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The Atomic Number Revolution in Chemistry: A Kuhnian Analysis 

 

Abstract 

I argue that the field of chemistry underwent a significant change of theory in the early 20th 

Century, when atomic number replaced atomic weight as the principle for ordering and identifying 

the chemical elements.  It is a classic case of a Kuhnian revolution.  In the process of addressing 

anomalies, chemists who were trained to see elements as defined by their atomic weight 

discovered that their theoretical assumptions were impediments to understanding the chemical 

world.  The only way to normalize the anomalies was to introduce new concepts, and a new 

conceptual understanding of what it is to be an element.  In the process of making these changes, 

a new scientific lexicon emerged, one that took atomic number to be the defining feature of a 

chemical element. 

 

Key words: 

Atomic number; atomic weight; revolutionary theory change; isotope; Kuhn; lexical change 

 

  



2 
 

My aim in this paper is to provide an analysis of the discovery of atomic number and its effects on 

chemistry.  I aim to show that this is a classic textbook case of a Kuhnian scientific revolution.  The 

analysis serves two purposes.  First, it provides another case of a Kuhnian revolution, thus offering 

support for Thomas Kuhn’s theory of scientific change, which been subjected to criticism on an 

ongoing basis (see, most recently, Scerri 2016).  Second, it provides a compelling unifying narrative 

of some of the most important research in chemistry in the early 20th Century.  Thus, the paper 

aims to be a contribution to both Kuhn scholarship and the history and philosophy of chemistry. 

 I will begin by explaining in detail what I mean by the term “Kuhnian revolution.”  

Then I will provide some background for understanding the revolutionary nature of the change of 

theory in chemistry that is the focus of this paper.  This involves outlining the state of chemistry in 

the mid- to late-1800s, for it is against this background that the revolution in 20th Century 

chemistry manifests itself.  In order to appreciate the revolutionary nature of a particular change 

of theory, Kuhn argues, you need to understand the scientific framework and practices that 

preceded the change.[1]  Finally, I will explain the various discoveries that contributed to the 

revolution in chemistry that led to the ordering and classification of the chemical elements 

according to atomic number rather than atomic weight.  

 

1. Kuhnian Revolutions 

 

Before considering the details in the history of chemistry, I want to outline what I mean by a 

Kuhnian scientific revolution.  Kuhn had originally described scientific revolutions as paradigm 

changes (see Kuhn 1962/2012).  Roughly, he argued that a scientific revolution occurs when one 

paradigm, or theory, replaces another incommensurable paradigm or theory.  It is the fact that the 
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replaced paradigm and the new paradigm are incommensurable that makes paradigm changes 

revolutionary.  The incommensurability is a consequence of two factors: (i) that there are no 

overarching paradigm-independent standards by which to evaluating the competing theories; and 

(ii) that the terms and concepts used in the long-accepted paradigm and the new alternative 

paradigm do not cut nature at the same joints.[2]  Consequently, the dispute between adherents 

of the long accepted paradigm and the adherents of the new alternative paradigm can be 

complicated and contentious. 

 This characterization of revolutionary changes of theory, though, came under attack 

almost immediately after Kuhn published Structure.  The process Kuhn described seemed to 

threaten the rationality of science (see Shapere 1964/1980; and Scheffler 1967).[3]  And the term 

“paradigm” was used in such an undisciplined way that it was never quite clear to Kuhn’s critics 

what exactly he was claiming (see Masterman 1970; see also Conant in Cedarbaum 1983).  As a 

consequence Kuhn spent much of the rest of his career trying to clarify what he was trying to say 

in Structure.  Despite the ambiguity inherent in Kuhn’s use of the term “paradigm” it did not stop 

others from using it.[4] 

 Ultimately, he settled on a different characterization of theory change (see Kuhn 

1987/2000; 1981/2000; also Wray 2011).  Instead of referring to theories as paradigm, he came to 

believe that theories are scientific lexicons.  Each theory is a scientific vocabulary that orders the 

relevant concepts in specific ways, with very precise relationships between the concepts.  Many of 

the central concepts of a theory are related to each other as genus to species.  For example, in the 

Ptolemaic theory in astronomy, some celestial bodies, but not others, are classified as planets.  

The class of planets include the Moon, Mercury, Venus, the Sun, Mars, Jupiter, and Saturn.  

Common to all these celestial bodies is that they are wandering stars, having a motion distinct 
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from the motion of the fixed stars.  In this respect, they form a natural kind.  These celestial bodies 

are contrasted with an alternative class of celestial bodies, the fixed stars, which were alleged to 

move together on the outer most sphere of the cosmos, circling the Earth in 24 hours.  The fixed 

stars thus form another natural kind.  They are a distinct species of celestial objects.  An 

alternative theory, according to Kuhn, would either (i) invoke different concepts, or (ii) define the 

concepts differently than the long accepted theory, or (iii) relate the concepts to each other in 

different ways than the ways they are related to each other in the long accepted theory. 

In his later writings, Kuhn described revolutionary theory changes as involving lexical 

changes of a very particular sort.[5]  Specifically, they are those changes of theory that reorder 

scientific concepts such that the relations between concepts in the long accepted theory are no 

longer preserved.  In fact, a revolutionary change of theory involves the violation of what Kuhn 

calls the no-overlap principle (Kuhn 1991/2000, 94).  Essentially, what this involves is the 

introduction of changes to the scientific lexicon such that former relations of genus and species 

are no longer preserved.  Instead, classes of objects that were previously regarded as related to 

each other as species to genus are no longer regarded as related in this way.  For example, with 

the Copernican Revolution in astronomy the Sun was no longer regarded as a planet.  Instead, it 

came to be regarded as a star.  And the distinction between fixed stars and wandering stars was 

abandoned.  The Copernican Theory introduced other lexical changes as well.  The definition of 

planet, for example, changed from wandering star to satellite of the Sun. 

Kuhn contrasts these sorts of changes to a scientific lexicon with changes that merely 

enlarge a scientific lexicon.  When an animal species is discovered, for example, often scientists 

are able to merely extend the existing scientific lexicon, still preserving the structure of the 

accepted scientific lexicon.  For example, when a new species of frog is discovered the class of 
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amphibians remains intact.  Even the various species of frogs may retain their relative relationship 

to each other in a taxonomy.  All that is required to accommodate the discovery is to add another 

branch to the prevailing taxonomic tree.  Such a discovery can be exciting, but it would not be a 

revolutionary discovery in the Kuhnian sense.  

Kuhn regarded this new characterization of theory change as merely a clarification of 

his original account, presented in Structure.  Even he came to realize that the notion of a paradigm 

was far from clear.  In his later writings, the term “paradigm” was reserved for those specific 

scientific accomplishments that become templates for solving other related outstanding scientific 

problems (see Wray 2011).  For example, drawing on Tycho Brahe’s vast store of observational 

data, Johannes Kepler developed a model for the orbit of Mars.  This model embodied Kepler’s 

famous first two laws of planetary motion: that the orbit of a planet is elliptical in shape with the 

Sun occupying one focus, and that the planet sweeps out equal areas in equal times as it orbits the 

Sun.  This planetary model became a template for solving related research problems.  For 

example, it could be, and was, used to develop models for the orbits of other planets.  In time, the 

paradigm aided astronomers in developing models for the orbits of satellites, that is, moons of 

planets, and in developing models for the paths of comets.  This is how paradigms function in 

Kuhn’s later writings. 

Much of the apparatus associated with the earlier paradigm-related notion of 

revolutionary theory change was retained in Kuhn’s more recently developed lexical change model 

of theory change.  For example, he continued to believe that anomalies played a crucial role in the 

process of scientific change that ultimately lead to revolutionary changes of theory.  And he also 

continued to believe that scientific fields were often led into a state of crisis by anomalies that 

persistently resisted resolution or normalization.  The appeal to lexical changes is meant to bring 
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into focus the essential characteristic of radical theory change, the sort of changes we associated 

with scientific revolutions.  Normal science, on the other hand, can be conducted effectively with 

the conceptual resources supplied by the prevailing scientific lexicon. 

 

2. The State of Chemistry at the Dawn of the 20th Century 

 

The 19th Century was a golden age in chemistry.  At a typical German university, for example, 

chemistry grew from a discipline that was serviced by one professor in the 1820s, to a discipline 

that required four professors by the 1890s (Ben David 1971, 125-126).  And Brett Thornton notes 

that “over fifty elements were discovered in the 19th century” (Thornton 2010, 86).  The 19th 

Century began with important research by John Dalton, which led to discovery of the law of fix 

proportions (see Kuhn 1962/2012, 78-79; 129-134).  This provided an impetus for much research 

in the early 1800s. 

More important for our concerns, is the Congress in 1860 in Karlsruhe, Germany.  

Chemists from across Europe gathered in Karlsruhe to settle various theoretical issues, in a 

deliberate attempt to move the field ahead (see Everts 2010).  Specifically, they sought “more 

precise definitions of the concepts of atom, molecule, equivalent, atomicity, alkalinity, etc.” 

(Welzein 1860, cited in Hudson 1992, 123).  Though the conference was a great success by many 

measures, a consensus on many issues was not reached.  Some attendants adamantly insisted that 

“votes must not be taken on scientific questions” (see Ihde 1961, 85).  At the end of the 

conference, the Italian chemist Stanislao Cannizzaro proposed that atomic weights be used as a 

means to classify chemical elements (see Kaji 2002, 5).  Many chemists agreed, including Adolph 

Strecker and August Kekulé (see Ihde 1961, 85). 
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Even assuming that the issue of how to classify elements is settled, the organization 

of the various chemical elements was far from complete.  Determining the atomic weight of a 

sample of a chemical element involved challenging work in the laboratory.  And there was in fact 

some divergence of opinion on these empirical matters.  J. W. van Spronsen provides a useful 

Table for comparing the atomic weights assigned to a variety of elements by leading chemists in 

the 1860s and early 1870s.  This illustrates the challenges that chemists still faced (see van 

Spronsen 1969, 57, Table 2).  Though chemists were working in what Kuhn would call a normal 

scientific tradition, the research problems they faced required ingenuity, patience, and often the 

development of specialized equipment and techniques. 

 But guided by the belief that atomic weight is the characteristic feature of each 

chemical element, a number of chemists embarked upon the task of developing ways to 

systematically organize the various elements.  Eric Scerri provides a useful summary of the various 

attempts to order the elements using this guiding principle (see Scerri 2011, Chapter 4).  And van 

Spronsen provides diagrams of a variety of Periodic Tables and other ways of ordering the 

elements developed in and after the 1860s, following the Karlsruhe Conference (1969, Chapter 5).  

The culmination of this research program was Dimitri Mendeleev’s Periodic Table of Elements.  In 

fact, Mendeleev developed numerous Periodic Tables in the 1800s.  But he was committed to the 

idea that the defining feature of an element is its atomic weight (see Kaji 2002, 10).  Based on his 

research and the first Periodic Table of Elements that he published in 1869, Mendeleev made a 

number of important observations about the chemical elements (see Hudson 1992, 130-131).  

They include:  (i) “the elements, if arranged according to their atomic weights show a clear 

periodicity of properties”; (ii) “the arrangement of the elements … in order of atomic weights, 

corresponds with their valencies”; and (iii) “the magnitude of the atomic weight determines the 
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character of an element” (Mendeleev in Hudson 1992, 131).  The Periodic Table thus not only 

organized the elements.  It did so in a manner that revealed hitherto unknown aspects of the 

structure of the chemical world. 

 Using his various Periodic Tables, Mendeleev predicted a variety of hitherto unknown 

elements, even predicting various properties of the elements based on the spaces left empty in 

the Tables, and their relative location with respect to other known elements (see Scerri 2011, 63-

68).  But as Scerri and Worrall have shown, the success of Mendeleev in this endeavor has been 

exaggerated (see Scerri and Worrall 2001).  A number of his predictions proved misguided.  In fact, 

Mendeleev’s predictions of new elements seemed to be correct only half the time (see Table 21 in 

Scerri 2011, 68).  But clearly the method he used was useful in some respects, contributing to the 

discovery of some hitherto unknown elements. 

 Not surprisingly, late 19th Century chemists faced some challenging anomalies.  

Perhaps one of the most famous is the debate about the relative placement of iodine and 

tellurium.  Tellurium has an atomic weight higher than iodine, yet given its other chemical 

properties, some chemists, including Mendeleev thought that tellurium should precede iodine on 

the Periodic Table of Elements.  Scerri notes that “this step had already been taken by Olding and 

Lothar Mayer” (see Scerri 2007, 109 and 130; see also van Spronsen 1969, 113).  Strictly speaking, 

this was a violation of the key principle of ordering the elements.  But such practices are common 

in all sciences.  Anomalous phenomena have to be dealt with in some way, and Mendeleev and 

other chemists felt that such a solution was reasonable, given their knowledge of the properties of 

the various elements.  Other pairs of elements had also posed similar problems for chemists, as 

long as they assumed that atomic weight was the key to classifying chemical elements, including, 
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for example, potassium and argon, and cobalt and nickel (see Hudson 1992, 136; also 175; and 

Heilbron 2005, 230). 

 Another anomaly or set of anomalies began to surface in the beginning of the 20th 

Century.  Chemists were finding that some samples of elements that had the same chemical 

properties, and were chemically inseparable, had different atomic weights.  For example, “in 1906 

Bertram Borden Boltwood … was unable to separate ionium … from thorium” (Hudson 1992, 170).  

If the principle of atomic weight were taken as the defining characteristic of an element, then 

these samples should be regarded as distinct elements.  But the fact that they could not be 

chemically separated was uncharacteristic for distinct elements. 

 These anomalies in themselves did not necessarily signal a pending revolution in 

chemistry.  After all, as Kuhn notes, every theory faces anomalies.  Anomalies provide the research 

topics in a normal scientific tradition.  And scientists sometimes choose to set some anomalies 

aside, to await the efforts of future scientists who may be better equipped, conceptually and 

technologically, to tackle the problems.  Ultimately, though, these specific anomalies did 

contribute to bringing about a radical change of theory in chemistry. 

 

3. The Early 20th Century Revolution in Chemistry 

 

The revolution in chemistry in the early 20th Century was not the result of the fact that scientists 

consciously sought to radically change their field.  Rather, it was a consequence of a series of 

research projects developing somewhat in isolation leading to a significant change in chemists’ 

understanding of the world.  The result, though, was a radical change of theory of just the sort 

that Kuhn would regard as a revolutionary change of theory. 
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Perhaps most significant in this process was the discovery of atomic number.  The 

discovery of atomic number is described in detail by Scerri (2007; 2011).  The discovery follows the 

pattern that Kuhn identifies in Structure, in his analysis of the discovery of oxygen (see Kuhn 

1962/2012, 53-57).  Consequently, it is fruitless and futile to attempt to pinpoint who discovered 

atomic number, and when exactly the discovery was made.  Instead, we have to satisfy ourselves 

with identifying a range of dates between which the discovery occurred.  The various lines of 

research that led to the discovery were also quite different.  Henry Moseley, for example, was 

using the then-still new technique of x-rays to analyze the structure of various elements (see 

Hudson 1992, 173; see also Alvarez et al. 2008, 92).  Laboratory work by Moseley, Antonius van 

den Broek, and others ultimately led chemists to realize that they could order the elements 

according to their atomic numbers, with each element separated by one unit from the preceding 

element.  This discovery was quite profound.  It required some significant reconceptualizations, 

including the realization that the atomic weight of an element is determined, not only by the 

number of protons in an atom, but also by the number of neutrons.  The atomic number of an 

element, on the other hand, is determined exclusively by the number of protons in an atom of the 

element. 

 Interestingly, the relative position of many of the elements remained the same in the 

new Periodic Table of Elements as they were on the various tables created according to atomic 

weight.  In this respect, one might mistakenly think that there was no revolution in chemistry in 

the early 20th Century.  Indeed, in general, the continuities through instances of theory change can 

have this affect, masking over the revolutionary dimensions of the changes that occur when there 

is a change of theory in science.[6]  
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   Contemporaneous with this research on atomic number was another research 

project examining the various anomalous chemical elements that shared the same chemical 

properties but differed with respect to atomic weight.  Herbert McCoy and Frederick Soddy 

recognized that some of these alleged elements could not be chemically separated from other 

well-known elements (see Scerri 2013, 48).  Soddy realized that these were not distinct elements 

but rather variants of already known elements.  He called the variants of an element “isotopes.”  

They are variants of an element that differ only with respect to their atomic weight, and “the 

relatively few physical properties which depend upon atomic mass directly” (Soddy 1913, 400).  

They thus differ with respect to the number of neutrons in the atoms.[7] 

In some respect, the concept of an isotope was a conceptual impossibility as long as 

chemists assumed that atomic weight defined a chemical element.  After all, if two samples had 

different atomic weights they were, by definition, different elements.  So it is not surprising that it 

took some time, and some confidence to assert the existence of such things as isotopes.  The 

introduction of the concept “isotope” provided chemists with the conceptual tools to make sense 

of a perplexing phenomenon, specifically, the fact that samples of the same element can have 

different atomic weights.  Isotopes are a classic example of something that does not fit the 

accepted lexicon, as long as scientists assume that elements are distinguishable by their atomic 

weight. 

 These two discoveries complimented each other.  Once chemical elements were 

thought of as essentially defined by their atomic number, the notion of an isotope was no longer a 

conceptual impossibility.  And once isotopes were recognized many alleged elements were 

recognized to be merely variants of known elements, thus cleaning up the seemingly ever-

expanding Periodic Table of elements. 
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 The discovery of atomic number as the proper principle for ordering the elements 

also resolved the anomalous reversals that some chemists had made, like the reversal of tellurium 

and iodine, discussed earlier.  Once chemists were committed to using atomic number as the 

principle of ordering, the switch in order that chemists had made between tellurium and iodine 

became warranted.  The new ordering, the one based on atomic number, ensured that “tellurium 

and iodine fall into their appropriate groups in terms of chemical behavior” (Scerri 2011, 83).  So 

another set of anomalies was thus resolved with the discovery of atomic number. 

 The discovery also led to other unforeseen insights into the chemical world.  Once 

the then-known elements were laid out in order according to atomic number, it became evident 

how many unknown elements there were, at least between the elements of hydrogen and 

uranium.  In fact, once this was made clear, the race to find the four missing elements became 

more directed.  As Scerri explains 

 

while chemists had been using atomic weights to order the elements there had been a 

great deal of uncertainty about just how many elements remained to be discovered.  This 

was due to the irregular gaps that occurred between the values of atomic weights of 

successive elements in the periodic table.  This complication disappeared when the switch 

was made to using atomic number.  Now the gaps between successive elements became 

perfectly regular, namely one unit of atomic number.  (Scerri 2011, 80) 

 

All seven of the missing elements between hydrogen and uranium were identified in the period 

between 1917 and 1945 (see Scerri 2013, xvi; Scerri 2011, 80; and Scerri 2007, 7 and 173-174).  

This is a clear example of what Kuhn regarded as normal science, filling in the details of a theory 
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(see Kuhn 1962/2012, Chapter III).  The discovery of these elements did involve some challenging 

work.  Thornton provides a list of the scientists who claimed to have discovered one of these 

seven missing elements, astatine, Element 85, or “eka-iodine in Mendeleev’s terminology” 

(Thorton 2010, 86).  Still, the rate at which the seven elements were discovered is quite striking.  

And the efficiency with which the elements were identified is a consequence of taking the 

conceptual categories of the newly accepted theory as given. 

 Some revolutionary changes of theory are quite protracted.  But a consensus was 

reached rather quickly in this case.  As Robin Hendry notes, by “1923 the International Committee 

on Chemical Elements, appointed by the International Union of Pure and Applied Chemistry 

(IUPAC), enshrined nuclear charge as the determinant of the identity of the chemical elements” 

(Hendry 2012, 58).  Perhaps even more telling is the fact that by 1918 a textbook was published 

that included a periodic table that ordered the elements by atomic number (see Alvarez 2008, 92).  

This new chemical theory was now becoming part of the foundation of chemical education.[8]    

 

What I have shown in this paper is that the field of chemistry underwent a significant change of 

theory in the early 20th Century, when atomic number replaced atomic weight as the principle for 

ordering and identifying the chemical elements.  This was a profound discovery.  We risk 

misunderstanding the development of knowledge in chemistry if we fail to see the episode for 

what it is. 

 In fact, it is a classic case of a Kuhnian revolution.  In the process of addressing 

anomalies, chemists who were trained to see elements as defined by their atomic weight 

discovered that their theoretical assumptions were impediments to understanding the chemical 

world.  The only way to normalize the anomalies was to introduce new concepts, and a new 
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conceptual understanding of what it is to be an element.  As these changes were made in a 

piecemeal way, a new scientific lexicon emerged, one that took atomic number to be the defining 

feature of a chemical element.[9]  It is worth emphasizing that this is quite a significant scientific 

revolution by Kuhn’s standards.  He makes clear that though most scientists and laypeople are 

aware of the wide-ranging and protracted scientific revolutions like the Copernican Revolution in 

astronomy, and the Darwinian Revolution in biology, most scientific revolutions effect on a small 

group of specialists.  This revolution in chemistry in the early 20th Century, clearly effects the 

community of chemists as a whole. 
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Notes 

[1]  Kuhn notes that it was in the course of conducting the necessary background research for a 

case study in early modern mechanics for Conant’s General Education Science course at Harvard 

that he had his epiphany and realized that scientists working with different theories work in 

different worlds (see Kuhn 1977, xi-xii). 

[2]  One of Kuhn’s favorite examples of a change in concepts that accompanies a change in theory 

is the change from Newtonian mass to Einsteinian mass.  “Newtonian mass is conserved; 

Einsteinian is convertible with energy.  Only at low relative velocities may the two be measured in 

the same way” (see Kuhn 1962/2012, 102).  Those who are resistant to the idea of revolutionary 

changes of theory tend to focus on the continuity between successive paradigms.  Kuhn, though, 

believes that the continuity is often illusory, as this example illustrates. 

[3]  Karl Popper even took issue with the rationality of normal science, as Kuhn characterized it 

(see Popper 1970).  The dogmatic acceptance of a theory that Kuhn says characterizes normal 

science is anathema to Popper’s critical rationalism. 

[4]  See Wray (2017) for an account of how social scientists responded to the term “paradigm.” 

[5]  Kuhn also uses the term taxonomic change when he discusses theory change in his later work.  

He thought of the network of concepts associated with or constitutive of a theory as forming a 

taxonomy of the objects in the scientific field the theory serves (see Kuhn 1991/2000). 

[6]  This problem is exacerbated in chemistry because some regard the Periodic Table of Elements 

as a theory.  For example, Restrepo and Pachón argue that the various Periodic Tables are “just 

different representations of the same phenomena, different shadows of the same object – the 

Periodic Law” (Restrepo and Pachón 2007, 190).  Insofar as the Table did not change, or changed 
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in only minor ways, one may be tempted to infer that there was no scientific revolution.  This, 

though, misses an important point of Kuhn’s account of theory change.   

[7]  This knowledge has been put to work in other scientific fields.  For example, space scientists 

rely on our knowledge of isotopes to determine whether particular meteorites on Earth originated 

from Mars (see Treiman et al. 2000).  And archaeologists have relied on our knowledge of isotopes 

in order to aid in the identification of skeletal remains, knowing that different cultural groups are 

exposed to different isotopes of lead, for example (see Carlson 1996).   

[8]  Textbooks play a crucial role in Kuhn’s analyses of science and scientific change.  They are the 

means by which scientists-in-training learn the scientific lexicon in their field (see Kuhn 1962/2012, 

80-81; 164-165). 

[9]  Scerri (2016) emphasizes the piecemeal way in which science advances.  Indeed, this was part 

of his rationale for criticizing Kuhn’s theory of scientific change.  Scerri sees the process as more 

evolutionary than revolutionary.  Elsewhere I have argued that Kuhn believed it could be both (see 

Wray 2011). 
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