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The digitisation of chemistry has had a profound effect on the field by boosting the efficiency of information
retrieval and data recording, and by automating repetitive laboratory operations. Increasingly complex
molecules — both known and de novo — can be rapidly accessed with unprecedented speed and
reproducibility. Despite progress as measured by these quantitative productivity metrics, a qualitative
transformation in the design and structure of experimentation has yet to materialise. Here, we explore
digitisation's role in a larger paradigm shift in experimental chemistry not just as a means of automated
execution of procedures but dynamically sensing, interpreting, and manipulating chemical processes in
real-time. This paradigm shift is characterised by transitioning from single-point measurements to
continuous observation; from homogeneous to spatially organised systems; and from fixed linear

experimental procedures to dynamic, branched “programs” that can unfold based on real-time feedback.
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Accepted 10th March 2025 This shift will enable new types of objectives in experimental chemistry, such as responsiveness,
adaptability and persistence, expanding beyond static quantities like product structure, yield and purity.

DOI: 10.1039/d5dd000299 We explore the innovations needed to enable these transitions; the open questions they raise; and how
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Introduction

Recent years have seen rapid progress in the development of
general-purpose chemical automation'™ and high bandwidth
analytical methods,” accompanied by accelerated computing
and a revolution in machine learning methods.® These advances
have equipped chemistry with powerful new tools to tackle
previously impenetrable problems. Self-driving labs using
a range of robotic technology have automated repetitive, error-
prone and hazardous manual procedures.” Investigations can
be run on a massive scale without the physical and cognitive
burden of setting up and monitoring myriad parallel reactions.
Computational prediction of structure and properties can be
scaled up to molecules of immense size and complexity. Liter-
ature descriptions of properties and reactivity can be parsed and
formalised into databases®® and mined as a starting point for
further discoveries.” The question arises whether the full
impact of digitisation lies purely in the downstream efficiency
gains of these advances or if extra leaps remain to fully unlock
its potential for conceptually reshaping experimental chemistry.

Early deployments of new technology frequently focus on
applications as a drop-in replacement for existing techniques.
Unanticipated impacts, often dwarfing the original use-case, are
only gradually realised through iterative cycles of creative
applications and improvements. It is not surprising that
keyboards and character displays dominated the early devel-
opment of personal computers, given their initial introduction
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digitisation can catalyse chemistry's evolution beyond its existing confines.

to businesses as a replacement for typewriters and fax
machines.*>*? Ultimately, the transition from static documents
to dynamic, manipulatable data emerged as the main effect of
this technology, transforming not just the act of writing docu-
ments but defining new relationships with information.

Likewise, sophisticated lab automation systems today rely on
robotic adaptations of current manual setups, even using
robotic chemists approximating human experimenters in order
to maximise interoperability with existing labware and ease
adaptation of literature procedures.*** Current applications of
Al in chemistry similarly follow this pattern, largely focusing on
interpolation of results or automation of decision-making
within traditional experimental frameworks.'*** One wonders
how further abstraction of the human experimenter will enable
new modes of experimentation that would be impossible to
conceptualise or execute through traditional human-centric
frameworks. In this opinion, we will reflect on the limitations
of prevalent classical experimental frameworks within which
digitisation is currently deployed, before exploring axes of
innovation — and open questions posed by them — for exper-
imentalists to best capture the benefits conferred by robotics,
automation and AI. We examine three distinct facets of this
transformation: the transition from discrete to continuous
observation of chemical processes; the algorithmic specialisa-
tion of general procedures; and the reimagining of experi-
mental design from tabular to graph-based representations.
Each of these transitions represents an opportunity where
digitisation could fundamentally reshape how we conceptualise
and execute chemical experimentation, rather than merely
accelerating existing practices.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Escaping single point chemistry

In the classical conceptual framework, chemical trans-
formations are idealised as a single point. Prevalent experi-
mental paradigms seek to reduce both their spatial extents (via
stirring to enforce homogeneity), temporal dimension (favour-
ing a picture where reactants are converted to products in
a steady state), and variability in composition (purification
applied after each step to enforce a single composition), Fig. 1A.
The addition of automation and parallel execution does not
alter this picture fundamentally, instead replicating it over time
(automated sequences) and space (parallel execution). The de
facto realisation of the single-point paradigm has been the
homogeneous system. Homogeneous systems are describable
using a handful of state variables, and any general system can
be broken down into a set of roughly homogeneous ones.

In contrast, considering the full extents of a chemical system
not only in time and space, but also simultaneously composi-
tion, gives a richer picture, whereby transformations can be
conceived of as trajectories connecting regions of this space. In
this framework, we are not limited to the study of phenomena
with single fixed beginning and end points; convergent and
bifurcating paths-are both possible, Fig. 1B. Within these rich,
transient systems, short-lived molecules can form, their
respective chains of causation can be tracked and patterns of
behaviour discerned and linked to their causal chains without
being silenced by a dominant overall phenomenon. Much can
be learned from systems biology's progress towards continuous
monitoring of metabolites within biochemical networks, made
interpretable via computational modelling,'*"” exemplified by
techniques like "*C metabolic flux analysis.®

This transition from considering transformations as single
points to regions inherently requires tackling more information
— from single state variables to distributions. Data collection
throughout time and space is key to interrogating these
systems, with emergent commercial and academic systems
tailored to this, leveraging both real-time imaging and spatially
resolved spectroscopy.'>*® There is increasing access to physical
tools for instantiating inhomogeneous systems in a reproduc-
ible way — from pipetting robots to microfluidics and droplet-
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on-demand dispensing systems — along with analytical
methods that can interrogate them in real-time with excellent
spatial resolution (e.g. chemical imaging). Open challenges
include interpreting data obtained from these systems, and
adapting mainstream protocols to these media.

Algorithmic specialisation of general
procedures

The corpus of chemistry is built on the assumption that reus-
able experimental building blocks can be deployed in a multi-
purpose fashion. This concept is multi-faceted: from the
composable design of laboratory glassware facilitated by stan-
dard joints; to reusable reactions, such as the Suzuki coupling;
and reusable auxiliary protocols, such as phase separation and
column chromatography. The utility of these blocks is contin-
gent on a robust range of validity, i.e. reproducibility across
a range of compositions and conditions, at odds with hyper-
specific “smarter” systems with higher selectivity such as
molecular recognition and enhanced regioselectivity. A
symptom of this disparity is the proliferation of protecting
groups, evidence that there is a large gap between the specificity
of readily available methods and what is needed to achieve
precise transformations.

There is a chasm between the universe of general procedures
and specialised protocols, with no mechanisms for smooth
transition between the two modalities, i.e. no systematic way to
specialise a general-purpose procedure on-demand. An example
could be evolving a general metal-catalysed reaction to one
conserving a specific stereocentre. Current procedures lack built-
in chemical ‘programmability’ for on-demand adaptation,
making specialisation a resource-intensive process of trial and
error that often outweighs the benefits for bespoke trans-
formations. Efforts to bridge this chasm are fertile ground for
expansion of digital chemistry; specifically providing an algo-
rithmic specialisation of general procedure to specific instances.
A rudimentary solution to this challenge is the development of
various implementations of closed-loop optimisers: with the
advantage of being rooted in real, reproducible experimentation,
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Fig. 1 Comparison of chemical transformations envisioned as point junctures between reactants and products, versus as trajectories within
regions with space, time and composition extents. (A) In the classical picture reactants are fed into the reaction and following a time delay and/or
purification steps emerge as products. In this picture, automated execution, whether sequential or parallel, is simply a means of multiplexing the
same notion over a space or time grid. (B) A more realistic picture embracing the inhomogeneous, evolving reality of chemical systems.
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they are nevertheless time-consuming and potentially wasteful. A
second iteration of this is Al-powered prediction of optimal
conditions and reagents to achieve a targeted transformation:
a promising approach but hamstrung by its data-intensive nature
and reliance on wealth of comparable examples.”* Subsequent
iterations will require ever-closer collaboration between chem-
ists, process specialists and computer scientists.

Transitioning from tabular to graph-
based experimental representation

Classical machine learning models rely on tabular data for
training. Tabular structures can bias exploration in the labo-
ratory by evoking experiments with fixed “slots” for inputs and
outcomes, Fig. 2A. Automation also thrives on tabulated pro-
grammes — whether executed sequentially or in large parallel
batches — as this simplifies both programming and antici-
pating anomalies by the roboticist. The full repercussions of an
infinitely variable operation sequences do not need to be
accounted for a priori. One can hypothesise that the conve-
nience of tabular structures comes with a rigid structure that
precludes dynamic exploration or on-the fly optimisation
because the invariable next step is pre-ordained. The tabular
structure's “stateful” counterpart — to borrow a computer
science term referring to the embedding of each action within
a sequence of precedents — is the graph, in which operations
can be specified with reference to previous starting state and
can be the basis for sub-experiments or “children”, Fig. 2B.
An upcoming challenge for the deployment of machine
intelligence in chemistry will be to embrace and reason about
experimentation within this graph-based formalism. These
graph-based experimental structures are intractable in the
absence of computer-aided reasoning. They offer an exciting
new frontier for digital chemistry, where experiments can retain

memory, be observed at intermediate time-points, and
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accumulate effects over multiple steps. Parallels may be drawn
to persistent experimental paradigms in biology, e.g. the long-
term evolution experiment on E. coli,”> where branching exper-
imental structures enable observation of emergent evolutionary
phenomena. One possible chemical equivalent could involve
populations of surface-bound oligomers competing for surface
sites while undergoing constant modification via successive
localised addition of monomers and coupling/cleaving agents
— any “evicted” molecules are removed by these washes, hence
excluded from persisting. Microfluidics, inhomogeneous
systems in general, and digital microfluidics all allow multiple
instantiations in parallel and may be suitable physical
substrates for implementing this paradigm.

A thought experiment to illustrate one possible evolution of
the laboratory in response to the above: imagine a Petri dish
containing small chemical “nuggets” — solid particles, liquid
droplets, gas bubbles — dispensed robotically into a fluid
medium. Chemicals are allowed to diffuse and mix naturally,
but localised mechanical agitation and heating are also applied
as needed. The system is constantly monitored using a range of
imaging techniques as well as mass spectrometry via open-port
sampling. A computational model of chemical interactions —
formulated by the chemist and seeded with a corpus of known
reactivity — is continuously queried to spot anomalies in the
observed data (potential discoveries), and experiments with
uncertain outcomes (to augment the model and learn new
chemistry) that feed into the formulation of follow-up inter-
ventions to perform on the system. Additional intervention
types include dispensing of new reagents and localised mass
transfer from one part of the system to the other. One goal can
be to keep the experiment running for as long as possible whilst
maintaining a stable ratio of knowns and unknowns. Only when
the world model is overwhelmed by unknowns, ideally after
many exploratory steps, would the reactor be flushed, thereby
erasing its memory to start a fresh experiment.

— Process
<@ Observation/measurement
O Experiment state

[0 Reset/end of experiment

(A) Static tabular representation of homogeneous chemical systems as a simplifying assumption within the classical experimental frontier.

(B) At the new experimental frontier, experiments are not static entities, but observed in detail throughout the experiment. Algorithms based on
questions and hypotheses about system state, which may be bifurcated to test competing hypotheses or answer multiple questions in parallel
and joined to study co-existence or competition among states related by a common history. The end or reset state is only invoked having

answered all relevant questions, or a state with intractable unknowns.
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Conclusion

Chemistry's fundamental quest is to understand and control
any desired molecular process, at any scale, anywhere in the
universe. Far from an intellectual exercise, this universal remit
is essential in a world where the field is tasked not just with
furnishing raw molecular building blocks, but opening new
avenues in precision therapeutics, smart materials, and new
substrates for computation. The challenge areas included here
aim to highlight the richness of matter's properties and
behaviour outside chemistry's predominant area of focus and
beyond established boundaries to adjacent fields, both inci-
dentally arenas where deployment of digitisation will have the
largest impact.
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