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Abstract

Cheminformatics has significantly transformed over the past four decades, evolving from a field dominated

by proprietary systems to one increasingly embracing open science principles. In its early years, cheminformatics
was characterised by commercial software and restricted data access, limiting collaboration and reproducibility. The
advent of open-source software in the late 1990s and early 2000s, including tools such as the Chemistry Develop-
ment Kit (CDK) and RDKit, played a crucial role in democratising computational chemistry. Open data initiatives,
such as PubChem and NMRShiftDB, further enhanced accessibility by providing freely available chemical informa-

tion, fostering transparency and interoperability and introducing key standards, such as the International Chemical
Identifier (InChl), revolutionised data integration and retrieval across diverse platforms. Community-driven efforts,
including the Blue Obelisk movement and Open Notebook Science, have promoted open methodologies and col-
laborative research. More recently, national data infrastructure projects like NFDI4Chem have aimed to standardise
research data management in cheminformatics, ensuring the long-term sustainability of open science practices. The
increasing adoption of the FAIR (Findable, Accessible, Interoperable, Reusable) principles has further reinforced data
sharing and reuse in computational chemistry. Challenges remain, particularly in overcoming resistance to data shar-
ing and ensuring sustainable funding for open projects. However, the trajectory of cheminformatics demonstrates

that embracing openness enhances scientific integrity and accelerates discovery and innovation.

Introduction

Cheminformatics has experienced a remarkable transfor-
mation over the last four decades. This evolution mirrors
broader changes in the scientific landscape, where open
science has emerged as a cornerstone of innovation and
collaboration. From its relatively insular beginnings in
the 1980s to its current role as an early adopter of open
data, open source software, and open collaboration,
cheminformatics has undergone a journey shaped by
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technological advancements, shifting paradigms, and the
collective push for transparency in science.

The closed beginnings: 1980s and early 1990s

Cheminformatics in the 1980s was primarily a domain of
proprietary systems. Computational tools for tasks such
as molecular modelling, structure search, and quantita-
tive structure—activity relationship (QSAR) studies were
developed by commercial entities. Companies like Tripos
(with the SYBYL platform) and MDL Information Sys-
tems (creators of the widely used SD file format) domi-
nated the landscape. These revolutionary tools came with
significant limitations: high costs, restricted accessibil-
ity, little interoperability, and hard to extend and learn
from. While companies were willing to pay these costs
with the prospect of generating higher revenue, academic
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groups would rarely be able to afford to use such com-
mercial software. Even if, for example, through collabo-
rative agreements, academics had access to commercial
software at affordable or no cost, they were restricted in
the ways they shared their results computed with that
software.

The culture of this era was heavily influenced by intel-
lectual property concerns, competitive secrecy, and ideas
that the source code could not be maintained in an aca-
demic setting. Research outputs were often siloed within
organisations, with limited exchange of data or method-
ologies. The notion of openly sharing software or data-
sets was largely absent, as the prevailing business model
incentivised exclusivity in academia.

The emergence of open source: late 1990s and early 2000s
The late 1990s and early 2000s marked the beginning
of a paradigm shift spurred by the broader open-source
movement in software development. Inspired by the
success of projects like Linux, developers in cheminfor-
matics began to recognise the potential of collaborative
software development. This period saw the birth of foun-
dational open-source projects such as JChemPaint (1997)
[1], Jmol (1997) [2], the Chemical Markup Language pro-
ject (1998) [3] and the Jumbo software [4], the Chemis-
try Development Kit (CDK; 2000) [5], RDKit (2003) and
Open Babel (2001) [6], which provided freely accessible
tools for molecular manipulation and data conversion.

These tools democratised access to computational
chemistry, enabling researchers without significant
funding to perform high-quality cheminformatics work.
Adopting permissive licenses facilitated widespread use
and modification while fostering a culture of collabora-
tion and mutual improvement. At the same time, the
scientific community began to appreciate the benefits
of transparency, reproducibility, and the ability to audit
code—a significant departure from the black-box nature
of proprietary software.

Open data and the rise of collaboration: 2000s to early
2010s

Alongside open-source software, the push for open data
began to gain traction. The realisation that data—struc-
tures, reactions, properties, and spectra—are as valu-
able as the algorithms processing them drove efforts to
make chemical information widely accessible—initiatives
such as PubChem [7]. PubChem was launched in 2004
by the National Center for Biotechnology Information
(NCBI) at the U.S. National Institutes of Health (NIH) as
part of the NIH Molecular Libraries Program. Its initial
goal was to provide an open repository of small molecule
data, including chemical structures, biological activities,
and associated metadata, to stimulate drug discovery
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research. Over time, PubChem grew into one of the
largest open-access databases in the world, integrating
information from multiple contributors ranging from
government agencies to academic laboratories and com-
mercial suppliers. By centralising and freely sharing this
breadth of chemical data, PubChem played a significant
role in democratising access to research-grade chemical
information, thereby driving forward open science ini-
tiatives in cheminformatics and enhancing collaborative
research across disciplines.

While open-access databases are the rule in the bio-
sciences, they remain rare in chemistry until today. An
open-access database that arose during the early 2000s
is NMRShiftDB [8, 9], an open access of NMR chemi-
cal shifts assigned to organic chemical structures. It was
published even earlier than PubChem and originated in
the lab of one of the authors. Thanks to the great effort
of its leading developer, it is still alive today and has just
celebrated its 20th birthday [10].

A seminal development which fostered linking and
identity matching of chemical structures across data
sources was the International Chemical Identifier (InChl)
[11], which was conceived in the early 2000s through a
partnership between the International Union of Pure and
Applied Chemistry (IUPAC) and the National Institute
of Standards and Technology (NIST). It aimed to pro-
vide a uniform, non-proprietary textual identifier that
could encode a chemical structure and enable unambigu-
ous linking and retrieval of information across databases
and software tools. As a standardised, machine-readable
representation, the InChl has become a cornerstone of
cheminformatics, playing a crucial role in database inter-
operability, facilitating the sharing and reuse of chemical
data, and supporting sophisticated search strategies that
accelerate scientific discovery.

This period also saw the birth of Open Notebook Sci-
ence (ONS) [12], an ideal that advocated for complete
transparency in research. The term was popularized by
chemist Jean-Claude Bradley, whose efforts showcased
the power of openly sharing experimental protocols and
data in real-time. Although not universally adopted,
ONS highlighted the possibilities of crowdsourcing
problem-solving and maximising the impact of scientific
discoveries.

A group of open-source, open data and open-standards
enthusiasts in chemistry formed the Blue Obelisk move-
ment to promote these ideas [13].

This was complemented by expressions from other
members of the scientific community and, during these
days, certainly in many other fields of science. An exam-
ple is the Panton Principles, first publicised in 2010 by
members of the Open Knowledge Foundation (includ-
ing Jonathan Gray, Jordan Hatcher, Rufus Pollock, and
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Peter Murray-Rust), which articulate guidelines for mak-
ing scientific data fully open to promote transparency,
reproducibility, and innovation. Within cheminformat-
ics, these principles underscore the importance of plac-
ing chemical data in the public domain or under open
licenses, allowing unrestricted reuse, redistribution, and
modification. By advocating explicit legal frameworks
and urging the removal of access barriers, the Panton
Principles have encouraged broader participation in
data curation, contributed to a culture of data sharing,
and strengthened the foundations of open science in
chemistry.

This period also featured a strong push for integra-
tion of different cheminformatics platforms. Platforms
like Taverna [14], KNIME [15], and Bioclipse [16] inte-
grated multiple solutions, making it more straightfor-
ward to collaborate on more complex cheminformatics
workflows.

Despite promising developments in the late twentieth
century, the lack of big open data in chemistry remains
one of the biggest roadblocks for cheminformatics.

Here, national data management initiatives like the
German National Research Data Initiative (NFDI) can
play a pivotal role in advancing the ideals of open science
and pave the ground for more scientific opportunities.
Within the broader framework of the NFDI, domain-spe-
cific consortia, such as NFDI4Chem [17, 18], enhance the
discoverability, integration, and sharing of research data
in chemistry. These coordinated efforts unite research-
ers, data stewards, and infrastructure providers to estab-
lish common standards, best practices, and cutting-edge
digital tools for managing chemical data. By harmonis-
ing data formats and creating robust platforms for data
exchange, NFDI4Chem streamlines research workflows
and accelerates innovation in key areas like materials sci-
ence, drug discovery, and environmental chemistry. Ulti-
mately, these national initiatives reinforce transparency,
reproducibility, and collaboration by making high-qual-
ity datasets accessible to the scientific community and
ensuring that research outputs remain interoperable over
the long term.

The maturation of open science: early 2010s to today
The last decade has solidified open science as a core
principle in cheminformatics. The interplay between
open-source tools, open data, and cloud computing has
revolutionised how researchers collaborate. Projects
like RDKit have become indispensable in academia and
industry, demonstrating the scalability and robustness of
community-driven development.

Simultaneously, the FAIR data principles (Findable,
Accessible, Interoperable, and Reusable) have gained
widespread acceptance. These guidelines, championed
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by the European Open Science Cloud and other ini-
tiatives, have provided a framework for structuring and
sharing chemical data. Databases such as ChEMBL [19],
which integrates bioactivity data from medicinal chem-
istry literature, exemplify the FAIR ethos and its role in
accelerating drug discovery. Adopting the FAIR princi-
ples was only one of the building blocks towards greater
reproducibility in cheminformatics. Version-controlled
computational Workflows, such as those introduced
through workflow tools like KNIME [20] and Jupyter
Notebooks [21], greatly enhanced reproducibility. Com-
munity-driven validation Efforts like the Open Chemis-
try Challenge allowed for cross-validation of datasets and
methods. Pre-registration and Open Notebook Science
fostered more transparency in cheminformatics research.

The adoption of Semantic Web technologies and
Linked Open Data (LOD) principles in cheminfor-
matics began gaining momentum in the early 2000s,
inspired by Tim Berners-Lee’s vision of a “web of data”
[22]. Researchers could make chemical information more
interoperable, machine-readable, and reusable across
disparate databases and services by employing stand-
ardised ontologies (e.g., Web Ontology Language, OWL)
and structured data formats (e.g., Resource Description
Framework, RDF). Initiatives like Linked Open Drug
Data (LODD) [23] and the representation of resources
such as ChEMBL in Linked Data formats [24] showcased
how open standards could unify chemical structures,
properties, and bioactivity data while also connecting
them to related domains in life sciences. This intercon-
nected ecosystem facilitates discovery and collabora-
tion, as chemical entities are seamlessly linked to other
biological and biomedical resources, fueling open science
through improved data transparency and cross-domain
integration.

Moreover, cheminformatics has embraced machine
learning and artificial intelligence, fields that thrive on
large, open datasets. The success of predictive model-
ling efforts hinges on access to diverse, high-quality data,
underscoring the importance of openness in the modern
era.

Wikipedia [25], launched in 2001, quickly became a
cornerstone of open knowledge by harnessing collabora-
tive editing to create and maintain articles on various top-
ics, including chemical information. Its volunteer-driven
model, exemplified by WikiProject Chemistry (estab-
lished in 2002), has contributed to curating chemical
compound data, providing a freely accessible and contin-
ually updated resource that supports education, research,
and public engagement. Building on Wikipedia’s success,
Wikidata [26] was introduced in 2012 as a centralised,
structured knowledge base designed to store machine-
readable data across numerous domains—chemistry
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included. By unifying chemical identifiers, properties,
and related metadata, Wikidata reinforces open science
principles in cheminformatics, enabling researchers,
educators, and developers to automate data analysis and
cross-reference chemical information more efficiently.
Together, Wikipedia and Wikidata have profoundly influ-
enced open science by democratising access to chemical
knowledge and fostering collaborative data curation on a
global scale.

Educational resources in open cheminformatics

As open science principles have gained traction, the
accessibility of cheminformatics education has expanded
significantly. Open educational initiatives have been
crucial in democratising knowledge making cheminfor-
matics more accessible to students, researchers, and pro-
fessionals worldwide.

Massive Open Online Courses (MOOCs) have pro-
vided structured learning opportunities for cheminfor-
matics enthusiasts. Platforms like Coursera and edX
offer courses with cheminformatics content developed
by qualified institutions and individuals. While not in all
cases free and open, these courses allow learners world-
wide to gain hands-on experience in cheminformatics
methods, tools, and applications at affordable costs, often
including interactive coding exercises and real-world
case studies.

Beyond formal courses, community-driven tutorials
and documentation have emerged as invaluable edu-
cational resources. The RDKit project, for instance,
maintains an extensive collection of tutorials and exam-
ple workflows that help beginners and advanced users
apply cheminformatics techniques in their research.
Similarly, the Chemistry Development Kit (CDK) and
Open Babel communities actively provide documenta-
tion, workshops, and forums for knowledge sharing and
troubleshooting.

Another crucial component of open cheminformat-
ics education is the role of collaborative knowledge plat-
forms like Wikipedia and Wikidata. These platforms
provide freely accessible, continuously updated infor-
mation on chemical data, cheminformatics algorithms,
and software tools. Volunteers from the cheminfor-
matics community contribute regularly, ensuring these
resources remain relevant and reliable. Wikidata, in par-
ticular, has become an essential resource for structured
chemical data, aiding researchers and educators alike.

Together, these educational initiatives exemplify the
impact of open science in cheminformatics, lowering
barriers to entry and fostering a global, interconnected
learning community. As cheminformatics continues
to evolve, these open educational resources’ ongoing
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development and support will be essential in training the
next generation of researchers and professionals.

Challenges and the path ahead

Despite these advances, challenges remain. Resistance to
data sharing persists in academia, particularly and partly
understandably in industry, where competitive and regu-
latory pressures are significant. Ensuring the long-term
sustainability of open projects is another critical issue, as
many rely on the voluntary efforts of contributors or pre-
carious funding. Various aspects could help to ensure the
long-term viability of Open Science:

Institutional support from universities, non-university
research institutions and government agencies increas-
ingly fund open projects. Examples include Germany’s
National Research Data Infrastructure for Chemistry,
NFDI4Chem [18], and NIH’s data-sharing policies. Com-
munity-driven projects like RDKit thrive through indus-
try-academia partnerships and crowdfunding.

Public—private collaborations through pharmaceuti-
cal consortia, such as the Innovative Medicines Initiative
(IMI), provide funding for open data initiatives.

Integrating Al and machine learning research requires
open datasets and open-source toolkits, fueling AI-
driven drug discovery and attracting further funding and
interest.

The trajectory is clear. The community has demon-
strated that openness aligns with scientific integrity and
catalyses innovation. Integrating cheminformatics into
broader initiatives such as the Human Cell Atlas or global
pandemic response efforts further illustrates its indispen-
sable role in collaborative science (Table 1).

Conclusion

The development of open science in cheminformatics
represents a microcosm of the broader scientific revolu-
tion. From closed systems in the 1980s to today’s inter-
connected, collaborative ecosystem, the journey reflects a
collective effort to democratise knowledge and accelerate
discovery. The milestones along the way—open-source
tools, open data repositories, and the adoption of open
science principles—serve as a testament to what is pos-
sible when the barriers of exclusivity are dismantled.

The shift toward open science has significantly
impacted academia and the pharmaceutical industry.
Increased access to open datasets has accelerated dis-
covery and improved reproducibility in academia. For
instance, ChREMBL's open bioactivity data has facilitated
thousands of drug discovery studies.

In the pharmaceutical industry, open science has fos-
tered pre-competitive collaboration. One example is
the Open Targets initiative [27], a partnership between
EMBL-EBI, GSK, and others, which leverages open data
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Table 1 Key Milestones in Open Science for Cheminformatics
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Year Milestone Description

1980s Proprietary Software Dominance Commercial software like SYBYL and MDL tools dominate the field with closed access

Late 1990s Early Open-Source Projects Introduction of JChemPaint, Jmol, Chemical Markup Language, and the Chemistry
Development Kit (CDK)

The early 2000s  Open Data Emergence PubChem, NMRShiftDB, and InChl revolutionise chemical data sharing

Mid-2000s Blue Obelisk Movement Advocacy for open data, open-source software, and open standards

2010s FAIR Principles & National Data Infrastructures  NFDI4Chem and other initiatives focus on long-term data accessibility and reproduc-
ibility

2020s Al & Machine Learning with Open Data Increased integration of cheminformatics with Al, fueled by open databases and col-

laborative research

for target validation in drug discovery. This initiative has
reduced redundant efforts, accelerated hypothesis gen-
eration, and improved international collaboration.

As cheminformatics continues to evolve, its com-
mitment to openness still has a significant potential to
evolve, not only for the benefit of the discipline itself but
for the scientific community.
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