Studies Concerning Affinity

P. Waage and C. M. Gulberg

Henry I. Abrash, Translator
California State University, Northridge, CA 91330

This article presents an English translation of “Studies Con-
cerning Affinity” (1), Guldberg and Waage’s first presentation,
in 1864, of the law of mass action. The source of this translation is
a facsimile of the Norwegian original that appeared in 1964 as
part of the proceedings of a symposium (2) commemorating the
centennial of the law of mass action. Unfortunately, the figures
displaying the experimental data presented in 1864 no longer
exist (3) and do not appear in the 1964 facsimile.

This lecture to the Academy of Sciences in Christiania (Oslo)
was followed by two others in 1864, “Experiments for Determin-
ing the Affinity Law” (4) and “Concerning the Laws of Chemical
Affinity” (5). In order to expand their potential audience, Guld-
berg and Waage published a pamphlet in French, “Studies in
Chemical Affinity” (6), in 1867. A German paper, “Concerning
Chemical Affinity” (7), in 1879 concluded their publications on
chemical equilibrium.

Although, except for the last publication, these writings are
not readily available in American libraries, Abegg’s German
translations in “Ostwald’s Klassiker der Exakten Wissenschaft”
(8) offer some access to most of them. These include excerpts
from the lecture translated in this article and the third 1864
lecture as well as the entire French pamphlet of 1867. Abegg also
provides a reprint, with commentary, of the 1879 journal article.
An English translation of a portion of the introduction to this
article appears in “A Source Book in Chemistry, 1400-1900" (9).

Translator’s Note

The following translation tries to stay as close as possible to
the style of the original. Consequently, it presents substances by
English names in use in 1864. Brackets containing the modern
names appear after each old name at its first use. Suspected
misprints in the original are noted with lettered footnotes. Num-
bered footnotes are those contained in the original publication.
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The theories which previously prevailed in chemistry re-
garding the mode of action of the chemical forces are recog-
nized by all chemists to be unsatisfactory. This applies to the
electrochemical as well as the thermochemical theories; it
must generally be regarded as doubtful that one will ever,
with the aid of the electricity and heat evolution which
accompany chemical processes, be able to find the laws by
which chemical forces operate.

We have therefore sought to find a more direct method for
determining the mode of action of these forces, and we be-
lieve that, by a quantitative investigation of the mutual
interaction of different substances, we have hit upon a way
which will most surely and naturally lead to the goal. We
should point out that Mssrs. Berthelot and S. Giles in the
summer of 1862 published work concerning etherification
[esterification] which, to an important degree, has led us to
choose this particular method.

Our work, which was begun in the autumn of 1862 and
includes about 300 quantitative investigations, has led us to
a definite opinion of chemical processes and to advance a
new theory and particular laws which we shall present brief-
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ly and demonstrate by experiments, in part our own and in
part those of other chemists.

Chemical compounds can, as is known, be divided into two
types:

1) perfect, which always occur according to particular atomic
relationships and

2) imperfect, which, within certain limits, can have a haphazard
composition.

To the first type belong those, which according to general
opinion are called chemical compounds, whose composition
can always be expressed either by one of the three major
types

E} [see note® below]

ﬁ}oz [H,0]

2 This is an apparent misprint; an elemental symbol to the right of
the bracket seems to have been omitted.



H
H{N [NH,]
H

or by multiple types of these or, finally, a combination type.

We reckon among the second class alloys, compounds be-
tween a dissolved substance and the solvent, individual silic-
ic acid and boric acid compounds, etc.

The imperfect chemical compounds occur under the influ-
ence of forces which without a doubt are small in comparison
to the forces which come into consideration in the formation
and decomposition of the perfect chemical compounds.

In the following work we will consider only the chemical
processes! which involve perfect chemical compounds.
These processes can be divided into:

(A) Simple

which always can be classified as one of the two following
groups:

(a) direct combination of two molecules to a new molecule (addi-
tion) and, in reverse, splitting of a molecule into two others;

(b) amutual exchange or substitution of the constituent parts of
two molecules and, in reverse, regeneration of the original molecule
by a backwards substitution. One could call the one action and the
other reaction.

(B) Complex

which always can be regarded as a sequence of several simple
processes.

As an example of addition and cleavage processes, we need
only name the formation of sal ammoniac [ammonium chlo-
ride] from HCl and NH; and, in reverse, its cleavage into
HCl and NH;. Mutual substitution is, without compare, the
most frequent process both in inorganic and organic chemis-
try. It happens, for example, very often when two different
salts come together, whether both these and the newly
formed salts are soluble, or whether one salt, either before or
after the process, is insoluble. A very frequently occurring
example of a complex chemical process, where both the sim-
ple processes cited above oceur simultaneously, is found in
the formation of the basic salts. When

Z
ZE} 0, [Zn0]

acts on a solution of

8,0,

e, } 0, [CuS0,]

these are transformed partially to

Cu

Cu} 0, [CuO]

and

8,0,

Zn, }04 [ZnS0,]

The copper oxide formed and the zinc oxide still unchanged
engage in additions, the first to the unchanged vitriol of
copper [copper sulfate], and the second to the vitriol of zinc
[zinc sulfate] formed, and the result of these two processes is
two basic salts. We have emphasized above that for each of
two simple chemical processes, two forces assert themselves,
either a composing or a decomposing, or an acting and a
reacting, and we view it as unavoidably necessary to regard
these forces together if one is to find any quantitative ex-
pression for these forces.

' We designate by a chemical process any phenomenon in which
the chemical forces bring about a chemical change of the material.
2 Annalen der Chemie und Ph[arm]. 123, p. 199 [(1862)].

In reality, we very often see in chemistry that these two
opposing forces simultaneously assert themselves in one and
the same chemical process. We need only name the well-
known relationship between the action of HySy [HyS| on
solutions of metal salts and the reverse action of acids on
metal sulfides. A further example is the well-known relation-
ship between the cauterizing of the alkalis with lime [calci-
um oxide], by which caustic potash [potassium hydroxide]
can be formed from potash [potassium carbonate| and lime
while potash can be formed from caustic potash and
carbonate of lime [calcium carbonate]. According to whether
one uses diluted or concentrated, hot or cold solutions, one
can get the process to go in whichever of the two opposite
directions one wishes. If one uses solutions of a suitable
temperature and concentration, then under completely
identical conditions both the action and reaction will occur,
according to whether one begins with one pair of substances
or the other.

If processes where either only one or the other direction is
apparent seem to occur often in chemistry, it frequently
arises from the combining or acting force being either very
large or very small in relation to the opposite one under the
conditions present. If one modifies the conditions under
which the forces operate in one way or the other, then one
will either cause the opposing force to become about as
strongly effective as the first—and in such a case both direc-
tions of the process will be apparent simultaneously—or one
will even be able to cause the opposing force to be dominant,
so that only the second part of the process appears to occur.
As an example of this we shall cite the oxidation of many
metals by oxygen in water at a lower or higher temperature
and, in reverse, the reduction of the oxides of these metals by
hydrogen; for instance Pebal’s experiment? on the formation
of sal ammoniac [ammonium chloride] and its cleavage at a
higher temperature. Furthermore, mercury is oxidized at a
temperature of about 300°[C], but the oxide is cleaved at red
heat. There will thus be a temperature interval between 300
and red heat in which the oxide partially cleaves and the
metal is partially oxidized.

Also, the well-known phenomenon that salts which are
difficult to dissolve very often are easier to dissolve in other
salt solutions than in water finds its natural explanation in
the occurrence of partial substitution.

In order to determine the size of the chemical forces, we
regard it as always necessary to study the chemical processes
under such conditions that both its opposite directions are
apparent simultaneously. If, under these conditions, one has
first found a quantitative expression for the size of these
forces for the different substances, the next question is to
tind the laws by which the exterior circumstances (e.g., tem-
perature and solubility) modify these forces, and only then
will one be in a positicn to be able to calculate in advance the
result of the action of the chemical forces for any conditions
and substances whatsoever.

If we maintain that for a given chemical process two op-
posing forces are in effect, one which strives to form new
substances and one which strives to restore the original com-
pounds from the new, it is enlightening that, when in the
chemical process these forces become equally large, the sys-
tem is in equilibrium. That the same equilibrium state oc-
curs under the same conditions, whether one goes one way or
the other in the process, lies in the nature of the matter.

As we have now hinted how the chemical processes are to
be understood according to our view, we will go on to develop
the laws by which chemical forces act on the second class of
simple chemical processes, which we have named above sub-
stitution processes.

Relying partly on earlier experiments carried out by other
chemists and partly on our own and guided by the course of
chemical processes developed above, we set forth the follow-
ing two laws, namely the law of mass action and the law of
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volume action, from which the equilibrium condition for the
forces acting in the system is derived.

(1) The Action of Mass

The substitution force, other conditions being equal, is
directly proportional to the product of the masses provided
each is raised to a particular exponent.

If the quantities of the two substances which act on each
other are designated M and N, then the substitution force
for these are

a(M°N®)

The coefficients «, a, and b are constants which, other
conditions being equal, depend only on the nature of the
substances.

(2) The Action of Volume

If the same masses of the interacting substances occur in
different volumes, then the action of these masses is in-
versely proportional to the volume.

If, as above, M and N designate the amount of the two
substances, and V and V’ the total volume of the system in
two different cases, then the substitution force in the one
case is expressed by «(M/V)4(N/V)? and in the other by
a(M/V)e(N/V”)b,

(3) The Equilibrium Equation

If one begins with the general system which contains the
four active substances in a variable relationship and desig-
nates the amounts of these substances, reduced to the same
volume, according to the first law by p, g, p’, and ¢’, then
when the equilibrium state has occurred, a certain amount x
of the two first substances will be transformed. The amounts
which keep each other in equilibrium are consequently p —
x,q —x,and p’ + x, ¢" + x. According to the law of mass
action, the action force for the first two substances is a(p —
x)%(g — x)? and the reaction force for the last two is o’ (p’ +
x)%(q" + x)¥. Since there is equilibrium

L a(p — x)3(g — x)b = o’'(p" + x)¥(q" + x)¥

From this, x is then found, and one can thus calculate the
amounts of the given substances which are changed for any
system whatever. As one sees from the equation, only 4 of the
6 coefficients are independent; these remain to be deter-
mined by experiment, as one determines the changed
amount x for different amounts of the substances when the
equilibrium is reached.

That a chemical process, as so often is the case in chemis-
try, seems to occur in only one direction, so that either
complete or no substitution takes place, arises easily from
our formula. Since the active forces do not increase propor-
tionally to the masses, but according to a power of the same,
the relationship of the exponent does not have to be particu-
larly large before the unchanged or changed amount be-
comes so small that it does not let itself be revealed by our
usual analytical methods. In one of the series of experiments
which we shall discuss below, it appears, for example, that
even when the relationship between the exponents becomes
1:150, then the changed amount is only 1/1000%; in this case,
the experiment naturally shows that no change takes place.

As arule, the changed amount x can not be determined by
a single experiment. Mathematically speaking, the equilibri-
um state as a rule is not reached until the interaction has
lasted an infinitely long time. In the meantime, one will, by
determining the changed amounts for the same masses at
different times of interaction, be able to see what limiting
value this amount approaches. If one chooses the experi-
ments so that one approaches this limit from the two oppo-
site sides, for example both starting with p and g and with p’
and g’, one obtains even sharper results. This circumstance
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has made it necessary for us, in our series of experiments, to
make a very large number of limit determinations for various
stages of the process without yet being in possession of suffi-
cient material to find the laws by which the speed of the
process occurs. We have also studied the influence of tem-
perature on the equilibrium state by a large number of ex-
periments. We shall allow ourselves to report the results of
these investigations, with which we are still engaged, to the
society later.

We can quantitatively establish the laws developed above
by the following three series of experiments.

I. Ethyl Alcohol, Acetic Acid, Acetate Ether [Ethyl
Acetate] and Water’s Mutual Interaction

(Experiments carried out by Berthelot and St. Giles in
1862)

In a series of about 500 experiments, these chemists have
studied the interaction of alcohols with a number of organic
acids and, conversely, the decomposition of the ether [ester]
species by water and demonstrated that, for these groups of
organic compounds, the process runs relatively slowly so
that the equilibrium state is obtained only after an infinitely
long time. Furthermore, they have shown that various equi-
librium states occur when various amounts of the four sub-
stances interact with each other. However, they expressly
point out that they regard these phenomena as peculiar to
organic compounds and see a sharp boundary between the
ether species on the one hand and inorganic salts on the
other. That we, as we have done above, are inclined to apply
this view to all simple chemical processes, both in organic
and inorganic chemistry, hopefully will appear from what
has been developed above and from the following two series
of quantitative experiments from inorganic chemistry.

These chemists, in addition, have not derived any law
about mass action from their experiments.

We have used our general formulae on the most complete
of their series of experiments, the ethyl alcohol-acetic acid
series, and the agreement between the calculated and found
values is, as one can see from the curves presented (see Fig.
I.) completely satisfactory; p = acetic acid, ¢ = alcohol, p’ =
acetate ether, ¢’ = water (H505) [H20]. The coefficients are a
=1;b=10.786; ¢’ = 0.846; b’ = 0.807; o’/ = 0.502, volume =
10000.

The second series of experiments includes experiments
carried out by us with

8,0, C,0, 8,0, C,0,
Ba2}04+ K, O, and K, 0, + Ba, 0,

[BaSO, + K,CO, — BaCO; + K,S0,]

H. Rose already has published in Pogg’s Annals [Poggen-
dorff’s Annalen der Physik und Chemie] for 1855 an investi-
gation of the interaction of potash with sulfate of baryta
[barium sulfate] at various temperatures and shown that
these substances undergo a partial conversion which ap-
proaches completion with larger amounts of potash. Al-
though he has also found that the reverse side of the process
occurs under the same conditions he has neither investigated
the influence of time nor shown that an equilibrium state
occurs, any more than he has derived laws which could ex-
plain these phenomena.

We have now studied quantitatively the influence of time,
temperature, the amounts of water, and the masses on the
mutual action of these 4 substances by a very large number
of experiments and by this found that the equilibrium state
is first obtained after an infinitely long time; that, as will be
seen from the accompanying curves, the effect of potash on
sulfate of baryta increases with temperature and decreases
with the amount of water, while in reverse, the effect of



sulfate of potash on carbonate of baryta [barium carbonate]
decreases with temperature and increases with the amount
of water. With respect to the mass and volume effect, we
have studied these most completely at 100°[C] and used our
formulae on these experiments. The agreements are satisfac-
tory, if one takes into account the practical difficulties which
stand in the way of the analysis itself. Compare the curves in
Fig. I1. All experiments are carried out partly in platinum,
partly insilver flasks since glass vessels would be attacked by
the potash. p = sulfate of baryta, ¢ = potash, p’ = carbonate
of baryta, g’ = sulfate of potash.a = 1; b = 12.480; a’ + &’ [see
note b below] = 10.788; log «'/a = 12.494; Volume = 50000
H;0; [Ho0].

C,0

: 2 Si
Sij0, + Na, }04 and NaQ} 0, + C;0,1 0, at red heat

[SiO, + Na,CO, — Na,Si0; + CO,]

In order to determine silicic acid’s molecule, Scherer? has
investigated how much carbonic acid is driven off by soda
[sodium carbonate] when one heats silicic acid to glowing
with various amounts of soda, and therefore wanted to con-
clude that silicic acid unites with soda in all possible rela-
tionships within the limits

Si, o
Nay[ ©

Si 0
Na,|

since all salts lying in between are to be regarded as interme-
diary silicates consisting of these two. Meanwhile, we have
drawn Scherer’s experiments under our view of the chemical
processes, since we assume that silicic acid forms only a
single perfect chemical compound with soda, namely

Si
Naz}o‘*
We regard all the others as imperfect chemical compounds
equal to metal alloys, and we see an analogy to these com-
pounds in the relationship of the metal oxides to borax and
phosphoric salts.
The four active substances which come into consideration

here are, on the one side, silicic acid and soda, and on the
other side, silicate of soda [sodium silicate] and carbonic

and

b The facsimile shows b instead of b’, an apparent misprint.
3 Annalen der Chemie und Pharm., B. 116, 1299 [(1860)].

acid. The last occurs here in the gaseous form that always
surrounds the molten mass when the crucible is in the spirit
flame. That the gaseous carbonic acid really is active during
such processes surely arises from Scherer’s experiments,
according to which the carbonic acid freshly driven off from
the sodium carbonate is taken up again as soon as the tem-
perature falls. The agreement between the results found and
the results calculated from our formula is quite striking for
this series of experiments. p = silicic acid, ¢ = soda, p’ =
carbonic acid, ¢’ = silicate of soda,a = 1; b = 0.64;a’ = 2; b’ =
0.0632; o’/ p* = 62.66, volume = 1 when p = ¢ = 300. See
Fig. IL.

In conclusion, we should briefly compare our theory with
the opinions which have prevailed earlier concerning chemi-
cal forces.

The first theory about chemical affinity was advanced by
the Swede Bergman in 1780, thus at a time when the atomic
theory was not yet developed. He assumes that each sub-
stance has its particular affinity, whose magnitude is inde-
pendent of the mass of the substance, toward every other
substance. This point of view, which in individual cases
appears to be correct, has long since been refuted by many
chemical processes and is also totally in conflict with the
theory presented by us.

In contrast, Berthollet in 1801-1803 developed in his af-
finity theory the view that affinities of substances, in addi-
tion to being dependent on their specific nature, also—and
the important thing—are modified by the original amount of
the substances as well as by their physical character, for
example volatility and insolubility.

As one sees, we have adopted as part of our theory Berth-
ollet’s theory about the effective chemical forces in a chemi-
cal process being dependent on the masses. On the other
hand, the law of mass action advanced by Berthollet, accord-
ing to which the affinity is always proportional to the mass,
is most decisively refuted by our experiments. Furthermore,
our experiments show that Berthollet’s view of the inactivity
of insoluble and volatile substances in chemical processes is
incorrect, a view which was already expressed by Berthelot
concerning organic substances.

One has tried even earlier to apply our view, developed
above, of the equilibrium state for every chemical process,
although not quantitatively proven it, for a single group of
chemical processes, namely for mixtures of two different
soluble salts from which no precipitation occurs. One has
namely, partly with the help of certain color reactions, partly
with the help of the rotation of the plane of polarization
(Gladstone) and partly with the help of diffusion experi-
ments (Graham and Gladstone), sought to demonstrate that
a partial substitution of the soluble salts occurs.

With respect to the relationship in which our theory
stands to the work of Berthelot and St. Giles on etherifica-
tion and to Rose’s experiments with sulfate of baryta and
potash, you are directed to that we have presented in experi-
mental series I and II.
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