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Preface
The lecture gives an overview about important branches of physical chemistry. It is addressed
to undergraduate students in courses where physical chemistry is required in support but also
to beginners in mainstream courses.
Four special features of the lecture may be highlighted:
The basic quantities and equations necessary for the qualitative and quantitative
description of changes of substances are introduced by using everyday experiences and
particularly numerous demonstration experiments. In this way the motivating power of
fascinating experiments is utilised, because students often regard physical chemistry as
very abstract and not useful for everyday life.
It seems that two thermodynamic quantities are especially difficult to understand: the
entropy S and the chemical potential μ. But in fact, both quantities are compatible with a
layperson's perception. Therefore, they are introduced by a phenomenological
description and direct measuring procedure, in the same way as the basic quantities
length, time or mass. The chemical potential has a key position in dealing with chemical
problems. Starting from this central quantity, it is possible to explore many other fields.
Its dependence upon temperature, pressure and concentration leads directly to
construction of phase diagrams, deduction of the mass action law, calculation of
equilibrium constants, solubilities, and many other data. An expansion of the concept to
diffusion processes, colligative phenomena, surface effects, electrochemical processes,
etc., is easily possible. Furthermore, the same tools can be used to solve problems even
at the atomic and molecular level that are usually treated by quantum statistical
methods.
This approach – directly via entropy and chemical potential – allows to eliminate other
common thermodynamic quantities which are considered usually as indispensable: for
example enthalpy, Helmholtz energy, Gibbs energy, activity, fugacity, and all their
numerous descendents. Usage of these quantities is not excluded, but superfluous in
most cases. An optimized calculus results in short calculations, which are intuitively
predictable and controllable.
For understanding the basic ideas, only elementary mathematical knowledge is
necessary (therefore, the concept can also be easily adapted to all levels of education).
For many applications linear formulas are often sufficient. Otherwise it is easy to
incorporate more sophisticated mathematical tools if required.
Further informations about the presented concept and descriptions of demonstration
experiments as well as video films can be found via internet at www.job-foundation.org.
The corresponding text book is scheduled for publication (at first in German) by
Vieweg+Teubner in winter 2008/09.
The present text represents a preliminary version in process. Therefore, we would be very
grateful for any contribution to the discussion or suggestion for corrections.
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2. Entropy and Temperature
Topic: Main features of thermodynamics (the „theory of the force of heat“) as the sister science of chemical dynamics (the „science of the force of substances“).
2.1 Preliminary considerations
The central concepts of thermodynamics are: entropy S, temperature T, and
heat Q. While everyone is familiar with temperature, and heat is passably
understood in general, entropy is considered the “black sheep” among
physical concepts:
• school books tend to avoid it totally,
• introductory physics books often only „mention“ it,
• even specialists in the field like to avoid it.
Why is the subject of entropy avoided when it is actually something rather simple? It is just
what is considered heat in everyday life! Generally stated, it is what is added to a pot of soup
to heat it and that which hot coffee loses when it cools down in a cup. It is
what is produced in a hot plate, a microwave oven, and an oil heater. Entropy is also what is transported in hot water and distributed by a radiator.
It is what is conserved by the insulating walls of a room and by the wool
clothing worn by the body. Unfortunately, the name „heat“ was given to
another quantity which robbed S of its natural meaning, making S an abstract concept that is difficult to understand and deal with.
To illustrate this, we will characterise entropy by use of some of its typical and easily observable properties. In the same way, a wanted person would be described by a list of easily distinguishable (“phenomenological”) characteristics like height, hair colour, eye colour, etc.
This group of characteristics is basically what makes up the person and his or her name is just
an identification code for this group of characteristics. A „wanted poster“ is an example for
such a group of characteristics in strongly abbreviated form. Our intent is to design such a
„wanted poster“ for entropy that allows it to be defined as a measurable physical quantity.
After that has been done, we will substantiate it by reverting to ideas actually foreign to macroscopic thermodynamics: particle concepts (atomistic concepts) usually only construed as
thoughts. The idea of „entropy ≈ everyday heat“ is always kept in mind as an additional aid to
understanding. After the phenomenological characterisation a direct metrization procedure
will follow (section 2.7).
2.2 Macroscopic properties of entropy
Let us begin with the properties that are important in our everyday experience. Entropy can be
understood as a weightless entity that can flow and is contained in everything to one extent or
another. It is a substance-like characteristic of a body, meaning that it is spatially distributed
and can essentially be treated as a „substance.“ It can be distributed in matter, it can accumulate, and it can be enclosed. Entropy can also be pumped, squeezed or transferred out of one
object and into another one. In this respect, it is comparable to energy, momentum or electric
1
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charge. Correspondingly, there is an entropy density in which the amount of entropy is related
to the volume.
Entropy changes the state of an object noticeably. If matter contains little entropy, it is felt to
be cold. If, however, the same body contains more or a lot of entropy, it can feel warm or
even hot. If the amount of entropy in it is continuously increased, it will begin to glow and
finally vaporise like a block of iron would, or it may transform and decay in another way, as a
block of wood might. Entropy can also be removed from one object and put into another.
When this is done, the first object becomes cooler and the second, warmer. To put it succinctly: Entropy plays a role in all thermal effects and can be considered their cause. Without
entropy, there is no temperature or heat. The obvious effects of entropy allow us to observe its
existence and behaviour very well even without measurement devices.
Entropy tends to spread. In a uniform body, entropy will distribute itself evenly throughout
the entire volume of the body by flowing from locations of higher entropy density (where the
body is especially warm) to areas where the body is cooler and contains less entropy. If two
bodies of different temperature touch each other, entropy will generally flow from the warmer
one to the cooler one. There are substances which conduct entropy very well, such as silver,
copper, aluminum, and diamond, and others, such as wood, plastics or air, which only allow
entropy to pass through them very slowly. Good entropy conductors are used to transfer entropy and bad conductors are used to contain it.
Entropy can be easily produced if there is enough energy available. For instance, great
amounts of it are produced in the heating coils of a stove plate, in the flame of an oil burner,
and on the surfaces rubbing together in a disc brake, but also in the muscles of a runner, and
in the brain of a person thinking. In fact, entropy production occurs almost every time something changes in nature.
The most remarkable characteristic of entropy, however, is this: While it is produced to some
extent in every process, there is no known means of destroying it. The cumulative supply of
entropy can increase, but can never decrease! If entropy has been produced in a process, one
cannot consequently reverse this process as one would rewind a film. The process is irreversible. This does not mean, however, that the body in question cannot attain its initial state
again, it only means that the entropy that was produced will have to flow out of it. If there is
nowhere for it to go, it will be impossible for the body to revert to its initial state. The statement that entropy can increase but can never decrease, is the subject of the second law of
thermodynamics which will be discussed in more detail in section 2.4.
2.3 Molecular kinetic interpretation of entropy
So what is this entity that flows through matter and, depending upon how much is contained
in it, causes it to seem warm or hot to the hand? For more than two hundred years one has
attempted to explain thermal phenomena by the movement of atoms. The image is as follows:
The warmer a body is, the more intensely and randomly the atoms oscillate, spin, and swirl,
the greater the agitation, the worse the atomic disorder.
In the particle view, the quantity called entropy is a measurement of
2

2. Entropy and Temperature

•
•

the amount of atomic disorder of a body,
with regard to type, orientation, and motion of the atoms, or more exactly, with regard to
any characteristic which differentiates one group of atoms from another.
Two questions arise here:
• What does disorder mean regarding type, orientation, and motion of atoms?
• What is meant by amount of disorder?
To clarify the first question, one might consider a park on a
sunny summer Sunday. There are children playing, a soccer
game taking place, and joggers, but also people just resting or
even sleeping – a mass of running, sitting, lying people without order to their distribution or motion. The counterpart to
this would be the dancers in a revue – or soldiers marching in
lockstep. In this case, position, motion and dress are carefully
ordered. Disorder grows when the motion becomes random,
but it also grows if the direction or orientation of the rows
and the people’s limbs or the type of people becomes nonuniform. All three: randomness of type, orientation, and motion of the individuals cause the total disorder.
The same holds for the world of atoms. Not only disorder in the type
and distribution of atoms, but also
disorder in their motion, which can be
expressed in how agitated they are,
makes an important contribution to
entropy. In this sense, the atoms in
gas are similar to children at recess in
the schoolyard. Motions are free and
without order, agitation is great. The
atoms of a crystal, in contrast, can be
compared to a class in a school bus.
Motion is limited to fixed locations,
so any agitation stays small.

In order to get an impression of what
is meant by amount of disorder, one
might imagine a collection of, say,
one hundred books at someone’s
home. A visitor comes, starts rummaging through the books, and makes
a total jumble of them. Although the
disorder appears great, the old order
can be reinstated within a few hours. This means that even though the density of disorder is
high, its amount is small. Compare this to just every hundredth book being falsely placed in a
large university library. At first glance, there would appear to be almost no disorder. However, the amount of disorder, measured by the effort needed to place all the books back in
their rightful places, is much greater. The density of disorder is small, but the total amount of
it is very great.
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2.4 Conservation and generation of entropy
The atomic disorder in a warm object and, therefore, the entropy in it, has remarkable and
well defined characteristics, some of which have already been mentioned. They will be described more detailed in the following.
•

The atomic disorder and agitation in a thermally insulated body
remain undiminished for an unlimited amount of time. An object
contains entropy whose amount S cannot decrease if it is in a
thermally insulating (adiabatic) envelope, because entropy cannot
penetrate thermally insulating walls. (In the illustrations entropy
is depicted by an irregular hatching in reference to the standard
interprestation of entropy as molecular disorder. The amount of
printing ink symbolises the amount
of entropy, the density of hachures, however, the entropy
density. In bodies made of the same material a higher entropy density correlates with a higher temperature). The
disorder is expressed visibly by BROWNian molecular motion. This is a tremulous, random migration of tiny particles
distributed in a liquid (e.g. drops of fat in milk) or particles
stirred up in a gas (e.g. smoke particles in air). This kind of
motion can be observed under a microscope for indefinite
amounts of time without it letting up.

•

The amount of entropy an object contains depends upon its
state. Identical objects in the same state contain identical
amounts of entropy. The entropy contained in an object that
is composed of pieces, is the sum of the entropies of its
parts. This is a result of the substance-like character of this
quantity. In summary, it might be said that entropy is a substance-like (or extensive) state variable.

•

If a thermally insulated piece of matter, such as an iron
block, is carefully compressed with the help of a hydraulic press, the interior agitation almost always increases. The motion of the particles becomes faster, and looked at it macroscopically, the object becomes warmer. This is easy to understand: An atom colliding with
another particle moving towards it is hit like a tennis ball
by a racquet and speeds backwards. During compression,
this process takes place simultaneously at innumerable interior locations so that agitation increases evenly overall. If
the piece of matter is gradually relieved of pressure, the atoms quiet down, and it reaches its original state again. This
is understandable as well, because the impact upon a rebounding particle lessens the rebound. No matter how often
the process of compressing and releasing of tension is repeated, the original state of agitation is attained at the end.
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The atomic disorder in these types of processes is conserved. Agitation is stronger in the
compressed state, and motion, therefore, less ordered. At the same time, the range of motion for the atoms is decreased so that their positions are perforce more orderly than before. Therefore, it is plausible to assume that the extent of atomic disorder does not first
increase and then decrease upon careful compression and expansion, but remains constant.
In short: Entropy is conserved in reversible processes.
•

However, disorder in a thermally insulated body increases if the atomic assembly is permanently altered. This can happen mechanically by simply hitting an object with a hammer, or more gently by rubbing two objects against each other. If an object can conduct
electricity, an electric current can be sent through it. This means that electrons that have
been accelerated by applying a voltage collide with the atoms. Another way would be the
collision of fast particles which have been formed by numerous chemical or nuclear conversions, irradiation by light, treatment with ultrasound, and many others.

Entropy distributes more or less quickly over the entire body from the point where it is
created. All of these entropy producing processes are irreversible. If they were not, created entropy would need to be destroyed and this contradicts our assumptions. Generally,
we cannot expect reversibility in voluntary (spontaneous) processes such as a candle burning or entropy distributing in a body. If this were the case, we would fail to see why they
could not run just as spontaneously in the opposite direction. It has never been observed,
though, that the entropy and gases emitted by a burning candle flowed back and the stump
of the candle suddenly became longer again, or that entropy voluntarily accumulated in
one location. However, irreversibility does not mean that after a voluntary process is finished, the original state cannot be attained again. For example, the spontaneous water producing reaction between hydrogen and oxygen can be reversed by electrolysis. However,
electric ‚work’ would be needed. This is not possible in an isolated system.
To sum up: Processes
• that destroy entropy are impossible,
• that produce entropy are irreversible,
• that conserve entropy are reversible.
As mentioned above, this is what the second law of thermodynamics states. We can also formulate: For a thermally isolated system entropy always increases for irreversible processes. It
remains, however, constant for reversible processes. We can write in abbreviated form:
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irrev.

ΔS ≥ 0
rev.

in a thermally isolated system.

2.5 Effects of increasing entropy

If the entropy and so the atomic disorder inside a piece of matter is continuously raised, certain external effects soon become noticeable.
•

The main effect is that the
matter becomes warmer.
A block of copper having
a volume of a few cubic
centimeters will become
so hot after about 15 to 20
strong hits with a hammer
that it will hiss when put
into water.
Experiment: Heating a piece of
copper by forging

Another way of formulating this: Of two otherwise identical objects, the one with more
entropy is the warmer one. An object with no entropy is absolutely cold.
As mentioned, entropy always moves voluntarily from warmer locations to colder ones. When
fast moving atoms collide with ones moving more slowly, they are themselves slowed while
their collision partners speed up. As a result, the agitation and, therewith, the total disorder at
the warmer locations gradually decreases while it continuously increases at the colder locations. In a homogeneous body, the process continues until the level of agitation is the same
everywhere and the body is equally warm everywhere. This is called thermal equilibrium.
An increase of entropy can cause numerous side-effects: Changes of volume, form, phase,
magnetism, etc. can result. Let us look at how a continuous increase of entropy affects a substance in general.
•

Matter continuously expands. This seems logical because moving atoms would need more
space depending upon how strong and random their motion is. This process is called
thermal expansion. For example, a wire with a weight hanging from it lengthens noticeably when an electric
current flows through it.
The lowering of the weight
can easily be observed. If
the electric current is
turned off, the entropy in
the wire flows off into the
air and the wire shrinks again.
Experiment: Expansion of a wire caused
by electric current
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A substance that expands when entropy is added to it will, inversely, become warmer
when compressed. This was mentioned in the last section. Very cold water (colder than
4°C) is one of the few exceptions of volume increasing with a reduction of entropy.
Therefore, it becomes colder when compressed.
• The substance will finally melt, vaporise or decompose. This begins when the
disorder, and the motion with it, reach a
level where the atoms can no longer be
held together by the binding force in a
lattice or particle union, but try to break
out of them. A melt that has been produced in this way from atoms or groups of
atoms that still hold together but are easily shifted against each other is much less orderly
than a crystal lattice in which the atoms generally remained fixed in their places. This melt
contains more entropy than the identically warm solid substance. As long as part of the
solid substance is available, the entropy flowing in will collect in the resulting liquid so
that the melting substance itself does not become warmer. When this happens, the main
effect of entropy remains unnoticeable. If a substance changes completely at its melting
point from solid to liquid state, the entropy inside it increases by a given amount. As we
will see, this characteristic can be made use of to determine a unit for amounts of entropy.
Analogously, the vapour formed at the boiling point absorbs added entropy, preventing
the boiling liquid from becoming hotter.
2.6 Entropy transfer

Entropy and with it atomic disorder can also be transferred
from one object to another. If two objects with variously strong
particle motion touch each other, the agitation in one of them
will decrease because of a slowing down of the atoms while in
the other, the opposite occurs. Figuratively speaking, the disorder flows from one body into the other. This process, as well,
only continues until the agitation has reached the same level
everywhere and thermal equilibrium has been reached. To sum
up: When entropy flows between two otherwise identical
touching objects, it will always flow from the warmer, entropy richer one to the cooler, entropy poorer one.
All entropy capable of movement will escape an absolutely cold environment, meaning that
any atomic motion comes to a standstill. This is the subject of the third law of thermodynamics. Entropy caught in a lattice defect is just about unmovable at low temperatures. It can
therefore neither escape nor contribute in any noticeable way to the temperature of an object.
Whoever fails to leave a building or a park before closing is in danger of being locked in for
the night. In this sense, the entropy stuck in the lattice defects can only escape as long as the
particle motion is strong enough for the atoms to relocate. If the atomic motion in a cold environment quiets down too quickly, the atoms do not have time to relocate into an ordered lattice structure, or to crystallise, as we say. The object then just solidifies into a more or less
7
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amorphous state. This unmovable entropy that does not flow off even in an absolutely cold
environment is called „zero point entropy.“ The entropy of every pure (also isotope pure)
ideal crystallized substance takes the value of zero at the absolute zero point.
Let us now return to entropy transfer. Even when the atomic
motion is equalized everywhere in the manner described above,
it is still possible for disorder to pass from one object to another. It is only necessary to compress one of the objects to raise
the agitation of the atoms, and the desired flow process takes
effect. The more the object is compressed, the more disorder
„flows out“ (just like pressing the water out of a sponge). If the body is gradually released, the
atoms gradually quiet down and the disorder begins to flow back in (the „entropy sponge
sucks up entropy“). These elastic expansion and compression effects can be especially well
observed in substances that can be easily compressed such as gases. If air is compressed with
a piston in a plexiglass cylinder having a thermocouple built in, the atoms become accelerated
making the gas warmer (phase 1). After a while, the gas cools down to its original value because it is not insulated from the cylinder walls (phase 2). The piston’s expansion leads to
further cooling (phase 3). Then, disorder begins to flow back in and the gas begins to warm up
(phase 4). The more slowly this is done, the more the difference between the expansion and
compression disappears.
Experiment: Compression and expansion of air

Compression:
Waiting:
Expansion:
Waiting:

atoms accelerated
disorder flows out
atoms decelerated
disorder flows in

⇒
⇒
⇒
⇒

gas warms over (1),
gas cools down (2),
gas undercools (3)
gas warms up (4).

As we have seen, entropy always flows voluntarily from an
object with a higher level of agitation to one with a lower
level. However, it is not difficult to make this happen in the opposite direction. An auxiliary
body is needed, a kind of „entropy sponge“ which
can easily be compressed and expanded. A gas contained in an expandable envelope is suitable for this
purpose. When such a body touches an object and
expands, it absorbs disorder from it. This absorbed
disorder can now be transferred to any other object.
The “sponge” is brought in contact with this second
body and compressed. This process can be repeated
at will, and as much entropy can be transferred as
desired.
Every refrigerator uses this principle to pump entropy from its interior into the warmer air
outside while the low-boiling coolant circulates in a closed circuit. The entropy transfer takes
place in the coiled pipe inside the refrigerator (heat exchanger) that is made of well conducting material such as copper or aluminum. In older models, this pipe coil is easy to see, in
newer models, it is built into the back wall. The liquid vaporises, taking up entropy in the
process. The compressor sucks the gaseous coolant in and compresses it. The entropy is emit8
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ted into the air through the second pipe coil that takes up most of the back of the refrigerator.
This can be easily detected, because the coil remains warm as long as the refrigerator is
running. The coolant condenses, becoming a liquid again. Finally, the pressure of the liquid is
brought back to the original value through an expansion valve, and the cycle is complete.
With skill and enough care during the compression and expansion process, an (almost) re-

versible process can be attained where it is possible to keep the disorder during transfers from
increasing noticeably. In this way, disorder is like a kind of substance that can be taken from
one body and decanted into another. For instance, the entropy in a piece of chalk could be
taken out of it and transferred to an ice cube. In the process, the chalk would cool down and
the ice cube would begin to melt.
In summary, we have determined that the entropy content S of a body can basically increase
in two ways: through the entropy produced inside it Sc(reated) (cp. section 2.4) and by the entropy added to it from outside Sa(dded) as decribed in this section:
ΔS = S c + S a .

2.7 Direct measurement of entropy

The transferability of atomic
disorder opens up a possibility
of measuring the amount of it in
a body - at least theoretically.
Measuring a quantity means
determining how much more of
it there is than its unit. Any
amount of disorder can be used
as the unit. For example, the
amount needed to warm up a certain quantity of water by 1°C (possibly from 14.5 to 15.5°C),
to evaporate a given volume of ether, or to melt an ice cube. In order to accurately determine
this unit, the size and state of the body in question must be exactly specified. For example, the
ice cube would need to be 1 cm3 in size, bubble-free, not undercooled, and the resulting water
not be warmed up. However, instead of 1 cm3, the somewhat smaller value of 0.893 cm3 lends
itself well because it yields exactly the amount of disorder that corresponds to the international unit. This unit has been fixed by a special method which we will come back to later. A
9
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certain amount of disorder contained in a body will be referred to as z units when z standard
ice cubes can be melted with it. This procedure is comparable with the determination of a corn
amount by using a bushel (section 1.4) or that of a water amount by scooping it out with a
measurung cup.
Instead of counting ice cubes, it is easier to use the amount
of melt water produced. A simple „entropy measurement
device“ can be built for this purpose. Melt water has a
smaller volume than ice and the decrease of volume can be
measured. A bottle with a capillary on it and filled with a
mixture of ice and water (ice-water bottle) can then be used
to show the change in volume. The lowering of the water
level is simple to observe. This principle is also used by
„BUNSEN’s ice calorimeter“. If no entropy escapes, is added
or created during the measurement process, the height difference in the standpipe is proportional to the change of entropy in the sample body, and the
scale can be directly calibrated using entropy units. Entropy exchange can be avoided by using good insulation, and entropy production can be avoided by paying attention to reversibility. Another way of determining the volume of a produced
amount of water is to pour it into a graduated cylinder.
An ice calorimeter can also be used to measure the entropy
produced by the chemical reaction of iron and sulphure into
iron sulphide. In this case, 0.82 ml of melt water corresponds
to the unit of entropy.
Experiment: Measuring the entropy produced during a chemical reaction using an ”ice calorimeter”

The remarkable thing here is that this entire process has been developed using particle considerations, but the execution of it makes no use of them. Indeed, only macroscopic bodies are
moved, brought into contact, separated, compressed, and expanded. Finally, ice cubes are
counted. These are all manipulations that can be carried out when nothing is known about
atoms. In order to have a well directed approach, it is enough to remember the concept mentioned in section 2.2, that all things contain a movable, producible, but indestructible something that generally makes the things warmer depending upon how much there is of it. What
one actually imagines it is or what it would be called, is unimportant when measuring or manipulating it. RUDOLF CLAUSIUS suggested calling it entropy, and the symbol S has been used
for it ever since.
2.8 Temperature

Temperature and entropy are closely connected. While entropy is a measurement of the
amount of atomic disorder contained in a body, temperature describes how strong the atomic
agitation, that means the intensity of random particle motion is. Temperature is something like
a level of agitation that is low when the atoms and molecules are gently oscillating and rotating. It is high when atomic motion becomes hectic and turbulent. The temperature in a body
can be compared to the strength of winds in the atmosphere with low values when the leaves
10

2. Entropy and Temperature

rustle, but higher ones when the branches start swinging. Just as high winds can break whole
trees, high temperatures can cause atoms to tear away from their bonds.
So how can temperature be defined? We will use the following statement as a basis: The more
disorder is put into a body (meaning the more entropy there is), the higher the temperature
will be in general. To create entropy, (or to increase the disorder in a body by the amount
ΔSc,) a certain amount of work W must be expended. This is understandable considering that
gas particles are accelerated, internal oscillations initiated, rotations increased and bonds between atoms broken. The energy Wl needed (the index will be discussed in section 2.11) will
be greater depending on how many atoms are to be moved, and how many bonds torn. This
means,
Wl ∼ S c .

Moreover, the warmer the body is, the more energy is needed. An example will show this. We
imagine a body made up of some loosely and some tightly bound particles. Atomic disorder
can be increased by breaking the particles and scattering the fragments. When the body is cold
and the level of agitation low, the particles move slowly. Only the weakest connections break
during collisions because very little work is necessary to split them. Under such circumstances, it does not take much work to increase the disorder by causing weak bonds to break
by an increase in agitation. If agitation is already strong, the weakest connections will already
have broken. If the disorder should be increased even more, the strong bonds left over need to
be separated and this takes a lot of energy.
So now we know that increasing the entropy in a body takes more energy the higher the level
of disorder is, meaning the warmer it appears to us. This fact can be used to make a general
definition of temperature, a definition that remains independent of any thermometric substance (for example, mercury or alcohol). This quantity is assumed to be proportional to the
work needed. It is called the thermodynamic temperature and symbolized by the letter T:
Wl ∼ T .

Because the more entropy that is produced the more effort is needed to produce it, the amount
of energy used depends upon the amount of entropy created. Therefore, we define:
W
T= l.
Sc
The entropy produced generally changes the temperature in a
body, so when applying this definition, only very small amounts
of entropy may be created in order to be able to ignore the perturbation. The exact temperature value is obtained in the limit of
infinitesimally small contributions of entropy:
T=

dWl
.
dS c

Energy conservation also guarantees that work W does not depend upon which method we
employ to increase the entropy. In each case, T has a well-defined value.
Because energy and entropy are both measurable quantities independent of any atomistic considerations, the temperature T is also measurable. Let us discuss the determination of the melt11

2. Entropy and Temperature

ing temperature of ice. For this, we will take a beaker filled with pieces of ice into which an
immersion heater has been inserted. When the immersion heater is switched on, entropy is
produced in the heating coil by the collisions of electrons and then emitted through the metal
casing to the ice. The ice melts and the volume of the resulting melt water shows us how
much entropy has flowed into the ice. The amount of energy needed for producing the entropy
can be determined from the power of the immersion heater and the measured period of time.
The ratio of measured values of energy and entropy yields the temperature.
Experiment: Determination of the absolute melting temperature of ice

The basic unit used in the SI-system is not the unit of entropy, but the temperature unit called Kelvin, abbreviated to
K. This was done by giving the melting temperature of pure
airless water in a sealed container with pure water vapour (no
air) above it, a value, namely
T0 = 273.16 K.
This is based upon the so-called triple point of water, where all three phases (ice, water, water
vapour) coexist and where pressure can be ignored (when water is at the triple point, the pressure is fixed (see section 10.5)). This odd numerical value is chosen so that the temperature
difference between the normal freezing and boiling points of water is close to 100 units, as it
is in the Celsius scale. For this reason, one Kelvin is one 273.16th of the thermodynamic temperature of the triple point of water. The zero point of the Kelvin scale lies at the absolute zero
point which is indicated by an absence of entropy in the body. When one wishes to establish
the relation between thermodynamic temperature T and Celsius temperature ϑ, it is important
to be careful to set the zero point of the Celsius scale to the freezing point of water at normal
pressure. This lies exactly 0.01 K under the temperature of water’s triple point, so that:
T ϑ
=
+ 273.15 .
K °C
The unit of entropy is indirectly determined by the equation above and our definition for T.
The unit for work is called a Joule (J), and the temperature unit Kelvin (K), resulting in the
entropy unit 1 Joule/Kelvin (J/K). This is exactly the amount of entropy needed to melt
0.893 cm3 of ice at the temperature T0. The fact that entropy plays such a fundamental role in
thermodynamics justifies giving it its own unit. H. L. CALLENDAR (Proc. Phys. Soc. (London)
23 (1911) 173) suggested naming it in honour of S. CARNOT and calling it a „Carnot,“
abbreviated to Ct = J/K. Through his work with heat engines, the French engineer Nicolas
Léonard Sadi CARNOT (1796 – 1832) made important contributions to the development of
thermodynamics.
2.9 Examples of applications of entropy

We will look at some examples that give an impression of the values of entropy: A piece of
blackboard chalk contains about 8 Ct of entropy. If it is broken in half, each half will contain
about 4 Ct because entropy has a substance-like character (entropy is also produced in the
breaking process but this is so little that it can be ignored).
12
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A 1 cm3 cube of iron also contains about
4 Ct, although it is much smaller. Therefore,
the entropy density in iron has to be greater.
If the amount of entropy in such a cube is
doubled, (by hammering, friction or radiation, for example) it will begin to glow. If
the amount of entropy is tripled, the iron
will begin to melt.
There is about 8 Ct of entropy in 1 liter of ambient air.
This is the same amount as in the piece of chalk. The
reason that there is so little despite a volume 100 times
as great, lies in the fact that the air sample has far fewer
atoms in it than the piece of chalk with its densely
packed atoms. If the air is compressed to 1/10 of its
original volume, it will become glowingly hot. This effect is utilised in diesel engines to ignite the fuel-air
mixture. The compression must happen quickly because
the entropy flows immediately from the hot gas into the cold cylinder walls and the gas cools
down quickly. 1 L of gas loses almost 1 unit of entropy in the process. If the gas is compressed to 1/100 of its original volume, one more entropy unit can be squeezed out of it.
Chemists tend to relate entropies to the amount of a substance, i.e., how much entropy is contained in 1 mole of the substance in question. This quantity is called molar entropy:
Sm ≡

S
.
n

S and n symbolize the entropy and amount of substance of the sample. Instead of the index m
the name or formula of a substance can be used, for example, SFe = 27.2 Ct⋅mol−1.
Molar entropy depends upon both temperature and pressure. For this reason, an additional
stipulation is necessary if the values are to be tabulated. In chemistry, one generally refers to
standard conditions, i.e., 298 K and 101 kPa (this corresponds to room temperature of 25°C
and normal air pressure), for which we use the symbol , so for example,

S Fe
= 27.2 Ct ⋅ mol−1

at 298 K and 101 kPa.

The values of some pure substances at standard conditions (298 K, 101 kPa) are listed in the
following table:
Substance


SFe
Ct/mol

Diamond
Iron
Lead

2.4
27.2
64.9

Water, solid
Water, liquid
Water vapour

44.8
69.9
188.7
13
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Additionally, the molar entropy depends on the state of aggregation of the substance, as it is
proved by the example of water.
A rule to bear in mind is that, at the same pressure, temperature and particle number, the entropy of a body will be greater, the heavier the atoms and the weaker the bonding forces.
Diamond, which consists of atoms that are rather light and very firmly linked in four directions, has an unusually low entropy per mole. Lead, on the other hand with its heavy, loosely
bound atoms is rather rich in entropy. The characteristics of iron lie somewhere in between; it
has a medium value of molar entropy. Using the example of water, the table shows how entropy increases by transition from a solid to a liquid state and then to a gaseous state.
How are the values in the table above actually found? It would be possible to find the entropy
content of a sample by decanting the entropy from it into the water-ice bottle with the help of
another body. However, this would require that each step be configured reversibly, as discussed in Section 2.7, so that the entropy cannot increase during transfer, and this is very difficult to accomplish in practice. The goal is reached more easily by taking a detour. First, all
the entropy contained in the sample must be removed. The most favourable circumstances
would allow simply immersing the sample in liquid helium (4.2 K). With the entropy having
flowed off, the sample would be just about empty of entropy. For more accurate applications
the sample would have to be further cooled to reduce the remaining entropy. However, the
entropy from the disorderly distribution of isotopic atoms cannot be gotten rid of in this way.
This value can be easily determined by other means. Afterwards, the sample is thermally insulated, and entropy is created inside it in a controlled way. This might be done by electric
heating. Energy consumption Wl and temperature T should be constantly measured until the
sample has attained the desired end temperature. The entropy produced during a small time
span simply results from reversing the definition equation of temperature as the quotient of
energy consumption and average temperature during this time period:
Sc =

Wl
.
T

The total amount of entropy added to the sample can be obtained by adding up all the amounts
of entropy that have been created over all time spans. To abbreviate, the symbol for summation Σ will be used:
Wi
.
i =1 Ti

n

n

S = ∑ Si = ∑
i =1

The smaller the time span, the more exact the result. If the time interval is allowed to approach zero, we have the integral:
S=∫

t P (t )dt
dW
=∫
.
0
T
T
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Setting S = 0 at T = 0 (third law of thermodynamics) makes it possible to determine absolute
entropies as well as absolute molar entropies. However, sometimes a special situation appears
which we will now discuss: The experimental curves T = f(W) have horizontal parts which
means that energy is consumed, producing entropy
without the temperature changing. In these parts,
the substance alters its state of aggregation. If the
entropy content of a substance is plotted as a function of temperature (at constant pressure), the relationship on the right side is obtained.
The entropy of a solid body increases with an increase of temperature. It takes a jump at the melting
point Tsl because the melting process causes the
order of the solid body to break and a noticeably
higher disorder is produced in the liquid (see section 2.5) (entropy of fusion ΔslS) . The index
sl makes clear that we want to observe the conversion from solid to liquid phase. Finally, the
entropy increases up to the boiling point Tlg, at which point, another jump takes place (entropy
of vaporization ΔlgS). The entropy increases much more strongly during vaporisation than
during melting because disorder grows more strongly as a result of the transition from liquid
to gas than from solid to liquid. We will deal in more detail with the entropy of fusion and of
vaporisation in Chapter 9.
Let us return again to the entropy content of a solid body. As we have seen, it grows continuously with rising temperature. The curve is different for various substances, though. The increase of entropy per temperature increase is called the entropy capacity C (in analogy to electric capacity C = Q/U):

C=

ΔS
ΔT

C=

dS
.
dT

or

The steeper a section of the curve, meaning the faster it rises at a given temperature, the
greater the entropy capacity. The entropy content of a body is not generally proportional to
temperature so its entropy capacity does not only depend upon the substance but, in general,
15
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also upon temperature. Like entropy itself, it depends upon pressure as well as upon the
conditions under which it is heated. A body will absorb more entropy when it is allowed to
expand freely than it would if its expansion were hindered. If the entropy capacity is divided
by the amount of substance, the result is the molar entropy capacity Cm:

Cm =
Substance

C
n

C mp
Ct/mol

Diamond
Iron
Lead

0.021
0.084
0.089

Water, liquid
Water vapour

0.253
0.113

In tables, the product Cm⋅T is usually given instead of entropy capacities. It is called the molar
heat capacity.
If samples of equal amounts of different substances (possibly
graphite and lead) are put into small containers filled with
liquid nitrogen and then cooled in a Dewar vessel, an amount
of nitrogen corresponding to the entropy capacity will evaporate, and the balloons will be inflated differently.
Experiment: Evaporation of liquid nitrogen by 0.1 mole of
graphite and lead

2.10 Temperature as “thermal tension“

The particle image of entropy was given a short and qualitative description in this chapter.
This was sufficient for introducing it. A formal version of the concept of entropy based upon
this model would, however, be time-consuming. For the moment, referring to the particle image should just serve as an orientation. Phenomenologically as well as macroscopically, all
the activities to be carried out in order to calculate quantities are well defined. The question
arises here of whether or not these activities can be understood without recourse to the particle
image. This has been hinted at in section 2.7, and is, in fact, possible.
An image developed already in the 18th century seems especially simple. It imagines temperature as a kind of „pressure“ or „tension“ weighing upon entropy. However, at that time
the word entropy was not used. One imagined a fluid like entity that warms a body, and considered it a kind of substance. The temperature equilibrium of two bodies was described as a
pressure equalisation of this „heat substance“ (caloric) in which this substance migrated from
places of higher „pressure“ to places of lower „pressure.“ If we accept this image, then it becomes obvious that work must be done to produce entropy in a body against this „pressure“ or
“tension”, or to force it into a body (comparable to filling a tire with air against an interior
pressure p, or charging a body against its electric potential φ.) The higher this „pressure“ (the
16
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higher the temperature), the more work is needed. The amount of work also grows the more
entropy is produced (Sc) or added (Sa). The following types of relations could be expected:
W = T ⋅ΔSc

W = T⋅ΔSa.

We imagine the two entropies to be small, meaning
dW = T ⋅dSc

dW = T⋅dSa

so that the temperature will not change much as a consequence of the increase of entropy.
The first equation follows directly from the equation defining the absolute temperature if it is
solved for W. With help from the energy principle, the second equation follows easily from
the first one. This law states that the same effect, no matter how it comes about, always requires the same energy. Whether a certain amount of entropy is produced in a body or added
to it, the effect upon the body is identical. It expands, melts, vaporises or decomposes in the
same manner. It must follow, then, that the energy or work needed for these processes must be
the same.
2.11 Lost work and thermal work

Despite their similarity, the two equations above describe two rather different processes. Entropy can increase but cannot be destroyed so the process that produces it can only run in one
direction and never in the other. As already mentioned, it is irreversible. The work or energy
used cannot be retrieved (except indirectly). It is said that when entropy is produced and
something is heated by it, the work needed is devalued or wasted, or that is gets lost.
„Wasted“ energy is found again in a state of random molecular motion. Statistically, it is distributed in the tiniest portions over the innumerable oscillating and rotating atoms or groups
of atoms. In view of these circumstances, one can speak of dissipation of energy instead of
energy loss, waste, devaluation, etc. There are, as we have seen, plenty of terms to choose
from depending upon which aspect is being emphasized. We will call the wasted and therefore, no longer retrievable amount of energy that appears in the first of the two equations, loss
or lost work Wl(ost). Entropy produced at a constant temperature can be calculated as follows
ΔSc = Wl/T

.

The fact that work is needed to produce entropy does not mean that special efforts or equipment are needed. Quite the contrary,
• in every process, a certain amount of dissipation of energy is unavoidable,
• entropy is readily produced all the time and everywhere.
Just consider friction.
In contrast to this, the second equation above describes a process that is fundamentally reversible. When entropy Sa from one body is transported into another at temperature T, the
energy W = T⋅ΔSa is transferred with it (at a constant temperature). In this case, W is the work
performed by one body in the process of transferring entropy to the other one. The energy
which was transferred returns to the original body again along with the entropy flowing back
to it. This process is, therefore, reversible. Since the process described here corresponds to
normal heating, the name is obvious: Thermal work:
17
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W (= Q) = T⋅ΔSa .
In the 19th century, the name heat (with the symbol Q) was established for what we call
thermal work. Since entropy and energy exchange are always linked with each other, thermal
effects were ascribed to energy (S was unknown at that time). Moreover, in various physics
books the kinetic energy of random molecular motion, so-called thermal energy Etherm is referred to as heat. Unfortunately, this name for Q as well as for Etherm is the cause of misunderstandings that are very difficult to straighten out. These misunderstandings lead to the belief
that this quantity expresses a measure for what in everyday experience is considered heat, a
concept that is actually very well expressed by the quantity S. Despite some similarities, the
three thermal concepts represented by Q, Etherm and S differ in their essential characteristics.
In closing, we will contrast an entropy conserving process with one that produces entropy in
two simple experiments. In order for an undesired exchange of entropy with the environment
not to falsify the results, the samples must be
well insulated, or the experiment must be carried out very quickly.
Experiment: Temperature as a function of time
in expanding rubber and bending
iron

If a rubber band is expanded and then relaxed, the work is retrievable and the temperature that
rose during expansion sinks again. The temperature change resembles a square wave. The
process is reversible. Entropy is not produced because the band is exactly as cool at the end as
it was at the beginning.
Bending an iron rod back to its original state costs new effort and the temperature rises in
steps. This bending process is irreversible. Although the iron rod returns to its original position, it is now warmer. In this case, entropy is obviously being produced and the work involved is used up (dissipated).
2.12 Heat pumps and heat engines

A heat pump like represented for example by the refrigerator described in section 2.6 is a device that conveys entropy from a body of lower
temperature T1 to a body with a higher temperature T2. The work needed to transfer an amount
of entropy St(ransfer) can be easily found. It equals
the work W2 = T2 ⋅ St, that is needed to press the
entropy into the warmer body, minus the work
W1 = T1 ⋅ St, that is gained when the entropy is
removed from the colder body:
Wt = (T2 − T1) ⋅ St = ΔT ⋅ St .
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Friction and other processes always produce some extra entropy either in smaller or larger
amounts and this takes extra work. The total amount of work Wtotal becomes greater. The efficiency η of the device is expressed as follows:
η=

Wt
.
Wtotal

A heat engine is the reverse of a heat pump. Work is gained during the transfer of entropy out
of a warmer body (boiler plant) at temperature T2 into a colder one with the temperature T1
(cooling tower or river water). The work performed can be calculated with the same equation
that is used for finding the amount of work needed for a heat pump. The only difference is
that Wt is now negative. This means that Wt does not represent expended work but work
gained, so-called useful work.

A water wheel works in exactly the same way when water flows from a higher level to a
lower one. In this case, the entropy corresponds
to the mass m of the water and the temperature
corresponds to the term g⋅h. Another example
would be a turbine operating between two water
containers with different hydrostatic pressures.
In electrodynamics the electric engine fulfills
this role.
Some entropy is also produced as a result of friction and other processes in a heat engine. This costs some of the work Wt, so that the actual
usable energy is smaller.
We will now look at two examples of heat engines: A magnetic heat engine and a rubber band
heat engine.
When it heats up, the wheel (made of a CuNi alloy) of the magnetic heat engine loses its
ferromagnetism due to the low Curie point. The spokes in the rubber band heat engine are
tauter after they are heated. In both cases, the resulting torque drives the wheels.
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Experiment:
Magnetic heat engine

Experiment:
Rubber band heat engine

2.13 Entropy creation in an entropy current

If entropy flows through a conducting connection that we will call a „conducting segment,“
from a body with the higher temperature T2 to another with the lower temperature T1, the potential energy (T2 – T1)S is released. We might imagine a rod made up of a material that conducts heat well. It is insulated along its surface. One end is heated by a bunsen burner while
the other is cooled by water. Where is the released energy? It cannot be stored anywhere, so it
must have been used to produce entropy. The entropy Sc created in the conducting connection
must also flow down the temperature gradient to arrive at the cooler body with the temperature T1. Sc can be calculated from the released energy Wl, i.e., the „work of the fall“ of entropy
S:
Sc =

Wl
T1

with
Wl = (T2 − T1 ) S .

In the process of being conducted through a
temperature gradient, entropy will increase according to set laws. This is a surprising but inevitable result of our considerations.
The thermal work performed at the cooler body
is calculated according to
⎡ (T − T ) S ⎤
T1 ( S + Sc ) = T1 ⋅ S + T1 ⋅ ⎢ 2 1 ⎥ = S ⋅ T2 .
T1
⎣
⎦

Thus, it is exactly as much as the value S ⋅ T2 that is emitted by the hotter body. While the
amount of entropy increases during conduction, the energy current remains constant.
The quantity of energy Wl represents the lost work performed along the conducting segment.
If an ideal heat engine were interposed here instead of the conducting segment, this energy
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would be gained work. Here, this energy is not used and it becomes devalued while entropy
increases.
Entropy conduction can be compared to electric conduction. If an electric charge q is forced
through an electric resistor − from a higher to a lower potential − the resistor will become
warm. This is a simple way of producing entropy which we encountered with the immersion
heater in Section 2.6. The lost work Wl results from the charge – a substance-like quantity that is pushed through the „conducting segment,“ and the potential drop,
Wl = (φ2 - φ1 ) ⋅ q = q ⋅ Δφ .

The entropy produced is calculated as Wl/T1, where T1 is the temperature of the segment. Using analogical reasoning, we can interpret the production of entropy in heat conduction as the
result of the forcing of entropy through a thermal resistor.
A vivid comparison is that of a waterfall where the lost work is found from the water mass m
involved and the height of the drop, or more exactly, the drop of the term g⋅h:
Wl = ( g ⋅ h2 − g ⋅ h1 ) ⋅ m = m ⋅ g ⋅ Δh .

The amount of entropy produced can be calculated from the quotient Wl/T1. As a last example,
let us mention an opened water tap.

There are two distinguishable steps that these processes all have in common:
• release of energy by a flowing extensive quantity dropping through a „driving“ difference
of an intensive quantity
and
• entropy production.
When entropy is conducted, this relation becomes a bit blurred because flowing and produced
quantity have the same nature.
This type of entropy production can be demonstrated experimentally (here as a thought experiment):
• Entropy flow without resistance: If the auxiliary body is compressed, it remains cold because the entropy escapes into the bottle. The ice melts there, and the level in the capillary
falls.
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•

Entropy flow through a resistor: If the same auxiliary
body is compressed exactly as before, it will become
warm because the entropy can only escape slowly
through the resistor. It gradually seeps into the bottle
and the capillary level falls even lower than before!
Although the auxiliary body releases the same amount
of entropy in both cases, the bottle shows more this
time.
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3. Chemical Potential
Topic: Chemical potential as measure of a general tendency of matter to change, and as central concept of chemical dynamics.
3.1 Introduction
After our short excursion into thermodynamics, we will now turn to the chemical potential µ
which – along with the amount of substance n – is the most important and far reaching concept in chemical dynamics.
HERACLITUS concluded from observations of his environment that ”Everything flows – Nothing stands still (πάντα ρεΐ)”. Creation and decay are well known in the living world but there
are forces in inanimate nature which change the things around us as well:
•
•
•
•

Bread dries
Paper yellows
Iron rusts
Stones weather

•
•
•
•

Butter or fat becomes rancid
Rubber embrittles
Copper gets a patina
Clay turns into stone, and so on.

Experiment: Changes in the world of substances

It would be possible to consider extraneous effects as the
cause. For example, iron would not rust if oxygen were kept
from it. However, this is not the point, because substances that
are separated from the environment also change. For example
these objects “age“ by themselves:
•
•
•

Bread in a plastic bag;
Tinned food in an unopened can;
Chemicals in a sealed bottle.

Experiment: Aging of acrylic acid (propenoic acid)

Acrylic acid as pure substance is a water-clear liquid strongly
smelling of vinegar. If left to stand alone in a completely
sealed container, it will change by itself after some time into a
colourless and odourless rigid glass. Thereby, the small
acrylic acid molecules combine to long chains:
...+ CH2=CH + CH2=CH... → ...−CH2−CH−CH2−CH−... .
|
|
|
|
COOH
COOH
COOH COOH
The modification of pure substances such as the weathering of soda and Glauber salt in ambient air where the large colourless crystals become covered with a white powdery crust as they
lose water,
Na2CO3 ⋅ 10 H2O → Na2CO3 ⋅ 7 H2O + 3 H2O,
Na2SO4 ⋅ 10 H2O → Na2SO4 + 10 H2O,
1
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the slow changeover of the almost colourless monoclinic β-sulphur into the yellow rhombic αsulphur, or that of the low-molecular white phosphorus into the high-molecular red phosphorus,
S|β
→ S|α
P|white → P|red
shows that it is not an interaction between reaction partners that is the motor for the change of
substances, but that the substances tend to change by themselves. This means that each and
every individual substance has a ”tendency to change.“ This tendency to change is certainly
not the same for all substances, and it has no particular “goal.“ One might say that all substances are ”driven to change“ to one extent or another. They use every opportunity that
comes up to follow this ”drive,“ or tendency. A somewhat casual but catchy way to express
this would be that they somehow want to ”sneak off.“ Most substances known to us only survive over a longer period of time because many of the processes of change are inhibited, and
not because the drive for them does not exist.
From the transformation of the white into the red phosphorus mentioned above, it can be concluded that the white type has the stronger tendency to change and forces the formation of the
red type against its own tendency to change. Similarly, we can imagine that iron sulphide is
formed because the starting substances iron and sulphur together have a stronger tendency to
react than the product FeS. When various metal powders (such as magnesium, zinc, iron, copper and gold) react with sulphur, the differences are very pronounced. For example, magnesium, when mixed with sulphur and ignited, explodes violently. In contrast, the last metal
powder, gold, virtually does not react with sulphur:
Mg ⎯⎯⎯⎯ Zn ⎯⎯⎯⎯ Fe ⎯⎯⎯⎯ Cu ⎯⎯⎯⎯ Au
explosive
glaring
glowing
glimmering
nothing!
On the basis of the vehemence of reaction, we arrive at the following sequence:
MgS < ZnS < FeS < CuS < AuS.
Obviously, magnesium sulphide is the easiest to produce since it has the weakest tendency to
react. Gold sulphide, on the other hand, seems to have a relatively strong tendency to react. It
is possible, however, to obtain various compounds of gold and sulphur by indirect means but
they all tend to decompose into the elements involved. We can, therefore, confidently assume
that AuS is not produced because its tendency to react exceeds that of Au + S combined.
We will now go more deeply into the meaning of the tendency to change and its quantitative
description with the help of the chemical potential. But first we will discuss briefly the definition of physical quantities in general.
3.2 Measurement and Metrization: Weight as Model
Measuring means to determine the value of a quantity. The length of a table, the height of a
mountain, the diameter of the Earth’s orbit, the distances of atoms in a crystal lattice are all
calculated with different methods. Length, distance, width, thickness, circumference; these are
all different names for quantities that we consider a similar type. They all fall under the category of length. Length is used in everyday life as a metric term, meaning a term used to quan2
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tify a certain observable characteristic. Values are wholes, fractions or multiples of a chosen
unit. A distance of ten steps or twenty minutes needs no explanation. More accurate agreements of units are necessary for people working in trades, engineering and the sciences, i.e.
they have to be more exact in specifying what quantities and units should be used and how
numbers should be allocated. The procedure used to assign a quantity to a concept (typically
using the same name), and thus construct the quantity, shall be called metrization. The determination of values of this quantity will be called measurement.
Most physical quantities are formed by indirect metrization or explained by so-called derived
terms. This means that there is a rule about how they should be calculated from previously
known and defined quantities. For instance, the density (more precisely: mass density) ρ of a
homogenous body is defined as the quotient of mass m and volume V, ρ = m/V.
A very different procedure for defining quantities is the direct metrization of a concept or a
property. It is a procedure we have already used in our introduction to entropy but without
emphasizing it. This approach is used for quantities which are considered basic concepts such
as length, duration, mass, etc., and the other quantities such as area, volume, speed, etc., are
derived from them. However, it is by no means limited to these basic quantities.
A simple example for the metrization of a property is to introduce a measure for what is
commonly known as weight G. This example is chosen because it has many parallels to the
chemical potential. When we talk about a larger or smaller (positive) G of an object in everyday language, we are expressing how strongly it tends to sink downward. Basically, there are
three characteristics necessary to determine a measure for weight:
a) Sign. We will consider the weight of something that sinks downward when let go as positive, G > 0. Consequentially, a balloon flying upward will have a negative weight, G < 0, as
will a piece of wood surfacing after being thrown into water. Something that hovers in air has
a weight of G = 0.
b) Sum. If we put two things with the weights G1 und G2 together so that they can only rise or
fall as a unit (for example, if they are put together onto a scale), we assume that the weights
add up: Gtotal = G1 + G2.
c) Unit. In order to represent the unit γ of weight, something that has an unchanging weight
(when appropriate precautions are taken) is suitable (e.g. the international prototype of the
kilogram which is made from an alloy of platinum and iridium and kept in Paris).
As used here, the weight G of an object is not a constant property. It depends upon the milieu
the object is in. A striking example of this is a block of wood H which tends upward when
under water W, G(H|W) < 0, but tends downward in air L, G(H|L) > 0. In the first step, we
will consider the surroundings as unchangeable so that G is a constant. In the second step, we
can investigate what changes occur when different surroundings are taken into account.
The few, roughly sketched agreements about
a) sign,
b) sum,
c) unit
are sufficient to apply direct metrization to the concept of weight. This means that it can be
assigned a measure G without referring to other quantities. Measuring the weight G of an object means determining how much heavier it is than the object representing the weight unit γ.
3
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Direct measurement means that the value is determined by direct comparison with the unit
and not by calculation from other measured quantities. This can be done even without the help
of a scale.
At first an object has to be chosen which represents the weight unit γ (point (a) in the following figure). An important further step is the duplication of a weight. This means having an
object D with an unknown weight G, and looking for other objects D’, D’’, D’’’... with the
same weight. In order to do this, an object B is created, maybe a balloon, with the weight –G.
Checking the weight of B can be done by testing whether B and D both hover when they are
attached to each other (point (b)). B helps to find the objects D’, D’’, D’’’... (point (c)). In the
same way, duplicates E’, E’’, E’’’... and F’, F’’, F’’’.... , of the positive or negative weight unit
γ can be produced.
The value of G can be determined by
making a bundle that hovers (Gtotal = 0)
out of the objects D’, D’’, D’’’ … and
E’, E’’, E’’’ … or F’, F’’, F’’’ … (point
(d)). If m is used to indicate the number
of things in the bundle with the weight
G, and the positive or negative n is the
number of duplicates with the weight
+γ or −γ in the hovering bundle, then
the following is valid:
Gtotal = m⋅G + n⋅γ = 0 or G = (−m/n)⋅γ.
Every real number can be approximated through the quotients of two whole numbers so this
method can, in principle, be used to measure the quantity G with any desired degree of accuracy. This method of measurement can be simplified when a suitable set of weights is available. Weights with negative weight can be set aside when a balance scale can be used. This is
because an object needs only to be put on the left side of the scale for the right side to show
negative weight. These are all technical details that are important for application but unimportant for basic understanding.
In addition to the direct method of metrization, there are also indirect ones. For example, the
weight of an object can be determined through its energy W (which is used for working
against the object’s tendency to fall) by raising it the distance h. The energy W expended at
the hoist in order to raise the block the height h is a
measurable quantity, just as h is. The greater the weight,
the more energy W is needed, so that it is possible to
find the weight by determining W. Because W is proportional to the height h through which the body has been
lifted (if h is small), W itself is not suitable as a measure
of the weight. However, the quotient G = W/h is. The
unit of weight J/m can be obtained by using the unit
Joule (J) for the energy, and the unit meter (m) for the
height. The unit of weight γ mentioned above, which is
represented by an object, is also measurable in this way
so that the old scale can be related to the new one.
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W and h are no longer proportional when the distance h (measured from the ground) is no
longer small relative to the Earth’s radius. The weight (the tendency to fall downward) decreases because gravity lessens at high altitudes. By setting G = ΔW/Δh where ΔW means the
extra energy needed due to the small increase Δh, the definition of the quantity G can be extended to include this case. In order to indicate in the formula that the differences ΔW and Δh
are considered small, the symbol for difference Δ is replaced by the differential symbol d and
written as

G=

dW
dh

or more detailed:

G ( h) =

dW (h)
.
dh

For the sake of simplicity, although it is not completely mathematically sound, we want to
consider differentials to be very small differences. This will be sufficient for all the applications we have in mind.
If the function y = f(x) is known, the differential quotient dy/dx = df(x)/dx at an arbitrary point
x can be calculated by taking the derivative of this function with respect to x. Elementary
mathematics provides the necessary rules for the simplest cases of finding the derivative
y´ = f’(x). There are, however, software tools that do all of this work. Note in the expression
above on the left, that W and G appear in the role of the variables y and y’ while on the right,
they appear in the role of the functional symbols f and f’. It is actually a common but not fully
correct terminology to use the same letters for both cases, which should not cause serious mistakes if one is careful.
In order to lift something, it must be set in motion. This also takes energy, and the greater the
velocity v attained, the more energy is needed. Therefore, W depends not only upon h but also
upon v. This is expressed as W(h,v). In order to introduce a measure for the weight, we must
expand the definition above:
G=

∂W (h, v)
.
∂h

The replacement of the straight differential symbol d by the curved ∂ means that in forming
the derivative, only the quantities in the denominator (in this case h) are to be treated as variable while the others appearing as argument (in this case only v) are to be kept constant. The
constant v, and therefore dv = 0, means that the increase of energy dW is to be considered the
result of a vertical displacement of dh and not of a change of velocity.
There is another notation which is preferred in thermodynamics and matterdynamics where
the dependent variable is in the numerator (in this case W) and the independent variables appear in the denominator and in the index (in this case h and v). The variable that is held constant is added to the expression of the derivative as an index:
⎛ ∂W ⎞
G =⎜
⎟ .
⎝ ∂h ⎠v
We see that defining G through energy becomes increasingly complex, the more generally
one attempts to grasp the concept. Therefore, we introduce the quantities entropy and chemical potential by direct metrization. In this chapter our focus is upon chemical potentials. Our
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knowledge about the most important characteristics of weight can help us to understand the
method for defining or measuring the quantity μ.

3.3 Main characteristics of the chemical potential

Before we attempt to quantify this new concept we will create an overview of what it means,
what it is good for, and how it can be dealt with.
In order to do this, we compile the most important characteristics of the chemical potential
into a short outline, a kind of “wanted poster” which we will subsequently go into more
deeply.
•

The tendency of a substance
- to react with other substances,
- to transform into another state,
- to redistribute in space,
can be expressed by one and the same quantity – its chemical potential µ.

•

The magnitude of this tendency, meaning the numerical value of µ
- is determined by the nature of the substance, as well as
- by its milieu,
but neither by the nature of reaction partners nor the resulting products.

•

A reaction, transformation, redistribution, etc. can only proceed voluntarily if the tendency for the process is more pronounced in the initial state than in the final state.

We can assume that a substance, let us call it A, has a more or less pronounced tendency to
change. This means a tendency to decompose into its elementary (or other) components, to
rearrange itself into some isomer, A → A*, or to react with other substances A’, A’’ …,
A + A’ + ... → … .
Even less drastic transformations of substance A, such as changing the state of aggregation,
the crystalline structure, the degree of association, etc. which can be symbolized for example
as follows
A|α → A|β
are driven by the same tendency to change. This also holds for the tendency of a substance to
redistribute in space. This means its tendency to migrate to another location or to move into a
neighbouring domain:
A|location 1 → A|location 2 .
The chemical potential µ is a measure of the magnitude of this tendency. We write µA or µ(A)
to signify the potential of substance A. The greater µ, the more active or “driven” the substance. The smaller µ, the more passive or “phlegmatic” it is.
As stated above, the magnitude of the drive to change and with it, the numerical value of µA,
depends, on the one hand, upon the nature of the substance. The nature of a substance is
6
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thereby determined by its chemical composition, characterised by the empirical molecular
formula, but also by its state of aggregation, crystalline structure etc. Hence, liquid water and
water vapour or diamond and graphite have different potentials under otherwise identical
conditions, i.e. they have to be treated as different substances. The magnitude of the drive to
change depends, on the the other hand, upon the milieu in which the substance is situated. The
milieu means the totality of parameters necessary to clearly characterise the surrounding of A
such as temperature T, pressure p, concentration c, the type of solvent L, type and proportions
of mixtures, etc. In order to express these relations, we write
μA(T, p, c …, L …)

or

μ(A, T, p, c …, L …).

The following experiment illustrates how a substance reacts to
a changed milieu. In this case, it is the change of solvent L.
Experiment: Iodine in different milieu

Iodine dissolved in water (left side) separates out when it is
shaken with ether (right side). The ether floats on top of the
specifically heavier, now colourless layer of water. The brown
colour of the dissolved iodine allows us to easily see where it
is. Obviously, the chemical potential of iodine is higher in the
water than in the ether – under otherwise identical conditions.
We will discuss the influence of the milieu in more detail in the following chapters.
An important characteristic of a substance’s tendency to change is that it is not dependent
upon the partner it reacts with or what products result. µ is a characteristic of a single substance and not of a combination of substances. This reduces dramatically the amount of data
necessary because the number of possible combinations is much, much larger than the number
of individual substances itself.
3.4 Competition between substances

When a substance disappears, one or even several substances are produced from it, or the substance reappears in another location. The produced substances, however, also show a tendency to change just like the reactants, so the direction in which a certain process will run
depends upon which side has the stronger tendency. Therefore, chemical processes resemble a
competition between the substances on either side of the reaction equation.
An image commonly used for this competition is the relationship between things on
the right and left pans of an equal arm balance. The direction in which the scale tips
depends solely upon the sum of the
weights G on each side of it. Even negative weights are allowed if the objects
floating upwards (maybe balloons) are
attached to the scale. This behaviour can
also be expressed formally:
7

3. Chemical Potential

The left side wins, i.e. the objects A’, A’’ ... on the left side of a seasaw or balance scale are
successful against the objects B’, B’’ ... on the right side in their attempt to sink downward if
G(A´) + G(A´´) +… > G(B´) + G(B´´) +…,
equilibrium rules when the sum of the weights on the left and right side of the scale are just
equal,
G(A´) + G(A´´) +… = G(B´) + G(B´´) +… .
The statements made here for weights corresponds completely to the role of chemical potentials in substance conversion. It makes no difference whether it is a reaction between several
substances or a transformation of a substance into another state, or just a change of location.
The direction in which such a process progresses, for example the reaction
A´+ A´´ + ... → B´ + B´´ + ...,
depends solely upon the sums of the chemical potentials µ of all the substances on either side.
The substances on the left side prevail in their attempt to react if
μ(A´) + μ(A´´) + ... > μ(B´) + μ(B´´) + ... ,
equilibrium rules if the sum of the “driving forces“ of the substances on both sides is the same
and no particular direction is preferred:
μ(A´) + μ(A´´) + ... = μ(B´) + μ(B´´) + ... .
For example, a candle burns because the initial substances combined (in this case atmospheric oxygen
and paraffin wax, formula ≈(CH2)) have a higher
chemical potential than the products (in this case, carbon dioxide and water vapour):
3 µ(O2) + 2 µ((CH2) > 2 µ(CO2) + 2 µ(H2O).
Therefore, each realisable reaction is comparable to a kind of scale which allows the comparison of chemical potentials or their sums, respectively. But the measurement is often impossible due to any inhibitions, i.e, the scale “is jammed.” If there is a potential drop from the left
to the right side, that only means that the process can proceed in this direction in principle;
however, it does not mean that the process will actually run. Therefore, a potential drop is a
necessary but not sufficient condition for the reaction considered. This is not really surprising.
An apple tends downward, but it will not fall as long as it hangs from its stem. The coffee in a
cup does not flow out over the table although the tendency to do so is there. The porcelain
walls of the cup inhibit it from doing so. We don’t even have to bore a hole in the cup for the
barrier to be overcome. A bent straw is already enough. When candle wax and air are put together, no fire occurs. The candle wick and flame work as a siphon or valve which helps to
overcome the inhibitions. Inhibitions are an important part of our environment. Without them,
we would end up as carbon dioxide, water, nitrogen and ashes in the sea of oxygen in which
we live.
If a conversion tends to run in one direction, this does not mean that the opposite direction is
impossible, it just does not happen spontaneously. Sand trickles downward by itself. A mole
can shovel it upwards, though, or a desert wind can form it into high sand dunes, but the sand
does not move in this direction on its own. Hydrogen and oxygen have a strong tendency to
8
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react to water. The reverse process never runs by itself at room temperature, but can be forced
to do so in an electrolytic cell. Predicting substance changes based upon chemical potentials
always presupposes that there are no inhibitions to the process and that no “outside forces“ are
in play. We will gradually go into what this exactly means and what you need to look out for.
The adjoining figure concludes this section.
Despite its anthropomorphic viewpoint, it is
useful as an image of the general behaviour of
substances:
More active, more “driven” substances are
converted into more passive, more “phlegmatic” substances. They migrate from “busier”
places (with a lot of “activity”) to “quieter”
places (with weak “activity”). In short: matter
aspires to a state of greatest “laxness.”
3.5 Reference point and values of chemical potentials

Up to now, what we have been missing in order to make concrete predictions are the µ values
of the substances we have been dealing with. The chemical potential can be assigned an absolute zero value, just as temperature can. In principle, the absolute values could be used but
they are enormous. It would mean that in order to work with the tiny differences in potentials
common in chemical and biological reactions, at least 11 digits would be necessary (the ratio
between the potential differences and the absolute values is around one to one billion!). This
alone would lead to numbers that are much too unwieldy not to mention that the absolute values are not known accurately enough for this to be feasible.
However, the heights of mountains are not referred to the
geocentre but to the sea level. Everyday temperatures are
not referred to absolute zero, but are given as Celsius temperatures based upon the freezing point of water. It is similarly practical to choose a convenient level of reference for
the values of the chemical potential because differences of µ
can be determined much more precisely than absolute values. Moreover, because we only need to compare potential
values or their sums, it doesn’t matter what the unit is at
first. The µ values could be expressed in various scales similarly to how temperature can be
expressed (Celsius, Fahrenheit, Kelvin, Reaumur, etc.). We will use the SI coherent unit
“Gibbs”, abbreviated to G. This name has been proposed by E. WIBERG („Die chemische Affinität“, 1972, p. 164) to honour Josiah Willard GIBBS (1839 – 1903) who first introduced the
concept of chemical potential. For use in chemistry, the unit kilo-Gibbs (kG) which corresponds to 1000 Gibbs, is even handier.
Next we enter into the question what reference states are suitable for the measurement of potential differences. It is useful to refer to the conventional basic materials in chemistry, the
elements, as long as we exclude transformations of elements, i.e. nuclear reactions. The values of the chemical potentials of substances are related to the chemical potentials of the ele9
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ments they are composed of and can be determined experimentally by use of chemical reactions. Because it is not possible to transform one element into another by chemical means,
however, the values of the various elements themselves are not related to each other. This
means that the reference level for any element could in principle be chosen arbitrarily. Because the quantity of each element does not change, i.e. an equal number of chemical symbols
appears on each side of a reaction equation, this has no effect upon the potential differences
being observed and measured. Let us have a look at the synthesis of ammonia from nitrogen
and hydrogen as example:

μ:

N2 + 3 H2 → 2 NH3
___________________
0
3⋅0
2⋅(−16) ⇒ (μ(N2) + 3 μ(H2) − 2 μ(NH3) = +32 kG
0
3⋅2000
2⋅2968 ⇒ (μ(N2) + 3 μ(H2) − 2 μ(NH3) = +32 kG

N appears two times on the left as well as on the right side of the reaction equation, H, however, six times. If we increase the chemical potential of a substance, e.g. for every H in the
empirical molecular formula, by a fixed, but arbitrarily chosen summand, here 1000 kG, then
the summand is cancelled by the calculation of the difference and we obtain the same value as
in the line above. The same applies for nitrogen. This means, that the reference level for any
element could in principle be chosen arbitrarily as mentioned. But for the sake of simplicity
the value 0 is allocated to all elements.
Additionally, one has to consider the following for the specification of a reference state: The
state of an element depends upon its temperature and pressure. It also depends upon whether,
for instance, hydrogen appears in atomic or molecular form, carbon in the form of graphite or
diamond, or oxygen as O, O2 or O3 etc. As an easily reproducible reference state, we will
choose the state in which the element in question appears in its “pure form“ and in its natural
isotope composition under standard conditions (meaning 298 K and 101 kPa, as discussed in
Chapter 2) in its most stable modification. An exception to this is phosphorus where the more
accessible white (in some tables it is also the red) modification is preferred to the more stable,
but very difficult to produce, black modification. The μ values under standard conditions are
generally labelled by μ. Therefore, the following is valid (E means an arbitrary element):
μ(E) = 0 .
In the case of elements E like H, N, O, Cl etc., which occur at standard conditions normally in
the form of diatomic gases, 1 mol E simply means 12 mol E2 und μ(E) analogously 12 μ(E2).
Hence, the state of matter, in which the substances are decomposed into the elements under
standard conditions represents the “zero level“ of the potential scale, comparable to the average sea level as the zero level in calculating elevations.
The chemical potential µ of an arbitrary pure substance itself depends upon temperature and
pressure (and possibly other parameters), µ(T, p, ...). Therefore, it is usual in chemistry to
tabulate the potentials of substances (referred to the elements that form them) in the form of
standard values μ, i.e., for 298 K and 101 kPa. In the following table we find such standard
values for some common substances:
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μ
kG

Substance

Formula

pure substances
Iron
Water
Water vapour
Table salt
Quartz sand
Marble
Cane sugar
Paraffin wax
Benzene
Acetylene (ethyne)

Fe|s
H2O|l
H2O|g
NaCl|s
SiO2|s
CaCO3|s
C12H22O11|s
≈(CH2)|s
C6H6|l
C2H2|g

0
−237
−229
−384
−857
−1129
−1544
+4
+125
+209

in Water
Cane sugar
Ammonia
Hydrogen(I)
Calcium(II)

C12H22O11|w
NH3|w
H+|w
Ca2+|w

−1552
−27
0
−553

Be careful: The potential value 0 for iron does not mean that iron has no “tendency to
change,” but only that we have used its potential value as the zero level to base the values of
the potential of other iron-containing substances upon.
The choice of substances in the table shows that not only well defined chemicals are referred
to when speaking about chemical potential, but everyday substances as well. In the case of
marble, certain impurities are responsible for its colours, but these substances have almost no
effect upon the chemical potential of its main component, CaCO3. However, in order to specify the potential µ of a substance, an empirical molecular formula must be known which
shows how it is composed of the elements, and which would then be binding for all calculations. This is why the formula must be present in such a table. But the chemical potential of a
pure substance also depends on its state of aggregation, its crystal structure, etc. For example,
liquid water and water vapour or diamond and graphite have different potentials at the same
temperature and pressure. In order that the μ values are unambigously given the aggregation
state of the substance concerned is added to the formula by a vertical line and the abbrevations s for solid, l for liquid and g for gaseous; modifications can be characterised for example
by their names like diamond etc.
Because we are interested in a first basic knowledge of the chemical potential, we consider
the values at the moment as given, just as we would consult a table when we are interested in
the mass density or in the electric conductivity of a substance. Some measuring methods will
be discussed in section 3.8 and 3.9.
The potential of a substance A changes if it is brought in another milieu for example by solving it. It depends not only on the nature of the solvent but also on the concentration of A.
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Therefore, the concentration c of a dissolved substance, for which the tabulated values will be
valid, must be specified in addition to p and T. We always assume water to be the solvent
unless otherwise stated. The usual reference value is 1 kmol⋅m−3 = 1 mol/L. In the case of a
solute, the solvent used can be labelled in the same manner as above; for water the abbreviation w is chosen. There exist some pecularities concerning the determination of these standard
values (like in the case of gases) but we will discuss them in chapter 5.
We can summarise:
μ = μ(p, T)

for pure substances

T = 298 K

μ = μ(p, T, c)

for dissolved substances

p = 101 kPa
c = 1 kmol⋅m−3

T, p, c indicate standard temperature, standard pressure and standard concentration.
As long as the temperature does not vary by more than ±10 K, and pressure and concentration
do not fluctuate more than a power of ten, the changes of potential remain about ±6 kG in
general. Therefore, we can consider the µ values to be constant, at least very roughly. This
precision is often sufficient for us so that we can use the μ values found in tables. It is unnecessary to worry about temperature, pressure and concentration dependencies of the potentials at the moment. We will only start dealing in more detail with these influences in the following chapters. The approximation used here is a kind of zero-order approximation.
Ions can be assigned a chemical potential as well. If the ions are decomposed into the elements, a positive or negative amount ne of electrons remains beside the neutral elements, for
example

CO32− → C + 3 2 O 2 + 2 e − .
The amount of electrons has to be conserved in chemical processes like that of the elements,
i.e., the electrons can be treated as a kind of additional element. They would obtain a value µ
= 0 in a given reference state like all elements. However, electrons in a free state play no role
in chemistry. Therefore, a value for µ(e−) has been arbitrarily chosen so that the most commonly appearing type of ion H+ (in an aqueous solution w and at standard conditions) receives
the µ value of zero:
μ(H+|w) = 0.

This seems surprising at first view because we know that the chemical potential of an element
under standard conditions is zero, i.e. μ = 0. This is of course also valid for hydrogen, μ H2 =
0. Therefore, we expect that other states of hydrogen have other μ values. But let us have a
look at the system hydrogen gas/hydrogen ion, which is capable of providing electrons without inhibitions at suitable conditions:
H 2 |g R 2 H + |w + 2 e −
with
μH2 = 2 μH+ + 2 μe− .
N
N
N
0def.
0def.
0
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When H2 and H+ are regarded under standard conditions and equilibrium rules, then the
chemical potential of the electrons, μe− , is supposed to be zero. Because μH2 disappears by
definition, μH+ also has to be zero in equilibrium.
3.6 Sign of the chemical potential

If we use values of chemical potentials in the following, they are valid for room conditions
and for dissolved substances of concentrations of 1 kmol/m3 (= 1 mol/L) where water is the
usual solvent. Elements in their usual, stable state receive, as agreed, the value µ = 0. This is
for example valid for molecular hydrogen μ(H2|g) = 0, while atomic hydrogen has a rather
high positive potential μ(H|g) = +203 kG. This means that its tendency to transform into H2
is very strong.
A look at the table at the end of the chapter shows something remarkable. Most of the potential values are negative. A substance with negative chemical potential can be produced voluntarily from the elements because it has a weaker tendency to change than the elements it is
produced from. However, this also means that most substances do not tend to decompose into
their elements, but in contrast, tend to be produced from them. Therefore, most of the substances we deal with are stable; they do not decompose.
If, on the other hand, the potential is positive, the substance will tend to decompose into its
elements. Such a substance is unstable and therefore difficult to prepare or metastable at best,
i.e. in principle the decomposition is voluntarily possible but there exists an inhibition. If the
inhibition is overcome e.g. by energy supply or by use of a catalyst, the substance reacts violently, especially when the value of µ is very large.
This behaviour can be demonstrated very well by two experiments. First, a small amount of
the attractive orange crystals of tetrasulphur tetranitride S4N4 (μ ≈ +500 kG) explodes (like a
cap) when hit lightly with a hammer. Second, the easily produced black nitrogen triiodide NI3
(μ ≈ +300 kG) decomposes in a dry state if touched by a feather or hit by a flash of light. It
produces a sharp explosive sound. Further examples would be heavy metal azides such as lead
azide Pb(N3)2 (used as igniters) or silver azide AgN3.
Experiment: Decomposition of S4N4 caused
by a blow

Experiment: Decomposition of NI3 caused by
a flash light

However, a positive µ does not always mean that the substance must be explosive. For example, benzene remains rather stable in spite of its µ value of +125 kG. As discussed in chapter
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3.4 we cannot simply assume that just because there is a possibility of transformation, it will
take place within a certain span of time, be it years, millennia or millions of years.
Comparing analogous substances shows best how the level of the chemical potential effects
behaviour. Here are three examples:

μ / kG

CO2|g

NO2|g

ClO2|g

−394

+51

+122

The gas CO2 with its strongly negative µ value is stable and is voluntarily generated from
carbon and oxygen, i.e. carbon is ”combustible.“ NO2 with positive µ is not created voluntarily from N2 and O2, but is so stable that it is not dangerous to handle. Finally, ClO2 has an
even higher chemical potential and is extremely explosive.
A similar consideration can be used for solid oxides:

μ / kG

Al2O3|s

Fe2O3|s

Au2O3|s

−1582

−744

+164

Aluminum and iron combine with oxygen to form their stable oxides, while Au2O3 must be
handled carefully so that no oxygen separates from it.
The category of metal sulphides contains similarly composed substances that are good for
comparison:

μ / kG

MgS|s

ZnS|s

FeS|s

CuS|s

“AuS”|s

−342

−201

−100

−54

>0

The sequence deduced in section 3.1 from the intensity of the reactions of formation actually
runs parallel with the values of the chemical potentials. However, be careful: A vague characteristic such as the intensity of reaction that is dependent upon different factors can only be
considered evidence under comparable conditions.
3.7 “Chemical drive“ and application in chemistry

The most important application for the chemical potential µ is that it enables us to predict
whether a change of substances happens voluntarily or not. As we have seen, a chemical reaction
A´+ A´´ + ... → B´ + B´´ + ...
is possible when the following is valid:
μ(A´) + μ(A´´) + ... > μ(B´) + μ(B´´) + ... .
If we wish to find out if a previously unknown process can run voluntarily, it is enough to find
the corresponding µ values in the tables and then to compare the potentials on the right and
14
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left side of the reaction equation. Voluntarily, processes only run “downhill,“ meaning from
left to right, when the sum of the µ values on the left is greater than on the right.
The condition for a voluntary process results in
μ(A´) + μ(A´´) + ... − μ(B´) − μ(B´´) − ... > 0
after conversion of the equation above. The summation of the variables can be presented in a
shorter form by using the sigma sign, Σ. We summerise:
reactants → products is voluntarily possible if

∑ μ −∑μ

initial

is positive .

final

That means that how a reaction runs has less to do with the levels of the potentials themselves
than with the potential difference between the substances in their initial and final states.
Therefore, it is convenient to introduce this difference as an independent quantity. We will
call the quantity
A=

∑ μ−∑μ

initial

final

the chemical drive of the process (reaction, transformation, redistribution, etc.), in short, the
drive, when it is clear that no non-chemical influences are participating.
Internationally, the capital A usually stands for affinity. The origins of this reach back into
antiquity. This name is, unfortunately, a bad indicator of the characteristic it describes (see
below). A recommended symbol is A (IUPAC). So as to avoid confusion with other quantities
labeled by the letter A, such as area, we shall use A.
The name chemical tension for A would be appropriate as well when taken into consideration
that the quantities electric potential φ and electric tension U (voltage),
U = φinitial – φfinal ,
are similarly related both conceptually and formally. U describes the (electric) drive for a
charge transfer between two points. The simplest case of this would be between the input and
output of an electronic component (light-bulb, resistor, diode, etc.).
The quantity A has a centuries old history under the name affinity. The first table with values
of this quantity was compiled by GUYTON DE MARVEAU in 1786. This was one hundred years
before the concept of chemical potential was created. At that time, people had very different
ideas about the causes of substance changes. The closer the “relationship“ of two substances,
the stronger the driving force for them to bond. This was the main reason for using this name.
Substance A might displace substance B from a compound BD, if it had a closer relationship
or affinity to D than B. It might also occur that if A was already loosely bound to a partner C,
it would then be free for a new partnership: AC + BD → AD + BC. GOETHE was inspired by
this idea in his novel “The Elective Affinities“ of 1809 in which he transferred this concept to
human relationships.
The unit for drive is ”Gibbs,“ as can be easily seen in the above definition equation. A positive drive, A > 0, “drives” a chemical change as long as there are reactants available. A negative, A < 0, leads to a reaction in the opposite direction of the reaction arrow. A = 0 means no
drive, therefore, a standstill where equilibrium rules. Here are some examples:
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Decomposition into elements. We have already encountered one type of reaction, namely the
decomposition of a compound AαBβCγ… into the elements that make it up: A, B, C, ...,
AαBβCγ ... → νAA + νBB + νCC + ... ,
the stoichiometric number νA being equal to α, νB to β etc.
For the strength of the tendency to decompose – the ”drive to decompose“ – we then obtain:
A = μAα B β Cγ ... − [νA μA + νB μB + νC μC + ...] .

Because we have arbitrarily set the potentials of the elements (at room conditions) equal to
zero the expression in squared parentheses disappears and the drive of the decomposition corresponds to the chemical potential of the substance:
A = μAα B β Cγ ... − [νA ⋅ μA + νB ⋅ μB + νC ⋅ μC + ...] = μAα B β Cγ ... .

0

This fact was qualitatively considered in the discussion in section 3.6. As a concrete example,
we will consider the decomposition of ozone O3. This tends to transform into oxygen gas O2,
which we can see easily by comparing the potentials:

μ:

O3|g → 3 2 O2|g
____________
163 > 3 2 ⋅0 kG

⇒

A = +163 kG

A means the drive of decompostion under standard conditions.
The process is so slow, however, that we can make use of ozone despite its limited stability.
We just have to produce it fast enough to compensate for its decomposition.

Here is an anomaly that one can easily stumble over: We obtain different values for the drive
of decomposition of ozone depending upon which formula is being used to describe the process:
A(2 O3 → 3 O2) = +326 kG
A(O3 →

3

2

O2)

= +163 kG

Basically, only the sign of A matters, and it is the same in both cases. Still it seems strange
that there appear to be different values of the drive for the same process. The first process,
however, differs from the second one in the same way that a harnessed team of two horses
differs from just one harnessed animal. We expect that the team will be twice as strong as the
single one. This is also true for reactions. Just as with the ξ values (section 1.6), it is always
important to give the chemical reaction equations that one is referring to.
Transformations. A simple case is also the transformation of one substance into another one:
A → B, if μA > μB

i.e.

A > 0.

A suitable substance for an example is mercury iodide HgI2, which appears in beautiful red
and yellow modifications with somewhat different chemical potentials:
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Experiment: Modification transformation of HgI2

HgI2|yellow → HgI2|red
_____________________

> −100.8
kG
μ : −100.1
⇒

A = +0.7 kG

Because of the yellow modification’s higher (not as strongly
negative) tendency to transform, it must change into the red
form. This is actually the case: Within an hour, a spoonful of
yellow HgI2 powder (produced by heating the red form in an oil bath or drying oven to over
125°C) becomes spotted with red. These spots get larger and grow together to become uniformly red (right side in the figure). The process takes place within seconds when the poorly
soluble HgI2 precipitate, formed out of a Hg2+ solution by addition of I–, is used. At first the
precipitation is a sallow yellow, which immediately turns to orange and finally to deep red
(left, in the figure).
Phase transitions such as melting and vaporization of substances can be treated in the same
way. Such processes can be formulated like reactions. An example of this is melting of ice:

μ:

H2O|s → H2O|l
_______________
−236.6 > −237.2 kG

⇒

A = +0.6 kG

We have used the tabulated values valid for a temperature of 298 K or 25°C. Therefore, a
positive drive can be expected that allows ice to melt under these conditions. For a given condition, the phase with the lowest chemical potential is stable.
Also diamond should transform into graphite because it has a higher chemical potential:

μ:

C|Diamond → C|Graphite
______________________
+2.9
> 0
kG

⇒

A = +2.9 kG

However, this does not happen at room temperature because the process is much too inhibited. The reason is that for the carbon atoms to form a graphite lattice, the very strong bonds
of the carbon atoms in the diamond must be broken and this is just about impossible at room
temperature. In this context we should remember that a potential drop from the left to the right
side and therewith a positive value of the drive only means that the process can proceed in
this direction in principle, but it does not mean that the process will actually run. Changes of
states of aggregation, gas → liquid → solid, take place almost immediately and just about
uninhibitedly due to high mobility of the individual particles in participating gases or liquids,
as soon as the potential gradient has the necessary sign for this. On the other hand, an unstable
state in a solid body can be “frozen“ and stay like that for thousands or even millions of years.
Reactions of substances in general. When several substances participate in a reaction, the
decision about whether or not a process can take place is not more difficult to make.
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If hydrochloric acid, an aqueous solution of hydrogen chloride, HC1, is poured over marble,
foam develops that contains carbon dioxide. Therefore, we expect that the reaction drive is
positive. Indeed, this can be shown by using the tabulated potential values (assuming an acid
concentration of 1 kmol⋅m−3). We have also to consider that HC1 is a strong acid and is entirely dissociated into hydrogen and chloride ions, H+ and Cl–. The H+ ions are responsible for
the reaction while the Cl– ions remain more or less inactive.
Experiment: Dissolution of marble in hydrochloric acid

μ:

CaCO3|s + 2 H+|w → Ca2+|w + CO2|g + H2O|l
_____________________________________
−1128
2⋅0
−553
−394 −237 kG
−1128

⇒

>

−1184

A = +56 kG

Another example is the development of hydrogen chloride gas when concentrated sulphuric
acid reacts with table salt. In this case, two reactions can be supposed:

μ:

NaCl|s + H2SO4|l → HCl|g + NaHSO4|s
________________________________
−384
−690
−95
−990
−1074

⇒

kG

−1085

>



A = +11 kG

or alternatively

μ:

2 NaCl|s + H2SO4|l → 2 HCl|g + Na2SO4|s
__________________________________
2⋅(−384) −690
2⋅(−95) −1267
kG

⇒

A = −1 kG

−1458

<

−1457



Only the first reaction shows a positive drive, meaning it can run by itself even at room temperature. For lack of better criteria, it is common to explain the fact that hydrogen chloride
can be obtained from table salt and concentrated sulphuric acid by use of a rule that states that
a low volatile acid displaces a volatile acid from its salts. In
the case of dissolving marble in hydrochloric acid, also a
stronger (low volatile) acid displaces a weaker (volatile) one.
These rules are often satisfied, but they are less than reliable.
The following experiment shows an example to the contrary:
Experiment: Blackening of CuSO4 by H2S

If gaseous hydrogen sulphide is led over anhydrous, white
copper sulphate, black copper sulphide is produced:
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CuSO4|s + H2S|g → CuS|s + H2SO4|l
______________________________

μ : −662
−33
−54
−690
kG
−695
⇒

>

−744



A = +49 kG

In this case, the weak, volatile acid H2S displaces the strong, low volatile sulphuric acid
H2SO4 from its salt.
It is also easy to predict the production of low soluble precipitate from its ionic components
when two solutions are combined. This is because ionic reactions in solutions proceed almost
uninhibitedly and almost right away if the potential gradient has the correct sign.
Pb2+|w + 2 I−|w → PbI2|s
_____________________

μ : −24
2⋅(−52) −174 kG
−128
⇒

> −174



A = +46 kG

Lead iodide must precipitate out of an aqueous solution containing Pb2+ and I– ions. Many
other precipitation reactions can be predicted according to the same pattern. When solutions
containing Pb2+, Zn2+ or Ba2+ are mixed with ones containing CO32− , S2– or I–-ions, precipitation can be expected only in the cases marked with plus signs. To save some calculation, the
chemical potential of the possible precipitates and the combined potential of the ions forming
it are included in the table at the end of the chapter.
Precipitation expected (+), not expected (−):
CO32−
Pb2+
Zn2+
Ba2+

+
+
+

S2+
+
−

I−
+
−
−

The predicted result can be easily proven in a demonstration
experiment, for example by using S2–. Reactions with CO32−
or I– can be carried out correspondingly.
Experiment: Precipitation of Pb2+, Zn2+, Ba2+ by S2−

As discussed a reaction always runs in the direction of a potential drop. This might give the
impression that substances with a positive potential cannot ever be produced by normal reactions of stable substances (with negative µ). The production of ethyne (acetylene) with a high
positive chemical potential from calcium carbide and water shows that this is not the case. In
earlier times, the gas extracted from this reaction was used to power miners’ lamps and bicycle lights because of its bright flame. It is still used today for welding because of its high
combustion temperature.
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Experiment: Carbide lamp

μ:

CaC2|s + 2 H2O|l → Ca(OH)2|s + C2H2|g
__________________________________
−68
2⋅(−237)
−867
+209 kG
−542

⇒

>

−658

A = +116 kG

The gas is produced when water is poured onto the carbide.
Both of these substances have negative chemical potentials which might give the impression
of the reaction running “uphill,” against the potential gradient. But the very low chemical potential of calcium hydroxide on the product side makes sure that the drive is generally positive, even though μ(ethyne) is > 0.
Solution behaviour. Dissolving substances in a solvent can also be described with the help of
the concept of potentials. Whether a substance dissolves easily or not in water, alcohol, benzene, etc. is a result of the difference of its chemical potential in the pure and dissolved state.
A first impression of the behaviour of solutions of substances is all that will be given in this
section. Chapter 5 will discuss how solubility can actually be calculated or estimated.
For dissolving cane sugar in water (more exactly: in a solution which already contains
1 kmol/m3 of sugar, which is about 340 g per liter!) we obtain:
C12H22O11|s → C12H22O11|w
________________________

μ : −1544
> −1552
⇒

kG

A = +8 kG

A > 0 means that the sugar dissolves by itself even in such a
concentrated solution. Sugar dissolves easily, as we know
from using it every day.
“Experiment”: Sugar cube in aqueous solution (or water)

The process becomes noticeable by the sugar cube shrinking
even when it is not touched. An even more impressive version
of this process is stacking sugar cubes into a tower on a plate
with water in it. The tower dissolves into a pool in the plate.
Table salt also dissolves easily in water, as we know. The reason for this is that in an aqueous
environment (even at a concentration of 1 kmol/m3), the chemical potential of the Na+ and Cl–
ions is noticeably lower than when it is a salt in solid form.

μ:

NaCl|s → Na+|w + Cl−|w
_____________________
−384
−262
−131
−384

⇒

>

kG

−393



A = + 9 kG
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For contrast, let us consider the solution behaviour of iodine.
I2|s → I2|w
__________

μ : 0 < +17 kG
⇒

A = −17 kG

The drive is strongly negative so the process can only voluntarily run backwards. Solid iodine
would precipitate from a solution with a concentration of 1 kmol⋅m−3. However, this does not
mean that iodine is not at all soluble in water. Increasing the dilution decreases the potential
of iodine in water so that the drive can become positive when the dilution is high enough.
More about this in chapter 5.
Even the solution behaviour of gases can be easily described in this way. For our first example, we choose ammonia as the gas and water as the solvent:
NH3|g → NH3|w
_______________

μ : −16
> −27
kG
⇒

A = +11 kG

Consequently, ammonia is very easily dissolved in water.
An impressive way of showing this excellent solubility is
with a so-called fountain experiment:
Experiment: Ammonia fountain

NH3 gas dissolves so readily in water that just a few drops
are enough to decrease the pressure in the flask so drastically that water is drawn upward into it in a strong jet.
The situation is different with carbon dioxide,
CO2|g → CO2|w
_______________

μ : −394 > −386
kG
⇒

A = −8 kG

which is much less soluble in water.
“Experiment“: “Bubbling“ of carbon dioxide.

Carbonated liquids such as champagne or mineral water are
packaged under excess pressure. The carbon dioxide produces bubbles when the pressure is reduced.
Ammonia and carbon dioxide are both very voluminous in their gaseous states, so their appearance or disappearance in dissolving or escaping is very noticeable.
The description of the changes, not only by comparing the numerical values, but also by using
a so-called potential diagram, is even more demonstrative. The potentitial drop which
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“drives“ the process can
be demonstrated most
suitably if the sums of
the chemical potentials
μ of the reactants and
products are plotted.
This is shown for the
reaction of copper sulphate with hydrogen
sulphide as an example.
On the left side of the
figure we find the potential levels of the substances involved (a), on the right side the sums of the values of the reactants and products, respectively (b).
Up until now, we have considered the chemical potential in the roughest (zero-order) approximation as a constant. In doing so, we have neglected the dependencies of temperature,
pressure, concentration, etc. We will deal with these influences in the next chapters and discuss the consequences for the behaviour of substances. But before we discuss how the tendency to change of substances can be quantified.
3.8 Direct measurement of chemical drive

The usual methods do not measure the chemical potentials of a substance itself, but only the
difference between the sums of the potentials of the initial substances μinitial and the resulting
substances μfinal, i.e., the drive A = ∑ μ − ∑ μ of a chemical conversion. In other words, A is
initial

final

the basic quantity from which we derive the chemical potential. This is also true of electric
circuits where only the difference of potentials between two points, i.e., the voltage
U = φinitial – φfinal, can be measured, and not the potentials themselves. If an arbitrary zero
point is selected, the potentials can be derived.
The drive A can be measured both directly and indirectly just as other quantities can be. However, the direct method has the advantage of not being dependent upon other physical quantities. This means that the meaning of the quantity A can be comprehended directly. A disadvantage is that some repeatable process that represents the unit AI of the drive must be chosen.
“Embodied” units of length and mass are, for example, the original meter and original kilogram made of platinum or a platinum alloy which are deposited in Paris. Values of chemical
drives initially measured as multiples of AI must then be converted to standard units.
Data in a SI coherent unit are desirable. G (Gibbs) is an example which has already been used
here. There is a trick that can be used so that preliminary values do not have to be remembered. We do not assign a value of 1 to the drive AI of the process which has been chosen as
the unit of the chemical drive. Rather, we take a value which comes as close as possible to the
value in Gibbs. For instance, the temperature unit K (Kelvin) has been defined in this way and
the temperature span of 1 K as closely approximated to the older unit 1°C as possible. In this
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case, the temperature of a „triple point cell“ (a cell where pure water, steam, and ice are coexisting) is given the exact value T = 273.16 K.
The cell in the figure represents a fixed value of chemical drive just as the original meter and
the original kilogram in Paris represent fixed length and mass values. This example shows the
solidification of supercooled heavy water (freezing point 276.97 K)
D2O|l → D2O|s,
which is imbedded in airless light water and
whose temperature is brought to 273.16 K. The
transformation happens voluntarily and by itself if
the D2O vapour is allowed to move from the container on the left to the one on the right. Expressed in SI coherent units, the drive is
A = 83 G.

As we have already seen in the example of weight, there are basically three agreements necessary for metrization. These are agreements about
a) sign,
b) sum,
c) unit
of the quantity A which serves as the measure of the drive of a chemical conversion. We have
just discussed how to introduce a unit (point c) in detail. Quite a bit was also said about the
sign (point a) in section 3.7: A process that runs forward voluntarily receives a positive value
of drive A > 0, one that tends to run backward against the direction of the reaction arrow, receives a negative value A < 0, and a process that does neither has found equilibrium and has
the value A = 0.
Now we need only think about creating sums (point b). Two or more conversions with the
drives A’, A’’, A’’’ … are coupled to each other – it does not matter how – so that they can
take place together. We make the agreement that the drive Atotal of the entire process, i.e. of
the sequence of the coupled processes, is the sum of the drives of these processes:
Atotal = A’ + A’’ + A’’’ + … .

There exist a number of methods for achieving a coupling of two or more chemical processes.
Here are some of them:
a) chemically through shared intermediate substances,
special case: enzymatically through enzyme substrate complexes,
b) electrically through electrons as the intermediate substance,
c) mechanically through cylinders, pistons, gears, etc.
Chemical coupling is the most common kind of coupling. Almost all conversions are made up
of such coupled partial stages. A strict synchronization and a close coupling is forced when,
under the chosen test conditions, the intermediate substance Z no longer freely appears in
noticeable quantities, i.e. as soon as Z is created it is used up by the next reaction:
A + B + ... → C + D + ... + Z
Z + … + F + G → H + I + ... .
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Both processes can only take place jointly or they have to rest jointly, i.e., they are fixed coupled through the shared substance Z like wheels in a gear. The short-lived intermediate substances are usually not noticed, so we can only guess what they might be. They can be quite
exotic and we should not necessarily give them the status of proper substances. A simple example where the intermediate substances are well known is the precipitation of limestone
from lime water by blowing carbon dioxide of breath into it. The first two reactions are coupled by dissolved CO2, the next by HCO3− and the last by CO32− .
CO2|g → CO2|w

A1

OH– + CO2|w → HCO3−
OH– + HCO3− → CO32− + H2O|l
Ca2+ + CO32− → CaCO3|s

A2
A3
A4

Atotal = A1 + A2 + A3 + A4

Enzymatic coupling is an important special case of chemical coupling. This process has been
developed to a high degree of perfection in biochemical reactions. For example, the innumerable reactions taking place in animal cells are connected in this way which leads to the metabolism driving all other processes. Thereby reactions are interlocked like the wheels of a
clock so that one transformation can drive many others.
Unfortunately, it is difficult to imitate the procedure with chemical equipment, and laboratory
chemistry does not offer much room for systematic interlocking of various reactions. The
coupling of a reaction with the chosen unit reaction required for measuring a drive is fundamentally possible but very difficult to realize with chemical methods.
Electrical coupling which makes use of reversible galvanic cells is much more flexible. Theoretically, any chemical conversion can be used to transport electric charge from one pole to
another in a galvanic cell. Because practically all substances contain electrons each substanstantial change can be subdivided in a partial process which supplies electrons and another
which consumes electrons – in many different ways.
Let us consider the following reaction:
B+C→D+E
Theoretically, we can subdivide the reaction in two – also spacially - separated processes in
which a sufficiently mobile ion B+ act as shared reaction partner. The dividing wall is only
permeable for B+ ions so that the electrons can not migrate with the ions. This type of ionic
conductor exists in solid or liquid state. Electrodes are used for the conduction of the electrons. In the simpliest case the wall is solid and the dissolved substances are located in a suitable container.
In order for substance B to go from left to right, it must be stripped of its surplus electrons:
B → B+ + e– ,
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which accumulate on the electrode on the left, while they are in short supply on the one on the
right because they are being consumed there,
e– + B+ + C → D + E .
Subsequently, an electric tension is developed between
the electrodes. The experimental arrangement represents
nothing else than a galvanic cell in which the entire reaction can only proceed when the electrons are allowed
to flow from the cell’s pole on the left to the one on the
right. Part 3 of the book will go more deeply into how
such cells are constructed.
Ideally, transport of charge and chemical conversion are closely coupled. By connecting two
or more such cells in series, the reactions in the cells are coupled so that they only run forward
or backward as a unit. Their drives add up. It is assumed that for simplicity’s sake, the reactions are formulated so that the amount of electrons converted is νe = 1. When the poles of a
cell in such a series connection are switched, the drive of this cell is given a negative sign –
like a weight on the opposite side of a scale.
In addition, reactions can be mechanically coupled. This works well only in thought experiments and therefore will not be gone into here.
The drive A of a conversion can be measured in the same way that we discussed for weights.
All we need to do is couple the reaction to be measured inversely to as many specimens of the
unit reaction (or a reaction with known drive) that equilibrium is achieved, i.e. the drive of the
entire process disappears:
Atotal = m ⋅ A + n ⋅ AI = 0

or

( m) ⋅ A

A=− n

I

.

The quantitity A can, in principle, be measured
as precisely as we wish by using this method.
We can demonstrate the procedure in an example
of oppositely coupled vehicles (a). Analogously,
m galvanic cells which represent a given reaction
with unknown A can be coupled in opposition to
n cells based on a reaction with known drive like
the unit reaction (AI) so that equilibrium rules,
i.e., the electric current in the circuit is zero (b).
Because the chemical potential µ is nothing else
than the drive for decomposition of a substance
into its elementary constituent parts it can be
measured with exactly the same methods.
The procedure can be simplified considerably. It is for example possible to calibrate a sufficiently sensitive highly resistive galvanometer directly in the unit AI. For this purpose one has
only to connect the instrument with the two open terminals of various cell chains consisting of
an increasing number of “unit cells.” The related pointer deflections are marked, in this way
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constructing a division scale suitable for the measurement of unknown A values. The procedure is comparable to the calibration of a spring balance with different weights or to the calibration of the ice calorimeter directly in entropy units (section 2.7).
Alongside the direct methods shown here for determining drives, there are numerous indirect
methods that are more sophisticated and therefore more difficult to grasp but are more universally applicable. These include chemical (using the mass action law) (section 5.4), calorimetric, elecrochemical, spectroscopic, quantum statistical, and other methods to which we owe
almost all of the values we have at our disposal today.
3.9 Indirect metrization of chemical potential

In order to increase our understanding, we will consider a method which allows – in principle
- the µ values of substances to be determined rather directly and in a way that approaches the
way most commonly used. The following figure shows a theoretically possible setup for
measuring µ which gives the values directly in the scale used by us. This method is indirect
because the energy WA which is used for forming a small amount nA of the substance A, is
measured. Almost everything we are doing is associated with some kind of energy “turnover,”
so it is not easy to separate the energy contribution WA, which serves exactly this purpose,
from the other energy contributions which only accompany the process.

The containers on the left in the figure contain the elements in their normal stable states at
298 K and 101 kPa. In order to produce substance A, the correct proportions of these elements
are supplied to a continuously working reactor. They are converted there, then sent to the container on the right in the desired form of A (solid or liquid, warm or cold, pure or dissolved,
etc.). One might say that the reactor transports substance A from a state on the left, where it is
broken down to its elementary components with the potential 0, to a state on the right with a
potential of µA. The stronger the “drive“ for a conversion of the substance A, in this case the
drive for decomposition in the elements in their normal state,
- the more difficult it is for the substance to be formed against its “drive,”
- the greater the amount of WA necessary to achieve this.
WA grows in proportion to the amount of substance nA formed (as long as nA stays small), so
WA itself is not to be used as a measure of conversion drive or the chemical potential µA, but
rather WA divided by nA:
µA = WA/nA
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The accumulation of substance A in a container gradually changes the environment there for
substance A and its potential. For this reason, it is required that the amount nA and energy WA
are kept small in order to keep the disturbance small. This can be symbolized by dnA and
dWA. µA itself results as a quotient of both quantities:
μA = dWA/dnA.
It is of course necessary to avoid or subtract all energy conversions and transfers due to side
effects (for example, as a result of friction, lifting, heat transfer, acceleration, production of
other substances, solvents or mixing partners, etc.).
If, on the other hand, the process (the transport of substance A) runs voluntarily from left to
right, it releases energy.
The unit for chemical potential which results from the equation above is J/mol. Since we constantly deal with values of the chemical potential, we are justified in giving this unit its own
name, “Gibbs,” in a manner analogous to “Volt” for the electric potential difference as we
have done in section 3.5:
1 Gibbs (G) = 1 J/mol.
At this point it should be reiterated that the chemical potential is itself not work but corresponds to a “force“ or “strength.“ Again, the weight G can be used for comparison. The tendency of a body to fall can be defined by the lifting work W relative to the distance h through
which the body has been lifted, G = W/h (unit : J/m = N (Joule/ Meter = Newton)).
The equation above already shows similarity to GIBBS´s approach. W. GIBBS was addressing
his colleagues in 1876 when he introduced the quantity µ, which is known today as the
chemical potential. He assumed they would have the knowledge of mathematics and physics
necessary for understanding it. He defined the potential µ by a formal rule that is shown in a
modern form in the following equation, which can be found in many textbooks of physical
chemistry:
⎛ ∂W ⎞
.
μ=⎜
⎟
⎝ ∂n ⎠V , S , n´, n´´...

n represents the amount of substance in question, n’, n’’... is the amount of each partner in the
mixture, W is the energy, V is the volume, and S is the entropy of the body which, for simplicity’s sake, is homogenous, weightless and resting.
For the unpracticed, however, it is quite difficult to understand what this equation is expressing. That is why we prefer the introduction of the chemical potential by phenomenological
characterization and direct metrization. Now, looking back, after one has understood what the
quantity µ means, and what characteristics it has, GIBBS definition becomes understandable.
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Table: Chemical potential μ and its temperature and pressure coefficients α and β under standard conditions (298 K, 101 kPa, ions in aqueous solution at 1 kmol/m3)
Substance

μ
kG

α

β

Substance

kG
K
−0.027
−0.072

kG
kbar
0.71 HCl|g
H2SO4|w
Na2SO4|s
CuSO4|s
−0.042
3.69 CuS|s
−0.093
21.7 H2S|g
−0.360
CaC2|s
−0.201 2440
0.055
−1.78 OH−|w
most stable form Pb2+|w
Zn2+|w
Ba2+|w
CO32−|w
S2−|w
I−|w

Fe|s
NaCl|s
NaHSO4|s
SiO2|s
CaCO3|s
C12H22O11|s
C2H2|g
Ca2+|w
Element
H2|g
H|g
O2|g
O3|g
C|Graph.
C|Diam.
NI3|s
S4N4|s
C6H6|l
CO2|g
NO2|g
ClO2|g

0
−384
−990
−857
−1129
−1544
209
−553
0
0
203
0
163
0
2.9
300
500
125
−394 −0.214
51 −0.240
122 −0.257

Al2O3|s
Fe2O3|s
Au2O3|s
MgS|s
ZnS|s
FeS|s
CuS|s
AuS|s
HgI2|red
HgI2|yel.
H+|w

−1582 −0.051
−744 −0.087
164
−342 −0.046
−201 −0.058
−100 −0.060
−54 −0.067
≈0
−100.8 −0.176
−100.1 −0.183
0

parent
element

combustible
incombustible
incombustible

oxidises
rusts
stable

PbCO3|s
ZnCO3|s
BaCO3|s
PbS|s
ZnS|s
BaS|s
PbI2|s
ZnI2|s
BaI2|s
C12H22O11|w
Na+|w
Cl−|w
I2|s
I2|w
NH3|g
NH3|w
CO2|w
H2O|s
H2O|l
H2O|g
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μ

α

β

kG

kG
K

kG
kbar

−95
−690
−1267
−662
−54
−33
−68
−157
−24
−147
−561
−528
86
−52
−626
−731
−1139
−99
−201
−461
−174
−209
−598
−1552
−262
−131
0
17
−16
−27
−386
−236.6
−237.2
−228.6

Substances
Pb2+ + CO32−
Zn2+ + CO32−
Ba2+ + CO32−
Pb2+ + S2−
Zn2+ + S2−
Ba2+ + S2−
Pb2+ + 2 I−
Zn2+ + 2 I−
Ba2+ + 2 I−

−0.045
−0.070
−0.189

Σμ
−552
−675
−1089
62
−61
−475
−128
−251
−665

1.96
1.80
2420
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4. Influence of Temperature and Pressure on Chemical Changes
Topic: The influence of temperature and pressure on the chemical potential and drive and
therefore the behaviour of substances.
4.1 Introduction
Until now, the tabular values we have used were the so-called standard values based upon
room temperature and standard pressure (298 K and 101 kPa). For dissolved substances, the
standard concentration is 1 kmol/m3. Up to this point, our statements about the possibility of a
chemical change have been valid for these conditions only.
However, temperature and pressure often have a decisive influence upon the chemical potential and thereby, upon the course of chemical processes. Water freezes in the cold and evaporates in the heat. Cooking fat melts in a frying pan and pudding gels while cooling, ice melts
under the blades of ice-skates and butane gas (the fuel of a cigarette lighter) becomes liquid
when compressed. The chemical potential μ is not a material constant, but depends upon temperature, pressure, etc.
4.2 Temperature dependence of chemical potential and drive
To begin, let us consider as a typical example the change with temperature in the chemical
potential of table salt μ(NaCl). For comparison, the graphic also shows the temperature dependence of the chemical drive for decomposition of table salt into the elements A(NaCl →
Na + 1 2 Cl2).
Example:
μ(NaCl) and
A(NaCl → Na +

1

2

Cl2)

It is striking that the chemical potential falls more and more steeply with increasing temperature. Except for a very few exceptions of dissolved substances, all substances exhibit this behaviour. The tendency of a substance to change generally decreases when it is put into a
warmer environment.
The chemical drive A(T) which is calculated from the temperature dependent potentials, exhibits a noticeably more linear gradient than the μ(T) curves.
The decline in potential appears, at first glance, to contradict the observation that reactions
progress more readily and more quickly at higher temperatures than at lower ones. But it
1
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should be noted that a higher velocity does not necessarily means a stronger chemical drive.
This can be caused by a smaller or even vanishing inhibition as is actually the case in chemical reactions. The strong decrease of inhibition resulting from an increase of warming masks
the mostly weak change to the drive A. Moreover, it should be remembered that A is determined by the difference of the chemical potentials of the starting substances and the products,
and not by the absolute levels of potentials. Since the potentials of the initial substances as
well as of the products decrease as a result of an increase of temperature, the potential difference which is alone responsible for the reaction drive does not necessarily decrease. It can
remain constant or even increase, as in our example.
In order to describe the decrease of potential, we will be content with a simple approach at
first. For example, if one wishes to show how the length l of a rod changes with temperature,
this can be done with the help of a temperature coefficient which tells us by how much the
length increases when its temperature is changed by 1 K. The increase in length for a temperature increase from an initial value of T0 to a value of T can be described by a linear equation
as long as ΔT = T – T0 is not too large:
l = l0 + ε⋅ΔT.
The initial value is represented by l0 and ε represents the temperature coefficient.
To indicate the change of chemical potential as a result of warming, we proceed exactly in the
same manner:
μ = μ0 + α⋅ΔT .
Here, μ0 characterises the initial value of the chemical potential. This represents a value at
arbitrarily chosen values of temperature T0, pressure p0 and concentration c0 (in contrast to the
standard value μ). But standard values often serve as the initial values of a calculation, so
that in special cases, μ0 = μ. The temperature coefficient α represents the slope of the function μ(T) at the point (T0; μ0), and is therefore almost always negative, as we have seen.
For the temperature dependence of the drive A of a chemical change
B´ + B´´ + ... → D´ + D´´ + ...
we obtain analogously:
A = A0 + α⋅ΔT .
The temperature coefficient α of the drive can be calculated by the same easy to remember
procedure as the drive itself:
α = α(B´) + α(B´´) + … – α(D´) – α(D´´) – ... .
(Remember that A = μ(B´) + μ(B´´) + ... – μ(D´) – μ(D´´) – ... .).
If we take standard room conditions as starting point, the error is about 1 kG for lowmolecular substances for ΔT values of about ±100 K. This approach remains useful for rough
estimates up to ΔT ≈ 1000 K and above, although µ(T) falls sharply with rising temperature.
This remarkable and (for applications) important circumstance is based upon the fact that it is
2
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not the potentials which are decisive in chemical processes, but the drives. When taking the
difference A = ∑ μ − ∑ μ , the progressive contributions of the functions μ(T) largely caninitial

final

cel.
If higher precision is desired, the approach can be easily improved by adding more terms to
the equation:
μ = μ0 + α⋅ ΔT + α´⋅ (ΔT )2 + α´´⋅ (ΔT)3 + ... .
Of course, there are other possible approaches; reciprocals for instance, or logarithmic terms.
However, we do not wish to go into mathematical refinements of this type here because it is
astounding how far one can actually go with the linear approach. It is our goal here to show
this.
The following table shows the chemical potential μ as well as its temperature coefficient α for
some substances at standard conditions (298 K, 101 kPa, dissolved substances at 1 kmol/m3):
Substance

Formula

Iron

Fe|s
Fe|l
Fe|g
C|Graphite
C|Diamond
H2O|s
H2O|l
H2O|g
NH3|l
NH3|g
NH3|w

Graphite
Diamond
Water

Ammonia

µ
kG
0
11.1
370.7
0
2.9
−236.6
−237.2
−228.6
−11.6
−16.4
−26.6

α
G/K
−27.3
−34.3
−180.5
−5.74
−2.38
−44.8
−69.9
−188.7
−123.1
−192.4
−111.3

Along with the already mentioned basic rule which states that the temperature coefficient α is
(almost) always negative, another rule (which almost all substances follow) becomes apparent
when the α-values are compared for phase transformations. The temperature coefficient α of
the chemical potential of a substance B becomes increasingly negative when the phase
changes from solid to liquid and finally to the gaseous state. The jump corresponding to the
second transition (represented by the sign >>) is considerably greater than the one corresponding to the first one. For a substance in an aqueous solution, α is mostly similar to that of
the liquid state. The values scatter more strongly, though, so that we cannot easily fit α(B|w)
into the other α-values:
0 > α(B|s) > α(B|l) >> α(B|g)
α(B|w)
(As we will see in Chapter 8, the temperature coefficient α corresponds to the negative molar
entropy Sm, i.e., α = −Sm. Anticipating this can help with remembering the rules more easily:
First, in Chapter 2, we demonstrated that the molar entropy is always positive; the negative
sign of the temperature coefficient easily results from this. Second, the fact that the molar
entropy of a liquid is greater than that of a solid, and the molar entropy of a gas is much
3
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greater than that of a liquid, leads to the sequence above (see Section 2.9)).
The chemical potential of gases therefore decreases especially fast with increase in temperature. Their tendency to transform decreases most strongly so that, by comparison to other
states, the gaseous state becomes more and more stable. This only means that, as a result of
temperature increase, all other states must eventually transform into the gaseous state. At high
temperatures, gases possess the weakest tendency to transform and therefore represent the
most stable form of matter.
We will use water to take a closer look at this behaviour. Under standard conditions, the
chemical potential of ice, water, and water vapour has the following values:


μ / kG

H2O|s
−236.6

H2O|l
−237.2

H2O|g
−228.6

One sees here that under these conditions, ice melts, and water vapour condenses because
water in its liquid state has the weakest tendency to transform. However, this changes if the
temperature is raised or lowered sufficiently. For easy calculation, we will consider a temperature change of ±100 K. The following results are obtained using the linear approach:
H2O|s
−1

α / G⋅K
μ(398 K) / kG
μ(198 K) / kG

−45
−241
−232

H2O|l
−70
−244
−230

H2O|g
−189
−248
−210

We see that at 398 K (125°C), the chemical potential of
water vapour has the smallest value and that water vapour
must result from the other forms, while at 198 K (−75°), ice
must develop. This result is represented graphically in the
figure on the right.
Taking the step to calculate the phase transition temperatures now appears obvious: If a substance like lead is solid
at normal temperature, this is because its chemical potential
has its lowest value in the solid state. The potential of liquid lead must exceed that of solid lead, otherwise, at room temperature, it would be liquid like
mercury. We will now visualize this in a diagram (the lowest chemical potential in each case
is highlighted):
μ(Pb|s) as potential of an element at room
temperature (and standard pressure) is
equal to zero since this value has been arbitrarily chosen as the zero point of the μscale. Under these conditions, μ(Pb|l) must
lie above this. The chemical potentials decrease with warming. This happens more
quickly in the liquid state than in the solid.
For this reason, the curves must intersect at
some point, say at the temperature Tsl. This
Tsl is the melting point of lead because be4

4. Influence of Temperature and Pressure on Chemical Changes

low Tsl, the most stable state of lead is the solid state, above Tsl, however, it is the liquid state.
In order to indicate the phase transformation in question, the symbols for the corresponding
aggregation states are inserted.
We can calculate the temperature Tsl. In order to do this we have to consider the melting process
Pb|s→ Pb|l.
Tsl is the temperature at which the chemical potentials of solid and liquid phase are equal,
μs = μl.
At this temperature, the two phases are in equilibrium. The temperature dependence of μ is
expressed by the linear formula:
μs,0 + αs(Tsl – T0) = μl,0 + αl(Tsl – T0).
By transforming this we obtain
(αl – αs)(Tsl – T0) = μs,0 – μl,0
and respectively
Tsl = T0 −

μs,0 − μl,0
αs − αl

= T0 −

A0
.
α

The derivation is somewhat shortened when the following equivalent of the first equation
A =0
is used as a starting point for the existence of a state of equilibrium. If the temperature dependence of the driving force is taken into account, we have
A0 + α ⋅ (Tsl − T0 ) = 0
and therefore

Tsl = T0 −

A0
.
α

Of course, strictly speaking, our result is not accurate because our formula for temperature
dependence is only an approximation. The smaller ΔT (:= Tsl – T0) is, the more exact the calculated value will be. The melting point of lead is actually 601 K. Based on the tabulated
standard values, our calculation yields

Tsl = 298 K-

0 − 2220
kG
= 620 K .
(−64,8) − (−71, 7) kG/K

The result is surprisingly good for this rough approximation.
We will now complete our diagram by adding the chemical potential of lead vapour. At room
temperature, the chemical potential of vapour lies much higher than that of the liquid phase.
However, with rising temperature, μ(Pb|g) falls rather steeply, as is usual in all gases. At some
temperature Tlg the potential of lead vapour intersects with that of liquid lead. When this temperature is exceeded, the melted lead transforms into vapour because now vapour is the most
5
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stable state. Tlg is nothing other than the
boiling temperature of lead melt. The
boiling temperature can be calculated in
the same manner as the melting temperature, only now the potentials and their
temperature coefficients for liquid and
gaseous states will be used.
There are substances for which the
chemical potential of the vapour is relatively low compared to that of the melt.
The potential of the vapour can then intersect that of the solid below the melting
point. This means that there is no temperature (for a given pressure) at which the liquid phase exhibits the lowest chemical potential and is therefore stable. Such substances do not melt when warmed but transform immediately into the vapour state. This
phenomenon is called sublimation. An excellent example of such a substance is frozen carbon dioxide which has the characteristic of vaporising without melting. Because
of this it is also called „dry ice.“ Sublimation
temperatures Tsg can be calculated based on
the same procedure as above.
Other transformations can be dealt with in the the same way. A good object for demonstration
is the already mentioned mercury iodide:


μ / kG
α / G⋅K−1

HgI2 | yellow
−100.1
−183

HgI2 | red
−100.8
−176

Experiment: Heating HgI2 to above 398 K

When heated, the temperature coefficient of the yellow form
decreases more quickly than that of the red one because
α(HgI2|yellow) < α(HgI2|red) < 0, so that above a certain temperature, μ(HgI2|yellow) falls
below μ(HgI2|red), making the yellow form the more stable modification. The temperature of
transformation (398 K or 125°C) can be calculated just like the melting point of lead and can
be easily verified by experiment.
Chemists are mostly interested in „real“ chemical reactions. Because the temperature changes
in gases have the strongest effect on their potentials, they are what shapes the behaviour of
conversions. Processes which produce more gas than is used up (so-called gas forming reactions) benefit from the strongly negative temperature coefficients α of gases when the tem6
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perature rises. In contrast, the chemical drive of a gas binding reaction is weakened by the rise
in temperature. Consider the example of thermal decomposition of silver oxide:
2 Ag2O|s → 4 Ag|s + O2|g
________________________

μ: 2⋅(−11.2)
α:

2⋅(−121)

4⋅0

0

kG

⇒ A⊖ = −22.4 kG

4⋅(−43)

−205

G⋅K−1 ⇒ α

= +135 G⋅K−1

The decomposition does not take place at room temperature due to the negative drive. However, since a gas should be formed, we expect that this process begins at a high enough temperature. The minimum temperature TD for the decomposition of Ag2O is obtained from the
condition that the combined chemical potentials of the initial and final substances must be
equal and the chemical drive A changes its sign:

A = A0 + α ⋅ (TD − T0 ) = 0 .
In analogy to the equations above, we obtain

TD = T0 −

A0
.
α

Inserting the A and α values which are calculated according
to α = 2 ⋅ αAg 2O − 4 ⋅ αAg − αO2 results in TD ≈ 465 K.
Experiment: Annealing of Ag2O

When the blackish brown silver oxide is heated by a burner,
the oxygen that forms can be demonstrated with a glowing
splint. White shiny silver metal remains in the test tube.
The same procedure can be used, for example, to calculate
how strongly a compound containing crystal water must be heated in a drying oven in order to
dehydrate it. Industrially important processes such as smelting of iron ore in a blast furnace
can also be made accessible to a description. If the technical details are left out, a blast furnace can be considered a chemical reactor where iron ore, coal, and oxygen are introduced
and furnace gas and pig iron exit. If this process uses the minimum amount of coal (in the
reaction equation simplistically represented by carbon)
Fe2O3|s + 3 C|s → 2 Fe|s + 3 CO|s
________________________________

μ : −742
3⋅0
2⋅0
3⋅(−137) kG
α:

−90

3⋅(−5.7)

⇒ A = −331 kG

2⋅(−27) 3⋅(−197) G⋅K−1 ⇒ α = +537.9 G⋅K-1

it cannot take place at room temperature due to its negative chemical drive. However, a gas is
formed, so we expect that the reaction should be possible at higher temperatures. If one
wishes to find out if the 700 K in the upper part of the shaft of the furnace is hot enough, the
drive must be approximated according

7
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A = A0 + α ⋅ (T − T0 )
for this temperature. With a value of –115 kG, the drive is
noticeably less negative, i.e., the potential difference between the reactants and products has become smaller, but
the reaction still cannot take place. Again, the minimum
temperature needed can be approximated by an equivalent
to the equation above:
TR = T0 −

A0
.
α

We therefore obtain a value for TR of ≈ 900 K. Extra coal
is needed for the furnace to reach this temperature.
Of course, all of these calculations depend upon access to
the necessary data.
4.3 Pressure dependence of chemical potential and drive

As previously stated, the value of the chemical potential of a substance depends not only upon
temperature, but upon pressure as well. Moreover, the potential generally increases when the
pressure increases.
In a small range of pressures, all
the curves can be approximated as
linear, comparable to how we described the influence of temperature:
μ = μ0 + β⋅Δp .
μ0 is the starting value of the
chemical potential for the initial
pressure p0. The pressure coefficient β is almost always positive.
Analogously, the pressure dependence of drive A of a reaction
B´ + B´´ + ... → D´ + D´´ + ...
results in
A = A0 + β⋅Δp ,

where β = β(B´) + β(B´´) + … − β(D´) – β (D´´) - ... .

The linear approach is useful for solid, liquid, but also dissolved substances and for the drives
of the corresponding conversions up to Δp ≈ 105 kPa (= 1000 bar). For obtaining general approximations, it is useful even up to 106 kPa (= 10000 bar). In the case of gases and the drives
of reactions in which gases participate, Δp/p < 10 % is considered acceptable because the
slope β of the corresponding curve changes relatively strongly with pressure. For greater
8
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ranges of pressure Δp, the mass action relation must be applied. We will be introduced to this
in Section 4.5.
The following table shows the β values for the substances of the table above.
Substance

Formula

Iron

Fe|s
Fe|l
Fe|g
C|Graphite
C|Diamond
H2O|s
H2O|l
H2O|g
NH3|l
NH3|g
NH3|w

Graphite
Diamond
Water

Ammonia

µ
kG
0
11.1
370.7
0
2.9
−236.6
−237.2
−228.6
−11.6
−16.4
−26.6

β
μG/Pa
7.1
7.3
24.4⋅103
5.4
3.4
19.7
18.1
24.4⋅103
28.2
24.4⋅103
24.1

A rule similar to the one for temperature coefficients is valid for pressure coefficients. It is
very useful for qualitative considerations:
0 < β(B|s) < β(B|l) <<<< β(B|g).
β(B|w)
(In this case, as well, there is a relation to a molar quantity, namely the molar volume Vm.
Therefore, we have β = Vm (compare Chapter 8). Because all molar volumes are basically
positive, the pressure coefficient always has a positive sign. The molar volume of a gas is far
greater (by a factor of 1000) than that of the condensed phases (liquid and solid). On the other
hand, the molar volume of a liquid phase is usually greater than that of the solid phase so that
the sequence above results).
Like any rule, this one has exceptions. For instance, the β for some ions in an aqueous solution is negative and sometimes – as in the case of water – the β in the solid state is greater
than in the liquid state. This is exactly the opposite from what the rule would lead us to expect.
Raising the pressure generally causes the chemical potential to increase although, as already
stated, the increase varies for the different states of aggregation. In the solid state, it is smallest and in the gaseous state, greatest. As a rule, the higher the pressure is, the more stable the
solid state is compared to the others and the greater the tendency of the substance to transform
to the crystalline state. Conversely, a pressure reduction results in a preference of the gaseous
state.
Let us once more consider the behaviour of water from this new viewpoint. The following
table summarizes the necessary chemical potentials and pressure coefficients:

9
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μ / kG
β / 10−5 G⋅Pa−1

H2O|s
−236.6
1.97

H2O|l
−237.2
1.81

H2O|g
−228.6
2446

One sees that lukewarm water can boil at low pressure, although, at room conditions,
μ(H2O|g) > μ(H2O|l), liquid water is the stable phase. If the pressure is lowered enough by
pumping the air above the water out of a closed container, μ(H2O|g) will fall below μ(H2O|l),
at some point because β is especially great for the gaseous state. The reduction of pressure
becomes noticeable by a strong decrease of chemical potential and the water begins to transform into water vapour by boiling. But low pressure can also be created by using ice-water to
cool a closed flask containing only hot water and steam. In the process, a part of the vapour
condenses, leading to a decrease in pressure.
Experiment: Boiling of warm water at low
pressure

Experiment: Boiling by cooling

We shall take a closer look at a further example of the transformation of a substance under
pressure. Diamond is a high pressure modification of carbon which should never appear at
normal pressure. The most stable modification of carbon, the one with the lowest chemical
potential, is graphite which we know from pencils. A characteristic of graphite is that its
chemical potential increases more strongly with pressure than the potential of diamond so
that, at one point, μ(C|graphite) should exceed μ(C|diamond) making it possible for diamond
to form.
At normal pressure and room temperature,
μ(C|graphite) equals zero because this value has
been arbitrarily set as the zero point of the μ scale.
The μ(p) curve is steeper for graphite than for diamond. Therefore, the two curves must intersect at a
pressure pαβ, which we will call the transformation
pressure. The index αβ indicates that the transformation of a modification α (here graphite) into
another modification β (here diamond) is considered. Below pαβ, graphite is more stable, above it,
diamond is more stable.
The pressure pαβ can be calculated because pαβ is the pressure for which
μα = μβ.
The pressure dependence of μ is expressed by a linear relation:
10
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μα,0 + βα(pαβ – p0) = μβ,0 + β β(pαβ – p0),
resulting in
( β β – β α)(pαβ – p0) = μα,0 – μβ,0
and correspondingly
pαβ = p0 −

μα,0 − μβ,0
βα − ββ

= p0 −

A0
.
ß

The expression shows a great formal similarity to the one for determining a transformation
temperature whether it applies to a phase change, a decomposition, or something else.
Inserting the tabulated values results in pαβ ≈ 15⋅105 kPa (= 15 000 bar). Strictly speaking, this
result cannot be accurate because the linear relations only represent approximations. However, as a general tool for orientation, it is quite useful.
4.4 Simultaneous temperature and pressure dependence

There is nothing stopping us from expanding our ideas to reactions in which temperature and
pressure change simultaneously. In this case the chemical potential can be expressed as follows:
μ = μ0 + α ⋅ ΔT + β ⋅ Δp .

Correspondingly, the chemical drive takes the form
A = A 0 + α ⋅ ΔT + β ⋅ Δp .

But also the dependence of transformation temperatures from pressure can be determined by
these equations. Here is a familiar example representative of
many others. Ice melts under high pressure (if it is not too
cold). By nature, the potential of ice equals that of ice-water
(μ(H2O|s) = μ(H2O|l)) at 273 K (0°C) and standard pressure.
However, because of β(H2O|s) > β(H2O|l), the value of
μ(H2O|s) exceeds that of μ(H2O|l) as the pressure increases,
and the ice begins to melt. This is how a wire loop with a
weight hanging from it slowly „melts“ its way through a
block of ice.
Experiment: Ice melting under pressure

As mentioned, water is among the few exceptions where β in the solid state is greater than in
the liquid state. This special characteristic of ice is responsible for the ability of a glacier to
flow downward a few meters per day in a mountain valley like slow moving dough. Where
the ice is under especially high pressure, it melts and becomes pliable so that it gradually
moves around obstacles.
But a block of ice does not totally melt when compressed because it cools down during melting. The chemical potentials increase because of the negative temperature coefficients α. Because of 0 > α(H2O|s) > α(H2O|l), the effect is stronger in water than in ice. The potential dif11
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ference due to excess pressure is compensated and the process of melting stops. Again, there
is equilibrium between the solid and the liquid phase, but this time at a lower melting point.
Only when the pressure is further increased does the ice continue to melt until additional cooling balances the potentials again.
To illustrate this, let us have a look at
the figure on the left. If the pressure
is increased, the chemical potential of
the solid phase as well as that of the
liquid phase increase; but this increase is much more pronounced for
the solid state than for the liquid one
(because of β(B|s) > β(B|l) > 0). Thus
the intersection point of the curves
(Tsl´) shifts to the left, i.e. the freezing
point is lowered by the amount ΔTsl.
It is easy to calculate the lowering of temperature in compressed ice which is nothing else
than the freezing-point depression of water under pressure. The condition for equilibrium μs =
μl takes the following form:
μs,0 + αs ⋅ ΔT + βs ⋅ Δp = μl,0 + αl ⋅ ΔT + βl ⋅ Δp .

If the freezing point of water at standard pressure (T0 = 273 K) is chosen as the initial value,
then μs,0 and μl,0 are equal and drop out of the expression. The following relation remains:
ΔT = −

βs − βl
β
Δp = − Δp .
αs − αl
α

For Δp = 104 kPa (100 bar), the lowering of the freezing point due to pressure results in ΔT =
−0,66 K.
However, for most substances the
melting temperature increases under
pressure (because of β(B|l) > β(B|s)
> 0) (see the figure on the right).
Correspondingly, the shifts in potentials cause higher pressure to raise
the boiling point and a lower pressure to lower the boiling point (because of β(B|g) >> β(B|l) > 0). This
is also valid for water as we have
seen in experiments above. Again,
the change ΔT can be approximated
with the formula derived above. The
value of β for evaporation is roughly
104 greater than for melting,
whereas the α values do not vary so
drastically. Therefore, even small changes of pressure are enough to noticeably shift the boil12
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ing point. To achieve a comparable change of the melting point, much higher pressures are
necessary. A pressure increase of about 10 kPa (0.1 bar) already results in a shift of the boiling point of water of about +2.1 K, while for a comparable change of the melting point (ΔT =
−2.1 K), a pressure increase of more than 3⋅104 kPa (300 kbar) is necessary.
We will close this section with a look at our „home planet.“ The
temperature increase towards the middle of the Earth
(> 5000 K) causes the iron core to melt. The pressure which
grows to 3.6⋅108 kPa, turns it into a solid again at the very center (standard melting and boiling points of iron are about 1809
K and 3340 K, respectively). This behaviour clearly shows the
great influence of temperature and pressure upon the chemical
potential.
4.5 Behaviour of gases under pressure

As already stated, the chemical potential of gases is especially sensitive to changes of pressure. For this reason, the pressure coefficient is greater by several powers of ten than those of
solid or liquid substances. At the same time, β itself is strongly dependent upon pressure. For
these reasons, the linear approximation is only applicable to a narrow range of pressures (Δp/p
< 10 %). This is far too limiting for most applications so a formula must be sought that spans
a much wider range of pressures. A look at the tabulated values shows that β has not only a
large value but the same value for all gases at standard conditions. Apparently, the pressure
coefficient β of gases is a universal quantity. For given T and p, it is the same for all gases in
all milieus. Moreover, it is directly proportional to the absolute temperature T and indirectly
proportional to the pressure p of the gas in question. This remarkable fact can be expressed as
follows:
β=

RT
p

where R = 8.314 G⋅K−1.

R is a fundamental constant and is the same for all substances. It is called the universal gas
constant because it was first discovered in a law valid for gases (Section 9.2). The relation
above is based upon the phenomenon called mass action in chemistry. We will go more
deeply into this in the next chapter. (Mentioned in passing: β corresponds here to the molar
volume of a so-called ideal gas as we will see in section 9.1).
Inserting β into the relation above yields the following equation:
μ = μ0 +

RT
⋅ Δp .
p

Those proficient in mathematics immediately see that there is a logarithmic relation between μ
and p:
⎛ p⎞
μ = μ0 + RT ln ⎜ ⎟ .
⎝ p0 ⎠
13
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The pressure coefficient β of gases is nothing other than the derivative of the function μ(p)
with respect to p. If we take the derivative with respect to p of the function above, we retrieve
the first equation.
{For those interested in mathematics: The equation above can be transformed to result in
Δμ =

RT
⋅ Δp .
p

For small (infinitesimal) changes, the relation is
dμ =

RT
dp .
p

If we wish to calculate the change of the chemical potential from the initial value μ0 to the
final value μ for a change of pressure from p0 to p, we must integrate both sides. The following elementary indefinite integral will serve well for this:

1

∫ x dx = ln x + C .
Inserting the limits results in:
μ

p

μ0

p0

∫ dμ =RT ∫

1
dp ,
p

and respectively,
μ − μ0 = RT ln

p
.}
p0

In contrast to the linear approximation, this still relatively simple logarithmic formula spans
the much wider range of pressures from between zero and 104 kPa (100 bar). The range of
validity will be discussed in more detail in section 5.5.
Let us take a closer look at these relations using
the example of butane (the fuel in a gas lighter).
The μ(p) curve of gaseous butane shows the
expected logarithmic relationship. Futhermore,
we can see from the figure that, when compressed at room temperature, butane turns into
liquid relatively easily. The so-called “boiling
pressure” plg, i.e., the intersecting point of the
potentials for the liquid and the gaseous phase,
lies only a little above 200 kPa. This intersecting point characterises the state of butane in a
lighter at room temperature. However, further
important information can be derived from the
figure: The μ(p) curve for a liquid is an almost
horizontal line (its slope is very small). For this

14
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reason, the chemical potential of condensed phases (liquids and solids) can be considered
nearly independent of pressure in most cases.
Furthermore, the chemical potential of a gas continues to decrease with falling pressure. The μ
value approaches negative infinity if the pressure approaches zero.
This leads to the following remarkable conclusions. We can infer, for example, that calcium
carbonate CaCO3 cannot be stable if the CO2 pressure in the environment falls to zero. In this
case, the chemical potential of CO2 would have the value −∞. The reaction
CaCO3|s → CaO|s + CO2|g
_______________________
μ: −1129
α:

−93

⇒ A⊖ = −131 kG

−604

−394

kG

−40

−214

G⋅K−1 ⇒ α

= +161 G⋅K−1,

which cannot take place at standard conditions, would have a positive drive. The sum of potentials on the left would be higher than on the right. However, decomposition produces CO2,
so that the CO2 pressure must rise in a closed system. The process continues until the CO2
pressure has reached a value for which the chemical potentials on the left and right sides balance. This CO2 pressure is called the decomposition pressure of calcium carbonate.
The decomposition pressure can be easily calculated. If the chemical potentials satisfy

μ CaCO = μ CaO + μ CO ,
3

2

we have equilibrium. We ignore the pressure dependence of solid substances because, in
comparison to gases, it is smaller by three orders of magnitude. We only take the dependence
for CO2 into account:
⎛ p⎞
μ CaCO3 , 0 = μ CaO,0 + μ CO2 ,0 + RT ln⎜⎜ ⎟⎟ .
⎝ p0 ⎠
This results in

μ CaCO ,0 − μ CaO,0 − μ CO
3

2 ,0

⎛ p⎞
= RT ln⎜⎜ ⎟⎟ .
⎝ p0 ⎠

A0

and
⎛ ⎛ p ⎞⎞
⎛A ⎞
exp⎜ 0 ⎟ = exp⎜⎜ ln⎜⎜ ⎟⎟ ⎟⎟
⎝ RT ⎠
⎝ ⎝ p0 ⎠ ⎠
or, respectively,
⎛A ⎞
p = p 0 exp⎜ 0 ⎟ .
⎝ RT ⎠
In order to calculate the decomposition pressure for a temperature different from standard
temperature, the μ values in the exponents only need to be converted to the new temperature.
The linear formula for temperature dependence is generally good enough for this:
15
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⎛ A + α (T − T0 ) ⎞
p = p0 exp ⎜ 0
⎟.
RT
⎝
⎠
With the help of corresponding data, the p(T) curve can be determined. This curve gives the
decomposition pressure as a function of temperature:
⎛ −1.31⋅10−6 + 161(T / K − 298) ⎞
p = p  exp ⎜
⎟.
8.314 ⋅ T / K
⎝
⎠
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5. Mass Action and Concentration Dependence of the Chemical Potential
Topic: Concentration dependence of μ and the most important applications.
5.1 The concept of mass action
It has been known for a long time that the amounts of reacting substances can play an important role in the drive of chemical reactions. In 1799, the French chemist Claude-Louis
BERTHOLLET was the first to point out this influence and discuss it using many examples.
Contrary to the prevailing concept of that time, he stated that a reaction must not necessarily
take place fully if a substance B displaces another substance C in a compound,
B + CD → C + BD
(even if there is a great excess of B), but that an equilibrium forms which is dependent upon
the amounts of the substances involved. The stronger B is bonded to D, and the greater the
amounts of unbound B in the reaction chamber compared to substance C, the more BD should
form at the cost of CD and vice versa.
Based upon this finding, we can conclude that the tendency μ of substances to change is not
only dependent upon the types of those substances, but also upon their amounts n: The greater
the amount of a substance (or the mass proportional to it) in the reaction chamber, the higher
its expected potential μ should be. Closer scrutiny of this effect which is known as mass action shows that, in this case, the quantity n itself is unimportant. It is n in relation to the volume V in which a substance is distributed, meaning its concentration c = n/V, that is important. If B or C, or both, participate as pure substances in a reaction, meaning at fixed concentrations, their amounts nB and nC have no influence upon the state of equilibrium and therefore, upon the amounts of BD and CD formed. How much or how little of a substance is present in this case, is apparently not decisive but rather how densely or loosely it is distributed
in the space. This means that the more cumulative and concentrated the application, the
more intense the effect. In other words, the
mass of a substance is not decisive for mass
action, but its “massing”, its “density“ in a
space: not the amount, but the concentration.
Cato Maximilian GULDBERG and Peter
WAAGE of Norway brought our attention to this in the year 1864.
Thus, the chemical potential of substances and the tendency to change increases according to
how strongly concentrated they are. Conversely, the chemical potential goes down when the
concentration of a substance decreases. We will use an example from everyday life to illustrate this. According to the values of the chemical potentials, pure water vapour must condense at room conditions:

1
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H2O|g → H2O|l
_______________

μ : −228.7 > −237.4 kG
⇒ A = −8.7 kG
However, if the vapour is diluted by air, the value of its
potential decreases below that of liquid water. It can then
convert to the gaseous state. It evaporates. μ(H2O|g) <
μ(H2O|l) is required for wet laundry, wet dishes and wet
streets to dry.
5.2 Concentration dependence of chemical potential
The influence of concentration c upon the tendency μ of a substance to change can basically
be described by a linear relation like it was done in the last chapter to describe the influence
of temperature T and pressure p. Δc = c – c0 must be small enough:
μ = μ0 + γ ⋅ Δc

for Δc << c.

Mass action is an effect which is covered up by other less important influences which will be
×
gone into later on and which all contribute to the concentration coefficient γ : γ = γ + γ´+ γ´´+... .
The symbol × above a term will be used here and in the following to denote the quantities dependent upon mass action when these should be distinguished from similar quantities with
other origins. Mass action appears most noticeably at small concentrations where the other
×
influences recede more and more until they can be totally neglected, γ >> γ´, γ´´ , ... . If one
wishes to investigate this effect most easily, experiments can be done with strongly diluted
solutions c << c ( = 1 kmol⋅m−3).
The temperature coefficient α and the pressure coefficient β (except the latter in the case of
gases) are not only different from substance to substance but also vary according to type of
solvent, temperature, pressure, concentration, etc. In short, they depend upon the entire com×
position of the milieu they are in. In contrast, the concentration coefficient γ related to mass
action is a universal quantity. At the same T and c, it is the same for all substances in every
milieu. It is directly proportional to the absolute temperature T and inversely proportional to
concentration c of the substance in question and has the same basic structure as the pressure
coefficient β of gases:
×

γ=γ≡

RT
c

for c << c

where R = 8.314 G⋅K−1.

Because the quantity T is in the numerator, we can conclude that the mass action gradually
loses importance with a decrease of temperature and eventually disappears at 0 K.
If we insert the second equation into the first one, we obtain the following relation

μ = μ0 +

RT
⋅ Δc
c

for Δc << c << c.

Analogous to the treatment of the pressure coefficient β of gases, a logarithmic relation between μ and c results:
2
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⎛c⎞
⎟⎟
⎝ c0 ⎠

μ = μ 0 + RT ln⎜⎜

for c, c0 << c

(mass action equation 1).

We will return to the term „mass action equation“ below.
As already mentioned, precise measurements show that the relation above is not strictly adhered to. At higher concentrations, values depart quite noticeably from this relation. If we
gradually move to lower concentrations, the differences become smaller. The equation here
expresses a so-called “limiting law“ which strictly applies only when c → 0. For this reason,
we have added the requirement for a small concentration (c, c0 << c) to the equation.
In practice, this relation serves as a useful approximation up to rather high concentrations. In
the case of electrically neutral substances, deviations are only noticeable above 100 mol⋅m−3.
For ions, deviations become observable above 1 mol⋅m−3, but they are so small that they are
easily neglected if accuracy is not of prime concern. For practical applications let us remember that:
⎛c⎞
⎟⎟
⎝ c0 ⎠

μ ≈ μ 0 + RT ln⎜⎜

100 mol⋅m−3 for neutral substances,
1 mol⋅m−3 for ions.

for c <

However, it is precisely for standard concentration c = 1000 mol⋅m−3 = 1 mol⋅L−1 (the usual
reference value), where the logarithmic relation is not satisfied for any substance. Still, this
concentration is used as the usual starting value for calculating potentials, and we write:
○
⎛ c ⎞ ○
μ = μ + RT ln ⎜  ⎟ = μ + RT ln cr
⎝c ⎠

for c << c

(mass action equation 1´).

○

Here, cr is the relative concentration. The μ , intended as the basic value (at fixed concentration c) has been chosen so that the equation gives the right results at low values of concentration. In contrast to the mass action equation 1, the initial value of μ is no longer real, but
fictive. Note that the basic value μ of a dissolved substance B depends upon pressure p and
○
○
temperature T, μ B (p, T). This distinguishes it from the standard value μB ≡ μ B (p, T) al×
ready known to us. The term RTlncr = μ is also called the mass action term.
In its first or second version, this law describes mass action formally as a characteristic of the
chemical potential. We give these equations a name in order to refer to them more easily. In
fact, we will give all relations of this type (there are several more of them) the same name,
„mass action equations.” As expected, the tendency of a substance to change increases with
its concentration. This does not happen linearly, though, but logarithmically. We obtain the
following graph for the dependence of the chemical potential of a dissolved substance upon
its concentration:

3
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For small concentrations, the measured
curve approximates the dotted logarithmic
function very well while, at higher concentrations, the two diverge noticeably. Depending upon the type of substance, the
actual curves can run above or below the
logarithmic ones. Keep in mind that the
○
basic value μ of the chemical potential of
the dissolved substance coincides with the
logarithmic approximation and not with the
measured function!
The logarithmic part of the μ(c) curve, which theoretically extends to −∞, is the same for all
substances in every type of environment. If the concentration increases one decade (a factor
of ten), the chemical potential always increases by the same amount μd, the so-called „decapotential“ (which is dependent upon temperature T):

μ → μ + μd

for c → 10c,

as long as c << c.

In order to calculate the μd value at room temperature, we only need to go back to the first of
our mass action equations and to insert c = 10c0:
⎛ 10c0 ⎞
⎟⎟
⎝ c0 ⎠

μ = μ 0 + RT ln⎜⎜

μd = RTln10 = 8.314 G⋅K−1⋅298 K⋅ln10 = 5.708 kG.
It is helpful to remember the value μd ≈ 5.7 kG (approximately ≈ 6 kG) in order to quickly
estimate the influence of a change of concentration of a substance upon the level of its potential or vice versa.
In summary, when the concentration c of a substance increases to 10 times its initial value at
room temperature, its chemical potential μ increases by 6 kG. It does not matter,
- what substance it is,
- what it is dissolved in,
- how often this step is repeated (assuming that the concentration remains small enough).
To obtain a better impression of the
order of magnitude of the potentials, we
will look at a concrete example. We
have chosen μ(c) for ethanol.
The basic value of the potential of dissolved alcohol (in water) has been
added to the graph. This value lies only
about 0.1 kG above the actual μ value at
standard concentration. The basic value
of pure alcohol has also been included.

4
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Using the newly extracted relations, we will again take a closer look at evaporation. When the
vapour is diluted by air, say, by a factor of 100 (by two orders of magnitude), its potential
goes down by around 2⋅5.7 kG = 11.4 kG to about −240.1 kG. At that point, μ(H2O|g) actually
lies below the value for liquid water and evaporation takes place. At a concentration of 130 ,
the air is already so moist that it cannot absorb any more water. It is said to be saturated. A
concentration of 130 means about 1.5 orders of magnitude below the concentration of pure
vapour. Therefore, the water vapour potential lies about 1.5⋅5.7 kG = 8.6 kG below the value
for pure vapour. At –237.3 kG, it is at about the same level as that of liquid water and the
drive to evaporate disappears. Even a little higher concentration leads to condensation and the
excess water precipitates as dew.
5.3 Concentration dependence of chemical drive

We can now use what we have learned to easily show how shifts of concentration effect the
chemical drive to react. Observe the following reaction
B+C+…→D+E+…
between dissolved substances, meaning a homogeneous reaction. The drive results in
A = [ μB + μC + ...] − [ μD + μE + ...] .

If all the substances are present in small concentrations, we can apply the mass action equation for all of them:
○
○
⎡○
⎤ ⎡○
⎤
A = ⎢ μ B + RT ln cr (B) + μ C + RT ln cr (C) + ...⎥ − ⎢ μ D + RT ln cr (D) + μ E + RT ln cr (E) + ...⎥ .
⎣
⎦ ⎣
⎦

The terms of the equation can be sorted a bit
○
○
⎡○ ○
⎤
A = ⎢ μ B + μ C + ... − μ D − μ E − ...⎥ + RT [ ln cr (B) + ln cr (C) + ... − ln cr (D) − ln cr (E) − ...]
⎣
⎦

and the final result is
○

A = A + RT ln
○

○

○

○

cr (B) ⋅ cr (C) ⋅ ...
.
cr (D) ⋅ cr (E) ⋅ ...
○

○

We have A = μ(B) + μ(C) + ... − μ(D) − μ (E) − ... for the basic term A . It expresses the drive
when all reaction partners have the standard concentration of 1000 mol⋅m−3.
c (B) ⋅ cr (C) ⋅ ...
×
RT ln r
= A in turn, represents the mass action term.
cr (D) ⋅ cr (E) ⋅ ...
We will explain the influence of concentration shifts upon the drive using the example of decomposing cane sugar
Suc|w + H2O|l → Glc|w + Fru|w
Suc is the abbreviation for cane sugar (sucrose, C12H22O11), Glc and Fru represent the isomeric monosaccharides grape sugar (glucose, C6H12O6) and fruit sugar (fructose, C6H12O6).
From the chemical potentials, we obtain the following for the drive A:
5
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A = μSuc + μH2O − μGlc − μFru
○
○
⎛c ⎞ ○
⎛c ⎞ ○
⎛c ⎞
= μSuc + RT ln ⎜ Suc
+ μ H2O − μ Glc − RT ln ⎜ Glu
− μ Fru − RT ln ⎜ Fru
 ⎟
 ⎟
 ⎟
⎝ c ⎠
⎝ c ⎠
⎝c ⎠

⎛ c ⋅ c
○
○
○
○
= μSuc + μ H2O − μ Glu − μ Fru + RT ln ⎜ Suc
⎝ cGlc ⋅ cFru

⎞
⎟.
⎠

○

A

In this mathematical description, we cannot apply the mass action equation to water because
its concentration lies far outside the equation’s range of validity, cH 2 O ≈ 50000 mol⋅m−3. The
potential curves for high c values are very flat, and the cH 2 O value in dilute solutions does not
differ significantly from the concentration for pure water so it is possible to replace the actual
μ H 2O value with that of pure water. We will indicate the potential for the pure solvent (in this
○
○
case water) similarly to the basic potentials of dissolved substances μ : μ H2O . In general, solvents of dilute solutions can be approximated well by pure substances.
A brief comment about how to write arguments and indexes: μ(H2O), c(H2O) ... and μ H 2O ,
cH 2O ... are treated as equivalent forms. In the case of long names of substances or substance
formulas with indexes (such as H2O) or an accumulation of indexes, the preferred way of
writing is the first one, otherwise, for the sake of brevity, the second.
For the more general reaction

ν B B + ν C C + ... → ν D D + ν E E + ...
we correspondingly obtain

A = ⎡⎣ νB μB + νC μC + ...⎤⎦ − [ νD μD + νE μE + ...] .
If the concentration dependence of the chemical potential is taken into account, it results in
○
○
⎡
⎤
A = ⎢ νB μ B + νB RT ln cr (B) + νC μ C + νC RT ln cr (C) + ...⎥
⎣
⎦
○
⎡ ○
⎤
− ⎢νD μ D + νD RT ln cr (D) + νE μ E + νE RT ln cr (E) + ...⎥ .
⎣
⎦

We can rearrange
○
○
○
○
⎡
⎤
A = ⎢ νB μ B + νC μ C + ... − νD μ D − νE μ E − ...⎥
⎣
⎦
+ RT ⎡⎣ νB ln cr (B) + νC ln cr (C) + ... − νD ln cr (D) − νE ln cr (E) − ...⎤⎦

and obtain
ν

cr (B) νB ⋅ cr (C) C ⋅ ...
A = A + RT ln
.
cr (D)νD ⋅ cr (E)νE ⋅ ...
○

6

5. Mass Action and Concentration Dependence of the Chemical Potential

Let us now take another look at a concrete example. For this, we choose the reaction of Fe3+
ions with I− ions:
2 Fe3+|w + 2 I−|w → 2 Fe2+|w + I2|w.
Therefore, the conversion numbers are: νFe3+ = −2, νI- = −2, νFe2+ = +2 und νI2 = +1. Insertion
into the formula above results in:
○

A = A + RT ln

cr (Fe3+ ) 2 ⋅ cr (I- ) 2
.
cr (Fe2+ )2 ⋅ cr (I 2 )

However, the concentrations do not remain constant during a reaction. They change in the
process of the reaction. If there is only one substance at the beginning, its concentration decreases continuously to the benefit of the product. Using the simplest reaction possible, we
will discuss the conversion of a substance B into a substance D:
B → D.

An example would be the transformation of α-D-glucose into the isomeric β-D-glucose in
aqueous solution. These two stereoisomers of glucose C6H12O6, differ only in the placement
of the OH group relative to the chiral center (characterised by *) formed by the ring closure.

α-D-Glucose|w

→

β-D-Glucose|w

(The transformation takes place via the open-chain form, but its concentration is so small that
it can be ignored.)
The two substances are optically active: pure α-D-glucose shows an angle of rotation of
+112°, pure β-D-glucose, however, one of +18,7°. Therefore, a polarimeter can be used to
observe the change in the solution’s angle of rotation. When crystals of pure α-D-glucose are
dissolved in water, the specific rotation of the solution decreases gradually from an initial
value of +112° to a value of +53°.
In section 1.6, the extent of reaction ξ was introduced as a measure of the progress of a reaction. It was defined by
ξ=

Δni ni (t ) − ni (t0 )
=
.
νi
νi

The extent of reaction can now be easily converted to the time dependent change of concentration, and respectively, to the concentration at time t:
Δci = ci (t ) − ci (t0 ) =
or rather

7

ni (t ) − ni (t0 ) νi ξ
=
V
V

5. Mass Action and Concentration Dependence of the Chemical Potential

ci (t ) = ci (t0 ) +

νi ξ
.
V

The drive of a reaction changes along with the concentrations. If one assumes a concentration
of c0 of the initial substance as well as an absence of the product at the beginning of the reaction at t0 = 0, the following relation for the dependence of the drive upon the extent of reaction is obtained:
○
(c0 − ξ / V ) / c
c − ξ /V
A = A + RT ln
A
.
=
+ RT ln 0

(ξ / V ) / c
ξ /V
○

For the sake of simplicity, we will now relate the extent of reaction ξ to the maximum possible value ξmax (= c0⋅V, because, in this case, the entire amount of B should have converted to
D) resulting in:
○

A = A + RT ln

○
ξ max − ξ
1 − ξ / ξ max
= A + RT ln
.
ξ
ξ / ξ max
○

With a basic value of A = 1.4 kG for the
conversion of α-D- into β-D-glucose, a characteristic S shaped curve is obtained for the
dependence of drive upon extent of reaction ξ
at room temperature. At the beginning of the
reaction, meaning for ξ = 0, A equals +∞. A
○
decreases during the reaction and, at an A
dependent ξ value, finally reaches a value of
zero. When all the initial substance has been
used up, meaning at ξ = ξmax, A takes a final
value of −∞.
The mathematical relation becomes rather
complicated for reactions with a complex
stoichiometry such as the reaction of Fe3+
ions with I− ions:
○
[(c0 − 2 ⋅ ξ / V ) / c ]2 ⋅ [(c0 − 2 ⋅ ξ / V ) / c ]2
(c0 − 2 ⋅ ξ / V ) 4
A = A + RT ln
= A + RT ln
[(2 ⋅ ξ / V ) / c ]2 ⋅ (ξ / V ) / c
4 ⋅ (ξ / V ) 3 ⋅ c 
○

For better overview, it would be advisable in this case to create a table. Under the balanced
equation for the reaction, the table lists for each substance involved in the first row the standard value of its chemical potential for calculating the drive of the reaction under standard
conditions. The initial concentrations of the substances follow in the next row. Finally, the
concentrations at an arbitrary time t are listed which can be calculated by using the
stoichiometry of the reaction. x is defined as the extent of reaction referred to the volume, i.e.
x = ξ/V.
2 Fe3+ + 2 I−
→ 2 Fe2+ + I2
________________________________
μ: 2⋅(−4.6) 2⋅(−51.6) 2⋅(−78.9) 16.4 kG
c0 : 1
1
0
0
mol⋅m−3
c(t): 1−2x
1−2x
2x
x
mol⋅m−3
8
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Again, we obtain the typical S shaped curve.
Let us remind ourselves about the criteria for
a reaction which we were introduced to in
Chapter 3: A reaction takes place voluntarily
as long as drive A is positive. At A = 0, there
is equilibrium. A negative drive forces a
reaction backwards against the direction the
reaction arrow points in.
Here are some important consequences for
the reaction process:
- Every homogeneous reaction begins voluntarily.
- At a certain extent of reaction, it stops in
-

equilibrium with the environment.
Equilibrium can be reached from both sides, meaning from the side with the initial substances as well as from the side with the reaction products.

In equilibrium, neither the forward reaction nor the backward reaction take place voluntarily.
Macroscopically speaking, there is no more conversion and the composition of the reaction
mixture remains constant. However, forward and backward reactions do continue to occur at
the microscopic level between the particles. These happen at identical rates though, so that the
conversions in the two directions compensate for each other. In this case, one speaks of a dynamic equilibrium.
5.4 The mass action law

What is commonly known as the mass action law as defined by GULDBERG and WAAGE, is a
consequence of a combination of the mass actions of individual substances participating in a
reaction. Let us, once again, consider a reaction in a homogenous solution
B+C+…

D+E+….

Equilibrium rules when there is no longer any potential drop and the drive A disappears. Therefore:
○

A = A + RT ln

cr (B) ⋅ cr (C) ⋅ ...
= 0.
cr (D) ⋅ cr (E) ⋅ ...

When we divide by RT and take the antilogarithm, we obtain
⎛ c (D) ⋅ cr (E) ⋅ ... ⎞
Kc =⎜ r
⎟
⎝ cr (B) ⋅ cr (C) ⋅ ... ⎠eq.
○

with

⎛ ○ ⎞
A ⎟
K c := exp ⎜
.
⎜ RT ⎟
⎝
⎠
○

This equation characterizes the relationship between concentrations in equilibrium which has
been referred to by the index eq. and shows a possible form of the mass action law for the
9
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○

reaction. The quantity K c which is called the equilibrium constant of the reaction is so named
because it does not depend upon the concentration of the substances. A more precise name,
○
however, would be equilibrium number because K c is a number and it is not constant but
dependent upon temperature, pressure, solvent, etc. The index ○ which is actually superflu○
○
ous, has been inserted in order to emphasize that K is to be formed from A (and not from
A!).
For the more general reaction
νB B + νC C + ...

νD D + νE E + ...

we obtain entirely appropriately
⎛ cr (D)νD ⋅ cr (E)νE ⋅ ... ⎞
Kc =⎜
.
⎜ c (B) νB ⋅ c (C) νC ⋅ ... ⎟⎟
r
⎝ r
⎠eq.
○

Commonly, the relative concentrations cr are replaced by c/c and the fixed standard concen○

tration
c
is
combined
with
the
equilibrium
number
K
c to form the new equilibrium constant
○
K c (κ „dimension factor“):
○

○

Kc = κK c

,

where

κ = (c) νc

with

νc = νB + νC + ... + νD + νE + ... .

νc is the sum of all conversion numbers which, in our example, are −1 for the initial sub○
stances B, C, ... and○+1 for the products D, E, ... . As stated above, K c is always a number
○
−3 νc
while
the
constant
K
c has the unit (mol⋅m ) . Only when νc happens to be 0, are K c and
○
○
K c identical. K c is the more convenient quantity for formulating the mass action law,
○
⎛ c ⋅ c ⋅ ... ⎞
Kc = ⎜ D E ⎟ ,
⎝ cB ⋅ cC ⋅ ... ⎠eq.
○

while, for general considerations, K c is preferred since its dimension is the same for all reactions.
Here is an example of what has been said. With the help of a table, we will determine the
acidity constant of acetic acid (CH3COOH), abbreviated to HAc, in an aqueous solution, i.e.,
the equilibrium constant for the dissociation
HAc|w

H + |w + Ac − |w

or the equilibrium constant for the proton exchange in BRØNSTED’s sense (this will be discussed more detailed in the next chapter):
H 3O + |w + Ac − |w .

HAc|w + H 2 O|l

The formulas are two different versions of the same process. In the first case, the mass action
law is written as
cr (H + ) ⋅ cr (Ac − )
K c ,1 =
cr (HAc)
○

where
10
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○
○
⎛ ○
⎞
⎛ ○ ⎞
μ HAc − μ H+ − μ Ac- ⎟
A ⎟
⎜
⎜
K c ,1 = exp
= exp
⎜
⎟
⎜ RT ⎟
RT
⎝
⎠
⎝
⎠
−3
⎛ (−396.56 − 0 + 369.41) ⋅10 G ⎞
−5
= exp ⎜
⎟ = 1.74⋅10
−1
8.314 G ⋅ K ⋅ 298 K
⎝
⎠
○

and in the usual way as
○

K c ,1 =

c(H + ) ⋅ c(Ac − )
c(HAc)

where
○

○

K c ,1 = K c ,1 ⋅ c = 1.74 ⋅10−5 kmol ⋅ m −3

with νc = −1 + 1 + 1 = +1 and therefore the dimension factor κ = c = 1 kmol⋅m−3.
In the second case, when we take into account that the solvent water can be treated as a pure
substance, we obtain for the mass action law:
○

K c ,2 =

cr (H 3O + ) ⋅ cr (Ac − )
cr (HAc)

where
○

K c ,2

○
○
○
⎛ ○
⎞
μ(HAc) + μ(H 2 O) − μ (H 3O + ) − μ (Ac − ) ⎟
⎜
= exp ⎜
⎟
RT
⎝
⎠
⎛ (−396.56 − 237.18 + 237.18 + 369.41) ⎞
−5
= exp ⎜
⎟ = 1.74⋅10
−1
8.314
G
K
298
K
⋅
⋅
⎝
⎠

and written in the usual way,
○

K c ,2 =

c(H 3O + ) ⋅ c(Ac − )
c(HAc)

where
○

○

K c ,2 = K c ,2 ⋅ c = 1.74 ⋅10−5 kmol ⋅ m −3 .

Also in this case the dimension factor results in κ = c = 1 kmol⋅m−3, because the solvent water is treated as pure substance and therefore does not appear in the sum νc of conversion numbers .
○

○

○

○

The equilibrium constants K c ,1 and K c ,2 (or K c ,1 and K c ,2 ) have the same value. The same
○
○
○
acidity constant K S = K c ,1 = K c ,2 is obtained independent of whether the first or second reaction equation is applied, meaning whether the process is considered as dissociation or proton
exchange.
The mass action law’s range of validity is the same as that of the mass action equations (from
which it is derived). The smaller the concentrations, the more strictly the law applies. At
higher concentrations, deviations occur as the result of ionic or molecular interactions.
11
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The magnitude of the equilibrium number determined according to
○

○

A = RT ln K
○

is a good qualitative indication for how a reaction proceeds. The more strongly positive A is,
○
○
the greater K ( K >> 1 ) is. In this case, the end products dominates in the equilibrium compo○
sition. Because of the logarithmic relation, even small changes to A lead to noticeable shifts
○
○
in the equilibrium point. On the other hand, if A is strongly negative, K approaches zero
○
( K << 1 ) and the initial substances dominate in the composition of the equilibrium. At the
○
same time, this also means that, even for negative A , a small amount of the initial substance
○
○
is still converted to the end products because K has a small yet finite value. When A ≈ 0 and
○
therefore K ≈ 1, the initial substances and end products are present in comparable amounts in
equilibrium. (Keep in mind, however, that in all three cases discussed, A = 0! since we have
equilibrium.)
With the help of the equilibrium number or the conventional equilibrium constant, the equilibrium composition of a mixture which has formed by voluntary conversion of given amounts
of initial substances can be quantitatively determined. If, for example, pure α-D-glucose at the
concentration 0.1 mol/L is dissolved in water, one can use a polarimeter to observe a continuous change to the angle of rotation until a constant value is finally achieved. This can be ascribed to the partial conversion of α-D-glucose into β-D-glucose (remember the discussion
further above). If we indicate the concentration of β-D-glucose in equilibrium by x, we obtain
⎛ ○ ⎞ ⎛
A ⎟
x ⎞
K c = exp ⎜
=⎜
⎟ .
⎜ RT ⎟ ⎝ c0 − x ⎠
eq.
⎝
⎠
○

The dimension factor κ equals 1 because of νc = 0.
From now on, we will not use the rather cumbersome index eq. as long as it is clear from the
relation, as in this example, that we are dealing with the equilibrium composition. Solving for
x results in:
○

x=

K c ⋅ c0
○

K c +1

=

1.74 ⋅ 0.1mol/L
= 0.0635 mol/l .
1.74 + 1

According to this, the state of equilibrium shows that 36.5 % of all dissolved molecules are αD-glucose molecules and 63.5 % are β-D-glucose molecules.
The mathematical relations become rather complicated for reactions with a more complex
stoichiometry. If we like to determine for example the equilibrium composition in the case of
the reaction
2 Fe3+|w + 2 I−|w → 2 Fe2+|w + I2|w
characterised by the table above, we obtain
⎛ ○ ⎞ ⎛
A ⎟
4 x3 ⎞
⎜
K c = κ ⋅ exp
=
⎜ RT ⎟ ⎜⎝ (1 − 2 x) 4 ⎟⎠
eq.
⎝
⎠
○
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with the dimension factor κ = (c ) −1 = 1 kmol−1⋅m3 (because of νc = −2 − 2 + 2 + 1 = −1).
○
○
○
Because the value of A is positive and relatively high ( A = +29 kG), we have K c 1 , i.e.
we can expect that the end products dominate in the equilibrium composition. For more detailed data we have to solve for x the equation above. Because a higher degree polynomial is
involved a numerical technique using an appropriate mathematical software or a graphical
approach are advisable. An equilibrium point of ξ/ξmax ≈ 0.79 can be obtained from the figure
in section 5.3. The concentrations of the substances in the equilibrium mixture are therefore
c(Fe3+) ≈ 0.21 mol⋅m−3 und c(I−) ≈ 0.21 mol⋅m−3 for the initial substances and c(Fe2+) ≈
0.79 mol⋅m−3 und c(I2) ≈ 0.39 mol⋅m−3 for the final products, respectively.
○

The equation above can be reversely used to experimentally determine the basic drive A of a
○
○
reaction. In order to do this, it is enough to first calculate the constant K and then to derive A
from it. At first glance, this looks amazingly easy, but the reaction can be so strongly inhibited
that the concentrations being determined do not correspond to equilibrium values. This obstacle can be overcome, though, by adding a catalyst. As long as the added amount is small the
position of equilibrium does not change and we can directly use the equlilibrium values obtained in the equation above. When the basic drive is known the drive for any other concentrations can be calculated provided that the c values are small (c << c).
5.5 Special versions of the mass action equation

Until now, we have described mass action by using functions in which the concentrations c or,
more exactly, the ratios c/c0 or c/c appear as arguments. Instead of c, it would be possible to
introduce any other measure of composition as long as it is proportional to concentration. This
is almost always the case at small c values. We will highlight two of these measures here because they are of greater importance.
When the pressure on a gas is increased, the concentration of the gas particles also increases
because they are compressed into a smaller volume. If the temperature remains unchanged,
the concentration grows proportionally to the pressure: c ~ p, or
c
p
=
.
c0 p 0
As a result, the concentration ratio in the mass action equation for gases can be replaced by
the pressure ratio:
⎛ p⎞
⎟⎟
⎝ p0 ⎠

μ = μ 0 + RT ln⎜⎜

für p, p0 << 10 p

(mass action equation 2).

This equation is precise enough to be applied to pressures up to about 102 kPa (1 bar). It also
lends itself to estimates up to 103 or even 104 kPa. In anticipation of this, we have applied the
equation above to treating the pressure dependence of the chemical potential of gases (section
4.5).
The mass action equation 2 can be generalized somewhat. In the case of gaseous mixtures,
one imagines that each component B, C, D, ... produces a partial pressure which is independ13

5. Mass Action and Concentration Dependence of the Chemical Potential

ent of its partners in the mixture. This corresponds to the pressure that the gaseous components would have if they alone were to fill up the available volume. The total pressure p of the
gaseous mixture is simply equal to the sum of the partial pressures of all the components present (DALTON’s law):
p = pB + pC + pD + ...

(as well as c = cB + cC + cD + ...).

If a gas is compressed, the concentrations of all the components and the partial pressures increase. This is exactly as if the gases were separate from each other. The formula c ~ p is
valid even when p represents only a partial pressure of a gas and not the total pressure. Hence,
the equation c/c0 = p/p0 as well as the mass action equation remain correct if we take c to be
the partial concentration and p the partial pressure of a gas in a mixture.
In closing, we will go once more into the problem of the starting or reference values when
calculating potentials. Normally, the standard pressure p = 101 kPa is chosen as the initial
value for pressure although at this pressure, the chemical potential μ already deviates somewhat from the value the mass action equation yields. In order to have the results remain correct at low pressures, the true μ value cannot be inserted. Instead, a fictitious value which varies from it somewhat must be used (this is analogous to the procedure used for concentrations). This fictitious value valid for standard pressure can be found in tables and then used to
○
calculate the potential. This special value is also called the basic value μ , which should be
indicated by the index ○ placed above the symbol:
⎛ p ⎞ ○
○
μ = μ + RT ln ⎜  ⎟ = μ + RT ln pr
⎝p ⎠

for p → 0

(mass action equation 2´),

where pr is the relative pressure. In contrast to this, all the μ values in the mass action equation
2 are real.
Another much used measure of composition is mole fraction x. As long as the content of a
substance in a solution is small, concentrations and mole fractions are proportional to each
other: c ∼ x for c → 0. In turn, this means
c
x
= .
c0 x0
Hence, x/x0 can replace the concentration ratio c/c0 in the mass action equation:
⎛ x⎞
⎟⎟
⎝ x0 ⎠

μ = μ 0 + RT ln⎜⎜

for x, x0 → 0

(mass action equation 3),

for x, x0 → 1

(mass action equation 4).

This equation has a remarkable characteristic. It is valid not only in the case of x und x0 being
small, but also for the case of x und x0 lying near 1, meaning when a mixture is made up almost entirely of the substance being considered. The substance which makes up the major
proportion of a mixture is usually called the solvent L. It makes no difference whether the
solvent is gaseous, liquid or solid. The effect upon L described by the formula for x, x0 ≈ 1 is
indirectly caused by the mass action of the dissolved substances.
14
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This leads to an important consequence if the standard value x = 1 is chosen as the initial
value. In this case, the initial state of the substance is in its pure form. The corresponding
value of the chemical potential is that of the pure substance and is again called the basic
value. Moreover, it is real:
○

μ = μ + RT ln x

for x → 1

(mass action equation 4´).

We will deal more fully with this form of the mass action equation in section 11.2.
5.6 Applications of the mass action law
Disturbance of equilibrium. One way to disturb a pre-existing equilibrium would be to add a
certain amount of one of the starting substances to the reaction mixture. Gradually, a new
equilibrium would be established where the new equilibrium concentrations differ from the
original ones. However, in all, the above relation
○

Kc =

cr (D)νD ⋅ cr (E)νE ⋅ ...
ν
ν
cr (B) B ⋅ cr (C) C ⋅ ...

remains fulfilled.
As an example we consider the equilibrium in aqueous solution between iron hexaquo
complex cations and thiocyanate ions on the one hand and the blood red iron thiocyanate
complex on the other which can be described in the following simplified manner:
[Fe(H 2 O)6 ]3+ |w + 3 SCN − |w

[Fe(H 2O)3 (SCN)3 ]|w + 3H 2 O|l

If the mass action law is applied, it results in
○

Kc =

cr ([Fe(H 2 O)3 (SCN)3 ])
.
cr ([Fe(H 2 O)6 ]3+ ) ⋅ cr (SCN - )3

Water as solvent is treated as pure substance; therefore, it does not appear in the formula.
Dilution with water lowers the concentration of the complex, but also the concentrations of
the free ions. Therefore, the denominator will decrease much faster than the numerator. Be○
cause the quotient is a constant, the so-called equilibrium number K c , the numerator has to
also decrease: The equilibrium is displaced towards the reactant side, i.e. some iron thiocyanate complex has to decompose again into iron hexaquo complex cations and thiocyanate
anions. The pale orange colour of the resulting solution is
caused by the iron hexaquo complex.
If, for example, Fe3+ or SCN– solutions are added to the pale
orange dilute iron thiocyanate solution, it will turn red both
times.
Experiment: Iron(III) thiocyanate equilibrium

The addition of excess iron(III) ions results in an increase of the denominator. More iron
thiocyanate complex has to be formed in order to use up this extra reactant (along with the
15
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other reactant thiocyanate) and re-establish the equilibrium. Similiarly, the addition of excess
thiocyanate also causes a shift of the equilibrium to the product side.
Homogenous gas equilibria. To obtain homogeneous gas equilibria
νB B + νC C + ...

νD D + νE E + ...

we can derive the equilibrium number analogously to the homogeneous solution equilibria,
but instead of the mass action equation 1´, we refer to the mass action equation 2´:
○

Kp=

pr (D)νD ⋅ pr (E)νE ⋅ ...
.
ν
ν
pr (B) B ⋅ pr (C) C ⋅ ...
○

To convert into the conventional equilibrium constant K p a dimension factor must again be
taken into account:
○

○

K p = κK p ,

where

κ = (p)

νp

with

νp = νB + νC + ... + νD + νE + ... .

As an example, let us consider the synthesis of ammonia:
N 2 |g + 3H 2 |g

2 NH 3 |g .

The basic value of the chemical drive is –33 kG. The corresponding equilibrium number is
⎛ ○ ⎞
pr (NH 3 ) 2
A ⎟
⎜
K p = exp
=
= 6.1⋅105 .
3
⎜ RT ⎟ pr (N 2 ) ⋅ pr (H 2 )
⎝
⎠
○

The conventional equilibrium constant is
○

Kp =

○
p(NH 3 ) 2
= K p ⋅ (101kPa) −2 = 59 kPa −2
3
p(N 2 ) ⋅ p(H 2 )

with νp = −1 − 3 + 2 = −2.
In general, we notice that, depending upon the quantity used to describe the composition and
its standard value (c = 1000 mol⋅m−3, p = 101 kPa ...), the same substance yields different
○
○
○
○
basic values μ c , μ p ... and therefore different equilibrium numbers K c , K p ... for the same
reaction. This is indicated by the varying indexes.
Heterogeneous equilibria. As yet we have only considered homogeneous equilibria, i.e. equilibria in which all substances involved are in the same phase. Next we will discuss heterogeneous equilibria in which the substances are in different phases. First heterogeneous reactions
between a gas and a solid reactant exemplified by decomposition equilibria are selected.

Decomposition equilibria. In the case of the decomposition reaction of calcium carbonate
described by
CaCO3 |s

CaO|s + CO 2 |g

in a closed system two pure solid phases (CaCO3 und CaO) and a gas phase are in equilibrium.
16
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The mass action equation 2´ is applied for the gas carbon dioxide. But how can we take pure
solid substances (or pure liquids) B into account? In the case of these substances, the mass
○
action term RTlncr(B) is omitted, i.e., μ(B) = μ (B); the pure solid substance does not appear in
the mass action law. In a dilute solution this is also valid for the solvent which can be treated
as a pure substance (see section 5.3).
○
The equilibrium number K p for the decomposition of carbonate is therefore equal
○

K p = pr (CO 2 )

with
○
○
⎛ ○
⎞
⎛ ○ ⎞
μ(CaCO3 ) − μ(CaO) − μ (CO 2 ) ⎟
A ⎟
⎜
⎜
K p = exp
.
= exp
⎜
⎟
⎜ RT ⎟
RT
⎝
⎠
⎝
⎠
○

The conventional equilibrium constant results in
○

K p = p (CO 2 ) .

The equilibrium constant is identical with the decomposition pressure, i.e. the pressure of carbon dioxide at equilibrium, and hence not dependent on the amounts of the solid substances.
Even though the pure solid substances do not appear in the mass action law they have to be
present for establishing the equilibrium. The decomposition pressure depends, however, (like
the equilibrium constant) on the temperature (see also section 4.5).
When the calcium carbonate is, however, heated in an open system like a lime kiln, the gas
escapes in the surroundings, the equilibrium is not established and the whole carbonate decomposes.
In the same way the decomposition of crystalline hydrates etc. can be described.
The approach can not only be applied on heterogeneous chemical reactions but also on transitions with a change of state of aggregation.
Phase transitions. The evaporation of water represents an example for a phase transition with
○
participation of a gas. The equilibrium number K p for the equilibrium between liquid water
and water vapour in a closed system,
H 2 O|g ,

H 2 O|l

results in
○

K p = pr (H 2 O|g) .

Liquid water as pure liquid does not appear in the equation. The corresponding conventional
equilibrium constant is
○

K p = p (H 2 O|g) .

Hence, the equilibrium constant represents the vapour pressure of water, i.e. the pressure of
water vapour in equilibrium with liquid water at the temperature considered.
17
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But we will discuss phase transitions in more detail in chapter 10.
Our next topic are heterogeneous solution equilibria.
Solubility of (ionic) solids. A substance submerged in a liquid will generally begin to dissolve. The extremely low chemical potential μ of this substance in the pure solvent rises rapidly − for c → 0, we know that μ → −∞ − with increasing dissolution and therefore concentration. The process stops when the chemical potential of the substance in the solution is equal to
that of the solid, i.e. equilibrium rules. We then refer to the solution as saturated, i.e. the solution contains as much dissolved material as possible under given conditions (temperature,
pressure, such as standard conditions). If the substance dissociates on dissolution, like a salt in
water
AB|s

A + |w + B− |w

then the products of the dissociation together compensate for the dissolution drive of the salt
AB:
μ(AB) = μ (A + ) + μ (B− ) .

We obtain for the equilibrium number
○

K sp = cr (A + ) ⋅ cr (B− )

with
○

K sp

○
○
⎛ ○ ⎞
⎛ ○
⎞
A ⎟
μ(AB) − μ (A + ) − μ (B− ) ⎟
⎜
⎜
,
= exp
= exp
⎜ RT ⎟
⎜
⎟
RT
⎝
⎠
⎝
⎠

as long as some undissolved AB is present, because the mass action term for the solid is omitted. Thus, the product of the relative concentrations of the ions in a saturated solution is con○
stant. The value K for the process of dissolving receives its own name, solubility product
○
○
(This is indicated by the index sp: K sp ). If a substance dissociates into several ions, then K sp
consists of the corresponding number of factors.
If the concentration c(A+) of one the products of dissociation decreases, the concentration of
the second c(B−) must rise in order to maintain equilibrium (assuming the concentrations are
small enough). If, as the result of some intervention, the product cr(A+)⋅cr(B−) rises above the
○
value K sp , the substance AB is separated from the solution. As an example, we consider a
saturated table salt solution in which solid NaCl is in equilibrium withits ions in the solution:
NaCl|s

Na + |w + Cl− |w .

The heterogeneous equilibrium can be described by the solubility product:
○

K sp = cr (Na + ) ⋅ cr (Cl− )

When Na+ ions (in the form of sodium hydroxide solution) or Cl− ions (in the form of sodium
hydrochloric acid) are added to the saturated solution, NaCl precipitates. Consequently, the
addition of compounds which have an ionic species with the considered salt in commun, affect its solubility.
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Experiment: Saturated NaCl solution with Na+ or Cl−

In the case of freely soluble salts we can only indicate general
trends due to the strong ion-ion interaction in concentrated
electrolyte solutions. However, quantitative statements can be
made in the case of slightly soluble compounds. As an example, let us consider lead(II) iodide:
Pb 2+ |w + 2 I − |w .

PbI 2 |s

The following is valid for the solubility product:
○

K sp = cr (Pb 2+ ) ⋅ cr (I − ) 2 .

We can calculate the molar solubility of this salt from the numerical value for the solubility
product of 1.4⋅10−8 at 298 K. Solubility S means the maximum amount of a substance which
is soluble under given conditions (temperature, pressure, such as standard conditions) in a
certain amount of the solution. In our example, the stoichiometry of equilibrium results in two
I− ions being produced for one Pb2+ ion. Therefore, we have
cPb2+ = S

and

cI− = 2S .

Insertion results in
○

K sp = ( S / c ) ⋅ (2 S / c ) 2 = 4 S 3 /(c )3

and the molar solubility is
○

S = 3 4 K sp c = 3 4 ⋅1.4 ⋅10−8 mol ⋅ l−1 = 3.8 ⋅10−3 mol ⋅ l−1 .
.

It is now possible to estimate the effect of adding one of the products of dissociation. Let us
add enough of a concentrated NaI solution to the saturated lead iodide solution so that the I−
concentration will be equal to 0.1 mol⋅l−1. Now, the solubility S´ of lead iodide with the extra
iodide ions present can be calculated to be:
○

K sp  1.4 ⋅10−8
S´=
c =
mol ⋅ l−1 = 1.4 ⋅10−10 mol ⋅ l−1 .
cr (I − ) 2
0.01
Adding I− drastically decreases the solubility of lead iodide as expected.
The solubility of certain slightly soluble compounds can also be otherwise controlled, for example by the pH value. The following interplay between precipitation and dissolution process
should terminate this section: When a potassium dichromate solution is added to a barium
chloride solution, a yellow precipitate of slightly soluble barium chromate is formed according to
2 Ba 2+ |w + Cr2 O72− |w + H 2 O|l

2 BaCrO 4 |s + 2 H + |w .

More precisely, the concentrations of the initial substances decrease, i.e barium chromate precipitates until equilibrium is established according to the mass action law
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cr ( H + )

○

Κc =

2

cr ( Ba 2+ ) cr ( Cr2 O72- )
2

.

Pure solids and liquids (the solvent water can be treated approximately as pure substance) are
omitted in the expression for the equilibrium number as discussed.
Experiment: Precipitation of Ba2+ with Cr2O72−

Adding H+ – possibly with diluted hydrochloric acid – the
numerator increases so that the denominator must also increase in order for the quotient to remain constant and equal
○
to K c . However, the concentrations cr (Ba 2+ ) and
cr (Cr2 O 72− ) can only increase when the precipitate BaCrO4
dissolves.
If, on the other hand, the H+ ions which are released during
precipitation are removed in the filtrate by adding sodium
acetate (Ac− + H+ → HAc), the numerator decreases. As a result, the value of the denominator
must also decrease and BaCrO4 precipitates.
Solubility of gases. Next we will discuss the solution behaviour of gases. If a gas B is brought
into contact with a liquid (or solid), it diffuses within it until the chemical potential of the gas
inside is as high as outside. The potential of B in the solution is described by the mass action
equation 1´, in the gas phase, however, by the mass action equation 2´. The equilibrium num○
ber which, in this case, is also called the (numerical) solubility coefficient K H , turns out to be
cr (B)
.
pr (B)

○

KH =

○

○

○

Take into account that in this case, K corresponds to neither K c nor K p , but represents a so○
called „mixed“ constant K pc . Like the mass action equations themselves, this equation is only
valid as long as the concentration c in the solution and the pressure p outside it are small.
Written in the conventional way, the solubility coefficient is
○

KH =

c(B)
.
p(B)

In 1803, the English chemist William HENRY empirically discovered the relation above which
states that the solubility of a gas at ○constant temperature is proportional to its partial pressure
above the solution (HENRY’s law). K H is also known as the HENRY constant.
Let us take a look at the solubility of oxygen in water:
O 2 |g

O 2 |w .

In this case, the basic value of the chemical drive is –16.4 kG. The (numerical) solubility coefficient is equal to
⎛ ○ ⎞ c (O )
A ⎟
= r 2 = 1.3 ⋅10−3 ,
K H = exp ⎜
⎜ RT ⎟ pr (O 2 )
⎝
⎠
○
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while the conventional one results in
c(O 2 ) ○ 1 kmol ⋅ m −3
= K H⋅
= 1.3 ⋅10−5 mol ⋅ m −3 ⋅ Pa −1 .
KH =
p (O 2 )
101 kPa
○

The partial pressure of O2 in air is about 20 kPa. For O2 concentration in air-saturated water at
25°C, we obtain
○

cr (O 2 ) = K H ⋅ p (O 2 ) = 1.3 ⋅10−5 mol ⋅ m −3 ⋅ Pa −1 ⋅ 20 ⋅103 Pa = 0.26 mol ⋅ m −3 .

Concentrations of O2 in waters which are important to biological processes can be estimated
in this way.
Distribution equilibria. Relations that can be dealt with in a theoretically similar way would
be, for example, systems where a third substance B (possibly iodine) is added to two practically immiscible liquids such as water/ether. Iodine is soluble in both liquid phases (´) and
(´´). Substance B disperses between these phases until its chemical potential is equal in both.
The equilibrium number is then:
○

KN =

cr (B)´´
cr (B)´

where
○
⎛ ○ ⎞
⎛ ○
⎞
−
A
μ
(B)´
μ
(B)´´ ⎟
⎟ = exp ⎜
K N = exp ⎜
.
⎜ RT ⎟
⎜
⎟
RT
⎝
⎠
⎝
⎠
○

Conventionally, we obtain
○

KN =

c(B)´´
.
c(B)´

The ratio of equilibrium concentrations (or the mole fractions, etc.) of the dissolved substance
in two liquid phases is, in the case of small○ concentrations, a temperature dependent constant
(NERNST’s distribution law). The constant K N is also called NERNST’s distribution coefficient.
Distribution equilibria play a significant role in separating the substances in a mixture by the
process of extraction. The laboratory procedure called „extraction by shaking“ (extracting a
substance from its solution) by using another solvent in which the substance dissolves much
better, is based on such equilibria. This method can be used to completely remove iodine from
water by repeatedly extracting it with ether. Partition chromatography is based upon the same
principle. A solvent acts as the stationary phase in the pores of a solid carrier material (paper
for example) and a second solvent (with the substance mixture to be separated) flows past it in
the form of a mobile phase. This is known as a mobile solvent. The more soluble a substance
is in the stationary phase, the longer it will remain there and the more strongly its movement
along this phase will slow down. Eventually a separation occurs in the mixture originally applied at a point.
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Influence of temperature. The equilibrium numbers (and constants) we have considered so far
are valid only under certain circumstances (mostly standard conditions at 298 K and 101 kPa).
If the value of K at an arbitrary temperature is of interest, then the RT term as well as the temperature dependence of chemical drive A need to be taken into account. We refer here to the
linear approximation introduced in Section 4.2:
A = A0 + α (T − T0 ) .
Insertion into the equation above yields the following result for the equilibrium number at a
temperature T
⎛ A○ (T ) + α (T − T ) ⎞
0
0
⎟.
K (T ) = exp ⎜
⎜
⎟
RT
⎝
⎠
○
When the temperature is increased (ΔT > 0), K (T ) can increase or decrease relative to the
○
○
initial value K (T0 ) depending upon the values of A (T0) and α which are typical for a particular reaction. In the first case, the equilibrium composition shifts to benefit the products and in
the second case, it shifts to benefit the initial substances. The equilibrium constant can be influenced by the choice of temperature. This can be of great importance for large-scale technical reactions as well as for environmentally relevant ones.
○

5.7 Potential diagrams of dissolved substances

Energy must be used in order to transfer matter from a state of low μ value to a state of high μ
value. Therefore, the potential μ can be regarded as a kind of energy level the matter is on.
This is why matter with a high chemical potential is often called energy rich and matter with
low potential, energy poor. These terms are not to be considered absolute in themselves but
only in relation to other substances with which the substance in question can reasonably be
compared.
When the amount n of a dissolved substance in a given volume is continuously increased, the
potential μ of the substance also increases. While at first, only small changes Δn in the
amount of substance are enough to cause a certain rise in potential Δμ, later on increasingly
large amounts are necessary for this. As long as the concentration is not too high, the mass
action equation remains valid. This means that the concentrations (or when the volume remains constant, the amount), must always increase by the same factor b if μ is to increase by
the same amount. n therefore increases exponentially along with the chemical potential μ.
The example of an electric capacitor can be used to characterize the capacity of a substance.
The chemical capacity B is defined by the following equation:
B=

dn
.
dμ

A well known example of the quantity B is the so-called buffering capacity, meaning the capacity BH+ of a given amount of a solution for hydrogen ions. This will be gone into in more
detail in Chapter 6.6. If the region being dealt with is homogeneous, B can logically be related
to the volume:
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b=

B
.
V

In contrast to B, we will call b the density of chemical capacity.
If the chemical capacity B of a finite volume V of solution is plotted against the chemical potential μ (compare figure below, part a), the area under the B(μ) curve from −∞ to the actual
potential μ represents the amount n of the substance in this volume. The relation becomes
clearer if the axes are exchanged and the curve then appears as a two dimensional outline of a
container filled to the level μ with the amount of substance n (figure, part b). Finally, if
B / π is plotted instead of B, the resulting curve can be thought of as the outline of a rotationally symmetrical chalice (figure, part c). In this case as well, n is the spatial content of the
container filled up to the level μ. In the following we will make use of this image because it is
not only vivid, but also has the advantage of reducing the width of otherwise very wide
curves, making them easier to draw.

As long as the mass action equations are valid, it is easy to express n as a function of μ. To do
○
so, we solve the equation μ = μ + RT ln(c / c ) with c = n/V for n and obtain:
○

μ−μ
⎛ n ⎞
= ln ⎜  ⎟
RT
⎝ Vc ⎠
or
○⎞
⎛
μ−μ⎟
⎜
n = Vc ⋅ exp ⎜
⎟.
⎝ RT ⎠



○

The chemical capacity is the derivative with respect to μ, for constant Vc and μ :
B=

○⎞
⎛
Vc
μ−μ⎟ n
⋅ exp ⎜⎜
.
⎟=
RT
⎝ RT ⎠ RT

As a consequence, B, like n, depends exponentially upon μ. In this case, the container whose
curve we are interested in has the form of an „exponential horn“ which is open at the top.
The chemical capacity density b can be easily calculated from B:
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○⎞
⎛
B c
μ−μ⎟
c
⎜
⋅ exp ⎜
b= =
.
⎟=
V RT
⎝ RT ⎠ RT

Again, it depends exponentially on µ.
We will take a closer look at this approach using the example of glucose. In its solid and pure
state, glucose has a chemical potential which is not subject to mass action. For this reason, it
is represented as a horizontal line in the potential diagram. Because, as previously stated,
glucose occurs in two forms, α and β, two potential levels lying close together should actually
be drawn in. However, for the sake of simplicity, only one is represented here.
In the dissolved state and
depending upon concentration or amount, we have an
entire band of potential values. Instead of the band, we
will use the B(μ) curve as it
is described for the general
case above to express this
dependence. Alternatively,
we can use the b(μ) curve,
which looks identical to it.
The radius of the rotationally symmetrical chalice
equals
b / π . Therefore,
the contents up to a chosen level equal the quantity of glucose present there relative to the
volume of solution. This means it is equal to the total concentration of glucose. At small concentrations, the radius increases exponentially with rising μ; for high concentrations, this is
only approximate. We do not need to differentiate between the α and the β forms because an
equilibrium rather quickly develops between the two isomers. The basic value of the potential
applies to this equilibrium mixture. The contents of the chalice have been drawn to this arbitrarily chosen potential level. We will also generally choose this fill level for other substances.
The value in a living organism would be considerably lower, though.
If the amount of dissolved glucose were to be continuously increased, and the fill level of the
chalice raised to the level of the solid glucose, the glucose would begin to crystallize. At the
same time, the glucose would begin to run over the rim of the chalice. If, on the other hand,
solid glucose were present, it would need to dissolve for as long as it would take for all the
crystals to disappear or until the potential in the solution increased to the level of the chalice
rim in the drawing. One might say that in this state, the glucose solution is saturated relative
to the solid.

24

