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This work presents a novel general tool for modeling the process of evaporation without the need for
modifying existing software using Python. The tool was developed based on the MDAnalysis package,
which is used to import a Molecular Dynamics trajectory. The tool then removes solvent molecules and
outputs a new structure file to be used for further simulation and analysis. This process is designed
to be iterated by using the resulting dynamic simulation trajectory as the input file. The evaporation
is designed to randomly delete solvent molecules while preserving solvation shells around solutes. The
evaporation rate can be controlled by the length of the MD simulations and the number of particles
removed between dynamic simulations. Validity of the tool was tested extensively using the Gromacs
suite. Advantages of this tool include its genericness, simplicity and user friendliness, as no significant
modification of existing software platform or Gromacs specific tools are needed.
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Program summary
Program title: GenEvaPa
CPC Library link to program files: https://doi.org/10.17632/y5c3jnbjvs.1
Developer’s repository link: github.com/bradsharris/GenEvaPa
Licensing provisions: GNU General Public License 3
Programming language: Python >3
Nature of problem: Approximate evaporation/drying processes in atomistic and coarse-grained molecular
dynamics simulations while maintaining solvation shells around solute of interest. Forced drying in this
manner allows for the study of a range of concentrations and self-assembly interactions.
Solution method: A python wrapper for existing molecular dynamics codes that randomly selects solvent
for removal relative to a distance criteria around a solute to maintain solvation shells. Removal on
final structure files maintains generic applicability for MD source codes and enables incorporation into
automated loops to study longer drying.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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of evaporation processes, there are numerous ways to model the
evaporation of solvents at all scales ranging from continuum to
molecular [1-8]. Among them, modeling solvent evaporation and
evaporation-driven solute molecular assembly are of fundamental
importance towards understanding of the processes and pertaining
outcomes, and guiding applications, such as 3D nanoprinting, ink
jet printing, surface modification, bio-preservation etc [1,2]. Molec-
ular simulation techniques such as Grand canonical Monte Carlo
(GCMC) and Molecular Dynamics (MD) have been utilized to model
evaporation and correspondingly molecular assembly [1-4,7]. Cur-

1. Introduction

Evaporation impacts the outcomes of material assembly pro-
cesses, chemical reactions, crystallization and mineralization pro-
cesses, physical phase transitions of matter, as well as engineer-
ing design and production. Because of the complexity and variety
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rent GCMC approaches for assembly during evaporation typically
use randomly distributed particles on lattice sites and use various
models for the probability of possible particle motion directions
at each site. The evaporation is handled by a Monte Carlo par-
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Fig. 1. Schematic of GenEvaPa showing evaporation script details and sample workflow. (For interpretation of the colors in the figure(s), the reader is referred to the web

version of this article.)

ticle removal move, which has an acceptance criterion based on
chemical potential. GCMC techniques are effective for determining
equilibrium properties due to their probabilistic nature and being
rooted in statistical mechanics, but Monte Carlo techniques do not
mimic the real dynamics of a system as the microstates/configu-
rations are not appearing in time order. Molecular Dynamics (MD)
is used to retain this dynamics information. Using MD, an existing
approach for modeling evaporation processes relies on a diffusion-
based model with a removal zone for solvent molecules that dif-
fuse into the zone [2]. This approach is likely the most realistic
way to model evaporation, as it replicates the flux driven nature of
evaporation. The challenge is in the difficulty to implement gener-
ically as it is highly system dependent. Additionally, this approach
is inherently limited by the diffusion rates of molecules, potentially
limiting the length- and timescales that can be achieved. This same
diffusion limitation also affects the ability to simulate late-stage
evaporations with very small or no solvent remaining. To avoid
the diffusion limitation, another MD approach was developed, i.e.,
randomly removing solvent molecules, e.g., using a bash script [1].
This approach benefits from being able to achieve a wide range
of concentrations including the fully dried state and can be easily
automated and sped up for any systems. The downside of this ap-
proach is that it does not account for hydration shells, which leads
to unequal removal probabilities, and it was written specifically for
their system and would require code adaptation.

To address these technical challenges, this work developed a
tool to model evaporation with two primary goals: preservation
of the hydration shells surrounding solute molecules and generic

Preserved

Deletélzblve

Fig. 2. Visualization of hydration shell preservation during distance search. Tolerance
of 10 Angstrom from the evaporation of an aqueous solution of heparosan tetrasac-
charide (MW = 1.099 kD) [14].

implementation. This led to implementation as a python wrapper
to enable its use in both atomistic and coarse-grained simulations
for a variety of existing MD codes, therefore making it system in-
dependent. Preserving hydration or solvation shells is scientifically
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Fig. 3. Simulation performance characteristics: (A) At 1% deletion rate, the total energy is plotted as a function of dehydration at 300 and 350 K. (B) at 1% deletion rate, the
density is displayed as a function of dehydration. (C) Total Energy at 350 K as a function of dehydration for different deletion rates. (D) Density against deletion rate as a
function of dehydration, inset showing the dehydration of the final 2.5% water. Hydration levels shown as a percentage (%) relative to start.

significant as this more accurately models the physical process and
corresponding hydrogen bonding. It also exhibits a technical ad-
vantage enabling further simulation to rapidly smooth out voids
created by the removal of solvent molecules. This is done by cre-
ating those voids in places less involved in a hydrogen bonding
network where solvent can diffuse more freely. The script has been
tested and validated using Gromacs Versions 5.1.2016 and 2019.1
[9], thus should work for all simulation software packages that are
supported by MDAnalysis [10,11].

2. Software description

GenEvaPa is an open-source python script that acts as a wrap-
per for MD simulation software and enables the deletion of solvent
molecules outside of a certain tolerance distance from molecules
of interest in order to preserve hydration shells. The script is built
using the MDAnalysis python module for handling atom groups,
making it compatible with any MD software suite that is compat-
ible with MDAnalysis [11], e.g. Gromacs [9], LAMMPS [12], NAMD
[13], CHARMM, etc.

2.1. Architecture

GenEvaPa is contained in a single python3 script that requires
MDAnalysis [10,11] as the only external package. A flow chart
of the internal workings of the software is shown Fig. 1. This
schematic shows how the evaporation script fits into an MD work-
flow, with the operations of the script emphasized as a zoom in
on the green oval. The script is written in an object-oriented man-

ner with the main evaporation process implemented as a class
that handles the preservation of hydration shells by calculating
and comparing distances between specified solvent molecules and
molecules of interest. A representative visualization of the hydra-
tion shell preservation for an atomistic system is shown in Fig. 2.
It sorts the solvent molecules into deleteable and non-deleteable
categories based on distance from a solute and uses the python
random.sample function to delete the desired number of solvent
molecules. The distance calculation is sped up by dynamically bin-
ning the simulation box into subsections that are equal to the
tolerance of the hydration shell. Periodic boundary conditions are
accounted for in this binning process. The sample workflow shown
in Fig. 1 demonstrates how the script can be incorporated into a
wider workflow. The process begins with initial structure and box
generation followed by a series of equilibration steps and followed
by a molecular dynamics NPT production simulation. To study the
effect of solvent removal the final frame of the production run will
be taken as the initial input for GenEvaPa. This file, along with
the solvent name, structure of interest, tolerance (in Angstrom),
and number of solvents to remove each step are provided, and the
deletion is performed. GenEvaPa performs its calculations and out-
puts the final coordinates without the deleted solvents, which can
then be used as the input structure file for the next MD run or
other purposes. This process can then be looped and automated
through a bash or python script to do complete controlled sol-
vent deletion. An example use case is shown below, and a more
detailed description of the classes and methods as well as an ex-
ample automated workflow and analysis scripts are available at
https://github.com/bradsharris/GenEvaPa.
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Fig. 4. Properties of the assembled heparosan tetrasaccharide molecules versus evaporation driven dehydration, simulated at all three water-deletion rates. (A) Viscosity vs
dehydration. (B) End-to-End distance vs dehydration. (C) Number of clusters vs dehydration. (D) Maximum cluster size vs dehydration. Hydration shown as a percentage (%)

relative to start.
3. Illustrative examples

To assess the performance of GenEvaPa several evaporations
were performed on an atomistic system using Gromacs 2019.1.
These simulations were designed to test the performance of the
system at various evaporation rates as well as temperatures. Fur-
ther uses of the script can be seen in our published work on
controlled assembly of small molecules such as heparosan tetra-
saccharide [14]. The starting configurations were identical to the
pre-deletion equilibrated structures from that paper. Briefly, 27
heparosan tetra-saccharide molecules were added to a simulation
box of size 1719 nm x 17.19 nm x 17.19 nm that contained 162623
water molecules and 54 Na™ counter ions for a total of 491514
atoms. The system was energy minimized and equilibrated in NVT
for 100 ps using a velocity rescale thermostat, and then in NPT
for 100 ps using a velocity rescale thermostat [15] and isotropic
Parrinello-Rahman barostat [16]. The system was then simulated
using NPT at 300 K and 350 K for 20 ns using the same thermostat
and barostat to establish a baseline prior to solvent removal. Sol-
vent deletion was performed using the GenEvaPa script following
the workflow shown in Fig. 1, and automated to perform deletions
of various percentages of initial water in every loop. Deletions per-
formed at 350 K had rates of 1%, 5%, and 10% initial water removed
per loop in order to evaluate the stability of the evaporation as a
function of deletion rate. The 1% deletion was also performed at
300 K and compared to 350 K to verify consistent performance
at different temperatures. Each MD run following deletion during
the loop was performed in Gromacs 2019.1 [9], each MD ran for
1 ns NPT simulation time, with the tolerance set to 10 A for the
first 90% of water. The tolerance was then set to O for the final 20

ns due to not having enough water molecules that met the origi-
nal tolerance criteria to be deleted. Chosen simulation performance
characteristics of energy and density are shown in Fig. 3. The re-
sults show that, for these systems tested, the simulations reach
equilibrated and consistent values rapidly for both temperatures
and at all three deletion rates. The difference in energy and den-
sity profiles for temperature data in Fig. 3A and 3B are consistent
with the change in temperature, e.g., decreasing the temperature
from 350 to 300 K led to a less dense system, and increases in ab-
solute energy. The data in Fig. 3C and 3D suggest that the system
was stable at all three deletion rates tested, as the characteristic
system parameters exhibited little rate dependence.

Several properties of the heparosan tetrasaccharide were eval-
uated to ensure convergence, as illustrated in Fig. 4. These results
show that for each deletion rate the properties converge, with mi-
nor differences in the amount of interaction time available due to
the solute molecules being simulated for varying total simulation
times across rates, e.g., 110 ns for 1% and 22 ns for 5%. Overall,
the convergence of these properties suggests that this method en-
ables simulation of a wide range of evaporation rate, thus could
accommodate various processes involving evaporation.

4. Conclusions

A novel methodology for modeling evaporation in molecular
dynamics simulation was developed and implemented as a generic
python wrapper. The script has been validated for Gromacs for var-
ious temperatures and deletion rates. The key scientific advances
include the preservation of hydration shells and the applicability
to both atomistic and coarse-grained systems. Technical advan-
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tages include its genericness and support for a variety of existing
molecular dynamics software packages. This script has been tested
for solute systems from small molecules to macromolecules, and
in principle, widely supports any molecular dynamics system re-
quiring evaporation or concentration dependence. Ongoing work
is being conducted to validate the script for coarse-grained and
mixed solvent systems. We anticipate its adoption and applications
in many important processes involving evaporation such as chemi-
cal reactions, crystallization and mineralization processes, physical
phase transitions of matter, as well as engineering design and pro-
duction.
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