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“Science and Industry” – An Unjustly Forgotten Treasure of the History 
of Science 

A Preface by Jürgen Renn 

The 1960s and 1970s saw a revival of the history of science in which science was understood not 

just as a history of disembodied ideas but as a human activity deeply rooted in social and cultural 

conditions. This revival was in line with earlier attempts in this direction, undertaken before 

World War II by scholars such as Boris Hessen, Henryk Grossmann, Edgar Zilsel, or Ludvik 

Fleck, whose work had meanwhile largely fallen into oblivion. The new perspectives on science 

were, just as their precursors in the 1930s, also connected with the political upheavals of the 

time, which stimulated the quest for understanding the relation between modern science and 

capitalist societies. Some of the scholarly work of these years was, however, also in danger of 

being forgotten or pushed aside as were these earlier works of the 1930s. 

Among the reasons for this marginalization was the fact that the authors were typically not 

professional historians of science but more often scientists, teachers, or philosophers, as well as 

their association with the political left, which made them suspicious to mainstream historians and 

established historians of science. In addition, their work was often not accessible in English and 

therefore did not circulate internationally. Thus, remarkably, a Marxist revival of the history of 

science took place in the West, almost simultaneously, in Greece, Israel, Italy, France, Spain, 

Britain, Germany, and other countries, without much contact among the protagonists. Only over 

the years, with the growing international prominence of a cultural history of science for which 

the Max Planck Institute became a global reference point, did the different perspectives come 

into contact with each other and with newly emerging trends in the history of science.  

Although a plethora of detailed and highly professional studies of the cultural and social contexts 

of science has meanwhile become available, a look back at some of the pioneering works of the 

last third of the twentieth century may be worthwhile, not the least because of their still untapped 

potential, but more importantly because their key questions are still relevant: How does science 

depend on societal or cultural contexts and how is it connected, in particular, with the capitalist 

mode of production? And even more urgently, what kind of scientific practices and insights do 

we actually need in order to cope with some of the devasting consequences of this mode of 

production that were already visible then, and which today have become undeniable to the extent 
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that they give rise to the definition of a new geological epoch called the “Anthropocene,” which 

some prefer to designate as the “Capitalocene”? 

Scienza e Industria 1848–1915: Gli sviluppi scientifici connessi alla seconda rivoluzione 

industriale (Science and Industry 1848–1915: Scientific developments related to the second 

industrial revolution) by Angelo Baracca, Stefano Ruffo, and Arturo Russo was published in 

Italian by Laterza in 1979 and is one such pioneering work—an unjustly forgotten treasure of a 

highly fertile and innovative period of the history of science.  

In his introduction to this reprint, Angelo Baracca aptly describes the historical circumstances in 

which this book and the approach it proposes emerged. It covers a wide range of subjects, from 

the different ways in which the Second Industrial Revolution unfolded in Great Britain and in 

continental Europe to the upheaval in modern science, in particular in chemistry in the latter half 

of the nineteenth century and in physics at the beginning of the twentieth century. Although each 

of these themes has meanwhile become the subject of detailed historical investigations, the 

survey and overall picture that Scienza e Industria provides is still intriguing: it connects the new 

knowledge economy of the Second Industrial Revolution with the conceptual revolutions in 

modern physics by pointing to the mediatory role of chemistry.  

Chemistry was undoubtedly a key science of the Second Industrial Revolution, of paramount 

importance to the mining and steel industries, to the nascent agricultural science and, of course, 

primarily to the burgeoning chemical industry itself. Its scientific practice and conceptual 

frameworks were largely independent from those of physics, yet there were important points of 

contact, overlaps, and areas of conflict. Some of the challenging problems of late nineteenth-

century chemistry emerged from industrial applications, among them the dependence of 

chemical reactions on physical conditions such as temperature and pressure, the nature and 

determination of chemical equilibria, the design of molecules with specific chemical properties, 

and so forth.  

These challenging problems of chemistry, of urgent importance to its industrial applications, 

became, at the same time, borderline problems with physics. The notions of atoms belonged to 

both fields of knowledge where they were, however, conceived in different ways. The notions of 

temperature and pressure became, in the middle of the century, part of a novel physical theory, 

thermodynamics, with its own conceptual framework on a par with that of mechanics, and 

applicable to both physical and chemical processes. Physical chemistry turned into a major 



 
 

5 

driving force of this new subdiscipline of physics, from the work of Gibbs to that of Nernst. In 

addition, chemistry provided much of the empirical material for the later quantum physics, from 

the spectra to the periodic table of elements. 

In addition to bringing certain challenging problems into focus, the mediatory role of chemistry, 

forming a bridge between economic developments in the course of the Second Industrial 

Revolution and conceptual transformations of physics, also extended to the style of doing 

research—this is another thought-provoking thesis of Scienza e Industria: In contrast to the 

struggle about the feasibility of a comprehensive world picture characteristic of late classical 

physics, the chemistry that was important for the Second Industrial Revolution is described here 

as a more pragmatic science, neither bound to an encompassing foundation of all of science—be 

it mechanical, thermodynamical, or electromagnetic—nor adverse to model building as was the 

case among positivistically-minded physicists.  

The new style characteristic of post-classical physics, from Einstein’s 1905 papers to the 1913 

quantum theory of Bohr, was characterized by the introduction of fundamental principles like 

that of the constancy of the speed of light, modelled after the use of such principles in 

thermodynamics, as well as by experimenting with daring hypotheses about the microstructure 

of radiation and matter, such as Einstein’s light quantum hypothesis or Bohr’s atomic model. 

According to Scienza e Industria, this new style had been pioneered by chemistry and by its the 

openness to non-mechanical model-building, but also by the lesson it had taught physics about 

the guidance in unexplored territories that thermodynamics could provide as a generic 

framework, one not bound to specific microscopic assumptions. 

Several aspects of this book, published more than 40 years ago, are outdated; this is hardly 

surprising in view of the massive amount of research that has since been invested into the diverse 

fields it covers. Nevertheless, such comprehensive surveys, connecting historical accounts of 

societal developments with detailed technical analyses of conceptual developments in the 

sciences, have remained rare. May Scienza e Industria serve as an encouragement for historians 

of science not to shy away from such difficult and daring investigations, as risky as they 

inevitably are! The payoff is worth the risk: only by understanding science as a part of larger 

societal developments can we (and we must!) shape science and industry into part of a 

sustainable relationship between the human species and its home planet, and avoid their potential 

role in self-destruction. 
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Productive and Social Transformations and Scientific Changes during the 
Nineteenth Century (1848–1915) 

1. The historical framework: the revolution in the history of science in Italy in the 1970s: 
The breeding ground of Scienza e Industria 

 
In Italy during the 1970s, a new generation of young, concerned physicists and mathematicians 

(myself included), riding the wave of the protest movement of 1968, developed a deep 

uneasiness with respect to the content, methodological approach, and organization of their 

scientific activity. The active responses generated by this dissatisfaction aimed not only to 

develop concrete scientific alternatives but also sought to understand how modern science was a 

byproduct of the class-based capitalistic mode of production and its intrinsic logic of 

exploitation.1 

With regard to concrete alternatives, new approaches were proposed and developed that 

broke with established academic methods and practices in related fields. For instance, various 

proposals were developed concerning the health conditions of factory workers. These 

suggestions were made in close cooperation with the laborers and drew from the concept that 

damage to the health of workers is a consequence of the capitalistic organization and exploitation 

of labor. In another example, some young (and particularly energetic) physicists channeled their 

frustration with the exasperating proliferation of model approaches2 into a critique of the 

foundations of quantum mechanics, which had then shifted from a philosophical debate in the 

1920s and 1930s to an emphasis on practical, experimental tests based on the Bell inequality.3 

 
1 For a general survey of the various initiatives, see the monographic issue of Pristem/Storia of Bocconi University, 
Milan, n. 27/28, December 2010, edited by Angelo Guerraggio, on “Il ’68 e la scienza in Italia.” 
2 The criticism of the methodological approach of the research into elementary particle physics was systematically 
studied by Silvio Bergia and myself in La Spirale delle Alte Energie (The High-Energy Spiral), Milan, Bompiani, 
1975. A recent overview of the initiatives of the young Italian physicists has been presented in: Angelo Baracca, 
Silvio Bergia and Flavio Del Santo, (2016). “The origins of the research on the foundations of quantum mechanics 
(and other critical activities) in Italy during the 1970s.” Studies in History and Philosophy of Science Part B: Studies 
in History and Philosophy of Modern Physics:DOI: http://dx.doi.org/10.1016/j.shpsb.2016.11.003. 
3 While the United States simultaneously experienced a revived interest into the problems of quantum mechanic 
principles, the motivations and perspectives that accompanied the movement were radically different from those in 
Italy. An excellent study by David Kaiser, How the Hippies Saved Physics (2012), meticulously reconstructs the 
revival in the US, which transpired in the second half of the 1970s after a long period of almost total indifference 
toward the philosophical aspects (originating from cuts to research funds), and the consequent identity crisis among 
the younger generation of physicists. In particular, the Fundamental Fysiks Group in Berkeley was inspired by the 
atmosphere of the widespread New Age mood and oriental mysticism; they even took psychedelic substances in an 
attempt at psychokinesis, transmission of thought, and superluminal communication. The revival of interests in the 

http://dx.doi.org/10.1016/j.shpsb.2016.11.003
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The second concern, that is, generating an innovative approach to the history of science, 

probably triggered the more long-lasting byproduct. In order to understand the situation, one 

must stress that in Italy, a school of history and philosophy of science (though generally 

excluding physics) already existed. It was founded by the renowned Ludovico Geymonat (1908–

1991), who was succeeded by others such as Paolo Rossi Monti (1923–2012) and Lucio Colletti 

(1924–2001). All of them had a humanistic education and basically practiced “dialectical 

materialism.”4 The majority of the young physicists (and mathematicians) who had no previous 

experience with historical activity soon harbored an increasing dissatisfaction toward the 

positions of Geymonat’s school. They accused the administration of  disregarding the social and 

economic framework that they considered essential (at least more so than the “dialectic”) to 

understanding the class component sedimented in scientific approaches, context, and 

organization. As they saw it, the historical and epistemological reconstructions of the Geymonat 

school turned into a legitimization of science and its objective nature. In this respect, the young 

scholars sought to redeem Marx’s true approach in “historical materialism” from what they saw 

as the out-of-touch Marxism of their teachers. 

The year 1972 was a crucial date: The Italian Society of Physics at the International School 

in Varenna, Italy organized a summer course on the history of physics that brought together the 

most authoritative scholars on the subject. Its particular importance is also embodied in the fact 

that research in the history of modern science was studied (at an international level) by 

professional physicists, instead of by scholars with a humanistic background who could not 

grasp the physical, technical, and mathematical aspects. On this basis, the young physicists (and 

mathematicians) gradually began to conduct research on the history of physics, in the course of 

which the divergence from and number of (sometimes harsh) polemics against the “school of 

Geymonat” increased. 

I began my own thesis research for a didactic degree in 1973, written together with Riccardo 

foundations of quantum mechanics began earlier in Italy (dating back to the end of the 1960s). There, it was directed 
instead toward the perspectives of experimental tests of quantum theory and the possibility of falsifying it. One must 
admit, however, that the American movement was not entirely frivolous, despite their somewhat metaphysical goals. 
“The [Fundamental Fysiks] group’s intense, unstructured brainstorming sessions planted seeds that would 
eventually flower into today’s field of quantum information science” (Kaiser 2012, Introduction). 
4 The Italian Marxist school of thought had very influential exponents in general historians, who set the ideological 
basis for the “Italian way to communism.” Many of them were leaders of the Italian Communist Party, such as 
Eugenio Garin (1909–2004), the mathematician Lucio Lombardo Radice (1916–1982), Ernesto Ragionieri (1926–
1975), and Giuseppe Vacca. The new political movements ideologically clashed with the Marxist ideology and 
political positions of these exponents. Such a divergence grew also in the field of science. 
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Rigatti.5 Tracing the Transactions of the Royal Society in 1759, we investigated the roots of the 

technical and scientific contributions of the English “engineer” John Smeaton (1724–1792) and 

related the origin of the physical concept of (productive) work and power to the development of 

the eighteenth-century Industrial Revolution. We also began the search for the roots of 

thermodynamics in the steam engine and Watt’s invention of the separate condenser.6 

I must emphasize that this whole growing group of young, radical historians of physics had 

(directly or indirectly) an important master in Marcello Cini (1923–2012), a more experienced 

physicist and a decidedly left-wing and politically engaged scholar who had been expelled from 

the Italian Communist Party in 1969 together with the group Il Manifesto.7 

Systematic research in the (critical) history of science grew from a self-organized national 

group into an academic activity. Theses for physics degrees on subjects previously considered 

unusual in the history of physics gradually began to be carried out in various faculties in Italy. 

They were often seen with disfavor by the establishment but were well accepted by many 

students, who were tired of an excessively formal teaching style and welcomed these changes as 

a breath of fresh air.8 Some of these theses, assigned by colleagues in Rome, were particularly 

important and instructive for me in order to improve my methodological approach in the analysis 

of nineteenth-century physics and in the theory of special relativity (Gianni Battimelli’s thesis 

was of particular significance). For the latter aspect, I also benefitted from the participation of 

Silvio Bergia in the national “Relativity Project,” directed by Giulio Cortini. 

A more important and enduring consequence matured during the 1970s at the academic level, 

 
5 Angelo Baracca and Riccardo Rigatti, “Aspetti dell’interazione tra scienza e tecnica durante la rivoluzione 
industriale inglese del XVIIIo sec. in Inghilterra, 1a Parte: La nascita dei concetti di lavoro ed energia,” Giornale di 
Fisica, 15, 144, 1974. 
6 Angelo Baracca and Riccardo Rigatti, “Aspetti dell’interazione tra scienza e tecnica durante la rivoluzione 
industriale inglese del XVIIIo sec. in Inghilterra, 2a Parte: Sviluppo della macchina a vapore,” Giornale di Fisica, 
15, 206, 1974. Some years later, Silvio Bergia (who first began actively collaborating with me in 1969 on the 
subject of elementary particle physics, then, as mentioned, on its criticism, and later on the foundations of quantum 
mechanics) and Paola Fantazzini, inspired by the two papers just mentioned, returned to the subject of Smeaton in 
order to show that he had played an important role in the attempts to derive the basic conservation laws describing 
collisions between two bodies. Silvio Bergia and Paola Fantazzini, “La descrizione dei fenomeni meccanici in 
termini energetici nell’opera di John Smeaton, Parte prima: Dalle ruote ad acqua ai teoremi dell’impulso e delle 
forze vive,” Giornale di Fisica, Vol. XXII, n. 4, 1981; “La descrizione dei fenomeni meccanici in termini energetici 
nell’opera di John Smeaton, Parte seconda: Un modello per l’urto anelastico ed il suo controllo sperimentale,” 
Giornale di Fisica, Vol.XXIII, N. 1, 1982. 
7 See, for instance, Luciana Castellina. “Il Manifeto and Italian communism,” New Left Review, 151, May–June 
1985, https://newleftreview.org/issues/i151/articles/luciana-castellina-il-manifesto-and-italian-communism 
8 I once heard a colleague of mine commenting with contempt to a group of students: “History is not a rigorous 
discipline; physics instead is rigorous.” 
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when new courses on the history of physics were created in almost all the university physics 

departments in Italy. Of course, the approaches that were adopted by the various teachers were 

quite different, reflecting their personal lines of thought or the “school” in which they had been 

educated. In practice, this variety of approaches was a treasure. It was a recently born field in 

rapid evolution, for which there was no previous tradition, and it bordered on so many 

complementary aspects: scientific, historical, methodological, and philosophical. 

Other substantial developments by historians of science moved quite rapidly. The group 

active at the University of Lecce (Arcangelo Rossi, Elisabetta Donini, and Tito Tonietti) 

organized a very remarkable initiative9 from July 1–5, 1975. It originated as a cultural-political 

project and was supported principally by mathematical physicists (Gianni Jona Lasinio and 

others). Its general aim was the reinforcement of simultaneously theoretical and applicative 

themes that expressed a strong political and scientific engagement. This congress brought 

together many like-minded physicists and mathematicians for a series of challenging talks and 

lively discussions.10 It was also an important occasion for discussion and confrontation. 

The divergence from the “school of Geymonat” blew up publicly after the 1974 publication 

of the book Attualità del Materialismo Dialettico (Topicality of Dialectical Materialism)11 by 

Geymonat and his most direct collaborators. A radically conflicting view was developed in 1976 

by Marcello Cini and his pupils and collaborators in the collective volume L’Ape e l’Architetto12 

(The Bee and the Architect), whose title, by explicitly recalling the famous comparison of Marx, 

underlined their genuine “Marxian” views—as further confirmed by the subtitle, which made 

direct reference to “Scientific Paradigms and Historical Materialism.” Albeit with less 

resonance, Arcangelo Rossi and I developed in the same year (1976) the methodological 

framework for a more systematic “historical materialistic” approach to natural sciences, 

conceived as an extension of Marx’s analysis of economic science.13 In order to develop such an 

9 Elisabetta Donini, Arcangelo Rossi, and Tito Tonietti, 1977, Matematica e Fisica: Struttura e Ideologia, Bari, De 
Donato. 
10 That many participants in the conference camped, with a deep sense of comradeship, in the pine grove which at 
that time flanked the Institute of Physics in Leece was a sign of the spirit and enthusiasm of those years. 
11 Enrico Bellone, Ludovico Geymonat, Giulio Giorello, and Silvano Tagliagambe, Attualità del Materialismo 
Dialettico, Roma, Editori Riuniti, 1974. 
12 Giovanni Ciccotti, Marcello Cini, Michelangelo De Maria, Giovanni Jona-Lasinio, Elisabetta Donini, and Dario 
Narducci,  L’Ape e l’Architetto. Paradigmi Scientifici e Materialismo Storico, Milano, Feltrinelli, 1976 (reprinted in 
2011). 
13 Angelo Baracca, and Arcangelo Rossi, Marxismo e Scienze Naturali. Per una Storia Integrale delle Scienze, Bari, 
De Donato, 1976. 
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analysis of the historical development of scientific conceptions in the context of a specific social 

economic formation, they adopted and extended the concept developed by the Italian 

philosopher Galvano Della Volpe (1895–1952) of “(historically) determined abstractions.” 

The contrast between this approach and the cited Attualità del Materialismo Dialettico of 

Geymont and his school could hardly have been more drastic, and deepened in the following 

developments. Here we will not follow the (undoubtedly relevant) contributions of the thriving 

and very active school of Geymonat any further, in particular of his most direct authoritative 

pupils, Enrico Bellone, Giulio Giorello, and Silvano Tagliagambe. 

In the following years, I worked together with my students Roberto Livi and Stefano Ruffo, 

who had both recently graduated in physics, to apply the methodological approach formulated in 

the aforementioned book, Marxismo e Scienze Naturali, to a thorough analysis of the 

development of physics and chemistry in the context of the nineteenth century and its deep social 

and economic transformations. In a sense, this program was a continuation of the previous study 

on the birth of the energy concepts during the First Industrial Revolution of the eighteenth 

century. With a similar approach, we extended our analysis to the take-off of the Second 

Industrial Revolution at the end of the nineteenth century as a precursor to the genesis of 

quantum mechanics. In a first study,14 accompanied by a wide anthology of original texts (mainly 

intended for didactic use or for non-specialized readers), we presented a first survey of the main 

scientific changes during the whole century. This text also provided testing ground for a more in-

depth analysis of the scientific changes stemming from the 1848 revolutions and fully 

developing through the economic transformations triggered by the Second Industrial Revolution 

in last three decades of the century, which laid the basis for the so-called revolution in physics of 

the twentieth century.15 This book is reproduced at the end of this preprint. 

Unfortunately, the Faculty of Physics in Florence refused to institute a course on the history 

of physics; however, in part stimulated and encouraged by my students, I began in the early 

1970s to tackle my course on statistical mechanics with a historical approach. Scientific 

development was integrated into the global historical context. I was becoming more and more 

convinced that the same formal developments are more comprehensible when they are framed by 

 
14 Angelo Baracca, and Roberto Livi, Natura e Storia, Fisica e Sviluppo del Capitalismo nell’Ottocento, Firenze, 
D’Anna, 1976. 
15 Angelo Baracca, Stefano Ruffo, and Artuto Russo, Scienza e Industria 1848–1915, gli Sviluppi Scientifici 
Connessi alla Seconda Rivoluzione Industriale, Bari, Laterza, 1979. 
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the relevant cultural and social changes of their time. This approach generated, with successive 

revisions, a critical textbook of statistical mechanics.”16

By 1978, the national group of historians of science had matured to the point of needing a 

specific vehicle with which to expound and develop their research, collate other interesting 

contributions, and develop a discussion. With some effort, they succeeded in promoting the 

publication of the triannual journal Testi e Contesti, which printed nine issues before closing in 

1981 due to economic difficulties.17

At this stage of development of their historical approach, the group of young historians of 

science (holding positions as diverse as could be) was ready to tackle the analysis of the 

twentieth-century revolution in physics, the conceptual root of their original dissatisfaction in 

their active research. It was  known that a systematic program of research on the history of 

quantum physics had already started in the 1960s.18 At the end of the 1970s, some members of 

the group of young Italian historians of physics in Rome and Lecce established a relationship 

with John Heilbron and Paul Forman. In 1979, they organized a conference in Lecce, “Physics 

and Society in the 1920s,” on the growth of quantum mechanics,19 in which the development of 

this theory both during the troubled years of the Weimar Republic and then its movement to and 

part in the new hegemonic role of the United States was analyzed in terms of the economic, 

social, and cultural contexts.20

The next development—chronologically and logically—was a more challenging and 

16 Angelo Baracca, Manuale Critico di Meccanmica Statistica, Catania, Culc, 1979. 
17 See Arcangelo Rossi, “L’esperienza di ‘Testi e Contesti,’” Pristem/Storia, 27–28, “Il ‘68 e la Scienza in Italia,” 
ed. Angelo Guerraggio, 2010, 87–96. 
18 Thomas S. Kuhn, John L. Heilbron, Paul Forman, and Lini Allen, Sources for the History of Quantum Physics, 
American Philosophical Society, Memoir 68, 1967, http://www.amphilsoc.org/guides/ahqp/. 
19 Michelangelo De Maria, Elisabetta Donini, Ester Fano, Paul Forman, John Heilbron, Robert Linhart, Robert 
Seidel, and Tito Tonietti, Fisica e Società negli anni ’20, Milano, Clup-Clued, 1980: Proceedings of the Conference 
“The Growth of Quantum Mechanics in the 20’s and the Cultural, Economic and Social Context of the Weimar 
Republic and the USA”, held in Lecce, September 3–6, 1979. 
20  The titles of the talks at the conference were as follows: Paul Forman, “Kausalität, Anschaulichkeit and 
Individualität, or how cultural values prescribed the character and lessons ascribed to quantum mechanics;” Tito 
Tonietti, “Quantum mechanics in the mathematical context: changes in the point of view and some institutional 
aspects”; Ester Fano, “Capitalistic development in the 1920s: US hegemony and its relationship with German 
economy”; John L. Heilbron, “Physics in the United States immediately before quantum mechanics”; Elisabetta 
Donini, “Scientific aspects and historic context in the passage of quantum mechanics in the United States”; Robert 
Seidel, “Institutional aspects of the transmission of quantum mechanics to the United States”; Michelangelo De Maria, 
“Industrial restructuring and technological innovation in the 1920s in the US”; Robert Linhart, “Taylorism between 
the two wars: some problems”; Angelo Baracca, Roberto Livi, and Stefano Ruffo, “The restructuring of sciences 
between the two world wars”; Paul Forman, “Economic support to German physicists during the Weimar Republic, 
and the spectrum of their political positions”; Elisabetta Donini, “Quantum mechanics between Germany and the US.” 

http://www.amphilsoc.org/guides/ahqp/
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comprehensive international conference on “The recasting of science between the two world 

wars,” which took place first in Florence and then continued in Rome, with the participation of 

renowned specialists.21 This conference was designed and prepared by the whole national group 

of historians of physics, and was organized by the groups of Florence and Rome. It was 

conceived as a strategic choice, both from a methodological point of view—the problem of the 

structure and contents of twentieth-century science could finally be tackled—and in terms of the 

growth and development of the group itself. In fact, it definitively marked the capability of the 

Italian group of historians of physics to interact and collaborate at an international level with the 

most qualified specialists and on a multidisciplinary level. The conference really constituted the 

peak of this collective project. 

2. The peculiar approach and the contents of Scienza e Industria, 1848–1915: Connecting 
scientific changes to certain social economic transformations 

The purpose of Scienza e Industria is to provide an accurate historical reconstruction of the 

process of increasing formalization, mathematization, and abstraction in science from the 

nineteenth century up to the early twentieth century. The original feature of the book (at least for 

its time) is that such a process is not merely interpreted as a natural evolution of the scientific 

approach towards a deeper treatment and understanding of natural phenomena. The presence of 

this “natural evolution” of science is obviously not excluded, but a more fruitful and substantial 

reconstruction is proposed. In line with Marx’s historical materialistic approach, the material 

bases of production determine the other aspects of intellectual life (superstructure). In every 

historically determined social economic formation, the social structures and cultural approaches 

inherited from the past enter into contradiction, together with the social and productive relations, 

with the emergence of new social strata carrying new needs. In the reconstruction of the 

evolution of science discussed in Scienza e Industria, such an assumption is not adopted in a 

mechanical way as a direct cause-effect relation, but is rather articulated through a thorough 

analysis of the multiple interconnections between various levels and aspects of social life and 

relations: cultural trends, social ferments, class struggles, the emergence of new social 

 
21 The conference took place between June 28 and July 3, 1980, in Florence and Rome (the foreign participants 
spent the weekend as tourists), but it took a long time for the organizers to collect the papers and publish the 
proceedings, which was done by the group from Rome: Giovanni Battimelli, Michelangelo De Maria, and 
Arcangelo Rossi, La Ristrutturazione delle Scienze tra la Due Guerre Mondiali, 2 Volumes, 1984, La Goliardica 
Editrice Univesitaria, Roma. 
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components, the contradictions between the mode of production and changing social relations, 

the push for technical innovations, the consequent pressure exerted towards the renovation of 

scientific concepts and approaches, and changes in the social organization of science. 

It should be remembered that, at the time the book was conceived (and particularly in the 

contemporary situation in Italy), the revolution of scientific teaching and the criticism of the 

dominant conception of science in the scientific community were among the main objectives of 

the young physicists. Highlighting a historical perspective, the connections between science and 

society, as opposed to the usual conception of the neutrality of science, carried a strong charge of 

opposition to the ideology and approach of the scientific establishment as well as links to the 

most advanced fights of the working class and to student protests. 

Last but not least, the book outlined a novel approach to the teaching and popularization of 

the sciences, trying to overcome the growing gap (also called the gap between the two cultures) 

between the level of popular consciousness and the increasing specialization and formalization 

of science. In fact, it would be absurd and unrealistic—as well as useless—to pretend that 

regular, scientifically unlearned people should (and could) learn the formal contents of modern 

science. It would be very useful, however, and possible too, for them to grasp the ultimate 

purposes of scientific innovations as well as their social economic implications and 

consequences. Such lessons would have deep consequences for our lives and future. 

3. Introductory considerations: Modern science and the First Industrial Revolution of the
eighteenth century

Let us briefly summarize how the historical materialistic reconstruction of the book develops. 

Modern science is a product of the Industrial Revolution. The needs of the emergent middle 

class in England led the new entrepreneurial strata to consider natural processes in a new light—

namely, as productive forces. Machines were tools that could do work, a concept that was 

rigorously defined but also assumed a concrete social determination for the working-class 

generation that sold its labor force to produce economic value for the owners of the means of 

production. In the previously cited paper on the birth of the physical concepts of work and 

energy at the beginning of the First Industrial Revolution,22 the technical and scientific 

22 Angelo Baracca and Riccardo Rigatti, “Aspetti dell’interazione tra scienza e tecnica durante la rivoluzione 
industriale inglese del XVIIIo sec. in Inghilterra, 1a Parte: La nascita dei concetti di lavoro ed energia.” Giornale di 
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contributions of John Smeaton were discussed.23 In an outstanding 1759 study on water wheels, 

Smeaton explicitly wrote: 

As I shall be obliged to make use of a term which has heretofore been the cause of 
disputation, I think it necessary to assign the sense in which I would be understood to 
use it; and in which I apprehend it is used by practical Mechanics.  

The word Power, as used in practical mechanicks, I apprehend to signify the exertion 
of strength, gravitation, impulse, or pressure, so as to produce motion: and by means of 
strength, gravitation, impulse, or pressure, compounded with motion, to be capable of 
producing an effect: and that no effect is properly mechanical, but what requires such a 
kind of power to produce it.  

The raising of a weight, relative to the height to which it can be raised in a given time, 
is the most proper measure of power; or, in other words, if the weight raised is multiplied 
by the height to which it can be raised in a given time, the product is the measure of the 
power raising it; and consequently, all those powers are equal, whose products, made 
by such multiplication, are equal: for if a power can raise twice the weight to the same 
height, or the same weight to twice the height, in the same time that another power can, 
the first power is double the second: and if a power can raise half the weight to double 
the height; or double the weight to half the height, in the same time that another can, 
those two powers are equal.24 

Smeaton’s rigorous empirical approach led him to correctly recognize the conceptual distinction 

and role of the modern concepts of kinetic, potential, and total mechanical energy. 

The transference of English practical mechanics to the philosophy of the French 

Enlightenment in the wake of the 1789 French Revolution produced a generalization of 

Smeaton’s conceptual approach in Lazare Carnot’s treatment of every kind of mechanical 

engine, and the early mathematical definition of the physical quantities of potential, mgh, and 

kinetic energy, ½mv2 (in which the correct factor ½ probably made its first appearance). 

This rigorous empirical approach was also the basis of the science of heat. Watt’s innovative 

invention of the separate condenser25 identified, for the first time, heat engines’ operational need 

for a difference of temperature between two heat sources. 

Like in the case of the theory of mechanical engines, the transference to French engineers 

 

Fisica, 15, 144, 1974. 
23 John Smeaton, “An Experimental Enquiry concerning the Natural Powers of Water and Wind to Turn Mills, and 
Other Machines, Depending on a Circular Motion.” Philosophical Transactions (1683–1775), 51 (1759–1760): 
100–174. 
24 John Smeaton, “Experimental Enquiry,” 105–106. 
25 Angelo Baracca and Riccardo Rigatti, “Aspetti dell’interazione tra scienza e tecnica durante la rivoluzione 
industriale inglese del XVIIIo sec. in Inghilterra, 1a Parte: La nascita dei concetti di lavoro ed energia,” Giornale di 
Fisica, 15, 144, 1974. 
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generated the systematic generalization in Sadi Carnot’s first theory of heat engines. In the 

context of French positivism, both Sadi Carnot and Fourier clearly acknowledged that the 

science of heat is conceptually independent from mechanics, and must be based on specific 

principles: 

But, whatever may be the range of mechanical theories, they do not apply to the effects 
of heat. These make up a special order of phenomena, which cannot be explained by the 
principles of motion and equilibrium.26 

Machines which do not receive their motion from heat […] can be studied even to their 
smallest details by the mechanical theory. […] A similar theory is evidently needed for 
heat-engines.27 

Part 1: Science and bourgeois power, 1848–1873: Overcoming the phenomenological approach 
in science and the adoption of models 

Positivism in the early nineteenth century 

On the basis of these early studies, the starting point of Scienza e Industria was to 

methodologically identify, as a common essential feature of eighteenth and early nineteenth-

century positivist physics and chemistry, the restriction of scientific elaboration to empirically 

defined quantities in order to guarantee the objectivity of the results and the explicit refusal of 

any concept which could not be empirically defined and verified. A typical example of this was 

the general refusal to adopt the distinction between atoms and molecules, although it had been 

anticipated in some form as early as 1811 by Amedeo Avogadro (1776–1856) and 1814 by 

André-Marie Ampère (1775–1836). In fact, although the hypothesis could have solved the 

contradictions of the atomic weights, the very idea of atoms was rejected because these entities 

were not experimentally observable. 

This methodological assumption implied strong limitations on the possible results that could 

be attained. For instance, the true classification of organic compounds requires reference to the 

structure of molecules. Such an assumption was connected to the kind of technology of 

productive forces developed in the first half of the nineteenth century. At this stage of technical 

scientific development, technical innovations anticipated the development of science and 

26 Jean Baptiste Joseph Fourier, Theorie Analytique de la Chaleur, Paris, 1822, p. 2; Engl. transl., The Analytical 
Theory of Heat, London, 1878, p. 2. 
27 Sadi Carnot, Réflexions sur la Puissance Motrice du Feu, Paris, 1824; Engl. transl., Reflections on the Motive 
Power of Heat, New York, John Wiley, 1897, p. 44. 
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determined its conceptual frame. In other words, this phenomenological approach, though it 

allowed great scientific progress, restricted the empirical horizon to the level reached by 

productive forces and technologies, and prevented the possibility of reaching radically 

innovative concepts and new fields of knowledge. 

The revolutions of 1848: New social subjects burst onto the scene 

After the 1848 revolutions on the European continent, the entrepreneurial middle class extended 

its control over economic development. Its new demands entered into contradiction with the 

previous level of development of productive forces. In particular, this new entrepreneurial 

middle class grew in the countries of central Europe that had remained on the sidelines of the 

impressive English industrial development that had followed the First Industrial Revolution. The 

competition with the century-old British industrial giant required the search for new technical 

solutions and new strategies for a more systematic and effective search for innovations, 

especially in central Europe, where the new middle class was particularly resourceful. During the 

first two decades after the mid-century, however, the search for deep innovations was still based 

on the accelerating pace of empirical inventions, which had a major impact on early nineteenth-

century technologies, although changes were increasingly guided by more elaborated scientific 

criteria. But only a radical methodological change to the basic approach to science could allow 

for the systematic search for completely new scientific contents. In fact, the mid-century was a 

turning point in this respect, since the previous refusal of any concept that went beyond 

experience was almost abruptly abandoned, and the usefulness of conceptual and mathematical 

models was acknowledged as the most fruitful approach for reaching completely new scientific 

conceptions. 

The introduction of models in physics and chemistry in the 1850s  

Starting from the mid-1850s, mathematical models based on non-observable entities, which had 

previously never been considered, began to be adopted as useful tools for the prediction of new 

properties, or the discovery of new phenomena or empirical facts. Stephen Brush called the 

period the “second scientific revolution.”28 

 
28 S. G. Brush, The Kind of Motion We Call Heat: A History of the Kinetic Theory of Gases in the 19th Century (2 
Vols.), Amsterdam, North Holland, 1976, Vol. 1, pp. 35–51. 
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The revolution began with the kinetic theory of gases. In 1856, the German chemist and 

physicist August Karl Krönig (1822–1879) deduced Boyle’s law that assumes gas is composed 

of extremely small spherical particles that move randomly. The elastic collisions of the particles 

against the walls of their containment are responsible for the gas pressure. In his over-simplified 

model, Krönig assumed that one-third of the particles move respectively along each orthogonal 

direction. The publication of Krönig’s paper compelled Rudolf Clausius (1822–1888) to publish 

an analogous model the following year, which was just a little more mathematically elaborate 

(an integral on all angular directions). Clausius qualitatively reasoned on a comparison of the 

relatively long paths of the molecules between two subsequent collisions (meaning free path) 

and the short average distance between them. Clausius’s paper caught the attention of 

Christophorous Buys Ballot (1817–1890), who then wrote to Clausius; Ballot wondered why the 

model disregarded the collisions between the molecules. In turn, this provoked Clausius into 

performing a calculation of the mean free path, which allowed him to obtain the first new result 

from the model, namely an expression for the coefficient of viscosity. The succession of these 

papers shows how the kinetic model was gradually adopted by physicists at that time. In fact, 

barely ten years earlier, in 1845, a similar paper by John James Waterston (1811–1883) was 

rejected by the Royal Society and was finally only published years after his death.29 

The use of mathematical models based on fluids produced results that were no less 

interesting. George Stokes (1819–1903) developed the mathematical theory of physical optics by 

identifying light with waves propagating in a highly elastic fluid, the “luminiferous aether.”30 An 

analogous treatment was introduced by Lord Kelvin (1824–1907) and fully implemented by 

James Clerk Maxwell (1831–1879) for electric and magnetic phenomena. This method was a 

development of Faraday’s early qualitative approach in terms of contact actions. It stood in 

direct contrast with the traditional approach—introduced by Newton but adopted mainly by the 

French school—which was based on forces acting at a distance. For instance, Maxwell wrote: 

Let us now suppose that the phenomena of magnetism depend on the existence of a 
tension in the direction of the lines of force, combined with a hydrostatic force […] The 
explanation which most readily occurs to my mind is that the excess of pressure in the 
equatorial direction arises from the centrifugal force of vortices or eddies in the medium 

29 J. J. Waterston, “On the physics of media that are composed of free and perfectly elastic molecules in a state of 
motion,” Philosophical Transactions of the Royal Society of London, A, vol. 183 (1892), pp. 1–79. 
30 G. G. Stokes, “On the aberration of light,” Phil. Mag., 27, 1845, p. 9. 
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having their axes in directions parallel to the lines of force.31 

On these grounds, Maxwell developed a complex mathematical treatment, identifying 

electric and magnetic actions with the states of pressure, stress, or torque inside the hypothetical 

fluid (vortices materially represented the vector operator “curl”). As Maxwell stated in 1855: 

In order to obtain physical ideas without adopting a physical theory we must make 
ourselves familiar with the existence of physical analogies. By a physical analogy I 
mean that partial similarity between the laws of one science and those of another which 
makes each of them illustrate the other.32 

Over the course of the next couple of decades, Maxwell developed his idea and arrived at a 

unified theory of magnetic and electric phenomena, i.e., the general theory of 

electromagnetism.33 It should be noted that the predictive power of this model-physics, which 

allowed one to predict the existence of electromagnetic waves—a discovery that was to 

revolutionize technology and social life—would have been problematic, to say the least, if such a 

result were reached on a purely empirical basis. 

That the times were ripe for a methodological renovation in the natural sciences was finally 

demonstrated by the analogous choice that was made in chemistry, by which in 1859 the 

previous refusal of the atomic theory was quite suddenly turned upside down. At the 

international congress of chemists in Karlsruhe, the Italian chemist Stanislao Cannizzaro (1826–

1910) proposed the previously rejected Avogadro hypothesis.34 This time, the atomic-molecular 

model was accepted.  This model, proposed a new basis for chemistry and allowed a decisive 

leap forward, with which chemistry acquired true predictive power. In the first place, models of 

the internal structure of complex molecules were systematically developed, connecting the 

macroscopic properties to the spatial disposition of atoms or to specific atomic groups in the 

molecule. This allowed operations of true “molecular engineering,” namely the design of new 

molecules with specific chemical properties connected to specific groups of atoms, and the 

search for more efficient industrial processes of synthesis. One of the fundamental results was 

 
31 J. C. Maxwell, “On physical lines of force,” Phil. Mag., 21, 1861, pp. 161–175, 281–291; reprinted in The 
Scientific Papers of J.C. Maxwell, Vol. I, pp. 451–513, Cambridge (England), Cambridge University Press, 1890; 
reprinted, New York, Dover, 1952. 
32 J. C. Maxwell, “On Faraday’s lines of force,” Philosophical Magazine, Series 4, 11, pp. 404–405, 1855.  
33 J. C. Maxwell, A Treatise on Electricity and Magnetism, 1873, 2 vols., third ed. New York: Dover., 1954. 
34 S. Cannizzaro, “Sunto di un corso di filosofia chimica, fatto nella R. Università di Genova,” Il Nuovo Cimento, 
VII, 1865, pp. 321–66; Engl. transl. in H. M. Leicester and H. S. Klickstein, A Source Book in Chemistry 1400–
1900, McGraw Hill, New York, 1962, pp. 407–417. 
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the hexagonal model of the benzene molecule proposed by August Kekulé (1829–1896) in 

1865,35 which became the basis for the modern and effective classification of organic 

compounds. 

Another fundamental advance made possible by the new conception was chemical 

equilibrium, which emerged from the complexity of the new chemical and technological 

processes. In the past, only the simplest chemical processes had been used, those that proceeded 

until the exhaustion of one of the reactants. But when more complex reactions came into use, in 

particular organic ones, it was observed that they resulted in chemical equilibrium. Often, they 

did not even occur in normal thermodynamic conditions, but required exceptional values for 

pressure and temperature. In 1864, the Norwegians Guldberg (1836–1902) and Waage (1833–

1900) elaborated upon this concept36 in terms that anticipated those of kinetic theory and even 

Boltzmann’s approach. Apart from the rather obscure terms they used, their hypothesis was that 

the velocities in the two opposing directions of an A+B ⇔ C+D chemical reaction are 

proportional to the product of the concentrations of the molecules that collide, that is, 

respectively k1·[A][B], and k2·[C][D], where k1 and k2 are two constants (depending on the kinds 

of molecules and on the values of the thermodynamic parameters, see below). Chemical 

equilibrium occurs when the two velocities are equal, whence the law for chemical equilibrium 

(mass action) derives: 

[𝐶][𝐷]

[𝐴][𝐵]
=

𝑘1

𝑘2
=Keq (1) 

In fact, Guldberg and Waage’s approach is conceptually equivalent to Boltzmann’s slightly 

posterior Stosszahlansatz (“hypothesis of molecular chaos”) of 1872,37 namely that the number 

nu,v of collisions between molecules having respectively velocities 𝑣⃗ and 𝑢⃗⃗ is proportional to the 

product of their respective numbers: 

35 A. Kekulé, Bulletin de la Société Chimique, t. III, 1865, p. 98; Annalen der Chemie und Pharmacie, 137, 1865, 
pp. 129–196; partial Engl. transl. in Leicester and Klickstein, Source Book in Chemistry, 1962, pp. 421–425. 
36 C. M. Guldberg and P. Waage, Forhandlinger i Videnskabs-Selskabet i Christiana (Norway), 1864, pp. 35–40, 
111–120. 
37 Ludwig Boltzmann, “Weitere Studien über des Wärmegleichgewicht unter Gasmolekülen”, Sitzungsberichte 
Akad. Wiss., Wien, Part II, 1872, 66: 275–370; Engl. transl. in S. G. Brush, Kinetic Theory (3 vols.), Vol. I: The 
Nature of Gases and Heat, Pergamon Press, 1865, 88–175.  
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𝑛u,v ∝ 𝑓(𝑟, 𝑣⃗,t) ⋅ 𝑓(𝑟, 𝑢⃗⃗,t)     (2) 

Boltzmann’s proof of Maxwell’s velocity distribution derived therefore from a procedure 

formally analogous to (1), corresponding in the case of the gas to the condition that the number 

of direct and inverse collisions are the same. 

Part 2: The Second Industrial Revolution 

The take-off in Germany 

The most astounding developments occurred in Germany—principally in Prussia—while the 

country was still divided into various states. These developments established the conditions for 

the Second Industrial Revolution, which is generally accepted to have begun in 1870 when the 

German Confederation routed the French power of Napoleon III and German unification was 

declared in 1871. 

Actually, the economic initiative of the German entrepreneurial class started around the 

1830s (Krupp’s ironworks grew out of a pioneering steel foundry in Essen in 1810). German 

development benefited from a very advanced educational system, which could satisfy the 

growing need for both a working class with basic skills as well as a wide category of specialized 

and trained scientists and technicians (Chapter 5 of Scienza e Industria is dedicated to this 

aspect).38 Besides the universities, which radically modernized their laboratories and teaching 

methods, there was a system of polytechnics (Technische Hochschulen) unknown in other 

countries, which prepared highly qualified technicians with a university training in applied 

research. At both levels, strict collaboration with the main firms provided a close link between 

the academic milieus and the concrete problems of production and technical innovation.39 

 
38 See, for instance, a classical study by W. H. Lexis, A General View of the History and Organization of Public 
Education in the German Empire, Berlin, 1904; W. H. Lexis, ed., Das Unterrichtswesen im Deutschen Reich: Aus 
Anlass der Weltausstellung in St. Louis, Vol. 1, Die Universitäten in Duetschen Reich; Vol. 4, Das Technischen 
Hochschulen im Deutschen Reich, Berlin, 1904. More recent studies are: R. S. Turner. “The growth of professorial 
research in Prussia, 1818 to 1848.” Historical Studies in the Physical Sciences, 3(1971): 137–182; C. E. 
McClelland, State, Society, and University in Germany, 1700–1914, Cambridge: Cambridge University Press, 1980. 
39 Karl-Heinz Manegold, Universität, Technische Hochschule und Industrie: Ein Beitrag zur Emanzipation der 
Technik im 19. Jahrhundert unter besonderer Berücksichtigung der Bestrebungen Felix Kleins, Duncker & 
Humblot, Berlin, 1970. 
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The driving role of German chemistry 

One of the most original theses of Scienza e Industria was probably the driving role of chemistry 

and the chemical industry not only for German development or the start of the Second Industrial 

Revolution but also the general renewal of scientific methodology. 

The German schools of chemistry became the most advanced in the world, and those 

chemists who wanted a thorough training went to study in Germany. Not surprisingly, the best 

source of information regarding the German educational system is given by the Reports of the 

Parliamentary Commissions, which were appointed in these decades to investigate the reasons 

for the worrying decline of British education and to suggest solutions. In 1867, the chemist 

Roscoe declared in one report, “In Cambridge there are not the means to prepare, for instance, a 

chemist [. …] [A] person who thinks to distinguish himself in chemical science would not 

remain satisfied with the preparation that he could get in Cambridge, and would go abroad for 

this.”40 

Chemists and chemical engineers were widely employed in the German chemical industry, 

and sometimes given executive responsibilities in directing research. The pressure for 

technological and scientific innovation was a powerful driving force. The chemical industry 

(especially organic chemistry, and in particular the dye industry, which at the end of the 

nineteenth century accounted for 85–90% of the world output of dyes) and the electric industry 

were the leading German sectors. 

The recently established modern chemical firms (Hoechst, 1863; Bayer, 1863; BASF, 1865; 

Agfa, 1867) grew very rapidly in these decades, built up huge research laboratories, and 

developed intensive scientific research. In Germany, in fact, the chemical industry adopted its 

modern, science-based structure, based on programs of team investigation and centered in the 

research laboratory.41 The percentage of workers with a university degree in the principal 

German chemical firms at the end of the century was comparable with today’s figures (in 1900, 

the German chemical industry employed 3,500 chemists out of a total of 80,000 employees, 40% 

of whom worked in plants with more than 200 employees). In 1900, BASF employed 148 

chemists out of 6500 workers, Hoechst 120 chemists and 36 engineers out of almost 4000, Bayer 

 
40 Parliamentary Papers, (1867–68) Report of the selected committee appointed to enquire the provisions for giving 
instructions in theoretical and applied sciences to industrial classes; report from the selected committee on 
scientific instruction, London, vol. XV, 1867–68, p. 286. 
41 P. M. Hohenberg, Chemicals in Western Europe 1850–1914, Rand McNally & Co., Chicago, 1967. 
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145 chemists and 27 engineers. The laboratory was the brain behind the planning and the 

development of the chemical firm, as a British observer remarked in 1909: 

Control of big chemical plants in Germany is to a great extent in the hands of chemists; 
it is relatively unusual to find persons skilled only from the financial or commercial 
point of view in responsibility places of direction. […] [O]ne of the most peculiar 
features is the large amount of money invested every year for scientific purposes. 
Researchers are used with the purpose of discovering new products and improving the 
existent fabrication methods. These men proceed from the universities and the 
polytechnic schools.42 

Strict collaboration and interchange were kept with the leading professors of the universities 

and the polytechnic schools. At the time, BASF explicitly ascribed great importance to 

maintaining personal relationships with scientists in the interests of useful research. Agfa was 

established by two chemists, Martius and Mendelssohn-Bartholdy. In 1868, BASF appointed the 

chemist H. Caro to direct its laboratory. Caro kept up direct contacts with the most qualified 

chemists in the universities. A similar role was played by Carl Duisberg in Bayer. On the 

contrary, the situation was completely different in Britain. The chemist Frankland replied to an 

inquiry commission in 1867: 

I had the occasion to visit many chemical industries in Lancashire, which I had not 
visited in the last 11 years, and I was struck to see that the processes in use at that time 
are still in use, and exactly in the same way. There are many attempts of inventions, but 
in general they fail; so that if one gets a new patent, nobody believes in it; and with 
reason, since it is probable that it has no value. […] There is in this country a great waste 
of intellectual work and time.43 

In 1845, the Royal College of Chemistry of London appointed a German chemist named A. 

W. Hofmann as its director. When he resigned, the previously mentioned British chemist Roscoe 

declared to the commission, “I think that Prof. Hofmann went back to Germany only because he 

has understood that it is impossible here to build a true school of science.”44 

Particularly advanced technical scientific developments happened in the German organic 

chemical industry: 

[…] organic chemistry had helped to lower the barriers between pure and applied 
chemistry by a remarkably fruitful cooperation between the German academic and 
industrial chemists who built up the industry of coal-tar products [.…] Germany had by 

 
42 M. Baron, Chemical Industry on the Continent, Manchester University Press, 1909, p. 43. 
43 Parliamentary Papers, 271. 
44 Ibid., 284. 
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the early 1880s gained world leadership in most areas of pure and applied organic 
chemistry.45 

The most advanced sector was that of synthetic dyes. The first artificial dye had been 

obtained in 1856 by Perkin, one of Hoffmann’s assistants in London. Until 1869, small dye 

plants had only been established in France and Britain. In that year, Graebe and Liebermann of 

the Berlin Polytechnic successfully produced alizarin. Their process was not industrially viable, 

but in collaboration with Caro’s laboratory in BASF the patent for an industrial process was 

obtained just a few days before a similar application by Perkin. This allowed BASF to become 

one of the biggest global players in this sector. Similar developments happened in the whole of 

the German chemical industry, in particular in the five main research-intensive dye firms (BASF, 

Bayer, Hoechst, Agfa, and Cassella). In 1880, A. Baeyer, after many attempts, obtained synthetic 

indigo. Caro established with him a research agreement that took 17 years to find an industrial 

process, entailing the expenditure of one million pounds, the efforts of dozens of technicians and 

researchers. Despite these difficulties, the research yielded several collateral processes, and thus 

the “advent of synthetic indigo opened the way to reducing competition and cutting the costs of 

research in many other dyes.”46 At the end of the century, Germany accounted for 75 % of the 

world production of dyes, with a value that grew from 1.2 million pounds in 1874 to 6 million in 

1898.47

Another notable technical scientific undertaking was the so-called “fixation of nitrogen” (or 

ammonia synthesis), carried out in 1913 by Fritz Haber (1868–1934) of the Karlsruhe 

polytechnic and the BASF chemist Carl Bosch (1874–1940). Nitrogen is a common component 

of the atmosphere in its molecular form, N2, which can be easily separated by fractional 

distillation (e.g. for refrigeration techniques), but is used as a compound in fertilizers and 

explosives. At the end of the nineteenth century, the only available source of nitrogenous 

compounds was guano (bird dung) from Chile, which besides being subject to depletion, was 

moreover subject to the British control of the seas; thus “Germany’s growing dependence on 

imports of certain key inorganic resources also became a matter of concern to many chemists in 

45 A. J. Johnson, The Kaiser’s Chemists, Science and Modernization in Imperial Germany, The University of North 
Carolina Press, Chapel Hill and London, 1990, p. 25. 
46 Ibid., p. 34. 
47 L.F. Haber, The Chemical Industry During the Nineteenth Century: A Study of the Economic Aspects of Applied 
Chemistry in Europe and North America. Clarendon Press, Oxford, 1958, 126. 
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Germany around the turn of the century.”48 

A compound of nitrogen, NO, can be produced by an electric arc, but this process is too 

expensive for industrial production. The reaction 3H2+N2 ↔ 2NH3 does not proceed at ordinary 

temperatures and pressures, so the basic problem consisted in determining the dependence of the 

chemical equilibrium of this reaction on thermodynamic conditions. The progress in physical 

chemistry that we will discuss in the next section was essential in order to establish that, being an 

exothermic process with four initial and two final molecules, ammonia can be obtained at a 

relatively low temperature but only under very high pressure. After numerous attempts, Haber 

concluded in 1905 that such a process was not industrially feasible. In 1906, in his investigations 

on the third principle of thermodynamics (see below), Walter Nernst critically reviewed Haber’s 

results. Some years later, the latter reconsidered the problem and found the solution in 

collaboration with Bosch (Nobel Prize, 1932), solving enormous technical problems, including 

the identification of a suitable catalyst, the manufacture of very high pressure-resistant 

equipment (Krupp provided steel converters in a single block), and the standardization of the 

process. A huge plant was established at Oppau, which produced 8,700 tons of ammonia per 

year—raised to 60,000 during the war, at that point employing 5,000 workers, 40 chemists, 60 

engineers, and 500 technicians—and a second plant in Leuna. This process for ammonia 

synthesis allowed Germany to continue to resist for years during the First World War despite 

being completely surrounded, since it could synthesize its own explosives and fertilizers. When 

an Allied commission inspected the Oppau plant for ammonia production in 1919, it could 

ascertain the great technical progress that had been made. Ammonia was not the only case: 

Germany had become able to replace expensive, naturally occurring substances, which otherwise 

would have had to have been imported, with synthetics and artificially produced ones based on 

cheaper, domestically available substances. 

In connection with this, it is worth recalling Haber’s direct involvement in war research. As 

the director of the Kaiser Wilhelm Institute for Physical Chemistry and Electrochemistry in 

Berlin, he was the organizer and the true father of the German manufacture and (according to 

international law, illegal) use of chemical weapons (at Ypres in 1915),49 a role that he affirmed in 

 
48 Johnson, Kaiser’s Chemists, 39. 
49 Bretislav Friedrich and Jeremiah James. “From Berlin-Dahlem to the Fronts of World War I: The Role of Fritz 
Haber and his Kaiser Wilhelm Institute in German Chemical Warfare.” In One Hundred Years of Chemical 
Warfare: Research, Deployment, Consequences, ed. B. Friedrich, D. Hoffmann, J. Renn, F. Schmaltz, M. Wolf, 25–
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his Nobel Lecture (1918). Nernst too, who had been rejected from the army when he was young, 

enlisted as a volunteer when the war broke out, and was called as a technical advisor to the 

Supreme Army Command (Oberste Heeresleitung), where he devoted himself to chemical 

warfare. 

Competition with the British industry 

Chemistry was only one case that we discuss in some detail for its relevance in transforming the 

scientific approach (see below, Part 3). There was also deep technological innovation—the true 

means by which Germany could compete with Great Britain but could also overtake it, both in 

the more advanced technical fields as well as in fundamental and applied research. For instance, 

new techniques were introduced for steel production (Bessemer, Siemens, Gilchrist-Thomas). 

Unlike British industry—which had already created a massive but rather rigid structure that 

proved to be quite difficult to reorganize over the course of the previous century—the German 

steel industry was essentially built on the basis of these new technologies. At the beginning of 

the twentieth century, the average size of the German steelworks was about four times that of the 

British ones, and the overall German iron and steel production overtook that of Britain. 

Something similar happened in soda production when Solvay introduced a new and much more 

efficient method for its synthesis. British industry, based on the old Leblanc process, had reached 

a monopoly on world soda production, but it was not flexible enough to respond quickly to the 

new process, trying instead to improve the old one as much as possible. Ultimately, it collapsed. 

The emerging German soda industry, on the contrary, adapted to the new process and outstripped 

British production within a few decades, becoming the main world producer. 

In the course of these developments, the awareness grew that leaving the process of 

innovation to almost haphazard initiatives or to the ingenuity of inventors was becoming 

inadequate. Some kind of guide to technical and industrial innovation was needed, and it could 

only be provided by scientific research—that is, if the latter could move past the substantially 

empirical approach that had strongly limited the possibility of reaching new results or 

discovering new processes. Obviously, such a change did not result from a conscious decision, 

but was instead a response to a new spirit of inquiry and investigation into natural phenomena 

that broke with traditional methods and reflected the increasing involvement of science and 

44. Springer: Springer Open, 2017: https://link.springer.com/chapter/10.1007/978-3-319-51664-6_3.

https://link.springer.com/chapter/10.1007/978-3-319-51664-6_3
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technology in new social and economic developments. As it has been acknowledged: 

though the pioneers in these new fields had been technologists-scientists of Scotland 
and England in the period of industrial revolution and those of France in the period of 
French revolution, the systematic scientific researches in these new fields were 
commenced by German scientists in the 19th century. The term ‘Physics’ (Physik) itself 
was introduced during the German university reformation in the early 19th century.50  

Part 3: Science and the Second Industrial Revolution 

In the third part of Scienza e Industria, the deep scientific transformations at the turn of the 

nineteenth century and the roots of the twentieth-century revolution in physics are discussed. The 

focus of the interpretation is the demands made of chemists, particularly in Germany, during the 

last decades of the nineteenth century. There, chemists were pressured to meet the urgent 

demand for new processes and products and had to contend with increasingly complex problems. 

The innovation required to face such challenges anticipated the turn in physics that served as a 

basis for the revolution in physics of the early twentieth century. However, the situation was 

very different for physics and chemistry. 

The controversies among physicists on the role of theories and mechanics 

The last decades of the nineteenth century were characterized among physicists by harsh debates 

and controversies. The true nature of these discussions concerned the mechanistic formulation 

and interpretation of models and theories. The chemists, on the contrary, did not deal with such 

controversies, since they quickly realized that the complexity of the problems that they dealt 

with decidedly could not be reduced to a mechanistic approach. 

The problems addressed by the physicists were soon paradoxical. The first one was 

connected to kinetic theory—namely, the reversibility paradox. The Boltzmann equation was 

based on molecular collisions, and was therefore interpreted as a mechanical equation. However, 

since mechanics is reversible, the derivation of irreversible behavior from such an equation 

appeared to be inconsistent (Loschmidt paradox). Boltzmann’s answer to this criticism was 

immediate; he introduced the fundamental concept of probability in the microscopic 

interpretation of thermodynamics. It assumes the probability of a macroscopic state is the 

number of distinct microscopic states compatible with it. Using this theory, Bolzmann obtained a 

 
50 Christa Jungnickel, and Russell McCormmach, Intellectual Mastery of Nature, Vol. 1, University of Chicago 
Press 1986, Chapter 1. 



28 

probabilistic definition of entropy, with the state of equilibrium derived as the most probable 

one: 

One could even calculate, from the relative number of the different state distributions, 
their probabilities, which might lead to an interesting method for the calculation of 
thermal equilibrium. […] Loschmidt’s theorem seems to me of the greatest importance, 
since it shows how intimately connected are the second law and probability theory, 
whereas the first law is independent of it.51

Maxwell had already moved in this direction, with the argument of the so-called “Maxwell 

demon,” which he exposed in 1867 in a letter to Tait.52 Maxwell’s argument led him to write 

Lord Kelvin in 1870, “The second law of thermodynamics has the same degree of truth of the 

proposition that if one throws a glass of water into the sea, he cannot extract the same glass of 

water.”53

The substance of Boltzmann’s answer is well known and is the foundation of statistical 

mechanics, yet he was never able to fully elaborate upon consequences of this approach. Because 

he never expounded on his response, Boltzmann remains only a transitional figure in our history. 

Boltzmann’s basic step was the distinction between the macroscopic and the microscopic state of 

the system, assuming as a definition of probability of a macroscopic state the number of distinct 

microscopic states W 

W=N!/ ∏ 𝑛𝑖 !  (3) 

N being the total number of particles in the gas, and ni their average number in each cell of finite 

volume. On this basis, Boltzmann demonstrated that the equilibrium distribution (namely, 

Maxwell’s distribution of velocities) derives from purely probabilistic considerations, without 

the need of any mechanical argument, as the most probable distribution, while entropy is defined 

as 

S=kln𝑊.   (4) 

The initial state of the system will be, in the majority of cases, a state of very small 
probability and the system will tend towards more probable states, till when it reaches 
the most probable state, namely the state of thermodynamic equilibrium. If we apply 
this to the second law of thermodynamics, we will be able to identify the magnitude 

51 Ludwig Boltzmann, “Über die Bezeilung eines allgemeine Mechanischen Satzes zum zweiten Hauptsatze 
Wärmetheorie,” Sitzungsberichte Akad. Wiss., Wien, Part II, 75, 1877, pp. 67–73; Engl. transl. in S. G. Brush, 
Kinetic Theory, Vol. II, Irreversible Processes, Pergamon Press, 1966, pp. 192–93. 
52 Reported in G. G. Knott, Life and Scientific Works of P. G. Tait, Cambridge, 1982, p. 213. 
53 Reported in R. J. Strutt, Life of J.W. Strutt, Third Baron Rayleigh, Reprinted Madison, Wisconsin, 1968, p. 47. 
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usually called entropy with the probability of the corresponding state.54 

These concepts marked the border between kinetic theory and statistical mechanics, although 

Boltzmann remained undecided and substantially limited by a residual mechanistic view. 

Twenty years later, one further objection was raised against Boltzmann’s theory, known as 

the “recurrence paradox,” which was put forward by E. Zermelo, a young assistant of Planck.55 

This circumstance further depressed Boltzmann, who was aware that behind this criticism lay the 

negative attitude of Planck himself to the kinetic approach, and commented with sorrowful terms 

in his 1898 Introduction to the second volume of his Lectures on Gas Theory, “I am conscious of 

being only an individual struggling weakly against the stream of time.”56 Even this paradox was 

rooted in the claim of a mechanical interpretation of irreversibility. It was based on a theorem of 

mechanics demonstrated by Poincaré, who had shown that a (bound) mechanical system has to 

return to a state arbitrarily close to the initial one over a sufficiently long period of time. 

Boltzmann, upset and depressed by this criticism, retorted that his previous considerations had 

not been understood, and reaffirmed that the evolution of the system towards equilibrium is a 

probabilistic process. Nevertheless, his reply was essentially based on mechanics, since he 

evaluated that the “recurrence time” for a macroscopic system is tremendously long, much more 

than the life of the universe: “this is practically equivalent to never.”57 It is telling, however, that 

Boltzmann seemed to miss the crucial point that he himself had introduced, namely that 

Poincaré’s theorem concerns the microscopic state of the system and has nothing to do with the 

macroscopic one, which is defined in terms of an ensemble of microscopic states. Such a failure 

betrays, in my opinion, the fact that Boltzmann had not yet overcome a fundamentally 

mechanistic view. 

One could remark that the “phenomenologists,” like Wilhelm Ostwald (1853–1932) and 

mainly Ernst Mach (1838–1916), had their work cut out for them in insisting on their anti-

mechanistic polemic. 

To summarize, these “paradoxes” of kinetic theory did not in any way reflect a contradiction 

 
54 Ludwig Boltzmann, “Über die Bezeilung zwischen dem zweiten Hauptsatze der mechanischen Wärmetheorie und 
der Wahrscheinlich keitsrechnung respective den Sätzen über das Wärmegleichgewicht,” Wiener Berichte, 75, 62, 
and 76, 1877, pp. 373–453. 
55 Ernst Zermelo, “Über einen Satz der Dynamik und die Mechanische Wärmtheorie,” Annalen der Physik, 57, 485–
494; reprinted in S. G. Brush, Kinetic Theory, op. cit., Irreversible Processes, 1966, pp. 208–217. 
56 Ludwig Boltzmann, Vorlesungen über Gastheorie, 2 volumes, J.A. Barth, Leipzig, 1896–97; Engl. transl. in S. G. 
Brush, Lectures on Gas Theory, University of California Press, 1964, p. 216. 
57 Boltzmann, Lectures on Gas Theory, 444. 
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between mechanics and thermodynamic irreversibility, but stemmed from a lack of distinction 

between the macroscopic and the microscopic levels of description of the system; the final view 

of statistical mechanics would, in fact, reveal that mechanics and thermodynamics are two 

independent theories, which deal with different and complementary levels of description of the 

system. 

But contradictions with respect to mechanics arose even in electromagnetic theory, as the 

latter was formulated on the basis of the electromagnetic aether, conceived as a classical fluid 

(one generally known as the paradox commonly called the “aether wind”). 

Ultimately, the clash between the innovative theories developed in the last decades of the 

century and the opposing points of view of the “phenomenologists,” which centered on these 

contradictions, completely absorbed physicists in the last decades of the nineteenth century. In 

substance, the mechanistic philosophy strongly limited the potential for theoretical physics to 

reach completely new concepts and results, and the anti-mechanistic polemics deeply 

conditioned the possible developments. 

Some decades later, Planck recalled the situation in German theoretical physics at the end of 

the nineteenth century and the subsequent change: 

At that time, all physicists were probably of the opinion that the future development of 
theoretical physics would have had as its essential aim the application of the above-
mentioned principles [Hamilton’s least action, conservation of energy, and the second 
principle of thermodynamics], and nobody thought that these basic pillars of science 
would soon be joined by completely different ones, independent of them and equal to 
them. […] [A]part from the detailed execution, theoretical physics toward the end of 
the last century presented the aspect of an imposing, self-contained, and consolidated 
structure. […] One may easily understand that a physical theory cannot transform its 
content by itself, and indeed it will oppose any transformation all the more strongly, the 
more complete and comprehensive it is. […] Therefore, the intervention of strong 
external forces [and] incontestable results of experimental research were necessary, 
which forced certain theoretical principles to be abandoned that until then had been 
generally accepted as universally valid, and with this a fundamental revision of the 
whole edifice of theoretical physics.58

58 “Zu jener Zeit war wohl jeder Physiker der Meinung, daß die zukünftige Entwicklung der theoretischen Physik im 
wesentlichen die Durchführung der genannten Prinzipien zum Ziele haben würde, und niemand ahnte, daß zu diesen 
Grundpfeilern der Wissenschaft sich binnen kurzem noch ganz andere, von ihnen unabhängige und ihnen 
ebenbürtige gesellen würden. […] Wenn so, von der Durchführung im einzelnen abgesehen, die theoretische Physik 
gegen Ende des vorigen Jahrhunderts den Anblick eines imposanten, in sich geschlossenen und gefestigten Baues 
gewahrte. […] Es versteht sich, daß eine physikalische Theorie ihren Inhalt nicht von sich selber aus umbilden kann, 
ja daß sie sich einer jeden Erweiterung um so starker widersetzt, je vollständiger und umfassender sie ist. […] 
Darum bedurfte es des Eingreifens starker Kräfte von außen, unanfechtbarer Ergebnisse der experimentellen 
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The chemists beyond mechanicism and reductionism 

We are now in a position to understand why chemists, mainly in Germany, were absent from the 

disputes on fundamental and methodological issues at the end of the century. This was not a sign 

of backwardness. On the contrary, they introduced a fundamental methodological turn that, for 

the first time, enabled them to overcome the mechanistic approach and turned out to be of the 

greatest importance for the revolution in physics at the beginning of the twentieth century. The 

chemists tackled problems of an unusual complexity and great practical and economic relevance, 

and the urgency with which quick and efficient solutions were demanded subjected these 

chemists to very strong direct and indirect pressure. 

We have discussed, for instance, the extreme relevance of the problem of determining 

chemical equilibrium for the German chemical industry. What was the situation after Guldberg 

and Waage’s paper of 1864? We have noted the similarity of their approach to Boltzmann’s 

Stosszahlansatz, eq. (2). Such an approach, based on molecular collisions, without a doubt 

achieved outstanding results in the kinetic theory of gases and the interpretation of irreversibility, 

but it could hardly have had any chance of practical success in the calculation of equilibrium, 

even for the simplest chemical reaction. For instance, even a “simple” reaction such as 

2H2+O2 ↔ 2H2𝑂 is a very complex process, which never results from the simultaneous 

collision of three molecules, but rather from chains of binary dissociations and recombination 

that moreover differ according to thermodynamic conditions.59 Therefore, whatever attempt to 

perform explicit calculations based on the kinetic-mechanistic method could not have any hope 

of success. 

Faced with such complex problems, however, the position of chemists lent them a great 

advantage, since they were not bound to any rigid methodological rule and had to satisfy, above 

all, a practical criterion of efficiency and speed in solving problems and finding viable results. It 

seems quite natural, in this respect, that thermodynamics offered a much more flexible context 

than mechanics in the study of complex systems composed of a very large number of particles 

that undergo complex processes. Thermodynamics is in fact a set of phenomenological laws 

 

Forschung, die zu einer Preisgabe gewisser, bis dahin allgemein als richtig angenommener theoretischen Sätze und 
damit zu einer gründlichen Revision des ganzen theoretischen Lehrgebäudes zwangen.” Max Planck, “Theoretische 
Physik,” in Schmidt-Ott Festschrift: Aus 50 Jahren deutscher Wissenschaft, de Gruyter, Berlin, 1930, pp. 300–309, 
300–301. Translation by the author. 
59 For instance, at 600o C the reaction proceeds through a chain of binary collisions leading to partial dissociations 
and associations: H2 ―› H+H,  H+O2  ―› OH+O,  O+H2 ―› OH+H,  OH+H2  ―› H2O+H. 
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compatible with different models of the structure of the system; moreover, the thermodynamic 

state functions do not depend on the specific behavior of a transformation, but only on the initial 

and final states. For a chemical reaction, they depend on the concentrations and thermodynamic 

conditions of the reactants and the products, but not on the intermediate steps of the reaction. 

In fact, it does not appear that the chemists further developed Guldberg and Waage’s 

approach, nor that they had disputes of the kind that bothered the physicists; they instead refined 

and applied the concepts of theoretical thermodynamics as a part of chemical physics. Of 

particular importance were the concepts of free energy, a set of thermodynamic state functions 

whose minimum value directly corresponds to thermodynamic equilibrium in specific 

thermodynamic conditions. In 1876, the American physical-chemist Willard Gibbs (1839–1903) 

(who would formulate statistical mechanics in 1902) published a fundamental paper on the 

equilibrium of heterogeneous substances, which contained all the basic results:60 Gibbs’s free 

energy G=U-TS+PV, the “phase rule,” and so on. It was a lengthy, formal, and complex paper 

that was ignored for a decade. In the meantime, the main useful results were independently 

obtained and applied by Van’t Hoff (1852–1911), Le Chatelier (1850–1936), and others. Their 

results were used by Haber in his research on the synthesis of ammonia, as we have already seen. 

The condition of the minimum of free energy for the reactants and the products of a reaction 

leads to the law of mass action, eq. (1), without any consideration of molecular collisions and 

independent of the intermediate steps of the reaction (see technical details in the Appendix, 

Section 1). 

However, an important remark must be added in this respect. The equilibrium constant is 

obtained from free energy through an exponential [Appendix, 1, eq. (a)]. It obviously depends on 

the temperature at which the reaction proceeds, and the determination of this dependence is 

crucial for technical applications. But the additive constant of entropy is reflected into an 

arbitrary multiplicative constant in the expression of the equilibrium constant, preventing the 

determination of its absolute “scale.” In 1906, this problem led Nernst to formulate a new 

principle of thermodynamics, the Third Principle, which fixed the value of the additive constant 

of entropy at absolute zero (see below). 

60 J. W. Gibbs, On the equilibrium of heterogeneous substances, Trans. Connecticut Acad., 3, 1876–76, pp. 108–
343; reprinted in J. W. Gibbs, The Scientific Papers of J. W. Gibbs, London, Longmans Green and Co, 1906, I, pp. 
55–349. 
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It is worth insisting on the central aspect of this path taken by the chemists, namely the fact 

that thermodynamics provides a basic framework in which more general models and techniques 

can be conceived and developed than those allowed by a mechanistic framework. 

This choice can also be verified in problems such as chemical kinetics that do not fall within 

equilibrium thermodynamics, but need the consideration of molecular collisions. For instance, 

Van’t Hoff wrote: 

Reaction speed […] can be considered from two points of view. In the first place, we 
find support in thermodynamics, since the laws that govern speed must be compatible 
with the laws of equilibrium that are established in the end. In the second place, by 
referring to simple kinetic considerations, we can predict laws that have always received 
experimental confirmation. We will develop successively: A) reaction speed and 
equilibrium. B) kinetics of the reaction.61 

This amounts to saying that thermodynamics, and not mechanics, provides the basic framework 

in which even models of chemical kinetics are specified. We will see that the approach adopted 

by Planck in 1900 followed precisely these steps. 

In conclusion, mechanicism was rendered obsolete by the end of the nineteenth century, that 

is, before the twentieth-century revolution in physics, by chemists who found in thermodynamics 

a less restrictive and more flexible framework that allowed for greater freedom for the 

development of fruitful and innovative non-mechanical models. 

Part 4: The birth of the new physics 

Planck’s papers of 1900 

At the turn of the nineteenth century, many physicists of the older generation were convinced 

that the “construction” of physical knowledge—mechanics, thermodynamics, and 

electromagnetism—was almost complete, apart from some difficulties (such as the problems of 

aether, irreversibility, and the radiation field) whose solutions were to come rapidly. In 

contradiction with this belief, completely new phenomena were being discovered just at the end 

of the century that did not fall along this line of thought: X rays (1895), radioactivity (1896), the 

Zeeman effect (1896), the photoelectric effect (1897), and the discovery of the electron (1897). 

 
61 J. H. Van’t Hoff, Leçons de Chimie-Physique, Hermann, Paris, 1899, p. 175: 
https://gallica.bnf.fr/ark:/12148/bpt6k91927k/f176.item. 
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The plot was thickening. 

As we have already mentioned, Planck’s viewpoint in the last years of the century was deeply 

different from that of Mach and Ostwald, but it diverged also from the concepts proposed by 

Boltzmann. As Planck would later recall in his autobiography: 

Boltzmann knew very well that my viewpoint was basically different from his. He was 
especially annoyed by the fact that I was not only indifferent but to a certain extent even 
hostile to the atomic theory that was the foundation of his entire research. The reason 
was that at that time, I regarded the principle of the increase of entropy as no less 
immutably valid than the principle of the conservation of energy itself, whereas 
Boltzmann treated the former merely as a law of probabilities. […] At any rate, he 
answered young Zermelo in a tone of biting sarcasm, which was meant partly for me, 
too, for Zermelo’s paper had been published with my approval. This was how 
Boltzmann assumed that ill-tempered tone which he continued to exhibit toward me, on 
later occasions as well, both in his publications and in our personal correspondence; and 
it was only in the last years of his life, when I informed him of the atomistic foundation 
for my radiation law, that he assumed a friendlier attitude.62 

To Planck, therefore, thermodynamics played the fundamental role with respect to the atomic 

structure of macroscopic systems, and the law of the increase of entropy was of an absolute 

nature. As I will discuss at the end, Planck’s methodological attitude could hardly be considered 

“advanced” with respect to the innovative theories of the previous decades. In fact, he did not 

even accept the atomic model of matter. During his studies of the problem of natural radiation 

the 1880s and 1890s, he initially considered the energy exchanges between the electromagnetic 

field and the material oscillators on the wall of the radiation cavity, but he met difficulties and 

acknowledged “I had no other alternative than to resume the problem from the beginning, this 

time from the opposite point of view, from the side of thermodynamics: here I felt on my own 

ground.”63

As a consequence, Planck developed a thermodynamic approach to the cavity radiation64 

based on the entropy of a single resonator (in fact, a concept incompatible with the statistical 

nature of entropy). As a basic tool for deriving the physical laws, he adopted the second 

62 Max Planck, Wissenschaftliche Selbstbiographie, Leipzig, Barth; Engl. transl., Scientific Autobiography and 
Other Scientific Papers, London: Williams & Norgate, 1950, 33: 
https://archive.org/details/in.ernet.dli.2015.177537. 
63 Ibid., 24. 
64 See the careful reconstruction by M. Badino, “How theories begin: a historical-epistemological study of Planck’s 
black-body radiation theory,” Studies in the History and Philosophy of Science, Part A, 12/2013: 
http://www.researchgate.net/publication/235006678_How_Theories_Begin_A_Historical-
Epistemological_Study_of_Planck%27s_Black-Body_Radiation_Theory. 
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derivative of the entropy of a resonator with respect to its energy (see the Appendix for its 

statistical meaning, which at that time was obviously not clear). On this basis, he finally 

succeeded in “connecting” Wien’s (widely accepted) heuristic law for the frequency distribution 

of cavity radiation to the simplest parametrization, i.e., a direct proportionality between the 

second derivative of the entropy and the energy of the resonator (see Appendix, Section 3, for 

technical details).65 

The new results of the measurements of the full spectrum of cavity radiation were presented 

later in 1900 and showed a deviation from Wien’s law. At this point, Planck was in a position to 

heuristically connect these results with a proportionality between the second derivative of the 

entropy and a linear quadratic dependence of the energy of the resonator (see the Appendix for 

technical details).66 This was the first “derivation” of what is known as Planck’s law. A 

parametrization obviously cannot be considered a proof of the law. Immediately after, Plank 

therefore tried to find a firmer foundation for the law. 

Here I must highlight that Scienza e Industria still included a misinterpretation that, in those 

years, was shared by all the reconstructions of these developments. I refer to the erroneous claim, 

still commonly quoted in textbooks of physics, that Planck was aware of Rayleigh’s approach, 

which was also introduced in 1900.67 If this were true, it would have led to the so-called 

“Rayleigh formula,” based on the equipartition of energy for the radiation frequencies. 

Following this usual interpretation, Planck would therefore have been left with no other choice 

but to find a “proof” of a statistical approach a la Boltzmann, which he had previously refuted. 

This historical interpretation is unjustifiable; it is false from every point of view. First of all, 

Rayleigh’s very short note in the year 1900 did absolutely not propose the so-called “Rayleigh 

formula,” but simply a formal change to Wien’s heuristic law.68 Moreover, the so-called 

“Rayleigh formula” was never really proposed as the physical distribution of cavity radiation.69 

In fact, in 1904, when Planck’s law had been firmly confirmed experimentally, Rayleigh took it 

 
65 Max Planck, “Entropie und Temperatur strahlender Wärme,” Annalen der Physik, 4, 1900, pp. 719–737. 
66 Max Planck, “Über eine Verbesserung der Wien’schen Spectralgleichung,” Verhandlungen der Deutschen 
Physikalische Gesellschaft, 2 (13), 1900, pp. 202–204. 
67 Lord Rayleigh, “Remarks upon the law of complete radiation,” Phil. Mag., 49, 1900, pp. 539–40. 
68 T. S. Kuhn, Black-body Theory and the Quantum Discontinuity, 1894–1912, New York, Oxford University Press, 
1978, pp. 144–52. 
69 N. Arias Avila and A. Baracca, “¿Quién propuso la ‘fórmula de Rayleigh-Jeans’?,” Llull, Revista De la Sociedad 
Espanola de Historia de las Ciencias y de las Tecnicas, 29, 2006, pp. 5–18 
(http://casanchi.org/fis/rayleigh_jeans01.pdf). 
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for granted, flipping the question: why does equipartition not apply to cavity radiation? 

In conclusion, Planck’s third approach in the year 190070 had absolutely nothing to do with 

Rayleigh’s. Nevertheless, the interpretation already developed in Scienza e Industria was that 

Planck’s approach could hardly be considered the early introduction of the quantum of energy. 

Such an assertion is based on several considerations. In the first place, Planck definitely did not 

consider the “energy element” hν to be a physical quantity. In fact, he explicitly wrote, “When 

the ratio [between the energy of the oscillators of a given frequency ν and the “finite part,” or 

“energy element,” hν] is not an integer, we take the nearest integer.” 

In fact, Planck himself considered this for a long time to be a mathematical hypothesis, an 

artefact:71 the procedure of “discretization” of a continuum problem was quite common at that 

time. In fact, for many years thereafter, Planck was extraordinarily reticent in ascribing any 

physical interpretation of these energy elements or of his new constant h.72 In his Nobel lecture, 

Planck qualified the procedure in his paper as an “act of desperation.” In 1901, he wrote, “In my 

opinion, this hypothesis essentially corresponds to a definition of the probability W” [author’s 

italics].73 He repeated in 1931, “It was a purely formal hypothesis, and I certainly did not devote 

much attention to it: the only thing that interested me, at any cost, was to arrive at a positive 

result.”74 Only in 1912 did Planck accept the truly statistical nature of the second law.75 

The true revolution in twentieth-century physics: Einstein’s contributions of 1902–1905 

Before briefly considering Einstein’s early contributions, it is worth pointing out that the 

twentieth-century physics revolution really consisted of three theories, which deeply changed the 

physical conceptions of the previous century. Einstein was the true father of all three, namely: 

70 Max Planck, “Zur Theorie des Gesetzes der Energieverteilung im Normalspektrum,” Verhandlungen der 
Deutschen Physikalische Gesellschaft, 2 (17), 1900, pp. 237–245. 
71 Helge Kragh. “Max Planck: the reluctant revolutionary,” Physics World, December 2000, 31–35: 
https://physicsworld.com/a/max-planck-the-reluctant-revolutionary/.  
72 M. Planck, Die Entstehung und bisherige Entwicklung der Quantentheorie, Leipzig: Barth 1920, Engl. transl. R. 
Jones and D. H. Williams, A Survey of Physics, London, Methuen, 1924, pp. 108–09;  Wissenschaftliche 
Selfbiographie, Leipzig, Barth, Engl. transl. F. Gainor, Scientific Autobiography and Other Papers, New York, 
Philosophical Library, 1949, pp. 43–45. 
73 Max Planck. “Über die Elementarquanta der Materie und Elektrizität.” Annalen der Physik, 4, 1901, pp. 564–566. 
74 Max Planck, letter to R.W. Wood, October 7, 1931, cited in M.J. Klein, 1966, 27, and Hermann, 1971, The 
Genesis of Quantum Theory (1899–1913). Cambridge MA: MIT Press, 23–24. 
75 Helge Kragh. “Max Planck: the reluctant revolutionary.” Physics World, December 2000: 31–35: 
https://physicsworld.com/a/max-planck-the-reluctant-revolutionary/. 
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– Statistical mechanics, introduced in a formal way by Gibbs in 1902,76 was formulated in 

much more physical terms between 1902–1904 by Einstein,77 who removed any doubt about the 

origin of the paradoxes that had tormented nineteenth-century physicists, definitively 

acknowledging that mechanics and thermodynamics are independent and complementary points 

of view. To Einstein, thermodynamics was statistical thermodynamics. 

– Special relativity, formulated by Einstein in 1905.78 I limit myself to remark here that 

Einstein’s formulation of special relativity substantially overcame the “aether wind” problem in a 

peculiar way, namely by assuming as postulates, on the basis of experimental evidence, the very 

problems that had to be solved. As Hirosige has remarked: 

The process by which Einstein’s theory was gradually accepted during the latter half of the 

first decade of the [twentieth] century confirms the importance of the complete emancipation 

from the mechanistic worldview.79 

– The light quantum hypothesis, formulated by Einstein in 1905.80 

The first two theories are not discussed in detail in Scienza e Industria. Concerning 

Einstein’s light quantum hypothesis, one must remark that he ascribed from the outset, beyond 

any doubt, a physical reality to the quantum. Einstein’s approach confirms his methodological 

reliance on (statistical) thermodynamics, since the corpuscular light quantum hypothesis was 

“legitimated” (against the overwhelming accumulation of evidence for the wave nature of light) 

by the formal analogy of the logarithmic dependence of the entropy variation in an isothermal 

volume change in a gas and in cavity radiation: The entropy of monochromatic radiation of 

sufficiently low density varies with the volume in the same form as the entropy of an ideal gas, 

or a dilute solution. The electromagnetic radiation of low density (in the range of validity of 

Wien’s formula for radiation) behaves thermodynamically as if it were composed of mutually 

 
76 W. J. Gibbs, Elementary Principles in Statistical Mechanics Developed with Special reference to the Rational 
Foundation of Thermodynamics, Yale University Press, 1902; reprinted New York, Dover, 1960. 
77 Albert Einstein, “Kinetische Theorie der Wärmegleichgewichtes und des zweiten Hauptsatzes der 
Thermodynamik,” Annalen der Physik, 9, 1902, pp. 417–433; “Eine Theorie der Grundlagen der Thermodynamik,” 
Annalen der Physik, 11, 1903, pp. 170–187; “Zur allgemeinen molekularen Theorie der Wärme,” Annalen der 
Physik, 14, 1904, pp. 354–362; Engl. transl. in A. Beck, The Collected Papers of Albert Einstein, Vol. 1, Princeton 
University Press, Princeton, 1987, respectively pp. 30–47, 48–67, and 68–77. 
78 Albert Einstein, “Zur Electrodynamik der bewegter Körper,” Annalen der Physik, 17, 1905, pp. 891–921; Engl. 
Transl. in Beck, Albert Einstein, 140–171. 
79 Tetu Hirosige, “The ether problem, the mechanistic worldview, and the origins of the theory of relativity,” 
Historical Studies in the Physical Sciences, 7, 1976, pp. 3–82, citation p. 74. 
80 Albert Einstein, “Über einen die Erzeugung und Verwandlung des Lichtes betreffenden heuristischen 
Gesichtspunkt,”  Annalen der Physik, 17, 1905, pp. 132–148; Engl. transl. in Beck, Albert Einstein, 86–103. 
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independent energy quanta of value γkν.  

Note that the light-quantum was not accepted until the 1920s, after the experiments by Compton. 

As T. Kuhn has argued: 

What brought Einstein to the blackbody problem in 1904 and to Planck in 1906 was the 
coherent development of a research program begun in 1902 [or even before, as we have 
argued: note is mine], a program so nearly independent of Planck’s that it would almost 
certainly have led to the blackbody law even if Planck had never lived.81

And according to Abiko: 

Being unsatisfied with Planck’s theory, Einstein’s motive for composing the statistical 
trio [the three papers on statistical thermodynamics, 1902–1904] must have been 
somehow to construct a general thermodynamics, on which the theory, not only of fluids 
and solids, but also of thermal radiation could be based. […] The thread of his thought 
seems to have been the following. After reading Planck’s 1900 paper, Einstein thought 
that, in order to derive Planck’s formula, the resonator energy should be restricted to 
discrete values. But this means, from the viewpoint of energy conservation, that the 
energy of thermal radiation itself should also take only a discrete set of values. Therefore, 
he needed a more direct way somehow to corroborate this inference. This requirement 
subsequently led him to turn to the Brownian movement of a suspended mirror [in a 
cavity radiation], that was what he meant by ‘a relatively direct method […] to learn 
something concerning the constitution of radiation from Planck’s formula.’82 

This line of thought was to lead Einstein to his 1907 paper on the specific heat of solids83 and his 

1909 paper on wave particle duality.84  

Nernst theorem, 1906: The confluence of new physics with the approach introduced by 
nineteenth-century chemists 

The Third Principle of thermodynamics, or “Nernst theorem,” formulated by Walter Nernst in 

1906, concretely represented the confluence of the method introduced at the end of the 

nineteenth century by chemists with the new approach only recently introduced by physicists. In 

fact, Nernst was a chemist, and (besides directing the German chemical warfare program) he was 

engaged with the problem of the determination of electrochemical equilibria, which had relevant 

81 T. S. Kuhn, Black-body Theory and the Quantum Discontinuity, 170–171. 
82 Seiya Abiko.“Einstein and quantum theory,” Physics Before and After Einstein: An Historical Perspective, ed. M. 
Mamone Capria. Amsterdam: IOS Press, 2005, pp. 183–203. 
83 Albert Einstein, “Die Plancksche Theorie der Strahlung und die Theorie der spezifischen Wärme,” Annalen der 
Physik, 22, 1907, pp. 180–190 and 800 (Berichtigung). 
84 Albert Einstein, “Zum gegenwärtigen Stand des Strahlungsproblems,” Physikalische Zeitung, 10, 1909, pp. 185–
193.
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industrial implications, such as the production of sodium, phosphorus, and aluminum.85 He was 

also concerned with the problem of ammonia synthesis. 

By 1905 Fischer, Ostwald, and Nernst wished to improve Germany’s competitive 
position in science and industry, particularly by promoting research in increasingly 
significant areas outside classical organic chemistry.86 

Nernst acknowledged87 that the arbitrary additive constant in entropy, and consequently in 

free energy, was reflected by an arbitrary multiplicative constant appearing in the expression of 

the equilibrium constant [see Appendix, eq. (a) for technical details], which prevented the 

determination of its absolute value using thermal data. This conclusion convinced him that space 

was left in thermodynamics for a third principle which unambiguously determines the values of 

the chemical equilibrium constants. Later, he wrote: 

The full content of thermodynamics is exhausted by the new principle, which eliminates 
the indeterminacy resulting from the presence of an indeterminate additive constant in 
every particular case of application of the second principle.88 

Nernst acknowledged that the most direct consequence of the third principle was that specific 

heats should vanish at absolute zero. Therefore, he started taking out measurements at decreasing 

temperatures, which confirmed at least the decrease of the specific heats (although he was very 

far from absolute zero). At the same time, he realized that Einstein had proposed a physical 

model predicting precisely this behavior. He thus turned into an advocate of the new quantum 

theory, which led him organize the first Solvay Conference in Brussels in 1911. On that 

occasion, Jeans and Rayleigh (though the latter was not able to participate) were the only ones 

who supported the old classical theories and approach. That “new generation convinced of the 

new ideas” had come into being, accepting and exercising full freedom to work out physical 

hypotheses and formal developments unrestricted by the mechanistic approach and 

reductionism—opening new fields, phenomena, and physical frameworks in the process. 

 
85 Johnson, Kaiser’s Chemists, 31–33, 44–47. 
86 Ibid., 39–40. 
87 Walther Nernst, “Über die Berechnung chemischer Gleichgewichte aus thermischen Messungen,” Nachr. Kgl. 
Ges. Wiss. Göttingen, Math. Phys. Kl., 1906, pp. 1–40. 
88 Walther Nernst, Traité de Chimie Générale, Paris, Hermann; first German edition, Theoretische Chemie vom 
Standpunkte der Avogadroschen Regel und der Thermodynamik, Göttingen, 1893; English transl., Theoretical 
Chemistry from the Standpoint of Avogadro’s Rule and Thermodynamics, London, 1923, Vol. 2, p. 356. 
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Part 5: The early atomic models 

The last chapter of Scienza e Industria deals with the early atomic models at the beginning of the 

twentieth century. Once again, the analysis insists on the conceptual difference between the early 

models conceived within the reductionist philosophy that still dominated in Great Britain and the 

successive deep break constituted by the Bohr model of 1913. In fact, the first approaches of J. J. 

Thomson had obtained very interesting and promising physical results; they made it seem as if 

the interruption of such a deep change would not be necessary. Once more, this change seems 

due to a reversal of mentality and of the conception of the role and nature of physical 

explanation. 

Three items are discussed. The first one deals with the atomic model proposed by J. J. 

Thomson (1856–1940), the so-called “plum pudding model,” between 1903 and 1913. He 

developed it immediately after his discovery of the electron but before the discovery of the 

atomic nucleus, which came as a consequence of Rutherford’s experiments on electron 

scattering. In the textbooks, this model is often presented as an essentially qualitative model, 

though over the years Thompson also developed rigorous quantitative considerations and tried to 

incorporate them into a coherent theoretical framework based on classical physics. Around 1903-

–1904, he argued that in order to ensure the stability of the atom,89 the electrons must dispose

themselves in successive orbits, whose diameter and whose number of electrons are determined 

by the equilibrium between the attractive force exerted by the diffuse positive electric charge, the 

mutual repulsion between the electrons, and the centrifugal force due to their motion. At the 

second Solvay congress of 1913 on the structure of matter, Thomson presented an alternative to 

the new quantum concepts and proposed to attribute Planck’s formula E=hν to a basic atomic 

property instead of to the physical structure of radiation, deriving it from the fact that the laws of 

the electric forces inside the atom differ from those known in electrostatics. 

But the reach of Thomson’s model went well beyond his physical considerations, since he 

speculated on the possibility of explaining the chemical bond. In his first step, developed in a 

book of 1907,90 he showed that the properties he calculated for the atoms containing between 59 

and 67 electrons exactly corresponded to the observed properties of the elements of the first 

group of the periodic table (it must be remarked that the number of the electrons in the atoms, or 

89 J. J. Thomson, Electricity and matter (“Silliman Lectures” at Yale University, 1903), Westminster, New York, 
1904. 
90 J. J. Thomson, The Corpuscular Theory of Matter, London, 1907. 
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what is now known as the atomic number, was not known until the year 1913, when the law of 

Moseley was established— see below). It must also be remarked that at that time there was still 

no clear distinction between electromagnetic and radioactive radiations; they were successively 

attributed to the external electrons and the nucleus, respectively. 

Thomson’s considerations intertwined, although they were of a different nature, with the 

static atomic models proposed by the chemists devoted to the interpretation of valence, and in 

particular to the new concept of the covalent bond. These models had been anticipated in 1902 

by the American chemist G. N. Lewis (1875–1946) in an unpublished memorandum for didactic 

use. Lewis developed his earlier theory in 1916, and it was taken further by I. Langmuir (1881–

1957), who notably studied in Germany and began working, in 1909, at the research laboratory 

of General Electric (the first example in the United States after the economic crisis of 1893 of an 

industrial laboratory dedicated to fundamental research). In short, in 1916, Lewis91 re-proposed 

and further developed his previously unpublished cubic atomic model of 1902, on the basis of 

which he explained the concept of covalent bonds and reconstructed the periodic system of the 

elements. In this same year, Langmuir, starting from his innovative research in the GE laboratory 

on incandescent metallic light bulbs, proposed a theory of the constitution and fundamental 

properties of solids and liquids. In 1916, he explicitly considered the existing atomic models, 

starting from a criticism of both the Thomson and the Bohr models (in particular because the 

latter ignores the results of stereochemistry) and developing in their place the model proposed by 

Lewis. In 1919—after a parenthesis in the war period, during which he worked on submarine 

detection—Langmuir developed the concept that the stable groups are those composed by two or 

eight, or an even number of electrons.92 

In the meantime, E. Rutherford (1871–1937) had been developing his studies of spontaneous 

radioactive processes and the atomic models since the early years of the century, starting with his 

fundamental experiments on the scattering of α-particles, which led him to the concept of the 

atomic nucleus and planetary atom.93 The planetary model suffered from the well-known 

problems of instability and did not immediately supplant that of Thomson, who at the Solvay 

conference proposed to attribute the anomalous α-scattering to the presence of α-particles in the 

positive charge of the atom and to deviations from the interaction Coulomb law. However, in the 

 
91 G. N. Lewis, Journal of the American Chemical Society, 38, 1916, p. 762. 
92 I. Langmuir, Journal of the American Chemical Society, 41, 1919, p. 868. 
93 E. Rutherford, Philosophical Magazine, 21, 1911, p. 669. 
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following years new results accumulated which paved the way to the acceptance of the planetary 

model. Nevertheless, in a series of lectures at the Franklin Institute in Philadelphia in 1923,94 

Thomson still proposed a static model that was explained as a series of chemical and physical-

chemical phenomena.  

The turning point came, as is well known, with the Bohr model of 1913. A recent graduate in 

Copenhagen in 1911, Niels Bohr (1885–1962) moved first in Cambridge and tried to interact 

with Thomson. Finding that this was not possible, he then moved to Manchester and studied with 

Rutherford. There, in July of 1912, Bohr formulated a premise to his model of 1913 in a 

manuscript memorandum written for Rutherford.95 The considerations in the memorandum 

noticeably differ from those developed in the “triad” of papers of 1913–1914. One must remark 

that at that time the nuclear model of Rutherford did not appear at all better suited than that of 

Thomson to explaining the whole of the physical and chemical phenomena. Anyway, in his 1912 

memorandum, Bohr adopts the planetary model, although he restricts himself to the 

consideration of the fundamental state and does not consider transitions and emission 

phenomena. He explicitly states that for the atoms to be stable it is necessary that the electrons 

are in motion. However, the problem of stability cannot be solved in the context of mechanics, 

and he puts forward a hypothesis: “This hypothesis, for which there will be given no attempt of a 

mechanical foundation (as it seems hopeless*), is chosen as the only one which seems to offer a 

possibility of an explanation of the whole group of experimental results, which gather about and 

seems to confirm conceptions of the mechanisms of the radiation as the ones proposed by Planck 

and Einstein.”96 In such a procedure, one may see in nuce the roots of a radical change which 

would progressively emerge in the elaboration of a new scientific attitude and approach: 

Thermodynamics shall no longer be the general framework in which new, non-mechanical laws 

are elaborated, but new quantization rules shall be directly postulated in a non-mechanical 

approach in order to explain phenomena in a rather pragmatic way. The systematic adoption of 

this approach was to lead in subsequent years to a radical contrast with the previous approach, 

abandoning the description of the evolution of an atomic system in space and time, considered 

by Einstein a necessary requisite of a physical theory. 

94 These lectures were later collected in a book: J.J. Thomson, L’Electron en Chimie, Paris, 1926. 
95 Niels Bohr, The Rutherford Memorandum (1912), reproduced in L. Rosenfeld (General Editor), Niels Bohr: 
Collected Works: Volume 2, Work on Atomic Physics (1912–1917), ed. U. Hoyer, North-Holland, Amsterdam, 1981, 
135–178. 
96 Ibid., 137. 
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For the stability of the orbit in the fundamental sate, in the 1912 memorandum Bohr assumes 

that “a definite ratio exists between the kinetic energy of the electron and its time of rotation.”97 

Nevertheless, in his 1912 memorandum Bohr did not yet mention the Planck constant h. In any 

case, the assumption of a fixed ratio between the energy of the electron in a stable orbit and its 

frequency of rotation contradicts the link that was assumed at that time between the frequencies 

of the emitted or absorbed radiation and the rotation frequencies of the electron.  

The 1912 memorandum does not, however, even mention the atomic spectra, which was 

instead to be the starting point of the subsequent papers of 1913. The main attention was instead 

devoted to qualitative considerations of the chemical bond, conceived as the “shared” electron 

orbits of two atoms, an idea that seems to anticipate that of a covalent bond. 

A final remark may be convenient. The subsequent papers of 1913 intertwined with the 

discovery of the Moseley98 law, resulting in the atomic number. 

The Bohr model anticipated the new turning point of the formulation of orthodox quantum 

mechanics in the mid-1920s, which marked the culminating point of the evolution towards the 

increasing formalization and abstraction of physical theories. 

  

 
97 More precisely, he assumes a ratio between its kinetic energy and its rotation frequency, E = kυ, where k is a 
constant. 
98 The brilliant British physicist Henry Moseley (1887–1915) died very young, when he was barely 18, during his 
military service in the battle of Gallipoli in Turkey. It was a real tragedy for science; he would have certainly been 
awarded the Nobel prize for his fundamental discovery. 
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Appendix: Technical Considerations 

This Appendix summarizes some useful technical aspects in order to better understand the substance of 
the main turning points analysed in Scienza & Industria. 

1. Thermodynamic functions and chemical equilibrium

The method in which chemical equilibrium is calculated from free energy is easily exemplified for the 
case of ideal gases. In a chemical reaction among gaseous substances (for simplicity at constant T and V), 
the Helmholtz free energy, F=U-TS, of each component has the expression 

F=(𝑈 − TS0)+nRTlnP=F0+nRTlnP,     where 𝐹0=U − TS0.

The variation of this free energy, for instance in the specific reaction 3H2+N2 ↔ 2NH3, is therefore

 ΔF=nRTln
𝑃NH3

2

𝑃𝐻2
3 𝑃𝑁2

+ΔF𝑜 (a) 

[where ΔF𝑜 corresponds to the difference of the constant terms in eq. (4) of the text], so that the
equilibrium constant results in 

𝑃NH3
2

𝑃𝐻2
3 𝑃𝑁2

=e−ΔF0 nRT⁄ =K𝑝(𝑇), (b) 

that is to say exactly eq. (1) of the text. 

2. The change in statistical mechanics with respect to kinetic theory

In the kinetic theory thermodynamic functions are built up starting from molecular collisions 
(reductionism). In statistical mechanics macroscopic properties are defined in a Γ-space with 2sN 
dimensions (being s the number of degrees of freedom of the particles composing the system) by an 
abstract probability function ρ(q,p), which is directly and univocally related with the thermodynamic 
function that characterises the specific macroscopic state. For instance, in the microcanonical ensemble, 
which represents an isolated system of energy U, it is assumed micr(q,p)=const, and the entropy of the 
system corresponds to the volume occupied by the state in the Γ-space, namely 

S(N,U,V) = kB ln (N,U,V),    where    = ∫ ... ∫ 𝑑sNqdsN𝑝.

This appears even more evident in the canonical ensemble 

can(q,p) = exp{[F(T,N,V) - E(q,p)]/kBT} = exp{F(T,N,V)/kBT}. exp{-E(q,p)/kBT},  
(c) 

which corresponds to a state of fixed temperature T of the system, whose free energy simply corresponds 
to the normalization of probability 
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F(T,N,V) = -kBT∙ln ∫{exp[-E(q,p)/kBT]dsNq dsNp}}. 

Generalisation to quantum statistical  mechanics. Such a direct relationship with thermodynamics implies 
that the generalization of the formalism to quantum statistical mechanics retains the same functional 
dependence, changing the classical functions for the corresponding quantum operators 

ρ=exp(F-H)/kBT. 

3. Planck’s first thermodynamic calculation in 1900 

Planck had already associated Wien’s formula (7) with the lowest-order parametrization of function 

(
𝜕2𝑠

𝜕𝜀2)
−1

= −αε: in fact, from the first principle 𝜕 𝑠 𝜕⁄ ε= 1 𝑇⁄ , whence 𝜕 𝑠 𝜕⁄ ε= − 1 𝛼⁄ ⋅ ln(𝜀 𝛽⁄ ) gives 
the energy of the resonator ε=β ⋅ exp(−𝛼 𝑇⁄ ), and the density of radiant energy 

𝑢(ν,T) ⋅ dν=8 πβ 𝑐3⁄ ⋅ 𝜈3 ⋅ 𝑒−𝛼(νT) ⋅ dν. 

Wien’s formula reproduces only the high-frequency region of the spectrum of radiation: Planck studied 
therefore the higher order parametrization 

𝜕2𝑠

𝜕𝜀2 =
−𝛼

𝜀2+γε
.        (d) 

By integrating one obtains 

1 𝑇⁄ ≡ 𝜕 𝑠 𝜕⁄ ε=(𝛼 𝛾⁄ ) ⋅ ln[(γ+ε) 𝜀⁄ ],      (e) 

that is 

ε= 𝛾

exp(𝛼 γT⁄ )−1
. 

And finally, since the general Wien’s theorem requires that  = A, y / = B, Planck’s 
formula 

𝑢(ν,T) =
Aν3

𝑒Bν 𝑇⁄ −1
. 

4. Planck’s formula as interpolation between Wien’s and Rayleigh’s formulations 

It is immediate to see that only the quadratic term, 𝜕2 𝑠 𝜕⁄ 𝜀2 = −1 cε2⁄ , gives 1 𝑇⁄ ≡ 𝜕 𝑠 𝜕⁄ ε=c ⋅ 𝜀−1, 
that is ε=c−1 ⋅ 𝑇, which would correspond to Rayleigh’s formula, since for the general law of Wien c-1 
must be proportional to the frequency  : in this sense Planck’s formula can be seen as an interpolation 
between Wien’s and Rayleigh’s. 

5. The second of Planck’s 1900 calculations 

The energy E of the oscillators of frequency  can be expressed in terms of the number z of states of 
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average energy , or of the number n of energy quanta 0: E=z𝜈 ⋅ 𝜀=n𝜈 ⋅ 𝜀0. The probability (10) assumed
by Planck leads to the entropy of an oscillator, using Stirling approximation for the factorial 

𝑠𝜈 =
𝑆𝜈

𝑧𝜈
=

𝑘𝐵lnWν
𝑧𝜈

=
𝑘𝐵

𝑧𝜈
ln

(𝑧𝜈+n𝜈)(𝑧𝜈+n𝜈)

𝑧𝜈𝑧𝜈𝑛𝜈𝑛𝜈

=k𝐵 [(
𝑛𝜈

𝑧𝜈
+ 1) ⋅ ln (

𝑛𝜈

𝑧𝜈
+ 1) −

𝑛𝜈

𝑧𝜈
ln

𝑛𝜈

𝑧𝜈
]

=k𝐵 [(
𝜀

𝜀0
+ 1) ⋅ ln (

𝜀

𝜀0
+ 1) −

𝜀

𝜀0
⋅ ln

𝜀

𝜀0
] .

The thermodynamic relation 𝜕 𝑠 𝜕⁄ ε= 1 𝑇⁄  leads finally to 

1

𝑇
=

𝜕𝑠𝜈

𝜕𝜀̄
=

𝑘𝐵

𝜀0
⋅ ln (1 +

𝜀0

𝜀̄
). 

This expression coincides with eq. (c), that Planck intended to justify, so that the average energy of a 
resonator of frequency  results 

𝜀(ν,T) =
𝜀0

𝑒𝜀0 𝑘𝐵⁄ 𝑇−1
. 

And for the general Wien’s law, it must be ε o= hν. 

6. The physical meaning of the function (
𝛛𝟐 𝐬

𝛛𝛆𝟐
)

−𝟏

 and the wave-particle duality 

Expressing the probability as W=exp(𝑆 𝑘𝐵⁄ ), at equilibrium (S maximum) it must be 𝜕 𝑠 𝜕⁄ ε=0, and the
second-order development come out to be:  𝑠(𝜀)=s(𝜀) +

1

2
(𝜀 − 𝜀)2 ⋅ 𝜕2 𝑠 𝜕⁄ 𝜀2. One has therefore

(𝜀 − 𝜀)2 =
∫(𝜀−𝜀̄)2⋅𝑊(𝜀)

∫ 𝑊(𝜀)
=

∫(𝜀−𝜀̄)2⋅𝑒
1
2𝑘𝐵(𝜕2𝑠 𝜕⁄ 𝑒2)(𝜀−𝜀̄)2

dε

∫ 𝑒
1
2𝑘𝐵(𝜕2𝑠 𝜕⁄ 𝜀2)(𝜀−𝜀̄)2

dε
=

2[
1

2
𝑘𝐵(𝜕2𝑠 𝜕⁄ 𝜀2)]

4[
1

2
𝑘𝐵(𝜕2𝑠 𝜕⁄ 𝜀2)]

3 = −𝑘𝐵 (
𝜕2𝑠

𝜕𝜀2)
−1

using the 

Gaussian integrals ∫ 𝑥 ⋅ exp(−ax2)dx= √𝜋

4a3, and ∫ exp(−ax2)dx= √𝜋

2a
. 

Planck’s parametrization (d) implies (Einstein, 1909) 
(𝜀 − 𝜀)2 = −Aε − Bε2, 

That is, two independent contributions to fluctuations, respectively of a particle and a wave nature. 

7. Stimulated emission of radiation and Planck’s law

Consider in the first place only the two traditional processes of absorption and spontaneous emission. The 
number Nabs  of photons absorbed per unit time and volume is proportional to the number N1 of atoms in 
the fundamental state E1 and the density u of photons 

𝑁abs=B12(𝜈) ⋅ 𝑢𝜈 ⋅ 𝑁1.

Spontaneous emission by an atom in the excited state E2 does not require the presence of radiation: the 
number of emitted photons is therefore proportional to 

𝑁em,esp=A21(𝜈) ⋅ 𝑁2.
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In thermal equilibrium 𝑁abs=Nem,esp, and for eq. (c) 𝑁2 𝑁1⁄ = exp − (hν 𝑘𝐵⁄ 𝑇), so that it results in 

𝑢𝜈 =
𝐴21⋅𝑁2

𝐵12 𝑁1⁄
=

𝐴21(𝜈)

𝐵12(𝜈)
⋅ 𝑒−hν 𝑘𝐵⁄ 𝑇, 

that is Wien’s law (7), with 𝐴21 𝐵12⁄ = 8πhν3 𝑐3⁄ . 
If one takes into account stimulated emission, it must be instead 𝑁em,est=B21(𝜈) ⋅ 𝑢𝜈 ⋅ 𝑁2. In thermal 

equilibrium between absorption and emission it must be 

𝐵12(𝜈) ⋅ 𝑢𝜈 ⋅ 𝑁1=A21(𝜈) ⋅ 𝑁2+B21(𝜈) ⋅ 𝑢𝜈 ⋅ 𝑁2 

whence 

𝑢𝜈 =
𝐴21

𝐵12
⋅

1

𝐵12
𝐵21

⋅
𝑁1
𝑁2

− 1
=

𝐴21

𝐵12
⋅

1

𝐵12
𝐵21

⋅ 𝑒hν 𝑘𝐵⁄ 𝑇 − 1
 

 

which is Planck’s formula, with 𝐵12=B21, y 𝐴21 𝐵12⁄ = 8πhν3 𝑐3⁄ . 
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Scienza e Industria 1848–1915: Gli Sviluppi Scientifici Connessi alla 
Seconda Rivoluzione Industriale 

A reprint of the original publication 
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