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It is characteristic of dissociation phenomena that a
reaction, in which heat overcomes the force of chemical
attraction, occurs for only a portion of a substance, even
though all of its parts have been equally exposed to the
same influences. In the remaining portion, the forces of
chemical attraction, which are the only reason for the
reaction to proceed in the opposite direction, maintain
the upper hand. Hence, for such reactions there is a
limiting state which the molecular system in question
approaches irrespective of the initial state and, once it is
reached, neither heat nor chemical forces can produce
further change so long as the external conditions remain
constant.

The degree of dissociation, i.e., the size of the por-
tion encompassed by the reaction in the limiting state,
depends upon the following external conditions: the tem-
perature, the pressure and volume, the relative quantities
of the reacting substances, etc., and indeed the influence
of these various factors varies with the state of aggrega-
tion and the nature of the substances in question.

A complete theory of dissociation has to explain in
general why an equilibrium state, rather than a complete
reaction, is possible and, for each individual case, which
circumstances are able to influence the degree of disso-
ciation. I believe I can demonstrate the basis for such a
theory in the following.

W. Thomson was the first to take note of one of
the consequences of the mechanical theory of heat (1) -
namely that the entire world is continuously approaching,
via the totality of all natural processes, a limiting state in
which further change is impossible. Repose and death
will then reign over all and the end of the world will
have arrived.

Clausius (2) knew how to give this conclusion a
mathematical form by constructing a quantity —the
entropy—which increases during all natural changes
but which cannot be decreased by any known force of
nature. The limiting state is, therefore, reached when
the entropy of the world is as large as possible. Then
the only possible processes that can occur are those for
which the entropy remains constant, e.g. stationary move-
ments such as those which we attribute to the smallest
particles of a body at constant temperature. The cause
of the limiting state for dissociation phenomena is, in my
opinion, identical; it occurs when the entropy has become
as large as possible for the change in question. Hence
our problem is solved if we know by what circumstances
and in what manner the entropy of the process in ques-
tion may be altered.

If we follow the approach of Clausius, we find, first
of all, that the more the energy of the world takes the
form of heat and the lower the temperature of that heat,
the greater the entropy.

If a quantity of heat Q is produced at absolute
temperature 7, e.g. from mechanical work or chemical
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potential, then the entropy is increased by Q/7T. The
reverse process corresponds to an equal decrease in the
entropy and, since the total entropy cannot decrease, this
will never happen without an increase of equal or greater
magnitude occurring at the same time.

From what has been said, it is apparent that the
entropy will also increase if a quantity of heat Q is with-
drawn from a body at temperature 7 and is transferred to
another at a lower temperature 7, since then Q/T < Q/T’
if 7> T’. From this follows the well-known theorem of
Carnot that heat cannot be transformed into work without
heat being simultaneously transferred from a hotter to a
colder body.

However, this theorem is only valid for the produc-
tion of mechanical work via so-called cyclic processes
(i.e., viaprocesses in which all of the participating materi-
als return to their initial states) since, in the transforma-
tion of heat into mechanical work or chemical potential,
the heat always causes an accompanying (3) alteration
in the arrangement of the particles of a body and thereby
overcomes the internal and external forces which oppose
the change without this being associated with a transport
of heat in the sense of Carnot’s theorem.

The decrease in the entropy which corresponds
to the transformation of heat into potential energy is
accompanied in such cases only by a change in the ar-
rangement of the particles of the respective body, and
thus it can be seen that the entropy must also be depen-
dent on this arrangement. It is increased by any change
in arrangement in which the heat must do work and by
at least as much as is required to compensate for the
simultaneous decrease. Clausius (4) has described the
arrangement of the particles in a body by introducing a
new quantity —the disgregation—which is dependent
on this arrangement and which specifies how large the
entropy is for a given arrangement. For the details of
how to determine this magnitude, the reader is referred
to his original memoir.

Those changes in arrangement which correspond to
an increase in disgregation are easily identified because,
like those in which the entropy increases, they can occur
by themselves without any other accompanying change.
In contrast, a decrease in disgregation is only possible
if the entropy is also simultaneously increased, e.g. via
the conversion of mechanical work or chemical potential
into heat.

The disgregation is increased by melting and va-
porization, and by the decomposition of chemical com-

pounds. It decreases in all chemical processes which
occur with the release of heat.

But bodies can also undergo changes in disgregation
without a change in their chemical composition or state
of aggregation. This is recognizable by means of specific
criteria, e.g. the disgregation of a gas increases when it
occupies a larger volume. But at constant volume it will
be constant and will remain so even if a second gas is
introduced into the same space.

Like the density, the disgregation of a liquid is
constant at constant temperature. It can only be changed
by mixing it with other liquids. The disgregation of
each of the two components depends on their ratio in
the mixture.

Lastly, the disgregation of a solid body does not
change upon mixing with other solids. At constant tem-
perature it can differ only for allotropic modifications
of the same solid. Thus one can conclude that the state
of aggregation leads to intrinsic differences which also
influence the phenomena of dissociation.

In general, save for a few exceptions (5), the dis-
gregation of a body will increase whenever its atoms
or molecules are further separated from one another.
Hence one is now able to form a picture of the nature of
the equilibrium state for dissociation. That is to say, one
sees that the process of dissociation may be divided into
a series of processes by means of which the entropy is
partially increased or partially decreased. If we consider
a particular case, e.g., the decomposition of a gaseous
compound into gaseous products at constant volume,
then the entropy:

1) decreases during the conversion of heat into
chemical work;

2) increases as the separation between the atoms
of the decomposed molecules increases;

3) increases because the remainder of the undecom-
posed molecules must expand to fill the same volume;

4)and 5) decreases because the number of mol-
ecules for the two decomposition products increases and
they are thus forced closer together.

The entropy will therefore will be greatest when
as many molecules as possible are decomposed but the
least possible amount of heat is consumed, and when the
molecules of each of the three gases are separated from
one another as much as possible. This is generally not
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the case for complete decomposition and hence only a
portion is decomposed.

A reaction, whatever its type, can only begin and
proceed so long as the collective sum of the various
entropy changes contributed by the individual processes
increases, since, as we know, the total entropy cannot
decrease. The reaction must therefore stop at the very
instant when the decreases become larger than the in-
creases, i. €. at that point when the total increase becomes
zero. Thus one arrives at a mathematical expression for
the condition for an equilibrium state for dissociation.
This requires that dS = 0, where S denotes the entropy
of the system. This equation contains the entire theory
of dissociation. It says that, in general, the degree of
dissociation will depend upon all those circumstances
which determine the entropy of the system. In order to
deduce yet further conclusions we must give this equa-
tion another form.

For this purpose let x denote the relative amount,
in units of molecular weight [i. e. moles], of a substance
that either decomposes or reacts with other substances.
Then x can serve as a measure of the degree of disso-
ciation and all other quantities that change during the
reaction, such as the entropy, will become functions of
x. Thus one can write the condition for the equilibrium
state as follows:

dS = (dS/dx)dx = 0
or
(dS/dx) =0

Furthermore, if Q denotes the quantity of heat re-
quired to decompose totally one mole of a compound,
then for completion of the reaction the quantity of heat Qx
is required which must be considered when calculating
the entropy of the system. If T'is the absolute temperature
and Z is the disgregation of the system, then:

S = (Ox)/IT + Z
and, if equlibrium occurs, then:
(dS/dx) = [Q + x(dQ/dT)]/T + dZ/dx = 0

This equation will be further elaborated only for
individual cases, and especially for that case in which a
single substance is decomposed into two others. If one
mole of this substance is initially present and, at a given
moment, x moles remain undecomposed, and if every
molecule splits into r and s molecules, respectively, of
the decomposition products, and if m moles of one of
the products was present initially, then it follows that

the relative amounts of the three reacting substances are
x,r(l -x)+ m,and s(I - x), respectively, and that:

Z =xZ, + [r(l-x)+m]Z,+ s(I-x)Z,

where Z, , Z, and Z, represent the disgregation per mole
of each substance.

Assume that both the substance being decomposed
and one of the decomposition products are solids but that
the second decomposition product is a gas which obeys
the law of Gay-Lussac and Mariotte [G-M]. Then Z,
and Z, are independent of x, and Z; depends only on the
volume that is available to the gas, i.e., on the density of
the gas. If u is the volume per mole, then, according to
Clausius, it follows that:

Z, = Z;' + ARIn(u/u,)

where Z;’ is the disgregation for the same quantity of
gas referred to a normal [i.e. standard] volume u, , R
is the constant per mole for the G-M law, and A is the
caloric equivalent for work. Thus, if p is the pressure
of the gas, one has

up = RT

In most cases, including that under consideration,
Q consists of two parts, one being the actual heat of
decomposition, ¢, which is transformed into chemical
potential, and the other being the amount of heat required
to generate the mechanical work used in overcoming the
pressure p, which is equal to Apu or to ART. Both parts
are independent of x. If one uses these data, then for the
case under consideration, our basic equation assumes
the following form:

q/T - ARIn(u/u,) + C = 0

where C = Z,-rZ,-sZ;' is the change in the disgre-
gation when the newly formed gas occupies the volume
u,—aquantity which, like g, no longer depends on x but
only on the temperature. Hence the equation contains
only one variable, u, that can be altered by the reaction
and requires that either u or (since up = RT) the pressure
of the gas must assume a unique value at equilibrium.

This conclusion is confirmed by the well-known
dissociation of calcium carbonate, ammonium chloride,
and compounds containing water of crystallization.
According to the observations of Debray, Lamy and
Isambert, the pressure of a gas over solid compounds,
like that in the vaporization of a liquid, depends only on
the temperature, but not on the ratio of the compound
being decomposed and its solid decomposition product
(6), as is required in general by our theory
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The maximum pressure at constant temperature can
only change if, for some reason, g and C assume differ-
ent values. This is the case, for example, with the above
mentioned compounds if only a portion of the water or
ammonia is set free because the remaining portion is
perhaps bound in a different manner.

C and g may have different values in the decomposi-
tion of aragonite versus calcite [i .e.,two polymorphs of
CaCO,], assuming that this difference persists at the high
temperature of the experiment, and hence the pressure of
the carbon dioxide may be different. (A difference in the
vapor pressures for the two modifications of phosphorus,
for which precisely the same considerations apply, was
demonstrated by Troost and Hautefeuille).

In accord with the experiments of Joulin (7), yet
another factor may disturb the process of dissociation for
some metal carbonates. Because of the high tempera-
tures, the oxides undergo a modification which makes it
impossible for them to rebind the carbon dioxide upon
cooling and consequently, bit by bit, a complete decom-
position ensues. In keeping with our definition, these
cases no longer qualify as dissociation phenomena.

If g and C (which are actually temperature depen-
dent) are treated, to a first approximation, as constant,
one obtains the same relation between p and T as was
observed earlier for the vaporization of a liquid under
similar conditions using a different approach (8).

Looking at a second case—the decomposition of a
gaseous compound into two gaseous components—Z,
and Z, have the same form as Z, had earlier. Like the
partial pressures of the three gases, the disgregations in
the gas mixture are additive.

In experiments relating to this case, one mole of the
initial compound decomposes by forming one mole of
each of the decomposition products and during the de-
composition the total pressure remains constant. Under
these conditions our basic equation assumes the follow-
ing rather complicated form:

qg/T + AR{1 + [2x/(2 - x + m] - In(1/uy)[x/(1 - x + m)
(I-x)]} + C =0

Here C is the change in disgregation when one mole
is decomposed, provided that the gases have the molar
volume u,, before and after the reaction, C is independent
of temperature, and the G-M law applies. All other sym-
bols have the same meaning as before. If m = 0, then
the equation is valid for the well-known experiments of
Cahours with PCl; and Wurtz with C;H, Br. The degree

of dissociation, which is known to depend on the vapor
density, must be a function of 7 alone, as shown by ex-
periment. Again, if one considers, as a first approxima-
tion, that C and ¢ are constant, then, by examining the
following graphs, it is possible to convince oneself that
the form of the function also agrees with experiment (see
Graphs 1 and 2).
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Graph 2

I stress that the absolute pressure at which decom-
position takes place does appear in our equation. Hence
the curve for phosphorus pentachloride, whose constants
are taken from Cahour’s experiments at atmospheric
pressure, must also be valid for Wurtz’s observations at
lower pressures (9). For purposes of comparison, the
mean values are shown in the graph.

If m is not equal to zero, then a surplus of one of the
decomposition products has been added and, at a given
temperature, the value for x will be larger. The degree of
dissociation has been decreased by “mass action,” an in-
fluence which decreases as the decomposition increases,
as shown in the following table. Since it is impossible to
solve the above equation for x, this lists the temperatures
at which x (and the vapor density d) have the same value
with and without admixture.
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m X d t°

9 0.99 7.13 67
0.5 0.99 7.13 213
0 0.027 3.65 300
0.5 0.027 3.65 322

In the experiments cited above, Wurtz always added
more than 0.5 mole of excess PCl,, the temperature was
always lower than 213°, and the average density was 7.2.
It must be emphasized that, according to our theory, the
addition of chlorine would have the same effect. Each of
the gaseous decomposition products can alter the degree
of dissociation via “mass action,” but solid decomposi-
tion products cannot, as we saw in the previous case.

Dissociation phenomena are observed not only dur-
ing decompositions but also in double displacements.
Elsewhere (10) I have pointed out how one can imagine
the mechanism by which heat counteracts chemical
force in these cases. In my opinion, the effect of heat is
always involved whenever an equilibrium is observed
whose direction can be arbitrarily changed by external
circumstances. In any case, our basic equation is valid
for all systems which display an equilibrium since the
cause of this equilibrium cannot be anything other than
the maximization of entropy.

At this juncture the reactions of steam with iron,
of sulfuric acid with sodium chloride in solution, and
of potassium carbonate in solution with barium sulfate
will be further examined, as all three reactions attain
equilibrium before the reaction is complete and have
been studied in detail.

LetZ,,Z,,Z,,and Z, represent the disgregations for
one mole of each reacting substance. In the first example,
Z, and Z, have the form required for gases, whereas
Z, and Z, refer to solids and are hence independent of
the degree of dissociation. The external work cancels
because for each volume of H,O an equal volume of H,
is formed. Hence Q = ¢ and the condition for an equi-
librium in a closed space becomes:

q¢/T + ARIn(p,/p;) + C = 0

where C once more stands for the change in the dis-
gregation when the gases are in their normal states [i.e.
standard states], and p, and p, are the partial pressures
of the individual gases [in the original Horstmann incon-
sistently used p, instead of p,]. The ratio of the two is
constant at a constant temperature. The amount of one
gas cannot be increased without increasing the density

of the other in the same ratio. However, the equilibrium
state does not depend on the relative amounts of the two
solids. If g and C are considered constant, then this equa-
tion gives the approximate relationship between p,/p,
and 7. These conclusions were all tested earlier (10) and
were found to correspond to experiment. At that time
the equation was deduced using another method, but the
present approach provides a stronger justification for its
application.

The other two examples cannot be as rigorously
subjected to calculation since the relationship between
the disgregation of a salt in solution and its concentration
is not known. However, it is known, as mentioned earlier,
that the disgregation changes with the concentration and
this is sufficient to deduce an important conclusion.

When all four substances are in solution, as in the
case of the interactions between Na,SO,, HNO,, NaNO,,
and H,SO,, then the relative amounts of each must influ-
ence the degree of dissociation because the disgregation
of each changes as the reaction progresses.

The investigations of J. Thomsen (11) confirm this.
Each of the four substances can exert a mass action effect,
and there is an equilibrium only at a certain ratio of the
relative amounts of the reacting substances. The relation
which must exist at equilibrium may be approximated,
according to Thomsen, by the equation:

apq = p'q’

where p, g, p’ and g’ are the relative amounts and a
represents a constant.

I want to mention that our theory would lead us to a
relationship of this kind if one assumes that in dilute solu-
tions the disgregation of a salt depends on the separation
of its particles in a manner similar to that of a permanent
gas, an assumption which is highly probable.

In the third example, only two of the reacting sub-
stances (K,SO, and K,CO,) are in solution, the other two
(BaSO, and BaCO,) being solids, which, according to our
theory, should have no influence on the degree of dissoci-
ation. This is confirmed by the experiments of Guldberg
and Waage (12), who noted themselves that “the action
varies only slightly upon increasing the amounts of these
solids.” I take the following numbers from their work,
which show that the relationship between K,SO, and
K,CO; in solution is independent of the relative amounts
of the solids. Compared with the variation in the ratio
BaSO,/BaCO;, the value of the ratio K,SO,/K,CO, at
the same temperature may be considered constant, which
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is what would be expected from our theory if the previ-
ously mentioned hypothesis concerning the disgregation
of dilute salt solutions is correct.

Interactions Between BaSO,,, K,CO,, BaCO; and K,SO,
in Solutions Containing 1 Mol. of Salt per 500 Mol. of
Water

Initial Conditions Final Conditions

BaSO, KO, Tmp. KSOJKLCO,  BaSO/BaCO,
10 025  100° 0.17 26.8

10 05 100° 0.19 115

10 10 100° 0.25 40

10 10 100° 021 47

10 20 100° 0.22 1.4

10 30 100° 0.23 0.75

10 40 100° 0.24 0.17

10 50 100° 0.24 0.08

10 50 15° 0.04 43

According to the table, the ratio K,SO,,/K,CO; also
depends on temperature, as is generally required by our
theory.

It must be noted here that it is possible that the influ-
ence of temperature on the degree of dissociation may
become negligible if, for example, Q/T is very small in
comparison with the other terms in the basic equation and
if the disgregation of the reacting substances varies only
slightly with temperature. According the work of Péan
de St. Gilles and Berthelot (13), this may be the case for
the reaction of organic acids with alcohols.

The theory of dissociation developed here may
require yet further testing and verification, though it is
in keeping with the examples that have been cited. It
correctly predicts which circumstances determine the
degree of dissociation in general and how in individual
cases the degree of dissociation may be altered by chang-
ing these circumstance to the extent that we are able to
control them. Summarizing the results of the theory,
we find that, in addition to the chemical natures of the
reacting substances, the most important influences are
the temperature (though at times only to a small degree),
as well as the volume which is occupied by the reacting
substances, and the pressure to which they are subjected,
especially when changes in these quantities affect the
disgregations of the individual substances in different

ways—for example, when some are liquids or solids
and some are gaseous. Lastly, there is also the matter
of the relative amounts of the reacting substances, but
only when their disgregation depends on these relative
amounts. It is primarily the state of aggregation of the
reacting substances which determines whether they can
or cannot alter the degree of dissociation by means of
“mass action.” Such “mass action” effects are always to
be exerted by gaseous and dissolved reactants but never
by solids and liquids that are immiscible, since they
may be removed from the reaction without affecting the
disgregation of the whole system. It seems to me that
these conclusions concerning mass effects are the most
important results of the theory and are worthy of further
examination.

Until now one has attempted to explain the phe-
nomenon of dissociation (14) on the assumption that the
temperature of individual molecules is different from the
average temperature which we measure and that, due to
random fluctuations, the molecules of a substance capable
of undergoing dissociation will, at a given instance,
favor reaction in one sense or the other, and thus not all
of the molecules will be able to react simultaneously in
the same way.

The assumption of random fluctuations, which can
cause the molecules to deviate more or less from the
average condition, cannot be avoided given a variety
of facts and our present views concerning the nature of
heat. This is why I believed for a while that I could use
it as a basis to develop a theory of dissociation (15). But
one soon encounters contradictions with experiment. In
particular, one cannot explain in a satisfactory manner
the fact, mentioned earlier, that the mass of solids has
no influence on the degree of dissociation. I do not wish
to describe further the difficulties which discouraged
me from pursuing this approach; rather I wish only to
discuss how this fact agrees with the present theory. This
employs to a certain degree a reversal of the approach
used by statistics. The latter assumes a series of identical
individual processes and must infer from their resultant in
bulk the general laws for the whole, which also prevail for
particular cases but which are masked by random fluctua-
tions. In contrast, we know very little of what happens
to the individual molecule, but we know the general laws
which cannot be infringed upon by any particular process,
and we must investigate how much scope remains for the
operation of random fluctuations.

We know that there is no reaction between indi-
vidual molecules which can lead to a lowering of the
entropy. This is why, in general, only those changes can
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occur in which the entropy increases. If this happens,
for example, during a decomposition, then in general
the decomposition can only proceed if the individual
molecules also continuously recombine under randomly
favorable conditions.

It is possible to show that, at a certain stage of dis-
sociation, every further change corresponds to a decrease
in entropy. In this state as a whole further changes are
no longer possible, however many fluctuations the in-
dividual molecules may undergo in one direction or the
other. As mentioned previously, since the assumption of
such random fluctuations cannot be avoided, one must
imagine, like Pfaundler, that the state of equilibrium for
dissociation phenomena is a stationary state in which
the forward and reverse reactions are continuously and
simultaneously occurring with the same frequency.
However, the existence of these fluctuations and the
equal number of reactions proceeding in both directions
are no longer the reason for the stationary state, as as-
sumed by Pfaundler.

The limits which a molecule can attain via random
fluctuations are, in any case, of great importance for
the reaction process and are mainly responsible for
determining the velocity with which it proceeds. Prob-
ably many processes which are slow are only possible
because some molecules deviate so far from the average.
They would not occur if all of the molecules were in the
average state. In contrast, many other reactions cannot
occur, even though they would be accompanied by an
entropy increase and the atoms would thereby attain a
more stable state of equilibrium, because none of the
possible molecular fluctuations are able to attain the
necessary extremes.

Also with regard to the phenomenon of dissociation,
there will be fluctuations which will, bit by bit, make
the reaction possible for individual molecules, thereby
driving the reaction, faster or slower, towards the station-
ary limiting state. However, when this limiting state is
reached, it is not maintained by randomness, but rather
by a general law which governs all individual processes,
be they in limited molecular systems or in the world at
large. The state remains stationary because the entropy
can no longer increase.

Heidelberg, September 1873
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