atomic electronegativities, 𝜂𝑖 the atomic hardness, and 𝐽𝑖𝑙
the Coulomb interaction between atoms. The factor 1

2 before the Coulomb matrix is to avoid double
counting.

In this work, the SQE method is used, which addresses a shortcoming of the EEM, namely that molecules
tend to get over-polarized [99]. For more background, we refer to the recent review on charge flow models
by Jensen [101].

Verstraelen and co-workers proposed the following variant of the molecular energy:

𝐸SQE = 𝐸EEM +
𝑀∑︁
𝑖,𝑗

(︂
1

2
∆𝜂𝑖𝑗𝑝

2
𝑖𝑗 +∆𝜒𝑖𝑗(𝑞𝑖 − 𝑞𝑗)

)︂
(3.51)

where 𝑝𝑖𝑗 corresponds to the (intramolecular) charge transfer over bonds, ∆𝜂𝑖𝑗 is the bond hardness
and ∆𝜒𝑖𝑗 is the bond electronegativity correction. Therefore, the charge variables 𝑞𝑖 are replaced by
charge-transfer variables 𝑝𝑖𝑗 which are related by

𝑞𝑖 =
𝑞tot
𝑁

+
∑︁
𝑖,𝑗

bonds

𝑝𝑖𝑗 , (3.52)

where 𝑞tot is the net charge on the compound and 𝑝𝑖𝑗 = −𝑝𝑗𝑖. Although it is trivial to determine the
partial charges 𝑞𝑖 from the charge transfer 𝑝𝑖𝑗 , the reverse is not necessarily true. As outlined by Chen et
al. [105], the problem can be solved by expressing the energy in terms of the charge transfer variables.
By substituting 𝐽𝑖𝑖 = 𝜂𝑖 in Eq. (3.50), inserting Eq. (3.50) into Eq. (3.51) and introducing 𝑀𝑥 as the
number of bonds for species 𝑥, we obtain:

𝐸SQE =
𝑁∑︁

𝑛=1

[︃(︃
𝑞tot
𝑁

+

𝑀𝑛∑︁
𝑚=1

𝑝𝑛𝑚

)︃(︃
𝜒𝑛 +

1

2
𝜂𝑛

(︃
𝑞tot
𝑁

+

𝑀𝑛∑︁
𝑚=1

𝑝𝑛𝑚

)︃

+
1

2

𝑁∑︁
𝑙=1
𝑙 ̸=𝑛

(︃
𝑞tot
𝑁

+

𝑀𝑙∑︁
𝑚=1

𝑝𝑙𝑚

)︃
𝐽𝑛𝑙

)︃]︃

+

𝑀∑︁
𝑖,𝑗

⎡⎣1
2
𝜁𝑖𝑗𝑝

2
𝑖𝑗 +∆𝜒𝑖𝑗

⎛⎝(︃𝑞tot
𝑁

+

𝑀𝑖∑︁
𝑚=1

𝑝𝑖𝑚

)︃
−

⎛⎝𝑞tot
𝑁

+

𝑀𝑗∑︁
𝑚=1

𝑝𝑗𝑚

⎞⎠⎞⎠⎤⎦ .
The next step is to determine the 𝑝𝑖𝑗 that minimize 𝐸SQE. Since all summations run over atoms 𝑖, 𝑗, 𝑘, 𝑙,
we take the derivative with respect to 𝑝𝑖𝑗 and equate it to zero:

0 =
𝜕𝐸SQE

𝜕𝑝𝑖𝑗

=

⎛⎝𝜒𝑖 − 𝜒𝑗 +
𝑞tot
𝑁

(𝜂𝑖 − 𝜂𝑗) +

𝑀𝑖∑︁
𝑘=1

∆𝜒𝑖𝑘 −
𝑀𝑗∑︁
𝑘=1

∆𝜒𝑗𝑘

⎞⎠
+

1

2

(︃
𝑁∑︁
𝑙=1

𝐽𝑖𝑙

(︃
𝑞tot
𝑁

+

𝑀𝑙∑︁
𝑚=1

𝑝𝑙𝑚

)︃
−

𝑁∑︁
𝑙=1

𝐽𝑙𝑖

(︃
𝑞tot
𝑁

+

𝑀𝑖∑︁
𝑘=1

𝑝𝑖𝑘

)︃)︃
+ 𝑝𝑖𝑗𝜁𝑖𝑗 ,

using the identity of the Coulomb-matrix elements (𝐽𝑖𝑗 = 𝐽𝑗𝑖), the terms involving the atomic hardness
𝜂𝑥 are incorporated into the diagonals of the 𝐽𝑥𝑦 matrix, excluding the contribution from the total charge
𝑞tot. Note that the 𝑞tot terms in the two sums cancel. The first term in Eq. (3.53) is the difference in
electronegativity between atoms 𝑖 and 𝑗 sharing the bond plus the correction; the second term represents
the difference in electrostatic potentials at the atoms, and the third term accounts for the interaction
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between 𝑖 and 𝑗 times the charge transfer. This results in a coupled set of equations, written in matrix
form as

MP = R,

where M is a square matrix of dimension equal to the number of bonds, P is the vector of the charge
transfers for all bonds, and R is the right-hand side of the equations. The matrix elements are given by

𝑀𝑖𝑗,𝑘𝑙 = 𝐽𝑖𝑘 − 𝐽𝑖𝑙 − 𝐽𝑗𝑘 + 𝐽𝑗𝑙 + 𝛿𝑖𝑗,𝑘𝑙∆𝜂𝑖𝑗

where 𝛿𝑖𝑗,𝑘𝑙 is one if bond 𝑖𝑗 is identical to 𝑘𝑙 and zero otherwise. The right-hand side is defined by the
electronegativity terms according to

𝑅𝑖𝑗 = 𝜒𝑗 − 𝜒𝑖 +

𝑀𝑗∑︁
𝑘=1

∆𝜒𝑗𝑘 −
𝑀𝑖∑︁
𝑘=1

∆𝜒𝑖𝑘 +
𝑞tot
𝑁

(︃
𝑁∑︁
𝑙=1

𝐽𝑗𝑙 −
𝑁∑︁
𝑙=1

𝐽𝑖𝑙

)︃
.

The charges of the shells (and virtual sites) are treated as constant in this algorithm, meaning that 𝑞𝑡𝑜𝑡
becomes the sum of the charges of the shells and virtual sites and the total charge of the compound.
During force field training, all of these charges can be modified alongside the SQE parameters. As
noted in the paper describing the ACT software [1], the SQE algorithm may not be flexible enough to
reproduce optimal charge distributions, and other algorithms [101, 106] may need to be implemented in
future versions of the software.

3.4 Force Field Training Targets
A number of different targets can be used for training force fields in the ACT. Below, we mention the
most important ones including, where needed, the technical details necessary to appreciate the methods.
For information on obtaining or generating training data we refer to Section Training Data.

Computing interaction energies and components of interaction energies is a crucial part of force field
development. In the ACT we have hitherto used data from symmetry-adapted perturbation theory (SAPT)
calculations [107, 108]. It is not entirely trivial to match the energy components from SAPT to force field
terms, however.

3.4.1 Algorithm to compute energy components in ACT
The component of the interaction energy of a dimer can be computed from the difference between dimer
and monomers 𝐴 and 𝐵 [109]:

𝐸𝑖𝑛𝑡𝑒𝑟
𝑥 (𝐴𝐵) = 𝐸𝑡𝑜𝑡𝑎𝑙

𝑥 (𝐴𝐵)− (𝐸𝑥(𝐴) + 𝐸𝑥(𝐵)) (3.53)

where 𝑥 is exchange or dispersion and 𝑡𝑜𝑡𝑎𝑙 indicates that the energy includes both the intra- and inter-
molecular interactions. To compute the electrostatics or induction energy of a dimer in the gas phase,
the ACT first computes the relaxed energy of the two monomers 𝐴 and 𝐵, that is, the energy of the
shell particles is minimized with respect to their positions, yielding 𝐸𝑥(𝐴) and 𝐸𝑥(𝐵). The rationale
for this is that SAPT computes electrostatic energies between unperturbed monomers based on the re-
sponse/relaxation of monomer Hartree-Fock (HF) orbitals in the electric field of the interacting partner.
Then, the energies of the dimer 𝐴𝐵 are computed in three steps:

1. electrostatics is computed with shells located in the relaxed monomer positions, yielding
𝐸𝑡𝑜𝑡𝑎𝑙

𝑒𝑙𝑒𝑐 (𝐴𝐵),

2. the shells of compound𝐴 are allowed to relax (further) in the electric field from compound𝐵, while
shells of compound𝐵 remain at their monomer positions, and vice versa, yielding the second order
relaxation 𝐸𝑖𝑛𝑡𝑒𝑟(2)

𝑖𝑛𝑑𝑢𝑐 (see ref. [61] for details),
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3. the shells are allowed to relax completely, yielding the total 𝐸𝑖𝑛𝑑𝑢𝑐 from which the higher order
terms, named 𝐸𝑖𝑛𝑡𝑒𝑟(3)

𝑖𝑛𝑑𝑢𝑐 here for convenience, can be derived by subtracting 𝐸𝑖𝑛𝑡𝑒𝑟(2)
𝑖𝑛𝑑𝑢𝑐 . According

to ref. [61], parameters of models corresponding to the higher other terms, including, potentially,
charge transfer, can be trained to the 𝛿𝐻𝐹 contribution of the SAPT induction energy. Here, we
have added the exponential term proposed by McDaniel and Schmidt for this purpose (section
Induction correction).

The terms below can be compared directly to SAPT:

𝐸𝑖𝑛𝑡𝑒𝑟
𝑒𝑙𝑒𝑐 (𝐴𝐵) = 𝐸𝑡𝑜𝑡𝑎𝑙

𝑒𝑙𝑒𝑐 (𝐴𝐵)− (𝐸𝑒𝑖(𝐴) + 𝐸𝑒𝑖(𝐵)) (3.54)

𝐸
𝑖𝑛𝑡𝑒𝑟(2)
𝑖𝑛𝑑𝑢𝑐 (𝐴𝐵) =

(︁
𝐸𝑡𝑜𝑡𝑎𝑙

𝑒𝑖 ‖𝐴 + 𝐸𝑡𝑜𝑡𝑎𝑙
𝑒𝑖 ‖𝐵

)︁
− 2𝐸𝑡𝑜𝑡𝑎𝑙

𝑒𝑙𝑒𝑐 (𝐴𝐵) (3.55)

𝐸
𝑖𝑛𝑡𝑒𝑟(3)
𝑖𝑛𝑑𝑢𝑐 (𝐴𝐵) = 𝐸𝑡𝑜𝑡𝑎𝑙

𝑒𝑖 (𝐴𝐵)− 𝐸
(2)
𝑖𝑛𝑑𝑢𝑐(𝐴𝐵)− 𝐸𝑡𝑜𝑡𝑎𝑙

𝑒𝑙𝑒𝑐 (𝐴𝐵) (3.56)

where 𝑒𝑖 is short for 𝑒𝑙𝑒𝑐+ 𝑖𝑛𝑑𝑢𝑐 and the notation ‖𝑋 indicates that the shells of compound 𝑋 are kept
fixed in the relaxed monomer conformation. If we sum Eqns. (3.54)- (3.56) we recover Eqn. (3.53)
where 𝑥 equals 𝑒𝑖. Eqn. (3.54) corresponds to the electrostatics in SAPT.

To summarize, ACT computes the induction term in two parts: a second order term𝐸
𝑖𝑛𝑡𝑒𝑟(2)
𝑖𝑛𝑑𝑢𝑐 (𝐴𝐵) (Eqn.

(3.55)) and a third-and-higher-order term 𝐸
𝑖𝑛𝑡𝑒𝑟(3)
𝑖𝑛𝑑𝑢𝑐 (𝐴𝐵) (Eqn. (3.56)), the sum of which corresponds to

the total induction from SAPT.

McDaniel and Schmidt [61] proposed that Eqn. (3.56) should be equal to the 𝛿𝐻𝐹 + 𝛿𝑀𝑃2 terms from
SAPT while Eqn. (3.55) would correspond to the polarization energy. They then continue to suggest
how this can be implemented in a force field:

𝐸𝑖𝑛𝑑𝑢𝑐 = 𝐸𝑠ℎ𝑒𝑙𝑙 + 𝐸𝑝𝑜𝑙 + 𝐸𝛿𝐻𝐹

where 𝐸𝑠ℎ𝑒𝑙𝑙 is Eqn. (3.8) and

𝐸𝑝𝑜𝑙 = 𝐴𝑖𝑛𝑑
𝑖𝑗 exp(−𝑏𝑖𝑗𝑟𝑖𝑗)

where 𝑟𝑖𝑗 is the interatomic distance and 𝑏𝑖𝑗 a constant, and

𝐸𝛿𝐻𝐹 = 𝐴𝛿𝐻𝐹
𝑖𝑗 exp(−𝑏𝑖𝑗𝑟𝑖𝑗)

where both 𝐴𝑖𝑛𝑑
𝑖𝑗 and 𝐴𝛿𝐻𝐹

𝑖𝑗 are determined from a negative geometric combination rule

𝐴𝑖𝑗 = −
√︀
𝐴𝑖𝐴𝑗

meaning these terms are always attractive. These potentials use the 𝑏𝑖𝑗 that is used in the exchange energy
(using a Buckingham potential, Eqn. (3.13)). Whether this is the most appropriate way of splitting terms
and reproducing SAPT energies remains to be determined.

In the output the ACT training module alexandria train_ff there are two terms related to induction. The
term INDUCTIONCORRECTION refers to Eqn. (3.56). If that is present, the term INDUCTION refers
to Eqn. (3.55), if not it refers to the sum of the two.

3.4.2 Monomer Energies and Forces
Typically, a series of single-point quantum calculations are done at a user-defined level of theory. These
calculations can then be converted to a molprop file. More information to come.

3.4. Force Field Training Targets 48



Alexandria Chemistry Toolkit, Release 1.2b

3.4.3 Other Properties
In principle, all the molecular properties mentioned in Section Predicting Molecular Properties can be
used for training, but it is highly recommended to leave some properties for validation.

3.5 Parameters for Force Field Training
Each potential available in the ACT has its own set of parameters. Those are listed in Table 3.4 for non-
bonded parameters, Table 3.5 for bonded parameters. Parameters for virtual sites are given in Table 3.6
and for charge generation algorithms in Table 3.7. In total, well over 80 parameter categories can be
trained using the ACT.

Table 3.4: Force field parameters related to non-bonded potentials
that can be trained using ACT. Note that the parameter names are
case-sensitive and, in some cases, they correspond to a Greek sym-
bol in the equation.

Potential Equation Parameters
COULOMB_GAUSSIAN (3.2) zeta
COULOMB_SLATER (3.5) zeta
POLARIZATION (3.8) alpha
MACDANIEL_SCHMIDT (3.9) a1dexp bdexp
LJ14_7 (3.10) sigma epsilon gamma delta
GENERALIZED_BUCKINGHAM (3.11) rmin epsilon gamma delta
WANG_BUCKINGHAM (3.12) sigma epsilon gamma
BUCKINGHAM (3.13) A b C
TANG_TOENNIES (3.15) Att btt c6tt c8tt c10tt
TT2 (3.16) Att2b bExchtt2b c6tt2b c8tt2b c10tt2b
SLATER_ISA (3.17) A b
LJ12_6 (3.18) sigma epsilon
LJ12_6_4 (3.19) sigma epsilon gamma
BORN_MAYER (3.20) A b
Generalized mean (3.36) exponent

Table 3.5: Force field parameters related to bonded potentials that
can be trained using ACT. Note that the parameter names are case-
sensitive and, in some cases, they correspond to a Greek symbol in
the equation.

Potential Equation Parameters
HARMONIC_BONDS (3.37) kb bondlength bondenergy
MORSE_BONDS (3.38) beta De bondlength D0
HUA_BONDS (3.39) De bondlength b c
HARMONIC_ANGLES (3.40) kt angle
LINEAR_ANGLES (3.41) klin a
HARMONIC_DIHEDRALS (3.44) kimp
FOURIER_DIHEDRALS (3.45) c0 c1 c2 c3 c4 c5
PROPER_DIHEDRALS (3.46) kp mult phi0
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Table 3.6: Parameters related to virtual sites that can be trained us-
ing ACT. Note that the parameter names are case-sensitive. Equa-
tions will be added later.

Virtual Site Equation Parameters
VSITE1 vs1a
VSITE2 vs2a
VSITE2FD vs2fd_a
VSITE3 vs3a vs3b
VSITE3S vs3a
VSITE3FD vs3fd_a vs3fd_b
VSITE3FAD vs3fad_a vs3fad_b
VSITE3OUT vs3out_a vs3out_b vs3out_c
VSITE4 vs4a vs4b vs4c
VSITE4S vs4sa vs4sb
VSITE4S3 vs4s3a

Table 3.7: Parameters related to charge algorithms that can be
trained using ACT. Note that the parameter names are case-
sensitive. Equations will be added later.

Algorithm Equation Parameters
EEM (3.50) eta chi
SQE (3.51) eta chi delta_eta delta_chi

3.6 Training Data

3.6.1 Using existing data
A recent review from the ACT developers~ [8] discusses the different available quantum chemistry data
sets. Some of these can be used in the ACT, for instance the coupled-cluster dimer data set due to Donchev
et al. [28], the Non-covalent interaction atlas from the Czech group led by Řezáč~ [110] and some more.
The SAPT dataset on protein side-chain analogs and backbone analogs by Burns~ [111] can in principle
be used in the ACT as well.

In principle, the ANI-1 dataset~ [112] can be used to provide off-equilibrium energies of small com-
pounds, but in the first version it was limited to compound containing the elements C, H, N, O only.

3.6.2 Alexandria Library
The Alexandria Library contains energies at optimized conformations of about 5000 compounds, ther-
mochemistry, electric multipoles and electrostatic potential at grid points around molecules~ [17, 18]. It
is possible to train electrostatic models using data from the library.

3.6.3 Donchev data set
To use the dataset due to Donchev et al. [28], we provide a script that reads the comma-separated value
file provided by those authors. Please refer to their article for download information. Then refer to the
built-in help in the script for more guidance by executing:
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donchev2molprop -h

and investigating the output.

3.6.4 Non-covalent interaction atlas
The Non-covalent interaction atlas~ [110] can be used in a similar manner. At the time of writing it can
be href{http://www.nciatlas.org}{found here}. To convert the data to ACT files, start by:

ncia2molprop -h

and investigate your options.

3.6.5 ACT data
Quantum chemical data used in ACT-related publications will be uploaded to a sharing site.

3.6.6 Generating SAPT data
A recent review described the available data sets available for machine learning or force field training~
[8]. There is however a lack of certain data, or data sets are incomplete. For this reason there is a
git repository SaptACT that provides script to run SAPT calculations using the Psi4 software~ [113]
including tools to convert the output to ACT compatible inputs (see below). The steps needed to prepare
data for training in ACT are as follows:

• Clone the SaptACT repository using git

• Prepare selection of compounds, e.g. water, methanol, ethanol, and make sure that monomer
structures for these compounds are present in the xyz/monomers catalog.

• Generate a dimer selection file using the gen_dimers.py script in the SaptACT repository:

./gen_dimers.py -sel water methanol ethanol -o alcohol.dat

which will generate a file containing:

water#water
water#methanol
water#ethanol
methanol#methanol
methanol#ethanol
ethanol#ethanol

where the # symbol separates the monomers. Note that the order on the command line determines
the order in the selection file.

• Perform SAPT calculations using Psi4 by generating randomly oriented dimers at a series of dis-
tances defined by scaling the shortest distance between any pair of atoms in the generated orienta-
tions. In this case, six distances varying from 0.9 to 1.4 times the sum of the van der Waals radii
of the nearest atoms will be generated.:

./run_calcs.py -dimers alchol.dat -ndist 6 -mindist 0.9 -maxdist 1.4 -
→˓norient 10
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Note, that in the above command 6 x 10 calculations are started for each dimer in alcohol.dat, that
is 360 calculations in total. You will obviously need a compute cluster to do these calculations, in
particular if you select a more accurate SAPT level of theory~ [108] than the default (sapt2+/aug-
cc-pvdz).

3.6.7 Generating single molecule data
Single molecules off-equilibrium energies and forces are needed to parameterize the intramolecular po-
tential functions. Scripts are available that will take a structure of a monomer, perform a 50 ps MD
simulation in the gas phase at elevated temperature using the GAFF force field~ [114] and the GRO-
MACS software~ [115]. Then, conformations are extracted from the simulation trajectory and these are
subjected to quantum chemistry calculations using Psi4~ [113].

3.6.8 Conversion to ACT molprop files
The ACT uses the href{https://en.wikipedia.org/wiki/XML{eXtensible Markup Language} to store both
data for training and force field files. Once your SAPT calculations are finished you need to perform the
following steps to generate the ACT input:

• Convert the Psi4 outputs to compact and human-readable href{https://en.wikipedia.org/wiki/
JSON}{json} files using another script in SaptACT:

./generate_json.py

which will traverse the output directories, find Psi4 outputs, and if there is not already a results.json
file, will generate it. Please familiarize yourself with the content of these files.

• When the json files have been generated, you are ready to convert them to a molprop file:

./write_molprop.py -o molprop.xml

please inspect the output file from this script to verify that your calculations are present.

Both these scripts have more flags that can be useful, please investigate those using the -h option.
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4.1 Charge Methods
A number of different algorithms are available in ACT.

4.1.1 Electronegativity equalization method
The electronegativity equalization method (EEM) is a second order expansion of the molecular energy
𝐸𝐸𝐸𝑀 in terms of the partial charges 𝑞𝑖:

𝐸𝐸𝐸𝑀 (𝑞1, 𝑞2, ..., 𝑞𝑁 ) =
𝑁∑︀
𝑖=1

[︃
𝜒𝑖𝑞𝑖 +

1
2𝜂𝑖𝑞

2
𝑖 +

1
2

𝑁∑︀
𝑙 ̸=𝑖

𝑞𝑖𝑞𝑙𝐽𝑖𝑙

]︃
where𝑁 is the number of atoms, 𝜒𝑖 are the atomic electronegativities, 𝜂𝑖 the atomic hardness and 𝐽𝑖𝑙 the
Coulomb interaction between atoms. The factor 1/2 before the Coulomb matrix is to avoid double count-
ing. In equilibrium, the chemical potential is the same for each atom, 𝜒𝑒𝑞. The EEM can be implemented
by taking the derivative of 𝐸𝐸𝐸𝑀 with respect to 𝑞𝑖 and equating it to zero:

0 =
𝜕𝐸𝐸𝐸𝑀

𝜕𝑞𝑖
= 𝜒𝑒𝑞 = 𝜒𝑖 + 𝑞𝑖𝜂𝑖 +

1

2

𝑁∑︁
𝑙 ̸=𝑖

𝑞𝑙𝐽𝑖𝑙

which leads to a set of 𝑁 +1 equations that is linear in the 𝑞𝑖 and that can be solved using linear algebra
tools. After taking the derivative with respect to 𝑞𝑖 a matrix equation is obtained:⎡⎢⎢⎢⎢⎣
𝜂1 𝐽12 𝐽13 ... 𝐽1𝑁 −1
𝐽21 𝜂2 𝐽23 ... 𝐽2𝑁 −1
... ... ... ... ... ...
𝐽𝑁1 𝐽𝑁2 𝐽𝑁3 ... 𝜂𝑁 −1
1 1 1 ... 1 0

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎣
𝑞1
𝑞2
...
𝑞𝑁
𝜒𝑒𝑞

⎤⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎣
−𝜒1

−𝜒2

...
−𝜒𝑁

𝑞𝑡𝑜𝑡

⎤⎥⎥⎥⎥⎦
Note the last column in the matrix is there to make sure that the electronegativity for all atoms is the same
(𝜒𝑒𝑞), while the last row is there to make sure the total charge 𝑞𝑡𝑜𝑡 is maintained. A good reference for
the method is the classic paper by Rappe and Goddard.

In the code below we test the method on a methanol molecule, using parameters from Verstraelen et al.
as well as experimental data from Cordero et al..

import numpy as np
from scipy.linalg import lstsq
import math
from charge_utils import *
from test_systems import *

(continues on next page)
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def solveEEM(names, coords, qtotal, model, verbose=False):
# Compute Coulomb
J = calcJEEM(names, coords, model)
N = coords.shape[0]

# Right hand side of the equation
rhs = np.zeros(N+1,dtype=float)
chi = get_chi(model)
for i in range(N):

if names[i] in chi:
rhs[i] = -chi[names[i]]

else:
print("No chi for %s" % names[i])
exit(1)

rhs[N] = qtotal
q = np.linalg.solve(J, rhs)
if verbose:

print("J = \n{}".format(J))
print("rhs = {}".format(rhs))
print("q = {}".format(q))
y = np.dot(J,q)
print("y = {}".format(y))

return q

def run_compound(molname, verbose, alexandria=False):
mol = get_system(molname)
if not mol:

print("No test system %s defined" % molname)
else:

print("\n%s" % molname)
q = solveEEM(mol["names"], mol["coords"], mol["qtotal"], verbose,␣

→˓alexandria)
for i in range(mol["coords"].shape[0]):

print("q[%s] = %g" % (mol["names"][i], q[i]))
printDipole(q, mol["coords"], mol["atomnr"], False)

verbose = False

for compound in [ "carbon-monoxide", "water", "methanol", "acetate" ]:
run_compound(compound, "ACM-g", verbose)

carbon-monoxide
q[c2] = 0.100795
q[o] = -0.100795
Dipole = 0.0580969 Debye

water
q[hw] = 0.130157
q[ow] = -0.260313

(continues on next page)
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q[hw] = 0.130157
Dipole = 0.731574 Debye

methanol
q[oh] = -0.252355
q[hp] = 0.13162
q[c3] = -0.151608
q[h1] = 0.0878756
q[h1] = 0.087886
q[h1] = 0.0965812
Dipole = 1.22594 Debye

acetate
q[c3] = -0.254055
q[cm] = -0.108471
q[om] = -0.322013
q[om] = -0.322018
q[hc] = 0.00241518
q[hc] = 0.00166854
q[hc] = 0.00247338
Dipole = 0.841977 Debye

Note the positive charge on O and negative charge on one of the H with the EEM chi and eta values from
Verstraelen. These charges are too small since the experimental dipole for methanol is about 1.69 Debye.

4.1.2 Split charge equilibration
The split charge equilibration (SQE) method postulates that partial charges 𝑞𝑖 on atoms can only arise
from transfer of charge 𝑝𝑖𝑗 between bonded atoms 𝑖 and 𝑗 only, according to:

𝑞𝑖 =
𝑞𝑡𝑜𝑡
𝑁

+

𝑏𝑜𝑛𝑑𝑠∑︁
𝑖,𝑗

𝑝𝑖𝑗

where 𝑞𝑡𝑜𝑡 is the net charge on the compound and 𝑝𝑖𝑗 = −𝑝𝑗𝑖. Although it is trivial to determine the
partial charges 𝑞𝑖 from the charge transfer 𝑝𝑖𝑗 , the reverse is not necessarily true. To exemplify this we
write the equations for methanol:⎡⎢⎢⎢⎢⎢⎢⎣

0 𝑝12 𝑝13 𝑝14 𝑝15 0
−𝑝12 0 0 0 0 0
−𝑝13 0 0 0 0 0
−𝑝14 0 0 0 0 0
−𝑝15 0 0 0 0 𝑝56
0 0 0 0 0− 𝑝56 0

⎤⎥⎥⎥⎥⎥⎥⎦

⎡⎢⎢⎢⎢⎢⎢⎣

1
1
1
1
1
1

⎤⎥⎥⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎢⎢⎣

𝑞1
𝑞2
𝑞3
𝑞4
𝑞5
𝑞6

⎤⎥⎥⎥⎥⎥⎥⎦
With these equations we can express the 𝑝𝑖𝑗 in terms of the charges after manual Gaussian elimination
as follows:⎡⎢⎢⎢⎢⎣
𝑝12
𝑝13
𝑝14
𝑝15
𝑝56

⎤⎥⎥⎥⎥⎦ =

⎡⎢⎢⎢⎢⎣
−𝑞2
−𝑞3
−𝑞4

−𝑞5 − 𝑞6
−𝑞6

⎤⎥⎥⎥⎥⎦
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with 𝑞1 by definition 𝑞𝑡𝑜𝑡− 𝑞2− 𝑞3− 𝑞4− 𝑞5− 𝑞6 (with 𝑞𝑡𝑜𝑡 = 0). However, expressing the 𝑝𝑖𝑗 in 𝑞𝑖 does
not guarantee that the charge transfer through space is zero. Therefore it is necessary to do the reverse.
As outlined by Chen et al. the problem can be solved by expressing the energy in terms of the charge
transfer variables.

Verstraelen and co-workers used the following variant of the molecular energy:

𝐸𝑆𝑄𝐸 = 𝐸𝐸𝐸𝑀 +
𝑀∑︀
𝑖,𝑗

(︁
1
2𝜁𝑖𝑗𝑝

2
𝑖𝑗 +∆𝜒𝑖𝑗(𝑞𝑖 − 𝑞𝑗)

)︁
In this formulation, the energy is not just a function of the charges, but also of the charge transfer over
𝑀 bonds. 𝜁𝑖𝑗 is the bond hardness and ∆𝜒𝑖𝑗 is the electronegativity correction, both of these are bond-
specific. We therefore replace the charge variable by charge transfer variables and substitute 𝐽𝑖𝑖 = 𝜂𝑖,
and for clarity we replace the summation over bonds by a summation over atom pairs, which is the same
thing noting that only 𝑝𝑖𝑗 for chemical bonds are non-zero (note that we have to introduce a factor 1/2 to
avoid double counting). If we introduce 𝑀𝑥 as the number of bonds for species 𝑥 we obtain

𝐸𝑆𝑄𝐸 =
𝑁∑︀

𝑛=1

[︃(︂
𝑞𝑡𝑜𝑡
𝑁 +

𝑀𝑛∑︀
𝑚=1

𝑝𝑛𝑚

)︂(︃
𝜒𝑛 + 1

2𝜂𝑛

(︂
𝑞𝑡𝑜𝑡
𝑁 +

𝑀𝑛∑︀
𝑚=1

𝑝𝑛𝑚

)︂
+ 1

2

𝑁∑︀
𝑙 ̸=𝑛

[︃
𝑞𝑡𝑜𝑡
𝑁 +

𝑀𝑙∑︀
𝑚=1

𝑝𝑙𝑚

]︃
𝐽𝑛𝑙

)︃]︃
+

𝑀∑︀
𝑖,𝑗

[︃
1
2𝜁𝑖𝑗𝑝

2
𝑖𝑗 +∆𝜒𝑖𝑗

(︃[︂
𝑞𝑡𝑜𝑡
𝑁 +

𝑀𝑖∑︀
𝑚=1

𝑝𝑖𝑚

]︂
−

[︃
𝑞𝑡𝑜𝑡
𝑁 +

𝑀𝑗∑︀
𝑚=1

𝑝𝑗𝑚

]︃)︃]︃
Our task now is to find the 𝑝𝑖𝑗 that minimize 𝐸𝑆𝑄𝐸 . Please note that the all summations are over atoms
𝑖, 𝑗, 𝑘, 𝑙. Therefore, we take the derivative and equate it to zero:

0 =
𝜕𝐸𝑆𝑄𝐸

𝜕𝑝𝑖𝑗
=

⎛⎝𝜒𝑖 − 𝜒𝑗 +
𝑞𝑡𝑜𝑡
𝑁

(𝜂𝑖 − 𝜂𝑗) +

𝑀𝑖∑︁
𝑘=1

∆𝜒𝑖𝑘 −
𝑀𝑗∑︁
𝑘=1

∆𝜒𝑗𝑘

⎞⎠ +

1

2

(︃
𝑁∑︁
𝑙=1

𝐽𝑖𝑙

(︃
𝑞𝑡𝑜𝑡
𝑁

+

𝑀𝑙∑︁
𝑚=1

𝑝𝑙𝑚

)︃
−

𝑁∑︁
𝑖=1

𝐽𝑙𝑖

(︃
𝑞𝑡𝑜𝑡
𝑁

+

𝑀𝑖∑︁
𝑘=1

𝑝𝑖𝑘

)︃)︃
+ 𝑝𝑖𝑗𝜁𝑖𝑗

using the identity of the Coulomb-matrix elements (𝐽𝑖𝑗 = 𝐽𝑗𝑖) and where the terms involving the atomic
hardness 𝜂𝑥 are included on the diagonals of the 𝐽𝑥𝑦 matrix, except for the contribution of the total charge
𝑞𝑡𝑜𝑡. Note that the 𝑞𝑡𝑜𝑡 terms in the two sums cancel. The first term is the difference in electronegativity
between atoms 𝑖 and 𝑗 sharing the bond plus the correction, the second term represents the difference
in electrostatic potentials at the atoms, the third term is the interaction between 𝑖 and 𝑗 times the charge
transfer. This leads to a coupled set of equations, written in matrix form as:

M𝑃 = 𝑅

where M is a square matrix of dimension number of bonds, 𝑃 is a vector containing the charge transfers
for all bonds and 𝑅 the right hand side of the equations. If the summations are all written out we obtain
the result published by Chen et al. for QTPIE and similar algorithms:

𝑀𝑖𝑗,𝑘𝑙 = 𝐽𝑖𝑘 − 𝐽𝑖𝑙 − 𝐽𝑗𝑘 + 𝐽𝑗𝑙

for off-diagonal elements of the matrix. For the diagonal elements, the bond hardness 𝜁𝑖𝑗 needs to be
added. The right hand side is given by the electronegativity terms according to:

𝑅𝑖𝑗 = 𝜒𝑗 − 𝜒𝑖 +
𝑀𝑗∑︀
𝑘=1

∆𝜒𝑗𝑘 −
𝑀𝑖∑︀
𝑘=1

∆𝜒𝑖𝑘 +
𝑞𝑡𝑜𝑡
𝑁

(︂
𝑁∑︀
𝑙=1

𝐽𝑗𝑙 −
𝑁∑︀
𝑙=1

𝐽𝑖𝑙

)︂
.

The equations are implemented in Python below.

import numpy as np
from scipy.linalg import lstsq

(continues on next page)
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import math
from charge_utils import *
from test_systems import *

def calcRHS(names, bonds, JEEM, qtotal, model):
Natoms = len(names)
Nbond = len(bonds)
RHS = np.zeros(Nbond, dtype=float)
##### calc corrected chi ####
chi_corr = []
chi = get_chi(model)
for i in range(Natoms):

chi_corr.append(chi[names[i]])
for k in range(Nbond):

ai = names[bonds[k][0]]
aj = names[bonds[k][1]]
if bonds[k][0] == i:

chi_corr[i] += getDeltaChi(ai, aj, model)
if bonds[k][1] == i:

chi_corr[i] -= getDeltaChi(ai, aj, model)
for l in range(Natoms):

chi_corr[i] += JEEM[i][l]*(qtotal/Natoms)
#### calc EN diff for the bonds ####
for i in range(Nbond):

RHS[i] = chi_corr[bonds[i][1]] - chi_corr[bonds[i][0]]
return RHS

def solveSQE(names, coords, bonds, verbose, qtotal, model):
JEEM, JSQE = calcJSQE(names, coords, bonds, verbose, model)
rhs = calcRHS(names, bonds, JEEM, qtotal, model)
if verbose:

print("RHS: {}".format(rhs))
pij = np.linalg.solve(JSQE, rhs)
if verbose:

print("pij: {}".format(pij))
q = np.zeros(coords.shape[0], dtype=float)
for n in range(len(bonds)):

bi = bonds[n][0]
bj = bonds[n][1]
q[bi] += pij[n]
q[bj] -= pij[n]

Natoms = names.shape[0]
for i in range(Natoms):

q[i] += qtotal/Natoms
print("qSQE: {}".format(q))
return q

def run_compound(molname, verbose, shells):
mol = get_system(molname)

(continues on next page)
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print("%s" % molname)
for bonds in mol["bonds"]:

q = solveSQE(mol["names"], mol["coords"], bonds, verbose, mol["qtotal
→˓"], "ACS-g")

printDipole(q, mol["coords"], mol["atomnr"], False)

verbose = False
shells = False

for compound in [ "methanol", "water", "acetate", "carbon-monoxide" ]:
run_compound(compound, verbose, shells)

methanol
qSQE: [-0.50802387 0.33691938 -0.33742533 0.16436908 0.16438559 0.
→˓17977516]
qSQE: [-0.50802387 0.33691938 -0.33742533 0.16436908 0.16438559 0.
→˓17977516]
qSQE: [-0.50802387 0.33691938 -0.33742533 0.16436908 0.16438559 0.
→˓17977516]
qSQE: [-0.50802387 0.33691938 -0.33742533 0.16436908 0.16438559 0.
→˓17977516]
qSQE: [-0.50802387 0.33691938 -0.33742533 0.16436908 0.16438559 0.
→˓17977516]
Dipole = 2.07033 Debye
water
qSQE: [ 0.11909703 -0.23819405 0.11909703]
qSQE: [ 0.11909703 -0.23819405 0.11909703]
qSQE: [ 0.11909703 -0.23819405 0.11909703]
Dipole = 0.669411 Debye
acetate
qSQE: [-0.48654202 -0.0231567 -0.24282282 -0.24282009 -0.00136991 -0.00196462
-0.00132384]
qSQE: [-0.48654202 -0.0231567 -0.24282282 -0.24282009 -0.00136991 -0.00196462
-0.00132384]
Dipole = 1.41698 Debye
carbon-monoxide
No hardness information for bond c2-o
No deltaChi information for bond c2-o
No deltaChi information for bond c2-o
qSQE: [ 0.77205802 -0.77205802]
No hardness information for bond o-c2
No deltaChi information for bond o-c2
No deltaChi information for bond o-c2
qSQE: [ 0.77205802 -0.77205802]
Dipole = 0.445003 Debye
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