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Abstract

The chemical understanding of ‘nature’ is a naturalistic one where ‘nature’—understood
as the chemical dynamics that guide material change—coincides with chemical reality and
possibility. A naturalistic chemist considers all chemical substances equally ‘natural’, and
more importantly also all possible substances. I characterize the first point as the ‘monistic’
and the second as the ‘potentialistic’ understanding of ‘nature’ in chemistry. I argue that
this notion of ‘nature’ is ecologically vacuous and lies at the heart of the ecological havoc
that modern chemistry is causing. Not only because of these ecological concerns but also
because of the increasing digitization of chemistry is the chemical self-image as a ‘synthe-
sis science’ at a crossroads. In the digital age, I claim, chemistry is increasingly becoming
a ‘simulation science’. I evaluate these developments from an ecological perspective. In a
recourse of ecological visions of chemistry, I outline possibilities of synergies between an
ecological and a digital transformation of chemistry.
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Introduction. Chemists struggling with ‘nature’

Ironically, the concept of ‘nature’ has a difficult standing in the natural sciences. Already at
the times of their origin in the early modern period, the term ‘nature’ was contentious and
has been criticized by important figures such as Robert Boyle and Johann Christoph Sturm
for being too prejudiced and equivocal (Spaemann 2012). Boyle pleaded for replacing the
term ‘nature’ with less ambiguous words or, if unavoidable, at least specifying which par-
ticular sense of ‘nature’ is meant (Boyle 1996). Indeed, this critique seems to have borne
fruit. Three-and-a-half centuries later the natural sciences are doing surprisingly well in
describing natural phenomena without referring much to terms such as ‘nature’ or ‘natural’
in their theoretical frameworks. Wherever necessary, more technical terms such as ‘earth
system’ or ‘sustainability’ have taken their place.
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While the sciences have effectively phased out the term ‘nature’ from their methodo-
logical and theoretical discussions, the general public seems to be hooked on the concept
more than ever. This is mirrored in advertisement language, where ‘nature’ and ‘natural’
are, for decades, among the most common words in advertisement slogans (Slogometer
2024). In Europe, a third of all newly launched food and drinks products advertise with a
‘natural claim’ (Schofield 2019). Political demands, aesthetic imaginaries, and religious
undertones mix effortlessly in a concept that time and time again unsettles, confuses, and
enrages (some of) the chemistry community which finds itself on the ‘other side’ of nature,
being associated with the ‘artificial’, the ‘unnatural’, the ‘impure’.

Chemists (or those who claim to speak for chemistry) are usually quite clumsy, or even
polemic when complaining about the colloquial use of ‘nature’. The common language dis-
tinction between ‘natural’ and ‘chemical’ substances is countered with the platitude that
“all substances are chemical” (Markl 1992; Kennedy 2021). Products claiming to be “free
of chemicals” are ridiculed, and confronted with the equally cheap slogan “everything is
chemistry” (Goldberg and Chemjobber 2014; Goldberg et al. 2016). The preference for
natural products is branded as ‘chemophobia’, an exaggerated fear of chemistry, based on a
lack of scientific knowledge, and only to be solved by better educating the masses (Gribble
2013; Kennedy 2018). In fact, many of these arguments are brought forward with exactly
the kind of linguistic and philosophical imprecision that, in the same breath, the general
public is accused of displaying.! Empirical studies show that chemists overestimate how
negative the public image of chemistry actually is (Rip 2006; Royal Society of Chemis-
try 2015; Hampel 2017). This phenomenon has itself been termed ‘chemophobia-phobia’
— the exaggerated fear of chemists that the public might be afraid of chemistry (Rozendaal
1981, Lorch 2015, cf. Schnurr 2025a). In many ways, the misrepresentation and disregard
that the chemistry community holds against the public expression of concern regarding the
risks of chemistry is at the root of public mistrust (cf. Wynne 2001).2

Successful mediation of the debate about ‘chemistry and nature’ requires transdiscipli-
nary communication and disciplinary reflection. While I have outlined some approaches to
the former in a previous article (Schnurr 2022), I want to engage here in the latter by clari-
fying what ‘nature’ actually means for a chemist. So far, this question has been addressed
only in a few publications, most directly in Joachim Schummer’s article The Notion of
Nature in Chemistry (2003), and Roland A. Fischer’s chapter Natiirlich, naturidentisch,
kiinstlich (1996). The collected volumes Chemie und Geisteswissenschaften (1992), Natiir-
lich, technisch, chemisch (1996), and the works of Bernadette Bensaude-Vincent (2005,
2008a) provide a larger interdisciplinary framework around the topic ‘chemistry and
nature’. In this article, I build on this groundwork by critically examining the predomi-
nantly ‘naturalistic’ notion of ‘nature’ in chemistry from an ecological perspective. I will
argue that the self-image of chemistry as a synthesis science is ecologically vacuous and
therefore at the core of chemistry’s unsound relationship to the ecological world. The cur-
rent trend towards the digitization of chemistry is, in that regard, a chance to ‘update’ that
self-image. Incorporating ecological thought into digital chemistry projects and involving

! A typical logical fallacy in the ‘chemophobia’-literature is the inference that, because everything in nature
has a chemical dimension to it, chemistry in its entirety can be considered ‘natural’. Typical straw man
arguments imply that the public is unaware of the hazards that natural substances pose, or that the disap-
proval of synthetic substances is primarily a form of fear (instead of a form of political criticism).

2 1 attempt a more constructive criticism of the everyday language dichotomy between ‘chemistry’ and
‘nature’ (e.g. as employed in advertisement) in a forthcoming article (Schnurr 2025b).
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digital methods in sustainable chemistry projects are important pillars of making chemistry
less unsustainable in the twenty-first century.

The article progresses in six steps. First, I describe the naturalistic understanding of
‘nature’ in chemistry, including its conceptual origins. Second, I characterize it as ‘monis-
tic’ and ‘potentialistic’. In the third step, I engage deeper with the potentialistic aspect in
the context of the ‘chemical space’ concept. Fourth, I outline the self-image of chemistry
as a synthesis science and show how the digitization of chemistry interacts with that self-
image. In the fifth step, I assess these considerations from an ecological point of view,
before, in the sixth step, I provide an outlook of how the digitization of chemistry can work
hand-in-hand with ecological concerns.

‘Nature’in chemistry

There is no ‘official’ definition of ‘nature’ in chemistry (e.g. by an authority like the Inter-
national Union of Pure and Applied Chemistry (IUPAC)) for reasons stated above and
below. However, there are a few publications (named above) that explicitly deal with the
subject. They are the result of designated reflection on the topic (e.g. based on conferences
on ‘chemistry and nature’), are peer-reviewed, and, in my experience, represent the opinion
of a large number of chemists. The view expressed in them is that all chemical substances,
whether of biological or synthetic origin, are equally ‘natural’. I call this the ‘naturalistic’
understanding of ‘nature’ in chemistry. (I adopt the term ‘naturalistic’ from philosophers
Peter Janich (1996) and Gregor Schiemann (2005), referencing the philosophical branch
of naturalism which rejects the existence of non-natural entities and argues that reality is
exhausted in ‘nature’). As we will see, this is not the only concept of ‘nature’ in chemis-
try (however, the dominating one), but it is the one strongest at rift with ecological con-
cerns. Therefore, I will analyze the naturalistic understanding of ‘nature’ in chemistry in
detail here, point out the problems attached to it, and argue for strengthening an ecological
perspective.

Conceptual origins

The naturalistic understanding of ‘nature’ in the natural sciences arose with the scientific
revolution in the sixteenth and seventeenth centuries. While the word ‘revolution’ has
gained some criticism from historians of science, who point out the many continuities with
previous (medieval) knowledge systems (Principe 2011), the scientific revolution indeed
led to important changes in the concept of ‘nature’, which I want to briefly outline here.
Breaking with the scholastic tradition of the Middle Ages (which combined antique
Greek philosophy and theological thought), a new method of knowledge discovery formed
around seminal works in astronomy, and physics, e.g. Copernicus’ De revolutionibus
(1543), Bacon’s Novum organon (1620), Galileo’s Discorsi (1638), Boyle’s New Experi-
ments (1660) and Newton’s Principa (1687), to name just a few. The concepts of empiri-
cal observation, experiment, mathematization, and natural laws became the methodologi-
cal centers of the modern sciences (Peuker 2016). With this came a turn away from the
Aristotelian philosophy of nature. This is probably best exemplified in the discussion of
locomotion: The Aristotelian idea of ‘natural motions’ — i.e. heavy things (stones, water)
moving downward towards the earth, light things (fire, air) moving upward away from
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the earth — held a distinction between ‘natural’ and ‘forced’/‘violent’/ ‘unnatural’ motion
(Aristotle 1922, Bodnar 2023). This distinction was overcome with Galilean and later
Newtonian mechanics, where the trajectories of spatially moving objects were formulated
within mathematically expressed laws of nature (Principe 2011). A stone thrown upwards
was now seen as following its ‘natural’ (lawful) course of movement. This lawfulness was
emphasized by the fact that such an experiment could be reliably reproduced. The distinc-
tion between ‘natural’ and ‘unnatural’ locomotion was overcome by conceptualizing the
“forced’, artificially-induced motion as an experimental-technical action outlining the law-
like condition of nature (Hoyningen-Huene 1989; Janich 1996). If extended to material
change in general this perspective holds that both natural changes and the human capacities
to change nature are constrained by the same general dynamics phrased as laws of matter
(Schummer 2003). With this, the ‘natural’ and the ‘technical’ not only ceased to stand in
antithesis, but they entered a dialectic relationship: The technical experiment became the
focal point of generating knowledge about ‘nature’; at the same time, the technical realm
submitted to the boundaries of natural laws and acknowledged them as its premise (Cas-
sirer 1985).

The naturalistic understanding of ‘nature’ in chemistry

These developments (I showed mere snippets of them) are the conceptual origins of chem-
ists today rejecting the everyday language distinction between ‘natural’ and ‘artificial’ sub-
stances. Let us look at how this is expressed by contemporary chemists, taking the example
of chemistry professor Roland A. Fischer (1996, my translation, also in following quotes)
who reflected on the ‘natural’ and the ‘artificial’: “These words are no termini technici
in chemistry, like ‘element’ or ‘compound’. The current theoretical framework of chem-
istry does not distinguish between ‘natural’ and ‘artificial’ chemistry.” Fischer goes on to
beautifully describe his own experience as an inorganic and metalorganic chemist where
not so much the success but rather the failure of experiments regularly reminds him of the
‘natural’ premises and limitations of his work. “Oscillating between success and failure,
between chemical events that are perceived as possible and as impossible, an aspect of the
reality of nature reveals itself to me” (Fischer 1996). It is the law-like and often unexpected
‘invisible hand’ of what is ‘naturally (im)possible’ that leaves him with the impression that
amid all these deliberate, artificial interventions into matter, that are the daily bread of the
chemist, there is “a certain ‘naturalness’” (Fischer 1996) at play. What he experiences is
the methodological irony of the natural sciences: ‘nature’ unveils itself in the technical
apparatus; the laboratory is the birthplace of knowledge of ‘nature’.

While Fischer gives good insight into the perspective of a practicing chemist, phi-
losopher of chemistry Joachim Schummer has provided the theoretical account. In The
Notion of Nature in Chemistry (2003) Schummer argues for a “dynamic” understanding of
‘nature’. “[N]ature is the total of subtle forces, virtues, or tendencies of matter”, and more
specifically “nature in chemistry is [...] the chemical dynamics among all possible sub-
stances, their specific reactivities and changeabilities” (Schummer 2003). Schummer leaves
it open “how chemical dynamics is to be interpreted theoretically” (Schummer 2003), for
example avoids the question of whether chemical dynamics are ‘law-like’ or not (prob-
ably because the concept of natural laws is still controversially debated in the philosophy
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of chemistry)® and only briefly refers to the Greek origin ‘Sovapg’ (dynamis) meaning
“potentiality, force, or tendency” (Schummer 2003). But even without a theoretical inter-
pretation of ‘chemical dynamics’ it becomes clear that Schummer’s notion of ‘nature’ is
‘naturalistic’ in the sense outlined above: he proposes to “use the term ‘nature’ for the
object chemists have actually studied whenever they were pursuing chemical knowledge”
(Schummer 2003). ‘Nature’ in that sense becomes synonymous with “chemical reality and
possibility” (Schummer 2003).

This has two important consequences that I will address under the headwords of ‘mon-
ism’ and ‘potentialism’.

Monism.‘Nature’ without an opposite

The naturalistic understanding of ‘nature’ is monistic insofar as there is no meaning-
ful opposite of ‘naturalness’. If, to the naturalistic chemist, ‘nature’ is synonymous with
“chemical reality and possibility” then “‘unnatural’ simply means chemically impossible”
(Schummer 2003). This is also what Fischer described from the viewpoint of the practic-
ing chemist. “A chemist cannot make chemical impossibilities possible” (Fischer 1996).
‘Nature’ sets boundaries to what is chemically achievable, but, by the same token, eve-
rything that is chemically achievable is ‘natural’. This is fundamentally different from
the everyday language understanding of ‘nature’ which is typically a dyadic one. There,
‘nature’ is used as a complementary term opposed to realms of human practice (e.g. nature
and technology, nature and art, nature and human spirit) (Spaemann 2012; Martin 2022).
In the case of chemical substances, such dyadic understandings draw a distinction between
‘natural’ and ‘artificial’ substances along the lines of human material history, technological
creativity, or ecological compatibleness (more of that later). From a naturalistic perspec-
tive, on the contrary, only ‘impossible’ substances (e.g. a double-bounded hydrogen atom)
would be ‘unnatural’. This understanding is prominently featured in the epigraph that Fis-
cher chose for his chapter: “Only miracles are really ‘artificial’, since they are impossible”
(Stanislaw Lem, cited in Fischer 1996). With such limitations — perhaps the wine that Jesus
made out of water in the Gospel of John is truly ‘unnatural’? — any practically meaningful
opposite of chemical ‘naturalness’ vanishes. As Janich (1996, my translation) sums up the
monistic aspect of the naturalistic understanding of ‘nature’: “Everything is natural”.

Potentialism.‘Possible nature’

The second noteworthy aspect of the naturalistic understanding of ‘nature’ is that it is
potentialistic. It also considers possible events and outcomes ‘natural’. More precisely,
it considers all possible events and outcomes ‘natural’. We have seen this in Fischer
(1996) for whom the authority of ‘nature’ lies in what is possible and what is not, mak-
ing — conversely — every possible chemical event and outcome ‘natural’. Similarly, Schum-
mer (2003) adds that ‘nature’ is not just “chemical reality” but also chemical “possibility”.

3 Less elaborated accounts of the naturalistic approach are quicker to phrase it like this: “All reactions dur-
ing artificial synthesis take place following the laws of chemical combination which are laws of nature. No
law of nature is being violated during artificial organic synthesis” (Nidiry 2021).
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Such potentialistic understanding of ‘nature’ is not just a chemical issue but a general one
of the natural sciences, as Peuker (2016, my translation, also in following quotes) points
out: “The modern, mathematically formulated concept of the law of nature confirms what
was already inherent in the concept of experiment: the object of the natural sciences is not
only the actually existing nature, but also the possible nature.” This has been generally dis-
cussed by philosophers and sociologists of science (Bohme et al. 1978; van Daele 1987).
For chemistry, however, the concept of ‘possible nature’ takes on a very specific form. To
understand this, I will briefly introduce the concept of ‘chemical space’.

Chemical space

‘Chemical space’ is a concept that gained popularity around the turn of the millennium.
The term ‘space’ has to be understood in an abstract sense (e.g. similar to a Euclidian
space), as a set of objects — in this case, chemical species — with a notion of ‘nearness’
(or distance) among them. This nearness can be based on structural similarity, synthetic
reachability, or other descriptors of chemical species. In that sense, substances of a specific
substance group (e.g. prenylated flavonoids or para-substituted benzenes) are (always only
under a specific perspective) close to each other in chemical space (Restrepo 2022).

The chemical space as a whole is understood as the entire set of chemical species. A few
cases should be differentiated here. The potential chemical space comprises all possible
chemical species. In the most basic sense, this would mean just any random ensemble of
atoms held together by chemical bonds. Schummer (1996, my translation, also in follow-
ing quotes) has called this ‘a priori possible substances’. Mathematical chemist Guillermo
Restrepo (2022) has provided a respective calculation, based on the estimated number of
atoms in the universe. A much smaller number would be that of all ‘theoretically possible
substances’, as Schummer (1996) calls those substances whose experimental realization
seems feasible based on chemical theory. A modest subgroup of that would be the “Wei-
ninger number’ 10°°° which chemoinformatician Davin Weininger hypothesized to be the
number of possible substances consisting of C, N, O, P, S, and halogens, with a molecular
weight less than 1000 dalton (Restrepo 2022).

The upper bounds of the potential chemical space are so high that all the matter in the
universe would not suffice to create one molecule of each chemical species at the same
time (one would need to synthesize them one after the other). And even if that would suc-
ceed, the respective information generated would transgress the upper limit of how much
information is storable in the physical universe (10'3 bits; Bekenstein bond) (Restrepo
2022). The potential chemical space is so large that any attempt to actually materially pro-
duce a subset of it is necessarily limited to miniature fractions. This means that the actual
chemical space at a given time is always just a shadow of the theoretically possible chemi-
cal space.

This is even more remarkable considering that the actual chemical space — all chemical
species that have been described at a certain point in time — has expanded rapidly over the
last two hundred years. Starting with the advent of organic synthesis at the beginning of the
nineteenth century, chemists increased the portfolio of known substances at an exponential
rate, doubling its size roughly every 16 years (Restrepo 2022). While organic chemistry
was initially concerned with substances derived from plants and animals, already by the
year 1830 substances of synthetic origin outnumbered those of biological origin (Ramberg
2022). In 1869, the year that Mendeleev published his first draft of the periodic system, the
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total number of known chemical substances was 11,000 (Restrepo 2020). Growing through
different periods — Llanos et al. (2019) differ between a proto-organic (1800—-1860), organic
(1860-1980), and organometallic (1980—present) regime — the corpus of known chemical
substances has reached an enormous size. In the year 2024, the actual chemical space — all
chemical species described since 1800 — comprised roughly 20 million chemical species,
more than 90% of them synthesized (and not of biological origin) (Restrepo 2022).

Note that 20 million is a rather conservative estimation based on Restrepo (2022). Digi-
tal databases like Reaxys (Elsevier) or the CAS Registry (American Chemical Society)
give even higher numbers of “179 million organic, inorganic and organometallic sub-
stances” (Reaxys 2024) or “219 million organic substances, alloys, coordination com-
pounds, minerals, mixtures, polymers, and salts disclosed in publications since the early
1800s” (Chemical Abstract Service 2024). However, these databases also include so-called
‘prophetic substances’. These are chemical compounds listed in the embodiments of pat-
ents that have not actually been synthesized but whose synthesizability is held out in pros-
pect by the procedure laid out in the patent. This is not some rare exception but rather a
common example of how fluid the borders between the potential and the actual chemical
space are.

Similar to ‘prophetic substances’, chemical vendors have started in recent years to offer
large digital catalogs of ‘make-on-demand’ substances. These are substances that have
never actually been produced and are not available ‘in-stock’ but are very likely synthe-
sizable from in-stock substances (Irwin et al. 2020). The development of digital make-
on-demand libraries has expanded the amount of commercially available molecules since
2016 from 3.5 million to over 29 billion compounds (Lyu et al. 2023). In just a few years,
the “purchasable chemical space” has become predominantly populated with ‘possible’
chemical species. Today, more than 99.9% of the world’s catalog molecules have never
actually existed so far but are merely digital representations (Irwin et al. 2020).

The (ontological) status of these compounds is an interesting question for the philoso-
phy of chemistry. Sometimes called “tangible molecules” (Tingle et al. 2023), these com-
pounds are not just theoretically possible but readily accessible in practice. Their synthesis
success rate is > 85% “which is about the same success rate as for supposedly in-stock com-
pounds”, and it typically takes only 6 weeks to actually produce them (Irwin et al. 2020).
I suggest understanding the “tangible chemical space” as a subgroup of the ‘theoretically
possible chemical space’, with additional practical criteria: the experimental realization
of its constituents is not only feasible based on chemical theory (Schummer’s criterium
for ‘theoretically possible’) but also held out in prospect by the current constitution of the
practical domain of substance production (e.g. technical capabilities of vendors, size of in-
stock libraries for educts, the corpus of reliable synthesis methods, ...).4

The self-image of chemistry

Several points have become clear. The digitization of chemistry is rapidly unfolding. The
enormous size of the potential chemical space dwarfs the actual chemical space. The digi-
tization of chemistry is not a mere ‘side project’ but is becoming a central platform for
deciding on which substances are being produced in practice. Potential and actual chemical

4 I specify it as “current” because what is “tangible” varies over time.
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space are tightly interwoven, they mutually inform each other, and the boundaries fre-
quently get malleable, e.g. in the case of ‘prophetic’ or ‘tangible’ substances. In the explo-
ration of chemical space, substances of biological origin (“natural substances” in everyday
language) play a marginal role. They make up less than 10% of the actual chemical space
and a minimal fraction of the potential chemical space.

In a way, the concept of (potential) chemical space is the epitome of the naturalistic
understanding of ‘nature’. To the naturalistic chemist, not just all substances of the actual
chemical space are equally ‘natural’ (what I called ‘monism’), but also all substances of
the potential chemical space (what I called ‘potentialism’). More importantly, the concept
of chemical space (maybe for the first time in modern chemistry) gives chemists the possi-
bility to envisage ‘nature’ as a whole. A grand, holistic view on ‘nature’ has typically been
associated with physics. One may think of the famous quote attributed to Rutherford that
“all science is either physics or stamp collection”.> Chemistry with its numerous excep-
tions and individual cases, its pragmatic, often rule-based (and not law-based) approach to
the material world (Ruthenberg 1994), seems to rather describe individual phenomena of
‘nature’ than its entirety. Traditionally, a universalistic approach to (naturalistic) ‘nature’
has been associated with physics. Since its origins, physicists have tried to find unifying
theories for phenomena of astronomical magnitude and microscopic minuteness. Nowa-
days, the dream of describing ‘nature’ as a whole is aspired in physics in the search for a
“world formula” (or “theory of everything”) — a complete quantum theory including gen-
eral relativity, which would offer a single theoretical framework for all physical phenom-
ena, from the Big Bang to subatomic particles. The chemical space concept now offers
similar visions of grandness to chemistry. However, a major difference is that the approach
of physics is “bathogenous” (from Greek bathus, ‘deep’), as Liegener and Del Re called it.
“[T]he ultimate goal is to proceed to ‘deeper’ and ‘deeper’ levels of reality, so as to show
that all phenomena are the result of the interaction of a few elementary particles, indeed
are manifestations of a single unified field” (Liegener and Del Re 1987). Chemistry, on the
other hand, has a “horizontal” approach, which “consists in the ordering of facts into cat-
egories, omission of irrelevant concepts and introduction of operative ones” (Liegener and
Del Re 1987). The chemical space concept now offers a chance for chemistry to be “on par
with physics” (Schummer 2003) by assessing ‘nature’ in its totality (and not just snippets
of it) while at the same time staying true to its “horizontal” approach, “floating at a certain
level” (Liegener and Del Re 1987) of engagement with the material world (namely the
molecular level). However, there are principal limitations (discussed above) to how com-
prehensively chemistry can fulfill its aim of exploring the entire potential chemical space.
Rather than ‘realizing’ (synthesizing) the entire potential chemical space, “[t]he charm
of chemistry lies in finding a minimal set of features characterizing the extension of the
space and its diversity” (Restrepo 2022). Ironically, at the exact moment that chemistry has
“finally’ found a framework for engaging with ‘nature’ as a whole, the vastness of chemi-
cal space also ‘puts it in its place’, leaving only the humbler option of searching for a much
smaller ‘representative’ subset, that Restrepo (2022) calls “interesting chemical space”.

Physics’ grand endeavor to apprehend ‘nature’ as a whole has had the welcome
side effect that many physicists developed an interest in philosophy. Will the debates
about chemical space do the same to chemistry? Necessarily, chemical space projects

5> Mentioned in Restrepo (2022). The quote goes back to physicist John Desmond Bernal mentioning in The
Social Function of Science (1939) that “Rutherford used to divide science into physics and stamp collect-

ERT)

ing”.
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incite metachemical questions about the overarching aims of chemistry. Restrepo
(2022) begins his article about the vastness of chemical space with such a reflection:
“Chemistry is about producing new substances and innovative methods to procure
them. It is about documenting such a material enterprise for the sake of reproduc-
ibility and, above all, of expanding chemical knowledge.” In the first sentence, one
can already see how strongly the concept of chemical space touches upon the self-
image of chemistry as a synthesis science. At least since Marcellin Berthelot’s famous
maxim “chemistry creates its own object”, knowledge creation in chemistry has been
understood as intricately interwoven with synthesizing (new) substances (Ruthenberg
2024). To the chemist, analyzing something includes synthesizing it. “Chemists are
laboratory workers, they are learning about matter through making materials”, is how
Bernadette Bensaude-Vincent quotes Gaston Bachelard’s account of this self-identity.
“Knowing through making, making things and making them pure, as artefacts, is the
chemist’s approach to nature” (Bensaude-Vincent 2008b). By producing new sub-
stances, chemists are changing the material world. Chemistry continuously expands
its own subject area. Ruthenberg (2024) has discussed this in reference to Michael
Heidelberger’s expression “Erweiterung der Wirklichkeit im Experiment” (experi-
mental expansion of reality). Schummer (1997) similarly uses the expression “Stof-
fliche Weltverdnderung der Chemie” (substance-ial world change of chemistry). In
their epistemological pursuit, chemists go to enormous lengths. Schummer (2004) has
pointed out that “the great majority of synthetic research is performed to improve the
synthetic abilities of chemistry itself”, meaning most substances are synthesized in
order to have better means for synthesizing other substances. “[P]roducing new sub-
stances is actually an end in itself for the whole field” (Schummer 2004).

How does the concept of chemical space relate to the self-image of chemistry as a
synthesis science? In one way it reinforces this self-image by providing the ultimate
prospect of all possible substances that can be synthesized. In another, it dampens it
by putting up principal limitations to the synthetic regime. Synthesizing the whole
potential chemical space seems like a hopeless endeavor. Probably the most important
point is that the ties between actually synthesizing and digitally modeling chemical
substances are growing closer. To use drug discovery as an example: The question of
which substances are suitable drug candidates is answered based on computational
screenings of make-on-demand libraries using molecular docking simulations (Lyu
et al. 2023). Decisions about actual syntheses are made based on digital models.
These simulations are, in turn, not exclusively digital endeavors but informed (and
validated) by actual syntheses and property (e.g. bioactivity) tests. “[C]hemical space
[is] not an abstract mathematical structure, but a space constructed from concrete
chemical experiences” (Schummer 1996). If, in the end, a molecule turns out to be a
promising drug candidate, this information will again feed the information landscape
of the chemical space. Substantial changes in the shape of the chemical space for drug
discovery might eventually change fundamental assumptions about what a good drug
candidate even looks like. This again leads to different decisions of which drugs are
actually produced. To sum it up: In the digital age of chemistry, both are increasingly
intertwined: what Schummer (1996) called the “systematization of the possible based
on the factual” and the “systematization of the factual based on the possible”. Chem-
istry — while remaining a synthesis science — is increasingly becoming a simulation
science.
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An ecological critique

In recent years, historians of science, science and technology studies (STS) scholars and
(more rarely) philosophers of chemistry have increasingly worked towards deconstruct-
ing the image of chemistry as a ‘neutral’, ‘non-political’, ‘purely scientific’ endeavor. Not
only do chemical scientists, institutions, and companies exhibit political influence, and not
only are chemical products central to political projects (be it a war, or a healthcare cam-
paign), but even “the ways in which we know and represent the world [...] are inseparable
from the ways in which we choose to live”, as Nieto-Galan (2019) claims in The Politics of
Chemistry:

“[Clhemistry, just like any other human activity, must be deeply embedded in the social
practices that shape its identity (being a chemist), norms (nomenclature, academic disci-
plines), conventions (research funds, grants), discourses (public addresses, publications),
instruments (labs, experimental culture) and institutions (universities, research cent-
ers, academies). Therefore, ‘doing’ chemistry merges into ‘doing’ politics” (Nieto-Galan
2019).

I want to add to this list that also notions of ‘nature’, be it the naturalistic one that chem-
ists predominantly hold, or the one used in everyday language, are not as apolitical as is
(sometimes explicitly, more often implicitly) assumed.® The synthetic paradigm of chemis-
try — generating thousands of new substances every day, mainly for the sake of enhancing
said paradigm even further — is tightly woven into its self-image as a synthesis science.
This paradigm only seems reasonable, even desirable (and, hence, remains widely unques-
tioned by chemists) based on a naturalistic understanding of ‘nature’. The high appreciation
of the synthetic domain is inseparably connected to a monistic understanding of ‘nature’
that is indifferent towards the biological or synthetic origin of a substance. The aspira-
tion to widen the pallet of existing substances further and further rests on the potentialistic
idea that ‘nature’ is expandable. Only if ‘nature’ is understood as the sum of all possible
substances, does the exploration of chemical space and its astronomical possibilities (most
of which will never see the light of day) seem like the ultimate fulfillment of the chemical
enterprise.

This synthetic paradigm is not just a private self-image of individual chemists but is
embraced and reinforced by official institutions. As a part of the US-American National
Research Council, the Committee on Challenges for the Chemical Sciences in the 21st
Century (2003) wrote in their periodical report on the status of chemistry: “The long-term
goal of the basic science in synthesis is to develop the ability to create all the substances
and organized chemical systems and transformations that are possible under the limits of
natural laws [...]. The importance of such an extension of Nature is [...] part of the basic
science of chemistry itself.”

The naturalistic understanding of ‘nature’ in chemistry is in stark contrast with the everyday
language understanding of ‘nature’, where it is primarily understood in ecological terms. Ecol-
ogy offers the most connectable (and in that sense most successful) framework of thinking about
‘nature’ today. Across the board, in science, politics, economics, literature, advertisement, and
everyday life, ecological ideas shape discussions about ‘nature’. This success stems from the

® This insight, in general, is, of course, not new in the slightest. At least since Lynn White’s influential
paper The Historical Roots of Our Ecologic Crisis (1967) questioning notions of ‘nature’ with regards to
their cultural and political context is more than common in the (environmental) humanities. I merely apply
this to the debate about ‘chemistry and nature’.
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two-sidedness of the ecological understanding of ‘nature’: It is both a scientific and an ethical
framework. From a scientific point of view, it conceives ‘nature’ as the entirety of several inter-
connected systems (cosmological system, earth system, biosphere, ecosystem, organisms) that
influence each other via physical and metabolistic relationships, but in themselves function in a
self-regulatory fashion. From an ethical point of view, the ecological understanding of ‘nature’
reveals the uniqueness, complexity, diversity, richness, autonomy, sensibility, and vulnerability
of planetary life (Wirtz 1992; Rink et al. 2004; Soentgen 2020). By that, it offers both: a concep-
tual framework for understanding ‘nature’ and a relational framework for appreciating, caring
for, and protecting ‘nature’. Since it acknowledges both the ecological disposition of humans and
the disruptive element that (certain) human actions pose on ecological relationships and material
cycles, it does not make for the typical dualisms of ‘nature-versus-culture’. At the same time, it
offers a means of singling out anthropogenic material practices that disrupt the self-regulation of
a system (earth system, an ecosystem, or the metabolism of an organism). It can therefore give
guidance to political decisions about how to structure human material culture. The ecological
perspective on ‘nature’ provides a holistic framework for human engagement with ‘nature’: it
offers understanding, relation, and orientation.

From an ecological perspective, the naturalistic understanding of ‘nature’ that is pre-
dominant in chemistry is disconcerting. The monistic idea that all chemical substances are
equally ‘natural’ is contrasted with the ecological insight that some substances align with
the metabolism of organisms, ecosystems, and the earth system better than others. Chloro-
fluorocarbons that deplete atmospheric ozone, per- and polyfluoroalkyl substances that do
not degrade in ecosystems, or chlorinated hydrocarbons that accumulate in organisms are
examples of substances that can be called ‘unnatural’ from an ecological point of view. The
potentialistic idea that ‘nature’ can be expanded is contrasted from an ecological perspec-
tive with an appreciation of the delicate attunement between the constituents of a system.
The self-image of chemistry as a synthesis science and the accompanying growth regime is
contrasted by the idea of planetary boundaries that safeguard the self-regulatory capacities
of earth system and ecosystems (Persson et al. 2022).

The naturalistic understanding of ‘nature’ in chemistry does not allow for such consid-
erations. It is ecologically vacuous. ‘Nature’, seen naturalistically as the entirety of possible
chemical dynamics and outcomes, has no special place for substances of biological origin
or in metabolic cycles. It is anecological, one could say (as in ahistorical, or apolitical).
The naturalistic understanding of ‘nature’ in chemistry does not stand in opposition to eco-
logical thought but in complete disregard of it.

It is, therefore, not suited to offer conceptual, or even practical, guidance in times of an
(among other factors) ‘chemically-induced’ global environmental crisis. Synthetic chemi-
cal substances, once they ‘leave the laboratory’, are central “agents of global change”; the
production volume and diversity of synthetics that end up in the environment is increasing
at rates greatly surpassing those of other drivers of global environmental change (Bern-
hardt et al. 2017). Scientific assessments and regulatory measurements are “falling woe-
fully behind” in securing the safety of new compounds (Burton et al. 2017; Daley 2017).
80% of the substances registered as non-intermediates with above 1 tonne per year produc-
tion in the European Union’s REACH framework (Registration, Evaluation, Authorisation
and Restriction of Chemicals), still had their risk assessment outstanding after 10 years of
operating time of REACH (Persson et al. 2022).”

7 1 use REACH as a rather moderate example to stick to substances that are actually marketed. More gen-
eral accounts of the same issue are often less informative, e.g. Gessner and Tlili (2016) use the CAS reg-
istry numbers and claim that of “over 100 million unique chemical substances, less than 0.36% [...] are
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A naturalistic chemist can worry about this, but — to phrase it pointedly — only if she
starts thinking like an ecologist (or a biologist, or a toxicologist). If the naturalistic chemist
wants to be concerned about the consequences of the synthetic growth regime of chemis-
try, she has to step outside of the dominant approach to ‘nature’ in chemistry and adopt the
perspective of an ecologist (or an ethicist, or a political thinker).

This has been frequently expressed by the proponents cited above. Fischer (1996) said:
“The science of chemistry, which I understand as the ever-growing sum of all material
transformations and effects that are found to be possible, does not provide me, as a chemist,
with answers to questions of values. [...] The path from what can be done to what ought to
be done, the decision between what is to be desired and what is to be avoided, is precisely
not a chemical question.” Similarly, Peuker (2016) claims for the natural sciences, in gen-
eral: “Science only shows a range of possibilities, but the concretization and realization of
these possibilities lies outside the sciences in the decisions of politics and companies. This
difference between science and its application is all too often overlooked, with the result
that the negative consequences of the application of science are attributed to science itself.”
In Schummer (2003), we even find a positive spin on this: “[S]ince the dynamic notion [of
‘nature’] includes no moral constraints about the chemical change of our material world,
[...] such constraints must be found in a general moral discourse with reference to gener-
ally accepted values.” And isn’t that a good thing? Isn’t chemistry doing exactly what it
should by ‘staying out of the way’ of ethicists, politicians, and a democratic public who can
freely decide which of the possibilities that the humble servant provides ought to be imple-
mented? Would not everything else be an infringement of the functional differentiation that
characterizes modern societies?

So, is it a problem that chemistry outsources its ecological concern? As indicated above,
this does not necessarily mean outsourcing it to ‘somebody else’ (e.g. a politician, an eth-
ics think tank ...); many chemists themselves engage in environmental thought and action,
but do they really do this as chemists (or rather as ecological thinkers, as political lobby-
ists, as concerned citizens ...)? And when we think of the transition disciplines between
chemistry and ecology — e.g. ecotoxicology, chemical ecology ... — which are so intimately
concerned about the biosphere and the organisms in it; does not their concern stem from
‘the ecological side’ of their discipline and less from the ‘chemical side’? Should chemists
be as comfortable with the ecological vacuum inherent to their naturalistic understanding
of ‘nature’ as in the quotes above?

Footnote 7 (continued)

regulated.” Such claims need to figure in that the majority of novel substances is only produced in amounts
high enough for chemical characterization and never has any economic or environmental relevance. The
number of chemical substances (and mixtures) that have actually been registered for production and use is
around 350.000 (Wang et al. 2020). Of these, around 6000 make up 99% of the entire chemical production
volume (Bond and Garny 2019). Claiming equal relevance for all hundreds of millions of chemical species
registered in databases weakens an argument that, in my opinion, is best phrased in general terms: The syn-
thetic growth regime of chemistry is contributing to more and more substances ‘pushing’ into the market
and therefore increases the pressure that overwhelms scientists and regulators involved in safety assessment.
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I want to comment on this from different sides.

(1) Simply looking at how ‘personal’ chemists tend to take the everyday language dichot-
omy between ‘nature’ and ‘chemistry’,® one might ask if this is not a (subliminal)
expression of discontent towards the ecological vacuum in their disciplinary self-image.

(2) The intensity with which (many) chemists feel like they must engage with the debates
about ‘nature and chemistry’ indicates that they feel like they ‘have something to say’
about the topic. While not necessarily thinking much about the term ‘nature’ in their
disciplinary work, chemists, I assume, would still feel bypassed if one were to leave
them out of a discussion about the meaning of the term ‘nature’.

(3) While chemists seem to be comfortable with the fact that their disciplinary self-image
does not involve ecological values it is of course not free of values in general. The self-
image of chemistry as a synthesis science is guided by epistemic values: chemists ought
to do what they do (primarily: synthesize new substances) because it increases chemi-
cal knowledge or extends the means to do such (e.g. when new substances facilitate
the synthesis of others). Cherishing these epistemic values is connected to a regime of
continuous growth. More chemical substances means more chemical knowledge. The
dialectical irony that underlies this growth regime has been pointed out by Schummer
(1999, my emphasis): “The growth of chemical knowledge increases our lack of knowl-
edge.” By adding new substances to the material world, chemists continually change
their object of knowledge and thereby not only produce more knowledge but also
“nonknowledge” about the (relational) properties of the new (corpus of) substances.
“Thus, in general, synthesizing new substances produces much more nonknowledge
than knowledge” (Schummer 2001). Especially if “new substances leave [...] the labo-
ratories and become part of our material environment” this “tremendously increases its
chemical complexity, i.e. its chemical incomprehensibility. Thus, in real life, chemi-
cally produced nonknowledge turns into increased unpredictability of environmental
changes induced by the introduction of new substances” (Schummer 2001).

(4) According to Schummer, chemists are morally responsible “for all possible harms
caused by their creations” (Schummer 2001).° “Even if synthetic chemists themselves
neither introduce their new substances into the environment nor promote them for
commercial usage, their first synthesis of a substance is the crucial causal step for its
existence and possible harm caused by that. [...] Therefore, chemical synthesis is not a
morally neutral activity, as many chemists tend to see it” (Schummer 2001). In a world
where ecological degradation is increasingly attributed to synthetic chemical products
(Bernhardt et al. 2017; Persson et al. 2022), do chemists really want to wear ecological
blinkers while trying to synthesize as many substances as possible as fast as possible?'”

8 Examples of chemists getting polemical towards the everyday language distinction of ‘natural’ and
‘chemical’ substances can be found in Markl (1992), Gribble (2013), Schummer (2017), Kennedy (2018,
2021).

® Schummer (2001) adds that this of course does not exclude others (company executives, politicians ...)
from being responsible too. Furthermore, being morally responsible does not equate to ‘being guilty’ in
case of harm (but is a prerequisite for it). The former is a question of causation, the latter a question of
moral judgment. (One can be deemed not guilty of causing harm if one had sufficiently good reasons for
one’s action. This does not change the fact that one was responsible for the outcomes.).

10 For example, a thought experiment of how to accelerate the synthetic regime in order to produce all
102 “Weininger’-substances by the year 2050 is discussed in Restrepo (2022).
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(5) A starting point for a disciplinary self-image that assumes responsibility for the global
environmental changes that chemical innovation brings about is the conception of
chemistry as a “technoscience”. The groundwork for this has been laid (among others)
by Bensaude-Vincent (2013) who distinguishes between a ‘weak’ and a ‘strong’ notion
of (chemistry as) technoscience. The weak notion acknowledges that chemistry is best
understood as an “alliance of modern science, technology, and industry” with a “dual
face as pure and applied science”. The strong version questions the notion of scientific
‘purity’ itself, challenging the idea that matters of fact are discerned from matters of
interest, or that only the applications of science are to be considered value-sensitive
(Bensaude-Vincent and Loeve 2018). The notion of technoscience “attract[s] attention
to a regime of production of science in which research is conducted in a context of
application, where the setting of research priorities mimics the dynamics of markets
while the production of knowledge mimics the industrial production of commodities.”
By blurring the boundaries of when chemistry is ‘applied’ and when it is ‘pure’, where
it is ‘merely academic’ and where it is ‘chemistry in practice’, the notion of chemis-
try as technoscience can inspire the inclusion of practical concern for the social and
ecological impacts of chemical products. This would open up the question of whether
non-epistemic values such as “social robustness, social & economic relevance and
sensibility to environment” (Bensaude-Vincent 2013) have a place in the disciplinary
self-image of chemistry.

An ecological vision?

Ecologist Barry Commoner (1971) once called the expansion of synthetic organic chem-
istry in the eighteenth and nineteenth centuries “probably the most rapid burst of crea-
tivity in human history.” With regards to the environmental pollution that many synthetic
organic substances brought about in the twentieth century, he commented: “Only later was
the potentially fatal flaw in the scientific foundation of the new technology discovered. It
was like a two-legged stool: well founded in physics and chemistry, but flawed by a missing
third leg—the biology of the environment” (Commoner 1971, as cited in Reibstein 2017).
At least since the 1960s, chemistry has been in search of that missing leg. The concep-
tual and practical efforts undertaken in this direction have been enormous. The inclusion
of ecological ideas into chemical research and production has historically progressed in
several different frameworks. According to Marcin Krasnodgbski (2022a, 2023, 2024), the
main fields that formed were environmental chemistry (since the 1960/70s in the United
States, e.g. Moore and Moore 1976; Bockriss 1978), Okologische Chemie (‘ecologi-
cal chemistry’, since the 1970s in West Germany, e.g. Korte 1980), Sanfte Chemie (‘soft
chemistry’, in the 1980/90 s in West Germany, e.g. Gleich 1989; Fischer 1993), green
chemistry (since 1987 in Italy, later France and since the 1990s in the United States, e.g.
Garrett and DeVito 1996; Anastas and Williamson 1998), and sustainable chemistry (roots
in the 1990s, a more explicit identity since the 2010s, e.g. Kiimmerer et al. 2013). Some
newer frameworks like one-world chemistry (Matlin et al. 2016) or circular chemistry (Kei-
jer et al. 2019) have been criticized for “reinventing the wheel” (Krasnodgbski 2022b).
These approaches share the inclusion of ecological thought into the domain of chemi-
cal synthesis and production, e.g. in principles like benign-by-design, atom economy, or
a (chemical) industrial ecology. The different frameworks vary in how radical they are.
Green chemistry has a rather narrow focus on more efficient and less hazardous synthetic
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processes. Sustainable chemistry has a broader understanding of transformation, includ-
ing social and economic perspectives (e.g. leasing chemicals). Sanfte Chemie demanded
an alternative way of doing science and an ethics toward inanimate matter (Krasnodgbski
2023, 2024).

Yes, an ecological vision of chemistry is possible, in fact, it has been laid out by chem-
ists for the last 50 years. At the beginning of this article, I pointed out that the naturalistic
understanding is not the only notion of ‘nature’ in chemistry. Ecological ideas like ‘nature
does not waste anything” or ‘everything in nature is connected’ form the background of
many principles of environmental, green, and sustainable chemistry, for example green
chemistry principle 1 (waste prevention) or circular chemistry principle 2 (maximize atom
circularity) (Keijer et al. 2019). An extensive list of these principles can be found in the
literature cited above. This brief overview only wants to showcase that the incorporation of
ecological thought into chemistry is an ongoing and evolving process. My suggestion, now,
is to stronger ‘think together’ the ecological transformation of chemistry with the other
‘megatrend’ — the rapidly unfolding digitization of chemistry.

In many ways, the convergence of the ecological and the digital transformation of chem-
istry is already happening, sometimes referred to as the “twin transition” (Cefic and Arthur
D. Little 2023). Across the board, in chemical production, research, and education, there
is growing awareness of possible synergies between digital and sustainable chemistry. To
name just three examples of this awareness: In a recent industry survey, 40% of chemical
companies claimed that digitalization will help them fulfill their sustainability goals (Ernst
& Young 2022). In academia, master programs such as Sustainable Chemistry and Digital
Processing at the University of Applied Science in Krems, Austria, are popping up (imc
2024). Similarly, the German youth science organization, together with Evonik, organized
a forum for its alumni called Towards a Digital Green Chemistry (Jugend Forscht 2019).

The digitization of chemistry is, of course, not a homogenous field. Research in digital
chemistry centers around computational techniques such as molecular dynamics, density
functional theory (DFT), Bayesian optimization, design of experiments (DoE), machine
learning (ML), and artificial intelligence (AI) (Schilter et al. 2024). The industrial produc-
tion of chemicals further involves technologies such as cloud computing, smart sensors,
internet of things, blockchain, and robotics as central parts of its digital transformation
(KPMG 2024).

There are numerous case studies for the successful implementation of digital methods
for sustainability purposes in chemical research and production. One such case is the accel-
eration of materials discovery for carbon capture technologies. Here, DFT studies aid the
development of metal-organic frameworks (MOFs) and catalysts for carbon dioxide cap-
ture and conversion to methanol (Ye et al. 2013, 2014; Pinheiro Aradgjo et al. 2022, 2023).
The resulting ‘renewable methanol’ can serve as a recycled feedstock for the chemical
industry, contributing to the aims of green/sustainable/circular chemistry (e.g., departure
from fossil feedstocks, recycling of waste/emissions). Recently, the process of MOF dis-
covery for carbon dioxide capture has been accelerated by Al-driven tools (Hardian et al.
2020; Gulbalkan et al. 2024). For example, a random forest ML model was able to assign
the partial atomic charges in MOFs with similar accuracy and 40% faster than the DFT-
based methods (Kancharlapalli et al. 2021). Similarly, in the field of material discovery
for clean energy, there have been proposals for an Al-based autonomous materials discov-
ery process. This involves chemical space being narrowed down to promising candidates
for a given problem (e.g., materials for photovoltaics or energy storage) that are achiev-
able by automated synthesis and whose automated performance evaluation, after synthesis,
informs the screening process via feedback loops (Tabor et al. 2018).
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While these case studies revolve around the development of materials for sustainability
applications, the in silico design of chemical products, in general, offers opportunities for
a more sustainable product design, regardless of the application. Because computational
techniques allow for a deeper understanding of chemical processes and enable modeling
real-world scenarios, they facilitate the minimization of physical experiments, thereby
streamlining the discovery process and reducing resource consumption (Schilter et al.
2024). Furthermore, the implementation of green metrics (cf. Blomer et al. 2024) into the
design process of a new chemical product can help to put the philosophy of green chemis-
try into practice.

Besides product development, the improvement of operational efficiency is another
possible area where digital tools can help to reduce the environmental impact of chemical
production. Two examples of this are the integration of Al-guided bioprocess modeling in
biorefinery systems (‘smart biorefineries’) (Arias et al. 2023) and DoE optimization tech-
niques for yield and purity enhancement in pharmaceutical and fine chemical industries
(Zuin Zeidler 2024). Also, environmental impact analysis of chemical products can profit
from the digital transformation of the chemistry sector (Elisa IndustrIQ 2023). An exam-
ple from the industry would be the BASF (2023) supercomputer Quriosity which, among
many things, simulates the impact of (potential) pesticides on groundwater.

In light of these examples, the question arises of how serious of a disruption the digi-
tization of chemistry really is for the predominant synthetic regime. In many instances,
one could probably best speak of a digitally-guided optimization of the status quo. There-
fore, the aim of this section is not to foster optimism but rather attentiveness towards the
possible synergies between a digital and an ecological transformation of chemistry. With
the chemical industry rapidly adopting digital technologies (‘chemistry 4.0’), there is an
opportunity (but also a closing time window) for deciding how deep (or shallow) these
synergies might be.

Furthermore, the article does not want to perpetuate the idealism of computer chem-
ists of the second half of the twentieth century, who were dreaming of a “chemistry with-
out substance” (or, at times, purposefully evoking these imaginaries to boost their disci-
pline).!! In fact, thinking of digitalization processes as dematerialization processes comes
with its flaws. The digital industry consumes 5-9% of the world’s total electricity and
accounts for 2-3% of global carbon dioxide emissions, indicating, in the case of chemis-
try, the need to balance the potential of new digital technologies with their environmental
impact. It becomes clear that, in many ways, the digital and the environmental transfor-
mation are not necessarily “twins” but also antagonists. One might also expect ‘rebound
effects’ where chemical production increases its efficiency and, as a consequence, increases
its size (Debref 2012). These uncertainties correspond to the larger question of whether
the environmental/green/sustainable chemistry frameworks even “correctly identify what
should be rectified (aren’t the supposed shortcomings of science the shortcomings of the
economic system in which this science is ingrained?)” (Krasnodgbski 2022b). In my opin-
ion, this question is best answered based on evidence of whether alternative, more sustain-
able chemical processes actually lead to a ‘phase-out’ of the original processes (or just add
a separate sphere to the current production regime).

! Here, I refer to the upcoming work on the history of computational chemistry by historian of chemistry
Marcus B. Carrier.
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With regards to synergies between the digital and the ecological transformation of
chemistry, one might speak of ‘weak’ and ‘strong’ versions. A ‘weak’ synergy would be a
digitally guided optimization of the status quo of chemical production (e.g. optimizing fos-
sil-based synthetic routes). A ‘strong’ synergy would be if digital progress incites a change
in one of the foundational pillars of chemistry’s unecological constitution. I want to outline
some possibilities of how this could look like."

Currently, oil and natural gas account for 99% of chemical feedstocks, the remainder
coming from biomass and coal (Tickner et al. 2021). If digital processes were to facili-
tate the switch to renewable feedstocks a major pillar of modern chemistry would be
challenged. Such digital methods for automated discovery and assessment of competitive
sustainable reaction routes that are based on renewable or waste feedstocks have recently
been reviewed by Weber et al. (2021). In general, evaluating routes in reaction networks
based on sustainability metrics like environmental impact factor, atom economy, or energy
requirements would be an effective way to examine chemical space for sustainable path-
ways (Jacob et al. 2017; Weber et al. 2021).

Besides reaction networks, also chemical end products are increasingly evaluated with
digital methods. Quantitative Structure-Activity Relationship (QSAR) modeling is already
a common computational technique for predicting chemical (eco)toxicity (Romano et al.
2022). The further development of predictive (eco)toxicology will determine how effective
the ecological risk assessment of large numbers of substances can be. In the best case, one
can hope for swifter safety assessments and regulatory procedures, maybe finally stepping
up to the ever-growing number of novel substances pushing into the market and therefore
building a counterpart to the growth regime of synthetic chemistry.

Environmentally-minded chemists have always been willing to explicitly introduce val-
ues into chemistry. 13 An early proponent once called the design of safe chemicals a “domes-
tication of chemistry” (Krasnodgbski 2022a), whereupon a colleague of his noticed how
fitting this was — given that domestication means “to adapt to life in intimate association
with, and to the advantage of, man” (Garrett 1996). The digitization of chemistry might
give new life to the idea of ‘domesticating chemistry’. Restrepo (2022) has argued that
chemical space is too big anyways to “synthesize every possible substance” which is why
the real task is to find a representative “interesting chemical space”. Maybe not under the
primacy of epistemic values, but under the primacy of “placing the well-being of humanity
at the heart of chemistry” (Krasnodebski 2022b) an ecologically-benign chemical space,
oriented on principles of ecological/green/sustainable chemistry, would currently be the
most interesting chemical space to model and explore. Such an ecologically-benign chemi-
cal space could serve as a suitable prefiguration of how a ‘domesticated chemistry’ could
look like.'* Certainly, it would be a proper (‘strong’) symbiosis of ecological and digi-
tal chemistry because ideas of ‘digitally domesticating’ chemistry challenge the unlimited
growth regime of synthetic chemistry. After all, the success of a sustainable transformation
of chemistry relies not only on the question of what chemistry can do but also on what it
can stop doing.

12 Several more (practical) ideas are discussed in Fantke et al. (2021).

13 Already Moore and Moore (1976) wrote that the scientific “segregation of ‘is’ from ‘ought’ is perhaps
arbitrary, and even worse may reduce the benefits which scientific inquiry can provide.”.

14 To add an economic incentive, perhaps constituents of the ecologically-benign chemical space could
enjoy preferential treatment in regulatory procedures.
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The self-image of chemistry as a synthesis science has guided the field for more than
two centuries. The ecological crisis marked the point of insight into the malalignment of
the synthetic regime with ecological values. Will the digitization of chemistry mark the
point where this insight is increasingly put into practice? At least, it offers a possibility to
reflect anew on the ecological aspirations that are so inherent in the chemical tradition as
well and develop them further.
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