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INTRODUCTION

Alongside the scientific work which gained him lectureships in physics at Lille
(1887) and Rennes (1893), and the chair of physics at Bordeaux (1894, changed to
chair of theoretical physics in 1895), Duhem began to publish articles on
philosophical and historical topics related to his scientific interests in 1892. Many
of these appeared in the Catholic journal Revue des questions scientifiques, and he
was to draw on them in books published in the first years of the new century.
English translations of all or part of these books have begun to appear in recent
decades,! as well as a selection of articles, including some from Revue des questions
scientifiques published during the 1890s (Duhem 1996). The present volume,
which continues this work, focuses on issues related to chemistry, and contains
translations of Le mixte et la combinaison chimique (1902) together with a number
of related articles from Revue des questions scientifiques and other sources.

The question of chemical structure is taken up in one of the first of Duhem’s
Revue des questions scientifiques articles, “Atomic Notation and Atomistic
Hypotheses” (1892b), where he retraces developments during the course of the 19th
century from the establishment of the law of constant proportions by Proust around
1803. The greater part of this 1892 article is integrated either verbatim or with only
minor linguistic changes into Le mixte et la combinaison chimique (henceforth
Mixture and Chemical Combination), which elaborates the earlier account and adds
chapters dealing with the pre-19th century history of the notion of mixture as well
as more detailed interpretations and an assessment of what Duhem considered to be
the way forward. A translation of this earlier article is therefore not included in the
present selection. (The translation referred to under Duhem (1892b) in the list of
references indicates the passages adapted in Mixture and Chemical Combination.)

It is difficult to conceive of modern chemistry without its notions of molecular
structure. But this did not fall within the compass of the line of development
Duhem advocated. He was critical of the atomic theory, both in the 1892 article and
the 1902 book. It might help to put this into perspective by saying that it is only
since the turn of the 20th century that the molecular nature of chemical substances
has become a matter of universal consensus, and its general character is still a matter
of dispute. The reductionist way in which the corpuscular doctrine is often
interpreted has been vigorously criticised in recent philosophy of chemistry, and the

1" Duhem (1903), (1905-6), (1906), (1908), (1915), (1985).
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standard chemist’s conception is not without its critics.2 Although Duhem seems to
have been inordinately stubborn in ignoring pointers to corpuscular microstructure,
there is something of value both in his critical attitude towards the naive way in
which molecular conceptions have been introduced and in the way he developed his
alternative approach.3

Duhem readily acknowledged that from Dalton’s postulates, “it is easy to deduce
the fundamental laws of chemistry” (1892b, p. 441). He did not dispute that it
“agrees well with the primary laws and the primary notions of chemistry” (1892b,
p. 443), but questioned whether it provides any explanation of them. He considers
the elaborations in the form of ascribing atoms atomicities, added with a view to
explaining aspects of chemical structure that came to light several decades into the
19th century, to be entirely gratuitous, and shows them to build on so many ad hoc
devices as to render them completely devoid of explanatory value.

It might be thought, on the strength of his derogatory remarks on explanation in
Ch. 1 of Aim and Structure (Duhem 1906), that Duhem should not think there is
anything exceptional in a theory not providing any explanation of the phenomena
with which it deals. A standard interpretation of this work has it that Duhem held
the object of theory formation to be the classification of phenomena as opposed to
the explanation of phenomena. Duhem’s rhetorically excessive diatribes against
explanation might better be seen, however, as directed specifically at the Cartesian
tradition of seeking explanation by reduction to a priori principles, which in his
view was continued long after Descartes’ time in the form of insistence on
explanations in terms of simple mechanical forces. This comes across clearly in his
1896 paper, “The Evolution of Physical Theory” (translated here as Essay 2), where
he refers to the policy of searching for mechanical explanations upheld by the
British school of physicists in the 19th century as “new Cartesianism” (1896, p.
492). (This continuity of tradition is not mentioned in Aim and Structure,
presumably because it does not sit well with the nationalistic distinction between
the “broad and shallow” mind of the British which he contrasted with the “deep and
narrow” mind of the French—see Duhem 1906, Pt. I, Ch. IV.) Moreover, when
presenting his own favoured theories and approaches, he has no qualms about
making explanatory claims—something which is well illustrated by a number of
passages in the works translated here. This would suggest that the charge that the

2 See, for example, van Brakel (1986), (1997) and (2000, Ch. 5) Scerri (1991), (1993) and (1994).
The writings of R. G. Woolley raise some questions about the nature of modern conceptions of
molecules; see, for example, Woolley (1978), (1988), (1991) and (1998). A useful review of
recent discussion is Hendry (1998).

Truesdell (1984) places Duhem in a tradition of rigorously developing the foundations of
thermodynamics which is an active field of research today; see also Pradas (1991). Prigogine has
always acknowledged Duhem as the first to appreciate the importance of Clausius’ notion of non-
compensated heat in the development of the thermodynamics of irreversible processes for which
he has himself become famous. See Kondepundi and Prigogine (1998, p. 87 and passim), and
Brouzeng (1987, pp. 121-34), (1991).
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atomic theory lacks explanatory value is a negative criticism directed specifically
against that particular theory.

But if Duhem rejected atomism as the basis of understanding chemical structure,
what does he offer in its place? The reference to notation in the title of the 1892
article might suggest a mere form of words without substantial referential content—
in a word, instrumentalism.# Whether an interpretation along these lines is borne
out by a consideration of all the threads in Duhem’s argument is a question which
merits further attention, however. The precise role assigned to convention is crucial
here. Dalton’s atomism was not received by his contemporaries as the
uncontroversial assumption demanded by the laws of constant and multiple
proportions that it is usually presented as being in school chemistry today.
Wollaston thought Dalton had no grounds whatsoever for claiming as he did that his
assumption about water, to the effect that its formula is HO, is *“very probable”; it
is a convention for which the question of correctness does not arise beyond a certain
point (it would be wrong to include a symbol for sulphur in the formula for water,
for example). There were, in fact, no grounds for assigning a compound a particular
compositional formula, as opposed to any other featuring the same elements, until
Cannizzaro published his method in 1858. Despite this, the term “conventionalist”
has come to be associated specifically with those who, like Wollaston, recognised
the limitations of what they could reasonably claim to know and sought to articulate
their claims accordingly. It by no means follows that conventionalists declined to
make any truth claim simply because they shrank from making the particular kind
of truth claims Dalton advocated. The issue is far more delicate.

Duhem is rather clear about exactly what is involved in the conventional aspect
of compositional formulas. This accords with the great stress laid on articulating the
precise meaning of scientific claims in his general philosophy, which is much
concerned with the representation afforded by a physical theory as a result of a
correspondence between a concept and a physical magnitude. A simple illustration is
provided by the “correspondence between the concept of warmth and the algebraic
magnitude that we call the temperature. ... [Bly virtue of the correspondence
established between these two ideas, the one becomes the symbol of the other”
(Duhem 1992a, p. 143; 1996, pp. 3-4). In general,

The physical concept which we are concerned to represent possesses a certain
number of fundamental properties. The magnitude intended to symbolise it should
present a certain number of essential features for representing these properties. But
every magnitude that introduces these features can be taken as a symbol of the
physical concept that concerns us. (Duhem 1892a, p. 144; 1996, p. 4)

Temperature, as he goes on to point out, introduces the characteristics that equally
warm bodies have the same temperature and a greater value of temperature is

4 As Ariew and Barker put it in their Introduction, “Duhem’s rejection of atomism was based on his

instrumentalism (or fictionalism)” (Duhem 1996, p. xi).
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assigned to a warmer body, and “every magnitude which introduces these two
characteristics can be taken as temperature” (loc. cit.).

A discussion in a paper on the foundations of thermodynamics published in the
same year (1892c, pp. 284-9) makes it quite clear that Duhem’s intention was not to
offer a strict empiricist interpretation of the relations of being as warm as and being
warmer than, as required by the instrumentalism that some of the logical positivists
were to espouse. The import of the warmth relations not only extends far beyond
what is discernible by the senses; it even contradicts them. They apply to
temperatures far above and below the range of human experience. And within this
range, the senses inform us about surface regions with a certain extension for a
certain duration, whereas the warmth relations apply to subregions of these regions
for indefinitely shorter and longer intervals, to say nothing of the interiors of bodies.
Moreover, wooden and metal bodies judged from the circumstances to be at
equilibrium are counted as equally warm, despite our experiences to the contrary
when we touch them. What Duhem had in mind was something other than an
operational interpretation of these relations.

If several magnitudes, as he says, represent the same concept of temperature,
their differences cannot be significant. Thus, it would be incorrect to say that by
heating a body from 10°C to 20°C its temperature is doubled; for although 20 is
twice 10, 10°C is the same as 50°F, and 20°C the same as 68°F, but 68 is not twice
50. It is a mistake to conclude that features of the numbers used to represent a
concept necessarily reflect a feature of that concept. Duhem points out that “we do
not understand what statements such as ... body A is seventeen times warmer than
body B or is three times less warm than body B” (1892a, p. 142; 1996, p. 3).
Duhem knew that properties of numbers used to represent qualities may well not
represent, or may misrepresent, properties of the qualities themselves, and was wary
of drawing conclusions from properties of the number system. The modern theory of
measurement, whose founding fathers were only just beginning to write on the
subject as Duhem was writing on chemical structure,’ clarifies the degree of
arbitrariness Duhem was talking about in terms of scale types. A scale type is
characterised by the kind of transformations of scale that are considered to preserve
the physical features of the underlying concept. Empirical temperature is measured
by a type of scale called an interval scale, which can be interconverted to an equally
acceptable scale by a linear transformation, like that used in converting degrees
Celsius to degrees Fahrenheit, and any features not preserved by the transformation
are purely conventional aspects of a particular scale without physical significance.

Helmholtz (1887) and Hélder (1901). The contemporary development of measurement theory
took off with the critique of Holder’s account in Suppes (1951). For a historical review, see Diez
(1997). Miller (1971, p. 229) makes the point that “Duhem’s axiomatic outlook which
characterised this discussion of the first law [of thermodynamics] was indeed pioneering for
physics and to some extent anticipated the major axiomatic research in mathematics.” Duhem’s
views on the import of measurable concepts were distinctly modern.
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Conventionalism is, however, usually understood to involve a far more radical
position than the mere recognition of certain conventional aspects of scientific
descriptions such as those involved in scales of measurement. It is usually taken to
involve an instrumentalist stand, allowing for no substantial theoretical truth, and
correspondingly no ontological commitment in Quine’s sense, i.e. no reference of
items designated by the predicates of the theory. Ariew and Barker, in their
Introduction to Duhem (1996), seem to regard Duhem as a conventionalist in this
sense when they describe him as holding the view that “Theoretical propositions are
not true or false but ‘convenient’ or ‘inconvenient’ (p. xi). The question is whether
Duhem is correctly interpreted as a conventionalist in this sense, as distinct from
merely acknowledging that laws accepted as true delimit the import of physical
concepts only up to a certain degree as with any measurable property. It seems
pretty clear that the care with which Duhem does specify the conventional element
in his treatment of formulas leaves no room for charges of conventionalism, and is
comparable with what he says about temperature.

A critic who charges the atomist with overlooking elements of convention and
declines to embrace the truth claims of the atomist may, nevertheless, want to make
claims about what is true, then. He might adopt the view that matter is ultimately
continuous, although it seems divisible into discrete portions on a sufficiently large
scale. Again, he might prefer to keep an open mind regarding the ultimate nature of
matter, aware that the application of mathematical analysis incurs postulates—such
as those going beyond infinite divisibility (denseness of the rational numbers)—
whose literal physical interpretation may be difficult to justify. Mathematical
analysis was not called upon in the development of the notion of chemical formulas
that ensued once limitations of compositional formulas came to light and which
Duhem discusses. It remained, nevertheless, an issue for him since, as he makes
clear in the final two chapters of Mixture and Chemical Combination, he saw the
way forward in chemistry as building on the links with physics established in the
newly emerging field of physical chemistry, and in particular, with thermodynamics
which is couched in the language of mathematical analysis.

In this connection, it is interesting to note what he says about the consequences
of trying to follow the path of viewing matter as discrete on the microscopic level.

we are entirely free to represent a body, which our senses perceive as continuous,
either by a continuous distribution of matter in a certain space, or by a discontinuous
collection of very small atoms.

The latter mode of representation has been adopted by many theoreticians of
physics. Poisson, in particular, employed it is systematic fashion because he believed
he saw there the expression of the real constitution of bodies. Without wishing here to
examine all the objections which confront this way of dealing with Physics, there is at
least one that we can draw attention to now. The formulas to which it immediately
leads always involve extensive sums of a very large number of disjoint, very small
masses in very close proximity. To render these formulas manageable in Analysis
and, at the same time, to extract from them results which can be translated into
experimental language, it is necessary to replace these sums, by means of a calculus
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of approximation, with integrals over continuous space, spreading out, as it were, the
putative disjoint masses in some such way that their matter fills the intermediate
spaces. In this way the continuity which was first rejected is now restored to matter
after the event. Now this conversion of sums to integrals is a very delicate and very
tricky mathematical operation. It is difficult to bring it to a successful conclusion
without avoiding tedious procedures. Besides, it always entails many entirely
gratuitous hypotheses about the order of magnitude of molecules and their
separations. (Duhem 1911, Vol. I, pp. 13-4)

Speaking of the 2-volume treatise from which this passage is taken, Truesdell
comments “I have not found in its more than a thousand pages a word against
molecules” (Truesdell 1984, p. 41). This might be construed as compatible with the
thoroughgoing instrumentalist interpretation. But another view of the matter is
suggested by thermodynamicists’ comments on their own subject. Around the time
Duhem wrote his 1911 treatise, we see laws of thermodynamics being described as
“free from all hypothetical assumptions as to the molecular condition of the
participating substances” (Findlay 1915, p. 8). More recently, Denbigh puts it by
saying that “[t]lhermodynamics ... is independent of the fine structure of matter”
(Denbigh 1981, p. 4), expressing more succinctly an attitude of non-commitment
which is a natural reading of Duhem’s choice of representations.

Others more boldly assert “mass is incidental to chemical reactions whose main
consequence is the change in the number of molecules of the various reacting
species” (Kondepudi and Prigogine 1998, p. 371). But this must be reconciled with
the fact that the theory is formulated in terms of continuous magnitudes. In
particular, functions of state are treated in thermodynamics as functions of the
amount of each component; the internal energy, for example, is a function U(S, V,
Ny, ..., N,) of the entropy, S, the volume, V, and a measure of the amount of each
component, N;. These amounts of each component might be thought of, in
accordance with the atomic view, as numbers of molecules, or such numbers divided
by Avogadro’s number.% But the fact remains that theory allows the internal energy
to be differentiated with respect to the variable »,, yielding the important concept of
the chemical potential of the ith component. And this presupposes that N, ranges
over the real numbers, and not merely the integers or the rational numbers as the
atomic interpretation suggests. Accordingly, adopting the atomic interpretation in
thermodynamics rather than the neutral stance means not treating the theory literally
but taking an instrumentalist view of at least certain aspects of it. Adopting the
atomic interpretation is therefore no less instrumentalist than adopting the
continuous interpretation: neither interpretation is actually combined with the
relinquishing of all the commitments of the other.

6 As, for example, suggested by (Callen 1985, p. 9): “a simple system has a definite chemical

composition which must be described by an appropriate set of parameters. One reasonable set of
composition parameters is the numbers of molecules in each of the chemically pure components
of which the system is a mixture. Alternatively, to obtain numbers of more convenient size, we
adopt the mole numbers, defined as the actual number of each type of molecule divided by
Avogadro’s number.”
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It remains to be seen how adopting an instrumentalist or non-committed stance
to part of the theory and a realist view of the remainder might be rigorously
articulated. But this serious problem is the issue Duhem is pointing to in the above
passage. Quine was later to argue that what he called ontological commitment to the
literal truth of the theory we actually use cannot be shunned, as Church (1958)
nicely explains, unless it can be shown how talk of the entities referred to can be
replaced by another theory which makes do without them but which still serves the
same general purposes adequately. Duhem is clearly charging the atomist with much
the same intellectual dishonesty that Church diagnoses. Atomism may be
unproblematic to the chemist displeased with “the physicists who had never been
‘satisfied with the hard, indivisible ball of specific substance and definite mass
which has served chemistry so well’ ... [and whose] meddling with the atoms led to
a situation that only a ‘few chemists can understand’.”” But Duhem is not arguing
from such an over-simplified viewpoint.

The challenge to a straightforward interpretation of thermodynamics as a science
of continuous matter, which Duhem seems to acknowledge in his 1911 treatise,
derived in large part from the refinements extending the import of chemical
formulas. The question is at what stage does the atomic view become indispensable?
The continuous view of matter was hardly challenged by the laws of constant and
multiple proportions; but can this view be sustained once we leave the simple
notion of compositional formulas and broach the features of chemical structure
required by isomerism? This phenomenon was first recognised by Gay-Lussac who,
as editor of Annales de Chimie, noted that Wohler’s compositional analysis of
cyanic acid, published in 1824, was the same as Liebig’s analysis of fulminic acid,
published there in 1823. After similar discoveries Berzelius in 1832 proposed calling
“substances of similar composition and dissimilar properties isomeric, from the
Greek ioouépng (composed of equal parts)” (Leicester and Klickstein, p. 265). The
fixed proportion of elements in a given compound required by the law of constant
proportions therefore provides in general only a necessary feature of a given
compound; it is not sufficient to characterise it. Isomers were differentiated by
physical properties such as melting and boiling points, solubility in various
solvents, etc., and by the chemical reactions in which they participated as reactants
or products. The French chemists, led by Jean Dumas (1800-84), tackled the
problem of isomerism by seeking a characterisation of compounds in terms of these
chemical reactions. Duhem traces the development of compositional formulas,
which merely reflect the proportions of the constituent elements, into structural
formulas, which build on certain systematic aspects of the chemical reactions
involving the compound in question.

The basic idea was that of substitution. Starting from an archetypal substance,
substitution reactions are naturally thought of as resulting in the replacement of

7 Quoted from Edward Divers’ presidential address, first published in Proceedings of the British

Association for the Advancement of Science, (1902), 557-75, by Gavroglu (1997, pp. 289-90).
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definite parts of one reactant with parts of another. Substances resulting from the
substitution of parts of the archetypal substance were all said to belong to the same
type, which was named after the archetypal substance itself. Thus, replacement of
hydrogen in water results in substances belonging to the water type. The doctrine
was elaborated to take account of additional factors. Duhem describes these details
with admirable clarity in the book translated here, and they will not be described in
this introduction. The present discussion is confined as far as possible to the
question of interpretation.

The type theory led to the development of structural formulas in which sub-
groups are indicated by collecting letters within parentheses, or in the form of a two-
dimensional diagram in which collections of letters are linked by short straight
lines. The subscripts of the original compositional formulas are taken to be a device
indicating a number of elemental units. Thus, the compositional formula C,HO,
for example, contains two units of carbon, six of hydrogen and one of oxygen,
which might be arranged (CH,),0 to distinguish dimethyl ether from its isomer
ethyl alcohol, whose structural formula is written C,H;OH.

This may suggest to the modern reader an atomic interpretation, substitution
effecting a replacement of one or more atoms in a molecule by a group of atoms.
But Duhem’s presentation of structural formulas certainly does not presuppose the
atomic interpretation. As we have said, his account of compositional formulas does
not require an interpretation as a listing of the number of atoms of each kind in a
molecule. How can he resist the atomic interpretation of structural formulas based
on types? For substitution would seem to involve one part of something being
replaced by another. Duhem argues on two fronts. On the one hand, he offers a
critique of the atomic hypothesis in the final section of the 1892 article “Notation
atomique et hypothéses atomistiques” which, as already noted, was to the general
effect that the elaboration of Dalton’s view by the ascription of atomicities gave no
real explanation. This critique is taken over in Mixture and Chemical Combination.
And on the other hand, he offers an alternative proposal to the general effect that the
Aristotelian theory of mixture provides the basis of an adequate interpretation.
Although some of Duhem’s formulations in “Notation atomique et hypotheses
atomistiques” clearly suggest that this idea was well-formed in 1892, this
interpretation is first explicitly developed in the text that appeared as the 1902 book.

Duhem’s critique of atomism is directed against the theories of Charles Adolphe
Wurtz (1817-84), professor of chemistry at the Ecole de médecine in Paris from
1853 and at the Sorbonne from 1874. Wurtz came in for a good deal of criticism
from Marcelin Berthelot (1827-1907), who dominated chemistry in France until the
beginning of the new century and with whom Duhem came into conflict. Berthelot
raised the standard positivist charge that appeal to atoms or molecules which no one
can see is mystical. But like other critics of atomism, his objections were not
confined to this positivist insistence on observability. The idea of a structureless
atom seems incapable of explaining anything.
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Physical forces, as well as chemical forces, will allow testing in the atom only
movements of the whole, without the possibility of internal vibrations; these can exist
only in a system formed of several parts. It results then that there cannot be in the
interior of an indivisible atom any reserve of hidden energy. Such are the rigorous
consequences of the atomic theory.

And as we now know, the atoms that came to be sanctioned by the scientific
community are not the structureless atoms to which the 19th century critics of
atomism objected, but structures whose constituents are described by continuous
functions over space and time. Duhem’s objections to atomism were all of this
theoretical or conceptual character; nowhere, to the best of my knowledge, does he
raise the positivist objection that atoms cannot be seen. Any such reliance on
simple observation would, in any case, hardly fit in with his well-known holistic
ideas about conducting of experiments and performing observations which he
describes at length in his 1906 book.?

The Aristotelian theory of mixture is first presented in Ch. 1 of Mixture and
Chemical Combination as standing in contradiction with the atomism of antiquity.
In the last two chapters it is suggested that modern (i.e. 19th century) chemistry, in
the eyes of a thermodynamicist, can be seen as extending and developing the
Aristotelian view rather than contradicting it. Duhem does not claim this as an
original insight, but merely to be following Sainte-Claire Deville (1818-81), who
is said to have maintained that “A chemical formula does not describe what really
now subsists in the compound, but what can be found potentially, and can be taken
out by the appropriate reactions” (1902, p. 151). Whereas the atomist treats what
appears to be a homogeneous substance as merely an appearance because the
limitations of our perceptual abilities to not allow us to discern atoms, the
Aristotelian treats it as really homogeneous. “[I]f combination has taken place,”
Aristotle says, “the compound must be uniform—any part of such a compound
being the same as the whole, just as any part of water is water” (De gen. et corr.,
I.10; 328a10-2). On this view, no parts of a mixture contain the original
ingredients, which cannot actually occur in the mixture but are potentially
recoverable.

Duhem confines himself to these “two contradictory opinions of the nature of a
mixt” in Mixture and Chemical Combination (p. 15). But it is now usual to
distinguish three schools of thought among the ancients on the nature of mixture.
Shortly after Aristotle (384-322 BC) established his peripatetic school, the Stoics,
so called after their meeting place in Athens at the painted colonnade (Gr. stoa),
established a school which flourished from ¢. 300 BC to ¢. AD 200. Although their
interests in the later part of this era focused on ethical matters, questions of physics,
metaphysics and cosmology dominated in the earlier period. Unfortunately, little
manuscript material survives from this period, and our chief sources today are

8 From Marcelin Berthelot, Origines de I’Alchimie, quoted by Nye (1972, p. 9).

This theme is developed in Needham (1998) and Needham (2000).
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reports from the later period. It is clear, nevertheless, that one of their major
concerns was the problem of mixture, on which their view differed both from the
atomists’ and Aristotle’s. The De mixtione of Alexander of Aphrodisias (fl. c. AD
200)!0 contains an exposition and critique of Chrysippus’ (¢.279-206 BC) version
of the Stoic theory of mixture, which Alexander found distinctly inferior to
Aristotle’s. To see how such a third view is possible, it must be appreciated that
there is a further general issue about the nature of matter, in addition to the question
of homogeneity, on which different stands can be taken, namely the question of
whether two quantities of matter can occupy the same place. It was because
Aristotle, in agreement with the atomists, held this to be impossible that he was
led, in the light of the homogeneity assumption, to the view that the original
ingredients of a mixture are not actually, but only potentially, present. The
contradiction of which Duhem speaks might be understood as arising from a
disagreement on the issue of homogeneity—although this is not, as we will see,
where Duhem actually locates the point of conflict. At all events, there is clearly a
possibility of disagreement on the principle on which Aristotle was in agreement
with the atomists, namely the impossibility of cooccupancy, and this is the line the
Stoics took. They agreed with Aristotle and against the atomists that there was good
reason to deny the real homogeneity of mixtures, but held that cooccupancy is
possible. Accordingly, the Stoics could, like the atomists, hold that the original
ingredients are present in a mixture.

Duhem himself does not seem to have made any such sharp distinction between
these two antiatomist views. There is no mention of the Stoics in Mixture and
Chemical Combination, and the Stoic view is, as far as I am aware, first mentioned
quite late in his writings in Vol. I, Ch. V, §IX of Le systéme du monde, which
appeared in 1913, in a short 7-page discussion largely filled with translations of
passages from Alexander’s De mixtione, and containing no reference to his 1902
book. The omission of the Stoic theory from the earlier book is somewhat
puzzling, and it is tempting to speculate that Duhem saw no real difference in the
two views. But no explicit argument to this effect is to be found there, or anywhere
else in Duhem’s work. There is, however, a definition of “mixture or combination”
in the same section of the Traité d’energetique from which the last quotation was
taken, and the relevant passage is translated here as Essay 8. This definition is taken,
in its essentials, from an earlier formulation of Duhem’s (1892c, pp. 271-3), and is
specifically contrasted with the view held by “many physicists” who regard the
impenetrability of matter as impossible. Thus, Duhem was clearly aware of the
cooccupancy issue when writing Mixture and Chemical Combination.
Nevertheless, when at the end of this section from the Traité d’energetique he
refers to his 1902 book, it is in connection with the question of the opposition
between, on the one hand, the “atomic and Cartesian school” and the “peripatetic
doctrine” on the other. He apparently considered this opposition to be jointly

10 Translated into English in Todd (1976).
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exhaustive of the possible positions. Note that the Cartesian view takes matter to be
continuous, and not ultimately comprised of indivisible atoms, but agrees—as
Duhem stresses (1902, Pt. I, Ch. 2)—with atomism in excluding cooccupancy. It
would seem, then, that he still considered the alternative to the atomic view to be
one which, in accordance with the Aristotelian view, has it that the original
ingredients exemplify substance kinds which are no longer exemplified by any part
of the mixture, even though, as the 1911 definition suggests, he held that the
original matter which exemplifies the original substance kinds cooccupies the same
region of space in contradiction with Aristotle’s view.

The important point about the Aristotelian view for Duhem, then, is the doctrine
of generation and corruption: the original ingredients do not actually exist in the
mixt. It seems that what he advocated was actually a fourth view, Aristotelian in so
far as it upholds the doctrine of the merely potential existence of the original
ingredients in a mixt, and Stoic in so far as it accepts the possibility of
cooccupancy.!! It is interesting to note, in connection with Duhem’s divorcing of
the Aristotelian doctrine of the potential presence from the issue of the continuity of
matter, that Fritz Paneth (1931) was later to take up a similar idea on the basis of
the atomic theory of matter, although this is somewhat obscured by differences in
terminology. Paneth proposed to address the issue with an unhappy distinction
between conceptions of elements as “basic” and “simple,” which was to be
understood in conjunction with a “transcendental” view of elements in compounds.

There are further deviations from the view Aristotle actually maintained. What
Duhem explicitly acknowledged is that his view supplements Aristotle’s, insisting
that there is no inconsistency:

[IJn all that is supposed by chemical mechanics regarding the generation and
destruction of chemical compounds, we find nothing that does not accord with the
analysis of the notion of mixt given by Aristotle. Of course, the law of conservation of
mass and the law of definite proportions are invoked there; but in complementing and
making more precise the results of the Stagirite, these laws do not modify its
character. According to Aristotle, and following contemporary thermodynamicists,

the elements do not actually exist any more within the mixt; they exist only as a
possibility. (1902, p. 172).

What he fails to mention is that in De gen. et corr. 1.10, Aristotle outlines a further
kind of mixing process in addition to that involved in the formation of what Duhem
calls mixts. This second kind of mixing involves the “overpowering” of the one
ingredient, making it transform entirely into the other kind of ingredient (see
Joachim 1904). It transpires (De gen. et corr. 11.4) that this second kind of mixing
process is the basis of the transmutation of the elements. What motivated Aristotle
in distinguishing such a kind of process was the quest to explain ordinary observable
phenomena such as the evaporation of water, and not alchemical dreams of

11 The relation of the Stoic to the Aristotelian view, and the emergence of Duhem’s distinctive

conception, is discussed in greater detail in Needham (2002).
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converting base metal into gold. Even as late as the eighteenth century it seems that
the conversion of ice to (liquid) water, and this to steam, were taken to involve a
change of substance. Duhem tells us in “Theories of Heat” (translated here as Essay
1) that Joseph Black understood his discovery of the phenomenon of latent heat to
involve a chemical reaction between ice and caloric producing (liquid) water. But
such phenomena were understood since Lavoisier (who took it that he was analysing
water by reducing steam over carbon), and certainly by Duhem, to involve a phase
transition of one and the same substance. Now this doctrine of the transmutation of
the elements seems to create considerable tension in Aristotle’s scheme, and so it is
just as well that it is dropped from any modern adaptation of the philosopher’s ideas
on generation and corruption. But Duhem makes no mention of this aspect of
Aristotle’s theory.

Duhem’s use of the term “energetics” in the title of his 1911 treatise derives, he
tells us, from a paper by one of the earlier figures in the development of
thermodynamics, J. Macquorn Rankine (1820-72):

The system of general laws of Physics is known today under two names: the name
of Thermodynamics and the name of Energetics.

The name Thermodynamics is closely linked to the history of this science. Its two
most essential principles, the principle of Carnot and the principle of the conservation
of energy, were discovered by studying the motive power of heat engines. The name
is still justified by the fact that the two concepts of work and amount of heat are
continually featured in the arguments in which this doctrine is developed.

The name Energetics was introduced by Rankine.!2 Since the idea of energy is
the first that this doctrine had to define, and it was to this that the majority of other
notions employed there were connected, this name seems no less well chosen than the
name Thermodynamics.

Without deciding whether it is more appropriate to regard the one or the other of
these terms as more preferable, we will employ both as mutually equivalent. (Duhem
1911, Vol. I, p. 3)

There is no suggestion here that energy is taken to be the only fundamental concept
with which the theory deals, nor even that it is one of a few to which all the other
familiar terms of science can be reduced. Wilhelm Ostwald (1853-1932), who also
used the term “energetics” for a general theory of chemistry, seems to have thought
of it in a reductionist manner, claiming that it renders not only the notions of atom
and molecule unnecessary, but even that of matter. Duhem certainly did not think
the notion of material bodies redundant, as is abundantly clear from the section of
the 1911 treatise translated here. But nor does he seem to have had any kind of
reductionist project in mind. His leading idea was rather that progress in science was
continually bringing to light defects in previously established theories and
presenting the problem of how the exceptions could be accommodated in yet more
general theories. Duhem rose to the challenge by seeking to extend the traditional

12 MACQUORN RANKINE, “Outlines of the Science of Energetics,” Glasgow Philosophical
Society Proceedings, Vol. III, no. 6, 2 May, 1855.—J. MACQUORN RANKINE, Miscellaneous
Scientific Papers, p. 209.
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principles of mechanics so that they could encompass the new phenomena rather
than saving them by adding restrictions limiting their range of application. This
attitude comes across particularly clearly in two of the papers in the present
selection.

In “On Some Recent Extensions of Statics and Dynamics” from 1901 (Essay 7),
he reports a “wide-spread opinion regarding the phenomena of friction,” according to
which “the equations of Mechanics, written without mention of friction, are general;
but in teaching our theories, we apply them to very abstract bodies, [which are] very
different from those presented to us in experience. We treat perfectly rigid, perfectly
polished solids, whereas natural solids are always more or less deformable, more or
less rough, from which the discrepancies between the predictions of Mechanics and
the results of observation arise.” Duhem’s attitude is rather that “[t]hese
discrepancies all disappear if, instead of applying the equations of Mechanics to very
simplified abstractions in order to represent, even roughly, the properties of natural
bodies, we take account of the roughness and deformations of these bodies in
making the application” (Duhem 1901, pp. 143-4). This implies, of course, that he
is not content to defend laws by claiming they deal with ideal objects; he wants to
see them sufficiently well articulated to deal with the real objects of the world.
Although superficially a technical article, with its arrays of mathematical equations,
this 1901 paper was published in the Revue des questions scientifiques and was
therefore intended for a general readership. In fact, the general strategy illustrated
should be apparent to the reader without any detailed knowledge of the traditional
divisions of mechanics into dynamics, which deals with the accelerations actually
produced by forces, and statics, which deals with situations in which counteracting
forces result in a stable equilibrium. The general issues dealt with in the paper are
introduced as bearing on the evolution of theories of physics, making the paper an
illuminating complement to the predominantly historical treatment of the same
subject in the earlier paper “The Evolution of Physical Theories from the
Seventeenth Century to Our Day” (1896). Duhem refers the reader to this latter
paper at several points in Mixture and Chemical Combination, and it is also
included in this selection as Essay 2.

The second paper pertinent to the non-reductionist spirit in which Duhem
pursued his research is of a quite different character. It too is referred to in Mixture
and Chemical Combination and is included in this volume. Presented as a review,
the prime subject of “Thermochemistry: in Connection with a Recent Book of
Marcelin Berthelot” is a book authored by the man usually portrayed as Duhem’s
arch fiend, Marcelin Berthelot, who has already been mentioned above. Berthelot’s
highly productive and broad-ranging research gave him an authoritative position in
French chemistry which, like Dumas’ before him, led to a career in politics. In this
role he eagerly pursued the anti-clerical policies of the third republic, becoming
minister of education for 1886-7, and even foreign minister for 1895-6. One of his
major contributions to science was the synthesis of a large number of organic
compounds from inorganic raw materials, repudiating the claim of vitalism that a
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special life force is required for their production. He was instrumental in changing
the direction of research in organic chemistry from one dominated by the pursuit of
analysis to one equally or more concerned with the synthesis of new substances.
There is no mistaking the importance accorded the role of synthesis in Duhem’s
account of 19th century chemistry. But Berthelot’s influence interfered with the
progress of Duhem’s career. Being the precocious student that he was, Duhem
submitted his doctoral thesis on thermodynamic potentials on 20 October 1884,
before completing his first degree. The thesis was rejected, however. It enlarged
upon the ground-breaking monograph-length paper of J. Willard Gibbs (1839-
1903), “On the Equilibrium of Heterogeneous Substances,” which had been
published in an obscure journal in two parts in 1876 and 1878, as well as work of
Massieu and Helmholtz. Duhem (1886)—presumably his unsuccessful thesis—
contained (pp. 33, 141f.) the basic theorem known to every student of
thermodynamics as the Gibbs-Duhem equation (to the effect that the thermodynamic
magnitudes for substances in a mixture cannot vary independently!3). The
introduction to the book contained a critique, based on general thermodynamic
principles, of Berthelot’s law of maximum work, formulated in 1873, which has it
that at constant temperature and pressure, substances will react with one another by
following that process which is most exothermic—i.e. which evolves most heat.
This was Duhem’s undoing.

Berthelot was, together with the Danish chemist Julius Thomsen (1826-1909), a
pioneer of thermochemistry, constructing the calorimeter known as “Berthelot’s
bomb.” Valuable though this was, the law of maximum work is of restricted value,
being essentially an application of the principle of the conservation of energy. The
more general principle governing chemical reactions under constant temperature and
pressure involves a thermodynamic potential called the Gibbs free energy, usually
symbolised by G. This potential takes entropy into account as well as energy. In
purely mechanical contexts, equilibrium corresponds to a state of minimum energy.
Thermodynamic considerations show that the minimum energy requirement is not
one that holds generally, however, but only under the restriction of constant
entropy. Equilibrium is also characterised as a state of maximum entropy, but again,
not without qualification, the general principle being that a system moves
spontaneously to a state of maximum entropy under the constraint that the energy is
constant. Now, constant energy or constant entropy are not typical of the conditions
usually encountered in laboratory studies of chemical reactions, and the information
in these characterisations is more usefully expressed in terms of independent
variables such as temperature and pressure or volume by Legendre transformations
yielding appropriate thermodynamics potentials. Of these, the potential most

13" Duhem’s contribution was to give an elegant derivation of the theorem by an application of
Euler’s theorem on homogeneous functions. See Miller (1963) for a translation of the “clear and
concise” presentation in Duhem’s textbook, Traité Elémentaire de la Mécanique Chimique
Fondée sur la Thermodynamique (4 vols., 1897-9).
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frequently applicable to chemical contexts is the Gibbs potential, G. Reactions
proceed spontaneously at constant temperature and pressure when accompanied by a
total reduction in G, i.e. when the change in the Gibbs free energy, AG, is negative.
According to classical thermodynamics, this has two components:

AG = AH - TAS, ¢Y)

showing that an emission of heat (corresponding to a negative value of the change in
enthalpy, AH) is conducive to reaction, but also allowing that the heat absorbed in
an endothermic reaction can be offset by a sufficiently large increase in entropy, AS,
whose effect is magnified at higher absolute temperature, 7. Consequently, it is by
no means necessary that all reactions proceed exothermically, as Berthelot’s law
requires, except at the absolute zero of temperature, where the law does hold for all
reactions.!4 (The thermodynamic potential Duhem introduces on p. 367 of
“Thermochemistry” and symbolised by “F” is the closely related Helmholtz free
energy. The condition that AF = AU — TAS be negative for spontaneous reactions,
where U denotes the internal energy, applies under conditions of constant volume
and temperature.)

Doubts about Berthelot’s law were voiced outside France by van 't Hoff in his
Etudes de dynamique chimique (1884). In a review of this work Svante
Arrhenius—who like Duhem encountered opposition to his thesis from his own
university in Uppsala—wrote

What a difference between the present champions of thermochemistry and the
author! The former anxiously seek to avoid the physical phenomena which are said to
interfere with chemical reactions, but confront them at every turn. The author takes a
completely different line. Following Horstmann’s ideas, he removes the Janus aspect
that the thermochemists persist in putting on nature. The physical heat phenomena are
merely simple, more well-known, special cases of the chemical heat phenomena.
From the mathematical formulas for the connection between heat flow, temperature
and chemical reaction he found the following, extremely general, law: “Every
equilibrium relation between two material systems changes by reducing temperature
for the benefit of the system whose production gives rise to heat.” From this it follows
that at normal temperatures Berthelot’s “principe du travail maximum” only holds in
most cases, and holds for all cases only at absolute zero. Since the reviewer has
arrived at the same conclusion, which is supported by an unparalleled amount of
experimental data, from completely different grounds, he can only agree completely
with the author’s view in this case. (Arrhenius 1885, pp. 364-5)

The force of this critique became more generally accepted outside France as the
relevance of Gibbs’ work—inaccessible not merely by reason of being published in
an obscure journal; it was written in a concise style calling for what was then a rare
combination of knowledge of chemistry and mathematical techniques—was gradually
absorbed into the scientific community. Instead of spearheading the development and

14 See Callen (1985, pp. 277-9) for a concise account of the inadequacies of the law of maximum
work.
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application of Gibbs’ work, however, Duhem’s thesis was sunk by the committee of
Lippmann, Hermite and Picard under the watchful eye of Berthelot.!

Readers unfamiliar with chemical thermodynamics may find some of the things
Duhem says in the final chapter of Mixture and Chemical Combination less strange
if they bear in mind that equation (1) is quite general and not restricted to the
formation of compounds. It governs changes in any kind of mixture, and in
particular, the stability of solutions. The contrast between compounds and solutions
established by the law of constant proportions is thus diminished by subjecting
them to the same general principles

A projected series of articles which Duhem was to write for the journal Revue
des deux mondes was promptly called to a halt after the first contribution “Theories
of Heat” (Duhem 1895, translated here as Essay 1) at the instigation of higher
powers, which Duhem’s biographer Jaki (1984) suggests was also Berthelot’s work.
When the opportunity arose for a review of Berthelot’s thermochemical researches,
Duhem was remarkably restrained, allowing the force of sound methodology to carry
the day.!6 But most importantly, his argument against the idea that Berthelot can
defend his principle by restricting its scope specifically to chemical, as distinct from
physical, processes illustrates Duhem’s general strategy of seeking a more general
principle rather than retreating to the safety of restrictions. The irony of the
opponent of vitalism resorting to insulating the scope of chemistry from the
encroachment of physics needs no further comment. Note, however, that Duhem’s
purpose was not to reduce chemistry to physics. His argument was rather that
chemical reactions are one kind of phenomena among others which call for a
changing and broadening of the older principles of physics. The criticisms he offered
of the prejudice in favour of reduction to mechanical models may well be seen in the
light of this aim.

The historical survey “Theories of Heat” is included in the present selection, of
course, on its own merits. Duhem’s interest in chemistry was mediated, as we have
seen, by his interest in thermodynamics—a subject which grew out of attempts to
capture the notion of heat and ancillary concepts. An account of this history at the
hand of the same author therefore nicely complements the purely chemical
background to thermodynamics provided by Mixture and Chemical Combination.
Duhem himself refers the reader to “Theories of Heat” in the final chapter of this
book.

(Duhem 1886) is a work with the same title as the thesis, and published shortly after by Hermann,
Paris. As Jaki (1984, p. 51) points out, “[s]ince it would have been impossible to turn within the
summer months of 1885 a thesis, allegedly faulty in all its essentials and unreliable in all its details
and inferences, into a masterpiece which ultimately earned a place in the series ‘Landmarks of
Science’, the thesis and the book should be considered identical.” Duhem later submitted a thesis
to the faculty of mathematics (Duhem 1988) dealing with applications of thermodynamic
potentials, which was accepted in 1888 by a committee comprising Bouty, Darboux and Poincaré.

16 But for a different opinion, see Dolby (1984).
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Duhem’s other papers on chemical subjects aimed at a general readership are
included for completeness. “The Phase Law” (1898) is, like “Thermochemistry,” a
piece occasioned by the review of a newly published book in which Duhem takes
the opportunity to cover the essential background for the lay reader. The phase rule
was one of the simple results of Gibbs’ obscure paper on heterogeneous systems
whose far-reaching consequences played a major role in convincing chemists of the
relevance of thermodynamics to their subject. Duhem wrote a lengthy piece for the
newly started American Journal of Physical Chemistry in 1898, where he displays
his instinct for rigorous argument. The usual demonstrations of the phase rule
presuppose that each substance present in the system under consideration is present
in every phase. But this condition is patently not satisfied by a range of well-known
systems to which the rule had in fact been applied. True to form, Duhem develops
his own proof from more general conditions justifying the application of the rule to
these cases too. The book reviewed by Duhem in “The Phase Law” is a non-
technical, descriptive work illustrating the kind of application that so impressed the
chemists of the day. Duhem carefully presents some well chosen examples, and
explains concepts employed elsewhere in this collection.

The science of heterogeneous equilibria has been called a “Dutch science” (Daub
1976, p. 747) in recognition of the experimental work of the Dutch physical
chemists which did more than anything to bring Gibbs’ theories into the light of
day. The tradition was established by Bakhuis Roozboom (1854-1907) who, with
the assistance of van der Waals (1837-1923), published his first results in 1887. A
good account of how the phase rule was brought in to solve his mystery is given in
Daub’s 1976 article commemorating the centenary of the publication of the first part
of Gibbs’ paper. It is, unfortunately, typical of the awareness of Duhem’s
contribution to the subject that Daub says “Prior to this time [1887], the only
scientist to pay heed to Gibbs’ thermodynamics was James Clerk Maxwell” (p. 747,
fn. 1), and the only relevant work of Duhem’s that he mentions is his contribution,
mentioned above, in the Journal of Physical Chemistry to the debate on the
rigorous derivation of the phase rule (Daub 1976, p. 750).

Duhem’s 1899 paper, “A New Science: Physical Chemistry,” is something of a
propaganda piece specifically aimed at a French readership where he argues for the
significance of the new discipline. It appears now as a strange mixture of historical
background and industrial application. Disinterest and lack of investment in the
latter, he suggests, cost France a considerable price in missed economic opportunity.

Duhem refers the reader to this paper at the beginning of his 1900 review of van
"t Hoff’s lectures, which contains a particularly clear account of the laws of Moutier
and van 't Hoff which spelt doom for the principle of maximum work. But the
review is especially noteworthy for taking up the form of chemical isomerism called
stereoisomerism, in which van 't Hoff, along with Pasteur and Le Bel, was one of
the pioneering figures. No account of stereoisomerism is given in the 1892 article
“Notation atomique et hypothéses atomistiques,” which must strike the modern
reader as a remarkable omission from a work claiming that the atomic theory plays



XXVi INTRODUCTION

no explanatory role in accounting for the facts of chemical structure. For the van ’t
Hoff-Le Bel hypothesis of a tetrahedral molecular structure to explain the only
difference in pairs of stereoisomers—that they rotate the plane of polarised light in
opposite senses—was well known by then. This form of isomerism is taken up in
Mixture and Chemical Combination, however, with the comment that the van 't
Hoff-Le Bel hypothesis complements the essentially topological account of
chemical structure afforded by type theory with “a new element taken from
geometry” (1902, p. 128). The 1900 article supplements this rather austere remark
with a challenge to the advocate of van ’t Hoff’s picture of molecular shape to
provide a coherent and informative account of the elements standing at the apexes of
the tetrahedron. Mere pictures, Duhem seems to be saying, are not the stuff of
articulate theories.

I have sought to reduce adjustments to a minimum and to give as literal a translation
as possible, although Duhem’s very long sentences have often been broken down.
His division into paragraphs is retained, even though many of them comprising just
one or two lines would normally be integrated into larger paragraphs in modern
English. Page numbers of the original are given in square brackets, except for the
number of the first page of articles, which is given in the reference to the original
name and place of publication accompanying each article. Together with the
retention of the original paragraphs, this should facilitate comparison with the
original and following references in the secondary literature. Remarks in square
brackets are my own comments. I have usually translated the French word “corps”
with “substance,” but occasionally “body” where this seemed more appropriate. The
reader should be aware that these two English words usually correspond to the same
word in the original. An exception occurs in the discussion of Aristotle at the
beginning of “The Evolution of Physical Theories” (Essay 2), where Duhem follows
traditional philosophical usage and understands “substance” to denote the Aristotelian
concept of what cannot be predicated of any other thing. In addition, Duhem
occasionally uses the French word “substance” in the sense that the English word
“substance” is used here as the usual translation of “corps,” for example on p. 26 of
the review of van 't Hoff’s book. When quoting, Duhem often uses a construction
which I render in the form:

¢ "

‘...,” says so-and-so, “...,

although Duhem does not break off the quotation, as I have done here, in order to
insert “says so-and-so.” In all such cases, the boundary between quoted material and
what I take to be the insertion of Duhem’s words is my own interpretation. The
actual placing of footnotes giving sources of quotations may strike the reader as
eccentric; but I have tried to adhere to Duhem’s practice as far as possible. Duhem
wrote chemical formulas with subscripts rather than the modern convention of using
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subscripts, thus, “H’0” rather than “H,0.” The latter convention is followed here.
Finally, Duhem’s usual practice of using the title “Mr.” when referring to other
scientists has not, on the whole, been followed in the translation. An exception is
the essay “Thermochemistry,” where it seems to be an integral part of the polemical
critique of Mr. Berthelot.
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Mixture and Chemical Combination

An Essay on the Evolution of an Idea



Preface

The following pages first appeared in the Revue de philosophie,! and it is for
philosophers that they were intended. Consequently, in the course of the
development of science, the evolution of a notion, that of a mixt, we have wanted to
emphasise the principle directions which have, through more than three centuries,
guided the theories of physics. As an alternative to atomistic, Cartesian and
Newtonian theories, these views now seem to have given way to a voice which was
abandoned in the sixteenth century, the peripatetic method.

Although this book was not written with this intention, we would be pleased if
chemists were also to find in it matters for reflection.

1 [Revue de Philosophie, 1 (1900), 69-99, 167-97, 331-57, 430-67, 730-45. The book here
translated was originally published as Le mixte et la combinaison chimique: Essai sur I’évolution
d’une idée, C. Naud, Paris, 1902; and reprinted by Fayard, Paris, in 1985.]



PART ONE

The Origins of the Chemical Revolution



CHAPTER 1

MIXTS ACCORDING TO THE ATOMISTS AND
ACCORDING TO THE PERIPATETICS

Throw [11] a little sugar into a glass of water. After a short time, the solid, white
crystalline body which constitutes the sugar has disappeared. The glass contains no
more than a homogeneous liquid, transparent like water, but with a different taste.
What is this liquid? The vulgar call it sugared water. The chemist says that it is a
solution of sugar in water. These two descriptions correspond to two essentially
distinct opinions.

Let us forget for the moment all chemical theory and analyse this simple
operation of the preparation of a glass of sugared water.

Is there still any sugar or any water in the glass? No: the sugar has been
eradicated; we have seen it gradually disappear. The liquid enclosed in the glass is no
longer water—that is to say, that highly mobile, all but tasteless liquid, which
provides the rain which fuels the springs which makes up the rivers—but a new
liquid, more or less syrupy, whose sweet taste is reminiscent of that of the sugar
which has served to form it. The glass therefore no longer contains either the water
or the sugar which we had mixed there, but a new body, a mixt! formed at the
expense of the two elements.

Nevertheless, even though the mixed substance, the sugared water, is no longer
either water or sugar, it can be destroyed and the water and sugar from which it was
formed regenerated. Warm it gently. It will evaporate [12] and we can, if we wish,
condense the vapour and collect a water similar in every respect to that we had
poured into our glass. During the evaporation, the sugared water disappears,
depositing a white solid that we recognise as sugar. If the sugared water no longer
actually contains the water and sugar from which it was formed, it can, by ceasing
to exist, reproduce the water and sugar; it contains them potentially.

What in general, then, is a mixt? Some bodies, the one different from the other,
are brought into contact. Gradually, they disappear, they cease to exist, and in their
place a new body is formed, distinguished by its properties from each of the

1. [Duhem’s substantive mixte is consistently translated with the old chemical term “mixt.”]
5
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elements which produced it by their disappearance. In this mixt, the elements no
longer have any actual existence. They exist there only potentially, because on
destruction the mixt can regenerate them. And the characteristics which determine
the mixt belong not only to the body as a whole, but also to each part, however
small, that the mind can cut out of the homogeneous body. Moreover, these
characteristics are to be found in all mixts, both in what we today call mixtures? and
that for which we reserve the name chemical combination.

This is, it seems, the clear, certain and obvious lesson that one is able to draw
from the experience of the majority of people.

Not at all writes the chemist who, furthermore, loudly proclaims his empiricism
and professes only to teach the facts! Such a notion of mixt, far from offering any
certainty, is but a vulgar illusion, a gross deceit of our dull senses. It is unworthy of
a mind capable of any reflection and contrary to the principles of sound physics.

Our eyes are too feeble to see an object one twentieth of a millimetre long, yet
isn’t it the witness of the eyes that you rely upon in order to affirm that water is a
homogeneous and continuous fluid? [13] Take one of the microscopes that
physicists have devised and perfected. Already in this liquid which you thought
everywhere identical with itself, you see a multitude of unsuspected objects
swimming before your eyes, and still the microscope has only made your sight one
or two thousand times more powerful. How would it be if you were given, like the
fabled Lynceus, limitless power of visual penetration? This water, which seems to
you to fill in continuous fashion the volume of the containing glass, you would see
as a collection of small solid bodies, separated from one another, which roll over
one another without change of size or figure when the water is deformed and flows.

Each drop of water is thus composed of a multitude of molecules. The same
holds for each small crystal of sugar. When sugar is put into the presence water, the
molecules of sugar are not destroyed nor altered, but like prisoners who break away
from their common chain, they are dissolved and, without breaking or modifying the
molecules of water, they slip between them. The sugared water is therefore not at all
homogeneous, with the smallest part possessing the same properties as the whole.
The apparent homogeneity is only an illusion of our senses, which are very
indelicate when it comes to perceiving the intimate structure of bodies. In sugared
water, the water and the sugar subsist, juxtaposed, but not confounded. Sugared
water might be called a mixture of sugar and water for the same reason that the
contents of this sack is said to be a mixture of wheat and straw. In forming it, the
sugar and water have no more ceased to exist in order to form a new body than the
grain and straw have ceased to exist when the beater has thrown them higgledy-
piggledy into the sack. Distillation which separates the water from the sugar no
more regenerates the elements at the expense of the mixed body than the fan

2. [Duhem’s substantive mélange is consistently translated as “mixture.”]
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recreates the wheat and the straw. It simply sorts molecules of different natures
which the dissolution has jumbled together.

These two ways of conceiving the relation [14] of a mixture to the mixed bodies
are both ancient. The Greek atomists regarded the homogeneity of a mixt as a mere
appearance. The deficiencies of our senses alone prevent us from recognising the
juxtaposition of the mixed elements. In the immortal lines in which the thoughts of
the philosophers have been transmitted to us, Lucretius gave expression to his
doctrine of mixts.3 Having described the branching and entangled molecules which
comprise the tissue of solid bodies, the small, smooth globes free of all bonds
which roll over one another in the midst of liquids, the pointed particles which
constitute gases, he analyses the intimate structure of sea water. Among the smooth
round bodies which give rise to its fluidity and which, when isolated, compose fresh
water, other bodies are dispersed, also rounded, permitting them to follow the
movements of the liquid, but rough and capable, because of their unevenness, of
wounding the tongue and producing the experience of a bitter taste. These rough
elements adhere to the soil, while smooth particles of water easily pass through the
pores. Thus, sea water changes to fresh water by filtration on passing through the
ground:

Sed quo amara vides eadem, qua fluvida constant:
Sudor uti maris est; minime id mirabile habendum,
Nam quod fluvidum est, e l&vibus atque rotundis
Est: at l&vibus atque rotundis mista doloris
Corpora; nec tamen h&c retineri hamata necesse’st:
Scilicet esse globosa, tamen cum squalida constent;
Provolvi simul ut possint et ledere sensus.

Et quo mista putes magis aspera l&vibus esse
Principiis, und’est Neptuni corpus acerbum;

Est ratio secernundi, seorsumque videndi.

Humor dulcit, ubi per terras crebrius idem
Percolatur, ut in foveam fluat, ac mansuescat.
Linquit enim supra tetri primordia viri

Aspera, quo magis in terris harescere possunt.4

3. Lucretius, De rerum natura, lib. 11, vers. 390-476

4. [lines 464-477, translated by Cyril Bailey as follows: “But because you see that some things which
are fluid, are also bitter, as is the brine of the sea, it should be no wonder. ... For because it is
fluid, it is of smooth and round particles, and many rugged painful bodies are mingled in it; and yet
it must needs be that they are not hooked and held together: you must know that they are
nevertheless spherical, though rugged, so that they can roll on together and hurt the senses. And
that you may the more think that rough are mingled with smooth first-beginnings, from which is
made the bitter body of the sea-god, there is a way of sundering them and seeing how, apart from
the rest, the fresh water, when it trickles many a time through the earth, flows into a trench and
loses its harshness; for it leaves behind up above the first-beginnings of its sickly saltness, since the
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To this doctrine the peripatetics objected that a mixed body is really distinct from
the bodies from which it is formed. In producing the [15] mixt, the elements cease
to exist. The mixt only comprises them as a potentiality; when decomposed, it can
regenerate them. The exposition that we have just given of the two contradictory
opinions of the nature of a mixt is hardly more than a paraphrase of what Aristotle
says.’

rough particles can more readily stick in the earth.” Titi Lucreti Cari De rerum natura libri sex,
edited with prolegomena, critical apparatus, translation, and commentary by Cyril Bailey, © 1947
Clarendon Press, Oxford; p. 261. Reproduced by permission of Oxford University Press.]

5. Aristotle, [Tepi yevécewg xai ¢8opag [De generatione et corruptione], Bk. 1, chap. x.



CHAPTER 2

THE NOTION OF A MIXT IN THE SEVENTEENTH
CENTURY

We [17] follow the fortunes of these two opinions through the course of the history
of chemistry.

Throughout the middle ages, the peripatetic doctrine regarding the generation and
corruption of mixed bodies was taught in the schools. Was it accepted by the
alchemists? It would be difficult to fathom, under the obscure language which
concealed their true thoughts; less capable of abstraction, more imaginative than the
scholastics, they were undoubtedly inclined towards the views of the Epicureans. But
without investigating this question, we are content to take up chemistry at the time
of the scientific renaissance.

At this time, we see philosophers of nature coming back into vogue, on account
of their faithfully upholding, during the course of several centuries, the Epicurean
idea that apparently continuous mass is an assemblage of small bodies of various
forms, and that the various arrangements of these small bodies must explain the
properties of the various mixts which the chemist studies.

We find this idea clearly expressed by Bacon!, who indicates within these limits
the aim of the new physics:

“It is necessary to illuminate the texture and true constitution of bodies, from
which all the peculiar properties and occult powers in things derive, and, as one [18]
says, their specificity, and from which the laws of all power of alteration and
transformation derive.

“For example, it is necessary to investigate, in all kinds of bodies, what the
volatile part is, and what the tangible essence is: and whether the volatile part is
considerable and swollen, or meagre and reduced ...; and in the same way, to study
the tangible essence, which contains no less variety than the volatile part, its hairs,
and its fibres and its equally variable texture; and again the disposition of the
volatile part in the mass of the body, the pores, pipes veins and cells and the
rudiments of organic bodies.”

1. Bacon, Novum organum, pars &dificans.
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These ideas gained more force with Gassendi’s attempt to oppose scholastic
physics with atomic physics; they triumphed with Descartes.

Descartes defined with admirable clarity the characteristics which he attributed to
material in order to make intelligible all the phenomena that our experiences reveal.
Let us quote, in particular, this passage?:

“Now since we are taking the liberty of fashioning this matter as we fancy, let
us attribute to it, if we may, a nature in which there is absolutely nothing that
everyone cannot know as perfectly as possible. To this end, let us expressly suppose
that it does not have the form of earth, fire, or air, or any other more specific form,
like that of wood, stone, or metal. Let us also suppose that it lacks the qualities of
being hot or cold, dry or moist, light or heavy, and of having any taste, smell,
sound, colour, light, or any other such quality in the nature of which there might be
said to be something which is not known clearly by everyone. But on the other
hand, let us not also think that this matter is the ‘prime matter’ of the philosophers,
which they have stripped so thoroughly of all its forms and qualities that nothing
remains in it which can be clearly understood. Let us rather conceive it as a real,
perfectly solid body which uniformly fills [19] the entire length, breadth and depth
of this huge space in the midst of which we have brought our mind to rest. Thus,
each of its parts always occupies a part of that space which it fits so exactly that it
could neither fill a larger one nor squeeze into a smaller; nor could it, while
remaining there, allow another body to find a place there. Let us add that this matter
may be divided into as many parts having as many shapes as we can imagine, and
that each of its parts is capable of taking on as many motions as we can conceive.
Let us suppose, moreover, that God really divides it into many such parts, some
larger and some smaller, some of one shape and some of another, however we care
to imagine them. It is not that God separates these parts from one another so that
there is some void between them: rather, let us regard the differences he creates
within this matter as consisting wholly in the diversity of the motions he gives to
its parts. From the first instant of their creation, he causes some to start moving in
one direction and others in another, some faster and others slower (or even, if you
wish, not at all); and he causes them to continue moving thereafter in accordance
with the ordinary laws of nature.”

Furthermore, Descartes says in another place>:

“The only principles which I accept, or require, in physics are those of geometry
and pure mathematics. [...] I recognise no matter in corporeal things apart from that

2. Descartes, Le Monde ou le Traité de la Lumiére, chap. V1. [The World or Treatise on Light,
extracts translated by John Cottingham, Robert Stoothoff and Dugald Murdoch, The Philosophical
Writings of Descartes, Vol. I, Cambridge University Press, 1985; pp. 90-1. Reproduced by
permission of Cambridge University Press.]

3. Descartes, Principia Philosophic, pars secunda, art. LXIV. [Principles of Philosophy, part two,
art. 64, in The Philosophical Writings of Descartes, Vol. I (note 2), p. 247. Reproduced by
permission of Cambridge University Press.]
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which the geometers call quantity, and take as the object of demonstrations, i.e. that
to which every kind of division, shape and motion is applicable. Moreover, my
consideration of such matter involves absolutely nothing apart from these divisions,
shapes and motions.”

The shapes which Descartes attributes to the small parts of bodies often differ
very little from those attributed by Epicurus, in agreement with Lucretius. In [20]
one of the writings which he published following the Discourse on Method, by
way of exemplifying this method, he describes these shapes thus?:

“First, I suppose that water, earth, air and all other bodies which surround us are
composed of several small parts of various shapes and sizes which are never so well
arranged nor so precisely joined together that there are not several intervals around
them. These intervals are not empty, but filled with that very subtle matter, by the
mediation of which I have shown above the action of light is communicated. And in
particular, I also suppose that the small parts of which water is composed are long,
smooth and slippery, like small eels, which, although they are joined and
interwoven, neither become knotted nor ever fasten onto one another in such a way
that they cannot easily be separated. And contrary to nearly all these, the parts, both
of earth and even of air, and of most other bodies, have very irregular and uneven
shapes, and are of such kind that they cannot be so little interlaced but that they
fasten onto and bind with one another, as do the different branches of shrubs which
grow together in a hedge. And when they bind together in this way, they compose
bodies as hard as earth, wood and suchlike. Whereas if they had simply rested one on
the other, being hardly intertwined and perhaps not at all, and being so small that
they could be moved and separated by the agitation of the subtle matter that
surrounds them, then they would occupy much space, and compose liquid bodies
which are very rare and light, such as oils and the air.”

These hypotheses are taken up again in the books of the Principles® and
Treatise on LightS.

Descartes obtained bodies by mixing together three elements which, as he
conceived them, [21] bore very little resemblance to the mixts conceived by
Aristotle. The Stagirite had compared them with the mixture of wheat and straw that
was raked together in the air. Could Descartes, without contradicting himself,
imagine the mixture of the two elements otherwise than as a juxtaposition of small
shaped parts of which these elements are composed? Could he conceive of the
mutual penetration of two of these particles that he regarded as identical with the
extension they themselves occupied? Already in the Treatise on Light he had
informed us that “each of its parts always occupies a part of that space which it fits
so exactly that it could neither fill a larger one nor squeeze into a smaller; nor could

4. Descartes, Les Météores, chap. 1, art. III.
5.  Descartes, Principia Philosophic, pars quarta, passim.
6. Descartes, Le Monde ou le Traité de la Lumiére, chap. IIl and IV.
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it, while remaining there, allow another body to find a place there.” In a letter to
Henry More’, he maintains yet more clearly the impenetrability of material as a
necessary consequence of the essence that he attributed to it: “It is not possible to
conceive that one part of an extended thing penetrates an equal part, unless one
understands by that that the part of its extension which it has in common with the
latter is removed or annihilated; but what is annihilated does not penetrate anything
else; that demonstrates, in my opinion, that impenetrability belongs to the very
essence of extension, and not to the essence of any other thing.”

A solution cannot therefore be, according to this view, anything other than an
interposition of particles of the dissolved body with particles of the solvent; and it is
this Descartes® allows regarding the water of the sea. Among the elongated, smooth,
flexible particles, slippery as eels, which ordinarily constitute fresh water, are found
little, pointed and rigid sticks which constitute sea salt. The shape and size of these
two elements which constitute sea water explain all the properties as one would
wish. Descartes shows how [22] evaporation easily carries off the fresh water which
leaves behind the sea salt. He shows likewise?, following the example of Lucretius,
how filtration through soil retains the larger and stiffer sticks to which the sea owes
its salinity, and allows only the tenuous, fleeting particles which constitute fresh
water to pass through.

This example well illustrates to what extent Descartes was inspired by the
physics of the atomists. He did not, however, adopt their ideas!?. Not only are the
particles which compose bodies not, for him, indivisible atoms; there is also subtle
matter filling the intervals left between the particles, so that there is no vacuum in
nature.

This doctrine, according to which vacuum is impossible in nature, was harshly
criticised by Pascal. Huygens followed suit, declaring that vacuum is necessary for
the movement of small corpuscles. This was soon to become the general opinion of
physicists, whose principles thenceforth accorded with those taught by Epicurus and
Lucretius. But just as Descartes had preserved intact the notion of a mixt as
conceived by the Greek atomists in his philosophy, this notion was not in any way
affected by the failures of the Cartesian physics.

One Jean Rey, a doctor of medicine living in Bugue, Périgord, and contemporary
of Descartes, was an expert in natural philosophy. Mr. Brun, apothecary in Bergerac,
established that lead and tin increase in weight when burnt in air, and was so
surprised by his discovery which he believed unknown that he wrote to the doctor in

7. Descartes, Epistole, Amsterdam edition (1714), pars prima, epist. LIX. [Letter to More dated 15
April, 1649.]

8. Descartes, Les Météores, chap. 1, art. VIII, and chap. lll.—Principia Philosophie, pars quarta,
art. XLVIIL

9. Descartes, Les Météores, chap. III, art. VIII, and chap. IIl.—Principia Philosophice, pars quarta,
art. LXVI.—Epistole, pars secunda, epist. I and II.

10. Descartes, Principia Philosophic, pars quarta, art. CCIL.
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Bugue: “I entreat you with all my heart to engage in searching for the cause of so
unusual an effect, and I would be obliged if your efforts could illuminate this marvel
for me.” [23] Jean Rey!!, who had already established the previously unknown fact
that the air is heavy, replied in these terms: “Resting on foundations already laid
down, I therefore reply to this question and triumphantly uphold that the addition of
weight comes from the air in the vessel, which is dense, heavy, and not in any way
made sticky by the violent and prolonged heat from the furnace. This air mixes with
the lime (aided by frequent agitation) and attaches to the smallest parts in the way
that sand thrown and stirred into water is made heavier by making it wet and
adhering to the smaller grains.”

It is clear that Jean Rey imagined, as did the atomists, that the mixt is formed
from the air and the chalk of tin.

According to the reply just heard, Jean Rey is a precursor of Lavoisier. The anti-
phlogiston revolution assures the glory of his name, but the friendship of Mersenne
did not prevent him remaining unknown to his contemporaries and his Essays had
no influence on the development of chemistry.

The same cannot be said of the writings of Boyle and Lémery.

When discussing the theory of mixtures, Robert Boyle does not hesitate to
declare that the opinion of the ancient atomists, adopted in his time by the
“chemists,” if not the most probable, is at least more probable than that of the
peripatetics. Still, he brings a correction to this opinion of the chemists. But this
correction is conceived in the spirit of the Epicurean doctrine.

“Now in this general notion of mistion it does not appear clearly comprehended,”
he says!2, “that the miscibilia or ingredients do in their small parts so retain their
nature and remain distinct in the compound, that they may thence by the fire be
taken again asunder: [24] for though I deny not that in some mistions of certain
permanent bodies this recovery of the same ingredients may be made; yet I am not
convinced that it will hold in all or even in most, or that it is necessarily deducible
from chymicall experiments, and the true notion of mistion. ... I will not
peremptorily deny, but that there may be some clusters of particles, wherein the
particles are so minute, and the coherence so strict, or both, that when bodies of
differing denominations, and consisting of such durable clusters, happen to be
mingled, though the compound body made up of them may be very differing from
either of the ingredients, yet each of the little masses or clusters may so retain its
own nature, as to be again separable, such as it was before. As when gold and silver
being melted together in a due proportion!3 aqua fortis will dissolve the silver, and
leave the gold untoucht; by which means, as you lately noted, both the metals may

11. Essays de Jean REY, docteur en médecin, sur la recherche de la cause par laquelle I’Estain et le
Plomb argmentent le poinds quand on les calcine; Bazas, 1630; Essay XVI.

12. Robert Boyle, The Skeptical Chymist, part I1. [Dent, 1911 reprint of the 1661 edition, pp. 86-8]

13. [Boyle’s text has at this point the parenthetical comment “(for in every proportion, the refiners
will tell you that the experiment will not succeed)” which Duhem does not indicate that he omits.]
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be recovered from the mixed mass. But [...] there are other clusters wherein the
particles stick not so close together, but that they may meet with corpuscles of
another denomination, which are disposed to be more closely united with some of
them, than they were among themselves. And in such case, two thus combining
corpuscles losing that shape, or size, motion, or other accident, upon whose account
they were endowed with such a determinate quality or nature, each of them really
ceases to be a corpuscle of the same denomination it was before; and from the
coalition of these there may emerge a new body, as really one, as either of the
corpuscles was before they were mingled, or, if you please, confounded: Since this
concretion is really endowed with its own distinct qualities, and can no more by the
fire, or any other known way of analysis, be divided again into the corpuscles that at
first concurred to make it, than [25] either of them could by the same means be
subdivided into other particles.”

First, in this treatise from which we have quoted the essential passage, we see
two kinds of mixed bodies distinguished. The one has ingredients which can be
separated by fire and all sorts of solvents; the other is formed of corpuscles so
intimately arranged that no means of analysis available to the chemist is able to
distinguish them. They are not truly simples. Several elements contribute to their
formation. But they are indecomposable, and among the substances that the
chemist is not able to resolve, Robert Boyle does not hesitate to place gold and
silver. Thus was established, it might be mentioned, the notion of a simple
substance that Lavoisier and his contemporaries were to set out.

When he published the last edition of Lémery’s Cours de Chymie'4, Baron
wrote: “Of all the works that Lémery has published, there is none that does him
more honour and contributes more to the great reputation that he has acquired than
his Cours de Chymie. Most nations are agreed and recognise the value of this work.
It has been translated into nearly all the European languages. When it first appeared,
in 1675, it got off, following the review of M. de Fontenelle, as a work of elegance
and delight. Editions followed one another almost year by year. It was, in the words
of the celebrated historian of the Académie, a completely new science which sees the
light of day, and which stirs the mind’s curiosity.”

This work, whose influence was both extensive and profound, was closely linked
to Cartesian physics, the main hypotheses of which Lémery [26] adopted, although
he stoutly declares “I entertain no opinion that is not founded on experience.”

Descartes thought of all bodies as a network or tissue with knots in which
subtle matter circulated. The flexible particles of liquid, the branched molecules of

14. Cours de Chymie, content la mani¢re de faire les opérations qui sot en usage dans la médecine par
une méthode facile. Avec des raisonnements sur chaque opération, pour I'instruction de ceux qui
veulent s’appliquer a cette science, par M. Lémery, de I’ Académie des Sciences, docteur en
médecine.

New edition, revised, corrected and augmented with a large number of notes, by Mr. Baron,
doctor of medicine, and member of the Royal Academy of Sciences, Paris, 1757.
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solids and gases, and finally the third element, were the three principles of material
things, the irreducible ingredients which comprised the so-called principles of the
chemists. Lémery followed Descartes’ opinion at this point without hesitation:

“The first principle that can be admitted for the composition of mixts,” he says,
“is a universal spirit which, being prevalent everywhere, produces different things
according to the various matrices or pores of the earth in which it finds itself
engulfed. But since this principle is somewhat metaphysical, and does not fall under
the senses, it is as well to establish it from the senses: I will report that which is
generally in use.”

“Since the chemists have found five kinds of substance in the course of
analysing divers mixts, they have concluded that there are five principles of natural
things, water (which is called phlegm), spirit (called mercury), oil (called sulphur),
salt, and earth (called dead or black earth!3).”

“The name Principle should not be taken in a sense altogether exact in
chemistry, because the substances to which this name has been given are principles
only from our point of view and because we cannot go further in the division of
bodies, but it is well understood that the principles are repeatedly divisible in an
infinity of parts, which might more justly be called principles.”

The principles of the chemists were compound although indecomposable
substances which are, however, able to unit with one another in such an intimate
manner that the resulting mixt is in its turn indecomposable, according to what
Boyle was first to put forward: “The five principles are easily found in animals and
vegetables, but not [27] so easily in minerals; there are some, such as gold and
silver, from which it is not possible to extract two, nor effect any separation,
whatever is said by those who investigate with much care salts, sulphurs and the
mercuries of the metals. I would like to believe that all the principles are included in
the composition of these mixts, but it is not important that these principles remain
in their first state and that they may be extracted; because it might be that these
substances called principles are so united the one within the other that it is not
possible to separate them without destroying their shape. But it is only by virtue of
their shape that they are called salts, sulphurs and spirits.”

The shape of the particles which compose each of the substances employed by
the chemist makes intelligible the various properties of these substances:

“Since the nature of a thing so obscure as that of a salt cannot be better
explained than by attributing to the parts which compose it such shapes as
correspond to all its effects, I shall maintain that the acidity!6 of a liquid consists in
the pointed parts of salt put in motion. And I think no one will dispute whether an
acid has points, since that is shown by everyone’s experiences. It is only necessary

15. terre damnée.
16. Until Rouelle [1703-1770], the two words salt and acid could sometimes correspond to the same
concept; a distinction was made between acid salts and alkaline salts.
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to taste an acid to be convinced, for it pricks the tongue as does any material cut and
finely pointed. But a demonstrative and convincing proof that acids are composed of
pointed parts is that not only do all acid salts crystallise into tapering, pointed
forms; but all the dissolutions of various materials made by acid liquids take this
shape in their crystallisation. These crystals are composed of points differing from
one another in length and size, and this diversity must be attributed [28] to the
greater or lesser sharpness of the points of the various sorts of acids.”

“Likewise, this different in subtlety of the points is what makes one acid
penetrate and dissolve well one mixt that another is not able to rarefy. Thus, vinegar
dissolves lead, which aqua fortis cannot, and aqua fortis dissolves quicksilver which
vinegar is not able to penetrate, and so on.”

“As for alkalis, they are recognised by pouring an acid on them, which
immediately, or soon after, gives rise to a violent effervescence persisting until the
acid can no longer find bodies to rarefy. This effect makes it reasonable to conjecture
that alkalis are rigid and brittle matter, whose pores are so shaped that the acid
points entering into them shatter and disperse all that opposes their movement ...”

“There are as many different alkalis as there is matter with different pores, and
this is the reason why an acid will ferment one kind of matter and not another. For
there must be an appropriate proportion between the acid points and the pores of the
alkali.”

These few extracts suffice to give an idea of the explanations which abound in
Lémery’s Cours de Chymie. Descartes would certainly have recognised this
chemistry, where matter is attributed only divisibility, shape and movement, as the
daughter of his philosophy. But Lucretius is equally entitled to claim paternity for
his master Epicurus.



CHAPTER 3

THE NOTION OF A MIXT IN THE EIGHTEENTH
CENTURY UP TO THE CHEMICAL REVOLUTION:
THE NEWTONIAN SCHOOL

Physics [29] underwent a profound transformation in the eighteenth century. No
longer content to consider division, shape and movement in matter, attractive and
repulsive action between the various particles of bodies was countenanced. It had
been Cartesian or Epicurean; now it was Newtonian.

What Newton accomplished in the domain of natural philosophy is one of the
most profound revolutions known to the history of the human mind.

Newton succeeded, in his book entitled Philosophice naturalis principia
mathematica, in deducing from a single law the movements of heavy bodies on the
surface of the earth, the displacements, relative to the earth, of the moon, the sun,
the planets, the satellites and the comets, and finally the ebb and flow of the sea.
The statement of this law of universal gravitation is remembered by everyone.

When this work had been accomplished, Newton applied himself to the study of
the effects of light. By means of devices which are always quoted as models of the
experimental method, he had obtained results regarding the colours of the prism or
thin films which have remained classics. In his Opticks he described these results
and the experimental procedures which furnished them. He avoided dabbling with
any hypotheses concerning the nature of light, or the influence [30] exerted on it by
bodies it encounters or traverses. But the conjectures that he carefully eliminated
from the body of the work crop up in the Questions with which it finishes.

In Question XXIX, Newton asks himself “Are not the rays of light very small
bodies emitted from shining substances? For such bodies will pass through uniform
mediums in right lines without bending into the shadow, which is the nature of rays
of light. They will also be capable of several properties, and be able to conserve
their properties unchanged in passing through several mediums, which is another
condition of the rays of light. Pellucid substances act upon the rays of light at a
distance in refracting, reflecting, and inflecting them, and the rays mutually agitate

17
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the parts of those substances at a distance for heating them; and this action and re-
action at a distance very much resembles an attractive force between bodies.”!

Pursuing these considerations, Newton shows how the principal optical
phenomena might be explained by a mutual attraction exerted at insensible, but non-
zero, distances, between the smaller parts of bodies and the small projectiles which
constitute rays of light.

Having reached this point, the genius of Newton embraced a vaster field.
Considering the collection of phenomena studied by physicists and chemists, he
asked himself whether all these phenomena might not be reduced to mutual
attractions and repulsions. Among these actions, one will be sensible at large
distances: the attraction which produces universal gravitation. The others are
insensible, unless the corpuscles between which it is exerted are extremely close
together, as with the actions of material particles on the light particles. The XXXIst
and last question [31] of Opticks is devoted to the exposition of this vast
hypothesis, the sketch of an immense work which took physicists more than a
century to realise.

“Have not the small particles of bodies certain powers, virtues, or forces, by
which they act at a distance, not only upon the rays of light for reflecting,
refracting, and inflecting them, but also upon one another for producing a great part
of the phenomena of nature? For it is well known, that bodies act one upon another
by the attractions of gravity, magnetism, and electricity; and these instances shew
the tenor and course of nature, and make it not improbable but that there may be
more attractive powers than these. For nature is very consonant and conformable to
her self. ... The attractions of gravity, magnetism, and electricity, reach to very
sensible distances, and so have been observed by vulgar eyes, and there may be
others which reach to so small distances as hitherto escape observation.”?

It was to attractions of this kind that he was obliged to attribute the cohesion of
solids, the rising of liquids in capillary tubes and the round shape of drops of
mercury. Analogously, repulsive forces explained the elasticity of gas.

“And thus3 nature will be very conformable to her self and very simple,
performing all the great motions of the heavenly bodies by the attraction of gravity
which intercedes those bodies, and almost all the small ones of their particles by
some other attractive and repelling powers which intercede the particles.”*

The great physical theory would not be complete if it were to neglect the traits
of chemical phenomena. And far from omitting such effects, Newton devoted the
greater part of the [32] XXXIst question to them. According to the hypotheses he

1. [Sir Isaac Newton, Opticks or a Treatise of the Reflections, Refractions, Inflections & Colours of
Light, based of the fourth edition, 1730, Dover, 1952, pp. 370-1. Henceforth Opticks.]

2. [Opticks, pp. 375-6.]

3. [Duhem writes “Si toutes ces choses sont comme nous I’avons supposé’—If everything is as we
have supposed; the English edition has “And thus.”]

4. [Opticks, p. 397.]
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developed, when two substances combine, this combination is the result of
attractions which are exerted at small distances between the particles of the two
bodies. “For when salt of tartar runs per deliquium, is not this done by an attraction
between the particles of the salt of tartar, and the particles of water which float in
the air in the form of vapours? And why does not common salt, or salt-petre, or
vitriol, run per deliquium, but for want of such an attraction?”>

This is not the place to follow the immense development of the doctrine of
molecular attraction in physics. In chemistry itself, this notion only interests us in
so far as it concerns the motion of a mixt.

Certainly, the doctrine of molecular attraction diverges essentially, in its
fundamental principles, from the Epicurean and the Cartesian doctrines. Rather than
explaining all natural phenomena by shape and movement, a third irreducible
element, force, is invoked, and both Epicureans and Cartesians recoil in horror at the
intervention of this occult quality.

Nevertheless, like the Epicureans and the Cartesians, the Newtonians supposed
bodies to be composed of particles distinct from one another. In fact, the
Newtonians were not obliged to formulate precise and detailed hypotheses about the
shape of these particles, since they could attribute, on the basis of various laws,
attractions and repulsions which their predecessors explained by the shape of
particles. In this way, they avoided the naive and infantile reasoning invoked by
Descartes, Boyle and Lémery, and they rejoiced in their superiority.

Why do various parts of solid bodies adhere so strongly to one another? In order
to explain the durability of solid bodies, the Epicureans invoked the entanglement of
small hooks and the [33] ramifications borne by the atoms “which,” Newton
observed, “is begging the question.” The Cartesians imagined that the particles of
bodies are glued together by rest. “To compose a body as hard as can be imagined,”
Descartes® said, “I think that it is enough if all its parts touch, without any space
between them, and without any being in motion. For what paste or cement could be
conceived beyond this, for holding the parts together better?” This cement made of
rest, Newton replies, is an occult quality, or rather, pure nothing. “I had rather infer
from their cohesion, that their particles attract one another by some force, which in
immediate contact is exceeding strong, ... and reaches not far from the particles with
any sensible effect.””’

Descartes, we have seen, assimilated® gases to bundles of small twigs whose
branches are placed one on top of the other. Boyle insisted on this hypothesis:

[Opticks, p. 377.)

Descartes, Le Monde ou le Traité de la Lumiére, chap. II1.
[Opticks, p. 389.]

Descartes, Les Météores, chap. I, art. III.
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“[T]he particles of air,” he said?, “must be as well sometimes considered under the
notion of little springs, which remaining bent, are in their entire bulk transported
from place to place; as under the notion of springs displaying themselves, whose
parts fly abroad, whilst, as to their entire bulk, they scarce change place: as the two
ends of a bow, shot off, fly from one another; whereas the bow it self may be held
fast in the archer’s hand.” Newton was repelled by the puerility of these hypotheses:
“[The] vast contraction and expansion [of the air] seems unintelligible, by feigning
the particles of air to be springy and ramous, or rolled up like hoops, [34] or by any
other means than a repulsive power.”10

In the same way, instead of explaining the substitution of one body by another
in a chemical reaction like Lémery, as a certain proportion of points and pores,
Newton attributes the displacement to the relative size of the attractions brought
into play: “When salt of tartar per deliquium, being poured into the solution of any
metal, precipitates the metal and makes it fall down to the bottom of the liquor in
the form of mud: Does not this argue that the acid particles are attracted more
strongly by the salt of tartar than by the metal, and by the stronger attraction go
from the metal to the salt of tartar?”!1

The study of such substitutions enables the metals to be arranged in order of the
magnitude of attraction which they exert on an acid such as aqua fortis: “A solution
of iron in aqua fortis dissolves the lapis calaminaris [cadmia], and lets go the iron,
or a solution of copper dissolves iron immersed in it and lets go the copper, or a
solution of silver dissolves copper and lets go the silver, or a solution of mercury in
aqua fortis being poured upon iron, copper, tin, or lead, dissolves the metal and lets
go the mercury; does not this argue that the acid particles of the aqua fortis are
attracted more strongly by the lapis calaminaris than by iron, and more strongly by
iron than by copper, and more strongly by copper than by silver, and more strongly
by iron, copper, tin, and lead, than by mercury?”12

This passage has inspired all those chemists, from Geoffroy to Bergmann, who
have constructed tables of affinities.

Newton therefore rejects, more often than not, the adventitious hypotheses
concerning the shape of molecules which have condemned the Epicureans and the
[35] Cartesians; but he did not avoid them altogether. In order to explain the colours
of thin films by fits of easy reflection and the easy transmission!3, he was

9  R. Boyle, New experiments physico-mechanical, touching the spring of the air; and its effects made
Sfor the most part in a new pneumatical engine, experiment 1. [The Works of the Honourable Robert
Boyle in Five Volumes, 1744. Vol. 1, “New experiments ...,” p. 10.]

10 [Opticks, p. 396.]

11 [Opticks, p. 380.]

12 [Opticks, pp. 380-1.]

13 [Question 29, Opticks, p. 372.]
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constrained to attribute a particular shape to luminal projectiles. Buffon!4, one of
the more fervent, if not more competent, admirers of Newton, upheld against
Clairaut this hypothesis: The particular laws of molecular attraction are all only
simple modifications of the universal law of attraction, inversely proportional to the
square of the distance; they appear different only because at very small distances, the
shape of the atoms which attract themselves does as much or more than the mass for
the expression of this law. This view was accepted and developed by Macquer!3, by
Guyton de Morveau!®, by Monge!7, and by Bergmann!8,

Based on the vast synthesis of the doctrines of Newton and Leibniz, P.
Boscovich, avowed opponent of the Atomists and the Cartesians, rejected Buffon’s
views. For him, the elementary particles between which molecular attractions and
repulsions are exerted are without extension, and consequently without shape. But
under the influence of forces which strain at nearby and remote material points, they
are able to form groups, kinds of structures. Newton had already countenanced the
existence of these kinds of arrangements when he wrote in his Opticks: “Now the
smallest particles of matter may cohere by the [36] strongest attractions, and
compose bigger particles of weaker virtue; and many of these may cohere and
compose bigger particles whose virtue is still weaker, and so on for divers
successions, until the progression end in the biggest particles on which the
operations in chymistry, and the colours of natural bodies depend, and which by
cohering compose bodies of sensible magnitude.”!® Following this idea of
Newton’s, Boscovich allowed that material points, the elements of every body, are
able to arrange themselves in more or less complex molecular structures. These
complex molecules differ from one another by their exterior shape, the distribution
of material points within this figure, and the actions exerted by the one on the other.
The peculiarities of these molecules explain the various properties of solids, liquids
and gases, and these explanations present considerable analogies with those proffered
by the Epicureans and the Cartesians.

The three great Atomist, Cartesian and Newtonian schools were therefore led to
conceive of the notion a mixt in the same way.

14 Buffon, Mémoires de 1’Académie des Sciences pour 1745 (parus in 1749).—Clairaut, ibid.—
Buffon, Histoire naturelle, générale et particuliére, servant de suite & Ihistoire de la Terre et
d’introduction a I’histoire des minéraux. Supplément, t. 1, Paris, 1774.

15 Macquer, Dictionnaire de chimie, deuxi¢me édition. Paris, 1778, art. Affinité.

16  Guyton de Morveau, Digressions académiques, Dijon, 1772.—Encyclopédie méthodique. (Chimie,
Pharmacie et Métallurgie), t. 1. Paris 1786, art. Affinité; t. 11. Paris, 1792, art. Attraction.

17 Monge, Encyclopédie méthodique. Dictionnaire de physique, t. 1. Paris, 1793, art. Affinité et
Attraction.

18 Bergman, Opuscula, dissertatio XXXIII, §1.—Traité des affinités électives, Paris 1788, p. 2.

19 [Opticks, p. 394.]
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THE NOTION OF A MIXT IN THE EIGHTEENTH
CENTURY UP TO THE CHEMICAL REVOLUTION:
THE EMPIRICIST SCHOOL

Alongside [37] these schools, a fourth arose after the seventeenth century, the
empiricist school.

Fontenelle has left an intriguing catalogue of differences which frequently arose
between chemists of the empirical school and those he calls chemist-physicists.

“Monsieur du Clos,” he saysl, “continued this year with the examination that he
had begun of the Essays on chemistry of Mr. Boyle ... Mr. du Clos, as great a
chemist as Boyle, but perhaps with a more chemical turn of mind, did not find it
necessary, nor even possible, to reduce this science to principles as clear as shape
and movement, and he had no difficulty in accommodating a certain specious
obscurity which had become well established. For example, if some Brazil wood is
boiled in some alkaline sulphurated salt, an intense crimson colour is produced,
which is lost and suddenly degenerates into a yellowish one by mixing with aqua
fortis, spirit of saltpetre or several other mineral liquors. Mr. du Clos attributes this
beautiful red to the excitement of the sulphurated salts, and Mr. Boyle to the new
texture of the particles which form the surface of the liquid. Chemistry resolves
substances into certain crude and tangible principles, [38] salts, sulphurs, etc. by
visible operations. ... But physics, by delicate speculations, acts on the principles
as chemistry does on substances; it resolves them into other principles yet more
simple, into small bodies infinitely varied in shape and movement: that is the
principal difference between physics and chemistry ... The essence of Chemistry is
more confused, broader; it resembles more the mixts where the principles are more
confused with one another. The essence of Physics is more distinct, simpler, clearer,
seeking to return to first beginnings. The other does not go to the bottom.”

1 Fontenelle, Histoire de I’Académie royale des Sciences, t. 1. Depuis son établissement en 1666
jusqu’a 1686. Année 1669. Physique, Chimie. Paris, 1733.
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The portrait of the chemist that Fontenelle has outlined for us would certainly
meet with the approval of Jean-Joachim Beccher, of Speyer. What cannot be found
in his strange book on Subterranean physics?? Theological arguments by which he
proves that the devil has reached the centre of the earth in his fall; stories of
boundless incredulity, such as the anecdote about a maidservant who swallowed
some frogs eggs and threw up six live frogs; the meaningless comparisons which
made him think of metals as male minerals and stones as female minerals;
important chemical observations and above all, violent diatribes against those who
philosophise on chemistry.

Nevertheless, submitting either to current fashion or the influence of Boyle,
whose small springs> he criticised, but whom he admired and befriended, Beccher
dealt carefully with the atomists and the Cartesians. Sometimes, however, he seems
to share the opinion of the Cartesians. At the beginning of his work4, commenting
[39] on the text Deus creavit celum et terram, he maintains that all material is
composed of sky and earth. It is the sky, and not the air, that is the principle of
rarefaction and condensation. The air does not possess the elastic force that is
attributed to it because the air itself cannot be rarefied or condensed without the
elasticity of the sky. Evidently, Beccher’s sky has close affinities with the subtle
matter of Descartes. Just as in 1699, the chemist from Speyer composed all things
of sky and earth, the Cartesian Lémery had in 1675 composed all things of subtle
matter and earth.

Beccher treated the Atomists and Cartesians leniently, reserving all his venom
for the Peripatetics. Let us examine, he says’, the doctrine of Aristotle’s pupils
regarding the mistion® of minerals. What does it teach? What everyone already
knows. What does it provide us with? With names and covers to put on realities,
after having emptied them. It tells us that minerals are mixts that are formed from
elements, that they have constitutions and qualities. Who doesn’t know that? But
how are these mistions made and how are all the different kinds of minerals
produced? That is the difficult question, where the efforts of our artful people
stumble. Why is tin able to form a non-fragile alloy with lead, but not with silver?

2 Joh. Joachimi Beccheri, Spirensis germani, Sacr. Coes. majest. consil. et med. Elect. Bav., Physica
subterranea profundam subterranearum genesin ex principiis hucusque ignotis ostendens, 1699,
2nd. edition, 1738.

3 “Roberto Boyle pre omnibus nostro szculo palmam concederem, si misso suo elaterio, chymica
experimenta ulterius continuasset: et in exponendis istis non tam materiam concludendi, quam in
singulis dubitandi, tractare sibi propsuisset.” (Beccher, loc. cit., Sectionis quartz caput primum.)

4  Beccher, Physica subterranea liber primus. Sectio prima: de Creatione universi Orbis. Caput
primum: De Creatione Coeli.

5  Beccher, Physica subterranea liber primus. Sectionis quartz caput primum: De necessitate
Physica circa Mixtionem.

6  [Since Duhem’s mixte and mélange have been preserved in the English as ‘mixt’ and ‘mixture’,
respectively, his mixtion, which appears for the first time here will be tracked in the English by
‘mistion’, even though this is, unlike the French, an antiquated term.]
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It would be easy to give you a reason: they are contrary substances with different
constitutions. But if you ask them in what the constitution of substances consists
and in what respect they differ, then they are speechless. Aqua fortis dissolves
metals; that is because, these philosophisers say, it possesses the dissolving
quality. Certainly; and furthermore: quantum est quod aliquid quantum dicitur,’
equally begging the question. But why does aqua fortis dissolve all metals with the
single exception of gold? Here all philosophy is in confusion! How more noble is
Spagyric8! It takes [40] as theses truths established in practice—experiences. To the
phenomena of mistion and the characteristics of mixts it assigns true causes and
solid grounds. It continuously reveals new combinations. Yet for all the sagacity,
subtlety and meticulousness of this science, you will find not a word on it in the
books of the philosophers. They feed only on ideas, abstractions and vain fancies;
they only cling to names, happily ignoring their ignorance.

Elsewhere, we see Beccher hurl this whim at the Peripatetics®: “They say to you
that qualities change, which everyone knows. But why have they changed, and how?
Here, deep silence reigns. They would not succeed in explaining for you even if they
sweated with their Aristotle for the whole of eternity.”

Beccher’s principal glory is his having had as a disciple the chemist who created
the phlogiston theory, the medical doctor who conceived animism, the illustrious
Georges-Ernest Stahl.

Like his master, Stahl!0 rejected the peripatetic theory of mixts. But it is fair to
add that, in contradistinction to his master, his rejection was based on reasons and
not on jokes. The peripatetic theory was connected, it seemed to him, with the
contention that matter is infinitely divisible—a contention which he could not
accept!!.

7 [Itis the size it is because it is the size it is said to be]

This name was used for a long time as a synonym for Chemistry.

9  Beccher, Physica subterranea liber primus. Sectionis quartz caput tertium: Generalia quadam
Axiomata de Mixtione continet.

10 Georgi Enesti Stahlii, Consil. Aulici et Archiatri Regii, Fundamenta Chymie dogmatice et
experimentalis, et quidem tum communioris physice mechanicz, pharmaceutice ac medicz tum
sublimioris sic dictz hermeticz atque alchymice; olim in privatos auditorum usus posita, jam vero
indultu auctoris publicz luci exposita. Norimberge, 1723.

11 Stahl, Fundamenta Chymie, pars III: “... Intellixit quidem, quod ipsi concedendum, quod si
quantitas hujusce modi aggregati quovismodo imminuatur, ut sensibilis tantum pars remaneat, ibi
illa pars adhuc tota sit mixta, et hec pars per guttulas imo singul® guttul® in minores ulterius
proportiones divis®, tamen sint mixtz, denn mag etwas zertheilen, so klein man will, so bleit doch
das mixtum noch da; interim exemplum ipsum explicande mixtionis indoli nimis crassum est atque
ineptum: Und ist daher darauf gefallen, das man ein Ding in infinitum secundum lineas
mathematicas zertheilen konne.”

A large part of Stahl’s works are written in this bizarre mixture of German and barbaric
Latin. One understands that Buffon was able to write “M. Macquer and M. de Morveau the first
of our chemists to have spoken French. This science was therefore born when one began to speak

>
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While [41] maintaining the excellence of the experimental philosophy, Stahl
treated Cartesian and Atomist physics with respect: “Although the mechanical
philosophy,” he says!2, “is well adapted to explain all things, it is in the study of
physico-chemical questions that it has been most daringly applied. I do not scorn
moderate usage of this method; however, in order not to be blinded by preconceived
views, it should be remembered that it [the mechanical philosophy] does not throw
away a day on such questions. We should not be surprised. Most of the time it
views these assertions with suspicion. It licks the surface and the skin of things,
leaving the kernel intact. Concerning the shape and movement of particles it rests
content to extract a very general and fairly abstract explanation of the phenomena.
But it does not worry about knowing what mixts, compounds, and aggregates are,
nor what their nature is, nor what are the properties of these sorts of bodies, nor in
what they differ from one another.”

In fact, Stahl had certainly meditated on the physico-mechanistic theories of
Descartes, Boyle and Lémery, and he adhered to the essential principles of these
theories.

At the beginning the second part of his work!3, he divides all bodies into fluids
and solids, and ascribes to them a constitution which he borrows practically word for
word from Lucretius. He corrects this doctrine only by the introduction of the
Cartesian subtle matter.

Fluid bodies are not continuous, but contiguous: they are formed from separated,
solid particles which are capable of movement. These [42] particles are small globes
with smooth surfaces. They are all endowed with the same motive force by which
they tend to fall with the same heaviness if the fluid is homogeneous; that is why
the surface of liquids is always parallel to the horizon.

Fluid bodies condense when the pores which separate their particles become
narrower, and dilate when the pores become larger. In the first case, a subtle matter
which fills the pores is driven out, and in the second case the subtle matter
penetrates the dilated pores.

The hardness of solid bodies is not due to the juxtaposition and lack of
movement of the particles. Rather, solid bodies are formed from branched particles
which are intertwined with one another in such a way that it would be very difficult
to separate them. When one of the particles is displaced, it caries along with it all
the others.

The chemist who accepts these principles could not fail to admit the theory
which is common to the Epicureans and the Cartesians regarding the constitution of
mixts, and so did Stahl.

it.” (Buffon, Histoire naturelle, générale et particuliére, servant de suite a la théorie de la Terre et
d’introduction  I’histoire des minéraux.—Supplément, tome I°T Paris, 1774.)

12 Stahl, Fundamenta Chymic, pars 1. Préambule daté de 1720.

13 Stahl, Fundamenta Chymie, pars I, tractatus I, Proemium.
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“Dissolution,” he says!4, “is merely the division of bodies into very thin and
smooth parts which force themselves into the pores of the menstruation, by way of
forming a single fluid. But this division of the parts which constitute the whole
could not be brought about if the liquid which is supposed to dissolve or to divide
does not penetrate the pores of the bodies to be dissolved. It evidently follows that
all dissolving must be the formation of parts which, by their shape and dimensions,
fit into the pores of the dissolving bodies. A given liquid is therefore not able to
dissolve all bodies, but only a certain ones.”

“Besides, any body whatsoever is assembled and woven from particles which are
not all alike, but on the contrary very dissimilar. These particles have very different
shapes and [43] dimensions, and the variation of the texture, the position and the
disposition of these particles confer on a given body diverse pores. One easily
concludes that there should exist various menstrua whose smallest parts can
penetrate the pores of these bodies.”

“This granted, it is easy to understand why aqua fortis dissolves metals, but not
wax or sulphur ...”

Doesn’t it seem as though this page were taken from Lémery’s Cours de
chymie?

Particles of diverse principles, united in very intimate fashion, constitute a first
class of bodies to which Stahl appropriately reserves the name of mixts!3. Thus,
iron is formed from salt, sulphur and mercury, but in certain proportions, and acid
salt of sulphur is formed from salt and water. The union of principles in mixts is so
intimate and so strong!® that it is extremely difficult, if not impossible, to separate
them. The mixt totally disappears without the decomposition of one chemical
compound into another. Gold, for example, will be completely dissolved in the state
of a tincture, will be totally amalgamated with mercury, will pass over entirely to
the state of saline composition, and will become totally volatilised. Quicksilver
treated with other saline materials will become “with all its weight” a salt. It will be
possible to entirely revive it, and by whatever reagents it is precipitated, fixed, and
extracted, it would be very easy to make it release the material with which it was
united, and restore it to its first form of quicksilver, by means of contrary acids and
alkalis, and even by means of very intense fire.

When the corpuscles of two or more [44] mixts are united together, they form a
compound body!”. The corpuscles of mixts which constitute a compound do not
adhere to one another as strongly as the molecules of elements within a mixt.

14 Stahl, Fundamenta Chymie, pars II; sectio I; caput II: De solutione et menstruis.

15 Stahl, Fundamenta Chymie, pars Il.—Tractatus II: Doctrinz chymice. Pars I, sectio III: De
objecto chymiz, Membrum I: De corruptione chymica.

16  Stahl, Fundamenta Chymie, pars 11.—Tractatus I; sectio III: De combinatorium mixtorum.

17  Stahl, Fundamenta Chymie, pars 11.—Tractatus II: Doctrine chymica. Pars I, sectio III: De
objecto chymiz, Membrum I: De corruptione chymica.
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Further, compounds may be separated into their elements or exchange elements
between one another.

Finally in order to form an extended body of sensible magnitude by joining with
one another, the molecules of one and the same mixt or one and the same compound
constitute an aggregate.

It is clear that the German empirical school is definitely united with Stahl in
their view of a mixt arising from the doctrines of the atomists and the Cartesians.

The French empiricist school readily acknowledged the great names of Beccher
and Stahl. But it could with good reason claim as its leader a chemist whose
originality made him the equal of his German counterparts, and who was the first to
precisely fix the notions of base, acid and neutral salt—Guillaume-Frangois Rouelle,
demonstrator in the Jardin du Roi.

Rouelle hardly published anything except short notes. But the writings of his
pupils have preserved his thoughts for us. In particular, a faithful reflection is to be
found in the articles written for the Encyclopaedia of Diderot and d’ Alembert by a
friend and disciple of Rouelle’s, himself a talented chemist, de Venel.

In his courses where Rouelle’s talents as a manipulator, as well as his
eccentricities and violence of language, attracted a large audience, he extolled the
virtues of empirical chemistry and maligned the theoreticians of chemistry. The
rather puerile explanations of Lémery and his followers were consigned to the
rubbish dump under his sarcasm. “Fortunately it is no longer necessary,” said
Venel!8, “to combat the intertwinings, interpenetrations!?, [45] crooks, whorls20,
and other chimeras of the chemists of the last century.” The new Newtonian
chemistry did not fare any better under his criticism. One can judge from the bitter
attacks of one of his students?! against “the system of affinities, a beautiful fantasy
more likely to amuse our scholastic chemists than to advance science,” attacks
which are “but an insipid copy?2 of the expressions which escaped from a celebrated
man?3 in the heat of discourse by which he compromised his reputation at the same
time as he was establishing it by the real service he nevertheless rendered to
chemistry.”

In the course of proclaiming the excellence of purely empirical chemistry, and
affirming “that chemistry is only a collection of facts?# without, for the most part,
any connection between them or dependencies of the one on the other,” Rouelle’s
disciples could not help conceiving of the act of mistion and the constitution of a
mixt in a certain manner. The idea that they formed was borrowed from Stahl, that

18 De Venel, article Mixte et Mixtion in the Encyclopedia Diderot and d’ Alembert.

19 introsusceptions.

20 spyres.

21 Monnet, Traité de la Dissolution des Métaux, Amsterdam, 1775.

22 Macquer, Dictionnaire de Chemie, second edition, Paris, 1778. Article Affinité (in a note).
23 An allusion to Rouelle.

24 Monnet, Traité de la Dissolution des Métaux, préface.
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is to say, in the last analysis, from Lémery, Boyle and the Epicureans. Is this not
evident to whoever reads the following passage??

“A mistion is not made by the mere juxtaposition, but by the superficial
adhesion, of principles, as the aggregation is brought about by pure adhesion of the
integral parts of chemical individuals. Fortunately it is no longer necessary to
combat the intertwinings, interpenetrations, crooks, whorls, and other chimeras of
the chemists of the last century.”

“A mistion is not carried out nor occurs except between the solitary, unique,
individual parts of the principles, fit per minima26 ...”

“The cohesion of mixture?’ is very intense; the knot that holds together the
principles of mixts is very strong. [46] It resists all mechanical forces. ... Even the
most universal of chemical agents, fire, with all the known energy of its
dissociative action, acts in vein on the most perfect mistion, on a certain order of
chemically compound bodies.”

At the time when Lavoisier’s discoveries were determining the antiphlogiston
revolution from which modern chemistry emerged, two schools contend for the
knowledge of the only true method. One, lured by the example of celestial
mechanics, tries to bring all reactions under a chemical mechanics based on the
hypothesis of affinity. The other mocking at this haste with which it is desired to
reduce to a system facts still hardly known, proclaims the exclusive dominion of
experience in the study of combinations and decompositions. But both agree on one
point. Chemist-physicists and empirical chemists conceive of the constitution of a
mixt in the same way. And the notion which they accept is, in its essentials, that
which was formed by the atomists of ancient Hellas—that which was transmitted by
Epicurean and Cartesian philosophers.

25 De Venel, article Mixte et Mixtion in the Encyclopedia Diderot and d’ Alembert.
26  [it takes place through the smallest parts]
27  cohésion mixtive.
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From the chemical revolution to our time



CHAPTER 1

SIMPLE SUBSTANCES

The [49] antiphlogiston revolution accomplished by Lavoisier is the starting point
for the discoveries which constitute modern chemistry. The discoveries seem to have
had as their principal effect and, according to most chemists, as their true object, the
triumph, in completeness and precision, of the atomic notion of a mixt.

Although it contributed indirectly to this work in making possible all the
subsequent research, the law of the conservation of mass in chemical
combination did not have any direct influence on the notion of a mixt. It did not do
the same as the theory of combustion and the creation of a new chemical
nomenclature intimately connected with this theory, because they fixed the notion of
a chemically simple substance.

The ancient alchemists supposed that all substances were formed from the same
elements, few in number, but variously combined. Given this point of departure, the
transmutation of the various substances that nature offers us seemed possible. For
many substances, this transformation was easily accomplished. It was never
senseless to think along these lines.!

The scientific renaissance was at first careful not to condemn these attempts.
Bacon? assigns [50] as the purpose of the new physics: “to give to silver the colour
of gold or a more considerable weight ..., or transparency to some non-diaphanous
stone, or tenacity to glass.”

However, the continual and resounding failures of the alchemists, persevering
with the transmutation of metals, was to open3 the eyes of the physicists. Without
denying that all substances might be composed of the same elements few in
number, Boyle# was the first who dared proclaim that, in certain cases, elementary
corpuscles might unite in a particularly intimate fashion, and “form a new body

pour beaucoup de corps, cette transmutation s’accomplissait aisément; il n’était nullement insensé
d’en poursuivre pour tous 1’achévement.

2 Bacon, Novum Organum, pars &dificans.

désiller.

4 Boyle, The sceptical Chymist, Part. II. [The following quotation is essentially the latter part of the
longer extract quoted in Pt. 1, Ch. 2, here translated directly into modern English from Duhem’s
French rendering, which is somewhat different from his earlier translation.]
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endowed with an individuality as real as that of the elementary corpuscles before
their union; neither fire, nor any known method of analysis, can further divide this
body in such a manner as to separate the corpuscles which have combined to form
it; nor can the same methods subdivide these [corpuscles] into other particles.”

We have seen Lémery, then Stahl, then de Venel adopt Boyle’s idea and apply it
to metals which preserve their individuality through the hottest fires and the most
complicated chemical transformations. It is this idea that inspired the school of
Lavoisier to define the chemically simple substance.

It is no longer a philosophical question whether material is reducible to a single
principle or a small number of principles present in all substances. All cases of a
substance which has resisted all known means of analysis are called simple
substances, and the chemist declares himself satisfied when he has resolved a
substance into a certain number of such simple substances.

Such a substance is always merely provisionally simple; indecomposable today,
it might yield tomorrow to another method of analysis. Potash and caustic soda were
such substances until the day came when the voltaic pile allowed Humphrey Davy
to realise the [51] predictions of Lavoisier and isolate potassium and sodium.

“We would contradict all we have just revealed,” says Lavoisier?, “if we were to
devote ourselves to the great discussions of the principles constituting bodies and of
the elementary molecules. We are here content to regard as simple all those
substances that we have not been able to decompose, all that we obtain as the last
result of chemical analysis. Perhaps those substances which are simple for us will
one day be decomposed in their turn, and we are probably close to this time for
siliceous clay and for the fixed alkalis; but our imagination should not outstrip the
facts, and we have not had to say more than nature teaches us.”

Much later, Lavoisier writes®: “All that can be said about the number and nature
of the elements is confined, in my opinion, to purely metaphysical discussions,
which propose to resolve indefinite problems that are susceptible of infinitely many
solutions, none of which accords, in all probability, with nature. I will therefore be
content to say that, if by the term ‘element’ we intend to designate the simple and
invisible molecules of which bodies are composed, it is probable that we know
nothing of them. But if, on the other hand, we attach to the term ‘element’ or
‘principle of bodies’ the idea of the last term reached by analysis, all the substances
that we are still unable to decompose by any means are for us elements. This does
not assure us that substances that we regard as simple might not be composed of
two or more principles, but since [52] these principles are never separated, or rather
since we have no means of separating them, they behave as far as we are concerned

5  Lavoisier, Mémoire sur la nécessité de réformer et perfectionner la nomenclature de la Chimie,
read to the Public Assembly of the Royal Academy of Science on 18 April, 1787.—In: Méthode
de nomenclature chimique, proposed by de Morveau, Lavoisier, Berthollet, and de Fourcroy,
Paris, 1787.

6  Lavoisier, Traité élémentaire de Chimie, Discours préliminaire (3rd. edition, vol. I, p. xvi).
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like simple substances and we should not suppose them to be compounded until
such time as observation and experience have furnished us with proof to that effect.”

“We cannot therefore claim,” Lavoisier says in another place’, “that what we
today regard as simple is in fact so. All we are able to say is that such a substance is
a recognised term of contemporary chemical analysis, which according to our present
state of knowledge cannot be further subdivided. Presumably the earths will soon
cease to be counted as simple substances ...”

The provisional and empirical character of the definition of simple substance
leaves the field free to the philosopher whose hypotheses, more powerful than the
practice of chemical analysis, claim to decompose substances which have resisted all
reagents. Some of these hypotheses on the unity of material have long enjoyed
favour, such as the theory of Prout, which has it that all substances are formed from
condensed hydrogen and which stole the adherence of the illustrious J.-B. Dumas.
Moreover, the interest that they have engendered, in these latter years, by research
relating to agentaurum clearly shows that chemists have retained, with Bacon, the
hope “of giving to silver the colour of gold or a more considerable weight.”
Certainly, the idea of simple substances that these chemists created differs little from
the notion of a mixt decomposable only with difficulty, defined by Boyle, Lémery
and Stahl.

7  Lavoisier, Traité élémentaire de Chimie, 3rd. edition, vol. I, p. 194.



CHAPTER 2

THE LAW OF DEFINITE PROPORTIONS

Those [53] who have read the authors of the seventeenth century and, particularly,
the eighteenth century, will be quite surprised to hear that Proust is credited with
establishing the law of definite proportions. All these authors seem to admit, and
several formally state, the following truth: when two substances combine together,
the mass of the one stands in a fixed relation to the mass of the other.

Jean Rey had already asked himself! “Why doesn’t the lime of tin increase in
weight to infinity when fire which will always provide dense and heavy air for
increasing it is continued indefinitely”? And he maintained that “Nature, by its
inscrutable wisdom, has here set up barriers that it will never pass ... It is religious
in so far as it stops at the limits that have once been prescribed. Our lime is of this
condition: The dense air is attached to it and will adhere little by little to the most
meagre of its parts. Thus its weight increases from beginning to end, but when all
has been taken on, it does not take up any more. Do not continue your calcination
with this hope; it will be in vain.”

Newton? knew that a definite amount of aqua fortis was required to dissolve a
definite amount [54] of a given metal, iron for example, and that a greater amount of
aqua fortis is required to dissolve a certain mass of iron than the same mass of
copper, and a greater amount to dissolve a certain mass of copper than the same
mass of silver.

The proportion which must exist between the masses of the ingredients that are
made to react in order to obtain a definite compound Stahl3 calls natural weights,
pondus naturce. “‘Spirit of nitrate only takes hold of spirit of wine when the mass of
the second is in a given relation to the mass of the first. And it really seems that
this is the natural weight, because if you add a greater amount of spirit of wine, it
will not produce any more spontaneous combination nor any more heating.”

1 Jean Rey, Essays sur la recherche de la cause par laquelle I’estain et le plomb augmentent de
poids quand on les calcine. Essay XXVI.

2 Newton, Opticks, Question XXXI.

3 Stahl, Fundamenta Chymia, pars Il. — Tractatus II: Doctrine chymic. Pars I, sectio II: De
compositionibus. — Articulus 1. Volatilium.
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But the idea suggested by Jean Rey, Newton and Stahl takes on a singular force
as a result of Rouelle’s researches into the formation of neutral salts. To form a
neutral salt from a definite mass of a base it is necessary to combine a mass of acid
which stands to the former in a fixed relation. If an excess of acid is added, it will
mix with, it will “aggregate” with, the salt formed. It will not enter into the
constitution of the salt. Can a clearer statement of these principles be imagined than
the following due to Venel4?

“An essential characteristic of a mistion, one which is very more general because
it is without exception, is that the principles which combine to bring about the
formation of a mixt combine in a certain fixed proportion, a certain numerical
quantity of determinate parts, which constitute in artificial mixts that which
chemists call the point of saturation ... The general observation about the
proportion of ingredients of a mistion is a dogma of eternal truth, of absolute, not
to say conceptual,’ truth. We call mixts or non-simple, truly chemical, substances,
[55] those which are so essentially, so necessarily, composed according to a definite
proportion of the principles, that not only the removal or the additionS of a certain
amount of such and such principle would change the essence of the substance; any
excess whatsoever of a principle is inadmissible in mixts, be it natural or artificial,
and the removal of a portion of a certain principle is, by the definitions presented
above, the actual decomposition, the chemical destruction, of a portion of the mixt.
So if a given amount of nitrous acid is separated from a given amount of saltpetre,
there does not remain a saltpetre less laden with acid, but a mixture of saltpetre,
perfect as before, and a fixed [amount] of alkali, which is the other principle of
saltpetre, absolutely naked, to which the acid with which it was joined has been
entirely removed.”

These lines were written in 1765. Whoever has read them is not surprised to hear
Lavoisier affirm’ “that 72 parts by weight of oxygen are required to saturate 28 of
carbon and that the gaseous acid which is produced has a weight precisely equal to
the sum of the weights of carbon and oxygen that were used to form it” and teach8
that “water is composed of oxygen and the base of an inflammable gas in the
proportion of 83 parts to 15.” Nor is he surprised to see Bergmann devote himself to
careful, numerical analyses which presuppose an implicit belief in the fixed
composition of the substances analysed.

Must we not therefore admit that the law of definite proportions was completely
known and accepted since the time of Rouelle? That in contesting it, Berthollet was
taking an inexplicable step backwards? That Proust’s only merit was to demonstrate

De Venel, art. Mixte et Mixtion from Diderot and d’ Alembert’s Encyclopaedia.

nominale.

suraddition.

Lavoisier, Traité élémentaire de Chimie, 3rd. edition, vol. I, p. 68.

Lavoisier, Ibid., p. 94. [ In the Dover edition of the English translation of the Elements (p. 89) the
figure 85 rather than Duhem’s ‘83’ is given.]
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anew what was known before? We would be allowing ourselves to be carried by
appearances. We would allow to pass, misunderstood, one of the most profound
transformations that the notion of mixt has undergone, [56] that which has led
chemists to distinguish a physical mixture from a chemical combination.

Let us return to the Essays of Jean Rey and to the reply® made by the doctor
from Périgord to the following question: Why doesn’t lime increase in weight to
infinity? “For (he said) why doesn’t the lime increase indefinitely, when the fire can
be indefinitely continued, which will always provide the dense and heavy air to
increase it?10 I develop this difficulty, which could tie up someone of lesser
subtlety, by remarking that all material which increases by the addition of another is
either solid or liquid, and that the mixture is made between them in [one of] three
ways. For either solid material is mixed with solid, or liquid with liquid, or one of
these with the other. The mixing and growth which occur in the first two ways have
no bounds. Mix some sand with some other sand, and you will always augment it
by [simply] adjoining them endlessly. Mix some wine with some other wine, and
you will always [simply] adjoin them and never be finished. It is not the same with
the third way, when one adds and mixes a liquid material with a solid. Such mixed
addition does not always increase, certainly not to infinity. Nature, by its inscrutable
wisdom, has here put up the barriers that it never crosses. Mix some water with
sand or flour, and they cover themselves totally down to the smallest of their parts.
Pour in more, they will not take up more of it. Withdraw them from the water, they
only carry what adheres to them and which just suffices to encircle them. Plunge
them back a hundred times and they do not come out better charged. Let them rest
therein, and they will leave the surplus and go to the bottom by themselves. Nature
is so religious that it stops at the limits once prescribed. Our lime is in this
condition ...”

Isn’t the idea expressed in this page of Jean Rey’s, albeit rather naively, that
which we find [57] in Newton’s Opticks, there rendered precise by the hypothesis of
molecular attraction?

According to Newton!!, when a particle of a body which exerts an attraction on
the particles of another body is surrounded by a certain number of particles, its
action ceases to make itself felt on the other particles of the same kind from which
it is now too distant. It is thus saturated and the combination comes to an end.
“[Wlhy does not Salt of Tartar draw more Water out of the air than in a certain
proportion to its quantity, but for want of an attractive Force after it is satiated with
Water? ... And is it not from the like attractive Power between the Particles of Oil

9  Jean Rey, Essays sur la recherche de la cause par laquelle I’estain et le plomb augmentent de
poids quand on les calcine, Essay XXVI.

10 [Despite the quotation marks, what Duhem writes between them is not exactly the same as what
he writes as the first quotation in the second paragraph of this chapter.]

11 Newton, Opticks. Question XXXI.
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of Vitriol and the Particle of Water, that Oil of Vitriol draws to it a good quantity of
Water out of the air, and after it is satiated draws not more [...]?”"12

The number of particles of the second body that hold a particle of the first body
is all the larger as the attraction exerted by the first body on the second is more
intense. We can therefore judge the force of attraction of a first body on a second by
the mass of this second body that is necessary to saturate the first. We have seen
that particles of aqua fortis were more energetically attracted by iron than by copper,
by copper than by silver or quicksilver. “[I]s it not for the same reason that Iron
requires more Aqua fortis to dissolve and saturate it than Copper, and Copper more
than other Metals [...]?"13

Newton therefore compares the limitation that is observed in chemical reactions
to saturation which manifests itself in the most ordinary phenomena of dissolution
such as when sea salt is dissolved in water.

Chemists of the [58] empirical school indicated their agreement yet more clearly.

“A fixed proportion,” Stahl says!4, “is always required between the solvent and
the substance to be dissolved. Thus, a pound of camphor, for example, always
requires at least two pounds of menstruum. Similarly, a definite amount of aqua
fortis dissolves only a fixed amount of silver. A definite amount of water dissolves
only a fixed amount of salt.”

And de Venell3, interpreting the ideas of Rouelle, writes following the passage
reported above: “All the menstrua enter into real mistion with substances that they
dissolve, but the energy of all menstrua is limited by the dissolution of a definite
amount of the dissolved substance. Water, once saturated with sugar, does not
dissolve any new sugar. Sugar thrown into a perfectly saturated sugar solution
remains unchanged, under the same degree of heat, in its state of a concrete body.
This last circumstance makes manifest the dogma that we are propounding, but it is
only possible to observe when the energy of various menstrua is tested on concrete
or substantial bodies. For it is not the same thing when tried on liquids, and some
excess of dissolved alkali poured onto spirit of vinegar, for example, shows no
sensible sign that any part of the liquid would be rejected from the mistion. But it
really is so, and chemistry has some simple means of demonstrating [the presence],
in similar cases, [of] the least surplus or superfluous portion of one of the
principles. And this surplus portion is not more united with the mixt despite
swimming in the same liquid. Because two liquids capable of perfectly mixing with
one another, and which actually mix very perfectly, are not in mistion together ...”

“It is evident that all these unions of aqueous liquids are true, pure, aggregations.
[59] A certain amount of water is united by the bond of a true mistion to a definite

12 [Opticks, p. 377.]

13 [Opticks, p. 381. The words “and saturate,” corresponding to Duhem’s “et saturer,” are not in the
English version.]

14  Stahl, Fundamenta Chymia, pars Il.—Tractatus .—Sect. I, chap. I: De natura fluidi et solidi.

15 De Venel, art. Mixte et Mixtion from Diderot and d’ Alembert’s Encyclopaedia.
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amount of salt, and constitutes an aqueous liquid which is a true mixt. That is
shown, among other things, by the fact that when a portion of the water is removed,
a portion of the mixt perishes. In place of an aqueous saline mixt, a concrete body,
a crystal of salt, is obtained called a lye, lixivium. But all the water that might be
superadded to this lye as such does not draw together with it any more than with an
aggregation. It is the water which unites with the water, and that is why this
mixture has no limits, no proportions.”

Now the amount of sugar that may dissolve in a given amount of water is fixed
by the given conditions. But it changes when the conditions change and depends, in
fact, on a range of circumstances. It increases when the temperature is raised (and de
Venel knew that, because he was careful to say that the dissolving of which he
spoke was left under the same degree of heat). It varies if some foreign bodies are
mixed with the water, for example spirit of vinegar.

These are the facts that the most common observation teaches the empiricists—
facts which were, however, easily seen to accord with the various chemical theories
which arose during the course of the eighteenth century.

Stahl, who clung to Lémery’s ideas, thought that a solid substance dissolves in a
menstruum when the pores of the menstruum are of such a shape and size as to be
able to accommodate the molecules of the solute!. Dissolution therefore ceases
when the pores of the menstruum, blocked up with solute molecules, are no longer
able to receive any more.

But heat enlarges the pores of various substances, while cold tightens them!”,
and that is due to the different movements of the molecules of ether, movements
which are the essence of heat and cold. [60] It is therefore clear that, in a given
menstruum, a given solid becomes more soluble when the degree of heat is raised
and less soluble when the degree of heat is lowered.

It is also clear that if a foreign substance is mixed with the solvent, a new liquid
is obtained whose pores would not be disposed in the same way as in the first liquid.
A given solid would not have the same degree of solubility in the new menstruum
as in the old.

Newtonian theories lead to similar conclusions.

The number of sugar molecules that a molecule of water can retain in its
neighbourhood does not depend solely upon the attraction exerted by the water
molecule on the sugar molecules grouped around it. It depends also on the
attractions by which the other molecules of the solvent attract these sugar
molecules, and consequently on the nature of the solvent molecules. On mixing
water with a foreign body, the solubility of sugar would vary in such water.

16  Stahl, Fundamenta Chymia, pars 11.—Sect. I, Chap. IX: De pracipitatione.—Tractatus I, Sect. I,
Chap. II: De solutione et menstruis.
17  Stahl, Fundamenta Chymia, pars II, Proemium.
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The number of sugar molecules amassing around a water molecule under the
combined action of all the forces which attract them would depend on whether these
molecules were stationary or animated by a rapid movement. Now it is a rapid
movement of the ultimate particles of bodies that Newton, like Descartes, attributes
to heat. The solubility of sugar in water therefore varies with the temperature.

Viewing the rapid movement of particles as constituting the essence of heat was
a remnant of Cartesian physics in Newton’s philosophy—a remnant which was to
disappear with the work of Black and Crawford. Heat was regarded as the effect of an
imponderable fluid, present in all bodies, to which the new chemical nomenclature
assigned the name caloric. Molecules of caloric were, like molecules of other
substances, endowed with attractive and repulsive action, effective [61] only at very
small distances. The limit of chemical combination is a state of equilibrium
between the forces emanating from the molecules of material and the forces
emanating from caloric.

“Metallic substances,” Lavoisier says!8, “increase in weight during their
calcination in proportion to the oxygen that they absorb. At the same time they lose
their metallic state and are reduced to an earthy powder. Metals in this state should
not be considered as entirely saturated with oxygen because their action on this
principle is balanced by the force of attraction exerted on it by the caloric. In the
calcination of metals, the oxygen responds in fact to two forces, to that exerted by
the caloric and that exerted by the metal. It only tends to unite with the latter
because of the difference in these two forces—the excess of the one over the other.”

“Metals do not all have the same degree of affinity for oxygen. Gold and silver,
for example, and even platinum, cannot remove it from caloric, whatever the degree
of heat. As for the other metals, they are charged with greater or lesser amounts, and
in general, they absorb it until the principle is in equilibrium with the force of the
caloric which retains it and that of the metal which attracts it. This equilibrium is a
general law of nature in all combinations.”

The determination of the amount of sugar that is able to hold in suspension a
definite amount of water united with a definite amount of caloric was no more a
problem of statics. It was not necessary to press further for a solution to this
problem in order to predict that the amount of sugar capable of dissolving in this
amount of water depends on the amount of caloric found to be contained there.

“These phenomena of solution by caloric,” [62] Lavoisier says!?, “are always
involved to a greater or lesser extent with solution in water. This is convincing
when it is seen that water cannot be poured onto salt in order to dissolve it without
employing, in reality, a mixed solvent of water and caloric. Thus, several different
cases can be distinguished according to the nature and mode of existence of each salt.
If, for example, a salt is scarcely soluble in water, but very much so in caloric, then

18  Lavoisier, Traité élémentaire de Chimie, I1Ird. part, chap. VII, §VI (3rd. edition, vol. II, p. 127).
19 Lavoisier, Traité élémentaire de Chimie, 1llrd. part, chap. V, §1 (3rd. edition, vol. II, p. 39).
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this salt will clearly be scarcely soluble in cold water, but very soluble, on the other
hand, in hot water.”

In their immortal Memoir on Heat of 1783, Lavoisier and Laplace?? sketched
the solution to such problems of chemical statics and thereby obtained the important
laws regarding the dissolution of salts or the formation of ice within slightly acid
water.

Now Stahl compared the saturation of water by salt or sugar with the saturation
of aqua fortis by iron or copper. If, in order to saturate a definite amount of water, it
is necessary to mix an amount of sugar which depends on the temperature and the
foreign bodies added to the solution, why doesn’t the mass of copper dissolved by a
given amount of aqua fortis depend of the temperature, the dilution of the aqua
fortis, and all the circumstances of the reaction? In order to form a saturated
compound, the elements combine in a proportion which is fixed when the
conditions in which the combination is accomplished are also fixed. But if the
conditions vary, the constitution of the saturated compound may vary and should in
general vary. It might be that, in certain cases, a compound has a definite
composition, independent of the circumstances in which the compound is formed.
But such cases are certainly exceptional. Fixing the particular characteristics [63] by
which such a case can be recognised; discovering, in the non-exceptional cases,
which influence that each of these conditions of the reaction exerts on the
composition of the product obtained—this is the aim of the chemical statics whose
method Lavoisier and Laplace outlined.

This is the doctrine that Berthollet presented in 1799, at the Institute of
Egyptology?!, defended during the course of several years22 with just as much
sagacity in his theoretical deductions as there was skill in his experimental
determinations, and developed with an admirable clarity in his Essay on Chemical
Statics?3.

“We must,” Berthollet says in this work, “find in the combination the laws that
we have observed in the chemical action which produces dissociation ... Struck by
having found determinate proportions in several combinations, chemists have often
thought it a general property of combinations to be constituted of definite
proportions, so that, according to them, when a neutral salt receives an excess of
acid or alkali, the homogeneous substance which results is a solution of neutral salt
in a portion of free acid or alkali.”

20 Lavoisier and DE LAPLACE, Mémoire sur la chaleur, read at the Academy of Sciences on 18
June, 1783. (Mémoires de I’Académie des Sciences pour 1780. Paris, 1784.)

21 Berthollet, “Recherches sur les lois de I'affinité,” Mémoires de I’Institut pour 1799, pp. 1, 207 and
229.

22 Berthollet, “Observations relatives a différents mémoires de Proust,” Journal de physique, Vol.
LIX, pp. 347,352; 1804.

23 Berthollet, Essai de Statique chimique, 1st. part, p. 61, Paris, 1806.
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“It is a hypothesis having as its only foundation a distinction between a
combination and a solution, and in which the properties which cause a separation are
confounded with the affinity which produces the combinations. But it is necessary to
recognise the circumstances which can determine the separations of the
combinations in a certain state, and which limit the general law of affinity.”

Berthollet’s theory was the natural corollary of all that had been taught by
chemists of the eighteenth century, both Newton’s disciples as well as the followers
of the empiricist school, regarding chemical saturation. [64] Denying this theory,
maintaining that each chemical combination has a composition which is fixed,
specific and rigorously independent of the conditions in which this combination
took birth, would be to produce a profound revolution in the notion of a mixt.

S.-L. Proust was sufficiently bold to attempt such a revolution, and fortunate
enough to achieve it.

In 1799 Proust?4 remarked that if natural copper carbonate is dissolved in an acid
and then precipitated by an alkaline carbonate, the amount of copper carbonate
obtained is exactly equal to the natural carbonate employed at the start. Therefore,
this transformation neither gains nor loses any trace of carbonic acid or copper oxide
in the salts tested. The copper carbonate prepared in the laboratory therefore has the
same composition as the copper carbonate formed in the bowels of the earth by
processes certainly very different from those employed by the chemist.

Generalising this discovery, Proust did not hesitate to affirm that all chemical
combinations are characterised by an absolutely fixed, specific combination
independent of the conditions in which the combination is formed. All the cases of
combination with variable composition that have been thought to occur are, in fact,
impure combinations containing an excess of one of the components, or a mixture
of two distinct combinations of the same elements.

“These eternally invariable proportions,” Proust says2>, “these constant
attributes that characterise the true compounds of art, or those of nature, in a word
the pondus naturee so well understood by Stahl; all this, I say, is no more in the
power of the chemist than the law of election which governs all combinations.”

A [65] discussion arose between Proust and Berthollet. “This discussion26, one
of the more memorable of which science has kept in memory, went on from 1799
to 1806, and was pursued by both parties with a power of argument and a feeling of
respect for the truth without ever overstepping the conventions.” It terminated with
a victory for Proust’s ideas.

What an upheaval in the principles maintained up to then by all chemists! The
saturation of a chemical combination is no longer analogous to the saturation of a
solution. The concentration of a saturated solution depends of the temperature,

24 Proust, “Recherches sur le Cuivre,” Annales de Chimie, Vol. XXXII, p. 26, 1799.
25  Proust, “Recherches sur le Cuivre,” Annales de Chimie, Vol. XXXII, p. 30, 1799.
26 Ad. Wiirtz, La Théorie atomique, p. S.
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foreign bodies, and all the circumstances in which the act of dissolution is
accomplished. On the other hand, the raising or lowering of temperature, and the
presence or absence of foreign bodies, may favour or disturb the production of a
chemical combination, but it can have no effect on the composition of this
combination. According to the experimental conditions, it is possible to produce
some water or not to form any, but on all the occasions when water is formed, this
water comes from a certain mass of hydrogen and a mass of oxygen eight times
greater.

Henceforth, two categories of mixts were distinguished from one another: the
chemical combinations and the physical mixtures. The law of definite proportions,
inapplicable to physical mixtures, but holding rigorously of chemical combinations,
was to be the criterion which permits them to be distinguished.



CHAPTER 3

CRUDE CHEMICAL FORMULAS AND
EQUIVALENT MASSES

Not [67] only has each chemical combination a perfectly definite composition, but
also the compositions of the various chemical combinations are not entirely
independent of one another. Such was the result of work undertaken by Richter at the
end of the eighteenth century!.

Mix a neutral solution of barium nitrate with an equally neutral solution of
sulphate of potash. Neutral barium sulphate is precipitated and the solution too
remains perfectly neutral, containing some potassium sulphate without any excess
of acid or alkali. This fact, or rather, this law of the continuity of neutrality in the
double decompositions of salts, of which many examples analogous to the preceding
could be cited, was still, in 1777, unknown to Wenzel. It is the basis of Richter’s
researches.

Let us analyse the observation which we have just reported.

Sufficient barium nitrate was decomposed that the barium obtained exactly
neutralised the sulphuric acid of the potassium sulphate. At the same time, the nitric
acid provided by the decomposition exactly neutralises the potassium of the
potassium sulphate. [68] Therefore if we take the masses of the sulphuric acid and
nitric acid which neutralise the same mass of barium, these masses of sulphuric and
nitric acid also neutralise the same mass of potassium.

More generally, let us consider a series of acids A;, A,, As, ... and a series By,
B,, B3, ... of bases. A neutral salt formed by the acid A; and the base B; contains a
mass m; of acid and a mass n| of base. Suppose, on the one hand, that, in order to
neutralise the mass m; of the acid A, masses n,, ns, ... of bases B,, Bs, ... are
required, respectively; and on the other hand, masses m,, ms, ... of acids A,, A, ...
are required to neutralise the mass n, of the acid B;. Now if a neutral salt is formed
by means of acid A and base By, it is certain that the mass of the acid and the mass

of the base will be in the proportions of my to n.

1 Richter, Anfangsgriinde der Stochyometrie oder Messkunst chemischer Elemente, 1792-1793.—
Mittheilungen iiber die neueren Gegenstinden der Chemie, 4th. volume, 1795.
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Thus, among the numerous salts that can be formed by combining each of the
acids Ay, A,, Ags, ..., with each of the bases By, B,, B, ..., it suffices to analyse
all those that can be formed by combining a single acid A; with each of the bases
B, B,, Bs, ..., together with all those that can be formed by combining the single
base B, with the acids A, A,, A, ..., in order that the composition all the others
should be known in advance.

Berthollet who, via Fischer, knew of the discovery of Richter and who, with
Guyton de Morveau, had been among the first to grasp its significance, assessed it
in these terms2: “The preceding observations seem to me to lead necessarily to the
consequence that my researches on the laws of affinity have only indicated, but that
Richter has positively established, the knowledge that the different acids in
corresponding proportions reach a neutral state of combination with bases. This
conclusion may have considerable utility in verifying experiments which have been
made on the proportions of elements in salts and even for determining [69] on what
experiments have yet to pronounce for establishing the most certain and easy
method for carrying out this most important objective for chemistry.”

It is clear that the law discovered by Richter can be formulated thus:

Consider a series of acids and bases

A, Ay Ay .. ,B), By By, ..

Each of these substances can be put into correspondence with one of the numbers in
the series

my, My, M3, ..., Ny, Ny, N3, ...
In all cases where one of these acids—say Ap——is combined with one of these
bases—say Bq—the mass of the acid entering into combination would stand to the
mass of the base as m, is to ng.

Taken in this form, the law immediately suggests the idea of an analogous law,
applicable not only to neutral salts formed by the union of acids and bases, but to
all combinations of simple substances. This law, which Richter had already applied
to the combinations of oxygen with metals, can be stated thus:

Let Cy, C,, Cs, ... be the various simple substances of chemistry. Each of
these substances can be put into correspondence with an appropriate number so as
to obtain a set of numbers py, py, P3, ... If two substances C, C, enter a
combination, either alone, or with one or more other substances, the masses of
these two substances which are combined always stand to one another in the same
relation as the numbers pp,, .

Precise as this law is, it is clear that it is not complete and that it calls for a
modification.

2 Berthollet, Essai de Statique chimique, vol. I, p. 134, 1803.



CRUDE CHEMICAL FORMULAS AND EQUIVALENT MASSES 45

When two substances C,;,, C,, are combined, the masses of the two entering into
combination stand, according to the preceding law, in a definite, unique relation, that
of the two numbers p,, p,.

Now, the two substances C,, C, might form several combinations. In each of
these, [70] the composition is perfectly definite, but the composition varies from
the one to the other. Lavoisier observed this for oxygen compounds of sulphur and
nitrogen, Richter for the oxides of iron and mercury, and in his conflict with
Berthollet, Proust demonstrated it for various substances. These facts are
irreconcilable with Richter’s law unless it is given the appropriate correction.

This correction, known as the law of multiple proportions, is the work of John
Dalton.

We will not detail here the history, which is quite uncertain, of Dalton’s
discovery3. But we will return to the ideas which have suggested it. Let us state the
consequence of this discovery in the form that it has acquired with the progress of
chemistry.

Let C,, C,, Cs, ... be the various simple substances; each of these substances
can be put into correspondence with an appropriate number, called the
PROPORTIONAL NUMBER, in such a way as to obtain a table of proportional
numbers: py, py, P3» ... If the substances C,, C,, Cs, ... enter a combination
together, the masses of these substances which are combined stand to one another
asAp;, WPy VP3s e AW, V... being INTEGRAL NUMBERS.

For example, to hydrogen, oxygen, nitrogen and chlorine it is possible to assign
the numbers 1; 16; 14; 35.5. When nitrogen is combined with oxygen to form the
various nitrogen oxides which chemistry has discovered, the masses of nitrogen and
oxygen which are combined stand to one another as A x 14 and p X 16, A being
equal to 1 or 2 and pu to one of the numbers 1, 2, 3, 4, 5, 7. When nitrogen is
combined with hydrogen, the masses of the two substances which unite to form
ammonia stand to one another as 14 and 3 X 1. When oxygen is combined with
hydrogen to form water, the masses of the two gas reagents stand to one another as
16 and 2 x 1. In hydrochloric acid, the [71] masses of hydrogen and chlorine stand to
one another as 1 and 35.5. In the oxygen combinations of chlorine, the masses of
chlorine and oxygen stand to one another as A X 35.5 and W X 16, A being equal to
1 or 2 and p to one of the numbers 1, 2, 3,4, 5, 7.

Dalton and his contemporaries were not content with the introduction of the
words integral numbers in the statement of the previous law; they would say simple
integral numbers. But this restriction, coming right at the beginning of chemistry,
became less and less tenable as chemistry developed and extended its researches. In
particular, the progress of organic chemistry has led to the attribution of integral

3 This history is to be found in Ad. Wurtz, La Théorie atomique; this book, together with preface
which Wiirtz put at the beginning of the Dictionnaire de Chimie, should be read by anyone who is
interested in the history of chemical doctrines.
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numbers A, Y, v ... of large values and the character of simplicity which they were
at first attributed has disappeared. How, for example, can it be retrieved in the
formula of a paraffin where the masses of the combined carbon and hydrogen stand
to one another as A times the proportional number of carbon and pu times the
proportional number of hydrogen, and where A, | have the following values: A =
27, u =56?

The law we have stated is the foundation on which the use of chemical formulas
rests.

Rather than repeatedly writing the proportional number of each simple
substance, it is represented by a letter or a symbol. Thus the letter H represents the
proportional number 1 of hydrogen, the letter O the proportional number 16 of
oxygen, and the symbol Cl the proportional number 35.5 of chlorine. A table placed
at the beginning of treatises on chemistry presents the number represented by each
of these symbols and the simple substance to which it relates, as for example in this
table:

Hydrogen H=1,
Oxygen 0 =16,
Sulphur S =32,
Nitrogen* N = 14,
Chlorine Cl=355

Suppose, given this table, that we [72] want to represent the composition of any
substance, for example that of a body formed from nitrogen, oxygen and hydrogen.
The masses of nitrogen, oxygen and hydrogen contained in the body will stand to
one another as A X 14, u x 16 and v x 1, A, U, v being three integral numbers.
Now we attribute to the substance the symbol N,O H,, which will be its chemical
formula. Thus, nitric acid is obtained by combining nitrogen, oxygen and hydrogen
in the proportion of the numbers 14, 48 = 3 x 16 and 1, in view of which it has the
chemical formula NO,H.

Is the formula of a compound determined absolutely and without any
equivocation when it is known, first, what the composition of the substance is and,
second, what the proportional numbers of the elements which it contains are?
Certainly not.

For example, instead of saying that the masses of nitrogen, oxygen and hydrogen
that are contained in nitric acid stand in the relation 14, 3 X 16 and 1, we can say

4  [Duhem’s use of the symbol “Az,” corresponding to the French “azote,” has been systematically
changed to “N.”]
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that they are as 2 X 14, 6 X 16 and 2 x 1, in which case the formula for nitric acid
will be N,OH,. Again, we could say that they are as 3 X 14,9 x 16 and 3 X 1, in
which case the formula for nitric acid will be N;OgH,.

Thus, without changing the proportional numbers which correspond to various
simple substances, it is possible to assign the same compound several different
formulas; each of these formulas are obtained from the most simple of them by
multiplying the numbers which figure in it by the same number.

But there is more. The proportional number of a simple substance is not
determined absolutely and without equivocation. Instead of taking the number 16 as
the proportional number of oxygen, we might adopt the number 8. We can, with
this new number, as well as with the former, write the chemical formulas of
substances which contain some oxygen; only these formulas will not be the same.
The masses of nitrogen, oxygen, and hydrogen which are contained in nitric acid
stand to one another as 14, 6 X 8 and 1; the new formula of nitric acid [73] will then
be NOGH. We could equally take the number 32 as the proportional number of
oxygen; the masses of nitrogen, oxygen and hydrogen contained in nitric acid
standing as 2 X 14, 3 X 32 and 2 X 1, we must give nitric acid the formula N,0O,H,.

Thus, the proportional number of each simple substance can be replaced by
another, obtained by multiplying or dividing the first by an integral number.

The principles that we have reviewed cannot suffice for the creation of a chemical
notation exempt from confusion. Those who, given hydrogen has the proportional
number 1, accept the number 16 as the proportional number of oxygen, would
attribute to water the formula H,O, while those who accept the number 8 as the
proportional number of oxygen write the formula of water as HO or H,0,, whereas
the latter formula represents, for the former chemists, hydrogen peroxide.

In order to avoid confusion, it is necessary to introduce a new convention into
chemical notation. All chemists have implicitly accepted and employed this
convention, but Laurent seems to be the first to have explicitly formulated it5.

The convention is as follows: Proportional numbers of the various simple
substances are chosen in accordance with the way ANALOGUES of chemical
compounds are represented by analogous formulas.

An example will show immediately how this convention allows for the
restriction of the indeterminacy in chemical notation.

Supposing the proportional number of hydrogen is 1, what proportional number
should we take for sulphur? Sulphur admits as proportional numbers any of the
numbers 8, 16, 32, 48, 64, ... For each of these numbers a different formula
corresponds to hydrogen sulphide: HS,, HS, H,S, H,S, H,S ... If the preceding
convention is not invoked, the choice [74] between these different formulas remains
free. But if the preceding convention is accepted, a rule is immediately imposed:

5 Laurent, Méthode de Chemie, pp. 3, 10, 16. Paris, 1854.
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hydrogen sulphide is analogous to water; we must assign a formula like that of
water.

If we had adopted the number 8 as the proportional number of oxygen, we would
have given water the formula HO; it would then be necessary to give hydrogen
sulphide the formula HS and attribute to sulphur the proportional number 16. Had
we adopted the proportional number 16 for oxygen, then we would give water the
formula H,0, and we would have to give hydrogen sulphide the formula H,S and
attribute sulphur the proportional number 32.

Thus, from the fact that oxygen and sulphur, in union with hydrogen, give rise
to analogous compounds, it follows that the proportional numbers of these two
substances need not be chosen arbitrarily. When the proportional number of the one
is chosen, the proportional number of the other has thereby been fixed. This is a
conclusion that we can generalise by saying:

When two simple substances can, by combining with the same third substance,
give rise to two compounds analogous to one another, if the proportional number of
one of the simple substances is fixed, the proportional number of the other is
thereby found to be fixed without ambiguity.

These two proportional numbers, thus linked to one another, are said to be
equivalents with one another. Thus, the number 8 for oxygen and the number 16
for sulphur are equivalent proportional numbers for oxygen and for sulphur. The
same holds for the number 16 for oxygen and the number 32 for sulphur.

Will the convention that we have formulated allow us to ban all ambiguity from
chemical notation? Will it lead us to adopt a unique system of proportional
numbers, all equivalent with one another? Will it assure the concordance of symbols
used by different chemists?

Such an agreement comes up against a first difficulty. [75] If it is to result from
the previous convention, it is first of all necessary that all chemists agree to regard
the same chemical compounds as mutual analogues. Yet such an agreement might
well not obtain.

All geometers are agreed in regarding all right angles as equal, or in declaring
that only one perpendicular can be drawn to a point taken outside a straight line
from this line. Agreement on this point is necessary, since we have in effect defined
what it is to be a right angle, and what it is to be a perpendicular. From these
definitions it follows, by a logical deduction, that all right angles are equal, and that
from a point only one perpendicular can be drawn on a line. So if someone were to
deny one or other of these statements, it would be possible, by an appropriate series
of syllogisms, to drive him back to a contradiction.

On the other hand, if one of two chemists affirms an analogy between two
substances which the other denies, I do not have the right to say to the other that
what you say is certain, and to the other, that what you say is absurd. My
judgement about the disagreement which divides them cannot be reasonably
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formulated in such rigorous terms. I can only say to the one that I approve of your
opinion, and to the other, that I am not of the same opinion.

The compounds which come into question for comparison are not, in fact, at all
like the figures treated in geometry, beings of reason, abstractions that our minds
combine by means of other abstractions and which can be adequately defined by
saying in what manner they are made up. They are, it is true, abstractions, for when
a chemist speaks of water or hydrogen sulphide, he does not intend to speak of any
particular mass of water, nor of any particular mass of hydrogen sulphide. But,
drawn from the observation of concrete bodies and particulars by an intuitive
generalisation, these abstractions cannot be defined. What is understood by water or
hydrogen sulphide can no more be defined more [76] geometrico than can what is
understood by horse or frog. These notions are susceptible of description, but not
of definition.

Similarly, the notion of analogy arises from an unanalysable intuition. It is one
of those indefinable notions that Pascal has attached to the comprehensive® rather
than the geometric mind. It must be accorded a scientific value, however, if the
name of science is not to be withheld from studies such as comparative anatomy. It
is impossible to mark with a precision that excludes all ambiguity the
characteristics by which two substances are counted analogous or not. In the
complete absence of definitions, I lack the base for constructing arguments which
are likely to convince someone who denies an analogy which I accept and who
accepts an analogy which I deny. In the absence of any definition, the appreciation
of chemical analogies remains relative, personal and variable from one chemist to
another, from one school to another.

Certainly, there are analogies so striking that no sensible chemist will fail to
mistake them. There are substances which present such similarities that no one
hesitates to compare them. Thus, who would for example imagine separating the
acids hydrogen sulphide, hydrogen selenide and hydrogen telluride from one another,
or the acids hydrogen chloride, hydrogen bromide and hydrogen iodide?

But it is not always so. A chemist might, with Dumas, find a certain analogy
between hydrogen sulphide and hydrogen chloride. If he gave hydrogen chloride the
formula HCI, he must give hydrogen sulphide the formula HS. Someone else might
deny the analogy of the two acids and, while preserving the formula HCI for
hydrogen chloride, attribute hydrogen sulphide another formula, for example H,S.
Again, logic gives us no means of cutting short their quarrel.

In any case, if logic is impotent to [77] compel two chemists to agree on the
characteristics of chemical analogy, it does at least oblige one chemist to be self-
consistent with these characteristics.

Suppose, for example, that, at the beginning of a treatise, a chemist has stated
the following rule: We will regard as analogies those compounds which form

6  l'esprit de finesse.
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isomorphous crystals. He is obliged to regard permanganates and perchlorates, which
are isomorphous, as analogous and to give the same formula to perchloric acid and
permanganic acid. And if, in the course of his treatise, we see he has given
permanganic acid the formula Mn,O, and perchloric acid the formula ClO,, we are
in the right when we say to him: You sin against logic. Either cease regarding
isomorphism as a certain mark of chemical analogy or see to it that you give the
same formula to permanganic acid and perchloric acid. You can chose between these
two paths, but you are obliged to make a choice.

Such is the only means of conviction at our disposal to settle discussions which
arise about fixing chemical formulas. It seems to be very limited; but its power is,
in reality, much greater than at first appears, since it is rare that a mind is entirely
self-consistent!

Suppose that two chemists, confronted with two compounds, are in agreement in
deciding that two compounds are analogues or asserting that they are not. Does it
follow that the proportional numbers of all simple substances, and the chemical
formulas of all compound substances would be fixed without room for a single
divergence? Not necessarily, and here a new difficulty comes to the fore which we
must examine.

Here are a certain number of simple substances which form compounds whose
analogy is indubitable. With J.-B. Dumas, we classify the one close to the other in
the same natural family; for example, fluorine, chlorine, bromine and iodine. The
[78] condition that we have imposed to represent analogous compounds by
analogous formulas fixes the proportional number of fluorine, bromine and iodine if
we give a proportional number to chlorine. If, for example, we have taken 35.5 as
the proportional number of chlorine, the proportional numbers of fluorine, bromine
and iodine, equivalent with 35.5 for chlorine, are 19, 80 and 127.

Here now is another family of simple substances which give rise to compounds
standing in close analogy; they are, for example, oxygen, sulphur, selenium, and
tellurium. Again, if we have adopted a certain proportional number for oxygen, we
are obliged to attribute to sulphur, selenium, and tellurium well determined
proportional numbers, equivalent with that taken for oxygen.

But the choice of proportional number for oxygen is, so far, arbitrary. I can take
the number 8 for oxygen, and then the proportional numbers for sulphur, selenium,
and tellurium equivalent with that are determined as 16, 40 and 64. The formula of
water would be HO and those of the acids hydrogen sulphide, hydrogen selenide and
hydrogen telluride would be written HS, HSe and HTe, respectively. I can, however,
take 16 as the proportional number of oxygen; the respective equivalents of
sulphur, selenium, and tellurium would then be 32, 80 and 128. The formula of
water would be H,0, and those of the acids hydrogen sulphide, hydrogen selenide
and hydrogen telluride would be written H,S, H,Se and H,Te.

Here we have an indeterminacy. Can it be made to disappear? The convention
thus far invoked is impotent if there is no connection between the chlorine family
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and the oxygen family; if two compounds cannot be found which are recognised as
analogues by all chemists, one of which contains fluorine or chlorine, while the
other contains, in the same way, oxygen or sulphur.

When the convention of which we have thus far made use became illusory,
because two [79] simple substances whose proportional numbers we wish to
compare are never found in analogous compounds, many chemists appealed to
another convention, the rule of Avogadro and Ampére.

To understand the origins of this key rule, it is necessary to go back to the
origins of modern chemistry. Lavoisier had, in fact, already observed” that in order
to produce an explosive mixture which forms water, it is necessary to introduce into
a bottle “one part of oxygen gas, and then two parts of hydrogen gas.”—To carry
out the synthesis of water according to the method he employed together with
Meusnier3, “one should take the precaution of being supplied with a sufficient
supply of very pure oxygen gas ... Double the amount of hydrogen gas is prepared
with the same care ...” In 1805, Gay-Lussac and de Humboldt confirmed this view,
proposed fortuitously by Lavoisier. They showed that the volumes of hydrogen and
oxygen which combine to form water, measured at the same temperature and
pressure, are exactly in the relation of 2 to 1. In 1809, Gay-Lussac? understood this
observation. He saw that when all the measurements are taken at the same
temperature and pressure, there is a simple relation not only between the volumes of
the two gases which combine, but also between the sum of the volumes of the
gases entering into combination and the volume occupied by the combination itself,
taken in the gaseous state.

This law is the experimental foundation of the rule of Avogadro and Ampére.

We will examine the ideas which led Avogadro and Ampere to propose this rule
later!0. For the moment, we will seek to present it in a form which is independent
of all schemes concerned with the nature of chemical combination. [80] This, we
believe, is what we will achieve by presenting it in the following form:

Suppose that the proportional numbers for hydrogen, nitrogen and oxygen are
taken to be 1, 14 and 16, respectively. The formula of nitric acid is then NO,H.
This formula may be interpreted in the following manner: When combining 14
grammes of nitrogen, 3 X 16 = 48 grammes of oxygen and 1 gramme of hydrogen,
14 + 48 + 1 = 63 grammes of nitric acid are obtained, and 63 grammes is then said
to be the molecular mass of nitric acid. In general, if the proportional number of
each element in a compound substance is replaced by an equal number of grammes,
and this number of grammes is multiplied by the integers which occur as the
exponent of the symbol of the same element, and finally if the products thus

Lavoisier, Traité élémentaire de Chimie, 3rd. edition, vol. I, p. 95.
Lavoisier, Ibid., p. 98.
Gay-Lussac, Mémoires de la Société d’Arcueil, vol. 1, 1809.

0 [Chapter 8.]
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obtained are added together, then the number of grammes obtained is the molecular
mass of the compound considered. Without lingering on the ideas which have led to
the choice of this word, ideas which will be taken up later, we will take it for the
moment as a simple notation.

Let us consider various compounds that chemists agree in regarding as mutual
analogues, for example hydrogen chloride, hydrogen bromide and hydrogen iodide,
and take, for each of them, a mass equal to its molecular mass: 36.5 grammes of
hydrogen chloride, 81 grammes of hydrogen bromide and 128 grammes of hydrogen
iodide. Suppose, finally—what actually holds for the substances just mentioned—
that these compounds can, without decomposing into their elements, be volatilised
and brought to the neighbourhood of the state that physicists call the state of a
perfect gas. We state that at the same temperature and pressure the various masses
of gas occupy the same volume. So, instead of using chemical analogies to
establish a dependence between the formulas of hydrogen chloride, hydrogen bromide
and hydrogen iodide, it is possible to [81] assign formulas such that the molecular
masses of the various gases occupy the same volume under the same conditions of
temperature and pressure.

But this criterion offers the advantage of being applicable to compounds which
do not stand in any chemical analogy. Water and hydrogen chloride, for example, are
not analogous compounds, but may be attributed formulas such that in the state of a
perfect gas, the molecular mass of water and the molecular mass of hydrogen
chloride occupy the same volume when brought to the same temperature and
subjected to the same pressure. Hence, if chlorine is attributed the proportional
number 35.5, and consequently, hydrogen chloride the formula HCI, water must be
represented by the symbol H,O and oxygen inevitably takes 16 as its proportional
number.

We have just applied the rule of Avogadro and Ampere to a particular case; the
rule can be stated in general in the following way:

The chemical formulas of various compound substances are fixed in such a way
that the molecular masses of these substances, brought to the state of a perfect gas,
occupy the same volume for the same conditions of temperature and pressure.

This rule does not, it is true, apply to all compounds, but only gaseous
compounds, and even then, only to those which can be brought to the
neighbourhood of the perfect [gas] state without decomposition. Despite this
restriction, the compounds to which it applies are sufficiently numerous to allow
some kinds of bridges to be established between the various families of simple
substances and settle most of the contentious cases regarding the fixation of the
equivalent proportional numbers.

In any case, this result can only be obtained if all chemists recognise the rule of
Avogadro and Ampere. The rule has the character of a simple convention, and it may
be accepted or rejected without sinning against logic.
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In the schools of chemistry, some take the [82] former view, others the second.
Rather than establishing agreement between the various chemical notations, the rule
of Avogadro and Ampére became the object of ardent controversy which has barely
faded today.

This seems to indicate a return to the only convention accepted by all chemists,
to that which Laurent formally stated, and to ask whether this rule does not suffice
to fix proportional numbers. Among simple substances one can, as Dumas was the
first to show, form natural groups or families. Substances which compose the same
group give rise to a number of combinations which stand to one another in close
analogy, so that within the same family, Laurent’s convention applies without
exception. But aren’t there links of analogy between simple substances belonging to
two different families, albeit less numerous and much looser, but recognised by all
chemists and allowing the establishment of an equivalence between proportional
numbers of substances of the first family and proportional numbers of substances of
the second family? At the very least, it will suffice if two analogous compounds can
be found one of which contains a substance of the first family which is replaced, in
the other, by a substance of the second family.

The chemist is particularly helped in the search for analogies capable of linking
together the substances of two different families by a law discovered in 1819 by
Mitscherlich, the law of isomorphism.

The phosphate and arsenate of the same base usually provide the clearest and
least contestable chemical analogies. The two salts crystallise with exactly the same
shape. Not only does a solution of phosphate and a solution of arsenate deposit
crystals of the same form; if the two solutions are mixed, crystals are obtained in
which the arsenate and the phosphate are intimately mixed, not in any definite
proportions, and the mixed crystals [83] have the same form as the pure crystals of
arsenate and phosphate. This is the remarkable property that is expressed by saying
that the arsenate and the phosphate of the same base are isomorphs.

Isomorphism is not unique to arsenates and to phosphates; Mitscherlich found it
in various groups formed by combinations which provide close analogies. Thus, the
sulphates of the magnesium series form hydrates in analogous manner by forming
isomorphous crystals.

These observations facilitate the statement of the following rule: All cases
where combinations form isomorphic crystals are chemically analogous and,
consequently, should be represented by the same formula.

The work of Mitscherlich and his successors continued to bring striking
confirmation of this law. In all the cases where two combinations show the
characteristics of isomorphism, it is recognised that the two combinations present,
from the point of view of chemistry, a very great resemblance. Isomorphism is
regarded by all chemists as a sure and reliable sign of chemical analogy.

From 1826, it was brought into use by Berzelius in revising and modifying the
system of proportional numbers that he had proposed in 1812.
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In 1813, he gave the anhydride of sulphur the formula SO, and the anhydride of
chromium the formula CrOg; but the chromates are isomorphous with the
corresponding sulphates and provide close analogies. The anhydride of chromium
should therefore take a formula like that of sulphuric acid and be written CrO,.
Henceforth, the oxide of chromium should be written Cr,0, and, because of the
isomorphism of the alum of chromium with ordinary alum and alum of iron,
alumina and the peroxide of iron should be written Al,O, and Fe,O,. It is thus that
the sesquioxides have gained the right to be cited in chemistry.

Later, [84] Regnault!! showed how the isomorphism of certain compounds
facilitated the resolution of certain controversial cases which involve the
determination of proportional numbers.

All chemists agree in giving the suboxide of copper the formula Cu,O and the
corresponding sulphide the formula Cr,S. But some write the formulas AgO, AgS
for the oxide and sulphide of silver, while others attribute to them the formulas
Ag,0, Ag,S. “The natural sulphide of silver,” Regnault says, “is isomorphous to
the natural subsulphide of copper Cu,S; the two sulphides seem to be replaceable in
complete proportion, for example in fahlerz. We have said that this isomorphism
only exists between substances presenting the same chemical formula, and we are
frequently dependent on this law to establish the equivalences of simple substances.
But silver sulphide is an exception if we write its formula AgS. This consideration
has led several chemists to give silver sulphide the formula Ag,S, and Ag,0 to our
protoxide of silver. This view is confirmed by several other circumstances ... But if
the formula for silver sulphide is written Ag,S and, in consequence, that of our
protoxide of silver Ag,0, it is necessary to write the formula of soda Na,O and not
NaO, because we have seen that silver sulphate was isomorphous with the sulphate
of anhydrous soda. The salts of potassium and lithium being isomorphous with the
corresponding salts of soda when they contain the same amounts of water of
crystallisation, it is necessary to formulate potash as K,O and the oxide of lithium
Li)O, etc.”

Considerations of this kind allow linking up by relations of equivalence the
proportional numbers of most of the simple substances.

All chemists agree in attributing hydrochloric acid the formula HCI; if the
proportional [85] number of hydrogen is arbitrarily taken to be unity, the
proportional number of chlorine is found to be fixed and equal to 35.5. In the same
way the proportional numbers of the substances in the chlorine family—fluorine,
bromine and iodine—are also fixed. ‘

Chemists have for a long time drawn attention to the analogy which exists
between the oxygen compounds of chlorine and the oxygen compounds of nitrogen,
particularly between chlorates and nitrates. In demonstrating that these salts are
isomorphous, Mallard established this analogy beyond dispute. Now this analogy

11 Regnault, Cours élémentaire de Chimie, 2nd edition, vol. II, p. 346.
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fixed the proportional number of nitrogen, equal to 14, and by this intermediary, the
proportional numbers of the substances of the nitrogen family—phosphorous,
arsenic, antimony and bismuth—were also fixed.

Between each of the two preceding families of simple substances and the family
of oxygen, it is possible to find some analogies.

The fluoroxytungstanates and the fluoroxyniobiates offer close analogies with
fluorotungstates and fluoroniobates. Marignac has shown that all of these salts are
isomorphs of one another. A relation of equivalence is thereby established between
the proportional numbers of fluorine and the proportional number of oxygen, the
latter necessarily taking on a value of 16, which gives equivalent numbers to
sulphur, selenium and tellurium with values 32, 80 and 128, respectively.

On the other hand, the sulphoarsenate of cobalt (cobaltine), the sulphoarsenate of
nickel (gersdorffite) and the sulpho-antinomate of nickel (ullmannite) resemble iron
sulphide (pyrites) and manganese sulphide (hauerite) so much that it is hard to tell
them apart. Numerous phenomena of isomorphism, studied by Retgers, are
manifested in this series of compounds. From that a single equivalence was obtained
between the proportional numbers of arsenic and antimony, on the one hand, and on
the other, the proportional number of sulphur, the latter in agreement with the value
of 32 already found by another route.

Not only can the various families of metalloids thus be linked with one [86]
another; from the metalloids it is equally possible to pass to the metals.

Analogy, together with isomorphism, of perchlorates and permanganates fixes
the equivalent of manganese, and analogy, together with isomorphism, of sulphates
and chromates fixes the equivalent of chromium.

From manganese and chromium it is possible, following the route already
trodden by Berzelius, to pass to iron; iron is linked to nickel, to cobalt, to
magnesium and to calcium; from calcium, by the intermediary of barium, one can
pass to lead. The facts of isomorphism are provided between iron sulphate and the
sulphates of copper; and besides, we have seen with Regnault how to pass from
copper to silver and from silver to the alkaline metals. Many equivalences are thus
found to link up in a rational way with the two proportional numbers of hydrogen
and chlorine.

Does this mean that all substances are to be found encompassed by this network
of analogies, woven by isomorphism, some links of which we have just described?
The facts of chemistry known so far do not allow that they be tightened in such a
way as not to be eluded by some groups of substances. In order to link the carbon
family with other families of metalloids, we find only the quasi-isomorphism of
sodium nitrate and calcium carbonate, indicating a rather faint analogy between these
substances. Mercury, whose salts are not isomorphic with any other compounds,
remain isolated among the metals.

But the rule of Avogadro and Ampeére, so lively contested, takes on a unique
authority in the light of this minute analysis of chemical analogies. All the



56 PART 2, CHAPTER 3

controversies were in fact settled by the law of isomorphism in the same sense that
they would be by applying that rule. Confirmed by an immense number of
examples, it is obvious to all sensible chemists. It would be puerile not to make
use of it to resolve the few doubtful cases that the determination of (87] equivalent
proportional numbers might still present. The table of these numbers is thus found
to be definitely fixed. Today, all treatises on chemistry have at their head a table
entitled the atomic weights of the elements.



CHAPTER 4

CHEMICAL SUBSTITUTION

We [89] have just seen how chemists brought a confused and indefinable notion, the
notion of chemical analogy, into correspondence with a representation of a
mathematical clarity, the chemical formula or, to speak more precisely, the crude
chemical formula.

We will now witness the development of a new notion, that of chemical
substitution. Tied first to the notion of chemical analogy to the point of being
merged with it, it has gradually been separated from it until it has become
absolutely independent. Like chemical analogy, it is one of the confused, indefinable
notions which are intuitive and unsettled.! Like chemical analogy, it will be
represented by a symbol endowed with a mathematical clarity, by a certain
arrangement of signs which constitute the developed chemical formula or formula
of constitution.

When a zinc plate is immersed in a solution of copper sulphate, the copper is
precipitated and the copper sulphate contained in the solution is replaced by zinc
sulphate. This substitution of one metal by another in a salt solution is the oldest
known phenomenon of substitution. For a long time, these phenomena of
substitution were regarded as the marks of chemical analogy. Zinc was a substance
[90] analogous to copper, which it substitutes in copper sulphate yielding a
substance analogous to this latter salt.

The substitution of one substance by another in a chemical compound was thus
regarded as a mark of chemical analogy, both between the substances which
substitute one another and the compounds which are derived from one another by
this substitution. The masses of the two substances which are susceptible to
substitution of the one by the other must, then, be proportional to equivalents of
these two substances. Two compounds, the one of which is derived from the other
by substitution, must be represented by similar formulas.

Thus, in the example that we have just cited, 32.50 grammes of zinc replaces
31.75 grammes of copper. The equivalent numbers of zinc and copper must therefore

1 qui se sentent, mais ne se concluent pas.
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stand to one another as 32.50 and 31.75. Copper and zinc sulphates must be
represented by analogous formulas.

Progress in chemistry has modified this view. The fact that one of two
compounds is derived from the other by substitution is no longer regarded as a mark
of chemical analogy between these chemical compounds. The masses of two
substances one of which substitutes the other are not always proportional to the
equivalent numbers of these two substances as these are generally accommodated
today under the heading of atomic weights.

Thus, a strip of copper immersed in a solution of silver nitrate precipitates the
silver and yields copper nitrate. 31.75 grammes of copper substitutes 108 grammes
of silver. Dalton, Wollaston, Gay-Lussac, Gmelin and Dumas considered that the
equivalents of copper and silver stand in the same relation as the numbers 31.75 and
108. They regarded silver nitrate as analogous to copper nitrate and gave these two
substances similar crude formulas: AgNO,, CuNO,,.

Silver nitrate is today no longer regarded as analogous to cupric nitrate; for [91]
reasons indicated above, the salts of silver are regarded as analogous to cuprous salts
each of which contains, for the same amount of acid, twice as much copper as the
corresponding cupric salts. Silver nitrate and cupric nitrate are no longer represented
by similar formulas. The one is given the formula AgNO,;, and the other the
formula CuN,O,. The equivalent numbers (atomic weights) adopted today for copper
and silver are not proportional to the numbers 31.75 and 108, but to the numbers
31.75 x 2 = 63.50 and 108.

This separation between the notion of substitution and the notion of chemical
analogy was the result of slow progress. We will briefly outline the history of this
development.

The first attempt to separate the idea of chemical substitution from the idea of
chemical analogy consisted in showing that two elements to which chemists
attributed roles so absolutely different that they were placed, so to say, at two
antipodes of chemical classification, namely chlorine and hydrogen, were susceptible
to substitution of the one by the other. This discovery, one of the most surprising
and most fruitful to be made in chemistry, was due to J.-B. Dumas.

In the course of passing a current of chlorine through alcohol, Liebig obtained a
liquid which he named chloral, a name which, without prejudging the composition
of the compound, recalls the circumstances of its formation. In 1834, Dumas
returned to the study of this reaction and determined the composition of chloral
exactly. The result of this determination was that chloral differs from alcohol in
having five equivalents? less of hydrogen and three equivalents more of chlorine.

It required the genius of Dumas to grasp in this single result the trace of the
phenomenon of substitution [92] because this phenomenon was masked, concealed

2 We continue to employ the word equivalent in the sense of what is today called atomic weight or
atom. The advantage of this substitution will soon be seen.
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by a further phenomenon. Dumas drew the following law from the fact which he
studied by a bold induction:

When a substance can be regarded as a hydrate—and this is precisely the case
with alcohol—the chlorine begins by taking away the hydrogen from the water
which it contains without being combined in the compound which results from this
reaction. If the action of the chlorine continues to take effect on the partially
dehydrogenated substance thus obtained, the chlorine displaces the remaining
hydrogen, substituting it equivalent for equivalent. If instead of taking a hydrated
substance, chlorine is made to react with an anhydrous substance, then the
phenomenon of substitution takes place right away.

It is difficult to conceive today exactly how audacious Dumas had to be to take
such a stance. At that time, the electrochemical theory of Berzelius reigned
uncontested. According to this theory, chemical combination is a manifestation of
the attraction that positive electricity exerts on negative electricity. Among simple
substances, some are positively electrified—hydrogen and the metals—and the others
are negatively electrified; these are the metalloids. In a combination, the positive
charge of a metal is attracted by a force which keeps the metal within the
combination. Another metal more strongly charged with positive electricity than the
first, and consequently more energetically attracted than the first, could displace it
and take its place. But where electropositive hydrogen is held in place by attraction,
electronegative chlorine can only be repelled. It is therefore impossible that chlorine
would come to occupy the place of hydrogen in a combination. The substitution of
one of these elements by the other is an absurdity.

Following Dumas’s struggle with the reigning theory, a chemist, Laurent, who
was disposed to follow the logical consequences of an idea to their ultimate
conclusion became interested. Taking the denial of electrochemical ideas even further
than Dumas, he [93] maintained that not only is chlorine able to substitute
hydrogen equivalent for equivalent; what is more, the compounds which are
transformed from one to another by similar substitutions are analogues of one
another. He based this claim on a comparison of chlorine derivatives of naphthalene
with hydrogen carbide which had created them.

Supported by Laurent’s idea, Dumas presented an incontestable argument in
1839: the discovery of trichloroacetic acid.

A small amount of crystallisable acetic acid is introduced into a flask filled with
dry chlorine and exposed to sunlight. After a certain time, the walls of the flask are
covered with crystals. These crystals are shown upon analysis to have a composition
which differs from that of acetic acid by having three equivalents less of hydrogen
and three equivalents more of chlorine. Like acetic acid, the substance which
constitutes these crystals is a monobasic acid. It neutralises bases forming salts
whose constitution and properties completely resemble the constitution and
properties of corresponding acetates. In summary, despite the radical difference in the
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elements which are substituted for one another, it is impossible to find two
substances more alike than acetic acid and trichloroacetic acid.

In 1844 Melsens completed the beautiful discovery of Dumas. Just as chlorine
could replace the hydrogen in acetic acid, so could hydrogen freed from contact with
a sodium amalgam transform trichloroacetic acid to acetic acid by an inverse
substitution.

This last evidence showed that two elements, no matter how different in view of
the totality of their chemical properties, can substitute for one another in a
combination without notably changing the properties of this combination, just as
two metals can replace one another without profoundly changing the properties [94]
of the salt within which this substitution takes place.

The idea of substitution, at first intimately connected with the idea of the
existence of a chemical analogy, both between the simple substances which replace
one another and between the compound substances derived from one another by
substitution, took a first step in the direction of progress. The analogy of simple
substances which are replaced was no longer required by chemists as a necessary
condition for regarding the replacement as substitution. It remained to take a new
step, and count the idea of substitution totally independent of any analogy between
the two compounds derived from one another by the chemical reaction considered.
This step was due to Regnault. Based on studies of the chlorine derivatives of
chlorohydric ether and Dutch liquid oil, he extended the notion of substitution to the
point of regarding substances whose chemical properties were profoundly different as
derivatives by substitution.

The notion of chemical substitution was thus constituted as a new notion,
independent of the notion of chemical analogy.

The two notions are distinct, but have a characteristic in common. Chemical
substitution can no more be defined than can chemical analogy. Thus, when two
chemists dispute concerning the same reaction whether it is to be seen as a
substitution or not, it is not possible to throw the one or the other back onto a
contradiction by a sequence of syllogisms.

When, for example, Dumas suggested trichloracetic acid is derived from acetic
acid by the substitution of chlorine for hydrogen, Berzelius refused to accept the
idea. He regarded trichloracetic acid as a compound with a character totally different
from acetic acid. Certainly, this resistance might be regarded as unwise; it might be
objected that the Swedish chemist’s theory is strange and sterile, whereas Dumas’s
view is natural and fruitful. [95] But can it be said to be absurd, as a geometer who
professes a false theorem can said to be absurd? No; that would go beyond the rights
of logic. His obstinacy might be puerile and unreasonable, but it is not
contradictory.

We have seen that the first action of chlorine on alcohol consists, according to
Dumas, in taking away two equivalents of hydrogen. A compound is formed,
discovered by Liebig who called it alcool deshydrogenatum or, abbreviated,
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aldehyde. Neither Liebig nor Dumas were certain whether to consider aldehyde as a
derivative by substitution of alcohol. What substance in fact replaced the hydrogen
taken away? Today, chemists regard aldehyde as a derivative of alcohol by
substitution of one equivalent of oxygen for two substances, H and OH. They have
put forward very good reasons in support of this view, and it would not be sensible
to stick to the old view of Liebig and Dumas. However, there could be no
accusation of absurdity.



CHAPTER 5

CHEMICAL TYPES

Two [97] compounds the one derived from the other by substitution are not
necessarily analogues; they are not necessarily endowed with the same chemical
function. Potassium chloride, a neutral salt, is derived from hydrochloric acid by
substitution of potassium for hydrogen. Nitrogen chloride, which is not basic at all,
is derived from ammonia by substitution of hydrogen by chlorine. Dumas proposed
that the expression chemical type be used to denote the characteristic, distinct from
analogy and chemical function, which relates two substances derived the one from
the other by substitution. All compounds derived, immediately or mediately, from
one another by some route of substitution of one element by another belong to the
same chemical type.

But should the notion of type be limited to compounds which are derived from
one another by the substitution of one simple substance by another simple
substance, for example, by the substitution of chlorine for hydrogen? Evidently not;
chemical facts, already classic during the epoch when Dumas created the notion of
chemical type, showed that this notion should not be constrained by this feature.

Gay-Lussac studied the combinations of cyanogen. This compound gas, formed
from carbon and nitrogen united in equivalent proportions, acts in a range of
circumstances as a simple substance, chlorine. It forms combinations with metals
[98] which often have close analogies with chlorides. The formulas of these
substances become similar if the complex whole CN which constitutes cyanogen is
represented by a single symbol, Cy. For example, potassium chloride is represented
by the formula KCI, and potassium cyanide could be represented by the formula
KCy.

Salts of ammonia are entirely analogous, in virtue of their chemical properties,
to the salts formed by potassium and sodium. They are often isomorphic. Their
formulas should be alike if the group or radical NH,, to which Ampére drew the
attention of chemists and Berzelius called ammonium, was replaced by a single
symbol, Am. It can be said that this group of compounds functions as a simple
substance, like an alkaline metal.

Chemical analogy and chemical function are preserved in compounds under
replacement of chlorine by cyanogen, and of potassium or sodium by ammonia.

62
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Isn’t it natural to say that a parallel replacement equally preserves chemical type
when it constitutes a substitution, even a substitution of a simple substance by a
compound group—by the group CN for the element Cl, by the group NH, for the
element K or the element Na?

Dumas therefore widened the notion of chemical type by allowing that the type
is conserved not only by substitution of one element by another, but also by the
substitution of an element or of a group of elements by a group of elements. Dumas
demonstrated the legitimacy of this extension with the observation that by the
action of nitric acid on a large number of organic substances, the group NO,
replaces hydrogen exactly like chlorine does.

This generalisation of the notion of type was soon to receive a striking
confirmation by the discovery of ammonia-based compounds, made by A. Wurtz in
1849.1

On [99] treating cyanic acid with potash, ammonia is obtained. Treating ether
cyanide in the same way with potash, Wurtz obtained a volatile liquid endowed with
a piquant odour analogous to that of ammonia, turning litmus blue, combining
directly with hydracids to form salts very similar to salts of ammonia, and
combining with oxyacids with the elimination of water to form yet more
combinations highly analogous to corresponding ammonium salts. Wurtz regarded
this base as ammonia NH, in which an equivalent of hydrogen disappears, making
room for a complex group formed from hydrogen and carbon, the group C,H,, to
which chemists have given the name ethyl. He called this base ethylamine.

The ethyl group is not the only group formed from carbon and hydrogen which
can replace an equivalent of hydrogen in ammonia. By a procedure analogous to that
by which he prepared ethylamine, Wurtz obtained a host of other analogous bases:
methylamine, which is ammonia with the group CH;, which he called methyl,
replacing an equivalent of hydrogen; propylamine, where the group propyl C,H,
replaced an equivalent of hydrogen in ammonia ... All these bases belong to the
same type, the ammonia type, whose importance was thus made clear. At the first
attempt, Wurtz made a considerable extension with this type, attaching to the group
of ammonia substitutes most of the volatile alkaloids which constitute organic
chemistry.

Hofmann’s work, coming directly after Wurtz’s, contributed considerably to
making the notion of the ammonia type precise and corroborating the theory of
types.

Reacting ammonia NH, with hydroiodic acid yields a combination which is
ammonium iodide NH,I. The action of a base on this substance regenerates the
ammonia.

If, on the other hand, ammonia is treated, in the way Hofmann did in [100]
1850, with ether hydroiodide whose formula is C,H,], a salt is obtained which

1 [Duhem’s spelling “Wiirtz” has been changed throughout to the more usual “Wurtz.”]
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stands to the ethylamine of Wurtz as ammonium iodide does to ammonia. It is
ammonium iodide with hydrogen replaced by the group C,H,, therefore having the
formula N(C,H)H,1, and is ethylammonium iodide. Treating this substance with a
base yields the ethylamine of Wurtz.

The action of ether hydroiodide on ammonia produces not only ethylammonium
iodide, however. A salt derived from ammonium iodide by substitution of two
equivalents of hydrogen by two C,H; groups is also produced. It is the iodide of
diethylammonium with a formula N(C,H,),H,I. Treated with a base, this iodide
yields a substance analogous to ethylamine, but which is derived from ammonia by
the substitution of two groups C,H, for two equivalents of hydrogen. This is
diethylamine with formula N(C,H;),H.

Again, the same reactions yield an iodide of triethylammonium, N(C,Hs),HI,
and a triethylamine, N(C,Hj),, which derive, respectively, from ammonium iodide
and ammonia by the substitution of three C,H groups for three equivalents of
hydrogen.

Not only did these researches enrich the ammonia type by the discovery of the
amines twice and three times substituted; they revealed a series of combinations
belonging to another group, the type hydroiodide of ammonia or ammonium iodide,
NH,I. We have seen how the action of ether hydroiodide on ammonia forms
substances which are derived from it by substitution of one, two or three equivalents
of ammonia [sic?] by one, two or three ethyl groups. Moreover, this same action
produces a substance in which the four equivalents of hydrogen in ammonium iodide
are replaced by four ethyl groups, namely tetraethylammonium iodide, N(C,Hj),1.

Gerhardt [101] introduced a new extension of the ammonia type by attaching
substances which form the class of amides. Amides were studied by Dumas, who
envisaged them as dehydrated salts of ammonia. If, for example, the elements of
water, H,O, are removed from acetate of ammonia, acetamide is obtained. Here is
how Gerhardt related the amide substances discovered by Wurtz:

What is the ethyl group, C,H,, which we have seen replaces an equivalent of
hydrogen in ammonia to form ethylamine? It is what remains when one equivalent
of oxygen and one equivalent of hydrogen are removed from alcohol, whose formula
is C,H,O. Alcohol is therefore ethyl C,Hy plus hydroxyl OH. Take in the same
way acetic acid, with formula C,H,0,, and remove the hydroxyl group OH. A
radical remains with the formula C,H,0, a radical which Gerhardt named acetyl.
Now for Gerhardt, acetamide is the substance N(C,H,O)H, which is derived from
ammonia by substitution of one equivalent of hydrogen by the acetyl group.

More generally, if one equivalent of hydrogen in ammonia is replaced by a group
which, when united with OH, forms an alcohol, we have an amine. If, on the other

2 [presumably hydrogen, as it was in the almost identical text of §III of Duhem’s “Notation
atomique et hypothéses atomistiques,” Revues des question scientifiques, 31 (1892), 391-457.]
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hand, it is replaced by a group which, when united with OH, forms an acid, we have
an amide.

This idea of Gerhardt’s was later to find a powerful confirmation in the discovery
of the alkylamides. An equivalent of hydrogen in ammonia is replaced by the
remainder of an alcohol, for example by the ethyl group, and another equivalent of
hydrogen by the remainder of an acid, for example the acetyl group, and the result is
a substance whose properties are intermediate between or, rather, are akin to, those
of ethylamine and those of acetamide. Such a substance would be an alkylamide.

By attaching amides to the ammonia type, [102] Gerhardt illuminated well the
fundamental principle on which we have insisted: that various substances do not
need to be analogues nor fulfil the same functions in order to belong to the same
type. In fact, while amines are bases which offer close analogies with ammonia, it
is by no means the case that amides share the alkaline properties of ammonia.

At the time when the work of Wurtz and Hofmann created a host of compounds,
some belonging to the ammonia type, others to the ammonium iodide type, the
researches of Williamson concerning the formation of ether by the action of
sulphuric acid on alcohol was to emphasise the importance of another type, the
water type.

Williamson showed in 1851 that the properties of alcohol and ether are easily
interpreted if alcohol is regarded as water H,O in which an equivalent of hydrogen is
replaced by the ethyl group, and ether is regarded water in which two equivalents of
hydrogen are replaced by two ethyl groups. So alcohol might be represented by the
formula (C,Hs)HO and ether by the formula (C,H,),0.

Numerous proofs can be given in support of this view. One cannot do better, it
seems to me, than to cite the most striking which consists of treating sodium
ethoxide with the iodide of an alcoholic radical, for example with methyl iodide. The
substance thereby obtained is analogous to ether and called a mixed ether; it is water
in which one equivalent of hydrogen has been replaced by the ethyl group, C,Hj,
and the other equivalent of hydrogen has been replaced by the methyl group, CH,.
The formula of this substance is therefore (C,H,)(CH,)O.

Williamson was not satisfied with creating the water type by adding to it
alcohol, ether and the mixed ethers; he put in a large group of acids, bases and salts
from the chemistry of minerals. Nitric acid, (NO,)HO, is water with an equivalent
of hydrogen replaced by the nitryl group NO,. Potash, [103] KHO, is water in
which an equivalent of hydrogen has been replaced by an equivalent of potassium.
Silver oxide, Ag,0, is water in which two equivalents of hydrogen have been
replaced by two equivalents of silver. Silver nitrate, (NO,)AgO, is water in which
one equivalent of hydrogen has been replaced by a nitryl group, while the other
equivalent of hydrogen has been replaced by an equivalent of silver. This takes us
back to ideas Davy and Dulong had put forward regarding the constitution of salts—
ideas which Liebig and Wohler have clearly expressed in the course of studying the
combinations of benzoic acid.
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The water type was soon enriched by Gerhardt with a new category of substance
the possibility of which Williamson had conceived. What, for Williamson, is
alcohol? It is water where an equivalent of hydrogen has been replaced by the ethyl
group. What is ether? It is water where two equivalents of hydrogen have been
replaced by two ethyl groups. What is acetic acid? It is water where one equivalent
of hydrogen has been replaced by an acetyl group, C,H,0. Cannot, therefore, a
substance which stands to acetic acid as ether stands to alcohol, be conceived as a
substance which stands to water where two equivalents of hydrogen have made way
for two acetyl groups, and which would therefore have the formula (C,H,0),0? The
realisation of this substance was provoked by an unexpected discovery.

In 1850, all chemists believed, with Gerhardt, that monobasic acids cannot exist
in the anhydrous state. All known anhydrides were associated with polybasic acids.
Now, reacting dry chlorine with dry silver nitrate, a chemist produced anhydrous
nitric acid. The chemist in question, whose discoveries always seem to have had the
task of questioning and reversing received ideas—to the great profit of science—was
Henri Sainte-Claire Deville.

Confronted by this fact, Gerhardt did not hesitate to abandon his old ideas. He
sought to interpret Sainte-Claire Deville’s discovery. For [104] him, the nitric
anhydride stands to nitric acid as ether stands to alcohol: it is water whose two
equivalents of hydrogen have been replaced by two nitryl groups NO,. Its formula is
(NO,),0. In 1851, Gerhardt based on this interpretation a strictly general method for
producing anhydrides of monobasic acids. Should, for example, acetic acid anhydride
be required, then react silver acetate, (C,H,0)AgO, with acetyl chloride, (C,H,0)CI.
What is produced is the substance whose existence was predicted by Williamson.
Odet and Vignon were later, by means of Gerhardt’s method, to reproduce the nitric
anhydride of Sainte-Claire Deville.

Gerhardt was not satisfied with enlarging the water type by adding the class of
monobasic acid anhydrides; he defined new types, such is the hydrochloric acid
type.

Water contains two equivalents of hydrogen. It might happen that just one of
these equivalents is replaced by an equivalent of a simple substance, as in potash, or
by a group of elements, as in alcohol, nitric acid and acetic acid. It is also possible
that both equivalents of hydrogen are simultaneously replaced, and then in various
ways. The two equivalents of hydrogen might be replaced by two equivalents of an
element, as in silver oxide. One of them might be replaced by a simple substance
and the other by a group of elements, as in silver nitrate, potassium acetate and
sodium ethoxide. They might be replaced by two identical groups of elements, as in
ether, nitric anhydride and acetic anhydride. They might, finally, be replaced by two
different groups of elements, as in the mixed ethers, acetic ether and nitric ether.

Things are completely different with hydrochloric acid. It contains only a single
equivalent of hydrogen which, in substitution phenomena, is always replaced at one
go by an equivalent of a simple substance or by a group of elements. When this
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[105] equivalent of hydrogen is replaced by an equivalent of sodium, we have
sodium chloride; by the group NH,, then we have ammonium chloride; by the
group C,H,, then we have ethyl chloride; by the group C,H,0, then we have acetyl
chloride.

Hydrochloric acid, water, ammonia and ammonium iodide are, after Gerhardt,
the principal types under which all chemical combinations came to be regimented.
The nomenclature is, however, far from being complete. There is, in particular, one
type that Gerhardt does not mention and which has taken on a major importance
since Kékulé has taught us to see most organic combinations as derived from it,
namely the methane type, represented by hydrogen protocarbon CH,.

Mineral chemistry provides us with still more types. We leave them aside,
thinking that the preceding suffices to give a clear conception of what chemists in
the middle of the nineteenth century understood by chemical types and the way in
which this notion has developed. We are impatient to take up a new notion, rich in
consequences, the notion of a condensed type.



CHAPTER 6

CONDENSED TYPES, VALENCY AND DEVELOPED
FORMULAS

Williamson [107] had related monobasic acids to the water type; they were
represented as water in which one equivalent of hydrogen has been replaced by a
certain group of elements, by an acid radical. Thus, nitric acid was water in which an
equivalent of hydrogen has been replaced by the nitryl group, NO,. Acetic acid is
water in which an equivalent of hydrogen has been replaced by the acetyl group
C,H,0. Such substitution involves the replacement of one of the two equivalents of
hydrogen contained in water. The other can, in turn, be replaced by an equivalent of a
metal such as potassium, sodium or silver; salts are formed in this way.

In this case, an acid contains only a single equivalent of hydrogen which a metal
can replace to form a salt. So a given acid and a given metal can only form a single
salt. But this is not always the case. Take sulphuric acid and make it react with
potash. It forms two different salts, according to the circumstances. One of these
salts contains one equivalent of hydrogen and one equivalent of potassium; the other
contains two equivalents of potassium and contains no hydrogen. It is this that leads
us to say that sulphuric acid is dibasic.

Similarly, ordinary phosphoric acid [108] can yield three different salts with
potassium. The first of these salts contains an equivalent of potassium and two
equivalents of hydrogen; the second, two equivalents of potassium and one
equivalent of hydrogen; and the third, three equivalents of potassium and no
hydrogen. Ordinary phosphoric acid is tribasic.

But how can acids such as sulphuric and phosphoric acid belong to the water
type? How can we understand the circumstance that after one substitution, which
removes an equivalent of hydrogen from water, there remain yet two or three
equivalents of hydrogen in the water replaceable by a metal? At first, it seems
difficult, if not impossible. Williamson resolved the difficulty.

How have we imagined the formation of a monobasic acid, nitric acid for
example? We have supposed that water H,O loses an equivalent of hydrogen and that
this equivalent of hydrogen is replaced by the group NO,. Let us now take the
formula of water H,O not once, but twice. From each of these formulas let us
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remove an equivalent of hydrogen, which will leave us two hydroxyl groups OH; for
the two equivalents of hydrogen removed the group SO, is substituted a single time.
We will have a formula (SO,)(OH), which will represent the composition of
sulphuric acid. Two equivalents of hydrogen remain in this formula coming from
water from which it was derived, two equivalents of hydrogen resembling entirely
the single equivalent contained in nitric acid. Depending on whether both equivalents
or just one are replaced by the same number of equivalents of potassium, the neutral
sulphate (SO,)(OK), or the acid sulphate (SO,)(OK)(OH) of this metal is obtained.
The double basicity of sulphuric acid is therefore brought out by this formula.

Similarly, phosphoric acid is obtained by taking the formula of water H,O three
times, removing one equivalent of hydrogen from each of these H,O groups [109]
and substituting these three equivalents of hydrogen with a single PO group. The
formula (PO)(OH), of the compound thereby obtained clearly shows the triple
basicity of phosphoric acid.

Thus the polybasic acids belong to the water type, although to the water type
several times condensed, thanks to the intervention of a group of elements
susceptible of alone substituting for several equivalents of hydrogen removed from
several different H,O groups. The dibasic acids are thus reduced to the water type
twice condensed; two hydroxyl groups OH are tied together by a single group. The
tribasic acids are reduced to the water type condensed three times; three hydroxyl
groups OH are tied together by a single group.

“Mr. Williamson has written that in two lines!; but how rich in developments
this simple statement was!” Williamson’s idea, issuing from the notion of basicity,
was soon to lead to one of the greatest discoveries which have been made in
chemistry, the discovery of glycol.

In 1854 Berthelot concluded an important work on the ethers of glycerol with the
following words: “These facts show us that glycerol presents, vis-a-vis alcohol,
precisely the same relation that phosphoric acid presents vis-a-vis nitric acid. In fact,
while nitric acid only produces one series of salts, phosphoric acid produces three:
the ordinary phosphates, the pyrophosphates and the metaphosphates ... Similarly,
while alcohol only produces a single series of neutral ethers, glycerol gives rise to
three distinct series of neutral combinations.”

The facts observed by Berthelot were exact; the interpretation that he proposed
was erroneous. The three series of ethers of glycerol derive from one and the same
glycerol, and not three different glycerols, comparable to orthophosphoric,
pyrophosphoric and metaphosphoric acid. [110] These three series of ethers are
comparable, not with orthophosphates, pyrophosphates and metaphosphates, but
with three series of salts that are produced by ordinary phosphoric acid in virtue of
its triple basicity. Orthophosphoric acid, we have seen, is formed from three
hydroxyl groups OH joined together by the PO group. If in one of the OH groups

1 Ad. Wurtz, La Théorie atomique, p. 145.
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an equivalent of hydrogen is replaced by an equivalent of potassium, the result is the
acidic orthophosphate of potassium; if in two of these groups, the neutral
orthophosphate of potassium,; if in three of these groups, the basic orthophosphate
of potassium. Similarly, glycerol belongs to the water type three times condensed;
it is formed from three hydroxyl groups OH tied together by the group C;H,. In
each of these hydroxyl groups, hydrogen can be replaced by an acid group, for
example by an acetyl. Depending on whether such a substitution is effected in one,
two or three of these groups, we will have three different acetyl ethers of glycerol.

This was the interpretation that A. Wurtz proposed in 1855 of the facts observed
by Berthelot.

Alcohol and glycerol are comparable to nitric acid and phosphoric acid. Alcohol
is a single alcohol as nitric acid is a single acid. Glycerol is a triple alcohol as
phosphoric acid is a triple acid. In order to confirm this view, what was required was
to form a substance which would stand to alcohol as sulphuric acid stands to nitric
acid, and would be a double alcohol as sulphuric acid is a double acid. Wurtz sought
to form this substance, intermediate between alcohol and glycerol, and succeeded; it
is glycol, discovered in 1856.

In what way should we proceed to obtain a substance which is a double alcohol
based on Williamson’s ideas on the constitution of polybasic acids and Wurtz’s on
the constitution of glycerol? We should look for a group composed of carbon and
hydrogen which is capable of substituting for [111] two equivalents of hydrogen and
tying together two hydroxyl groups. Now there exists a substance, composed of
carbon and hydrogen, which seems to present the required characteristics, namely the
gas ethylene, whose composition is represented by the formula C,H,. This
substance combines with two equivalents of chlorine to form a liquid oil well
known under the name Dutch liquid oil. Dutch liquid oil C,H,Cl, can be regarded as
hydrochloric acid twice condensed by substitution of ethylene for two equivalents of
hydrogen. The ethylene group therefore looks like one of the groups, analogous to
SO,, which can substitute for two equivalents of hydrogen.

Let us therefore take ethylene as our point of departure. Combining it with
bromine or iodine yields the bromide or iodide of Dutch liquid oil; if this is
saponified? with silver oxide, the compound C,H,(OH), is obtained. This is the
substance which is a double alcohol, intermediate between alcohol and glycerol,
sought by Wurtz; it is glycol.

The discovery of a new substance might have important consequences in the
practical domain. But from the point of view of the science of chemistry, this
discovery has no interest if it is not the occasion of the demolition of a false theory
and the confirmation of a new, correct theory or the suggestion of a new theory. The
importance of a new fact is measured by the evolution that it imprints on ideas. In
the light of this rule, there are, in chemistry, few substances whose discovery has

2 [Saponification refers to hydrolysis with alkaline substances.]
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been so important as that of glycol. The modern chemical notation hangs on it—to
what extent we will now examine.

The discovery of glycol made everyone appreciate the characteristic possessed by
certain groups, such as ethylene, of replacing two equivalents of hydrogen taken
from two different HCI or from two different H,0, and tying together the remaining
two equivalents of chlorine or the two remaining OH groups. This characteristic was
already indicated by Williamson as belonging to the SO, group and [112] as
explaining the double basicity of sulphuric acid. He made a profound distinction
between the groups which we have just cited and groups such as the nitryl group
NO,, the ethyl group C,H; and the acetyl group C,H,0. These can only substitute
for one equivalent of hydrogen taken either from hydrochloric acid or water. The
latter substitutions generate products belonging to the same group from which they
come, of the hydrochloric acid type or the water type. On the other hand,
substitutions of the former kind generate products which do not belong to the same
type from which they came, but to a twice condensed type—the doubly condensed
hydrochloric acid type or the doubly condensed water type. Picking up again, under a
more precise form, an expression already employed by Milon and by Malaguti,
Wurtz called the first groups monatomic groups, and the second diatomic groups.
Later, he proposed the replace these terms by univalent and bivalent groups,
respectively. Adopting these latter expressions, we therefore say that NO,, C,H, and
C,H,0 are univalent groups, and that SO, and C,H, are bivalent groups.

The PO group which we encountered in studying phosphoric acid and the group
C,H; which we have cited in connection with glycerol possesses the property of
being able to substitute for three different equivalents of hydrogen taken from three
different HCI’s or three different H,O’s. They therefore yield combinations which
belong not to the hydrochloric acid type, or to the water type, but to the triply
condensed hydrochloric acid type or the triply condensed water type. The group PO
and the group C;H, in phosphoric acid and in glycerol are therefore trivalent
groups.

Let us pursue the consequences of these ideas.

How did Williamson come to compare the water type with the doubly condensed
water type? He considered nitric acid which contained a single equivalent of hydrogen
replaceable by an alkaline metal and which produces a single series of salts [113]
with such metals. Secondly, he considered sulphuric acid which contained two
equivalents of hydrogen each of which could be replaced by an alkaline metal so as
to produce two series of salts according as the metal replaces one or two equivalents
of hydrogen. From this comparison the idea was born that if nitric acid derives from
water by substitution, then sulphuric acid should be derived by substitution of two
times H,O, and so appeared the doubly condensed water type.

Let us now compare the action of water on metals with the action of
hydrochloric acid. Hydrochloric acid contains a single equivalent of hydrogen which
can be substituted by an equivalent of a metal such as potassium or sodium. On
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reacting with each of these metals, a single salt is formed—potassium or sodium
chloride. Water, on the other hand, contains two equivalents of hydrogen each of
which can be replaced by a metal such as potassium or sodium. If a single
equivalent of hydrogen is replaced by the metal, a first series of compounds is
obtained, the hydroxides such as potash KOH or soda NaOH. If two equivalents of
hydrogen are replaced by the metal, a second series of compounds is obtained, the
oxyanhydrides K,O and Na,O which are analogues of silver oxide Ag,0.

Isn’t this comparison between hydrochloric acid and water entirely analogous to
that which exists between a monobasic acid and a dibasic acid? Are we not led to
regard water as belonging to the doubly condensed hydrochloric acid type, as deriving
from two groups HCI by substitution of a single equivalent of oxygen for two
equivalents of chlorine? And then, with Odling and subsequently Wurtz, will we not
repeat for chlorine what we have said about the group of compounds NO,, C,H, and
C,H,0, or for oxygen what we have said about the group of compounds SO, and
C,H,? Shall we not say that, in hydrochloric acid, chlorine is a univalent element,
and [114] that in water, oxygen is a bivalent element?

Similarly, ammonia might be regarded as belonging to the triply condensed
hydrochloric acid group. It is derived from three HCI groups by substitution of one
equivalent of nitrogen for three equivalents of chlorine. In ammonia, nitrogen is a
trivalent element.

Methane might be regarded as belonging to the quadruply condensed hydrochloric
acid type. An equivalent of carbon is substituted for four equivalents of chlorine
taken from four different HCI’s. In methane, carbon is a quadrivalent element.

Ammonium iodide might be regarded as derived, by substitution of an equivalent
of iodine for an equivalent of hydrogen, from the ideal substance NH;, which would
be ammonium hydride. This might be associated with the five times condensed
hydrochloric acid group. It would be derived by substitution of a single equivalent of
nitrogen for five equivalents of chlorine taken from five different HCI’s. In this
substance, nitrogen is a quinquivalent element.

All the types of which we have spoken are thus found to be reduced either to the
hydrochloric acid type or the one, two, three, four or five times condensed
hydrochloric acid type. There are still other types which can all be reduced to the
hydrochloric acid type condensed a certain number of times.

This said, let us consider any chemical type formed by the union of two
elements or two groups of elements a and b. If it is the hydrochloric acid type, a
will be Cl and b will be H. If it is the water type, a will be O and b will be H,; and
so on. If the type corresponds to the hydrochloric acid type condensed n times, each
of the two groups a and b is said to be n-valent in the compound a b, or, when
united in forming the compound a b, the two groups a and b exchange n valencies,
and the formula of the compound is written by drawing n lines between the two
symbols a and b.
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Thus, in hydrochloric acid, one equivalent [115] of hydrogen exchanges one
valency with one equivalent of chlorine, and the formula for hydrochloric acid is
written H-CI. In water, an equivalent of oxygen exchanges two valencies with two
equivalents of hydrogen, and the formula for water is H, = O. In ammonia, an
equivalent of nitrogen exchanges three valencies with three equivalents of hydrogen,
and the formula for ammonia is N = H,. In methane, an equivalent of carbon
exchanges four valencies with four equivalents of hydrogen, and the formula for
methane is C = H,. In ammonium iodide, an equivalent of nitrogen exchanges five
valencies with five equivalents of hydrogen, and the formula for ammonium iodide
is N = H,I.

That oxygen, nitrogen, carbon and nitrogen again have replaced the chlorine of
two, three, four and five HCI groups is represented still more clearly by writing

H

HooH NTH HC—H /|

A A

Each line marks the place of one equivalent of chlorine replaced by substitution
and indicates the equivalent of hydrogen that was united with it.

Let us now consider a combination belonging to the type a b; it is formed by the
substitution of an element or a group of elements A for the group a, and an element
or a group of elements B for the group b. Again, the two groups A and B are said to
exchange n valencies in the compounds AB, and the formula for the compound is
written by putting n lines between the symbols A and B.

Take, for example, triethylphosphine; it is a substance derived from ammonia by
substitution of one equivalent of phosphorus for one equivalent of nitrogen and three
ethyl groups C,H; for three equivalents of hydrogen. One equivalent of phosphorous
is therefore said to exchange three valencies with the group (C,H,), in this
substance and the compound is written [116] P = (C2H5)3.3 Or better, the
equivalent of phosphorus is said to exchange a valency with each of the three groups
C,H,, giving trimethylphosphine the formula

CZHS

|

P — C,H,
|

CZHS

3 [The text actually reads P = (CZH )3, With the “5” missing (although there is a space there). The
“5” is not missing from the corresponding place in “Notation Atomique,” Revue des questions
scientifiques, 31 (1892), 391-457; p. 429.]
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Clearly, the type to which a combination belongs is now represented by the
number of valencies that are exchanged between the two parts whose union is
supposed to generate this combination.

This method of representation presents a first advantage which is immediately
apparent.

Consider the ammonium type. A certain number of combinations are put into
this type, for example phosphorus protochloride, that can be derived from ammonia
by substitution of an equivalent of phosphorus for an equivalent of nitrogen and
three equivalents of chlorine for three equivalents of hydrogen. But evidently,
ammonia can equally be regarded as derived from phosphorus protochloride by the
inverse substitutions. In general, each of the combinations that we have put into the
ammonia type could be chosen as the typical combination from which all the others
are derived by substitution. The choice from all the combinations belonging to a
given type of one which gives the type a name is therefore somewhat arbitrary.

The arbitrary importance given to one combination among all those belonging
to the same group is avoided by the valency notation. All combinations belonging
to the same type are now marked with the same characteristic, without having to
make any play a particular role. And this common characteristic is precisely what is
considered essential for the type, namely the condensation to which it is necessary to
subject the hydrochloric acid type to obtain the type in question.

But [117] the introduction of the notion of valency offers other, more
considerable, advantages.

There is something arbitrary and indeterminate in the operation by which a
combination is related to a given type, namely the way in which it is split into two
parts. It is also in general possible to relate a given combination to several different
types or even to relate it to a given type in several different ways.

Consider methylamine, for example. It can be regarded as ammonia in which an
equivalent of hydrogen has been replaced by a methyl group CHj;, and it is then put
into the ammonia type. It can equally be regarded as methane in which an equivalent
of hydrogen has been replaced by the group NH,, and it is then put into the methane
type.

Take a slightly more complicated case, methylammonium iodide. This can be
regarded as ammonium iodide in which an equivalent of hydrogen has been replaced
by the group CH,, and it is put into the ammonium iodide type. It can be seen as
methane where an equivalent of hydrogen has given way to the group NH;I, and it
falls under the methane type. Finally, it can be considered as hydroiodic acid whose
equivalent of hydrogen is replaced by methylammonium NH,(CHS,), in which case it
has been derived from the hydrochloric acid type.

Take yet another example, potassium nitrate. This substance comes, if you like,
from water where one equivalent of hydrogen has been replaced by the group NO,,
and the other by an equivalent of potassium, so that it derives from the water type.
It also comes, if you prefer, from potassium chloride whose chlorine has been
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replaced by the group NO,, and it therefore derives from the hydrochloric acid type.
Finally, it might be regarded as ammonium iodide where four equivalents of
hydrogen have been replaced by two equivalents of bivalent oxygen and where the
equivalent of iodine has been replaced by the group OK, [118] and it is now related
to the ammonium iodide type.

One among these various ways of envisaging a given compound should be
chosen which fixes the type to which it would belong. But the consequences of this
obligation to make a choice are not entirely happy. In fact, each of these different
types to which a compound can be attached has the advantage of illuminating the
relations that the compound has with certain substances, but also has the drawback
of casting a shadow over the relations that it has with other substances.

Take, for example, methylammonium iodide. In linking it to the ammonium
iodide type, we bring out its relations with the compounds of ammonia, but we
conceal its links with methyl alcohol and the ethers derived from that. In linking it
with methane, we illuminate the latter relations, but obscure the analogies of the
compound with the salts of ammonia.

It is here that the new notation based on the notion of exchange of valency
comes into play to advantage. It gives us the means of avoiding the arbitrary and
defective choice between the various types to which a given compound might be
linked.

What, in fact, makes a compound eligible for a determinate type? It is the taking
of one particular element or group of elements which belongs to the compound, and
stating how this element or group of elements exchanges valencies with the
remainder of the compound (that is to say, the degree of condensation to which the
hydrochloric acid type is subjected) and how the exchanges are brought about (that is
to say, in what way the hydrochloric acid type has been brought to this degree of
condensation). When, for example, I say that potassium nitrate belongs to the water
type (that is to say, to the hydrochloric acid type twice condensed), where one
equivalent of hydrogen is replaced by the group NO, and the other by an equivalent
of potassium, I say that potassium nitrate contains an equivalent of bivalent oxygen
which exchanges one [119] valency with the group NO, and another valency with
potassium. When I regard the same substance as derived from ammonium iodide (or,
what comes to the same thing, from hydrochloric acid condensed five times) by
substitution of the group OK for an equivalent of iodine and two equivalents of
oxygen for four equivalents of hydrogen, I say that, in potassium nitrate, nitrogen is
a quinquivalent element which exchanges one valency with the group OK and the
other four with two equivalents of oxygen. When I link potassium nitrate with the
hydrochloric acid type, I intend to express that the salt contains an equivalent of
univalent potassium which exchanghas es its single valency with the group NO,.

But doesn’t what just been said immediately suggest the idea of making clear the
number of valencies of each of the elements which figure in the compound and the
way in which these valencies are exchanged with one another?
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Thus, for potassium nitrate, we note that nitrogen is quinquivalent in this
compound, that potassium is univalent and each of the equivalents of oxygen is
bivalent; moreover, two of these equivalents of oxygen each exchange two valencies
with two valencies of nitrogen; and the third equivalent of oxygen exchanges one of
its valencies with the fifth of nitrogen’s valencies and the other with the single
valency of potassium. Potassium nitrate will therefore be represented by the
following symbol:4

Z)_O—K

This symbol does not link potassium nitrate with any type in particular, but it
makes clear all the types to which the salt might belong. The various ways of
envisaging potassium nitrate lead, in fact, to writing the salt as

K—0O—NO,
if it is to be linked to the water type, or writing it as
0,=N—-OK

if [120] it is to be linked with the ammonium iodide type, or writing it as
K—NO,

if it is to be linked with the hydrochloric acid type. And it is easily seen that all that
can be expressed by each of these formulas is completely expressed by the symbol
that we wrote first. This symbol is the developed formula or the constitutional
formula of potassium nitrate.

The purpose of the developed formula of a compound substance is therefore to
show clearly all the types to which the compound might be linked and all the
substitutions by which it can be derived from each of these types, without giving
preference to any one of them.

The fruitfulness of such a notion is immediately apparent.

4 [The two leftmost oxygens should presumably each be connected to the nitrogen with a double

line, as they are in the corresponding diagram in “Notation Atomique,” p. 433.]
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When the formula of a compound is known, it is immediately apparent which
substances it can give rise to by way of substitution, so the reactions to which the
substance will give rise can be classified, and sometimes predicted.

Moreover, comparing the developed formulas of a given substance with others
shows by which substitutions it would be possible to pass from the one to the
other. Now the chemist has at hand general methods which, in a great number of
cases, permit the bringing about of a given substitution with considerable
reliability. Therefore, when the constitutional formula of a substance is known, he
will very often be in a position to reproduce substances by means of other
substances which are already available; in other words, to effect a synthesis.

This ability of a developed formula to indicate the route by which it is possible
to synthesise a given substance is one of the great and admirable accomplishments
of modern chemical notation. It has led to innumerable discoveries and enriches
industry each day with new products. To give examples of such syntheses would be
appropriate in a study of pure chemistry, but would not be appropriate here. [121]
Let us cite just two syntheses from among the more remarkable in the way they
were predicted to meet the needs of their time, but which have become quite
common today: the synthesis of acetic acid by Grimaux and Adam, and the synthesis
of indigo by Biyer.



CHAPTER 7

ISOMERS AND STEREOCHEMISTRY

Leaving [123] aside the practical import of the developed formula, its fecundity
manifests itself with so bright a light that it would be puerile to delay demonstrating
it. There is another consequence, it too theoretical, to which the new notation leads
us, and it is to this consequence which we would now wish to pay particular
attention.

Two substances might have the same crude formula but different developed
formulas. They would then be two distinct substances, although of the same
composition. To obtain them, different reactions are necessary to produce different
substitutions. Such substances are isomers of one another.

The isomerism between two substances can itself be of two different kinds.

Take the two substances whose developed formulas are:

o P
H—C—C—=0 H-CCCH
HH B ik

The first is propionaldehyde, the second is acetone.

When the former is submitted to the action of an oxidant, [124] the hydrogen
that is linked to the equivalent of carbon which already carries an equivalent of
oxygen will be replaced by the OH group and we obtain a substance with the
developed formula

g
B =0
H H O—H
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which contains the group OCOH characteristic of the organic acids. This is an acid,
propionic acid.

When acetone is submitted in the same way to an oxidant, nothing similar is
produced because the equivalent of carbon which exchanges two valencies with
oxygen is not directly united with an equivalent of hydrogen. Acetone submitted to
the action of an oxidant divides into acetic acid and formic acid.

This is the first form of isomerism. Between the two isomers there is a
difference of chemical function: placed in analogous circumstances, they give rise
to different reactions, undergoing different substitutions.

There is a completely different case of isomerism, where two compounds formed
from the same elements, but arranged in different fashion, can always undergo
similar substitutions, so that in chemically analogous conditions, the two
compounds give rise to analogous reactions. But these analogous reactions do not
form identical products. They produce substances which differ in the totality of their
physical properties, and are once again isomers just like the substances which were
used to form them.

The derivatives of benzene provide, as Kékulé has shown, striking examples of
this isomerism of position.

Benzene, whose crude formula is CjHg, is formed from six equivalents of
quadrivalent carbon [125] united with six equivalents of monovalent hydrogen. It is
given the developed formula:

i
C
H-C C-H
H _
—-C \V4 C-H
C

H

Suppose two equivalents of hydrogen are substituted by, for example, two
equivalents of chlorine. Depending on how the substitutions were carried out, we
can be led to attribute the product obtained one or other of the following three
formulas:
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These three formulas represent three different dichlorobenzenes which chemists
distinguish by the prefixes ortho, para and meta. The three dichlorobenzenes differ
from one another in various of their physical properties: densities, fusion points,
boiling points, etc. But their chemical properties are similar; placed in analogous
conditions, they undergo analogous reactions. For example, it is possible to
substitute two equivalents of chlorine in each of them by two OH groups and obtain
three isomeric diphenols. It is possible to substitute [126] two equivalents of
chlorine by two NO, groups and obtain three isomeric dinitrobenzenes. In all cases
where two equivalents of hydrogen in benzene are substituted by two identical
elements or two identical groups of elements, the products of this double
substitution fall under three isomeric forms, the forms ortho, para and meta, thus
offering one of the most striking and best studied examples of isomerism of
position.

According to the principles that have just been stated, to enumerate all the
possible isomers of a substance whose crude formula is given is to enumerate and
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present all the distinct representations that can be formed with a definite number of
equivalents of various simple substances, each with a known valency. This is then a
simple mathematical problem that Leibniz has called analysis situs;! Cayley and G.
Brunel have shown how the problem can be resolved geometrically. The successes
of the method are one of the great triumphs of the chemical notation based on the
notion of valency: above all, they have contributed to overturning the prejudice with
which this notation has long clashed.

Despite its fecundity, more surprising by the day, the notation of valencies
encountered one special category of isomers that it remained unable to represent.

Take a tartrate, the tartrate of sodium, for example. The substance occurs in two
varieties, identical in most of their physical and chemical properties, but clearly
opposite with respect to a certain optical characteristic. If a tank containing a
solution of the one variety is placed in the trajectory of a ray of polarised light, the
plane of polarisation of the ray is rotated about the ray, from left to right, at a certain
angle. If the same ray is intercepted by the same tank containing an equally
concentrated solution of the other variety, the plane of polarisation is [127] again
rotated about the ray, at the same angle, but from right to left. The solutions of the
two varieties of sodium tartrate have the same ability to rotate, but in contrary
senses; the former is the dextrorotatory or right tartrate, and the second variety is
the levorotatory or left tartrate.

Right sodium tartrate and left sodium tartrate can both be obtained in crystalline
form by evaporation from their respective solutions. The crystals offer, at first
sight, the greatest resemblance. If, however, they are examined with care, as Pasteur
did, it is not long before it is recognised that a crystal of right tartrate does not have
the shape of a solid superimposable on a crystal of left tartrate. The facets which
bound the crystals of the two varieties are so structured that there exists between the
two kinds of crystal exactly the same relationship as that between a right and left
hand. A crystal of left tartrate is identical with the image of a crystal of right tartrate
viewed in a mirror.

A number of examples of the kind of isomerism presented in connection with
sodium tartrate are known in organic chemistry.

Now the single notion of valency is unable to represent this kind of isomerism.
Sodium tartrate, for example, cannot provide two different developed formulas.
Whatever substitution is performed on the substance, the equivalents of carbon,
oxygen, hydrogen and sodium are always found in the same number and interrelated
in the same way.

Is it not possible to substitute for the notation based solely on the notion of
valency a more complete, more penetrating, notation which, without losing the
advantages of the old notation, provides different schemas corresponding to two
isomers endowed with inverse rotatory abilities, to what were frequently called

1 [“Analysis situs” is a former name for topology.]
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optical antipodes? This is the problem that Le Bel in Paris and J. H. Van 't Hoff in
Amsterdam tackled simultaneously twenty-five years [128] ago.

Obviously guided by Pasteur’s crystallographic work, they sought to construct
symbols for the constitution of each of the two optical antipodes such that the
symbol for the one would be the reflection in a mirror of the symbol of the other.
To succeed, they did not need to rest content with notions employed up to that time
in the establishment of formulas of constitution where only the nature of the
various elements and the valencies that they exchange were taken into consideration.
Reflect one of the old formulas of constitution in a mirror; the image and the object
will present the same elements and exchange the same links between one another.
From the point of view of analysis situs, the given formula and its reflection will
be identical. Le Bel in Paris and Van 't Hoff were therefore obliged, in all
necessity, to complement the elements of representation employed up to that time
and used in analysis situs with a new element taken from geometry. That is what
they did.

Instead of representing the four valencies with which an equivalent of carbon is
endowed in most organic combinations by four lines issuing from a point, they
represented them by four lines issuing from the four corners of a tetrahedron.

Then it is easily seen that all substances where at least two of valencies of
tetrahedral carbon are saturated by identical elements or identical groups of elements
will be represented by a schema which is exactly superimposable on its mirror
image. But it is not the same if the four valencies of tetrahedral carbon are saturated
by four different elements or groups. In that case, when properly disposing the
symbols of the four elements or groups of elements over the four corners of the
tetrahedral, two figures are obtained which are symmetrical with one another but not
superimposable.

Suppose, for example, that the four [129] valencies of an equivalent of carbon
are saturated by, respectively, an equivalent of each of the four monovalent
substances: hydrogen, fluorine, chlorine and bromine. We are dealing with
fluorochlorobromomethane, to which the old notation would attribute the following
developed formula

which does not entail any isomerism. The stereochemical notation, on the other
hand, can equally represent the compound by two symmetric, but non-
superimposable, formulas which are as follows:
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H H

Br Br

The two formulas can represent the optical antipodes, and there do in fact exist
two fluorochlorobromomethanes endowed with inverse rotatory powers.

The use of a tetrahedric symbol for the representation of tetravalent carbon
therefore facilitates, in certain cases, the construction of two symmetric but non-
superimposable symbols for two substances of the same composition and the same
constitution. Does this procedure provide a satisfactory representation of the
phenomena of isomerism where the two isomers are perfectly similar in all respects
except their [130] ability to rotate equally but inversely? To respond positively to
this question is precisely to establish the following two laws:

1. In all cases where a chemical compound occurs in two forms which are optical
antipodes of one another, stereochemistry can represent the constitution of the
substance by two symmetric but non-superimposable schemas;

2. In all cases where stereochemistry represents the constitution of a substance
by two symmetric but non-superimposable schemas, the substance occurs in two
isomeric forms which are optical antipodes of one another.

The verification of the first law presents hardly any difficulties, and might be
said to be contemporaneous with the introduction of stereochemistry or, more
precisely, that it was what gave rise to stereochemistry. It is because it is possible
to put into correspondence two symmetric but non-superimposable schemas with
each pair of optical antipodes discovered in chemistry that Le Bel and Van ’t Hoff
have proposed stereochemistry as a general theory.

The verification of the second law is more difficult, although more conclusive
for the theory; and this verification itself comprises two parts.

In the first place, every substance endowed with the ability to rotate and, in
consequence, represented by a stereochemical symbol non-superimposable on its
symmetric counterpart, presupposes the existence of a second substance having a
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symbol with precisely this symmetry standing as an optical antipode of the first. If
therefore chemistry provides us with a substance endowed with the ability to rotate
the plane of polarisation from left to right, such as glucose, which is also called
dextrose, it should equally provide us with a substance, isomeric to the first and
turning the plane of polarisation from right to left. All dextrose presupposes a
leevulose. The search for the optical antipode of any substance endowed with
rotatory power should, sooner or later, succeed. Research along these lines had
already been undertaken by Pasteur; after the work [131] of the great
crystallographer, the coupling of a large number of optical antipodes has been
completed.

In the second place, every substance whose constitutional formula can, in
stereochemistry, take on two symmetric but non-superimposable arrangements,
should be endowed with the ability to rotate and occur in two isomers, the one
dextrorotatory and the other l&vorotatory. Now, it very often happens that the
reaction which gives rise to such a substance does not yield any substance endowed
with rotatory power, but a substance lacking this power which is, appropriately,
said to be inactive. Such facts pose grave objections to the theory of
stereochemistry which it must resolve. Aided by the ideas created by Pasteur, this it
has been achieved to great effect.

It can happen that the inactive substance is, in fact, a mixture of equal
proportions of the two optical antipodes. Evaporation of a solution of such a
substance often yields not a single kind of crystal, but equal weights of two kinds of
crystal, those of the one kind being symmetric with those of the other but not
superimposable. It suffices to sort the crystals and separate those of the same kind
from one another, and redissolve them in isolation, obtaining two solutions
endowed with the power of rotation, the one the inverse of the other.

It can happen that the inactive substance obtained is a chemical combination
which the two antipodes seek to form when united in equal amounts. In this case,
evaporation of the solution does not yield two kinds of crystal; the crystals obtained
are all of the same shape, and this shape is identical with its mirror image. Pasteur
has already shown that inactive substances known as racemates result from the
combination of a right tartrate with the same amount of a left tartrate. From this the
name racemic compound is given to inactive substances generated by the
combination of two optical antipodes [132] of equal masses. Splitting inactive
substances that stereochemistry implies should be regarded as racemic combinations
into their two optically inverse components is the aim pursued by adherents of the
new doctrine. They persevere in their efforts towards their goal with extremely
ingenious methods, and success has frequently crowned their endeavours. By their
success, the notation of stereochemistry has gained the characteristic of fecundity
which alone fully justifies the use of a scientific symbolism. Not only has it served
to methodically classify well-known truths; it has even been the instrument of
discovery.



CHAPTER 8

THE ATOMIC THEORY:
CRITIQUE OF THIS THEORY

We [133] have just expounded the fundamental principles of modern chemistry, and
nothing in this exposition has led to the intervention of the doctrines of the
atomists, either in confirmation or refutation. The original experimental laws have
been taken as the basis of this science, the law of the conservation of mass, the law
of definite proportions, the law of equivalent proportions and the law multiple
proportions. Certain notions like those found in natural sciences are associated with
these laws, the notion of chemical analogy and the notion of chemical substitution,
and numerical and geometrical symbols have facilitated the expression of these
notions in a form perceptible to the imagination and giving chemical classification
an admirable clarity. But nothing has constrained us to pronounce on the nature of
mixts, and to chose between the disciples of Epicurus and the partisans of Aristotle.

It should not be concluded that those whose discoveries have created and
developed modern chemistry were not at all concerned with atomic doctrines.

A certain number of chemists, and not the lesser figures, prudently distanced
themselves from these doctrines. Richter did not borrow anything from them; it was
rather Pythagorean inclinations which led him to bring in his remarks on the
numerical values of equivalent masses, [134] and remarks in the same spirit are to
be found in certain of Dumas’s writings and above all in the work of Mendeleev.
Others among the creators of chemical science seem to have meticulously avoided
all hypotheses about the nature of mixts and not wanted to concede anything taken
from any other source than experience. But many expect Epicurean hypotheses to
interpret the already familiar laws or to lead to the discovery of new principles.

Already in 1790 Higgins considered that the atoms of elements which enter into
combination have fixed masses and build groups of definite numbers to form a
molecule of the compound. He mixed with this fundamental conception, it is true,
several inadmissible hypotheses, leaving to John Dalton the honour of creating the
modern atomic theory.

Did the atomic theory serve to guide Dalton in the discovery of the law of
multiple proportions? Or did the results of experience, on the contrary, have
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precedence in the order of his researches over the hypothetical interpretation provided
by the Epicurean doctrines? There is a problem in settling this dilemma!. However
it might be resolved in one or other sense, Dalton’s thought remains perfectly clear.

Simple substances are formed of atoms. The atoms of the same simple substance
are all alike; they have the same mass. The atoms of two different simple substances
have different masses, and their masses stand to one another as do the equivalents of
simple substances. Thus, for the various simple substances, the equivalents measure
the atomic masses and can be attributed this name.

All compound substances are reducible to molecules. The molecules of a given
compound are all identical with one another; each is formed from a certain number,
necessarily whole, of atoms of each simple substance which combine to bring about
the formation [135] of the compound. The chemical formula of a combination
simply expresses which atoms and in what number they are united in a molecule of
the combination. Thus, to say that the formula of hydrochloric acid is HCl is to say
that the molecule of hydrochloric acid contains one atom of hydrogen and one atom
of chlorine. To say that the formula of water is H,O is to say the molecule of water
contains two atoms of hydrogen and one atom of oxygen. The similarity between
two formulas represents not only the wholly subjective analogy of two chemical
compounds; it denotes the similar structure of their molecules, the objective source
of chemical analogy.

Such are the ideas that Dalton put forward and developed from 1803 to 1808, and
that Thomson and Wollaston were to penetrate in the public domain. Soon they
were to be found in lots of writings on chemistry. In 1813 Amedeo Avogadro
adopted them, as did Ampere in 1814; the structures characteristic of each compound
formed by elementary atoms of the compounds they called integral molecules, a
term already employed by Haily to designate the solids whose association constitutes
a crystal. They taught that at the same temperature and under the same pressure, the
unit of volume of all gases contains the same number of integral molecules. This is
the form in which the statement of the law which played such a large part in the
fixation of chemical formulas was first to be found.

The structure that the atoms of the various simple substances form when they
unite to generate a molecule of a compound substance is identical with the integral
molecule whose repetition produces a crystal. Therefore similar structures, which
characterise analogous compounds, should form similar crystals. Thus, the preceding
hypotheses are very naturally linked to the law of isomorphism, and it was so that
Mitscherlich understood the great principle with which he enriched the science of
chemistry. Witness the statement which he gave: “The same number of atoms,
combined in the same manner, [136] produce the same crystalline shape; and this
same crystalline shape is independent of the chemical nature of the atoms and
determined only by the number and relative position of the atoms.”

1 On the history of Dalton’s works, see Ad. Wurtz, La Théorie atomique, pp. 17 ff.
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All the notions, all the principles that contribute to fixing the crude formula of
a chemical compound find their interpretation in the atomic theory. And so it is
with the notion of valency, the basis of the developed formula.

Each atom possesses one or more atomicities. The atomicity is that by which
an atom is able to attach to another atom; or, rather, in order that two atoms join, it
is necessary that a certain number of atomicities of the first and an equal number of
atomicities of the second are joined to each other.

There are atoms which only possess one atomicity: the atoms of chlorine,
bromine, iodine, hydrogen, potassium, etc. Evidently, each of these atoms can unite
with only one atom of the same class. When such a union is effected by fusing the
single atomicity of one of these atoms with the single atomicity of the other, these
two atoms exhibit no more free atomicity; they are saturated.

There are atoms which possess double atomicities: oxygen and calcium are cases
in point. The oxygen atom can join with two atoms of hydrogen, each single
atomicity of which will saturate one of the atomicities of oxygen to form water.
The calcium atom can be combined with two atoms of chlorine to form calcium
chloride. But an atom of oxygen will be combined with a single atom of calcium
because each, having two atomicities to saturate, will need only the two atomicities
of the other.

When an atom of hydrogen is found in a compound substance, its single
atomicity saturates one of the atomicities of the remainder of the compound.
Chlorine, which also exhibits a single atomicity will be equally apt to saturate the
single atomicity by saturating itself. A chlorine atom and a hydrogen atom [137]
could, therefore, substitute one another in such a molecular structure.

On the other hand, for an oxygen atom which possesses two atomicities to be
saturated, being placed in a molecular structure requires that the part of the structure
which is displaced to make way for it releases two atomicities. For such an
introduction of an oxygen atom to become possible, it is not sufficient the remove a
single atom of hydrogen from the molecular structure; this operation disengages
only one atomicity. It is necessary to remove two hydrogen atoms or two chlorine
atoms. Oxygen therefore possesses the property that a single one of its atoms
substitutes for two hydrogen atoms or two chlorine atoms.

These examples suffice to show how the phenomenon of substitution is
accounted for in the theory of the constitution of matter. What we have called the
number of valencies of an element is now the number of atomicities possessed by
the atom of the elementary substance. The lines which represented exchanges of
valencies in our developed formulas represent in reality how atomicities of the
various atoms collected in a molecule are pairwise saturated.

All that we have just said is very general; we have spoken about the atomicities
possessed by an atom without going into the precise nature of these atomicities. It
is, in fact, easier to describe how the atomic school introduces atomicity into the
phenomena of substitution than to show how it explains this peculiar property of
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the atom. Most of the chemists of this school avoid pronouncing on the nature of
this I know not what that fuses two atoms together and which has, perhaps, the flaw
of resembling too much the classic crooks with which Lucretius had armed his
corpuscles.

Some physicists, however, make no attempt to emulate this prudent reserve and
have attempted to say in what atomicity consists. Father A. Leray regards [138]
atoms as polyhedra and the atomicity which they possess stands in relation to the
facets which form their boundaries. J. Thomson, developing the ideas of Lord
Kelvin, considers that atoms are rings of turbulence born within a perfect fluid, the
ether. The knots by which these rings can wrap around one another differ according
to the shape, simple or complex, of these rings. From these arise the various
atomicities that can be exhibited by atoms of chemical elements. All these
hypotheses have a common characteristic which, it seems, is inevitable: it is the
shape of the atom to which they attribute atomicity.

It is again to the shape of the atom that the power of rotation is attributed if
stereochemistry is interpreted according to the atomic doctrines. The carbon atom is
regarded as having a tetrahedral shape or as exhibiting more or less the same
elements of symmetry as a tetrahedron.

It therefore seems that modern chemistry possesses certain and fruitful methods
which allow it to analyse the structure of chemical molecules, the arrangement of
atoms within these molecules and the very shape of these atoms. “It is the path
which chemistry has recently entered?, and so rapid has been the progress
accomplished in this direction during the last twenty years! that obscurities in the
arduous problems of the intimate structure of chemical molecules—problems that
Gerhardt had declared inaccessible—are dissipated!”

Premature triumph! The symbols employed in modern chemistry—crude
formulas, developed formulas, stereochemical formulas—are precise instruments of
classification and discovery as long as they are regarded only as the elements of a
language, of a notation, appropriately conveying to the eyes, under a particularly
striking and precise form, the notion of analogous compounds, substances derived
from one another, optical antipodes. When, on the other hand, it is regarded as a
reflection, [139] as a sketch of the structure of a molecule, of the arrangement of
atoms, of the shape of each of them, this leads to insoluble contradictions.

Let us examine, for example, the difficulties encountered when seeking to
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