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Preface 
 

The coming book “Physical Chemistry  - an Introduction with New Concept and Numerous 
Experiments” will give an overview about important areas 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 book may be highlighted: 
 
 The basic quantities and equations necessary for the qualitative and quantitative 

description of transformations of substances are introduced by using everyday 
experiences and particularly more than hundred demonstration experiments. The 
motivating power of fascinating experiments is made use of, because students often 
regard physical chemistry as very abstract and remote from everyday life.  

 
 It seems that two thermodynamic quantities are especially difficult to understand: 

entropy and chemical potential – entropy S as quantity associated to temperature T and 
chemical potential μ as quantity associated to amount of substance n. The pair S and T is 
responsible for all kinds of heat effects, whereas the pair μ and n controls all the 
processes involving substances such as chemical reactions, phase transitions or dispersal 
in space. Nevertheless, S and μ are compatible with a layperson's perception.  
Therefore, the simplest way to introduce these central quantities – in addition to ener-
gy – to first-year students and even pupils without frightening mathematical apparatus is 
by firstly characterizing them by their typical and easily observable properties, i.e. by 
designing a kind of “wanted poster” for them. This phenomenological description is 
supported by a direct measuring procedure, a method normally used for the 
quantification of basic concepts such as length, time or mass.  
The proposed approach leads directly to practical results such as the prediction whether 
or not a reaction is spontaneously possible by using the chemical potential. Moreover, 
the chemical potential is key in dealing with physicochemical problems. Based on this 
central concept, it is possible to explore many other fields. The dependence of the 
chemical potential upon temperature, pressure and concentration is the “gateway” to the 
deduction of the mass action law, the calculation of equilibrium constants, solubilities, 
and many other data, the construction of phase diagrams and so on. An expansion of the 
concept to colligative phenomena, diffusion processes, surface effects, electrochemical 
processes, etc., is easily possible. Furthermore, the same tools allow us 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 usually considered 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 can be checked easily.  

 
 For understanding the basic ideas, only elementary mathematical knowledge is 

necessary (therefore, the concept can be easily adapted to all levels of education). For 



many applications linear formulas are often sufficient. If required more sophisticated 
mathematical tools with detailed explanations are incorporated. 

 
Further informations about the presented concept as well as instructions and video clips of the 
demonstration experiments can be found on our website www.job-foundation.org.  
The text book was published in German by Vieweg+Teubner in October 2010.   
The excerpt presents the table of contents of the coming book as well as the chapters 4 to 6 in 
the form of lecture notes. The 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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4.  Chemical Potential 
  
Subject: Chemical potential as measure of a general tendency of substances to transform, and 
as central concept of chemical dynamics.  
 
  
4.1  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 con-
cept in chemical dynamics. 
HERACLITUS concluded from observations of his environment that ”Everything flows – Noth-
ing stands still (πάντα ρεΐ).” Creation and decay are well known in the living world but there 
are also forces in inanimate nature which change the things around us more or less rapidly  
(Experiment 4.1): 
 
•   Bread dries out, •   Butter or fat becomes rancid, 
•   Paper turns yellow, •   Rubber embrittles, 
•   Iron rusts, •   Copper gets a patina, 
•   Rocks weather, •   Clay petrifies, and so on. 
 
Experiment 4.1: Changes in the world of substances. 
a) Rusted tin can – b) Dried-out bread – c) Embrittled rubber 
hose – d) Yellowed and brittle pages of a book – e) Quartz 
sand from eroded granite – f) Petrified mud. 
 
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. 
 
Acrylic acid (propenoic 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 colorless and odorless rigid glass (Experi-
ment 4.2). Thereby, the small acrylic acid molecules combine 
to form long chains: 

...+ CH2=CH + CH2=CH... → ...−CH2−CH−CH2−CH−... . 
     |  |  |  | 
              COOH        COOH                  COOH     COOH 
 
Experiment 4.2: Aging of acrylic acid  
 
The transformation of pure substances such as the weathering of soda and Glauber´s salt in 
ambient air where the large colorless crystals become covered with a white powdery crust as 
they lose water, 
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 Na2CO3 ⋅ 10 H2O → Na2CO3
 ⋅ 7 H2O + 3 H2O, 

 Na2SO4
 ⋅ 10 H2O → Na2SO4 + 10 H2O, 

 
the slow transition of the almost colorless monoclinic β-sulphur into the yellow rhombic α-
sulphur, or that of the low-molecular white phosphorus into the high-molecular red phospho-
rus, 
  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 transform by themselves. This means that each and 
every individual substance has a ”tendency to transform.“ This inherent tendency to trans-
form is certainly not the same for all substances, and it has no particular “goal.“ One might 
say that all substances are ”driven to transform“ to one extent or another. They use every op-
portunity 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 transformation processes 
are inhibited, and not because the drive for them does not exist. 
 
From the transition of the white into the red phosphorus mentioned above, it can be concluded 
that the white type has the stronger tendency to transform and forces the formation of the red 
type against its own tendency to transform. Similarly, we can imagine that iron sulphide is 
formed because the starting substances iron and sulphur together have a stronger tendency to 
transform 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, mag-
nesium, when mixed with sulphur and ignited, explodes violently. In contrast, the last metal 
powder, gold, does not react with sulphur at all: 
  

Mg ⎯⎯⎯⎯ Zn ⎯⎯⎯⎯ Fe ⎯⎯⎯⎯ Cu ⎯⎯⎯⎯ Au  
                  explosive          glaring          glowing       glimmering       nothing! 
 
On the basis of the violence of the 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 
transform. Gold sulphide, on the other hand, seems to have a relatively strong tendency to 
transform. It is possible, however, to obtain various compounds of gold and sulphur by indi-
rect means but they all tend to decompose into the elements involved. We can, therefore, con-
fidently assume that AuS is not produced because its tendency to transform exceeds that of 
Au + S combined. 
 
We will now go more deeply into the meaning of the tendency to transform and its quantita-
tive description with the help of the chemical potential.  
 
 
4.2  Basic 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.  
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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 deep-
ly. 
 
• The tendency of a substance  
 - to decompose or to react with other substances, 

- to undergo a transition from one state to another,   
- to redistribute in space,  
can be expressed by one and the same quantity – its chemical potential µ. 

 
• The strength of this tendency, meaning the numerical value of µ, is not unchangeable but  

- is determined by the nature of the substance, as well as 
- by its environment,  

 but neither by the nature of reaction partners nor the resulting products. 
 
• A reaction, transition, redistribution, etc. can only proceed spontaneously if the tendency 

for the process is more pronounced in the initial state than in the final state. 
 
We can assume that any substance, let us call it A, has a more or less pronounced tendency to 
transform. 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 transform. 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 neighboring region: 
  

A|location 1 → A|location 2 . 
 
The chemical potential µ is a measure of the strength of this tendency. We write µA or µ(A) to 
signify the potential of substance A. The greater µ, the more active or “bustling” the sub-
stance. The smaller µ, the more passive or “phlegmatic” it is. 
 
As was mentioned earlier, the strength of the inherent tendency to transform and with it, the 
numerical value of µA, fundamentally  depends upon the nature of the substance. In this con-
text, we see the nature of a substance being determined by its chemical composition, characte-
rized by its chemical formula, but also by its state of aggregation, its crystalline structure, etc. 
Hence, liquid water and water vapor as well as diamond and graphite will exhibit different 
chemical potentials under otherwise identical conditions, and therefore need to be treated as 
different substances. In addition, the strength of the tendency to transform also depends upon 
the environment in which the substance is located. By environment we mean the totality of 
parameters necessary to clearly characterize the environment of A such as temperature T, 
pressure p, concentration c, the type of solvent S, type and proportions of mixtures, etc. In 
order to express these relations, we may write 
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μA(T, p, c …, S …)      or       μ(A, T, p, c …, S …). 
 
Experiment 4.3 illustrates how a substance reacts to a changed environment. In this case, it is 
the change of solvent S.  
 

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 colorless layer of water. The brown 
color 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 environment in more de-
tail in the following chapters.   
 
Experiment 4.3: Iodine in different environments 

 
An important characteristic of a substance’s tendency to transform is that it is not dependent 
upon the partner it reacts with or what products result. µ is a characteristic of a single sub-
stance 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. 
 
 
4.3  Competition between substances 
 
When a substance disappears, one or even several substances are produced from it, or the sub-
stance reappears in another location. The produced substances, however, also show a tenden-
cy to transform just like the reactants, so the direction in which a certain process will run de-
pends 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 competi-
tion is the relationship between things on 
the right and left pans of an equal-arm bal-
ance scale (or seesaw) (Fig. 4.1). The direc-
tion 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 bal-
loons) are attached to the scale.  
  

Fig. 4.1: Weight as model  
 
This behavior can also be expressed mathematically: 
The left side wins, i.e. the objects A’, A’’ ... on the left side of the balance scale or seasaw 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´´) +… . 
 



4. Chemical Potential 

 5

Equilibrium is established when the sums 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 correspond completely to the role of chemical poten-
tials in substance transformation. It makes no difference whether it is a reaction between sev-
eral substances or a transition of a substance from one state to another, 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´´) + ...  

 
(see e.g. Fig. 4.2). Equilibrium is established when the sum of the chemical potentials on both 
sides is the same and no particular direction is preferred: 

  
μ(A´) + μ(A´´) + ... = μ(B´) + μ(B´´) + ... . 

 
Fig. 4.2: Burning candle as example 

 
For example, a candle burns because the starting sub-
stances combined (in this case, atmospheric oxygen 
and paraffin wax, formula ≈(CH2)) have a higher 
chemical potential than the products (in this case, car-
bon dioxide and water vapor):   
 

3 µ(O2) + 2 µ((CH2) > 2 µ(CO2) + 2 µ(H2O). 
 
Therefore, every feasible reaction may be viewed as representing a kind of balance scale that 
enables us to compare potential values or their sums, respectively. However, the measurement 
often fails because of inhibitions in the reactions, in other words, the scale is “stuck.” In the 
case of a drop from the left to the right side, this means that in principle the process can pro-
ceed in this direction; however, it does not mean that the process will actually run. Therefore, 
a drop in the potential is a necessary but not sufficient condition for the reaction considered. 
This is not really surprising. An apple tends to fall 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 tenden-
cy 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 transformation tends to run in one direction, this does not mean that the opposite direction 
is impossible it just does not happen spontaneously. By itself sand always trickles downward. 
A mole can shovel it upwards, though, just as a harsh desert wind can pile it up into high 
dunes, but these processes do not occur spontaneously.  Hydrogen and oxygen exhibit a 
strong tendency to react to form water. The reverse process never runs by itself at room condi-
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tions, but can be forced to do so in an electrolytic cell. Predicting substance transformations 
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 behavior of 
substances: 
More active, more “bustling” substances are 
transformed into more passive, more “phleg-
matic” 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 maximum “laziness.” 

 
 
4.4  Reference level and values of chemical potentials 
 
Reference level.  Up to now, what we have been missing in order to make concrete predic-
tions 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 val-
ues 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 (Fig. 4.3). Everyday tempera-
tures are not referred to absolute zero, but are given as Cel-
sius temperatures based upon the freezing point of water. 
 
Fig. 4.3: Determining geographical elevations as an exam-
ple for the selection of an appropriate reference point 
 
It is similarly practical to choose a convenient level of refer-

ence 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 ex-
pressed 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 the German chemist Egon WIBERG („Die chemische Affinität“, 
1972, p. 164) to honor 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. 
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Elements as “zero level.”  Next we will go further into the question what reference states are 
suitable for measuring potential differences. It is useful to refer to the conventional basic sub-
stances in chemistry, the elements, as long as we limit the transformations of substances to 
chemical reactions in the broadest sense and exclude nuclear reactions. The values of the 
chemical potentials of substances are related to the chemical potentials of the elements they 
are composed of and can be determined experimentally by means of chemical reactions. Be-
cause 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 in 
principle one could arbitrarily determine the reference level for each basic substance, i.e. for 
every element. Because in the case of chemical reactions the elements are preserved, i.e. an 
equal number of chemical symbols appears on each side of a reaction equation, this has no 
effect upon the potential differences that are being observed and measured. Let us take a clos-
er look at the synthesis of ammonia from nitrogen and hydrogen as an example:  
 
 N2 + 3 H2     →  2 NH3 
 ____________________  
 μ: 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, how-
ever, six times. Therefore, if the chemical potential of a substance is arbitrarily increased by a 
fixed, although arbitrary summand (say 1000 kG, as shown above in the third line) for every 
H appearing in its chemical formula, this added number value cancels out when we compute 
the potential difference and we end up with the same value as in the second line above. The 
same holds for nitrogen. This means, that the reference level for any element could in prin-
ciple be chosen arbitrarily as mentioned earlier. But for the sake of simplicity the value 0 is 
assigned to the chemical potential of 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 a particular element in its “pure form“ and in its natural isotope 
composition under standard conditions (meaning 298 K and 100 kPa, as discussed in Chapter 
3) manifests 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. In general, we will use the symbol μ to 
designate μ values at standard conditions. Thus, it follows that (if E represents any arbitrary 
element in its most stable modification): 
 

μ(E) = 0   . 
 
For elements E such as H, N, O, Cl, etc., which, at standard conditions, usually appear as di-
atomic gases, 1 mol E simply means 1

2  mol E2 und μ(E) correspondingly 1
2  μ(E2). 

  
Hence, the state of matter, once the substances are decomposed into their elements at standard 
conditions represents the “zero level“ of the potential scale, comparable to the average sea 
level serving as the zero level for geographical altitude readings. Analogously, Celsius tem-
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perature readings can replace those of differences of absolute temperature if melting ice is 
chosen as reference state. 
  
Substances of all kinds.  The chemical potential µ of an arbitrary pure substance itself de-
pends 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 100 kPa. In Table 4.1 we 
find such standard values for some common substances: 
 

Substance Formula 
       μ 
      kG 

Pure substances   
Iron Fe|s  0 
Graphite C|graphite  0 
Diamond C|diamond  +3 
Water H2O|l  −237 
Water vapor H2O|g  −229 
Table salt NaCl|s     −384 
Quartz SiO2|s  −856 
Marble CaCO3|s  −1129 
Cane sugar C12H22O11|s   −1558 
Paraffin wax ≈(CH2)|s  +4 
Benzene C6H6|l  +125 
Acetylene (ethyne) C2H2|g  +210
   
In water   
Cane sugar C12H22O11|w  −1565 
Ammonia NH3|w  −27 
Hydrogen(I) H+|w  0 
Calcium(II) Ca2+|w  −554 
 
Be careful: The potential value 0 for iron does not mean that iron has no “tendency to trans-
form,” but only that we have used its potential as the zero level to base the values of the po-
tential of other iron-containing substances upon. 
  
The selection of substances in the table shows that not only well defined chemicals are re-
ferred to when speaking about chemical potential, but everyday substances as well. In the case 
of marble, certain impurities are responsible for its colors, but these substances have almost 
no effect upon the chemical potential of its main component, CaCO3. However, to be able to  
specify the µ value of a substance, a chemical formula is needed that would reveal the ele-
ments of which this particular substance is composed and that would be binding for all calcu-
lations. That is why such a formula must not be missed in such a table. But the chemical po-
tential of a pure substance also depends on its state of aggregation, its crystal structure, etc. 
For example, liquid water and water vapor exhibit different chemical potentials at the same 
temperature and pressure; the same is valid for example for diamond and graphite. In order to 

Tab. 4.1: Chemical potentials of 
several selected substances at 
standard conditions (298 K, 
100 kPa, dissolved substances 
at 1 kmol m−3) 
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arrive at unambiguous specifications we once again call attention to the relevant additions |s 
(for solid), |l (for liquid), and |g (for gaseous) (cp. Section 1.6); modifications can be characte-
rized by the relevant descriptions such as diamond, graphite, etc.  
 
Because our immediate goal here is an initial knowledge of the chemical potential, we will for 
the time being consider the μ values of substances as given, just as we would consult a table 
when we are interested in mass density or electric conductivity of a substance. Some measur-
ing methods will be discussed in the concluding Sections 4.7 and 4.8.  
 
Dissolved substances.  The potential of a substance A changes if it is brought into another 
environment for example by dissolving it. In this context, what matters is not only the type of 
the solvent but also the concentration of A. Therefore, the concentration c of a dissolved sub-
stance, for which the tabulated value 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−1). For the prescriptive symbol to describe the state we utilize the 
addition |w. We will deal with the special cases which present themselves in the process of 
determining these standard values (such as in the case of gases) in Section 6.2. 
 
We can summarize: 
 
         μ = μ(p, T )                     for pure substances                    T  = 298 K 
        μ = μ(p, T , c)               for dissolved substances                   p = 100 kPa            
                                                                                                          c  = 1 kmol m−3     
 
T , p, c indicate standard temperature, standard pressure and standard concentration.  
 
Zero-order approximation.  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 po-
tential of substances of low molecular mass 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 tem-
perature, 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 approxi-
mation used here is a kind of zero-order approximation. 
 
Charged substances.  Just like a substance, an assembly of ions can be assigned a chemical 
potential. When ions of a certain type are decomposed into their elements, there is a positive 
or negative amount ne of electrons left over along with the neutral elements, for example   
 

2 3
23 2CO C O 2 e− −→ + + . 

 
The electrons appear here as a kind of additional element (cp. Section 1.6) that, like all ele-
ments, can be assigned the value µ = 0 in a certain reference state. 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   . 
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At first, this seems surprising because we know that the chemical potential of an element at 
standard conditions is zero, i.e. μ = 0. This is of course also valid for hydrogen, μ(H2|g) = 0. 
That is why we expect that other states of hydrogen would show divergent μ values. But let 
us have a look at the system hydrogen gas/hydrogen ion, which is capable of providing elec-
trons without major inhibitions under suitable conditions: 
 

+
2H |g 2 H |w + 2 e−  

 
with 
 

def. def.

(H2|g) 2 (H |w) 2 (e )
0 00

μ μ μ+ −= +   . 

 
When H2 and H+ are present at standard conditions and an equilibrium has been established, 
the chemical potential of the electrons, μ(e−), is supposed to be zero (the electron potential 
μ(e−), abbreviated μe, will be discussed in more detail in Chapter 22). Because μ(H2|g) disap-
pears by definition, it follows necessarily that in a state of equilibrium μ(H+|w) has to be 
zero as well.  
 
 
4.5  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 m−3 (= 1 mol L−1) where water is the 
usual solvent. Elements in their usual, stable state receive, as agreed, the value μ = 0 (see 
also Table 4.3 at the end of this chapter or Table A2.1 in the appendix). 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 Tables 4.3 and A2.1 shows something remarkable. Most of the potential values 
are negative. A substance with negative chemical potential can be produced spontaneously 
from the elements because it has a weaker tendency to transform than the elements it is pro-
duced 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 sub-
stances 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 thus eluding preparation or is metastable at best, i.e. in 
principle a spontaneous decomposition is possible but there exists an inhibition. If the inhibi-
tion can be overcome e.g. by supplying energy or by making use of a catalyst, it is very com-
mon for the substance to react violently, especially when the value of µ is very large. 
 
This behavior can be demonstrated quite memorably. In one instance, a small amount of the 
attractive orange crystals of tetrasulphur tetranitride S4N4 (μ ≈ +500 kG) explodes (like a cap 
for use in toy guns) when hit lightly with a hammer (Experiment 4.4). In the other, the easily 
produced black nitrogen triiodide NI3 (μ ≈ +300 kG) decomposes in a dry state if touched by a 
feather or irradiated by a flash of light. It produces a sharp explosive sound (Experiment 4.5). 
Further examples would be heavy metal azides such as lead azide Pb(N3)2 (used as igniters) or 
silver azide AgN3.   
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Experiment 4.4: Decomposition of S4N4 caused   Experiment 4.5: Decomposition of NI3  
by a blow                                      caused by a flash light      
     
 
 
 
 
 
 
 
 
 
 
However, a positive µ does not always mean that the substance must be explosive. For exam-
ple, benzene remains rather stable in spite of its μ value of +125 kG.  As discussed in Sec-
tion 4.3 a positive μ value is a necessary but not sufficient condition for a spontaneous de-
composition of a substance into its elements to take place. Therefore, we cannot simply as-
sume that just because there is a possibility of transformation, it will take place within a cer-
tain span of time, be it years, millennia or millions of years. 
 
Comparing analogous substances shows best how the level of the chemical potential affects 
their properties. Here are three examples: 
  
 
 
 
 
 
The gas CO2 with its strongly negative µ value is stable and is spontaneously generated from 
carbon and oxygen, i.e. carbon is ”combustible.“ NO2 with positive µ is not formed sponta-
neously 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: 
 
 
 
 
 
 
Aluminum and iron combine with oxygen to form their stable oxides, while solid Au2O3 must 
be handled carefully so that no oxygen separates from it. 
The category of metal sulphides also contains similarly composed substances that are appro-
priate for comparison: 
 

 
The sequence deduced in Section 4.1 from the violence of the reactions of formation actually 
runs parallel with the values of the chemical potentials. However, be careful: A vague charac-

 CO2|g NO2|g ClO2|g 

μ / kG  −394 +52 +123 

 Al2O3|s Fe2O3|s Au2O3|s 

μ / kG  −1582 −741 +78 

 MgS|s ZnS|s FeS|s CuS|s “AuS”|s 

μ / kG        −344 −199 −102 −53 > 0 
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teristic such as the violence of reaction that is dependent upon different factors can only be 
considered evidence under comparable conditions. 
 
 
4.6  “Chemical drive“ and application in chemistry 
 
The most important application for the chemical potential µ is that it enables us to predict 
whether a transformation of substances can happen spontaneously 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 spontaneously, it is enough to 
find the corresponding µ values in appropriate tables and then to compare the potentials on 
the right and left side of the reaction equation. Spontaneously, 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 spontaneous process results in  
 

μ(A´) + μ(A´´) + ... − μ(B´) − μ(B´´) − ... > 0 
 
after rearrangement of the equation above. The summation of the variables can be presented 
in a shorter form by using the sigma sign, ∑. We summarize: 
 

reactants → products    is spontaneously possible if    
initial final

0i jμ μ− >∑ ∑     . 

 
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 state. There-
fore, it is convenient to introduce this difference as an independent quantity. We will call the 
quantity 
 

initial final
i jμ μ= −∑ ∑A     

 
the chemical drive A of the process (reaction, phase transition, redistribution, etc.), in short, 
the drive, when it is clear that no non-chemical influences are participating. The unit for drive 
is ”Gibbs,“ as can be easily seen in the above definition equation. 
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). The symbol recommended by IUPAC (International Union of Pure and Applied 
Chemistry) is A. So as to avoid confusion with other quantities labelled by the letter A, such 
as area, we shall use another font (like 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 , 
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are similarly related both conceptually and formally as chemical potential and drive. U de-
scribes the (electric) drive for a charge transfer between two points. The simplest case of this 
would be between the input and output of a two-terminal 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 Louis-Bernard 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 transformations. The closer the “relation-
ship (affinity)“ 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 com-
pound 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. The German writer and polymath Johann Wolfgang von GOETHE was in-
spired by this idea in his novel “The Elective Affinities“ of 1809 in which he transferred this 
concept to human relationships. 
 
A positive drive, A > 0, “drives” a transformation 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 is established. Here are some exam-
ples: 
 
Decomposition of a substance into its 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 + ... , 
 

in which case the stoichiometric coefficient νA is numerically equal to α, νB to β etc. 
 
For the strength of the tendency to decompose – the ”drive to decompose“ – we then obtain: 
 

A B C ... A A B B C C[ ...]
α β γ

μ ν μ ν μ ν μ= − + + +A . 
 

Having arbitrarily set the potentials of the elements (in their most stable modification) under 
standard conditions at zero the expression in brackets disappears and the drive to decompose 
corresponds to the chemical potential of the substance: 
 

A B C ... A A B B C C A B C ...[ ...]
0

α β γ α β γ
μ ν μ ν μ ν μ μ= − ⋅ + ⋅ + ⋅ + =A    . 

 
These are the circumstances which we anticipated and took into consideration with our dis-
cussion in Section 4.5. 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:  
  
 O3|g  →  3

2 O2|g 
 _____________ 
μ: 163    >   3

2 ⋅0    kG  
⇒ A = +163 kG 
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In this case A refers to the drive to decompose under standard conditions. The decomposition 
process is so slow, however, that ozone can be technically used despite of 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 
to decompose 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 1.7), it is always 
important to indicate the reaction equation that one is referring to. 

   
Transitions.  A simple case is also the transition of one substance into another one: 
 

A → B   is spontaneously possible 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: 

 
 HgI2|yellow  →  HgI2|red 
 _____________________ 
μ: −101.1    > −101.7       kG  
⇒  A = +0.6 kG  

 
Because of the yellow modification’s higher (not as strongly negative) tendency to transform, 
it must change into the red form. That this is actually the case is shown by Experiment 4.6. 
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, precipitated out of a 
Hg2+ solution by addition of I–, is used. At first, the precipitate 
is sallow yellow, which immediately turns to orange and final-
ly to deep red (left, in the figure). 
.  
Experiment 4.6: Change of Modification of HgI2 

 
Phase transitions such as melting and vaporization of substances can be treated in the same 
way. Such processes can also be formulated like reactions. An example of this is melting of 
ice: 
 
 H2O|s    →  H2O|l 
 _______________  
 μ: −236.6    > −237.1   kG  

⇒ A = +0.5 kG 
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We have used the tabulated values valid for a temperature of 298 K or 25°C. Therefore, a pos-
itive drive can be expected that allows ice to melt under these conditions. For given condi-
tions, the phase with the lowest chemical potential is stable. 
 
Diamond should transform into graphite because it has a higher chemical potential: 
 
 C|diamond   →  C|graphite 
 ______________________  
 μ: +2.9     > 0       kG  

⇒ A = +2.9 kG 
 
However, this does not happen at room temperature because the process is much too inhi-
bited. 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 let us once again recall that a potential drop from the left to the 
right side and therewith a positive value of the chemical drive A merely tells us that the 
process can proceed spontaneously in this direction in principle, but it does not signify that 
the process will actually run. Changes in the states of aggregation, gas → liquid → solid, take 
place largely without inhibition and therefore almost immediately due to a high mobility of 
the individual particles in participating gases or liquids, just as soon as the potential gradient 
has the necessary sign for a spontaneous process. 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. 
If a few pieces of marble are put in hydrochloric acid, an 
aqueous solution of hydrogen chloride, HC1, a strong effer-
vescence of carbon dioxide can be observed (Experiment 4.7).  
 
Experiment 4.7: Dissolution of marble in hydrochloric acid 
 
Therefore, we conclude that the reaction drive has to be positive. Indeed, we arrive at this 
result if we calculate the value of the drive by using the tabulated potential values (assuming 
an acid concentration of 1 kmol m−3). In doing so we have 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. 

 
CaCO3|s + 2 H+|w → Ca2+|w + CO2|g + H2O|l 
_____________________________________  

μ: −1129  2⋅0 −554 −394 −237     kG 
 
 −1129       > −1185  
⇒ A = +56 kG 
 

Another example is the development of hydrogen chloride gas when concentrated sulphuric 
acid reacts with table salt. 
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NaCl|s + H2SO4|l → HCl|g + NaHSO4|s  
________________________________  

μ: −384  −690 −95 −993             kG 
 
 −1074         > −1088  
⇒ A = +14 kG 

 
For lack of better criteria, it is common to explain the fact that hydrogen chloride can be ob-
tained from table salt and concentrated sulphuric acid by use of a rule that states that a less 
volatile acid displaces a higher volatile acid from its salts. In the case of dissolving marble in 
hydrochloric acid, also a stronger acid displaces a weaker one. These rules are often satisfied, 
but they are less than reliable. Experiment 4.8 shows an example to the contrary: If gaseous 
hydrogen sulphide is led over anhydrous, white copper sulphate, black copper sulphide is pro-
duced. That in turn provides us with the opportunity to observe the reaction closely.  
 
Experiment 4.8: Blackening of CuSO4 by H2S  
 

CuSO4|s + H2S |g → CuS|s + H2SO4|l 
______________________________  

μ: −661 −33 −53 −690       kG 
 

    −694           >       −743        
⇒  A = +49 kG 
 

In this case, the weak, volatile acid H2S displaces the strong, 
low volatile sulphuric acid H2SO4 from its salt (which contradicts both rules mentioned 
above). 

 
It is also easy to predict the production of a low soluble precipitate from its ionic components 
when two solutions are combined.  

 
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 those that contain 2

3CO − , S2– or I–-ions, precipi-
tation can be expected only in those instances that in Table 4.2 are marked with a plus sign 
(To save some calculation, the chemical potential of the possible precipitates and the com-
bined potential of the ions forming them are included in Table 4.3 at the end of the chapter). 
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Precipitation expected (+), not expected (−): 
 
 2

3CO −  S2- I− 

Pb2+   +   +   + 
Zn2+   +   +   − 
Ba2+   +   −   − 
 
The predicted result can be easily proven in a demonstration experiment, for example by us-
ing S2– (Experiment 4.9). Reactions with 2

3CO −  or I– can be 
carried out correspondingly.  
 
Experiment 4.9: Precipitation of Pb2+, Zn2+, Ba2+ by S2− 
 
Because ionic reactions in particular are hardly inhibited in 
solutions and therefore usually proceed quickly if the poten-
tial gradient has the correct sign, they are especially well 
suited for comparing predictions with experimental results. 
 
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 reac-
tions of stable substances (with negative µ). The production of ethyne (acetylene) with a high 
positive chemical potential from calcium carbide and water, both substances with a negative 
potential, shows that this is not the case (Experiment 4.10). 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. 
 
Experiment 4.10: Carbide lamp 

 
 CaC2|s + 2 H2O|l  → Ca(OH)2|s + C2H2|g 
 __________________________________  

 μ: −65      2⋅(−237) −898           +210      kG 
 
                   −539             >            −688            

⇒ A =  +149 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 drop. But the very low chemical poten-
tial of calcium hydroxide on the product side makes sure that the chemical drive A  is general-
ly positive, even though μ(ethyne) is > 0. 
 
Solution behavior.  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, ben-
zene, etc. is a result of the difference of its chemical potential in the pure and dissolved state. 
A first impression of the behavior of solutions of substances is all that will be given in this 
section. Chapter 6 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 m−3 of sugar, which is about 340 g per liter!) we obtain: 
 

Tab. 4.2: Prediction of precipitation re-
actions 
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C12H22O11|s  →  C12H22O11|w  
  ________________________  
 μ: −1558         >   −1565                 kG  
  ⇒  A = +7 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. The process becomes noticeable by 
the sugar cube shrinking in a glass of tea even when it is not 
touched (Experiment 4.11).  
 
Experiment 4.11: Sugar cube in aqueous solution (or water) 
 
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 
medium (even at a concentration of 1 kmol m−3), the chemical potential of the Na+ and Cl– 
ions together is noticeably lower than when it is a salt in solid form. 
 
  NaCl|s  → Na+|w + Cl−|w 
  _____________________  
 μ: −384        −262       −131       kG 
  
 −384 >         −393  

⇒ A = + 9 kG 
 
For contrast, let us consider the solution behavior of iodine. 
 

I2|s  →  I2|w 
  __________  
 μ: 0   <   +16    kG   

⇒ A = −16 kG 
 

The chemical drive is strongly negative so the process can only run backwards spontaneously. 
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 6. 
  
Even the solution behavior 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 
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Consequently, ammonia is very easily dissolved in water. An 
impressive way of showing this excellent solubility is with a 
so-called fountain experiment (Experiment 4.12): 
  
Experiment 4.12: 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. If a few drops of 
the acid-base indicator phenolphthalein are added to the wa-

ter, the solution turns pink just as soon as it enters the flask (more in Chapter 7). 
 
The situation is different with carbon dioxide, which is much less soluble in water. 
 
 CO2|g  →  CO2|w  
  _______________  
 μ:  −394   >   −386    kG  

⇒ A = −8 kG 
 
Carbonated liquids such as champagne or mineral water are 
filled into bottles under excess pressure. When the pressure is 
reduced such a liquid releases carbon dioxide bubbles (Expe-
riment 4.13). 
 
Experiment 4.13: Effervescence of carbon dioxide.  
 
Ammonia and carbon dioxide are both very voluminous in their gaseous states, so their ap-
pearance or disappearance in dissolving or escaping is very noticeable. 
 
Potential diagrams.  Rather than merely comparing numerical values we gain an even clearer 
picture of the process of substance transformations if we enter the μ values into a diagram 
that charts the potentials, a so-called potential diagram. Such a diagram lets us see the drop in 
the potential that “drives“ the process particularly well if in each case we add up the values of 
the chemical potentials μ of the reactants and products. Let us take a closer look at the reac-
tion of copper sulphate with hydrogen sulphide as an example (Fig. 4.4).  

 
 
 
Fig. 4.4: Potential diagram 
for the reaction CuSO4 + 
H2S → H2SO4 + CuS under 
standard conditions: a) Le-
vels of the potential for the 
substances involved and b) 
adding of the values of the 
potential in the initial and 
the final state of reaction  
 

Up until now, we have considered the chemical potential in the roughest (zero-order) approx-
imation as a constant. In doing so, we have neglected the dependencies of temperature, pres-

a) b) 
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sure, concentration, etc. We will deal with these influences in the next chapters and discuss 
the consequences for the behavior of substances. But for now we will discuss how the tenden-
cy to transform of substances can be quantified. 
 
 
4.7  Direct measurement of chemical drive 
 
The usual methods do not measure the chemical potentials of substances themselves, but only 
the difference between the sums of the potentials of the initial substances and the resulting 
substances, i.e., the drives 

initial final
i jμ μ= −∑ ∑A  of chemical transformations. In other words, A 

is the basic quantity from which we derive the chemical potential μ. This is also true of elec-
tric circuits where only the difference of electric potentials φ between two points, i.e., the vol-
tage U = φinitial – φfinal, can be measured, and not the potentials themselves. If an arbitrary zero 
point is selected, the potentials can be derived. 
 
The chemical drive A can be measured both directly and indirectly just as other quantities can. 
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 reference standard, a well reproducible process that represents the 
unit AI of the drive, must be chosen. Reference standards (etalons) for the units of length and 
mass are, for example, the original meter and original kilogram made of platinum or a plati-
num alloy which are deposited in Paris. Values of chemical drives initially measured as mul-
tiples 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 remem-
bered. 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 
case, the temperature of a “triple point cell“ (a cell where liquid water, water vapor, and solid 
ice are coexisting) is given the exact value T = 273.16 K. 
 
The cell in Figure 4.5 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 embedded in airless light water and 
whose temperature is brought to 273.16 K. The 
transformation happens spontaneously if the D2O 
vapor is allowed to move from the container on 
the left to the one on the right. Expressed in SI 
coherent units, the drive is 
 

AI = 84 G. 
 

Fig. 4.5: Cell representing a fixed value of drive A 
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As we have already seen in the example of weight (Section 1.3), there are basically three 
agreements necessary for metricization. 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 transformation. 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 4.5: A process that runs forward spontaneously receives a posi-
tive 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 is in equilibrium and 
has the value A = 0.  
 
Now we need only think about creating sums (point b). Two or more transformations with the 
drives A’, A’’, A’’’ … are coupled to each other – it does not matter how – so that they have 
to 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 reactions are made up of 
such coupled sub-steps. A strict synchronization and a close coupling is forced when, under 
the chosen experimental conditions, the intermediate substance Z no longer freely appears in 
noticeable quantities, i.e. just as Z is formed it is consumed by the next reaction: 
 
 
 
 
 
Both processes can only take place simultaneously or they have to rest simultaneously, i.e., 
the substance Z couples them rigidly like wheels in a gear. The short-lived intermediate sub-
stances 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 ex-
ample of a sequence of chemically coupled reactions for which the intermediate substances 
are well known is the precipitation of limestone from lime water that occurs when we bubble 
breath and thus carbon dioxide into it. In the process, the first two reactions are being coupled 
by dissolved CO2, the next by 3HCO−  and the last by 2

3CO − .  
 
 
 
 
 

A + B + ...  →  C + D + ...  +   Z 
         Z   + … + F + G → H + I + ... . 
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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 innumer-
able reactions taking place in living cells are connected in this way which leads to the meta-
bolism 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 funda-
mentally possible but very difficult to realize with chemical methods.   
 
Electrical coupling which makes use of reversible galvanic cells presents a much more flexi-
ble example. Theoretically, any chemical transformation can be used to transport electric 
charge from one terminal to another in a galvanic cell. After all, practically all substances 
contain electrons and therefore allow for subdividing each transformation into one partial 
process which supplies electrons and another which consumes electrons. This can be accom-
plished in many different ways.  
 
Let us select a general reaction 
 

B + C → D + E. 
 
Theoretically, we can subdivide the reaction into two partial processes – also spatially sepa-
rated from each other – in which a sufficiently mobile ion B+ is to act as the shared reaction 
partner. So as to keep the electrons from migrating along with the B+ ions we place a wall 

between them that is permeable only for ions. Gauze 
electrodes on both sides of the wall which will not hind-
er the migration of B+ are used for the conduction of the 
electrons. In the simplest case the wall is solid and the 
dissolved substances are located in a suitable trough 
(Fig. 4.6).  
  
Fig. 4.6: Coupling of two reactions that are spatially se-
parated by electrons that serve as shared reaction part-
ner 

 
In order for substance B to go from left to right, it must be stripped of its surplus electrons:  
 

B → B+ + e– , 
 

 

CO2|g →  CO2|w A1 
    OH–  +  CO2|w  →  3HCO−   A2 

                     OH–  +  3HCO−  →  2
3CO −   +  H2O|l  A3 

                                       Ca2+  +  2
3CO −  →  CaCO3|s    A4 

Atotal =  A1 + A2 + A3 + A4 
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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 . 
 
As a result, an electric “tension”, a voltage, is developed between the electrodes. The experi-
mental arrangement thus represents nothing but a galvanic cell in which the entire reaction 
can only proceed when the electrons are allowed to flow from the cell’s terminal on the left to 
the one on the right. Chapter 23 will go more deeply into how such cells are constructed. 
 
Ideally, transport of charge and chemical transformation 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 stoichiometric coefficient of electrons is νe = 1. When 
the terminals 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. 
  
It is also possible to couple reactions mechanically. However, this method succeeds only 
when conducted as a mental experiment and therefore we will not discuss it any further here. 
 
Drive A of a transformation can be measured by the same procedure that we explained when 
discussing weights. All we need to do is couple m specimens of the reaction to be measured 
inversely to as many specimens n of the unit reaction (or a reaction with a known drive) re-
quired to achieve equilibrium, i.e. the drive of the entire process disappears:  
 

total I 0= ⋅ + ⋅ =A A Am n       or      ( ) I
n

m= − ⋅A A . 
 
By applying this method it is in principle possible to measure the quantitity A with as much 
precision as we desire. We can illustrate the procedure with the example of oppositely 

coupled vehicles (Fig. 4.7 a). Like those vehicles, 
it is possible to inversely couple m galvanic cells 
which represent a particular reaction with un-
known A to n cells based on a reaction with known 
drive such as the unit reaction (AI) so that equili-
brium is established, i.e., the electric current in the 
circuit is zero (Fig. 4.7 b). As mentioned earlier, 
we achieve the inverse coupling through reverse 
poling, i.e. by interchanging the positive and the 
negative terminals.    
 
Fig. 4.7: Comparison of a) the tractive forces of 
vehicles with b) the measurement of chemical 
drive A by means of electric coupling of reactions  
 

The procedure can be simplified considerably. It is for example possible to calibrate directly 
in the unit AI a sufficiently sensitive highly resistive galvanometer. For this purpose one mere-
ly needs to connect the instrument to the two open terminals of various cell chains which con-
sist of an increasing number of “unit cells.” The related pointer deflections are marked, in this 
way constructing a division scale suitable for the measurement of unknown A values. The 

a) 

b) 
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procedure is similar to the calibration of a spring balance by utilizing a number of different 
weights or even to the calibration of the ice calorimeter directly in entropy units (Section 3.7). 
 
Because the chemical potential µ on the scale that we have chosen is nothing else than the 
drive of a substance to decompose into its elements we are able to measure it with exactly the 
same methods.  
 
Alongside the direct methods that we have presented for determining chemical drives and 
potentials, respectively, there are numerous indirect methods that are more sophisticated and 
therefore also more difficult to grasp, yet more universally applicable. These include chemical 
(using the mass action law) (Section 6.4), calorimetric (Section 8.8), elecrochemical (Section 
23.2), spectroscopic, quantum statistical, and other methods to which we owe almost all of the 
values that are available to us today. Just as every relatively easily measured property of a 
physical entity that depends upon temperature (such as its length, volume, electrical resis-
tance, etc.) can be used to measure T, every property (every physical quantity) which depends 
upon µ can be used to deduce µ values.  
 
 
4.8  Indirect metricization 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. Figure 4.8 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 W→n which is used for forming a small amount n of the substance A, is measured. Al-
most everything we are doing is associated with some kind of energy “turnover,” so it is not 
easy to separate the energy contribution W→n, which serves exactly this purpose, from the oth-
er energy contributions which only accompany the process. 

 
Fig. 4.8: Hypothetical arrangement 
for measuring chemical potentials μ 
 
The containers on the left in the 
figure contain the elements in their 
normal stable states at 298 K and 
100 kPa. In order to produce sub-
stance A, the correct proportions of 

these elements are supplied to a continuously working reactor. They are transformed there 
(the details of this process are not necessary for a first understanding), then sent to the con-
tainer 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 into its elementary components with the potential 0, to a state on the right with a 
potential of µA. Whereas the matter on the left exists in a state which is identical for all sub-
stances to be formed the matter on the right appears in a specific form and in a specific envi-
ronment. That form is determined by the selection of A with its fixed constituents and their 
arrangement, the environment, however, by  temperature, pressure, concentration, type of 
solvent, etc. It requires energy to transform matter; as a rule the more complex and compli-
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cated the rearrangement the more energy is needed. Matter will “resist” such change –we 
might say – what results in a more or less strong tendency to return to the old or even another 
state while releasing the consumed energy.   
 
Let us recapitulate: The stronger the “drive“ for a transformation of the substance A, in this 
case the drive of the substance to decompose into the elements (in their standard state), 
- the more difficult it is for the substance to be formed against its “drive,” 
- the greater the amount of W→n necessary to achieve this. 
 
W→n grows in proportion to the amount of substance n formed (as long as n remains small), so 
W→n itself is not to be used as a measure of the tendency to transform and therefore of the 
chemical potential µ, but rather W→n divided by n:  
 

µ = W→n/n      . 
 

The accumulation of substance A in a container gradually changes the environment of sub-
stance A and therefore its potential. For this reason, it is required that amount n and energy 
W→n are kept small in order to keep the disturbance small. This can be symbolized by dn and 
dW→n. µ itself results as a quotient of both quantities: 
 

μ = dW→n/dn. 
  
It is of course necessary to avoid or subtract all energy contributions due to side effects (for 
example, as a result of friction, lifting, entropy transfer, acceleration, production of other sub-
stances, solvents or mixing partners, etc.). 
If, on the other hand, the process (the transport of substance A) runs spontaneously from left 
to right, it releases energy. In this case, W→n and therefore μ are negative but apart from that 
our considerations remain essentially the same.   
 
The unit for chemical potential which results from the equation μ = dW→n/dn is J mol−1. 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 4.5: 
 

1 Gibbs (G) = 1 J mol−1. 
  
Naturally, the energy of the portions of the elements taken from the left are to be found in the 
substance A formed from them. We do not have to worry about these contributions since they 
drop out when calculating the drive of a transformation of substances. This is so because, as is 
always the case in chemistry, the elements are conserved (see Section 4.4). Only the addition-
al quantity dW→n which we can identify with μdn, matters. Together with substance A, it is 
added to the system on the right and so increases its energy. We could use the increase dW of 
W to infer the value of dW→n = μdn, even if we did not know anything of the existence of the 
reactor or even if it did not exist at all. 
 
Like the volume of water in a bathtub (Section 1.6), the energy W may change as a result of 
different processes, such as transfer or production of entropy (see Section 3.11), increase or 
decrease of volume (Section 2.5), or by taking in other substances A´, A´´, A´´´, … etc.: 
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To avoid interferences caused by the different paths for energy transfer, we require S, V, n´, 
n´´ … to be held constant, i.e., dS, dV, dn´, dn´´, … = 0, so that the related energy 
contributions vanish: 
 

, , ,́ ´́ ...d d d d ´d ´ ´´d ´´ ... (d )
d00 0 0

S V n n

n
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If we introduce μ = dW→n/dn into this equation, this yields 
 

, , ,́ ´́
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(d ) d
d d
S V n n

S V n n S V n n

W W Wμ
n n n

∂⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠∂

. 

 
This equation already shows some similarity to GIBBS’s approach. When Josiah Willard 
GIBBS introduced the quantity μ in 1876 which we now call chemical potential, he addressed 
experts in his field. Students who are not used to work with such expressions may feel re-
pelled by equations of this type. The expression in the middle means that we should consider 
W a function of n, W = f(n). We can consider this function to be given by a computational 
formula with W as the dependent variable and n the independent variable. V, S, n´, n´´ … are 
constant parameters. 
 
Here is an example from school mathematics. In the equation of a parabola y = ax2 + bx + c,  
W corresponds to y, n to x. V, S, n´, n´´ … correspond to the parameters a, b, c. To find μ, we 
must take the derivative of W = f(n) with respect to n, just as we take the derivative of y = ax2 
+ bx + c with respect to x in order to find the slope of the function, i.e., y' = 2ax + b.  
 
On the other hand, the expression on the right using the symbol ∂, assumes that W is to be 
considered a function of all the variables in the denominator and the index, W = g(V, S, n, n´, 
n´´, …). Since all these quantities, except for the one in the denominator, are kept constant 
when we take the derivative, there is no difference to the result. 
 
Remember the formula which we used in Section 1.3 to indirectly determine the weight G of a 
body via the energy: 
 

(d )d
d d

WWG
h h

⎛ ⎞= =⎜ ⎟
⎝ ⎠

v

v
. 

 
Here, dW is the energy used to lift the object a small distance dh. The index v  means that the 
velocity is to be kept constant. When we considered this example, we neglected the fact that 
the energy W of the body could also vary with its entropy S (such as through friction) or with 
the amount n of one of the substances it is made out of. To exclude these possibilities, we 
write 
 

, ,

d
d þ S n

WG
h

⎛ ⎞= ⎜ ⎟
⎝ ⎠

 

 
where, for consistency’s sake, we have changed the variable v  to the momentum þ = mv . 
Written in this form, we must gain the impression that the weight G is a quantity that cannot 
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be grasped and dealt with without the benefit of advanced mathematics and thermodynamics. 
The same happens when we try to understand the chemical potential as the partial derivative 
of special energy forms. That is why we prefer to introduce the chemical potential by charac-
terizing it phenomenologically and by direct metricization. Once we have understood what the 
quantity μ means and which properties it has, it should be possible to follow the definition 
given by GIBBS. In concluding, we should once more bring to mind that μ like G is not an 
energy but rather corresponds to a “force”, more precisely a “force” or “force-like” quantity  
in the sense of HELMHOLTZ (see Section 2.7). 
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Table 4.3: Chemical potential μ and its temperature and pressure coefficients α and β under 
standard conditions (298 K, 100 kPa, dissolved substances at 1 kmol m−3) 
 

Substance μ α β Substance μ α β 

 kG kG K−1 μG Pa−1  kG kG K−1 μG Pa−1 

Fe|s 0 −0.027 7.1 HCl|g −95   
NaCl|s −384 −0.072  H2SO4|w −690   
NaHSO4|s −993 −0.113  Na2SO4|s −1270   
SiO2|s −856 −0.041  CuSO4|s 

CuS|s 
−661   

CaCO3|s −1129 −0.093 36.9 −53   
C12H22O11|s −1558 −0.392   H2S|g −33   
C2H2|g 210 −0.201 24.8⋅103 CaC2|s −65   
Ca2+|w −554 0.053 −17.8 OH−|w −157   
Element 0 most stable form Pb2+|w −24   
H2|g 0   Zn2+|w −147   
H|g 203   Ba2+|w −561   
O2|g 0   CO3

2−|w −528   
O3|g 163   S2−|w 86   
C|graphite 0   I−|w −52   
C|diamond 2.9    Substances Σμ 
NI3|s 
S4N4|s 
C6H6|l 

300 
500 
125 

  

PbCO3|s −625 Pb2+ + CO3
2− −552

ZnCO3|s −731 Zn2+ + CO3
2− −675

BaCO3|s −1135 Ba2+ + CO3
2− −1089

CO2|g −394 −0.214  combustible PbS|s −98 Pb2+ + S2− 62
NO2|g 52 −0.240  incombustible ZnS|s −199 Zn2+ + S2− −61
ClO2|g 123 −0.257  incombustible BaS|s −456 Ba2+ + S2− −475
    PbI2|s −174 Pb2+ + 2 I− −128
Al2O3|s −1582 −0.051  oxidizes ZnI2|s −209 Zn2+ + 2 I− −251
Fe2O3|s −741 −0.087  rusts BaI2|s −602 Ba2+ + 2 I− −665
Au2O3|s 78 −0.130  stable C12H22O11|w −1565   
MgS|s     −344 −0.050  Na+|w −262
ZnS|s −199 −0.059  Cl−|w −131
FeS|s −102 −0.060  I2|s 0
CuS|s −53 −0.066  I2|w 16
AuS|s >0   NH3|g −16
HgI2|red  −101.7 −0.180  NH3|w −27
HgI2|yel. −101.1 −0.186  CO2|w −386
H+|w 0   H2O|s −236.6 −0.045 19.7
    H2O|l −237.1 −0.070 18.1
    H2O|g −228.6 −0.189  24.8⋅103

 
 
 
 
 

 
parent 

element 
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5. Influence of Temperature and Pressure on Transformations 
 

Subject: Influence of temperature and pressure on the chemical potential and chemical drive 
and therefore the behavior of substances. 
 
 
5.1  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 100 kPa). For dissolved substances, the 
standard concentration is 1 kmol m−3. Up to this point, our statements about the possibility of 
a transformation have been valid for these conditions only. 
 
However, temperature and pressure often have a decisive influence upon the chemical poten-
tial and thereby, upon the course of chemical processes. Water freezes in the cold and evapo-
rates 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 tem-
perature, pressure and a number of other parameters. 
  
 
5.2  Temperature dependence of chemical potential and drive   
 
Introduction.  To begin, let us consider as a typical example the change with temperature in 
the chemical potential of table salt μ(NaCl) (Fig. 5.1). 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) 
 
 
 
 
 
 
 
 
 
Fig. 5.1: Chemical potential of table salt and the chemical drive for decomposition according 
to NaCl → Na + ½ Cl2 depending upon temperature (at constant pressure p). 
 
It is striking that the chemical potential falls more and more steeply with increasing tempera-
ture. Except for a very few exceptions of dissolved substances (e.g. Ca2+ in aqueous solution), 
all substances exhibit this behavior. The tendency of a substance to transform generally de-
creases when it is put into a warmer environment. 
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The chemical drive A(T) which is calculated from the temperature dependent potentials, exhi-
bits a noticeably more linear gradient than the μ(T) curves. Both curves intersect at the stan-
dard temperature T because the chemical potential of a substance at standard conditions cor-
responds to the decomposition drive into the elements (here sodium and chlorine). 
 
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 
should be noted that a higher velocity does not necessarily mean a stronger chemical drive. 
This can also be caused by a smaller or even vanishing inhibition as is actually often 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 sub-
stances as well as of the products decrease as a result of an increase of temperature, the poten-
tial difference which is alone responsible for the reaction drive does not necessarily decrease. 
It can remain constant or even increase, as in our example. 
 
Temperature coefficient.  In order to describe the decrease of potential with increasing tem-
perature, 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:  

 
0 0( )l l T Tε= + ⋅ − . 

 
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: 
 

0 0( )T Tμ μ α= + ⋅ −    . 
 

Here, μ0 characterizes 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). However, standard values often serve as the initial values of a calculation, 
so that in special cases, μ0 = μ but this is not obligatory. The temperature coefficient α 
represents the slope of the function μ(T) at the point (T0; μ0) (it is therefore strictly only valid 
at the reference temperature T0), and is therefore almost always negative, as we have seen. 
 
For the temperature dependence of the chemical drive A of a transformation  
 

B´ + B´´ + ... → D´ + D´´ + ... 
 
we obtain analogously: 
 

0 0( )T T= + ⋅ −A A α   . 
 
The temperature coefficient α of the drive can be calculated by the same easy to remember 
procedure as the drive itself: 
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(B )́ (B´́ ) ... (D )́ (D´́ ) ...α α α α= + + − − −α  
 
(Remember: (B´) (B´́ ) ... (D )́ (D´́ ) ...μ μ μ μ= + + − − −A ). 
 
If we take room conditions as the starting point, the error is about 1 kG for low-molecular 
substances for ΔT values of about ±100 K. This approximation remains useful for rough esti-
mates 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 not 
the potentials which are decisive in chemical processes, but the drives. When taking the dif-
ference 

initial final
= −∑ ∑A μ μ , the progressive contributions of the functions μ(T) largely cancel. 

 
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 approximation. It is our goal here to 
show this.  
 
Table 5.1 shows the chemical potential μ as well as its temperature coefficient α for some 
substances.   
  

Substance Formula µ 
kG 

α 
G K–1 

Iron Fe|s   0  −27.3 
 Fe|l  5.3  −35.6 
 Fe|g  368.3  −180.5 
Graphite C|graphite  0  −5.7 
Diamond C|diamond  2.9  −2.4 
Iodine I2|s  0  −116.1 
 I2|l  3.3  −150.4 
 I2|g  19.3  −260.7 
 I2|w  16.4  −137.2 
Water H2O|s  −236.6  −44.8 
 H2O|l  −237.1  −70.0 
 H2O|g  −228.6  −188.8 
Ammonia NH3|l   −10.2  −103.9 
 NH3|g  −16.4  −192.8 
 NH3|w  −26.6  −111.3 
Calcium(II) Ca2+|w  −553.6  +53.1 

 
Tab. 5.1: Chemical potential μ and its temperature coefficient α for some selected sub-
stances at standard conditions (298 K, 100 kPa, dissolved substances at 1 kmol m−3) 
  
Along with the already mentioned basic rule which states that the temperature coefficient α is 
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(almost) always negative, another rule (which almost all substances follow) becomes apparent 
when the α-values are compared for changes of state of aggregation. The temperature coeffi-
cient 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 corres-
ponding 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: 
 

α(B|g) << α(B|l) < α(B|s) < 0 
                                                              α(B|w) 

 
For clarification, we will single out the values for iodine at standard conditions given in G K−1 
from table 5.1: 
 

−260.7 < < −150.4 < −116.1 < 0. 
 −137.2  
 
(As we will see in Section 9.3, the temperature coefficient α corresponds to the negative mo-
lar entropy Sm, i.e., α = −Sm. Anticipating this can help with remembering the both rules listed 
above more easily: First, in Chapter 3, we demonstrated that the molar entropy is always posi-
tive; the negative sign of the temperature coefficient easily results from this (the rare excep-
tions mentioned above will be discussed in detail in Section 8.4). 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 
greater than that of a liquid (see Section 3.9), leads to the sequence above). 
 
Phase transition.  The chemical potential of gases therefore decreases especially fast with 
increase in temperature. Their tendency to transform decreases most strongly so that, by com-
parison 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 behavior. Under standard conditions, the chem-
ical potential of ice, water, and water vapor has the following values: 
 

 H2O|s H2O|l H2O|g 
μ / kG −236.6 −237.1 −228.6 

 
One sees here that under these conditions, ice melts, and water vapor condenses because wa-
ter in its liquid state has the lowest chemical potential and therefore 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 ob-
tained using the linear approach: 
 

 H2O|s H2O|l H2O|g 
α / G K−1   −45  −70 −189 
μ(398 K) / kG −241 −244 −248 
μ(198 K) / kG −232 −230 −210 
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We see that at 398 K (125°C), the chemical potential of 
water vapor has the smallest value and that water vapor 
must result from the other forms, while at 198 K (−75°), 
ice must develop. This result is represented graphically in 
Figure 5.2. 
 
Fig. 5.2: Chemical potential of water in various states at 
198 K, 298 K, and 398 K 
 
Phase transition temperatures.  Taking the step to calcu-
late the phase transition temperatures now appears ob-
vious: If a substance like lead is solid at room 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 (Fig. 5.3): 
 
Fig. 5.3: Temperature dependence of the 
chemical potential of the solid and liquid 
phase of a substance (the lowest chemical 
potential for each 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 μ-scale. Un-
der 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 (according to the se-
quence presented above: α(B|l) < α(B|s) < 0). For this reason, the curves must intersect at 
some point, say at the temperature Tsl. This Tsl is the melting point of lead because below 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 transition in question, the symbols for the corresponding aggregation 
states are inserted as indices (see also the comment in Section 3.9). 
 
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 approximation: 
 

μs,0 + αs(Tsl – T0) = μl,0 + αl(Tsl – T0).  
By transforming this we obtain 
 

(αl – αs)(Tsl – T0) = μs,0 – μl,0 
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and respectively 
 

s,0 l,0 0
sl 0 0

s l

μ μ
T T T

α α
−

= − = −
−

A
α

. 

 
The derivation is somewhat shortened when the following equivalent of the first equation (μs 
= μl)  

0=A  
 
is used as a starting point for the existence of a state of equilibrium. If the temperature depen-
dence of the chemical drive is taken into account, we have 
 

0 sl 0( ) 0T T+ ⋅ − =A α  
 

and therefore  
 

0
sl 0T T= −

A
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 cal-
culated value will be. The melting point of lead is actually 601 K. Based on the tabulated 
standard values (Table A2.1 in the appendix), our calculation yields 
  

sl 1

0 2220 G298 K 620 K
( 64.8) ( 71.7) G K

T −

−
= − =

− − − ⋅
. 

 
The result is surprisingly good for this rough approximation.  
 

We will now complete our diagram by 
adding the chemical potential of lead va-
por (Fig. 5.4).  
 
Fig. 5.4: Temperature dependence of the 
chemical potentials of a substance as 
solid, melt, or vapor. 
 
At room temperature, the chemical poten-
tial of vapor 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 tempera-
ture Tlg the potential of lead vapor inter-

sects with that of liquid lead. When this temperature is exceeded, the melted lead transforms 
into vapor because now vapor is the most 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 vapor is relatively low compared 
to that of the melt. The potential of the vapor can then intersect that of the solid below the 
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melting point. This means that there is no 
temperature (for a given pressure) at which 
the liquid phase exhibits the lowest chemi-
cal potential and is therefore stable. Such 
substances do not melt when warmed but 
transform immediately into the vapor state 
(Fig. 5.5). This phenomenon is called sub-
limation. 
  
Fig. 5.5: Gradients of chemical potentials of 
all phases as a function of temperature for 
sublimation. 
 

An excellent example of such a substance is frozen carbon dioxide which has the characteris-
tic of vaporizing without melting. Because of this it is also called “dry ice.” Sublimation tem-
peratures Tsg can be calculated based on the same procedure as above.   
 
Other transformations can be dealt with in the same way. A good object for demonstration is 
the already mentioned mercury iodide: 

 
 
 
 

 
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 transition temperature 
(398 K or 125°C) can be calculated just like the melting point 
of lead and can be easily verified by experiment (Experiment 
5.1). 
 
Experiment 5.1: Heating HgI2 to above 398 K 
 
Reaction temperatures.  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 behavior at trans-
formations. Processes which produce more gas than is used up (so-called gas forming reac-
tions) benefit from the strongly negative temperature coefficients α of gases when the temper-
ature rises. In contrast, the chemical drive of a gas binding reaction is weakened by a rise in 
temperature. Consider the example of thermal decomposition of silver oxide:  
 

2 Ag2O|s  →  4 Ag|s  +  O2|g  ________________________ 
μ: 2⋅(−11.3)   4⋅0 0    kG ⇒ A = −22.6 kG 
 
α: 2⋅(−121) 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. How-
ever, since a gas should be formed, we expect that this process begins at a high enough tem-

 HgI2|yellow HgI2|red 
μ / kG    −101.1  −101.7 
α / G K−1     −186  −180 
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perature. 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: 
 

0 D 0( ) 0T T= + ⋅ − =A A α . 
 
In analogy to the equations above, we obtain for the decomposition temperature 
 

0
D 0T T= −

A
α

. 
 

Inserting the A and α values which are calculated according 
to 

2 2Ag O Ag O2 4α α α= ⋅ − ⋅ −α  results in TD ≈ 465 K. 
 
When the blackish brown silver oxide is heated by a burner 
(Experiment 5.2), the generation of a gas is detectable by the 
slow blowing up of the balloon. Subsequently, the gas can be 
identified as oxygen with a glowing splint. White shiny silver 
metal remains in the test tube. 
 
Experiment 5.2: Annealing of silver oxide 
 

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. Indu-
strially important processes such as smelting of iron ore in 
a blast furnace (Fig. 5.6) can also be made accessible to a 
description.  
 
Fig. 5.6: Schematic of a blast furnace. 
 
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 reac-
tion equation simplistically represented by carbon) it can-
not take place at room temperature due to its negative 
chemical drive.  

 
Fe2O3|s + 3 C|graphite → 2 Fe|s   + 3 CO|s  ________________________________ 

μ: −741.0   3⋅0 2⋅0  3⋅(−137.2)   kG ⇒ A = −329.4 kG 
 
α: −87 3⋅(−6)  2⋅(−27) 3⋅(−198)  G K−1 ⇒  α  = +543 G K−1 

 
However, a gas is formed, so we expect that the reaction should be possible at higher tem-
peratures. 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 
 

0 0( )T T= + ⋅ −A A α  
for this temperature. With a value of –111 kG, the drive is noticeably less negative, i.e., the 
potential difference between the reactants and products has become smaller, but the reaction 
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still cannot take place. Again, the minimum temperature TR needed for the reaction can be 
approximated by an equivalent to the equation above: 
 

0
R 0T T= −

A
α

. 
 

We therefore obtain a value for TR of ≈ 900 K. Extra coal is needed for the furnace to reach 
this temperature (Fe2O3 + 7 C + O2 → 2 Fe + 7 CO).  
Of course, all of these calculations depend upon access to the necessary data.  
 
 
5.3  Pressure dependence of chemical potential and drive 
 
Pressure coefficient.  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 gener-
ally increases when the pressure 
increases (Fig. 5.7).  
 
Fig. 5.7: Pressure dependence of 
the chemical potentials of a sub-
stance in solid, liquid or gaseous 
state. 
 
In a small range of pressures, all 
the curves can be approximated as 
linear, comparable to how we de-
scribed the influence of temperature:  
 

0 0( )p pμ μ β= + ⋅ −    . 
 
μ0 is the starting value of the chemical potential for the initial pressure p0. The pressure coef-
ficient β is almost always positive.  
 
Analogously, the pressure dependence of the chemical drive A of a transformation   
 

B´ + B´´ + ... → D´ + D´´ + ... 
 
results in 
 

0 0( )p p= + ⋅ −A A β    ,      where   β = β(B´) + β(B´´) + … − β(D´) – β (D´´) - ... . 
 
The linear approximation is useful for solid, liquid, as well as dissolved substances and for the 
drives of the corresponding transformations 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 transformations 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 ranges of pressure Δp, the mass action relation must be applied. We will be introduced 
to this in Section 5.5 (and Section 6.5). 
 
Table 5.2 shows the β values for the substances of the table 5.1. 
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Substance Formula µ 
kG 

β 
μG Pa−1 

Iron Fe|s  0  7.1 
 Fe|g   368.3  24.8⋅103 
Graphite C|graphite  0  5.5 
Diamond C|diamond  2.9  3.4 
Iodine I2|s  0  51.5 
 I2|l  3.3  60.3 
 I2|g  19.3  24.8⋅103 
Water H2O|s  −236.6  19.8 
 H2O|l  −237.1  18.1 
 H2O|g  −228.6  24.8⋅103 
Ammonia NH3|l   −10.2  28.3 
 NH3|g  −16.4  24.8⋅103 
 NH3|w  −26.6  24.1 
Calcium(II) Ca2+|w  −553.6  −17.7 

 
Tab. 5.2: Chemical potential μ and its pressure coefficient β for some selected substances at 
standard conditions (298 K, 100 kPa, dissolved substances at 1 kmol m−3). 
 
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) 
 
For clarification, we will single out again the values for iodine at standard conditions given 
this time in μG Pa−1: 
 

0 < 51.5 < 60.3 <<<< 24.8⋅103. 
   ≈50 
 
Like any rule, this one has exceptions. For instance, the β for some ions in an aqueous solu-
tion 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 ex-
pect. 
 
(In this case, as well, there is a relation to a molar quantity, namely the molar volume Vm: we 
have β = Vm (compare Section 9.3). Because all molar volumes are basically positive, the 
pressure coefficient always has a positive sign (the rare exceptions and their cause will be 
discussed in detail in Section 8.2). 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 vo-
lume of a liquid phase is usually greater than that of the solid phase so that the sequence 
above results). 
 
Phase transition.   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 
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substance to transform into the crystalline state. Conversely, a pressure reduction results in a 
preference of the gaseous state. 
 
Let us once more consider the behavior of water from this new viewpoint. The following table 
summarizes the necessary chemical potentials and pressure coefficients: 
 

 H2O|s H2O|l H2O|g 
μ / kG   −236.6  −237.1  −228.6 
β / 10−6 μG Pa−1   19.8   18.1  24.8⋅103 

 
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 trans-
form into water vapor by boiling (Experiment 5.3). But low pressure can also be created by 
using ice-water to cool a closed flask containing only hot water and water vapor (Experiment 
5.4). In the process, a part of the vapor condenses, leading to a decrease in pressure.  
 
Experiment 5.3: Boiling of lukewarm water at   
low pressure 

Experiment 5.4: Causing warm water to boil 
by cooling 

  
 
 
 
 
 
 
 

 
 
 

 

 
 
 
Phase transition pressure.  We shall take a closer look at a further example of the transforma-
tion 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 (Fig. 5.8).  
 
Fig. 5.8: Pressure dependence of the chemical 
potentials of graphite and diamond (the lowest 
chemical potential for each is again highlighted) 
 
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 
transition pressure. The index αβ indicates that the transition of a modification α (here gra-
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phite) 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:  
 

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 
 

α,0 β,0 0
αβ 0 0

α β

μ μ
p p p

β β ß
−

= − = −
−

A    . 

 
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 ≈ 14⋅105 kPa (= 14 000 bar). Strictly speaking, this 
result cannot be accurate because the linear relations only represent approximations. Howev-
er, as a general tool for orientation, it is quite useful.  
 
 
5.4  Simultaneous temperature and pressure dependence 
 
There is nothing stopping us from expanding our ideas to transformations in which tempera-
ture and pressure change simultaneously. In this case the chemical potential can be expressed 
as follows: 
 

0 0 0( ) ( )μ μ α T T β p p= + ⋅ − + ⋅ −   . 
 
Correspondingly, the chemical drive takes the form 
 

0 0 0( ) ( )T T p p= + ⋅ − + ⋅ −A A α β   . 
 
But also the dependence of transition temperatures upon 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 chemical poten-
tial of ice is the same as 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) increas-
es about 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 (Experi-
ment 5.5), supported by the good entropy conductivity of the 
steel wire (see Section 20.4).   
 
Experiment 5.5: Ice melting under pressure 
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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 melt-
ing. The reason for the cooling down is that the entropy required for the phase transition solid 
→ liquid is not supplied from outside (cp. Section 3.5) but has to be provided by the system 
itself what is combined with a decrease in temperature. The chemical potentials increase be-
cause of the negative temperature coefficients α. Because of α(H2O|l) < α(H2O|s) < 0, the ef-
fect is stronger in water than in ice. The potential difference due to excess pressure is com-
pensated and the process of melting stops. Again, there is equilibrium between the solid and 
the liquid phase, but this time at a lower freezing point. Only when the pressure is further in-
creased does the ice continue to melt until additional cooling balances the potentials again.  
 
To illustrate this, let us have a look at figure 5.9. 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 in-
tersection point of the curves (Tsl´) 
shifts to the left, i.e. the freezing point 
is lowered by the amount ΔTsl.  
 
Fig. 5.9: Temperature dependence of 
the chemical potentials at different 
pressures and origin of freezing-point 
depression  
 
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: 
 

s,0 s 0 s 0 l,0 l 0 l 0( ) ( ) ( ) ( )μ α T T β p p μ α T T β p p+ ⋅ − + ⋅ − = + ⋅ − + ⋅ − . 
 
or a little bit shorter: 
 

s,0 s s l,0 l lΔ Δ Δ Δμ α T β p μ α T β p+ ⋅ + ⋅ = + ⋅ + ⋅ . 
 
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 with 
the change in temperature ΔT as the only unknown quantity:  
 

s l

s l

Δ Δ Δβ βT p p
α α

−
= − = −

−
β
α

   . 
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For Δp = 104 kPa (100 bar), the lowering of the freezing point due to pressure results in ΔT = 
−0.67 K. 
 
However, for most substances the melting temperature increases with increased pressure (be-
cause of 0 < β(B|s) < β(B|l) (see Fig. 5.10). Correspondingly, the shifts in potentials cause 
higher pressure to raise the boiling point and lower pressure to lower the boiling point (be-
cause of 0 < β(B|l) <<<< β(B|g). This is also valid for water as we have seen in Experiments 
5.3 and 5.4. Again, the change ΔT can be approximated with the formula derived above. The 
value of β for boiling 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 
boiling point. To achieve a compa-
rable change of the freezing point, 
much higher pressures are neces-
sary. A pressure increase of about 
10 kPa (0.1 bar) already results in a 
shift of the boiling point of water of 
about +2.0 K, while for a compara-
ble change of the freezing point (ΔT 
= −2.0 K), a pressure increase of 
more than 3⋅104 kPa (300 kbar) is 
necessary.  
 
Fig. 5.10: Temperature depen-
dence of the chemical potentials at 
different pressures and origin of 
freezing-point elevation and boiling-
point elevation  
 
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 (Fig. 5.11) (standard melting and boil-
ing points of iron are about 1809 K and 3340 K, respectively). 
This behavior clearly shows the great influence of temperature 
and pressure upon the chemical potential. 
 
Fig. 5.11:  Opposing effects of temperature and pressure in the 
Earth’s interior. 

 
 
5.5  Behavior of gases under pressure 
 
As already stated, the chemical potential of gases is especially sensitive to changes of pres-
sure. For this reason, the pressure coefficient β 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 
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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 environments. 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: 
 

RTβ
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 10.2). The relation 
above is based upon the phenomenon called mass action in chemistry. We will go more deep-
ly into this in the next chapter. (Note: β corresponds here to the molar volume of a so-called 
ideal gas, as we will see in Section 10.2). 
 
Inserting β into the relation above yields the following equation: 
 

0 0( )RTμ μ p p
p

= + ⋅ − . 
 

Those proficient in mathematics immediately see that there is a logarithmic relation between μ 
and p: 
 

0
0

ln pμ μ RT
p

= +    . 

 
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 
 

0 0( )RTμ μ p p
p

− = ⋅ −       or      Δ ΔRTμ p
p

= ⋅ . 
 

For very small (infinitesimal) changes, the relation is  
 

d dRTμ p
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 
concept of integration will be described in more detail in Appendix A1.3). The follow-
ing elementary indefinite integral will serve well for this: 

 
1 d lnx x C
x

= +∫ . 
 

Inserting the limits results in: 
 

0 0

1d = d
μ p

μ p

μ RT p
p∫ ∫ , 
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and respectively, 

  

0
0

ln pμ μ RT
p

− = . 

 
 

We tend to consider a logarithm as unfamiliar and therefore complicated. This is unjustified. 
Basically, the relation is as simple as a linear one (cp. Appendix A1.1). In contrast to the li-
near 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 6.5. 
 
Let us take a closer look at these relations using the example of butane (the fuel in a gas ligh-
ter) (Fig. 5.12). The μ(p) curve of gaseous butane shows the expected logarithmic relation-
ship. 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 inter-
secting point of the potentials for the liquid and the gaseous phase, lies only a little above 

200 kPa. This intersecting point characterizes 
the state of butane in a lighter at room tempera-
ture. 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 reason, the chemi-
cal potential of condensed phases (liquids and 
solids) can be considered nearly independent of 
pressure in most cases.   
 
Fig. 5.12: Pressure dependence of the chemi-
cal potential of butane in liquid and gaseous 
state at room temperature (298 K) 
 
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: −1128.8  −603.3 −394.4      kG  ⇒ A = −131.1 kG 
 
α: −93 −38 −214     G K−1 ⇒ α  =  +159 G K−1, 
 

which cannot take place at standard conditions, would have a positive drive. The sum of po-
tentials 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 bal-
ance. This CO2 pressure is called the decomposition pressure of calcium carbonate. 
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 The decomposition pressure can be easily calculated. If the chemical potentials satisfy  
 

23 COCaOCaCO μμμ += , 
 

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: 
 

3 2CaCO ,0 CaO,0 CO ,0
0

ln pRT
p

μ μ μ= + + . 

 
This results in 
 

3 2CaCO ,0 CaO,0 CO ,0
0

0

ln pRT
p

μ μ μ− − =

A

. 

  
and 
 

0

0

exp exp ln p
RT p

⎛ ⎞
= ⎜ ⎟

⎝ ⎠

A  

  
or, respectively, 
 

0
0 expp p

RT
=

A    . 
 
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: 
 

0 0
0

( )exp T Tp p
RT

+ −
=

A α . 
 
With the help of corresponding data, i.e. the standard values and the corresponding tempera-
ture coefficients from Table A2.1 in the appendix, the p(T) curve can be determined (Fig. 
5.13). This curve gives the decomposition pressure of calcium carbonate as a function of tem-
perature: 
 

51.311 10 159 ( / K 298)100 kPa exp
8.314 / K

Tp
T

− ⋅ + ⋅ −
= ⋅

⋅
. 

 
Fig. 5.13: Dependence of CO2 pres-
sure upon temperature during de-
composition of calcium carbonate 
(comparison of the calculated curve 
with measured values) 
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6.  Mass Action and Concentration Dependence of the Chemical Potential 
 
Subject: Concentration dependence of μ and the most important applications. 
 
 
6.1  The concept of mass action 
 
It has been known for a long time that the amounts of reacting substances can play an impor-
tant 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 completely 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 is established 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 transform 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 ac-
tion shows that, in this case, the quantity n itself is unimportant. It is n in relation to the vo-
lume V in which a substance is distributed, meaning its concentration c = n/V, that is impor-
tant. If B or C, or both, participate as pure substances in a reaction, meaning at fixed concen-
trations, their amounts nB and nC have no influence upon the state of equilibrium and there-
fore, 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 distri-

buted 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 concentra-
tion. Cato Maximilian GULDBERG and Peter 

WAAGE of Norway brought our attention to this in the year 1864.  
 
Thus, the tendency to transform and therefore the chemical 
potential of substances increases according to how strongly 
concentrated they are. Conversely, the chemical potential 
goes down when the concentration of a substance decreas-
es. We will use an example from everyday life to illustrate 
this. According to the values of the chemical potentials, 
pure water vapor must condense at room conditions: 
 
 H2O|g   →  H2O|l  _______________ 
 μ/kG: −228.6   > −237.1    ⇒ A = −8.5 kG  
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However, if the vapor is diluted by air, the value of its potential decreases below that of liquid 
water. It can then undergo a phase transition to the gaseous state. It evaporates. μ(H2O|g) < 
μ(H2O|l) is required for wet laundry, wet dishes and wet streets to dry (if no other causes such 
as direct sunlight play a role). 
 
 
6.2  Concentration dependence of chemical potential 
 
Concentration coefficient.  The influence of concentration c upon the tendency μ of a sub-
stance to transform  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. As long as Δc = c – c0 is 
small enough we have: 
 

0 0( )μ μ γ c c= + ⋅ −       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 de-
pendent 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 environment 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 environment. It is directly proportional to the absolute temperature T and inversely pro-
portional to concentration c of the substance in question and has the same basic structure as 
the pressure coefficient β of gases: 
 

RTγ γ
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. 
 
Mass action equations.  If we insert the second equation into the first one, we obtain the fol-
lowing relation  
 

0 0( )RTμ μ c c
c

= + ⋅ −       for  Δc << c << c. 
 
Analogous to the considerations about the pressure coefficient β of gases (Section 5.5), a lo-
garithmic relation between μ and c results: 
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0
0

ln cμ μ RT
c

= +       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 ad-
hered 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 remem-
ber that: 
                                                                                                        

                      0
0

ln cμ μ RT
c

≈ +       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: 
 

rln lncμ μ RT μ RT c
c

= + = +
○ ○


      for  c << c      (mass action equation 1´). 

 
Basic value.  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 val-
ues 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, Bμ

○ (p, T). This distinguishes it from the standard value Bμ
  ≡ 

Bμ
○ (p, T) already 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 transform 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 (Fig. 6.1): 
 
 
 
 
 
 
 

100 mol m−3   for neutral substances, 
 1 mol m−3 for ions. 
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Fig. 6.1: Dependence of the chemical po-
tential upon concentration 
 
For small concentrations, the measured 
curve approximates the dotted logarithmic 
function very well while, at higher concen-
trations, the two diverge noticeably. De-
pending 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!  
 
Decapotential.  The logarithmic initial 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 still 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:  

0
0

0

10ln cμ μ RT
c

= +  

 
                                       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 poten-
tial 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). 
 
Examples of use.  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 etha-
nol (Fig. 6.2). 
 
Fig. 6.2: Dependence upon concen-
tration of the chemical potential of etha-
nol in water at 298 K 
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The basic value of the potential of dissolved ethanol (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 ba-
sic value of pure ethanol has also been included (the peculiarities in the case of basic values of 
(nearly) pure substances will be discussed later).  
 
Using the newly derived relations, we will again take a closer look at evaporation. When the 
vapor 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 −240.0 kG. At that point, μ(H2O|g) actually lies 
below the value for liquid water and evaporation takes place. At a concentration of 1

30 , the air 
is already so moist that it cannot absorb any more water. It is said to be saturated. A concen-
tration of 1

30  means about 1.5 orders of magnitude below the concentration of pure vapor. 
Therefore, the water vapor potential lies about 1.5 ⋅ 5.7 kG = 8.6 kG below the value for pure 
vapor. At –237.2 kG, it is at about the same level as that of liquid water and the drive to eva-
porate disappears. Even a little higher concentration leads to condensation and the excess 
water precipitates as dew. 
 
 
6.3  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 
 

[ ] [ ]B C D E... ...μ μ μ μ= + + − + +A . 
 

If all the substances are present in small concentrations, we can apply the mass action 
equation for all of them: 
 

r r r rB C D Eln (B) ln (C) ... ln (D) ln (E) ...μ RT c μ RT c μ RT c μ RT c= + + + + − + + + +
○ ○ ○ ○

A B F B F . 
 

The terms of the equation can be sorted a bit 
 

r r r rB C D E... ... ln (B) ln (C) ... ln (D) ln (E) ...μ μ μ μ RT c c c c= + + − − − + + + − − −
○ ○ ○ ○

A B F A E  
 
and the final result is  
 

r r

r r

(B) (C) ...ln
(D) (E) ...

c cRT
c c

⋅ ⋅
= +

⋅ ⋅
A A

○
   . 

 
We have used the rules for logarithms (“log rules”) (cp. Appendix A1.1), more precisely the 
rule (A1.2): log(x/y) = logx − logy.  

We have A
○

 = B C D E... ...μ μ μ μ+ + − − −
○ ○ ○ ○  for the basic term A

○
. It expresses the (hypothetical) 

drive when all reaction partners have the standard concentration of 1 kmol m−3. 

...)E()D(

...)C()B(ln
rr

rr

⋅⋅
⋅⋅

cc
ccRT  = 

×
A   in turn, represents the mass action term. 
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We will explain the influence of concentration shifts upon the chemical drive using the exam-
ple 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 isomer-
ic monosaccharides grape sugar (glucose, C6H12O6) and fruit sugar (fructose, C6H12O6). From 
the chemical potentials, we obtain the following for the drive A: 
 
  2(Suc) (H O) (Glc) (Fru)μ μ μ μ= + − −A  
  

    2
(Suc) (Glc) (Fru)(Suc) ln (H O) (Glc) ln (Fru) lnc c cμ RT μ μ RT μ RT
c c c

= + + − − − −
○ ○ ○ ○

  
 

 

 2
(Suc)(Suc) (H O) (Glc) (Fru) ln

(Glc) (Fru)
c cμ μ μ μ RT

c c
⋅

= + − − +
⋅

○ ○ ○ ○

○
A



.  

  
We cannot apply the mass action equation to water because its concentration lies far outside 
the equation’s range of validity, c(H2O) ≈ 50 kmol m−3. The potential curves for high c values 
are very flat, and the c(H2O) value in dilute solutions does not differ significantly from the 
concentration for pure water so it is not only possible to replace the actual μ(H2O) value with 
that of pure water but we have to do this. We will indicate the potential for the pure solvent 
(in this case water) similarly to the basic potentials of dissolved substances μ○ : 2(H O)μ○ . In 
general, solvents of dilute solutions can be approximated well by pure substances. Therefore, 
we obtain for the drive of the decomposition of cane sugar: 
 
  Sac|w  + H2O|l  → Glc|w  + Fru|w    –––––––––––––––––––––––––––  
 μ/kG: −1565     −237        −917       −916    ⇒ A = +31 kG.  
 
A brief comment about how to write arguments and indexes: μ(H2O), c(H2O) ... and OH2

μ , 
OH2

c  ... 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  
 

...ED...CB EDCB ++→++ νννν  
 
we correspondingly obtain 
 

B B C C D D E E... ...ν μ ν μ ν μ ν μ= + + − + +A A E A E . 
 

If the concentration dependence of the chemical potential is taken into account, it results in 
 

 B B r C C rB ln (B) ln (C) ...Cν μ ν RT c ν μ ν RT c= + + + +
○ ○

A B F  

 D D r E E rD Eln (D) ln (E) ...ν μ ν RT c ν μ ν RT c− + + + +
○ ○B F . 

 
We can rearrange 
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 B C D EB C D E... ...ν μ ν μ ν μ ν μ+ + − − −
○ ○ ○ ○

A = B F  

 B r C r D r E rln (B) ln (C) ... ln (D) ln (E) ...RT ν c ν c ν c ν c+ + + − − −B F  
   
and obtain 
 

CB

D E

r r

r r

(B) (C) ...ln
(D) (E) ...

νν

ν ν

c cRT
c c

⋅ ⋅
= +

⋅ ⋅
○

A A   . 

 
Here, additionally the logarithm rule (A1.3) has been applied: log( ) logax a x= ⋅ . 
 
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: 3+Fe

ν = −2, 
I
ν − = −2, 2+Fe

ν = +2 und 
2Iν = +1. Insertion 

into the formula above results in: 
 

3+ 2 2
r r

2+ 2
r r 2

(Fe ) (I )ln
(Fe ) (I )

c cRT
c c

−⋅
= +

⋅
○

A A . 

 
However, the concentrations do not remain constant during a reaction. They change in the 
course of 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 dis-
cuss the transformation of a substance B into a substance D: 
 

B D.→   
 

An example would be the transition of α-D-glucose into the isomeric β-D-glucose in aqueous 
solution. These are two stereoisomers of glucose C6H12O6, i.e. the isomers do not differ in the 
structure (unlike the structural isomers described in Section 1.2) but only in the spatial place-
ment of substituents with the same bond structure.  In our case the position of the OH group at 
the first C atom (characterized by *) is different. This OH group was formed by the ring clo-
sure thereby making the first C atom chiral, too, since its four bonds lead to four different 
groups.  
 

α-D-Glc|w β-D-Glc|w→  
     
 
 
 
 
 
 
 
(The transition takes place via the open-chain form, but its concentration is so small that it can 
be ignored.) 
 
We obtain for the drive of the transformation at standard conditions: 
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  α-D-Glc|w  →  β-D-Glc|w    –––––––––––––––––––––  
 μ/kG: −914.54     −915.79        ⇒ A = +1.25 kG.    
 
The two substances are optically active, i.e. the plane of linearly polarized light is rotated 
when the light passes through their solutions. 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 +52.7°.  
 
In Section 1.7, the extent of reaction ξ was introduced as a measure of the progress of a reac-
tion. The amounts ni and therefore the concentrations ci of the substances involved change 
with increasing ξ. Starting with the initial values ni,0 and ci,0, respectively, we obtain: 
 

,0i i in n ν ξ= +          and         ,0i i ic c ν ξ V= + ⋅ / . 
 
The drive A of a reaction changes along with the concentrations ci. If one assumes a concen-
tration of c0 of the initial substance B as well as an absence of the product D at the beginning 
of the reaction, the concentration of D after a certain period of time will be ξ/V, that of B 
c0 − ξ/V. Therefore, the following relation for the dependence of the drive upon the extent of 
reaction is obtained: 

 
0 0( ) /ln ln
( ) /

c ξ V c c ξ VRT RT
ξ V c ξ V
− −

= + = +
○ ○/ /

/ /
A A A




. 

 
For the sake of simplicity, we will now relate the extent of reaction ξ to the maximum possi-
ble value ξmax. This value is reached when one of the initial substances (here only one) is en-
tirely consumed, i.e. its concentration disappears. In this case, the numerator c0 – ξ/V equals 0 
which results in c0 = ξmax/V. Dividing numerator and denominator by c0 yields:  
 

max

max

1ln .ξ ξRT
ξ ξ
−

= +
○ /

/
A A  

 
Because we will use the quotients ξ/V und ξ/ξmax frequently we give them their own symbol 
and name: 
 
 :ξ

ξc
V

=        “density of conversion”, 

 
max

:ξ
ξα
ξ

=        “degree of conversion.” 
 
The index ξ is added for clarification to avoid confusion with the molar concentration ci and 
the temperature coefficient αi of the chemical potential. For the drive we obtain correspon-
dingly: 
 

0ln ξ

ξ

c c
RT

c
−

= +
○

A A       and      
1

ln ξ

ξ

α
RT

α
−

= +
○

A A . 

 
With a standard value of A = 1.25 kG for the transition of α-D- into β-D-glucose at room 
temperature, a characteristic S shaped curve is obtained for the dependence of drive upon ex-
tent of reaction ξ (Fig. 6.3).  
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Fig. 6.3: Dependence of drive A upon the degree 
of conversion αξ for the transition of α-D glucose 
into β-D glucose in an aqueous solution at room 
temperature. 
 
At the beginning of the reaction, meaning for 
αξ = 0, A equals +∞. A decreases during the reac-
tion and, at an A

○  dependent ξ value, finally 
reaches a value of zero (equilibrium point). 
When all the initial substance has been used up, 
meaning at αξ = 1, A takes a final value of  −∞. 
 
The mathematical relation becomes rather com-
plicated for reactions with a complex stoichi-
ometry such as the reaction of Fe3+ ions with I− 
ions mentioned above. For better overview, it 
would be advisable in this case to create a table 

(Tab. 6.1). Under the balanced equation for the reaction, the table lists for each substance in-
volved in the first row the standard value of its chemical potential for calculating the drive of 
the reaction under standard conditions. In the following, we assume that at the beginning of 
the reaction Fe3+ and I− both have a concentration of c0 and that Fe2+ und I2 are absent. The 
concrete values of the initial concentrations of the substances follow in the next row. Finally, 
the formulas for the concentrations at an arbitrary time t are listed which can be calculated by 
using the stoichiometry of the reaction. cξ is the density of conversion: 
  

2 Fe3+  + 2 I−  → 2 Fe2+  + I2 ________________________________  
μ: 2⋅(−4.7)   2⋅(−51.6)     2⋅(−78.9)   16.4   kG       ⇒   A = +28.8 kG 
ci,0: 0.001 0.001 0  0     kmol m−3 
ci: c0 − 2cξ c0 − 2cξ 2cξ   cξ  
 

Tab. 6.1: Collection of data relevant for a concrete reaction 
 
If we insert the expressions for the concentrations ci into the equation above, we obtain for the 
drive of the reaction: 
 

2 2 4
0 0 0

2 3

[( 2 )] [( 2 )] ( 2 )
ln ln

[(2 )] [( )] 4
ξ ξ ξ

ξ ξ ξ

c c c c c c c c
RT RT

c c c c c c
− ⋅ − −

= + = +
⋅ ⋅

○ ○/ /

/ /
A A A

 

   . 

 
The density of conversion cξ reaches its maximum value if c0 – 2cξ in the numerator vanishes, 
meaning c0 = 2cξ,max. If we also consider the relationship αξ = cξ/cξ,max (ξ/ξmax) the equation 
above can be written: 
 

4
0

3

2(1 )
ln ξ

ξ

α c
RT

α c
−

= +
⋅

○

A A . 

 
Despite the more complex stoichiometry of the reaction and the correspondingly more 
complicated calculations, we obtain again the typical S shaped curve (Fig. 6.4). 
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Fig. 6.4: Dependence of drive A upon the degree 
of conversion αξ for the reaction 2 Fe3+ + 2 I− → 
2 Fe2+ + I2 in an aqueous solution at room tem-
perature (at initial concentrations of Fe3+ and I− of 
0.001 kmol m−3) 
 
Let us remind ourselves about the criteria for a 
transformation which we were introduced to in 
Chapter 4: A reaction takes place spontaneously 
as long as drive A is positive. At A = 0, there is 
equilibrium. A negative drive forces a reaction 
back-wards against the direction the reaction ar-
row points in. 
 
 

Here are some important consequences for the reaction process: 
• Every homogeneous reaction begins spontaneously (when the concentrations of the reac-

tion products equals zero at the beginning we have A = +∞). 
•  At a certain extent of reaction, the reaction ceases to change its ratio of reactants to prod-

ucts. We can also say that equilibrium is established.   
•  Equilibrium can be reached from both sides, meaning from the side with the initial sub-

stances as well as from the side with the reaction products. 
 
In equilibrium, neither the forward reaction nor the backward reaction take place sponta-
neously. Macroscopically speaking, there is no more transformation 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 transformations in the two directions compensate for each other. In this 
case, one speaks traditionally of a dynamic equilibrium, an equality of forward and backward 
“forces” although one means a kinetic equilibrium, an equality of forward and backward reac-
tion rates. We will go into this in more detail later on in Section 17.2.    
 
 
6.4  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 homogeneous solution 
 

B + C + …  D + E + … . 
 
Equilibrium is established when there is no longer any potential gradient and the drive A dis-
appears. Therefore: 
 

r r

r r

(B) (C) ...ln 0
(D) (E) ...

c cRT
c c

⋅ ⋅
= + =

⋅ ⋅
A A

○
. 

 
Consequently, we obtain 
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r r

r r

(B) (C) ...ln
(D) (E) ...

c cRT
c c

⋅ ⋅
= −

⋅ ⋅
○

A  

 
or by using the logarithm rules (Appendix A1.1) 
 

r r

r r

(D) (E) ...ln
(B) (C) ...

c cRT
c c

⋅ ⋅
= −

⋅ ⋅
○

A . 

 
When we divide by RT and take the antilogarithm, we finally obtain 
 

r r

r r

(D) (E) ...
(B) (C) ... eq.

c c
c c

⎛ ⎞⋅ ⋅
= ⎜ ⎟⋅ ⋅⎝ ⎠

○
K             with            : exp

RT
=

○
○

K
A    . 

 
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 
reaction. The quantity 

○
K  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  is a number and it is not constant but de-
pendent upon temperature, pressure, solvent, etc. The index  ○  which is actually superfluous, 
has been inserted in order to emphasize that ○

K  is to be formed from A
○  (and not from A!).  

 
For the more general reaction between dissolved substances 
 

B C D EB C ... D E ...ν ν ν ν+ + + +  
 
we obtain entirely appropriately 
 

D E

CB

r r

r r

(D) (E) ...
(B) (C) ... eq.

ν ν

νν

c c
c c

⎛ ⎞⋅ ⋅
= ⎜ ⎟⎜ ⎟⋅ ⋅⎝ ⎠

○
K . 

 
Conventionally, the relative concentrations cr are replaced by c/c and the fixed standard con-
centration c is combined with the equilibrium number ○

K  to form the new equilibrium con-
stant K

○

 (κ “dimension factor”): 
 

K κ=
○ ○

K     ,      where      κ = (c) cν       with      νc = νB + νC + ... + νD + νE + ... . 
 

νc is the sum of the conversion numbers of dissolved substances, more precisely, those sub-
stances which show a dependence of the chemical potential upon the concentration c; this is 
indicated by the index c.  If the chemical potentials of all substances involved are concentra-
tion dependent this fact can be emphasized by writing c

○
K  and cK

○
. In our first example, the 

conversion numbers are −1 for the initial substances B, C, ... and +1 for the products D, E, ... . 
As stated above, 

○
K  is always a number while the conventional constant K

○  has the unit 
(mol m−3) cν . Only when νc happens to be 0, are ○

K  and K
○

 identical. K
○

 is the more convenient 
quantity for formulating the mass action law, 

 
D E

B C

...

... eq.
c

c cK K
c c

⎛ ⎞⋅ ⋅
= = ⎜ ⎟⋅ ⋅⎝ ⎠

○ ○
, 
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while, for general considerations, 
○

K  is preferred since its dimension is the same for all reac-
tions. 
 
Here is an example of what has been said. With the help of table A2.1 in the Appendix, 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 of acetic acid in water 
 
  HAc|w      H+|w  + Ac−|w  
  –––––––––––––––––––––––––  
 μ/kG:  −396.46      0        −369.31      ⇒ 1

A = −27.15 kG 

or the equilibrium constant for the proton transfer from acetic acid to water in BRØNSTED’s 
sense (this will be discussed in more detail in the next chapter)  
 
  HAc|w     + H2O|l        H+|w           + Ac−|w  
  –––––––––––––––––––––––––––––––––––––––  
 μ/kG:  −396.46      −237.14        −237.14       −369.31     ⇒ 2

A = −27.15 kG .  

In both cases, the chemical drive has the same value meaning that also the equilibrium num-
bers calculated by using this value are identical: K = exp(A/RT) = 1.74⋅10−5 (at 298 K und 
100 kPa). Because the dimension factors ( ) cνκ c= 

 are equal (νc,1 = −1 + 1 + 1 = +1 = νc,2, 
because the solvent water is treated as pure substance and therefore does not appear in the 
sum νc,2 of conversion numbers), this is also valid for the equilibrium constants K = 
1.74⋅10−5 kmol m−3. In the first case, the mass action law is written numerically as 
 

r r
1

r

(H ) (Ac )
(HAc)

c c
c

+ −⋅
=

○
K  

 
and in the conventional way as 
 

1 1
(H ) (Ac )

(HAc)
c cK κ

c

+ −⋅
= =

○ ○
K  

 
In the second case, when we take into account that the solvent water has to be treated as a 
pure substance, we obtain for the mass action law: 
 

r 3 r
2

r

(H O ) (Ac )
(HAc)

c c
c

+ −⋅
=

○
K  

 
and written in the conventional way, 
 

3
2 2

(H O ) (Ac )
(HAc)

c cK κ
c

+ −⋅
= =

○ ○
K . 

 
We have to keep in mind that H+|w and H3O+|w only are two different notations for the same 
kind of particle. 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 compo-
sition. 
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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 molecular or ionic interactions. 
 
The magnitude of the equilibrium number determined according to  
 

lnRT=
○ ○

A K  
 

is a good qualitative indication for how a reaction proceeds. The more strongly positive ○
A  is, 

the greater ○
K  ( 1>>

○
K ) is. In this case, the end products dominate in the equilibrium composi-

tion. Because of the logarithmic relation, even small changes to ○
A  lead to noticeable shifts in 

the position of equilibrium. On the other hand, if ○
A  is strongly negative, 

○
K  approaches zero 

( 1<<
○

K ) and the initial substances dominate in the equilibrium composition. 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 there-
fore ○

K  ≈ 1, the initial substances and end products are present in comparable amounts in equi-
librium. (Keep in mind, however, that in all three cases discussed, A = 0! since we have equi-
librium.) 
 
With the help of the equilibrium number or the conventional equilibrium constant, the equili-
brium composition of a mixture which has formed by spontaneous transformation of given 
amounts of initial substances can be quantitatively determined. If, for example, pure α-D-
glucose at the concentration 0.1 kmol m −3 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 transition 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 
the density of conversion cξ, we obtain in equilibrium 
 

0

exp ξ

ξ

c
K κ

RT c c
= ⋅ =

−

○
○ A . 

  
The dimension factor κ equals 1 because of νc = 0. The equilibrium constant at room tempera-
ture can be calculated by use of the standard value A = 1.25 kG (see Section 6.3): 

 
3

1

1.25 10 Gexp 1,66
8.314 G K 298 K

K −

⋅
= =

⋅
 . 

 
Solving for cξ results in: 
 

3
0 31.66 0.1 kmol m 0.0624 kmol m
1 1.66 1ξ

K cc
K

−
−⋅⋅= = =

+ +




. 

 
According to this, the state of equilibrium shows that 37.6 % of all dissolved molecules are  
α-D-glucose molecules and 62.4 % 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   
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2 Fe3+|w + 2 I−|w → 2 Fe2+|w + I2|w 
 

characterized by the table above, we obtain 
 

3

4
0

4
exp

( 2 )
ξ

ξ

c
K κ

RT c c
= ⋅ =

−

○
○ A  

 
with the dimension factor 1( )κ c −=   = 1 kmol−1 m3 (because of νc = −2 − 2 + 2 + 1 = −1). Be-
cause the value of ○

A  is positive and relatively high (
○

A  = +29 kG), we have K >> 1, i.e. we 
can expect that the end products dominate in the equilibrium composition. For more detailed 
data we have to solve the equation above for cξ. Because a higher degree polynomial is in-
volved a numerical technique using an appropriate mathematical software or a graphical ap-
proach is advisable. The equilibrium point can be determined from the figure in Section 6.3: 
αξ = cξ/cξ,max ≈ 0.79. The concentrations of the substances in the equilibrium mixture are 
therefore c(Fe3+) ≈ 0.21 mol m−3 and c(I−) ≈ 0.21 mol m−3 for the initial substances and 
c(Fe2+) ≈ 0.79 mol m−3 and c(I2) ≈ 0.39 mol m−3 for the final products, respectively. 
 
We can also use the equation lnRT=

○ ○
A K  the other way round to experimentally determine 

the basic drive 
○

A  of a reaction. In order to do this, it is enough to first calculate the equili-
brium number 

○
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 cor-
respond to equilibrium values. This obstacle can be overcome, though, by adding a catalyst 
(compare to Section 19.2). 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 concentration can be calculated 
provided that its values lie within the range of validity of the mass action equations.  
 
 
6.5  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 be-
cause 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 
 

00 p
p

c
c

= . 

 
As a result, the concentration ratio in the mass action equation for gases can be replaced by 
the pressure ratio: 
 

0
0

ln pμ μ RT
p

= +       for  p, p0 << 10 p      (mass action equation 2). 
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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 
5.5). 
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 indepen-
dent of its partners in the mixture. This corresponds to the pressure that the gaseous compo-
nents 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): 
 

ptotal = pB + pC + pD + ...            (as well as   ctotal = cB + cC + cD + ...). 
 
If a gas is compressed, the concentrations of all the components and the partial pressures in-
crease. This is exactly as if the gases were separate from each other. The formula c ~ p is va-
lid 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 = 100 kPa is chosen as the initial 
value for pressure although at this pressure, the chemical potential μ already deviates some-
what from the value the mass action equation yields. In order to have the results remain cor-
rect at low pressures, the true μ value at standard pressure cannot be inserted. Instead, a ficti-
tious 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 potentials at any other, not to high pressure. This special 
value is also called the basic value ,μ○  which should be indicated again by the index ○ placed 
above the symbol:  
 

  rln lnpμ μ RT μ RT p
p

= + = +
○ ○

       for  p << p     (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 small c. In turn, this means  
 

00 x
x

c
c

= . 

 
Hence, x/x0 can replace the concentration ratio c/c0 in the mass action equation: 
 

0
0

ln xμ μ RT
x

= +           for  x, x0 << 1      (mass action equation 3). 
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6.6  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  
 

D E

CB

r r

r r

(D) (E) ...
(B) (C) ...

ν ν

νν

c c
c c

⋅ ⋅
=

⋅ ⋅

○
K  

 
remains fulfilled. 
 
As an example we consider the equilibrium in aqueous solution between iron hexaquo com-
plex cations and thiocyanate anions on the one hand and the blood red iron thiocyanate com-
plex on the other which can be described in the following simplified manner:  
 

[Fe(H2O)6]3+|w + 3 SCN−|w  [Fe(H2O)3(SCN)3]|w + 3 H2O|l. 
 
If the blood red solution is diluted with water, the concentration and therefore also the chemi-
cal potential of the dissolved substances decreases, for all substances by the same amount. 
This is indicated by an arrow placed above the formulas of the substances:   
 

                   ↓                       ↓↓↓                          ↓  
[Fe(H2O)6]3+|w + 3 SCN−|w  [Fe(H2O)3(SCN)3]|w + 3 H2O|l. 

 
The potential of water remains nearly unchanged because of its high excess. At the beginning, 
the sum of potentials on both sides is equal. Afterwards, the equilibrium is disturbed because 
the decrease on the left side is four times stronger than that on the right side. The complex 
decomposes, its potential decreases, whereas the potential of the substances on the left side 
increases. The reaction takes place (easily observable by the fading of the red color) until the 
equilibrium is again established. The pale orange color of the resulting solution is caused by 
the iron hexaquo complex.   
 
If  Fe3+ or SCN– solutions are added to the pale orange dilute 
iron thiocyanate solution, it will turn red again both times (Ex-
periment 6.1). 
 
Experiment 6.1: Iron(III) thiocyanate equilibrium 
 
By addition of excess iron (III) ions their concentration in the 
solution and therefore also their potential increases; the reaction 
runs backwards and correspondingly the color deepens again to 
blood red. This can be illustrated again by arrows above the 
chemical formulas.  
 

                             ↑                    
[Fe(H2O)6]3+|w + 3 SCN−|w  [Fe(H2O)3(SCN)3]|w + 3 H2O|l. 

 
The addition of excess thiocyanate ions shows the same result: the pale orange solution turns 
red again. But one should keep in mind that together with the dissolved substances also water 
is added which results in dilution. For achieving the desired effect, the added solutions of Fe3+ 
and SCN− should therefore not be too thin.   
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We can get the same results, only a little bit more cumbersome, when we write down the mass 
action law and take into consideration that numerator and denominator have to increase or 
decrease by the same factor in order to preserve equilibrium (water as solvent is treated as 
pure substance; therefore, it does not appear in the formula): 
 

r 2 3 3
3+ 3

r 2 6 r

([Fe(H O) (SCN) ])
([Fe(H O) ] ) (SCN )
c

c c −=
⋅

○
K . 

 
Dilution with water for example lowers the concentration of the complex, but also the concen-
trations of the free ions. Therefore, the denominator would decrease much faster than the nu-
merator. Because the quotient has to remain constant ,K

○  the numerator must also decrease: the 
equilibrium is displaced towards the reactant side. 
 
Homogeneous gas equilibria.   To obtain homogeneous gas equilibria 
 

B C D EB C ... D E ...ν ν ν ν+ + + +  
 
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´. To indicate 
that partial pressures p replace concentrations c normally the symbol 

p
○

K is used instead of 
simply :

○
K  

 
D E

CB

r r

r r

(D) (E) ...
(B) (C) ...

ν ν

p νν

p p
p p

⋅ ⋅
=

⋅ ⋅

○
K . 

 
To convert into the conventional equilibrium constant pK

○

 a dimension factor must again be 
taken into account: 
 

p pK κ=
○ ○

K ,      where      κ = (p) pν       with      νp = νB + νC + ... + νD + νE + ... . 
 
As an example, let us consider the synthesis of ammonia: 

 
  N2|g + 3 H2|g 2 NH3|g  
  –––––––––––––––––––––  
 μ/kG:  0      3⋅0         2⋅16.5          ⇒ A = +33.0 kG .  
 
With the standard value of the chemical drive of around +33 kG, the corresponding equili-
brium number at room temperature is 
 

2 3
5r 3

3 1
r 2 r 2

(NH ) 33 10 Gexp exp 6.1 10
(N ) (H ) 8.314 G K 298 Kp
p

p p RT −

⋅
= = = = ⋅

⋅ ⋅


 A

K . 

 
The conventional equilibrium constant is 
 

2
2 23

3
2 2

(NH ) (100 kPa) 61 kPa
(N ) (H )p p

pK
p p

− −= = ⋅ =
⋅

 K  

 
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 = 100 kPa ...), the same substance yields different 
basic values 

cμ
○ , pμ

○ ...  and therefore different equilibrium numbers ,c
○

K  
p

○
K ... for the same 
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reaction. This is indicated by the varying indexes. Normally, we use for dissolved substances 

cμ
○

 and for gases pμ
○ . If there is no index it should be added imaginarily in this sense.  

 
Decomposition equilibria.  As yet we have only considered homogeneous equilibria, i.e. 
equilibria in which all participating substances are in the same phase. Next we will discuss 
heterogeneous equilibria in which the substances are in different phases. Heterogeneous gas 
reactions in which solid phases are involved will be our first topic. We start with a process 
which is also industrially important, the calcination of limestone. 
 
In the case of the decomposition reaction of calcium carbonate described by 

 
  CaCO3|s   CaO|s  +  CO2|g  
  ––––––––––––––––––––––––  
 μ/kG:  −1129       −603        −394      ⇒ A = +132 kG   
 
in a closed system two pure solid phases (CaCO3 und CaO) and a gas phase are in equili-
brium. 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 thin solution this is also valid for the solvent which can be 
treated as a pure substance (see Section 6.3).  
 
The equilibrium number p

○
K  for the decomposition of carbonate is therefore equal 

 

r 2(CO )p p=
○

K       with      p
K  = 1.3⋅10−23 at 298 K.  

 
The conventional equilibrium constant results in 
 

2(CO )pK p=
○

. 
 
The equilibrium constant is identical with the decomposition pressure, i.e. the pressure of car-
bon 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 temperature (see also Section 5.5).  
 
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 de-
composes. 
  
In the same way the decomposition of crystalline hydrates etc. can be described.  
 
Phase transitions.  The approach can not only be applied on heterogeneous chemical reac-
tions but also on transitions with a change of state of aggregation. The evaporation of water 
represents an example for a phase transition with participation of a gas. The equilibrium num-
ber p

○
K  for the equilibrium between liquid water and water vapor in a closed system,   

 
  H2O|l      H2O|g   
  ––––––––––––––––  
 μ/kG:  −237.1       −228.6   ⇒ A = −8.5 kG ,  
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results in 
 

r 2(H O|g)p p=
○

K       with      p
K  = 3.24⋅10−2 at 298 K. 

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

2 lg 2(H O|g) (H O)pK p p= =
○

. 
 
Hence, the equilibrium constant represents the vapor pressure of water, i.e. the pressure of 
water vapor in equilibrium with liquid water at the temperature considered. 
But we will discuss phase transitions in more detail in chapter 10.  
 
Solubility of ionic solids.  Our next topic are heterogeneous solution equilibria. 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 po-
tential of the substance in the solution is equal to that of the solid, i.e. equilibrium is estab-
lished. 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 condi-
tions).  
 
If the substance dissociates when dissolved, such as 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: 
 

(AB) (A ) (B )μ μ μ+ −= + . 
 
The mass action law for the dissolution process, here the transition from solid state to dis-
solved, s→d,  is   
 

sd r r(A ) (B )c c+ −= ⋅
○

K  
 
with 
 

+
sd

sd
(AB) (A ) (B )exp exp μ μ μ

RT RT

−− −
= =

○ ○ ○ ○
○ A

K , 
 

as long as some undissolved AB is present, because the mass action term for a pure solid and 
therefore also the denominator in the equation above is omitted. Thus, the product of the rela-
tive concentrations of the ions in a saturated solution is constant under given conditions. In 
chemistry, the value 

sd
○

K  usually receives its own name, solubility product. (This is in chemi-
stry usually indicated by the index sp sp( ),

○
K  but for the sake of consistency we will use sd). If 

a substance dissociates into several ions, then 
sd

○
K  consists of the corresponding number of 

factors. 
 
If the concentration of one of the ions, e.g. c(A+), increases, the concentration of the second, 
c(B−), must decrease in order to maintain equilibrium, meaning, that the substance AB sepa-
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rates out from the solution. As an example, we consider a saturated table salt solution in 
which solid NaCl is in equilibrium with its ions in the solution (Experiment 6.2): 
  NaCl|s    Na+|w    +  Cl−|w  
  ––––––––––––––––––––––––––  
 μ/kG:  −384.1       −261.9       −131.2      ⇒ A = +9.0 kG .  
 
Consequently, the equilibrium number 

sd
K  at room temperature is 37.8. The heterogeneous 

equilibrium can be described by the solubility product: 
 

sd r r(Na ) (Cl )c c+ −= ⋅
○

K . 
 

For the concentration csd = c(Na+) = c(Cl–) = 
sdc  K  of the saturated solution at 298 K we 

obtain the value 6.1 kmol m–3 which corresponds – better than expected – with the measured 
value of 5.5 kmol m–3. 
 
Experiment 6.2: Addition of Na+ or Cl− to a saturated NaCl 
solution  
 
When Na+ ions (in the form of sodium hydroxide solution) or 
Cl− ions (in the form of hydrochloric acid) are added to the 
saturated solution, NaCl precipitates. Consequently, the addi-
tion of compounds which have an ionic species with the con-
sidered salt in commun, affects its solubility.  
 
In the case of readily soluble salts we can only indicate general trends due to the strong ion-
ion interaction in concentrated electrolyte solutions especially if multivalent ions are in-
volved. However, quantitative statements can be made in the case of slightly soluble com-
pounds. As an example, let us consider lead(II) iodide: 

 
  PbI2|s      Pb2+|w  + 2 I−|w  
  –––––––––––––––––––––––––––  
 μ/kG:  −173.6       −24.4       2⋅(−51.6)      ⇒ A = −46.0 kG   
 
with 

sd
K  = 8.6⋅10–9 at room temperature. The mass action law for the solution equilibrium is  

2 2
sd r r(Pb ) (I )c c+ −= ⋅

○
K . 

 
We can calculate the saturation concentration csd of this salt from the numerical value for the 
solubility product at 298 K. In our example, the stoichiometry of equilibrium results in two I− 
ions being produced for one Pb2+ ion. Therefore, we have – in contrast to the case of table salt 
above – 
 

c(Pb2+) = csd      and      c(I−) = 2csd.  

Insertion results in  
 

2 3 3
sd sd sd sd( ) (2 ) 4 ( )c c c c c c= ⋅ =

○
/ / /  K  

 
and the saturation concentration at 298 K is 
 

9 3 3 333
sd sd 4 8.6 10 4 kmol m 1.3 10 kmol mc K c − − − −= = ⋅ = ⋅/ /  . 
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It is now possible to estimate the effect of adding one of the ions. Let us add enough of a con-
centrated NaI solution to the saturated lead iodide solution so that the I− concentration will be 
equal to 0.1 kmol m−3. Now, the concentration of lead ions with the extra iodide ions present 
can be calculated to be: 
 

9
2 3 7 3sd

2

8.6 10(Pb ) kmol m 8.6 10 kmol m
( (I ) ) 0.01

Kc
c c

−
+ − − −

−

⋅
= = = ⋅

/




. 

 
Adding I− drastically decreases the lead concentration as expected. But “too much of a good 
thing” can also be bad because a too big excess of I− results in the formation of soluble com-
plexes, e.g. 2 3PbI I PbI −−+ → . Also this effect could be calculated with our means.   
 
The solubility of certain slightly soluble compounds can also be otherwise controlled, for ex-
ample by the pH value. The following interplay between the precipitation and the dissolution 
process shall terminate this section: When a potassium dichromate solution is added to a ba-
rium chloride solution (Experiment 6.3), a yellow precipitate of slightly soluble barium chro-
mate is formed according to    
 

2 2
2 7 2 42 Ba |w Cr O |w H O|l 2 BaCrO |s 2 H |w+ − ++ + + . 

 
More precisely, the concentrations of the initial substances decrease, i.e. barium chromate 
precipitates until equilibrium is established. 
  
The precipitate dissolves after addition of hydrochloric acid. The concentration of H+ ions and 
therefore their chemical potential increases. For re-establishing the equilibrium BaCrO4 has to 
go into solution: 
                                                                                                    ↑↑ 

2 2
2 7 2 42 Ba |w Cr O |w H O|l 2 BaCrO |s 2 H |w+ − ++ + + . 

 
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), their chemical potential decreases. Con-
sequently, more BaCrO4 has to precipitate. 
 
The same result can be obtained by considering the mass action law: 
 

2
r

22 2
7r r 2

(H )
(Ba ) (Cr O )

c
c c

+

−+
=

⋅
○

K . 
 
By adding H+ the numerator increases so that the denominator 
must also increase in order for the quotient to remain constant 
and equal to 

○
K . However, the concentrations )Ba( 2

r
+c  and 

)OCr( 2
72r

−c  can only increase when the precipitate BaCrO4 
dissolves. 
 
Experiment 6.3: Precipitation of Ba2+ with Cr2O7

2− 

 

Solubility of gases.  Next we will discuss the solution behavior 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 g d→

○
K  or short gd

○
K  turns out to be 
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r

gd
r

(B)
(B)

c
p

=
○

K     . 

 
Take into account that in this case, 

○
K  corresponds to neither c

○
K  nor p

○
K , but represents a so-

called “mixed” constant .pc
○

K  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 equilibrium constant is 
 

gd
(B)
(B)

cK
p

=
○

. 
  
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). Therefore, gdK

○

 is also known as the HENRY constant HK
○

. 
 
Let us take a look at the solubility of oxygen in water:  

 
  O2|g    O2|w    
  –––––––––––––  
 μ/kG:  0       +16.4    ⇒ A = −16.4 kG.  
 
In this case, the standard value of the chemical drive is –16.4 kG. The equilibrium number at 
room temperature is equal to 
 

3r 2
gd

r 2

(O ) 1.3 10
(O )

c
p

−= = ⋅K , 

 
while the conventional equilibrium constant results in 
 

3
5 3 12

gd gd
2

(O ) 1 kmol m 1.3 10 mol m Pa
(O ) 100 kPa

cK
p

−
− − −= = ⋅ = ⋅ K . 

 
The partial pressure of O2 in air is about 20 kPa. For the O2 concentration in air-saturated wa-
ter at 298 K, we obtain  
 

5 3 1 3 3
r 2 gd 2(O ) (O ) 1.3 10 mol m Pa 20 10 Pa 0.26 mol mc K p − − − −= ⋅ = ⋅ ⋅ ⋅ = . 

 
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 practi-
cally 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 d d→

○
K  is then: 

 
r

dd
r

(B)´́
(B)´

c
c

=
○

K  

 
where 
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dd
(B)´ (B)´́exp exp μ μ

RT RT
−

= =
○ ○ ○

○ A
K . 

Conventionally, we obtain 
 

dd
(B)´́
(B)´

cK
c

=
○

. 
 

The ratio of equilibrium concentrations (or 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 ddK

○

 is also called NERNST’s distribution coefficient 

NK
○

. 
 
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 ap-
plied at a point. 
 
Influence of temperature.   The equilibrium numbers (and constants) we have considered so 
far are valid only under certain conditions (mostly standard conditions at 298 K and 100 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 5.2: 
   

0 0( )T T= + −A A α . 
 

Insertion into the equation above yields the following result for the equilibrium number at a 
temperature T  
 

0 0( ) ( )( ) exp T T TT
RT

+ −
=

○
○ α

K
A . 

 
When the temperature is increased (ΔT > 0), ( )T

○
K  can increase or decrease relative to the 

initial value 0( )T
○

K  depending upon the values of A
○

(T0) and α which are typical for a particu-
lar 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 in-
fluenced by the choice of temperature. This can be of great importance for large-scale tech-
nical reactions as well as for environmentally relevant ones. 
  

 
6.7  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. 
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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 re-
mains constant, the amount), must always increase by the same factor β if μ is to increase by 
the same amount. n therefore increases exponentially along with the chemical potential μ. 
 
Related to the same increase of potential Δμ the solution takes up the more of the substance to 
be dissolved the more it already contains. Hence, the “capacity” for this substance increases 
with the amount already present – perhaps a little bit different than possibly expected. The 
chemical capacity B is defined by the following equation: 
 

d
d

nB
μ

= . 
 

A well known example of the quantity B is the so-called buffering capacity, meaning the ca-
pacity pB  of a given amount of a solution for hydrogen ions. This will be gone into in more 
detail in Section 7.6. If the region being dealt with is homogeneous, B can logically be related 
to the volume: 
 

B
V

=b . 
 

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 po-
tential μ (Fig. 6.5, 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 (Fig. 6.5, part b). Finally, if /B π  is plot-
ted instead of B, the resulting curve can be thought of as the outline of a rotationally symme-
trical chalice (Fig. 6.5, part c). In this case as well, n is the volume 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. 
 

The area under the curve of a continuous function f(x) in the interval [a;b] is calculated 
by     

( )d
b

a

F f x x= ∫  

 
(cp. Appendix A1.2). The volume of a body created by rotating the area in the diagram 
about the x-axis can be calculated analogously: 
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2( ) d
b

a

V π f x x= ∫ . 

 
Such bodies are also called solids of revolution. 

  

  
Fig. 6.5: a) Plotting the chemical capacity B as a function of chemical potential μ, b) exchang-
ing axes, and c) solid of revolution having the same content  

 
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 ln( )μ μ RT c c= +

○
/  with c = n/V for n and obtain: 

 

lnμ μ n
RT Vc
−

=
○

  
 
or 
 

exp μ μn Vc
RT
−

= ⋅
○

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

expVc μ μ nB
RT RT RT

−
= ⋅ =

○

. 
 

In order to obtain the chemical capacity B = dn/dμ , we must take the derivative of  the 
equation above with respect to μ. Remember the following derivative which we will use 
in a moment: 
 

exp( )y x=       ⇒      
d exp( )
d
y x
x

= . 

 

We also will need the chain rule, which is one of the most important rules of calculus 
(cp. Appendix A1.2):  
 

d d d
d d d
y y z
x z x

= ⋅ . 

 



6. Mass Action and Concentration Dependence of the Chemical Potential 

 26

One can simply remember that the derivative of the composite function is the product of 
the derivative of the outer function and the derivative of the inner function. 
 

This may look somewhat difficult at first so we will use our example to demonstrate this 
approach 
 

exp x by a
RT
−

= ⋅ . 
 
The inner function is: 
 

 
x b x bz
RT RT RT
−

= = − . 
 

 For the derivative, we obtain 
 

d 1
d

z
x RT

= , 
 
because the second term is not dependent upon x, therefore resulting in zero. 
Further, 
 

 exp( )y a z= ⋅  
 
is the outer function and 
 

d exp( )
d
y a z
z

= ⋅  
 
is its derivative. We must keep in mind that constant factors remain unchanged in the 
process of differentiation. According to the chain rule, the total derivative results in 
 

d d d 1exp( ) exp
d d d
y y z a x ba z
x z x 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: 
 

expB c μ μ c
V RT RT RT

−
= = ⋅ =

○

b . 
 

Also b  depends exponentially on µ.  
 
We will take a closer look at this approach using the example of glucose (Fig. 6.6). 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. 
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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 gen-
eral case in Figure 6.5 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 / πb . 
Therefore, the content up to a chosen level corresponds to 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 (at a concentration of 1000 mol m−3) applies to this equilibrium 

mixture. The content of the 
chalice has been drawn to 
this arbitrarily chosen poten-
tial level. We will also gen-
erally choose this fill level 
for other substances. The 
value in a living organism 
would be considerably 
lower, though. 
 
Fig. 6.6: Potential diagram 
of glucose  
 
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. So to speak, the glucose would 
begin to run over the rim of the chalice. If, on the other hand, glucose were present as excess 
solid, 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.  
 


