Discursive parallels of the chemical revolution
Topic modelling and distributional analysis

Sofia Aguilar-Valdez, Bich Phan-Tdt, Dirk Speelman, Dirk Geeraerts, and Stefania
Degaetano-Ortlieb

1. Introduction

How do conceptual changes show up in scientific writing? This paper addresses this ques-
tion by examining both the topics that authors foreground and the immediate linguistic
contexts in which key terms are embedded. Focusing on the late phase of the Chemical
Revolution (1750-1800), we analyze a subset of the Royal Society Corpus (Kermes et al.,
2016; Fischer et al., 2020). We adopt a two-level approach that connects broad thematic
trends at the document level with local linguistic evidence at the word level, allowing us
to link where change appears in the discourse to how it is linguistically realized.

At the document level, we trace how topics emerge, stabilize or decline across
decades. At the word level, we focus on the concept of air, a central term in late eigh-
teenth-century chemistry, and investigate how it undergoes conceptual change by
analyzing the company it keeps, following Firth's (1957) distributional insight. While
our approach is grounded in distributional semantics, a perspective that also underlies
LLMs, we deliberately rely on more established methods of topic modelling based on
Latent Dirichlet Allocation (LDA; Blei et al., 2003) combined with interpretable in-
formation-theoretic measures. This choice is not merely pragmatic. For questions in
the field of HPSS, it is essential to make explicit how epistemic knowledge is struc-
tured, contested, and consolidated in discourse. Probabilistic topic models yield explicit
probability distributions over themes, which can then be analyzed using information-
theoretic measures based on entropy or divergence. In this framework, entropy mea-
sures the diversity of topics within a period. Rising entropy signals periods in which
multiple thematic perspectives coexist, corresponding to phases of epistemic compe-
tition, while declining entropy indicates consolidation around fewer, more dominant
themes. Although LLMs and embedding-based approaches can also quantify semantic
shifts, such divergence is defined over opaque latent representations that encompass
multiple underlying sources of variation (lexical, semantic, grammatical, etc.), which
cannot be easily disentangled, making the interpretability considerably more difficult
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(Tahmasebi et al., 2021). In particular, these approaches do not provide direct access
to the grammatical configurations in which a concept is embedded, nor do they allow
changes in syntactic function and lexical realization to be inspected independently. Data
sparsity in historical corpora further reinforces this methodological choice (see below
and cf. Lareau and Malaterre, 2026). We do, however, also sketch ideas for taking the
analysis presented here to the next level, which would include the generation of a graph
structure of concepts which could then be enriched with an LLM-based analysis. By way
of presenting our analysis, we also intend to familiarize the reader with key concepts for
the computational analysis of semantic change—be it by LLMs or other means.

Our document-level analysis asks a simple question: which topics are most char-
acteristic of each decade, and how much do those decade profiles differ from one an-
other? The results reveal a recognizable sequence tied to oxygen-centered chemistry, with
decades in which themes around water, then air, and later acid gain comparative promi-
nence.

Our word-level view zooms in on air, and quantifies its changing use by examining
the words that most often appear in its immediate context—especially adjectives such as
fixed, dephlogisticated, and vital. By grouping surrounding words into syntactic “slots” (for
example, adjectives that modify air), we track how the distribution of slot fillers changes
over time. This makes recontextualization visible as a measurable shift from general or
environmental descriptors toward chemically specific ones.

Taken together, these two perspectives—topic trends across documents and local
context around air—converge on the same picture: a gradual reorganization of discourse
rather than a single abrupt break. This interpretation is compatible with standard histo-
ries of the oxygen program, while remaining grounded in observable textual patterns (cf.
Holmes, 1994; Thagard, 1990; and Bensaude-Vincent and Abbri, 1995 from a discursive
perspective). Building on earlier work showing that lexical and grammatical distribu-
tions mark periods of scientific reorientation (Degaetano-Ortlieb and Teich, 2018), our
finer-grained slot-filler analysis complements document-level trends by identifying the
local linguistic contexts in which conceptual change is realized. This aligns with usage-
based and variationist perspectives in lexical semantics, where changes in distribution
are meaningful for how concepts are encoded (Geeraerts, 2009; Geeraerts, 1997), and ties
directly to our empirical observations on air in the late eighteenth century.

Finally, the two-level signals (document-level topics and local linguistic evidence)
identified here will serve as input in future graph-based modeling of conceptual change.

2. Related work

From a cognitive linguistic perspective, Geeraerts (2009) and Geeraerts et al. (2012)
demonstrate how meanings evolve around culturally salient prototypes that shift over
time. For instance, in the category bird, a robin or sparrow is often considered more
prototypical than a penguin or ostrich, because it more closely matches the character-
istics people associate with birds, such as flying or singing. However, these prototypes
can shift over time and across communities. Geeraerts et al. (2012) further highlight how
different communities may use the same words differently, depending on their social or
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disciplinary context. The idea that changes in term usage or terminology often reflect
shifts in conceptual framing has also been explored in diachronic corpus linguistics.
Before a shift, competing perspectives often surface and circulate within a scientific
community. Once the shift occurs, familiar terms may acquire new meanings, or entirely
new terminology may emerge to capture novel concepts. Degaetano-Ortlieb and Teich
(2019) show that during revolutionary periods, the lexicon exhibits a wave-like tendency
in which new terms are coined and old terms acquire new meanings or are used in
different linguistic environments (e.g. in different syntactic positions, i.e. as a subject or
object). These shifts often precede or co-occur with major scientific reorientations. After
a shift the diverging peaks within the lexicon stabilize showing periods of consolidation.

An illustrative example is the chemical revolution of the late 18th century, which cen-
tered around the topic of combustion. At the time, the dominant explanation for com-
bustion was the phlogiston theory, which stated that a fire-like substance called phlo-
giston was released during burning. However, increasingly detailed experimental work,
especially by Lavoisier and Priestley, led to the discovery of oxygen, a new interpretation
of combustion as a process of oxidation. This finding posed a fundamental anomaly that
the phlogiston paradigm could not explain. The in-depth experimental work on com-
bustion within the phlogiston paradigm led to the oxygen discovery, which eventually
became the established paradigm (Kuhn, 1962, pp. 66—76; 148-150). In this case, a new
framework replaced an older one, and the scientific field moved toward a paradigm that
offered a different perspective on both old and new problems.

Recent work in computational semantics has greatly advanced the analysis of se-
mantic change. Surveys by Tahmasebi et al. (2021) and Cassotti et al. (2024) categorize
methods into frequency-based, context-based, and embedding-based approaches, em-
phasizing challenges in aligning models across time periods. Periti et al. (2022) address
this challenge through incremental updating of word embeddings, which facilitates con-
tinuous tracking of word usage shifts without the need for post hoc alignment. Their ap-
proach has been applied to diachronic corpora in both scientific and political domains.

In their recent review, Periti and Montanelli (2024) discuss how large language mod-
els (LLMs) can be leveraged for semantic shift detection. While LLMs capture nuanced
contextual meanings, their lack of transparency limits interpretability. Periti and Tah-
masebi (2024) introduce evaluation protocols for comparing LLM-based shift detection
with classical distributional approaches, showing that LLMs outperform in capturing
nuanced sense distinctions but tend to overfit when applied to sparse historical data,
which is exactly the case in our study.

In this study we prioritized interpretability with a framework based on topic mod-
eling and information-theoretic metrics, aiming to explore the conceptual shifts around
the chemical revolution from two linguistic dimensions: semantics, expecting distinct
themes over time and drastic change in their dynamics after the discovery of oxygen,
and lexico-grammar, where syntactic relationships (slots) and their lexical content (slot
fillers) would reflect change that would be consistent with the literature (Degaetano-Or-
tlieb and Teich, 2019; Chang, 2011). In terms of methods, we combine document-level
topic modeling with interpretable syntactic slot-filler analysis. While most studies focus
on either word-level or topic-level analysis, we integrate both to bridge the gap between
lexical semantic drift and conceptual reorganization. We test this approach envisioning
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it to offer a richer, more interpretable model of how linguistic traces reflect underlying
changes during periods of change.

3. Methods

This section describes the dataset and why it is well-suited for our task, and the methods
used to represent and analyze the linguistic dimensions of a conceptual shift. The code’,
data samples, and full-texts” are available. As a case study, our aim is to analyze two com-
peting theories during the period of the Chemical Revolution: phlogiston theory (e.g., “a
lighter burns because it contains phlogiston”) and oxygen theory (e.g., “a lighter burns
because some substances ignite when in contact with oxygen”). We seek to explore the
decline and rise of phlogiston and oxygen respectively through two dimensions: at the
documentlevel, we estimate conceptual properties of the drift, at the word level, we aim
to represent linguistic properties of the drift. By combining these approaches, our goal s
to explore to what extent these reflect the conceptual change produced by the discovery
of oxygen.

3.1. Data

We draw on the Royal Society Corpus (RSC), a diachronic corpus of English scientific
writing covering publications in the Philosophical Transactions and Proceedings of the
Royal Society of London from 1665 to 1996 (Kermes et al., 2016; Fischer et al., 2020). The
RSCisdesigned to support research on the development of scientific English, amounting
at 47 837 texts. It provides metadata such as publication year, author, and document type,
allowing for fine-grained analyses across linguistic and extralinguistic variables (Fischer
et al., 2020; Menzel et al., 2021). We focus on the period between 1750 and 1800, which
corresponds to the period before and after the Chemical Revolution. This period is par-
ticularly rich in documents addressing combustion, gases, and chemical reactions, key
themes in the shift from phlogiston to oxygen theory. Preprocessing involved tokeniza-
tion, lemmatization, and sentence splitting using spaCy. Lemmatized tokens were used
throughout to enhance consistency and reduce lexical sparsity in our analyses.

3.2 Document level

This approach consisted of three stages. First, to create a representative corpus, we fil-
tered publications given specified decades and oxygen terminology. Next, we estimated
the most distinctive topics over time using topic modeling. Finally, to approach measure-
ment of the shift assessment, we used the topic entropy trajectories to identify key topics
and calculated the Jenson-Shannon (JS) distance between them.

1 https://github.com/sa-aguilarv/lims-hpss
2 https://fedora.clarin-d.uni-saarland.de/rsc_vé/
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. Data sampling We retrieved texts published in the period, then filtered those with
oxygen terms derived from previous studies: Bizzoni et al. (2021), which used Kullback-
Leibler Divergence (KLD) to identify distinctive terms during the Chemical Revolution;
and Chang (2011), who explains why the term “oxygen” persisted despite theoretical
revisions, arguing that its operational meaning remained stable while phlogiston theory
lost operational grounding. Lastly, to test prior text influence on downstream analy-
ses, we created cumulative and non-cumulative datasets: in cumulative sampling each
decade includes the indicated decade and all previous decades’ documents, in non-
cumulative sampling each decade includes only documents from that period. This is to
test the influence of prior textual data on downstream analyses, i.e. how utilizing or not
documents from the past would impact subsequent analyses.

Il. Topic modeling Document-topic distributions offer insight into how specific themes are
distributed across time, see e.g. Griffiths and Steyvers (2004) who applied this to find
scientific disciplines and based on these evaluated collaborations between researchers.
Our topic modeling workflow consisted of constructing a document-term matrix (DTM)
from the preprocessed corpus, counting the occurrences of each lemmatized term per
document. We evaluated model performance and topic interpretability using log-likeli-
hood (Bengio et al., 2003) and topic coherence (Mimno et al., 2011), to mitigate the often
manual and arbitrary parameter selection in LDA (Schmidt, 2012; Mohr and Bogdanov,
2013). Following best practices in interpretability, we generated topic labels using LDAvis
(Sievert and Shirley, 2014), which are determined based on relevance scores that are more
meaningful compared to word rankings (i.e., if air is the top-5 word yet its relevance score
is higher compared to other terms, this will be the topic label).> We modeled topics sep-
arately for each sampling strategy (cumulative and non-cumulative) to evaluate the ro-
bustness of the trajectories. We found 2,337 documents after sampling, and that a model
of 6 topics seems adequate as it achieved low perplexity and high coherence across all
decades.

[1l. Shift assessment. Entropy, originally defined by Shannon (1948), quantifies the degree of
unpredictability or diversity in a distribution. In our context, it measures the variability
of each topic’s probability distribution over time, indicating how conceptually stable or
unstable a topicis. This approach has been used to capture thematic volatility in scientific
discourse (Hall et al., 2008; Luhmann and Burghardt, 2022). We focused on topics whose
top terms included one or more oxygen-related keywords and whose entropy trajectories
showed a sequential activation across the decades. This allowed us to identify topics that
plausibly represent distinct stages in the development of oxygen theory.

3 Note that, while current state-of-the-art approaches for scientific document classification rely on
contrastive learning over citation graphs (Singh et al., 2023), this was not feasible for our study due
tothe RSC's sparse and non-standard citation formatting. We thus selected LDA as an interpretable
and well-established method for estimating thematic shifts.
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3.3 Word level

We used data from 1750 to 1799, filtered by the topic labels Biochemistry, Chemistry 1, and
Chemistry 2, which were derived from an earlier LDA-based topic modeling study on the
Royal Society Corpus (Fankhauser et al., 2016).

To analyze linguistic change at the micro-level, we investigated the lexeme air, a term
central to both phlogiston and oxygen theories. The corpus was split into five-year time
bins to capture fine-grained temporal resolution. All data were part-of-speech and de-
pendency parsed using the Stanza library (Qi et al., 2020).

To examine syntactic and semantic shifts of air, we employed SynFlow (Phan-Tit,
2025), a custom Python package designed for extracting syntactic co-occurences of
words from dependency-parsed corpora for collocational analyses. SynFlow builds a
syntactic tree based on CONLLU format annotations and retrieves (and counts) the
syntactic slots and slot fillers for a given target word or part of speech. For example,
given the target air as a NOUN, some extracted slots include chi_det (determiner, as in
the air) and pa_nsubj (subject, as in the air heats up). SynFlow uses the prefix chi (children)
when the target is the head in a dependency relation and pa (parent) when it is the
dependent. This distinguishes the directionality of syntactic relations. It also enables
the reconstruction of syntactic slot-filler distributions. Thus, it was chosen for its ability
to systematically retrieve and quantify the frequencies of both syntactic slots (e.g.,
chi_amod) and their fillers (e.g., adjectives like “pure” or “vital”) across historical stages.
In our workflow, we first used SynFlow to retrieve the frequencies of all syntactic slots
of air in each five-year time bin (e.g., 1750-1755, 1755-1760) before calculating Jensen-
Shannon Divergence (JSD) between slot distributions to measure distributional shifts
over time. JSD is a symmetric and bounded measure that quantifies the difference
between two probability distributions.

4. Results and discussion

We begin this section with a macro-analytical view by modeling the document level, an-
alyzing topic drifts, and then move on to a micro-analysis at the word level by analyzing
linguistic properties of the changes observed.

4.1 Topic drifts at document level

411 Topic trajectories across decades under cumulative

and non-cumulative modeling
Table 1 shows the 6 topics and 3 top-words of every decade based on the cumulative strat-
egy (decades and past decades), and the results suggest this strategy provides stable top-
ics over time, with recurring labels such as author, year, observation, distance, plant, water,
air, wind, foot, and blood. Note that topics sharing a column with different labels are not
equivalent; the alignment is arbitrary.
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Table 2 presents a seemingly more diverse set of topics through time. This is based
on the non-cumulative strategy (only documents from that decade), and the results hint
toward more fine-grained representations of the themes discussed. Here, the term air
does not appear at all in the 1750s; it enters the topic of water in the 1760s, becomes a
distinct topic label in the 1770s, and transitions into a top term under the acid topic in the
1790s. By the 1800s, air disappears as a salient term, leaving acid as the dominant theme.

Table 1: Topic labels of the 6 topics with their 3 top-words over time based on the cumulative strat-

gy

1 2 3 4 5 6
year time plant water water blood
author observati fig experimer time time
1750 author |time observation/motion plant |[tree water |air wind |place blood |body
year time plant \water time blood
author observati fig experimer water time
1760 author |number |obser n plant |animal water |air wind |place blood |body
year time plant water wind blood
author observati animal air water time
1770 year |number |obser listance plant |fig water |experimen wind |time blood |body
year time plant time air blood
author observati animal water \water body
1780 year |number |obser listance plant |fig air wind wind |experimen blood |[time
year time plant air time blood
author observati fig water day body
1790 year |number |obser listance plant |[tree air experimen wind |water blood |animal
year time plant air time animal
author observati tree water foot blood
1800 year |number distance plant |fig air experimen  foot |water blood |body

Table 2: Topic labels of the 6 topics with their 3 top-words over time based on the non-cumulative

strategy.
1 2 3 4 5 6
water day plant time number foot
experiment time animal water year inscription
1750 gla: day |year plant _|body number _[time
point animal time wind year water
line body observation day inscription air
1760 point ratio animal |part wind foot year letter water |experiment
experiment year bird observation number air
body animal country wind height water
1770 ball inch animal |tree bird water wind time number |difference air experiment
body animal star day degree air
inch part distance time thermometer water
1780 body velocity animal [time star observation day foot experiment air acid
experiment eye point day observation acid
inch animal line time star air
1790 inch water eye i gravity  |gravity day year observation [time acid water
periment animal star ray iron acid
body stomach motion glass gold water
1800 vessel |vessel animal |portion star |observation ray experiment gold copper acid gas
4.2 Distinctiveness of topics across decades

To assess the distinctiveness of topics across decades, we computed the JS distance be-
tween them, validating whether each decade had estimated distinct themes. Figure 1
shows a comparison of the 1800s: compared to the non-cumulative (decade without past
decades) approach, the cumulative (decade including past decades) approach estimates
topics that have lower scores which hints toward higher similarity. These results were
consistent in all decades.

- EE—
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Fig. 1: ]S distance scores for the 6 topics from the 1800s. From left to right, it shows the cumulative

and non-cumulative strategies.

°
>
al
oo o
s ®

°
2
JS D
JS Distance

-2_distance

-6_air

-1_blood

- 4_foot

-3 _plant

0.78 0.75 0.76 0.75 -1 gold

0.75 0.74 0.79 0.77 -3_acid

- 6_animal

-2_vessel

-4 star

5.year 075 077

1 blood
4_foot
3_plant

2_vessel

6_animal

4.1.3 Assessing shifts in topics variability
To assess shifts in the variability of each topic’s probability distribution over time, we
used entropy as an indicator of how conceptually stable or unstable a topic is. We found
higher values in the cumulative strategy (decade with past decades). Figure 2 shows
topics with oxygen terms; notably, wind and water seem to behave similarly from the
1750s to the 1770s, while air seems to be the continuation of water. This is consistent with
Tables 1and 2, where the air term often appears with the water label and vice versa, sup-
porting the view that air and water are thematically linked across decades. Based on the
non-cumulative strategy (decade without the past), Figure 3 hints the trajectory of wind
is continued by air, and from there acid follows. Overall, while the cumulative strategy
shows rising entropy across oxygen-related topics, the non-cumulative declines then
rises post-1774 oxygen discovery. This decline of diversity pre-1780 could be interpreted
as the resistance of phlogistonists to decenter air in their findings (e.g., Priestley’s
dephlogisticated air), while the rise of diversity post-1780 could be attributed to Lavoisier’s
coining the term oxygen. These observations support Thagard’s (1990) on why Lavoisier
made the conceptual shift instead of Priestley. However, to clarify this, future studies
will have to incorporate Lavoisier’s articles in French, which are absent from our corpus.
Lastly, based on the observed patterns, we selected representative topics given the
following: (1) the non-cumulative strategy (decade without past) offers more fine-grained
topics, (2) the topic of water seems to develop into the topic of air, and (3) the topic of
air drifts to become the topic of acid. Figure 4 shows the JS distance between these top-
ics, with two maximum values obtained between the 1760s-1800s (water-acid), and the
1780s-1800s (air-acid). Interestingly, these values seem to match the conceptual shiftif we
assume the water topic as reflecting phlogiston theory, air as a transition phase, and acid
as representing the oxygen paradigm. In the 1770s, Priestley contested phlogiston theory
by demonstrating the existence of what he called dephlogisticated air, a phenomenon that
Lavoisier later conceptualized coining the term of oxygen (Chang, 2011). Hence, the key
patterns of text reuse and rhetoric related to the competing oxygen and phlogiston con-
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cepts may be contained in the documents that are members of the topics acid (1800s) and

water (1760s), respectively, while air (1780s) could be studied as a transition stage between
both.

Fig. 2: Entropy values over time based on the Fig. 3: Entropy values over time based on the
cumulative strategy for oxygen-related terms.  non-cumulative strategy for oxygen-related
terms.
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4.2 Word level

To investigate change at the word level, we focused on the transition phase and analyzed
the term air, which plays a central role in the transition from phlogiston to oxygen the-
ory as shown in our document level analysis. Using SynFlow, a syntactic analysis tool for
dependency-parsed corpora, we extracted and analyzed the slot-filler distributions of air
across five-year time bins between 1750 and 1800 as described in our method section. Our
goal was to track how the linguistic environments of air evolved over time, as a proxy for
changing conceptual and epistemic roles.

4.2.1 Diachronic distribution of syntactic slots associated with air

Figure 5 presents the relative frequencies of all syntactic slots associated with air over
time. Air was syntactically stable as the relative frequency of the syntactic slots did not
fluctuate much. Slots such as chi_obj (object) and pa_nsubj (nominal subject) remained
stable in relative frequency throughout the period, indicating persistent grammatical
roles. In contrast, the relative frequency of the chi_amod (adjectival modifier) and
chi_det (determiner) slots showed quite some variation. The frequency of amod was
stable at first, then suddenly increased during the first half of the 1760s, then further
increased from the latter half of the 1760s to early 1790s then suddenly decreased. The
frequency of det fluctuated at first then decreased gradually. This suggests a shift in how
air was conceptualized. In earlier decades, air was frequently introduced as a known,
observable entity (the air), consistent with a referential and phenomenological view. Over
time, the decline of this pattern may reflect a growing interest in the internal properties
of air, i.e. its quality, typology, and theoretical framing, rather than its immediate phys-
ical instantiation. This change aligns with the transition from descriptive to theoretical
discourse in chemistry and also explains the increased use paired with a premodifying
adjective (amod).

Fig. 5: Frequency of top-7 slots between periods

Top-7 Slots Over Time (Half-Decade) (Normalized)

Slot Type
—e— chi_case
—e— chi_det
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4.2.2 Syntactic signatures of the conceptual change of air

Figure 6: Jensen-Shannon Divergence of all slots
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Figure 6 shows the Jensen-Shannon Divergence (JSD) values across successive five-
year time bins from 1750 to 1800, measuring the distributional change in syntactic slots
associated with air. The most noticeable pattern is a sharp increase in divergence around
the 1760-1765 period, peaking just above 0.035. This suggests a substantial shift in the
way air was used syntactically and coincides with the slot-filler adjective modifier as
shown in the analysis of the diachronic distribution, reflecting the emergence of new de-
scriptive terminology (e.g., fixed air, dephlogisticated air). Following this peak, JSD drops
steeply from 1765 to 1770 and continues to decline to its lowest value around 1785. This pe-
riod can be interpreted as a phase of relative stabilization, in how air was syntactically de-
scribed, showing a phase of terminological consolidation as certain descriptions gained
acceptance in the community. After 1785, divergence gradually increases again, with a
marked increase between 1790 and 1795, likely corresponding to the transition toward
oxygen-centered theory, as Lavoisier’s ideas gained traction. Together, these fluctuations
trace the linguistic signature of conceptual instability and eventual transformation.

However, note that the absolute value of the JSD was extremely small, which means
that generally, the distributions were very stable. When visualizing the contributions of
different slots, the picture becomes clearer. All the big increases in the JDS pattern were
mostly contributed by the amod slot (Figure 7).

During the 1750s and early 1760s, amod contributed insignificantly. However, it con-
tributed significantly to the big divergence increment in the late 1760s. For the next 30
years, the contribution became minimal again, except for the early 1780s. And suddenly,
in another rise in divergence at the end of the period, its contribution rose again.
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Figure 7: Contributions of different slots in the JSD
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4.2.3 Assessing shifts in adjectival slot-filler distributions

We applied the same workflow with the adjective slot. First, we visualized the shift in
relative frequencies of the adjectives and found that the discovery of oxygen changed the
way scientists described air, causing great fluctuations of technical adjectives (e.g., phlo-
gisticated, fixed) throughout the period (Figure 9). The frequencies of other non-technical
adjectives (e.g., fresh, open) decreased and stayed low most of the time (Figure 8).

Figure 8: Relative frequency shifts of the adjectives filling the amod slot
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Timewise, we can see some similarities in terms of the small periods with that of the
above figures.

After computing the JSD score for the distributions of the adjectives, we found that it
matches perfectly with that of the slots’ JSD (Figure 10). The consistent pattern is: stability
in the first decade, then a big rise followed by a stable period and an increase at the end.

Figure 9: The frequency shift of technical adjectives
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Figure 10: JSD of the adjectives
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Figure 11 presents the JSD contributions of different adjectives modifying the noun
air across 5-year intervals from 1755 to 1799. Each subplot represents a time bin and
shows which adjectives (slot-fillers of the amod slot) contributed most to the distribu-
tional shift in that period. This fine-grained analysis allows us to trace how conceptual
associations with air changed during the Chemical Revolution. The results converge
with and help to quantify the linguistic aspect of the established narrative findings
from the history and philosophy of science (Chang, 2011; Kuhn, 2012; McEvoy, 1978;
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Stewart, 2012). Early adjectival modifiers reflect physical or environmental properties,
while mid-century modifiers indicate taxonomization of different air types (e.g., fixed,
mephitic), consistent with the exploratory period of phlogiston theory. In the 1770s and
1780s, the divergence score decreased considerably, indicating stabilisation around
main competing descriptors (e.g., (de-)phlogisticated, fixed) at the height of debate. By the
1790s, phlogiston-related terms disappeared while compositional and functional terms
dominated, such as respirable and uncombined, causing the divergence to rise again. This
aligns with the defeat of phlogiston theory and the rise of oxygen theory. These changing
slot-filler patterns offer linguistic evidence for the conceptual restructuring that defined
the Chemical Revolution.

Figure 11: Contributions of different adjectives to the JSD
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4.2.4 Exploratory comparison with LLM-based interpretations

Based on the findings, we explored whether commercial LLMs (ChatGPT and Grok),
trained on large amounts of secondary scientific and historical material, would be able
to provide similar results in terms of a comparable high-level narrative. To this end, we
conducted a brief, illustrative comparison by prompting ChatGPT and Grok in a fresh
session to avoid contamination from prior interactions. The convergence between the
LLMs’ responses and our finding lies in the identification of three broad periods charac-
terized by epistemic struggle rather than abrupt replacement, as well as the prominence
of key terms such as (de)phlogisticated, common, fixed. However, their responses only
track macro-level conceptual change and largely reflect established philosophical and
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historical narratives, whereas our analysis provides a fine-grained, quantitative account
grounded in tractable and transparent distributional and syntactic evidence. In this
sense, LLMs appear well suited for exploratory purposes, but they do not (yet) replace the
need for interpretable analyses when the goal is to trace how conceptual change is real-
ized through language and to relate quantitative findings to a known and controllable
data source.

4.3 Toward graph-based modeling of conceptual changes

The present study provides a first step towards modeling the multi-layered nature of con-
ceptual changes in an interpretable, data-driven fashion. By combining topic modeling
and syntactic slot-filler analysis across time, we have extracted core elements that can be
operationalized as nodes and relationships in dynamic knowledge graphs. We envision
these graphs to be able to represent the trajectories, tensions, and reconfigurations that
constitute conceptual change in science as shown in recent studies (Kaye et al., 2024).

At the document level, our topic modeling reveals a sequential progression across
three topics: water (1760s), air (1780s), and acid (1800s). These topics correspond to key
stages in the theoretical shift from phlogiston to oxygen theory. In a graph-based frame-
work, each of these topics can be modeled as a node anchored in time. The edges be-
tween them can encode their pairwise similarity using Jensen-Shannon Divergence (JSD)
scores calculated from topic distributions. For instance, the edge between water (1760s)
and air (1780s) would be weighted by their JSD, capturing the degree of topical shift. The
same applies to the edge between air and acid (1800s), representing the continued drift in
conceptual content (i.e. the meaning of air moving conceptually from water to acid). More
importantly, the air node is not just one point on a timeline. It functions as a transitional
hub. Based on our findings, air appears linguistically and conceptually between the de-
cline of phlogiston (water) and the rise of oxygen (acid), both temporally and in terms
of content similarity. The graph should reflect this mediating function explicitly: air is
connected to both water and acid, and these connections are directional and weighted,
signifying that air inherited semantic traits from one and contributed to the emergence
of the other.

From the word-level analysis using SynFlow, we derive additional relational data that
can be layered into the graph. For instance, the slot-filler analysis revealed that modi-
fiers of air changed significantly over time. In the earlier period, air was often preceded
by spatial or environmental adjectives (e.g., open, fresh), while in the later period, mod-
ifiers became chemically loaded (e.g., vital, fixed, dephlogisticated). This shift in the amod
(adjective modifier) slot can be modeled as a series of edges connecting the air node to ad-
jective nodes representing its contextually salient attributes. These attributes themselves
can evolve and be clustered, representing the change in the conceptual schema surround-
ing air. Furthermore, we observed a decline in the relative frequency of the determiner
slot (det) for air, suggesting a shift from referential usage (the air) to more abstract, sub-
stance-like usage without the determiner. In graph terms, this could be represented as
a change in node type or ontological status, i.e. a transition from a generic, external ref-
erent (i.e. the air) to a theoretically posited scientific entity. This supports modeling air
not just in semantic or distributional terms but also as a concept that changes category
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within the scientific ontology, something graph-based ontologies can represent explic-
itly.

Entropy values from the topic analysis add another dimension. High entropy in a
topic suggests conceptual plurality or competition, while declining entropy reflects con-
ceptual consolidation. Thus, entropy values can be used as node-level attributes or as
weights modulating the confidence or centrality of a node at a given time. For exam-
ple, the high entropy of the air topic during the 1780s may indicate a state of conceptual
fluidity, just before acid (oxygen theory) became dominant in the 1800s.

All of these elements (topic trajectories, JSD values, syntactic environments, slot-
filler shifts, determiner frequency changes, and entropy dynamics) can be encoded as
graph elements. Topics such as air, water, and acid, as well as key lexical terms like air, can
serve as nodes. These nodes may be enriched with associated properties derived from
modifier terms extracted via syntactic analysis, such as vital, fixed, or dephlogisticated,
which reflect the evolving semantic framing of these concepts. Additionally, rhetorical
functions such as observation or substance identified in topic contexts could themselves
be modeled as nodes, enabling the tracking of shifts in conceptual roles over time. Con-
nections between these elements are encoded as edges. Topic-to-topic edges, for exam-
ple, can be weighted using the ]S distance to quantify thematic divergence across time.
Term-to-term edges may be derived from co-modification patterns (e.g., when air and
gas share similar adjectives), while term-to-property edges arise from slot-filler patterns
(e.g., air modified by vital in the amod slot). Edges can also capture temporal progression,
allowing chronological anchoring of conceptual developments. Each node can carry spe-
cific attributes that reflect the linguistic and conceptual state of the entity it represents.
Entropy scores can capture topic diversity at a given time; relative frequency can indicate
prominence or decline; grammatical role distributions (e.g., the presence or absence of
determiners) can reflect shifts in ontological framing. The types of edges themselves can
be semantically rich: they may represent semantic similarity (as computed from word
embeddings or co-occurrence), rhetorical continuity (when one topic or term extends
the discourse function of another), syntactic modification (capturing grammatical pat-
terns), or ontological transitions (e.g., when air shifts from being treated as an environ-
mental referent to a chemical entity). This formalization provides the structural back-
bone for graph-based modeling of conceptual shifts, allowing us to integrate linguis-
tic observations into a dynamic and interpretable network of conceptual change. This
graph could be dynamically constructed over time slices and queried to trace how con-
cepts evolve, converge, or disappear.

Ultimately, the analyses presented here serve as a scaffolding: they identify the el-
ements and dynamics that need to be encoded in future graph-based models. They also
offer quantitative backing for where conceptual transitions occur and how they manifest
in language. By translating these observations into graph structures, we aim to model
conceptual shifts not as isolated changes but as dynamic, interconnected processes of
semantic and epistemic evolution.

This view is similar to Vogl et al.’s (2026) where LLMs are described “as a compass rather
than a quick fix”. Although our tasks have different objects of study, the overarching goal of
detecting shifts in discourse is the same. Their approach used topic modeling and LLMs
combined to generate interpretable labels for a knowledge graph, and despite the chal-
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lenges of characterizing the driving forces of the narratives or the participants, we are
excited to explore akin implementations in future works.

5. Conclusion

This paper examined how conceptual change during the late phase of the Chemical Revo-
lution is reflected in scientific writing by combining document-level topic modeling and
word-level syntactic slot-filler analysis with information-theoretic measures to interpret
change through linguistic insight. The results show a gradual reorganization with phases
of thematic competition and consolidation at both levels. In particular, we observed the
transition from phlogiston to oxygen theory, with topic shifts (air to acid) accompanied
by higher entropy and slot-fillers with rising divergence during that period.

Beyond the historical case study, the contribution of this work lies in showing the
value of interpretable, distribution-based methods for linguistically HPSS-oriented
questions such as conceptual changes. Topic entropy and divergence make explicit how
thematic diversity and stabilization unfold over time, while slot-filler patterns allow
conceptual change to be traced through observable grammatical configurations. Com-
pared to LLM-based approaches, which recover high-level narratives but conflate lexical,
semantic, and grammatical information and do not offer direct access to the linguistic
configurations through which change is enacted, our approach provides a transparent
link between quantitative signals and the linguistic realization of epistemic change in a
clearly defined primary corpus.

By translating these interpretable linguistic features into nodes, edges, and at-
tributes, future work can integrate the strengths of distributional analysis with more
expressive representational frameworks, potentially complementary with LLM-based
methods. In this sense, the analyses presented here are not an endpoint, but a scaffold-
ing for modeling conceptual change as a dynamic, multi-layered process grounded in
observable language use.*
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