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ABSTRACT: MoSDeF-GOMC is a python interface for the Monte Carlo software
GOMC to the Molecular Simulation Design Framework (MoSDeF) ecosystem.
MoSDeF-GOMC automates the process of generating initial coordinates, assigning
force field parameters, and writing coordinate (PDB), connectivity (PSF), force field
parameter, and simulation control files. The software lowers entry barriers for novice
users while allowing advanced users to create complex workflows that encapsulate
simulation setup, execution, and data analysis in a single script. All relevant simulation
parameters are encoded within the workflow, ensuring reproducible simulations.
MoSDeF-GOMC’s capabilities are illustrated through a number of examples, including
prediction of the adsorption isotherm for CO2 in IRMOF-1, free energies of hydration for neon and radon over a broad temperature
range, and the vapor−liquid coexistence curve of a four-component surrogate for the jet fuel S-8. The MoSDeF-GOMC software is
available on GitHub at https://github.com/GOMC-WSU/MoSDeF-GOMC.

■ INTRODUCTION

The research community has recognized a need for automated
and reproducible generation of input files for molecular
dynamics (MD) and Monte Carlo (MC) simulations, and a
large number of independent efforts have been launched. Some
examples include tools for automated force field parameter
assignment,1−4 generation of parameter, topology, and control
files for a single simulation,5−15 to those that support the
creation of complex workflows that may involve multiple
calculations (potentially with different software) and data
analysis.16−24 Of the input file builders, particularly notable is
the well-utilized, web-based CHARMM-GUI.14,15 CHARMM-
GUI is capable of building input for simulations with the
CHARMM,25−28 AMBER,29,30 OpenFF,31 and OPLS-AA32,33

force fields, as well as the coarse-grained MARTINI34 force
field, for all mainstream molecular dynamics codes.35

While many tools have been developed to support molecular
dynamics codes, software for the generation of input files for
Monte Carlo simulations is much more limited.36 This is likely
due to the smaller number of Monte Carlo users, compared to
molecular dynamics, and the fact that many Monte Carlo
codes use proprietary input files.37−40 With GPU Optimized
Monte Carlo (GOMC),41,42 we sought to avoid some of these
issues by using CHARMM-style topology and parameter
files.43 In principle, the force field, PDB, and PSF files
generated by CHARMM-GUI can be used with GOMC.
However, CHARMM-GUI only generates one set of input files
at a time, precluding its use for studies where simulations must
be performed over a wide range of chemical space and/or
thermodynamic state points, or for simulations that require

two simulation boxes (for example, grand canonical ensemble,
and Gibbs ensemble Monte Carlo44). Additionally,
CHARMM-GUI does not produce control files compatible
with GOMC. Despite efforts to borrow as much NAMD45,46

syntax as possible, there are substantial differences between the
control files required for MD and MC simulations. Addition-
ally, while CHARMM-GUI can build a wide range of chemical
and biological systems, it does not (currently) support many
systems of interest in chemical engineering or chemical
physics.

To address the need for streamlined construction of input
files and support for complex workflows that utilize GOMC,
MoSDeF-GOMC47,48 was developed as part of the Molecular
Simulation Design Framework (MoSDeF) ecosystem.49,50

MoSDeF serves as the foundation for input file writers for a
number of molecular dynamics codes, including HOOMD,51,52

LAMMPS,53,54 and GROMACS,55 and the Monte Carlo
software Cassandra39 (via MoSDeF-Cassandra36). MoSDeF-
GOMC provides a Python interface to GOMC, greatly
simplifying the integration of GOMC with workflow managers,
such as signac.56,57 MosDeF-GOMC adds support for writing
force field parameter files in CHARMM format,43 and
coordinate and connectivity files in protein data bank (PDB)
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and protein structure file (PSF) format, respectively. MoSDeF-
GOMC also simplifies writing GOMC control files, acting as a
semi-expert system, providing reasonable default values for
many parameters, while still allowing users full control over any
parameter used by GOMC.

The manuscript is organized as follows. In the next section,
the design of MoSDeF-GOMC is described. This is followed
by a number of use cases, each designed to highlight a specific
feature available to users via MoSDeF-GOMC, which include:
the calculation of an adsorption isotherm for CO2 in IRMOF-
1, free energies of hydration for Ne and Rn over a broad range
of temperatures, and the vapor−liquid coexistence curve of a
surrogate for the jet fuel S8. Complete workflows to perform
these calculations are available on GitHub.58

■ SOFTWARE ARCHITECTURE

MoSDeF-GOMC Overview. MoSDeF-GOMC version
1.0.047,48 is a new package that interfaces with MoSDeF,
enabling the generation of coordinate (PDB), connectivity
(PSF), CHARMM-style force field parameter files, and the
control file required by the Monte Carlo simulation engine
GOMC.41,42 MoSDeF-GOMC abstracts away many details of
performing Monte Carlo simulations so that users can focus
more of their effort on domain science, and less on debugging
input files. All of GOMC’s required input files may be
generated with a few lines of Python code. MoSDeF-GOMC
provides reasonable default values for the GOMC control file
writer, while allowing expert users full access to GOMC
simulation parameters. When combined with available force
field XML files, MoSDeF-GOMC significantly lowers the entry
barrier for novice users.

MoSDeF-GOMC has a structured workflow, which is
presented in Figure 1. This workflow shows how the chemical
system is created, parametrized, and GOMC input files are
written. Molecules can be built using a variety of approaches:
imported from a mol2 file; using SMILES strings (for all-atom
force fields); constructed by removing atoms/beads from other
molecules and piecing them together as a monomer or
polymer with custom head and tail moieties via MoSDeF’s
polymer builder function;59 or with custom build rules defined
by the user. Molecules are then dimensionally aligned (if
needed), duplicated, and packed into a simulation box (or
boxes for simulations in open ensembles). These coordinates
are input into MoSDeF-GOMC, where the user can select a
force field to apply to each unique molecule type. Applying
force fields on a per molecule basis reduces the effort required
to create MoSDeF force field XML files, and allows users to
validate each force field XML with a generic class of molecules.
This reduces the risk of creating incompatible force field XML
combinations or modifying an already validated file, introduc-
ing possible sources of error. Next, the PDB, PSF, and
CHARMM-style43 force field files are directly output from
MoDeF-GOMC’s parametrized system. Finally, the GOMC
control file is written using the parametrized system, and some
required user inputs, such as file names, simulation temper-
ature, and the number of simulation MC steps.

MoSDeF-GOMC supports all of the ensembles available in
GOMC (NVT, NPT, μVT, GEMC-NVT, and GEMC-NPT),
and generates the appropriate number of simulation boxes
based on the ensemble selected. MoSDeF-GOMC includes
keywords to access all of the functionality available in GOMC
version 2.76. Most of MoSDeF-GOMC’s GOMC control file

Figure 1. MoSDeF-GOMC Workflow

Table 1. Default Monte Carlo Move Ratios Used by MoSDeF-GOMC

ensemble translate rotate intra-swap60 swap61 regrowth62 crank-shaft63 volume

NVT 0.15 0.15 0.3 0 0.3 0.1 0

NPT 0.15 0.15 0.29 0 0.3 0.1 0.01

GEMC-NVT 0.19 0.2 0.1 0.2 0.2 0.1 0.01

GEMC-NPT 0.19 0.2 0.1 0.2 0.2 0.1 0.01

GCMC 0.15 0.15 0.1 0.35 0.15 0.10 0
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writer variable names are identical or very close to GOMC
variables, so previous knowledge is easily transferred between
MoSDeF-GOMC and GOMC.

MoSDeF-GOMC performs a number of preflight checks to
ensure users have entered valid information for the control file
writer. For example, it checks and ensures that the keywords
specified are correct and have been assigned realistic values,
input variables are in the correct form or type, and the selected
move ratios sum to 1.0. It validates molecule names specified
for certain move types, for example, GEMC swap moves need
to define molecule/residue names. These checks save users
from frustration by preventing MoSDeF-GOMC from
generating malformed input files that would produce errors
in GOMC.

MoSDeF-GOMC provides reasonable default values for the
ratios of various Monte Carlo moves to the GOMC control file
writer, which are listed in Table 1. Providing default values
enables novice users to run statistically correct simulations with
minimal effort. It is expected that expert users will set Monte
Carlo move ratios manually to optimize the sampling efficiency
of the simulation. Unless explicitly set by the user, the control
file writer automatically sets the number of Monte Carlo steps
(MCS) for the equilibration period, analysis, and data output
to files based on a maximum default step setting (see Table 2).

While most keywords are self-explanatory, some benefit from
further explanation. The DCDFreq interval is used for
outputting trajectory information in DCD format, which is
used by a number of molecular dynamics software packages
(for example, CHARMM, NAMD, and OpenMM), and has
been adopted by GOMC. The DCD format is a single
precision binary file that stores atomic coordinates, box
vectors, and time information. In GOMC, time information
is replaced by the Monte Carlo step number. HistogramFreq is
used to set the interval for output of histogram information
(number of molecules and energy of the system) observed
during grand canonical Monte Carlo simulations. The
maximum default MCS is only used when the total number
of MCS/10 ≥ maximum default MCS, and total simulation
MCS/10 ≥ 1. If the maximum default number of MCS is not
used, then the algorithm checks if the total simulation MCS/10
≥ 1; if true, it sets default values to the integer value of the
total simulation MCS/10. If none of the above are true, then
the default is set to 1. These defaults ensure reasonable values
are provided to GOMC, producing accurate and useful data,
while avoiding novice mistakes, such as specifying a very small

output interval, which may result in the generation of many
gigabytes of useless data.
MoSDeF Ecosystem. The MoSDeF ecosystem49,50 on

which MoSDeF-GOMC is built, is composed of the packages
mBuild,64 Foyer,65 GMSO,66,67 and force field-utilities.68 For
this work, the following MoSDeF environment packages were
utilized: mBuild version 0.15.1; Foyer version 0.11.3; GMSO
version 0.9.1; force field-utilities version 0.2.1.

The generation of atomic coordinates for each molecule is
performed by mBuild through various methods.49,50,65,69

Molecule templates may be loaded from mol2 files for both
all-atom and united-atom force fields, while for all-atom
representations, molecules may be constructed using SMILES
strings.70−72 mBuild includes a polymer builder,59 and allows
users to write their own custom routines for building
molecules. Once molecules are constructed, mBuild uses
Packmol73 to generate initial coordinates for all molecules in
the simulation.

The application of force field parameters is performed by the
Foyer, while the chemical object information is stored in
ParmEd74 or its replacement GMSO, and either may be called
by MoSDeF-GOMC. Force field parameters are stored in
XML format, and atom-typing is performed using SMARTS
strings. The force field-utilities package transforms the force
field XML files to Foyer and GMSO force fields. MoSDeF-
GOMC supports a number of potential energy equation forms
via GMSO: 12−6 Lennard−Jones and Mie75 nonbonded
potentials; harmonic bonds and angles; OPLS,32,33 Ryckert-
Bellmans, and periodic torsional potentials; and periodic
impropers. GMSO supports the use of units, and force field
parameters may be entered in their native format, minimizing
errors caused during transcription from literature sources. All
potential energy forms are automatically converted to a form
usable by GOMC and NAMD with appropriate units.

NAMD and GOMC share the same file formats, so their files
can be read directly by one another, allowing seamless
switching from molecular dynamics (MD) to Monte Carlo
(MC) simulations. As highlighted in some of the examples that
follow, it can be computationally advantageous to utilize
NAMD to quickly equilibrate the system using MD and then
perform the desired MC simulations using GOMC. MoSDeF-
GOMC can also build PDB, PSF, and parameter files for py-
MCMD,76−78 another Python software that utilizes both
NAMD and GOMC to perform hybrid MD/MC simulations.
However, unlike standard GOMC simulations, py-MCMD
requires custom GOMC and NAMD control files that the user
must modify outside of the MoSDeF-GOMC framework.

MoSDeF-GOMC can be coupled with signac56,57 to create
complex, fully automated workflows for performing simulations
over a range of thermodynamic and chemical space.58 These
scripts can automate the entire workflow, including building
the chemical systems, job submission, data analysis, and figure
generation. With an effort similar to what is required to launch
a single simulation and perform the resulting data analysis,
workflows can be created that build and launch hundreds to
thousands of GOMC simulations with minimal user
interaction. Users can also expand the range of thermodynamic
or chemical space at any point in the study, for example, by
adding new temperatures, system compositions, or different
molecules. Equally important is that the entire workflow can be
shared with the research community, enabling others to
reproduce published work exactly.

Table 2. Default Number of Monte Carlo Steps (MCS)
Used by MoSDeF-GOMC for Various GOMC Operations

GOMC control variable maximum default MCS

equilibrium steps (EqSteps) 1 × 106

adjustment steps (AdjSteps) 1 × 103

restart frequency (RestartFreq) 1 × 106

checkpoint frequency (CheckpointFreq) 1 × 106

coordinates frequency (CoordinatesFreq) 1 × 106

DCD frequency (DCDFreq) 1 × 106

console frequency (ConsoleFreq) 1 × 104

pressure frequency (PressureCalc) 1 × 104

block average frequency (BlockAverageFreq) 1 × 104

histogram frequency (HistogramFreq) 1 × 104

histogram sample frequency (SampleFreq) 500
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■ ILLUSTRATIVE EXAMPLES

To illustrate the types of simulations that may be created with
MoSDeF-GOMC, a number of examples are provided. These
include the calculation of an adsorption isotherm for CO2 in
IRMOF-1, the prediction of the free energies of hydration for
Ne and Rn, and the vapor−liquid coexistence curve for a four-
component surrogate for the jet fuel S8. Some of these
examples also highlight unique configurational-bias sampling
algorithms that are included in GOMC version 2.76.
CO2 Adsorption in IRMOF-1. Perhaps the broadest

application of grand canonical Monte Carlo simulations in
the scientific literature is for the determination of Henry’s
constants and adsorption isotherms for small molecules such as
noble gases,79,80 light alkanes,81,82 SO2,83 NOx,

83 H2S,84 and
CO2

85 in porous materials. Metal organic frameworks (MOFs)
employ a variety of metal ions and organic linkers to create
porous materials with high surface area.86 The modular nature
of MOFs presents an extraordinary potential to fine-tune their
properties for specific target applications, and grand canonical
Monte Carlo simulations have been used to perform high-
throughput screening to identify MOFs with exceptional
storage or separation capabilities.79,87

Here, an adsorption isotherm for CO2 in IRMOF-188 is
determined from grand canonical Monte Carlo simulations.
The whole isotherm was generated using a single signac56,57

workflow, including the MoSDeF-GOMC software, which
automated all of the simulations and analysis processes.58

There are only a few user-defined variables for this workflow,
which minimizes the number of changes required to add more
data points via simulations for evaluation. The TraPPE force
field was used for CO2,89 while the DREIDING and UFF force
fields were used for the MOF atoms.90,91 Additional details of
the calculations are provided in the Supporting Information.
The adsorption isotherm, and a snapshot from one of the
simulations, is shown in Figure 2, while numerical data are
provided in Table 3. The results produced here are in close
agreement with those from Yazaydin et al.,92 showing only a
slight deviation at the lowest pressures. This could be due to
the use of a single unit cell (1 × 1 × 1) by Yazaydin et al., while
this work utilized a larger 2 × 2 × 2 unit cell. While the
workflow for this example generates data for a single isotherm,
expanding it to include additional temperatures is straightfor-
ward. In the future, MoSDeF-GOMC with signac could
automate high-throughput screening of MOF chemistries to
develop new materials with optimal properties for the problem
of interest.
Free Energies of Hydration for Noble Gases. Under-

standing the partitioning of compounds between phases is
important for a wide variety of applications,93,94 including drug
design,95−98 design of separation processes,99,100 and the
prediction of the environmental fate of toxic industrial
chemicals.101−104 The free energy of hydration is an essential
quantity needed to understand the partitioning of solutes and
may be determined directly from computer simulations.
Typically, free energy calculations require a large number of
calculations and post-processing of the data; therefore,
research groups either use in-house written scripts or one of
the numerous automated workflows.16−18,20,21,105 These work-
flows were designed primarily to support GROMACS,55

however, and are not compatible with GOMC.
This section highlights both the ability of GOMC to

perform free energy calculations with techniques such as
MBAR106−108 and thermodynamic integration, as well as the
ability of MoSDeF-GOMC combined with signac to automate
a large number of independent calculations. The free energy
data were produced via a single workflow, automating the
process of generating and conducting all simulations and data
analyses.58 Analysis of raw free energy data from GOMC was
performed with alchemlyb.106,107,109 A total of 1380 total

Figure 2. Adsorption isotherm for CO2 in IRMOF-1 at 298 K (left),
and a snapshot of this system (right) illustrating the structure and
interactions of CO2 with the MOF. This work (red squares);
Yazaydin et al. (black circles);92 and experiment (green diamonds).92

Atoms in the snapshot are color coded as Zinc (yellow), IRMOF-1
oxygen (red), IRMOF-1 carbon (gray), IRMOF-1 hydrogen (white),
and CO2 (green).

Table 3. Adsorption Isotherm for CO2 in IRMOF-1 at 298 Ka

this work Yazaydin et al.92

simulation experiment

P (bar) molecules per unit cell P (bar) molecules per unit cellb P (bar) molecules per unit cellb

0.05 0.3123(3) 0.0490 0.3215 0.0524 0.1374

0.1 0.6256(2) 0.0988 0.6282 0.1046 0.4748

0.2 1.255(1) 0.1994 1.2110 0.2081 1.0577

0.3 1.8879(8) 0.2989 1.8552 0.3121 1.6711

0.4 2.526(3) 0.3990 2.4994 0.5489 2.9595

0.5 3.169(2) 0.4986 3.1742 0.7984 4.3398

0.6 3.814(4) 0.5992 3.8184

0.7 4.466(2) 0.6983 4.4932

0.8 5.118(4) 0.7993 5.1374

0.9 5.779(5) 0.8984 5.8122

1.0 6.442(7) 0.9990 6.4564

aStandard deviations are represented by () in the last digit. bData extracted from Figure S7 of Yazaydin et al.92
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simulations were performed to produce the data shown in
Figure 3. Two molecules (Ne and Rn), 6 temperatures, with 23

simulations each: 1 NAMD pre-equilibration, 11 GOMC
equilibration (one for each λi state), and 11 GOMC
production free energy simulations. Five replicates were
performed for each simulation. This workflow required only
a few user-defined variables, including the identity of the
molecule to be hydrated, the temperature, and the number of
replicates. These free energy calculations could be easily
extended to obtain free energies of hydration for any other
molecule at any temperature. This workflow could also be
modified to use other solvents or force fields.

Free energies of hydration for neon110 and radon111 in
TIP4P-2005 water112 from 275 to 375 K are shown in Figure
3, with numerical data listed in Table 4. Data from prior
simulations,110 experiments113,114 and a correlation from
NIST115 are included for comparison. For neon and radon,
the NIST correlation predicts linear behavior for ΔGHYD over
the entire temperature range, while both simulations and
experiments show nonlinear behavior above 335 K. Small

deviations between the two simulation data sets were observed
for radon at temperatures below 335 K, although in most cases
the data have overlapping error bars. This may be due to
differences in how electrostatic interactions were calculated in
the two studies. In this work, the Ewald summation was used,
while Linnemann et al. used the reaction field method.110

However, without having access to the simulation code, or
workflow for the Linnemann et al. calculations, it is challenging
to definitively identify the source of the discrepancies between
the two data sets. This situation underscores the need for
software like MoSDeF-GOMC, which encodes all simulation
parameters (for example, force field parameters, potential
cutoffs, long-range corrections for Lennard−Jones and electro-
static interactions, and Monte Carlo move types and ratios)
within the workflow. When combined with open-source
simulation software such as GOMC, reproducibility is
guaranteed.
Vapor−Liquid Equilibria. A common use of GOMC is

the calculation of vapor−liquid coexistence with the Gibbs
Ensemble Monte Carlo (GEMC) method.44 In GEMC, the
simulation is comprised of two simulation boxes, where one
box is typically the vapor phase, and the other is the liquid
phase. With the use of specialized sampling algorithms,
however, it is also possible to simulate liquid−liquid116 and
gas−solid equilibria.117 Equilibrium is achieved through
exchange of molecules and volume between each phase,
while a variety of translations, rotations, and conformational
sampling techniques are used to ensure thermal equilibrium.
GEMC simulations produce a wealth of information, including
saturated liquid and vapor densities, vapor pressure, heat of
vaporization, and for mixtures, the composition of each phase.

In this example, vapor−liquid coexistence properties for a jet
fuel surrogate for S8 are calculated with GEMC. S8 is a
synthetic version of the jet fuel JP-8, which is a complex
mixture of linear and branched hydrocarbons with 7−18
carbon atoms.118 To make computations tractable, it is
common to create a “surrogate” fuel with physical properties
that are similar to those of the fuel of interest. Typically fuel

Figure 3. Hydration free energy for neon and radon: this work (red
squares), Linnemann et al.110 (black circles), NIST correlation115

(blue line), experimental data for neon113 (green triangles), and
radon114 (green diamonds).

Table 4. Hydration Free Energies for Neon and Radona

molecule T (K)

ΔGHYD (kcal/mol)

this work Linnemann et al.110 NIST115 experiment113,114

Ne 275.0 2.57(3) 2.60(1) 2.430

294.9 2.648

295.0 2.77(5) 2.822(7) 2.632

315.0 2.9(1) 2.972(6) 2.834

335.0 3.03(3) 3.114(5) 3.037

337.4 2.998

355.0 3.17(7) 3.204(4) 3.239

361.0 3.113

375.0 3.20(7) 3.236(4) 3.442

Rn 272.15 0.524

275.0 0.3(2) 0.60(9) 0.444

292.15 0.805

295.0 0.8(2) 0.95(5) 0.812

312.15 1.112

315.0 1.1(2) 1.29(4) 1.181

335.0 1.4(2) 1.59(4) 1.550

355.0 1.7(1) 1.79(2) 1.918

375.0 1.8(2) 1.92(2) 2.287

aUncertainties are represented by () in the last digit.
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surrogates are composed of 4−10 compounds, including linear,
branched and cyclic alkanes, and aromatics.119 This particular
surrogate for S8 is composed of n-dodecane (30.73 mol %), n-
decane (42.34 mol %), iso-cetane (23.09 mol %), and iso-
octane (3.84 mol %) .120 The molecular structures for the
molecules that compose the mixture are given in Figure 4.

The convergence of a GEMC simulation is tied closely to
the acceptance rate for the molecule swap move, which makes
the simulation of S8-surrogate particularly challenging, given
the size of the molecules and their highly branched topology.
Several advanced configurational-bias algorithms have been
developed, such as coupled-decoupled configurational-bias
Monte Carlo,61 which is used in GOMC, and the fragment/
reservoir method used by Cassandra.121 Additionally, GOMC
has an identity exchange-like move122 called Molecular
Exchange Monte Carlo (MEMC)123 that greatly increases
acceptance rates for the transfer of large, bulky molecules, by
exchanging them with a smaller molecule, or a combination of
multiple smaller molecules. Without the MEMC move,
extraordinarily long simulations would be required to converge
even a low-quality solution for this system. While the setup of
the MEMC move can be complex, MoSDeF-GOMC
substantially simplifies the process for users.

The vapor−liquid coexistence curve and Clausius−Clapeyr-
on plot for S8-surrogate, as predicted by the TraPPE-UA force
field,61,124 are shown in Figure 5 with numerical data listed in

Table 5. The boiling and critical points are shown in Table 6.
GEMC simulations predict a normal boiling point for the four
component surrogate of 458.5 K, which compares favorably to
the reported experimental boiling point of S8 of 454.15−

454.85 K,118 which is also closely reproduced by both the 4
and 7 component surrogates.118,120 The compositions of each
phase are provided in Table 7, with average standard
deviations in the mole fractions for the liquid and vapor
phases of 0.0006 and 0.0013, respectively. A snapshot from
simulations performed at 640 K is given in Figure 6, which

shows the localized aggregation of n-decane, while highly
branched molecules, such as iso-cetane and iso-octane are
dispersed throughout the simulation cell.

■ CONCLUSIONS

This work has introduced a new software, MoSDeF-
GOMC,47,48 which enables users to quickly and reproducibly
create input files for the Monte Carlo software GOMC.41,42

MoSDeF-GOMC is part of the MoSDeF ecosystem, allowing
users to take advantage of all features of MoSDeF, perhaps the
most notable of which is the ability to easily move between a
variety of simulation engines. For example, for validation
purposes, it is helpful to run single-point energy calculations
across multiple simulation engines. With this extension to
MoSDeF, a user can now create input and run the identical
system (if supported) in the Monte Carlo engines GOMC and
Cassandra,36,39 as well as the molecular dynamics engines
NAMD,45,46 LAMMPS,53,54 and GROMACS.55

When used with signac,56,57 MoSDeF-GOMC allows users
to automate large numbers of simulations and data post-
processing with a single Python script. Computing free
energies of hydration for neon and radon is a good example
of this. The workflow for this example spans both chemical and
thermodynamic space, uses two different simulation engines
(NAMD and GOMC), initiates simulations in different
ensembles NPT and NVT, and performs post-processing on
the free energy data with alchemlyb.106,107,109 In total, 1380
discrete simulations were launched from this workflow.
Extending this workflow to cover a much larger chemical
space can be done with minimal effort.

Because all simulation parameters are encoded in the
workflow, any user that has the workflow, and corresponding
force field XML file, will be able to run calculations previously

Figure 4. Chemical structures for molecules in S8-surrogate.

Figure 5. Vapor−liquid coexistence curve (A) and Claussius-
Clapayron plot (B) for S8-surrogate. Predictions from simulation
(red squares), calculated critical point (black star), and normal boiling
point (black circle). Standard deviations are smaller than the symbols.

Table 5. Saturated Liquid and Vapor Densities, Vapor
Pressures and Compressibility Factors for S8-Surrogatea

T (K)
ρliquid

(kg/m3)
ρvapor

(kg/m3) P (bar)
ΔHv

(kcal/mol) Z

400 683.8(6) 0.92(3) 0.208(6) 6.82(3) 0.986(3)

420 668(1) 1.67(7) 0.39(2) 6.60(3) 0.977(3)

440 651.0(9) 2.8(1) 0.67(3) 6.33(5) 0.965(4)

460 633.7(8) 4.4(1) 1.06(3) 6.08(3) 0.954(5)

480 615.7(7) 6.7(2) 1.66(5) 5.79(2) 0.932(5)

500 596.6(7) 10.1(1) 2.49(3) 5.53(2) 0.906(3)

520 576(1) 14.4(3) 3.58(7) 5.21(2) 0.88(1)

540 555(1) 20.4(5) 5.00(9) 4.91(4) 0.85(1)

560 531(1) 28.3(6) 6.8(1) 4.53(4) 0.808(5)

580 505(2) 38.9(9) 8.9(2) 4.13(3) 0.76(1)

600 476(2) 54(1) 11.9(2) 3.67(3) 0.713(7)

620 438(2) 74(1) 15.1(4) 3.09(3) 0.65(2)

640 393(6) 106(6) 19.3(3) 2.38(7) 0.57(2)
aStandard deviations are represented by () in the last digit.

Table 6. S8-Surrogate Critical Parameters and Normal
Boiling Pointa

property this work

Tc (K) 656.5(4)

ρc (kg/m3) 243(4)

Pc (bar) 23.0(4)

Tbp (K) 458.5(4)
aStandard deviations are represented by () in the last digit.
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set up with MoSDeF-GOMC and obtain results that are in
statistical agreement with published calculations. Given the
difficulty experienced by many scientists in reproducing the
computational work of others,125 MoSDeF-GOMC represents
a significant advance in the area of reproducible computational
science, and embodies the transparent, reproducible, usable by
others, and extensible (TRUE) principle advocated for by
Cummings and co-workers.69

■ ASSOCIATED CONTENT

Data Availability Statement
The open-source signac workflows that use MoSDeF-GOMC
are provided via GitHub at https://github.com/GOMC-
WSU/Publications/tree/main/2023/Crawford_1. These
workflows contain all mol2 files, SMILES strings, force field
XML files, and NAMD template control files. These workflows
contain all of the information required to perform the
simulations presented in this work, including parameters for
the automated system building, energy minimization, system
equilibration and production runs, and the final data analysis.
The open-source MoSDeF-GOMC code can be obtained via
GitHub at https://github.com/GOMC-WSU/MoSDeF-
GOMC.
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Table 7. S8-Surrogate Vapor-Liquid Mole Fractionsa

T (K)

liquid vapor

xiso‑cetane xiso‑octane xn‑dodecane xn‑decane yiso‑cetane yiso‑octane yn‑dodecane yn‑decane

400 0.2642 0.0154 0.3333 0.3871 0.0388 0.1546 0.1555 0.6511

420 0.2653 0.0166 0.3323 0.3858 0.0474 0.1389 0.1721 0.6416

440 0.2614 0.0194 0.3281 0.3911 0.0534 0.1322 0.1845 0.6299

460 0.2648 0.0198 0.3284 0.3870 0.0631 0.1154 0.2014 0.6201

480 0.2636 0.0213 0.3259 0.3892 0.0702 0.1072 0.214 0.6086

500 0.2593 0.0236 0.3226 0.3945 0.0770 0.1023 0.2227 0.5980

520 0.2603 0.0242 0.3216 0.3939 0.0865 0.0927 0.2355 0.5853

540 0.2586 0.0256 0.3197 0.3961 0.0958 0.0857 0.2450 0.5735

560 0.2558 0.0272 0.3175 0.3995 0.1056 0.0792 0.2543 0.5609

580 0.2555 0.0280 0.3163 0.4002 0.1178 0.0718 0.2644 0.5460

600 0.2514 0.0296 0.3141 0.4049 0.1297 0.0663 0.2722 0.5318

620 0.2460 0.0315 0.3116 0.4109 0.1428 0.0608 0.2800 0.5164

620 0.2448 0.0322 0.3106 0.4124 0.1650 0.0526 0.2901 0.4923
aAverage standard deviations in the mole fractions for the liquid and vapor phases are 0.0006 and 0.0013, respectively.

Figure 6. Snapshot from GEMC simulations for S8-surrogate at 640
K. Iso-cetane (white/silver), iso-octane (purple), n-dodecane (green),
and n-decane (orange).
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