
�

� �

�

16 1 Introduction to AI in Chemistry: Landscape, Motivation, and Scientific Workflow

Figure 1.18 Self-driving laboratory. A closed-loop schematic linking robotics,
experimentation, analytics, modeling, and decision-making [2, 14, 15].

Figure 1.19 AI+HTE integration. A workflow showing parallel experimentation feeding
models that recommend subsequent experiments [9, 13, 14].

fail silently. Biases in literature reporting, proprietary datasets, or experimental
conventions can distort model behavior. Deep models may be difficult to inter-
pret mechanistically, creating tension between predictive utility and scientific
understanding.

For chemistry, the key principle is not blind trust but disciplined use. AI out-
puts should be treated as hypotheses—actionable but provisional—requiring valida-
tion, error analysis, and context-aware interpretation. Trustworthy AI in chemistry
depends on data quality, transparent workflows, and careful alignment between the
question asked and the evidence available (Figure 1.20).
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Figure 1.20 Challenges in chemical AI. An infographic highlighting bias, distribution shift,
interpretability, and data limitations [16–18].

Figure 1.21 Human–AI collaboration. A diagram showing complementary roles: human
judgment and AI-scale decision support [14–16].

1.4.4 Human–AI Collaboration: The Chemist’s Role in the Age of AI

AI changes chemistry most effectively when it augments, rather than replaces,
human expertise. Chemists provide objectives, constraints, mechanistic plausibility,
and safety oversight. AI provides scale: it searches large spaces, detects patterns,
and prioritizes decisions under uncertainty. The synergy is powerful because each
partner compensates for the other’s limitations.

This collaboration also changes training needs. Future chemists will benefit from
literacy in data, representations, and AI reasoning, while AI practitioners must learn
chemical context and experimental realities. The future belongs to interdisciplinary
teams—and to chemists who can operate fluently at the interface of molecules, data,
and machines (Figure 1.21).
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1.5 Trends, Frontiers, and Outlook: Toward Intelligent
Chemical Science

1.5.1 Current Trends: From Point Solutions to End-to-End Workflows

A clear trend in AI-driven chemistry is the transition from isolated predictive models
to integrated workflows that connect data generation, modeling, and experimenta-
tion. AI is increasingly embedded in the research process as a planning and decision
component, enabling adaptive experimentation, automated analysis, and rapid iter-
ation. At the same time, emphasis is shifting toward robustness—models that work
reliably under real laboratory variability.

1.5.2 Generative Models and Chemical Creativity

Generative AI has expanded the scope of what models can do: from evaluating can-
didates to proposing them. By learning distributions over chemical structures and
transformations, generative models can suggest molecules, materials, and routes
that satisfy predefined objectives. In practice, this is best viewed as “creativity at
scale”: expanding the candidate pool far beyond what humans would enumerate,
while relying on chemists to enforce feasibility and relevance.

1.5.3 AI for Sustainable and Green Chemistry

Sustainability is becoming a defining constraint in chemical innovation. AI supports
green chemistry by enabling multi-objective decision-making—balancing yield and
selectivity with solvent choice, energy input, waste reduction, and safety. When
paired with automated experimentation and standardized metrics, AI enables
systematic exploration of greener processes rather than incremental trial and error.

1.5.4 Precision Chemistry: From Molecules to Personalized
Interventions

The convergence of chemical design with biological and clinical data is enabling
more precise interventions—therapeutics, diagnostics, and delivery systems tailored
to specific contexts. AI provides the integrative layer that links chemical structure
to biological complexity, enabling faster iteration and improved targeting. The
challenge—and opportunity—lies in connecting chemical models to real-world
constraints: manufacturability, safety, and regulatory expectations.

1.5.5 Automation, Robotics, and Digital Laboratories

Digital laboratories—where experimental execution, tracking, and analytics
are integrated—will increasingly define how data are produced and reused. AI
becomes the coordinating intelligence, turning high-throughput capability into
high-throughput learning. The near-term frontier is not fully autonomous chem-
istry but robust semiautonomous systems that reliably accelerate discovery while
preserving human oversight.
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1.5.6 Open Science, Standards, and Global Platforms

AI benefits disproportionately from shared datasets, benchmarks, and standardized
reporting. Open science accelerates method development and comparability, while
standards improve reproducibility and data reuse. At the same time, chemistry
faces tensions between openness and proprietary value. Navigating these tensions
responsibly—through governance, quality control, and equitable access—will
shape the pace and direction of progress.

1.5.7 Ethical, Educational, and Societal Implications

As AI influences decisions with real-world impact—pharmaceutical development,
environmental remediation, and industrial manufacturing—ethical concerns
become unavoidable. Bias, transparency, accountability, and misuse risk must be
addressed through both technical methods and institutional practices. Education
must evolve accordingly: AI literacy will become part of core chemical training,
just as spectroscopy and kinetics are today. (A detailed treatment of ethics and best
practices is provided in Chapter 15.)

1.5.8 Outlook: Toward an Intelligent Chemical Science

AI is redefining chemistry as an information-to-decision science. The most impor-
tant shift is not that models can predict but that workflows can learn: experiments
generate standardized data, models improve, and the next experiments are chosen
more intelligently. This feedback loop transforms the pace, scale, and reproducibility
of chemical discovery.

Together, these developments define the central thesis of this book: AI in chem-
istry is not merely a collection of predictive tools, but an emerging scientific work-
flow in which data, models, automation, and human judgment are integrated to
support reliable chemical decision-making.

The remainder of this book moves from landscape to mechanics and practice.
Chapter 2 introduces the essential concepts of machine learning required for
chemists to engage critically with AI tools. Subsequent chapters develop data
science foundations, chemical representations, automation integration, and
domain-specific applications—culminating in practical exercises and best practices
for responsible deployment.

References

1 Turing, A.M. (1950). Computing machinery and intelligence. Mind 59: 433–460.
2 Wiener, N. (1948). Cybernetics: or Control and Communication in the Animal and

the Machine. Cambridge, MA: MIT Press.
3 Russell, S. and Norvig, P. (2021). Artificial Intelligence: A Modern Approach, 4the.

Pearson: Hoboken, NJ.



�

� �

�

20 1 Introduction to AI in Chemistry: Landscape, Motivation, and Scientific Workflow

4 Lindsay, R.K., Buchanan, B.G., Feigenbaum, E.A., and Lederberg, J. (1993). DEN-
DRAL: a case study of the first expert system for scientific hypothesis formation.
Artificial Intelligence 61: 209–261.

5 LeCun, Y., Bengio, Y., and Hinton, G. (2015). Deep learning. Nature 521:
436–444.

6 Vamathevan, J., Clark, D., Czodrowski, P. et al. (2019). Applications of machine
learning in drug discovery and development. Nature Reviews Drug Discovery 18:
463–477.

7 Butler, K.T., Davies, D.W., Cartwright, H. et al. (2018). Machine learning for
molecular and materials science. Nature 559: 547–555.

8 David, L., Thakkar, A., Mercado, R., and Engkvist, O. (2020). Molecular repre-
sentations in AI-driven drug discovery: a review and practical guide. Journal of
Cheminformatics 12: 56.

9 Shields, B.J., Stevens, J., Li, J. et al. (2021). Bayesian reaction optimization as a
tool for chemical synthesis. Nature 590: 89–96.

10 Wigh, D.S., Goodman, J.M., and Lapkin, A.A. (2022). A review of molecular rep-
resentation in the age of machine learning. WIREs Computational Molecular Sci-
ence Journal 12: e1603.

11 Schwaller, P., Vaucher, A.C., Laplaza, R. et al. (2022). Machine intelligence for
chemical reaction space. WIREs Computational Molecular Science Journal 12:
e1604.

12 Segler, M.H.S., Preuss, M., and Waller, M.P. (2018). Planning chemical syntheses
with deep neural networks and symbolic AI. Nature 555: 604–610.

13 Pomberger, A., Mo, Y., Nandiwale, K.Y. et al. (2022). The effect of chemical
representation on active machine learning towards closed-loop optimization.
Reaction Chemistry and Engineering 7: 1368–1379.

14 Tom, G., Schmid, S.P., Baird, S.G. et al. (2024). Self-driving laboratories for chem-
istry and materials science. Chemical Reviews 124: 9633–9732.

15 Lo, S., Baird, S.G., Schrier, J. et al. (2024). Review of low-cost self-driving labora-
tories in chemistry and materials science: the “Frugal Twin” concept. Digital Dis-
covery 3: 842–868.

16 Gallegos, M. et al. (2024). Explainable chemical artificial intelligence from
accurate machine learning of real-space chemical descriptors. Nature Com-
munications 15: 4345.

17 Crusius, D., Cipcigan, F., and Biggin, P.C. (2025). Are we fitting data or noise?
Analysing the predictive power of commonly used datasets in drug-, materials-,
and molecular-discovery. Faraday Discuss. 256: 304–321.

18 Jiang, J., Zhang, C., Ke, L. et al. (2025). A review of machine learning methods
for imbalanced data challenges in chemistry. Chemical Science 16: 7637–7658.

19 Westermayr, J. and Marquetand, P. (2025). Machine learning spectroscopy to
advance computation and analysis. Chemical Science 16: 21660–21676.

20 Flanagan, A.R., Dalal, D., and Glavin, F.G. (2025). Exploring generative artifi-
cial intelligence and data augmentation techniques for spectroscopy analysis.
Chemical Science 125: 6130–6155.


