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Introduction
What exactly is a "language"? Experts define it as a sys-
tem of spoken, written, and signed symbols in conjunction 
with grammar rules, used for human communication. Ap-
proximately 6,500 languages exist in the world. Some are 
more alike than others, but each reflects a specific culture. 
Chemistry, similar to any other natural science, constitutes 
a language unto itself, using of the characteristic graphical 
elements instead of words and with rules (grammar) that 
guarantee the meaningfulness of the message (sentence). 
Modelling chemical language offers the potential to capture 
the behavior of the physical laws governing the described 
chemical phenomena without the need of solving complex 
mathematical equations, much like linguists explore lan-
guage to learn more about humanity.

The relationship between language models and chemistry 
could be both surprising and intriguing. On the one hand, 
the sheer number of languages demonstrates that, despite 
the universality of language among humans, there is also a 
great deal of diversity. Therefore, the parallelism between 
a field-specific language such as Chemistry and a natural 
language should not be surprising. On the other hand, the 
structure, grammar, and inflection of different languages all 
demonstrate how language evolves and changes in various 
contexts. Similarly, the field of chemistry, along with all other 
natural sciences, evolved over time as a result of the con-
tinuous collection and interpretation of new experimental 
evidence.

Physical laws describe the behavior of natural phenome-
na at a very detailed level, whereas language captures 
their coarse description. This is what links chemistry and 
languages and puts language modeling in a better position 
compared to the mathematical laws that govern physical 
phenomena. In fact, in the chemistry space, the use of lan-
guage models results in being a more successful tactic to 
predict the behavior of physical systems, such as chemical 
reactions compared to solving many body equations. At the 
same time, physical laws continue to be very effective in 
explaining what we observe. The use of language modeling 

could be easily expanded far beyond the realm of chemis-
try, and similar comparisons could be extended to any other 
branch of natural science.

Natural Sciences and Language Models
Over the past couple of centuries, chemistry has evolved 
into a data-driven science. Experts in the domain have gath-
ered a large number of observations and constructed a do-
main-specific representation with the primary goal of struc-
turing experimental observations, identifying commonalities, 
and rationalizing observed chemical reactivity with rules. A 
similar process occurred centuries before in Physics, with 
the only difference being that the preferred representation 
for the description of natural phenomena (such as planet 
orbits or cannon ball trajectories) was math with its sym-
bols and formalism, rather than a completely new made-up 
collection of symbols. Despite differences in the representa-
tion, all disciplines have collected experimental data and de-
veloped governing rules (or equations) for the phenomena 
in question. In essence, the rules (or equations) are an ap-
proximation that fits a large number of experiments.

Insofar as a language is a structured system of commu-
nication, math and chemistry are languages in their own 
right. In fact, in order to be so defined, a language must 
have its grammar and its vocabulary (words or representa-
tion symbols). The development of a chemical symbolism 
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language of the precursors and the language of the product.
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with its own rules describing the reactivity between two or 
more molecules, or the development of a series of mathe-
matical symbols representing specific observed or thought 
concepts, is nothing more than the development of an in-
dependent language. Languages have played a significant 
role in human history, so it should come as no surprise that 
one of the most active fields of research in Machine Learn-
ing today is the development of technologies with the goal of 
mastering natural languages, including text creation, trans-
lation, and emotional analysis.

However, not too long ago, language models were restricted 
to narrow topics and often unusable by context shifts. Today, 
thanks to innovations in model architecture, training meth-
ods, and distributed computing, they are advancing rapidly. 
Neural networks are being used to translate languages, an-
swer questions, summarize texts, generate articles that are 
indistinguishable from those written by humans, and answer 
complex scientific questions spanning chemistry to biology.

Today, language models are becoming an integral part of 
our lives due to the expanding AI's capacity to recognize 
context and their rapid adoption into more sophisticated 
workflows.

But what exactly is a language model? A language model is 
a probability distribution over a set of word sequences. By 
training on text corpora in one or more languages, language 
models generate probabilities and solve specific tasks.

Language Models for Chemistry
The use of language models in the chemical domain ne-
cessitates the use of a machine-processable domain lan-
guage. Despite the fact that humans have traditionally used 
diagrammatic representations, almost all of the work in ma-
chine learning applied to molecules relies on line notation 
(a typographical method using printable characters) for en-
tering and representing molecules and reactions. SMILES 
(Simplified Molecular-Input Line-Entry System) is a very 
popular line notation in chemoinformatics that contains 
the same information as a diagrammatic or graphical rep-
resentation.

However, the SMILES notation is more helpful in the context 
of language modelling than drawings because it represents 
a linguistic concept rather than a computer data structure. 
SMILES is a real language, albeit one with a limited vocab-
ulary (atom and bond symbols) and few grammar rules. The 
compactness of SMILES, compared to other line notations, 
facilitates the learning of language architectures, and reduc-
es the amount of data required.

In chemical language modelling, SMILES can be used as 
"words" to represent molecules (reactants, reagents and 
products) as well as chemical reactions in language mod-
els. This approach emerged as one of the most effective, 
scalable approaches to capturing human knowledge and 
modelling processes in chemistry, in large part due to the 
use of effective line representations for chemical data. In 
the last 3 years, the IBM Research team showed the high 
performance of language models in machine learning tasks 
for synthetic organic chemistry, such as predicting chemical 
reactions [1-2], design of retrosynthetic routes [3], digitizing 
chemical literature [4], predicting detailed experimental pro-
cedures [5] and yields [6], designing new fingerprints [7], 

and promoting sustainable processes [8]. Predicting the re-
sult of a reaction involving multiple reactants or reagents, for 
instance, is framed as a translation task of a sentence rep-
resenting precursors using SMILES notation into a sentence 
representing products using the same notation. Thanks to 
the use of similar types of architectures [9], language mod-
els demonstrated high quality and ease of use of application 
in a wide range of problems in chemical synthesis.

The use of language models in chemistry extends far be-
yond the realm of the digital experience, with language ar-
chitectures serving as key enablers [5] in the development 
of autonomous laboratories for the synthesis of chemical 
compounds, with remote access possible via cloud technol-
ogies [10].

The ability to recover 3D features from 1D sequences when 
trained with biocatalytic data [11], the avoidance of tedious 
data curation campaigns to remove noise in datasets [12], 
and the mimicry of human performance in the design of 
chemical disconnection strategies [13] are all examples of 
areas where language models are recently demonstrating 
their full potential.

Back to the Future: Language will be key
And this is only the start of a larger structural revolution 
across all natural sciences. Natural language modelling has 
recently resembled an arms race, as big AI companies build 
models with ever-increasing numbers of parameters ingest-
ing ever-increasing amounts of knowledge in specific do-
main languages. For the time being, number of parameters, 
volume of training data and computational resources define 
the state of the art in language processing as well as the 
domain in which these technologies have the most success 
and impact.

This explosion, whether for social or scientific applications, 
makes it more important than ever for models to track sub-
tle shades of meaning when contextualizing words or mol-
ecules with specific functional groups, grasp narrative logic 
in capturing the correct semantic or reactivity in chemical 
reactions, and infer words or molecules that are free of bias 
with respect to specific topics. In social applications, gender 
and ethnicity are very important aspect; in Chemistry, ob-
solete chemical processes over novel, greener, and more 
sustainable alternatives may be the aspects to monitor. But 
there is one thing that won't change: languages were im-
portant in the past for the evolution of humans, and they will 
continue to be important in the future for the advancement 
and acceleration of scientific research.
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