<]
TUDelft

Delft University of Technology

The RASPA2024 workshop in Delft, The Netherlands

Dubbeldam, David; Calero, Sofia; Snurr, Randall Q.; Vlugt, Thijs J.H.

DOI
10.1080/00268976.2025.2558904

Licence
CC BY-NC-ND

Publication date
2025

Document Version
Final published version

Published in
Molecular Physics

Citation (APA)

Dubbeldam, D., Calero, S., Snurr, R. Q., & Vlugt, T. J. H. (2025). The RASPA2024 workshop in Delft, The
Netherlands. Molecular Physics, 123(21-22), Article e2558904.
https://doi.org/10.1080/00268976.2025.2558904

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1080/00268976.2025.2558904
https://doi.org/10.1080/00268976.2025.2558904

Taylor & Francis
Taylor & Francis Group

MOLECULAR

Molecular Physics

An International Journal at the Interface Between Chemistry and
Physics

ISSN: 0026-8976 (Print) 1362-3028 (Online) Journal homepage: www.tandfonline.com/journals/tmph20

The RASPA2024 workshop in Delft, The
Netherlands

David Dubbeldam, Sofia Calero, Randall Q. Snurr & Thijs J.H. Vlugt

To cite this article: David Dubbeldam, Sofia Calero, Randall Q. Snurr & Thijs J.H. Vlugt (2025)
The RASPA2024 workshop in Delft, The Netherlands, Molecular Physics, 123:21-22, e2558904,
DOI: 10.1080/00268976.2025.2558904

To link to this article: https://doi.org/10.1080/00268976.2025.2558904

8 © 2025 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

ﬁ Published online: 20 Sep 2025.

N
C/J Submit your article to this journal &

||I| Article views: 406

A
h View related articles &'

@ View Crossmark data (&

@ Citing articles: 1 View citing articles &

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journallnformation?journalCode=tmph20


https://www.tandfonline.com/journals/tmph20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/00268976.2025.2558904
https://doi.org/10.1080/00268976.2025.2558904
https://www.tandfonline.com/action/authorSubmission?journalCode=tmph20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tmph20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/00268976.2025.2558904?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/00268976.2025.2558904?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/00268976.2025.2558904&domain=pdf&date_stamp=20%20Sep%202025
http://crossmark.crossref.org/dialog/?doi=10.1080/00268976.2025.2558904&domain=pdf&date_stamp=20%20Sep%202025
https://www.tandfonline.com/doi/citedby/10.1080/00268976.2025.2558904?src=pdf
https://www.tandfonline.com/doi/citedby/10.1080/00268976.2025.2558904?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=tmph20

MOLECULAR PHYSICS
2025, VOL. 123, NOS. 21-22, €2558904 (7 pages)
https://doi.org/10.1080/00268976.2025.2558904

Taylor & Francis
Taylor & Francis Group

RESEARCH ARTICLE

8 OPEN ACCESS

The RASPA2024 workshop in Delft, The Netherlands

David Dubbeldam?, Sofia Calero®, Randall Q. Snurr and Thijs J.H. Vlugt ©¢

aVan 't Hoff Institute for Molecular Sciences, University of Amsterdam, Amsterdam, The Netherlands; ®Department of Applied Physics,
Eindhoven University of Technology, Eindhoven, The Netherlands; “Department of Chemical and Biological Engineering, Northwestern
University, Evanston, IL, USA; 9Engineering Thermodynamics, Process & Energy Department, Faculty of Mechanical Engineering, Delft

University of Technology, Delft, The Netherlands

ABSTRACT

In the days prior to the Thermodynamics2024 conference in Delft (The Netherlands), the annual
RASPA workshop/school took place at Delft University of Technology with 55 participants (both
industry and academics) from all over the world. RASPA is a popular open-source molecular sim-
ulation software package for studying adsorption and diffusion in fluids and nanoporous materials,
and it is especially popular in the metal-organic frameworks and zeolite communities. The main con-
tributors to RASPA (and organisers of the RASPA workshop/school in Delft) are David Dubbeldam,
Sofia Calero, Randall Q. Snurr, and Thijs J.H. Vlugt. In this short paper, we briefly explain the history
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of RASPA and the RASPA workshops, as well as our strategy to teach the workshop participants how

to use RASPA for their specific research projects.

1. Introduction

Microporous and nanoporous materials like zeolites and
metal-organic frameworks (MOFs) are important in
applications such as separation technology and cataly-
sis. In recent decades, molecular simulation has devel-
oped into a popular research tool to investigate the
adsorption and diffusion properties of guest molecules
inside these porous materials for the following rea-
sons: (1) One can predict properties of adsorbed guest

molecules without having to synthesise the nanoporous
host material first; (2) One can obtain a direct atom-
istic or molecular insight into adsorption and diffusion
of guest molecules; (3) Molecular simulations are usu-
ally faster than experiments, thereby allowing for a fast
screening of materials for a particular application. Due
to the length- and time scales involved, these simula-
tions are usually classical force field-based, which is usu-
ally justified unless hydrogen at very low temperatures
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is considered or when chemical bonds are broken or
created [1]. The RASPA software [2, 3], first intro-
duced in 2007 by David Dubbeldam and co-workers,
is especially designed and tailored for classical Monte
Carlo and Molecular Dynamics simulations of adsorbed
guest molecules in these nanoporous materials. The soft-
ware can perform Monte Carlo and Molecular Dynam-
ics simulations in the most popular ensembles [1]:
NVT-ensemble, NPT-ensemble, grand-canonical (4 VT)
ensemble, the Gibbs ensemble, and the reaction ensem-
ble [4, 5]. Both rigid and flexible frameworks can be
simulated, with or without non-framework molecules
or cations. In Monte Carlo simulations with RASPA,
the internal degrees of flexible (linear or branched)
molecules are sampled with the Configurational-Bias
Monte Carlo (CBMC) algorithm [1, 6]. In ensembles that
critically rely on insertions and deletions of molecules,
those molecule exchanges are facilitated by CBMC [1,
6] and the Continuous Fractional Component Monte
Carlo (CFCMC) algorithm [7, 8], as well as by com-
binations thereof [9]. Interactions between atoms are
described via the usual intramolecular bonded interac-
tions (bond-stretching, bond-bending, torsion, as well as
higher-order interactions [10]) and non-bonded inter-
actions via Lennard-Jones and electrostatic interactions
(either via the Ewald summation or the Wolff method).
Polarisation between the adsorbed guest molecules and
the framework can also be described by neglecting back-
polarisation [11]. Typical properties of single- and multi-
component systems that can be computed are: equations
of state, vapor-liquid equilibria, free energies, adsorp-
tion isotherms, Henry coefficients, heats of adsorption,
and transport properties such as self- and Maxwell-
Stefan diffusivities and viscosities. There is a direct inte-
gration with iRASPA [12] for visualisation and RUP-
TURA [13] for the computation of breakthrough curves.

Recent development are a GPU-accelerated version of
RASPA2 [14] and a complete re-build of RASPA3 in
C++ [15], which is ca. 4 times faster than RASPA2. In
the near future, RASPA3 will also incorporate all features
of the Brick-CFCMC Monte Carlo software package [16,
17]. For an overview of the full functionality of RASPA,
we refer the readers to Refs. [2, 3, 10, 15] and the RASPA
manual at http://www.iraspa.org.

2. History of the RASPA workshops

In 2017, the authors of this manuscript took the initiative
to organise an annual RASPA workshop/school to teach
the participants how to use the RASPA software. The first
RASPA workshop took place at DIFFER in Eindhoven,
The Netherlands, on May 30, 2017, with ca. 50 partic-
ipants. The workshop was turned into a 4-day event in
2018 at Delft University of Technology, The Netherlands
(June 25-28, 2018) and in Evanston, United States from
(July 10-13, 2018). A picture of the typical setup of the
workshop can be seen in Figure 1. A subsequent RASPA
workshop was organised in Wroclaw, Poland (July 1-4,
2019). During the covid pandemic, from 2021-2023 the
RASPA workshops were organised as annual online 1-day
events and in 2024 it was organised again as a physical
event at Delft University of Technology, The Netherlands,
from September 2-4, 2024. This was just before the Ther-
modynamics2024 conference in Delft, The Netherlands,
from September 4-6, 2024. Typically, there are ca. 50
participants for physical RASPA workshops, and > 200
participants for the online workshops, clearly showing
the demand of the community. The workshop is attended
mainly by academics (PhD students and postdocs), and
by a limited number of researchers from industry or
research institutes. A part of the participants are exper-
imentalists who would like to know the basics of RASPA

(®)

Figure 1. Second European RASPA school/workshop, Monday 25 June 2018 — Thursday 28 June 2018, Delft University of Technology,

The Netherlands.


http://www.iraspa.org

simulations to facilitate better collaborations with com-
puter simulators. Randall Q. Snurr was one of the ple-
nary speakers of Thermodynamics2024 and provided
a large part of the lectures at the RASPA2024 work-
shop. Ca. 15 participants attended both Thermodynam-
ics2024 and RASPA2024. Travel grants were provided to
cover all costs (travel, food, registration) for two RASPA
workshop participants from underrepresented countries
(Brasil, India).

We found that online RASPA workshops have their
advantages (e.g. no need to travel, less CO, footprint,
cheaper to organise, lower barrier to participate) and
disadvantages (e.g. more difficult to ask questions, to
establish interactions between participants, and to create
a community). For this reason we will plan to have both
online and physical workshops in the future.

3. Learning objectives of the RASPA workshops

The learning objectives aim to guide students from basic
knowledge to advanced simulation techniques. This is
valuable for both experimentalists seeking to understand
the fundamentals of simulation and researchers in mod-
elling and simulation who wish to deepen their exper-
tise in the latest advancements. The course begins with
an introductory lesson on simulation, covering essen-
tial concepts necessary for performing Monte Carlo or
Molecular Dynamics simulations. We emphasise a crit-
ical aspect of simulation: the understanding, develop-
ment, and selection of functional forms, force fields, and
models. Over the years, we have observed that many
researchers treat molecular simulation as a black box,
overlooking these fundamental considerations. This may
lead to errors; for example, choosing inappropriate force
fields in a simulation is analogous to improperly calibrat-
ing experimental equipment. In addition, careless selec-
tion or uninformed use of force fields, models, and simu-
lation settings will significantly undermine the predictive
accuracy of simulations.

The learning objectives of the workshop are as fol-
lows: (1) Providing the essential theoretical background.
We feel strongly that for succesful research on molec-
ular simulation, it is essential to understand the basics
of the simulation techniques, otherwise the software is
used as a black box and one does not know whether or
not the result of the simulation corresponds to the prop-
erty that one would like to compute (for example, by
incorrect setting of the simulation parameters one will
obtain incorrect results). For this reason, we have devoted
the morning parts of the RASPA workshop to teaching
the fundamentals of the simulation techniques and algo-
rithms, while in the afternoon the participants execute
some pre-defined simulations on their own laptops. (2)
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Understanding the simulation algorithms, their strengths
and weaknesses, their efficiency, and how to select an
algorithm for your simulation system. (3) Choosing force
fields and framework models. Using a suitable force field
is essential for conducting realistic simulations. We teach
participants which force fields are available for describ-
ing guest-guest, intra-host, and guest-host interactions in
nanoporous materials, and how to assess the quality of
a force field. It is important to realise when framework
flexibility of the host material is important and when not.
(4) Understanding the connection between experiments
and simulations. The chosen ensemble in the simulation
should be convenient for the properties of interest. Peri-
odic boundary conditions are important to be able to
extrapolate the computed properties to bulk properties.
The students will learn about finite size effects, their influ-
ence on computed properties, and how to minimise or
correct for these. (5) Understanding simulation settings.
Simulation settings like the equilibration period and the
period for sampling statistics determine the error bars
(and possible systematic drift) of properties. Settings in
advanced Monte Carlo algorithms (especially for CBMC
and CFCMC in open ensembles) have a major influ-
ence on the efficiency and required computational time
to compute a certain property with a certain accuracy, so
we feel that this understanding is important. (6) Learn-
ing which thermodynamic and transport properties can
be computed from which simulation type (and which
ones cannot). (7) Visualization of atomistic systems. We
teach the students how to make graphs of the output data,
and using iRASPA, how to make nice pictures of the sys-
tem, and create movies. (8) Understanding the physics
of your system. While making graphs and pictures, we
focus on the mechanism how to elucidate the physics by
scrutinising the graphs and molecular simulation snap-
shot pictures. In particular, we focus on understanding
the effects of energetics and entropy. In adsorption, at low
loading the adsorption is dominated by energy, while at
high loading entropy starts to dominate (packing-effects
become important) [18, 19]. Teaching this is important
to understand mixture selectivity. (9) Learning how to
run simulations from a computer terminal rather from
a Python notebook. For large-scale simulation studies on
supercomputers, one usually has to use a terminal. (10)
Creating interactions and collaborations between partic-
ipants and the developers of RASPA, thereby creating a
community and a research network. An example of this
is by providing lunch and dinner on all days to the par-
ticipants. In Figure 2 a typical session at RASPA2024 is
shown. After attending the RASPA workshop, the par-
ticipants will be able to better understand the theory
behind the simulations, understand the simulation set-
tings, and have the ability to design, setup, execute, and
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Figure 2. Participants hard at work at the RASPA2024 work-
shop/school in Delft, The Netherlands, September 2-4, 2024.

analyse simulations of nanoporous materials and fluids
with RASPA.

4. Content of the 2024 RASPA workshop in Delft

Typically, theory lectures are given in the morning, while
participants practise with the RASPA software them-
selves in the afternoon. The main lecturers for the morn-
ing parts are Sofia Calero, Randall Q. Snurr, David
Dubbeldam, and Thijs J.H. Vlugt. For RASPA2024, the
content of these lectures was as follows (not in this
order):

e Lectures Sofia Calero: General introduction on why
molecular simulation of nanoporous systems are
needed; key differences between the main simulations
methods (Monte Carlo and Molecular Dynamics);
functional forms and structures of force fields for guest
molecules, guest-host interactions, and flexible host
structures; electrostatics and the Ewald summation;
how to select an appropriate force field; rare events and
transition state theory (with dynamic corrections)

e Lectures Randall Q. Snurr: General introduction to
porous materials and their classification and char-
acterisation; BET analysis and surface area [20, 21],

basics on Monte Carlo and Molecular Dynamics;
detailed balance in Monte Carlo simulations; how
to integrate the equations of motion in Molecular
Dynamics simulations; thermostats and barostats in
Molecular Dynamics; differences between static, ther-
modynamic properties and transport properties and
how to compute these.

e Lectures David Dubbeldam: practical demonstra-
tion of RASPA2, RASPA3, RUPTURA, and iRASPA,
and especially the integration between the software:
Adsorption properties and adsorption isotherms are
computed with RASPA. The structures and distribu-
tion of guest molecules inside the host material are
visualised with iRASPA. RUPTURA can be used to
simulate a breakthrough column experiments, so that
one has insight in how adsorption and diffusion prop-
erties lead to a certain separation of components in a
separation device.

e Lectures Thijs J.H. Vlugt: Monte Carlo simulations
in various ensembles: NVT, NPT, Gibbs, grand-
canonical (u VT), and the reaction ensemble; Advanced
simulation methods for molecule exchanges in open
ensembles (such as the grand-canonical and Gibbs
ensemble), CFCMC and CBMC; free energy calcula-
tions using Widom’s test particle method, thermody-
namic integration, and CFCMC.

In addition, there were three 1-hours guest lec-
Othonas Moultos (finite-size effects of com-
puted transport properties [22]), Shrinjay Sharma (use
of RUPTURA, isotherm models for mixture adsorp-
tion [23], and Ideal Adsorbed Solution Theory for
estimating mixture adsorption from pure-component
adsorption [24-26]), and Yongchul Chung (using the
Core MOF database of MOF structures [27]). All lecture
slides were provided to all participants. Due to privacy
reasons, no video recordings were made of the lectures
and exercises.

The topics of the exercises with RASPA3 of the after-
noon sessions were as follows:

tures:

e Simulating a system of interacting methane molecules
in the NVT ensemble; investigating the structure
and structural properties of nanoporous frameworks;
computing the adsorption properties of CO, in zeo-
lite ITQ-29; energy and density distributions of CO;
in MFI-type zeolite and ITQ-29.

e Simulating the radial distribution function of a fluid;
self-diffusion of molecules in a fluid computed using
the order-n algorithm [1, 28]; self- and collective dif-
fusion of methane in MFI-type zeolite and ITQ-29

e Computation of the Vapor-Liquid Equilibrium of CO,
in the Gibbs ensemble; computing the helium void



Figure 3. The four main minimum energy sites of CO; in ITQ-29
type zeolite: at low temperatures CO; is located predominantly in
the windows (site I) connecting the cavities, but at higher temper-
atures the CO; molecules are driven out into the cavity. This CO; in
ITQ-29 system is used to illustrate the effect of adsorption entropy.

fraction of a nanoporous structure; computing the
adsorption isotherm of CO, in zeolite ITQ-29; com-
puting isotherms using CFCMC and CBMC in the
grand-canonical ensemble; computing the chemical
potential and free energy of methane in MFI-type zeo-
lite using various methods, e.g. thermodynamic inte-
gration, CFCMC, and Widom’s test particle insertion
method.

The exercises were setup in such a way that they could
run sufficiently fast on a typical laptop. At the end of
each day, detailed solutions were provided to all partic-
ipants. A typical example of one of the exercises and the
solutions is shown in Figures 3 and 4. The CO; in ITQ-
29 system has a peculiar entropy effect where the CO,
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molecule occupies the window-site at low temperatures
but at higher temperatures is driven out into the cavities.
This is used to illustrate the mechanism of adsorption
as a function of temperature and loading. In the work-
shop, one of the main goals is to teach how the molecular
mechanisms can be elucidated to explain the macro-
scopic, experimental results, and for example to connect
the atomistic behaviour of CO; to the understanding of
the isotherms.

The students compute the adsorption isotherm toge-
ther in a group, where each student computes the loading
at a separate fugacity using the grand-canonical ensem-
ble. Afterwards, the students can combine their results to
trace the full adsorption isotherm. This process illustrates
to the students the concept of ‘embarrassingly parallel’
computations (a workflow that is very common in Monte
Carlo simulations).

The students need to answer questions like: (1) What
is the relation between chemical potential, fugacity, and
pressure? (2) What are the advantages and disadvantages
of using fugacity instead of pressure? (3) Why does the
adsorption go down with temperature? (4) What are two
ways of desorbing the structure? (5) Why does a triple
Langmuir-Freundlich fit the data best? How does this
relate to the adsorption sites that were found earlier by
energy minimisation? How can the shape of the isotherm
be explained? (6) Why does fixing the chemical potential
imply that the amount of molecules fluctuates? (7) What
is the relation between the steepness of the isotherm and
the width of peaks of the number of molecules distribu-
tion? (8) Assume the computational force field is optimal,
what are reasons why the computed loading could be
higher than in experiments and what are reasons why the
loading could be lower?

For RASPA2024, we used for the first time RASPA3
instead of RASPA2. The gain in speedup really helps in
a school/workshop setting. For future workshops, also

0.35 .
P=10‘; — P=10§ —
P=10 — P=10
03 I1pZax10° p=108  —
P=5x10° -~ P=10"
T 0.25
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©
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(b)

Figure 4. Adsorption simulations of CO, in ITQ-29-type zeolite: (a) adsorption isotherms at 300K and 600K fitted with the triple
Langmuir-Freundlich theoretical model, (b) the histogram of the number of CO, molecules at 300 K for various fugacities.
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the installation process of the software will be dramat-
ically simplified by using conda. Conda is available for
macOS§, Linux, and Windows, and allows you to create
separate environments containing files, packages, and
their dependencies that will not interact with other envi-
ronments. RASPA3 is now available in conda for many
supported architectures: linux-64, linux-aarch64, linux-
ppcb4le, win-64, 0sx-64, and osx-arm64.

5. Conclusions

We briefly described the content and history of the
RASPA workshops. We plan to continue organising
these workshops in the future. We feel that these work-
shops provide an important service to the simulation
and porous materials communities. An online work-
shop is prepared and planned for the fall of 2025, while
we aim at a physical workshop in 2026. These and
other future RASPA workshops will be announced at
http://www.iraspa.org. Online and physical workshops
both have their advantages and disadvantages, so in
the future we plan to organise both. We expect minor
changes in the content of the workshop when migrat-
ing fully from RASPA2 to RASPA3. To date (March
2025), RASPA3 does not yet have the full functional-
ity of RASPA2 and Brick-CFCMC, but this will change
in the coming years. It will be a priority to (1) further
integrate RASPA3, iRASPA and RUPTURA, (2) add sup-
port for machine learning potentials and polarisability,
and (3) include advanced Monte Carlo algorithms for
chain molecules [29]. Community-driven contributions
are welcomed via ‘pull requests’ on the GibHub page.
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