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Abstract-

Artificial Intelligence (Al) is profoundly reshaping chemical research by enhancing
molecular design, synthesis, spectroscopy, and data analytics. The integration of Al in
chemistry extends far beyond computational efficiency—it raises deep ethical and
philosophical questions concerning agency, responsibility, creativity, and human
oversight. Within the framework of embedded philosophy, this study explores how Al-
enabled autonomy challenges traditional notions of moral accountability and scientific
authorship. It analyzes how predictive screening, generative modeling, and molecular
docking systems transform discovery while simultaneously introducing risks of bias,
opacity, and dual-use hazards. The ethical dimensions of Al in chemistry are examined
through classical paradigms of deontology, consequentialism, and virtue ethics,
emphasizing the continued moral responsibility of human operators. Furthermore,
the paper reflects on issues of automation bias, human-AlI collaboration, and the limits
of algorithmic creativity. Governance frameworks such as those proposed by IUPAC,
UNESCO, and the European Commission are discussed as foundational efforts toward
responsible and sustainable Al practices in chemistry. Education and training reforms
are identified as essential to cultivate Al literacy, ethical competence, and cross-
disciplinary collaboration among chemists. By addressing both the epistemic
opportunities and ethical challenges of Al-assisted chemical research, the study calls
for a balanced, human-centric approach to innovation that safeguards scientific integrity
and societal welfare.
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Introduction

Artificial Intelligence (AI) is projected to transform chemical research through
computer-aided synthesis, design, and prediction. Consequently, the intersection of
Al, chemistry, and ethics falls within the research scope of embedded philosophy. The
research questions involve locating philosophy’s foundational disciplines in relation
to specific Al applications. Particular attention is given to the consideration and
implications of agency, responsibility, and moral status in connection with Al tools

| and Al-assisted autonomy. Ensurin_g the reliability of Al- generated chemical knowledge
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1s an essential prerequisite to addressing these supplementary questions.

According to recent literature surveys, chemistry constitutes a prominent scientific
domain for machine learning and Al applications. Despite differing interpretations of
its theoretical status, philosophy of chemistry qualifies as a natural foundation for
investigating the interaction between Al and chemistry. A distinction is drawn between
the general concept of Al as the discipline studying intelligent behaviour, and the
narrower notion of Al as the field of human-developed and -built intelligent systems.
Al systems exemplifying the broader definition exist outside the domain of chemistry,
whereas the widely publicised deployment of Al in chemical practice is evident. The
case for Al systems fulfilling the narrower definition can be grounded in a consensus
that computer systems capable of reasoning, image understanding, and scientific
discovery are under construction.

Foundational Perspectives

Artificial intelligence (Al) is increasingly used as a research tool in chemistry. Al
applications noticeably extend epistemic limits, and raise the question of the position
of chemistry in philosophy of science. Some scholars adopt a realist stance, emphasizing
that the chemical enterprise is the study of nature and a human perspective is
dispensable. Others take a technocratic view, arguing that goal-directed activity is
paramount in science and adherence to human values is sufficient. Philosophical
foundation significantly influences ethical considerations. Three principal normative
ethical paradigms address moral standing and responsibilities of both human operators
enabling Al and Al systems themselves when they influence chemical practice:
deontology, consequentialism, and virtue ethics. This trio provides a framework to
analyze and guide the emergent phenomenon of Al-enabled chemical practice.

A subtle distinction separates agency, considered a property of free choice and
affective states, from responsibility, contingent on consequences and normative
evaluation. In both dominant paradigms of responsibility-as-control and responsibility-
as-causation, the assignment of responsibility to autonomous systems remains
problematic. The discussion extends beyond Al systems to address the status of
generative models and other semi-autonomous agents, highlighting that computational
models in a technical sense should not be misconstrued as agents; human pilots remain
accountable for all actions involving the models. In addition, chemical operators
engaging with Al-driven deep-learning platforms raise questions about the human-
Al relationship and the respective degrees of responsibility. Besides, consideration of
representational openness and closure leads to moral requests directed towards systems
or operators, without ascribing agency or full responsibility to either.

Al Tools across Chemical Disciplines

Artificial intelligence methods with distinct characteristics shape the practice of
individual chemical disciplines or, in some cases, subdisciplinary groups. In Al-enabled
molecular design and discovery, for example, analysis and predictive activities are
not directed at understanding the behavior of molecules in detail, but rather at the
1dentification and evaluation of candidate targets, leads, and candidates with predictive
models. Al methods operate by developing data-driven representations of target
properties from a combination of available datasets and training objectives and
generally aim to assess synthetic accessibility or similarity to existing members of a
property or activity class.

The methodologies of Al models vary in their interactions with the lead generation
and evaluation tasks, enabling different approaches to novelty. Docking approaches
treat the target structure as known a priori, with Al data-driven scoring representations
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assessing probable binding affinity, exploration of construct properties being supported
through database resources, and synthesizability classified either by structure or
enabling strategy. Generative approaches develop chemical structures explicitly
resulting from data-driven sampling processes. Predictive screening models operate
through a two-step generation-evaluation mode, and novelty partly arises through
the novelty of the predictive property-instantiated candidate chemical structures.

Al in Molecular Design and Discovery: Artificial Intelligence (AI) applications are
beginning to have a significant impact on the molecular design and discovery practices
across chemical sciences. These applications cover a diverse range of modelling
approaches, objectives, and support at each stage of the molecular-integration-cycle.
Three main methods are outlined here: predictive screening for compound bioactivity
and physicochemical properties, generative design of new chemical structures and
formulations based on target properties, and docking of molecules into macromolecular
targets. Each targets a different objective and integrates differently into the molecular-
integration-cycle. The pipeline through which molecules flow, and to which these Al
applications relate, is referred to by varying terminology, technical parameters and
modelling detail. A cycle is proposed dividing the process into molecular generation,
property prediction, and virtual screening. Each stage can involve interaction at any
combination of time and structural fidelity, ranging from concept-only to chemical
sketches, standard-building blocks, and fully specified reactions.

Predictive screening estimates the capacity of a compound to satisfy one or more
predefined activity criteria of interest, thereby filtering a set of candidates down to a
relevant remainder. It is often referred to as virtual high-throughput screening, with
special emphasis on speed and large search spaces. It typically takes a well-conceived
set of molecules and obtains relevant predicted data. If the number of alternatives is
substantial, utility maximization may likewise suggest a similar exploration of other
objectives. Property prediction provides estimates prior to proposal generation,
effectively enabling the formulation of design strategies and objectives. As a
complementary application to generative design, predictive screening reduces the time
spent on non-promising candidates and enriches the feedback from past results.
Generative design entails a creative procedure where specific physicochemical property
targets determine the specifications for new variants. The designs produced can be
candidate molecules, combinations of molecules, or granular decisions such as
parameter adjustments to existing formulations. It is often coupled with a simultaneous
predictive model steering the search, sometimes referred to as active learning. When
combinatorial variations on a target formulation are known, the system can focus on
ranked selections of existing yet untested candidates.

Docking simulates the interaction between a small molecule and a macromolecular
receptor. The objective is to predict the preferred binding pose from which an
accompanying binding affinity can subsequently be estimated. While modeling of very
simple reversible interactions can be defined as a special case permitting separate
consideration, general retrosynthetic analysis encompasses the remaining form of
molecule generation from complete chemical structures. Synthesis route-finding focuses
on identifying existing multistep paths to a target, whereas route-planning adds the
formulation of an entirely novel stepwise approach to an already-defined candidate.
Detailed predominant metrics have yet to be systematically established, particularly
those characterizing novelty or inventiveness.

Al in Spectroscopy, Imaging, and Data Analytics: Artificial intelligence (Al) is now
widely adopted across multiple chemical disciplines—molecular design, synthesis,
analytical chemistry, and data science. An extensive range of Al algorithms are being
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deployed for generative design, predictive screening, retrosynthesis, process
optimization, spectroscopy, imaging, data fusion, anomaly detection, uncertainty
quantification, data analytics, and many more tasks. Due to the pervasive involvement
of Al across the chemical sciences, addressing the ethical implications of Al in chemical
research is of paramount importance and relevance. Spectroscopy, imaging, and data
analytics are essential components of chemical research and education, playing a crucial
role in chemical analysis, structure determination, workflow automation, and data
mining. New chemical insights are frequently uncovered when Al-based methods are
employed to assist chemical spectroscopic analysis and imaging interpretation.
However, the accompanying ethical issues related to the use of Al in spectroscopy,
imaging, and data analytics remain largely unexamined.

Ethical Considerations in Chemical Al

Al systems represent a paradigmatic shift in practice and innovation throughout
the chemical sciences. Such technological developments bring profound opportunities
for chemists, while raising a host of ethical considerations. Safety concerns frequently
surface in discussions of Al applications across society; however, many additional
issues deserve examination in both governmental and institutional contexts Al-
actionable frameworks for hazard identification serve as the foundation for systematic
assessment and mitigation of safety, security, and dual-use concerns. Unintentional
propagation of hazards from Al-augmented research can be particularly problematic
in fields with significant dual-use potential. Even narrowly scoped models can expose
larger systems to previously unconsidered hazard pathways or misuse scenarios Such
unintended hazard propagation, whether through failure or misuse, invites scrutiny
and calls for containment and defense measures.

The many ways in which Al-enabled analysis and generation of data could exacerbate
existing bias and discrimination warrant attention beyond safety considerations Data
sets representative of the chemical community sometimes lack in diversity, equity,
and inclusion; accordingly, algorithmic bias, reinforcement, maintenance, and
perpetuation of limited perspectives, under-representation of knowledge, and
propagation of disinformation become significant risks The matter of documentation
assumes particular salience in light of widespread opacity in machine learning and Al
Enabling learning, improvement, and contextually appropriate dialogue across labs
and countries requires detailed modelling information and a shared vocabulary for
describing data provenance, inputs, and context. When particular data sets—e.g.,
derived from human authorship or containing confidential information—remain
undisclosed, more generalizable models, analyses, and insights become overwhelming

Philosophical Reflections on Autonomy, Creativity, and Human-
Computer Collaboration

Automated systems are typically classified as either automated or human-controlled.
Conventional perspectives on human-auto mation interaction emphasize the challenges
of effective management during periods of automation. A central concern of safety
science and human factors in automation is that operators, even when properly trained,
have a reduced situational awareness during automation and may make inappropriate
responses when it is reengaged. Al along a continuum from fully controlled to fully
automated—a designation seldom used explicitly but apparently implicit when talking
about human-AlI collaboration. Beyond task completion, a broader view of autonomy
1s pertinent, encompassing the degrees of independence a system possesses in achieving
its objectives once a human specifies them (Dahlin, 2023). The moment when a
collaborative mechanistic system provides unexpected and original invention or
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conception stands out as a point of human ambiguity. The phrase automation bias
describes this situation, where the human operator prioritizes system intelligence
over one’s own knowledge. Flawed AI modeling and limited scientific principles of its
conceptual insight render distinctions— entirely new ideas fantasy concerning the
time of creation is more difficult when teamwork yields an intricate amalgam of
contributions.

Creativity and Innovation under Algorithmic Guidance: Recent Al approaches
excel in text and media generation, raising questions about the originality and
authorship of Al output. Al inputs, regardless of modality, mainly consist of previously
provided content recombined to produce new datasets. The algorithm efficiently
rewrites, resynthesizes, compresses, and augments existing pieces to generate multiple
forms, enabling rapid production. Consequently, machine outputs closely resemble
the desired style, relying on segments, methods, or rephrasing patterns already
available from human authorship. Whether machine-generated insights align with
human-defined criteria and their perceived significance depends on the context—the
audience’s perception of the material, the system capabilities, the novelty and relevance
sought, and the broader environment. In general, the originality of machine
contributions remains limited, the significance of the material and simulation results
rarely exceeds that of initial requests or input datasets, and users rarely consider
machine-proposed alternative strategies as noteworthy.

Agency, Delegation, and the Boundaries of Human Oversight: The moment of
delegating a task occurs when the primary agent relinquishes control over the
circumstances of task execution. At that point, no further information refining the
execution condition transits from the agent to the delegate, with the exception of pre-
established routines such as status information or, in some cases, refuse conditions.
The choice of the conditions to delegate often survives the imposition of control.
Delegation challenges arise when either the primary agent cannot formulate reasonable
refuse conditions at the outset or the information that subsequently arrives cannot be
satisfactorily integrated into the already-imposed control.

A defining characteristic of many autonomous systems refers to their expected fault
tolerance regarding a stipulated set of behaviours, thereby allowing them to evolve
towards new conditions even after the erroneous modulation of the current operation.
Among the prevalent paradigms for handling autonomy within chemical workflows,
the human-in-the-loop approach preserves a greater degree of control over exploration
during the delegation phase.

Governance, Policy, and Responsible Practice

Standards, Regulation, and Ethical Frameworks Although Al occupies a rapidly
expanding role across diverse aspects of modern life, including research and
development in the chemical sciences, the prevailing understanding of its implications
and ramifications at disciplinary, regional, and global levels remains alarmingly
limited. To address this widening gap, numerous initiatives are currently underway
across Europe and beyond to establish and harmonise Al standards and regulations.
At the level of chemical activity, specific codes and principles are under discussion to
facilitate individual and corporate engagement with Al technologies in socially and
environmentally responsible ways.

A proposal formulated by the International Union of Pure and Applied Chemistry
(IUPAC) comprises twelve ethical principles through which Al technologies employed
in chemistry can contribute to planetary sustainability. Among other considerations,
the principles highlight the responsibilities borne by developers, users, and other actors
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in the term chemical stewardship; the need for extended deliberation about potential
risk evaluation and management prior to the introduction of new Al technologies; and
the desirability of multi-stage, uncertainty-based testing, whereby models remain under
the control of qualified scientists throughout their development. In addition, the
European Commission outlines general requirements for trustworthy and human-
centric Al systems focusing on the promotion of well-being, safety, privacy,
sustainability, and an overall ‘human-centred’ design. These priorities echo the broader
objectives of the chemical community.

Education, Training, and Competence in Al-Enhanced Chemistry A structured
educational framework addressing the disciplines and skills required for responsible,
risk-aware, and grounds justification of novel computational methods underpins
responsible engagement with Al. The framework specifies fundamental personal-
development requirements in Al literacy, competence, digital awareness, portfolio,
and ethics, together with general proficiency goals for areas such as analysis, training,
data collection, measurement, and procurement. It also sets out several benchmarks
applied Al practitioners can use to gauge their effectiveness, including access to
concepts, recommended reading, and programs addressing resolution, adduction, and
generation.

A broader framework targeting skills relevant to Al-enhanced engagement with
the development, generation, and multimodal application of process automation
dissolves multidisciplinary boundaries. It identifies the further need for overarching
comprehension, analytical acumen, ethical discernment, and control, while ‘Al-
enhanced’ practice in basic and applied research, assessment, or synthesis additionally
involves specific knowledge in data science, discovery, design, representation, routing,
and specification. Such extensive and multifaceted skillsets establish new education,
training, and continuous professional-development needs across higher education,
research and development organisations, and professional bodies.

Standards, Regulation, and Ethical Frameworks: Many statutory instruments
exist at both national and international levels to regulate the use of Al and machine-
learning technologies, to protect personal data and other sensitive information, and
to govern the operation of robots or autonomous systems. However, none of these
legislative texts specifically address the use of AI within chemistry or the chemical
sciences, nor do they directly contemplate standards specific to chemical practice.
Nevertheless, existing standards offer a point of reference for the application of Al
within the chemical domain. Several professional codes of conduct, both domestically
and internationally, inform standards of conduct for practice in Al-enabled chemistry,
those of the American Chemical Society (ACS) and the Royal Society of Chemistry
(RSC) being two prime examples. These codes represent a collective effort to encourage
responsible Al-enhanced chemical research and practice.

Efforts to harmonise guidelines and standard practices both within and across
disciplines have become increasingly widespread. There remain many opportunities
to clarify, harmonise, and develop standards of practice and regulatory frameworks
for chemists and the chemical sciences engaged in Al-enabled practice. Such efforts
cannot be wholly prescriptive: they must accommodate the radical changes Al brings
to scientific methodology and the inherent uncertainties AI models introduce into the
research process. There is, however, a pressing need to reflect on the ethical implications
of these frameworks, both to ensure that the established responsible—ethical practice
guidance remains relevant to emerging concerns and to identify potential enhancements
that could foster further harmonisation. Various efforts are already underway in this
regard, exemplified by initiatives such as the OECD Working Party on AI Governance,
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the UNESCO Framework for the Ethics of Al, and the Global Framework for Al and
Chemistry.

Education, Training, and Competence in Al-Enhanced Chemistry: To take full
advantage of the opportunities generated by recent developments in Artificial
Intelligence (AI) in chemistry, it is essential to formulate educational concepts that
meet the requirements of teaching staff and learners at all levels and in all application
context. Yet, the challenges of integrating Al concepts into the existing curriculum of
a particular chemical discipline, as well as the questions of academic and practical
competence, remain pertinent. Therefore, the following three issues arise: Which
(additional) Al learning objectives can be derived from the activities of chemical
scientists, and how can the acquisition of these objectives be supported? What
benchmarks would be suitable to determine the degree of competence achieved by
professionals in Al-supported chemistry when industry and community standards as
well as the long-established system of degrees and qualifications seem less prominent?
How can continuous professional development regarding Al support and upgrading of
the knowledge required in chemistry be assured?

The definitions and planning of education, training, and competence in Al-based
chemistry should be undertaken in close cooperation with chemical institutions,
universities, and societies at an international level. A straightforward shared
framework requires the input of many different disciplines at diverse levels of detail.
The privileged scientific position of chemistry relative to other fields of science further
encourages the initiation of appropriate discussions in combination with a consistent
degree of knowledge of Al concepts.

Conclusion

Al technologies can boost the capacity of chemists in the chemical domain by
leveraging knowledge and data that reside in the form of scientific literature,
experimental records, or process knowledge. Therefore, chemical development governed
through these technologies certainly deserves attention. Meanwhile, it is equally vital
to ensure that these technologies are used wisely to enhance chemical practices while
preventing misuse through established codes of conduct. Development of these
technologies also arises from the perspective of sustainability in the processes they
facilitate. Therefore, outlining the ethical and philosophical dimensions underlying
artificial intelligence (AI) in the chemical domain remains critical. Such an overview
can lay the foundation to evaluate further how the capacity of chemists can be
strengthened through AI. Following a classical ethical framework, the various aspects
of Al-enabled process development—namely molecular design and discovery,
spectroscopy and imaging, and synthetic route selection—shall be addressed first.
The progression of the chemical field depends not only on the concept of sustainability,
but also on the necessity to direct its own destiny. Additional discourse on the autonomy
of chemistry and the position of chemists within an increasingly computerized society
might become relevant.
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