i
O
=z
Z
S
L
O
|
(ol
o
<C

Y (N

materials design

APPLICATION NOTE

Density calculation for organics using pcff+, in HT mode

In 1964, in his Lectures on Physics, Richard Feynman
reflected "If we were to name the most powerful as-
sumption of all, which leads one on and on in an at-
tempt to understand life, it is that all things are made
of atoms and that everything that living things do can
be understood in terms of the jigglings and wigglings of
atoms.”

Studying matter at the atomic scale can indeed pro-
vide invaluable information on how matter behaves and
why it behaves the way it does. Forcefield simulations
are widely used nowadays on systems containing hun-
dreds to millions of atoms and for times that extend
from a few picoseconds to microseconds.

Density is a fundamental macroscopic property that
can be calculated by forcefield simulations and which
needs to be in excellent agreement with experimental
data for any other property prediction to be meaningful.
Other macroscopic properties of interest for fluids that
may be calculated are saturation pressure, vaporization
enthalpy, normal boiling point, critical point, solubility,
diffusivity, viscosity, and thermal conductivity.

In this work, we use molecular dynamics (MD) sim-
ulations, with the PCFF+ forcefield [1], to calculate
saturated liquid density at several temperatures be-
tween the melting and the critical point of pure or-
ganic compounds. The calculations are performed in
High-Throughput (HT) mode to facilitate and expedite
setting up simulations as well as collecting and post-
processing simulation output. A well-established and
straightforward Group-Contribution QSPR method [2]
is used to select a set of temperatures for performing
simulations for each compound.

1 Forcefields

Forcefield simulations rely—as the name implies—on
the use of forcefields to describe the interatomic (or
interparticle) interactions. In the case of molecular
systems, these interactions are both intra- and inter-
molecular.

For the past four decades, numerous forcefields have
been developed and proposed in the literature. Based
on the forcefield development approach and tech-
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APPLICATION NOTE

Important aspects of any forcefield that define their ap-
plicability and their ability to be used for property pre-
diction are:

 Quality of property prediction
» Chemical compounds' breadth of coverage
 Transferability of parameters

» Range of properties that can be studied

2 PCFF+ description
The PCFF+ forcefield [Page 1, 1] is an extension of
PCFF [Page 1, 3], a Class II, All-Atom (AA) force-

field that has its origin in the CFF series of force-
fields [Page 1, 11].
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are the bond E°, angle E¢, torsion E*, out-of-plane
angles E°, bond-bond E® / angle-angle £%¢ / bond-
angle E**, bond-torsion E*, electrostatic £¢, and van

der Waals terms EVPW | respectively. The nonbond
terms (van der Waals and electrostatic) are pairwise
interactions between atoms that are separated by three
or more bonds (intramolecular interactions) that belong
to different molecules (intermolecular interactions).

Amongst the different energy contributions, the non-
bond interactions are often the most difficult to param-
eterize, as they cannot be directly obtained from ab ini-
tio calculations. PCFF+ extensions and improvements
on the original PCFF forcefield focus on precisely this
point, i.e. the optimization of existing nonbond param-
eters as well as the introduction and parameterization
of new atom types to achieve the highest possible cov-
erage and accuracy for organic (and some inorganic)
species, while maintaining forcefield transferability and
a manageable number of distinct atom types.

PCFF+ provides coverage for all major groups of or-
ganic species, shown in figure Figure 2.1. As is shown,
there is availability of all required forcefield parameters
for 95% of the species included in DIPPR [10], one of
the largest molecular databases. The vast majority of
the database consists of organic compounds, but there
are also many inorganic compounds.

Aromatics

Sulfur
bearing
compounds:

Cyanates
Ketones "
Halogen bearing = Aldehydes
compounds

Alcohols ; 4
Esters Polyfunctional

Figure 2.1: Chemical families of compounds
tested for forcefield coverage with PCFF+. A total
of 2,150 compounds are included in the coverage
analysis.

[10] Wilding, W. V.; Rowley, R. L.; Oscarson, J. L., "DIPPR®
Project 801 Evaluated Process Design Data”, Fluid
Phase Equilibria 150-151, 413-420, (1998) https://doi.
org/10.1016/S0378-3812(98)00341-0
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3 Molecular Simulations

A significant benefit of the use of forcefield simulations
for property prediction is the fact that the amount of
human time needed to set up the simulations can be
minimized with the use of robust High-Throughput (HT)
computation protocols and reliable compute engines.

Here we use a robust MedeA HT computational proto-
col to calculate saturated liquid density at five (5) tem-
peratures for twenty-eight (28) compounds. The only
input provided by the user is a list of compounds, to-
gether with their SMILES codes and the number of tem-
peratures at which to run the simulations. Everything is
processed in a single job, a single workflow, which sets
up different tasks for creating the appropriate input (in-
cluding the creation of amorphous liquid-like configu-
rations of each compound and the choice of tempera-
tures), submitting the computations, retrieving the out-
put once a task is finished, post-processing the output
and printing the results in the desired format. Depend-
ing on the availability of computing resources, the dif-
ferent tasks can run in a serial or parallel way, locally or
remotely.

The schematic workflow of the entire job is shown in
Figure 3.1.

4 Computational Details

The first step is the definition of a list of compounds
containing the name and SMILES string.

Then, for each compound in this list, the Joback Group-
Contribution method is used to estimate the melting
temperature (7},,) and the compound's critical temper-
ature (T,). Five temperatures are then selected, in the
range (1), 0.8 « T,].

An amorphous configuration containing several
molecules is created for each compound often at
a relatively low density of 0.3 g/ml, though higher
densities may optionally be used. The number of
molecules is set so that at least 1,200 atoms are
present in the system.

For each temperature, an MD simulation is started, in-
cluding a short NVT run (100 ps) followed by a longer
NPT run (1 ns). Density is calculated from the simula-
tion output for the time interval for which convergence
has been reached after a convergence analysis is per-
formed.

Results are collected, and the appropriate tables are
printed, together with a summary of the computation.

Human intervention is not required after submitting

Structure List

QSPR: Calculate Tm, Tc
.

Create amorphous
configuration containing N
molecules

}

Define 5 temperatures in the
range: (Tm and 0.8*Tc]

Temperature, T

Molecular Dynamics:
Calculate density

Loop over temperatures
Write output

Figure 3.1: Workflow of a single job for calculating
saturated liquid densities at five temperatures and
1 atm, for 28 organic compounds.

Loop over structures

the workflow (as a single job) to the compute re-
sources. Moreover, the number of compounds may be
increased, as appropriate, without any change to the
protocol or the human time needed for setting up the
workflow.

5 Results and Discussion

PCFF+ based density calculations over wide ranges
of temperature are presented in the figures below and
compared with curves fitted to curated experimental
data as developed within the DIPPR 801 database
project [Page 2, 10] .
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Overall, agreement with the correlated experimental
data is excellent, generally exhibiting average absolute
deviations better than the parameterization target of
1% between the melting temperature and normal boil-
ing point imposed for all new parameter development in
PCFF+.
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