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Abstract 

In virtue of what do scientific diagrams acquire their epistemic legitimacy? Which factors serve 

to validate schematic visual representations, rendering them useful and accepted components 

of scientific practice? 

This thesis addresses the epistemic legitimacy of scientific diagrams by investigating a variety of 

diagrams whose referents are “invisible”, that is, whose targets either cannot be seen, lack 

physical form, or have no material analogue. In focusing on such images, we shall gain insight 

into the factors that shape the forms that practicing scientists give to their diagrams and shed 

light on contemporary issues in the philosophy of scientific models and representations. 
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In this work, common factors underscoring the epistemic legitimacy of scientific diagrams are 

identified through three in-depth historical case studies. First, we consider several 

diagrammatic approaches to visualizing chemical structure that emerged around the 1860s, 

especially the competing approaches of August Kekulé and Alexander Crum Brown, and 

investigate the factors that led to the enduring success of Crum Brown’s visual representations 

and the corresponding abandonment of Kekulé’s. Second, we examine a spectrum of 

stereochemical diagrams and material models produced from the 1870s to the early 20th 

century, particularly those produced by J. H. van ‘t Hoff, and consider the factors that 

determined the forms given to representations of three-dimensional structures of chemical 

compounds. Third, we explore the diagrammatic approaches taken by physicist Richard 

Feynman in his mid-20th century lectures on quantum electrodynamics, paying close attention 

to his diagrams’ stylistic commonalities and dissimilarities as well as their ability to mediate 

between various aspects of the practice of physics. 

Finally, this thesis concludes by considering several common factors regarding the epistemic 

legitimacy of scientific diagrams that can be identified in these case studies, including the 

importance of a bijective relationship between scientists’ understanding of their diagrams and 

of their diagrams’ referents, the utility of diagrams for productively reasoning about their 

referents, and ability of certain diagrams to reduce scientists’ cognitive burden, especially 

through visual similarities. These factors serve to unite divergent approaches to the philosophy 

of scientific models and representation and reorient contemporary debates concerning 

representation towards an integrated historical-philosophical methodology. 
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1 Introduction 

 

1.1 Introducing scientific visual representations 

Examine any scientific work and there is a very good chance that it will contain images in 

addition to natural language and symbolic mathematics. Whether the work chosen is a 

textbook or a lab book, a peer-reviewed article or a PowerPoint presentation, there is a 

significant likelihood that the readers of such works will eventually find themselves looking at 

an image of some sort, be it a photograph, trace, etching, computer-generated graphic, table, 

sketch, graph, map, or diagram. 

The presence and persistence of scientific images has generated new and interesting questions 

for scholars working within the various fields that collectively compose Science Studies. How do 

images reflect and impact upon the foundational ideas and ontological views of scientists? How 

do images acquire their specific forms and how do these forms change (or remain the same) 

with variations in theory or practice? How are images used to generate new scientific 

knowledge and in virtue of what does this knowledge acquire its legitimacy? Finally, why are 

images, which are sometimes held suspect by the scientific community, so common throughout 

the practice of science?1 In other words, what is it about images that makes them so important 

and advantageous to scientific enterprise in the first place? 

These questions will be addressed in this work by focusing on one particular class of images: 

diagrams, the workaday schematic representations produced by practicing scientists. 

Specifically, we shall examine diagrams whose referents are “invisible”, that is, whose targets 

either cannot be seen, lack physical form, or simply have no material analogue. In focusing on 

                                                      

1
 See, for example, Matt Spencer, "Trouble with Images in Computational Physics," Spontaneous Generations, 

2012, 6:34-42. 
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such representations of invisible entities, that is, contexts where visual resemblance to the 

objects or phenomena that these diagrams purport to represent cannot come into play, we 

shall gain insight into the factors that shape the forms given to diagrams and the sources of 

their epistemic legitimacy. 

For example, when faced with two different methods of visually portraying molecules in the 

mid-19th century, a time when no one had ever seen a molecule, why did organic chemists opt 

for one approach over the other? Why did the stereochemist J. H. van ‘t Hoff choose to depict 

three-dimensional chemical structures the way that he did and on what basis were his images 

and models accepted or rejected? Which considerations affected the forms of the various 

diagrams produced by physicist Richard Feynman in some of his earliest efforts to explain his 

“new approach” to quantum electrodynamics? In these situations, none of these scientists 

could rely upon the appearance of the phenomena that they drew in order to help give their 

drawings shape. Such instances are therefore ideal for understanding the diverse factors that 

influence the forms given to visual representations and the sources of such representations’ 

epistemic legitimacy. 

In this work, we will examine several historical instances of scientific diagrams of “invisible” 

referents. In doing so we will not only gain local historical insight into the motivations and 

considerations that underscored particular instances of diagrammatic usage, but also 

philosophical insight that will be directed to inform contemporary debates regarding scientific 

models and representations, specifically those that are concerned with the question “in virtue 

of what do scientific models and/or representations acquire their epistemic legitimacy?” By 

focusing on the forms given to these diagrams we see how the epistemic legitimacy of such 

images, understood as scientific models and representations, lies in at least three central 

factors: the necessity of a bijective relationship between scientists’ understanding of their 

diagrams and of their diagrams’ referents, the utility of such diagrams for productively 

reasoning about their referents, and ability of certain diagrams to reduce scientists’ cognitive 

burden, especially through visual similarities. These critical factors concerning the sources of 

diagrams’ epistemic legitimacy will serve to unite divergent approaches to the philosophy of 
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scientific modelling and representation and reorient philosophical debates concerning 

representation in such a way as to make them amenable to a historical methodology. 

The remainder of this chapter shall be as follows. First, we shall consider the recent scholarly 

interest in the history of scientific images and in the philosophy of scientific representation and 

articulate how this thesis serves to unite these two, largely distinct bodies of work. Next, we 

will briefly discuss the philosophical background to the subject of scientific representation and 

motivate some of the recurrent philosophical themes that will be invoked throughout this work. 

Finally, a brief description of the contents of this work’s following chapters will be provided. 

 

1.2 Two distinct approaches to scientific visual 
representations: histories of images and the philosophy of 
representation 

Although Science Studies scholars have long been aware of the existence of scientific images, it 

has only been since about the late 1980s that the fields of History and Philosophy of Science 

(HPS) and Science, Technology, and Society (STS) concertedly turned their attention to the 

study of epistemic images and the roles that they play in the practice of science. In particular, 

the 1990s saw the publication of a number of works devoted to the subject of scientific visual 

representations. These include the edited volumes Representation in Scientific Practice (1990), 

Non-verbal Communication in Science Prior to 1900 (1993), Picturing Knowledge (1996), 

Picturing Science, Producing Art (1998), and a special issue of the journal Biology and 

Philosophy (1991).2 Although the publication of such edited volumes has become rarer in the 

                                                      

2
 Michael Lynch and Steve Woolgar, eds., Representation in Scientific Practice (Cambridge, MA: The MIT Press, 

1990). Brian S. Baigrie, ed., Picturing Knowledge: Historical and Philosophical Problems Concerning the Use of Art in 
Science (Toronto: University of Toronto Press, 1996), Renato G. Mazzolini, ed., Non-Verbal Communication in 
Science Prior to 1900, Bublioteca Di Nuncius: Studi E Testi Xi (Florence: Leo S. Olschki, 1993). Caroline A Jones and 
Peter Galison, "Picturing Science, Producing Art,"  (New York and London: Routledge, 1998). Peter J Taylor and Ann 
S. Blum, "Pictoral Representation in Biology," Biology and Philosophy, 1991, 6, no. 2:125-34. 
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2000s, with the notable exceptions of Visual Cultures of Science (2006) and The Art of Natural 

History (2008), individual scholarly studies of scientific images or imaging practices have 

abounded.3 These achievements, several of which will be addressed and referenced throughout 

this work, have provided detailed accounts of scientific visual entities as diverse as anatomical 

atlases, Cayley graphs, spectral lines, chemical tables, early Modern depictions of insects, and 

evolutionary cartoons.4 Furthermore, in addition to the recent volume of Spontaneous 

Generations devoted to the theme of visual representation and science, the subject of visual 

representation promises to come to the fore yet again in several journals and collected volumes 

scheduled for 2013, including upcoming issues of the journals Endeavour, the Bulletin of the 

History of Medicine and a new edition of Representation in Scientific Practice.5 

In addition to this recent, primarily historical, interest in scientific imagery, philosophical 

inquiries into the nature of scientific representation and modeling have grown increasingly 

common over the last decade as well. Drawing on earlier works such as Goodman’s Languages 

of Art (1976) and van Fraassen’s The Scientific Image (1980), these recent contributions have 

striven to achieve a clear definition of what it means for something to be a scientific (or 

epistemic) representation of something else and articulate the precise manner through which 

                                                      

3
 Luc Pauwels, ed., Visual Cultures of Science: Rethinking Representational Practices in Knowledge Building and 

Science Communication (Hanover, NH: Dartmouth College Press, 2006). Therese O'Malley and R. W. Meyers, eds., 
The Art of Natural History: Illustrated Treatises and Botanical Paintings, 1400-1850 (New Haven, CT: Yale University 
Press, 2008). 

4
 See, for example, Janis McLarren Caldwell, "The Strange Death of the Animated Cadaver: Changing Conventions 

in Nineteenth-Century British Anatomical Illustration," Literature and Medicine, 2006, 25, no. 2:325-57. Irina 
Starikova, "Why Do Mathematicians Need Different Ways of Presenting Mathematical Objects? The Case of Cayley 
Graphs," Topoi, 2010, 29:41-51. Klaus Hentschel, Mapping the Spectrum: Techniques of Visual Representation in 
Research and Teaching (Oxford: Oxford University Press, 2002). Benjamin R. Cohen, "The Element of the Table: 
Visual Discouse and the Preperiodic Representation of Chemical Classification," Configurations, 2004, 12, no. 1:41-
75. Janice Neri, The Insect and the Image: Visualizing Nature in Early Modern Europe, 1500-1700 (Minneapolis: 
University of Minnesota Press, 2011). Constance Areson Clark, ""You Are Here": Missing Links, Chains of Being, and 
the Language of Cartoons," Isis, 2009, 100:571-89. 

5
 Ari Gross and Eleanor Louson, "Visual Representation and Science: Editors' Introduction," Spontaneous 

Generations, 2012, 6:1-7. 
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such representations generate knowledge about their referents.6 These developments, which 

will be discussed more extensively below, are now so common that the philosophy of modeling 

and representation may be said to constitute a distinct sub-field within the philosophy of 

science. 

Unfortunately, despite the simultaneous existence of these two scholarly efforts, there has 

been little communication between historians and sociologists of scientific imagery on the one 

hand and philosophers of scientific representation on the other. With the exception of the work 

of a small number of scholars, these two fields have so far remained largely independent of 

each other despite their significant capacity for mutual benefit.7 

The failure of historians to consider philosophical conceptions regarding models and 

representations is unsurprising, as such philosophical considerations may not be seen as being 

immediately relevant to the questions that dominate histories of visual representations, which, 

in many cases, are not fundamentally different from those found in less visually-involved 

histories of science. For example, consider one common historical goal: seeking the origins of 

decisions regarding visual practices or representations. What, a sceptical historian might ask, 

can a well-articulated view of scientific representation add to understanding the importance of 

the colour of blood in Early Modern Italy, the graphical style employed in Robert Hooke’s 

Micrographia, or contemporary taxidermic conventions? What advantage can a specific 

account of scientific modeling hold for historians who wish to understand the changes that 

natural historical atlases underwent in the 19th century, the curious persistence of Santorio 

                                                      

6
 N Goodman, Languages of Art: An Approach to a Theory of Symbols (Indianapolis: Hackett, 1976). Bas C. Van 

Fraassen, The Scientific Image (Oxford: Clarendon Press, 1980). 

7
 See, in particular, William Goodwin, "How Do Structural Formulas Embody the Theory of Organic Chemistry?," 

British Journal for the Philosophy of Science, 2010, 61, no. 3:621-33. David Kaiser, "Stick-Figure Realism: 
Conventions, Reification, and the Persistence of Feynman Diagrams, 1948-1964," Representations, 2000, 70:49-86. 
Mary S. Morgan, "Learning from Models," in Models as Mediators: Perspectives on Natural and Social Science, ed. 
Mary S. Morgan and Margaret Morrison (Cambridge: Cambridge University Press, 1999). Janet Vertesi, "Mind the 
Gap: The London Underground Map and Users' Representations of Urban Space," Social Studies of Science, 2008, 
38, no. 1:7-33. Of course, there are many more historical works that seriously address philosophical issues (such as 
realism/anti-realism) rather than contemporary debates about scientific modeling and representation. 
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Santorio’s “weighing man” image, or the function and fate of Ernst Haeckel’s embryological 

charts?8 Cannot these pictures be satisfactorily understood through conventional historical 

approaches, such as considering contextual views regarding observing and representing, 

broader cultural (visual) practices, and historical scientific and meta-scientific considerations? 

This work shall strive to demonstrate the importance of such philosophical considerations, if 

not in answering historical questions directly, then in their ability to inform historical narratives, 

frame the decisions taken by historical actors, and identify critical commonalities throughout 

the history of visual practices. 

Similarly, and, I shall argue below, more problematically, is the persistent absence of serious 

historical research in philosophical works concerning scientific representations (visual or 

otherwise). The predominant preference of philosophers to invoke hypothetical situations and 

over-simplified examples in order to gain insight into the practice of scientific representation 

precludes the benefits afforded by in-depth historical analyses of how actual scientists 

employed and regarded their images and models. While historical studies of visual 

representations can stand on their own, related philosophical discussions, if they are to be at all 

representative of scientific practice (and therefore of any real-world significance), must 

consider detailed historical (or sociological) accounts of the generation, use, and disputes 

surrounding scientific images, lest these philosophical efforts constitute little more than mere 

mental exercise.9 

                                                      

8
 Domenico Bertoloni Meli, "The Color of Blood: Between Sensory Experiene and Epistemic Significance," in 

Histories of Scientific Observation, ed. Lorraine Daston and Elizabeth Lunbeck (Chicago: University of Chicago Press, 
2011). Janice Neri, "Between Observation and Image: Representations of Insects in Robert Hooke's Micrographia," 
in The Art of Natural History: Illustrated Treatises and Botanical Paintings, 1400-1850, ed. Therese O'Malley and 
Amy R. W. Meyers (New Haven, CT: Yale University Press, 2008). Jane Desmond, "Postmortem Exhibitions: 
Taxidermied Animals and Plastinated Corpses in the Theaters of the Dead," Configurations, 2008, 16, no. 3:347-77. 
L. Daston and P. Galison, Objectivity (New York: Zone Books, 2007). Lucia Dacome, "Balancing Acts: Picturing 
Perspiration in the Long Eighteenth Century," Studies in the History and Philosophy of Biological and Biomedical 
Sciences, 2012, 43:379-91. Nick Hopwood, "Pictures of Evolution and Charges of Fraud: Ernst Haeckel's 
Embryological Illustrations," Isis, 2006, 97, no. 2:260-301. 

9
 See, for example, Gabriele Contessa, "Scientific Representation, Interpretation, and Surrogative Reasoning," 

Philosophy of Science, 2007, 74:48-69. John Kulvicki, "Knowing with Images: Medium and Message," Philosophy of 
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This work shall attempt to bridge this unfortunate and unnecessary divide. Structurally, this 

thesis will include three case studies, each of which serves to give the reader a glimpse into the 

history of a particular instance of scientific visual representation. While the case studies 

contained within this work can stand on their own, taken together their findings provide insight 

into some of the outstanding philosophical issues concerning scientific visual representations, 

which will be briefly touched upon in this introduction but more extensively discussed in 

chapter five. In doing so, this thesis unabashedly strives to demonstrate the successful (and, I 

shall argue, necessary) integration of the history and philosophy of science for the informing of 

certain philosophical questions, in this case those that pertain to the nature of scientific 

representation and modelling. Given this goal, the historical episodes raised in this work will be 

framed in terms of philosophical discussions and will be followed by an analysis at the end of 

each chapter. In addition, a more robust philosophical analysis, which synthesizes the salient 

findings of each chapter and uses them to inform contemporary discussions in the philosophy 

of scientific representation, will follow at the end of this work. 

 

1.3 Setting the stage: the semantic view and the epistemic 
legitimacy of scientific representations 

As stated above, this thesis has the goal of providing an account of the factors that give rise to 

the forms taken by diagrammatic representations of “invisible” objects in the practice of 

science. This goal may be regarded by the reader as a purely historical endeavour and those 

scholars whose interests lie exclusively in the history of science may find themselves satisfied 

with the histories provided in the subsequent three chapters without considering their impact 

on contemporary philosophical issues. However, it is my intent for this work to be regarded not 

                                                                                                                                                                           

 

Science, 2010, 77:295-313. Laura Perini, "Visual Representations and Confirmation," Philosophy of Science, 2005, 
72:913-26. 
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solely as a history of the decisions that surround particular visual representations but as a work 

designed to shed light on related and outstanding issues in the philosophy of scientific models 

and representations. 

Given this broader goal, we will now take a moment and consider the salient developments in 

the philosophy of science that will best equip us to understand what philosophers hope to 

achieve in their discussions of scientific models and representations, and why. This will be 

accomplished by discussing the so-called “syntactic” and “semantic” views of scientific theories 

(or rather, in the case of the latter, of scientific models), which will introduce the reader to the 

reasons behind the contemporary philosophical interest in scientific models and the ways in 

which they represent their target systems. We will then briefly consider two general 

approaches taken to the subjects, the “structural” and “functional” approaches, which will be 

occasionally referenced throughout this work. 

Much has been written over the past decade regarding what philosophers have termed 

“scientific” or “epistemic” representation. The recent interest in such representations, that is, 

in the entities employed by scientists to denote their objects of inquiry, is an outgrowth of the 

“semantic turn” in the philosophy of science and the adoption of a view of scientific theorizing 

that emphasizes the use of “models” over “theories”.10 

A model-based view of science understands the theoretical aspects of scientific practice to 

consist of, in whole or in part, “models”, which are understood to be somewhat different than 

“theories”. While there exists much debate over the precise meaning(s) of the terms “theory” 

                                                      

10
 While phrase “epistemic representation” is used more or less exclusively by Contessa, I feel that the clarity this 

term brings to the debate warrants its inclusion alongside the more conventional phrase “scientific 
representation”. However, while Contessa’s term is to be commended, I will generally employ the term “scientific” 
representations, since this work’s emphasis is not on representations that one uses to gain knowledge about the 
world in general, but rather on the diagrams and models that are used in the practice of science. Contessa, 
"Scientific Representation." 
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and “model”, broadly speaking, these terms have commonly come to be associated with the so-

called “syntactic” and “semantic” views of scientific theories, respectively.11 

The “syntactic view” generally regards the goals and products of scientific enterprise to consist 

in well-defined linguistic sets of theoretical axioms. Under this view, the ultimate structure of 

“theories” is generally assumed to be a formal, first-order language. These axioms consist of 

theoretical propositions that are ostensibly about the world and are logically related to each 

other and to the observable phenomena that they are intended to describe. In order to subject 

these propositions to empirical testing so that they may be found to accurately describe the 

observable world, the theoretical terms that compose these propositions are correlated to 

observational terms through a set of correspondence rules. Under a positivist interpretation, 

the epistemic legitimacy of theories is only granted through their continued empirical validity 

and their mutual non-contradiction. 

In general, the contents of such theories are to be taken literally. Given their tight, logical 

relations to each other and to observable phenomena, theories are not in general considered to 

be particularly flexible and cannot be substantively modified without significant repercussions. 

Moreover, and, for the purposes of this work, most critically, these literally-understood 

propositions can be assigned truth values, which are determined in accordance with empirical 

findings. 

The syntactic view, also known as the “received view” of scientific theories, was championed in 

the first half of the twentieth century by the logical empiricists (it is described by Frederick 

Suppe as “the epistemic heart of Logical Positivism”), and through the 1960s by philosophers 

                                                      

11
 The notions of the syntactic and semantic approaches originate (to my knowledge) with van Fraassen’s The 

Scientific Image, although the term “syntactic approach” also appears in at least one of van Fraassen’s earlier 
works. While there may be some differences between van Fraassen’s original description of these terms and more 
contemporary ones, I assume there to be more in common than not and will thus opt to understand the syntactic 
and semantic approaches as they are presently considered by contemporary philosophers. Van Fraassen, The 
Scientific Image, Bas C. Van Fraassen, "To Save the Phenomena," Journal of Philosophy, 1976, 73, no. 18:623-32. 
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such as Carl Hempel and Herbert Feigl.12 Despite its one-time popularity the syntactic view 

became increasingly regarded as untenable during the 1960s as it was beset by a number of 

philosophical challenges, including, among others, the problematic distinction between 

theoretical and observational terms, the difficulty in individuating theoretical terms from 

experimental procedures, difficulties in establishing coherent correspondence rules, the 

proliferation of unintended models that logically follow from axiomatic systems, and the 

syntactic view’s problematic dependence upon theories having to be stated in particular 

languages (as opposed to non-linguistic set-theoretical structures). In addition, while the 

syntactic view was never intended to constitute a detailed naturalistic account of actual 

scientific practice, by the end of the 1960s it was increasingly apparent that the received view 

was overly simplified to the point of being unrepresentative of even a logical reconstruction of 

scientific enterprise.13 The further demise of the syntactic view in favour of the set-theoretical 

semantic view can also be understood in terms of the more general philosophical trend 

towards structuralist conceptions of scientific theory at the expense of linguistic ones that 

gained popularity throughout the 1970s.14 

                                                      

12
 Frederick Suppe, "Understanding Scientific Theories: An Assessment of Developments, 1969-1998," Philosophy 

of Science, 2000, 67 (Proceedings):S102-15. p. S102. The labelling of the syntactic view as the “received view” 
originates in a critique by Hilary Putnam in 1960. However, it should nevertheless be noted that the thrust of 
Putnam’s critique is directed at certain issues (such as the collapse of the positivistic distinction between 
theoretical and observational terms) that are quite different from those considered in this work (the sources of 
models’ epistemic legitimacy in light of their impossibility to hold truth-values). H. Putnam, "What Theories Are 
Not," Studies in Logic and the Foundations of Mathematics, 1966, 44: Logic, Methodology and Philosophy of 
Science, Proceeding of the 1960 International Congress:240-51. 

13
 Patrick Suppes, "Models of Data," in Logic, Methodology and Philosophy of Science: Proceeding of the 1960 

International Congress, ed. E. Nagel, P. Suppes, and A. Tarski (Stanford: Stanford Univeristy Press, 1962). Patrick 
Suppes, "What Is a Scientific Theory?," in Philosophy of Science Today, ed. Sidney Morgenbesser (New York: Basic 
Books Inc., 1967). Frederick Suppe, "What's Wrong with the Received View on the Structure of Scientific 
Theories?," Philosophy of Science, 1972, 39, no. 1:1-19. Suppe, "Understanding Scientific Theories: An Assessment 
of Developments, 1969-1998." Sebastian Lutz, "What's Right with a Syntactic Approach to Theories and Models?," 
in EPSA09: 2nd Conference of the European Philosophy of Science Association (Amsterdam: 2010). 

14
 Although certain structuralist considerations of scientific theory predate the 1970s, especially those of Suppes, 

many seminal structuralist works, including those of Joseph Sneed and Wolfgang Stegmüller, emerged during this 
decade. Joseph D Sneed, The Logical Structure of Mathematical Physics (Dordrecht: Reidel, 1971). Wolfgang 
Stegmüller, Theorie Und Erfahrung, Halbband 2: Theorienstrukturen Und Theoriendynamik: Probleme Und 
Resultate Der Wissenschaftstheorie Und Analytischen Philosophie (Berlin: Springer-Verlag, 1973). Also, see Thomas 
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Unlike the syntactic view, the more recent “semantic view” rejects the notion that the 

theoretical components of science are best conceived of as axiomatic propositions. Instead, 

proponents of the semantic view understand the theoretical structure of scientific enterprise to 

lie at least in part in models. While there is much debate over what, exactly, constitutes a 

model, models are generally held to differ from theories in that they do not share the linguistic 

axiomatic form of theories and that they generally correspond to the world in an imperfect 

manner; models frequently contain simplifications, idealizations, significant omissions, or 

expressly fictional (but nevertheless useful) elements.15 They are therefore not always (if ever) 

intended to be taken “literally” (if, given the mathematical nature of some models, the term is 

even applicable) and are commonly marked by their ability to sustain ad hoc adjustments. In 

addition, models are not required to relate to each other in perfect logical harmony. Models 

also often enjoy relative autonomy from other models as well as from higher-level theoretical 

suppositions.16 For our purposes, it is important to note that under such a view models cannot 

(or rather should not) be capable of being assigned truth values, at least not in any absolute 

sense.17 

                                                                                                                                                                           

 

Kuhn, "Theory-Change as Structure-Change: Comments Ont He Sneed Formalism," Erkenntnis, 1976, 10, no. 2:179-
99. Raimo Tuomela, "On the Structuralist Approach to the Dynamics of Theories," Synthese, 1978, 39, no. 2:211-31. 
Van Fraassen, The Scientific Image. 

15
 For more on fictions, see Mauricio Suárez, ed., Ficitons in Science: Philosophical Essays on Modeling and 

Idealization (New York: Routledge, 2009). Peter Godfrey-Smith, "Models and Fictions in Science," Philosophical 
Studies, 2009, 143:101-16. 

16
 Both the syntactic and semantic view are discussed in many contemporary philosophical works that address 

models and representations. For works containing general introductions to both views, see, for instance, Contessa, 
"Scientific Models and Representation," in The Continuum Companion to the Philosophy of Science, ed. Juha Saatsi 
and Steven Franch (London: Continuum International Publishing Group, 2011), Margaret Morrison and Mary S. 
Morgan, "Introduction," in Models as Mediators: Perspectives on Natural and Social Science, ed. Mary S. Morgan 
and Margaret Morrison (Cambridge: Cambridge University Press, 1999). For an overview on models, see Roman 
Frigg and Stephan Hartmann, "Models in Science," in The Stanford Encyclopedia of Philosophy, ed. Edward N. (Ed.) 
Zalta (Stanford, CA: The Metaphysics Research Lab 2006). 

17
 Da Costa and French’s model-theoretic approach, for example, articulates how models can be understood in 

terms of a “pragmatic” or “partial truth”. Newton C. A. Da Costa and S.R.D. French, "The Model-Theoretic 
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While philosophers have not come to a precise agreement regarding which entities may count 

as models (and whether or not there exist significant differences between them), it is generally 

understood that models are used to represent certain aspects of the world (their “target 

systems”, or simply “targets”) through particular means (their “vehicles of representation”, or 

simply “vehicles”), that is, the models themselves. The vehicles of representation that we will 

consider throughout this work will consist of diagrams and material models, although one could 

certainly argue that the ideas and writings of the scientists that produce these objects, or the 

thoughts through which these originated, might also be said to constitute vehicles of 

representation. 

At present, the semantic view is held in the mainstream by philosophers of science and is 

generally thought of as a better description of the practice of science.18 While, according to van 

Fraassen, it was never assumed that the syntactic view was an accurate portrayal of how 

scientists themselves presented their theories, the notion that somehow the syntactic view 

nevertheless provided an accurate “logical snapshot” of scientific theorization has been 

thoroughly disputed.19 However, despite the diminishing epistemic status afforded to syntactic 

“theory”, philosophers remain divided over its ultimate place in science with respect to 

“models”. For example, Morrison and Morgan argue that models act as mediators between 

high-level theory and observed phenomena, thereby retaining a crucial but limited place for 

scientific theory.20 Others, such as those who espouse a model-theoretic view of scientific 

                                                                                                                                                                           

 

Approach in the Philosophy of Science," Philosophy of Science, 1990, 57, no. 2:248-65. Newton C. A. Da Costa and 
Steven French, Science and Partial Truth: A Unitary Approach to Models and Scientific Reasoning. (Oxford: Oxford 
University Press, 2003). 

18 This is not to say that the syntactic view is not without its contemporary defenders. See, for example, Lutz, 
"What's Right with a Syntactic Approach to Theories and Models?." 

19
 Van Fraassen, The Scientific Image. p. 64. 

20
 Margaret Morrison, "Models as Autonomous Agents," in Models as Mediators: Perspectives on Natural and 

Social Science, ed. Mary S. Morgan and Margaret Morrison (Cambridge: Cambridge University Press, 1999). 
Margaret Morrison and Mary S. Morgan, "Models as Mediating Instruments," in Models as Mediators: Perspectives 
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theories, that is one that understands models (or “models of a theory”) as set-theoretical 

mathematical structures, understand models in ways that render them the sole (or at least 

central) theoretical objects of scientific practice.21 In any case, it is apparent that whatever their 

role, models occupy a non-trivial conceptual space within scientific theorization. 

The abandonment of the syntactic view in favour of the semantic view and the contemporary 

tendency for philosophers to characterize scientific theorization in terms of “models” over 

“theory” has opened up a new and interesting problem for philosophers of science: in virtue of 

what do models acquire their epistemic legitimacy? If models cannot be regarded as true or 

false in accordance with empirical findings in the strict manner that logically-interrelated 

axiomatized propositions can, how is it that these inherently imperfect representations can 

(and should) be regarded as useful and legitimate components of scientific practice? 

Furthermore, on what basis are certain models deemed to be more or less legitimate than 

others? Are there any common factors that underlie the acceptance or rejection of particular 

models or representations, and if so, what are they? 

Throughout this work, we shall consider the criteria for the success or failure of numerous 

representations of invisible objects. While I shall generally refer to the diagrams and material 

models used in this work as representations, they are all “models” in the sense that their usage 

corresponds to the view of models described above, at least certainly more so than it does to 

“theories”. In particular, our focus on the success or failure of the styles given to these 

representations aligns well with the question of the source of these models’ epistemic 

legitimacy. This is because although particular styles of visual and material representations are 

                                                                                                                                                                           

 

on Natural and Social Science, ed. Mary S. Morgan and Margaret Morrison (Cambridge: Cambridge University 
Press, 1999). Da Costa and French, "Model-Theoretic Approach." 

21
 See, for example, Suppes, "What Is a Scientific Theory?." Da Costa and French, "Model-Theoretic Approach." 

S.R.D. French, "A Model-Theoretic Account of Representation (or, I Don't Know Much About Art... But I Know It 
Involves Isomorphism," Philosophy of Science, 2003, 70, no. 5:1472-83. 
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subject to acceptance or rejection, these styles cannot by themselves be “true” or “false”, 

although their perceived conduciveness to allow for close empirical correspondence is certainly 

important. Therefore, by focusing on the forms that scientists give to their visual 

representations, we shall gain insight into the factors that help determine the structure and 

content of scientific models and address the question of in virtue of what do models acquire 

their epistemic legitimacy. 

At this point, philosophers familiar with the literature surrounding representation may be 

surprised by the novel phrase “epistemic legitimacy”. This term is my own and refers to the 

value of a theory or model for useful reasoning, prediction, inference-generation, and so on. It 

is a general category that is designed to convey the value of an object or idea for acquiring 

knowledge about the world (hence the “epistemic”). The term “legitimacy” is thus somewhat 

interchangeable with the terms “value” or “worth”, although “legitimacy” is a stronger term as 

it serves to emphasize the basis upon which models are accepted.22 Although ongoing debates 

often resist being characterized in terms of new ideas, I feel as though the term “epistemic 

legitimacy” is nevertheless particularly effective in cutting to the heart of contemporary 

debates over the nature of scientific representation. 

One further advantage of the term “epistemic legitimacy” is that the precise nature of how the 

term is understood by a given individual will reflect that individual’s conception of what a 

scientific theory, model, or representation is. It is therefore a descriptive term, not a 

prescriptive one, and is thus intended to facilitate the explication of theoretical desiderata and 

not to legislate them. This term suits my general methodology of naturalistic philosophy of 

science well, as such a descriptive term allows for the resolution of philosophical questions to 

emerge through an analysis of the historical criteria of effective and desirable representations, 

and not through artificial stipulation. 

                                                      

22
 It should be noted that Knuuttila’s term “epistemic value”, which refers to the value of models in generating 

knowledge, is similar to my concept of “epistemic legitimacy”, although there may nevertheless exist differences 
between the two. 
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As mentioned, the question of how models and representations acquire their epistemic 

legitimacy shall be addressed in this work in the context of scientific representations whose 

referents cannot be seen. These representations constitute particularly fertile grounds to 

analyze the source of models’ epistemic legitimacy since they cannot be said to acquire 

legitimacy through visually resembling their referents. While one might argue that an 

anatomical illustration of a hand may acquire (at least some of) its legitimacy as a tool of 

knowledge through the fact that it visually resembles a dissected hand to a certain degree, no 

such claims can be made for structural diagrams of molecules in the mid-to-late 19th century or 

for any of the images produced by physicist Richard Feynman in the mid-20th century. 

 

1.3.1 Structural and functional approaches to scientific representation 
and modeling  

Before moving on, allow me to briefly explicate two terms that readers will occasionally 

encounter throughout this work. From time to time I shall refer to the “structural” and 

“functional” approaches to scientific representation and describe the historical means through 

which diagrams acquired their epistemic legitimacy as being structuralist or functionalist in 

character. 

Under a “structural” approach scientific representations are thought to acquire their epistemic 

legitimacy in virtue of their embodying “structures” that are also embodied by their real-world 

referents. These structures are often understood to be set-theoretical in nature, at least in 

principle. Under such an approach, a scientific representation, such as an image of the deep-

space Horsehead nebula (figure 1-1), is understood to acquire its epistemic legitimacy through 

the fact that the visual elements of this image correspond in some manner (to a certain degree 

of faithfulness) to actual elements of the nebula in question. 
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Figure 1-1: An image of the Horsehead nebula produced by the Hubble Heritage 
Project. This image is the product of multiple exposures taken by the Hubble 
Space Telescope between 2000 and 2001. It also uses, to a lesser degree, 
ground-based data. “The Hubble Heritage Project”. 2013, from 
http://heritage.stsci.edu/2001/12/supplemental.html. Image Number STScl-
PRC01-12. 

Conversely, under a “functional” approach, scientific representations are understood to acquire 

their epistemic legitimacy in virtue of their being useful for the generation of legitimate 

inferences about their referents. Under such an approach, this same image of the Horsehead 

nebula is understood to acquire its legitimacy through the validity of the claims that can be 

generated about the nebula itself from its representation. This is a very different view of how 

representations acquire their epistemic legitimacy than that provided by the structural account, 

although, as we shall see, these two approaches are by no means mutually exclusive. 

While these two approaches will be mentioned throughout the case studies presented in this 

work, they will only be discussed more thoroughly in chapter five. There, we will consider the 

advantageous and disadvantageous elements of both approaches and assess the degree to 

which they accord with the historical factors that affected the production, acceptance, and 

forms of diagrams of invisible entities. 
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1.4 Plan of the work 

In the chapters that follow, we shall examine three classes of diagrams of invisible objects and 

inquire into the factors that gave rise to their forms and the historical sources of their epistemic 

legitimacy. As mentioned above, these diagrams, which include mid-19th century structural 

chemical diagrams, mid-to-late 19th century stereochemical diagrams, and mid-20th century 

quantum electrodynamic diagrams produced by physicist Richard Feynman, have all been 

selected on the basis of the “invisibility” of their referents to the scientists who drew and 

employed them and are therefore ideal for investigating the factors that shape images beyond 

the criteria of images visually resembling their targets 

In chapter two, we shall investigate the structural chemical visual representations produced by 

August Kekulé and Alexander Crum Brown that emerged around the early 1860s. We shall 

examine the divergent approaches taken by these two chemists to schematically depicting the 

bonding relations between atoms and consider the factors that led to the enduring success of 

Crum Browns’ “skeletal” structural formulas and the corresponding abandonment of Kekulé’s 

“sausage” diagrams. This chapter draws extensively upon primary sources as well as the 

achievements of several excellent contemporary historians, especially Alan Rocke who has also 

emphasized the importance of visualization in his works on mid-19th century organic chemistry 

and the study of molecular structure. While much of the historical content contained in this 

chapter can be found in some form throughout the works of Rocke and others, my in-depth 

study of the significance and developments of Kekulé’s and Crum Brown’s diagrammatic styles 

and the philosophical lessons that can be inferred regarding the desiderata of scientific models 

and representations from these styles’ respective failure and success are unique to this work. 

Nevertheless, the findings of this chapter do reflect several those of other historians, especially 

Rocke’s statements regarding the importance of visualization and visual metaphor in the 
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practice of theoretical organic chemistry and Meinel’s assertion that the success of material  

models lies at least in partly in terms of their ability to be understood in multiple ways.23 

We shall continue our investigation into chemical diagrams in chapter three with an analysis of 

the stereochemical diagrams and models produced by J. H. van ‘t Hoff and others. Here, we 

shall consider the potential factors that determined the forms given to Van ‘t Hoff’s 

representations of the three-dimensional structure of chemical compounds in the 1870s as well 

as those of subsequent stereochemical representations produced between the 1880s-1910s. 

Drawing on both original sources from Van ‘t Hoff and his contemporaries and secondary 

historical studies such as Peter Ramberg’s and O. Bertrand Ramsay’s histories of stereochemical 

thought, we will construct a of stereochemical visual representations rather than of 

stereochemistry in general. In doing so, we will arrive at novel considerations concerning the 

stylistic origins of Van ‘t Hoff’s tetrahedral diagrams and models and an appreciation of the 

degree to which the generation of immediately-useful inferences chemical inferences mattered 

when determining the visual styles that stereochemists adopted. In placing stereochemical 

images first, our methodology more closely follows that of Trienke M. van der Spek, whose 

research on Van ‘t Hoff’s material models emphasizes these models’ representational and 

interpretational flexibility, a theme strongly echoed in this work, rather than the 

stereochemical historians previously mentioned.24 

In chapter four we will leave the field of chemistry for physics, in particular mid-20th century 

particle physics. Here, we shall investigate the diagrammatic approaches taken by Richard 

                                                      

23
 Alan J. Rocke, Image & Reality: Kekulé, Kopp, and the Scientific Imagination (Chicago: University of Chicago 

Press, 2010). Christoph Meinel, "Molecules and Croquet Balls," in Models: The Third Dimension of Science, ed. 
Soraya de Chadarevian and Nick Hopwood (Stanford, California: Stanford University Press, 2004). 

24
 Peter J. Ramberg, Chemical Structure, Spaitlal Arrangement: The Early History of Stereochemistry, 1874-1914: 

Science, Technology and Culture, 1700-1945 (Hampshire, England: Ashgate, 2003). O. Bertrand Ramsay, "Molecular 
Models in the Early Development of Stereochemistry: I. The Van't Hoff Model. Ii. The Kekulé Models and the 
Baeyer Strain Theory," in Van't Hoff-Le Bel Centennial, ed. O. Bertrand Ramsay, Acs Symposium Series (Washington 
D.C.: American Chemical Society, 1975). Trienke M. Van der Spek, "Selling a Theory: The Role of Molecular Models 
in J. H. Van 'T Hoff's Stereochemistry Theory," Annals of Science, 2006, 63, no. 2:157-77. 
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Feynman in some of his earliest attempts to communicate and explain his “new approach” to 

quantum electrodynamics. We shall examine the spectrum of diagrams used by Feynman 

throughout these lectures, paying close attention to both their stylistic commonalities and 

dissimilarities, and consider the pedagogical importance of visual commonality and the ability 

of Feynman’s diagrams to mediate between various aspects of the practice of physics. This 

chapter largely focuses on unpublished lecture notes found in the California Institute of 

Technology archives and thus serves to compliment the efforts of other researches into 

Feynman’s visual representation, such as those of David Kaiser and Adrian Wüthrich. As in 

chapters two and three, chapter four will invoke real-world historical considerations concerning 

scientific visual representations to address contemporary philosophical issues surrounding 

these images’ epistemic legitimacy.25 

Finally, in chapter five, we shall return to the philosophical issues surrounding scientific 

modeling and representation and consider the impact of this work’s findings on current debates 

within the field. Drawing on the results of these case studies, we shall outline three major 

common factors that contribute to the forms given to visual representations of invisible 

entities: the importance of a bijective relationship between scientists’ understanding of 

diagrams and of their diagrams’ referents, the ability of diagrams to be used for productive 

reasoning about their targets, and visual similarities that serve to reduce scientists’ cognitive 

burden. Informed by these considerations, we will consider some of the shortcomings of 

contemporary accounts of scientific representation and modeling and propose an account that 

is more in accordance with the historical record and that draws on certain strengths inherent in 

both structural and functional accounts. A brief conclusion, chapter six, will follow. 

Let us now turn to the field of mid-19th century organic chemistry and begin our investigation 

into the forms that scientists give to diagrams of the invisible. 

                                                      

25
 David Kaiser, Drawing Theories Apart: The Dispersion of Feynman Diagrams in Postwar Physics (Chicago: Chicago 

University Press, 2005). Adrian Wüthrich, The Genesis of Feynman Diagrams: Archimedes: New Studies in the 
History and Philosophy of Science and Technology (Dordrecht: Springer, 2010). 
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2 Kekulé’s and Crum Brown’s Visual Representations of 
Structural Chemical Compounds 

 

2.1 Introduction 

We will begin our investigation into the origins of diagrams’ epistemic legitimacy in the context 

of mid-19th organic century chemistry. Specifically, we will focus on two distinct yet 

contemporaneous approaches to representing chemical compounds: Kekulé’s “sausage 

diagrams” and Crum Brown’s “skeletal” structural formulas.26 

Crum Brown’s ball-and-stick representations of molecules will most likely be familiar to modern 

readers, as these drawings formed the basis of our modern chemical representations. In 

examining Crum Brown’s skeletal diagrams we will gain insight into the history of contemporary 

chemical visual representations, as well as insight into what would ultimately became the 

dominant form of graphical representation in its own time. 

                                                      

26 
The terms “sausage” and “skeletal” (or “ball and stick”) in reference to Kekulé and Crum Brown’s diagrams are 

somewhat anachronistic, as neither individual is known to have used these terms when composing the works 
considered in this paper. Instead, these organic chemists opted for more general phrases like “graphical 
representation”, “graphical formula, “graphic notation”, or simply “diagram”. However, for our purposes the terms 
“sausage” and “skeletal” remain nevertheless useful, as they will help us clearly distinguish between these two 
general approaches to chemical representation. 

While sausage diagrams are generally easy to identify and characterize, especially given their limited use, the wide 
variety of skeletal diagrams produced by chemists since the 1860s (if not before) may give the reader pause to 
consider the utility of uniting all these diagrams under a single term. While there are indeed critical distinctions to 
be made between varieties of skeletal diagrams, our immediate purpose – distinguishing skeletal diagrams from 
sausage diagrams, which were indeed conceived of as two distinct methods of representation in the period 
considered in this chapter – permits us to categorize any attempt to display atoms as nodes in a molecular 
network, where the valence of atoms is not indicated by their shape but rather by the number of connecting lines 
protruding from the atoms, as a “skeletal” diagram. However, as we shall see, this distinction was, in practice, 
never truly firm; several diagrams were produced that contain elements of both “sausage” and “skeletal” 
representational approaches. 

For more on the origin of the term “sausage” diagrams, see Rocke, Image & Reality. pp. 101-2, n. 25. 
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The reasons for considering Kekulé’s sausage diagrams, which are no longer used, may be less 

immediately apparent. Despite their present disuse, Kekulé’s images are well worth 

investigating due to fact that they were not only the first serious attempt by a chemical 

structure theorist to create a scheme capable of graphically depicting the connective 

arrangement between atoms, but also because of their relative popularity in their own time 

and the centrality of Kekulé to the history of organic chemistry.27 Furthermore, Crum Brown’s 

critiques against Kekulé’s diagrams and Kekulé’s subsequent abandonment of his own approach 

in favour of a modified version of Crum Brown’s skeletal representations will serve our broader 

project to understand the sources of diagrams’ epistemic legitimacy and the decisions that 

shape the forms of images of the invisible.28 

Ultimately, our analysis of structural chemical diagrams will provide insight into how each 

scientist in question conceived of the chemical world and will shed light on how local limitations 

and advantages can hinder or foster the adoption and development of particular graphical 

conventions. We will see how representations were not only judged according to their ability to 

correspond to theoretical or experimental entities in a bijective manner, in this case to chemical 

compounds, but also according to the supposed ease by which these representations could be 

                                                      

27
 Kekulé’s diagrams were far from the first chemical visual representations of the composition of atoms – Dalton’s 

atomic diagrams, for example, predate Kekulé’s by nearly half a century. However, by the mid-19
th

 century, at the 
dawn of structural organic chemistry, there were no chemists that employed Dalton’s graphical system. In fact, the 
only chemist to have seriously adopted Dalton’s graphical notation (or rather a variant thereof) was Thomas 
Thomson, who employed Daltonian diagrams in the 3

rd
 edition of his System of Chemistry textbook, published in 

1807, one year before the release of Dalton’s New System of Chemical Philosophy. Maurice P. Crosland, Historical 
Studies in the Language of Chemistry (Cambridge, MA: Harvard University Press, 1962). Chapter 3. For more on the 
rejection of Dalton’s atomic diagrams, see Tami I. Spector, "The Aesthetics of Molecular Representation," 
Foundations of Chemistry, 2003, 5:215-36. 

28
 It is also worth noting that were a small number of other graphical representations of chemical compounds 

proposed during the period considered in this chapter, although none of them were nearly as successful as either 
Kekulé’s or Crum Brown’s approach. One system worth noting is that produced by Josef Loschmidt, who developed 
his own graphical representations of chemical compounds in 1861. Loschmidt’s approach, which involved adjacent, 
sometimes intersecting circles, was never adopted by anyone else and were mocked by Kekulé as 
“Confusionsformeln”. For an introduction to Loschmidt’s diagrams, see Alfred Bader, "Loschmidt's Graphic 
Formulae of 1861: Forerunners of Modern Structural Formulae," in Pioneering Ideas for the Physical and Chemical 
Sciences: Josef Loschmidt's Contributions and Modern Developments in Structural Organic Chemistry, Atomistics, 
and Statistical Mechanics, ed. W. Fleischhacker and T. Schônfeld (New York: Plenum Press, 1997). 
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used and understood. Furthermore we shall obtain a glimpse into the advantages and 

shortcomings of a fluid interpretation of images, whereby visual representations are, either 

intentionally or mistakenly, held to carry different meanings at different times, a fluidity found 

in both Kekulé’s and Crum Brown’s interactions with their representations. 

The structure of this chapter is as follows. First, I will briefly discuss the context of mid-19th 

century chemistry in which Kekulé and Crum Brown operated, setting the stage for the 

introduction of their diagrams. Next, we will examine Kekulé’s “sausage diagrams”, and 

consider his transition from using “linear” diagrams to “two-dimensional” ones. We will also 

consider the relationship between Kekulé’s diagrams and his three-dimensional models and 

examine the roles that his representations played in the practice and teaching of chemistry. 

Then, we shall turn to Crum Brown’s “skeletal” diagrams, created shortly after Kekulé’s visual 

representations. In addition to examining the uses of Crum Brown’s diagrams, we shall discuss a 

number of critiques levelled by Crum Brown against Kekulé’s diagrams in favour of his own 

images and consider more generally the successful features of Crum Brown’s approach. Finally, 

we shall return to Kekulé and track his abandonment of sausage diagrams in favour of a 

modified version of Crum Brown’s visual representations before more broadly reflecting upon 

the sources of structural chemical diagrams’ epistemic legitimacy. 

The astute reader will notice that several philosophical themes and approaches raised in this 

work’s introduction, such as structural and functional criteria for epistemic legitimacy, are 

directly applicable to the findings considered in this chapter. While we will briefly explicate 

these themes in the analysis that concludes this chapter, a further, more in-depth discussion of 

these themes can be found in chapter five. This format will be repeated for chapters three and 

four. 
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2.2 Chemical structure and organic chemistry in the mid-19th 
century 

Before we begin our analysis of Kekulé’s and Crum Brown’s visual representations it is 

important to first consider the state of chemical inquiry in the 1860s. There is unfortunately not 

enough space in this work to discuss the social, economic, and institutional contexts of organic 

chemistry in this era, let alone its experimental side. The reader will therefore have to be 

satisfied with a relatively brief summary of the theoretical aspects of the discipline, which are 

those most directly applicable to the discussions concerning chemical representations. Seeing 

as the structural chemical diagrams of the mid-19th century are products of efforts to 

understand chemical structure, we will consider as background the early 19th century roots of 

structural chemistry, namely the so-called radical and type theories. The brief historical 

overview that follows is, of course, rather cursory; an in-depth history of theoretical organic 

chemistry of the early 19th century is vastly beyond the scope of this work. 

Radical theory has its origins in electrochemical dualism, the notion that chemical compounds 

are made of two opposing electrically-charged constituents, which was defended by Jöns Jacob 

Berzelius ad Humphry Davy in the early 19th century. Proponents of radical theory held that 

compounds were best conceived in terms of their constituent “radicals”, groups of atoms which 

remain stable through chemical reactions and that combine through electrochemical attraction. 

This notion remained popular throughout the 1820s and 30s, and was championed in this time 

by Joseph Louis Gay-Lussac, Jean-Baptiste Dumas, Robert Bunsen, and Justus von Liebig, and 

Berzelius. While radical theory enjoyed particular success within inorganic chemistry, problems 

with its underlying electrochemical conception of molecules soon became apparent when 

applied to organic compounds. For one, it could not cope with Dumas’ discovery that 

electropositive hydrogen atoms could replace electronegative chlorines in certain compounds. 

In addition, radical theory, which emphasized constitution and not structural composition, 

could not fully explain the phenomenon of isomerism, the apparent ability for compounds to 

share a common constitutional formula but nevertheless differ in notable macroscopic ways. 
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Given these critiques, the dualistic conception of compounds was challenged – it would have to 

either be altered significantly or abandoned completely.29 

In light of his discovery that hydrogen atoms could be substituted for chlorine atoms, Dumas, 

his pupil Auguste Laurent, and Laurent’s colleague Charles Frédéric Gerhardt, proposed a new 

way to understand the constitution of compounds. Instead of “radicals”, molecules were to be 

considered in terms of “types”. Types were regarded as generic molecular structures, best 

conceived of as chemical templates, such as the “water type”, in which two atoms or 

compounds (referred to as “radicals”, though not to be confused with the term’s earlier use) 

are bonded to a third, or the “ammonia type”, in which three radicals are bonded to a fourth. 

Type theory was particularly adept at explaining substitution and predicting novel compounds, 

as new theoretical molecules could be generated by exchanging one component of a type for 

another of a similar valence; for example, one can replace a single hydrogen atom in H2O with 

the monovalent radical C2H5 to produce ethanol, or both hydrogens in H2O to produce ether, 

(C2H5)2O. Type theory gained popularity throughout the 1840s and 1850s, and chemists such as 

August Hofmann, Adolphe Wurtz and Alexander Williamson contributed to the project of 

articulating the variety of chemical types.30 Type theory also gave rise to a new means of 

representation, “type formulas”, which were developed by Gerhardt in 1856. In these formulas 

the bonding that gives rise to chemical types is indicated through braces (see figure 2-1), 

although some chemists chose not to understand these formulas as indications of a 

compound’s structure, but rather as a means of denoting its possible reactions.31 It is of note 
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Science (New York: W. W. North & Company, 1993). pp. 210-8. Aaron J. Ihde, The Development of Modern 
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Chemistry. pp. 218-40. 
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 Tonja A. Koeppel, "Benzene-Structure Controversies, 1865-1920" (University of Pennsylvania, 1973). p. 35. For 

more on type formulas (and other linguistic and graphical chemical representations), see Bernadette Bensaude-
Vincent, "Languages in Chemistry," in The Modern Physical and Mathematical Sciences, ed. Mary Jo Nye, The 
Cambridge History of Science (Cambridge: Cambridge University Press, 2002). 
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that, while Kekulé did not operate fully within the scope of type theory, he, as well as many of 

the other chemists of his day, extensively used type formulas extensively throughout his 

work.32 

 

Figure 2-1: Typical “type formulas”, showing three compounds: water, ethanol 
(alcohol), and ether. Each compound is based on the water type. 

As one can see from the popularity of radical and type theories, chemists in the early-to-mid 

19th century were involved in the quest to understand chemical structure, that is, the specific 

manner in which atoms or groups of atoms relate to each other to form chemical compounds. 

This project moved from understanding structure in terms of groups of compounds (radicals) to 

individual atoms as chemists sought the reasons behind the number of bonds that each 

element or radical was capable of forming. From the late 1840s onwards, particularly around 

the mid-1850s, chemists such as Edward Frankland, August Kekulé, Archibald Scott Couper, and 

Alexander Butlerov (not to mention several of the type-theoretical chemists mentioned above) 

came to study the nature of chemical composition in terms of a enigmatic property of atoms 

known “basicity”, “atomicity”, “combining power”, “quantivalence”, or simply (and ultimately) 

“valence”. 

These efforts to understand and describe the combining power of individual atoms were 

ultimately productive. Theoretical advances, such as the suggestion that carbon is quadrivalent 

(that is, that a carbon atom forms four hydrogen-equivalent bonds with other atoms), proposed 

independently by Kekulé, Butlerov, and Couper, led to the precise, atom-by-atom articulation 
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of the structure of chemical compounds.33 It is in this context that we will discuss the 

emergence of structural chemical diagrams, the first efforts of structural chemists, newly armed 

with theories of valence, to graphically depict the subjects of their inquiry. 

Before moving on, it is important to note that the structural reasoning prevalent in the 1850s 

and 60s was significantly different from the stereospatial reasoning which arose during the 

1870s and 80s. In the next chapter, when we examine the rise of stereochemical diagrams, we 

shall see how diagrams were intended to represent not only the bonds between atoms, but 

also the relative three-dimensional physical positions of these atoms. This sort of spatial 

conceptualization of atoms was largely unaccepted by the broader chemical community in the 

period examined in this chapter, although individual chemists did, at times, reason 

stereospatially. Several notable chemists, especially Hermann Kolbe, violently opposed any 

attempt to attribute local spatial relationships to the invisible world of atoms. A more common 

sentiment was an interest in spatial considerations tempered by a heavy dose of scepticism. 

This is a stance perhaps best personified by Kekulé, who carefully (but sometimes not carefully 

enough) walked the line between structural and stereostructural claims. 

Following Alan Rocke, I have adopted the terms “chemical” and “physical” to refer to these two 

distinct approaches to considering the chemical world. A “chemical” approach to structure 

theory was generally agnostic about what atoms actually were, or, at times, if they even truly 

existed. Such an approach was instead concerned with the development of a theoretical 

framework that could explain the apparent rules by which chemical substances interacted with 

each other without putting too much emphasis on the fundamental nature of these substances. 

A “physical” conception of atoms, on the other hand, was concerned with foundational 

questions pertaining to the structure and nature of atoms, and, most importantly for this work, 

their spatial arrangements in chemical compounds. Many mid-19th century chemists, including 

Kekulé and Crum Brown, were content to treat atoms “chemically” while remaining silent (at 
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least publically) on their “physical” characteristics. Although the terms “chemical” and 

“physical”, used in this manner, are historians’, and not actors’, categories, they are 

nevertheless useful in that they serve to efficiently shed light upon the views of 19th century 

chemists, who were very concerned with the propriety and limits of chemical inquiry. 

In the context of molecular visual representations, the term “chemical” will be frequently used 

to describe those schematic representations that do not imply anything about the actual 

arrangement (or, in principle, even the existence) of atoms. Conversely, the term “physical” will 

be used to describe stereochemical interpretations of diagrams. It is important that we be clear 

about the difference between “chemical” structural and “physical” spatial reasoning and 

representation, since this distinction will reveal to us the significance of Kekulé’s and Crum 

Brown’s “physical” interpretations of their otherwise ostensibly “chemical” diagrams. 

 

2.3 Kekulé’s “sausage diagrams” 

Let us now begin our historical analysis by examining Kekulé’s “sausage”, or “bread roll” 

diagrams, his earliest methods of visually depicting molecular compounds. Kekulé’s “graphical 

representations” (graphische Darstellung) were developed during the late 1850s and 

underwent a number of important modifications until their eventual abandonment, in the mid-

1860s. For our purposes, it is useful to distinguish between Kekulé’s early, “linear” sausage 

diagrams and his later, “non-linear” or “two-dimensional” ones. These will be discussed in turn 

before we turn to Crum Brown’s skeletal approach, his critiques of Kekulé’s diagrams, and 

Kekulé’s subsequent adoption of skeletal representations. However, a brief biographical sketch 

of August Kekulé is first in order.34 
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August Kekulé was born in 1829 in Darmstadt to Margarethe and Emil Kekulé, the chief military 

adviser to the Grand Duke of Hesse. He enrolled in the University of Giessen with an intent to 

study architecture, a particular interest of his father, but a course on “experimental chemistry” 

taught by Liebig soon changed his mind. By the end of 1850 Kekulé had shown promise enough 

to gain a position within Liebig’s personal laboratory, a gruelling yet rewarding experience. 

However, despite his intense laboratory activity, Kekulé’s chief interests lay not in the 

experimental aspects of chemistry but its theoretical side, namely the questions of how best to 

understand the structure of organic compounds. At this time radical theory, still adhered to by 

Liebig, was crumbling, and Kekulé, perhaps taken by the scepticism of one of his professors, 

Heinrich Will, was acutely aware of the need for reform.35 

Unable to obtain a position in Giessen, Kekulé left for Paris, where he met and befriended 

Wurtz and Gerhardt, and later London, where he became close friends with Williamson. As the 

reader may recall, all of these individuals would become instrumental in challenging radical 

theory and championing the new approach of type theory. By the mid-1850s Kekulé had 

become familiar with type theory and was engaging in type reasoning – for example, Kekulé 

suggested to Williamson that since the “water type” (H2O) appears analogous to the hydrogen 

sulphide type (H2S), the oxygen atoms in more complicated compounds, such as acids and 

esters, could be replaced by sulphur atoms. By the mid-1850s, when type theorists were rapidly 

shifting towards a conception of valence (known at the time as basicity, among other names), 

Kekulé was in a good position to advance the notion that one might conceive of atoms, such as 

oxygen, as having a definite polybasicity (oxygen, of course, is dibasic – it has a basicity of two). 

These ruminations on the bonding abilities of individual atoms helped form the basis of 

chemical structure theory, wherein the precise bonding structure of entire molecules could be 

explicated. In a curious way, Kekulé’s father’s wishes for his son to study architecture would yet 

be fulfilled, although far from the manner in which he imagined. Furthermore, like any good 

architect, Kekulé would adopt visual tools for the precise articulation of his structures. One of 
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these tools would be his early graphical representations, which we will refer to as his “sausage 

diagrams”.36 

The roots of Kekulé’s diagrams have been said to lie in a hypnagogic vision that came to Kekulé 

while riding a London omnibus in 1855, where Kekulé might have been mulling over a paper by 

Wurtz concerning how to conceive of an atom’s basicity.37 The earliest known public 

appearance of Kekulé’s sausage diagrams comes from his brief tenure in Heidelberg, where he 

spent two years (1856-8) as a Privatdozent, during which he carefully advanced, taught, and 

published his structural approach to organic compounds. During this time he proposed a new 

chemical type, the marsh gas type (C2H4), which contained no single atom as its root. He also 

described the tetravalence of carbon and the ability of carbon atoms to bond with each other.38 

After Heidelberg Kekulé took up a professorship in Ghent, where he would spend nearly a 

decade lecturing, composing his textbook, and performing his best known work including his 

development of the concept of the benzene ring. Kekulé introduced his diagrams in his course 

on organic chemistry, which he taught at Heidelberg in the winter semester of 1857-8, and 

continued to use them in subsequent courses, both in Heidelberg and in Ghent.39 Many (but not 

all) of the diagrams that were produced in these early courses appeared in print in 1859, in the 

first fascicle of Kekulé’s Lehrbuch der organischen Chemie.40 
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Kekulé’s earliest sausage diagrams displayed the chemical (but not physical, that is, 

stereospatial) configuration of molecules by representing atoms as linear series of connected 

circles. The lengths of these atomic representations correspond to their “atomicity” (valence), 

the number of hydrogen-equivalent bonds a given atom could form. For example, hydrogen 

and chlorine are represented by a single circle, denoting an atomicity of one, while oxygen and 

sulphur, which each have an atomicity of two, are represented by a lumpy compound, two 

hydrogen-circles long. Similarly, nitrogen and carbon are three and four circles long, 

respectively. In these diagrams atoms are arranged “linearly”. They are drawn in horizontal 

rows two atoms tall and bonds between atoms are denoted by their vertical coincidence; one 

atom being drawn “on top” of another implies bonding between the two. For example, in figure 

2-2, which depicts nitric acid (HNO3), the compound’s three-lump-long nitrogen atom (bottom-

left) is bonded to two oxygens, one through a double bond (top-left) and the other through a 

single bond (top-centre). The oxygen atom to the right of the nitrogen atom (bottom right) is 

not bonded with nitrogen at all, but rather with the top-centre oxygen atom, as well as the 

compound’s single hydrogen atom. 

 

Figure 2-2: A typical “sausage” diagram, dating from 1859, as shown in Kekulé’s 
first volume of his Lehrbuch der Organischen Chemie. Kekulé, Lehrbuch (1861). 
p. 160. 

Kekulé’s diagrams first appeared in print in a footnote found in the first volume of his Lehrbuch. 

They were produced among a discussion of the constitution of radicals (the term “radical” here 

being meant in the type-theoretical sense). When discussing the arrangements of atoms within 

radicals, specifically with relation to the basicity (valence) of the radical’s constituent atoms, 

Kekulé states that one can depict (versinnlichen) these atomic arrangements by means of a 

“graphical representation”. Following this, Kekulé produces the eight sausage diagrams 

depicted below (figure 2-3). Although they are introduced during a discussion of radicals, it is 
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clear that these images can be used to represent both radicals and non-radicals alike, and can 

represent a multitude of theoretical chemical structures.41 

 

Figure 2-3. The first set of “sausage diagrams”, dating from 1859, as they 
appear in Kekulé’s 1861 Lehrbuch. The large, shaded compound in the bottom-
centre diagram is SO2. Kekulé, Lehrbuch (1861). p. 160. 

In introducing these diagrams, Kekulé is careful to argue for a fundamentally “chemical” 

interpretation of his diagrams. He states that his images should not be taken as indicative of 

either the relative size of atoms or their relative positions in space. Kekulé emphasizes this 

point, mentioning it twice, once on pages 159-60 and again on page 162, underscoring his 

insistence that his diagrams are to be understood chemically, not physically.42 Specifically, he 

asserts that his diagrams are intended solely to “facilitate understanding” by displaying the fully 

articulated bonding relationship for a compound, and should be taken as providing any 

information regarding the actual spatial arrangement of the compound’s constituent atoms.43 

Both Rocke and Meinel have suggested that one advantage of Kekulé’s linear graphical 

depictions was the impossibility of him misleading readers into interpreting such diagrams 
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“physically”.44 As mentioned above, many chemists in this era took a sceptical approach to 

chemical structure, and even to chemical composition; claims about the fundamental nature of 

the invisible chemical realm, such as the ultimate composition of compounds or their three-

dimensional structure, which could, after all, only be indirectly generated through macroscopic 

chemical reactions, were not easily welcomed. 45 However, given that there was no accepted 

manner of “physically” depicting of atoms at the time, it is unlikely that Kekulé explicitly 

structured his diagrams in such a way as to shield them from realist assertions.46 Given this, it is 

more likely the case that certain properties of these diagrams, such as the constancy of valency 

– the notion that the valence of a given atom is invariable – simply fit well with Kekulé’s ideas at 

the time. While Rocke’s suggestion that Kekulé’s aversion to the concept of variable valence 

“may have found its origin in his fixed-length—hence fixed-valency—atomic symbols” is 

perhaps too strong, it is certainly possible that these diagrams helped to reinforce what Kekulé 

already held to be true, that valence was fixed for each type of atom.47 

Kekulé’s diagrams were accompanied by wooden models, three-dimensional (yet 

informationally planar) representations that mirrored his diagrams. The earliest known models 

date from 1857, when Kekulé was lecturing in Heidelberg, although Kekulé continued creating 

wooden models of various sorts in Ghent, as well in Bonn, where he moved to from Ghent in 

1867.48 Kekulé’s sausage models consisted of painted wooden balls connected by curved brass 
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rods, which denoted interatomic bonding. Each type of atom was coloured differently: carbon 

atoms were painted black, hydrogen white, chlorine green, oxygen red, and nitrogen blue.49 

Although Kekulé is known to have produced a number of such models for use in his lectures, 

only one of his sausage models is known to have survived. This model, dating from his time in 

Ghent, depicts a benzene ring, and was likely crafted around 1865 (figure 2-4). It now resides in 

the University of Ghent’s Museum of the History of Sciences, along with Kekulé’s sole surviving 

skeletal model (figure 2-39). No models from his Heidelberg years are known to have survived, 

although replicas of these models were constructed in the 1960s (figure 2-5).50 

 

Figure 2-4: Kekulé’s sole surviving sausage model, displaying benzene. Museum 
for the History of Sciences, University of Ghent. 

                                                                                                                                                                           

 

& Reality. p. 81. For more on Kekulé’s models, see Christoph Meinel, "Kugeln Und Stäbchen: Vom Kulturellen 
Ursprung Chemischer Molekülmodelle," in Modelle, ed. Ulrich Dirks and Eberhard Knobloch (Frankfurt am Main: 
Peter Lang, 2008). 
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Figure 2-5: Replicas of Kekulé’s “sausage formula” models used during his 
tenure at Ghent during the early 1860s. These models are held in the Museum 
for the History of Science at Ghent. Image from Rocke, Image & Reality. p. 105. 

What were Kekulé’s linear sausage diagrams and models used for? If we only consider Kekulé’s 

published work, the answer appears to be “not much”. The diagrams that are produced in the 

first fascicle of Kekulé’s Lehrbuch appear only in footnotes. While this might indicate the 

tentative status of Kekulé’s diagrams at the time of publication (recall that the first fascicle 

appeared in 1859), Kekulé’s use of sausage diagrams in the book’s second and third fascicles 

(the remainder of his 1861 textbook) was also sparing – in his 766 page Lehrbuch, these 

diagrams (26 in total) appear on only six pages, less than 1% of the textbook’s total pages! 

Going by Kekulé’s Lehrbuch, Berzelian formulas and type formulas, which fill the pages of his 

textbook, must be regarded as the appropriate tools of chemists, not his barely-used sausage 

diagrams. 

However, things appear quite different if we consider Kekulé’s diagrams in the context of his 

academic lectures and private research. Kekulé used his diagrams frequently in his lectures, 

certainly much more so than in his published work; lecture notes to Kekulé’s two Heidelberg 

courses in the late 1850s contain at least 128 such diagrams, approximately five times the 
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number contained in the first volume of his Lehrbuch.51 In addition to this we must recall 

Kekulé’s multi-coloured three-dimensional wooden models, which would surely have 

commanded a striking presence in the classroom. 

In addition, while Kekulé did not explicitly invoke sausage diagrams in his 1862 article 

“Untersuchungen über organische Säuren”, there is reason to suspect that at least one of the 

article’s claims is the product of diagrammatic reasoning. In this article, Kekulé describes the 

structure of unsaturated acids as possibly being “somewhat compressed, such that two carbon 

atoms are bound by two affinities each.” This curiously spatial statement, “somewhat 

compressed”, makes sense if we consider Kekulé’s diagrams, where a double-bonded carbon 

compound would appear more “compressed” than a single bonded compound. Diagrams 

displaying this are indicated below in figure 2-6. If we take Kekulé’s statement to be about the 

carbon atom itself, this is an instance of Kekulé’s diagrams being used for physical, not merely 

chemical reasoning, a topic to which we will return below.52 

 

Figure 2-6: Sausage diagrams depicting single- and double-bonded carbons 
(C2H6 and C2H4, respectively). Note how the double bond visually compresses 
the diagram. 

Given this, we might infer that Kekulé’s sausage representations were used as heuristic tools to 

assist Kekulé’s students (and assumedly Kekulé himself) conceive of and understand chemical 

compounds in their fully articulated manner. It is worth noting that Kekulé’s graphical 

depictions were the only such representations used by Kekulé that displayed the full structural 

details for a given compounded, that is, each and every atomic bond that exists between the 
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compound’s molecules. Compare Kekulé’s sausage diagrams with his more extensively used 

“type formulas”, as seen in figure 2-1. Fully articulated, with all their bonds expressed, sausage 

diagrams displayed the complete bonding structure of chemical compounds while type 

formulas did not, as type formulas only denote bonding between the radicals that compose 

each type. This feature of Kekulé’s graphical depictions was most likely their prime advantage in 

the classroom, where students learned the details of Kekulé’s structure theory, that is, the 

manner in which atoms bond with each other to form larger compounds and the inferences 

that could be drawn from such articulated reasoning. The pedagogical advantages afforded by 

these diagrams and models in the late 1850s/early 1860s can therefore be thought of as similar 

to the advantages that contemporary fully-resolved chemical diagrams and models play in high 

school and undergraduate classrooms today. 

The relative poverty of sausage diagrams in comparison to type formulas in Kekulé’s Lehrbuch 

suggests that such fully resolved compounds were unnecessary, or perhaps even burdensome 

for the majority of chemical reasoning. Certainly, for complex compounds, some which contain 

dozens of atoms, “sausage” representations would become extremely awkward, even assuming 

that one could even produce a diagram for each desired compound (which, under Kekulé’s 

“linear” approach, one could not). For example, it is difficult to see how such sausage 

representations would have been advantageous for the compounds found in the equation 

depicted in figure 2-7, even if such a representation was even possible (consider the equation’s 

first compound, in which phosphorous is bonded to three carbons). Kekulé was in all probability 

very aware of the fact that certain compounds, such as P(C2H5)3, lay beyond the abilities of his 

linear representations well before the introduction of modified sausage formulas which were 

produced in order to accommodate the cyclical structure of aromatic compounds around 1865. 

Certainly, his students would have pointed out such shortcomings if he himself had not already 

realized them. Such a view also lends credence to his claim in 1867 that some faults (Mängel) of 
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his graphical formulas were not lost on his “right from the beginning”, a statement that we will 

return to below.53 

 

Figure 2-7: A chemical equation involving type formulas. The first compound in 
this equation, P(C2H5)3 cannot be visually expressed in terms of Kekulé’s “linear” 
graphical representations as he was drawing them at this time. Kekulé, 
Lehrbuch (1861). p. 667. 

In print, type formulas, with their succinctness, appear to have been satisfactory for Kekulé’s 

purposes. They were likely viewed positively by Kekulé, given their sheer prevalence in Kekulé’s 

Lehrbücher and their theoretical utility in succinctly distinguishing a compound’s constituent 

radicals, information that was essential to the type-based reasoning employed by Kekulé at the 

time. Indeed, given this function of type formulas, Kekulé appears not to have developed a 

means of drawing his sausage formulas in a manner conducive to conceptually isolating 

compounds’ radicals. It also appears that Kekulé’s sausage diagrams were not particularly 

useful when discussing reactions, as, unlike type formulas, they were never used in this 

manner. Perhaps this stems from the difficulty that one would encounter when rearranging the 

structure of material models to produce new ones for certain reactions. In any event, it appears 

that, for Kekulé, Berzelian notation and type formulas were good enough for describing 

reactions.54 

Were Kekulé’s sausage formulas adopted by other chemists? Indeed, It does appear that while 

Kekulé’s sausage formulas did not enjoy a sustained level popularity beyond the 1860s, they 

were, for a time, used by a handful of other chemists. These chemists, whose publications 

containing these diagrams appeared between 1863 and 1869, include Emil Erlenmeyer, Charles-

                                                      

53
 August Kekulé, "Ueber Die Constitution Des Mesitylens," Zeitschrift für Chemie, 1867, 3:214-18. p. 217. 

54
 Of course, there could be other reasons for the relative absence of Kekulé’s diagrams in his publications, such as 

technical factors surrounding the difficulty of including images in his books, or the desire to not appear as if he was 
relying on a system that might have been perceived as being problematic. 
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Adolphe Wurtz, Alfred Naquet, George Carey Foster Julius Wilbrand, Paul Havrez, and Christian 

Wilhelm Blomstrand. It is also worth mentioning that while Adolf von Baeyer, whose strain 

theory we will discuss in the subsequent chapter, did not use Kekulé’s sausage models in his 

published work, he nevertheless drew sausage diagrams in his correspondence with Kekulé 

from at least as early as 1861 and used wooden models similar to those used by Kekulé’s in his 

own lectures in 1865.55 

 

Figure 2-8: Graphical representations drawn in the fashion of Kekulé for various 
compounds. Erlenmeyer, “Aequivalent, Atom, Molekül und Volum”. p. 74. 
Wurtz, Leçons. p. 135. Wilbrand, “Constitution der Allyl- Glycerylverbindungen”. 
p. 684. Havrez, “Principes de Chemie Unitaire”. p. 444. Naquet, Principes de 
Chemie. p. 56. Blomstrand, Der Chemie der Jetztzeit. p. 250. 
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 Rocke, Image & Reality. p. 105. 
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From examining the works containing sausage diagrams produced by other chemists, two 

features are readily apparent. First, the degree to which sausage diagrams were used by 

Kekulé’s contemporaries varied considerably from chemist to chemist. Some chemists, such as 

Erlenmeyer and Wurtz, devoted a rather small portion of their works to sausage diagrams and 

used them in a very limited manner.56 Others, like Naquet, devoted a somewhat greater space 

in their texts for Kekulé’s diagrams, but still preferred other representations; as in Kekulé’s 

Lehrbuch, type formulas were Naquet’s symbolic representation of choice.57 Others still used 

Kekulé’s sausage diagrams extensively, and, in some cases, in ways that Kekulé himself never 

did. A dictionary entry on chemical classification by Foster and two short articles by Wilbrand all 

contain more diagrams than pages.58 The work of Paul Havrez, whose “three-dimensional” 

drawings of sausage diagrams are discussed below, pushed the limits of what sausage diagrams 

could represent and depicted structural arrangements that Kekulé never conceived of (and, 

given Kekulé’s views regarding valence, never would have).59 The Swedish chemist Wilhelm 

Blomstrand’s peppered his 1869 textbook, Der Chemie der Jetztzeit, with sausage diagrams. He 

occasionally modified and re-interpreted Kekulé’s graphical representations, in addition to 

using them as components of chemical equations. Indeed, Blomstrand’s work may very well 

contain the largest number of sausage diagrams in any published text. Although an in-depth 

                                                      

56
 Emil Erlenmeyer, "Betrachtungen Über Aequivalent, Atom, Molekül Und Volum," Zeitschrift für Chemie, 1863, 

6:65-75. Emil Erlenmeyer, "Hypothesen Über Chemische Isomerie Und Chemische Constitution," Zeitschrift für 
Chemie, 1864, 7:1-30. Adolphe Wurtz, Leçons De Philosophie Chimique (Paris: Librarie de L. Hachette et Cie., 1864). 

Incidentally, both Wurtz and Erlenmeyer produced skeletal diagrams in later works. Emil Erlenmeyer, "Studien 
Über Die S. G. Aromatischen Säuren," Annalen der Chemie und Pharmacie, 1866, 137:327-59. Adolphe Wurtz, A 
History of Chemical Theory from the Age of Lavoisier to the Present Time (London: Macmillan and Co., 1869). 

57
 Alfred Naquet, Principes De Chemie, Vol. 1 (Paris: F. Savy, 1867). 
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 George Carey Foster, "Classification," in A Dictionary of Chemistry and the Allied Branches of Other Sciences, ed. 

Henry Watts (London: Longman, Green, Longman, Roberts, & Green, 1863). Julius Wilbrand, "Ueber Die 
Constitution Der Allyl- Und Glycerylverbindungen," Zeitschrift fûr Chemie, 1865, 8:683-5. Julius Wilbrand, "Ueber 
Kettenförmige, Ringförmige, Und Isomere Kohlenstoffskelette," Zeitschrift fûr Chemie, 1865, 8:685-7. 
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 Paul Havrez, "Principes De Chimie Unitaire," Revue universelle de mines, de la métallurgie, dex travaux publics, 

des sciences et des arts appliqués à l'industrie, 1865, 18, no. 1:318-51, 433-48. 
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analysis of Blomstrand’s use of sausage diagrams is unfortunately beyond the scope of this 

work, such efforts would be well worthwhile.60 

Second, the chemists that adopted sausage diagrams (if, in the absence of appearing as 

sausages, some of these diagrams can even be referred to as such) took great liberties with the 

forms that they gave their images and the rules that they assumed to govern them. While some 

of these chemists, such as Naquet and Blomstrand, followed Kekulé’s convention of denoting 

the units of an element’s atomicity as circles, others did not, and drew diagrams that denoted 

atomicity through using squares, letters, and even lines. Some of these chemists used diagrams 

to display bonding configurations that were not permitted under Kekulé’s original scheme, 

opening up novel avenues of reasoning and representation. Indeed, if Kekulé had adopted, say, 

the approach of Naquet or Wilbrand, his diagrams might not have so readily succumbed to 

Crum Brown’s challenges discussed below, although Wilbrand’s representations, which depict 

bonding by both horizontal and vertical lines, are but a short step away from the skeletal 

representations that would come to dominate chemical imagery.61 

Before returning to Kekulé’s own sausage diagrams and considering his diagrammatic 

modifications in the context of the development of the notion of the benzene ring, it is also 

worth mentioning that the first volume of Kekulé’s Lehrbuch contains a series of diagrams that 

depict generalized atoms as circles. This series of images, appearing on page 142, represents a 

reaction in which two molecules exchange their constituent atoms. While an interpretation of 

these diagrams is fully consistent with Kekulé’s sausage diagrams, should one assume that the 

two molecules are each made up of two univalent atoms, such stipulations regarding the 

valency of the atoms are not explicitly made and Kekulé’s phrasing seems to indicate that these 

circles stand in for the general case of interacting atoms. This is suggestive of the notion that, 

                                                      

60
 C. W. Blomstrand, Der Chemie Der Jetztzeit (Heidelberg: Carl Winter's Universitätsbuchandlung, 1869). It is also 

worth noting that Blomstrand’s text contains two skeletal diagrams (pp. 168-9), a style he attributes to Frankland. 

61
 Further (but not particularly in-depth) references to these diagrams can be found in O. Bertrand Ramsay, 

Stereochemistry: Nobel Prize Topics in Chemistry (London: Heyden, 1981). Rocke, "Subatomic Speculations." 
Bensaude-Vincent, "Languages in Chemistry." 
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even in Kekulé’s work, we see that, by default, atoms may be conceived of as circles or spheres. 

Kekulé’s representation of generalized atoms as spheres should be kept in mind, especially in 

light of Crum Brown’s visual representations which does precisely this. 

 

Figure 2-9: A reaction involving two molecules in which their constituent atoms 
are exchanged. Kekulé discusses these atoms in general terms, suggesting that 
atoms may be conceived of as circles (or spheres). Kekulé, Lehrbuch (1861). p. 
142. 

 

2.3.1 “Two-dimensional” sausage diagrams: beyond linearity 

During the mid-1860s Kekulé began developing ways to transcend the restrictive “linearity” of 

his diagrams. Kekulé’s diagrammatic developments arose in concert with his newly-developed 

conception of the ring-like structure of benzene and other aromatic substances, which was 

publically announced in the BulletIn de la société chimique in early 1865.62 

The development of the notion of the benzene ring is considered to be one of the greatest 

triumphs of Kekulé’s career. In fact, the celebration of Kekulé’s chemical achievements held in 

1890 was known as “Benzolfest”. However, precise development of Kekulé’s idea that benzene 

and related compounds have cyclical structures, including his story that the notion came to him 

in a dreamlike state, dates back to comments made by Kekulé during Benzolfest and are 

therefore somewhat questionable. These have been studied in depth by Rocke who has 
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 August Kekulé, "Sur La Constitution Des Substances Aromatiques," Bulletin de la Société Chimique, 1865, 3:98-

110. 
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endeavoured to reconstruct Kekulé’s discovery as accurately as possible.63 While the actual 

development of the theory of aromatic substances is fascinating, for our purposes it is enough 

to know that by the mid-1860s Kekulé was describing benzene as a ring, and that further 

developments in the forms of his diagrams closely follow this novel conception. 

As one can imagine, Kekulé’s proposal that benzene consists of a closed chain of six carbon 

atoms, their outstanding valences filled by six hydrogen atoms, made purely linear depictions of 

chemical compounds untenable. If Kekulé wanted to use sausage diagrams to depict aromatic 

compounds he would have to modify his initial diagrammatic style. Kekulé met this challenge 

quickly, and the very same article announcing his novel conception of aromatic substances 

contains dozens of modified sausage diagrams depicting their structure. 

From at least 1865 onwards, Kekulé depicted the underlying ring-like structure that lay at the 

core of aromatic substances linearly, but with arrows at both ends of the compound’s linear 

chain, indicating bonding between the diagram’s extreme carbons (figure 2-10). These arrows, a 

rather minimalist modification, were sometimes drawn as lines or even omitted altogether, the 

cyclical structure of the compound being merely implied. 

 

Figure 2-10: Three diagrams exhibiting Kekulé’s ring notation, as used for 
benzene and other aromatic compounds. Diagrams 2 and 3 are indicated to be 
“closed” rings by the arrows at both ends. Kekulé, “Substances aromatiques”, in 
Auschütz, August Kekulé, Bd. II. p. 3 

More complicated aromatic compounds containing benzene rings as their basis were depicted 

by Kekulé as horizontal structures with vertical offshoots. Here, either the vertical or horizontal 

coincidence of atoms could be used to depict bonding. For example, Kekulé’s depiction of gallic 

acid (figure 2-11) shows a six-carbon benzene ring bonded to two hydrogens, three oxygens, 
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and one carbon. Each of the three oxygen atoms that vertically project from the central carbon 

ring are horizontally bonded with a hydrogen atom. The single vertically-bonded carbon that 

protrudes from the “bottom” of the ring is itself horizontally bonded to two oxygens, one of 

which is also bonded to a hydrogen. Such bonding allowed complex branching to be 

represented and these diagrams could even be used to denote the precise chemical structure 

of connected benzene rings (see diagram 13 in figure 2-12). 

 

Figure 2-11: Gallic acid, depicted through Kekulé’s modified sausage diagrams. 
Kekulé, in Auschütz, August Kekulé, Bd. II. p. 383. 

How did Kekulé use these “two-dimensional” or “non-linear” diagrams? Here, we gain insight 

into their use through the format in which they are presented. These diagrams mostly appeared 

in Kekulé’s published work in large lists on plates appended to his publications. Such a plate 

appears in his 1865 “Substances aromatiques”, where Kekulé announces his theory of the 

structure of benzene. This is reproduced in Kekulé’s extensive “Untersuchungen über 

aromatische Verbindungen”, published in 1866, which also contains his highly-schematic 

hexagonal and triangular representations of benzene (more on these below). More lists of 

diagrams, which depict a greater number of substances, appear in the second volume of 

Kekulé’s Lehrbuch.64 
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 Kekulé, "Substances Aromatiques." August Kekulé, Lehrbuch Der Organischen Chemie, 4 vols., Vol. 2 (Erlangen: 

Ferdinand Enke, 1866), August Kekulé, "Untersuchungen Über Aromatische Verbindungen," Annalen der Chemie 
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The primary purpose of these extensive lists of two-dimensional sausage diagrams appears to 

be heuristic. In a footnote in his 1866 “Aromatische Verbindungen”, Kekulé explains that he has 

compiled a plate containing graphical formulas for many of the substances mentioned 

throughout his article, although words alone are capable of making his views [Ansichten] 

understandable. In addition to viewing Kekulé’s graphical formulas in such a heuristic light we 

may also consider the possibility that Kekulé’s displaying of his diagrams constitutes a defence 

of sorts, an implicit testament to their legitimacy and utility. In the same footnote Kekulé goes 

on to state how his form of graphical formulas has been accepted with no remarkable 

alterations by Wurtz, and that it appears to him to offer certain advantages over what he terms 

the newly proposed “modifications” of Crum Brown and Loschmidt. However, he does not state 

what these advantages might be. Taken in this light it is likely that Kekulé’s extensive 

publication (or re-publication) of his diagrams was intended in part to establish his claim to 

graphical molecular representations in the context of competing graphical formulas and to 

display the capability of his modified diagrams to depict a wide range of pertinent and complex 

chemical substances.65 As mentioned above, we will discuss the competing representations of 

Crum Brown and his critiques of Kekulé’s forms of visual representations below. 

 

Figure 2-12: Several diagrams taken from one of Kekulé’s tables of two-
dimensional sausage diagrams. Note how diagram 13 displays two connected 
benzene rings. Kekulé, Lehrbuch (1866). Table I. 

Kekulé’s sausage diagrams were soon joined by another means of representation, one that was 

more limited in scope but of equally importance significance, as it demonstrates the oft-blurry 

boundary between purely “chemical” (structural) and “physical” (stereochemical) reasoning. In 
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1865, Kekulé published a second piece on aromatic substances, “Note sur quelques produits de 

substitution de la benzine”. In this article, Kekulé posits two possible spatial configurations for 

benzene, hexagonal and triangular, and discusses their empirical consequences. Kekulé argues 

that one can determine the shape of benzene, that is, whether the benzene ring is hexagonal or 

triangular, based on the number of isomers found for a given aromatic compound. This is 

because while, for a fully symmetric, hexagonal benzene, it would make no difference which 

hydrogen atom is replaced by another atom, it would definitely matter which hydrogen atom is 

replaced in a benzene molecule that is shaped triangularly, as that hydrogen atom can either lie 

at the vertex of the benzene triangle or along its edge. This is indicated in figure 2-13, where 

the physical positions of hydrogen atoms are indicated by the letters a-f.66 

Specifically, Kekulé discusses the bromobenzenes, benzene rings that have had one or more of 

their hydrogens replaced with bromine atoms, which are also univalent. While there is only one 

resulting compound from a hexagonal benzene ring with a single substituted bromine atom, a 

similar substitution performed on a triangular benzene ring would allow for two distinct 

compounds. This assertion is not without empirical significance, as the physical shape of the 

benzene ring carries direct implications for the number of bromobenzene isomers: if only one 

such isomer is discovered, benzene must be hexagonal; if two, benzene must be triangular. 
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Figure 2-13: Two possible configurations of benzene: hexagonal and triangular. 
The physical positions of hydrogen atoms are denoted by the letters a-f. Kekulé, 
“Quelques produits”. pp. 553-4. 

Kekulé accompanied his verbal descriptions of the two shapes available to the benzene ring 

with two images displaying the hypothetical hexagonal and triangular configurations of 

benzene. Here, the letters a-f in these diagrams represent the positions of hydrogen atoms 

within the compound. The lines in these diagrams, however, are not so clearly explained – it is 

possible that they roughly represent the positions of benzene’s six carbon atoms, as Kekulé was 

accustomed to drawing long, linear carbons, although they could simply be a graphical means 

of connecting the hydrogen atoms at the molecules’ vertices. 

Understanding Kekulé’s hexagonal and triangular diagrams in terms of his sausage diagrams 

(one of which appears in his “Quelques produits”) helps us understand why Kekulé felt it 

necessary to consider a triangle as a viable option for the shape of benzene in the first place. 

Consider Kekulé’s chain-like representation of benzene (diagram 3 in figure 2-10). If we take 

this diagram and bend it so that it forms a closed chain with alternating single and double 

bonds between its constituent carbon atoms, we get a sort of triangular object due to the fact 

that each double bonds produces a sort of z-shaped line. This can be seen in figure 2-4, Kekulé’s 

only known surviving sausage model, or in figure 2-14, a two-dimensional, top-down 

reproduction of this model by the author. 

This is not the only way to arrange the hydrogen atoms on this model of benzene. One could 

just as easily place at least some of the hydrogen atoms “inside” the carbon “ring” as opposed 
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to placing all of them “outside”. Since this would not represent a structural difference, and 

since the “position” of the hydrogen atoms in the physical model is not intended to carry any 

physical significance, one might wonder what could be gained by considering this. However, if 

we examine Kekulé’s reasoning more closely, the answer may surprise us. 

In his “Quelques produits”, Kekulé makes what is at first a curious statement when describing 

the “triangular” option of benzene: in addition to the six hydrogen atoms of the triangular 

benzene occupying either the angles or the midpoint of the edges, three atoms would be found 

“on the exterior”, and three “on the interior” of the carbon chain.67 Why this is so is difficult to 

grasp unless we consider figure 2-14, in which such a sausage diagram produces a situation that 

perfectly matches Kekulé’s half-interior, half-exterior description. 

 

Figure 2-14: An alternative representation of Kekulé’s sausage diagram for 
benzene. 

The origins of Kekulé’s hexagonal and triangular hypotheses can be seen by considering the 

shapes made by the hydrogen atoms in these diagrams. The hydrogen atoms in figure 2-4 are 

arranged roughly hexagonally. This is an imperfect hexagon, to be sure, but it is possible that 

Kekulé would have ascribed the cause of such imperfection to his model and not to an actual 
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structural dissymmetry in the compound. However, the placement of the hydrogen atoms in 

figure 2-14 are arranged triangularly. For clarity, I have drawn sausage diagrams corresponding 

to these two models below, with lines connecting their hydrogen atoms drawn in. This 

compelling piece of visual evidence strongly suggests that Kekulé had a similar diagram or 

model in mind when composing his “Quelques produits”. Again, recall that Kekulé’s “Quelques 

produits” does not discuss the location of the carbon atoms in benzene, only that of the 

hydrogen atoms. 

 

Figure 2-15: A top-down view of Kekulé’s two possible configurations for 
benzene. Lines connecting the hydrogen atoms have been drawn to illustrate 
the probable origins of Kekulé’s hexagonal and triangular representations seen 
in figure 2-13. 

While Kekulé’s original material model of benzenelies in the form given by diagram on the left 

of figure 2-15, it is very likely that he re-positioned his original model in this shape of the 

diagram in on the right. In fact, a reproduction of Kekulé’s original sausage model of benzene, 

which Kekulé left in the “hexagonal” form, has been produced in the shape of his “triangular” 

form. This “replica” now resides with the model shown in figure 2-4 in the Museum or the 

History of Science at the University of Ghent. 

The notion that Kekulé’s sausage models played a formative role in his reasoning about the 

physical structure of benzene was first proposed by Gilles in 1966. Like Rocke, I find Gilles’ 
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explanation highly compelling.68 Rocke even suspects that Kekulé might have used his sausage 

diagrams to form hypotheses regarding the shape of benzene as early as 1858, although this is, 

by Rocke’s own admission, a “conjecture”, albeit one that he considers highly probable.69 

Regardless of whenever Kekulé first used sausage diagrams to consider the physical shape of 

benzene, we must recognize this as direct evidence that Kekulé used his graphical formulas for 

stereospatial reasoning, that is, to garner insight into the physical (that is, not just chemical) 

structure of molecules. This means that Kekulé ignored his own warnings against interpreting 

these diagrams “physically”, as he took the spatial arrangements of hydrogen atoms in his 

diagrams and models to be indicative of their true spatial arrangements in aromatic 

compounds. As we have seen, this is not the first time Kekulé used his supposedly purely 

chemical representations to generate inferences about the physical structure of molecules. Nor 

would it be the last. 

1865 marked a high point of sorts for Kekulé’s sausage diagrams. In a footnote in his 

“Substances aromatiques”, he notes how his graphical formulas, as well as the nearly identical 

versions adopted by Wurtz, have “served in its beautiful lessons of philosophical chemistry”. As 

mentioned above, he also stated his preference for his newly modified diagrams to those 

proposed by Loschmidt and Crum Brown, each of whom had each proposed completely 

different ways of representing chemical compounds. We therefore know that Kekulé had been 

aware of competing diagrammatic approaches, including the one that he would ultimately 

abandon his sausage diagrams for. However, in 1865, Kekulé remained confident, at least 

publically, that his newly developed two-dimensional sausage diagrams would persevere. 

This confidence was not to last; within a few years Kekulé would fully abandon his sausage 

formulas in favour of a modified skeletal approach. However, before we examine Kekulé’s 
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adoption of these novel graphical formulas and models, we must turn to the Scottish chemist 

Alexander Crum Brown and consider the development and advantages of the graphic 

representations which Kekulé would ultimately adopt. As we shall see, Crum Brown’s diagrams 

not only hold not only the origins of Kekulé’s representations from the mid-1860s onwards, but 

constitute the roots of our contemporary chemical representations as well. 

 

2.4 Crum Brown’s structural formulas 

Alexander Crum Brown (1832-1922) was born, raised, and educated in Edinburgh. A precocious 

child and eager student, Crum Brown studied at the University of Edinburgh where he achieved 

a M.A. in Arts in 1858 and was a gold medallist in both chemistry and natural philosophy 

classes. He continued his doctoral studies in Edinburgh, this time in the Faculty of Medicine, 

and was awarded a M.D. in 1861. While Crum Brown’s later work held certain medical 

applications his doctoral research was chemical, not medical, and he never practiced medicine. 

Performing chemical research from within the Faculty of Medicine was the norm at the time, as 

the Faculty of Science had not yet been created (and would not be for several decades). 

Crum Brown’s doctoral thesis, titled “On the Theory of Chemical Combination”, was largely a 

theoretical investigation into the nature of chemical bonding and structure by means of his 

type-based approach to polyatomic radicals (the term “radical” again being used in the more 

general type-theoretical sense, referring to the relatively stable building blocks of molecules).70 

                                                      

70
 Alexander Crum Brown, "On the Theory of Chemical Combination" (University of Edinburgh, 1861). Crum 

Brown’s thesis was published in 1879, nearly two decades after it was written. According to Christopher Ritter, 
there is little difference between the 1861 and 1879 versions of Crum Brown’s thesis. Christopher Owen Ritter, 
"Re-Presenting Science: Visual and Didactic Practice in Nineteenth-Century Chemistry" (University of California, 
Berkeley, 2001). p. 159, n. 21, p. 162. 

For convenience, figures from Crum Brown’s thesis have been taken from Andrew J. Alexander’s 2006 digital 
reproduction. This reproduction is, for our purposes functionally, identical to Crum Brown’s original work. This 
reproduction can be accessed from Alexander’s page on Crum Brown: Alexander Crum Brown: Theory of Chemical 
Combination, (2006 [cited 2011]); available from http://homepages.ed.ac.uk/aa01/crum/crum_index.html. 
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However, while Crum Brown operated under a type approach, like Kekulé, he did not adhere to 

it very strictly. As we shall see, Crum Brown’s thesis worked towards reducing this type-based 

approach to chemical structure to a more fluid structural one, based off of the “lines of force”, 

that is, bonds, between atoms.71 

 

Figure 2-16: One of Couper’s diagrams from his 1858 Nouvelle Theorie. This 
formula, which depicts cyanuric acid, uses the French “Az” (Azote) to represent 
nitrogen. It also contains double the oxygens included in the modern formula. 
Couper, “Nouvelle Theorie”. p. 489. 

In his thesis, Alexander Crum Brown also introduced his structural formulas, which were 

developed around the year 1860. Although Couper produced similar skeletal diagrams before 

Crum Brown (figure 2-16), Crum Brown’s diagrams may be considered the oldest basis for 

modern chemical skeletal diagrams and models, as it was his images, not Couper’s, that were 

adopted by other chemists during the 1860s.72 These diagrams first emerge in Crum Brown’s 

thesis in the context of his explanation that all four of the types articulated by Gerhardt (H20, 

HCl, NH3, H2), as well as “the simplest of polyatomic radicals” (bonding between elements such 
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 For a good overview of Crum Brown’s thesis, see David F. Larder, "Alexander Crum Bown and His Doctoral Thesis 

of 1861," Ambix, 1967, 14:112-32. For a more detailed analysis of the role of Crum Brown’s diagrams within this 
thesis, see Ritter, "Re-Presenting Science". pp. 159-67. Christopher Ritter, "An Early History of Alexander Crum 
Brown's Graphical Formulas," in Tools and Modes of Representation in the Laboratory Sciences, ed. Ursula Klein 
(Dordrecht: Kluwer Academic Publishers, 2001). 
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 Whether or not Crum Brown was inspired by Couper’s diagrams, themselves extensions of type formulas, 

remains unclear. There are reasons to suspect that Crum Brown might have derived some inspiration from Couper, 
including Couper’s brief tenure at the University of Edinburgh in 1859. Regardless, the failure of Couper’s images 
to prosper is tied to the fate of his all-too-brief career, cut short due to poor health, which was possibly worsened 
by a priority dispute in 1858 involving Wurtz, whose lab he worked in (and was expelled from), and Kekulé, Wurtz’s 
friend. Ihde, The Development of Modern Chemistry. pp. 224-5. For an article by Couper containing what are likely 
some of the earliest skeletal diagrams, see A.-S. Couper, "Sur Une Nouvelle Théorie Chimique," Annales de Chimie 
et de Physique, 1858, 53:469-89. A brief but nevertheless useful piece on Couper can be found in Michael Sutton, 
"A Forgotten Triumph," Chemistry World, 2008, 5, no. 5:44-7. 
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as oxygen, sulphur, nitrogen, etc.), could be reduced to the simplest of all types, that is, the 

single hydrogen type, wherein two hydrogen atoms are “connected together by one line of 

force.”73 Upon introducing this reductionist conception of atomic structure, Crum Brown 

produces the first of his structural formulas, which were used intermittently throughout the 

remainder of his thesis. Two of such formulas are reproduced in figure 2-17. The diagram on 

the left is more typical of Crum Brown’s formulas, as the diagram on the right only exists to 

demonstrate how we can conceive of the simple polyatomic radicals in alcohol not in terms of 

Gerhardt’s types, but rather as multiple expressions of the simplest type, the hydrogen-

hydrogen bond. Incidentally, the diagram on the right suggests a similarity between Crum 

Brown’s reasoning and that of Kekulé’s, as both chemists saw polyvalent atoms as being 

analogous to bundles of single-valence atoms. 

 

Figure 2-17: Two of Crum Brown’s structural formula for alcohol. The diagram 
to the right demonstrates how the bonds formed in simple polyatomic radicals 
can be thought of as multiples of the most basic hydrogen-hydrogen bond. Both 
images are from the 1879 reprint of Crum Brown’s 1861 thesis. For reasons of 
graphic clarity and the similarity of the reprint to the original, I have chosen to 
use the reprint for to display Crum Brown’s 1861 diagrams. From Andrew J. 
Alexander’s digital reproduction of Crum Brown, Chemical Combination. pp. 12-
3. 

Crum Brown’s structural formulas, ten of which appeared in his thesis and most of which are 

drawn in a style similar to that of the formula on the right in figure 2-17, depict atoms as 

encircled letters connected by lines, which denote bonding. These visual representations are 
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 Crum Brown, "Chemical Combination". p. 16. 
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significantly different from Kekulé’s: while Kekulé’s diagrams portray atoms as bundles of 

valences connected in a brickwork fashion, Crum Brown’s atoms are more like nodes in a 

molecular network. Bonds between atoms are indicated by lines connecting them; single lines 

indicate single bonds and multiple lines indicate multiple bonds. The atomicity of a given atom 

is therefore not indicated by its shape, as it is in Kekulé’s models, but rather by the number of 

bond-lines protruding from it. In Crum Brown’s thesis the lines that denote atomic bonding are 

described as “lines of force” and are always drawn straight. The term “lines of force” and its 

associated graphical convention suggests that bonding should be conceived of as a central 

force. The term “lines of force” is consonant with Crum Brown's quasi-physical approach to 

chemical structure, evident in his thesis, in which he states that “atoms exist, and that certain 

forces act upon them under certain laws”.74 

The view that Crum Brown saw his diagrams in a quasi-physical (and thus quasi-spatial) manner 

is further substantiated if we consider a passage towards the end of his thesis in which he 

discusses whether or not (and, if so, how) properties of atoms (specifically electrochemical 

properties) might affect other atoms to which they are not directly combined. On page 25 of his 

thesis, Crum Brown describes how H2O will have its force distributed evenly between the two 

hydrogen atoms, but, for KOH, “More of the negative force in the O will accumulate at the pole 

which is next the K, and more of the positive force at that next the remaining H [sic].” Although 

no diagram for K-O-H is drawn, this statement presupposes a thoroughly linear compound, 

which Kekulé’s approach would not have displayed. For clarity, I have reproduced below Crum 

Brown’s diagram for H2O, which appears earlier in his thesis, as well as Kekulé’s diagram for 

                                                      

74
 It could be argued that the circular appearance of Crum Brown’s atoms could be a sign of them being intended 

as a “physical” representation of sorts. Indeed, Crum Brown’s circles are reminiscent of Dalton’s circular depictions 
of atoms, depictions that he believed could (or rather should) be taken as spatially significant. However, Dalton’s 
representations (and, for that matter Kekulé’s) in line with the centuries-old philosophical conception of atoms as 
tiny spheres. While it is too strong a claim to state that Crum Brown’s circular depiction of atoms should be 
understood “physically”, we would be foolish to ignore the general notion that philosophical atoms were often 
regarded as circular in understanding Crum Brown’s representational decisions. For more on Dalton’s visual 
representations, see Timothy L. Alborn, "Negotiating Notation: Chemical Symbols and British Society, 1831-1835," 
Annals of Science, 1989, 46:437-60. 
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water (recall that KOH and H2O are of the same “type”). However, despite these minor 

instances of physical reasoning, Crum Brown acknowledged the hypothetical nature of his 

thesis’ physical assumptions, and, as “physically” suggestive as his diagrams are, was generally 

careful not to overstep his claims. 

                

Figure 2-18: Crum Brown’s (left) and Kekulé’s (right) depictions of H2O. Crum 
Brown, Chemical Combination. pp. 12. Kekulé, Lehrbuch (1861). p. 160. 

What were Crum Brown’s diagrams used for? To a large extent, Crum Brown’s structural 

formulas were used heuristically, as an aid to chemical, and possibly physical, reasoning. Crum 

Brown’s skeletal diagrams helped chemists conceptualize the sub-molecular structure of 

chemical compounds, forwarded his view that all bonds are reducible to the hydrogen-

hydrogen type, and generally allowed both him and fellow chemists to achieve a surveyable 

view of such compounds. Like Kekulé’s sausage diagrams, Crum Brown’s skeletal 

representations are fully articulated and display the precise manner by which all atoms of a 

compound are connected. This level of detail allowed chemists to acquire precise information 

about the structural composition of molecules at a glance. They were also used to provide 

structural explanations for chemical concepts, distinguish certain classes of compounds from 

others, and identify and graphically demarcate the distinct components (that is, the constitutive 

radicals) of chemical compounds. We shall now examine these further uses in detail, starting 

with the role that structural formulas played in Crum Brown’s thesis with respect to explaining 

the phenomenon of alternative atomicity. 
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2.4.1 Crum Brown’s diagrams and alternative atomicity 

In his thesis, Crum Brown used structural formulas to represent possible chemical 

configurations and demonstrate the potential ways in which atoms might combine to form 

molecules. He explains how his diagrams are capable of representing simple and complicated 

molecules alike, from H2 to C3H5Cl. However, the power of Crum Brown’s diagrams goes beyond 

mere representation, as Crum Brown also discusses how his diagrams can be used to provide 

structural explanations for chemical concepts such as “alternative atomicity”, that is, variable 

valence.75 

The term “alternative atomicity” refers to the apparently variable atomicity of certain radicals. 

At the time of his thesis, alternative atomicity was viewed as a property of both single-element 

radicals like nitrogen (which behaved both triatomicly and pentatomicly) and polyatomic 

radicals like C3H5 (which could be chemically satisfied by bonding with either one monatomic 

chlorine or with three). To help understand this variability, Crum Brown used structural 

formulas, which provided him with a possible “explanation” (Crum Brown’s own term) for this 

phenomena. Specifically, he used his diagrammatic approach to demonstrate how C3H5 could 

be both monatomic (as it is in C3H5Cl) and triatomic (as it is in C3H5Cl3) (figure 2-19). Drawing on 

his diagrams, Crum Brown proceeded to develop a general explanation for why the atomicities 

of such variable radicals always differ by two in terms of the lines of force displayed in these 

diagrams.76 Incidentally, the monatomic configuration depicted in figure 2-19 cannot be shown 

by using Kekulé’s sausage diagrams as Kekulé was drawing them at the time – recall that Kekulé 

only introduced his “arrow” notation around the mid-1860s – although this impossibility was 

not mentioned by Crum Brown, who was nevertheless familiar with Kekulé’s graphical 

formulas. 
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 For more on the origins and development of the notion of variable valence, see C. A. Russell, The History of 

Valency (Leicester: Leicester University Press, 1971). ch. X. 
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 Crum Brown, "Chemical Combination". p. 18. 
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Figure 2-19 Crum Brown’s graphical explanation of the apparently anomalous 
“alternative atomicity”. On the left, the radical C3H5 is bonded with one chlorine 
atom. On the right, it is bonded with three. Crum Brown, Chemical 
Combination. p. 13. 

 

2.4.2 Crum Brown’s diagrams, beyond his thesis 

In subsequent publications, we see that Crum Brown’s structural formulas aided him in other 

notable ways. Consider, for instance, Crum Brown’s use of structural formulas in his 1864 “On 

the Theory of Isomeric Compounds”. Here, skeletal  diagrams were used to identify “absolutely 

isomeric” compounds, distinct chemical entities which nevertheless have the same 

composition, weight, and constitutional formula.77 These compounds, which share identical 

structural relations between their constituent atoms, differ from “metamers”, compounds that 

contain the same constituent atoms yet differ in chemical structure. 

In this work, Crum Brown assessed fourteen cases of possible absolute isomerism by drawing 

skeletal diagrams for each compound in question. As with Kekulé’s representations, no free 

affinities (unbonded bonds) or affinities of the same atom bonded together (self-bonding) are 

permitted. These diagrams were directly used to determine whether or not a compound was 

indeed an absolute isomer, which was said to exist if only one possible diagram could be drawn 

for each set of potentially isomeric compounds. For example, figure 2-20 indicates that lactic 
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 Alexander Crum Brown, "On the Theory of Isomeric Compounds," Transactions of the Royal Society of 

Edinburgh, 1864, 23, no. 3:707-19. 
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and paralactic acid (both C3H6O3) are metamers, since they can be represented by two different 

diagrams. Fumaric and maleic acid (both C4H4O4), which can only be represented by one 

diagram, figure 2-21, and are therefore absolute isomers.78 Here we see the direct infusion of 

Crum Brown’s diagrams into productive chemical reasoning; Crum Brown’s images are not only 

used to depict the constituent structure of chemical compounds, but to determine their 

isomeric status. 

 

Figure 2-20: Crum Brown’s depiction of lactic and paralactic acid (both C3H6O3). 
Since these compounds can be represented by two different structural 
formulas, they are deemed to be metamers. Crum Brown, “Isomeric 
Compounds”. p. 712. 

 

Figure 2-21: Crum Brown’s single depiction of both fumaric and maleic acid 
(both C4H4O4). Since there is only one possible structural formula that can 
represent both these compounds, they are deemed by Crum Brown to be 
absolute isomers. Crum Brown, “Isomeric Compounds”. p. 709. 
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 For Rocke’s discussion of the place of Crum Brown’s diagrams, see Rocke, Image & Reality. p. 147. 
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Yet another use of structural formulas appears in Crum Brown’s “On the Classification of 

Chemical Substances, by means of Generic Radicals” (1866), where diagrammatic visual 

representations were used to help demonstrate how to think in terms of “radicals” (again, 

understood under type theory) and “types”. Radicals, as the reader will recall, are the 

functionally independent components of each molecule, which give rise to certain general 

“types” of chemical compounds. Under a type approach, the identification of a radical might 

not only help identify an aspect of the greater compound’s structure, but might also inform 

chemists of the sorts of reactions (“generic reactions”) that the compound is susceptible to. As 

Crum Brown notes, while molecules can be conceivably divided in many different ways 

corresponding to “conceivable reactions”, for the purposes of classifying reactions “it is 

obviously most convenient to select… the most characteristic reactions, and those which are 

common to such substances as form natural groups.”79 

Structural formulas appear extensively in Crum Brown’s “Generic Radicals”: the article averages 

nearly four and a half diagrams per page! These images serve as an effective and convenient 

means of depicting compounds and their constituent radicals. By explicitly displaying the 

structure of the compound, bonds and all, constitutional commonalities can be easily discerned 

and radicals can be visually identified and graphically demarcated, either by dotted lines as 

seen in figure 2-22, or by being removed from their original structural formula altogether and 

considered independently. In this article, Crum Brown demonstrates how his diagrams were 

highly conducive to his modular approach to structural chemical reasoning and further enabled 

theoretical inferences conducted within the frame of his notion of types and radicals. Crum 

Brown further developed such a modular approach to his diagrams in his 1867 article “On an 

Application of Mathematics to Chemistry”. Here, he forwarded an even more symbolic 
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approach to understanding chemical structure, by reducing chemical substances and processes 

to mathematical symbols, which directly correlated with his diagrams.80 

 

Figure 2-22: Structural (left) and type (right) formulas for “common alcohol” 
(ethanol). Note the dotted lines drawn in the structural formula that distinguish 
the CH(HO) radical, denoted in the radical formula by Θ. Crum Brown, “Generic 
Radicals”. p. 355. 

 

Figure 2-23: Skeletal diagrams and their corresponding mathematical operators. 
The letter “a” denotes the chemical structure NH3 and “φ”, “ψ”, and their 
related operands denote chemical/mathematical processes that operate on the 
root structure. Crum Brown, “Application of Mathematics to Chemistry”. p. 693. 

We have thus seen several ways that Crum Brown used his structural models for productive 

chemical reasoning. All of these instances involved using chemical structure, as expressed 

through diagrams, to gain insight into chemical properties such as alternative atomicity, 

absolute isomerism, or the types of reactions conducive to certain classes of compounds. Let us 

now turn towards Crum Brown’s critiques of Kekulé’s graphical representations so that we may 

understand some of the specific reasons that Crum Brown found Kekulé’s diagrams wanting 
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and to gain insight into the sources of epistemic legitimacy for mid-19th century visual 

representations of chemical compounds. 

 

2.5 Crum Brown’s critiques of Kekulé’s diagrams 

2.5.1 Kekulé and Crum Brown’s visual representations of glycolic acid 

Crum Brown’s first recorded critique of Kekulé’s sausage diagrams appeared in his 1861 

doctoral thesis. In the latter half of his thesis, Crum Brown address the subject of the “basicity” 

of acids, that is, the degree to which an acid can be saturated, defined in Kekulé’s Lehrbuch as 

the number of hydrogen atoms that are readily accepted by metals for a given acid.81 He 

considers several possible factors of basicity and asks whether or not the basicity of an acid is 

dependent upon the atomicity of its radicals, the number oxygen atoms in its radical, or the 

number of typical hydrogen atoms it contains.82 Towards the end of his thesis Crum Brown 

argues against Kekulé’s explanation of basicity’s apparent dependence on the number of 

oxygen atoms that an acid’s radical contains, which involves considering the number of typical 

hydrogen atoms in the compound and the positions in the compound that they occupy. 

In his 1861 Lehrbuch Kekulé argued that glycolic acid (C2H4O3) is monobasic, despite the fact 

that it contains two typical hydrogen atoms, a feature which, when considered alone, would 

suggest the compound to be dibasic. Kekulé ascribes the cause of glycolic acid’s monobasicity 

to the position of its two “typical” hydrogen atoms, that is, the two hydrogen atoms that are 

                                                      

81
 For Kekulé’s definition of basicity, see Kekulé, Lehrbuch. p. 210. The concept of basicity, whose original 

formulation referred to the capacity of acids for saturating bases, underwent several important changes 
throughout its history. It was ultimately abandoned when it became subsumed under the broader concept of 
“atomicity”, or “valence”. For more on the origins of basicity, see Koeppel, "Benzene-Structure Controversies, 
1865-1920". pp. 45-6. 

82
 Crum Brown ultimately concludes that the basicity of an acid can be largely (but not solely) understood in terms 

of the number of radical oxygen atoms it possesses. However, he also claims that basicity has nothing whatsoever 
to do with the number of typical hydrogen atoms in the acid or the atomicity of its radical, a dissenting view at the 
time. Crum Brown, "Chemical Combination". p. 14. 
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bonded to the compound’s oxygen atoms. Kekulé asserts that one of these typical hydrogen 

atoms lies nearer to two of the compound’s three oxygen atoms than the other hydrogen, 

which lies nearer to the third. This results in the compound being spatially asymmetrical, and 

causes the first hydrogen atom, the one nearer to two oxygen atoms, to act like a typical 

hydrogen in acids (and be readily replaced by metals), while the other hydrogen thus acts like a 

typical hydrogen in alcohols (and is readily replaced by negative radicals). Since Kekulé’s 

explanation relies upon an analysis of the assumed spatial position of atoms in glycolic acid, he 

is not just making a chemical claim about glycolic acid but a physical claim as well. 

Crum Brown objects to Kekulé’s explanation by stating that there is no way to know that the 

hydrogen atoms in glycolic acid are, in fact, asymmetrically distributed. He states that Kekulé’s 

evidence for this dissymmetry lies in Kekulé’s graphical representation of glycolic acid. Since 

Kekulé’s Lehrbuch mentions, but does not display, the graphical formula for glycolic acid, Crum 

Brown takes it upon himself to do so (figure 2-24). For clarity, I have added labels to Andrew 

Alexander’s reproduction of Crum Brown’s diagram, indicating the hydrogen atom that 

supposedly acts as a typical hydrogen in acids with an “A” and the hydrogen atom that 

supposedly acts as a typical hydrogen in alcohol with a “B”. It is clear from the diagram that 

these two hydrogen atoms appear asymmetrically distributed with respect to the compound’s 

three oxygens. 

 

Figure 2-24: Crum Brown’s depiction of Kekulé’s probable formula for glycolic 
acid. Note the diagram’s dissymmetry, as the top-right typical hydrogen atom 
(white circle), appears to lie nearer to the radical oxygen (shaded linked circles) 
on the right than the typical hydrogen atom to its immediate left. The inclusion 
of labels “A” and “B” are my own. Crum Brown, Chemical Combination. p. 17. 

At first glance this asymmetrical diagram might indeed be taken as evidence of Kekulé’s claim – 

the top-left hydrogen atom does indeed appear to lie closer to more of acid’s oxygen atoms 
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than the hydrogen atom on the bottom-right. However, as Crum Brown reminds us, “Kekulé’s 

graphic method is a most artificial one, and, I think we may say, certainly does not represent 

the actual arrangement of the atoms.”83 Crum Brown then informs his readers that it is indeed 

possible to construct a diagram that appears to place both typical hydrogen atoms equidistant 

(structurally speaking) from the oxygen atom in the radical, which, under Crum Brown’s 

scheme, is bonded to the acid’s two carbon atoms. This is accomplished by means of Crum 

Brown’s own graphical techniques, not Kekulé’s, whose linear diagrams cannot show such a 

configuration (figure 2-25). 

 

Figure 2-25: Crum Brown’s own depiction of glycolic acid. Note the apparent 
symmetry, which stands in contrast with figure 2-24. Crum Brown, Chemical 
Combination. p. 18. 

Crum Brown is careful not to claim that his diagrammatic representation should be taken to 

denote the “correct” representation of the actual physical arrangement of the atoms in this 

compound. Nor should it even be regarded as representing the physical arrangement “more 

correctly” than is possible under Kekulé’s approach. Instead, Crum Brown merely claims that his 

arrangement is “at least as probable” as Kekulé’s, indicating that it is possible to produce a 

symmetric representation of glycolic acid which places both hydrogen atoms chemically 
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equidistant from the oxygen in the radical. This claim casts doubt not only upon Kekulé’s 

explanation for glycolic acid's monobasicity, but upon the ability of Kekulé’s linear sausage 

diagrams to act in a trustworthy and explanatory capacity as they cannot depict all of the 

possible structural options available to a compound. 

Incidentally, Crum Brown explains the monobasicity of this symmetrical configuration of glycolic 

acid in terms of the attractive forces that will result once a typical hydrogen atom has been 

substituted for a metal. His explanation is electrochemical and, in a sense, physical, since it 

involves a consideration of the directions of electrochemical forces and how those forces are 

altered when one of the typical hydrogen atoms become substituted. 

2.5.2 Crum Brown’s critique of Kekulé’s doubly-depicted alcohol 

Crum Brown’s next significant critique of Kekulé’s graphical representations appeared in his 

1865 “On the Use of Graphic Representations of Chemical Formulae”, published in the 

Edinburgh Royal Society’s Proceedings, a much more public forum than his doctoral thesis. 

Here, Crum Brown argued for the superiority of his graphical representations on the grounds 

that Kekulé’s improved “two-dimensional” graphical approach, could (and did) lead chemists to 

error. 

Crum Brown begins his “Graphic Representations” by discussing the importance of the concept 

of atomicity, which he regards as the “necessary consequence of the theory of replacement”. 

He notes the concept’s use by Frankland and Kolbe, but praises Kekulé in particular, to whom 

“we owe the complete generalization of this idea and its systematic application to all classes of 

compound”, and through whose work it became possible to represent “the constitution of 

compounds by completely dissected formulæ.” Crum Brown then goes on to discuss Kekulé’s 

system of graphical representation, as described in the first volume of his Lehrbuch. He 

mentions Kekulé’s linear diagrams, which, despite their advantages of being clear and compact, 

are nevertheless limited to “those compounds in which the polyatomic atoms form a single 

chain.” He then describes his own diagrams, which he claims he created “in order to obviate 

this inconvenience”. Crum Brown’s diagrams, while not as compact as Kekulé’s, can at least be 
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universally applied and understood – they are “at least equally clear *as Kekulé’s diagrams+ and 

applicable to every formula in accordance with the theory of atomicity.”84 

However, Kekulé had since sought to transcend the restrictions imposed by the linear structure 

of his own diagrams, a representational shift that had not gone unrecognized by Crum Brown, 

who praised Kekulé’s efforts to amend his images.85 Even so, Crum Brown still managed to find 

fault with Kekulé’s modified diagrams, and objected to them on the grounds of “obscurity and 

ambiguity”, claiming that Kekulé’s visual representations were responsible for the esteemed 

chemist reaching erroneous conclusions. In the words of Crum Brown, “Kekulé has himself... 

been led into an error by his notation”.86 

This problematic aspect of Kekulé’s graphical approach, which now extends into two 

“dimensions”, is that it might not guarantee a one-to-one correlation between his 

diagrammatic representations and the chemical compounds to which they refer. Specifically, 

Crum Brown refers to an example in Kekulé’s work where he uses two diagrams to denote two 

distinct alcohols (“Alcool Méthyle-éthylique” and “Alcool Acétonique”, shown below in figure 

2-26 as Figs. 28 and 30). According to Crum Brown, these alcohols are really one and the same 

substance: “a little consideration will show that the theory of atomicity does not admit of more 

than two substances having the formula C3H7(HO)”, the other substance being the distinct 

configuration depicted as Alcool Propylique (Fig. 27).87 

                                                      

84
 Alexander Crum Brown, "On the Use of Graphic Representations of Chemical Formula," Proceedings of the Royal 

Society of Edinburgh, 1865, 5:429-31. pp. 429-30. 

85
 Kekulé’s paper, “Sur la constitution des substances aromatiques”, was published in February 1865, at most two 

months prior to Crum Brown’s “Graphic Representations”. 

86
 Crum Brown, "Graphic Representations." p. 430. 

87
 Ibid. p. 431. Incidentally, Crum Brown’s conclusions have been borne out historically: the substance depicted by 

Fig. 27 is presently known as propanol, while its lone structural isomer, depicted by Figs. 28 and 30, is called 
isopropyl alcohol. 
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Figure 2-26: Kekulé’s diagrams of three distinct alcohols, all C3H7(HO), 
reproduced by Crum Brown (1865). Crum Brown argues that the centre and 
right diagrams both represent the same substance. Crum Brown, “Graphic 
Representations”. p. 430. 

Crum Brown claims that this confusion can be plainly seen if one translates Kekulé’s diagrams 

into “any other system capable of indicating the chemical position of each atom”, like 

Butlerov’s formulae or Crum Brown’s own “graphical system”. Indeed, Crum Brown produces a 

single diagram, figure 2-27, which represents both of Kekulé’s Figs. 28 and 30. Crum Brown 

ends his communication with no further argument against Kekulé’s diagrams, or, in fact, any in 

favour of his own. Perhaps he regarded the implications of his article as so clear as to not 

require repetition: Kekulé’s diagrams, with their inherent propensity for visual ambiguity, could 

lead chemists into error, while Crum Brown’s own diagrams would not. 

 

Figure 2-27: Crum Brown’s single diagram of Kekulé’s doubly-depicted alcohol. 
Crum Brown, “Graphic Representations.” p. 431. 

Let us now reflect on the nature of what Crum Brown presents as Kekulé’s “error”. If we follow 

Crum Brown’s statement carefully we see that he is not claiming that Kekulé’s diagrams lack the 

inherent capacity to uniquely reflect chemical kinds, but rather that they can mislead their 

users. They are heuristically problematic in their “obscurity and ambiguity”, and are less 
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conducive to proper chemical reasoning than Crum Brown’s own diagrams, which would 

presumably not lead such an eminent and competent chemists as Kekulé into error. Viewed this 

way, Crum Brown's claim is not so much about the absolute ability of Kekulé's diagrams to 

represent distinct chemical kinds, but about the cognitive ease that they provide their users. 

Kekulé's graphic formulae are not themselves inherently flawed, but rather have the capacity (if 

not propensity) to enable flawed reasoning. 

Incidentally, one can hardly claim that no interpretational criteria could be adopted that would 

make Kekulé’s diagrams accord in a one-to-one manner with unique chemical structures as 

expressed by Crum Brown. Although this is not a claim that Crum Brown makes it takes little 

effort to see that, should one be permitted to move (perhaps rotate) bonded atoms around 

each other while preserving their connections, Kekulé’s Fig. 28 can  be readily transformed into 

Fig. 30 (or rather a mirror image of it – an insignificant distinction). Critically, such a topological 

transformation cannot be performed with Fig. 27; there is no way to change Fig. 27 into Fig. 30 

without rearranging some of its bonds. 

Interestingly, it would be impossible to transform a corresponding material sausage model of 

Fig. 28 into that of Fig. 30. As can be seen in figure 2-4, affinities in Kekulé’s material models 

were denoted by U-shaped brass rods, each of which is attached to a single “hydrogen 

equivalent” component of the atom. Consideration therefore reveals that such a 

transformation between Fig. 28 and 30 is not physically possible to perform with Kekulé’s 

three-dimensional models. Perhaps considering the material construction of Kekulé’s models 

might help us to understand Kekulé’s claim that these substances are indeed distinct, as Kekulé 

was actively using these models in his lectures, and, as suggested above, his research, at the 

University of Ghent at this time. 
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2.6 Other chemists’ adoptions of Crum Brown’s graphical 
approach 

By the mid-1860s, Crum Brown’s structural formulas began to be adopted by a number of 

British chemists, including Edward Frankland. Frankland used Crum Brown’s diagrams in his 

lectures and incorporated them in his extensive 1866 textbook, Lecture Notes for Chemical 

Students, as well as in his role as examiner at the Royal College of Chemistry, a position he held 

from 1865-80.88 In this book’s preface Frankland explicitly references Crum Brown as the origin 

of his imagery and asserts the superiority of skeletal diagrams, especially when accompanied by 

Hoffman’s glyptic formulae – more on these below – over those initially proposed by Kekulé. 

Frankland also argued against the possible objection that this notation could lead to inferences 

regarding the physical positions of atoms, an “evil” that he found did not arise in practice (and, 

even if such inferences were occasionally made, the harm done was significantly less than the 

“ignorance of all notion of atomic constitution” that would result from completely eschewing 

such diagrams).89 Frankland’s Lecture Notes included numerous skeletal formulas which 

generally followed the stylistic conventions forwarded by Crum Brown, with the exception that 

some of his diagrams depicted self-bonding (figure 2-28), which was deemed impossible in 

Crum Brown’s work. 

 

                                                      

88
 Ritter, "Re-Presenting Science". p. 172. 

89
 Edward Frankland, Lecture Notes for Chemical Students: Embracing Mineral and Organic Chemistry (London: 

John van Voorst, 1866). Preface. I thank Christoph Owen Ritter for his alerting me to the significance of Frankland’s 
textbook. 
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Figure 2-28: One of Frankland’s many skeletal diagrams. This diagram displays 
the structure of “nickelic tetrarsenide” and is particularly noteworthy as two of 
the three bonds of each arsenic atom are shown as bonding with each other. 
Frankland, Lecture Notes. p. 198. 

As one might expect, Frankland’s Lecture Notes included a (by now conventional) caution, 

imploring students to not ascribe physical significance to the spatial positions of atoms 

indicated in his diagrams. He stated that his diagrams’ lines of bonding, which denote forces 

that are in all likelihood strictly immaterial, “might with equal propriety be drawn in any other 

direction, provided they connected together the same elements”.90 Having issued the standard 

warnings, Frankland proceeded to produce hundreds of skeletal diagrams, which pepper the 

pages of his textbook. Some of these diagrams stood alone on plates, too large for inter-textual 

use, while others stood alongside more conventional “symbolic formulae”, such as Berzelian 

and type formulas.91 

 

 

                                                      

90
 Ibid. p. 25. 

91
 Frankland’s bracket notation is graphically similar but not identical to Kekulé’s type formulas. In Frankland’s 

notation all compounds are listed on the “inside” of the vertical bracket, and the atoms of the compounds that lie 
nearest to the bracket are understood to bond with each other. The type-based chemical reasoning that Kekulé’s 
formulas embodied is all but absent in Frankland’s bracketed formulas. Ibid. p. 16. 
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Figure 2-29: A typical series of representations for a chemical compound from 
Frankland’s 1866 textbook. Sometimes Berzelian formulas were included in 
addition to type formulas, the compound’s name(s), and the corresponding 
skeletal diagram. Frankland, Lecture Notes. p. 179. 

Skeletal diagrams also spread, slowly but surely, to the major chemical journals of the day. 

Justus Liebig’s Annalen, for example, a leading German chemical journal, appears to have 

published its first skeletal diagrams in 1866, with an article by Emil Erlenmeyer, who, as 

previously noted, had earlier used Kekulé’s sausage diagrams.92 More skeletal diagrams 

appeared in 1867, in articles published by Adolph Claus and by Edward Frankland and Frank 

Baldwin Duppa.93 As one can see from a sample of these diagrams (figure 2-30), the forms given 

to skeletal diagrams were far from homogeneous. With the exception of Frankland (and his co-

author Duppa), few chemists chose to follow Crum Brown’s approach of circling letters to 

denote atoms. It was also not necessary that compounds be drawn fully articulated, as Claus’ 

diagrams (as well of some of those drawn by Erlenmeyer, not shown below) demonstrate. 

                                                      

92
 Erlenmeyer, "Aromatischen Säuren." 

93
 Adolph Claus, "Beiträge Zur Kenntniss Der Zweibasischen Säuren," Annalen der Chemie und Pharmacie, 1867, 

141:49-79. E. Frankland and B.F. Duppa, "Untersuchungen Über Säuren Der Milchsäure-Reihe," Annalen der 
Chemie und Pharmacie, 1867, 142:1-50. 
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Figure 2-30: A selection of diagrams from the 1866-7 Annalen. From top to 
bottom, these are from Erlenmeyer, “Aromatischen Säuren”, p. 346. Claus, 
"Zweibasischen Säuren”, p. 63. Frankland and Duppa, “Säuren der Milchsäure-
Reihe”. p. 31. 

Looking at many of these images, one gets the sense that most chemists did not view Crum 

Brown’s skeletal bonds as a distinct graphical approach but rather as a possible amendment to 

then-existing representational conventions. As many chemists, in a manner reminiscent of 

Couper, seamlessly integrated skeletal bonds into more conventional means of notation such as 

type formulas and Berzelian equations, we are reminded that in many cases there was no clear 

distinction between skeletal diagrams and symbolic chemical formulas. From these formulas, 

we may infer that the popularity of skeletal conventions was partly due to the ease with which 

chemists could integrate skeletal bonds into pre-existing means of representing chemical 

compounds. The fact that the vertically-stacked compounds in Claus’ (middle) equation in 

figure 2-30 are strongly reminiscent of the visual style and logic of type-formulas further 

underscores this point; such visual similarities between skeletal and type formulas emphasizes 
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the cognitive ease that likely characterized certain uses of skeletal bonds, as opposed to, for 

example, the use of sausage formulas. Thus, even in this instance, where chemical diagrams 

could not be said to visually resemble chemical compounds, visual resemblance (and functional 

integration), in this case to accepted modes of representation, appears to have nevertheless 

played a role in determining the shapes given to diagrams of the invisible. As we shall see, this 

observation is not unique to structural chemical diagrams will recur throughout this work. 

The spread of skeletal representations was not confined to diagrams alone; just as Kekulé had 

produced three-dimensional “sausage” models, material skeletal representations soon began to 

appear. In 1865 August Hofmann presented his modular “glyptic formulas” (figure 2-31), a 

series of three-dimensional (but nevertheless still planar) molecular models to the Royal 

Institution of Great Britain.94 Hofmann’s models, which originally consisted of painted croquet 

balls held together by metallic rods, could be rearranged at will, allowing chemists to, in 

principle, construct a great number of complicated compounds. 

 

Figure 2-31: Several of Hofmann’s “glyptic formulae”, the earliest known three-
dimensional (yet nevertheless informationally planar) chemical models based 
on Crum Brown’s skeletal approach. Hofmann, “Combining Power”. p. 426. 

                                                      

94
 A. W. Hofmann, "On the Combining Power of Atoms," Proceedings of the Royal Institution, 1865, 4, no. 42:401-

30. 
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Approximately one year later, James Dewar, a chemistry professor at Edinburgh University, 

constructed his “brass bar” models which used two brass bars of a similar length, connected in 

their centres, to denote tetravalent carbon in 1866. Dewar referred to these models as “the 

mechanical representative of Dr C. Brown’s well-known graphic notation”, a sort of tactile 

skeletal diagram. Interestingly, Dewar proposed that one could attach a thin black brass disc to 

the centre to “make the combination look like an atom” – a statement that attests to the 

supposed need to visualize atoms as circles, if not spheres. Ultimately, Dewar’s models never 

caught on and they do not appear to have been used in his research.95 

                                                      

95
 The first (and only) publication in which Dewar discusses his models appeared one year after the construction of 

his models: James Dewar, "On the Oxidation of Phenyl Alcohol, and a Mechanical Arrangement Adapted to 
Illustrate Structure in the Non-Saturated Hydrocarbons," Proceedings of the Royal Society of Edinburgh, 1867, 6:82-
86. p. 84. 
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Figure 2-32: Dewar’s brass bar models. Note how only compounds involving 
carbon and hydrogen are depicted. Also note the similarities between Kekulé’s 
material models and Dewar’s. Dewar, "Oxidation”. p. 85. 

Unlike Kekulé’s images and models, which were widely considered to be a different sort of 

representation altogether, these various skeletal representations were not viewed by 

contemporaries as constituting rival representations. For instance, as was mentioned above, 

Frankland claimed that he was using Crum Brown’s formulas and praised Hofmann’s glyptic 

formulas, but only mentioned Kekulé’s original sausage representations in terms of their 

disadvantage, setting them apart from the other modes of representation. Dewar also saw his 

models as an extension of Crum Brown’s and did not see himself proposing an alternate 
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scheme, despite certain key differences between the two. While their representations were not 

indistinguishable, the chemists that adopted skeletal diagrams and models by and large saw 

themselves as partaking in a common representational practice. However, Kekulé’s 

representations, in the eyes of skeletally-inclined chemists, were viewed as foreign and 

deficient. Given Kekulé’s own dismissive comments on Crum Brown’s “newly proposed 

modifications” that appeared in his 1866 “Aromtische Verbindungen”, the feeling appears to 

have been mutual. 

From as early as 1867, skeletal ball-and-stick models, reminiscent of Hofmann’s models, 

became commercially available and were marketed as pedagogical tools for grabbing the 

attention of students. As Christopher Ritter notes, in May 1867 the short-lived journal The 

Laboratory reviewed what appears to be the first such set, produced by Mr. Blakeman of Gray’s 

Inn Road. This set, which The Laboratory’s review suggested were marketed towards “those 

teachers who think, with Dr. Frankland and Dr. Crum Brown, that the fundamental facts of 

chemical combination may be advantageous symbolised by balls and wires, and those practical 

students who require tangible demonstration of such facts,” contained some seventy brightly 

coloured balls with holes pierced in them (the number of holes corresponding to their 

atomicity, which varied from one to six). The pedagogical advantages of these models, 

underscoring their intent to be used in the classroom, was further suggested by The Laboratory: 

“The figures that may be formed by the combination of these coloured balls are very striking, 

and are more likely to rivet attention than chalk symbols on a black board.”96 

These balls could be connected by straight and bent brass rods or flexible rubber connectors, 

which were also provided with the set. Unfortunately the single image depicting this early set 

(figure 2-33) only illustrates atoms with one or two valences, so the question of whether or not 

valences were arranged in a plane, as Hofmann’s were, or extended into three dimensions 

remains unanswered. A similar, larger set from an unknown maker, held in the Oxford Museum 

                                                      

96
 As the short-lived journal The Laboratory, is relatively obscure, the editorial commentary advertising this 

(presumably first) commercially available model set is reproduced in Ritter, "Re-Presenting Science". p. 184.  
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of the history of science, appears to have the valences of its carbon atoms be positioned in a 

plane, although a close inspection of its yellow atoms (representing sulphur or selenium) 

reveals that their affinities extend in three dimensions.97 

 

Figure 2-33: Illustration of  Mr. Blakeman’s commercially produced “glyptic 
formulae” (1867). Ritter, Re-Presenting Science. p. 185. Originally from The 
Laboratory, 1, 1867. p. 78. Many thanks to Ritter for pvoiding me with this 
version this image. 

In any case, by the mid-to-late 1860s, Crum Brown’s method of representation was rapidly 

growing in popularity. As we shall now see, not even Kekulé could not resist adopting a 

modified version of Crum Brown’s skeletal notation in both his diagrams and models. 

 

                                                      

97
 An extensive discussion of the early models of Mr. Blakeman and others, including the Oxford set, can also be 

found in Meinel, "Molecules and Croquet Balls." For the Oxford set itself, visit the Museum of the History of 
Science, University of Oxford, (2012 [cited 2012]); available from http://www.mhs.ox.ac.uk. Inventory number 
42347. 
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2.7 Kekulé’s skeletal models and diagrams 

The second volume of Kekulé’s Lehrbuch, published in 1866, one year after Crum Brown’s 

second critique of his graphical approach, contained a number of novel visual representations. 

In addition to containing a number of Kekulé’s “two-dimensional” aromatic sausage diagrams, 

as well as a hexagonal representation of benzene similar to the one in figure 2-13, the second 

volume of his Lehrbuch contains a skeletal diagram, several diagrams consisting of both 

“sausages” and hexagons, and two visual representations drawn by Paul Havrez. Taken 

together, these images demonstrate Kekulé’s increasing (but still, at the time, tentative) 

willingness to publicly discuss spatial features of chemical compounds (specifically the 

hexagonal configuration of benzene), his increasing realization of the limits of his sausage 

diagrams, and his shift towards embracing skeletal representations. We will now briefly discuss 

these images before considering several comments made by Kekulé on his and Crum Brown’s 

diagrammatic approaches and his ultimate transition to using skeletal representations. 

 

Figure 2-34: Kekulé’s graphical representation of fuchsine (Rosanilin). Kekulé, 
Lehrbuch (1866). p. 672. 

Figure 2-34 constitutes an attempt by Kekulé to provide his readers with a structural account of 

rosaniline, a compound containing three benzene rings combined by three nitrogen atoms. This 

diagram employs Kekulé’s sausage models in a novel manner, combining them with his highly-
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schematic hexagonal representation of benzene and placing them at angles that transcend his 

typical horizontal and vertical configurations. It might be argued that this image blurs the lines 

between chemical and physical conceptions of compounds, as it contains symmetrical, 

hexagonal representations of benzene rings in addition to sausage diagrams (recall the 

discussion above concerning hexagons and Kekulé’s considerations regarding the physical 

shape of benzene). However, this image is not intended to be a physical description of 

rosaniline as there is no reason to suspect that Kekulé believed that the nine circular hydrogen 

atoms would actually lie in a manner in accordance with where they are drawn. This is likely not 

a claim that Kekulé, who often professed a broad scepticism concerning chemists’ ability to 

make such spatial claims, despite his occasional flirtation with spatial interpretations of sausage 

diagrams and his belief that benzene ring, including its hydrogen atoms, was indeed fully 

symmetrical, would have been comfortable making. 

Six diagrams drawn in a similar style to figure 2-34 appear on the final page of the second 

volume of Kekulé’s Lehrbuch, illustrating the structure of six distinct aromatic compounds. Like 

figure 2-34, these diagrams do not appear to be indicative of physical structure.98 

Kekulé also includes two diagrams that are essentially reproductions of those produced by Paul 

Havrez, a little-known chemist who extrapolated Kekulé’s sausage representations into three 

dimensions, something that Kekulé himself never did. Several of Havrez’s images actually 

require certain novel conceptions of bonding – for example the carbon atoms in the second 

image in figure 2-35 are described by Havrez as containing eight half-affinities, not four full 

ones. Kekulé does not reproduce these diagrams to discuss this aspect of Havrez’s view, but to 

discuss the possibility that a fully symmetrical sausage-diagram representation of the benzene 

ring might be achieved, although not in a two-dimensional plane, as he had previously done. 

                                                      

98
 Kekulé, Lehrbuch Der Organischen Chemie. p. 744. The first volume of Kekulé’s textbook on aromatic 

compounds titled Chemie der Benzolderivate, published in 1867, contains these diagrams, which is unsurprising, 
considering much of the second volume of Kekulé’s Lehrbuch is reproduced verbatim in this work. August Kekulé, 
Chemie Der Benzolderivate Oder Der Aromatischen Substanzen, Vol. 1 (Erlangen: Ferdinand Enke, 1867). pp. 180, 
252. 
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Instead, Kekulé supposes that such a symmetrical view would be achievable through a model, 

or through Havrez's perspective drawings. Here, Kekulé’s invocation of Havrez serves to 

indicate some hope for reconciling his view that benzene is a fully symmetric compound (with 

six fully equivalent hydrogen atoms) with a “sausage” representation capable of denoting it as 

such. By this point Kekulé had in fact found a way to express such symmetry (figure 2-36), but 

this would require abandoning his sausage diagrams. Perhaps Havrez's models gave Kekulé 

hope that his sausage representations could be made to accurately reflect this spatial 

important features of benzene, even as he stood on the cusp of abandoning them in favour of 

skeletal representations altogether.99 

 

Figure 2-35: Havrez’s 1866 graphical representations of benzene, as reproduced 
in Kekulé’s Lehrbuch. Kekulé, Lehrbuch (1866). p. 515. 

Finally, in Kekulé’s second volume of his Lehrbuch, we see the first signs of his adoption of a 

modified version of Crum Brown’s skeletal representations.100 While the page that figure 2-36 

                                                      

99
 Havrez is an interesting figure, especially in the context of this work, as his diagrams straddled the line between 

chemical and physical representation. On the one hand, Havrez did not believe that his diagrams represented the 
actual positions of atoms. On the other hand, his insistence on symmetrical structures, and his belief that 
symmetries in such basic compounds leads to greater macroscopic symmetries, such as those found in crystals, 
inform a quasi-physical interpretation of his drawings, especially his fully symmetrical representation of benzene. 

For more on Havrez, see Edgar Heilbronner and Jean Jacques, "Paul Havrez (1838-1875) Et Sa Formule Du 
Benzène," Comptes rendus de Académie des Sciences de Paris, ser. 2, C. I, 1998:587-96. For a similar article, but 
one that contains a deeper discussion of his graphic representations of benzene, see Heilbronner and Jacques, 
"Paul Havrez (1838-1875) Et Sa Formule Du Benzène.", Edgar Heilbronner and Jean Jacques, "Paul Havrez Und 
Seine Benzolformel: Ein Uberraschendes Addendum Zur Geschichte Der Benzolformel," Chemie in unserer Zeit, 
1998, 32, no. 5:256-64. 

100
 This diagram is also featured in Kekulé’s Chemie der Benzolderivate, as well as his 1866 Lehrbuch’s three tables 

of two-dimensional sausage diagrams. Kekulé, Chemie Der Benzolderivate. p. 4. 
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appears on contains linear sausage diagrams showing open and closed benzene chains, the 

presence of this figure makes it clear that Kekulé now believes that diagrams other than his 

“sausage” representations are necessary to properly express his conception of the symmetrical 

structure of benzene. The discerning observer will notice how each carbon atom in figure 2-36 

is symmetrically surrounded by four valences, which produce the not-quite-hexagonal shape 

that composes this representation of a benzene ring. The reasons behind this shape become 

clear once we understand the new set of diagrammatic criteria that Kekulé’s had been 

developing, in addition to considering his three-dimensional skeletal models, the first of which 

were crafted within a year of the second volume of his Lehrbuch’s publication. These modified 

skeletal models, and the diagrams to which they corresponded, would constitute Kekulé’s 

response to Crum Brown’s challenges. As we shall see, Kekulé hoped not to merely adopt Crum 

Brown’s skeletal approach, but to surpass it, creating diagrams and models that would further 

serve to more rigorously structure chemical representation. 

 

Figure 2-36: Kekulé’s skeletal depiction of a benzene ring. Kekulé, Lehrbuch 
(1866). p. 496. 

Around the time that he was writing the second volume of his Lehrbuch, Kekulé had begun 

thinking about three-dimensional skeletal chemical models, which he constructed at least as 

early as the spring of 1867.101 These models can be best thought of as modifications upon 

                                                      

101
 Meinel, "Molecules and Croquet Balls." p. 261. 
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previous ball-and-stick models like August Hofmann’s 1865 glyptic formulae. However, unlike 

Hofmann's glyptic formulae, Kekulé’s models allowed for three-dimensional chemical 

representations. Also unlike Hofmann’s formulae, each atom consisted not only of a wooden 

ball, but of its associated affinities, which were represented by straight brass rods. Bonding was 

denoted by affinities being attached to other affinities. This resulted in the bonds between 

atoms not necessarily being depicted as straight lines. 

Kekulé’s modified skeletal models and diagrams might also be said to incorporate, or at least 

emulate, elements of James Dewar’s brass formulae, which Kekulé received a set of in 1866.102 

However, it would be erroneous to assume that Kekulé’s models were based off of Dewar’s, 

since figure 2-36 suggests that Kekulé was thinking along these lines before Dewar made his 

models known. However, it would not be out of place to suggest that Dewar’s models might 

have reaffirmed Kekulé’s interest in such representations, stirring his hopes to seek a more 

comprehensive means of visually depicting chemical compounds. 

By 1867 Kekulé finally abandoned his sausage models in favour of his new skeletal 

representations. In an article titled “Ueber die Constitution des Mesitylens”, published in the 

major journal Zeitschrift für Chemie, Kekulé discusses how three acetone molecules combine to 

produce water (not pictured) and the aromatic compound mesityline. This synthesis, recently 

performed in the laboratory by Rudolf Fittig, was particularly important for Kekulé’s theory of 

the structure of benzene, since it suggested to Kekulé that the bonding structure of aromatic 

compounds was in accordance with his proposal of alternating single- and double-bonds.103 

Kekulé’s “Mesitylens” includes two skeletal diagrams (figure 2-37), both of which follow the 

bonding and angular conventions employed in figure 2-36. These diagrams, which depict this 

                                                      

102
 Ibid. p. 261. Dewar spent the summer of 1867 with Kekulé in Ghent. 

103
 Koeppel, "Benzene-Structure Controversies, 1865-1920". pp. 127-9. As Kekulé notes, the combination of 

acetone molecules had been previously been discussed by Baeyer. Adolf von Baeyer, "Über Die 
Kondensationsprodukte Des Acetons," Annalen der Chemie und Pharmacie, 1866, 140:297-306. 
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synthesis, may be thought of as a visual argument in favour of his conception of the underlying 

structure of the benzene ring.104 

 

Figure 2-37: Kekulé’s skeletal representation of how three acetone molecules 
combine to produce mesityline. Kekulé, “Mesitylens”. p. 216. 

Upon introducing these images, Kekulé takes a moment to discuss his adoption of this novel 

visual style. He discusses how he had previously attempted to articulate his views regarding the 

atomic constitution of chemical compounds through his sausage diagrams, where the number 

of affinities that an atom held was indicated by the atom’s size. He claims that he gave 

preference to this form because it permitted the expression of nearly all conceivable combining 

relations, although it contains several faults, which, he claims, he had long been aware of. 

Regardless, he notes the acceptance of his diagrammatic approach by several colleagues, 

including notable chemists Würtz and Naquet. Kekulé then goes on to discuss how, since the 

advent of his formulas, Crum Brown, Frankland, and Hofmann have adopted a different type of 

representation. He describes how he finds such representations lacking, as with them certain 

compounds can only be created through the arbitrary bending of their lines of chemical 

                                                      

104
 Incidentally, similar diagrams can be drawn for this reaction by using Kekulé’s sausage diagrams. 
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affinities (the emphasis here is on the arbitrary nature the bending, not the bending itself). He 

also critiques these representations on the grounds that the models that have been produced 

through these representations are planar, and accomplish nothing more than their 

corresponding drawings.105 

However, instead of defending and further developing his sausage representations, Kekulé 

adopts a modified version of Crum Brown’s approach, altering his graphic formulas to correct 

their alleged “imperfections”. Kekulé argues that the aforementioned shortcomings of Crum 

Brown's representations can be avoided (to a degree) if one adopts a set of conventions 

regarding the position and length of lines of affinity. Specifically, such lines should be evenly 

spaced out and their lengths should be adjusted so that distances between the endpoints of 

such lines are equal. To demonstrate this, Kekulé draws the following diagrams, seen in figure 

2-38, which demonstrate the lengths and directions to be used for atoms of valences one to 

four, and how they would be arranged to form single, double, and triple bonds. Note how the 

distances between ab, cd, and ef are all of equal length, a fact demonstrated in the fifth 

diagram of the series.106 

                                                      

105
 Kekulé, "Mesitylens." p. 217. 

106
 Ibid. p. 218. 
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Figure 2-38: Kekulé’s proposed skeletal representations (1867). Lines ab, cd, 
and ef are equal in length. Kekulé, “Mesitylens”. p. 218. 

Kekulé goes on to describe how this system can be improved even further by placing all of 

carbon’s affinities in a tetrahedral configuration, a truly symmetrical three-dimensional 

arrangement. The chief advantage of this, according to Kekulé, is that carbon atoms could be 

arranged to form triple bonds with nitrogen atoms, whose co-planar bonds form an equilateral 

triangle, or with other carbons. As can be seen in figure 2-38, the lengths of such bonds would 

be accordingly chosen to ensure a perfect fit. We must be therefore careful to not interpret 

Kekulé’s tetrahedral configuration of carbon as having spatial significance: unlike later chemists 

such as Van ‘t Hoff, Kekulé is not claiming that carbon's bonds are physically oriented in a 

tetrahedral manner. Instead, he is merely stating that such a symmetrical arrangement would 

permit all forms of bonding to be represented and would allow his graphical representations to 

accomplish “everything whatsoever that a model is capable of accomplishing”.107 

Kekulé, ever the model builder, is known to have constructed three dimensional versions of 

precisely the models he described. Like his sausage models, these skeletal models were used in 

the classroom. They were adopted by other notable chemists, such as von Baeyer, Kekulé’s 

                                                      

107
 Ibid. p. 218. 
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former student, whose stereochemical strain theory would be based on inferences derived 

from material skeletal models (Baeyer’s strain theory is discussed in the following chapter). The 

only known skeletal model produced by Kekulé in existence today resides along with his 

“sausage model” in the Museum for the History of Sciences, at the University of Ghent. This is 

an adaptable model, originally found in the shape of mesityline, and has since been altered to 

produce a benzene ring. Components of this model can be seen in figure 2-39. A nineteenth-

century lithograph, found in Kekulé’s desk in Darmstadt, depicting either this model or a similar 

one has also been found.108 

 

Figure 2-39: Kekulé’s skeletal model for benzene. Museum for the History of 
Sciences, University of Ghent. 

Despite whatever success they might have had in the classroom, Kekulé’s carefully-fitted 

skeletal diagrams and models were not reproduced in his published work after 1867. Latter 

diagrams, such as those appearing in his published work from the 1870s, consist of uncircled 

letters, either individuated atoms or complex compounds, connected through unbroken or dot-

                                                      

108
 This lithograph, which depicts a model indistinguishable from that depicted in figure 2-39, can be found in 

Koeppel, "Benzene-Structure Controversies, 1865-1920". p. 86. It was once a part of the now-defunct “Kekulé-
Zimmer” at the Institute for Organic Chemistry at the Technische Hochschule in Darmstadt. Given that the 
documents contained in the Zimmer were transferred to the Deutsches Museum in 2009, the Deutsches Museum 
is now the likely home of this lithograph. 
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dashed lines.109 While it is tempting to believe that each “dash” contained in these diagrams 

corresponds to an affinity, just as each rod in his skeletal models did, a close analysis of Kekulé’s 

diagrams suggest that such a convention, if  there was ever one, was followed but loosely. At 

least in print, Kekulé’s “improvements” on the skeletal approach of Crum Brown appear to have 

been forgotten almost as soon as they were proposed, as the directions and lengths of affinities 

in these latter diagrams appear to be of little meaning and practical utility. 

 

Figure 2-40: Several of Kekulé’s diagrams from the early 1870s. Note how 
Kekulé has abandoned the conventions proposed in figure 2-38. Kekulé, “Ueber 
einige Körper der Camphergruppe”. pp. 599, 603. 

Why did Kekulé abandon these newly formulated models which he so eagerly promoted? A 

likely answer to this question becomes clear if we consider the supposed advantages that 

Kekulé’s models offered him in the first place and inquire into whether or not these were, in 

fact, truly advantageous for practising chemists. 

The central advantage of Kekulé’s skeletal models, according to Kekulé himself, is that their 

affinities were standardized with respect to their positions and lengths. Such standardized 

affinities might well have been important for the construction of physical models, especially the 

                                                      

109
 See, for example, August Kekulé, "Ueber Einige Körper Der Camphergruppe. Constitution Des Camphers," in 

August Kekulé, Band Ii: Abhandlungen, Berichte, Kritiken, Artikel, Reden, ed. Richard Anschütz (Berlin: Verlag 
Chemie, 1929 (1873)). 
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ones constructed by Kekulé in the mid-1860s. Indeed, having a set length for affinities would 

have been critical for ensuring that three-dimensional models could have be constructed. 

Consider, for instance, the material limitations of Kekulé’s models, which involved brass rods 

protruding from the wooden balls; brass rods cannot be extended or contracted at will. 

However, this advantage completely disappears when dealing with two-dimensional 

representations of molecular compounds. In such representations, affinities are not composed 

of rigid metal rods but of lines drawn on paper, where shorter or longer bonds can be drawn as 

needed. Simply put, there was no reason to insist that affinities should be of fixed length and 

orientation when working in two dimensions, especially since these lengths and orientations 

were not taken to correspond to any spatial attributes of the compounds being represented 

whatsoever. 

Furthermore, Kekulé seems to have found much use in compound Berzelian formulas, such as 

C9H10O2 or C6H(CH3)H(CH3)H(CH3), which describe atomic composition and are often grouped in 

terms of typical and radical elements. These formulas imply, rather than explicitly display, 

bonding between their constituent atoms. Like many of his contemporaries, Kekulé found it 

convenient to use such shorthand notations, as fully articulated compounds were often 

unnecessary (or, given their length, unpractical or undesirable), especially since Kekulé wasn’t 

using these diagrams for stereospatial reasoning. Just like Crum Brown occasionally combined 

atoms into greater modules for his diagrams (recall the “HO” module in figure 2-22), Kekulé's 

diagrams invoked such simplifying combinations. In figure 2-40, for example, there are a 

number of such contractions; Kekulé certainly didn’t deem it necessary to display a fully 

articulated C3H7 for the compound on the right. Although it might have been possible for Kekulé 

to combine his conventions with such Berzelian formulas, at least for some cases, this would 

have rendered his conventions somewhat redundant. The entire reason for their being such 

conventions, to ensure that affinities between atoms always meet, is mooted by using 

compound Berzelian formulas, which don’t require these affinities to be displayed in the first 

place. 
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These diagrams remind us that while Kekulé’s conceptions of types and radicals was not static 

throughout his career, he (and other chemists) nevertheless understood molecules as 

consisting of radicals, conceptually useful groups of atoms. A fully-articulated approach, such as 

the one that Kekulé had so adamantly proposed, flew in the face of such a useful, modular 

approach. In short, the approach that Kekulé proposed did not fit how he or other chemists 

generally understood chemical compounds and certainly did not reflect how they reasoned 

with them. 

In any case, Kekulé’s modified skeletal diagrams, which would certainly have not gone 

unnoticed in the Zeitschrift, never caught on as a useful tool in either Kekulé’s own published 

work or in anyone else’s. In all likeliness, their cost in caution and exactitude was simply not 

worth their marginal returns. The effect of Kekulé’s newly proposed representations, especially 

his models, was, however, significant, as they went on to be adopted by several chemists such 

as Wilhelm Körner and Adolf von Baeyer, who would later use them for stereospatial 

reasoning.110 As chemistry became less hesitant about making spatial claims, and began to 

conceive of compounds as three-dimensional structures, Kekulé’s models would be adopted, 

modified, and used to draw conclusions once thought to be beyond their scope. 

 

2.8 Analysis and Conclusions: Kekulé, Crum Brown, and 
diagrammatic desiderata 

This chapter has focused on the changes that occurred in diagrammatic representations of 

chemical compounds from about the late 1850s to the late 1860s. Specifically, we have 

reviewed the rise and fall of Kekulé’s “sausage diagrams”, the introduction of Crum Brown’s 

skeletal graphic formulae, and Kekulé’s rejection of sausage diagrams in favour of a modified, 

but ultimately short lived, skeletal approach. We will now consider our findings to see what we 

                                                      

110
 It is worth noting that, like von Baeyer, Körner studied directly under Kekulé. 
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can learn about the considerations that gave shape to organic chemical diagrams in the mid-

19th century and the factors that granted or revoked these representations’ epistemic 

legitimacy. What can be said about the relationship between the forms of these diagrams and 

their functions? What do the changes in Kekulé’s diagrams tell us about the criteria for effective 

scientific visual representations? Finally, what can we learn from the sometimes fluid 

interpretation of these diagrams, where “physical” inferences were occasionally drawn from 

ostensibly purely “chemical” representations? 

In the absence of an accepted view regarding what molecules are “supposed to” look like, 

which factors played a role in giving graphical representations of chemical compounds their 

shape? First and foremost, chemical diagrams had to be capable of uniquely representing all 

possible configurations of relevant chemical kinds in a bijective (one-to-one and onto) manner. 

It was simply unacceptable for a particular style of representation to be incapable of describing 

all possible chemical combinations or for multiple representations, perceived as distinct, to 

degenerately denote a single compound. For a field that was then striving to determine the 

composition of chemical substances, representations that were perceived as conducive to 

engendering confusion were regarded as dangerous. While there were indeed chemical 

diagrams that could represent multiple entities, namely absolute isomers, this is the exception 

that proves the rule, as having a unique structural representation for divergent substances was 

the criteria that identified true isomerism, a phenomena that perplexed chemists of the day. 

As we mentioned in our introduction, there is an account of scientific representation that 

stipulates that models and representations acquire their epistemic legitimacy through their 

embodiment of structures, which are often understood as ultimately being set-theoretical in 

nature, that correspond to similar structures embodied by their real-world targets. In many 

ways our findings, which stress the need for a perceived bijective relationship between 

diagrams and their targets, accord well with the spirit of these “structural” or “model-

theoretic” accounts. However, it is important for us to acknowledge that, for Kekulé and Crum 

Brown, epistemic legitimacy was not solely the result of structural similarities, but also 

depended significantly on representations’ value for productive reasoning. 
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Effective chemical representations needed to do more than merely correspond with natural 

chemical kinds in a one-to-one manner; the representations that were ultimately successful 

were those that could effectively facilitate productive chemical reasoning, that enabled useful 

chemical inferences, and that best represented how chemists conceived of molecules and their 

constitutive components. For example, recall the fact that Crum Brown’s diagrams were not 

merely regarded as a more convenient shorthand that Kekulé’s, but that they were considered 

to be a more useful tool for thinking about atoms and molecules and providing chemical 

explanations: in addition to their ability to represent structures that Kekulé’s diagrams could 

not, Crum Brown’s diagrams could be used to explain alternative atomicity, to determine 

instances of absolute isomerism, and to conceive of radicals in a modular fashion. Similarly, 

conventions that were not manifestly useful, and that did not accord with how chemists 

actually thought about compounds, such as those proposed by Kekulé, were rapidly 

abandoned, even by Kekulé himself. 

This observation regarding the importance of diagrams’ usage accords well with “functionalist” 

conceptions of scientific representation, also briefly mentioned in this work’s introduction. Such 

approaches assert that representations acquire their epistemic legitimacy through their ability 

to be used for useful surrogative reasoning about their targets. Such approaches emphasize 

images’ utility (or disutility) in explaining their success or failure. 

The critical importance of utility is especially seen in Kekulé’s decision to not continue using the 

conventions he initially established for his skeletal diagrams. While essential for models, the 

conventions proposed by Kekulé concerning bond orientation and length were unimportant for 

his written (published) work, especially since he found great utility in incorporating complex 

Berzelian formulas into his diagrams. Both Kekulé’s and Crum Brown’s decisions to continue use 

to Berzelian formulas, in type formulas and chemical equations, is also indicative of the limited 

utility of fully-resolved visual representations. While diagrams and models were occasionally 

useful for research, such as in Crum Brown’s determination of absolute isomerism, their 

primarily advantage was in the classroom, as suggested by the relatively high presence of 

diagrams in Kekulé’s lecture notes and the commercial availability of pedagogical material 
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models, where students learned to conceive of chemical compounds in terms of their fully-

resolved structures. As Kekulé himself said in his Lehrbuch, “a completely comprehensive 

rational formula is not appropriate for ordinary use, even if one can be specified by the present 

state of the science.”111 

Leaving aside the subject of epistemic legitimacy for a moment, this chapter’s findings also 

highlights the high degree of interpretive fluidity, the ability of representations to be 

interpreted in multiple fashions, that exists in scientific practice. Despite repeated warnings, 

both chemists (but especially Kekulé) performed “physical” inferences from ostensibly strictly 

“chemical” representations. Consider, for example, Kekulé’s use of his sausage diagrams to 

make claims concerning the spatial positions of hydrogen atoms in benzene; the inference of 

spatial positions flies directly in the face of Kekulé’s explicit statements that sausage 

representations carry no such significance. Taken alongside Kekulé’s spatial interpretation of 

the relative positions of atoms in his sausage representation of glycolic acid, we see that Kekulé 

ignored his own warnings and interpreted his diagrams as having a significance that they were 

not originally intended to possess. 

Such interpretive fluidity extends to Crum Brown as well. While Crum Brown critiqued Kekulé’s 

spatial inference from his sausage diagram for glycolic acid, claiming that it was “artificial” and 

that it “certainly does not represent the actual arrangement of the atoms”, the symmetrical 

diagram Crum Brown proposed only stands as a counter argument if one assumes that 

diagrammatic structural symmetry implies spatial symmetry. Furthermore, the sense that 

diagrams should be in some sense physically meaningful also comes across in Crum Brown’s 

thesis through his characterization of the bonds in his diagrams as “lines of force”, a term 

borrowed from the realm of physics, which suggests a central, linear attraction between atoms. 

In addition, there is Crum Brown’s discussion of the locus of the force in KOH; the 

intermolecular spatial positioning which he characterized is similar to his skeletal diagrams. 

                                                      

111
 Kekulé in Rocke, Image & Reality. p. 99. For more on the disadvantages of “showing too much detail”, see pp. 

98-100. 
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By itself, the fluidity that surrounds reasoning with diagrams and models, the ability of 

scientists to infer a greater degree of significance from images and objects more than they are 

intended to hold, is value-neutral. In many instances such fluid interpretations may lead to 

errors and sloppy reasoning, as in the case of Kekulé’s interpretation of glycolic acid. However, 

in some cases, such fluid interpretations may lead to novel discoveries, such as the 

stereochemical discoveries that will be discussed in the following chapter. While it is therefore 

impossible to make a general statement regarding the utility or disutility of a representations’ 

ability for being used in ways other than initially intended, this must nevertheless be 

acknowledged as a significant feature of scientific reasoning, especially visual reasoning. Any 

accounts of representation that seek to address the usefulness of certain representations must 

therefore acknowledge that the precise relationship that constitutes said representation can 

vary significantly, even in contexts as narrow as the ones we have just addressed. 

Looking forward, the temptation to interpret chemical diagrams physically would become the 

foundation of the stereochemical reasoning of the ensuring decades. In retrospect, Kekulé and 

Crum Brown will appear to have but dipped their toes into the waters of spatial reasoning, in 

which the next generation of chemists would swim freely. After all, despite Kekulé’s flirtation 

with spatial reasoning, he was firm in his stance that the physical arrangement of atoms in 

space could not truly be inferred from type formulas, due to, among other reasons, the simple 

fact that such two-dimensional representations cannot depict true, three-dimensional physical 

arrangement. For this, “a perspective drawing or a model” would be required, and Kekulé’s 

failure to produce either suggests that he might have regarded an effort as futile, misguided, or 

premature, at least around the year 1860.112 Such models were, however, to come, and, as we 

shall see, the diagrams and models employed by Kekulé and Crum Brown would play no small 

part in this bold new reasoning. 

                                                      

112
 Kekulé in Ibid. p. 99. It is also worth noting the methodological basis for Kekulé’s skepticism concerning the 

determination of the physical arrangement of atoms: determining the spatial arrangement of atoms was 
impossible through the empirical study of chemical reactions, as in such reactions the positions of atoms are 
altered. 
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Finally, before concluding this chapter it is worth commenting upon the variety of skeletal 

diagrams and models that have been discussed. The proliferation of skeletal models from Crum 

Brown to Frankland, Hofmann, Dewar, Kekulé, and others (as well as the numerous “sausage” 

diagrams also discussed), should not be understood as the adoption of single, static tool, 

reproduced more or less faithfully, but of the acceptance of a general approach, a notion, a 

method. Each chemist applied their own modifications to these diagrams, shaping them to 

meet their pedagogical needs and chemical beliefs. While I have used the term “skeletal 

representation” in a broad sense, it should be kept in mind that such representations are far 

from identical and, in fact, there exist crucial differences among them. Even within a general 

approach graphic formulas are far from static entities – they are dynamic tools, constantly 

refashioned according to the needs, notions, and whims of their makers. We will acquire an 

even greater appreciation of the dynamic nature of skeletal representations when we 

encounter the stereochemical reasoning of the 1870s and onwards, which will be discussed in 

the next chapter. 
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3 Stereochemical Visual Representations 

 

3.1 Introduction 

From about the late 1860s onwards, skeletal diagrams became an increasingly widespread 

means of representing the structural composition of molecules. New textbooks, especially 

those published in the 1870s, followed in the tradition of Frankland’s 1866 Lecture Notes and 

used skeletal diagrams.113 The second edition of Frankland’s textbook, published in 1872, also 

included skeletal diagrams, with the notable difference that the letters representing bonded 

atoms were not drawn with circles around them, as they were in the textbook’s first edition. 

While some of these diagrams displayed the fully articulated form of chemical compounds, 

many did not.114 

Skeletal diagrams, including those depicting Kekulé’s proposed hexagonal structure of aromatic 

compounds, also became seamlessly integrated into major chemical journals in this period. For 

example, the first few volumes of the Berichte der Deutschen chemischen Gesellschaft zu Berlin, 

a journal which began publication in 1868, contain both “pure” skeletal diagrams as well as 

diagrams (or formulas) that combine skeletal conventions with more established forms of 

notation. For instance, skeletal lines denoting chemical bonding were frequently used in 

tandem with braces, a holdover from type formulas, and algebraic operators, whose roots lie in 

Berzelian formulas (figure 3-1).115 The liberties that chemists took with combing such 

                                                      

113
 Russell, The History of Valency. However, it is worth noting that of the two English textbooks from the early 

1870s that Russell mentions, W. G. Valentin’s Introduction to Inorganic Chemistry (1872) and W. A. Miller’s 
Elements of Chemistry, Theoretical and Practical (Vol. II, 1874), the latter barely uses skeletal diagrams at all. 

114
 Frankland also removed the circles from his other publications for an 1877 collected volume of his papers. 

Ritter, "Re-Presenting Science". p. 171. 

115
 H. L. Buff, "Ueber Die Einwirkung Von Quecksilberchlorid Auf Sulfcarbanilid Und Sulfcarbtoluidid Bei Höherer 

Temperatur," Berichte der Deutschen Chemischen Gesellschaft, 1869, 2:498-502. Adolf Claus, "Zur Kenntniss Der 
Festen Crontonsäure," Berichte der Deutschen Chemischen Gesellschaft, 1870, 3, no. 1:180-2. 
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conventions suggests that for many chemists skeletal diagrams did not constitute a distinct 

manner of representation altogether, but rather that straight lines denoting chemical bonding 

was merely one available tool for representing and reasoning about chemical compounds. 

 

Figure 3-1: Skeletal diagrams appearing in various articles in the Berichte der 
Deutschen chemischen Gesellschaft zu Berlin. The top diagram, drawn by Buff 
(1869), contains both skeletal connectors as well as type-formula braces. The 
bottom diagram, drawn by Claus (1870), depicts a chemical reaction. Buff, 
"Einwirkung von Quecksilberchlori." p. 501. Claus, "Crontonsäure." p. 182. 

However, in addition to the growing popularity of skeletal diagrams the 1870s also saw the 

emergence of another novel manner of chemical representation: drawings and models of 

tetrahedra denoting the carbon atoms that formed the basis of organic chemical compounds. 

These geometrical solids, the products of the stereochemical reasoning of J. H van ‘t Hoff, 

enjoyed a moderate degree of success but failed to become a universally adopted means of 

representation. 

This chapter will explore the use and significance of Van ‘t Hoff’s tetrahedra, the reasons 

behind their successes and failures, and the ways in which fluid conceptions surrounding their 

meaning and practice facilitated certain kinds of chemical reasoning. In doing so we come to 

understand the importance of visual strategies in general and Van ‘t Hoff’s images and models 

in particular in the development and acceptance of a three-dimensional view of the molecular 

realm, a view which explicitly departed from that offered just one decade earlier. 
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We will begin with a brief history of stereochemical thought before considering the life and 

work of J. H. van ‘t Hoff. We shall closely analyze the diagrams and material models produced 

by Van ‘t Hoff in several of his works throughout the 1870s and 80s, focusing on the forms given 

to these representations and the probable reasons behind these morphological decisions. We 

will then consider the impact of Van ’t Hoff’s diagrams on other chemists between the 1880s 

and 1910s by considering a spectrum of diverse visual representations of stereochemical 

compounds. Finally, we shall assess the importance of visual and material representations in 

the practice of late 19th century stereochemistry, and consider the long-term consequences of 

this visual approach to chemical practice. By analyzing these representations we shall learn of 

the fate of Van ‘t Hoff’s graphical approach to depicting the carbon atom and gain insight into 

the historical factors that impacted upon the visual representation of chemical compounds in 

space. 

Throughout this chapter we will address the importance of using a representational system that 

lowers the cognitive burden of its users, especially those that rely on known representational 

conventions, and the presence and advantages of interpretive fluidity and ambiguity. As in our 

previous chapter, this chapter will conclude by reflecting upon how stereochemical visual 

representations acquired their epistemic legitimacy and by discussing the broader philosophical 

significance of our findings. 

 

3.1.1 Introducing stereochemistry  

In 1874 Joseph Achille Le Bel and Jacobus Henricus Van ‘t Hoff independently proposed that the 

quadrivalent carbon atom can be stereospatially understood as being tetrahedral in shape.116 

                                                      

116
 J.-A. Le Bel, "Sur Les Relations Qui Existent Entre Les Formules Atomiques Des Corps Organiques Et Le Pouvoir 

Rotatoire De Leurs Dissolutions," Bulletin de la Société Chimique de Paris, 1874, 22:337-47. Jacobus Henricus Van 't 
Hoff, Voorstel Tot Uitbreiding Der Tegenwoordig in De Scheikunde Gebruikte Structuur-Formules in De Ruimte: 
Benevens Een Daarmee Samenhangende Opmerking Omtrent Het Verband Tusschen Optisch Actief Vermogen En 
Chemische Constitutie Van Organische Verbindingen (Utrecht: Greven, 1874). 



Form and Function: Seeing, Knowing, and Reasoning with Diagrams in the Practice of Science 

Chapter 3: Stereochemical Visual Representations 

96 

 

Thus, the year 1874 is commonly taken to mark the beginning of stereochemistry, the practice 

of understanding chemical compounds, and ultimately their relationships with one another, in 

terms of their being three-dimensional, spatially-extended objects.117 

This was, of course, not the first time that chemists (or, more generally, matter theorists) had 

dared to consider the three-dimensional structure of the invisible elements that ultimately 

compose the observable world. Philosophers had contemplated the relationship between 

primitive geometrical forms and the classical elements since antiquity. Most notably, Plato 

suggested that the each of the classical elements corresponded to a regular solid, the forms of 

which explained the phenomenological features of each element as well as their 

transmutations (figure 3-2).118 It was also common for atomistic philosophers, both in antiquity 

and from at least the late 16th century onwards, to posit the forms that the fundamental (or at 

least more fundamental) units of matter might consist of in their attempts to understand the 

physical properties of gross bodies. Such efforts were common amongst mechanistic 17th 

century natural philosophers such as Pierre Gassendi, who considered the classical Epicurean 

notion that atoms contained tiny hooks which allowed them to combine and form larger 

bodies, and René Descartes, whose materialist physics frequently required geometrical 

explanations, such as his characterization of magnetism in terms of the passage of tiny 

corkscrew-shaped particles through larger objects such as the Earth (figure 3-3).119 

                                                      

117
 While spatial considerations of atoms and molecules pervaded the 1870s and 80s, the term “stereochemistry” 

was only coined in 1889, by (stereo)chemist Victor Meyer. Following other historians of chemistry, I will use this 
term to refer to any aspect of chemical practice that involves the consideration of chemical kinds in a three-
dimensional spatial manner, including those prior to the introduction of the term “stereochemistry”. Ramberg, 
Chemical Structure. p. 9. 

118
 Plato, Timaeus; Translated by Benjamin Jowett. With an Introduction by Glenn R. Morrow (Indianapolis: Bobbs-

Merrill, 1949). O. T. and Fikes Benfey, Lewis, "The Chemical Prehistory of the Tetrahedron, Octahedron, 
Icosahedron, and Hexagon," in Kekulé Centennial, ed. O. Theodor Benfey, Advances in Chemistry (Washington, 
D.C.: American Chemical Society, 1966). The equation of the Platonic solids with the classical elements persisted 
well into the Early Modern era. See, for example, Iohannis Keppleri, Harmonices Mundi Libri V (Lincii Austriae, 
1619). 

119
 Renati Descartes, Principia Philosophiae (Amstelodami: Apud Ludovicum Elzevirium, 1644). Stephen Gaukroger, 

Descartes' System of Natural Philosophy (Cambridge: Cambridge University Press, 2002). pp. 175-7. 
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Figure 3-2: The five “Platonic solids” and their corresponding elements, as 
depicted in Johannes Kepler’s 1619 Harmonices Mundi. Keppleri, Harmonices 
mundi libri V. 

 

Figure 3-3: Descartes’ representation of magnetism, a phenomenon that he 
believed could be rendered comprehensible in terms of the passage of invisibly 
small corkscrew-shaped particles through gross bodies, such as the Earth. 
Descartes, Principia philosophiae. p. 217. 

At the beginning of the 19th century, John Dalton and a small number of his supporters argued 

for an explicitly geometrical approach to atomic chemistry. Drawing on a tradition of 

understanding atoms as spheres (a tradition that, as Christoph Lüthy argues, is not as old as one 

might initially think), Dalton and his followers attempted to provide a visual (and, given Dalton’s 

wooden models now held by the Science Museum in London, material) means of denoting 
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atoms and the compounds that they combine to form.120 At times this approach coincided with 

the spatial considerations that pervaded the field of crystallography. Consider, for example, 

André-Marie Ampère, who based his theories of molecular geometry in the early 19th century 

off of the “primitive forms” (the basic arrangements that underlie crystals’ structures) of French 

crystallographer René Just Häuy (figure 3-5).121 Such approaches to chemical theory tended to 

be strongly realist in tone and often resulted in bold proclamations regarding the relative sizes 

or spatial orientations of atoms. Given the climate of scepticism discussed in the previous 

chapter, these approaches were generally avoided by the majority of mainstream chemists in 

the middle of the 19th century, although a few individuals, such as Marc Antoine Gaudin, 

nevertheless continued to work within the Daltonian tradition of attempting to explain the 

structure of atoms and the physical properties of their combinations in terms of their relative 

spatial arrangements (figure 3-6).122 Of course, we have also seen in the previous chapter how 

                                                      

120
 John Dalton, A New System of Chemical Philosophy (Manchester: R. Bickerstaff, 1808). W. H. Brock and D. M. 

Knight, "The Atomic Debates: "Memorable and Interesting Evenings in the Life of the Chemical Society"," Isis, 1965, 
56, no. 1:5-25. 

Acording to Lüthy, the tradition of depicting atoms as spheres only goes back about two hundred years before 
Dalton. Specifically, Lüthy identifies the early roots of this graphical tradition in the works of Giordano Bruno in the 
late 16

th
 century, although the circumstances surrounding Bruno’s conceptions of atoms as spheres were 

considerably different than those surrounding Dalton’s. Christoph Lüthy, "The Invention of Atomist Iconography," 
in The Power of Images in Early Modern Science, ed. Wolfgang Lefèvre, Jürgen Renn, and Urs Schoepflin (Basek: 
Birkhäuser, 2003). 

121
 André-Marie Ampère, "Lettre De M. Ampère À M. Le Comte Berthollet Sur La Dètermination Des Proportions 

Dans Lesquelles Les Corps Se Combinent D’après Le Nombre Et La Disposition Repective Des Molécules Dont Leurs 
Particules Intégrantes Sont Composées," Annalen der Chimie, 1814, 90:43-86. Seymour H. Mauskopf, "The Atomic 
Structural Theories of Ampère and Gaudin: Molecular Speculation and Avogadro's Hypothesis," Isis, 1969, 60, no. 
1:61-74, Seymour H. Mauskopf, "Crystals and Compounds: Molecular Structure and Composition in Nineteenth-
Century French Science," Transactions of the American Philosophical Society, 1976, 66 (New Series), no. 3:1-82. 

Another figure worth noting is William Wollaston, an early supporter of Dalton, who published an article assessing 
the ability of stacked spheres (reminiscent of Dalton’s atoms) to compose the fundamental crystalline forms in 
1813. However, within a decade of his support of Dalton’s atomic hypothesis, Wollaston distanced himself from a 
Daltonian approach, opting instead for less theoretically-laden chemical weight equivalents. William Hyde 
Wollaston, "On the Elementary Particles of Certain Crystals," Philosophical Transactions of the Royal Society, 1813, 
103:51-62. 

122
 Marc-Antoine Gaudin, L'architecture Du Monde Des Atomes (Paris: Gauthier-Villars, 1873). Spector, 

"Aesthetics." Jane A. Miller, "M. A. Gaudin and Early Nineteenth Century Stereochemistry," in Van't Hoff-Le Bel 
Centennial, ed. O. Bertrand Ramsay, Acs Symposium Series (Washington D.C.: American Chemical Society, 1975). 
Mauskopf, "Atomic Structural Theories." 
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sceptical and cautious chemists like Kekulé and Crum Brown occasionally ignored their own 

warnings not to interpret their structural diagrams in a spatial manner and how they performed 

stereospatial inferences from explicitly non-stereospatial representations. 

 

Figure 3-4: Diagrams drawn by Dalton representing molecules and their 
constituent atoms (1808). Dalton, New System. Plate 6. 

 

Figure 3-5: The first five most basic geometrical forms of “particles”, composite entities 
composed of molecules proposed by Ampère (1814). The molecules that compose these 
“particles” are thought to lie at the vertices of these forms. Ampère, "Lettre”. Planche 1

e
. 
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Figure 3-6: An image from Gaudin (1873) indicating the physical positions of 
atoms in a molecule before and after a chemical reaction. Gaudin, 
L'architecture. p. 52. 

Despite some ostensible similarities between these earlier efforts and the stereochemical 

approaches of Van ‘t Hoff and Le Bel, the chemical programme forwarded by these latter 

chemists in the mid-1870s was different in several critical ways. While, for instance, Plato’s 

association of the tetrahedron with the element of fire served to explain certain 

phenomenological effects, the tetrahedra discussed by these latter-day chemists had little in 

common with such phenomenological explanations, or, more generally, Plato’s Pythagorean 

programme of understanding the world in a fundamentally mathematical manner. Unlike Early 

Modern natural philosophers such as Gassendi and Descartes, Van ‘t Hoff and Le Bel did not 

seek to employ their spatial reasoning to address a wide array of phenomena and to generally 

advance a broad philosophical programme, but did so in order to tackle specific chemical 

problems, namely isomerism and optical activity. While the efforts of Van ‘t Hoff and Le Bel 

might seem more similar to the efforts of early 19th century chemists such as Dalton, Ampère, 

and Gaudin, a significant theoretical context still divides these two groups of individuals; while 

the earlier chemists combined atoms in any way that they could imagine, the later chemists 

were restricted in their structural combinations by their elements’ fixed valency. Finally, while 

Kekulé and Crum Brown’s physical reasoning was an accidental consequence of their cognitive 



Form and Function: Seeing, Knowing, and Reasoning with Diagrams in the Practice of Science 

Chapter 3: Stereochemical Visual Representations 

101 

 

tendency to reify abstract models, both Le Bel and Van ‘t Hoff were explicit in their desire to 

understand chemical kinds as stereospatial objects.123 

The remainder of this chapter will address the visual and material representations employed by 

proponents of this new stereochemical approach. We shall begin with an extended analysis of 

Van ‘t Hoff’s solid tetrahedral diagrams and models before addressing the efforts of other 

stereochemists who produced similar images. In doing so, we address the question of why 

representations containing solid tetrahedra were employed when other (arguably more 

accurate) representations existed. We shall also address the ways that chemists understood 

these tetrahedra and highlight the fluidity of their reasoning with regards to the interpretation 

and production of these representations. Finally, we shall assess the importance of visual and 

material representations in the practice of late 19th century stereochemistry, and consider the 

long-term consequences of this visual approach to chemical practice. 

Unfortunately, this chapter will omit a detailed analysis of the work and contributions of Le Bel. 

While a close reading of Le Bel would be enlightening for understanding how early 

stereochemists conceived of their objects of inquiry, especially by comparing his opinions with 

those of Van ‘t Hoff, the fact that Le Bel did not produce any stereochemical diagrams or 

models renders him largely irrelevant to the history of such representations, which is, after all, 

the chief goal of this work.124 

 

                                                      

123
 For a discussion of stereochemical efforts before the 1870s, the problems that they faced, and the ways that 

they differed from the stereochemical considerations of the last few decades of the 19
th

 century, see Trevor H. 
Levere, "Arrangement and Structure - a Distinction and a Difference," in Van't Hoff-Le Bel Centennial, ed. O. 
Bertrand Ramsay, Acs Symposium Series (Washington D.C.: American Chemical Society, 1975). 

124
 For more on Le Bel’s ideas and contributions, especially in comparison with those of Van ‘t Hoff, see Leonello 

Paoloni, "Stereochemical Models of Benzene, 1869-1875," Bulletin for the History of Chemistry, 1992, 12:10-24, 
Ramberg, Chemical Structure. pp. 59-65. 
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3.2 J. H. Van ‘t Hoff 

The first individual whose stereochemical diagrams we will consider is Jacobius Henricus Van ‘t 

Hoff (1852-1911). Van ‘t Hoff is known by historians of science not only for his view that the 

carbon atom can be conceived of as a tetrahedron, but that these atoms and the organic 

compounds that they form can be represented as such through both tetrahedral diagrams and 

models. 

J. H. Van ‘t Hoff was born in Rotterdam in 1852 and received his pre-university education in 

Rotterdam and Delft. In the early 1870s he studied at Leiden University, where he attended 

courses in mathematics and the sciences before leaving Leiden to study organic chemistry at 

Kekulé’s laboratory in Bonn, where he remained for less than a year. He also spent time in 

Wurtz’s laboratory in Paris, where he worked for an even shorter duration.125 

Van ‘t Hoff’s stay in Kekulé’s laboratory was fairly uninspiring, as Van ‘t Hoff was expected to 

work on projects of interest to Kekulé rather than to himself. Known for his clumsiness, he did 

not leave a particularly favourable impression upon Kekulé. His time in Wurtz’s laboratory 

appears to have gone much better, as did his relationship with Wurtz. It was in Wurtz’s 

laboratory that Van ‘t Hoff met Le Bel, his oft-cited cofounder of stereochemistry. Van ‘t Hoff 

later asserted that he and Le Bel never discussed the possibility of the carbon atom holding a 

                                                      

125
 It is an open question as to whether or not Van ‘t Hoff tetrahedra were inspired by Kekulé’s tetrahedral 

diagrams and models, as proposed in Kekulé’s 1867 "Ueber Die Constitution Des Mesitylens". The fact that Van ‘t 
Hoff spent time in Kekulé’s laboratory after Kekulé had developed these models and published on them cannot be 
ignored as a possible source for his stereochemical inspiration. 

However, even if Van ‘t Hoff was aware of Kekulé’s tetrahedral representations, the degree to which Van ‘t Hoff’s 
representations were influenced by Kekulé’s remains a subject of debate. Ramsay and Ramberg, for instance, hold 
differing views on this matter. My own opinion is that while Van ‘t Hoff’s specific stereochemical ideas may not 
have been directly influenced by Kekulé’s models, these models may have nevertheless helped provide his ideas 
with the material and visual language required to express them. Ramsay, Stereochemistry. pp. 81-2. Ramberg, 
Chemical Structure. pp. 83-4. 
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tetrahedral configuration during their time spent working together, although It is quite possible 

that both chemists shared a common source of inspiration.126 

Between Bonn and Paris, Van ‘t Hoff enrolled in Utrecht University, where he returned after his 

Parisian tenure to complete his doctoral dissertation under chemist Eduard Mulder, the head of 

Utrecht’s chemistry laboratory. Van ‘t Hoff’s dissertation, defended in June 1874, was by all 

accounts an fairly ordinary endeavour. Titled “Contributions to the knowledge of cyanoacetic 

and malonic acid” (Bijdrage tot de kennis van cyananzijnzuur en malonzuur), Van ‘t Hoff’s thesis 

consisted of a pedantic description of his laboratory work, in which he synthesized a small 

number of acids and their derivatives, as well as and an account of these compounds’ 

properties. While Van ‘t Hoff’s thesis did not explicitly contain any stereochemical 

considerations, there is some evidence to suggest that he was nevertheless thinking along 

these lines. This is found in the Stellingen portion of his thesis, a standard component of Dutch 

theses in which students were expected to put forward speculations, many of which had little 

to do with the topic of the dissertation itself. Several of Van ‘t Hoff’s 32 stellingen contain ideas 

that would be further developed in his Voorstel, such as stellingen fourteen, “The idea of a 

chemical constitution in space is necessary for the explanation of several cases of isomerism,” 

and fifteen, “There is a relationship between a molecule’s optical activating power and its 

chemical constitution.”127 

Stellingen aside, Van ‘t Hoff’s routine and conservative thesis was likely crafted to ensure a 

swift and uncontroversial defence. This approach contrasts greatly with his 11-page pamphlet, 

                                                      

126
 Peter J. Ramberg and Geert J. Somsen, "The Young J. H. Van 'T Hoff: The Background to the Publication of His 

1874 Pamphlet on the Tetrahedral Carbon Atom, Together with a New English Translation," Annals of Science, 
2001, 58, no. 1:51-74. pp. 55-7, 60. 

127
 Other stellingen, however, had little to do with the content of chemistry altogether. For instance, stelling 

twenty-six proposed that “A chair should be created in the philosophical faculty for comparative history of 
science.” Stelling twenty-seven asserted that “Studying at different universities is very beneficial and in The 
Netherlands is done all too infrequently.” Ibid. p. 74. 



Form and Function: Seeing, Knowing, and Reasoning with Diagrams in the Practice of Science 

Chapter 3: Stereochemical Visual Representations 

104 

 

also published in 1874, which explicitly argued for chemists to consider molecular structures as 

three-dimensional entities with definite spatial configurations.128 

Van ‘t Hoff’s pamphlet, published on September 5, 1874, was financed by his father and printed 

in Dutch in limited numbers. It is commonly referred to as the Voorstel, or “Proposal”, after the 

first word in its lengthy but descriptive title: “Proposal for Extending the Currently Employed 

Structural Formulae in Chemistry into Space, Together with a Related Remark on the 

Relationship between Optical Activating Power and Chemical Constitution of Organic 

Compounds”.129 Van ‘t Hoff intended his pamphlet to prompt discussion within the chemical 

community regarding the possibility of understanding atoms in terms of their three-

dimensional spatial arrangement, a conceptual approach he believed necessary to explain 

certain instances of isomerism and optical activity. 

The sections that follow will contain a detailed analysis of the visual and material 

representations used by Van ‘t Hoff in his Voorstel and subsequent publications. By following 

Van ‘t Hoff’s images, models, and the theory and arguments that surround them, we will gain a 

deeper understanding of the context and function of these representations and shed light on 

their contributions to both his chemical reasoning and his quest to convince others of his 

stereochemical ideas. 

 

                                                      

128
 For more on Van ‘t Hoff’s thesis, see Ibid. pp. 62-4. 

129
 In Dutch, Voorstel tot Uitbreiding der tegenwoordig in de scheikunde gebruikte Structuur-Formules in der 

ruimte; benevens een daarmeê samenhangende opmerkung omtrent het verband tussen optisch actief Vermogen 
en Chemische Constitutie van Organische Verbindingen. Throughout this work I shall rely on a recent English 
translation of the Voorstel by Ramberg and Somsen, which can be found in Ibid. pp. 67-74. 
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3.2.1  Introducing Van ‘t Hoff’s diagrams and models 

To understand Van ‘t Hoff’s prismatic representations of the carbon atom, let us begin by 

examining his Voorstel, the short 1874 pamphlet in which he first proposed his stereospatial 

approach to the chemical realm. 

In his Voorstel, Van ‘t Hoff wastes no time in introducing his stereochemical representations 

and imploring chemists to consider the spatial configurations of atoms and chemical 

compounds. He begins his pamphlet by arguing for the necessity of a three-dimensional 

conception of atoms on the basis of the shortcomings of two-dimensional views. By the 

Voorstel’s fourth paragraph the reader is asked to consider how planar skeletal representations 

of certain compounds predict more isomers than have been found in the laboratory. This is 

demonstrated by considering derivatives of methane (CH4), in which methane’s hydrogen 

atoms are replaced by univalent “groups”, compounds that have an effective atomicity of 

one.130 

According to van ‘t Hoff, planar skeletal representations, which are referred to as the “current” 

or “currently adopted” “constitutional formulae”, help explain the well-known fact that 

replacing only one or three of methane’s hydrogen atoms by one or three of the same 

generalized univalent group R1 will result in compounds with only one possible isomer. 

However, Van ‘t Hoff argues, these images can be misleading in the case of compounds of the 

form CH2(R1)2, where two of methane’s hydrogen atoms have been replaced by two identical 

monovalent groups R1. The reason for this lies in the fact that the diagrams for this compound 

can be drawn in two distinct ways: the two R1 groups can be depicted as either lying adjacent to 

or across from each other. Similarly, a methane derivative of the form C(R1R2R3R4), a derivative 

that has had all of its hydrogens replaced by four unique monovalent groups, may be inferred 

                                                      

130
 These “groups”, or, using the terminology of our previous chapter, “radicals”, can consist of either a single 

atom or a combination of bonded atoms. As long as these groups have the same effective atomicity of one they 
are chemically interchangeable with hydrogen atoms and with each other. 
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as resulting in three possible isomers. The diagrams corresponding to these instances of planar 

visual reasoning are displayed diagrams II-VI, reproduced below in figure 3-7.131 

 

Figure 3-7: Van ‘t Hoff’s planar skeletal diagrams. Diagrams II and III denote the 
two supposed possible isomers for a compound of the form CH2(R1)2. Diagrams 
IV-VI denote the three supposed possible isomers for a compound of the form 
C(R1R2R3R4). Van ‘t Hoff in Ramberg and Somsen, “The Young J. H. Van ‘t Hoff”. 
p. 73. 

Van ‘t Hoff asserts that the isomers predicted by considering these diagrams are actually of a 

greater number than have so far been discovered. In order to explain this discrepancy, to “bring 

theory and fact into agreement”, he suggests that instead of planar skeletal representations 

chemists should adopt a three-dimensional view, whereby “the affinities of the carbon atom 

are directed towards the corners of a tetrahedron whose central point is the atom itself.”132 

Such a configuration would result in only one isomer for CH2(R1)2 instead of the two 

represented by diagrams II and III, and two isomers for C(R1R2R3R4) instead of the three 

represented by diagrams IV-VI. Van ‘t Hoff refers to such stereoisomeric compounds as 

                                                      

131
 Through similar reasoning, Van ‘t Hoff also gives the number of possible isomers for other derivatives of 

methane. Ramberg and Somsen, "The Young J. H. Van 'T Hoff." p. 67. 

The images from Van ‘t Hoff’s Voorstel appearing in this work are reproductions of Van ‘t Hoff’s original images 
taken from Ramberg and Somsen’s new translation of this work. 

132
 Van ‘t Hoff in Ibid. p. 67. 
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C(R1R2R3R4) as “asymmetric”, as no degree of rotation through space’s three dimensions can 

map one stereoisomer onto the other. To demonstrate an instance of such an asymmetric 

compound, Van ‘t Hoff displays two tetrahedral diagrams, reproduced in figure 3-8, indicating 

the two possible configurations for the compound C(R1R2R3R4). Like many but not all of Van ‘t 

Hoff’s tetrahedra, they are inscribed with a central “C” and dotted lines leading from the “C” to 

the tetrahedron’s vertices. The “C” represents the carbon atom itself and the dotted lines 

denote the atom’s four valances. 

 

Figure 3-8: Van ‘t Hoff’s two tetrahedral representations for C(R1R2R3R4), 
depicting the compound’s two possible isomers. Van ‘t Hoff in Ramberg and 
Somsen, “The Young J. H. Van ‘t Hoff”. p. 73. 

This chain of reasoning, in which Van ‘t Hoff argues for the superiority of his tetrahedral 

representations over planar ones, is remarkable for its similarity to that offered by Crum 

Brown’s in his 1865 “Graphic Representations”, in which Crum Brown argued for the superiority 

of his skeletal diagrams at the expense of Kekulé’s sausage diagrams. In both cases a flawed 

mode of representation is stated to predict an incorrect number of compounds – acids in Crum 

Brown’s case and isomers in Van ‘t Hoff’s – and the author’s own graphical technique is 

asserted to more closely represent the empirically discovered number of chemical substances. 

However, unlike Crum Brown’s specific identification of Kekulé as a victim of such flawed 

imagery, Van ‘t Hoff does not appear to be critiquing the views of a specific chemist, at least not 

explicitly. 

In fact, to my knowledge no such chemist ever claimed that Van ‘t Hoff’s diagrams II and III 

denoted two distinct isomers. To believe diagrams II and III do indeed represent distinct 
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isomers assumes that spatial orientation can in some way be inferred from planar 

representations. As we have seen in our previous chapter, this was not an assumption made by 

Crum Brown, the developer of these diagrams, or any other well-known practicing chemist. For 

instance, consider Crum Brown’s two isomers for C3H6O3, lactic and paralactic acid (figure 2-20): 

if Crum Brown had treated these compounds as Van ‘t Hoff treated those in diagrams II and III, 

he would have had to describe C3H6O3 as having six isomers, not two. Similarly, Crum Brown 

would have interpreted the structural formula for the compound C(R1R2R3R4) as having only 

one isomer, and not, as Van ‘t Hoff suggests, three. It is quite unlikely that, given Crum Brown’s 

continuous cautions against how not to read his diagrams, a trained professional chemist would 

make the inferences Van ‘t Hoff suggests. Perhaps Van ‘t Hoff is arguing against errors made by 

himself (or a fellow student) in his studies, or perhaps he is creating a straw man argument for 

purely rhetorical purposes. Despite this curiosity, Van ‘t Hoff’s broader point nevertheless 

stands: a three-dimensional conception is indeed necessary to explain why substances like 

C(R1R2R3R4) yield two (and not one or three) isomers. 

Having argued for the need to understand compounds as three-dimensional entities, Van ‘t 

Hoff describes how this insight can explain the “optical activating power” (optical activity) of 

certain substances, that is, the ability of a substance to rotate polarized light that passes 

through it. Van ‘t Hoff proposes a rule which states that optical activity is only a property of 

compounds that contain asymmetrical components, such as compounds containing a carbon 

atom bonded to four distinct monovalent groups. To support his rule Van ‘t Hoff produces a list 

of several dozen optically active substances, all of which conform to one of his previously 

mentioned asymmetric configurations. He also provides several planar diagrams, drawn in the 

fashion of Kekulé’s cyclical representations of benzene, for some of the simpler aromatic 

compounds. These images (diagrams XII-XV in figure 3-9) illustrate how his rule can be 

extended to aromatic substances as well.133 To see that Van ‘t Hoff’s rule applies in these cases, 

                                                      

133
 Van ‘t Hoff attributes the optical activity of the first two substances, camphor and borneol, to Kekulé, who he 

had worked with. It is also worth noting that the constitutional formulas for the latter two compounds is described 
tentatively by Van ‘t Hoff. Ibid. p. 68. 
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one needs to consider not only the immediate compound bonded to each arm of the carbon 

atom at the “top” of each benzene rings, but the broader chain of compounds to which it is 

attached. 

 

Figure 3-9: Aromatic depictions of optically active compounds. From left to 
right: camphor, borneol, turpentine oil, and menthol. For the convenience of 
the unaccustomed reader it should be noted that compounds H2C and CH2 and 
HC and CH are identical. Van ‘t Hoff in Ramberg and Somsen, “The Young J. H. 
Van ‘t Hoff”. p. 73. 

After further discussing the relationship between asymmetric compounds, optical activity, and 

isomerism, Van ‘t Hoff addresses how his spatial approach to chemical structure can be applied 

to carbon atoms with double bonds. He asserts that under his scheme double bonds are 

represented by two tetrahedra “placed together with a common edge”, illustrated by diagram 

IX in figure 3-10.134 Here, A and B constitute the points of connection for the two bonded 

carbon affinities that lie at the vertices of the tetrahedra. Diagram X illustrates how, in certain 

cases of dissimilarity between the groups connected to the double-bonded carbon, geometrical 

isomerism may arise, as diagrams IX and X cannot be rotated onto each other. This is used to 

explain the isomerism of maleic and fumaric acid, which, as one might recall from the previous 

chapter, was unexplainable through Crum Brown’s structural (that is, not stereospatial) 

graphical approach (figure 2-21). Van ‘t Hoff also produces a figure to represent how to 

                                                      

134
 Ibid. p. 71. 
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conceive of triple bonding, diagram XI, in which two tetrahedra “share three corners, and thus a 

face”.135 

 

Figure 3-10: Van ‘t Hoff’s spatial representations of a double-bonded carbon 
atom (diagrams IX and X) and a triple-bonded carbon atom (diagram XI). Van ‘t 
Hoff in Ramberg and Somsen, “The Young J. H. Van ‘t Hoff”. p. 73. 

In concluding his Voorstel, Van ‘t Hoff restates the conceptual advantages of his spatial 

hypothesis. He asserts that it explains certain instances of isomerism and optical activity while 

detracting in no way from the benefits of previous chemical knowledge. Historically, Van ‘t 

Hoff’s conclusions have borne out: geometrical isomerism, that is, stereoisomerism, did in fact 

succeed in explaining the divergent behaviour of compounds with otherwise identical chemical 

compositions. Van ‘t Hoff’s geometrical understanding of optical activity, also proposed by Le 

Bel in the same year as his Voorstel, has also proven to be highly successful. Drawing upon 

certain mid-19th century crystallographic findings, some of which Van ‘t Hoff’s mentions in his 

conclusion, the concept of chirality, or “handedness”, continues to remain essential for 

understanding the rotational effects of compounds on polarized light. However, an even more 

important (although by no means unrelated) result of the success of Van ‘t Hoff’s theory is the 

fact that it helped bring about the legitimization of spatial conceptions of molecular 
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 Ibid. p. 72. 
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phenomena, conceptions which are absolutely essential to the practice of modern chemistry. 

To this end we must recognize the power of Van ‘t Hoff’s visual representations, which, as we 

shall see, played an even more interesting role in the formation and communication of his 

theory than his brief pamphlet suggests. 

Before considering Van ‘t Hoff’s later publications, let us take a moment to reflect on the 

structure and function of the visual representations used in the Voorstel. In this pamphlet Van ‘t 

Hoff produced three types of diagrams: planar skeletal diagrams, aromatic rings, and inscribed 

tetrahedra. This first manner of representation was invoked in a negative capacity, drawn only 

to demonstrate its futility in explaining a compound’s number of isomers. The goal of explaining 

isomerism was again invoked in Van ‘t Hoff’s tetrahedral diagrams, in which a spatial 

asymmetry was posited to explain instances of isomerism as well as the optical activity present 

in the substances represented by aromatic diagrams. His use of planar aromatic diagrams, as 

opposed to tetrahedra, is probably due to the ease with which such complex compounds can 

be represented. Clearly, his tetrahedra, with their spatial asymmetry, are essential for 

explaining the phenomena of isomerism and optical activity and for drawing inferences 

regarding them (such as the rule governing optical activity). Although three-dimensional 

tetrahedra were not always convenient to draw, they were evidently essential to his reasoning. 

 

3.2.2 Van ‘t Hoff’s diagrams after the Voorstel: La Chimie Dans 
L’espace and other works 

Despite its ambitious programme, Van ‘t Hoff’s 1874 Voorstel was not extensively circulated. 

Written in Dutch and printed in small numbers, the impact of the Voorstel was ultimately 

minimal. However, Van ‘t Hoff did manage to send a copy of the Voorstel to C. H. D. Buys-Ballot, 

a Dutch meteorologist and chemist at Van ‘t Hoff’s home institution, the University of Utrecht. 

Buys-Ballot had the good fortune of being associated with the French language journal Archives 

Néerlandaises des Sciences Exactes et Naturelles and helped disseminate Van ‘t Hoff’s ideas by 

publishing a French translation of the Voorstel in the Archives. This article, titled “Sur les 
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formules de structure dans l’espace”, included a set of newly drawn but otherwise identical 

diagrams to those produced in the Voorstel.136 A shorter version of this translation was 

republished in early 1875, in the Bulletin de la société chimique de France, a more widely 

distributed journal. However, this work was published without any images.137 

After he successfully dissertated, Van ‘t Hoff further reworked his Voorstel into a short book. 

Only 43 pages long, La Chimie Dans L’espace was published at Van ‘t Hoff’s own expense in 

May, 1875. In addition to mailing copies of his book to a number of prominent chemists, Van ‘t 

Hoff also sent sets of handmade cardboard models to further explain his ideas and to publicize 

his spatial approach to the chemical realm. In 1877 Van ‘t Hoff published yet another book on 

this subject, a revamped German translation of his French book titled Die Lagerung der Atome 

im Raume. This was produced in collaboration with Van ‘t Hoff’s newfound German supporter 

Johannes Wislicenus, who would go on to become one of stereochemistry’s greatest advocates, 

as well as Wislicenus’ assistant Felix Hermann. 

We will now address the forms taken and the functions performed by the diagrams and models 

that came after Van ‘t Hoff’s Voorstel. In particular, we shall focus on the visual representations 

that are used in La Chimie, since many of the images that appear in later publications (such as 

Die Lagerung) are reproductions of these diagrams. Nevertheless, comparisons will be made 

between a number of texts, and images that appear in other publications will be discussed if 

they differ significantly from those found in La Chimie. 

As in the Voorstel, Van ‘t Hoff used La Chimie to propose his stereochemical approach and extol 

its advantages in explaining instances of isomerism and optical activity. His goal of explaining 

isomerism is explicitly stated on the book’s title page through a quote by Wislicenus, who had 

argued for the need for a spatial approach to chemistry six years earlier: “The facts compel to 

                                                      

136
 Jacobus Henricus Van 't Hoff, "Sur Les Formules De Structure Dans L'espace," Archives Néederlandaises des 

Sciences Exactes et Naturelles, 1874, 9:445-54. 

137
 Jacobus Henricus Van 't Hoff, "Sur Les Formules De Structure Dans L'espace," Bulletin de la Société Chimique, 

1875, 23:295-301. 



Form and Function: Seeing, Knowing, and Reasoning with Diagrams in the Practice of Science 

Chapter 3: Stereochemical Visual Representations 

113 

 

explain the variety of isomeric molecules of the same structural formulae through the various 

superpositions of their atoms in space.”138 A longer work than the Voorstel, La Chimie afforded 

Van ‘t Hoff more space to discuss the implications of his theories for numerous instances of 

isomerism and optical activity. In addition, it also allowed him space to discuss the structural 

(and stereospatial) composition of aromatic compounds. La Chimie was also a more visually 

engaging work, and includes over fifty diagrams. 

As in the Voorstel, Van ‘t Hoff argues for the insufficiency of skeletal diagrams in explaining the 

number of observed isomers and illustrates how single-, double-, and triple-bonded carbon 

atoms might be visually conceived. As one might expect, several of the images that appear in 

the Voorstel, namely those reproduced in figure 3-7, figure 3-8, and figure 3-10, also appear in 

La Chimie. However, La Chimie contains other images that provide us with further insight into 

Van ‘t Hoff’s conception of the structure of molecules, such as figure 3-11, which depicts two 

single-bonded carbon atoms as intersecting tetrahedra, the vertex of one coinciding with the 

centre of the other. This representation explicates Van ‘t Hoff’s ideas concerning the structure 

of single-bonded carbon atoms: an atom’s affinities share either a single bond that directly 

connects their cores (for carbon, the centre of the tetrahedra) or two co-linear affinities that 

are connected at their ends. 

                                                      

138
 “Die Thatsachen zwingen dazu die Verschiedenheit isomerer Molecule von gleicher Structurformel durch 

verschiedene Lagerung ihrer Atome im Raum zu erklären.” Wislicenus in Jacobus Henricus Van 't Hoff, La Chimie 
Dans L'espace (Rotterdam: P. A. Bazendijk, 1875). Title page. This quote by Wislicenus is from the 1869 Scientific 
Congress (Naturforscherversammlung) held in Innsbruck. Ramberg, Chemical Structure. p. 68. 
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Figure 3-11: Diagram depicting a molecule containing two carbon atoms that 
share a single bond. Note how one vertex of each tetrahedron intersects with 
the other’s centre. Van ‘t Hoff, La Chimie. Planche I. 

Later sources include more images of this type and help explicate which of the two 

aforementioned interpretations of bonding Van ‘t Hoff preferred. For example, his 1887 Dix 

années dans l’histoire d’une théorie, a much-revamped second edition of La Chimie, Van ‘t Hoff 

re-asserts his belief that a proper conception of bonding involves intersecting tetrahedra.139 

This book contains five images of such tetrahedra (figure 3-12), a significant number given that 

this work only contains fourteen images in total. 

                                                      

139
 Hacobus Henricus Van 't Hoff, Dix Années Dans L'histoire D'une Thérorie (Rotterdam: P. M. Bazendijk, 1887). p. 

71. For an English translation of this book, see Jacobus Henricus Van 't Hoff, Chemistry in Space (Oxford: Clarendon 
Press, 1891). 
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Figure 3-12: Images of intersecting tetrahedra. Diagram XIII indicates double-
bonding. Van ‘t Hoff, Dix années. The passages that concern these images can 
be found on pp. 71-2. 

Diagram XIII of figure 3-12 helps further inform us of Van ‘t Hoff’s views regarding the affinities 

of carbon. This image, which depicts a pair of double-bonded tetrahedra, suggests that the 

vertices of Van ‘t Hoff’s tetrahedra in figure 3-8 are not the affinities of central carbon atoms 

themselves, but rather the compounds which are bonded to those carbon atoms. This 

conception is in accordance with the visual representations Kekulé, as outlined in his 1867 

“Ueber die Constitution des Mesitylens”, where each element was considered to possesses its 

own affinities, fixed in direction, and where bonding was considered to occur where two 

affinities meet (recall figure 2-37). The difference between Kekulé’s and Van ‘t Hoff’s 

conceptions, of course, is that Van ‘t Hoff takes these representations to be indicative of the 

actual orientation of the carbon atoms’ affinities, where Kekulé makes no such assumptions. 

Under such a physical conception, the two affinities in diagram XIII actually meet each other at 

an angle. The points of the vertices in this diagram that correspond to the double bonds are 
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therefore meaningless with respect to the physical location of the affinities, as they only signify 

the form that the tetrahedra would have taken if it had not formed a double bond. 

Van ‘t Hoff continued to print images of his intersecting tetrahedra (including his doubly-

bonded one) in subsequent publications, including the second edition of Die Lagerung der 

Atome im Raume (1894) and the second volume of his Lectures on Theoretical and Physical 

Chemistry (1899), originally delivered at the University of Berlin during the winter and summer 

semesters of 1897-8.140 However, while Van ‘t Hoff might have believed that bonding was best 

expressed through intersecting tetrahedra, these diagrams were rare. Even though they might 

have depicted what he believed to be a more accurate portrayal of bonding, one imagines that 

they were more difficult to produce than vertex-bonded tetrahedral diagrams, which, for most 

situations, were sufficient to communicate the general points that Van ‘t Hoff hoped to make. 

Like many images we will consider in this work, Van ‘t Hoff’s images demonstrated a preference 

for simplicity and aptness over representational accuracy. While perhaps more representative 

of his views, the unnecessary complexity of his intersecting tetrahedral diagrams severely 

limited their role in his work, although the similarities between the two images permitted him 

to use them interchangeably as he saw fit. 

Another class of novel images that Van ‘t Hoff employed in his La Chimie are pairs of triangles 

arranged in columns. These triangles, a selection of which can be seen in figure 3-13, constitute 

a sort of top-down view of a single-bonded pair of carbon atoms, as is depicted in figure 3-11, 

except that one of the two carbon prisms appears to be rotated 60 degrees so that the triangles 

are not vertically coincident with each other.141 These images are invoked in an extended 

analysis of the possible numbers of isomers that may occur for a variety of generalized 

                                                      

140
 Jacobus Henricus Van 't Hoff, Die Lagerung Der Atome Im Raume (Braunschweig: Friedrich Vieweg und Sohn, 

1894), Jacobus Henricus Van 't Hoff, Lectures on Theoretical and Physical Chemistry: Part Ii Chemical Statics 
(London: Edward Arnold, 1899). 

141
 Alternatively, it might be that the top triangle is viewed from above and the bottom triangle from below, 

rendering them more in line with figure 3-11. In any case, the actual perspective with which the triangles are 
viewed is not relevant for Van ‘t Hoff’s argument about isomerism, the end to which such images are displayed.  
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compounds involving such pairs of single-bonded carbon atoms, a lengthy examination that 

runs over four pages and eleven pairs of triangles. As Van ‘t Hoff argues, a rotation of one 

carbon atom with respect to the other along their mutual axis of bonding would not yield 

distinct isomers, although a change in the ordering of groups attached to one of the carbon 

atoms would. An example of this can be seen in figure 3-13. Here, diagrams XIX-XXII are invoked 

in order to argue for the existence of two possible isomers for a pair of single-bonded carbon 

atoms, each of which are connected to generic groups R1, R2 and R3. 

 

Figure 3-13: An example of Van ‘t Hoff’s triangular diagrams demonstrating the 
possible isomers available to molecules containing two single-bonded carbon 
atoms. These four diagrams show the three possible isomers for a compound of 
the form C(R1 R2 R3)C(R1 R2 R3) (diagrams XX and XXI depict the same isomer). 
Van ‘t Hoff, La Chimie. Planche I. 

Two years later, in his Die Lagerung, Van ‘t Hoff drew rotating prism diagrams before his 

triangle diagrams (figure 3-14). It is very likely that this inclusion was to help better 

communicate his point. 



Form and Function: Seeing, Knowing, and Reasoning with Diagrams in the Practice of Science 

Chapter 3: Stereochemical Visual Representations 

118 

 

 

Figure 3-14: Single-bonded carbon atoms rotating along their axis of bonding. 
These represent compounds of the form C(R1 R2 R3)C(R4 R5 R6), of which four 
isomers are possible. Van 't Hoff, Die Lagerung (1877). p. 6. 

In La Chimie, similar exercises were carried out for a pair of double-bonded carbon atoms (as 

depicted in figure 3-10) and a chain of three double-bonded carbon atoms. Here, simple pairs 

of lines – parallel for the pair and perpendicular for the trio (the latter of which is depicted in 

figure 3-15) – take the place of triangles in demonstrating this isomerism. In all of these cases 

Van ‘t Hoff has reduced diagrams of three-dimensional shapes to highly abstracted planar 

images that contain only the shapes’ salient features. While tetrahedral diagrams were 

necessary for demonstrating the spatial origin of these proofs of isomerism, they were 

evidently deemed to be cumbersome, and ultimately unnecessary, for further reasoning. 
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Figure 3-15: Van ‘t Hoff’s representation of a compound of the form “(R1 R2) C = 
C = C (R3 R4)” and its two possible isomers. Van ‘t Hoff, La Chimie. Planche II. 

Diagram XXIX in figure 3-15 also marks the first tetrahedral image produced by Van ‘t Hoff that 

is not inscribed with dotted lines and a “C” marking the position of the carbon atoms at the 

prisms’ centres. This is a subtle but important omission as it indicates Van ‘t Hoff’s preference 

for prisms, and not stick-like tetrahedra, as employed by Kekulé and others. This trend towards 

solid geometrical objects, as opposed to three-dimensional stick figures, was continued 

throughout Van ‘t Hoff’s published work and is strongly reflected in his cardboard models, 

which will be discussed below. 

Van ‘t Hoff’s diagrams depicted in figure 3-13 and figure 3-15 are indicative of a broader, but by 

no means universal, tendency for diagrams to gradually become simplified and stripped to their 

supposed structural and conceptual cores with use, especially as the heuristic value of its 

complexity lessens over time. In the previous chapter we have seen how Kekulé abandoned the 

rules pertaining to his newly-developed tetrahedral models in his published works in favour of 

more casual modes of visual representation. In the following chapter we will see the gradual 

schematization of Feynman’s diagrams from his “Space-Time Approach to Quantum 

Electrodynamics” to his “The Theory of Positrons”. To be sure, this is by no means a universal 

process; diagrams frequently contain stylistic “relics”, especially when such relics play an critical 

important role in the way that scientists use diagrams to think about their targets. Therefore, 
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paying close attention to such simplifications over time (or lack thereof) can tell historians and 

philosophers much about the salient features of each diagram for their users. 

What is particularly interesting in this situation is that the diagrammatic “core” that Van ‘t 

Hoff’s images reduce to does not accurately represent the essential molecular structure 

described by Van ‘t Hoff, but rather the solid shapes drawn around such structures. The key 

features that distinguish this shape from such a skeletal structure, namely the shape’s edges 

and faces, hold no physical significance whatsoever. Van ‘t Hoff’s decision to draw (and provide 

instructions to his readers on how to construct or order – more on this below) prisms, not 

skeletal diagrams, is thus noteworthy. In favouring prisms Van ‘t Hoff opted for a manner of 

representation that was well-suited to communicating and conceptualizing three-dimensional 

spatial ideas in two dimensions rather than a manner of representation that more directly and 

accurately reflected his views on the fundamental features of atoms and molecules. The factors 

that surround this decision will be discussed in greater depth below, although we must first 

investigate certain other diagrams employed by Van ‘t Hoff in his La Chimie, as well as the use 

of his prism diagrams and models in the hands of others. 

 

3.2.3  Geometrical asymmetry and optical activity in La Chimie 

Further on in La Chimie, Van ‘t Hoff discusses whether or not the tetrahedral compounds that 

are centred around carbon atoms are geometrically regular or irregular. He argues for the 

possibility of non-symmetrical tetrahedral atoms on the basis of the mutual attraction between 

the four monovalent groups that can be bonded to a single carbon atom. If these four groups 

are identical, that is, if the compound is of the form C(R1)4, then the tetrahedron formed by the 

affinities of the carbon atom would be itself fully symmetrical. However, if the compound was 

of a non-symmetrical form, such as C(R1)3R2, the substance would take the form of an irregular 

tetrahedron, in this case one that only has three of the four distances between the groups and 



Form and Function: Seeing, Knowing, and Reasoning with Diagrams in the Practice of Science 

Chapter 3: Stereochemical Visual Representations 

121 

 

the tetrahedron’s centre being equal.142 Such speculation on the shape of the tetrahedron is 

not without empirical significance, as Van ‘t Hoff believed that such spatial asymmetry could 

explain the optical activity of certain chemical compounds.143 

Van ‘t Hoff had argued for a strong empirical correlation between the existence of a substance’s 

isomerism and its optical activity since the Voorstel, where he defended this hypothesis on 

empirical grounds, namely by providing the reader with a long list of asymmetric substances 

that were also found to be optically active. In La Chimie, this observed correlation is expanded 

upon and given a possible causal explanation that relies upon the spatial configuration of 

symmetric and asymmetric compounds. It is to this end that Van ‘t Hoff employs the diagrams 

reproduced below in figure 3-16. These images act not as illustrations, but as visual 

explanations of Van ‘t Hoff’s hypothesis of how geometrical asymmetry and optical activity are 

causally related. 

                                                      

142
 Van 't Hoff, La Chimie. pp. 15-6. 

143
 Ibid. pp. 24-5. 
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Figure 3-16: Diagrams used to explain Van ‘t Hoff’s assertion that geometrical 
asymmetry results in optical activity. From the perspective of a light ray passing 
through diagrams XXXV and XXXVI along the AB-axis, the compounds R1-R4 will 
be arranged in a counter-clockwise or clockwise helical fashion. Van ‘t Hoff, La 
Chimie. Planche II. 

Let us now take a moment to unpack Van ‘t Hoff’s argument for this hypothesis and consider 

how the diagrams shown in figure 3-16 help explain optical activity. The three diagrams in this 

figure (diagrams XXXIV-XXXVI) each show a side view of a fully-bonded carbon atom in space 

(below the horizontal lines) and a corresponding top-down view of that same substance (above 

the horizontal lines). To grasp why spatial asymmetry would result in optical activity, one must 

imagine rays of light traveling from the bottom to their top of the side-view diagrams in a 

direction parallel to the line formed by the A and B vertices. 

Diagram XXIV denotes a substance of the form C(R1)2R3R4, where vertices A and B both 

correspond to R1  and C and D correspond to R1 and R2. Diagrams XXXV and XXXVI denote fully-

asymmetrical substances of the form C(R1R2R3R4). Van ‘t Hoff argues that light rays traveling 

along the AB-axis that pass through the symmetrical substance shown in diagram XXIV would 

not be affected in the same way as similar light rays passing through the asymmetrical 
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substances depicted by diagrams XXXV and XXXI. From the point of view of a light ray traveling 

along the AB-axis, the compounds bonded to the carbon atom in diagrams XXXV and XXXVI are 

arranged in a helix, while no such helical arrangement exists in diagram XXXIV. Furthermore 

there is a mirror-symmetry along the AB-axis between the counter-clockwise helical 

arrangement of diagram XXXV and the clockwise arrangement of substances in diagram XXXVI. 

Van ‘t Hoff believed that the helical arrangement of such bonds was responsible for the 

rotation of polarized light by equal degrees when passing through such pairs of spatially 

asymmetric (isomeric) compounds, although he did not describe the physical details of how this 

stereochemical asymmetry would actually serve to rotate polarized light. 

While the images portrayed in figure 3-16 are not strictly necessary for understanding Van ‘t 

Hoff’s explanation of how geometrical asymmetry could lead to optical activity, Van ‘t Hoff’s 

point is considerably more difficult to grasp without their aid (or, even better, the material 

models XV-XVII, which correspond to these diagrams). Understood properly, these illustrations 

and their corresponding models serve to provide readers with an explanation – incomplete and 

tenuous as it may appear – of why only substances with asymmetrical carbon atoms have a 

rotating effect on polarized light. 

For our purposes, this explanation is particularly instructive as it highlights the advantage of 

using prisms as opposed to skeletal diagrams, as prisms appear to be more effective in helping 

the reader grasp Van ‘t Hoff’s point about the bonds of asymmetrical compounds being 

arranged in a helix. This point would be significantly less clear had Van ‘t Hoff employed skeletal 

diagrams, especially since at this time there was no broadly accepted visual convention for 

distinguishing bonds directed towards or away from the plane of the paper (recall the prism 

diagrams of figure 3-8, whose skeletal inscriptions are all represented by similar dotted lines 

regardless of direction). To demonstrate this, I have produced a purely skeletal representation 

of the bottom components of figure 3-16 below (figure 3-17). I propose this counterfactual 

image as a means of helping understand the motivation behind Van ‘t Hoff’s continued use of 

prisms, which, given their extensive application, were clearly preferred by Van ‘t Hoff to skeletal 

visual representations. 
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Figure 3-17: A skeletal rendition of figure 3-16. The three figures below are the 
author’s. 

Van ‘t Hoff’s geometrical explanation of optical activity also points towards an interesting 

similarity, namely between his prism diagrams and the images of crystalline structures 

employed by mineralogists and crystallographers. This raises the possibility that Van ‘t Hoff may 

have been inspired, consciously or otherwise, by crystallographical visual conventions that 

extensively made use of solid geometrical objects. 

While Van ‘t Hoff was not operating squarely within the crystallographical tradition he was 

nevertheless familiar with several of its key texts and findings, and, by extension, its graphical 

conventions. Specifically, Van ‘t Hoff indicates a familiarity with the work of 

mineralogist/chemist Karl Friedrich Rammelsberg, especially his 1855 Handbuch der 

krystallographischen Chemie, which he cites in both the Voorstel and La Chimie as the origin of 

the notion that optical activity is linked to the existence of mirror-image crystalline forms.144 

Indeed, the notion that enantiomorphism (mirror-image symmetry at the molecular or 

crystalline level) gives rise to optical activity has its roots in experiments carried out by Louis 

Pasteur, who Van ‘t Hoff also mentions in both texts. In the late 1840s Pasteur identified the 

                                                      

144
 Van ‘t Hoff in Ramberg and Somsen, "The Young J. H. Van 'T Hoff." p. 72. Van 't Hoff, La Chimie. pp. 20-1. 
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cause of optical activity in tartaric acid, but not the compositionally identical racemic acid, as 

lying in the asymmetric geometrical structure of tartrate crystals and the observation that 

racemic acid is composed of both right- and left-handed forms of these enantiomorphic crystals 

in equal parts.145 Pasteur first published on this subject in 1848 and continued to do so for 

several years.146 

Both Rammelsberg and Pasteur were explicitly mentioned by Van ’t Hoff in his discussion of the 

connection between a compound’s spatial asymmetry and its optical activity. An inspection of 

Rammelsberg’s Handbuch and Pasteur’s published work reminds us that, unlike organic 

chemists, crystallographers used solid, prismatic depictions that were amenable to displaying 

the facets and macroscopic geometrical structure of crystalline objects.147 Moreover, these 

representations are stylistically similar to those used by Van ‘t Hoff. 

                                                      
145

 It is worth noting that research into the effects of crystals on polarized light did not begin with Pasteur. While 
the earliest research in this area dates back to the early modern investigations of, among others, Christiaan 
Huygens, research into the crystalline phenomena of double refraction, later broadened to all phenomena related 
to the effects of crystals on polarized light, appears to have been a subject of particular interest to early 19th 
century savants such as Étienne Louis Malus, François Arago, Jean-Baptiste Biot, and Eilhard Mitscherlich. By the 
early 1800s investigators such as Biot and his colleague Louis Thenard were quite confident that the difference in 
optical activity between otherwise chemically identical crystals, such as the doubly-refractive calcspar (calcite) and 
apparently non-refractive aragonite (both forms of calcium carbonate, CaCO3), was due to a genuine difference in 
their constituent molecules’ physical manner of aggregation, that is, their geometrical arrangement. For a sound 
history of research at the intersection of crystallography and physical optics, as well as a discussion of the events 
leading up to Pasteur’s 1848 experiments, see Mauskopf, "Crystals and Compounds." 

146
 L. Pasteur, "Recherches Sur Les Relations Qui Peuvent Exister Entre La Forme Cristalline, La Composition 

Chimique, Et Le Sens De La Polarisation Rotatoire," Annales de Chimie et de Physique, 1848, 24:442-59. 

147
 This is, of course, not to suggest that crystallographers never used such skeletal (or similar) representations, 

merely that the majority of images used in the field of crystallography, or at least those which Van ‘t Hoff likely 
encountered, were three-dimensional projections, and were thus visually similar to his own images. 

A survey of the visual styles of crystallographers can be found in James Elkins, The Domain of Images (Ithaca, NY: 
Cornell University Press, 1999). Ch. 2. 
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Figure 3-18: A typical sample of crystallographical images found in 
Rammelsberg’s 1855 Handbuch. Rammelsberg, Handbuch. p. 306. 

 

Figure 3-19: Pasteur’s 1852 drawings of the optically active form of ammonium 
bimalate. Figs. 10 and 11 show both left- and right-handed forms of this 
compound. Pasteur, “Memoire sur les acides asparatique et malique”. 

Consider, for example, the sets of images contained in figure 3-18 and figure 3-19. The first set 

of images is taken from Rammelsberg’s encyclopaedic 1855 Handbuch, the second set from a 

paper published by Pasteur in 1852 titled “Memoire sur les acides aspartique et malique”, 

which discusses, among other things, the optically active and inactive forms of ammonium 

bimalate, a compound whose optical activity was explicitly noted by Van ‘t Hoff in his 1887 Dix 

années.148 The style of representation used in these figures was fairly typical for 

crystallographic imagery, and was used both in print and in models. In fact, Pasteur even 

created scaled-up models of chemical compounds to help demonstrate his enantiomorphic 

                                                      

148
 C. F. Rammelsberg, Handbuch Der Krystallographischen Chemie (Berlin: Verlag von P. Jenrenaud, 1855).  
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discoveries.149 Indeed, the similarity between Pasteur’s model of tartaric acid depicted in figure 

3-20 and Van ‘t Hoff’s models discussed below is certainly not without significance. 

 

Figure 3-20: Material model of tartaric acid created by Pasteur. The College of 
Physicians of Philedlphia, "The History of Vaccines". 

It is clear from his publications that Van ‘t Hoff was familiar with both Rammelsberg’s Handbuch 

and Pasteur’s investigations (which, after all, are the origin of Rammelsberg’s claims). It is very 

likely that Van ‘t Hoff also encountered other crystallographical texts and models throughout 

his education and training. Could this tradition of graphical depiction have influenced his 

decision to represent molecules as geometrical solids, and not as skeletal configurations of 

vertices and edges? While it is impossible to know to extent of the impact that 

crystallographical diagrams and models had on Van ‘t Hoff’s representations, it is likely that 

they had some influence. If nothing else, Van ‘t Hoff’s inclusion of two diagrams representing 

                                                      

149
 H. D.  Flack, "Louis Pasteur's Discovery of Molecular Chirality and Spontaneous Resolution in 1848, Together 

with a Complete Review of His Crystallographic and Chemical Work," Acta Crystallographica Section A, 2009, 
65:371-89. p. 375. 

One of Pasteur’s material models is presently on display at the College of Physicians of Philadelphia. It can also be 
viewed online. The History of Vaccines, (2010 [cited 2013]); available from 
http://www.historyofvaccines.org/content/crystal-model. 
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asymmetrical crystalline forms in his 1887 Dix années strongly suggests that at least some of his 

images drew upon the visual vocabulary of crystallographical visual representations. 

 

Figure 3-21: Two diagrams representing asymmetrical crystalline forms. Van ‘t 
Hoff, Dix années. 

 

3.2.4 Back to benzene: Van ‘t Hoff and the structure of aromatic 
compounds 

That final set of Van ‘t Hoff’s diagrams that we will closely examine in this chapter are those 

that depict aromatic compounds, specifically the spatial configuration of benzene. As 

mentioned in the previous chapter, Kekulé had argued that benzene and other aromatic 

compounds were best conceived of as cyclical structures with a ring of six carbon atoms 

forming their core. While Kekulé’s cyclical conception of the benzene ring is now hailed as one 

of the most significant achievements of Kekulé’s career, it was not the only possible 

configuration of six carbon atoms available to Kekulé and his contemporaries. In fact, Kekulé’s 

proposal, in which each carbon atoms was bonded to (and only to) its immediate neighbours, 

was not the only possible way in which a hexagonal arrangement of carbon atoms could 

distribute their valences. 

By the late 1860s at least four alternatives to Kekulé’s purely cyclical arrangement had been 

proposed, although none of these proposals, Kekulé’s included, were truly unproblematic. 

These proposals were discussed in a tract penned by Kekulé in 1869 titled “Ueber die 

Constitution des Benzols”, which visually depicts a spectrum of possible configurations (figure 
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3-22). Each configuration discussed by Kekulé is hexagonal, indicated by the six bonds 

connecting the six vertices of the hexagon representing the compounds’ carbon atoms. In 

addition to these six bonds, each configuration contains three extra bonds which are indicated 

by additional lines connecting the carbon vertices. 

 

Figure 3-22: Five possible ways depicting the structure of benzene, as discussed 
by Kekulé in 1869. Kekulé, “Ueber die Constitution des Benzols”. p. 363. 

In this short article Kekulé briefly assesses several, but not all, of these various proposals. He 

does not discuss No. 2, which may have been proposed by Wurtz, most likely because of its 

assumption that carbon atoms do not have a fixed valence of four.150 He also refrains from 

discussing No. 4, which was advocated by James Dewar, Georg Staedeler, and Hermann 

Wichelhaus, an implicit dismissal that was likely the result of the structure’s inherent 

asymmetry which would have resulted in a greater number of substitution products than were 

observed.151 Kekulé briefly touches upon No. 3, which depicts each carbon atom in the ring as 

bonded with the atom directly opposite it (the bonds do not touch in the centre but cross over 

the middle). This structure was initially proposed by Adolph Claus in 1867 and employed by 

                                                      

150
 The suggestion that Wurtz might have at one time advocated for No. 2 is made by Paoloni, "Stereochemical 

Models." p. 15. 

151
 This precise criticism was leveled against this the structure of No. 4 by Ladenburg. A. Ladenburg, "Ueber 

Benzolformeln," Berichte der deutschen chemischen Gesellschaft, 1869, 2:272-4. p. 273. 
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Wilhelm Koerner in 1869, the latter of whom envisaged the configuration occurring over three 

dimensions, as well as Hermann Kolbe, to whom Koerner’s stereospatial representation would 

have constituted a grievous scientific sin.152 Notably, Koerner depicted his proposal by means of 

skeletal diagrams, seen below in Figure 3-23, further evidence of the growing popularity of 

skeletal representations around the late 1860s.153 While Kekulé proclaims to have found this 

representation to be promising “for a long time”, he had obviously changed his mind by 1869, 

given his failure to discuss it further.154 Incidentally, with the exception of No. 2, it is possible to 

construct material models for each of these diagrams by using Kekulé’s models discussed in the 

previous chapter, although only Kekulé’s proposal is possible to construct by means of Kekulé’s 

corresponding two-dimensional skeletal diagrams.155 

 

Figure 3-23: Koerner’s 1869 representations of his proposed arrangement of 
benzene. Black balls represent carbon atoms and white balls represent 
hydrogen atoms. The diagram on the left is a top-down view, in whcih half of 
the compound’s carbon atoms are obscured by hydrogen atoms and vice versa. 
The diagram on the right is intended to help illustrate this view. Koerner, 
“Luogo Chimico”. p. 241. 

                                                      

152
 Alan Rocke has written extensively on Kolbe’s resistance to physical conceptions of the chemical realm. See, for 

example, Rocke, Image & Reality. Ch. 6. 

153
 W. Koerner, "Fatti Per Servire Alla Determinazione Del Luogo Chimico," Giornale di scienze naturali ed 

economiche, 1869, 5:208-56. For more on Koerner’s model, see Paoloni, "Stereochemical Models." 

154
 August Kekulé, "Ueber Die Constitution Des Benzols," Berichte der Deutschen Chemischen Gesellschaft, 1869, 

2:362-5. Kekulé’s commentary on these proposals occurs on p. 364. For an English summary of Kekulé’s 
commentary, and an analysis of why Kekulé took Ladenburg’s proposal more seriously than the rest, see Paoloni, 
"Stereochemical Models." pp. 12-4. 

155
 For more on proposal 3, see Koeppel, "Benzene-Structure Controversies, 1865-1920". pp. 116-9. 
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The configuration represented by diagram No. 5 was taken more seriously by Kekulé, who 

“found much beauty” in it, although from an allegedly “different point of view” *Gesichtspunkt] 

than that of its advocate, Albert Ladenburg, a veteran of Kekulé’s laboratory. This structure, 

originally proposed as a possibility by Claus in 1866 alongside his own preferred structure (No. 

3), found a champion in Ladenburg, who defended No. 5 in two articles published in 1869.156 In 

these articles, Ladenburg asserted that his model, which he characterized as a triangular prism, 

not a ring, was substantively different from Kekulé’s hypothesis on the grounds that it predicted 

three, not four “diderivatives”, substitution products where two hydrogen atoms are replaced 

with other compounds. This criticism assumes the fixity of the double bonds of Kekulé’s 

proposal, an assumption that Kekulé modified in light of Ladenburg’s claims with his 1872 

“oscillation hypothesis”, which asserts that the double bonds in the ring “oscillate” between the 

various carbon atoms, resulting in an overall symmetry.157 With this modification, Kekulé’s 

cyclical proposal became functionally identical with Ladenburg’s with respect to the predicted 

number of isomers for its various derivatives, at least when Ladenburg’s formula was not taken 

stereospatially. 

Incidentally, Ladenburg’s first article included three diagrams that helped with the visualization 

of his proposal, each of which refer to the same bonding relationship between the six carbon 

atoms (figure 3-24). Of these three representations, Ladenburg’s preferred the middle “prism” 

diagram; in his follow-up article he exclusively used this image to represent his alternative 

proposal, which he characterized as “an equilateral triangular prism”.158 

                                                      

156
 A. Ladenburg, "Bemerkungen Zur Aromatischen Theorie," Berichte der deutschen chemischen Gesellschaft, 

1869, 2:140-2. Ladenburg, "Ueber Benzolformeln." 

157
 August Kekulé, "Ueber Einige Condensationsproducte Des Aldehyds," Annalen der Chemie, 1872, 162:77-123. 

This article also includes a discussion of the various proposals concerning the structure of benzene, which is similar 
to the discussion found in Kekulé’s 1869 “Ueber die Constitution des Benzols”. 

158
 Ladenburg, "Ueber Benzolformeln." p. 273. 
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Figure 3-24: Ladenburg's three 1869 depictions of his alternative proposal to 
the structure of benzene. Only the middle diagram was reproduced in his 
subsequent work on the same subject. Ladenburg, "Bemerkungen". p. 141. 

Van ‘t Hoff discussed the respective merits of Kekulé’s and Ladenburg’s theories regarding the 

structure of benzene at least twice: in the fourth chapter of his 1875 La Chimie and one year 

later in his “Die Ladenburg'sche Benzolformel”.159 Given that over a third of the diagrams that 

appear in La Chimie are drawn in the context of this comparison, we will now turn our attention 

towards his thoughts on these structures and the role that his aromatic images played in his 

thinking about them.160 

In chapter four of La Chimie, Van ‘t Hoff assesses Kekulé’s and Ladenburg’s views regarding the 

structure of benzene by means of his stereospatial methodology. He begins by recounting 

Ladenburg’s 1869 critique of Kekulé’s fixed-bond hexagon, which is that it leads to four isomers, 

                                                      

159
 Jacobus Henricus Van 't Hoff, "Die Ladenburg'sche Benzolformel," Berichte der deutschen chemischen 

Gesellschaft, 1876, 9:1881-3. 

160
 It is worth mentioning that Van ‘t Hoff also addressed the issue of isomerism and the triangular pyramid in an 

open letter written in response to Buys Ballot’s published critique of his La Chimie. This article, “Isomerie en 
atoomligging”, appeared in the Dutch journal Mandblad voor Natuurwetenschappen in November, 1875. However, 
Van ‘t Hoff’s claims in this article, that the various configurations of compounds consisting of six carbon atoms can 
be compared on the basis of their isomers, consisted of more abstract considerations, as he compared an 
octahedron, a triangular pyramid, and a pentagonal pyramid, and not the ring structure proposed by Kekulé. Van ‘t 
Hoff’s goal in this work was not to compare Kekulé and Ladenburg’s theories but rather to demonstrate that such 
comparisons were possible in the first place. 

Jacobus Henricus Van 't Hoff, "Isomerie En Atoomligging: Antwoord Op Den Openbaren Brief Van Dr. C.H.D. Buys 
Ballot," Maandblad voor Natuurwetenschappen, 1876 [1875], 6:37-45. A German translation of Van ‘t Hoff’s open 
letter can be found in Ernst Cohen, Jacobus Henricus Van't Hoff: Sein Leben Und Wirken (Leipzig: Akademische 
Verlagsgesellschaft m.b.H., 1912). pp. 104-13. 
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not three. Van ‘t Hoff then asserts that, unbeknownst to Ladenburg, the prism representations 

also yield four isomers, resulting in “a perfect equality between the consequences of the 

symbols of Mr. Kekulé and of that of Mr. Ladenburg”.161 This extra isomer is generated by 

considering Ladenburg’s prism stereospatially and recognizing instances of “non-

superimposable mirror images”, such as those seen below in diagrams XLII and XLIII of figure 

3-25. The diagrams produced by Van ‘t Hoff that depict Ladenburg’s prism do not exhaust the 

totality of isomers mentioned (four in the case of diagrams XXXIX and XLII and five in the case of 

XL and XLIII), but nevertheless serve to generally illustrate his point; Van ‘t Hoff’s readers could 

convince themselves of the precise total number of isomers themselves. 

 

Figure 3-25: Van ‘t Hoff’s depictions of Kekulé’s and Ladenburg’s 
representations of benzene derivatives. The pairs of diagrams given for each 
type of substitution are not exhaustive; more configurations must be 
considered to acknowledge Van ‘t Hoff’s point, that the numbers of isomers of 
benzene derivatives predicted by Kekulé’s unrevised hexagonal representations 
and Ladenburg’s prism representation are in fact equal. Van ‘t Hoff, La Chimie. 
Plate III. 

                                                      

161
 Van 't Hoff, La Chimie. p. 39. 
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This change in the number of predicted isomers leads to the interesting possibility of comparing 

Ladenburg’s prism model against Kekulé’s revised “oscillating” hypothesis. When considered 

stereospatially, Ladenburg’s prism yields four isomers for compounds of the form C6(R)4(X)2 and 

five for compounds of the form C6(R)4XY, while Kekulé’s oscillating hexagon only yields three 

isomers for each configuration. This difference allowed Van ‘t Hoff the opportunity to assess 

Kekulé’s and Ladenburg’s proposals by comparing their expected isomers with empirical 

findings. Specifically, Van ‘t Hoff considered the work of Friedrich Fittica, who claimed to have 

discovered a number of isomers in excess of those expected: four for nitrobenzoic acid, a 

compound of the form C6R2XY, and three for nitroparatoluic acid, a compound of the form 

C6R3XYZ in the “para” form. These examples permitted a straightforward comparison between 

the two representations. Van ‘t Hoff concluded that in both cases only the Ladenburg prism 

could account for the extra isomers. Diagrams similar to those found in figure 3-25 were 

produced to help Van ‘t Hoff communicate his point. 

Van ‘t Hoff’s opinion on the superiority of Ladenburg’s prism formula would change the 

following year, as is indicated by the publication of his “Die Ladenburg'sche Benzolformel”. This 

brief article begins by discussing Ladenburg’s most recent claim, made in his short 1876 book 

Theorie der aromatischen Verbindugen, that his prism is superior to Kekulé’s hexagon, although 

Ladenburg nevertheless accepts Kekulé’s hexagon to a degree and regards it “as well if not 

better suited that the prism formula for further speculations”.162 As in his La Chimie, Van ‘t Hoff 

asserts an equality between Kekulé’s fixed-bond hexagon and Ladenburg’s prism, and notes 

that they both result in predictions that differ from Kekulé’s oscillating hypothesis. Specifically, 

Van ‘t Hoff notes how the asymmetry in Ladenburg’s prism formula results in two ortho- and 

meta- derivatives of benzene of the form C6H4XY. This prediction is not supported by 

experiment, as only one form of each are found, a result that is only in accordance with 

                                                      

162
 Van 't Hoff, "Die Ladenburg'sche Benzolformel." p. 1881. For the original passage, see A Ladenburg, Theorie Der 

Aromatischen Verbindungen (Braunschweig: Friedrich Vieweg und Sohn, 1876). p. 28. Given Ladenburg’s use of 
both his and Kekulé’s formulas later on in his text, such “further speculations” include the determination of 
relative positions of substitution products within aromatic compounds, found in chapter four of his Theorie. 
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Kekulé’s oscillation hypothesis. Van ‘t Hoff asserts that “Where Kekulé has already given a 

certain view of the double bonds, which has at least demonstrated the possibility to overcome 

the difficulties in the hexagon, they remain in Ladenburg’s formula.” He confidently concludes 

that Kekulé’s modified hypothesis “is not only simpler, but also the benzene formula that 

accords the most with the facts.”163 

In this article Van ‘t Hoff does not mention his earlier endorsement of Ladenburg’s prism. This is 

most likely due to the fact that the experimental work performed by Fittica that Van ‘t Hoff 

previously invoked to argue in favour of Ladenburg’s formula had since been disputed. 

Ironically, this refutation, which in Van ‘t Hoff’s eyes undermined the superiority of Ladenburg’s 

formula, came from none other than Ladenburg himself, who, drawing on his own work as well 

as the experimental findings of Heinrich Hlasiwetz and Heinrich Limpricht, argued against 

Fittica’s claim that more than three (at first four, later six) isomers of nitrobenzoic acid could 

exist.164 Given these developments, it is probable that Van ‘t Hoff’s publication was in response 

to Ladenburg’s Theorie, which reasserted his refutation of Fittica’s results.165 Incidentally, 

Ladenburg’s Theorie is the only work that Van ‘t Hoff’s “Die Ladenburg'sche Benzolformel” 

explicitly references. 

Returning to La Chimie, the remainder of chapter four, the final chapter of the book, is devoted 

to further comparisons between Kekulé and Ladenburg’s representations of benzene, which 

involve both two- and three-dimensional diagrams to envisage the isomeric possibilities that 

each conception of benzene and its derivatives contain, followed by a brief return to the 

subject of optical activity. The reasoning used in these further isomeric points is similar to that 

which we have already encountered and we will therefore omit a detailed analysis of it. 

                                                      

163
 Van 't Hoff, "Die Ladenburg'sche Benzolformel." p. 1883. 

164
 A Ladenburg, "Ueber Isomere Bisubstitutionsderivate Des Benzols (1)," Berichte der Deutschen Chemischen 

Gesellschaft, 1875, 8, no. 1:535-6. A Ladenburg, "Ueber Isomere Bisubstitutionsderivate Des Benzols (2)," Berichte 
der Deutschen Chemischen Gesellschaft, 1875, 8, no. 1:835-5. 853-5. 

165
 Ladenburg, Theorie Der Aromatischen Verbindungen. p. 22. 
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However, before moving on, it is worth noting an statement that Van ‘t Hoff makes regarding 

his tetrahedral representations. 

This point, which immediately follows the comparisons discussed in three paragraphs ago, is 

simple and straightforward: “The figs. 37 and 38 [figure 3-26] demonstrate that my manner of 

visualizing applies just as well to the views of Mr. Kekulé as they do to those of Mr. Ladenburg, 

and does not lead to any exception regarding the number of predicted isomers.”166 Regardless 

of whichever representation one favours, benzene can ultimately be understood in terms of 

Van ‘t Hoff’s tetrahedra, with all of its stereochemical implications. 

 

Figure 3-26: Ladenburg’s and Kekulé's conceptions of benzne, represented 
through Van 't Hoff's tetrahedra. Note how the tetrahedra that compose 
Ladenburg's prism are not uniform, as to retain the prism shape. Van 't Hoff, La 
Chimie. Plate II. 

Before leaving this subject, we shall compare Van ‘t Hoff’s assessments of Ladenburg’s formula 

to Ladenburg’s own, and, in doing so, will see the difference that stereospatial reasoning 

(facilitated through Van ‘t Hoff’s diagrams) made to the question of how many isomers there 

are to bi-derivatives of benzene. In his 1876 Theorie, Ladenburg describes his prism formula for 

benzene and discusses the possible positions that atoms may have within isomers of benzene 

derivatives. While Ladenburg reproduces the three diagrams seen in figure 3-24, he 
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 Emphasis in the original. Van 't Hoff, La Chimie. p. 40. 
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nevertheless relies for the most part on his prismatic one, drawing it eleven more times 

alongside representations of Kekulé’s hexagonal ring in order to display the positions of 

substituted compounds within benzene derivatives. 

Throughout this work, it is clear that Ladenburg was not thinking stereospatially; his reasoning 

regarding the number of permitted isomers under various circumstances would not follow for 

Van ‘t Hoff, who understood isomerism as the inability of one compound to be stereospatially 

rotated into another. For example, in figure 3-27 we see Ladenburg’s assessment of the various 

ways that a compound of the form C6H2X2Y could be formed from the “meta” configuration of 

C6H3XY. Here, Ladenburg claims that there are three such ways, a result that coincides with 

empirical results and is consistent with Kekulé’s hexagonal manner of representation. However, 

if he were to consider this problem stereospatially, as Ladenburg did not, he would instead 

have claimed that there are four such isomeric derivatives. While both Van ‘t Hoff and 

Ladenburg used Ladenburg’s prism to predict the number of potential isomers, Van ‘t Hoff’s 

stereospatial interpretation of Ladenburg’s prism resulted in more isomers than Ladenburg’s 

non-stereospatial interpretation. 

 

Figure 3-27: Ladenburg's 1876 representations of the two possible substitutions 
that can be made on ortho-derivatives. Ladenburg, Theorie der aromatischen 
Verbindungen. p. 39. 
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By the mid-1870s most organic chemists, including Ladenburg, were drifting towards a 

functional adoption, if not a full endorsement, of Kekulé’s cyclical hypothesis.167 Even if the 

exact manner of bonding within the benzene ring was unknown, there was nevertheless a 

growing general consensus that benzene was in fact a ring, or at the very least could be 

regarded as one unproblematically, especially insofar as diagrammatic depictions of it were 

concerned. As we noted above, even Ladenburg’s 1876 Theorie der aromatischen 

Verbindungen, which argues for the superiority of his own prism representation, grants 

Kekulé’s representation equal if not greater status in its introduction, and, as can be seen in 

figure 3-27, graphically equal representation through the majority of the text. Regardless, the 

problem of the precise structure of the benzene nevertheless persisted to some degree until 

the early decades of the 20th century.168 In the second volume of his Handbuch der 

Stereochemie, published in 1894, Carl A. Bischoff, whose textbook made extensive use of 

skeletal diagrams, including hexagonally arranged benzene rings, refused to pass judgement on 

the stereospatial composition of aromatic compounds. Instead, Bischoff remarked that “Since 

the question of the configuration of cyclohexane and of the constitution and configuration of its 

unsaturated derivatives (benzene et al) is not yet definitely determined, only a compilation of 

the relevant literature to facilitate guidance is given here”. Bischoff then proceeded to provide 

an extensive graphical review of all known proposed configurations.169 While many of these 

images were not under consideration at the time of Van ‘t Hoff’s La Chimie, they are 

nevertheless included below to provide the reader with an idea of the complexity that the 

                                                      

167
 Rocke, Quiet Revolution. p. 298 

168
 Koeppel, "Benzene-Structure Controversies, 1865-1920". A Sementsov, "The Spatial Configuration of the 

Benzene Molecule and the End of the Kekulé Formula," in Kekulé Centennial, ed. O. Theodor Benfey, Advances in 
Chemistry (Washington, D.C.: American Chemical Society, 1966). Stephen G. Brush, "Dynamics of Theory Change in 
Chemistry: Part 1. The Benzene Problem 1865-1945," Studies in the History and Philosophy of Science, 1999, 30, no. 
1:21-79. 

169
 “Da die Frage nach der Konfiguration des Hexamethylens und nach der Konstitution und Konfiguration des 

seiner ungesättigten Derivate (Benzol u. a.) noch nicht definitive entschieden ist, so sei hier zur Erleichterung der 
Orientierung lediglich eine Zusammenstellung der einschlägigen Litteratur gegeben,” Carl Adam Bischoff, 
Handbuch Der Stereochemie, Vol. 2 (Frankfurt am Main: Verlag von H. Bechhold, 1894). p. 645. 
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problem of aromatic compounds continued to pose throughout the latter half of the 19th 

century. 

 

Figure 3-28: Bischoff’s 1894 list of the variety of historical forms given to 
describe the structure benzene and its associated compounds. Bischoff, 
Handbuch. pp. 645-8. 

 

3.3  Van ‘t Hoff’s molecular models 

Finally, we turn to Van ‘t Hoff’s material models. Early on in La Chimie, shortly after he 

introduced his diagrammatic graphical representations, Van ‘t Hoff makes the following remark 

in a footnote: 
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There might be some difficulty in following my reasoning. I felt this myself, and I 

have made use of cardboard figures to facilitate the representation. Not wanting to 

require too much of the reader I will gladly send him the complete collection of all 

these objects, as found in the hands of Misters Baeyer (Strasbourg), Boutlerow (St. 

Petersbourg), Henry (Louvain), Hofmann (Berlin), Kékulé (Bonn), Frankland 

(Londres), Wislicenus (Wurzbourg), Wurtz and Bertholet (Paris).170 

Indeed, Van ‘t Hoff did produce sets of three-dimensional cardboard models that corresponded 

to the images produced in his works. As he stated, Van ‘t Hoff sent these models to the 

chemists listed above, as well as to a number of other individuals who took him up on his offer 

to receive them. As Trienke van der Spek discusses at length, these models (and the 

announcement that they were in the hands of a number of Europe’s top chemists) were 

instrumental in the promotion of Van ‘t Hoff’s stereochemical views.171 However, for our 

purposes, we will consider these models not as promotional material (which they certainly 

were), but rather as epistemic tools, objects used to represent Van ‘t Hoff’s ideas and to 

facilitate stereochemical thinking. 

There are only two known institutions that are in possession of Van ’t Hoff’s original models. 

One set is held by the Deutsches Museum in Munich (donated to the museum by Van ‘t Hoff 

himself around 1905) and two sets lie in the Museum Boerhaave in Leiden (both donated to the 

museum by Van ‘t Hoff’s colleague Gustav Bremer).172 The Deutsches Museum models are 

thought to be older, and it is likely that they were made prior to the publication of La Chimie, 

that is, prior to May, 1875. These models may have been the prototypes for those that Van ‘t 

Hoff offered to send his readers in La Chimie. Of the two Leiden sets, one set (referred to as 

“Leiden 1” by van der Spek) contains custom-made models of optically active compounds that 

Van ‘t Hoff constructed for Bremer to help him with his research (Bremer received this set in 
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 Van 't Hoff, La Chimie. p. 7 (note 1). 

171
 Van der Spek, "Selling a Theory." 

172
 These sets can be viewed online. Museum Boerhaave, Leiden, ([cited 2012]); available from 

www.museumboerhaave.nl. Inventory numbers V10239, V31272. 
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July, 1875). The other set (“Leiden 2”) is more extensive, and contains models described in La 

Chimie as well as others that may have been prototypes for the geometrical nets provided in his 

1877 Die Lagerung. These were also likely made around 1875, although it is possible that the 

models in this set were constructed at different times, since it contains models of significantly 

different styles and sizes.173 

 

Figure 3-29: A set of Van ‘t Hoff’s models held by the Museum Boerhaave. 
"Museum Boerhaave", http://www.museumboerhaave.nl. Inventory number 
V31272. 

Van ‘t Hoff’s models were intended to accompany his published La Chimie, which (sometimes 

incorrectly) references them by their model number in footnotes throughout the book. The 

surviving models correspond to many of the book’s images. These include models that depict 

compounds containing more than one carbon atom, such the double-bonded compounds 

depicted in figure 3-10, the triple-bonded molecule depicted in figure 3-15, and the intersecting 

tetrahedra of figure 3-11. Many of these models are straightforward three-dimensional 

versions of the images that appear in La Chimie, with coloured or labelled vertices indicating 

the different compounds that are bonded to the central carbon atom. 
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 Van der Spek, "Selling a Theory." pp. 161-4. 
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However, Van ‘t Hoff did not restrict himself to direct three-dimensional reproductions of his 

printed images. One compound, which contains at its center a pair of double-bonded carbon 

atoms, is depicted by two separate models in the Deutsches Museum set. It is represented both 

by a three-dimensional version of figure 3-10 as well as by a flattened diamond-shaped 

projection of the three-dimensional model (figure 3-30). As van der Spek suggests, the 

prototypical nature of this set suggests that it might contain some of Van ‘t Hoff’s early 

experiments with different approaches to molecular representations which were not 

reproduced in later sets. Nevertheless, this variant is unique, and the majority of Van ‘t Hoff’s 

models that differed from his images did so in a more systematic way. 

 

Figure 3-30: Two of Van ‘t Hoff’s models held by the Deutsches Museum in 
Munich. Both models represent a molecule that contains at its core a pair of 
double-bonded carbon atoms. Van der Spek, “Selling a Theory”. p. 162. 

The models that systematically represent molecules in an alternative manner to those with 

coloured or labelled vertices are explained in a footnote in La Chimie, in which Van ‘t Hoff 

states that, for some of his models, the tetrahedra’s vertices are replaced by faces. As is the 

case for his models with coloured vertices, differently coloured faces indicated the different 

compounds bonded to the central carbon atom (or atoms). These ‘face models’ are described 

by Van ‘t Hoff’s as “easier” than his ‘vertex models’.  Moreover, as Van ‘t Hoff assures his 

readers, they lead “absolutely to the same result”.174 Van ‘t Hoff’s face models include 

tetrahedra, which (as always) denote compounds bonded around a single carbon atom, and 
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 Van 't Hoff, La Chimie. p. 7 (note 2) 
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triangular bipyramids, which denote two carbon atoms connected by a single bond (figure 

3-31). 

 

Figure 3-31: A number of Van ‘t Hoff’s material models. These models take the 
forms of tetrahedra and triangular bipyramids, respectively denoting molecules 
centered around single carbon atoms or pairs of single-bonded carbon atoms. 
"Museum Boerhaave", http://www.museumboerhaave.nl. Inventory number 
V10239. 

The supposed equality between these ‘vertex’ and ‘face’ material representations is guaranteed 

by the mathematical fact that one tetrahedron can be inscribed by another, with the centres of 

the larger solid’s faces forming the vertices of the smaller solid. These face models do, of 

course, involve a change of representational significance from his vertex models, as the 

meaningless faces of Van ‘t Hoff’s vertex models now acquire significance while the meaningful 

vertices of the vertex models lose theirs. However, for the points that Van ‘t Hoff wishes to 

make about asymmetry, and, consequently, isomerism, there seems to be little downside to 

these ‘face’ representations, with the possible exception that bonded carbon atoms in Van ‘t 

Hoff’s face models cannot be rotated about each other as the atoms in his vertex models 

can.175 

However, the representational ease that Van ‘t Hoff ascribes to his face models masks a more 

fundamental shortcoming, namely the inability of face models to represent double- or triple-

bonding. While Van ‘t Hoff can construct triangular bipyramids, as seen in figure 3-31, to 

                                                      

175
 This is not in principle impossible: one could easily construct a bipyramid in such a manner as to allow its halves 

to rotate about a central axis. However, there is no indication that Van ‘t Hoff constructed such a rotatable model. 
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represent pairs of single bonded carbons, he would have been hard-pressed to manipulate two 

tetrahedra so that two of each of their four faces come into contact. Multiple tetrahedra can be 

made to have the centre of their faces touch, but this would require some fairly involved 

manipulation which would defeat the ease of use, the reason that face models were used 

instead of vertex models in the first place. In considering Van ‘t Hoff’s face models, we have 

returned to the theme of ease of use, a theme that has previously helped us understand Van ‘t 

Hoff’s preference for drawing tetrahedra that meet at their vertices, even though he believed 

that this representation was somewhat inaccurate. 

Did Van ‘t Hoff ever believe that a face-centered conception of bonding was in fact preferable 

to a vertex-centered conception of bonding? This is unlikely, given his preference for 

intersecting tetrahedra, as discussed above, which suggests that he favoured the vertex view. 

Ramberg claims that he finds such a preference in Van ‘t Hoff’s 1875 public letter “Isomerie en 

atoomligging” and states that the reasons why Van ‘t Hoff did not advocate for such a view 

outside of this more obscure letter remains unclear. However, I cannot find such a preference 

in this letter, at least not any that is Van ‘t Hoff’s own and not Buys Ballot’s. Van ‘t Hoff’s 

discussion of face- and vertex-centred representations, which appears in the context of a 

response to a critique offered by Buys Ballot and a warning not to interpret his tetrahedra as 

signifying the actual shape of a carbon atoms but rather the positions of the groups that are 

bonded to it, suggests an equality between either representation.176 As mentioned above, this 

equality is underscored by the fact that the faces of one tetrahedron can correspond to the 

vertices of another. In short, while Van ‘t Hoff may have privileged one view over another (likely 

the vertex view over the face one), his free use of both methods of representation suggests 

that he considered both views to be functionally equivalent. 

                                                      

176
 Van 't Hoff, "Isomerie En Atoomligging: Antwoord Op Den Openbaren Brief Van Dr. C.H.D. Buys Ballot." For 

Buys Ballot’s letter, see C.H.D. Buys Ballot, "Openbare Brief Aan Dr. J.H. Van 'T Hoff," Maandblad voor 
Natuurwetenschappen, 1875, 6:21-8. 
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Two years later, Van ‘t Hoff’s modelling strategy underwent a shift of sorts. Instead of offering 

to send readers sets of molecular models, his 1877 Die Lagerung contained an extensive 

appendix that provided readers with templates of geometrical nets (complete with flaps for 

gluing) and an explanation of how these nets should be cut out, scored, glued, and coloured in 

order to produce the desired three-dimensional models. This appendix contains both vertex 

and faces models of isomeric tetrahedra (figure 3-32), accompanied by a statement describing 

the conceptual ease of the latter, especially when representing compounds that contain a pair 

of single-bonded carbons at their cores. For such compounds Van ‘t Hoff provides nets of 

triangular bipyramids and describes how they can be constructed to demonstrate the number 

of possible isomers (figure 3-33). For chains of two or three double-bonded carbon atoms, Van 

‘t Hoff states that two tetrahedra should be glued together to form a common edge; even 

though he suggested face-centered representations for pairs of single-bonded carbons, it is 

clear, for reasons that are discussed above, that such a strategy would not work for double 

bonds. Finally, Van ‘t Hoff provides nets for regular, isosceles, and irregular tetrahedra, 

complete with drawn-on planes of symmetry, and discusses the compounds that give rise to 

such objects and the mathematical relationships between the lengths of their edges. This 

appendix is also noteworthy since in at least two places Van ‘t Hoff explicitly describes the 

shapes that his nets compose in crystallographic terms, such as hemihedral, and sometimes 

explicitly credits the field of crystallography as these terms’ source. These borrowed phrases 

further suggest a deep relationship between Van ‘t Hoff’s stereochemical reasoning and the 

field of crystallography, granting further support to the possibility that his chemical visual 

representations were inspired from crystallographic ones. 
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Figure 3-32: Tetrahedral nets for compounds containing one carbon atom at 
their core. The first pair of nets are to have their vertices coloured white (w), 
red (r), blue (b), and black (s), according to the letters found near their vertices. 
The second pair are intended to have their entire faces coloured. Van ‘t Hoff, 
Die Lagerung (1877). p. 47. 

 

Figure 3-33: Triangular bipyramidal nets for compounds that contain cores of 
single-bonded carbon atoms. These three nets represent the three possible 
isomers for compounds of the form C(R1R3R3)C(R1R3R3) (recall figure 3-13). 
Van ‘t Hoff, Die Lagerung (1877). pp. 48-9. 

Van ’t Hoff’s models, which are invoked in both his La Chimie and Die Lagerung, were meant to 

help his readers obtain a more precise understanding of his stereospatial views provided in 

these texts. Interested parties from foreign nations including Switzerland, Russia, and even 

India, wrote to Van ‘t Hoff requesting his models. While it is difficult to discern the degree of 

actual need from the letters written to Van ‘t Hoff, at least one chemist stated that “… in 
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reading [La Chimie], I acutely sense the need for the cardboard models, and would wish to 

request that you produce for me the entire collection as soon as possible…”177 

Yet, in acting as material cognitive aids, Van ‘t Hoff’s models not only helped explicate Van ‘t 

Hoff’s published ideas, but, more fundamentally, were a means of convincing both himself and 

his readers of the validity of stereochemical reasoning tout court. After all, stereochemistry is 

about three-dimensional objects, and by holding and manipulating real, three-dimensional 

solids it is likely that Van ‘t Hoff’s models helped serve to convince himself and others of the 

soundness of his ideas. This is all in addition to the fact that Van ‘t Hoff used models in his own 

research, to test out his theories and to determine the numbers of isomers for various 

compounds.178 As van der Spek states, Van ‘t Hoff’s models helped him “sell” his theory, both in 

the sense that they acted as “tangible” evidence for what was ultimately an untested 

hypothesis, and that their distribution to famous chemists (who he explicitly mentioned in his 

textbook) and curious readers helped disseminate his views. In this sense his decision to not 

include models (or even geometrical templates) in publications after his Die Lagerung suggests 

that his readers no longer needed to be convinced. 

Finally, when considering Van ‘t Hoff’s models it is worth stressing the interchangeability of his 

various types of material representations. At times, such as when it was difficult to display 

single bonding between pairs of carbon atoms, Van ‘t Hoff would use face models. When 

representing double bonding, for which face models would not have sufficed, he returned to 

using vertex models. As Ramberg notes, the medium of text is more conducive to vertex-based 

representations, not face-based ones, which may help explain why his images were generally 

vertex-based.179 However, judging from his frequent use of both representations, it did not 

seem to matter to Van ‘t Hoff which parts of his tetrahedra he invoked, as long as the ensuing 
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 Landolt in Ramberg, Chemical Structure. p. 89. Van ‘t Hoff’s ideas were particularly salient to Hans Landolt, 

given Landolt’s research in the optical activity of chemical compounds. 

178
 Van der Spek, "Selling a Theory." pp. 167-8. 
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 Ramberg, Chemical Structure. p. 84. 
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shape itself was a tetrahedron. After all, Van ‘t Hoff’s point was never that atoms are 

themselves shaped like tetrahedra, but that their bonds, their points of contact with other 

atoms, occupy such a configuration. To the end, it made no difference which tetrahedron one 

used, since both predicted the same number of isomers, one of Van ‘t Hoff’s central reasons for 

invoking tetrahedra in the first place. 

 

3.4 The fate of tetrahedral diagrams 

This chapter has discussed how Van ‘t Hoff used his images and models. Before concluding, we 

shall examine the fate of Van ‘t Hoff’s visual representations, especially his solid (that is, not 

skeletal) tetrahedra, through an analysis of the works of subsequent stereochemists. 

 

3.4.1 Wislicenus’ reactive tetrahedra 

While Van ‘t Hoff’s tetrahedral hypothesis received a generally favourable reception from the 

chemical community (with the notable exception of a particularly dismissive review from 

Kolbe), Van ‘t Hoff’s ideas failed to become integrated into broader chemical practice for over a 

decade.180 With the exception of Baeyer, whose strain theory we will discuss below, and to a 

lesser degree Wunderlich, who attempted to mathematize Van ‘t Hoff’s model, Van ‘t Hoff’s 

tetrahedral hypothesis failed to achieve a significant level of attention until the late 1880s. This 

dearth of attention was bemoaned by Wislicenus, arguably Van ‘t Hoff’s greatest advocate, who 

sought to rectify this deficiency. In 1887, Wislicenus published an lengthy article titled “On the 

Spatial Arrangement of Atoms in Organic Molecules and its Elucidation in the Geometrically 

Isomeric Unsaturated Acids”, a piece which, at 184 diagrams, likely holds the honour of 
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 For more on the initial reception of Van ‘t Hoff’s tetrahedral hypothesis, see Ibid. Ch. 4. 
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containing the greatest number of solid tetrahedral representations of chemical compounds 

found within a single work.181 

Like Van ‘t Hoff’s works, Wislicenus’s “Spatial Arrangement” addresses the subject of 

geometrical isomerism. However, it transcended Van ‘t Hoff’s efforts by seeking stereochemical 

explanations for the origins of isomers through considering chemical processes, not just 

chemical structures. By making a small number of critical assumptions – such as the 

assumptions that pairs of bonded radicals that combine with pairs of carbon atoms will always 

be situated on the same side of the carbons’ common axis and that pairs of single-bonded 

carbon atoms will generally rotate around each other to achieve a favourable shape 

determined by the attractive influence of non-bonded atoms within the molecule upon each 

other – Wislicenus set about to explain differences in the properties and prevalence of isomers. 

For example, the diagrams in figure 3-34, represent the three possible spatial configurations of 

tolantetrachloride and the two isomers of tolandichloride that are derived from them. Due to 

intermolecular forces, the configurations depicted in Figs. 51 and 52 are deemed to be more 

favourable than that depicted in Fig. 50. Correspondingly, the compound depicted in Fig. 49, 

which results from a removal of two chlorine atoms from Fig. 50 results, is formed in 

significantly fewer quantities than the isomer represented in both Figs. 53 and 54, which arises 

from the same procedure applied to the configurations shown in Figs. 51 and 52. Wislicenus 

also sought to provide a spatial explanation for the “genetic” relationships of chemical 

compounds, the processes that transform molecules into other substances, including into 

isomers. In  figure 3-35 we see how Wislicenus’ used diagrams to explain how isocrotonic acid 

(Fig. 148)  transforms into crotonic acid (Fig. 152) at a temperature of 180-190°. 

                                                      

181
 Johannes Wislicenus, "Über Die Räumliche Anordnung Der Atome in Organischen Molekülen Und Ihre 

Bestimmung in Geometrisch-Isomeren Ungesättigten Verbindungen," Abhandlungen der mathematische-physische 
Classe der köningliche sächsische Gesellschaft der Wissenschaften, 1887, 14, no. 1-77. For an  English translation, 
see Johannes Wislicenus, "The Space Arrangement of the Atoms in Organic Molecules and the Resulting 
Geometrical Isomerism in Unsaturated Compounds," in The Foundations of Stereo Chemistry, ed. George M. 
Richardson (New York: American Book Company, 1901 [1887]). My translation of the German title as follows that 
of Ramberg, not Richardson. 
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Figure 3-34: Wislicenus’ diagrams representing the three possible spatial 
configurations of tolantetrachloride (Figs 50-52) and the two isomers of 
tolandichloride that are derived from them (Figs. 49 and 53 – Fig. 54 is a mirror 
image of 53). Wislicenus, “Space Arrangement”. p. 84. 

 

Figure 3-35: Wislicenus’ diagrammatic explanation of how isocrotonic acid (Fig. 
148) transforms into crotonic acid (Fig. 152) at a temperature of 180-190°. 
Wislicenus, “Space Arrangement”. p. 112. 

Moreover, by adopting Van ‘t Hoff’s tetrahedral diagrams in the fundamental, visual way that 

he did, Wislicenus sought to establish the tetrahedron as the image of choice for reasoning 

about chemical processes. Curiously, he claims early on in his article that these “picture 



Form and Function: Seeing, Knowing, and Reasoning with Diagrams in the Practice of Science 

Chapter 3: Stereochemical Visual Representations 

151 

 

formulas” are not strictly necessary, and can be replaced by more a simplified notation.182 

However, while this may be technically true, Wislicenus’ extensive use of tetrahedral imagery 

suggests that such “letter symbols” were thought to be nowhere nearly as conducive to his 

manner of physical reasoning as his graphical formulas. 

However, Wislicenus’ eager expansion of Van ‘t Hoff’s graphical formulas was not adopted by 

other stereochemists. In the half-decade that followed the publication of “Spatial 

Arrangement” a handful of chemists, including some who were generally sympathetic to 

Wislicenus’ stereochemical programme, critiqued the experimental evidence upon which 

Wislicenus’ findings relied, as well as his characterizations of certain chemical processes 

involving isomers.183 One particularly vehement critic, the American-born, European-trained 

chemist Arthur Michael, responded to Wislicenus through an eviscerating thirty-four page 

critique of “Spatial Arrangement”. Among other things, Michael employed Wislicenus’ own 

diagrammatical reasoning to arrive at anti-empirical and even contradictory conclusions, 

demonstrating that such (visual) reasoning could lead to erroneous results and could therefore 

not be trusted. It is noteworthy that Michael did not attack the fundamental assumptions of 

stereochemistry – that one could come to know the spatial properties of molecules – but rather 

Wislicenus’ attempt at such an account, including the tetrahedral model of the carbon atom, a 

form that he felt was wholly unjustified.184 

In addition, Wislicenus’ “Spatial Arrangement” was met with a degree of scepticism from 

committed stereochemists such as Victor Meyer. Meyer, writing in an article in 1888 with his 

colleague Karl Auwers, praised Wislicenus’ efforts, but also noted some important technical 
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 Wislicenus, "Space Arrangement." pp. 71-2. 

183
 These critics included Richard Anschütz, Rudolf Fittig, Wilhelm Lossen, and Zdenko Skraup. Ramberg, Chemical 

Structure. pp. 134-41. 

184
 Peter J. Ramberg, "Arthur Michael's Critique of Stereochemistry, 1887-1899," Historical Studies in the Physical 
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issues that beset “Spatial Arrangement”.185 In particular, Auwers and Meyer’s article contains a 

footnote, signed by Meyer alone, which reveals the chemist’s thoughts on Wislicenus’ 

representations. I have provided a translation of this footnote from the German in full below: 

It must be allowed in stereochemical considerations to always use the picture   

or, where it appears necessary, the perspectival  instead of a physically 

[körperlich] drawn tetrahedron, thus avoiding the need to obtain a special engraving 

for each formula. This notation appears to me as suitable as that of the complicated 

drawings used by Van ‘t Hoff and Wislicenus, in which the four valences of carbon, 

which are vital to [the drawings], are not shown at all, but rather the six edges of 

the tetrahedron, which are of no relevance to the consideration. We would perhaps 

suggest those reproductions of Van ‘t Hoff and Wislicenus for the representation of 

molecules with larger numbers of carbon atoms and multiply-occurring double 

bonds, but it seems to me that in such cases the sides of the tetrahedron should be 

indicated through dotted lines and the valences through solid ones.186 

As this passage indicates, Meyer found two faults with Wislicenus’ diagrams. First, he saw them 

as impractical and unnecessary, especially when a simple skeletal representation would suffice. 

Given his reference to the need to obtain a “special engraving”, the decision to draw simple, 

skeletal diagrams over more involved images also takes on an economic dimension. Second, he 

found Wislicenus’ diagrams wanting since none of them placed a visual premium on the 

meaningful features of Van ‘t Hoff’s representations, namely the four valences that belong to 

the atom that sits at the centre of the tetrahedron. The same criticism could also be levelled 

against the majority of Van ‘t Hoff’s images, except for the first tetrahedral diagrams that 

appear in the Voorstel, La Chimie, and Die Lagerung, all of which contain inscribed dashed lines, 
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an “establishing” technique used by Van ‘t Hoff to legitimize his solid tetrahedra that was not 

repeated by Wislicenus. This passage suggests that Meyer was concerned that individuals 

would become misinformed about the salient features of these solid tetrahedra and mistakenly 

infer meaningful content from their meaningless edges and faces. 

In addition, it is worth noting that Meyer had previously expressed doubts regarding the ability 

of Van ‘t Hoff’s models to be used for certain forms of physical reasoning. In particular, in a 

paper submitted a little over a month before his critique of Wislicenus, Meyer stated that the 

representations’ implication that valences connect to each other “in certain places of empty 

space, free of atoms, cannot as such be made, and is only possible on paper or with a model, 

where lines and wires figure instead of forces (valences).” As in his previously-discussed 

critique, Meyer implores caution when dealing with Van ‘t Hoff and Wislicenus’ diagrams and 

models, as their components may not correspond to physical reality as one might suspect.187 

To be sure, Meyer did not have a problem with three-dimensional representations resembling 

geometrical solids per se, especially when such a solid depicted the configuration of atoms in a 

complex molecule, and not the valences of an individual carbon atom. In a letter to Baeyer 

written in October 1885, Meyer praises Baeyer’s strain theory (again, more on this below), and 

proposed a number of possible configurations for ringed organic compounds through a series of 

diagrams. I have reproduced a pair of such diagrams below in figure 3-36, which depicts two of 

Meyer’s representations of the structure of tetramethylene (cyclobutane, C4H8). This pair of 

                                                      

187
 Meyer in Peter J. Ramberg, "Pragmatism, Belief, and Reduction: Stereoformulas and Atomic Models in Early 
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Meyer), in Robert Demuth and Victor Meyer, "Zur Kenntniss Der Isodibrombernsteinsäure," Berichte der Deutschen 
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images is particularly insightful since the second diagram makes clear what the first does not, 

that not all the edges in the compound’s tetrahedral configuration are to be taken to indicate 

bonds; as Meyer wrote in his letter, “the thick lines are supposed to be bonds, the thin only 

heuristic lines that we should ignore”.188 

 

Figure 3-36: Two diagrams depicting tetramethylene (cyclobutane), taken from 
a letter written from Meyer to Baeyer in October 1885 in response to Baeyer’s 
strain theory. In the second diagram, only Meyer’s thick lines indicate actual 
bonding; the thin ones are only “heuristic”, and are solely intended to indicate 
the full shape of the spatial position of the carbon atoms. Meyer in Ramberg, 
Spatial Arrangement. p. 366. 

 

3.5 The limited persistence of tetrahedral diagrams and 
models 

In the face of these critiques, Wislicenus’ bold plan to extend Van ‘t Hoff’s solid tetrahedral 

diagrams into a new domain and adopt them as tools for reasoning about chemical processes 

failed. It is highly probable that the failure of Wislicenus’ “Spatial Arrangement” to be widely 

accepted, and the related failure of his diagrams to be adopted as useful and dependable 

cognitive tools, ensured that Van ‘t Hoff’s prismatic tetrahedra did not enjoy a universal degree 

of popularity after 1887. For example, the popularity of Van ‘t Hoff’s tetrahedra is minimal 

when compared to Kekulé’s benzene ring, which, despite persistent questions regarding its 

accuracy, was extensively depicted and employed by other chemists. 

                                                      

188
 Meyer in Ramberg, Chemical Structure. p. 367.  



Form and Function: Seeing, Knowing, and Reasoning with Diagrams in the Practice of Science 

Chapter 3: Stereochemical Visual Representations 

155 

 

However, this is not to say that every chemist saw such tetrahedral representations to be 

without value. Consider, for example, the publications of Hermann Sachse who worked as an 

assistant in the Organischen Laboratorium at the Technischen Hoschschule in Berlin. In his 1888 

article “Ueber die Configuration des Benzolmoleküls”, Sachse mentions physical models of 

cyclohexane, formed from modified octahedra (that is, modified triangular anti-prisms, not 

modified regular octahedra). Here, he advocates three-dimensional models (which he describes 

but does not show) over drawings, as the latter would be “highly complicated”. Sachse implores 

his readers to further investigate these models, and even gives them instructions on how to 

construct them.189 Two years later, in his 1890 “Ueber die geometrischen Isomerien der 

Hexamethylenderivate”, Sachse provided his readers with geometrical nets of slightly different 

models, which were intended to be cut out and assembled.190 Here he put the tetrahedral 

configuration of carbon to work, as it is in this article that he forwarded his ideas regarding the 

possible stereospatial configurations (now known as “conformations”) that carbon atoms could 

achieve while remaining in contact with each other.191 

In his 1890 “Geometrischen Isomerien”, Sachse described what he referred to as the 

symmetrical and asymmetrical “normal configurations” of cyclohexane and the ability for the 

compound to transform between the two configurations. The symmetrical normal 

configuration, Sachse remarks, has the property that its six triangles lie on the sides of a regular 

octahedron, a shape that can be easily produced from the geometrical nets provided in the 

text. Sachse also drew two similar nets, intended to be combined, that illustrate the 

asymmetrical normal configuration of cyclohexane. Sachse’s nets and the models they can be 
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 H. Sachse, "Ueber Die Configuration Des Benzolmoleküls," Berichte der Deutschen Chemischen Gesellschaft, 
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proposal, see Fig. III of figure 3-38. 

191
 H. Sachse, "Ueber Die Geometrischen Isomerien Der Hexamethylenderivate," Berichte der Deutschen 
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constructed to make are shown below in figure 3-37.192 For an effective understanding of these 

models one must imagine regular tetrahedra, whose bases are the shaded triangles, protruding 

from the external planes of the paper. 

 

Figure 3-37: Left: geometrical nets provided by Sachse. Right: constructions created from 
these models by the author, depicting the two “normal configurations” (conformations) 
of cyclohexane. One must imagine the shaded triangles of these models as forming the 
base of a tetrahedron that protrudes from the external planes of the paper. Sachse, 
“Geometrischen Isomerien”. p. 1366. 

Sachse’s octahedra, which are described as “useful aids”, are justified in terms of their 

geometrical properties, namely the close relationship between the angles of these octahedra 

and of regular tetrahedra. In several ways these octahedra are less effective than skeletal 

models, as one must imagine several aspects of these models (the rotations of the tetrahedra 

about their connected edges, the planes that the hydrogen atoms from these tetrahedra lie 

upon, the protruding tetrahedra themselves, etc.) in order to understand the configurations’ 

possible isomers and the ability of one conformation to transform into the other. In addition, it 

is clear from Sachse’s article that these octahedra were not the only type of model that he 

used. Most notably, when discussing how some resistance must be overcome when 
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transforming one configuration into another, Sachse notes how this property can be “taught 

and confirmed by experiment” by using Kekulé’s “ball models”.193 

If Kekulé’s ball-and-stick skeletal models were so useful, why did Sachse’s publications include 

these octahedral models? The answer to this question is difficult to ascertain and is further 

complicated by the fact that Sachse’s promising career was cut short by his untimely death at 

the age of thirty-one in 1893. However, one may nevertheless venture an educated guess. 

Aside from the fact that the octahedral models provided in his 1890 paper are easy to construct 

(and it is quite possible that this is indeed their principal value), these models, constituted by 

geometrical solids, may have fit better with Sachse’s description of the rotations that 

tetrahedra of cyclohexane undergo. Sachse describes, both generally in his 1890 

“Geometrischen Isomerien” and more mathemtaically in his 1892 “Über die Konfigurationen 

der Polymethylenringe”, how the tetrahedra that compose cyclohexane rotate about their 

common edges (those edges, in Sachse’s terminology, that “belong to the ring”) to form 

alternate configurations.194 One advantage of the octahedral models with respect to this 

rotation is that, unlike Kekulé’s skeletal models, these models actually show the (otherwise 

physically meaningless) edge that they rotate about. In addition, Sachse’s extensive 

mathematical treatment of the variable structure of cyclohexane also suggests that he might 

have preferred his octahedron since it was easier to work from the known angles of this regular 

solid, angles that, as Sachse himself mentions, are closely related to those of a regular 

tetrahedron.195 

Aside from Sachse, drawings (and, quite probably, corresponding models) of solid tetrahedra 

were occasionally used throughout the final decades of the 19th century in discussions 

concerning the structure of benzene and similarly ringed compounds. In particular, the question 
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of how the tetrahedra that compose benzene are arranged appears to have been particularly 

conducive to producing images of tetrahedra with shared edges and vertices. From 1888 to 

1902 (and quite possibly before and after), chemists such as J. E. Marsh, who translated Van ‘t 

Hoff’s Dix années into English), Arnold König, Josef Loschmidt, Wilhelm Vaubel, Emil Erlenmeyer 

Jr., and Carl Graebe all drew tetrahedral diagrams in works that discussed the potential 

structures that can be formed by multi-carbon compounds.196 

As an  analysis of each of these texts is vastly beyond the scope of this work, a few general 

remarks regarding the use of these images will suffice. Many of the diagrams contained in the 

aforementioned works were drawn in the context of questions concerning both the chemical 

and physical structure of benzene and similar compounds involving multiple carbon atoms. 

Most of these works either depict benzene in a cyclical arrangement similar to that produced by 

Van ‘t Hoff (the diagram to the right in figure 3-26) or portray it as groups of tetrahedra 

bunched together with one of each of their vertices meeting at a common centre. This latter 

form was indicative of structures that involved bonds “across” the centre of the ring; the reader 

may recall that the variety of diagrams depicted in figure 3-28 contained a number of proposals 

that posited benzene to contain some degree of cross-centre bonding. 

                                                      

196
 J. E. Marsh, "Van't Hoff's Hypothesis and the Constitution of Benzene," The London, Ediburgh, and Dublin 

Philosophical Magazine and Journal of Science, 1888, 26:426-34. G. S. Turpin, Lessons in Organic Chemistry: Part 
1.–Elementary (New York: Macmillan and Co., 1894). Josef Loschmidt, "Stereochemische Studien I," Monatshefte 
für Chemie und verwandte Teile anderer Wissenschaften, 1890, 11:28-32. W. Vaubel, "Ueber Die Ring- Und 
Kernbildung Der Kohlenstoffverbindungen," Journal für praktische Chemie, 1891, 44:137-49. Emil Erlenmeyer Jr., 
"Das Benzolproblem Vom Stereochemischen Standpunkte Aus," Annalen der Chemie, 1901, 316:57-74. C. Graebe, 
"Ueber Die Stereochemie Des Benzols," Berichte der Deutschen Chemischen Gesellschaft, 1902, 35, no. 1:526-31. 
This list does not exhaust the totality of published works containing such images, let alone their pedagogical usage. 

Scholarly works that discuss these efforts include Virginia M. Schelar, "Alternatives to the Kekulé Formula for 
Benzene: The Ladenburg Formula," in Kekulé Centennial, ed. O. Theodor Benfey, Advances in Chemistry 
(Washington, D.C.: American Chemical Society, 1966). Sementsov, "Spatial Configuration." Christian R. Noe, "Josef 
Loschmidt's Last Scientific Publication: "Stereochemische Studien I"," in Pioneering Ideas for the Physical and 
Chemical Sciences: Josef Loschmidt's Contributions and Modern Developments in Structural Organic Chemistry, 
Atomistics, and Statistical Mechanics, ed. W. Fleischhacker and T. Schônfeld (New York: Plenum Press, 1997). 
Koeppel, "Benzene-Structure Controversies, 1865-1920". Ch. 6. Tonja A. Koeppel, "Significance and Limitation of 
Stereochemical Benzene Models," in Van't Hoff-Le Bel Centennial, ed. O. Bertrand Ramsay, Acs Symposium Series 
(Washington D.C.: American Chemical Society, 1975). For a discussion of contemporaneous diagrams applied to 
the pentavalent nitrogen atom, see Ramberg, Chemical Structure. Ch. 7. 
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Figure 3-38: Four proposals for the structure of benzene, depicted and assessed 
by Graebe. Graebe, “Stereochemie”. p. 526. 

On the whole, these images generally served as illustrations and aids for reasoning, that is, 

visual conveniences that helped authors inform their readers of stereochemical versions of 

hypothesized structures and facilitated stereochemical thought about these structures. In many 

of these texts, alternative aromatic structures to those suggested by Kekulé were proposed, 

analysed, and assessed. In some cases, the proposals regarding the physical positions of atoms 

were considered in arguments for or against particular aromatic configurations, as inferences 

made from these models were compared with established chemical observations. In general, 

these tetrahedra enabled (or at least helped) chemists to consider new possibilities regarding 

the stereochemical structures of complex molecules, although these possibilities were limited 

to those that could be expressed through more or less regular tetrahedra. 
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Figure 3-39: Clusters of tetrahedra depicting aromatic compounds and their 
corresponding two-dimensional skeletal diagrams. These similarly arranged 
structures are differentiated by their interior bolded lines, indicating differences 
in bonding. The top left structure corresponds to Kekulé’s original proposal 
while the bottom-left structure corresponds to the structure proposed by 
Baeyer, Marsh, and Loschmidt. Erlenmeyer Jr., “Das Benzolproblem”. pp. 63-4. 

There were others who found further value in images and models of Van ‘t Hoff’s tetrahedra. G. 

S. Turpin’s 1894 textbook, Lessons in Organic Chemistry, contains two pages of tetrahedral 

diagrams, one depicting the types of possible bonds that two carbon atoms can share and 

another showing the transformations between such bonded carbon atoms in a manner similar 

to that of Wislicenus.197 In the year 1900, Emil Knoevenagel discussed a procedure for creating 

pressed moulds of spherical tetrahedra that he felt best expressed Johannes Thiele’s theory of 

partial valence, although Thiele ultimately disagreed with Knoevenagel on this point. 

                                                      

197
 G. S. Turpin, "The Tetrahedral Carbon Atom," Nature, 1894, 50, no. 1301:548-9. Incidentally, Turpin’s textbook, 

which briefly suggested that the carbon atom itself might conceived of as a tetrahedron (a position held by 
Wislicenus, at least for a time) was critiqued by one reviewer on precisely such grounds. Turpin’s response, in 
which he defends this claim, can be found in John D. Lantos, ed., Controversial Bodies: Thoughts on the Public 
Display of Plastinated Corpses (Baltimore: Johns Hopkins University Press, 2011). 
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Knoevenagel even went so far as to provide a step-by-step description of how to produce these 

models, including how to make the mixture to be pressed and where such a press can be 

acquired and for how much (from the Heidelberg mechanic P. Stoë, for eight marks).198 

 

Figure 3-40: Press for making spherical tetrahedra. Knoevenagel, “Thiele’s 
Theorie”. p. 202. 

Tetrahedral diagrams and models were also used by several chemists in the first few decades of 

the twentieth century. A 1922 article by the American chemist Maurice Huggins, an 

abridgement of his 1920 Master’s thesis, contains a great number of such diagrams.199 Another 

article published in 1922, this one by Ernest Crocker, contains a number of two-dimensional 

representations of aromatic compounds signified by triangles and squares (and circles, 

indicating electrons), as well as a photograph of a model of benzene, although this model 

consists of six connected triangular prisms, not tetrahedra (figure 3-41).200 Although Van ‘t 

Hoff’s solid tetrahedra were not universally employed around the turn of the century (and even 

into the 1920s), they nevertheless retained a small but enduring degree of popularity, 

underscored in the later years by Lewis’ electron-based explanation for the tetrahedral 

configuration of the carbon, for several decades. 

                                                      

198
 E. Knoevenagel, "Thiele's Theorie Der Partialvalenzen Im Lichte Der Stereochemie," Annalen der Chemie, 1900, 

311:194-240. Thanks to Peter Ramberg for informing me about Knoevenagel and his models. 

199
 Maurice L. Huggins, "Conjugation and the Structure of Benzene," The Journal of the American Chemical Society, 

1922, 44, no. 8:607-17. For more on Huggins’ work and Lewis’ reaction to it, see Koeppel, "Benzene-Structure 
Controversies, 1865-1920". 

200
 Ernest C. Crocker, "Application of the Octet Theory to Single-Ring Aromatic Compounds," The Journal of the 

American Chemical Society, 1922, 44, no. 6:1618-30. 
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Figure 3-41: Diagrams of benzene (Figs. 1-3) and a photograph of a model of 
benzene. Crocker, “Octet Theory”. pp. 1619-21. 

A survey of these sources indicates that many solid tetrahedral representations were produced 

in the context of considering complex carbon structures, especially aromatic compounds. It is 

therefore fitting that we take a moment to ask why. What was it about the benzene ring that 

drove so many chemists to explore its possible formations through Van ‘t Hoff’s solid 

tetrahedra? 

The use of stereochemical models to investigate the structure of benzene constitutes the 

application of three-dimensional techniques to what was previously a two-dimensional 

problem. The use of novel diagrams and models to answer such an outstanding question 

suggests that chemists were eager to adopt new ways of reasoning in order to gain insight into 

this otherwise well-analyzed issue. In particular, solid tetrahedra could yield new structural 
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possibilities, such as the two top diagrams in figure 3-38, which could not be conceived of under 

two-dimensional proposals. These diagrams, drawn with relative ease and comprehensibility, 

allowed chemists to return to the old issue of aromatic compounds with a different set of 

graphical and conceptual tools, even if the inferences drawn from these tools were not, strictly 

speaking, those that one could draw from Van ‘t Hoff’s diagrams (consider, for example, the 

perplexing matter of how to understand the intersecting but apparently non-bonded vertices of 

figure 3-39, a possibility that neither Van ‘t Hoff nor Wislicenus ever invoked). 

As for why these diagrams depict solid tetrahedra, despite the ultimate meaninglessness of 

these tetrahedra’s edges and faces, the answer likely lies in the fact that projections of well-

known three-dimensional geometrical solids were probably easier to recognize and to consider 

than their corresponding skeletal diagrams. There is much to be said for the familiarity of solid 

forms of regular tetrahedra, which, I suspect, were even more familiar in the late 19th century, 

with its greater educational emphasis on geometry than the present. Such forms most likely 

lead readers to immediate grasps of, for example, Graebe’s images depicted in figure 3-38. In 

this case, since no inferences were being made through the edges and faces of these 

tetrahedra, which were used to give readers an idea of the general structure of stereochemical 

compounds, there was much to gain and little to lose by using familiar projections of regular 

solids instead of novel skeletal representations. 

Of course, not everyone chose to invoke tetrahedral models to tackle the problem of aromatic 

compounds. Consider, for example, the approach of Felix Hermann, who, in 1888, discussed the 

proposal that the carbon atoms in benzene can be understood as the vertices of a regular 

octahedron, and that the twelve hydrogen atoms bonded to the compound’s carbon base can 

be conceived as the mid-points of the twelve lines of a cube that circumscribes the octahedron 

(figure 3-42).201 Herrmann’s approach is reminiscent of Meyer’s representations of cyclobutane 

                                                      

201
 F. Herrmann, "Ueber Die Räumliche Configuration Des Benzolmoleküles," Berichte der Deutschen Chemischen 

Gesellschaft, 1888, 21, no. 1:1949-59. It is worth noting that Julius Thomsen proposed a similar model, two years 
earlier, in which he suggested that benzene was composed of six carbon atoms in an octagonal configuration 
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(figure 3-36), but with the important difference that Herrmann’s octahedron cannot be 

depicted through regular tetrahedra that are connected at their vertices. Herrmann’s 

representational decisions are particularly notable given his former employment as Wislicenus’ 

assistant and his role in translating Van ‘t Hoff’s work into German.202 It is also of note that a 

similar visual approach would be adopted by Hantzsch and Werner in their work on the 

structure of nitrogen in the 1890s.203 

 

Figure 3-42: Herrmann’s proposal for the structure of benzene. The central 
points I-III and I’-III’ denote carbon atoms which sit at the vertices of a regular 
octahedron. The other twelve points, represented by small circles, denote 
hydrogen atoms, which sit at the mid-points of the twelve edges of the cube 
that inscribes the octahedron. The solid lines connecting the hydrogen atoms 
form two triangles and a hexagon. Herrmann, “Räumliche Configuration”. p. 
1953. 

                                                                                                                                                                           

 

connected through nine single bonds. Thomsen displayed this configuration through a drawing of an octahedron 
with bonds between each set of opposing carbon atoms, similar to the dashed lines that lie at the centre of 
Herrmann’s diagram. Julius Thomsen, "Die Constitution Des Benzols," Berichte der Deutschen Chemischen 
Gesellschaft, 1886, 19, no. 2:1944-50. 

202
 Ramberg, Chemical Structure. pp. 79-80. 

203
 Ramberg, "Pragmatism, Belief, and Reduction." pp. 38-40. 
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3.6 Stereospatial skeletal representations: Baeyer’s strain 
theory and Mohr’s conformational analysis 

Finally, to understand the ultimate fate of Van ‘t Hoff’s tetrahedral diagrams and models we 

must consider their chief alternative: skeletal diagrams and models. 

As was mentioned last chapter, skeletal molecular models had been commercially available 

since the late 1860s. Despite Van ‘t Hoff’s meticulous construction of solid tetrahedral models, 

the vast majority of molecular models intended for structural chemical use remained skeletal 

models, which were often similar to those proposed by Kekulé.204 There were many advantages 

to skeletal models over those proposed and distributed by Van ‘t Hoff. First and foremost, 

skeletal models could be assembled and reassembled, manipulated to produce a wide variety 

of compounds that Van ‘t Hoff’s more static tetrahedral models could not. This ability to be 

used in a “playful”, modular fashion speaks to the utility of these models to be considered as 

effective sources of stereospatial reasoning, although it was by no means a given that the 

inferences deduced from them would be considered to be valid.205 

Moreover, skeletal models allowed chemists to perform useful surrogative reasoning about 

their compounds, especially concerning the possible structures and configurations that 

compounds could hold as well as why certain structures might be preferred over others.206 In 

particular, skeletal models were essential for the development of Adolf von Baeyer’s “strain 

theory”. In 1885, Baeyer used Kekulé’s tetrahedral skeletal models to explain why most carbon 

                                                      

204
 Meinel, "Molecules and Croquet Balls." 

205
 For more on the epistemic advantages of three-dimensional molecular models, see Soraya De Chadarevian, 

"Models and the Making of Molecular Biology," in Models: The Third Dimension of Science, ed. Soraya de 
Chadarevian and Nick Hopwood (Stanford: Stanford University Press, 2004), Eric Francoeur, "Molecular Models 
and the Articulation of Structural Constraints in Chemistry," in Tools and Modes of Representation in the 
Laboratory Sciences, ed. Ursula Klein (Dordrecht: Kluwer Academic Publishers, 2001). Pierre Laszlo, "Playing with 
Molecular Models," HYLE, 2000, 6, no. 1:85-97. 

206
 This surrogative reasoning is understood as “analogical” by Francoeur, who refers to models as “material 

analogies”. Eric Francoeur, "The Forgotten Tool: The Design and Use of Molecular Models," Social Studies of 
Science, 1997, 27, no. 1:7-40.  
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rings are found to be composed of five or six carbon atoms. Baeyer found that Kekulé’s skeletal 

models could most easily be transformed into a flat ring containing five or six atoms; for larger 

or smaller rings, the wires of the material model would need to be bent, incurring a “strain” 

upon the bonds of the compound.207 By assuming that the physical strain placed upon the 

model’s wires corresponded to a chemical strain placed upon the bonds between carbon 

atoms, Baeyer demonstrated the potential for skeletal representations, specifically skeletal 

models, to be epistemically productive and to help inform chemists’ understanding of the 

stereostructural properties of molecules. Curiously, Baeyer’s article contains schematic 

diagrams displaying compounds involving two to six carbon atoms (figure 3-43), but not the 

models that he used and explicitly referenced.208 

 

Figure 3-43: Baeyer’s 1885 diagrams depicting the possible structures that can 
be made from CH2 molecules and the degrees by which their angles would have 
to be strained. Note that Baeyer’s rings were planar, hence the strain on C6H12. 
Baeyer, Gesammelte Werke. p. 701. 

Skeletal models also played an important role in conformational analysis, the reasoning behind 

the varying spatial configurations for structurally identical substances. In the 1910s Ernst Mohr 

                                                      

207
 Interestingly, even though Baeyer was working from Kekulé’s models, which permit bent configurations of 

benzene with no strain, Baeyer nevertheless assumed that benzene would be planar, thus giving a strain to 
hexagonal rings. Ramsay, Stereochemistry. p. 162. 

208
 Baeyer’s “strain theory” was introduced in the two following articles: Adolf von Baeyer, "Über 

Polyacetylenverbindungen: Erste Mitteilung," Berichte der Deutschen Chemischen Gesellschaft, 1885, 18:674-81. 
Adolf von Baeyer, "Über Polyacetylenverbindungen: Zweite Mitteilung," Berichte der Deutschen Chemischen 
Gesellschaft, 1885, 18:2269-75. Both articles are collected in Adolf von Baeyer, Adolf Von Baeyer's Gesammelte 
Werke, Vol. 2 (Braunschweig: Friedrich Vieweg und Sohn, 1905). pp. 685-703. 
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used skeletal models to argue for the existence of two possible strain-free conformations of 

benzene, the “chair” and “boat” conformations pictured below in figure 3-44, as well as for 

demonstrating how other, more complex structures, such as the lattice structure of diamonds, 

could be constructed. It is worth noting that these two conformations correspond to the two 

configurations previously suggested by Sachse some twenty-five years earlier. Mohr’s work also 

demonstrated the possibility that these conformations could be transformed into each other 

with relative ease by inferring, just as Baeyer did, that the strain placed on skeletal models 

corresponds to chemical strain. 

 

Figure 3-44: Mohr’s representations of the two strain-free conformations of 
cyclohexane. The left image corresponds to the “boat” conformation while the 
right image corresponds to the “chair” conformation. The vertical planes in 
these diagrams denote planes of symmetry. Mohr, “Die Baeyersche 
Spannungstheorie”. pp. 85-6. 

While Mohr’s work is heavily rooted in skeletal representations, it is worth noting that, perhaps 

inspired by Sachse’s models, Mohr provides his readers with a geometrical model that can be 

cut out and folded. In particular, this model shows a ring of eight bonded carbon atoms; by 

gluing pieces of paper (with a thickness of a hundredth the width of the distance “h”) to the 

corners labelled “p” before affixing regular tetrahedra to the model, one could recreate the 

slightly slanted stress-free configuration that corresponds to compounds with a ring of eight 

carbon atoms at their centre (figure 3-45). It is likely that these models were chosen by Mohr 
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for their ability to demonstrate such an otherwise imperceptible feature (a deviation of 0°36’) 

since this feature requires the modeller to make a physical adjustment to their model.209 

 

Figure 3-45: Mohr’s model showing the physical arrangement of a ring with 
eight carbon atoms at its base. In order to achieve a stress-free configuration, 
one must affix tiny pieces of paper, whose widths are one hundredth the 
distance h, under points p, whereby the regular tetrahedra would become 
deviated by 0°36’. Mohr, “Die Baeyersche Spannungstheorie”. pp. 121-2. 

As the concept of strain rests on an analogy between atomic bonds and material bonds, strain 

theory and the inferences made through it were generally more conducive to skeletal, not solid 

tetrahedral, models. For strain-based reasoning, Van ‘t Hoff’s tetrahedra, immutable regular 

solids, failed to be particularly useful, although, in the case of Mohr, it does appear that they 

retained some limited heuristic value. Between the analogue of strain and their ability to be 

extensively used in a modular fashion (not to mention their relative ease of production), it is 

clear why skeletal models remained the chemical models of choice for years to come. 

                                                      

209
 Ernst Mohr, "Die Baeyersche Spannungstheorie Und Die Struktur Des Diamanten," in Zur Konformation Des 

Cyclohexans: Zwei Arbeiten Von Hermann Sachse Und Drei Arbeiten Von Ernst Mohr, ed. Horst Remane (Leipzig: 
Akademische Verlagsgesellschaft Geest & Portig K.-G., 1987 [1918]). 

Strain theory and Mohr’s conformational analysis are both discussed in the following works: O. Bertrand Ramsay, 
"The Early History and Development of Conformational Analysis," in Essays on the History of Organic Chemistry, ed. 
James. G. Traynman (Baton Rouge: Louisiana State University Press, 1987). M. W. Goodwin, "Structural Formulas 
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1:63-84. Aaron J. Ihde, "The Development of Strain Theory," in Kekulé Centennial, ed. O. Theodor Benfey, Advances 
in Chemistry (Washington, D.C.: American Chemical Society, 1966). O. Bertrand Ramsay, ed., Van't Hoff-Le Bel 
Centennial, vol. 12, Acs Symposium Series (Washington D.C.: American Chemical Society, 1975). Ramsay, 
Stereochemistry. 
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Finally, to understand the eventual preference of chemists for skeletal models, we must 

consider the prevalence of skeletal chemical diagrams, the simple, schematic images that 

gained popularity among chemists from the mid-to-late 1860s onwards. As discussed in the 

introduction to this chapter, the skeletal representations adopted by Crum Brown, Frankland, 

and others eventually became the standard method of showing bonding between atoms. 

Chemists’ preference for short, straight lines, arguably the simplest markings capable of 

denoting a connection between two objects, is most likely a function of the need for a quick 

and simple manner of inscription (both on paper and on the blackboard), the limits and 

economics of printers’ typography (recall Meyer’s comment regarding the need to obtain 

special engravings), and the need for visual clarity. The reduction of Crum Brown’s more 

extensive diagrams into much simpler ones, as seen in figure 3-43, is very likely the result of 

complicated entities becoming simplified to their bare essentials with frequent use (and, again, 

typographical constraints); just as Crum Brown’s circled letters lost their circles, so did his 

curved double bonds become straight equal signs.210 

It is quite possible that the visual similarity between these ubiquitous chemical diagrams and 

skeletal models helped contribute to the growing irrelevance of Van ‘t Hoff’s geometrical forms. 

After all, it seems plausible that stereochemists preferred their symbols to match their models, 

especially given the fact that the meaningful features of these models were the bonds 

themselves, not the edges or faces of these tetrahedra, which held no physical significance. 

There may also be other reasons behind the preference of skeletal models and diagrams over 

geometrical-solid representations, such as, as Meinel suggests, the prevalence of ball-and-stick 

toys such as “Peas Work” in the late 19th century.211 Regardless, it is very likely the case that the 

popularity of skeletal chemical diagrams shaped chemists’ thinking about chemical compounds 

to be in terms of skeletal models, not extended geometrical solids. 
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Theoretical Chemistry: Dynamics of Matter and Dynamics of Disciplines, 1800-1950. 

211
 Meinel, "Molecules and Croquet Balls." 



Form and Function: Seeing, Knowing, and Reasoning with Diagrams in the Practice of Science 

Chapter 3: Stereochemical Visual Representations 

170 

 

3.7 Analysis and Conclusions: the surprising significance of 
solid tetrahedra 

In this chapter we have provided an overview of the variety of diagrams produced in Van ‘t 

Hoff’s works and tracked the use of his solid geometrical tetrahedral diagrams and models 

throughout the works of others. What can we learn from these efforts about the nature of 

chemical reasoning and the relationship between the theoretical content and the visual and 

material tools of chemical practice? What can we learn about the historical factors that 

provided stereochemical representations with their epistemic legitimacy? 

First, the use of solid tetrahedra illustrates an enlightening example of a representation that is 

chosen not solely on the basis of the significance of its features, but rather on the ease through 

which these features can be expressed. Van ‘t Hoff’s solid tetrahedra contained precisely the 

same salient features as Kekulé’s skeletal representations used by Baeyer and others – namely 

the tetrahedral orientation of the carbon atoms’ valences – in addition to several features 

(edges and faces) that in most cases carried no physical significance whatsoever. However, 

despite the existence of equally valid alternative methods of representation, Van ‘t Hoff and a 

small number of other chemists continued to use both diagrams and models of geometrical 

tetrahedra to represent carbon atoms, although many chemists did not use these 

representations exclusively. 

While the reasons behind the decision of Van ‘t Hoff and others to use solid tetrahedra may lie 

partly in personal preference, and, in the case of Van ‘t Hoff, inspiration from the visual 

representations used in the field of crystallography, I suspect that these decisions were in no 

small part rooted in these chemists’ beliefs that geometrical tetrahedra were (in some cases) 

the best available method for the effective communication of their ideas. As we have seen 

several times throughout this chapter, the points that Van ‘t Hoff and others wanted to make 

would have been difficult to illustrate using Kekulé’s skeletal models, especially given the lack 

of accepted visual conventions regarding the depiction of stereochemical skeletal diagrams at 

the time. In particular, one must recall that, for the most part, these ideas were transmitted 
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through publications and letters, that is, through the medium of paper, which could not only be 

used to produce images of three-dimensional geometrical shapes, but also to provide 

geometrical nets which could be used to construct them. 

In many cases it may well be that drawings of solid tetrahedra were deemed to be more 

understandable than their skeletal equivalents. Even for committed skeletal users, tetrahedra 

could be used to illuminate concepts that were difficult to see under skeletal representations. 

The fact that Mohr, who generally preferred skeletal representations, produced the nets seen 

in figure 3-45 to illustrate an otherwise imperceptible slight deviation in angle helps support the 

view that tetrahedral representations were occasionally regarded as heuristically superior to 

skeletal representations. 

Of course, the same analysis helps us understand the selection of alternative methods of 

representation by tetrahedral-users as well. For example, recall how Van ‘t Hoff reduced his 

drawing of three double-bonded tetrahedra to two perpendicular lines in figure 3-15. Chemists’ 

quest for the simplest, most effective means of communicating and reasoning often led them 

to adopt images in certain situations that differed from those that they otherwise tended to 

use. 

Given these considerations, the epistemic legitimacy of the diagrams discussed in this chapter 

do not in general result from one or another diagram being conceived as more structurally 

similar to their supposed real-world targets, but rather from their perceived ability to reduce 

the cognitive burden of practicing chemists. As we have seen, in many cases the choices that 

chemists faced was between two or more structurally equivalent representations. Therefore, 

the epistemic legitimacy of these diagrams was often a function of typically “functionalist” 

factors, such as the considerations that surround the usage of these representations and the 

enablement of productive reasoning. This can be seen in the selection of representational styles 

that are in accordance with the advantages and limitation of their utilized media and the 

selection of representations that are best suited to a particular didactic situation. However, we 

also see the importance of stylistic continuity, especially in the case of Van ‘t Hoff’s probable 
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inspiration from crystallographic conventions. For Van ‘t Hoff, this continuity helped to reduce 

the cognitive burden of his reasoning and provided him with a visual language with which he 

was already familiar to express his ideas. 

Incidentally, Mohr’s use of both skeletal representations and solid geometrical tetrahedra 

reminds us of the fact that while solid and skeletal representations were preferred by certain 

authors (in particular works), they were never considered to truly be in competition with each 

other. After all, the central feature of Van ‘t Hoff’s stereochemical theory was the tetrahedral 

shape of the carbon atom, a shape that was conducive to multiple forms of representation. It is 

quite possible that our historical focus on representations of solid tetrahedra over skeletal 

tetrahedra would likely be regarded as confusing by some the historical actors in question, who 

were probably quite content to use whichever form as long as it was tetrahedral. Of course, our 

focus in this work, to investigate which visual methods were used and why, is at cross-purposes 

from the efforts of the chemists themselves. 

Another feature that we observe from these studies is the significant degree of conceptual and 

interpretive fluidity that characterized chemists’ reasoning with their geometrical diagrams and 

models. In fact, there are at least three such “fluidities” that we have come across: the fact that 

chemists shifted between different forms of representations (as mentioned above), an 

ambiguity over what solid tetrahedra were taken to represent, and the varieties of ways in 

which chemists used these shapes to reason about the possible structures and processes 

available to chemical kinds. 

As we have seen, Van ‘t Hoff used diagrams and models that alternatively used his tetrahedra’s 

vertices and faces to denote the sites of bonding. From our investigations, it appears as though 

which shape was used (and when), was not determined by Van ‘t Hoff’s views concerning the 

“correct” interpretation of these objects (generally asymmetrical intersecting tetrahedra), but 

rather the ease by which a particular representation could be used. For instance, when it was 

more convenient to treat the faces of tetrahedra as the sites of bonding, such as in some of his 

models, Van ‘t Hoff had no problems doing so. When the material constraints of these models 
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prevented them from depicting double- or triple-bonding, Van ‘t Hoff used vertex models. As 

mentioned above, this fluidity was underwritten by the mathematical fact that the faces of one 

tetrahedron correspond to the vertices of another. 

The limits of reasoning that could be performed with these tetrahedra was also similarly fluid. 

For instance, Wislicenus’ expanded Van ‘t Hoff’s stereostructural chemical reasoning through 

his own stereochemical approach to chemical reactions, something Van ‘t Hoff did not (and 

likely would not) consider. Vaubel, Graebe, Erlenmeyer Jr., and others placed tetrahedra in 

rings, a configuration that cannot follow from Van ‘t Hoff assumptions about the nature of 

chemical bonding. Of course, Van ‘t Hoff’s own tetrahedra constituted a “physical” 

understanding of Kekulé’s purely “chemical” tetrahedral models which were never intended to 

carry any stereospatial significance whatsoever. All these instances are examples of productive 

(although sometimes flawed or problematic) reasoning by extending a model or diagram past 

its initial domain, that is, by stretching the boundaries of a representation’s acceptable use in 

accordance with novel theoretical conceptions. The fact that not every instance of such 

conceptual expansion led to successful theories and discoveries does not, of course, detract 

from the productivity of the reasoning itself. 

Of course, such fluidity is not the exclusive domain of Van ‘t Hoff’s geometrical models. We 

have seen other instances of such reasoning in this thesis, and in this chapter alone we have 

noted how Baeyer inferred the chemical property of strain from the physical property of a 

wire’s resistance to being bent. The degree to which all diagrams and models we have 

discussed in this thesis are used fluidly, and not given a single, rigid interpretation, is a critical 

feature of (visual) scientific representations that will be further explored in chapter five. 

Finally, in investigating the use and significance of solid tetrahedral diagrams and models we 

encounter a more general point, that diagrams and models of whichever form were used 

extensively throughout late nineteenth century chemistry. One may infer from this observation 

that visual and material representations were extremely useful, if not practically essential, for 
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the practice of theoretical chemistry, both in the making of novel discoveries (regardless of the 

ultimate status of these discoveries) and for the communication of theoretical ideas. 

Stereochemists could have decided that such visual representations were inherently flawed or 

of no epistemic use, and that they would lead, as chemists such as Kolbe suggested, to naught 

but pure fantasy. Instead, we see that chemists did not succumb to such doubts, and instead 

adopted tetrahedra (and numerous other non-verbal representations) as models of their 

targets, albeit in a loose (and, I would argue, therefore epistemically rich) manner. While not all 

stereochemists were equally bold (or cautious) in their use of visual and material 

representations, the desire to use these tools for surrogative reasoning and the belief that such 

reasoning could in fact be ultimately productive overcame any fears regarding the shaky 

ontological status of these representations. Taking the long view, this enthusiastic adoption of 

such representations laid the foundations for the highly visual practice of chemistry in the 20th 

century (and beyond). Looking backwards, as the innumerable successes of chemical practice 

frequently involved such visual and haptic tools, it appears that the decision to embrace 

diagrams and models was ultimately for the best. 

This now concludes the portion of this work devoted to the history of chemical diagrams and 

models. We shall now leave the historical context of 19th century chemistry for that of mid-20th 

century particle physics. However, while the visual representations that we will encounter in 

the following chapter are notably different from those we have so far considered, several of the 

central issues surrounding such representation should nevertheless strike the reader as 

familiar. 
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4 Diagrams in Feynman’s Early Lectures212 

 

4.1 Introduction 

To many, the name Richard Feynman (1918-1988) immediately conjures up images of his 

eponymous diagrams. In the field of the history and philosophy of science, investigations into 

the origins, uses, and interpretations of Feynman’s simple yet immensely powerful 

diagrammatic representations of subatomic events have experienced a moderate but notable 

surge in interest as of late. Philosophers such as James Brown and Letitia Meynell have 

discussed the question of what, precisely, Feynman diagrams represent.213 While David Kaiser 

has also addressed philosophical questions pertaining to representation, his work on Feynman 

diagrams has been primarily historical, as his book Drawing Theories Apart focuses mainly on 

the adoption (“dispersion”) of Feynman diagrams and the factors and mechanisms which 

enabled this.214 Most recently, Adrian Wüthrich has written on the early origins of Feynman’s 

diagrams, tracing their development from Feynman’s early “path counting” to Freeman Dyson’s 

formalizing “intervention”.215 

Despite the excellent scholarly work contextualizing Feynman diagrams within Feynman’s 

theoretical struggles, the post-doctoral and international academic systems, and the 
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philosophical questions surrounding representation, few scholars have opted to view Feynman 

diagrams as one of a number of visual techniques produced by Richard Feynman. By singling 

out “Feynman diagrams” at the expense of the numerous other types of diagrams used by 

Feynman, the insight one gains into the role of diagrams in scientific thought and the nature of 

visual reasoning is unnecessarily narrowed. 

This chapter aims to take a step back and address the plurality of diagrams produced by 

Feynman, “Feynman diagrams” included, within their historical and textual context. In 

particular, I shall give a substantive account of how Feynman used diagrams in the first lectures 

in which he was tasked with explaining his new approach to quantum electrodynamics, which 

he delivered at the University of Michigan in 1949, as well as an account of several diagrams 

used in lectures the following year and throughout the 1950s. In observing Feynman’s refusal to 

restrict himself to one specific style of diagram, namely the generalized interactions we 

commonly refer to as “Feynman diagrams”, we are confronted with the question of why 

Feynman employed a spectrum of diagrams rather than a single type. While we will come to 

understand this plurality in terms of local pedagogical decisions, we shall nevertheless see how, 

despite differences in both the appearance and significance of these diagrams, Feynman relied 

on visual commonalities to move between various diagrams with ease. 

 

4.2 Some historical background to Feynman’s “new approach” 

This work will investigate the role of Feynman’s diagrams in his early talks. As we shall see, 

Feynman used a variety of diagrams to help communicate and explain his “new approach” to 

QED, both in its fullest formation and in for more simplified cases, as well as to facilitate the 

calculation of probability amplitudes for quantum interactions. However, before we begin 

exploring how Feynman used diagrams in his lectures we must first briefly consider the 

historical background to these talks. 
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Beginning in the early 1940s, Feynman had been working on a way to physically understand and 

mathematically describe time-delayed interactions between relativistic particles. His doctoral 

thesis, completed in 1942 under Archibald Wheeler, provided a method for describing non-

relativistic electrodynamic interactions in terms of a quantum analogue of the classical principle 

of least action. This approach was well-suited to Feynman’s method as it involved considering 

interactions in terms of advanced as well as retarded waves (advanced waves being waves 

transmitted from the future to the past). This approach allowed Feynman to describe quantum 

interactions without invoking a Hamiltonian, a description that would not have been possible 

given Feynman’s use of advanced waves.216 

While Feynman was ultimately unable to successfully apply this approach to the three-

dimensional Dirac equation, several of the general themes characterized by Feynman’s 

methodology would come to frame his “new approach” to QED, which he adopted in the late 

1940s.217 For one, Feynman’s new approach still involved future events influencing past ones, as 

he characterized positrons as electrons traveling backwards in time. The suggestion that 

positrons are backwards-traveling electrons, originally proposed by Wheeler in 1940, would 

become one of Feynman’s most novel contributions to the field of particle physics. 

Feynman’s mathematical approach, while different from his original path integral method, 

continued to eschew considering the Hamiltonian form of wave equations. Instead of directly 

solving the Schrödinger or Dirac equations Feynman considered their associated Green’s 

functions, classes of solutions to the inhomogeneous differential equations. These Green’s 

functions, generally referred to as kernels and written in the form K(2,1), do not describe a 

particular paths taken by a particle through space-time, but rather characterize the entirety of 

possible paths available to a particle on its journey between space-time points 1 and 2. These 
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kernels thus correspond to the probability amplitudes for given subatomic events. Given 

Feynman’s interpretation of positrons, point 1 need not occur earlier than point 2. In a modular 

fashion, probability amplitudes of fundamental processes can be used to subsequently 

calculate the amplitudes of more complex quantum events. 

Finally, and perhaps most famously, Feynman’s new space-time approach involved the 

development of a diagrammatic method for computing the contributions of possible 

interactions of subatomic events. “Feynman diagrams”, as they came to be known, were 

developed after the Second World War, which Feynman spent working at Los Alamos on the 

Manhattan Project.218 These diagrams arose out of Feynman’s attempts to understand the 

Dirac equation, the quantum wave equation for relativistic particles, and his efforts to construct 

a physical “picture” capable of accompanying the “terrifying” power of mathematics.219 By 

developing a method in which these simple diagrams could be used to perform complicated 

quantum electrodynamic calculations, Feynman diagrams would come to be an integral 

component of the mathematical, as well as conceptual, apparatus of Feynman’s “new 

approach” to QED. 

Before long, Freeman Dyson demonstrated that Feynman’s diagrammatic approach could be 

shown to be functionally equivalent to field-theoretical approaches to QED developed by Julian 

Schwinger and Sin-Itiro (Shinichiro) Tomonaga, with whom Feynman would share the 1965 

Nobel Prize in Physics. In the context of Schwinger and Tomonaga’s rather mathematically-

challenging methodology, Dyson described the primary advantage of Feynman diagrams as 

their ability to greatly facilitate calculations, although there is of course also much to be said 

regarding the heuristic advantages afforded by being able to generate simple pictures of 
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complicated theoretical interactions. Understood as a graphical means of computing 

perturbation terms for a given event, Dyson’s formalized interpretation of Feynman’s diagrams 

(or “graphs”, as he called them) was published in his “The Radiation Theories of Schwinger, 

Tomonaga, and Feynman” in the Physical Review in February, 1949.220 Feynman’s own articles 

describing his “new approach” to QED, which included his re-interpretation of positrons and 

presentation of Feynman diagrams were submitted to the Physical Review in April and May of 

the same year, and published in September. They were published as “The Theory of Positrons” 

and “Space-Time Approach to Quantum Electrodynamics”, respectively.221 

In the summer of 1949, Feynman traveled to the University of Michigan in Ann Arbor to lecture 

at its annual Summer Symposium in Physics, a venue for students and professors alike 

commonly referred to as the “Summer School”. Here, Feynman was tasked with presenting his 

“new approach” to QED which he had recently described in his articles submitted to the 

Physical Review. While Feynman arrived at Ann Arbor as a respected member of the physics 

community, he nevertheless remained a relative methodological outsider; his version of QED 

was founded upon non-standard mathematical techniques, contained novel physical 

reinterpretations of fundamental particles, and involved a strange, new diagrammatic method 

of computing results. Feynman was not truly alone, as his methods had been adopted by Dyson 

and a small number of other individuals, such as Robert Karplus and Norman Kroll, and an 

increasing number of physicists were learning about them through circulated preprints of 
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Feynman’s articles.222 However, Feynman’s approach was still relatively unknown, and it was 

still far from certain whether or not it would be ultimately adopted over more conventional 

field-theoretic methods. Yet, Feynman had faith in his theory, having checked his results against 

Schwinger’s, and was eager to describe his methods.223 Furthermore, he had faith in his 

diagrams, at least enough faith to incorporate them into his publications. However, as we shall 

see, these newly developed “Feynman diagrams”, lauded by Dyson for their computational 

advantages, were not the only type of diagram Feynman employed in his presentation of his 

“new approach”. 

Before we begin examining Feynman’s use of diagrams in his 1949 presentation of his “new 

approach” to QED, one further contextualization is required. In 1948 Feynman attempted to 

present his space-time approach to QED to his peers at Pocono manor, Pennsylvania. As is well 

known, this went poorly, and his lecture was largely met with confusion. Following advice from 

Hans Bethe, Feynman decided to present his ideas in a technical mathematical manner, as 

Schwinger had done, and did not begin by describing his approach’s physical or conceptual 

differences. In the following lectures, we will see how Feynman had learned from his mistakes. 

In Michigan, Feynman presented his underlying physical ideas first, and only afterwards 
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described how to apply his computational method, or, as Feynman would say, how to “get the 

numbers out” 224 

 

4.3 The Michigan lectures, 1949: “A New Approach to 
Quantum Electrodynamics” 

4.3.1 Introducing Feynman’s “new approach” 

In order to examine how Feynman used diagrams in his 1949 “A New Approach to Quantum 

Electrodynamics” lecture series, we shall track a course through a detailed set notes taken of 

Feynman’s lectures by two symposium attendees, Morton Fuchs and R. J. Riddell, Jr. Given the 

extensive nature of these notes and the context in which they were produced we have reason 

to believe that Fuchs and Riddell’s notes closely track Feynman’s actual lecture as it was given. 

In fact, these notes are more likely indicative of how Feynman’s lecture was actually delivered 

than any notes prepared by Feynman himself. Following these notes from beginning to end will 

be instructive in explicating of the variety of visual representations employed by Feynman in his 

lectures.225 

After some introductory preamble describing the difficulties facing present-day quantum 

mechanics, namely the apparently infinite self-energy of the electron, Feynman begins 

describing his “new approach” to quantum electrodynamics by explaining how the future is 
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obtained by the present in QED, namely by “an equation of the form 


H
ti





”, a version of 

the time-dependent Schrödinger equation. He subsequently produces the first images of his 

lectures, a pair of space-time diagrams depicting simultaneous and delayed interactions 

between two particles (figure 4-1).226 

 

Figure 4-1: Space-time graphs explaining time-delayed interactions. CIT, 15.7, 
p.3. 

These diagrams, explicitly referred to as space-time representations of interactions, 

demonstrate Feynman’s requirement that one must consider particles’ past states in addition 

to their present ones when describing the future state of systems involving time-delayed 

interactions. Feynman proceeds to describe how, in the “usual treatment”, this requires 

“bookkeeping variables” which describe the electromagnetic field and the history of these 

particles. These variables, however, “may be eliminated” if we choose to follow Feynman’s 

“much simpler” method, which, in addition to its mathematical simplicity, contains several 

distinct advantages, such as automatic Lorentz invariance and the ability to solve problems 

where no Hamiltonian exists.227 Feynman also compares his method with the approach taken 
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by Schwinger and Tomonaga, which he states “requires a complete description of any process, 

which is much more than is generally necessary for the solution of problems.”228 

 

Figure 4-2: Space-time graphs explaining backwards-traveling electrons 
(positrons). CIT, 15.7, p. 4. 

As Feynman’s lectures progressed, diagrams (frequently of the space-time variety) were 

continued to be used to introduce or illuminate key feature of his “new approach”. On page 4 

of Fuchs and Riddell’s lecture notes, Feynman puts forward his “notion of positrons” and invites 

his audience to “consider various possibilities for electron paths in the space-time 

description”.229 He then graphically depicts two possible ways that an electron can travel from 

one space-time point to another: the first, “normal way”, in which the electron travels only 

forwards in time, and the second way, in which the electron “undergoes an unusually large 

deflection, namely, to a direction backwards in time”. This “deflection” can also be understood 

as a spontaneous creation/annihilation of an electron-positron pair, in which the positron is 

considered to be equivalent to the chronologically-reversed electron (figure 4-2).230 On page 5 

Feynman gently introduces the mathematical apparatus of his new approach, describing it as an 

extension of the well-known quantum double-slit experiment, of which he produces a diagram 

(figure 4-3).231 He postulates that, as long as no attempt is made to determine which path is 
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taken, each possible path for an electron traveling from one point in space-time to another 

must be considered. This concept is visually reinforced with a space-time diagram on page 6, 

which depicts a variety of paths that a free particle may take when traveling from one point in 

space-time to another (figure 4-4).232 A highly schematic description of how one computes the 

contributions of each possible path in order to achieve the total amplitude for the journey of a 

free particle accompanies this image. 

 

Figure 4-3:  A visual repesentation of the quantum double-slit experiment. CIT, 
15.7, p. 5. 

 

Figure 4-4: A variety of paths available to a particle as it travels through space-
time from point a to point b. CIT, 15.7, p. 6. 

So far, Feynman’s discussion of his “new approach” has been largely conceptual. His diagrams 

have all served to help illustrate a particular physical feature of his method: delayed 

interactions, backwards-traveling electrons, and the necessity of considering multiple (and 
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curved) paths through space-time.233 Feynman has begun explaining the fundamental concepts 

of his new approach by invoking space-time diagrams, thereby grounding his new ideas in 

familiar representations. This analogical “grounding” strategy is not only reflected visually but 

conceptually, as Feynman’s discussion of the need to consider all possible paths available to a 

particle is described as a logical extension of the well-known double-slit experiment. 

On page 7 Feynman furthers his explanation of how one actually performs the calculations 

required by his novel interpretation. He reassures his audience that although his approach may 

appear quite different from ordinary quantum mechanics, its “essential ideas”, “‘state vectors’, 

matrix elements, wave functions, etc.”, are nevertheless the same, although these terms will 

undergo some redefinition.234 He defines a kernel K(2,1) as the total amplitude for a particle 

traveling from one point in space-time to another, and explains how this quantity is related to 

the probability of finding a particle originating at point 1 in the vicinity of point 2 (that is, 

between x2 and x2+dx2 at time t2). A space-time diagram accompanies this explanation, 

depicting an assortment of (curved) possible paths for a particle originating at point 1, only one 

of which terminates within the bounds of point 2 (figure 4-5). Feynman then asks his audience 

to consider all “allowed” paths in space-time from point 1 to point 2 and shows how the kernel 

can be computed from the classical action (and therefore from the Lagrangian) of each 

permissible path. This explanation stands beside a space-time diagram showing multiple paths 

between points, complete with the ε time-steps employed in the ensuing calculation (figure 

4-6).235 As Feynman begins to discuss how one performs calculations within his “new approach” 

his accompanying diagrams help his audience gain an intuitive, visual grasp of how this is done, 

as well as understand what, precisely, is being calculated. 
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Figure 4-5: Explaining the kernel K(2,1), the total amplitude for a particle 
traveling through space-time from point in 1 to point 2. CIT, 15.7, p. 7. 

 

Figure 4-6: A diagram accompanying the description of how to achieve a formal 
expression for the kernel. CIT, 15.7, p. 8. 

Feynman then spends the next while focusing on the mathematical details of his methodology, 

walking his audience through several specific examples of how to calculate amplitudes. He 

demonstrates how to obtain kernels for a number of events (a free particle, a forced harmonic 

oscillator, and a free particle perturbed by a potential) and how these kernels can be used to 

compute the transition amplitude for a particle which undergoes a change of state. As Feynman 

arrives at the kernel for a free particle acted on by a potential, he steps back from his 

calculations to explain how such an event can be conceptualized. “The expression lends itself to 

a simple physical picture”, Feynman remarks, subsequently drawing two highly schematic 
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diagrams denoting the first- and second-order perturbation terms of the kernel, representing 

generalized single- and double-scatterings of a particle by a field (figure 4-7, figure 4-8).236 

 

Figure 4-7: Generalized single-scattering of a particle by a field. CIT, 15.7, p. 15. 

 

Figure 4-8: Generalized double-scattering of a particle by a field. 
CIT, 15.7, p. 15. 

These diagrams lack space-time axes, the first diagrams in this lecture series to do so. The 

reason behind this lack of axes becomes clear once we understand that these diagrams do not 

represent specific trajectories of particles through space-time, as Feynman’s previous diagrams 

did, but rather every possible single or double scattering which might occur at any point in 
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space-time between the known beginning and end of the particle’s route. Here, space-time 

axes would be misleading at best and incorrect at worst. Nevertheless, these diagrams are 

drawn in a manner resembling such trajectories, as if they represent particles traveling through 

space and time at a constant velocities unless acted upon. Feynman has now shifted from 

drawing space-time diagrams to drawing what I shall term “Feynman-like” diagrams. This 

admittedly awkward term, “Feynman-like”, describes diagrams that depict generalized 

interaction but not photons, which are explicitly drawn in the Feynman diagrams found in the 

final section of these lectures. The close visual resemblance between space-time and Feynman-

like diagrams facilitates this transition, allowing Feynman to introduce these new diagrams 

without explanation or justification.237 

 

4.3.2 A plurality of diagrammatic styles 

Having drawn his first axes-less diagrams representing the totality of possible paths, one might 

expect Feynman to quickly transition into drawing the diagrams which would one day bear his 

name. In fact, this is not the case, and there are no less than four “styles” of diagrams drawn 

before Feynman begins producing the diagrams with which modern physicists are more 

familiar. As we shall see, each type diagram is highly contextual, drawn to represent a particular 

phenomena or feature of Feynman’s “new approach”. 

Figures 4-9 to 4-12 exemplify the four different “styles” (or “types”) of diagrams employed 

before Feynman presents his “Feynman diagrams”. Some of the styles exemplified in these 

images are employed only once or twice in these lectures, while others span a greater number 

of images. Each of these four figures and their corresponding styles will be discussed in turn. 

                                                      

237
 Decades later, Feynman would play fast and loose with space-time axes in his QED: The Strange Theory of Light 

and Matter. Lecturing to a more “popular” audience, the requirement that Feynman diagrams should, in principle, 
be drawn without axes likely took a backseat to the utility of axes in facilitating Feynman’s explanations. Richard P. 
Feynman, QED: The Strange Theory of Light and Matter (Princeton, NJ: Princeton University Press, 2006). 
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Figure 4-9: First-order perturbation of the transition of a single charged particle 
from quantum state to another when acted upon by a potential. CIT, 15.7, p. 
16. 

 

Figure 4-10: A “hybrid” diagram depicting generalized paths through space time 
against a presumably space-time axis. CIT, 15.7, p. 18. 

 

Figure 4-11: Two diagrams depicting double-scattering events. The diagram on 
the right, which contains a scattering backwards in time, can also be interpreted 
in terms of electron-positron creation and annihilation events at A(4) and A(3), 
respectively. CIT, 15.7, p. 29. 
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Figure 4-12: Two “circle” diagrams depicting the varieties of possible electron-
positron interactions: scattering or annihilation-creation events. CIT, 15.7, p. 31. 

The first diagrammatic “style”, of which only one diagram is produced (figure 4-9), represents 

something quite different than Feynman’s other diagrams. While this image may appear to the 

modern reader as representing the exchange of a photon between two charged particles, it in 

fact describes the first order perturbation of the transition of a single charged particle from one 

state into another when acted upon by a potential U(3) at time t3 (t3 occurs between t1 and t2). 

Its straight, vertical lines do not represent trajectories of particles but rather abstract quantum 

states, which appear to exist independently of the particle occupying them. Like the diagrams in 

figure 4-7 and 4-8, this diagram is produced without axes and involves only straight lines. It is 

drawn in passing when discussing how to peturbatively describe transition amplitudes. Perhaps 

Feynman believed his success in diagrammatically representing perturbations of interactions 

between particles could be repeated with a similar yet substantially different sort of diagram. 

This style was not repeated, even for a second order perturbation term. Perhaps this was due 

to the confusion it caused in light of Feynman’s other (and more established) diagrams, against 

which it appears to suggest an interaction between two particles, not a single particle’s 

transition from one state into another.238 

                                                      

238
 It is worth noting that figure 4-9 is not repeated in the lectures series given at Caltech in 1950 titled “Quantum 

Electrodynamics and Meson Theories”. These lectures repeat a significant portion of Feynman’s “New Approach” 
verbatim. Moreover, every “style” of diagram discussed in this paper is reproduced in Feynman’s “Quantum 
Electrodynamics” lectures except for that used to depict figure 4-9. CIT, 7.10. 



Form and Function: Seeing, Knowing, and Reasoning with Diagrams in the Practice of Science 

Chapter 4: Diagrams in Feynman’s Early Lectures 

191 

 

The next two diagrams that follows figure 9 at first appear to a return to depicting well-defined 

space-time interactions between charged particles, just as Feynman had begun his lecture 

discussing. However, from the text and equations accompanying figure 4-10 and a second 

similar diagram, it is clear that the curved lines from 1 to 3 and from 2 to 4 represent kernels, 

totalities of possible paths, and not particular paths through space-time. This is particularly 

interesting, as the diagram also contains (presumably space-time) axes, and curved, not 

straight, lines representing charged particles, features which are otherwise exclusive to space-

time diagrams.239 This diagram is thus a curious hybrid between a “Feynman-like” diagram and 

a more conventional space-time diagram, leading to confusion should one take all of its 

components “literally”. It is possible that the ambiguity inherent in this diagram is the result of 

a copying error by Riddell and Fuchs, although there is no reason to suspect this per se without 

casting doubt on the note-takers’ other diagrams.240 

Figure 11, which resembles figure 4-8, depicts both a conventional generalized double 

scattering (left) and a more peculiar double-interaction, that of an electron traveling forwards, 

backwards, then forwards again in time (or, alternatively, two electrons and a positron, all 

traveling forwards in time, the backwards-traveling electron being equivalent to the forwards-

traveling positron). Potentials (relativistic four-vector potentials, not photons) responsible for 

the scatterings (or pair creation/annihilations), while not graphically represented, are indicated 

by the letter A. Backwards and forwards traveling particles, drawn without arrows, are labelled 

with positive or negative “E”s, denoting positive or negative energy solutions to the 

corresponding Dirac equation. 

Here, Feynman has begun to provide a relativistic formulation of his new approach and has 

come to one of its more peculiar features: while one would always expect a positive energy 

                                                      

239
 CIT, 15.7. p. 18. 

240
 This style of diagram is repeated in the notes taken to Feynman’s 1950 Caltech lecture titled “Quantum 

Electrodynamics and Meson Theories”. While this would suggest that the repetition was Feynman’s, much of the 
notes were based on Riddell and Fuchs’, rendering it difficult to tell whether or not Feynman actually repeated his 
axes-laden “Feynman-like” diagram. CIT, 7.10. p. 11. 
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after such a double scattering, as predicted by the “hole theory” and verified experimentally, 

the intermediate wave function can be associated with either positive or negative energy 

states, depending on the sequence of the electron’s interactions with the potential. If, as the 

diagram to the right in figure 4-11 indicates, the interactions with the potential result in virtual 

electron-positron pair creations and annihilations, not straightforward scatterings, the energy 

of the intermediate state appears to be negative. However, this still ultimately results in a 

positive intermediate energy, as the negative sign that emerges from the wave function 

corresponding to particle being a positron, not an electron, is cancelled out by the negative sign 

resulting from the interaction taking place backwards in time. These diagrams, which combine 

Feynman’s generalized depiction of space-time trajectories and novel interpretation of 

positrons, help give Feynman’s audience a heuristic idea of the event in question and explain 

how a positive intermediate energy is ultimately achieved. 

 

Figure 4-13: “Circle” diagrams depicting the four fundamental QED interactions. 
CIT, 15.7, p. 30. 

Feynman’s discussion of Dirac’s hole theory quickly leads into a series of diagrams denoting the 

four fundamental QED interactions, all of which are described by the same formula but with 

varying time relations: electron scattering, positron scattering, pair production, and pair 

annihilation (figure 4-13). These diagrams are drawn differently from Feynman’s other diagrams 
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in that they contain circles, constituting the first graphical representations of potentials 

produced in this lecture series. Circles, as opposed to wavy lines, are, in fact, a rather 

appropriate way of depicting these potentials, as at this stage in his lecture Feynman was 

working within a hybridized scheme with quantized charged particles but unquantized 

(although still relativistic) fields.241 

While these circles signify potentials they also serve a more subtle purpose. The reasons for 

these circles become clear as Feynman moves from drawing fundamental events to more 

complicated processes in which multiple interactions can correspond to unique observation. In 

addition to representing potentials, these circles serve a subtler purpose; they demarcate zones 

of quantum ignorance, the limits of external observers’ knowledge of quantum electrodynamic 

events. Since an observer can have knowledge of the particles entering and exiting such events, 

one cannot, for example, know whether the interaction within the circles in figure 4-12 was in 

fact an electron-positron scattering or a creation/annihilation. Therefore, as one must consider 

any and all possible paths available for quantum interactions, probability amplitudes must be 

sufficiently modified to accord with the various possibilities. The amplitudes associated with 

these diagrams are subtracted from one another to yield the total amplitude for the 

generalized interaction, a move necessitated by the Pauli exclusion principle. This is indicated 

by the minus sign placed between the diagrams in figure 4-12.242 

What can be said regarding these four styles of diagrams? Firstly, it should be noted that these 

diagrams are not drawn primarily for the purposes of calculation. Although several of them are 

numbered and labelled, no calculations follow. Instead, like Feynman’s earlier space-time 

                                                      

241
 Kaiser refers to this half-quantized approach as “semiclassical”. Feynman’s adoption of this approach 

throughout his “Theory of Positrons” paper allowed him to demonstrate several features of his “new approach” 
without engaging some of the more serious problems of QED, namely its seemingly infinite integrals. Kaiser, 
Drawing Theories Apart. pp. 178-82. 

242
 For a discussion of how and where the Pauli exclusion principle is to be applied to this situation, which closely 

follows the explanation provided in Feynman’s “New Approach” lectures, see Feynman, "Theory of Positrons." p. 
755. 
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diagrams, these diagrams had a primarily heuristic function, as many of them were used to 

graphically assist in the description of events particular to Feynman’s “new approach”. They are 

illustrations; their function is to help explicate or explain particular physical interpretations, 

concepts or mathematical features. Moreover, while each diagrammatic style is distinct, 

tailored to a specific problem at hand, Feynman appears to move between these different 

styles with ease, giving only minimal explanation as to what each diagram represents. This 

suggests a familiarity with such diagrams, at least on Feynman’s part, and underscores their 

graphical similarities. Despite their critical differences, the visual commonalities that underlie 

these various diagrams are strong enough so that Feynman can expect his audience to 

understand them all, at least at a superficial level, with minimal effort. 

 

4.3.3 From explanation to calculation 

Finally, we come to figures 4-14 and 4-15, the most recognizable to modern physicists. Photons, 

represented by wavy lines, are now used to denote interactions between nearby particles or 

with an external field. Though graphically similar, there nevertheless exists a difference 

between figures 4-14 and 4-15: figure 4-15 represents an interaction occurring in momentum 

space, not coordinate space. Coordinate space, Feynman explains, “is convenient for 

interpretation but is not at all simple for the purposes of calculation.”243 Thus, Feynman’s 

coordinate space diagrams are re-interpreted, their edges taken to represent the generalized 

four-momenta for each component of the interaction. 

                                                      

243
 CIT, 15.7. p. 35. 
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Figure 4-14: A simple coordinate space “Feynman diagram” depicting electron-
electron scattering. CIT, 15.7, p. 32. 

 

Figure 4-15: A momentum space “Feynman diagram” depicting the scattering of 
light by a free electron. CIT, 15.7, p. 37. 

Once they make their first appearance, momentum space Feynman diagrams are used to the 

exclusion of all others throughout the remainder of these lectures. They are drawn without 

axes and their components (edges and vertices) are frequently labelled with momenta or 

coupling terms, though occasionally they are simply numbered, as in figure 4-14. Their edges 

sometimes contain arrows, although this hardly appears to be necessary. While the majority of 

Feynman diagrams describe electromagnetic interactions a minority are occasionally used to 

represent non-electromagnetic interactions between hadrons (protons, neutrons, and mesons). 

Here, different lines are used to denote different particles: protons are drawn as solid lines, 

neutrons tend to be dashed lines, and mesons, whose mediating function is similar to that of 

photons, are drawn as wavy lines.244 

The primary function of the twenty-two momentum space diagrams that appear in the 

remainder of Feynman’s Michigan lectures is to facilitate calculations. Each of Feynman’s four 

                                                      

244
 CIT, 15.7. p. 56. 
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coordinate-space Feynman diagrams appear in the vicinity of integrals representing amplitudes, 

which are directly related to their associated diagrams. Feynman’s first momentum-space 

diagrams are accompanied by a highly generalized description of how one proceeds to use 

these diagrams to compute the amplitudes of their corresponding interactions. The remainder 

of momentum-space diagrams are generally found towards the beginning of worked problems 

and almost always followed by their corresponding integrals. They are used to “set up” 

problems and produce terms to be included in the subsequent integration. 

The only time that Feynman diagrams are used outside the context of calculation is at the very 

end of Feynman’s lectures, where he discusses possible (and impossible) nucleon-meson 

interactions. Here, nucleons (protons and neutrons) exchange unidentified mesons, although 

each particle can also interact directly with the electromagnetic field (figure 4-16). As these 

diagrams are merely suggestions of how one could conceive of (and subsequently compute the 

amplitudes of) charged-meson interactions, no calculations are displayed.245 However, while 

strong-force interactions could be represented by Feynman diagrams, the legitimacy of 

Feynman’s perturbation method for calculating strong interactions was far from certain since 

the contributions from higher-order permutations could not be readily ignored in favour of 

lower-order ones, like in electromagnetic interactions. This remained the case two years later, 

in 1951, when Feynman wrote to Fermi from Brazil with the following warning: “Don’t believe 

any calculation in meson theory which uses a Feynman diagram!”246 

                                                      

245
 CIT, 15.7. p. 56. 

246
 CIT, 1.35. 
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Figure 4-16: A Feynman diagram depicting a hypothetical nucleon scattering 
event. CIT, 15.7, p. 56. 

Having followed Feynman’s first public lectures in which he introduced his diagrams, what have 

we found? First, it appears that, at least in 1949, Feynman’s eponymous diagrams had a critical 

but limited function. While Feynman diagrams proved to be excellent for calculation (and, to a 

lesser extent, casual representation), they were considered insufficient by Feynman for 

explaining the novel conceptual features of his “new approach” to QED. Instead, space-time 

diagrams, more familiar to the audience, were used to articulate the physical foundations of 

Feynman’s methods, including the possibility of chronologically-reversed particles and the need 

to consider all paths available to a particle on its journey from one point in space-time to 

another. Not only would the use of Feynman diagrams have been technically inapplicable to the 

idealized situations described in these cases, but they would have been confusing as well. This 

is due to the audience’s likely ignorance of the assumptions inherent in Feynman’s “new 

approach”, assumptions which Feynman diagrams both require and embody. Indeed, as the 

physical ideas behind Feynman’s theory were increasingly explained, and as the emphasis of his 

talk shifted from describing its conceptual foundations to demonstrating how to calculate 

amplitudes, Feynman’s space-time diagrams gradually morphed into “Feynman-like”, and 

ultimately “Feynman”, diagrams. 

Furthermore, in focusing on Feynman’s use of his many styles of diagrams we see the 

importance of viewing Feynman’s visual imagery in terms of their specific functions within their 

immediate context. This is seen most clearly in Feynman’s use of non-“Feynman” diagrams to 
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explain how the apparently anomalous negative intermediate energy predicted under Dirac’s 

hole theory should ultimately be taken to be positive, as well as in his graphical demonstration 

of how (and why) one must take the influence of the Pauli exclusion principle into account 

when considering certain interactions. The variety of the contexts in which these diagrams were 

produced reflects the plurality of their forms. For instance, the diverse manners in which 

Feynman represented the electromagnetic field/photons – as circles, wavy lines, mere labels, or 

not at all – only becomes understandable when considering what type of field characterization 

Feynman was using at each point in his lecture as well as his motivation for producing the 

diagram in question. 

However, despite their morphological diversity, the majority of Feynman’s diagrams 

nevertheless contain a number of common features. Charged particles appear as solid lines, 

and although individual paths can be curved, sums of possible paths are mostly drawn straight. 

Particles travel diagonally upwards through time (or diagonally downwards, if they are anti-

particles), a convention borrowed from space-time diagrams but retained whether or not 

space-time axes in fact are present. These similarities are in fact strong enough that deviation 

from them, as seen in figures 4-9 and 4-10, may prove confusing to the scrutinizing reader. 

Indeed, a powerful stylistic core underlies the plasticity of Feynman’s images, enabling him (and 

assumedly his audience) to engage with such a diversity of diagrams without Feynman having 

to explain in detail each and every modification to his representational scheme. Indeed, if one 

were to casually read Feynman’s 1949 Summer School lecture from its beginning to the point 

where Feynman diagrams are introduced, one might not even notice the seamless transitions 

between diagrammatic styles. Feynman’s shift from space-time diagrams to momentum-space 

Feynman diagrams is subtle, and although each different form of diagram represents something 

slightly distinct, their common graphical similarities greatly facilitate one’s ability to 

nevertheless “follow along”. 

It is worth noting that these findings are consonant when applied to Feynman’s “The Theory of 

Positrons” and “Space-Time Approach to Quantum Electrodynamics”, both of which were 

published in the Physical Review in 1949. In both structure and content, these two articles 
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closely follow Feynman’s “new approach” lecture notes, which is unsurprising since Feynman’s 

Michigan lectures were given mere months after he submitted his articles to the Physical 

Review. It is likely that Feynman’s lecture series was an expanded version of these papers, 

complete with more examples and heuristic images; in fact, while some of the diagrams in 

these articles differ notably from those in Feynman’s lectures (and vice versa), many appear in 

both sources. As in Feynman’s lectures, where the diagrams that were used to introduce his 

“new approach” differed from those used to perform its calculations, the images appearing in 

Feynman’s two articles also differ. Feynman’s “Theory of Positrons”, whose diagrams are all 

technically not “Feynman diagrams”, employs visual imagery to explain particular features of 

Feynman’s approach, while “Space-Time Approach”, which is more concerned with applying 

Feynman’s methods to a variety of concrete problems, contains many (and only) Feynman 

diagrams. Our claims regarding morphological flexibility and contextuality can thus also be 

applied to these two published works, although an in-depth analysis of the images contained in 

these articles would be somewhat redundant, given the excellent work of Wüthrich on this 

subject.247 

 

4.4 Caltech, 1950: “Quantum Electrodynamics and Meson 
Theories” 

Feynman appears to have been satisfied with his “ideas-first, calculations-second” method of 

introducing his “new approach”, as he chose to repeat it a few months later. In February, 1950 

Feynman visited the California Institute of Technology (Caltech) for the first time and gave a 

series of lectures titled “Quantum Electrodynamics and Meson Theories”.248 This lecture series 

began similarly to his University of Michigan’s “A New Approach to Quantum Electrodynamics”, 

                                                      

247
 Wüthrich, The Genesis of Feynman Diagrams. Ch. 5. 

248
 These lecture notes were taken by Carl W. Helstrom and Malvin A. Ruderman. For similar reasons to those 

mentioned above, I take it as likely that these images are reflective of the images drawn by Feynman himself in the 
winter or 1950. CIT, 7.10. 
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so much so that the students who transcribed Feynman’s Caltech lectures lifted passages in full 

from Fuchs’s and Riddell’s transcription.249 However, as his lectures progressed, Feynman 

strayed from the subjects discussed in his Michigan lectures; instead of focusing on describing 

how one might use his “new approach” to obtain transition amplitudes for particular 

interactions, Feynman’s Caltech lectures were more concerned with his newly developed 

“ordered operators”, a novel mathematical technique capable of bridging the gap between his 

space-time path-integral approach and conventional quantum field theory. In this respect, 

Feynman’s 1950 Caltech lectures can be viewed as a precursor to his 1951 article “An Operator 

Calculus Having Applications in Quantum Electrodynamics”, published in the Physical Review. In 

this work Feynman claims to present no new results, but rather applies his operator algebra to 

quantum electrodynamics “to permit an easier way of seeing the relationships among the 

conventional formulations, that of Schwinger and Tomonaga, and that of the author.”250 

Given that Feynman’s 1950 Caltech lecture series begins similarly to his 1949 Michigan talks, it 

is unsurprising that the vast majority of diagrams which we have encountered in the first half of 

his “new approach” lectures are repeated. With the exception of Feynman’s confusing “H”-

shaped wave function diagram (figure 4-9), each diagrammatic “style”, from Feynman’s first 

space-time diagrams up until his coordinate-space Feynman diagrams, are reproduced.251 

However, at the point at which he would have introduced his momentum-space diagrams 

Feynman departs from his previous lectures. As we shall see, the portion of these lectures after 

their Michigan segment is particular interesting, as although the concentration of diagrams is 

                                                      

249
 “We were very glad to have available the notes of Fuchs and Riddell on the Summer Symposium at Ann Arbor 

(July, 1949). Frequent use has been made of them in the earlier parts of our notes. In many cases material has 
been lifted bodily from these notes.” CIT, 7.10. Acknowledgement page. 

250
 Richard P. Feynman, "An Operator Calculus Having Applications in Quantum Mechanics," Physical Review, 

1951, 84, no. 1:108-28. p. 108. For more on ordered operators, see Jagdish Mehra, The Beat of a Different Drum: 
The Life and Science of Richard Feynman (Oxford: Clarendon Press, 1994). pp. 307-314. 

251
 The omission of figure 4-9, however, may have less to do with a realization on Feynman’s part of the confusion 

this image may cause and more to do with the omission of the entire section in which it is found, as well as half of 
the following section. His other “confusing” diagrams, of which figure 4-10 is one, remain. CIT, 15.7. pp. 15-18. CIT, 
7.10. pp. 10-11. 
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relatively spare (less than twenty diagrams are scattered throughout approximately sixty 

pages), the assortment of images that do exist are nevertheless fascinating. In examining 

several of these, we shall not only see that, like in his Michigan lectures, each diagram is drawn 

as to suit its local context, but that diagrams are increasingly employed in a “mathematical-

heuristic” manner, that is, as heuristic devices assisting in mathematical argumentation.252 

 

4.4.1 Mathematical-heuristic diagrams 

In a sense, all of Feynman’s diagrams which we have encountered are both mathematical and 

heuristic entities, although their ability to either help conceptualize physical events or denote 

mathematical descriptions of such events is not always explicitly invoked. Feynman diagrams 

are particularly well known for their ability to both represent their denoted subatomic 

processes mathematically and provide a means of heuristically conceiving of such interactions. 

As Kaiser notes, Feynman diagrams did not have to be drawn to “resemble” interactions and 

subsequently be interpreted as such (with all the usual caveats about not taking this too 

seriously), but they were nevertheless, despite the dissenting styles of Dyson, among others.253 

These images have thus proven to be robust visual entities, capable of mediating between 

conceptual and mathematical descriptions of subatomic events.254 

                                                      

252
 It is important to note that despite this work’s emphasis on the “mathematical-heuristic” diagrams of 

Feynman’s 1950 Caltech lectures, many of the novel diagrams produced in these lectures serve purposes similar to 
those we have previously encountered, such as explaining novel concepts, presenting a “physical picture” of 
subatomic processes, or facilitating calculations. However, as such diagram-facilitated calculations were not the 
primary focus of his 1950 Caltech lectures, we find few Feynman diagrams drawn to such ends. 

253
 Kaiser, "Stick-Figure Realism." 

254
 The diagrammatic category of “mathematical-heuristic” may be viewed by the critical reader as problematic, 

since not all of these diagrams perform an identical function. Indeed, while some are produced in order to argue 
for an interpretation of a particular mathematical term with important physical consequences (such as negative 
energy solutions to the Dirac equation), others are used to explain the terms in an equation or argue for a 
particular means of mathematical representation. While one might argue that such a class of diagrams is too 
broad, I would respond that it is nevertheless useful, if only for understanding how diagrams can be used in ways 
other than the physically heuristic and computational ways we have encountered above. 
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Diagrams which are explicitly used to mediate in this manner have, in fact, already been 

discussed in this work. Figures 4-11 and 4-12 both use images with some degree of physical 

representational value to argue for points which are fundamentally related to the mathematical 

details of QED. In figure 4-11, diagrams are used to argue for a novel physical interpretation of 

problematic intermediate negative energy solutions to the Dirac equation. In figure 4-12, 

“circle” diagrams demonstrate the need to invoke the Pauli exclusion principle when computing 

the total amplitude of a particular interactions. These two sets of diagrams are drawn in order 

to re-interpret mathematical results or keep one from double-counting processes in one’s 

calculations. 

In Feynman’s Michigan lectures, the majority of his Feynman diagrams were produced for the 

sake of computing amplitudes. However, in his 1950 Caltech lectures there exists at least one 

Feynman diagram which is used to interpret, not yield, a derived result. The first Feynman 

diagram on page 66 of Helstrom and Ruderman’s Caltech lecture notes appears when Feynman 

discusses how to incorporate creation and annihilation operators into an electron’s transition 

amplitude for transitioning from one state to another. After some mathematical manipulations, 

Feynman arrives at a familiar-looking path-integral, which he immediately identifies as “just the 

expression for the self-energy effect” of an electron.255 A corresponding diagram (figure 4-17) is 

subsequently drawn. This diagram heuristically helps Feynman’s audience picture how the 

derived integral is to be understood (as a first-order self-energy correction, that is, an emitted 

and re-absorbed photon), serving to reinforce the one-to-one correspondence between the 

interaction’s mathematical representation and its conceptual interpretation. It is thus used in 

an opposite manner relative to the majority of Feynman diagrams that we have encountered: 

instead of producing a set of mathematical terms from a particular conception of a physical 

event, it facilitates a conceptual understanding of a mathematically derived result. 

                                                      

255
 CIT, 7.10, p. 66. 
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Figure 4-17: The self-energy of an electron: an electron emitting, then re-
absorbing, a photon. CIT, 7.10, p. 66. 

On page 28, Feynman uses a diagram not to interpret a mathematical result, but to help his 

audience understand certain intermediate steps of a calculation. When discussing how to 

compute the probability that a self-interacting non-relativistic particle would remain in its initial 

state after a given amount of time, Feynman demonstrates how to perform an integration over 

all paths while holding a pair of intermediate ordered space-time coordinates fixed (which are 

themselves subsequently integrated over for all points in space and time).256 This mathematical 

demonstration is accompanied by a diagram depicting multiple paths that converge at four 

given space-time points (figure 4-18). Although unnecessary for actually performing the 

integration, this diagram reinforces how, precisely, one may conceive of multiple paths which 

converge at points in space-time, even though these points are variables which will ultimately 

be integrated over. Unlike the Feynman diagram on page 66 (figure 4-17), this is a sort of space-

time diagram, and is not used to interpret a derived result. However, both figure 4-17 and 

figure 4-18 are similar in that they both act as illustrative visual aids, helping provide Feynman’s 

audience with a physical interpretation of a mathematical procedure. 
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 CIT, 7.10, p. 28. 
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Figure 4-18: Multiple space-time paths with fixed intermediate coordinates. CIT, 
7.10, p. 28. 

Diagrams can also be used to explain the origins of mathematical terms, as is the case with the 

diagram on page 38 (figure 4-19), which represents a complex interaction involving a set of 

photons and an unspecified number of charged particles. Before the “reaction” (interaction), 

several photons are present, the number of which may differ from those in existence 

afterwards, as a portion of the initial photons “react” with nearby particles. Feynman soon 

arrives at the generalized kernel for this multi-photonic interaction: 
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Here, n and m are initial and final number of photons, respectively, r is the number of photons 

which to not interact with adjacent charged particles, and  and * are time integrals of 

functions corresponding to couplings between particles and the electromagnetic field.257 
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 For a precise definition of , *, and the functions of which they are integrals, see CIT, 7.10. pp. 25, 37. 
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Figure 4-19: Photons interacting with an unspecific set of charged particles. CIT, 
7.10, p. 38. 

Feynman pauses a moment to interpret this equation. Of particular interest is the factor 

!!1 nm , which Feynman explains as a correction necessitated by Bose statistics (photons are 

bosons, which, unlike Fermions, may share the same quantum state at any given time). In 

describing the combinatorics behind the ways in which a subset of initial photons can interact 

with such particles and result in a different final number of photons, a diagram (figure 4-19) is 

produced depicting such a generalized interaction. Here, several photons interact with nearby 

particles, though a number of them, r, do not. This diagram is drawn to provide a quick visual 

understanding of the terms in Kmn in general (particularly !!1 nm ). To be sure, the diagram 

does not, by itself, explain the anomalous term; nearly a page of text and equations accompany 

it. However, the utility in employing such a simple image to accompany this explanation 

appears to be nevertheless significant. 
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Figure 4-20: A curious path through space-time, in which a space-time 
coordinate system would not be satisfactory for describing the total trajectory 
of a particle. CIT, 7.10, p. 38. 

Finally, we come to a diagram which is drawn not to interpret, but to argue for a mathematical 

term. On page 72, Feynman draws a graph showing an open loop in space-time, where a 

particle travels forwards, backwards, and then forwards again in time while doubling back on 

itself in space (figure 4-20). The purpose of this diagram is to convince Feynman’s audience that 

an extra “coordinate” (that is, a parameter) is required when attempting to describe the total 

motion of such a chronologically liberal particle. The accompanying image makes it a simple 

task for the audience to grasp the problems they would encounter when describing such a 

particle exclusively via space-time coordinates, as a space-time coordinate system is incapable 

of corresponding in a one-to-one manner with the trajectory of the particle. This image was not 

only produced to visually clarify a potentially confusing physical process, but to argue for the 

use of a particular form of mathematical representation, which, without an accompanying 

visualization, the reasons for which might be somewhat unclear. 

These four diagrams, of which only one can properly be called a “Feynman diagram”, bridge the 

divide between two deeply interconnected aspects of theoretical physics: “intuitive” physical 

reasoning and abstracted mathematical manipulations. These images demonstrate how 

Feynman used diagrams not just to explain the physical ideas behind his theories or set up 

terms as a first step in a calculation, but to help his audience understand the conceptual and 

mathematical implications of his approach, as well as to occasionally argue for them. Although 

there are no firm lines between heuristic, computational, and mathematical-heuristic uses, 

these diagrams are noteworthy in that they clearly aid in helping Feynman’s audience 
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understand certain mathematical terms, become acquainted with the physical interpretation of 

mathematical statements, and grasp the need for a particular coordinate system. In short, their 

role in mediating between the conceptual and symbolic aspects of Feynman’s “new approach” 

is substantial. If we are to acquire a rich and nuanced understanding of how Feynman used his 

images when discussing quantum electrodynamics, then considering images like these is 

immensely helpful. 

While this discussion of diagrams in Feynman’s 1950 Caltech lectures is an admittedly non-

exhaustive one; not all of the images that appear in this lecture series bears discussion, and 

even more images than those we have omitted were initially found in his 1949 Michigan 

lectures and have therefore already been discussed. The central point I wish to raise by 

examining these images (aside from the fact that Feynman had evidently found a way to 

explain his new approach to QED that seemed to work) is that, for a highly mathematical 

discipline like theoretical physics, images can often help bridge the conceptual gulf between 

physical concepts and their associated symbolic mathematical representations. Just as Feynman 

diagrams have helped countless physicists move between possible interactions and their 

mathematical contributions, these other mathematical-heuristic diagrams helped Feynman’s 

audience (and presumably Feynman himself) move between the conceptual elements of QED 

and its mathematical formulation.  

Before concluding, it is worth inquiring into whether or not Feynman continued to use diagrams 

in the manners that we have discussed in later lectures on similar subjects. If many of the 

diagrammatic styles employed by Feynman were geared towards the explanation of his “new 

approach”, did the acceptance of this approach and the rising popularity of Feynman diagrams, 

displace his other diagrams? In other words, did Feynman stop using a spectrum of diagrams 

for the parts of his later lectures which didn’t involve calculation, or did a diagrammatic 

diversity nevertheless persist? To address these questions, we now briefly turn towards three 

lecture series given throughout the 1950s. 
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4.5  Feynman’s diagrams after 1950 

In 1951, Feynman gave at least two series of technical lectures for which notes are known to 

exist: a course given at Caltech titled “High Energy Phenomena and Meson Theories” and a 

similar talk given in Brazil later that year titled “High Energy Nuclear and Meson 

Phenomena”.258 Unlike the lectures that we have previously encountered, these lectures did 

not begin with a general discussion of his “new approach”. Instead, Feynman begins these 

lectures by diving right into the details of mesonic interactions and quickly turning to worked 

examples of meson-interaction calculations. These talks were quite advanced, and were clearly 

not for the uninitiated, a fact that likely explains their lack of heuristic diagrams intended to 

help his audience understand novel concepts or common mathematical operations. Indeed, the 

features of Feynman’s earlier heuristic diagrams were designed to explain were likely 

understood by his audience, or at least assumed to be. Instead, the majority of diagrams 

present in these lectures are Feynman diagrams. Unlabeled images, simply referred to as 

“diagrams”, are embedded throughout his lectures’ text for a pictorial quick reference to a 

particular interaction (figure 4-21). Labelled diagrams often stand alone and are used in the 

calculations of worked examples.259 

 

Figure 4-21: Inter-text Feynman diagrams standing in for specific interactions. 
CIT, 7.7, p. 35. 

                                                      

258
 For Feynman’s Caltech course, see CIT, 7.7, 8.2. For his Brazilian lectures, see CIT, 7.5-6. 

259
 “There are two diagrams, one (I) in which *the external magnetic field potential+ interacts with the nucleon and 

one (II) in which it interacts with the meson.” CIT, 7.7. p. 61. 
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However, these lecture notes do contain a handful of diagrams which appear to differ from 

“Feynman diagrams” proper. The most notable example of these appears on page 46 of 

Feynman’s Caltech lectures (figure 4-22), where a scattering diagram is combined with a 

geometrical axis (this diagram is produced alongside suggestions of which coordinate system 

one should choose). However, as Feynman diagrams are used in these lectures nearly 

universally, one might draw the conclusion that Feynman has since abandoned his multitude of 

diagrammatic styles for the one that would be ultimately the most useful for calculations. One 

would thus expect Feynman diagrams to dominate all of Feynman’s subsequent lectures, 

having become synonymous with their associated subatomic interactions. 

 

Figure 4-22: A diagram depicting the geometry of scattering. CIT, 7.7, p. 46. 

 

Figure 4-23: Highly schematic depictions of the four fundamental QED 
interactions. CIT, 7.9, p. 59. 

Upon inspecting notes taken to Feynman’s 1953 “Quantum Electrodynamics” lecture series at 

Caltech and his 1958 special lecture series at Cornell titled “Theory of Fundament Processes” 

(published in 1962), we see that this is not so.260 While Feynman diagrams continued to be used 

for both calculation and reference (standing in for verbal descriptions of interactions), an 

                                                      

260
 For Feynman’s 1953 Caltech lectures on QED, see CIT, 7.9. For his 1958 Cornell lectures, see R. P. Feynman et 

al., The Theory of Fundamental Processes: A Lecture Note Volume (New York: W.A. Benjamin, 1962). 
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assortment of alternative diagrams are also present. Some diagrams are similar, if not identical, 

to those we have previously encountered; for example, Feynman’s space-time diagrams on 

page 57 of his 1953 lecture notes depict familiar representations of the multiple trajectories 

taken by an electron (including those involving travel backwards in time). Others, like several of 

Feynman’s circle diagrams, reappear with modifications: while four of Feynman’s circle 

diagrams are reproduced in his 1953 lecture notes rather faithfully on pages 102-3, those which 

appear on page 59 of (reminiscent of the first four which appear on page 30 of Feynman’s 1949 

lectures) are drawn without their circles (figure 4-23), their moderate change in form being due 

to a slight change in function (their purpose is now to list the four types of electron-positron 

interactions - electron and positron scattering, pair production and annihilation – not to note 

how the Pauli exclusion principle affects the amplitudes of particular interactions).261 Others 

still, like several diagrams drawn in order to show the absorption and emission of photons 

(stimulated emission, in the case of figure 4-24), are new to these lectures, although their 

appearance is not altogether dissimilar to diagrams we have previously encountered. Finally, 

several completely new diagrammatic styles with no apparent “ancestors” are introduced. Such 

images include a completely novel way of displaying negative energy states (present in both 

Feynman’s 1953 and 1958 lectures) and a new, simple, means of discussing the impact of 

distinguishability and spin upon probability amplitudes (figure 4-25).262 

                                                      

261
 While one might argue that this was their purpose all along, their previous appearance as circle diagrams 

suggests that this was merely a first step in Feynman’s “Pauli principle” argument. Here, over forty pages away 
from such circle diagrams, no such suggestion can be made. CIT 15.7, p. 30. CIT 7.9, pp. 59, 102-3. 

262
 Feynman et al., Theory of Fundamental Processes. pp. 3-4, 27-8. 
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Figure 4-24: Induced emission of a photon by incident radiation. CIT, 7.9, p. 9. 

 

Figure 4-25: A novel means of discussing the impact of distinguishability and 
spin. Feynman et al., Theory of Fundamental Processes. p. 4. 

As in Feynman’s earlier lectures, the majority of these “non-Feynman” diagrams appear in the 

context of specific physical arguments. Many of these diagrams are used heuristically, and even 

some of them are used in the mathematical-heuristic manner described above. Yet, it is notable 

that despite other diagrams’ continued use, Feynman diagrams nevertheless retained a 

monopoly on being used for calculation. This, the failure of other diagrams to become tools of 

calculation, is almost certainly one of the central reasons behind the proliferation of Feynman 

diagrams throughout Feynman’s own work at the expense of his other visual representations. 

The limited, heuristic, and highly contextual functions of so many of Feynman’s diagrams could 

only carry them so far, while his Feynman diagrams, as rigorous components of theoretical 

practice, would become as much a part of quantum electrodynamics as the mathematical terms 

to which they corresponded. As Feynman’s lectures became less focused on describing his new 

approach to QED and actually performing the routine calculations desired of it, the narrow, 

heuristic functions of his other diagrams restricted their prevalence. Over time, Feynman 

diagrams, due to their robust versatility, their ability to become embedded in calculations, and 

physicists’ increasing familiarity with them, became Feynman’s images of choice. 
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However, it is important to note that even as Feynman diagrams acquired an increased level of 

scientific respectability and the need to explain them waned, they never fully eclipsed other 

types of diagrams, especially in works that involved some sort of physical explanation. 

Feynman’s 1950 Caltech lecture series titled “Quantum Electrodynamics and Meson Theories”, 

which introduced his newly developed “ordered operators”, included a number of “non-

Feynman” diagrams, the styles of which can be understood in terms of the context of their 

purposes within his talk.263 Other relevant lectures given by Feynman throughout the 1950s 

varied in their use of non-“Feynman” diagrams – some contained relatively many while others 

contained only a few. 

An analysis of these lectures suggests that the less advanced or technical a lecture, the more 

Feynman included a variety of diagrammatic styles in it. For instance, Feynman’s 1951 “High 

Energy Phenomena and Meson Theories” was aimed at an advanced audience and relied 

heavily on Feynman diagrams. Compare this with Feynman’s lecture notes for his 1953 

“Quantum Electrodynamics” course at Caltech or his 1958 special lecture series at Cornell titled 

“Theory of Fundament Processes” (published in 1962), which contain a wider variety of 

diagrammatic styles, many of which are employed for heuristic purposes.264 However, this 

tendency is not without exceptions. Feynman and Hibbs’ 1965 textbook, “Quantum Mechanics 

and Path Integrals”, which was intended to introduce aspiring physicists to Feynman’s path 

integral approach to QED, contains a significant number of diagrams, not a single one of which 

is a Feynman diagram! This is also the case for the Feynman’s famed “Feynman Lectures”, the 

third volume of which introduces Feynman’s audience to quantum mechanics. These lectures 

contain a great number of diagrams, but no Feynman diagrams, although this fact is perhaps 

somewhat less surprising given the (relatively) introductory scope of the lectures.265 

                                                      

263
 CIT, 7.10. For more on ordered operators, see Mehra, Beat. pp. 307-314. 

264
 CIT, 7.7, 7.9. For his 1958 Cornell lectures, see Feynman et al., Theory of Fundamental Processes. 

265
 Richard P. Feynman, Robert B. Leighton, and Matthew Sands, The Feynman Lectures on Physics, Vol. 3 

(Reading, MA: Addison-Wesley Publishing Company, 1965). 
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Figure 4-26: Feynman’s schematic visual representation of how to calculate the 
probability that a photon will travel from a source in the air, S, to a detector 
underwater, D. Similar “arrow diagrams” populate the first half of his QED. Feynman, 
QED. p. 50. 

Finally, some less advanced contexts both extensively employed Feynman and “non-Feynman” 

diagrams. Consider, for example, Feynman’s QED: The Strange Theory of Light and Matter, a 

popular presentation of Feynman’s approach to quantum electrodynamics first published in 

1985.266 Although Feynman diagrams were well known by this time they only first appear 

halfway through the book! Instead of Feynman diagrams, the first half of QED is populated by 

“arrow” diagrams, visual representations that employ arrows (vectors) to provide a relatively 

easy means of explaining how to think about (and calculate) probability amplitudes for 

quantum electrodynamic events in terms of the totality of available paths. Indeed, decades 

later, we see a great persistence in Feynman’s lecture style: even in this non-technical lecture 

series, diagrams best suited to help explain Feynman’s physical ideas came first and Feynman 
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 Feynman, QED. For Feynman’s original 1979 lectures which ultimately became QED, see The Douglas Robb 

Memorial Lectures, (1979 [cited 2010]); available from http://vega.org.uk/video/subseries/8. 
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diagrams second. Given the enduring popularity of Feynman’s lectures and his legacy as a great 

educator, it is fair to say that the harsh lessons about effective communication learned in the 

Poconos were ultimately for the best. 

 

4.6 Analysis and Conclusions: diversity, similarity, and scientific 
visual representations 

As we have seen, Feynman used a spectrum of diagrams in his early lectures on QED. While 

“Feynman diagrams” were Feynman’s preferred means of visual representation for performing 

quantum electrodynamic calculations they were not viewed as ideal for explaining the novel 

physical ideas contained in his “new approach”, which, after all, included understanding the 

meaning and use of Feynman diagrams themselves. 

We have also seen how many of Feynman’s diagrams were frequently drawn in such a way as 

to resemble each other. Feynman relied upon visual, stylistic continuities to increase his 

diagrams’ comprehensibility. However, some of the details concerning his diagrams’ forms 

varied with the context of his lecture. Different diagrams were drawn for different purposes 

and under different physical assumptions (such as quantized versus non-quantized fields). 

Taken together, these two factors, both sources of Feynman’s diagrams’ epistemic legitimacy, 

describe an interesting tension: on the one hand, Feynman heavily relied upon common visual 

styles, while on the other hand, his diagrams varied with the local contexts of his work. 

These observations accord well with recent work by science studies scholars directed towards 

understanding the forms that scientific images frequently take. In particular, these findings 

resonate with two divergent approaches that historians use to understand scientific visual 

representations: one in terms of images’ immediate contexts and the other in terms of more 

general visual traditions. 
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It has been argued by some scholars that scientific images are often best understood in terms 

of local, contextual, and often disciplinary (or sub-disciplinary) needs. For one, Andrea Woody 

has investigated chemists’ propensity to favour energy-level diagrams over more reductionist 

modes of representation. Her findings indicate that chemists choose to employ energy-level 

diagrams due to the ability of these images to provide relevant information to their users, while 

simultaneously reflecting the ways that chemists conceive of their objects of inquiry.267 Other 

studies of pictorial representations, such as those of molecules, cells, neurons, and the social 

interactions of animals, have contributed to the notion that the forms that scientific images 

should be understood within the specific context of the work in which they appear.268 Our 

analysis of Feynman’s early lectures accords well with these findings, as we have seen the 

importance of local use in determining the shape of many of Feynman’s diagrams.269 This 

theme also finds resonance in our explanation of the reasons behind Kekulé’s abandonment of 

his sausage diagrams (and his modified skeletal diagrams) as well as several of Van ‘t Hoff’s 

decisions concerning the use of prismatic tetrahedra and “face” or “vertex” models. 

Alternatively, some scholars have chosen to address the forms given to scientific images in the 

context of representational traditions, shared pictorial conventions, or in terms of other visual 

representations to which these images are understood analogously or metaphorically. This view 
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 Andrea I Woody, "Putting Quantum Mechanics to Work in Chemistry: The Power of Diagrammatic 

Representation," Philosophy of Science, 2000, 67 (Proceedings):S612-S27. Andrea I Woody, "More Telltale Signs: 
What Attention to Representation Reveals About Scientific Explanation," Philosophy of Science, 2004, 71:780-93. 

268
 Tara H. Abraham, "From Theory to Data: Representing Neurons in the 1940s," Biology and Philosophy, 2003, 

18, no. 3:415-26. Jane Maienschein, "From Presentation to Representation in E.B. Wilson's the Cell," Biology and 
Philosophy, 1991, 6, no. 227-254. Greg Myers, "Every Picture Tells a Story: Illustrations in E. O. Wilson’s 
Sociobiology," Human Studies, 1998, 11, no. 2:235-69.  

269
 There are, of course, also numerous examples of images being given specific forms to argue for particular 

(often contentious) views held by scientists. Consider the use of pictures to argue for a particular archeological find 
being deemed a “missing link” or Haeckel’s infamous embryological drawings. For more benign examples, consider 
Pauling’s carefully crafted images of antibodies or Sewall Wright’s adaptive landscapes. Hopwood, "Pictures of 
Evolution." Stephanie Moser, "Visual Representation in Archaeology: Depicting the Missing-Link in Human Origins," 
in Picturing Knowledge: Historical and Philosophical Problems Concerning the Use of Art in Science, ed. Brian S. 
Baigrie (Toronto: The University of Toronto Press, 1996). Michael Ruse, "Are Pictures Really Necessary? The Case of 
Sewall Wright's 'Adaptive Landscapes'," in Picturing Knowledge: Historical and Philosophical Problems Concerning 
the Use of Art in Science, ed. Brian S. Baigrie (Toronto: The University of Toronto Press, 1996).  



Form and Function: Seeing, Knowing, and Reasoning with Diagrams in the Practice of Science 

Chapter 4: Diagrams in Feynman’s Early Lectures 

216 

 

is reflected in discussions of imagistic continuity in the face of conceptual change, such as in J. 

V. Field’s description of Renaissance mathematics and Martin Kemp’s work on early modern 

astronomy.270 The notion that visual representations often get their forms from factors that lie 

beyond their most specific contexts is also present in studies that examine the uses of images in 

contexts that differ from those in which they originate. These studies indicate that the 

analogical or metaphorical adoption of visual imagery is relatively commonplace and can be 

found throughout a wide spectrum of scientific practice; consider, for example, H. T. Odum’s 

use of circuit diagrams to describe ecosystems, or Conrad Waddington’s epigenetic landscapes, 

in which cellular development is envisioned as the path taken by a ball rolling down a hill.271 

This view also greatly helps us understand the forms given to Feynman’s diagrams, as we have 

seen how Feynman relied upon general stylistic similarities among his own images and how he 

modeled his unfamiliar Feynman diagrams after well-known space-time diagrams. Of course, 

we have also seen the importance of stylistic continuity earlier in this work, such as in the 

movement from skeletal diagrams to ball-and-stick models and in Van ‘t Hoff’s probable 

inspiration from crystallographic visual representations. 

 

These two factors that shape scientific visual representations may appear to be oppositional: 

one highlights the importance of local contexts in shaping images while the other notes the 

advantages of representational continuity with a broader realm of imagistic styles. However, as 

this work has demonstrated, these factors are by no means incongruous. In the context of 
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 J. V. Field, "Renaissance Mathematics: Diagrams for Geometry, Astronomy and Music," Interdisciplinary Science 

Reviews, 2004, 29, no. 3:259-77. Martin Kemp, "Temples of the Body and Temples of the Cosmos: Vision and 
Visualization in the Vesalian and Copernican Revolutions," in Picturing Knowledge: Historical and Philosophical 
Problems Concerning the Use of Art in Science, ed. Brian S. Baigrie (Toronto: The University of Toronto Press, 1996). 
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 Aaron D Goldberg, C. David Allis, and Emily Bernstein, "Epigenetics: A Landscape Takes Shape," Cell, 2007, 

128:635-8. Peter J Taylor and Ann S. Blum, "Ecosystems as Circuits: Diagrams and the Limits of Physical Analogies," 
Biology and Philosophy, 1991, 6, no. 2:275-94. Goldberg, Allis & Bernstein’s article also produces a new image of an 
epigenetic landscape: Waddington’s wavy “hill” has been transformed into a pinball machine! It is of note that 
Wright’s adaptive landscapes can also be understood in such a visually analogical manner. 
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Feynman’s early lectures we see that such factors are in fact complementary, as they help 

provide us with the conceptual basis for understanding both Feynman’s diagrammatic diversity 

and his diagrams’ underlying similarities. On the one hand, Feynman shaped his diagrams to 

accord with the variety of conceptual points he wished to make. On the other hand, stylistic 

commonalties allowed Feynman to move between such diagrams with ease and to transition 

from familiar space-time diagrams to (then) novel Feynman diagrams. 

These findings accord well with Kaiser’s work on Feynman diagrams, in which he notes that the 

strength of Feynman diagrams lies partly in their ability to become embedded in specific 

disciplinary practices (being used in calculating contributions, fulfilling local computational 

needs) while simultaneously reminding their users of bubble chamber tracks and Minkowski 

space-time diagrams (relying on a broader visual context). Furthermore, Kaiser’s observation 

that Feynman diagrams were adopted by a variety of physicists working in different sub-

disciplines, many of whom did not share common views on the nature of the subatomic world, 

further speaks to utility of morphological commonality and shared pictorial conventions in the 

face of disparate ontologies and divergent computational practices.272 However, while Kaiser 

characterizes Feynman diagrams as “mutable mobiles” within the greater physics community, 

there is much to be gained by viewing Feynman’s diagrams as “mutable mobiles” within 

Feynman’s own lectures, private notes, and published works. From this perspective we see that 

mutability is not only in the interpretation and use of Feynman’s diagrams, but in their 

structure and form as well. As I have argued, this mutability, or flexibility, is critical to these 

diagrams’ strength, much of which lies in Feynman’s ability to use them in a visually analogical 

manner. 

In addition to these two factors concerning Feynman’s diagrams’ epistemic legitimacy – 

contextual utility and stylistic continuity – what else can be said regarding how Feynman’s 

diagrams’ acquired and ensured their status? Specifically, what insight can we gain into the 
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structural or functional approaches to representation briefly discussed earlier in this work  on 

the basis of this chapter’s findings? 

Many of Feynman’s diagrams that we have considered, specifically Feynman’s eponymous 

diagrams, can be viewed as highly supportive of a structural conception of scientific 

representation that emphasizes close correlation between distinct representations and their 

unique corresponding targets. In bijectively correlating with both generalized physical events 

and mathematical terms, Feynman diagrams are, in principle, reducible to the set-theoretical 

structures proposed by certain structuralists. In no small way it is this close isomorphic 

correspondence with other elements of scientific practice that ensured their continued use as a 

tool for calculation, as Feynman diagrams would be worthless for computing amplitudes if their 

correspondence to individual mathematical terms was in some way degenerate. 

Even for more heuristic situations, and for diagrams other than “Feynman diagrams” proper, 

many of Feynman’s images acquired their epistemic legitimacy in no small part through their 

ability to effectively individuate physical processes. For example, figures 4-9 to 4-11 all serve to 

identify distinct quantum electrodynamic events, each of which has a related mathematical 

expression that uniquely corresponds to one of the diagrams. The utility of Feynman’s diagrams 

in individuating physical processes can also be seen in the pairs of space-time diagrams 

discussed at the beginning of this chapter, which are only useful insofar as they provide for 

effective distinctions (for figure 4-1 between simultaneous and time-delayed interactions and 

for figure 4-2 between the “normal” paths of electrons and the path taken by an electron 

deflected backwards in time). Furthermore, one mathematical-heuristic diagram, figure 4-20, is 

used to articulate the need for a coordinate system capable of providing a non-degenerate 

description of a particle’s trajectory through space-time. This can be viewed by structuralists as 

a visual argument in favour of a mathematical approach that allows for unique structural 

representation. 

However, despite the predominance of such structural themes it would be a mistake to think 

that Feynman’s diagrams solely obtained their epistemic legitimacy through their ability to be 



Form and Function: Seeing, Knowing, and Reasoning with Diagrams in the Practice of Science 

Chapter 4: Diagrams in Feynman’s Early Lectures 

219 

 

isomorphically reducible to set-theoretical structures. While many of Feynman’s diagrams may 

in principle be equivalent to mathematical expressions, the fact that Feynman used diagrams 

and not such expressions in the first place speaks volumes to the greater heuristic value of 

images over non-visual modes of expression. As we have repeatedly mentioned, Feynman’s 

numerous diagrammatic styles must be understood in terms of their utility for facilitating 

conceptions, be they those of physical processes or of mathematical terms or manipulations. In 

addition, we have seen the importance of visual commonalities, a feature that is not reducible 

to structuralist accounts. 

Given these observations, Feynman’s diagrams can also be viewed under a functionalist 

approach, which stresses (visual) representations’ roles in reasoning and inference generation. 

Above all, Feynman’s images had to be useful for gaining insight into the unobservable physical 

world and for communicating the central ideas of his “new approach” to quantum 

electrodynamics. In short, if we wish to shed light onto why Feynman used visual 

representations in the first place or onto any of his specific forms given to his diagrams, an 

approach to Feynman’s imagery that emphasizes their role in such reasoning and 

communication, and not one that simply understands them in terms of their corresponding 

structures, is required. 

In the subsequent chapter, we shall further investigate these two philosophical approaches to 

scientific representation and the sources of diagrams’ forms and epistemic legitimacy. We now 

conclude our analysis of Feynman’s diagrams to consider the philosophical implications of this 

work more generally. 
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5 Modeling and Scientific Visual Representation 

 

By now, the reader will have spent a considerable amount of time learning about the details of 

specific historical instances of visual representations of invisible objects. While each chapter 

has culminated with a brief philosophical analysis, there is much more that can be learned by 

considering all three cases studies together in the context of some of the broader questions 

regarding scientific representation and modeling raised in this work’s introduction. This 

chapter, which consists of a philosophical reflection rather than a historical case-study, will 

synthesize some of the salient findings of earlier chapters and consider their impact upon such 

questions. 

In this chapter we will return to the question of how, under the semantic view, scientific models 

acquire their epistemic legitimacy. We will consider two prominent approaches to the subject 

of scientific representation, structural and functional approaches, and investigate their 

successes and shortcomings. We will then draw upon the findings of this work’s historical case-

studies and identify some common factors that underlie how the diagrams considered in this 

work obtained their epistemic legitimacy. Furthermore, we will consider the impact of these 

findings on structural and functional approaches to modeling and representation and discuss 

the possibility of a naturalistic, unified approach that takes into account both types 

considerations. Finally, we will propose a new, unified, tetradic (four-part) account of scientific 

representation that is not only more empirically accurate but that also avoids some of the 

shortcomings of previous accounts while retraining their advantages. 
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5.1 How do models acquire their epistemic legitimacy? 

As we have discussed throughout this work, one outstanding question for philosophers of 

science is how models and representations acquire their epistemic legitimacy. Since “models”, 

as opposed to “theories” are highly imperfect and are cannot be regarded as being “true” in 

any conventional sense of the term, in virtue of what are certain models held to be useful and 

esteemed representations of the world, while others are deemed useless and are ultimately 

rejected? 

As mentioned in this work’s introduction, the notion that the success of models does not rely 

on their capacity to bear truth is a departure from the “syntactic view”, an account of scientific 

theorization that was popular during the first half of the 20th century. Under the syntactic view, 

propositions about the world were understood to acquire their legitimacy by being true (or, 

arguably, by being probable), or at least by not being a manifestly false. In most cases, the truth 

of such axiomatic propositions were judged in accordance with observation and experiment as 

well as by them not being in logical contradiction with each other. The possible and relative 

truth of such propositions, even if such truth was only conditionally granted for limited or 

idealized situations, is what made certain propositions more valuable for describing and 

investigating the world than others. In other words, under the syntactic view, the capacity of 

propositions to be true (given a certain set of empirical data) is what granted these propositions 

epistemic legitimacy and validated their continued use as part of scientific practice.273 

However, things are quite different under the semantic view, which characterizes the 

theoretical components of scientific practice as models. As the reader will recall, models, which 

in many cases are not understood to consist of sets of propositions but rather set-theoretical 

                                                      

273
 It is worth noting that one can be a proponent of the syntactic view but consider certain propositions to be 

incapable of constituting theoretical axioms. This is seen in the work of the logical positivists, such as Ruldof 
Carnap, who criticized “metaphysical” propositions such as “The Principle of the world is water”. Such 
“metaphysical” statements can, in principle, be true, false, or probable, and are all subject to syntactic-style 
theoretical axiomatization. However, Carnap rejects them as legitimate due to their non-verifiability. Rudolf 
Carnap, Philosophy and Logical Syntax (London: Kegan Paul, Trench, Trubner & Co., 1935). 
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structures, are frequently held to contain expressly idealized or fictional (i.e. false) aspects. 

Unlike theories, models are not intended to be understood as logico-linguistic statements 

whose ultimate fate rests on their veracity, but rather as useful conceptual entities that can be 

employed by scientists to acquire a better understanding of the natural world which may or 

may bear a structural similarity to reality. Also unlike theories, models are significantly 

malleable and can often be unproblematically subjected to substantial alterations. 

Consider, for example, the ideal gas model, which characterizes gaseous molecules as perfectly 

elastic spheres. This model need not be “true” to be a useful model for scientific inquiry, 

although certain scientists over the years may very well have held such a model to be a true or 

accurate description of ultimate molecular reality. What makes the ideal gas model a “model” 

and not a “theory” is a non-“syntactical” understanding of the model and an acknowledgement 

of the model’s inaccuracy (and a subsequent acceptance of other models as being more 

accurate) does not make the ideal gas model “false” and therefore without merit. Despite its 

flaws the ideal gas model continues to be useful for certain limited domains of inquiry – it is not 

“true”, but neither is it useless. The same goes for, for example, Newtonian mechanics: 

understanding this theoretical structure semantically, not syntactically, helps explain its 

continued use (with all the approximations required by scientists to make this high-level theory 

conform to real-world systems) in the face of its known shortcomings, as its utility is not 

equivalent to its veracity. 

Models, therefore, do not live and die with their being true or false, which, again, they cannot 

strictly speaking be. While, under the syntactic view, falsified theories must be relegated to the 

dustbin of history, under the semantic view manifestly inaccurate models may, under certain 

circumstances, enjoy a continued existence. What is it then, that allows models, even those 

that have soundly been demonstrated to be inaccurate to a degree, to be regarded as 

legitimate components of scientific practice? If models cannot be said to be “true”, or even 

“not false given certain conditions” then what, exactly, underpins these models as legitimate 

components of scientific practice and reasonable descriptions of their targets? 
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This problem is particularly relevant to visual and material models, which are definitely not sets 

of logical-linguistic propositions and therefore can in no way be regarded as true or false.274 For 

example, we cannot think of Watson and Crick’s original material model or “purely 

diagrammatic” drawing of DNA (figure 5-1) as sets of propositions, that, given certain empirical 

data, can be characterized by truth-values – it is simply not that. Given this, what then is it 

exactly that grants these models, that is, these diagrammatic and material constructions, 

epistemic legitimacy over other such objects?275 What makes Watson and Crick’s visual and 

material representations superior representations of DNA to, for example, Pauling and Corey’s 

triple helix model of DNA? (figure 5-1)276 Some philosophers have pushed this question further, 

and have asked not just what makes a model superior, but what makes something a model in 

the first place. Despite its flaws, can Pauling and Corey’s problematic representation of DNA be 

considered a model of the molecule? If so, what is it that prevents, say, a jet engine, from also 

being characterized as a model of DNA? 

More generally, which criteria need to be fulfilled in order for something to be considered a 

scientific or epistemic model of something else, however that may be defined? This last 

question is often referred to as “the” question of scientific or epistemic representation, 

although, as we shall see, it is certainly not the only possible question concerning scientific 

representation available to historians and philosophers of science. 

                                                      

274
 A dissenting view can be found in Perini, who has suggested that it might be possible to think of images as 

capable of bearing truth. This view has been strongly criticized by others, and Perini has since proposed that 
instead of bearing truth, perhaps images might instead be understood as having a role in making truth. Laura 
Perini, "The Truth in Pictures," Philosophy of Science, 2005, 72, no. 1:262-85. William Goodwin, "Visual 
Representations in Science," Philosophy of Science, 2009, 76:372-90. Letitia Meynell, "Parsing Pictures: On 
Analyzing the Content of Images in Science (Forthcoming)," Knowledge Engineering Review, 2013, 28, no. 3. Laura 
Perini, "Truth-Bearers or Truth-Makers?," Spontaneous Generations, 2012, 6:142-7. 

275
 J. D Watson and F. H. C Crick, "Molecular Structure of Nucleic Acids: A Structure for Deoxyribose Nucleic Acid," 

Nature, 1953, 171, no. 4356:737-8. 

276
 Linus Pauling and Robert B. Corey, "A Proposed Structure for the Nucleic Acids," Proceedings of the National 

Academy of Sciences of the United States of America, 1953, 39, no. 2:84-97. 
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Figure 5-1: Left: A reconstruction of Watson and Crick’s original 1953 model of 
DNA containing some parts of the original in the Science Museum. "Science 
Museum”, http://www.sciencemuseum.org.uk/objects/biochemistry/1977-
310.aspx. Image Number 10299555. Centre: Watson and Crick’s original 
published diagram depicting the double helical structure of DNA. Watson and 
Crick, “Molecular Structure”. p. 737. Right: Pauling and Corey’s discredited 
triple helix model of DNA. Pauling and Corey, “A Proposed Structure”. p. 88. 

At present, there are at least two distinct general approaches to addressing these questions 

and establishing the source of models epistemic legitimacy. These are the “structural” and 

“functional” approaches which have been mentioned throughout this work. We will now 

further discuss these two approaches in turn. 

 

5.1.1 The structural approach to models and representation 

One popular account for how models acquire their epistemic legitimacy is the “structural” 

approach to models and representation. This approach understands the privileged status of 

some models over others (as well as over non-models) in virtue of there existing a structural 

similarity between effective or faithful representations and their targets, that is, their 
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referents.277 Broadly speaking, the central idea behind structural approaches is that models 

become legitimate components of scientific practice through their embodiment of structures 

that are shared by their targets. For example, a structuralist would claim that Watson and 

Crick’s visual and material representations of DNA constitute better representations of DNA 

than a jet engine or Pauling and Corey’s triple helix model in virtue of the fact that both of 

Watson and Crick’s representations and DNA itself all share certain geometrical properties 

(namely a double-helical structure) that are lacking in jet engines and the triple-helix model. In 

some cases a structuralist might claim that, in virtue of the extreme structural dissimilarities 

between a jet engine and DNA, the former does not constitute a representation of the latter at 

all, although not all structuralists may agree on this point. 

Structural approaches to scientific modeling and representation have been in existence since at 

least the 1960s when philosophers began moving away from the syntactic view and proposing 

model-based accounts of scientific theories (“models of a theory”, “model-theoretic” accounts, 

etc.), which generally conceive of models as essentially consisting of set-theoretical 

mathematical structures.278 The reduction of models to logical-mathematical structures carries 

the distinct advantage of reducing complex theoretical objects and their real-world referents 

(as understood by scientists) to formalized mathematical objects, which can be directly 

compared to each other as well as to other models. 

Assuming that models and their targets can be reduced to these set-theoretical structures, on 

what grounds should they be compared? One popular option has been to evaluate models and 

their referents in terms of whether or not they share the same underlying structure. If two 

objects share a common structure they are referred to as being isomorphic with each other, a 

                                                      

277
 Chakravartty refers to this as the “informational” approach. Anjan Chakravartty, "Informational Versus 

Functional Theories of Scientific Representation," Synthese, 2009, 72:193-213. 

278
 Suppes, "What Is a Scientific Theory?." There are many champions of the model-theoretic approach, with its 

emphasis on reducing models to set-theoretic structures. See, for example, Da Costa and French, "Model-Theoretic 
Approach." Patrick Suppes, Representation and Invariance of Scientific Structures (Stanford: CSLI Publicaitons, 
2002). 
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strong relationship that implies the existence of a bijective (that is, one-to-one and onto) 

correspondence. While isomorphism is a tempting candidate for evaluating the epistemic 

legitimacy of models it has been critiqued as being too strong to describe the structural 

relationships that exist in practice – an unsurprising critique given that models are notoriously 

partial, idealized, and fraught with fictional entities that may not correspond to any aspect of 

their real-world targets. In response to these difficulties and others, philosophers have 

proposed weaker relationships, such as partial isomorphism (isomorphism between partial 

structures), homomorphism, or, simply, similarity.279 As one might infer from the variety of 

approaches, efforts to provide a rigorous account of how set-theoretical structures somewhat 

correspond to each other have not been trivial. However, regardless of which “morphism”, that 

is, which similarity relation is invoked, each of these accounts identifies the source of models’ 

epistemic legitimacy to be at least partly due to the underlying structural relationship between 

models and their targets. 

 

5.1.2 The functional approach to models and representation 

While structuralist approaches appear to be a promising means of identifying the source of 

certain models’ epistemic legitimacy, such methods have been critiqued as unsatisfactory for 

providing a full account of the act of scientific (or, more generally, epistemic) representation. 

Although many arguments have been levelled against structural accounts, for the sake of 

brevity and cogency we will consider only three of the most compelling critiques here. 

                                                      

279
 A non-exhaustive list of proponents of these views is as follows. On isomorphism: Suppes, "What Is a Scientific 

Theory?." Van Fraassen, The Scientific Image. French, "A Model-Theoretic Account." On partial isomorphism: 
Steven French and James Ladyman, "Reinflating the Semantic Approach," International Studies in the Philosophy of 
Science, 1999, 13, no. 2:103-21. Da Costa and French, Science and Partial Truth: A Unitary Approach to Models and 
Scientific Reasoning. On homomorphism: Andreas Bartels, "Defending the Structural Concept of Representation," 
Theoria, 2006, 21, no. 1:7-19. On similarity: Ronald N. Giere, "How Models Are Used to Represent Reality," 
Philosophy of Science, 2004, 71:742-52. 
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First, even if it is possible to identify shared structures that are embodied by both 

representations and their targets, critics of structural accounts note that the mere embodiment 

of shared structures is not sufficient for representation. For example, while a structural 

similarity might help a user understand how a subway map represents its corresponding 

subway system, further non-structural stipulations (such as an intentionality requirement) are 

needed in order to account for the fact that the subway system itself is not understood as a 

representation of its corresponding map. Second, focusing on structure unnecessarily (and 

misguidedly) narrows a description of representation to only those instances where 

representations are successful or faithful. A full account of representation, critics argue, 

requires that one provide room for misrepresentation, that is, for a model’s ability to 

unfaithfully represent its target. Third, isomorphism is a relationship that does not, strictly 

speaking, hold between a representation and an aspect of the world, but between two 

structures. A significant degree of abstraction must occur before one “discovers” the underlying 

salient structures of real-world phenomena (in fact, the same goes for the structures embodied 

by representations). Although this abstraction is required before one can begin to compare the 

structures, the process of abstraction is not adequately characterized by such structural 

accounts, which merely assume the existence and discoverability of these common 

structures.280 

Such critiques have been levelled by proponents of what may be termed a “functional” account 

of scientific representation.281 Functionalists argue that the defining features of scientific 

                                                      

280
 Contessa, "Scientific Representation.", Mauricio Suárez, "Scientific Representation: Against Similarity and 

Isomorphism," International Studies in the Philosophy of Science, 2003, 17, no. 3. Roman Frigg, "Scientific 
Representation and the Semantic View of Theories," Theoria, 2006, 55:49-65. Interestingly, this final point is less 
problematic for anti-realists, since their targets are not real-world objects themselves but their apparent empirical 
structures. Van Fraassen, The Scientific Image. p. 64. 

281
 Knuuttila has referred to this as a “pragmatic” approach, as it focuses on practice. However, I prefer the term 

“functional”, suggested by Chakravartty, which I believe better characterizes the emphasis that critics of the 
structuralist approach put on the use (that is, the function) of these representations. In addition, the term 
“functional” also avoids any potential confusion between these approaches and the philosophical tradition of 
pragmatism. Tarja Knuuttila, "Modelling and Representing: An Artefactual Approach to Model-Based 
Representation," Studies in the History and Philosophy of Science, 2011, 42:262-71. 
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representations lie not in their underlying structures, but rather in their usage. Functionalists 

therefore employ descriptions of how scientists interact with models and their targets, as 

opposed to descriptions of the structures that these models embody, to characterize the 

essential features of the process of scientific modeling. For example, consider R.I.G. Hughes’ 

“DDI account” of theoretical representation, in which Hughes characterises the process of 

representation in terms of three steps: denotation (elements of the model denoting elements 

of their target), demonstration (the model being used to demonstrate certain theoretical 

conclusions), and inferences (predictions yielded through these theoretical conclusions). These 

three steps are thoroughly functional, as they do not describe properties thought to be 

objectively held by models and targets but rather the cognitive processes performed by 

practicing scientists when engaging in the acts of modeling and representing.282 

Similarly, instead of focusing on structural similarities to explain what gives models their 

epistemic legitimacy, functionalists argue that such legitimacy is derived from the cognitive 

activities that surround the use of these models, specifically the ways in which they are used for 

surrogative reasoning about the world and the generation of new knowledge. For instance, a 

functionalist would not claim that Watson and Crick’s model of DNA is superior to a jet engine 

or Pauling and Corey’s triple helix model because of the existence of an objective relationship 

between DNA and its would-be-representations’ underlying structures, but rather because the 

triple helix model and the jet engine do not enable the same kind of productive reasoning 

about DNA that Watson and Crick’s model does. Critically, a functionalist approach leaves open 

the possibility that a certain user working within a certain context may find Watson and Crick’s 

model less useful for scientific reasoning about DNA than these other representations. 

                                                      

282
 However, unlike many philosophers, Hughes does not argue that the three components of his account are 

jointly necessary and sufficient to constitute scientific representation. Instead of seeking a strong account of 
scientific representation, he makes “the more modest suggestion that, if we examine a theoretical model with 
these three activities in mind, we shall achieve some insight into the kind of representation that it provides. 
Furthermore we shall rarely be led to assert things that are false.” R. I. G. Hughes, "Models and Representation," 
Philosophy of Science, 1997, 64 (Proceedings):S325-S36. p. S329. 
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By opting to view scientific representations in terms of their ability to facilitate productive 

inferences about their targets, and not in terms of shared objective structures, functionalists 

have shifted the discussion of the epistemic legitimacy of models away from models’ structures 

and towards the practices that surrounds their use. Given the continued emphasis in this work 

on scientific practice, it should come as no surprise to the reader that the author generally 

commends this approach on the grounds that is better suited to providing more naturalistic 

explanations of how models acquire their epistemic legitimacy. However, our methodological 

emphasis on function does not imply that there is no ultimate role for structural considerations. 

As we shall discuss below, the epistemic legitimacy that is granted to diagrams of invisible 

entities is in no small way informed by their supposed underlying structures, although a 

naturalistic analysis of how structure becomes important paints a different picture of scientific 

representation than that portrayed by structuralists. 

In the following section we will draw upon the historical examples considered throughout this 

work in order to address the question of epistemic legitimacy. In doing so we shall complicate 

received conceptions of how models acquire their epistemic legitimacy in a way that invokes 

both typically structural and functional considerations. Furthermore, we shall argue for a new 

conception of how scientific representation operates in practice, a “tetradic” account, which 

promises to rectify some of the outstanding issues besetting both structural and functional 

approaches. 

 

5.2 How diagrams of invisible entities acquire their epistemic 
legitimacy 

In virtue of what do the visual and material elements of scientific practice, scientific images and 

three-dimensional models, acquire their epistemic legitimacy? What is it that makes certain 

representations well-regarded objects for gaining knowledge about their targets, at least by 

certain individuals? Which factors enable or facilitate these diagrams’ incorporation into the 

practice of science? 
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For many scientific images and models whose targets can be seen, epistemic legitimacy is in 

part granted through representations’ visual or morphological resemblance to their targets. For 

example, an anatomical atlas that does not in any way look like a human body is of little use to 

the medical student or the practicing physician; while there exists some leeway regarding how 

similar the atlas must be to the visible hand to be effective, an image denoting a hand that does 

not resemble our hands as we commonly see them in any meaningful way would render the 

atlas largely useless. It is, of course, not logically necessary that anatomy be a purely visible 

enterprise – one (say, a blind physician) could in principle gain knowledge of the human form 

from touch and detailed oral descriptions. However, since anatomy is a generally visual 

practice, and since our culture places a great premium on visual media, visual resemblance is 

critical for anatomical representation. 

Yet, as this work has shown, and as countless other examples that may come to the reader’s 

mind may demonstrate, many scientific images and models cannot be said to visually or 

morphologically resemble their targets, either in practice or in principle. The diagrams of 

“invisible” entities that have been explored in this work could not, for their users, be visually 

compared to their referents because their targets either lay beyond the ability of then-available 

visualizing technology (in the case of molecular structural and stereostructural diagrams), or 

were not logically capable of being seen (in the case of Feynman diagrams). Further 

consideration reveals that these diagrams are, in this respect, far from unique: adaptive 

landscapes, electromagnetic fields, and phylogenetic trees are just some of the numerous 

“invisible” entities that have been deemed amenable to visual representation by practicing 

scientists (regardless of their ultimate ontology) and have acquired epistemic legitimacy 

through their continued usefulness to scientific theorizing.283 

                                                      

283
 Ruse, "Are Pictures Really Necessary?." David C. Gooding, "From Phenomenology to Field Theory: Faraday’s 

Visual Reasoning," Perspectives on Science, 2006, 14, no. 1:40-65. Christoph Lüthy and Alexis Smets, "Words, Lines, 
Diagrams, Images: Towards a History of Scientific Imagery," in Evidence and Interpretation in Studies on Early 
Science and Medicine: Essays in Honor of John E. Murdoch, ed. Edith Dudley Sylla and William R. Newman (Leiden: 
Brill, 2009). 
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If not for visual resemblance with their targets, what is responsible for the epistemic legitimacy 

granted to such representations? Drawing upon the examples discussed in this work, we will 

now identify several factors that underlie the epistemic legitimacy of these objects. As we shall 

see, these considerations lend credence to structuralist and functional characterizations of 

images, both of which play important roles in determining the forms given to images of the 

invisible. 

 

5.2.1 Factor 1: the necessity of a bijective relationship between 
scientists’ understanding of diagrams and scientists’ 
understanding of their targets 

From the images considered in this work, it is apparent that diagrams, if they are to become 

successful elements of theoretical practice, must, in general, be capable of uniquely 

representing the entire relevant spectrum of their targets as understood by their users. While 

this is not the only factor that helps define the forms of such scientific images and models, it is 

the only one that appears to have been necessary for the representations discussed in this work 

to be regarded as legitimate by their users. The importance of this criterion can therefore not 

be understated. 

The need for a close, bijective correlation between scientists’ understandings of both their 

theoretical vehicles and their associated real-world targets can be seen in all three of this 

work’s case studies. Kekulé’s “linear” sausage formulas were explicitly critiqued by Crum Brown 

on the grounds that they could not represent the totality of chemical compounds. Crum 

Brown’s skeletal formulas, on the other hand, could represent each and every structural 

combination, as well as suggest new structural possibilities, which, assumedly, corresponded to 

possible molecular configurations. Similarly, both Van ‘t Hoff’s tetrahedral representations and 

Feynman diagrams gained epistemic legitimacy on the grounds that they could represent the 

totality of stereospatial configurations available to chemical compounds and the complete 

range of quantum electrodynamic interactions, respectively. Should there have existed 
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configurations or interactions that could not have been represented by these symbol systems, 

these diagrams would have rapidly lost their value; the former could not be regarded as a 

useful means of identifying isomers and the latter could not stand as a reliable method of 

calculating amplitudes. 

Specifically, for the examples discussed in this work, it was critical for the relationship between 

scientists’ understandings of these representations and their understandings of what they 

denote to be bijective, that is, one-to-one and onto; each unique entity denoted under a given 

representational scheme must be understood to correspond to one, and only one, target. If, for 

example, Crum Brown’s skeletal diagrams could not represent each and every possible 

structural combination of atoms, their ability to distinguish structural isomers, an advantageous 

feature of these diagrams explicitly asserted by Crum Brown, would be undermined. Similarly, it 

would be equally problematic if vehicles were degenerate in their representation, that is, if 

more than one of them were thought to refer to the same target. Crum Brown’s critiques 

against Kekulé’s “two dimensional” sausage diagrams are evidence of this, as they explicitly 

highlight both of these problems: not only can Kekulé’s graphical representations not reveal all 

supposedly possible combinations available to the compound C2H4O3, but they suggest too 

many for the compound C3H8O. 

Of course, Crum Brown’s diagrams are degenerate with respect to their representation of non-

structural isomers, namely the stereoisomers addressed by Van ‘t Hoff’s diagrams and models. 

This degeneracy was well-known by Crum Brown, although he remained ignorant of its origin. 

This observation leads to an important point about representation, that the epistemic 

legitimacy of a given vehicle must be understood in reference to a particular class, or level, of 

theory. Therefore, the bijective relationship that grants epistemic legitimacy to these 

representations is always a function of the theoretical context within which they are produced. 

In the 1860s, when chemists (including Crum Brown) actively warned their readers that the 

spatial configuration of atoms in molecules was beyond the bounds of contemporary chemical 

knowledge, the inability of structural diagrams to address potential stereospatial configurations 

was far from problematic. Even after the emergence of stereochemical reasoning, such 
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representations continued to be regarded as acceptable in situations where stereochemical 

concepts were deemed irrelevant. This continuity of use is analogous to physicists’ use of 

Newtonian physics for macroscopic systems at low speeds even though a relativistic 

formulation would yield a more accurate description of the system: more complicated 

relativistic calculations may ultimately be irrelevant given the physicist’s levels of uncertainty 

and required accuracy. 

At first glance, our identification of the essentiality of such a bijective relationship might be 

taken to support the views of structuralists, who understand models as acquiring their 

epistemic legitimacy in virtue of an underlying structural relationship between models and their 

targets. However, the examples that we have considered in this work complicate the 

structuralist narrative since this bijective relationship is not directly between scientific 

representations themselves and their real-world referents, as many structuralists commonly 

understand it to be, but rather between practicing scientists’ understandings of these visual 

and material representations and their understandings of their targets. In other words, it is not 

the targets themselves whose structures are considered and compared to their corresponding 

models, but the targets as understood by practicing scientists that are compared to the 

corresponding models as understood by those same scientists. This difference is a subtle but 

critical one, and is reinforced by the fact that the forms given to such representations are only 

granted epistemic legitimacy against a background of scientific knowledge and shared 

assumptions, and are thus open to multiple interpretations. Such a structurally-oriented 

understanding of representations is, therefore, a highly mediated process, and does not involve 

objective set-theoretical relationships embodied by the diagrams, but rather relations as 

understood by practicing scientists, which, as we have seen, are far from permanent. 

As material objects that are embedded within the cognitive practices of scientists, the 

representations considered in this work cannot be said to directly relate to their real-world 

referents. Instead, sets of often implicit rules must be invoked in order to distinguish the salient 

features of each type of representation. For example, one needs to know that Crum Brown and 

Kekulé’s structural formulas do not change their significance under mirror-symmetry, while Van 
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‘t Hoff’s stereospatial formulas do. This is not a trivial point, as we have seen at least two 

instances where the defining feature of these purely “chemical” diagrams, namely structural 

connectivity (i.e. what is attached to what) was misunderstood: once, perhaps knowingly, by 

Van ‘t Hoff, who argued that structural formulas cannot predict the correct number of isomers, 

and once by Kekulé, who mistakenly inferred a third configuration for compounds with the 

same empirical formula C3H8O. In fact, Crum Brown’s critiques of Kekulé’s error nicely highlight 

the essential role of the reasoner in this relationship: his assertion that “Kekulé has himself... 

been led into an error by his notation” reminds us that diagrams do not err on their own – 

erroneous inferences, just like successful inferences, require reasoners, cognitive agents who 

form an inalienable part of the process of scientific representation. 

 

5.2.2 Factor 2: diagrams’ form as a function of their usefulness for 
facilitating productive reasoning about their targets 

The existence of a bijective correspondence between scientists’ understanding of models and 

of those models’ targets insofar as their salient features are considered is, on its own, not 

enough to explain the forms that are given to diagrams and models of invisible entities or for 

explaining why such forms are granted epistemic legitimacy and considered sound components 

of scientific practice in the first place. In other words, while such a bijective relationship may be 

necessary for diagrams to be regarded as productive scientific objects, such a relationship is by 

no means sufficient for them to be so. In addition to being related to conceptions of their 

targets bijectively, representations must be useful for generating explanatory, predictive, or 

more detailed knowledge about their targets. As epistemic objects, scientific representations 

gain or lose validity with their supposed ability to increase one’s knowledge of their relevant 

section of the world. It should therefore come as no surprise that decisions regarding the forms 

that representations take are in no small way determined by those forms’ perceived propensity 

towards the generation of such knowledge. 
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The success of many of the visual representations considered in this work is not only due to 

their ability to help scientists gain a clearer conception of their targets, but to address relevant 

questions or facilitate pertinent calculations. While there was only so much that Kekulé could 

do (or rather, to our knowledge, did do) with his sausage diagrams and models, Crum Brown’s 

skeletal formulas were put to work explaining the “alternative atomicity” of certain radicals, 

distinguishing structural isomers from “absolute” isomers, and helping identify generic radicals 

to explain common reactions. Van ‘t Hoff’s tetrahedral diagrams and models, as well as the 

other stereochemical representations considered in this work, were all created to help their 

users gain knowledge of the three-dimensional relative positions of atoms in molecules, 

thereby explaining several instances of isomerism. The continued survival of Feynman diagrams 

is not merely a function of how they help physicists conceptualize subatomic events, but how 

they can be integrated into the process of computing amplitudes, becoming, as it were, as 

much a tool for calculation as a means of exploring possible interactions. In some instances, the 

diagrams we have considered in this work were seamlessly integrated into theoretical practice 

and became as much a regular part of scientific reasoning as their non-visual counterparts. 

Of course, it is not always the case that representations will yield empirically satisfactory 

knowledge about their targets. Just as diagrams become legitimized through to their ability to 

facilitate the productions of inferences that are supported by experiment or are in accordance 

with other theory, their use in generating flawed or problematic inferences may lead to their 

delegitimization. For example, Kekulé’s problematic inferences contributed in no small way to 

the demise of his sausage diagrams. However, it appears as though problematic reasoning 

through “retargeted” diagrams, diagrams that were interpreted differently than as was 

intended in their original use, may not in general prove fatal to such diagrams entirely, although 

it may halt their expansion and restrict their utility. Consider, for example, Wislicenus’ use of 

tetrahedral diagrams, where the knowledge generated about chemical reactions was 

considered to be flawed on both empirical and theoretical grounds. As these critiques were 

directed at Wislicenus’ extended use of Van ‘t Hoff’s diagrams, the delegitimization that 

followed did not transfer to Van ‘t Hoff’s more limited use of his visual representations; 
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regardless of Wislicenus’ efforts, Van ‘t Hoff’s tetrahedral conception of the carbon atom 

continued to enjoy theoretical success, although his solid diagrams and models would 

eventually be abandoned in favour of skeletal ones, which were not only viewed as easier to 

draw and more representative of the salient features of chemical bonding but were also to 

amenable to the strain-theoretical explanations of Baeyer. 

To repeat, the success of certain representations over others is in no small way tied to one 

representation’s perceived capacity to be a more useful tool for tackling the relevant issues that 

beset their users. For a scientific representation to gain epistemic legitimacy it is not enough for 

it to be understood to correspond bijectively to its targets; as the phrase indicates, epistemic 

representations must actually do some epistemic work. Scientific visual representations, as 

opposed to other visual representations, are not generally decorative objects, although they 

can certainly be aesthetic. Their value lies not (solely) in their propensity to please the eye, but 

in their apparent ability to be used for the scientific goal of generating knowledge about the 

world. 

 

5.2.3 Factor 3: the reduction of cognitive burden, especially through 
visual similarity to established representational conventions 

In addition to their usefulness for tackling specific problems, the forms given to diagrams are in 

no small way also determined by representational conventions. When tasked with depicting 

something new, scientists frequently (but not always) look to other available methods of 

representation for inspiration. This fact should come as no surprise, given that, as a 

fundamentally cognitive practice, representing places a premium on ease of use, and that any 

tactics that can be employed to reduce the cognitive burden placed on scientists, including 

invoking visual similarities so that scientists already “have a feel” for new representations, will 

serve to be advantageous. In addition to relying upon visual conventions to represent new 

targets, scientists frequently push the boundaries of what a particular graphical method is 

taken to denote. This common practice, known as “retargeting”, involves changing or extending 



Form and Function: Seeing, Knowing, and Reasoning with Diagrams in the Practice of Science 

Chapter 5: Modeling and Scientific Visual Representation 

237 

 

the domain of a well-defined representation’s targets, reinterpreting it with only minor, if any, 

modifications to the representation itself. 

The importance of visual similarity in the face of denotational difference for facilitating thought 

and communication about models’ various targets can be seen in several aspects of the case 

studies considered in this work. Most notably, we have seen how a spectrum of Feynman’s 

diagrams that appeared in his early explanations of quantum electrodynamics shared a 

common visual resemblance, despite the fact that many of these diagrams represent rather 

distinct entities. In employing a common style, and especially by basing his novel quantum 

electrodynamic representations off of well-established space-time diagrams, Feynman’s use of 

visual similarity facilitated a number of explanations and ultimately helped Feynman introduce 

his new approach to QED. Furthermore, once assured of their legitimacy in being applied to 

other forces, Feynman diagrams could be applied to other types of interactions, such as those 

involving the weak and strong nuclear forces. 

It is also arguable that skeletal diagrams relied upon certain visual conventions implicit in type 

formulas, especially given the ability of chemists to easily integrate the former into the latter, 

and that Van ‘t Hoff’s preference for “solid” tetrahedra over skeletal tetrahedra may in some 

way be due to the visual approaches of crystallographers, whose stereospatial theories 

regarding the origins of the optical activity of enantiomorphic crystals supported Van ‘t Hoff’s 

stereochemical ideas. Also, as mentioned in chapter two, historian Christoph Meinel has 

suggested that ball and stick toys such as “Peas works” and 19th aesthetics of construction may 

help explain chemists’ preference for thinking about molecules in such a skeletal fashion. 

As stated above, these findings are suggestive of the notion that visual resemblance serves to 

reduce the cognitive burden for reasoners and facilitate scientists’ understandings of novel 

targets. Such a view, which emphasizes the role of superficial visual similarities in facilitating 

reasoning and understanding, finds support from the field of cognitive science, specifically from 

psychological studies into the use of analogy in problem solving. The reliance upon visual 

similarity, especially about novel targets, may best be conceived of as a form of “surface 
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similarity”, a superficial resemblance two objects, as opposed to a “structural similarity” 

between the two. In the psychology of analogical transfer, the analogical use of solutions to 

known problems in order to solve unknown ones, experiments have indicated that both 

structural and surface similarities factor into the ease with which individuals solve problems. In 

fact, these studies have indicated that the greater the surface similarity – the more an unknown 

problems superficially resembles a known one – the easier it is for reasoners to achieve a 

solution to unknown problem (and, conversely, the less the two problems resemble each other, 

the more difficult the analogy between two structurally similar problems is to make). 

Furthermore, psychological research has indicated that reasoners often use surface 

considerations (sometimes incorrectly) to gain (perhaps misleading) insight into a problem’s 

structure; the forms in which problems are presented may impact significantly upon how their 

structural content is conceived. In the context of this work, these studies help provide a basis 

for scientists’ apparent preference for visual similarity, especially when faced with the task of 

reasoning about novel situations or explaining new and unfamiliar ideas.284 

Returning to our findings, we have also seen several instances of late-19th century chemists 

whose novel representations drew upon available stylistic practices or who “retargeted” certain 

representations. For Van ‘t Hoff, the visual (and physical) resemblance between vertex- and 

face-centered tetrahedra, underscored by the mathematical fact that one regular tetrahedron 

can be inscribed inside of another, allowed him to use both types of models interchangeably. 

Kekulé’s skeletal models, which were intended to be purely “chemical” representations, were 

not only reinterpreted stereospatially by Baeyer, but Baeyer’s “strain theory” also inferred a 

chemical resistance from a material one. Similarly, Wislicenus adopted Van ‘t Hoff’s models, 

ultimately unsuccessfully, to understand chemical reactions. 

                                                      

284
 K. Kotovsky, J. R. Hayes, and H. A. Simon, "Why Are Some Problems Hard? Evidence from Tower of Hanoi," 

Cognitive Psychology, 1985, 17:248-94. Keith J. Holyoak and Kyunghee Koh, "Surface and Structural Similarity in 
Analogical Transfer," Memory & Cognition, 1987, 15, no. 4:332-40. Miriam Bassok, "Analogical Transfer in Problem 
Solving," in The Psychology of Problem Solving, ed. Janet E. Davidson and Robert J. Sternberg (Cambridge: 
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In the preceding examples, visual commonalities between differently understood 

representations facilitated scientists’ reasoning about different domains.285 For retargeted 

representations, the use of visual (or physical) commonalities across important theoretical 

differences highlights the fluidity that frequently characterizes reasoning with visual or material 

models. As discussed above, one feature of scientific “models”, as opposed to “theories”, is that 

models are generally thought of as being more malleable than theories; slight changes to 

models do not tend to carry the same severity of implications that slight changes to theories do. 

Here, we have identified a new malleability, a flexibility in how models are used. Not only can 

models be particularly amenable to slight adjustments in what they consist of without causing 

fundamental problems for scientists, but they can frequently (although not always) sustain 

similar adjustments in how they are understood, and to which systems they can legitimately be 

applied to.286 

In returning to our initial question, how do scientific representations acquire epistemic 

legitimacy, that is, how do certain representations become judged to be useful and legitimate 

elements of scientific practice over others, we see that representations which lower the 

cognitive burden of their users hold a distinct advantage over those that do not. In the 

examples listed above, lowering such a cognitive burden is often accomplished by relying on 

available representational techniques, on tacitly drawing upon instances where scientists have 

already learned how to “see” their targets. This is particularly important for visual 

representations of invisible entities, as it is not a given that scientists will know what to 

immediately make of representation of such targets, given their inability to directly see them. 

However, by relying on accepted visual practices, even if these practices depict quite dissimilar 

                                                      

285
 These domains need not be mutually exclusive. In the case of stereospatial models, the former domain 

(structural significance) is contained within the latter (stereospatial significance), as all stereospatial 
representations are also structural representations (but not vice versa). 

286
 This view finds resonance with the work of David Gooding, who emphasizes the “plasticity” 

 of scientific images and the importance of the ease with which scientists can understand and manipulate their 
visual representations. David C. Gooding, "Visualizing Scientific Inference," Topics in Cognitive Science, 2010, 2:15-
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objects, scientists can learn to “see”, draw, and reason with new representations with a 

minimum of effort.287 

A further conclusion can now also be drawn from the observations noted in both this factor and 

its preceding one: the success of a particular style of representation may be tied to the breadth 

of its applicability. While scientists often require specialized tools to perform specific tasks, 

visual and material models will enjoy more success if they can be put towards a wide range of 

tasks (and, of course, if this breadth of applicability enjoys theoretical and experimental 

support). There appears to be a distinct advantage to visual styles that can be extended to 

cover a broad spectrum of targets, such as Feynman diagrams (which are not limited to 

interactions involving the electromagnetic force alone), or visual styles that can be extended 

across different “levels” of one’s understanding of a given target, such as skeletal diagrams 

(which can represent both purely “chemical” as well as “physical” orientations). This is not to 

say that representations with a more limited scope are not important – they very much are. 

However, unlike these more limited representations, which gain their epistemic legitimacy 

through their ability to effectively perform specific tasks, these more generally-applicable 

representations gain legitimacy through their multi-aptness. The fact that they can be used 

over such a diversity of domains dovetails nicely with our previous point, as the general 

applicability of these representations works to reduce the cognitive burden placed on scientists, 

who do not have to learn a new technique for each new problem. 

It is unlikely that these factors constitute an exclusive list of the features that help certain 

representations of “invisible” entities achieve their epistemic legitimacy. As the representations 

                                                      

287
 This view accords well with Kulvicki’s as to why images and graphs are deemed to be often preferable to 

linguistic descriptions for describing similar content. Kulvicki’s view is that certain visual representations, as 
opposed to linguistic descriptions, are particularly adept at making information immediately available, especially 
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similarity in reducing scientists’ cognitive burden, Kulvicki’s work, which does address visual representations from 
a naturalist perspective, is not as such without problems, especially his distinction between syntactic and semantic 
salience, that is, between the content of an image from the image’s structure. As this work makes manifestly clear, 
such a distinction cannot always be made, especially in the case of diagrams. Kulvicki, "Knowing with Images." 
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that this work has considered all fall within the domain of the modern, Western, physical 

sciences, further research into other contexts would be required to make either more general 

claims or to highlight the specificity of these factors. These findings should therefore be 

understood as the beginnings, rather than the end, of a project to understand how knowledge-

seekers construct the vehicles of their knowledge, and on what basis these vehicles are 

assessed. 

Nevertheless, these findings do shed important light on the varying philosophical approaches 

taken to articulating the nature of scientific modeling and representation. We shall now 

consider the impact of these findings on the structural and functional approaches, and, drawing 

on this impact, explore a new conception of modeling and representation that is more in 

accordance with the empirical record. 

 

5.3 Impact of these findings on structuralist and functionalist 
approaches to modeling and representation 

Let us now return to our original question, “in virtue of what do scientific models acquire their 

epistemic legitimacy?”, and ask what effects these insights have on both structuralist and 

functionalist approaches to scientific modeling and representation. What can we learn from 

these findings and how might they affect future descriptions of the process of scientific 

modeling? 

 

5.3.1 The limitations of purely structural and functional approaches to 
modeling and representation 

This work’s findings suggest that, by themselves, neither a purely structural nor a purely 

functional explanation is capable of providing a robust and satisfactory response to the 
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question of epistemic legitimacy. We will now briefly discuss how each exclusive account is 

flawed in turn. 

As this work has shown, the visual forms that diagrams are given are not merely means of 

illustrating these diagrams’ supposed underlying set-theoretical structures; diagrams are drawn 

in such a way as to promote the facilitation of reasoning and to lower the cognitive burden of 

their users when contemplating their targets. A conception of diagrams (and, more generally, of 

models and representations) that ignores the importance of their visual and material forms in 

favour of more abstract structures is bound to miss the central reasons why scientists use the 

visual language afforded by diagrams, and not set-theoretical language of mathematics, to 

represent and reason about their targets in the first place. 

The simple point that considerations of structure are insufficient to grasp why certain vehicles 

are perceived as being epistemically legitimate representations of their targets (and why they 

are ultimately adopted over other competing representations) should come as no surprise, 

since the human use of scientific imagery is a fundamentally cognitive practice. An 

understanding of modeling and representing with images therefore cannot solely be given in 

terms of the properties of the objects that are used to reason with themselves, but must also 

consider the process of reasoning, and thus, the reasoners. 

In addition, there is another way in which purely structural accounts are flawed: while such 

accounts strive to reduce models to their supposed underlying structures, an analysis of the 

practices concerning the diagrams assessed in this work indicates that such structures are not 

objects that somehow exist in the world independently of human understanding, but are 

instead cognitive constructions, subject to modification and reinterpretation. That these 

structures are irreducibly cognitive can be seen in the fact that similar images are interpreted in 

terms of having divergent structures by different users (or, in some cases, by the same user). 

While it may be tempting to write off such divergent interpretations as users “misreading” the 

“correct” meaning of images, the frequent (and often successful) use of visually similar 

representations to denote different targets reinforces the fact that representation is a 
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fundamentally cognitive and relational activity and that the structures embodied by diagrams 

are irreducibly tied to scientists’ reasoning about them. The fact that structural accounts, as 

they now stand, do not consider structure as a cognitive construction but an objective feature 

of models themselves, implies that such accounts are doomed to fall well short of a viable and 

naturalistic account of scientific modeling and representation. 

However, while functional approaches are correct in assuming that the requirements of 

scientific reasoning play a strong role in granting epistemic legitimacy to certain 

representations, we see that purely functionalist approaches to question of epistemic 

legitimacy also have their limits. While a functionalist might well claim that epistemic legitimacy 

is granted to models that lead to faithful or accurate conclusions about the world (in addition to 

their being relatively easy to use, etc.), such accounts do not satisfactorily address the further 

question of in virtue of what do those successful models lead to accurate inferences in the first 

place? What is it about successful models that, under a “correct” reading, guarantees their 

legitimacy in yielding conclusions that may be trusted over others and that underlies their 

faithful correspondence to the results of empirical investigation? 

While anything can, in principle, be taken to represent anything else, in practice this is far from 

the case. Certain criteria must be met in order for representation of a target to be accepted as 

such, and, as we have seen throughout this work, the supposition that a diagrams’ underlying 

structure is in some way similar to that of its target is most certainly one of those criteria. In 

addition, it is difficult to see how the production of reliable scientific knowledge by means of 

visual representations could be explained if those visual representations had no structural 

relationship at all to their supposed targets, even if this structural relationship is a product of 

one’s understanding. Chakravartty, in particular, levels an argument similar to Putnam’s classic 

realist “no miracles” argument, whereby he asserts that if not for some form of structural 

similarity between representations and their targets “it would be something of a mystery how 

these devices [vehicles] represent things in scientifically interesting [that is, epistemically 
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useful+ ways at all.”288 While I am not discounting the possibility that there may be a non-

structuralist explanation for why certain diagrams, understood in certain ways, may be taken as 

useful tools for reasoning, it appears to me that Chakravartty is correct in acknowledging the 

limits of purely functionalist explanations. 

 

5.3.2 Presently-available “unified” accounts of modeling and 
representation and their shortcomings 

Given the problems that beset both purely structuralist and purely functionalist accounts of 

scientific representation, it is clear that a unified (and modified) account is in order. Has such a 

satisfactory account already been provided? 

While I know of no robust account of scientific representation and modeling that attempts to 

seriously incorporate both structural and functional considerations, there are nevertheless 

several individuals who have expressed views on this matter. I will now review the views of two 

such philosophers here: Anjan Chakravartty and Gabriele Contessa. 

In his article “Informational versus Functional Theories of Scientific Representation”, 

Chakravartty argues that both structural and functional approaches are necessary for a full 

understanding of the practice of representation (and, one may assume, of modeling). In this 

work, Chakravartty asserts that informational (structural) and functional approaches address 

two distinct questions: the former stands in response to the question “what are scientific 

representations?”, where representations are conceived as knowledge-bearing entities that 

relate to their targets in virtue of structural similarities, while the latter stands in response to 

the question “what is scientific representation?”, where representation is conceived of as the 
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set of practices that characterizes the act of representing. Chakravartty refers to the conflation 

of these two question as a “conflation of means and ends… a conflation of thinking about what 

scientific representations are… and thinking about what we do with them.”289 

Given the evidence presented in this work, Chakravartty’s assertion that structural and 

functional approaches address two distinct questions is somewhat misguided. In particular, by 

identifying a purely structuralist response to the question “what are scientific representations?” 

Chakravartty reduces scientific representations to their supposed essential structures, a 

questionable reduction as such a characterization of scientific representations ignores a great 

deal of information available to diagram users, namely the information conveyed by the forms 

given to these representations. To reiterate, even if we can assume that such structures 

objectively exist, a highly questionable notion in its own right, the fact remains that models are 

not equivalent to their underlying salient structures. As this work has repeatedly shown, the 

forms that diagrams are given matters, not only for facilitating their use but also for affecting 

how they are understood. For example, the underlying structure of a Feynman diagram may be 

properly understood to be a graph whose vertices and edges denote distinct mathematical 

terms. However, to ignore the fact that the these diagrams’ forms carry significance that 

transcends this structure would be to miss the critical “as if” function of Feynman diagrams, in 

which physicists treat Feynman diagrams as if they truly represent interactions between 

subatomic particles, a function that is in no small way a defining part of the representation and 

a significant reason for its success.290 

Following the prominent functionalist Mauricio Suárez, Contessa approaches the subject of 

scientific representation by dividing “the” question of representation into the questions of 

mere epistemic representation and faithful epistemic representation. For Contessa, a 

functionalist approach (specifically his interpretational account, in which a vehicle is taken to 
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constitute a representation of a target for a certain user if that user adopts an interpretation of 

the vehicle in terms of the target) may provide an answer to the question to the former 

question – how objects can be said to be epistemic representations in the first place – while 

structural considerations (specifically structural similarity) are better suited to accounting for 

the latter question – what makes a particular representation faithful.291 However, as this work 

has only focused on representations used by scientists in their practice, all of which were 

considered to be faithful to some degree, and since faithfulness, as Contessa acknowledges, is a 

concept that admits of degrees, both our structurally- and functionally-relevant findings are 

directly applicable to the question of faithful representation. 

Contessa’s assertion that only structural considerations can address the question of faithful 

representation stems from the fact that such considerations typically conceive of the structures 

of representations and their targets as objective properties which can be directly compared. As 

this work has repeatedly demonstrated, this is not the case: structures of representations do 

not exist independently of human interpretation, but are rather are the products of human 

understandings of representations. Consider, for example, the fact that Van ‘t Hoff and 

Wislicenus’ employed tetrahedral diagrams in slightly (but critically) divergent ways. For 

Wislicenus, tetrahedral diagrams could be subjected to different rules and manipulations than 

those stipulated by Van ‘t Hoff, and therefore carried a different meaning from the diagrams 

that are used by Van ‘t Hoff in his own work. 

The fact that, in practice, both structural and functional considerations are often united leads to 

the conclusion that any attempt to provide a satisfactory account of faithful representation in 

terms of structure must either also consider function directly or provide a substantially radical 

conception of structure that also incorporates diagrams’ usage. For example, to claim that Van 

‘t Hoff’s tetrahedra are more faithful than Wislicenus’ is as much a claim about the possible 

uses of these diagrams and the inferences they enable as it is about their structural significance. 
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Returning to Contessa’s view, the observant reader might notice that this work has not, in fact, 

addressed Contessa’s more general question of what makes something a representation in the 

first place. In general, this has not been necessary since the diagrams that we have considered 

in this work are all unambiguously scientific (or epistemic) representations, given the common 

understanding of the term. Insofar as we are concerned with historical representations used 

within the practice of science, Contessa’s question of epistemic representation is not one that 

has required immediate attention; in our case studies we have not generally been forced to ask 

“is this a representation?”, but rather “of what is this a representation?”, “which factors led to 

the production of this representation”, and “why was this representation, and not another, 

ultimately successful?” 

Functionalists such as Contessa and Suárez have argued that before we can address the 

question of what makes something a faithful scientific (or epistemic) representation, we must 

first seek a satisfactory answer to the supposedly prior and independent question of what 

constitutes a mere scientific representation, that is, what makes something a scientific 

representation in the first place. This is largely an irrelevant question, at least insofar as it 

pertains to any of the real-world situations discussed in this work, all of which involve scientific 

representations that are unquestionably faithful to certain degrees. The scientists discussed in 

this work were not interested in “merely” representing, but representing in a manner that 

could be relied upon to explain and predict known and novel phenomena and to be used to 

help understand their invisible objects of inquiry. In other words, the scientists we have 

considered held faithful representation, and not mere representation, as their goal. 

Given this, I propose that the question “what is a mere scientific representation?” be assigned 

to the philosophical dustbin that is already overflowing with similar questions such as “what is 

science?” and “what is chemistry?” I am therefore in full agreement with Chakravartty’s 

assertion that “the term ‘scientific representation’, much like the terms ‘theory’ and ‘model’, is 
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a term of art.”292 It is considerably less fruitful for us to ask what constitutes a scientific 

representation than to concentrate our efforts at identifying the factors that govern the forms 

that these representations take and that lend them epistemic legitimacy.293 

Having provided a critique of two philosophical accounts that assert the need for both 

structuralist and functionalist ideas, I shall now proceed to provide an account that takes 

advantage of these insights while overcoming their shortcomings. 

 

5.3.3 Towards a tetradic account of representation and modeling 

In order to address the problems facing contemporary accounts of scientific modeling and 

representation we must first reconsider the processes that surround these practices in light of 

the evidence presented in this work. A richer and more empirically-sound account of how 

desirable scientific representations are regarded as such should be able to avoid the problems 

discussed above as well as account for the origins of representations’ epistemic legitimacy 

mentioned earlier in this chapter. 

Reflecting upon the available evidence indicates that traditional dyadic (or “two-place”) 

accounts of modeling and representation, namely those that describe the process of scientific 

representation in terms of a two-party relationship between representational vehicles (that is, 

the diagram, model, or representation itself) and real-world objects or systems, will not do. The 

reason for this is simple: in practice, it is not these two entities that are directly compared, but 

rather scientists’ understandings of the two. In other words, both vehicles of representation 

and their real-world targets are highly mediated entities. A satisfactory account of how models 

(as representations) relate to their targets must therefore not only consider vehicles and 
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targets, but also both of their mediated versions as well. This consideration is particularly 

important for those that wish to provide a structural account of representation, especially 

those seeking to provide a (possibly structural) realist account of how vehicles faithfully relate 

to their targets. 

Given these four components, any account of the underlying relationship between vehicles and 

their targets must therefore be at least tetradic, or “four-part”, in nature. Such an account 

holds that there are no less than three relationships between four distinct elements that must 

be considered: the relationship between the vehicle of representation itself and scientists’ 

understanding of the vehicle, the relationship between scientists’ understanding of the vehicle 

and their understanding of the target of representation, and the relationship between 

scientists’ understanding of the target and the real-world target itself.294 

It may seem odd to readers who are not well-versed in the philosophy of representation that 

such a four-part account is required. After all, some readers may think it obvious that scientific 

representations do not correspond to their real-world referents directly by themselves, as the 

practice of science is fundamentally a cognitive activity that requires scientific reasoners 

capable of mediating between various aspects of theoretical and experimental experience. 

However, I would like to remind the reader that many accounts of representation, including 

those offered by the structuralist philosophers mentioned in this work which often rely upon a 

set-theoretical conception of models, are two-part accounts that directly compare the 

structures embodied by representations and their targets.295 While many structuralist 

philosophers may indeed conceive of science as a practice that irreducibly involves cognitive 

agents, the failure of these philosophers to incorporate such agents into their accounts is 

problematic; not only are such accounts unrepresentative of scientific practice but are 

                                                      

294
 Although certain anti-realists may wish to omit this final consideration, I implore them to accept it as part of 

the complete account of the process of representation. In practice, anti-realists may very well cast doubts on the 
ability to identify an actual process that satisfactorily links scientists’ conceptions of their targets to the real-world 
targets themselves. 

295
 For more on these two-part (or two-place) accounts, see Knuuttila, "Modelling and Representing." 
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problematic in that scientific models and their targets are not, in general, set-theoretical 

structures that can be directly compared. 

There are several advantages of such a tetradic account, that is, in addition to the immediate 

benefit of its increased empirical accuracy. First, a distinction between the representations 

themselves (in this case the diagrams as they are drawn) and the representations as they are 

understood by their users (the interpretations given to these diagrams) serves to explain how 

similar representations can be understood as having divergent underlying structures. This view 

does not necessarily imply that there are no objective features of scientific representations that 

can be qualified as structures, but rather distinguishes such noumenal structures (should they 

exist) from the ones that scientists actually interact with, that is, those that they infer their 

representations as having. This distinction is similar to the distinction between the cognitive 

elements of experimental science (the ideas that scientists hold about the world when 

interacting with it) and the world itself that is being interacted with. 

Such a tetradic account also addresses a central critique of structural accounts of 

representation mentioned above, namely that structural relationships do not, strictly speaking, 

hold between representations and their corresponding real-world elements, but between two 

(perhaps set-theoretical) structures. Under a tetradic account of representation, the structures 

of mediated targets and vehicles may very well be the kinds of set-theoretical objects that are 

amenable to direct comparison. For example, mid-19th century chemists often conceived of 

atoms as little more than tiny, invisible objects with fixed numbers of bonds that they can form 

with each other. Unlike their supposed physical targets, which such chemists would be the first 

to admit a significant level of ignorance of, this conception of atoms is very amenable to 

structural (possibly set-theoretical) descriptions, and can easily be compared with chemists’ 

understandings of their atomic diagrams, which were, unsurprisingly, constructed to reflect 

these views. 

How does such an account fit with the findings discussed earlier in this chapter regarding the 

origins of representations’ epistemic legitimacy? First, such a scheme is ideal for taking into 
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account the necessity of a bijective relationship between scientists’ understanding of diagrams 

and scientists’ understanding of their targets. As mentioned above, this conception easily 

allows for these understandings to be characterized as objects whose underlying structures are 

amenable to set-theoretical formulations (and thus comparisons), unlike either the vehicles and 

targets themselves, which are in general not amenable to being considered as such. As 

mentioned above, these understandings may not necessarily be equivalent with these 

structures, although they can certainly be understood as containing them. 

Second, such a scheme easily allows room for the more “functional” factors, namely that the 

forms of representations depends on their utility for facilitating reasoning and the degree to 

which they reduce scientists’ cognitive burden. While these factors were never, strictly 

speaking, incongruous with a dyadic approach, the tetradic approach, with its emphasis on 

scientists’ understandings of their targets and vehicles, nevertheless serves to emphasize them 

in light of the enhanced status it affords to inference generation and cognition. 

To be sure, the success or failure of such a tetradic approach is independent of the factors that 

lend diagrams of invisible objects their epistemic legitimacy. However, it is essential that any 

satisfactory account of modeling and representation should be able to accommodate such 

empirically identified factors. 

Such a tetradic account posits that scientists’ understandings of their representations and their 

understandings of their targets are compared directly, possibly set-theoretically (or at least in 

such a way that the two underlying structures can unproblematically be reduced to set-

theoretical structures). How can we describe the relationship between the other elements in 

such a conception of scientific modeling and representation? 

The relationship between scientists’ understandings of their representations and the 

representations themselves is fairly straightforward: the scientist applies a set of rules and 

theoretical presuppositions for reading their (or others’) images and to generate an 

understanding of them. As we have seen, these rules and presuppositions may vary 

considerably between users and over time, and can serve to help scientists modify their 
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representations if they are viewed as falling short of satisfying the scientist’s conception of their 

targets. 

However, the relationship between scientists’ understandings of their targets and the targets 

themselves, is less straightforward. This is a highly complicated process that may involve 

multiples levels of theory, numerous empirical or experimental findings, and ontological 

commitments. In short, this is the complex and multi-faceted relationship between what 

scientists believe the world (or some subsection of it) is like, and what it is actually like. It is 

therefore not a subject that can be easily addressed in this work, which has the more modest 

goal of understanding the factors that shape how scientists use models, theoretical objects 

which are generally not believed to be completely faithful accounts of the world itself. In any 

case, it is useful to philosophers to distinguish the relationship between a scientist’s 

understanding of a real-world system and the system itself from the relationship between a 

material or visual model of that supposed system and one’s understanding of the model. 

Incidentally, a tetradic approach accords well from Knuuttila’s view that philosophers should 

adopt an artefectual approach to scientific models, wherein models are understood as 

“concrete artefacts, which are built by various representational means, and are constrained by 

their design in such a way that they enable the study of certain scientific questions and learning 

through constructing and manipulating them.”296 Knuuttila’s view, which stresses, among other 

things, the manipulability of scientific models, strives towards a conception that regards models 

as concrete objects which are distinct from our understandings of them. Such a tetradic 

account also accords well with certain older views, such as those articulated by Morrison and 

Morgan, who treat models as objects as independent objects that can be learned from.297 

 

                                                      

296
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5.3.4 Further challenges for philosophical accounts of modeling and 
representation: changing questions, changing methodologies 

Before concluding this work and reflecting more generally on the roles of visual representations 

in science, let us briefly return to the question of epistemic legitimacy and assess, at a general 

level, this work’s contributions to the philosophical discussions concerning the nature of 

modeling and representation. 

As noted in this work’s introduction, one of the central motivations for the discussion of 

scientific models stems from the shift from the syntactic to the semantic view of scientific 

theories. Under the syntactic view, scientific theories, which are regarded as sets of 

propositions, acquire their epistemic legitimacy, that is, their value in being regarded as useful 

and accurate means of describing their referents and reasoning about them, from their being 

true to some degree. Under the semantic view, the components of theoretical practice, namely 

models, are notorious for being idealizations, abstractions, and containing expressly fictional 

elements. Furthermore, they are often not sets of propositions, at least not the kind that 

directly refer to the world itself, and cannot therefore be assigned truth-values. 

Given these challenges, the criterion of truth has more or less been abandoned under 

proponents of the semantic view. Philosophers have spilled much ink attempting to fill the 

epistemic gap left by its absence. How could such models, in spite of their flaws, yield valuable 

knowledge about the world? What are the features of the models that scientists adopt that 

makes them conducive towards their adoption? Herein lies the origin of the question of the 

epistemic legitimacy of scientific models. 

In this work, we have sought to provide a naturalistic response to this question. We have 

examined the forms of the diagrams that scientists actually used in their daily practices and 

have assessed situations where one method of depiction was chosen over another. We have 

found that the epistemic legitimacy that diagrams are given cannot be reduced to a single 

criterion. In particular, we have seen that a complete understanding of why diagrams are taken 

to be accurate and desirable representations of their targets will involve considering not only 
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the perceived commonalities between diagrams and their referents but also a detailed analysis 

of the advantages fostered through their use. Furthermore, we have seen how certain 

elements, such as visual commonalities, play an important role in diagrams’ epistemic 

legitimacy by reducing their cognitive burden, and how a fluid conception of what diagrams are 

meant to refer to forms a critical component of scientific practice. 

If nothing else, it is my hope that these findings contribute to shifts in both the questions and 

methods adopted by philosophers of science who struggle with the issue of scientific (or 

epistemic) representation. It is typical in such literature for philosophers to attempt to divide 

the question of representation into two parts, and to distinguish what it means for something 

to be a scientific representation from what it means for something to be a faithful one. The 

methods and findings of this work suggest modifications to both these questions. 

First, they suggest that “the” question of scientific representation, “in virtue of what is 

something a scientific representation?”, is not a particularly interesting one: what does it 

matter if representation itself is defined as nothing more than denotation? After all, we are not 

interested in what makes an object a representation, but what makes it a useful and 

epistemically legitimate one. Asking what makes something a scientific representation tout 

court does not tell us much about the practice of science or of scientific reasoning unless we 

further consider those scientific representations that have been accepted and rejected and the 

reasons for these decisions. 

Second, the methods and findings of this work suggest that the question of faithful 

representation, as it is usually understood, is unnecessarily narrow. Scientific representations 

are not judged solely on their ability to be merely faithful depictions of their targets, but on a 

variety of other factors, including their usefulness for addressing salient issues, their ability to 

reduce scientists’ cognitive burden, and the theoretical practices and commitments of their 

users. Science is an inherently cognitive and social practice, and if we are to truly understand 

why certain models are adopted and why others are not we must take into account such 

cognitive and social factors, which, of course, include scientists’ conceptions of their models’ 
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perceived faithfulness. The fact that faithfulness by itself is not enough for a complete 

understanding of the epistemic legitimacy granted to models becomes even clearer upon the 

reflection that most faithful models are only faithful to a limited degree. After all, one of the 

defining features of scientific models is their remarkable unfaithfulness. 

The multi-faceted nature of the criteria surrounding epistemically legitimate scientific 

representations suggests that philosophers may not in fact be able to articulate the sufficient 

conditions that must be in place for a given representation to be seen as desirable, successful, 

or faithful. Given the varieties of historical scientific practice across time, culture, and scientific 

disciplines, it seems unlikely that a unique set of criteria can be discovered that will be capable 

of characterizing all the desirable qualities of representation for each and every instance. 

However, this does not mean that the philosophical programme of seeking to identify such 

features is misguided, as an analysis of the changing conditions required for satisfactory 

representation may reveal illuminating constancies and tell us a great deal about the varieties 

of scientific practice and their commonalities and differences. If nothing else, a fuller 

description of the practice of representing may help provide philosophers with a clearer 

understanding of the process of representation, which is, in and of itself, a desirable (and likely 

achievable) philosophical goal. 

While I do not expect philosophers of science to all suddenly become historians or sociologists 

in response to these findings, I do nevertheless hope that they might at least attempt to 

consider the empirical record more closely when addressing their questions. Philosophical 

attempts to describe the underlying logical structure of (even the idealized) practice of science 

cannot be of much use if they fail to take into account the details of scientific practice itself. By 

not considering practice, philosophers of science miss out on significant resources for further 

insight and run the risk of answering questions that do not pertain to science as it truly is, but 

rather to a simplified or cartoonish version of science. In other words, by not seriously taking 

studies of scientific practice into account, philosophers of science may not in fact be providing a 

philosophical account of science at all. 
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6 Conclusions 

 

In this work, we set out to analyze the factors that determine the forms given to scientific visual 

representations through close readings of the histories of several styles of scientific diagrams. 

We have focused our examination on diagrams whose referents were “invisible”, specifically 

those employed in the contexts of structural organic chemistry in the 1860s, stereochemistry in 

the 1870s-1910s, and quantum electrodynamics in the mid-20th century. In each context we 

inquired into the historical sources of these diagrams’ epistemic legitimacy and strove to 

understand the factors that surrounded scientists’ decisions regarding their visual imagery. 

These historical findings then served to inform contemporary philosophical debates concerning 

scientific models and representations. By identifying common features regarding scientists’ 

historical use of diagrams, we were able to assess contemporary approaches in the philosophy 

of scientific representation and propose a means of overcoming some of these approaches’ 

shortcomings. 

In this conclusion we will briefly consider several questions pertaining to the significance and 

limitations of this work’s findings. In particular, we shall consider the possibility of extending 

our analysis to other scientific visual representations, and, perhaps, to non-visual ones as well. 

We shall also consider the role of this work within the broader context of studies of scientific 

visual representations and comment on how our methodological programme may serve to 

focus and unite disparate investigations into scientific imagery. 

 

6.1 Extending this work’s findings: possibilities and challenges 

Despite the in-depth nature of this work’s case studies, the historical investigations contained 

within this thesis have nevertheless only addressed a small fraction of scientific diagrammatic 

use. While it is clear that our methodology can be easily extended to gain insight into to other 
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instances of scientific visual representations, how well can our findings be extended? Can the 

inferences reached in this work regarding the factors that shape diagrams and the sources of 

their epistemic legitimacy be relevant to other instances of scientific representations, visual or 

otherwise? What are some of the challenges that one might face in extending our general 

conclusions? 

There are several “levels” to which this work’s conclusions may be extended. First, they may be 

extended to other diagrams of invisible referents, an extension that I have tacitly assumed to 

be unproblematic throughout this work but which nevertheless merits some brief discussion. 

While it is clear from these case studies that no two instances of diagrammatic representation 

are identical, the recurrence of certain of this works’ themes in other studies of such diagrams 

is a reassuring sign that our conclusions are not without further relevance. For example, Irina 

Starikova’s research on how mathematicians use Cayley graphs highlights how these graphs are 

at once rigorous mathematical tools as well as powerful means of generating intuitions about 

abstract objects.298 Starikova’s assertion that mathematicians often understand Cayley graphs 

in multiple and different ways suggests that diagrams may draw some of their strength from a 

flexibility or ambiguity of sorts. This notion, that (visual) representations profit from a sort of 

ambiguity or interpretational flexibility, is also strongly supported in several other studies, 

including Elie During’s work on space-time diagrams, the disparate investigations of Emily 

Grosholz into ambiguity within the fields of mathematics and the mathematical sciences, and 

various analyses of Sewell Wright’s adaptive landscapes.299 
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This work’s findings with regards to the factors that underlie diagrams’ epistemic legitimacy, as 

articulated in the previous chapter, also find support in other scholarly investigations. This is 

especially the case with respect to diagrams’ structure and the both the reduction of scientists’ 

cognitive burden and the facilitation of productive inferences. For example, Jane Maienschein’s 

investigations of E. B Wilson’s cellular representations highlights the advantage in reducing 

more “accurate” but complicated images of an object to simplified, schematic representations 

for didactic purposes.300 Peter Taylor and Ann Blum’s description of Odum’s reduction of 

ecosystems to electrical circuits not only emphasizes the depths of Odum’s commitment to an 

energetic view of biological activity but also his desire to achieve a straightforward, visual way 

of expressing the diverse and complex processes that compose ecosystems.301 As briefly 

mentioned in chapter four, Andrea Woody’s investigations into quantum chemical diagrams 

also demonstrate scientists’ preference for images that are of immediate utility rather than 

those that are in a sense more accurate but less suited to the reasoning actually performed by 

practicing chemists.302 In all of these cases, a premium is put on visual representations that are 

easier to understand, simpler to use, and more reflective of individual and institutional 

conceptions of phenomena. 

Unfortunately, as there have not been many studies into the importance of bijective 

correspondence between diagrams and their referents, this particular factor relating to 

diagrams’ epistemic legitimacy is more difficult to find support for in contemporary scholarly 

works. However, it is not difficult to imagine how the requirement of bijectivity would be 

important for a wide number of diagrams, including several of those mentioned above, 

especially in the more mathematical sciences. 
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Given that several of this work’s findings resonate with other investigations of diagrams of 

invisible entities, what can be said about the possibility of extending these findings to diagrams 

of visible objects? Does our central requirement in this work, that the diagrams we consider 

must represent objects that are not immediately available to the eye, limit or skew our 

conclusions with respect to diagrams in general? 

While it is difficult to predict the outcome of research that, for the most part, does not exist, it 

is quite conceivable that this work’s findings would in general hold up quite well when 

extended to diagrams of visible entities. In fact, the central difference between diagrams of 

visible entities and the ones studied in this work, that is, the existence of a visual referent and 

the supposed criteria that images should resemble it in some way, can be easily taken into 

account by our findings. This is particularly the case with respect to our assertion that diagrams 

gain some of their importance by reducing their users’ cognitive burden, especially when the 

reduction of cognitive burden is accomplished through visual resemblance to a known 

representational scheme. 

Despite the fact that the diagrams discussed in this work were representations of invisible 

entities, visual resemblance nevertheless played an important role in determining many of their 

forms. In fact, one common theme throughout this work has been how important it was for 

diagrams to appear in a manner that their users could easily understand, a criterion that often 

involved being visually in accordance with known and accepted representational practices. 

Consider, for example, the appearance of Van ‘t Hoff’s stereochemical diagrams, which 

resembled crystallographic images, and how they were ultimately abandoned for an approach 

that more closely resembled Crum Brown’s visual representations. Recall how Feynman’s 

diagrams resembled space-time graphs, even though they represented phenomena that could 

not, strictly speaking, be conveniently expressed through within a space-time coordinate 

system. The continued existence of certain visual traditions throughout our case studies, such 

as the existence of a lengthy “skeletal” tradition among organic chemists, also speaks to the 

broad importance of visual resemblance. While our focus on representations of invisible objects 

has ensured that this resemblance is to other representations, and not to the visual appearance 
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of objects themselves, such resemblance was nevertheless a factor. Simply put, it appears to be 

much easier to use images that already look like something that scientists understand than 

something that they do not. The short step from this more general “something” to real-world 

instances of visual experience is not a philosophically complicated or troubling one. 

How well this works’ findings extend to other visual entities, be they diagrams of visible objects, 

maps, graphs, material models, visualizations of data, and so on, remains to be seen. Further 

research is also necessary to ascertain whether or not our philosophical findings with respect to 

modeling and representation are generalizable for all manners of visual representations, or, 

perhaps more problematically, to linguistic and mathematical models. It is quite conceivable 

that there are serious differences between the factors that lend epistemic legitimacy to non-

visual representations as opposed to visual ones, although I suspect that some of the central 

factors discussed in this work, such as ensuring a bijective correspondence between 

representations and their targets and representations’ utility in facilitating reasoning and 

reducing scientists’ cognitive burden, may also come into play for non-visual representations as 

well. In any case, I am by no means alone in suspecting that general insights into cognitive 

scientific practices can be gained from the study of scientific diagrams, as such sentiments are 

echoed by, for example, Barbara Tversky, who refers to diagrams as a “microcosm of 

cognition”, and Benjamin Sheredos et al who assert that “identifying the cognitive elements of 

diagram use... can provide insight into the cognitive processes involved in scientific reasoning 

more generally”.303 

Unfortunately, such research is beyond the scope of this work and must therefore remain a 

goal for future investigations. Nevertheless, I am confident that the methods adopted in this 

work will prove satisfactory for providing solutions to these questions as well. 
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6.2 Towards a more focused approach to the study of scientific 
visual representation 

Since this thesis has focused more or less exclusively on scientific visual representations, a few 

general comments concerning this work in the context of the spectrum of scholarly 

investigations into scientific images are in order. 

In chapter one, we noted the increased popularity of scientific visual representations within the 

fields that compose Science Studies. However, aside from a general emphasis on the 

importance of images in the practice of science and the all-too-predictable conclusion that such 

scientific imagery is well worth studying, there is little that holds these disparate efforts 

discussing such visualizations together. The majority of these studies do not share particular 

intellectual goals or address common issues, aside from the broad (and often ill-defined) theme 

of the general significance of visuality to the practice of science. In fact, it may be said that 

there is often little that unites many of these investigations outside of a particular enthusiasm 

amongst certain scholars for pictures. This has resulted in a seemingly paradoxical situation: 

while the study of scientific images within Science Studies may be argued to be popular enough 

to compose a sub-field of sorts, the lack of common methodologies, goals, or intellectual 

themes has resulted in this sub-field taking on an irregular and desultory character. 

While the disunity of investigations into scientific imagery has the advantage that such scholars 

can apply their research to a host of interesting and useful subjects, it also carries at least one 

significant disadvantage as well: the potential delegitimization of the study of scientific visual 

representations in virtue of their being scientific visual representations, as opposed to, for 

example, in virtue of their being one component of some specific historical context. If there is 

nothing particularly special about epistemic visual imagery, if there are no common themes or 

pressing debates surrounding the study of scientific pictures, why should scholars regard the 

study of such images as a central goal in and of itself and not solely as a means to other ends? 

For example, are there any reasons that scholars should study chemical diagrams in virtue of 

their being pictures and not solely in virtue of their place within the history of chemistry? While 
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it is manifestly clear that the latter is an important reason to investigate such images, the lack 

of explicit common themes and goals surrounding studies of scientific imagery suggests that it 

is not clear that the former is. If images are to be more than ancillary objects of investigation 

into particular historical contexts, that is, if visual entities can tell us something in general about 

how scientists reason, communicate, and regard their objects of inquiry (even if such 

knowledge is non-universal and historically contingent), then scholars are required to articulate 

and defend questions and themes that are applicable to a wide variety of scientific imagery and 

not merely to specific instances of picture-use. In no small way, the articulation of these 

questions and the identification of such common issues has been one central goal of this work. 

In this thesis we have seen at least one way in which the study of scientific visual 

representations can be brought to the fore, that is, one way that scientific images can be 

studied as epistemic pictures and not solely as products of specific historical contexts. We have 

accomplished this in such a manner that places an emphasis on images in virtue of their 

visuality and that is broad enough to encompass disparate representations from a variety of 

historical contexts. Furthermore, by viewing histories of scientific diagrams through the lens of 

contemporary philosophical debates over scientific representation we have not only managed 

to provide a common backdrop against which a diverse spectrum of scientific imagery can be 

investigated but have also managed to integrate historical and philosophical methodologies 

and aspirations. 

It is the hope of the author that, by following a similar methodology to that employed 

throughout this work, historians and philosophers of science may find a common focus for their 

investigations into scientific imagery, a focus that may yet serve to unite disparate studies of 

epistemic images. Even if, as some scholars have suggested, scientific visual representations are 

neither logically necessary, nor, at times, even possible to clearly distinguish, the themes that 
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run throughout this work serve to remind the reader why, aside from their sheer popularity, 

studies of such imagery are desirable, if not essential, for Science Studies.304 
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