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Preface

Experience has shown that two fundamental thermodynamic quantities are espe-
cially difficult to grasp: entropy and chemical potential—entropy S as quantity
associated with temperature 7 and chemical potential 4 as quantity associated with
the amount of substance n. The pair S and T is responsible for all kinds of heat
effects, whereas the pair u and n controls all the processes involving substances
such as chemical reactions, phase transitions, or spreading in space. It turns out that
S and p are compatible with a layperson’s conception.

In this book, a simpler approach to these central quantities—in addition to
energy—is proposed for the first-year students. The quantities are characterized
by their typical and easily observable properties, i.e., by creating a kind of “wanted
poster” for them. This phenomenological description is supported by a direct
measuring procedure, a method which has been common practice for the quantifi-
cation of basic concepts such as length, time, or mass for a long time.

The proposed approach leads directly to practical results such as the predic-
tion—based upon the chemical potential—of whether or not a reaction runs spon-
taneously. Moreover, the chemical potential is key in dealing with physicochemical
problems. Based upon 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 con-
struction of phase diagrams, and so on. It is simple to expand the concept to
colligative phenomena, diffusion processes, surface effects, electrochemical pro-
cesses, etc. Furthermore, the same tools allow us to solve problems even at the
atomic and molecular level, which are usually treated by quantum statistical
methods. This approach allows us to eliminate many thermodynamic quantities
that are traditionally used such as enthalpy H, Gibbs energy G, activity a, etc. The
usage of these quantities is not excluded but superfluous in most cases. An opti-
mized calculus results in short calculations, which are intuitively predictable and
can be easily verified.
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Because we choose in this book an approach to matter dynamics directly by
using the chemical potential, application of the concept of entropy is limited to the
description of heat effects. Still, entropy retains its fundamental importance for this
subject and is correspondingly discussed in detail.

The book discusses the principles of matter dynamics in three parts,

» Basic concepts and chemical equilibria (statics),
¢ Progression of transformations of substances in time (kinetics),
e Interaction of chemical phenomena and electric fields (electrochemistry)

and gives at the same time an overview of important areas of physical chemistry.
Because students often regard physical chemistry as very abstract and not useful for
everyday life, theoretical considerations are linked to everyday experience and
numerous demonstration experiments.

We address this book to undergraduate students in courses where physical chem-
istry is required in support but also to beginners in mainstream courses. We have aimed
to keep the needs of this audience always in mind with regard to both the selection and
the representation of the materials. Only elementary mathematical knowledge is
necessary for understanding the basic ideas. If more sophisticated mathematical
tools are needed, detailed explanations are incorporated as background information
(characterized by a smaller font size and indentation). The book also presents all the
material required for introductory laboratory courses in physical chemistry.

Exercises are made available on the publisher’s web site. A student manual with
commented solutions is in preparation. Detailed descriptions of a selection of dem-
onstration experiments (partly with corresponding videos clips) can be found on our
web site (www.job-foundation.org; see teaching materials); the collection will be
continuously extended. Further information to the topics of quantum statistics and the
statistical approach to entropy, which would go beyond the scope of this book, can
also be called up on the foundation’s home page.
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List of Used Symbols

In the following, the more important of the used symbols are listed. The number
added in parentheses refers to the page where the quantity or term if necessary is
described in detail. Special characters as prefix (|, A, Ag, As_,j, ...) were omitted
when ordering the symbols alphabetically.

Greek letters in alphabetical order:

Aa Bp I'y Ad Ee ZC Hny ©039 It Kk AL Mp Nv EE Oo IIn Pp Zo¢ Tt Yo @ Xy
Yy Qo.

Roman

A, B,C,... Substance A, B,C, ...

|A, |B, ... Dissolved in A, in B, ... (240)

Ad Acid (188)

a, |a Amorphous (19) (also subscripted or superscripted)

Bs Base (188)

C Catalyst (462)

¢, c Crystalline (19) (also subscripted or superscripted)

d,|d Dissolved (19) (also subscripted or superscripted)

E Enzyme (466)

e, e Electron(s) (7, 553) (also subscripted)

e Eutectic (367) (also subscripted or superscripted)

F Foreign substance (320)

g g Gaseous (19) (also subscripted or superscripted)

J Ton, unspecific (533)

L1 Liquid (19) (also subscripted or superscripted)

M Mixture (homogeneous) (346)

M Mixture (heterogeneous) (348)

Me Metal, unspecific (533)

m, |m Metallic (conducting electrons) (553) (also subscripted or
superscripted)

Ox Oxidizing agent (537)

ix
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List of Used Symbols

Products, unspecific (462)

Proton(s) (187) (also subscripted)

Reducing agent (537)

Solvent (97), solution phase (535)

Substrate (466)

Solid (19) (also subscripted or superscripted)

Dissolved in water (20) (also subscripted or superscripted)
Different modifications of a substance (20)

Adsorption site (“‘chemical”) empty, occupied (394)
Adsorption site (“physical”) empty, occupied (394)
Transition complex (450) (also subscripted or superscripted)

Area, cross section

Helmholtz (free) energy (only used exceptionally) (595)
(Chemical) drive, affinity (108)

Standard value of the chemical drive (109)
Basic value of the chemical drive (159)
Mass action term of the chemical drive (159)
Acceleration (32)

Length of box (281)

(First) van der Waals constant (299)
Temperature conductivity (491)

Activity (of a substance B) (only used exceptionally) (604)
Matter capacity (182)

Buffer capacity (201)

Substance in general (with subscript i) (25)
Molality (of a substance B) (18)

(Second) van der Waals constant (321)
Matter capacity density (182)

Buffer capacity density (212)

Heat capacity (global, isobaric) (254, 591)
Heat capacity, molar (isobaric) (254)

Heat capacity (global, isochoric) (254, 587)
Entropy capacity (global, isobaric) (75)
Entropy capacity, molar (isobaric) (75)
Entropy capacity (global, isochoriv) (77)
Speed of light (13)

Molar concentration (of a substance B) (17)
Heat capacity, specific (isobaric) (254, 491)
Relative concentration c¢/c® (156)

Density of conversion (163)
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Standard concentration (1 kmol m’3) (103, 156)
Arbitrary reference concentration (416)

Entropy capacity, specific (isobaric) (76, 491)

Spring stiffness (39)

Diffusion coefficient (of a substance B) (480)
Thickness, diameter

Electric field (strength) (500)

Electrode potential, redox potential (558)

Reversible cell voltage (“zero-current cell voltage™) (568)
Elementary charge, charge quantum (16)

Force, momentum current (31, 45, 486)

Faraday constant (504)

Fugacity (of a substance B) (only used exceptionally) (606)
Weight (according to everyday language) (9)
(Electric) conductance (494, 508)

Gibbs (free) energy (only used exceptionally) (596)
Arbitrary quantized quantity (15)

Gravitational acceleration (46)

Content number of the ith basic substance (6)
Quantum number (15)

Enthalpy (only used exceptionally) (589)

Height

Planck’s constant (451)

(Electric) current (494)

Current (of a substance-like quantity) (493)

Matter flux, current of amount of a substance B (479)
Entropy flux, entropy current (490)

Current density (of a substance-like quantity) (493)
Flux density, current density (of matter) (478)
Entropy flux (or entropy current) density (490)

Conventional equilibrium constant (167, 176)

Numerical equilibrium constant, equilibrium number (166, 176)
Michaelis constant (466)

Rate coefficient (417)

Rate coefficient for forward or backward reaction
(No. 1, etc.) (430)

Boltzmann constant (280)

Frequency factor (444)

Length

Molar mass (16)

Mass

Number of particles (15)

Avogadro constant (15)

Amount of substance (15)
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Amount of protons (in a reservoir for protons) (203)

Power

Pressure (41)

Probability (291, 307)

Steric factor (449)

Internal pressure (298)

Relative pressure p/p® (171)

Capillary pressure (387)

Standard pressure (100 kPa) (72, 103)

Momentum (44)

(Electric) charge (16)

Heat (only used exceptionally) (80)

Fraction of collisions of particles having minimum energy
Wmin (448)

General gas constant (148, 277)

(Electric) resistance (494)

Arbitrary reaction (28)

Radius, distance from center, distance between two particles A and B
Rate density (419)

Rate density for forward or backward reaction (No. 1, etc.) (430)
Rate (density) of adsorption or desorption (395)

Entropy (49)

Molar entropy of fusion (75, 312)

Molar reaction entropy (232)

Molar entropy of vaporization (75, 309)

(Molar) transformation entropy (234)

Convectively (together with matter) exchanged entropy (65)
Exchanged entropy (convectively and/or conductively) (65)
Generated entropy (65)

Latent entropy (84)

Entropy demand, molar entropy (71, 229)

Transferred entropy (85)

Conductively (by conduction) exchanged entropy (65)
Length of distance traveled

(Thermodynamic, absolute) temperature (68)

Standard temperature (298.15 K) (71, 103)

Duration of conversion, observation period (404)

Time, duration

Half-life (420)

Transport number (of particles of type i, of cations, of anions) (517)
(Electric) voltage (from position 1 to position 2) (502)
Internal energy (only used exceptionally) (582)

Diffusion (Galvani) voltage (548)

Electric mobility (of particles of type i) (503)

Volume
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Molar reaction volume (228)

(Molar) transformation volume (228)

Volume demand, molar volume (220)

Co-volume (van der Waals volume) (298)

Velocity (magnitude, vector)

Velocity, components in x, y, z direction (281)

Energy (36)

Work (only used exceptionally) (581)

Molar (Arrhenius) activation energy (581)

Energy expended for a change of surface or interface (385)
Abbreviation for W Wy - - (346)

Burnt energy (78)

Energy transferred together with exchanged entropy (79)
Free energy (only used exceptionally) (592)

Kinetic energy (43)

Energy expended for a change of amount of substance (124)
Potential energy (46)

Energy expended for transfer (of an amount of entropy,

of matter ...) (85, 235)

Energy expended for a change of entropy (“added + generated
heat”) (81)

Energy expended for a change of volume (“pressure—volume
work™) (81)

Energy expended for a change of conversion (236)

Mass fraction (of a substance B) (17)

Energy of a particle (278, 287)

Mole fraction (of a substance B) (17)

Spatial coordinates

Collision frequency between particles A and B (446)
Charge number (of a type i of particles, cations, anions) (16, 535)
Temperature coefficient of the chemical potential (of a
substance B) (131)

Degree of dissociation, degree of conversion (513, 163)
Temperature coefficient of the drive (of a transformation of
substance) (131)

Pressure coefficient of the chemical potential

(of a substance B) (140)

Mass concentration (of a substance B) (17)

Relative pressure coefficient (271)

Pressure coefficient of the drive (of a transformation of substance)
(140)

Concentration coefficient of the chemical potential (154)
Cubic expansion coefficient (256)

Activity coefficient (only used exceptionally) (604)
Efficiency (85)

(Dynamic) viscosity (486)
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Degree of filling (degree of protonation, etc.), fractional coverage
(201, 396)

Contact angle (387)

Celsius temperature (70)

Dimension factor (167, 173)

Faraday temperature

Molar conductivity, (molar) ionic conductivity of ions

of type i (519)

Thermal conductivity (490)

Wave length, wave lengths of fundamental and harmonics (483)
Chemical activity (of a substance B) (only used

exceptionally) (605)

Chemical potential (of a substance B) (98)

Decapotential (abbreviation for RT In10) (157)

Electron potential, of a redox pair Rd/Ox (529, 537)

Proton potential, of an acid-base pair Ad/Bs (191)

Standard value of the chemical potential (103, 157)

Basic value of the chemical potential of a dissolved substance (156)

Activation threshold (451)
Basic value of the chemical potential in the c, p, x, . .. scale (340)

Chemical potential of a substance in its pure state (345)
Mass action term of the chemical potential (157)
Extra potential (extra term of the chemical potential) (345)

Electrochemical potential (of a substance i) (528)
Conversion number, stoichiometric coefficient (of a substance B or
i...)(26)

Kinematic viscosity (486)

Extent of reaction (26)

(Mass) density (of a substance B or i) (9)

(Electric) resistivity (494, 509)

Surface tension, interfacial tension (383, 387)
(Electric) conductivity (493, 509)

“Matter conductivity” (for a substance B) (527)
Entropy conductivity (490)

Elementary amount (of substance), quantum of amount
(of substance) (15, 16)

Decay time of fundamental and harmonic waves, respectively (483)
Lifetime of the transition complex (450)

Fugacity coefficient (only exceptionally used) (612)
Electric potential (90, 500)

Fluidity (494)

Compressibility (268)

“Gravitational potential” (90)

Mechanical mobility (of a substance B) (476)
Conversion rate (407)
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Subscript

ads Concerning adsorption (396)

C Critical (304)

d—d,dd Transition of a dissolved substance from one phase to another (181)

des Concerning desorption (395)

eq. In equilibrium (166)

g—d, gd  Transition from gaseous to dissolved state (180)

l—g, lg Transition from liquid to gaseous state (boiling) (75, 228)

y4 Latent (84, 243)

m Molar

mix Mixing process (351)

osm Osmotic (325)

R Concerning a reaction (228)

r Relative (156)

s—d, sd Transition from solid to dissolved state (176, 228)

s—g, sg Transition from solid to gaseous state (sublimation) (137)

s—1, sl Transition from solid to liquid state (melting) (75, 228)

S—8, SS Transition in the solid state from one structural modification to another
(change of modification) (228)

use Useful (87, 240)

— Concerning a transformation (228)

| Concerning an adsorption process (396)

0 Value interpolated to vanishingly low concentration (477) (also superscript)

+, — Concerning cations, anions (also superscript) (517)

Superscript

o Standard value (71, 103)

b Value for a substance in its pure state (329, 333)

A Characterizes a homogeneous or heterogeneous mixture of
intermediate composition, the “support point” by the application of the
“lever rule” (348)

* ok Characterizes different substances, phases, areas [e.g., the
surroundings (239)]
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Characterizes “transfer quantities” (492)
Characterizes different substances, phases, areas
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Character Above a Symbol
" Vector

Mean value

Derivative with respect to time

©  Basic term, basic value (156)

Basic value of a quantity for a substance in its pure state (320)

Quantity caused by mass action (154,157)
Extra term, extra value (345)
Residual term, residual value (residual without basic term)

General Standard Values (Selection)

b° = Imolkg ! Standard value of molality
¢® =1,000molm—> Standard value of concentration
p® = 100,000 Pa Standard value of pressure

T° =298.15K Standard value of temperature
we =1 Standard value of mass fraction
x© =1 Standard value of mole fraction

Physical Constants (Selection)

c=2998 x 10°m s~ Speed of light in vacuum

eo=1.6022 x 107" C Elementary charge, charge quantum

F = 96,485Cmol ! Faraday constant

2n=9.806 m s> Conventional standard value of gravitational
acceleration

h=6.626 x 107* J s Planck constant

kg =1.3807 x 1072 JK ! Boltzmann constant
Na =6.022 x 10* mol™ Avogadro constant

R=8314GK™' General gas constant
Ty=273.15K Zero point of the Celsius scale
7=1.6605 x 10~2* mol Elementary amount (of substance), quantum of

amount
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Chapter 1
Introduction and First Basic Concepts

In this first chapter, we will be introduced briefly to the field of matter dynamics.
This field is concerned in the most general sense with the transformations of
substances and the physical principles underlying the changes of matter. As a
consequence, we have to review some important basic concepts necessary for
describing such processes like substance, content formula and amount of substance,
as well as homogeneous and heterogeneous mixture and the corresponding mea-
sures of composition. But in this context, the physical state of a sample is also of
great importance. Therefore, we will learn how we can characterize it qualitatively
by the different states of aggregation as well as quantitatively by state variables. In
the last section, a classification of transformations of substances into chemical
reactions, phase transitions, and redistribution processes as well as their description
with the help of conversion formulas is given. The temporal course of such a
transformation can be expressed by the extent of conversion £. Additionally, we
will take a short look at the basic problem of measuring quantities and metricizing
concepts in this chapter.

1.1 Matter Dynamics

The term dynamics is derived from the word “dynamis,” the Greek word for
“force.” In physics, dynamics is the study of forces and the changes caused by
them. The field of mechanics uses this word in particular when dealing with the
motion of bodies and the reasons why they move. This term is then expanded to
other areas and is reflected in such expressions as hydrodynamics, thermodynamics,
or electrodynamics. When we discuss the field of matter dynamics we will generally
be talking about transformations of substances and the “forces” driving them.
States of equilibrium (treated in the field of statics, also called “chemical thermo-
dynamics”) will be covered in addition to the temporal course of transformations
(kinetics) or the effects of electrical fields (electrochemistry).
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2 1 Introduction and First Basic Concepts

What makes this field so valuable to chemistry and physics as well as biology,
geology, engineering, medicine, etc., are the numerous ways it can be applied.
Matter dynamics allows us to predict in principle

e Whether or not it is possible for a given chemical reaction to take place
spontaneously,

e Which yields can be expected from this,

* How temperature, pressure, and amounts of substances involved influence the
course of a reaction,

« How strongly the reaction mixture heats up or cools down, as well as how much
it expands or contracts,

¢ How much energy a chemical process needs to run or how much it releases, and
much more.

This kind of knowledge is very important for developing and optimizing chem-
ical processes, as well as preparing new materials and active ingredients by using
energy carriers efficiently and avoiding pollution, etc. It plays an important role in
many areas of chemistry, especially in chemical engineering, biotechnology, mate-
rials science, and environmental protection. Moreover, this knowledge can equally
help us to understand how substances behave in our everyday lives at home, when
we cook, wash, clean, etc.

Although we will mainly deal with chemical reactions, it does not mean that
matter dynamics is limited to this. The concepts, quantities, and rules can, in
principle, be applied to every process in which substances or different types of
particles (ions, electrons, supramolecular assemblies, and lattice defects, to name a
few) are exchanged, transported, or transformed. As long as the necessary data are
also available, they help in dealing with and calculating various types of problems
such as

¢ The amount of energy supplied by a water mill,

¢ Melting and boiling temperatures of a substance,

» Solubility of a substance in a solvent,

e The construction of phase diagrams,

« How often lattice defects occur in a crystal,

» The potential difference caused by the contact between different electric
conductors

and much more. Matter dynamics can also be very useful in discussing diffusion
and adsorption processes or questions about metabolism or transport of substances
in living cells, as well as transformation of matter inside stars or in nuclear reactors.
It is a very general and versatile theory whose conceptual structure reaches far
beyond the field of chemistry.

Now we can ask for the causes and conditions that are necessary for the
formation of certain substances and their transformations into one another. This
can be done in different ways and on different levels:
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1. Phenomenologically, by considering what happens macroscopically. This means
directly observing processes taking place in a beaker, reaction flask, carius tube,
or spectrometer when the substance in it is shaken, heated, other substances are
added to it dropwise, poured off, filtered, or otherwise altered.

2. According to molecular kinetics, by considering the reacting substances to be
more or less orderly assemblies of atoms where the atoms are small, mutually
attracting particles moving randomly but always trying to regroup to attain a
statistically more probable state.

3. According to chemical bonding theory, by emphasizing the rules and laws
according to which different types of atoms come together to form assemblies
of molecules, liquids, or crystals in more or less defined relationships of num-
bers, distances, and angles. The forces and energies that hold the atoms together
in these associations can also be investigated.

All of these points of view are equally important in chemistry. They complement
one another. In fact, each is inextricably interwoven with the others. To give an
example, we operate at the third level when the structural formula of the substance
to be produced is written down. On the second level, one might make use of
plausible reaction mechanisms for planning a synthesis pathway. The first level is
applied when, for instance, the substances to be transformed are put together in a
laboratory. To work economically, it is important to be able to switch between these
different points of view unhindered. Our goal is not so much a concise explication
of the individual aspects mentioned above, as it is a unified representation in which
the knowledge gained from these differing points of view merges into a harmonic
overall picture. Conversely, the individual aspects can also be easily derived from
this overall picture.

One might say that the phenomenological level forms the “outer shell” of the
theory. It relates the mathematical structure to phenomena observed in nature. The
first step toward expressing such relationships is to prepare the appropriate con-
cepts, which helps the facts gained by experience to be formulated, put into order,
and summarized. It follows that these expressions will appear in farther-reaching
theories as well. The phenomenological level constitutes the natural first step into a
chosen area of investigation.

In the next sections as well as in the next chapter, important fundamental terms
and concepts will be discussed. Among these will be substance, amount of sub-
stance, measures of composition, and energy, all of which students are probably
familiar with from high school. For this reason, it should be easy to start right in
with Chap. 3 (Entropy) or even Chap. 4 (Chemical Potential). Chemical potential
puts us right at the heart of matter dynamics. Using this as a starting point opens up
a multitude of areas of application. Chapters 1 and 2 can then be considered
reference work for fundamental terms and concepts.
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4 1 Introduction and First Basic Concepts
1.2 Substances and Basic Substances

When we think about substances, we think about kinds of matter and their actual or
imagined constituents. Simply stated, we think of substances being what the
tangible things of our environment are made up of. They are that formless some-
thing that fills up space when we disregard the shape of things. There are a
multitude of substances around us that we give names to such as iron, brass, clay,
rubber, soap, milk, etc. We characterize these substances individually or as mem-
bers of a category. We use the term matter when it is unimportant what kind of
substance we are discussing.

Some things appear totally uniform materially, such as a glass or the water in
it. If the macroscopic characteristics of a substance such as its density, index of
refraction, etc., are the same overall, it is considered homogeneous. Wine, air,
stainless steel, etc., are other examples of homogeneous substances. Aside from
these, there are heterogeneous substances that are composed of dissimilar parts, i.e.,
they are made up of clearly different components. Examples are a wooden board or
a concrete block. On the one hand, we tend to think of even these materials as
substances on their own. On the other hand, we imagine them to be made up of
several substances. We do this even when we consider the sweetened tea or diluted
wine that look to be homogeneous. This ambivalence is a striking characteristic of
our concept of substance that reflects a noteworthy aspect of the world of
substances.

Imagine breaking down some matter into certain components. We find that these
components can be broken down into their own components, as well. These sub-
components can also be called substances. The process can be repeated at different
levels and in varying ways.

At the heart of the matter lies the following characteristic, one we will need later
on: on every level, we can choose certain basic substances A, B, C, ... from which
all the other substances on this level can be produced. Moreover, none of the basic
substances can be made up of any other basic substance. In a way, the basic
substances form the coordinate axes of a “material” reference system comparable
to the more familiar spatial coordinate systems. In the same way a point in space
can be described by three coordinate values in a spatial reference system, a
substance can be characterized by its coordinates in a material reference system.
The coordinate values of a substance are given by the amounts or the fractions of its
individual components.

Therefore, on a given level, every substance can be assigned a content formula

ABsC, ...

which gives its composition in terms of the basic substances. The content numbers
gi=a, B,y ...express the ratios of amounts,
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Experiment 1.1 Polished
cross section of granite:
Magnification shows clearly
different minerals: the dark

mica, the brownish-red Mica
alkali feldspar, the sallow
beige soda—lime feldspar, " Alkali fel dspar

and the translucent quartz —
(the colors of the minerals

can vary strongly depending

upon tiny amounts of

impurities). Quartz

Soda-lime feldspar

a:piy:...=npA:NB:NC:...,

with which every basic substance participates in the chemical structure. They
correspond to the coordinate values in the chosen material reference system. At
the moment we will leave open the question of how to determine the amount » of a
substance. In principle, the content numbers can also be negative although we
attempt to choose the basic substances so that this does not occur.

Let us consider a concrete example. If a geologist were asked what a paving
stone is made up of, he might say granite, basalt, or some other rock. The substances
of his world are rocks, and his basic substances are minerals. From these minerals a
multitude of rocks can be formed, depending upon the types, proportions, and grain
formation of the individual minerals involved. Let’s take a look at a polished cross
section of some typical granite (Experiment 1.1).

The granite pictured above may serve as an example for a “petrographical
content formula”:

[Qo3AlKFy 15Plag) ,Big.15].

Here, the numbers indicate the fraction by volume of the “basic geological sub-
stances”: Q = Quartz, AIkF = Alkali Feldspar, Plag = Plagioklas (soda-lime feld-
spar), Bi = Biotite (magnesium mica).

Mineralogists, on the other hand, see these individual rock components (the
basic substances for geologists) as themselves being made up of other components.
A mineralogist will see that the soda—lime feldspar, one of the main components of
basalts and granites, is a mixed crystal with changing fractions of both soda feldspar
and lime feldspar. On the next lower level, these crystals can be considered to be
unions of various oxides (“earths”), silicium oxide (siliceous earth), aluminum
oxide, calcium oxide, and sodium oxide (chemically SiO,, Al,0O3, CaO, Na,O).

What we have found out about minerals can be used in discussions about a
myriad of substances, such as resins, oils, wine, schnaps, etc. These substances are
also made up of simpler components that they can decompose into and they can be
formed from again by the process of mixing. Chemists call the basic substances of
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such homogeneous mixtures “pure” substances or chemical substances. An exam-
ple for a “content formula” of a mixture is that of schnaps: [Ethanol,,Water g]. In
this case, the relative amounts are not given as volume ratios, as is done in the liquor
business, but as it is done in chemistry by stating the ratios of the physical quantity
called amount of substance, which we will go into more deeply in Sect. 1.4.

On a higher level of complexity, we can produce heterogeneous mixtures—in
analogy to rocks—from homogeneous mixtures (more about this in Sect. 1.5) by
using these mixtures as basic substances, such as whitewash from chalk dust and
sizing solution, or egg white foam from air and egg whites. In a similar fashion, we
can, given the right means, decompose the chemical substances into lower level
basic substances or we can form them from these basic substances. For chemists,
the basic “building blocks” are made up of the roughly 100 chemical elements.
Some of these are hydrogen H, helium He, . . ., carbon C, nitrogen N, oxygen O, etc.
A special characteristic here is that the ratios of the amounts of elements in the
content formulas of individual substances cannot vary continuously; rather, they are
quantized in integer multiples. This is known as the “law of multiple proportions.”
If the measure of amount of substance is suitably chosen, the content numbers
introduced above will themselves become integers. Examples are the formulas for
water or lime,

H2O = H201 or CaCO3 = C3.1C103.

At the time it was made, this discovery was one of the most important reasons why
matter was not considered continuous, but quantized. Indeed, matter was thought of
in a simplified mechanistic way to be made of small, mobile geometric entities
called atoms. These atoms can assemble into small groups called molecules, which
then can merge into extensive networks and lattices creating the matter we know.

On this level, the content formula corresponds in the most simple and frequent
case to the so-called empirical or stoichiometric formula. However, for a more
unambiguous identification of the substance in question, it can be suitable to
consider the actual number of atoms of each type in a molecule meaning the content
formula can be a (integer) multiple of the empirical formula. For example, the
content formulas for formaldehyde, acetic acid, and glucose can be given as CH,0,
C,H40, (: (CH20)2), and C¢H,0¢ (: (CHZO)G).

Just giving the type and proportion of the constituents is often not sufficient to
describe a substance completely. More characteristics are necessary. In addition,
the spatial arrangement of the atoms of the basic substances is important. In
chemical formulas this “structure” is often indicated by dashes, brackets, etc., or
by a particular grouping of element symbols. The pair made of ammonium cyanate
and urea (carbamide) (Fig. 1.1) is an example. Both of these substances have the
same content formula, CH4,ON,, but their structural formulas differ. This is called
structural isomerism.

In general, we expect a substance to be something that can be produced in “pure
form” and, maybe, filled into a bottle. However, there are substances that cannot be
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Fig. 1.1 Structural H
formulas of ammonium [ H ]+ \.

cyanate (left) and urea \ _ ) ,N—H
(right) as examples of two H—N—H| |[O—C==N] 0=C
different substances with 3 N—H

the same composition
(above: detailed “valence H
dash formula,” below:

condensed formula). NH 40OCN OC(NH»)»

understood this way even though they resemble what we normally call a substance
in all other chemical and physical characteristics. This category contains the actual
carbonic acid H,CO5; which forms in trace amounts in aqueous carbon dioxide
solutions. The carbonic acid is stable enough to be detected within the thousandfold
excess of CO,, but it is too short-lived to be produced in its pure form.

We consider many substances to be produced from a type of lower level sub-
stances, the so-called ions. The symbols for table salt NaCl or limestone CaCO; can
be formulated to emphasize their ionic structures

[Na]"[Cl]” and [Ca]**[COs]*".

The brackets are usually left off when dealing with simple ions. For clarity we leave
them in because substances of differing rank appear next to each other. We can also
include metals such as silver and zinc in this scheme,

[Ag]"[e]” and [Zn]*"[e];,

where the electrons e form the negative partner. In homogeneous mixtures such as
crystalline phases, solutions, or plasmas, the individual types of ions, including the
electrons, basically behave like independent substances. It is therefore advisable to
treat them as such even though they can concentrate into pure form only tempo-
rarily and in imponderably small amounts. Their electric charge inevitably drives
them apart. The electromagnetic interaction forces electrical neutrality of all parts
of matter and allows only a trace of excess of positive relative to negative ions or
vice versa. Apart from that, they have all the freedom that uncharged
substances have.

There is a substance appearing in the formulas for metals whose composition
cannot be expressed by the chemical elements: the electrons e. One must therefore
introduce a new basic substance. The most obvious candidate would be the elec-
trons themselves. Consequently, negative ions like chloride ions or phosphate ions
would obtain the content formulas
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[Cl]” =Clye; and [PO4]>” = POyes.

Positive ions such as sodium ions and uranyl ions, which lack electrons, corre-
spondingly obtain the formulas

[Na]* = Naje_; and [UOz]2+ = UOze_,.

Here we have negative content numbers.

The concept of basic substances and material coordinate systems is used for
making order of the great multitude of substances. It is only possible to make
quantitative descriptions of transformation processes by use of content formulas.

1.3 Measurement and Metricization

Before we turn to the first important quantity, amount of substance, we will take a
short look at the basic problem of measuring quantities and metricizing concepts.

Measurement To measure a quantity means to determine its value. Very different
methods are used when measuring the length of a table, the height of a mountain,
the diameter of the Earth’s orbit, or the distance between atoms in a crystal lattice.
Length, width, thickness, and circumference are different names for quantities that
we consider to be the same kind of quantity that we call length. Already in everyday
language, length is used in the sense of a metric concept, meaning it quantifies an
observable characteristic. Values are given as wholes or fractions of a suitably
chosen unit.

In 1908, Wilhelm Ostwald already stated that “[It is] extremely easy to measure
extensity factors (lengths, volumes, surface areas, amounts of electricity, amounts
of substance, weights . ..). One arbitrarily chooses a piece of it to be the unit and
connects so many units together until they equal the value to be measured. If the
chosen unit is too rough a measure, correspondingly smaller ones can be created.
The simplest way to do this would be 1/10, 1/100, 1/1000, etc. of the original unit.”
Ostwald’s method is valid for direct measurement processes. But what does this
mean? Let us return to the example of length. In the past, it was customary to
directly measure the length of a path by counting how many steps were necessary to
walk its distance (Fig. 1.2). The arbitrarily chosen unit in Ostwald’s sense was one
step. If one step corresponds with one meter, we get our results in SI units [SI stands
for the international metric unit system (from the French Systéme Internationale
d’ Unités)].

But quantities are often determined indirectly as well, meaning they are found by
calculation from other measured quantities. In the field of geodesy, the science of
measuring and mapping the Earth’s surface, lengths and altitudes have mostly been
determined through calculations based on measured angles (Fig. 1.3). When he



1.3 Measurement and Metricization 9

Fig. 1.2 Length of a path L9 e A
measured directly by ez 0
number of steps.

Fig. 1.3 Indirectly I~
determining distance and n;q_ fi
altitude in impassable "
terrain by measuring angles. Y
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used this method to measure the acreage of his sovereign, the German mathe-
matician Carl Friedrich Gauss developed error analysis and non-Euclidean geometry.

It is generally necessary when working in industrial arts, engineering, and the
natural sciences to have agreement about how quantities will be applied, what units
will be used, and how the numbers involved will be assigned. The process of
associating a quantity with a concept (that usually carries the same name)—
which is the basis of constructing this quantity—is called metricization. Determi-
nation of values of this quantity is called measurement. Measurement can take place
only after a corresponding metricization has been established.

Most physical quantities are established through indirect metricization, which
means they are explained as derived concepts. We specify how they are gained from
known, previously defined quantities. This is how the density (more exactly, mass
density) p of a homogeneous body can be defined as the quotient of mass m and
volume V, p =m/V, and the velocity v of a body moving uniformly in a straight line
as the quotient of the distance traversed s and the time needed for it 7, v = s/z.

A totally different method for defining quantities is the direct metricization of a
concept or characteristic. A concept, initially only understood qualitatively, is then
quantified by specifying an appropriate instruction for measurement. This is the
usual procedure for quantities considered basic concepts (length, duration, mass,
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etc.), from which other quantities such as area, volume, velocity, etc., are derived.
However, this procedure is not limited to just these quantities.

Direct Metricization of the Concept of Weight A simple example for the direct
metricization of a concept would be the introduction of a measure for that what is
called weight in everyday language. When we talk about a low or high (positive)
weight G of an object, we are expressing how strongly the object tends to sink
downward. (We use the letter G instead of the usual W in order to avoid confusion
with other quantities such as energy W.) There are essentially three stipulations that
must be met in order to determine a measure for weight:

(a) Algebraic sign. The weight of an object that, if let go, sinks downward is
considered to be positive, G > 0. Consequently, a balloon flying upward will
have a negative weight, G < 0. The same applies to a piece of wood floating
upward toward the surface after being submerged in water. Something just
floating has zero weight, G =0.

(b) Sum. If we combine two objects with the weights G and G, so that they can
only rise or fall as a unit (for example, by putting them together onto the plate
of a scale), then we assume that the weights add up: G = G1 + Go.

(c) Unit. In order to represent the unit of weight y, we need something whose
weight never changes (when appropriate precautionary measures are taken).
For example, we might choose the International Prototype Kilogram in Paris.
This is a block of a platinum—iridium alloy representing the unit of mass of
1 kilogram.

The weight G in the sense we are using it here is not an invariable characteristic
of an object, but depends upon the milieu it is in. A striking example of this would
be a block of wood (Wd), floating to the surface of water (W), G(Wd|W) < 0, while
in air (A), it sinks downward, G(Wd|A) > 0. As a first step, we will consider the
environment to be constant so that G is also constant. In the second step, we can
investigate what changes when different influences are taken into account.

These few and roughly sketched specifications for

(a) Algebraic sign
(b) Sum
(¢) Unit

are sufficient to directly metricize the concept of weight as we speak of it in
everyday language. This means that we do not need to refer to other quantities in
order to associate a measure with the concept. Measuring the weight G of an object
means determining how many times heavier it is than the object representing the
weight unit y. Direct measurement means that the value is determined by direct
comparison with that unit and not by calculations from other measured quantities.
Figure 1.4 shows how this can be done even without using a scale. First, an object
has to be chosen that represents the weight unit y (Fig. 1.4a). Then, along with the
object of unknown weight G, one looks for things that have a weight of —G, helium
balloons for instance, that will hold the object just enough for it to float in the air
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Floating

Fig. 1.4 Direct measurement of weights: (a) Object representing the weight unit y, (b) “Bundle”
consisting of an object with the unknown weight (+G) and a balloon (—G) which just floats in the
air, (c¢) Searching further objects with weight +G by means of the balloon, (d) Combination of
m objects having the same weight +G with n balloons representing the negative weight unit —y to a
“bundle” just floating in the air.

(Fig. 1.4b). One of these balloons can be used to easily find further objects with a
weight +G, meaning ones that the balloon can just lift (Fig. 1.4c). The weight units
+y and —y can be multiplied correspondingly. Now in order to measure the weight
of an object, for example, a sack, we need only as many things (balloons)
representing the negative weight unit —y, to bind to the sack until it floats. If
n specimens are needed, then G =n-y. The number of objects with negative unit
weight is expressed in terms of a negative n. If we now want to determine a weight
G more accurately, say to the mth part of the unit, we only need to connect m objects
having the same weight G with a corresponding number of (positive or negative)
unit weights (Fig. 1.4d). If the entire “bundle” floats, it has a total weight equal to
0 according to the specification above:

G =m-G+n-y=0 or G=(—-m/n)-y.

Because any real number can be approximated arbitrarily closely by the quotients
of two integers, this method can be used for measuring weights to any desired
degree of precision without the use of any special equipment. The measurement
process can be simplified if a suitably graded set of weights is available. Negative
weights are unnecessary if an equal arm balance can be used because an object can
be placed on one side of the balance so that the other side automatically becomes a
negative weight. These are, however, all technicalities that are important for
practical applications, but are unimportant to basic understanding.

Indirect Metricization of the Concept of Weight Metricization can also be
accomplished indirectly. For example, the weight of an object can be determined
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Fig. 1.5 Determining
indirectly the weight

G through the energy W and
lifting height /.

T w
|

via the energy W needed to lift the object a height /& counter to its own weight
(Fig. 1.5). (We will go more deeply into the concept of energy and its metricization
in Chap. 2.) Both the amount of energy W expended at a winch to lift a block from
the ground up to a height / and the height /% itself are measurable quantities. The
greater the weight, the more energy W is necessary to lift it, so it is possible to find
the weight of the block by using W. Because W is proportional to / (as long as
h remains small), it is not W itself that is suitable as a measure for the weight, but the
quotient G = W/h. Using the unit Joule (J) for the energy and the unit meter (m) for
the height, we obtain the unit of weight J m~'. The object embodying the weight
unit y mentioned above can also be measured this way so that the old scale can be
related to the new one.

When the lifting height /# measured above ground level is too high, W and 4 are
no longer proportional. At great heights, the tendency of the weight to fall decreases
due to the lessening of the Earth’s gravitational pull and the increase of centrifugal
force caused by its spinning. If G = AW/A#h is used where AW means the additional
energy needed to increase the lifting height by a small amount A#, the definition of
the quantity G can be expanded to include this case. Thereby, the symbol A
indicates the difference of final value minus initial value of a quantity, for example,
AW =W, — W;. In order to indicate that the differences AW and A#h are intended to
be small, the symbol for difference, i.e., A, is replaced by the differential symbol
d. One writes

aw . dw (h)
G= oy OF more detailed, G(h) = ~an

For the sake of simplicity, although it is not completely mathematically sound, we
will consider the differentials to be very small differences. This will suffice for all
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or nearly all of the applications we will present in this book. Above and beyond this,
it gives us an effective (heuristic) method of finding a mathematical approach to a
physical problem. Dealing with differentials is described in more detail in Sect.
A.1.2 in the Appendix.

Note that in the expression on the left in the equation above, W and G take the
roles of the variables y and y'. In the expression on the right, they appear in the roles
of the function symbols f and f. It is actually a common but not fully correct
terminology to use the same letters for both cases, but if one is careful, it should not
cause serious mistakes.

In order to lift something, we must set it in motion and this takes energy too. The
greater the velocity v attained, the more energy is needed. Therefore, W does not
only depend upon A, but upon v as well. This is expressed by W(h,v). In order to
introduce a measure for weight also in this case, we must expand the definition
above:

G OW (h,v) .
Oh

Replacing the straight differential sign d by the curved 0 means that when calcu-
lating a derivative, only the quantity in the denominator (in this case /) is to be
treated as variable, while the others appearing as argument (in this case only v) are
kept constant (so-called partial derivative, more about this in Sect. A.1.2 in the
Appendix). A constant v, and therefore, do = 0, means that the increase of energy
dW has only to do with the shift in height d# and not with change of velocity.

There is another notation which is preferred in (physical) chemistry where the
dependent variable (here it is W) is in the numerator while the independent vari-
ables (in this case /# and v) appear in the denominator and the index, respectively.
The variable to be kept constant is added to the expression of the derivative (placed

inside parentheses) as index:
ow
G=|—=-]| .
( Oh >

We can go a step further and imagine the object in question to be like a cylindrical
rubber plug with changeable length / and cross section A. These changes also
consume energy and the total amount of energy needed now depends upon four
variables 4, v, [, A. In order to eliminate possible additional contributions due to
changes to / and A, they (along with v) must be kept constant. This can be expressed

as follows:
ow
G= = .
ah v,[LA

We find that defining the weight G in terms of energy becomes increasingly more
complicated, the more generally one attempts to comprehend the concept. This is
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why we will introduce important quantities such as energy (Chap. 2), entropy
(Chap. 3), and chemical potential (Chap. 4) through direct metricization.

1.4 Amount of Substance

There are various measures used for amount of substance, so we need to consider
what properties we expect to see in the quantity we are looking for.

It seems reasonable to claim that a certain amount of a substance within a
specified volume can only change if parts of it are emitted, are added from outside,
or are consumed or produced by chemical reaction. Just displacing, heating,
compressing, segmenting, removing accompanying substances, etc., should not
change the amount of substance in question. If we wish to adhere to these proper-
ties, we automatically eliminate certain measures of amount such as volume which
is the one most often used in everyday life. Examples of this are a solid cubic meter
of wood, a liter of water, a cubic meter of gas, etc. According to Einstein’s relation
(W=m-c* W: energy, c: speed of light), the mass m of a substance that grows also
when only energy is added to it, must be—strictly speaking—excluded as well.
Because such changes are much smaller than what can be measured with any
precision, mass is nevertheless widely used in science and commerce. It is, how-
ever, not fully satisfactory if one considers that when 1 cm® of water is heated by 1°,
its mass grows only by 5 x 10~'* g, but this change corresponds to about one billion
water molecules.

It is plausible to assume that two amounts of the same substance are identical if
they occupy the same space or have the same weight if conditions such as the form
of the area, temperature, pressure, field strength, etc., are all identical. In order to
measure a certain amount of substance, it is enough to fill the substance into equal
sized containers or segment it into equal parts and then to count them (Fig. 1.6)—
again under uniform conditions. This direct measurement of amounts of substance
by dividing it into equal unit portions and then counting them has been used since
ancient times and is still used today in the household, in trade, and in business. Unit
portions have mostly been established by filling and emptying a defined “cavity”
such as a bushel basket. Other types of measurements have also been created.
Examples would be 1 pinch of salt, 2 teaspoons of sugar, 3 bunches of radishes,

Fig. 1.6 Direct
measurement of amounts of
substance by dividing it into
unit portions and counting
them (for example, in the
past determination of the
amount of harvested grain
by use of bushel baskets).
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or 10 scoopfuls of sand. Alternatively, the unit portions can be established and
counted automatically (such as in the water or gas meters in every household).

Due to the atomic structure of matter, there is a natural division into atoms, or
rather, the constantly repeating groups of atoms described in the chemical formula.
It is therefore obvious to have the unit be such an elementary entity, such a
“particle.” The amount of substance corresponds to a number of units (like 24 apples
or 120 cars). However, in macroscopic systems, the numbers of particles are very
high and this can be problematic. For instance, 10 g of water contains about 10**
particles. Therefore, a more suitable unit must be found that is comparable to the
everyday dozen (12 units) or score (20 units). In chemistry, the measure of amount
called mole (derived from the Latin word “moles” meaning “huge mass”) has been
determined as follows:

One mol is a portion of substance made up of 6.022 x 10** particles (units).
or more exactly stated:

One mol is a portion of substance made up of as many elementary
entities (particles) as there are atoms in exactly 12 g of the pure isotope carbon-
12 (**C).

Na=6.022 x 10 mol ' is also called the Avogadro constant. Because it is
possible to directly or indirectly count the atoms or groups of atoms in a given
sample, the so-defined amount of substance n is in principle a measurable quantity.

The fact above can be stated differently. Instead of saying that a substance is
made up of countable particles, one might say that there is a smallest possible
portion of substance, an elementary amount (of substance) 7. The following is valid
for this elementary amount:

1 1
T=—= = 1.6605 x 107** mol. 1.1
Na  6.022 x 10* mol ™! (L1)
The amount of substance therefore is given by
n=N-z, (1.2)

where N represents the number of particles in the given portion of substance.
Quantities G with real but discrete and therefore countable definite values are called
quantized. We introduce a quantum number gto number the values. If the values are
not only discrete, but equidistant as well, the quantity is said to be integer quantized.
In the simplest case, the values are integer multiples g of a universal quantum 7:

G=g-7. (1.3)

In the case of the variable G, which represents various physical quantities, we use
another font in order to avoid confusion (for example, with weight G). We do this as
well for g (instead of g) and 7y (instead of y).
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The amount of substance # is therefore integer quantized with N as the quantum
number and 7 as the corresponding quantum of amount of substance. This is
comparable to the more familiar integer quantization of the charge Q of an ion,

O=z-¢ (1.4)

with the charge number z in the role of the quantum number and the elementary
charge ¢ in that of the charge quantum (e = 1.6022 X 107" O).

The relation between the amount of substance n and the mass m is determined by
the molar mass M. This quantity corresponds to the quotient of the mass of a sample
of the substance and the amount of substance in the sample:

M =

33

(SI unit: kg mol ™). (L.5)

With the help of the molar mass we can convert the more easily measured mass to
amount of substance:

(1.6)

</3

1.5 Homogeneous and Heterogeneous Mixtures,
and Measures of Composition

We will now look more closely at the term homogeneous mixture, mentioned in
Sect. 1.2. We will also contrast it with the concept of heterogeneous mixture. There
is, unfortunately, no unified way of wording this, so we will give a short explanation
of how we will use the terminology. Mixture is used as superordinate term. A
homogeneous mixture is homogeneous in the sense that it has a molecular disper-
sion with granularity of <1 nm, and all its constituents A, B, C, ... are considered
equal. If there is an excess of one of the components in a homogeneous mixture, we
will speak of a solution. The main component A is then called the solvent and the
minor constituents B, C, ... the dissolved substances or solutes. Unlike a homo-
geneous mixture, a heterogeneous mixture is coarsely dispersed with granularity
> 100 nm. Microheterogeneous colloids are a special case (granularity 1 ...
100 nm). However, not every kind of material system made up by two and more
different substances fits into this scheme.

A homogeneous region, meaning a region that is uniform in all of its parts, is
called a phase. One can differentiate between pure phases made up of one substance
and mixed phases made up of more than one. Homogeneous mixtures are always
single phases. Examples of single-phase systems are air, wine, glass, or stainless
steel. Heterogeneous mixtures are, by contrast, multi-phase, wherein the equal
homogeneous parts form together a phase. Fog, construction steel, soldering tin
(Pb-Sn), slush, etc., are all examples of two-phase heterogeneous mixtures. A very
esthetic example of a two-phase system is a so-called lava lamp with its wax-water
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Experiment 1.2 Lava lamp: When the lamp
is turned on, blobs of heated wax ascend slowly
from the bottom to the top where they cool and
then descend to the bottom again, causing a
constant movement of both phases.

Agqueous

salt solution

filling (Experiment 1.2). The granite shown in Experiment 1.1, however, is essen-
tially composed of four phases.

As arule, one does not specify the amounts of substance of all the components in
order to characterize homogeneous mixtures, but the content of selected compo-
nents. The superordinate concept “content” meaning the material fraction of a
substance in the mixture can be quantified by various measures of composition.
Several of these measures will be introduced in the following.

The mole (or amount) fraction x of a component B corresponds to the quotient of
the amount of substance ng and the total amount 7, of all the substances present
in the mixture:

G

XB = (SI unit: 1 or molmol™"). (1.7)

Niotal

The mole fraction is a relative quantity where 0 <x < 1. The sum of all the mole
fractions must always result in 1, so for a complete characterization of a binary
mixture (a mixture of two components A and B), only one mole fraction is
necessary. The second one will result according to x5 =1 — xp.

If the amount of substance is replaced by the mass, another measure of compo-
sition results, the mass fraction w:

mp

wp = (ST unit: 1 or kgkg_l). (1.8)

Miotal

The composition of solutions is often expressed by concentration. The molar
(or amount) concentration ¢ (formerly called molarity) of a dissolved substance B
results from the quotient of the amount of solute ng and the volume of solution V:
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Table 1.1 Conversion of the most common measures of composition for binary mixtures.

Xg = XB Macp Mbg
pf(,'B(MBfMA) 1+MAhB

g = PXB CB pbg

MA+XB(MB—MA) 1+ bgMp
bg = __m _® by

MA(I —XB) /)*MBCB

ng . -3
B = (SI unit: molm™). (1.9)

The unit mol L™ (=kmol m73) (abbreviation M) is often used in place of the SI unit.
When referring to the concentration in chemistry one usually means the quantity c.
Sometimes the mass concentration f is used that can be calculated from the
quotient of substance mass mg and volume V of solution:
mp
= (

B SI unit: kgm?). (1.10)

The disadvantage of these two easily accessible concentrations is that they are both
temperature and pressure dependent. This is due to corresponding changes of total
volume and can be avoided if the mass of the solvent is used instead. The molality b
corresponds to the quotient of amount of substance ng of the solute B and the mass
mu of the solvent A:

b = —2 (SI unit: molkg™"). (1.11)
ma

In Table 1.1, the relations for converting the individual measures of composition
have been compiled using molar mass M and density p.

1.6 Physical State

System and Surroundings We tend to consider (material) systems as strongly
simplified, often idealized, parts of the natural world around us in which we have a
special interest. For example, we can be interested in a rubber ball, a block of wood, a
raindrop, the air in a room, a solution in a test tube, a soap bubble, a ray of light, or a
protein molecule. We assume that systems can appear in various (physical) states,
where the word state means a momentary specific condition of a sample of matter
determined by macroscopic characteristics. States can differ qualitatively due to char-
acteristics such as state of aggregation or crystal structure or quantitatively in the values
of suitably chosen quantities such as pressure, temperature, and amount of substance.
Everything outside of the system in question we call the surroundings. If the
system is completely isolated from its surroundings, we can ignore anything
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happening there (in the surroundings). However, this requirement is hardly ever
fulfilled, so we must deal to a certain extent with the conditions in the surroundings.
When considering the pressure or temperature of a system as prescribed, one
usually thinks of some equipment in the surroundings that establishes these values.
In a lab, this is generally a cylinder with a moveable piston that will allow us to set
up the pressure and a “heat reservoir” with a defined temperature that is connected
to the system through heat conducting walls.

Types of States The classical states of aggregation, solid, liquid, and gaseous,
serve as a first rough characteristic for distinction. Seen macroscopically, the
following is valid for a substance enclosed in a container:

* A solid has a fixed volume and withstands shear. This means that it retains its
volume and shape regardless of the shape of the container it occupies.

* Aliquid has a fixed volume and is able to flow. It retains its volume, but its shape
is unstable and adapts to the walls of the container.

e A gas is able to flow and fills the whole space it is in. It assumes the volume and
shape of the container.

Information about the state of aggregation of a substance can be added to its
formula by using a vertical stroke and the abbreviation s for solid, 1 for liquid, and g
for gaseous. Ice is then characterized by H,O|s, liquid water by H,Ol|l, and water
vapor by H,0|g. We prefer this way of writing to the usual form with parentheses
because it prevents the confusing overabundance of parentheses occurring when
formulas of substances appear in the argument of a quantity [for example, the mass
density p(H,Oll) instead of p(H,O(1))].

A deeper look into the nature of states of aggregation can be gained if one leaves
the phenomenological level and moves to the molecular-kinetic level (Fig. 1.7). A
particle model lets us create a relation between the macroscopic properties of matter
and the behavior of the particles—atoms, ions, or molecules of which it is
composed.

« From the atomistic point of view, the particles in solids are packed closely and
well-ordered due to their strong reciprocal attraction. They have only very
limited space to move in, meaning that they essentially stay on one site, but
oscillate somewhat around that position.

e The particles of liquids are still rather closely packed, but not in an orderly way.
Motion of the particles is so strong that the reciprocal attraction is not intense
enough to hold them in one position. Although they stay in contact, they are able
to slide by each other freely.

e The particles in gases are packed very loosely and disorderly. Their constant
movement is quick and chaotic and they tend to be far apart from each other
except for occasional collisions. The typical distance between the particles of the
air in a room is about ten times the diameter of the particles themselves.

There is a somewhat different but comparable point of view which uses crys-
talline, amorphous, and gaseous for classification.
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Fig. 1.8 (a) Body-centered
cubic crystal lattice, (b)
Face-centered cubic crystal
lattice.
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* A substance can be categorized as crystalline if it is inherently stable and if its

components are packed in a regularly ordered, repeating pattern that continues in
all three directions over long distances (long-range order). This crystalline state
is generally characterized by |c. Different crystal structures appearing at the
level of chemical bonding theory and which are created by different ways of
packing their components are indicated by Greek letters or the appropriate
mineral names. For example, iron can have a body-centered cubic structure
(Fe|a) or a face-centered cubic structure (Fe|y) (Fig. 1.8), and carbon can exist
in the form of hexagonal graphite (C|Graphite) or in the cubic diamond structure
(C|Diamond). These different forms of a substance are called modifications.

The components in an amorphous substance only show some short-range order.
Macroscopically, the substance can be either solid or liquid. The symbol used for
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amorphous is |a. A typical amorphous solid would be glass, but also spun sugar
(candyfloss, cotton candy) can be counted in this category.
» The gaseous state is defined in the usual sense.

If a substance appears in dissolved form in a homogeneous mixture, it is
characterized by |d. Water is by far the most common solvent. We therefore give
substances dissolved in water their own symbol |w.

State Quantities Besides the qualitative description of a system discussed above
its quantitative properties can be characterized by physical quantities. A quantity
that describes the state of a system or is defined by the instantaneous state of a
system is a state variable. Depending upon the conditions involved, the same type
of quantity might or might not be a state variable. The time-dependent amount of air
n(?) in a ventilated room is a state variable, but the amount of incoming air n;,
supplied by ventilation, or the amount of outgoing air n.,, escaping around
windows or doors, is not:

An = nj, — ngy or in more detail An(t) = ni,(t) — now ().

Analogously, the volume of water V in a bathtub is a state variable, but the volume
of water flowing in through the water tap (V5) or shower head (V5) and spilling over
(Vo) is not (Fig. 1.9):

V=Va+Vs—Vo. (1.12)

The water level 4 in the bathtub is a more complex example of a state variable. s not
only depends upon the water volume V but upon the volume Vy displaced by the
person standing, sitting, or lying in it, h = A(V, V). If the tub had straight walls, i.e.,
if the cross section A were constant, we could easily write:

Fig. 1.9 Volume of water
V and water level 4 in a
bathtub as examples of state
variables.
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h=(V+Vq)/A “Equation of state.” (1.13)

In contrast to Eq. (1.12), Eq. (1.13) relates only state variables (the quantities whose
values are determined only by the momentary state of the system, independent of
the path by which that state was reached). The advantage of applying such relations
is that one can reach conclusions without having to know the details that led to this
state. This type of equation is called an “equation of state” and functions such as
h=h(V, Vy) are called state functions (or state variables). Even though each of
these quantities can have a value that changes with time, the equations of state
relating these quantities are timeless. However, the division of V into the three
values V5, Vg, and Vo, as shown in Eq. (1.12), depends upon the process by which
the bathtub was filled. Such quantities can be called “process quantities” to
distinguish them from the state variables.

The considerations that hold for the volume of water in a tub also hold for the
energy of a system if several possibilities exist for inflow and outflow. The excess
energy in hot cooking water or in a charged car battery is a state variable, but the
energy we are charged for every year by the electricity company or that our kitchen
stove consumes when we are preparing food, is not. We will deal with this in more
detail in later chapters.

Different Forms of Notation State variables are easier to handle mathematically.
Therefore, if possible, all calculations are carried out with these quantities and
unknowns, results, and parameters are expressed by them. This is especially valid
when dealing with an abstract quantity that we cannot imagine or only imagine
insufficiently. The characteristic of being a state variable is an important and
helpful orientation device. We will now use an example to illustrate the approach
that is also graphic and understandable.

A small increase of water volume dV 4 flowing out of a water tap and into the tub
can be expressed as the increase dV of the water volume in the tub if inflow through
the showerhead and outflow over the edge of the bathtub are not allowed (either in
reality or just in our model). We will express this increase by the symbol (dV)g o.
When we correspondingly deal with Vg and Vg, an equation results where the V in
all the terms is the same quantity, the water volume in the bathtub:

dv = (dV)B,O + (dV)A,o - (dV)A,B‘

Sometimes instead of d, the symbol & or d is used in the case of “process quantities.”
One then writes 8V or dVa, respectively. However, in the following we will avoid
doing this.

The changes of volume per time on the right describe the strengths of the water
currents J into and out of the bathtub. These are the water flowing out of the water
tap J4 and the shower head Jg, and the water spilling over the edge of the tub Jo:
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av_(avy v
de o \dr /o \dt ) g \dt),g

When dV/dt is abbreviated to V, the resulting equation is the same but has a more
compact form. It can also be more easily understood:

V=J A+Js—Jo “Continuity equation.”

Expressed in words: “The rate of increase of the amount of water in the tub equals
the sum of the water currents flowing into it (and out of it).” This is a very simple
example of applying an equation that appears in a myriad of ways in various areas
of physics.

However, another aspect is more important for us here. In Sect. 1.3, we were
introduced to similar expressions where instead of the straight d, the somewhat
differently written curved O appeared. Although we could actually do without the
curved O and always use d, without making a formula wrong, this does not work
both ways. In an expression like (0y/0u), ,, it is always assumed that the quantity
in the numerator can be written as a function of the quantities in the denominator
and the index, i.e.,y = f(u, v, w). Thereby, the index , ,, means that only u occurs as
an independent variable, while v and w are treated as constant parameters. We
will illustrate this by crossing out these quantities in the argument of the function:
vy = f(u, ¥, ), but just this one time, and not in general. The derivative can now be
calculated as usual by applying the rules of school math (compare to Sect. A.1.2 in
the Appendix). If we indicate the derivative with the usual ’, i.e., y = f'(u, ¥, %),

we obtain:
dy\ oy
(&), = (&), =)

The derivative with respect to the other variables is calculated accordingly:

dy . Oy o
<$>u,w B (%)mw = f'(¥,0,%) and so on.

Unlike u,v,w, the indices A, B, and O in the expressions above do not denote
quantities. However, that is not important at this point. What is important is that
both cases express that the increase of the numerator is caused by changes of the
quantity in the denominator, while all other influences are eliminated.

v,w?

Coupled Changes The bathtub can help us once again to understand another
aspect that we will need to deal with later on. In the above, we discussed the special
features resulting when the same entity (measured by the same quantity: water
volume) of a system can be exchanged with its surroundings simultaneously via
various paths. Let us now replace the person in the tub with an expandable rubber
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Fig. 1.10 Example for
reciprocal coupling between
different types of quantities.

sack (Fig. 1.10). The water volume V in the tub is separated from that in the sack V*,
so that the water levels in the bathtub and the sack, 4 and 4%, can be different. In this
case, all four quantities V, i, V*, h* are state variables. They are all “geometric” and
therefore it appears to us that they are comparably simple.

Despite their separation, the two parts of the system influence each other so that
an increase of water level in one causes an increase of the water level in the other
and vice versa. This reciprocal coupling between different types of quantities,
mechanical, thermal, chemical, electrical, etc., is central to thermodynamics and
matter dynamics. We will go into this more deeply in Chap. 9 when we have
acquired the necessary background.

Extensive, Intensive, Substance-Like The concept of substance is primary to the
discussion of systems of matter dynamics. The simplest case would be a homo-
geneous domain, meaning one where all the parts are uniform and where the form
and size are unimportant. Such a formless domain represents what we call sub-
stance, whether it is pure or a mixture of various components. Some quantities
describing the state of a domain, such as mass, volume, concentration, energy,
entropy, etc., add up when two uniform domains are merged into one. Other
quantities such as mass density, pressure, temperature, concentration, refractive
index, etc., do not change. The first group is made up of the so-called extensive
parameters and the second, of intensive parameters. One group describes global
characteristics for the entire domain in question. The second group describes local
characteristics, attributed to one place. These concepts can be applied analogously
and with good accuracy to material systems that are not homogeneous in their
entirety but are approximately uniform in small sections—at close range.

Classification is not always clear. Let us consider the surface A of a liquid droplet
in fog. When we put two sections of the fog together, the surfaces add up so that
A appears to be an extensive quantity. However, if we unite two round droplets into
one, A is clearly not additive.

The extensive quantities G which we can imagine as a “something” distributed in
space are called substance-like. Mass m, amount ng of a substance B, and electric
charge Q are some of these, and so are energy, momentum, and entropy, which are
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often considered quite abstract concepts. We will get back to them later in more
detail (Chaps. 2 and 3). Their distribution need not to be uniform and the density pg
of the “something” can change in space and time by being used up, produced, or
redistributed. A quantity that distinctly exhibits this behavior is the amount ng of a
substance B that diffuses and reacts. If G is a so-called conserved quantity, like
energy, for example, the “something” can be neither created nor can it decay. It can
only migrate inside the system or be exchanged with its surroundings. When the
“something” disappears in one location, it must reappear somewhere nearby.
From there it can be transfered further and further. This process can be considered
a kind of flow.

1.7 Transformation of Substances

In Sect. 1.2, we saw that the multitude of substances can be understood as combi-
nations of relatively few basic substances, where the ratio is quantitatively
expressed by the content formula. In chemistry, we have seen that chemical
elements play the role of basic substances and when indicated, electrons e, if the
totality of ions is considered a “charged” substance.

We use transformation here and in the following as the superordinate term for
processes that are otherwise more differentiated, such as reaction, transition
(change of state of aggregation, etc.), and the (spatial) redistribution of substances.
This is done simply because these processes can all be described using the same
paradigm. Whether a transformation of substances is chemical or physical, it can be
expressed by a conversion formula, also called a reaction equation or reaction
formula. Usually, the content formulas of the starting substances (also called
reactants) are to the left of the reaction arrow, and the end products are to the
right. The term “reaction equation” is not exactly apt because we do not have an
equation in the usual sense here. The name comes from the fact that the amounts of
the chemical elements—either free or bound—remain unchanged during the trans-
formation from initial to final substances. The number of symbols for each element
must, therefore, be the same on both the left and the right.

A simple example of a reaction is synthesizing ammonia from nitrogen and
hydrogen. One usually finds different substances 3, (i=1, 2, 3 . ..) participating in
such processes, each of which can be assigned a number. For example, nitrogen N,
can be given the number 1, hydrogen H, the number 2, and ammonia NHj the
number 3. This can be accomplished by simply setting the numbers above the
substances in the conversion formula:

1 2 3
N2+3H2 — 2NH37

but also by the order they are put into in the formula, a table, or some other type of
list, for instance:
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Bi =Ny, B, =Hy, B3 =NH3,B4 = CO;....

Note that the index for B is arbitrary, while the content numbers in the content
formulas are well defined. In the case of the variable /3, we use another font in order
to avoid confusion but also because we use B as well as B for other purposes.

It is a good idea to write all of the initial and final substances on one side in order
to avoid having to distinguish between different cases, for example as follows:

0—>—1N2—3H2+2NH3

or, in general, for various substances A, B, C, ... of the set S of all possible
substances

0—vaA+vgB+vcC+... {AB,C...}CS.

A symbolic “0” appears on the left that does not actually represent the number
0, but a substance represented by a content formula in which all content numbers
disappear. If we consider the substances to be numbered as discussed above, the
expression can be written more compactly using the summation operator ) :

0— i V,'Bl'.
i=1

The chemical elements participating in a transformation are always conserved. This
means that their total amount does not change, whether they are free or bound.
Therefore, the conversion numbers (stoichiometric coefficients) v; in front of the
content formulas should be chosen so that the number of element symbols is the
same on both sides. This also holds for electrons when they appear, so to speak, as
an additional basic substance in the conversion formula where ions participate.
They appear openly with the symbol e or more hidden with the superscript charge
numbers. The more unusual way of writing that uses “0” on the left side has the
advantage that the conversion numbers appear with the correct algebraic signs as
factors in front of the content formulas. v is negative for starting substances and

positive for final products, for example, vN, = —1, v, = —3, VN1, = +2,Vc0, = 0,
.... If the index itself contains subscripts it is better to refer back to the num-
bering scheme v = —1, v, = —3, etc., or to use the form with arguments v(N,) = —1,

v(H,) = —3, etc. As the lower formulas above imply, we have to sum over all the
basic substances, meaning the chemical elements, the electrons, as well as their
combinations. However, for the overwhelming number of substances v; =0 and the
corresponding substances can be ignored so that, in the example above, vco, = 0,
and the same would hold for vge, Vnacl, €tc.

The amounts of the substances change in the course of a reaction and these
changes can be used to measure the progression of the process. Substances are not
all formed or consumed in the same ratio. A look at the conversion formula for
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ammonia synthesis shows hydrogen converting at three times the rate of nitrogen.
Changes of amounts are proportional to the conversion numbers v. In order to attain
a quantity that is independent upon the type of substance B, the observed changes
Ang are divided by the corresponding conversion numbers vg:

AI’lB ng — I’lB’O

¢

“basic stoichiometric equation.” (1.14)
VB VB

ng is the instantaneous amount of substance and np  stands for the initial amount.
Note that both Ang and vp are negative for reactants, so the quotient is positive
which is also true for the products. Of course, the reacting material system must be
isolated from its surroundings, meaning that no exchange of substances or second-
ary reactions may be allowed to occur so that the amounts of substance converted
during the process can be clearly identified.

The following is valid for different substances A, B, C, .. .:

N AI’IA N AnB o AI’IC

A A A
r|§|_\ na| |Ang| |Anc|

vaA VB Ve Al el el

£ (1.15)

Just one quantity, the time-dependent quantity &, is enough to describe the temporal
course of the reaction. We will call it the extent of reaction or extent of conversion.
In the case of ammonia synthesis, the value of £ indicates what the momentary
extent of the production of ammonia is after a given period. The same unit used for
amount of substance, the mol, is normally used for this quantity. Take £ =1 mol.
This means that since the process started, 1 mol of nitrogen and 3 mol of hydrogen
have been consumed and 2 mol of ammonia have been produced. For the same
value £ (the same extent of reaction), the changes of amounts An can be very
different (with regard to both the absolute value and the sign involved). It is
important to remember that the £ values only make sense in relation to a certain
conversion formula. If the same reaction is described by another formula, such as

Y, N2 + 3,H, — NHs,

the meaning of the £ values changes. At any given moment, the extent of reaction &
is only half as great for the same amounts of converted substances. The conversion
formula must therefore always be specified.

The usual stoichiometric calculations can be carried out directly or indirectly
using Eq. (1.15). Therefore, we call it and its source, Eq. (1.14), the basic stoichio-
metric equations. These equations allow us to calculate the change of amount of a
substance C from the change of amount of a substance A. For example, knowing the
consumption of an acid in titration An,, we can calculate the original amount of a
base Ang, or knowing the amount of a precipitate Anp, we can find the amount of
the substance Ang which was precipitated out from the initial solution. Here, the
conversion numbers are to be taken from the neutralizing or the precipitation
reaction, respectively. Since in most cases only the absolute values of An matter,
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and not their algebraic signs, the simpler variant where no algebraic sign need be
dealt with [Eq. (1.15) right] is the one most often used.

Often, it is not directly the amount of substance » that is interesting or known to
us but rather a volume AV of a reagent solution that is either given or consumed, the
concentration ¢ of a sample or standard solution, or the increase of mass Am of a
filtering crucible where a precipitate was collected, etc. The An values are then
expressed by the given, measured, or the sought quantities. For example,
Anp = ca - AV for the consumed acid or Anp = Am/Mp for the weighted precipitate,
where Mp stands for the molar mass of P.

Here is a short example showing this. For the titration of 25 mL of sulfuric acid,
20.35 mL of sodium hydroxide solution (0.1 mol L™") is consumed. We are looking
for the concentration of the acid. The conversion formula for this is

H,SO4 4+ 2NaOH — Na,SO4 + 2H,0

and the basic equation (1.15), where A stands for the sulfuric acid and B for the
sodium hydroxide solution, is

o VAl 8l . fAV e
|VA‘ ‘VB| AVA VB '
Using numerical values, we obtain
2035mL - 1
'a=0.1molL™' ————— =0.041molL™".
cA mo Sml 2 mo

The basic stoichiometric equation can be transformed somewhat so that for any
arbitrary substance i:

n; :ni,o+vi§. (116)

This equation can basically be used for any substance, even when it does not
participate in the reaction taking place, because v; = 0. In this respect, this equation
is more general than our initial equation (1.14), for which v; # 0 needs to be the case
for the denominator.

We call a change in the extent of a reaction R, A¢, the conversion of reaction R
or the conversion according to reaction R. Every conversion leads to changes in the
amounts of the participating substances, which are proportional to their conversion
numbers:

Al’li :V,"Af. (117)

Conceptually, the extent and conversion of a reaction are related to each other in the
same way that location and displacement of a mass point are.
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Equation (1.17) can be expanded easily so that it remains useful when several
reactions R, R’, R”, ... run simultaneously where each one is described by its own

quantity &, &, £, etc.:

An; = vi- AE+v - AE +v] - A" + ... for all substances i.  (1.18)

Not only can chemical reactions be described in this way, but also a simple
exchange of a substance B with the surroundings can as well,

B|outside — Blinside or 0 — —1 Bloutside 4 1 Blinside,

so that we can apply equations of the type (1.18) very generally for calculating
changes in amounts of substance.



Chapter 2
Energy

Energy is a quantity that not only plays a dominant role in the most diverse areas of
the sciences, technology, and economy, but is omnipresent in the everyday world
around us. For example, we pay for it with every bill for electricity, gas, and heating
oil that arrives at our homes. But we are also confronted more and more with
questions about how we can save energy in order to cover our current and future
demands. At the beginning of the chapter, the conventional indirect way of defining
energy is briefly presented. A much simpler way to introduce this quantity is
characterizing it by its typical and easily observable properties using everyday
experiences. This phenomenological description may be supported by a direct
measuring procedure, a method normally used for the quantification of basic
concepts such as length, time, or mass. Subsequently, the law of conservation of
energy and different manifestations of energy like that in a stretched spring, a body
in motion, etc., are discussed. In this context, important quantities such as pressure
and momentum are introduced via the concept of energy.

2.1 Introducing Energy Indirectly

Energy is a quantity that not only plays a dominant role in the most diverse areas of
the sciences, technology, and economy, but is omnipresent in the everyday world
around us. We buy it in large amounts and pay for it with every bill for electricity,
gas, and heating oil that arrives at our homes. There is also information on every
food package about the energy content of the food inside. We are confronted more
and more with questions about how we can save energy in order to cover our current
and future demands.

Ironically, this everyday quantity is defined and explained in a very complicated
way. To start with, it is dealt with as a special concept within the subject of
mechanics and then gradually expanded and generalized. The quantity called energy
is almost always introduced indirectly through mechanical work. The relation
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Fig. 2.1 Interaction of force and distance when doing work (here, as seen by the person involved).

Xfinal

W= | Fdx
Kinitial
E=W+0+... W=F-AX
W=F- Ax
f
F=m-a
a=Av/At
v=Ax/At

Fig. 2.2 The usual indirect way over many steps to energy (a simplified image here). The
formulas above on the right clarify the framed equation at step 4. a acceleration, E energy,
F force, m mass, Q heat, ¢ time, v velocity, W work, x position.

“work = force times distance” is our access route. It tells us that a lot of work must be
done if, for instance, one wishes to cover a distance using great force against a strong
resistance. Examples of this might be riding a bicycle against a strong wind or
towing a car (Fig. 2.1) across a sandy surface. The figure shows the interaction of
force and distance from the perspective of the person performing the work. The force
being applied by him in the x-direction is positive for the example on the left: F', = F;
on the right, it is negative: F', = —F. Correspondingly, the work W =F - Ax done by
the person in the figure is positive on the left and negative on the right. Seen from the
car being pulled, all the forces and work have the opposite algebraic signs.

The unit for work is the Joule (J), named for the British beer brewer and private
scholar James Prescott Joule, who lived in Manchester, England, in the nineteenth
century. One Joule corresponds to the product of the units of force (Newton, N) and
length, N m =kg m* s 2.

The path to the concept of work leads through many steps (Fig. 2.2). The
quantity called force is also defined indirectly (force =mass times acceleration).
The same holds for acceleration (= change of velocity divided by time interval) as
well as velocity (= distance covered divided by time needed to cover it). Mechan-
ical work is only one form of energy input. There are other forms as well, the most
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important of which is heat. The name energy is an umbrella term for these various
forms. This new quantity has its own symbol, mostly E, with the unit Joule.
Furthermore, each of the numerous variants has its own name and symbol. Along
with work W and heat O, there are internal energy U, enthalpy H, Gibbs (free)
energy G, exergy B, etc.

In order to avoid this convoluted derivation, we will introduce energy directly by
metricization. As a first step, we will characterize the concept using typical and
easily observable properties. We will see that we can do without the large number
of energy terms because a single one is basically enough to do what is necessary to
describe all processes we deal with in physical chemistry.

2.2 Direct Metricization of Energy

Basic Idea Almost everything that we do requires effort and strenuousness. We
notice this especially when doing something that is so strenuous, it makes us sweat
and gasp. So let us imagine all devices and things we use to be so large and heavy
that we feel the consequences of dealing with them. We will take a look at a few
strenuous activities that we accomplish without tools or with the help of levers,
ropes, pulleys, winches, etc. (Fig. 2.3). All the activities in the figure belong to the
subject of mechanics.

We can also include thermal processes (such as a “heat pump”), electric pro-
cesses (an “electrostatic machine,” for instance), or chemical processes (such as a
water electrolysis apparatus) in this (Fig. 2.4). However, because these kinds of
processes are less familiar, we will come back to them later on in more detail. For
now, we will limit ourselves to mechanical processes.

It is noteworthy that the effort we have expended for these activities does not just
disappear, but can be used to accomplish other strenuous activities. For example,

a
A
e i)
)

& 4

5 ‘_"_ (-.ff’_.i —_
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Fig. 2.3 Strenuous activities: (a) stretching, (b) bending, (c) lifting, (d) throwing, (e) starting a
wheel turning.
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Fig. 2.4 (a) A primitive “electrostatic machine”: progressive charging of a capacitor by separat-
ing charge in the already existing field and transporting the charge to the corresponding opposite
plate, (b) A “water electrolysis apparatus”: forcing a spontaneous reaction in the opposite direction
is strenuous, here using the example of decomposing water into its elements.

Fig. 2.5 Utilizing the effort needed for stretching the spring in order to (a) bend a tree, (b) lift a
sack, (¢) hurl a stone.

we can directly or indirectly use a stretched spring that is trying to contract, in order
to bend a tree, to lift a sack, or to hurl a stone, etc. (Fig. 2.5).

Conversely, we can stretch a spring by using a bent tree, a lifted sack, or even a
hurling stone (if it can be caught correctly). Any combination can be accomplished,
if the right tools are put to use. What is important here is that the effort put into
something can be used to perform other activities.

It appears that the effort expended to change something is stored within the
changed objects. We can imagine it to be contained in the stretched spring, the bent
tree, the lifted sack, the flying stone, etc. It can be taken out again by reversing the
change and then reused to change other things.

Lost Effort All of us experience activities where all effort apparently seems to
disappear (Fig. 2.6). We rub our hands together and they get warm, but we cannot lift
a sack with this heat. It is hard work to pull a heavy cart across a sandy surface. Not
only do we start to sweat, but the sand also becomes warm even if we do not notice
it. Even when we do not accomplish anything, for example, when we try to hold back
an attacking dog or try to pull a firmly rooted bush out of the ground, we get hot.
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a

Fig. 2.6 Activities where all effort seems lost: (a) rubbing, (b) pulling, (c) restraining.

In such cases, it seems there is nothing left of the effort that was expended that can
then be put to use. At least under the given circumstances, this appears to be the case.

Although the effort needed for this does not get reused, it does not simply
disappear without a trace. We sweat, and not only do we get hot, but also the things
around us: the rubbed hands, the sand under the wheels, the squeaking wheel
bearings. The more effort wasted, the more pronounced the warming. This is a
significant trace left by the lost effort. However, even this trace gradually fades so
that eventually it seems that all the effort disappears into nothing.

We must take into account that with everything we do, a part of our effort does
not accomplish anything but will get lost in some unintended secondary activity.
Friction almost always hinders our activities. It takes a lot of effort to overcome
friction and it is something we seek to avoid, if possible. To give another example,
we ourselves are affected by the activity of our muscles where—just like with
rubbing—heat is produced. This is an unwanted but unavoidable secondary
activity.

Measuring Effort The question now arises of whether it is possible (unencum-
bered by what we feel) to determine how much effort a certain activity entails—
stretching a spring, lifting a sack, or charging a capacitor? We expect that an
objective measure of the effort expended for the same activity will always have
the same value, no matter who does the work, where it is done, and when. If
something is done twenty times in exactly the same way, it should mean, all in
all, twenty times the amount of effort.

The unit used (as for example, the unit of length) can in principle be chosen
arbitrarily. One could for instance select a coil spring. The position of the end of the
spring in its relaxed state receives a value of 0, and at an arbitrary but defined
stretched state, a value of 1 (Fig. 2.7). In this manner, an “amount” of effort is
defined that can serve as our private unit. Naturally, we can also choose the unit to
be equivalent to the SI unit. Such springs can be made so that the initial and final
states are easily recognizable, comparable to a spring balance whose scale is limited
to values of 0 and 1 (compare Fig. 2.7a, lower spring).

We can set the flywheel in motion using the stretched “unit-spring.” The spring
then returns to its rest position and the flywheel rotates. The effort stored in the
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Fig. 2.7 (a) Showing the a Q_aa dananl.
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spring is now in the turning wheel and can be given back to the spring by using the
spin of the wheel to stretch the spring (Fig. 2.7b). This interplay can in principle be
repeated indefinitely and in various ways. Unfortunately, air and bearing friction
gradually consume the stored effort, or in other words, friction continuously takes
some of it for other purposes.

If we were able to prevent such unwanted losses, it would be easy to measure the
effort necessary for our activity. We will therefore assume that by using appropriate
measures, losses can be avoided. Ball bearings help against axle friction, a vacuum
helps against air friction, thicker wires help against line resistance, and the friction
of wheels on a surface can be compensated for by a harder surface, or better yet, air
cushions. Later on we will see how we can deal with things when such compen-
sating measures are unavailable or insufficient.

Another type of error arises when a part of the effort gets “caught” in the storage.
This is the case where the tree is being bent and the sack is being lifted by springs
(Fig. 2.5a, b). The process comes to a halt when the pull of the spring upon the rope
reduces to the point where it can no longer overcome the counter-pull of the tree or
the sack. The rope and deflection pulleys alone are not enough to make the best use
of the effort stored in a spring during stretching. To do so, it would be necessary to
make use of a somewhat more complicated construction which we will not do at this
time. We will just assume that it is, in principle, possible to utilize the stored effort
entirely.

Measuring effort simply means counting how many unit portions it can be
divided into. One counts the number of unit-springs that can be stretched or one
counts the number of already stretched springs needed to obtain a desired change
(compare Fig. 2.8).

Energy We call the quantity introduced by the process described above, energy.
Of course there are more accurate and more easily reproducible means to represent
the energy unit (or an arbitrary multiple of it) than our spring. As an example,
consider the energy of a photon emitted by a hydrogen atom when its electron drops
from the 2p state to the 1s state. This sounds a little bit strange at the beginning, too.
But, also the meter, the fundamental unit of length in the SI system, is meanwhile
no longer defined by the international prototype meter bar composed of an alloy of
platinum and iridium. In 1960, the meter was fixed as equal to 1,650,763.73 times
the wavelength in a vacuum of the radiation corresponding to the transition between
the levels 2p'® and 5d° of the krypton-86 atom. In order to enable traceability
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Fig. 2.8 Creating a multiple of the “unit of effort” by connecting unit-springs in series.

between this new definition and the old prototype, the numeric value (1,650,763.73)
was chosen (according to the measurement accuracy of that time). To further reduce
uncertainty, the length of the meter was currently fixed indirectly in terms of the
second and the speed of light. However, precision of measurement is not what is
actually important when first learning about a quantity, here the quantity called
energy.

Depending upon the purpose, different symbols such as E, W, U, Q, H, G, ... are
in use for the quantity called energy. We will use only the symbol W because E will
be used for electric field strength. Moreover, there is no good reason to give
different symbols and names to stored and transported energy.

The quantity W has been introduced by direct metricization of the everyday
concept of effort. Although we have relied on our senses, the quantity W is
ultimately independent of subjective feelings. This fact is essential for dealing
with it objectively because the same activity can, for example, seem more strenuous
to one person than to another or more exhausting to a tired person than to a well-
rested one. The quantity called energy defines and quantifies what we call effort in
everyday life, a term relating to an activity. On the other hand, it also denotes what
is stored in an object that is deformed, moved, lifted, charged ... and that can be
retrieved when needed. That means energy also quantifies the ability to do some-
thing, what in everyday language could be circumscribed vaguely by “power to do
something.”

We should, though, be wary of taking this comparison of energy (in physics) and
“power to do something” (in everyday life) too literally. In the economy, the more
money you have, the more you can accomplish, but coins and notes do not have any
intrinsic power. Almost everything we do involves some kind of turnover of energy.
Energy might be considered the price paid for an activity or, conversely, what can
be gained. If we know the price of an activity, we also know whether or not it is
possible to pay for it.

It is a matter of preference whether one wishes to describe processes as dynamic,
meaning as a result of forces working with and against each other or simply as a
form of accounting by considering credits and debits on a balance sheet. The former
takes into account everyday images and what we sense and feel. The latter makes
use of our experiences dealing with cash and non-cash money values.
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2.3 Energy Conservation

One of the most important insights of nineteenth century physics was that energy—
or “force” or “power,” as it was called then—never gets lost, i.e., cannot disappear
into nothingness. A hundred years before that people knew that no matter how
ingenious you are, energy cannot be created from nothing. In Sect. 2.2, we saw
several examples of effort seeming to get lost. This loss was always accompanied
by the evolution of heat. In the so-called “Joule’s apparatus” (Fig. 2.9), a falling
weight was used to spin a paddle wheel. The cold water in the insulated vessel
(a kind of calorimeter) was warmed up by the rotating paddles and the
corresponding temperature was measured.

An ice calorimeter (Fig. 3.23b and Experiment 3.5) can also be used to deter-
mine how much heat has evolved in a process by showing us how much ice it melts.
The amount of melt water is proportional to the amount of energy expended,
independent of where the energy comes from or how it gets into the ice. Naturally,
this is assuming that nothing comes into it from other sources or drains off to some
sink—through a leak in the heat insulation, for example.

It was therefore concluded already at that time that a certain amount of energy is
needed to heat a body, whether or not this happens intentionally. If the amount of
energy used for this is included, one finds that the entire “stock” of energy remains
unchanged. Energy can be moved from one storage to another, but the amount
remains the same. This finding is called the “law of conservation of energy” or short
energy principle. One result of the law of conservation of energy is that any energy
expended must be independent of the path or the tools used. Otherwise, in contra-
diction to this law, it would be possible to create energy from nothing (or let energy
disappear into nothing) by delivering it by one path and releasing it via another.

Fig. 2.9 Joule’s apparatus
for demonstrating the
equivalency of energy and
heat (from: Abbott (1869)
The new theory of heat.
Harper’s New Monthly
Magazine 39:322-329).

Weight
Insulation
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Until now, we have assumed that the energy consumed producing a change can
be retrieved if the process involved is reversed. However, we run into a problem
with processes associated with the evolution of heat: they cannot be reversed, or at
least not entirely so. The energy has not actually disappeared, but is somehow not
quite accessible any longer. This situation caused a lot of headaches in the nine-
teenth century and still does today. We will look more closely at this subject in
Chap. 3.

Before we do that, though, we will discuss some simple cases showing how to
find values for energy. Many quantities derived from energy are easier to measure
than the energy itself, so we usually calculate energy indirectly through these
quantities.

2.4 Energy of a Stretched Spring

A stretched spring has the tendency to contract, and the more strongly stretched it is,
meaning the more the length / exceeds the value /y in its relaxed state, the more
strongly it tends to contract. Depending upon how much the spring is already
stretched, it becomes increasingly strenuous to continue stretching the spring by
the small amount A/ (Fig. 2.10). In other words, the energy AW needed for this
increases by / proportionally to / — [y (at least within certain limits) as long as the
changes AW and Al are small enough. This condition can be expressed by replacing
the differences with differentials:

AA—V;/:D~(Z—IO) or rather cii—v;/:D~(l—lo). (2.1)
The graphic shows that, when greatly magnified, the curve around the point / seems
to have become straight. We then calculate the slope of this extremely small section
of the curve (see the magnified section in Fig. 2.10). There is a more detailed
description of this in Sect. A.1.2 in the Appendix. When we now plot the values
gained in this manner as a function of the corresponding / values, we obtain a linear
function as we would expect from Eq. (2.1).

The proportionality factor D quantifies the characteristic called spring stiffness.
When the factor D is great, a spring is hard or stiff, when it is small, the spring is
soft. dW/dl is a measure of the “force” with which the spring resists stretching. We
take W and [/ as measurable quantities so we can express this force—as usual
symbolized by F—as follows:

daw daw(!
F= P in more detail F(/) :#. (2.2)

The corresponding SI unit is J m~' = N (Joule/Meter = Newton). If we insert F into

Eq. (2.1), we obtain the usual form of a familiar law,
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F()y=D-(I—1y) Hooke’s law. (2.3)

F(I) then describes the slope of the graphical representation of the function W(/) at
point /. In order to find W(/), we need only to find the antiderivative of F(/). In this
case, it is the function whose derivative with respect to [ results in D - (I — ly).
Antiderivatives are gone into in more detail in Sect. A.1.3 in the Appendix. Now we
see that:

W(l) = 1,D - (I — lh)* + W,. (2.4)

To start with we have assumed that D is constant and that F(/) is a linear function,
meaning that the graph (the characteristic curve) of the spring is a straight line.
However, this does not need to be the case. In Eq. (2.1) a different derivative dW/d!/
would appear on the right, which can be measured like the one before. Now the
spring stiffness D that still corresponds to the slope of graph F(/) is itself dependent
upon /. Although it can be mathematically more challenging to find the antideriv-
ative of F(/), the method remains the same.

Let us now imagine two different springs stretched and connected in series
(Fig. 2.11). The one on the right can only contract as it causes the one on the left
to stretch. The process can take place as long as the spring supplies more energy
—AW’ when shortened by the small length —A/ than the other spring consumes
(AW) when expanding by the same length Al=—A/'. If the spring supplies less
than this, the process reverses. The process will come to a standstill or to an
equilibrium of forces when the energy supplied by a small shift of one spring is
compensated by the energy consumption of the other:
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Springs can therefore be easily used as force meters. In order to find the force acting
upon a spring by a rope or a rod, for example, it would be sufficient to use a scale
that shows the stretching / — /. If the characteristic curve of the spring is linear, the
scale will be equidistant and can, for the sake of simplicity, be labeled with the unit
Newton (N). We are only mentioning this well-known method because other
quantities can be measured in a very similar way, among them pressure, tempera-
ture, and even the chemical potential.

2.5 Pressure

The same paradigm used for force F' can be used to introduce pressure p. Pressing
water into a pressure vessel costs energy (Fig. 2.12). The container resists a change
AV of the volume V of the water in it which manifests itself in some kind of counter
pressure. The expenditure of energy AW related to the same increase of volume AV
can be considered the measure for pressure p:

%: p or more exactly % =p. (2.3)
As we know, when two such vessels with pressures p and p’ and water volumes
V and V' are connected by a hose, the pressures will equalize when the water flows
from the vessel with higher pressure into the one at lower pressure. Energy
considerations can be used to explain this. Energy is transported along with the
water flowing in and out. This will take place in the mentioned direction as long as
more energy is released on the side with water flowing out at higher pressure than is
consumed on the other side; otherwise it will reverse. It will only come to a
standstill when supply and consumption reach equilibrium, dW + dW’ = 0. If we
divide dW = —dW’ by dV = —dV/, this leads to
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which means that we have pressure equilibrium. The rather simple case discussed
here belongs to the subject of hydraulics where water is considered incompressible.
Volume takes the role of a substance-like quantity, as a substitute for the amount of
water being discussed.

We encounter the quantity called pressure also in another more complex rela-
tionship where compressibility is concerned. It costs energy to compress an elastic
body. The more an object is pressed from all sides, the more strongly volume
V decreases. The effort dW needed to cause a small change of volume —dV
increases according to how compressed the body is to begin with. More precisely:
the quotient dW/(—dV') increases with a decrease of V, at first linearly (proportion-
ally to V—V,) and then more and more steeply. We might say that the body
increasingly resists compression, which is expressed by the growing counter pres-
sure p felt when compressing the body. Similar to the case of hydraulics, the
quotient p = dW/(—dV) lends itself well as a measure of this kind of pressure:

daw

P=-qy (2.6)

The expended energy dW can be retrieved in the course of expansion. One might
consider the energy to be contained in the body and that it can be recalled from there
when needed. However, the change of energy is not necessarily a measure of the
part needed for changing the volume—the only part we are interested in at this
point. In order to get this part, it would be necessary to block all the other pathways
the energy might use to flow in or out. If an energy exchange similar to
that resulting from changes of V is possible for other quantities ¢, r, ..., then
W(V, q,r, ...), and the latter must be kept constant:
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We were introduced to this method with the indirect metricization of weight in Sect.
1.3. However, we are still missing a crucial quantity. This missing quantity, which
we call entropy, will be the subject of the next chapter.

Although we have chosen a totally different way to find the pressure p, it
is nevertheless identical to the quantity usually introduced as the force per
area, p=F/A. The SI unit of the pressure is Jm >=Nm >=Pa (Joule/
Meter® = Newton/Meter” = Pascal). A non-SI unit still widely used is the bar, where
1 bar = 10° Pa. The isotropic pressure p is a quantity that only describes one of the
possible stress states of bodies. It describes a very simple but especially important one,
which is just about the only one we will be dealing with.

2.6 Energy of a Body in Motion

Energy is needed to accelerate a body, for instance a car or a projectile, and the
faster the body is already moving, the more energy (relative to Av) will be necessary
to accelerate it. The effort AW is proportional to the velocity v (= distance covered
Ax/time needed Af):

AW dw
A, S movor better g =M (2.8)

The proportionality factor m quantifies a characteristic called inertia, inertial mass,
or simply the mass of the body. We can consider m to be invariable in all the cases
that will interest us. It is easy to see how W depends uponv. We only have to find the
antiderivative for the derivative dW/dv in Eq. (2.8):

W(v) = Yhmv* + W,,. (2.9)

W, is the energy contained by a body at rest, i.e., at v = 0. The energy in a moving
body W(v) — W, is called kinetic energy. If the body moves uniformly (when v is
constant), W (v) also remains constant. When this is not the case, thenv and therefore
indirectly also W is dependent upon position x: W(v(x)). By applying the chain
rule (compare Sect. A.1.2 in the Appendix) we easily find the force F' with which a
body resists change of position:

dW (v(x)) _ dW(v) do(x)
dx do

F =

—mv-= or F=m-a, (2.10)
v


http://dx.doi.org/10.1007/978-3-319-15666-8_1#Sec3

44 2 Energy

where a = do/dr represents acceleration. One can prove that do(x)/dx = a/v
by taking the derivative of v(x(¢)) with respect to # and then solving the equation
obtained for dv(x)/dx:

do(x(1)) _ do(x) dx(z) _ do(x) )
dr dx  dr dx

a =

There is a shorter way to the same result by using the rules for differentials
[expanding and inverting a derivative, Sect. 9.4 (transformation of differential
quotients)]:

F dw  dW dv dt dW do /dx /
= — = — —f — = — . — — = mo-a/o=m-d.
de  do dr dx do dr/ dt
The equation F =m - a is usually used to define the force F, which is then used to
introduce the concept of work and, as a generalization, energy (compare Sect. 2.1).

2.7 Momentum

Equation (2.8) can be read another way when momentum p is introduced in place of
velocity. Instead of the usual symbol p that is already being used for pressure, we
will use the symbol p (Thorn) which is similar to p and comes from the Icelandic
language. Momentum plays a decisive role in modern physics, in quantum mechan-
ics and in relativity, for example. Therefore, this would be a good moment to
familiarize ourselves with this quantity. This concept is essential to describing
interactions between moving bodies such as collisions in kinetic gas theory
(Chap. 10) or in the kinetics of elementary chemical reactions.

Momentum is a substance-like quantity. The total momentum of an assembly of
moving bodies or of parts of a body is the sum of the momenta of all the parts. It can
be transferred from one moving body to another. The total momentum is conserved
in such processes. If the momentum of a part has decreased, the momentum of
another part must have increased irrespective of how the transfer took place.
Knowing this can save us a lot of detailed work. In everyday life, one has to learn
to recognize conservation of momentum. If we push a car and it is gaining
momentum, or if it is losing momentum when coasting, it is not quite clear where
the momentum comes from or goes to (Fig. 2.13). It turns out that the momentum
comes from or goes into the Earth. Our planet is so big that we do not notice if it
loses or gains a little momentum—just as we do not notice a change in the ocean if
we take a bucket of water from it.

Momentum is a vector quantity, which makes it somewhat difficult to deal with.
However, it is not more complicated than other vector quantities such as velocity,
acceleration, force, etc. In fact, it is less difficult because of its substance-like
character. Firstly, it is enough to simply observe motion in one direction, for
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example, along the x-axis. The momentum of a body moving in the direction of
increasing x values is counted as positive. Motion in the opposite direction is
considered negative. This way of seeing things must be learned, though, because
we usually speak in absolute values of these quantities. Who would ever say that a
vehicle moving down a street is doing so at negative speed?

The momentum contained in a moving body increases with its mass m and its
velocity v. In fact, it is proportional to both, p ~ muv. The proportionality factor is
set equal to 1:

p=mo SI unit: kgms™' = Ns. (2.11)

If v = p/m is inserted in W(v) and the derivative of the function W (v(p)) is taken
with respect to p, one obtains

dW(o(p)) dW(v) do(p) 1 aw
b ddp =mv - or @70. (2.12)

This equation agrees with Eq. (2.8), except that the factor m in the denominator is
moved from the right side to the left and combined with dv to make dp. It can also be
explained using a similar pattern to the one we used for discussing the force of a
stretched spring or pressure in hydraulics: The faster a body is already moving, the
more it opposes increasing its momentum. The energy dW needed for this, relative
to the same amount dp, grows proportionally to the velocity v. In this case, v appears
in a role similar to that of force or pressure.

For more than a hundred years, quantities that appear in this role have been
called intensive factors, intensive quantities, or simply intensive. Unfortunately,
this description does not agree completely with the definition in Sect. 1.6. In order
to avoid misunderstandings, we have no choice but to look for a new name. The
German physicist and physician Hermann von Helmholtz came up with one that
would be helpful to us. Using Joseph Louis De Lagrange’s concept of “forces” in
the field of mechanics, he generalized it. We refer to this and call the quantities
“force-like.”

Each one of these quantities has a counterpart. These are called extensive factors,
extensive quantities, or simply, extensive and appear in the form of differentials.
x belongs to F, V or —V belongs to p (as the case may be), and p belongs to v, just to
name the ones we have already discussed. Each pair describes a path over which
energy can be exchanged:
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dW = Fdx, dW = pdV, dW =odp, etc.
Spring Hydraulics  Motion

This term does not agree with the earlier definition either, so a new name must be
found here as well. Using the concept of position coordinates to give position and
orientation of one or more bodies in a space, Helmholtz expanded this concept
analogously to quantities outside of mechanics (electric, chemical, etc.). These are
the quantities called “extensive factors” above. For a rough characterization of the
role of these quantities, the term “position-like” would fit nicely to “force-like,” as a
counterpart.

Let us return for a moment to the equation F = m - a. If we take the derivative of
the expression for momentum p = mov with respect to time ¢, and because of
dv/dt = a, we obtain a relation that the famous English physician and mathemati-
cian Sir Isaac Newton already used to start his description of classical mechanics in
the seventeenth century:

dp
—=ma=F

de
Because p is a conserved quantity, its amount can only increase in the body when it
decreases somewhere else. In other words, this quantity must flow in from there.
Therefore, F' describes the momentum flowing in from the surroundings. This idea
may be a bit unusual, but it can be very useful.

2.8 Energy of a Raised Body

We will take another look at the body being hoisted upward by a rope and pulley
(Fig. 1.5). In the following, we will ignore buoyancy by imagining the surroundings
to be void of air. When we release the body, it falls, as we know, at constant
acceleration a = —g (g gravitational acceleration), independent of its size, weight,
or composition. After a time ¢, it will have reached a velocity of v = at = —gt and
will have fallen the distance 4y — h = 1,gt>, where h is the height above ground at
time ¢ and /g is the initial height. The energy necessary for the body with a mass
m to accelerate from 0 — o,

W =1y mv? = Yom(—gt)* = mg(ho — h), (2.13)

comes from the gravitational field of the Earth. However, the energy W, which is
released by falling and is used here to accelerate the body, is usually attributed to
the raised body itself. The energy stored in a raised body (or in the gravitational
field, respectively) is called potential energy, Wy, the one in the moving body is
called kinetic energy, Wy, as mentioned. During free fall, energy is transferred
from one storage to the other. According to the law of conservation of energy, the
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sum of both of these contributions remains constant as long as no energy is diverted
(such as during impact or falling through air):

Wiin + Wpo = Ymv* + mgh = const. (2.14)

The term potential energy is often transferred to similar cases. For example, the
potential energy Wy, of a charged body increases by AW when it is moved in a
static electric field against the field forces by expending the energy AW. The stored
energy in a stretched spring at rest (Sect. 2.4) is called potential to distinguish it, if
necessary, from the contributions from movements of the spring or other parts.



Chapter 3
Entropy and Temperature

In phenomenological description (comparable to a kind of “wanted poster”), the
entropy appears as a kind of “stuff” which is distributed in space, can be stored or
transferred, collected or distributed, soaked up or squeezed out, concentrated or
dispersed. It is involved in all thermal effects and can be considered their actual
cause. Without it, there would be no hot and no cold. It can be easily generated, if
the required energy is available, but it cannot be destroyed. Actually, entropy can be
easily recognized by these effects. This direct understanding of the quantity S is
deepened by a simplified molecular kinetic interpretation.

In addition to the first law of thermodynamics, a version of the law of conversion
of energy (Sect. 2.3), the second law will be formulated in the following without
recourse to energy and temperature. On the contrary, the absolute temperature can
be introduced via energy and entropy. The third law is also easily accessible, and
heat engines and heat pumps are analyzed after this introduction, without discussing
process cycles, gas laws, or energy conversion processes. In closing, the entropy
generation as a consequence of entropy conduction will be discussed.

3.1 Introduction

Misjudged and Avoided The central concepts of thermody-
namics are entropy S and temperature T. While everyone is
familiar with temperature, entropy is considered as especially
difficult, in a way the “black sheep” among physicochemical
quantities. School books avoided it totally in the past, intro-
ductory physics books often only “mention” it, and even spe-
cialists in the field like to avoid it.
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But why is the subject of entropy avoided when it is actually something rather
simple? It is just what is considered “heat” in everyday life (Fig. 3.1)!

Unfortunately, the name ‘“heat” was given to another quantity (compare
Chap. 24) which robbed S of its natural meaning, making S an abstract concept
that is difficult to understand and deal with. Therefore, entropy could only be
introduced abstractly, i.e., indirectly by integrating a quotient formed from
energy and temperature, making it difficult to deal with. Furthermore, it is
customary to interpret entropy atomistically as a measure of the probability of a
certain state of a system composed of numerous particles. In chemistry, we must
be able to infer our actions in the laboratory from atomistic concepts. In other
words, we must be able to transfer the insight gained on one level to a different
one as directly as possible. In the following we will demonstrate how to
accomplish this.

Macroscopic and Microscopic View To illustrate this, we will characterize
entropy at first by use of some of its typical and easily observable properties—
similarly as already the energy. In the same way, a wanted person would be
described by a list of easily distinguishable (“phenomenological”) characteristics
like height, hair color, eye color, etc. This group of characteristics is basically what
makes up the person and his or her name is just an identification code for this group
of characteristics. A “wanted poster” is an example for such a group of character-
istics in strongly abbreviated form. Our intent is to design such a “wanted poster”
for entropy that allows it to be defined as a measurable physical quantity. After that
has been done, we will substantiate it by reverting to ideas actually foreign to
macroscopic thermodynamics: particle concepts (atomistic concepts) usually only

Fig. 3.1 Entropy in everyday life: Generally stated, it is that which hot coffee loses when it cools
down in a cup and what is added to a pot of soup to heat the food. It is what is generated in a hot
plate, a microwave oven, and an oil heater. Entropy is also what is transported in hot water and
distributed by a radiator. It is what is conserved by the insulating walls of a room and by the wool
clothing worn by the body.
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construed as thoughts. The idea of “entropy ~ everyday ‘heat’” is always kept in
mind as an additional aid to understanding. After the phenomenological character-
ization we will discuss how a measure for entropy can be introduced, and that
directly, meaning without recourse to other quantities (direct metricization)
(Sect. 3.7).

3.2 Macroscopic Properties of Entropy

Thermal Effect Let us begin with the characteristics that are important in our
everyday experience. Entropy can be understood as a weightless entity that can
flow and is contained in everything to one extent or another. In physical calcu-
lations it represents like mass, energy, momentum, electric charge, and amount of
substance a substance-like quantity, meaning that it is like the other quantities a
measure for the amount of something which can be sought as distributed in space.
Therebys, it is not important whether this “something” is material or immaterial,
stationary or flowing, unchangeable or changeable. It can be distributed in
matter, it can accumulate, and it can be enclosed. Entropy can also be pumped,
squeezed, or transferred out of one object and into another one. The entropy
density is high if a lot of entropy is accumulated in a small area and low if it is
widely distributed.

Entropy changes the state of an object noticeably. If matter, for example, a piece
of wax or a stone, contains little entropyi, it is felt to be cold. If, however, the same
object contains more or a lot of entropy, it can feel warm or even hot. If the amount
of entropy in it is continuously increased, it will begin to glow, firstly dark red, then
bright white, subsequently melt, and finally vaporize like a block of iron would, or it
may transform and decompose in another way, as a block of wood might. Entropy
can also be removed from one object and put into another. When this is done, the
first object becomes cooler and the second, warmer. To put it succinctly: Entropy
plays a role in all thermal effects and can be considered their actual cause. Without
entropy, there is no warm and cold and no temperature. The obvious effects of
entropy allow us to observe its existence and behavior quite well even without
measurement devices.

Spreading Entropy tends to spread. In a uniform body, entropy will distribute
itself evenly throughout the entire volume of the body by flowing more or less
rapidly from locations of higher entropy density (where the body is especially
warm) to areas where the body is cooler and contains less entropy (Fig. 3.2).

If two differently warm bodies touch each other, entropy will flow from the
warmer one to the cooler one (Fig. 3.3).
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There are substances which conduct entropy very well, such as silver, copper,
aluminum, and diamond, and others, such as wood, foamed plastic, or air, which
only allow entropy to pass through them very slowly (Fig. 3.4).

Good entropy conductors are used to transfer entropy over a short distance. In
order to overcome distances of decimeters and more—for example, for regulating
the temperature of a room or an apartment or for cooling a motor—the conductivity
is too small, the conductive transport of entropy—meaning the transport by con-
duction alone—is too slow. If one would like to transfer entropy from the furnace in
the basement or the solar collector on the roof this has to be done convectively—
meaning the entropy is transported by circulating water to the radiator and from
there by circulating air into the room. To remove excess entropy out of a combus-
tion engine, water is pressed through its cooling channels or air is blown over its
cooling fins. If distances of meters and more are to be overcome like in industrial
plants or even distances of kilometers like in the atmosphere or the oceans,
convection is the dominant type of transport.

Bad conductors, however, are used to contain entropy. A vacuum acts like an
especially good insulation. Entropy is also able to penetrate layers without matter
by radiation, but this process takes place rather slowly at room temperature or
below. This property is used in thermoses to keep hot beverages hot and cold
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beverages cold. Entropy transfer by radiation can be minimized by silvering the
surfaces of the flask.

Generation and Conservation Entropy can be easily generated. For instance,
great amounts of it are generated in the heating coils of a stove plate, in the flame of
an oil burner, and on the surfaces rubbing together in a disc brake, but also by the
absorption of light on a sunlit roof, in the muscles of a runner, and in the brain of a
person thinking. In fact, entropy generation occurs almost every time something
changes in nature (Fig. 3.5).

The most remarkable characteristic of entropy, however, is this: While it is
generated to some extent in every process, there is no known means of destroying
it. The cumulative supply of entropy can increase, but can never decrease! If
entropy has been generated in a process, one cannot consequently reverse this
process as one would rewind a film. The process is irreversible as one says. This
does not mean, however, that the body in question cannot attain its initial state
again. This may be possible by way of detours, but only if the entropy which was
generated can flow out of it. If there is no such disposal available or accessible,
because the system is enclosed by entropy-insulating (= heat-insulating or adia-
batic) walls, the initial state is indeed inaccessible.

Laws of Thermodynamics Since it takes energy to generate entropy—which
cannot disappear again—it seems as if energy is lost. This was the commonly
held belief until the middle of the nineteenth century. Only in the second half of that
century did the concept take hold that even under these circumstances, energy is
conserved (compare to Sect. 2.3). Since then, this has been referred to as the first
law of thermodynamics and is the basis of all teachings in the field of
thermodynamics.

The statement that entropy can increase but can never decrease is the subject of
the second law of thermodynamics which will be discussed in more detail in
Sect. 3.4.

Let us conclude:

¢ Energy can neither be created nor destroyed (first law).
« Entropy can be generated but not destroyed (second law).
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3.3 Molecular Kinetic Interpretation of Entropy

Atomic Disorder So what is this entity that flows through matter and, depending
upon how much is contained in it, causes it to seem warm or hot to the hand? For
more than two hundred years, one has attempted to explain thermal phenomena by
the movements of atoms. The image is as follows: The warmer a body is, the more
intensely and randomly the atoms oscillate, spin, and swirl—so the idea, the greater
the agitation and the worse the atomic disorder.

In the particle view, the quantity called entropy is a measure of

e The amount of atomic disorder in a body

e With regard to type, orientation, and motion of the atoms, or more exactly, with
regard to any characteristic which differentiates one group of atoms from
another.

Two questions arise here:

e What does disorder mean regarding type, orientation, and motion of atoms?
¢ What is meant by amount of disorder?

To clarify the first question, one might consider a park on a sunny summer
Sunday. There are children playing, a soccer game taking place, and joggers, but
also people just resting or even sleeping—a mass of running, sitting, lying people
without order to their distribution or motion (Fig. 3.6). The opposite would be the
dancers in a revue—or soldiers marching in lockstep. In this case, position, motion,
and dress are strictly ordered. Disorder grows when the motion becomes random,
but it also grows if the orientation in rank and file is lost or the type of people
becomes nonuniform. All three: randomness of type, orientation, and motion of the
individuals cause the total disorder.

The same holds for the world of atoms (Fig. 3.7). Not only disorder in the type
and distribution of atoms, but also disorder in their motion, which can be expressed
in how agitated they are, makes an important contribution to entropy. In this sense,
the atoms in a hot gas are similar to children romping in the schoolyard. Motions are
completely free and without order, and therefore the agitation, meaning the disorder
concerning motion, is great. The atoms of a crystal, in contrast, can be compared to
tired pupils in a school bus. Motion is more or less limited to fixed locations, so the
disorder and agitation stay small.

Amount of Disorder In order to get an impression of what is meant by amount of
disorder, one might imagine a collection of, say, one hundred books at someone’s
home. A visitor comes, starts rummaging through the books, and makes a total
jumble of them. Although the disorder appears great, the old order can be reinstated
within a few hours. This means that even though the density of disorder is high, its
amount is small. Compare this to just every hundredth book being falsely placed in
a large university library. At first glance, there would appear to be almost no
disorder. However, the amount of disorder, measured by the effort needed to
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Fig. 3.7 An assembly of particles in states of increasing entropy: (a) Assembly is well ordered in
every way, (b, ¢) Positions become increasingly perturbed, (d, e) Motion is increasingly disor-
dered, (f, g) Particles become increasingly different (type, orientation, agitation, .. .). The arrows
show magnitude and direction of momentum (and not of velocity) (This differentiation is impor-
tant when the entropy of particles of different mass shall be compared.).

place all the books back in their rightful places, is much greater. The density of
disorder is small, but the total amount of it is very great.

3.4 Conservation and Generation of Entropy

The atomic disorder in a warm object and, therefore, the entropy in it have
remarkable and well-defined characteristics, some of which have already been
mentioned. They will be described in more detail in the following.
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Insulation

Fig. 3.8 Conserving entropy in a thermally insulated system. (Entropy is depicted by an irregular
hatching in reference to the standard interpretation of entropy as atomic disorder. The amount of
printing ink symbolizes the amount of entropy, the density of hachures, however, the entropy
density. In objects made of the same material and in the same state of aggregation, a higher entropy
density correlates with a higher temperature.)

Experiment 3.1 Brownian motion:
Brownian motion is a tremulous, random
movement of tiny particles distributed in a
liquid (e.g., drops of fat in milk) or particles
stirred up in a gas (e.g., smoke particles in
air). This kind of movement can be
observed under a microscope for indefinite
amounts of time without it letting up.

Conservation The atomic disorder and agitation in a thermally insulated body
which is left to itself remain undiminished for an unlimited amount of time. An
object contains entropy—we can say—whose amount § cannot decrease if it is in a
thermally insulating (adiabatic) envelope, because entropy cannot penetrate ther-
mally insulating walls (Fig. 3.8).

The agitation manifests itself among others by the microscopically visible
Brownian motion (Experiment 3.1). Therefore, it can be regarded not only as
theoretically constructed but as directly observable.

The amount of entropy an object contains depends upon its state. Identical
objects in the same state contain identical amounts of entropy. The entropy
contained in an object that is composed of pieces is the sum of the entropies of
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its parts. This is a direct result of the substance-like character of this quantity. In
summary, it might be said: The entropy in an object is a substance-like
(or extensive) quantity which—together with other quantities—determines its
state (Fig. 3.9).

If a thermally insulated piece of matter, such as an iron block, is cautiously and
slowly compressed with the help of a hydraulic press, or a gas in a cylinder with a
piston (meaning the external pressure is only very slightly higher than the internal
pressure of the confined gas), the interior agitation increases, and the motion of the
particles becomes faster. This is easy to understand: An atom colliding with another
particle moving toward it is hit like a tennis ball by a racquet and speeds backward.
During compression, this process takes place simultaneously at innumerable inte-
rior locations so that agitation increases evenly overall. If the piece of matter is
gradually relieved of pressure, the atoms quiet down, and it reaches its original state
again. This is understandable as well, because the impact upon a receding particle
lessens the rebound. No matter how often the process of compressing and subse-
quent releasing of tension is repeated, the original state of agitation is attained at the
end—cautious action provided.

The atomic disorder in these types of reversible processes is conserved. Agita-
tion is stronger in the compressed state—as mentioned, and motion, therefore, less
ordered. At the same time, the range of motion for the atoms is decreased so that
their positions are perforce more orderly than before. Therefore, it is plausible to
assume that the extent of atomic disorder does not first increase and then decrease
upon cautious compression and expansion, but remains constant (Fig. 3.10). This is
an important fact that we should mention explicitly: Entropy is conserved in
reversible processes.

Generation However, disorder in a thermally insulated body increases if the
atomic structure is permanently disturbed. This can happen mechanically by simply
hitting an object with a hammer, or more gently by rubbing two objects against each
other. If an object can conduct electricity, an electric current can be sent through
it. This means that electrons that have been accelerated by applying a voltage
collide with the atoms. Another way would be the collision of fast particles
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Fig. 3.10 Conservation of
entropy during cautious
compression and expansion
(reversible process).

a

CLETVANS

Reaction
front

Fig. 3.11 Examples of entropy generation: (a) mechanically by hammering, (b) electrically by
electron impact, (¢) chemically by collisions of atoms shooting off in a reaction.

which have been formed by numerous chemical or nuclear transformations, irradi-
ation by light, treatment with ultrasound, and many others (Fig. 3.11).

Entropy distributes more or less quickly over the entire body from the point
where it is created. This process is also connected with the generation of entropy
even if it is not directly obvious (see Sect. 3.14). All of these entropy generating
processes are irreversible. If entropy was created in this way we will not get rid of it
again, unless we could transfer it in the surroundings. But this is inhibited by the
thermal insulation.

Entropy and Arrow of Time To sum up: In a thermally insulated system, entropy
can increase but never decrease; at best its amount remains constant. As mentioned
before, this is what the second law of thermodynamics states. We can also formu-
late: For a thermally insulated system entropy always increases for irreversible
processes. It remains, however, constant for reversible processes. We can write in
abbreviated form
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AS=S() —S(t) > 0 for > 1, in a thermally insulated system, (3.1)

rev.

where ¢ represents time. At the more, this is valid for a so-called isolated system that
does not interact with the surroundings, meaning that it can exchange neither
entropy nor energy or matter.

The inequality (3.1) obviously interlinks an increase in entropy with the direc-
tion of time. If S(#,) > S(#1), then #, > #; has to be valid, meaning that #, indicates a
later point in time, ¢;, however, an earlier one. It seems that the second law of
thermodynamics determines what is future and what is past.

3.5 Effects of Increasing Entropy

If the entropy and thereby the atomic disorder inside a piece of matter is continu-
ously increased, certain external effects soon become noticeable.

Main Effect The main effect is that the matter becomes warmer (Fig. 3.12).
To demonstrate this, entropy can be increased for example mechanically by strong
hits with a hammer (Experiment 3.2).

Another way of formulating this effect: Of two otherwise identical objects, the
one with more entropy is the warmer one. An object with no entropy is absolutely
cold (Fig. 3.13).

As mentioned, entropy always moves spontaneously from warmer locations to
colder ones (Fig. 3.14). When fast moving atoms collide with ones moving more
slowly, they are themselves slowed while their collision partners speed up. As a
result, the agitation and, therewith, the total disorder at the warmer locations
gradually decrease while they continuously increase at the colder locations. In a
homogeneous body, the process continues until the level of agitation is the same
everywhere and the body is equally warm everywhere. This state is called thermal
equilibrium.

Fig. 3.12 Warming as the

main result of increase of N
entropy.

~

Entropy

-
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Experiment 3.2 Heating of metal by
forging: A block of copper having a
volume of a few cubic centimeters will
become so hot after about 15-20 strong
hits with a heavy hammer that it will hiss
when put into water. A strong blacksmith
can even forge a piece of iron of similar
size in a few minutes to red heat.

Warm Cold Absolutely
cold

Fig. 3.13 Otherwise identical objects with different entropy content.

Hot Warm

Fig. 3.14 Distribution of entropy in a homogeneous body.

Side Effects An increase of entropy can cause numerous side effects: Changes of
volume, shape, state of aggregation, magnetism, etc., can result. Let us look at how
a continuous increase of entropy affects a substance in general.

(a) Matter continuously expands (Fig. 3.15). This seems logical because moving
atoms would need more space depending upon how strong and random their
motion is. This process is called thermal expansion.

Experimentally, entropy can for example be increased by sending an elec-
tric current through the matter (Experiment 3.3).
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QA 7

Fig. 3.15 Expansion due to the addition of entropy. The initial state is indicated by the dashed line.

Entropy

Experiment 3.3 Expansion of a wire
caused by electric current: A wire with a
weight hanging from it lengthens
noticeably when an electric current flows
through it. The lowering of the weight can
easily be observed. If the electric current is
turned off, the entropy in the wire flows
off into the air and the wire shrinks again.

Entropy

Fig. 3.16 Melting as an example of a change of state of aggregation with increasing entropy.

A substance that expands when entropy is added to it will, inversely,
become warmer when compressed. This was mentioned in the previous sec-
tion. Ice water is one of the few exceptions of volume decreasing with an
increase of entropy. Therefore, it becomes colder (< 0 °C) when compressed.

(b) The substance will finally melt, vaporize, or decompose (Fig. 3.16). This
begins when the disorder and the motion with it reach a level where the
atoms can no longer be held together by the bonding force in a lattice or
particle union, but try to break out of them. A melt that has been produced in
this way from atoms or groups of atoms that still hold together but are easily
shifted against each other is much less orderly than a crystal lattice in which
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the atoms generally remained fixed in their places. This melt contains more
entropy than the identically warm solid substance. As long as part of the solid
substance is available, the entropy flowing in will collect in the resulting liquid
so that the melting substance itself does not become warmer. When this
happens, the main effect of entropy remains unnoticeable. If a substance
changes completely at its melting point from solid to liquid state, the entropy
inside it increases by a given amount. As we will see, this characteristic can be
made use of to determine a unit for amounts of entropy.

Analogously, the vapor formed at the boiling point absorbs the additional
entropy, preventing the boiling liquid from becoming hotter.

3.6 Entropy Transfer

Entropy and with it atomic disorder can also be transferred from one object to
another. If two objects with variously strong particle motion touch each other, the
agitation in one of them will decrease because of a slowing down of the atoms,
while in the other, the opposite occurs. Figuratively speaking, the disorder flows
from one body into the other. This process, as well, only continues until the
agitation has reached the same level everywhere and thermal equilibrium has
been reached (Fig. 3.17).

The thinner the surrounding walls are, the greater their area is and the better the
substance of which such a wall is composed conducts entropy, the easier the
entropy runs through the walls (Fig. 3.18). The correlation is similar to that of the
current of electric charge through a wire (see Sect. 20.4).

Zero-Point Entropy All entropy capable of movement will escape an absolutely
cold environment, meaning that any atomic motion comes to a standstill. This is the
subject of the third law of thermodynamics. Entropy caught in a lattice defect is just
about unmovable at low temperatures. It can therefore neither escape nor contribute

Atoms

Fast

Fig. 3.17 Conduction of
entropy from a warmer,
entropy richer body where
the atoms are moving fast to ;
another cooler, entropy iz
poorer one where the atomic

motion is slow.
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Fig. 3.18 Entropy current
through a wall. The
resistance which the wall
imposes to the flux depends
upon the thickness d, the
area A through which the
entropy flows, and the
conductivity of the material.

Fig. 3.19 Directed

exchange of entropy
between two bodies
touching each other.

in any noticeable way to the warmth of an object. Whoever fails to leave a building
or a park before closing is in danger of being locked in for the night. In this sense,
the entropy stuck in the lattice defects can only escape as long as the particle motion
is strong enough for the atoms to relocate. If the atomic motion in cold surroundings
quiets down too quickly, the atoms do not have time to relocate into an ordered
lattice structure, or to crystallize, as we say. The object then just solidifies into a
more or less amorphous state. This unmovable entropy that does not flow off even
in an absolutely cold environment is called “zero-point entropy.” Therefore, we
have to formulate the third law of thermodynamics as follows: The entropy of every
pure (also isotope pure) ideal crystallized substance takes the value of zero at the
absolute zero point. Only if the substance crystallizes ideally there is no spatial
disorder and therefore also no residual “zero-point entropy.”

Directed Entropy Transfer Let us now return to entropy transfer. Even when the
atomic motion is equalized everywhere in the manner described above, it is still
possible for disorder to pass from one object to another. It is only necessary to
compress one of the objects to raise the agitation of the atoms, and the desired flow
process takes effect. The more the object is compressed, the more disorder “flows
out” (just like pressing the water out of a sponge). If the body is slowly relaxed, the
atoms gradually quiet down and the disorder begins to flow back in (the “entropy
sponge sucks up entropy”) (Fig. 3.19).

These elastic expansion and compression effects can be especially well observed
in substances that can be easily compressed such as gases (Experiment 3.4).
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Experiment 3.4 Compression and expansion of
air: If air is compressed with a piston in a
plexiglass cylinder having a thermocouple built in,
the atoms become accelerated making the gas
warmer (phase 1). After a while, the gas cools
down to its original value because it is not insulated
from the cylinder walls (phase 2). The piston’s
expansion leads to further cooling (phase 3). Then,
entropy begins to flow back in and the gas begins to
warm up (phase 4). The more slowly this is done,
the more the difference between the compression
and expansion disappears.

Auxiliary body

b

4

Fig. 3.20 Transfer of entropy with an auxiliary body. On the left side, the auxiliary body expands
thereby absorbing entropy from the object. On the right side, it is compressed thereby adding
entropy to another object.

As we have seen, entropy always flows spontaneously from an object with a
higher level of agitation to one with a lower level. However, it is not difficult to
make this happen in the opposite direction (Fig. 3.20). An auxiliary body is needed,
a kind of “entropy sponge” which can easily be compressed and expanded. A gas
contained in an expandable envelope is suitable for this purpose. When such a body
touches an object and expands, it absorbs disorder from it. This absorbed disorder
can now be transferred to any other object. The “sponge” is brought in contact with
this second body and compressed. This process can be repeated at will, and as much
entropy can be transferred as desired.

Ideal and Real Transfer Every refrigerator uses this principle to pump entropy
from its interior into the warmer air outside, while the low-boiling coolant (oper-
ating as the auxiliary body) circulates in a closed circuit (Fig. 3.21). The entropy
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Fig. 3.21 (a) Principle of operation of a refrigerator, (b) Technical realization (according to:
Leitner E, Finck U, Fritsche F, www.leifiphysik.de).

transfer takes place by the coiled pipe inside the refrigerator (heat exchanger) that is
made of well-conducting material such as copper or aluminum. In older models,
this coiled pipe is easy to see; in newer models, it is built into the back wall. The
liquid vaporizes, taking up entropy in the process. The compressor sucks the
gaseous coolant in and compresses it. The entropy is emitted into the air through
the second coiled pipe that takes up most of the back of the refrigerator. This can be
easily detected because the coil remains warm as long as the refrigerator is running.
The coolant condenses, becoming a liquid again. Finally, the pressure of the liquid
is brought back to the original value through an expansion valve, and the cycle is
complete.

With skill and enough cautiousness during the compression and expansion
processes, an (almost) reversible process can be attained where it is possible to
keep the disorder during transfers from increasing noticeably. In this way, disorder
is like a kind of substance that can be taken from one body and decanted into
another. For instance, the entropy in a piece of chalk could be taken out of it and
transferred to an ice cube. In the process, the chalk would cool down and the ice
cube would begin to melt.

In summary, we have determined that the entropy content S of a body can
basically increase in two ways: through the entropy generated inside it Sg(enerated)
(cp. Sect. 3.4) and, as described in this section, by the entropy exchanged with the
surroundings Se(xchangedy (and that conductively by “conduction” in matter at rest,
S, or convectively, carried by a flow of matter, S):

AS = Sy +Se = Sy + Sp + Se. (3.2)

3.7 Direct Metricization of Entropy

Selection of a Unit for Entropy The transferability of entropy opens up a possi-
bility of measuring the amount of it in a body—at least theoretically. Measuring a
quantity means determining how much more of it there is than its unit. Any amount


http://www.leifiphysik.de/

66 3 Entropy and Temperature

e 4

A <---»

] s
2z
) Ice cube
o

-

7 =<\ \\ =
i /// NIy A
&Sy f% ..

Fig. 3.22 Measuring entropy by counting ice cubes that melt when entropy is added to them.

of entropy can be used as the unit. For example, the amount needed to warm up a
certain quantity of water by 1 °C (possibly from 14.5 to 15.5 °C), to evaporate a
given volume of ether, or to melt an ice cube (Fig. 3.22). In order to accurately
determine this unit, the size and state of the body in question must be exactly
specified. For example, the ice cube would need to be 1 cm’ in size, bubble-free, not
undercooled, and the resulting water not be warmed up. However, instead of 1 Cm3,
the somewhat smaller value of 0.893 cm? lends itself well because it yields exactly
the amount of entropy that corresponds to the international unit. This unit has been
fixed by a special method which we will come back to later. A certain amount of
entropy contained in a body will be referred to as z units when z standard ice cubes
can be melted with it. This procedure is comparable to the determination of the
amount of harvested grain by using a bushel (Sect. 1.4) or that of an amount of
water by scooping it out with a measuring cup.

Ice Calorimeter Instead of counting ice cubes, it is easier to use the amount of
melt water produced as measure. A simple “entropy measurement device” can be
built for this purpose. Melt water has a smaller volume than ice because of the
anomalous behavior of the density of water and the decrease of volume can be
measured. A bottle with a capillary on it and filled with a mixture of ice and water
(ice-water bottle) (Fig. 3.23a) can then be used to show the change in volume. The
lowering of the water level is simple to observe. Unintended entropy exchange can
be avoided by using good insulation, and unintended entropy generation can be
avoided by paying attention to reversibility.

This principle is also used by “Bunsen’s ice calorimeter” (Fig. 3.23b). The glass
container is filled with pure water and the U-shaped capillary with mercury. The
central tube is cooled to below the freezing point of water, possibly by pouring in
ether and sucking off the vapor, so that an ice mantle is formed on it. Then the
sample to be measured is inserted into it. The amount of ice melted is noted by the
volume decrease indicated by the mercury in the capillary. If no entropy escapes, is
exchanged, or is generated during the measurement process, the height difference in
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Fig. 3.23 (a) Principle of direct entropy measurement with the ice-water bottle, (b) Bunsen’s ice
calorimeter.

Experiment 3.5 Measuring the entropy

emitted during a reaction: For example, the
entropy emitted by the chemical reaction of iron
and sulfur into iron sulfide can be measured by a
simple ice calorimeter. A mixture of iron powder
and sulfur powder is put into a test tube, and the
test tube is subsequently placed in the calorimeter
vessel filled with crushed ice. The reaction is
initiated by a preheated glass rod or a sparkler.
The melt water is collected in a graduated
cylinder whereby 0.82 ml of melt water
corresponds to the unit of entropy.

the capillary is proportional to the change of entropy in the sample or that of a
reaction mixture, and the scale can be directly calibrated using entropy units.

Another way of determining the volume of the produced amount of water is to
pour it into a graduated cylinder (Experiment 3.5).

Return to Macroscopic View The remarkable thing here is that this entire process
has been developed using atomistic considerations, but the execution of it makes no
use of them. Indeed, only macroscopic bodies are moved, brought into contact,
separated, compressed, and expanded. Finally, ice cubes are counted. These are all
manipulations that can be carried out when nothing is known about atoms. In order
to have a well-directed approach, it is enough to remember the concept mentioned
in Sect. 3.2 that all things contain a movable, producible, but indestructible
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something that generally makes the things warmer depending upon how much there
is of it. What one actually imagines it is or what it would be called is unimportant
when measuring or manipulating it. The German physicist Rudolf Clausius
suggested calling it entropy in the middle of the nineteenth century, and the symbol
S has been used for it ever since.

3.8 Temperature

Role and Definition Temperature and entropy are closely connected. While
entropy is a measure of the amount of atomic disorder contained in a body,
temperature describes how strong the atomic agitation, which means the intensity
of random particle motion, is. Temperature is something like a level of agitation that
is low when the atoms and molecules are gently oscillating and rotating. It is high
when atomic motion becomes hectic and turbulent. The temperature in a body is
therefore comparable to the strength of winds in the atmosphere with low values
when the leaves rustle, but higher ones when the branches start swinging. Just as
high winds can break branches or even whole trees, high temperatures can cause
atoms to tear away from their bonds.

So how can temperature be defined? We will use the following statement as a
basis: The more disorder is put into a body (meaning the more entropy there is), the
higher the temperature will be in general. To generate entropy (or to increase the
disorder in a body by the amount S,), a certain amount of energy W must be
expended. This is understandable considering that for example gas particles are
accelerated, particle oscillations initiated, rotations increased, and bonds between
atoms broken. The energy W needed will be greater depending on how many atoms
are to be moved, and how many bonds torn. This means,

W ~ S,.

Moreover, the warmer the body is, the more energy is needed. An example will
show this. We imagine a body made up of some loosely and some tightly bound
particles. Atomic disorder can be increased by breaking the particles and scattering
the fragments. When the body is cold and the level of agitation low, the particles
move slowly. Only the weakest connections break during collisions because very
little energy is necessary to split them. Under such circumstances, it does not take
much energy to increase the disorder by causing weak bonds to break by an increase
in agitation. If agitation is already strong, the weakest connections will already have
broken. If the disorder should be increased even more, the strong bonds left over
need to be separated and this takes a lot of energy.

So now we know that increasing the entropy in a body takes more energy the
higher the level of agitation is, meaning the warmer it appears to us. This fact can be
used to make a general definition of temperature, a definition that remains inde-
pendent of any thermometric substance (e.g., mercury or alcohol).
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Fig. 3.24 Relation between
the energy needed, the
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This quantity is assumed to be proportional to the energy needed. It is called the
thermodynamic temperature or absolute temperature and symbolized by the letter
T:

W~T.
Because the more entropy that is generated the more effort is needed to generate it,

the amount of energy used depends upon the amount of entropy created. Therefore,
we define:

(3.3)

ol =

The relation is clarified by Fig. 3.24.

The entropy generated generally changes the temperature in a body, so when
applying this definition, only very small amounts of entropy may be generated in
order to be able to ignore the perturbation. The exact temperature value is obtained
in the limit of infinitesimally small contributions of entropy:

_aw

T=—".
ds,

(3.4)

By the way, energy conservation guarantees that the energy W needed does not
depend upon which method we employ to increase the entropy. In each case, T has a
well-defined value.

Because energy and entropy are both measurable quantities independent of any
atomistic considerations, the temperature 7 is also measurable. The zero point of
the temperature scale cannot be arbitrarily chosen, meaning temperature can be
determined in an absolute sense. From experience we know that entropy is only
generated when energy is expended. No entropy is generated when energy is
gained. From W >0 and S, >0 (third law of thermodynamics) follows 7> 0.
Therefore, negative temperatures do not exist. As a concrete example, let us discuss
the determination of the melting temperature of ice (Experiment 3.6).



70 3 Entropy and Temperature

Experiment 3.6 Determination of the absolute
melting temperature of ice: We start with a beaker
filled with pieces of ice into which an immersion
heater has been inserted. When the immersion heater
is switched on, entropy is generated in the heating
coil by the collisions of electrons and then emitted
through the metal casing to the ice. The ice melts and
the volume of the resulting melt water shows us how
much entropy has flowed into the ice. The amount of
energy needed for generating the entropy can be
determined from the power P of the immersion
heater and the measured period of time 7 according to
W =P - t. The ratio of measured values of energy and
entropy yields the temperature.

=84

Immersion T Pt
heater Sg
(Power P)

SI Unit The basic unit used in the SI system is not the unit of entropy, but the
temperature unit called Kelvin, abbreviated to K. This was done by giving the
melting temperature of pure airless water in a sealed container with pure water
vapor (no air) above it a value, namely

Ty = 273.16 K. (3.5)

This is based upon the so-called triple point of water, where all three states of
aggregation (ice, water, water vapor) coexist and where pressure can be ignored.
[When water is at the triple point, the pressure is fixed (see Sect. 11.5).] This odd
numerical value is chosen so that the temperature difference between the normal
freezing and boiling points of water is close to 100 units, as it is in the Celsius scale.
For this reason, one Kelvin is one 273.16th of the thermodynamic temperature of
the triple point of water. The zero point of the Kelvin scale lies at the absolute zero
point which is indicated by an absence of entropy in the body. When one wishes to
establish the relation between thermodynamic temperature 7 and Celsius temper-
ature 9, it is important to be careful to set the zero point of the Celsius scale to the
freezing point of water at normal pressure. This lies nearly exactly 0.01 K under the
temperature of water’s triple point, so that:

T 9
—=—+4273.15. 3.6
K 0C+ — ( )

The Fahrenheit temperature scale used mostly in the USA can be converted into the
absolute temperature scale in the following way:

T
== (ﬁ + 459.67) X
K °F

O W

The unit of entropy is indirectly determined by the stipulation above [Eq. (3.6)] and
our definition for 7. The unit for energy is called Joule (J), and the temperature unit
Kelvin (K), resulting in the entropy unit Joule/Kelvin (J K™ '). This is exactly the
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amount of entropy needed to melt 0.893 cm® of ice at the temperature T,. The fact
that entropy plays such a fundamental role in thermodynamics justifies giving it its
own unit. Hugh Longbourne Callendar (Callendar HL. (1911) The Caloric Theory
of Heat and Carnot’s Principle. Proc Phys Soc (London) 23:153-189) suggested
naming it in honor of S. Carnot and calling it a “Carnot,” abbreviated to Ct =J K.
Through his work with heat engines, the French engineer Nicolas Léonard Sadi
Carnot (1796-1832) made important contributions to the development of
thermodynamics.

3.9 Applying the Concept of Entropy

Molar Entropy We will look at some examples that give an impression of the
values of entropy: A piece of blackboard chalk contains about 8 Ct of entropy. If it
is broken in half, each half will contain about 4 Ct because entropy has a substance-
like character. (Entropy is also generated in the breaking process, but this is so little
that it can be ignored.)

A 1 cm® cube of iron also contains about 4 Ct, although it is much smaller.
Therefore, the entropy density in iron has to be greater. If the amount of entropy in
such a cube is doubled (by hammering, friction, or radiation, for example), it will
begin to glow (Fig. 3.25). If the amount of entropy is tripled, the iron will begin
to melt.

There is about 8 Ct of entropy in 1 L of ambient air. This is the same amount as in
the piece of chalk. The reason that there is so little despite a volume more than
100 times as great lies in the fact that the air sample has far fewer atoms in it than
the piece of chalk with its densely packed atoms. If the air is compressed to 1/10 of
its original volume, it will become glowingly hot (Fig. 3.26).

This effect is utilized in pneumatic lighters to ignite a piece of tinder (flammable
material) (Experiment 3.7), but also in diesel engines to ignite the fuel-air mixture.
The compression must happen quickly because the entropy flows immediately from
the hot gas into the cold cylinder walls and the gas cools down quickly.

S = doubled
R S > tripled
. 1
1dm? - /
= -
tepid _ .
S = 4000 Ct -
Fig. 3.25 The effects of |
raising the entropy content T
in a cube of iron with a (p = const) glowing
volume of 1 dm®.
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Fig. 3.26 Change of . 1 MPa
entropy content in air Air: | BT
(1 dm®) with rising pressure — 17 10 MPa
(The gas molecules are alaoa N
represented by points.) o 1 dm o By /
§=8.2Ct
6.6 Ct
(T = const)

Experiment 3.7 Pneumatic
lighter: If the piston is
moved down quickly and
powerfully, the tinder (for
example, a piece of
nitrocellulose foil or a piece
of cotton wool impregnated
with a highly flammable
liquid) bursts into flame.

Tinder
Air

5 ]

1 L of gas loses almost 1 unit of entropy if it is compressed to 1/10 of its original
volume. If the gas is compressed to 1/100 of its volume, one more entropy unit can
be squeezed out of it.

Chemists tend to relate entropies to the amount of a substance, i.e., how much
entropy is contained in 1 mole of the substance in question. This quantity is called
molar entropy:

Sm =

S|t

molar entropy of pure substances. (3.7)

S and n symbolize the entropy and amount of substance of the sample. The formula
or name of the substance is usually enclosed in parentheses, for example, S,,(Fe) =
27.3 Ctmol .

Molar entropy depends upon both temperature and pressure. For this reason, an
additional stipulation is necessary if the values are to be tabulated. In chemistry, one
generally refers to standard conditions, i.e., 298 K (more precisely 298.15 K) and
100 kPa [this corresponds to room temperature of 25 °C and normal air pressure,
so-called standard ambient temperature and pressure (SATP)]. For characterizing
the standard values, we use the symbol ©, so for example,

SC(Fe) =27.3 Ctmol™! at 298 K and 100 kPa.

m
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Table 3.1 Molar entropies of ~ g pctance Formula o (Ct mol 1)
some pure substances at
standard conditions (298 K, Graphite C|graphite 5.7
100 kPa). Diamond C|diamond 2.4
Iron Fels 27.3
Lead Pbls 64.8
Ice H,Ols 44.8
Water H,0|l 70.0
Water vapor H,Olg 188.8
The value of ice was extrapolated from lower temperatures to
298 K

The values of some substances are listed in Table 3.1.

However, molar entropy not only depends upon the kind of substance in ques-
tion, characterized by its content formula but also on the state of aggregation, as it is
proved by the example of water. In order that the values are unambiguously given
the aggregation state of the substance in question is added to the formula by a
vertical stroke and the abbreviations s for solid, 1 for liquid and g for gaseous
(cp. Sect. 1.6), for example, H,O|1 for liquid water. Because we do not want to
overload the expressions, we stipulate that the most normal case is meant if there is
no further information. Therefore, H,O generally symbolizes the liquid and not
vapor or ice. Entropy also depends upon the crystal structure. Modifications can be
indicated for example by their names like graphite, diamond, etc.

A rule to bear in mind is that, at the same pressure, temperature and particle
number, the entropy of a body will be greater, the heavier the atoms and the weaker
the bonding forces. Diamond, which consists of atoms that are rather light and very
firmly linked in four directions, has an unusually low entropy per mole. Lead, on the
other hand with its heavy, loosely bound atoms, is rather rich in entropy. The
characteristics of iron lie somewhere in between; it has a medium value of molar
entropy. Using the example of water, the table shows how entropy increases by
transition from a solid to a liquid state and even more by transition from a liquid to a
gaseous state.

Determining of Absolute Entropy Values How are the values in Table 3.1
actually determined? It would be possible to find the entropy content of a sample
by “decanting” the entropy from it into the ice-water bottle with the help of an
auxiliary body. However, this would require that each step be configured reversibly,
as discussed in Sect. 3.7, so that the entropy cannot increase during transfer, and this
is very difficult to accomplish in practice. The goal is reached more easily by taking
a detour. First, all the entropy contained in the sample must be removed. Favorable
circumstances would allow simply immersing the sample in liquid helium (4.2 K).
With the entropy having flowed off, the sample would be just about empty of
entropy. For very accurate applications, the sample would have to be further cooled
to reduce the remaining entropy. However, the entropy from the disorderly distri-
bution of isotopic atoms cannot be gotten rid of in this way. This value can be easily
determined by other means. Afterward, the sample is thermally insulated, and
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Fig. 3.27 Indirect measurement of entropy by heating up a sample previously cooled down to
almost 0 K. (a) Measuring setup, (b) Corresponding experimental curve.

entropy is generated inside it in a controlled way. This might be done by electric
heating (Fig. 3.27a). Energy consumption W and temperature T should be con-
stantly measured (Fig. 3.27b) until the sample has attained the desired end temper-
ature. The entropy generated during a small time span simply results from reversing
the definition equation of temperature as the quotient of energy consumption and
average temperature during this time period:

Sy = —. (3.8)

The total amount of entropy contained in the sample at the end can be obtained by
adding up all the amounts of entropy that have been generated over all time spans.
To abbreviate, the symbol for summation ) will be used:

n n )
Se=> ASgi=) ATW’. (3.9)
=1 !

i=1

The smaller the chosen time span, the more exact the result. If the time interval is
allowed to approach zero, we have the definite integral (cp. Sect. A.1.3 in the
Appendix):

final final 4

P

Se=| ds, = w_ [ Pld (3.10)

g g T T
initial initial 0

Because of the convention S =0 at T =0 for ideally crystallized solids (third law of
thermodynamics), it is possible to determine not only differences but also absolute
values of entropies and therefore absolute molar entropies as well. This determi-
nation is not only possible for substances in the state stable at 0 K but also for
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Fig. 3.28 Entropy of a pure S
substance as a function of 1 . Gaseous
temperature (without
change of modification).
A,,pS

Solid

states which are formed during heating (other modifications, melt, vapor). The
experimental curves T=f(W) have horizontal parts when such phase transitions
take place which means that energy is consumed, generating entropy without the
temperature changing. If the resulting entropy content of a substance is plotted as a
function of temperature (at constant pressure), we obtain the relationship shown in
Fig. 3.28.

The entropy of a solid increases with an increase of temperature. It takes a jump
at the melting point because the melting process causes the order of the solid to
break and a noticeably higher disorder is produced in the liquid (see Sect. 3.5).
Generally, we will symbolize the transition from the solid (s) to the liquid state
(1) by the abbreviation s—1, the melting point therefore by T;_.; (the freezing point
correspondingly by T)_.). Because melting and freezing points are identical for
pure substances, we write in short T;. The change of entropy per mole of substance
at the melting point is indicated as (molar) entropy of fusion AgS. Subsequently,
the entropy increases again up to the boiling point T)g, at which point, another jump
takes place [(molar) entropy of vaporization A,,pS]. The entropy increases much
more strongly during vaporization than during melting because disorder grows
more strongly as a result of the transition from liquid to gas than from solid to
liquid. We will deal in more detail with the entropy of fusion and of vaporization in
Chap. 11.

Entropy Capacity Let us return again to the entropy content of a solid. As we
have seen, it grows always with rising temperature. The curve is different for
various substances, though. The increase of entropy per temperature increase is
called the entropy capacity C in analogy to electric capacity C = charge Q/voltage
U (or if this is not constant, C = AQ/AU):

AS ds
C =— or forinfinitesimally small changes C = T

N (3.11)

The steeper a section of the curve, meaning the faster it rises at a given temperature,
the greater the entropy capacity. The entropy content of a body is not generally
proportional to temperature so its entropy capacity does not only depend upon the
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Table 3.2 Molar entropy Substance Formula O (Ctmol ' K™
capacities of some pure - -
substances at 298 K and Graphite C|graphite 0.029
100 kPa. Diamond C|diamond 0.020
Iron Fels 0.084
Lead Pbls 0.089
Ice H,Ols 0.139
Water H,0[1 0.253
Water vapor H,0|g 0.113
The value of ice was extrapolated from lower temperatures to
298 K
Table 3.3 Specific entropy Substance <(Ctkg "K'V
capacities of some -
construction materials at Window glass 3.1
298 K and 100 kPa. Concrete 3.7
Styrofoam 4.4
Wood (pine) 5.1
Particleboard 6.6
Wood (oak) 8.8

substance but, in general, also upon temperature. The pressure should be constant.
This is important because a body can lose entropy during compression—Ilike a
sponge the absorbed water. Instead of ¢ = dS/dT, it is more correct to write

oS ) oS
= <ﬁ)p or even more detailed (= <ﬁ) p’n~ (3.12)

Because C is directly proportional to the amount of substance n, one divides it by
n and obtains the molar entropy capacity Cp,:

C 1/0S
C'm - ; - ;(ﬁ) p’n. (313)

The values of some substances are listed in Table 3.2. Usually, the corresponding
molar heat capacities Cy, = Cy, - T are given in tables instead of entropy capacities.
We will discuss the reasons for this in more detail in Chap. 24.

In the field of engineering, entropy capacities are mostly related to mass. The
result is the specific entropy capacity <. The specific entropy capacities of some
common construction materials are given in Table 3.3. (Because the composition of
the particular material can vary significantly, the given values are averages.)

The specific entropy capacity plays an important role for the “heat storage
capacity” of a material. Therefore, it has for example consequences for the behavior
of construction materials during heating such as wood in case of fire.
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Experiment 3.8 Vaporization of liquid nitrogen by
graphite and lead: If samples of equal amounts of

different substances (possibly 0.1 mole of graphite e e
and 0.1 mole of lead) are put into small flasks filled
with liquid nitrogen (N,Il) which are cooled in a

Dewar vessel, an amount of nitrogen corresponding
to the entropy capacity will evaporate, and the
balloons will be inflated differently. Additionally,
a considerable amount of entropy is generated;
therefore the volume of the balloons is bigger than
expected from the entropy exchanged. But the result
remains qualitatively correct.

The effect of different entropy capacities of various substances can be illustrated
by Experiment 3.8.

The entropy capacity depends not only—Ilike the entropy—upon temperature and
pressure, but also upon the conditions under which the substance is heated. A
substance will absorb more entropy when it is allowed to expand freely than it
would if its expansion were hindered. Depending on whether in most cases the
pressure or more rarely the volume remains constant during the temperature increase,
a different change of entropy content and therefore also a different entropy capacity
can be observed. One characterizes the two different coefficients, if necessary, by
indices: €, and Cy, respectively. If there is no index we always refer to C .

3.10 Temperature as “Thermal Tension”

The atomistic image of entropy was given a short and qualitative description in this
chapter. This was sufficient for introducing it. A formal version of the concept of
entropy based upon this model would, however, be time-consuming. For the
moment, referring to the particle image should just serve as an orientation. Phe-
nomenologically or macroscopically, all the activities to be carried out in order to
calculate quantities are well defined. The question arises here of whether or not
these activities can be understood without recourse to the atomistic image. This has
been hinted at in Sect. 3.7, and is, in fact, possible.

An image developed already in the eighteenth century seems especially simple. It
imagines temperature as a kind of “pressure” or “tension” weighing upon entropy.
However, at that time the word entropy was not used. One imagined a fluid like entity
that warms a body, and considered it a kind of weightless substance comparable to
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electric charge. The temperature equalization of two bodies was described as a
pressure equalization of this “heat substance” (caloric) in which this substance
migrated from places of higher “pressure” to places of lower “pressure.” If we accept
this image, then it becomes obvious that energy is needed to generate entropy in a
body against this “pressure” or “tension,” or to force it into a body (comparable to
filling a tire with air against an interior pressure p, or charging a body against its
electric potential ¢). The higher this “pressure” (the higher the temperature), the more
energy is needed. The amount of energy also grows the more entropy is generated
(Sg) or added (S.). The following types of relations could be expected:

W=T-§, (3.14)
and
W=T-S.. (3.15)
We imagine the two entropies to be small, meaning
dW =T - dS, (3.16)
or
dW =T -dS., (3.17)

so that the temperature will not change much as a consequence of the increase of
entropy. Because we will discuss the energy exchange connected with the addition
or removal of substances later on we suppose in this chapter that there is no
convective exchange of entropy, dS. =0, meaning that the whole exchange takes
place by “conduction,” dS. = dS,.

The first equation follows directly from the equation defining the absolute tem-
perature if it is solved for dW. With help from the law of conservation of energy, the
second equation follows easily from the first one. This law states that the same effect,
no matter how it comes about, always requires the same energy. Whether a certain
amount of entropy is generated in a body or added to it, the effect upon the body is
identical. It expands, melts, vaporizes, or decomposes in the same manner. It must
follow, then, that the energy needed for these processes must be the same.

3.11 Energy for Generation or Addition of Entropy

“Burnt” Energy Despite their similarity, the two equations above, dW =TdS, and
dW =TdS., describe two rather different processes. Because entropy can increase
but cannot be destroyed the process that generates it can only run in one direction
and never in the other. As already mentioned, it is irreversible. The energy used
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cannot be retrieved (except indirectly). It is said that when entropy is generated and
something is heated by it—noticeable such as in the heating coils of a stove plate or
imperceptible when paddling in a lake—the energy needed is devalued, wasted, or
“burnt,” or that it gets lost. “Burnt” energy is found again in a state of random
molecular motion. Statistically, it is distributed in tiniest portions over the innu-
merable oscillating and rotating atoms or groups of atoms. In view of these
circumstances, one can speak of dissipation of energy instead of energy loss,
waste, devaluation, etc. There are, as we have seen, plenty of terms to choose
from depending upon which aspect is being emphasized. We will call the wasted
and, therefore, no longer retrievable amount of energy that appears in the first of the
two equations “burnt” energy Wyumr (because of the close relation to the gener-
ation of entropy S,):

dW,, = TdS, (3.18)

or summed up

final
Wy = J TdS,. (3.19)

initial

The fact that energy is needed to generate entropy does not mean that special efforts
or equipment are necessary. Quite the contrary:

¢ In every process, a certain amount of dissipation of energy is unavoidable.
» Entropy is readily generated all the time and everywhere.

Just consider friction. On the contrary, special caution and devices are necessary to
avoid this—such as ball bearings, lubricants, etc., in the case of cars.

The energy expended for generating entropy can come from inside a region
itself, i.e., as if from an inner source. A compressed gas is an energy source that can
be tapped. When a gas cools as it expands, the tapped energy W can be used to
generate entropy S,, which is then conducted back into the gas (along with W),
making it warm again. In the ideal case, it will become as warm as it was at the
beginning (Fig. 3.29). Entropy then appears to have been created without expending
any energy. The total amount of stored energy in the system is exactly the same as at
the beginning. Nevertheless, we can assume that whenever entropy is generated, it
occurs at the cost of energy which might have been used more intelligently in

Fig. 3.29 A piston pushed
out by gas enclosed in the
cylinder. Entropy is
generated by the friction Sg 1
between the cylinder and
the wall. The entropy flows
into the cooling gas,
warming it up.
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countless other ways. Energy that we can freely use is called available energy or
useful energy. When referring to energy production, we actually mean available
energy. This is also the case with so-called lost or wasted energy. The total amount
of energy always remains the same, but it is of no use to us if we cannot draw it from
its sources or if it disappears into sinks from where it is inaccessible.

Energy and Entropy Exchange In contrast to this, the second equation above,
dW =TdS., describes a process that is fundamentally reversible. When entropy S,
from one body is transported into another at constant temperature 7, the energy
W=T-S. is transferred with it. We will refer to this energy as W,, if a differenti-
ation from W, seems necessary. The energy which was transferred returns to the
original body again along with the entropy flowing back to it. This process is,
therefore, reversible. The process described here corresponds to what is usually
called heat supply and heat removal. Energy and entropy are exchanged together:

dW, = TdS, (3.20)

or summed up

final
W, = J Tds.. (3.21)

initial

In order to understand the importance of this equation, we will take a short detour to
look at the development of the concept of heat. In the early days of the “science of
heat” (thermodynamics), there were very diverse ideas about its nature. In the
eighteenth century, heat was conceived of as a weightless “something” that heats
things and could be exchanged between bodies. It was considered a kind of “heat
substance” called caloric. The first successful qualitative and quantitative descrip-
tions of effects such as heating and cooling, melting and evaporation, condensation
and freezing were created based upon the concept of caloric at that time. Following
the spirit of the time, it was assumed that this something could be neither created
nor destroyed, just like chemical elements. In the nineteenth century, it became
increasingly evident that this “substance” could actually increase indefinitely.
When, however, energy appeared as a quantity that corresponded to the ideal of
an entity that could neither be created nor destroyed, the view of things changed.
From then on, “heat” was considered to be the energy transferred by random
collisions of molecules, which could even penetrate seemingly rigid walls. This is
exactly the energy described by W, above that, even today, is usually symbolized by
Q. When Rudolf Clausius introduced entropy S in the middle of the nineteenth
century (under another name), neither he nor his contemporaries appear to have
realized that he was only reconstructing the old quantity but with the new charac-
teristic of being producible while remaining indestructible. Only later on, in 1911,
did Hugh Longbourne Callendar allude to this fact.

Clausius derived a relation for determining the change of entropy AS in a body—
an iron block, for instance—while it heats from a temperature 7', up to 7T,. We can
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find this relation much more easily. We can assume that T as well as Q = W, can be
measured. T can be determined using suitably calibrated thermometers and Q can
be measured calorimetrically. The entropy within a body can increase by generation
or addition: dS=dS,+dS. [compare with Eq. (3.2)]. If the addition of energy
O should be reversible, indicated by the index ., then dS, =0 and therefore

do
ds = == 3.22
s == (3.22)

or correspondingly added up
T

dQ
S= == 3.23
Jo T (3:23)

In this way, Clausius defined the quantity entropy for the first time a century and a
half ago.

Entropy plays an important role in all thermal effects. Along with temperature, it
is the quantity that characterizes this field of study. Energy also plays its role, not
only here but on (nearly) all stages of physical chemistry or physics. It is important
but nonspecific. Although the exchanges of entropy and energy are so closely linked
that it is not easy to clearly distinguish between their separate roles, it would be
disastrous to mix them up. For this reason, we will avoid the word heat for any kind
of energy, especially for the quantity Q, which we will no longer use. This word is
the cause of grave misunderstandings that have been difficult to dispel. It leads us to
believe that these energy-related quantities are the measure of what we imagine
heat to be based upon our everyday experience. This does not really work and at the
same time hinders the quantity S from being related to everyday life.

To improve understanding, we will contrast an entropy conserving process with
one that generates entropy in two simple experiments. In order for an undesired
exchange of entropy with the surroundings not to falsify the results, the samples must
be well insulated, or the experiments must be carried out very quickly. Let us begin
with the entropy conserving process, the expansion of rubber (Experiment 3.9).

The experiment can be adapted in a simplified manner to everyday life: We
touch a thick rubber band with the upper lip and after waiting a short while for
equalization of temperature, it is stretched quickly and powerfully and immediately
pressed again against the upper lip. The band feels noticeably warm. When the
stretched band is allowed to contract to its original length and then quickly pressed
against the upper lip, there is a noticeable cooling.

Bending an iron rod, however, is an example for an entropy generating process
(Experiment 3.10).

Energy Exchange Along Different Paths In the systems we will be investigating,
the exchange of energy will generally occur simultaneously along several paths
rather than a single path. The simplest and most important paths are changes of
volume V and entropy S. We were introduced to the relation between energy and
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Experiment 3.9 Temperature as a function of
time in expanding rubber: If a rubber band is
expanded and then relaxed, the temperature that
rises during expansion sinks again no matter how
often the experiment is repeated. The energy
expended at the beginning is retrievable. The
temperature change 7(¢) resembles a square
wave. The process is reversible. Entropy is
scarcely generated because the band is as cool
at the end as it was at the beginning.

Experiment 3.10 Temperature as a function of
time in bending iron: Bending an iron rod back to
its original state (after previous bending) costs
again energy, and therefore, the temperature rises
in steps. This bending process is irreversible.
Although the iron rod returns to its original
position, it is now warmer. In this case, entropy
is obviously being generated and the energy
involved is used up. It is not retrievable.

volume in Sect. 2.5. If only infinitesimal changes dV and dS are considered, the
following is valid:

dW = —pdV + TdS . (3.24)
——
dW*,V dW;»S

These kinds of equations, which describe the energy paths of a system, will be gone
into in more detail in Chap. 9. At this point it will suffice to say that the increase of
energy dW in our example is composed of one part dW_=(dW)s in the
V direction if all other parameters are kept constant (in this case it is only §) and
a second part dW_, = (dW)y in the § direction, meaning at a constant V. In a graph
of the function W(V, S), the negative pressure —p appears as the slope in the
V direction and the temperature T as the slope in the S direction (Fig. 3.30). To
visualize the foregoing: the slope of a mountainside m in the direction of north
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equals the increase of altitude A/ in this direction divided by the corresponding
horizontal distance As in the same northerly direction, m = Ah/As or more pre-
cisely, m =dh/ds (compare Sect. A.1.2 in the Appendix). The following is corre-
spondingly valid:

Wy _ (oW Wy (oW
= _<5V)S and T = 5 _<aS - (3.25)

The increase of energy AW over longer paths, from location P; = (V, S;) in the
(V, §) plane to a second location, P, = (V5, S,), for example, can be found by adding
up all the tiny segments along path 9. Curved paths can be approximated by zigzag
curves made up of paraxial segments (dotted lines in the (V, S) plane in Fig. 3.30).
In the case of infinitesimally small curve segments, the sum becomes an integral.
For the increase AW =W(V,, S,) — W(V4, S;), we obtain:

AW:fJ pdV+J Tds . (3.26)

w w

W_y W_s

W_.y is the resulting sum from all the segments running from right to left on the
zigzag course, and correspondingly, W_,s results when all the parts along the
segments running from front to back are added up. The path could be expressed
in parametric form by assigning the coordinates of all the points being traversed
(V(1), S()) as functions of a parameter such as time ¢.

In the cases we will generally be dealing with, AW is independent of the path, but
the individual parts such as the mechanical W_,, and the thermal W_, g are not. This
can most easily be seen when the paths from P, to P, along the outer edge of the

w

Fig. 3.30 Energy Was a
function of volume V and
entropy S.
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gray surface are compared, first along the path on the left of the diagonal and then
along the one on the right. The increase corresponding to W_,y, on the left-hand path
is small and the W_, is correspondingly large, whereas it is just the opposite on the
right-hand side.

If one knows that AW is independent of any path it takes, a lot of mathematical
work can be saved by carefully choosing the path for determining AW. The arrows
inserted for clarity’s sake into the index above will generally be left out later on.

3.12 Determining Energy Calorimetrically

In Sect. 2.2 we discussed a method for measuring amounts of energy that resembles
the one used since ancient times for quantifying lengths, time spans, and amounts of
substance. This method involved dividing them into unit portions and then counting
them. The unit portion we chose for energy was the amount necessary for stretching
a so-called unit-spring. This method is easy to understand, but it is unfeasible
because loss is unavoidable. The most common cause for energy loss is obstruction
due to friction and the unwanted generation of entropy associated with it.

We can try to make the best of this and measure an amount of energy W by
completely dissipating it and then determining how much entropy S,=W/T is
generated at a given temperature 7. The devices used for this are called “calorim-
eters,” and we have already seen examples of them (Sect. 3.7). However, at this
point we must be careful to neither lose any of the generated entropy nor to allow
any addition from other sources. This is often the one viable method for measuring
energy in chemical changes because it is nearly the only way of overcoming the
ever-present inhibitions. We will come back to this later on. For now, we will begin
with a mechanical example.

Let us suppose that we want to determine how much energy W is necessary to
raise an object a distance / from the floor (Fig. 1.5). Instead of measuring W while
the object is being lifted, we can find W while the object is being lowered, which we
might do by drawing the rope over a braked hoisting drum connected to a calorim-
eter. An ice calorimeter could be used for this where the entropy generated (S,) and
the energy released (W=T-S,) in the brake shoe can be determined from the
amount of melted ice. Theoretically, the energy released by expanding a spring,
the impact of a thrown stone, the outflow of a compressed gas, or burning of a
candle can be measured in this way.

Unfortunately, there is a hitch: latent heat, or rather, latent entropy. When an
object is affected by compressing, stretching, electrifying, magnetizing, or by
chemical alteration, it can become warm or cold even when no entropy is generated.
Because of temperature differences, entropy begins to flow out into the environ-
ment or into the object from its environment making the amount of entropy in the
object change. This process continues until temperatures are equalized again
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between the object and its environment. Such isothermal changes of entropy are
called “latent entropies” AS,. The term “latent” was coined for caloric effects of
this type in the eighteenth century. We will take a closer look at this concept in
Sect. 8.7.

Every additional entropic effect interferes with measuring S,. In mechanics, we
have learned to overlook these effects because they appear to be totally meaning-
less. An example will make us realize that this impression is wrong. If we stretch a
steel wire, it becomes colder, and when it is released, it warms up again. The change
of temperature AT is small, only —0.5 K, even when the wire is extended to its
limits. The wire needs to absorb entropy from its environment in order to retain its
temperature. When the wire is allowed to shorten, the entropy flows back into the
environment. In this case, the latent entropy is negative, AS, < 0. Energy W must be
expended in order to expand the wire. We might determine W by allowing the
expanded wire to snap back to its relaxed state in a calorimeter and measuring the
generated entropy S, = W/T. However, latent entropy greatly interferes with this
because AS; is of approximately the same magnitude as S,. If the stretching is
small, it is even the dominant effect. In the calorimeter we measure the effects
combined: S; — AS; = S, + |AS/|. Therefore, the procedure is only useful if it is
possible to determine the latent entropy alongside the sum of the terms. In this
example, it is easy to do because we can expand and relax the wire without
noticeably generating entropy, so that S, ~ 0 and therefore AS, can be determined
using the same calorimeter.

In mechanics, energies are hardly ever measured directly, and certainly never
calorimetrically. They are almost always calculated indirectly from measured or
imagined forces and displacements. This is the preferred method because it is
simpler to use and gives more exact results. In chemistry, though, things are
different because to a large extent, one generally depends upon calorimetry. This
gives the reverse impression that caloric effects are characteristics of transforma-
tions of substances and these types of processes cannot be properly described or
understood without them. Fortunately, this impression is also false. We will return
to caloric effects in Chap. 8.

3.13 Heat Pumps and Heat Engines

A heat pump like the one represented for example by the refrigerator described in
Sect. 3.6 is a device that conveys entropy from a body of lower temperature T to a
body with a higher temperature T,. The energy needed to transfer an amount of
entropy Sansfer) €an be easily found. It equals the energy W, =T, - S that is needed
to press the entropy into the warmer body, minus the energy W, =T, - S, that is
gained when the entropy is removed from the colder body (Fig. 3.31):

W, = (T —T1) - St (3.27)


http://dx.doi.org/10.1007/978-3-319-15666-8_8
http://dx.doi.org/10.1007/978-3-319-15666-8_8#Sec7
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Fig. 3.31 Flow diagram of
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Friction and other processes always generate some extra entropy in either smaller or
larger amounts and this takes extra energy. The total amount of energy Wiy
becomes greater. The efficiency n of the device is expressed as follows:

W,
Wtotal

n (3.28)

A heat engine or “thermal motor” (as an engine of this kind could be called
following the language use in electricity) is the reverse of a heat pump. Energy is
gained during the transfer of entropy out of a warmer body at temperature T into a
colder one with the temperature T, (Fig. 3.32). This energy can be calculated with
the same equation that is used for finding the amount of energy needed for a heat
pump. The only difference is that W, is now negative because of T, <T;. This
means that W, does not represent expended energy but energy gained, so-called
useful energy.
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Fig. 3.33 (a) Possible inner setup of an “ideal” heat engine, (b) Simplified schematic diagram of a
thermal power plant.

Figure 3.33 presents the possible inner setup of an “ideal” heat engine in more
detail (Fig. 3.33a) as well as the strongly simplified schematic diagram of a thermal
power plant (Fig. 3.33b). In the case of such a plant, the energy W, (= W) is used
which is gained during the transfer of entropy from the steam boiler to the cooling
tower. The entropy itself is generated in the boiler by consumption of energy W;.

When we use up energy W, to generate entropy S,, we know that this is a one-
way street with no return. Even so, we do not need to consider W, as completely
lost. As we have seen in our example, if S, is generated at the higher temperature 7',
it is actually possible to regain at least a part of W;. A heat engine might transfer the
entropy from a temperature of 7| down to 7,, and ideally return energy
W =S, (T, —T;) <0 to us. In this case the quantity is counted as negative since
energy is released. Entropy S, cannot be destroyed so it must end up in some
repository. If T, is the temperature of such a repository, then W, =S, - T, describes
the amount of energy needed for this transfer, quasi the “fee” for use of the
repository. Only W, can be considered to be lost but not W.

If it were possible to find a repository with a temperature of T, ~ 0, then W, ~ 0
and we would be able to recover W, almost completely. This energy would then be
available for any type of use. It remains “undamaged” and retains its value while it
is distributed over many atoms. It is neither really /ost nor is it really devaluated.
For this reason we will avoid using these expressions for their undesirable associ-
ations. The term “burnt energy” is actually much more exact because it simulta-
neously refers to two important aspects: the waste of useful energy and the heating
associated with it.

A water mill works in exactly the same way as a thermal motor when water flows
from a higher level to a lower one (Fig. 3.34). In this case, the entropy corresponds
to the mass m of the water and the temperature corresponds to the term g - h.
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Fig. 3.34 Energy hy
production by a water mill.

W,=m-g-(h,-h,) <0

Experiment 3.11 Magnetic heat engine: When
it heats up in the flame, the wheel flange (made of
a CuNi alloy) loses in this part its ferromagnetism
due to the low Curie temperature. (The Curie
temperature is the temperature at which a
ferromagnetic material loses its magnetism and
becomes paramagnetic.) A force results which
keeps the wheel in motion after a push-start.
Because the left hot part of the heated wheel
flange is less “magnetic” than the right cold part,
the wheel flange is pulled from right to left in the
area of the pole shoes.

Another example would be a turbine operating between two water containers with
different hydrostatic pressures. In electrodynamics the electric motor fulfills
this role.

We try to direct the processes in nature in such a way that energy is left over
which is freely available. By directing for example a rivulet over a mill wheel we
cannot only grind corn but also pump water or drive a generator. Free means that
the use is not predetermined. We will only say that energy is sef free or released if
we have the freedom to use it, even if it is just the freedom to “burn” it.

Some entropy is also generated in a thermal motor, a water mill etc., as a result of
friction and other processes. This costs some of the energy W,, so that the actual
usable energy is smaller.

Finally, we will look at two examples of heat engines. Let us begin with the
magnetic heat engine (Experiment 3.11).

The rubber band heat engine (Experiment 3.12) represents an alternative.
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Experiment 3.12 Rubber
band heat engine: While the
wheel is centrally borne, the
rubber bands pull at an
eccentrically positioned
wheel boss. Because the
spokes are tauter after they
are heated, the wheel begins
to rotate and that from the
right to the left in the lower
region.

Hot bath

3.14 Entropy Generation in Entropy Conduction

We consider the flow of entropy through a conducting connection that we will call a
“conducting segment,” from a body with the higher temperature T to another with
the lower temperature 7, (Fig. 3.35). We might imagine a rod made up of a material
that conducts entropy well. It is insulated along its long side. One end is heated by a
Bunsen burner, while the other is cooled by water. For the transfer of the amount
S of entropy the energy W= (T, — T,) - S is necessary. Its value is negative because
of T, < Ty, meaning that the energy is released and has not to be expended. But
where is the released energy? It cannot be stored anywhere, so it must have been
used to generate entropy, it is “burnt,” Wy, = —W. The entropy S, generated in the
conducting connection must also flow—permanently increasing—down the tem-
perature gradient to arrive finally at the cooler body with the temperature T,. The
amount S, can be calculated from the released energy Wy:

Wy
= 32
S =7 (3.29)
with
Wo=-W=—(T,—T,)-S=(T,—T,)-S. (3.30)

In the process of being conducted through a temperature gradient, entropy will
increase according to set laws. This is a surprising but inevitable result of our
considerations. The energy flowing to the cooler body is calculated according to

T, —T
Ty(S+Sg) =T2-S+Ts>- {%} =S8-T;. (3.31)

Thus, it is exactly as much as the value S - T that is released by the hotter body.
While the amount of entropy increases during conduction, the energy current
remains constant. Wy, represents the energy used up (“burnt”) along the conducting
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Fig. 3.35 Entropy
generation related to the
flow of entropy through a
temperature gradient.
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Fig. 3.36 Energy release and entropy generation for (a) a potential drop of charge, (b) a mass
falling from a height, (c¢) a pressure drop of a volume, (d) a temperature drop of entropy.

segment. If an ideal heat engine were interposed here instead of the conducting
segment, this energy would be useful energy. Here, this energy is not used and it
becomes devalued while entropy increases.

Entropy conduction (Fig. 3.36d) can be compared to electric conduction
(Fig. 3.36a). If an electric charge Q is forced through an electric resistor—from a
higher to a lower potential g—the resistor will become warm. This is a simple way
of generating entropy which we encountered with the immersion heater in Exper-
iment 3.6. The energy W), released and completely “burnt” in this case results from
a substance-like quantity that is pushed through the “conducting segment”—here
the electric charge—and the drop of a potential—here the electric potential ¢:

Wo=—(2— 1) 0= (0 — ¢5)- 0. (3.32)

The entropy generated is calculated as W,/T,, where T5 is the temperature of the
segment. Using analogical reasoning, we can interpret the generation of entropy in
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Fig. 3.37 Entropy |
generation by entropy Without resistor ~_ | {

exchange through a resistor.
xchang ue ! With resistor =~

Thermal
resistor
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entropy conduction as the result of the forcing of entropy through a “thermal”
resistor. The temperature plays the role of a “thermal potential” and the entropy that
of a “thermal charge” [Eq. (3.30)]:

Wy = (T, — T2) - S.

A vivid comparison is also that of a waterfall (Fig. 3.36b) where the released and
“burnt” energy is found from the water mass m involved and the height of the drop,
or more exactly, the drop of the “gravitational potential” w =+ g-h where
h represents the height above sea level:

Wy = (y) —y,) - m=m-g-(h —h). (3.33)

The amount of entropy generated can be calculated from the quotient Wy,/T, where
T, is the temperature of the effluent water. At last, let us mention an example from
hydraulics, an opened water tap (Fig. 3.36¢). Here, the pressure p acts as potential:

Wy =(p1—p2)-V. (3.34)

There are two distinguishable steps that these processes all have in common:

1. Release of energy by a drop of a flowing “something” (characterized by a
substance-like quantity) from a higher to a lower potential.
2. “Burning” of energy thereby generating entropy.

When entropy is conducted (Fig. 3.36d), this relation becomes a bit blurred
because flowing and generated quantities have the same nature.

This type of entropy generation by forcing entropy through a resistor can be
demonstrated experimentally (here as a thought experiment) (Fig. 3.37).
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Fig. 3.38 Immersion
heater in water. Magnified
cross section (simplified) on
the right.

(.
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e Entropy flow without resistance: If the auxiliary body is compressed, it remains
cold because the entropy escapes into the bottle. The ice melts there, and the
level in the capillary falls.

e Entropy flow through a resistor: If the same auxiliary body is compressed
exactly as before, it will become warm because the entropy can only escape
slowly through the resistor. It gradually seeps into the bottle and the capillary
level falls even lower than before! Although the auxiliary body releases the same
amount of entropy in both cases, the bottle shows more this time.

In closing, let us have a look at a concrete example, a 700 W immersion heater in
water (Fig. 3.38). The heating wire should have a temperature T, of 1,000 K. Hence,
in 1 s an amount of entropy S of

W P-Ar 700)s7! x1s

S/ —
£ T T 1,000K

=0.7JK ' =0.7Ct

is generated by the wire [see Eq. (3.8)]. At the surface, however, the immersion
heater has the same temperature as the surrounding water. We suppose that the
water temperature is 7, =350 K. Along the short path taken by the entropy S
(: Sd ) from the heating wire to the surface of the heater, an amount of entropy
Sg of

Wo (T\—T2)-S (1,000K — 350K) x 0.7Ct
Sg:_b:(1 2)-S_( ) X —13Ct
T T 350K

is generated [see Egs. (3.29) and (3.30)]. Therefore, an amount of entropy equal to
Stotal = 2.0 Ct flows into the water per second.



Chapter 4
Chemical Potential

The chemical potential u is used as a measure of the general tendency of a substance
to transform. Only a few properties are necessary for a complete phenomenological
description of this new quantity. They are easy to grasp and can be illustrated by
everyday examples. It is possible to derive quantitative scales of u values (initially
at standard conditions) by using these properties, and after choosing a convenient
reference level. A first application in chemistry is predicting whether or not
reactions are possible by comparing the sum of potentials of the initial and the
final states. This is illustrated by numerous experimental examples. The quanti-
tative description can be simplified by defining a “chemical drive” 4 as the differ-
ence of these sums. In this context, a positive value of 4 means that the reaction
proceeds spontaneously in the forward direction. As a last point, a direct and an
indirect measuring procedure for the chemical potential are proposed.

4.1 Introduction

The Greek philosopher Heraclitus concluded from observations of his environment
already in the fifth century before Christ that “Everything flows—Nothing stands
still (révra pet).” Creation and decay are well known in the living world but also in
inanimate nature the things around us change more or less rapidly. A lot of such
processes are familiar to us from everyday life (Experiment 4.1):

¢ Objects made of iron rust when they come into contact with air and water.
e Bread dries out if one leaves it at air for a longer time.

¢ Rubber bands or hoses become brittle.

e Paper turns yellow.

< Butter or fat becomes rancid.

e Copper roofs turn green (so-called patina).

« Even the seemingly stable rocks (“solid as a rock™) weather.

« Conversely, mud or also wood petrifies.

© Springer International Publishing Switzerland 2016 93
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Experiment 4.1 Changes
in the world of substances:
(a) Rusted tin can,

(b) Dried-out bread,

(¢) Embrittled rubber hose,
(d) Yellowed and brittle
pages of a book, (e) Quartz
sand from eroded granite,
(f) Petrified mud.

Experiment 4.2 Aging of
acrylic acid: Acrylic acid as
pure substance is a water-
clear liquid strongly
smelling of vinegar. If left to
stand alone in a completely
sealed container, it will
change by itself after some
time into a colorless and
odorless rigid glass.

Acrylic acid

Fed
L

L

This list could be continued as long as one likes.

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:

e Bread in a plastic bag,

» Tinned food in an unopened can,

e Chemicals in a sealed bottle such as acrylic acid (propenoic acid) (Experiment
4.2).

The hardening is caused by polymerization, meaning the small acrylic acid
molecules combine to form long chains:

...+ CH,=CH + CH,=CH +... > ...—.CH,—CH-CH,—CH-... .
COOH COOH COOH COOH

The transformation of pure substances such as the weathering of natron
(Na,COj3- 10 H,O) and Glauber’s salt (Na,SO4-10 H,O) in ambient air where
the large colorless crystals become covered with a white powdery crust as they lose
water,
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Na,CO;3 - 10 H,O — Na,COj3 - 7 H,0 + 3 H;0,
Na,SOy - 10 H,O — Na,SO4 + 10 H,O,

the slow transition of the almost colorless monoclinic B-sulfur into the yellow
rhombic a-sulfur, or that of the low-molecular white phosphorus into the high-
molecular red phosphorus,

S|p — S,
P|white — P|red,

all show 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 transform 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 opportunity that comes up to
follow this “drive,” or tendency. A somewhat casual but catchy way to express this
would be that they somehow want to “sneak off.” Most substances known to us only
survive over a longer period of time because many of the 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 sulfide is formed because the starting substances iron and
sulfur 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
sulfur, the differences are very pronounced. For example, magnesium, when mixed
with sulfur and ignited, explodes violently. In contrast, the last metal powder, gold,
does not react with sulfur at all:

Mg Zn Fe Cu Au!
explosive glaring glowing  glimmering nothing.

Here, it becomes immediately obvious that the suggested tendency to transform of
the various metal sulfides (compared to the elements from which they are formed) is
totally differently strong. On the basis of the violence of reaction, we arrive at the
following sequence:

MgS < ZnS < FeS < CuS < “AuS.”

Obviously, magnesium sulfide is the easiest to produce, meaning it has the weakest
tendency to transform. Gold sulfide, on the other hand, seems to have a relatively
strong tendency to transform. It is possible, however, to obtain various compounds
of gold and sulfur by indirect means, but they all tend to decompose into the
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elements involved. We can, therefore, confidently 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 tendency to transform and its
quantitative description with the help of the so-called 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. In order to do this, we
compile the most important characteristics of the chemical potential into a short
outline, a kind of “wanted poster,” which we will subsequently go into more deeply.

» The tendency of a substance

— To decompose or to react with other substances,
— To undergo a transition from one type of state to another,
— To redistribute in space

can be expressed by one and the same quantity—its chemical potential p.
e The strength of this tendency, meaning the numerical value of u, is not
unchangeable but

— Is determined by the nature of the substance,
— By its milieu,

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 B, 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, B — B*, or to react
with other substances B’, B, ...,

B+B' +  — .

Even less drastic transformations of substance B, such as changing the state of
aggregation, the crystalline structure, the degree of association, etc., which can be
symbolized for example as follows:

B|0(—>B|ﬁ
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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:

B|location 1 — Bllocation 2.

The chemical potential p is a measure of the strength of this tendency. We write ug
or u(B) to signify the potential of substance B. The greater the y, the more active or
“bustling” the substance. The smaller the y, 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 ug, fundamentally depends upon the nature of the
substance. In this context, we see the nature of a substance being determined by its
chemical composition, characterized by its content 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 sub-
stances. In addition, the strength of the tendency to transform also depends upon the
milieu in which the substance is located. By milieu we mean the totality of
parameters such as temperature 7, pressure p, concentration c, the type of
solvent S, type and proportions of constituents of a mixture, etc., which are
necessary to clearly characterize the environment of B. In order to express these
relations, we may write

ug(T, p,c,...,S,...) or uB,T,p,c,...,S,...).

Experiment 4.3 illustrates how a substance reacts to a changed milieu. In this case,
it is the change of solvent S. Obviously, iodine prefers ether as milieu compared to
water. The tendency to transform and thereby the chemical potential of iodine is
higher in the water than in the ether—under otherwise identical conditions. We will
discuss the influence of the milieu in more detail in the following chapters.

An important characteristic of a substance’s tendency to transform is that it is not
dependent upon the partner it reacts with or what products result. y is a character-
istic of a single substance and not of a combination of substances. This reduces

Ether

Experiment 4.3 Iodine in (with fodine) I

different milieu: Iodine
dissolved in water (/eft 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.

(with iodine) l

Before
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dramatically the amount of data necessary because the number of possible combi-
nations 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 substance reappears in another location. The produced substances, however,
also show a tendency to transform just like the reactants, so the direction in which a
certain process will run depends upon which side has the stronger tendency.
Therefore, chemical processes resemble a competition between the substances on
either side of the conversion formula.

An image commonly used for this competition is the relationship between things
on the right and left pans of an equal-arm balance scale (or seesaw) (Fig. 4.1). The
direction in which the scale tips depends solely upon the sum of the weights G on
each side of it. Even negative weights are allowed if the objects floating upward
(maybe balloons) are attached to the scale.

This behavior can also be expressed mathematically: The left side wins, i.e., the
objects B, B’, ... on the left side of the balance scale or seasaw are successful
against the objects D, DY, ... on the right side in their attempt to sink downward if

G(B)+GB)+...>GD)+GD) +....

Equilibrium is established when the sums of the weights on the left and right side of
the scale are just equal,

GB)+GB)+...=GD)+GD) +....

The statements made here for weights correspond completely to the role of chem-
ical potentials in transformations of substances. It makes no difference whether it is
areaction between several substances or a transition of a substance from one state to

D’
e

Fig. 4.1 Seasaw as model Negative

for the interaction between weight

starting substances on the
one side and final products
on the other side during a
transformation, whereby the
weights of the objects
correspond to the chemical
potentials of the substances.
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another, or just a change of location. The direction in which such a process
progresses, for example, the reaction

B+B +...-D+D+...,

depends solely upon the sums of the chemical potentials u of all the substances on
either side. The substances on the left side prevail in their attempt to react if

u(B)+uB) +...>uD)+uD)+...,

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

#(B) +u(B') +...=puD) +uD) +....

For example, a candle burns because the starting substances combined [in this case,
atmospheric oxygen and paraffin wax, formula ~(CH,)] have a higher chemical
potential than the final products (in this case, carbon dioxide and water vapor):

3 4(0,) + 2 u((CHy)) > 2 u(CO,) + 2 u(H,0).

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 in the chemical potential from
the left to the right side, this means that in principle the process can proceed in this
direction; however, it does not mean that the process will actually run. Therefore,
this drop 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 tendency to do so is there. The porcelain walls of the cup inhibit it from

2C0,
i

30, W - ’Z_\
~—————— ?

' | 2H,0
Fig. 4.2 Burning candle as ~—2 (CH,) J
|

example of a reaction that l
proceeds spontaneously.
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doing so. We do not even have to bore a hole in the cup for the barrier to be
overcome. A bent straw that acts as siphon is already enough. When candle wax and
air are put together, no fire occurs. The candle wick and flame work as a kind of
“siphon” which helps to overcome the inhibitions. Inhibitions are an important part
of our world. 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 upward, 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 conditions, 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 we need to look out for.

The adjoining cartoon concludes this
section. Despite its anthropomorphic view-
point, it is useful as an image of the general
behavior of substances:

More active, more “bustling” substances
are transformed into more passive, more
“phlegmatic” substances. They migrate
from “busier” places (with a lot of “activity™)
to “quieter” places (with weak “activity”). In
short, matter aspires to a state of maximum
“laziness.”

4.4 Reference State and Values of Chemical Potentials

Reference Level Up to now, what we have been missing in order to make concrete
predictions are the pu values of the substances we have been dealing with. The
chemical potential can be assigned an absolute zero value, just as temperature can.
In principle, the absolute values could be used, but they are enormous. It would
mean that in order to work with the tiny differences in potentials common in
chemical and biological reactions, at least 11 digits would be necessary (the ratio
between the potential differences and the absolute values is around one to one
billion!). This alone would lead to numbers that are much too unwieldy, not to
mention that the absolute values are not known accurately enough for this to be
feasible.
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Fig. 4.3 Determining
geographical elevations as
an example for the selection
of an appropriate reference
level.

But there is a simple way out of this dilemma. The heights of mountains are not
referred to the geocenter but to the sea level (Fig. 4.3). Everyday temperatures are
not referred to absolute zero, but are given as Celsius temperatures based upon the
freezing point of water. (The zero point of Daniel Gabriel Fahrenheit’s original
scale was determined by placing the thermometer in brine, here a mixture of ice,
water, and ammonium chloride.)

It is similarly practical to choose a convenient level of reference for the values of
the chemical potential because differences of u can be determined much more
precisely than absolute values. Moreover, because we only need to compare
potential values or their sums, it does not matter what the unit is at first. The p
values could be expressed in various scales similarly to how temperature can be
expressed (Celsius, Fahrenheit, Kelvin, Reaumur, etc.). We will use the SI coherent
unit “Gibbs,” abbreviated to G. This name has been proposed by the German
chemist Egon Wiberg (Wiberg E (1972) Die chemische Affinitit. De Gruyter,
Berlin, 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 1,000 Gibbs, is even handier.

Elements Used for “Zero Levels” Next, we will turn to the question of what
reference states are suitable for measuring potential differences. It is useful to refer
to the conventional basic substances 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. Because it is not
possible to transform one element into another by chemical means, 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 sub-
stance, 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
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both sides of a conversion formula, this has no effect upon the potential differences
that are being observed and measured. Let us take a closer look at the synthesis of
ammonia from nitrogen and hydrogen as an example:

N2+3H2 —)2NH3

wkG)y: 0 3 x0 2% (<16) = u(Ny) + 3 u(Hy) — 2 (NH3) = +32 kG
0 3x2000 2x2984 = u(Ny)+3u(H,) -2 u(NHs)=+32kG

N appears two times on the left as well as on the right side of the conversion
formula; H, however, appears six times. Therefore, if the chemical potential of a
substance is increased by a fixed, although arbitrary summand (say 1,000 kG, as
shown above in the third line) for every H appearing in its content formula, this
added value cancels when we compute the potential difference and we end up with
the same result as in the second line above. The same holds for nitrogen. This means
that the reference level for any element could in principle be chosen arbitrarily as
mentioned earlier. 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 refer-
ence 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, O,, or O3, etc. As
an easily reproducible reference state, we will choose the state of the most stable
modification of a particular element in its “pure form™ and in its natural isotope
composition at standard conditions (meaning 298 K and 100 kPa, as discussed in
Chap. 3). For example, in the case of carbon graphite is used as reference state. 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 u© to designate y
values at standard conditions. Thus, it follows that (if E represents any arbitrary
element in its most stable modification):

4°(E) = 0. (4.1)

For elements E such as H, N, O, ClI, etc., which, at standard conditions, usually
appear as diatomic gases, 1 mol E simply means ¥, mol E; and u(E) correspond-
ingly 15 pu° (Ea).

Just as the average sea level serves as the zero level for geographical altitude
readings, the state of matter where the substances are decomposed into their
elements at standard conditions represents the “zero level” of the potential scale.
Analogously, Celsius temperature readings usually used in everyday life can
replace those of absolute temperature if melting ice is chosen as reference state.

Substances of All Kinds The chemical potential y of an arbitrary pure substance
itself depends upon temperature and pressure (and possibly other parameters),
u(T, p, ...). Therefore, it is usual in chemistry to tabulate the potentials of
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substances (referred to the elements that form them) in the form of standard values
u®, i.e., for 298 K and 100 kPa. In Table 4.1 we find such standard values for some
common substances.

Note that the potential value O for iron does not mean that iron has no “tendency
to transform,” but only that we have used its potential as the zero level to base the
values of the potential of other iron-containing substances upon.

The selection of substances in the table shows that not only well-defined
chemicals are referred to when speaking about chemical potential, but everyday
substances as well. In the case of marble, certain impurities are responsible for its
colors, but these substances have almost no effect upon the chemical potential of its
main component, CaCO;. However, in order to specify the potential x4 of a sub-
stance, an appropriate content formula has to be assigned to it which shows how it is
composed of the elements, and which would then be binding for all calculations.
This is why this formula must be present in such a table. But the chemical potential
of a pure substance also depends on its state of aggregation, its crystal structure, etc.
For example, liquid water and water vapor exhibit different chemical potentials at
the same temperature and pressure; the same is valid for example for diamond and
graphite. In order to arrive at unambiguous specifications, we once again call
attention to the relevant additions |s (for solid), |1 (for liquid), and |g (for gaseous)
to the symbol of a substance (cp. Sect. 1.6); modifications can be characterized by
Greek letters |a, |B, ... or the full name such as |graphite, |diamond, .. . etc.

Table.4.1 Chemical Substance Formula u°(kG)
potentials of several selected

substances at standard

Pure substances

conditions (298 K, 100 kPa, _1ron Fels 0

dissolved substances at Graphite Clgraphite 0

1 kmol m ™). Diamond Cldiamond +3
Water H,O0ll —237
Water vapor H,Olg —229
Table salt NaClls —384
Quartz SiO,ls —856
Marble CaCOsls —1,129
Cane sugar Ci,H»,014ls —1,558
Paraffin wax ~(CH,)ls +4
Benzene CeHgll +125
Acetylene (Ethyne) C,H,lg +210
In water
Cane sugar C,H5,0lw —1,565
Ammonia NH;lw =27
Hydrogen(I) H*lw 0

Calcium(Il) Ca**lw —554
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Because our immediate goal here is a first basic knowledge of the chemical
potential, we will for the time being consider the y 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 measuring methods will be discussed in the
concluding Sects. 4.7 and 4.8.

Dissolved Substances The potential of a substance B changes if it is brought into
another milieu for example by dissolving it. Depending on the type of solvent S in
question we obtain different values for the chemical potential. This type of state can
be characterized in general by the addition |d (for dissolved) or more precisely by
|S—if one would like to specify also the type of solvent. In the by far most common
case, substances dissolved in water, we use the symbol |w. But, what matters in this
context is not only the type of the solvent but also the concentration of B. Therefore,
the concentration ¢ of a dissolved substance, for which the tabulated value will be
valid, must be specified in addition to p and 7. The usual reference value is
1 kmol m > (=1 mol L™"). There exist some peculiarities concerning the determi-
nation of these standard values (such as in the case of gases), but we will discuss
them in Sect. 6.2.
We can summarize:

u° = u(T, p°) for pure substances T° =298K
[
pe ~p

(T°, p©,¢®)  for dissolved substances P~ = 100kPa
¢® = lkmolm™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 vary more than a power of ten,
the changes of potential of substances of low-molecular mass remain about +6 kG
in general. Therefore, we can consider the x4 values to be constant, at least very
roughly. This precision is often sufficient for us so that we can use the u© values
found in tables. It is unnecessary to worry about temperature, pressure, and con-
centration dependencies of the potentials at the moment. We will only start dealing
in more detail with these influences in the following chapters. The approximation
used here is a kind of zero-order approximation.

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 7, of electrons left over along with the neutral
elements, for example,

CO} - C+3%0,+2e".

The electrons appear here as a kind of additional element (cf. Sect. 1.6) that, like all
elements, can be assigned the value 4® = 0 in a certain reference state. However,
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electrons in a free state play no role in chemistry. Therefore, a value for 4 (e~ ) has
been arbitrarily chosen so that the most commonly appearing type of ion H" (in an
aqueous solution and at standard conditions) receives the u° value of zero:

" (H|w) = 0. (4.2)

At first, this seems surprising because we know that the chemical potential of an
element at standard conditions is zero, i.e., u© = 0. This is of course also valid for
hydrogen, u®(H,|g) = 0. That is why we expect that other states of hydrogen
would show divergent u® values. But let us have a look at the system hydrogen
gas/hydrogen ion, which is capable of providing electrons without major inhibitions
under suitable conditions (the symbol := should be read as “equal by definition”):

Hylg = 2H |w+2e”
with

1 (Halg) = 24 (H' [w) 4247 (e ).
0 0 0

When H, and H" are present at standard conditions and equilibrium has been
established, the chemical potential of the electrons, u®(e™), is supposed to be
zero. (The electron potential u(e™), abbreviated u., will be discussed in more detail
in Chap. 22.) Because u (H,|g) disappears by definition, it follows necessarily that
in a state of equilibrium, x°(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 >
(=1 mol Lfl) where water is the usual solvent. Elements in their usual, stable
state receive, as agreed, the value u® = 0 (see also Table 4.3 at the end of this
chapter or Sect. A.2.1 in the Appendix). This is for example valid for molecular
hydrogen u® (H,|g) = 0, while atomic hydrogen has a rather high positive potential
u®(H|g) = +203kG. This means that its tendency to transform into H, is very
strong.

A look at Table 4.3 and Sect. A.2.1 in the Appendix shows something remark-
able. 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 produced from. However, this also
means that most substances do not tend to decompose into their elements but, in
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Experiment 4.4 Decomposition
of S4N4: A small amount of
tetrasulfur tetranitride explodes
(like a cap for use in toy guns)
when hit lightly with a hammer.

Experiment 4.5 Decomposition
of NI: Nitrogen triiodide
decomposes in a dry state if
touched by a feather or irradiated
by a flash of light thereby
producing a sharp explosive sound.
The produced iodine can be easily
identified by the cloud of violet
smoke.

contrast, tend to be produced from them. Therefore, most of the substances we deal
with are stable; they do not decompose.

If, on the other hand, the potential is positive, the substance will tend to
decompose into its elements. Such a substance is unstable, thus eluding preparation
or is metastable at best, i.e., in principle a spontaneous decomposition is possible,
but there exists an inhibition. If the inhibition can be overcome, e.g., by supplying
energy or by making use of a catalyst, it is very common for the substance to react
violently, especially when the value of y is very large.

This behavior can be demonstrated quite impressively by means of the attractive
orange crystals of tetrasulfur tetranitride S4N4 (u® =~ +500 kG) (Experiment 4.4).

Further examples would be heavy metal azides such as lead azide Pb(N3), (used
in detonators to initiate secondary explosives) or silver azide AgN3. Furthermore,
the easily produced black nitrogen triiodide NI (u® ~ +300 kG) tends to decom-
pose into its elements as well (Experiment 4.5).

However, a positive u does not always mean that the substance must be explo-
sive. For example, benzene remains rather stable in spite of its u© value of +125 kG.
As discussed in Sect. 4.3, a positive p value is a necessary but not sufficient
condition for a spontaneous decomposition of a substance into its elements to
take place. Therefore, we cannot simply assume that just because there is a
possibility of transformation, it will take place within a certain span of time, be it
years, millennia, or millions of years.
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Comparing analogous substances shows best how the level of the chemical
potential affects their properties. Here are three examples:

4 (kG) —394 +52 +123

The gas CO, with its strongly negative u° value is stable and spontaneously
produced from carbon and oxygen, i.e., carbon is “combustible.” NO, with positive
u® is not formed spontaneously from N, and O,, but is so stable that it is not
dangerous to handle. Finally, ClO, has an even higher chemical potential and is
extremely explosive.

A similar consideration can be used for solid oxides:

A1203|S FeZO3|s All203|S
1°(kG) ~1,582 —741 +78

Aluminum and iron combine with oxygen to form their stable oxides, while solid
Au,03 must be handled carefully so that no oxygen separates from it.

The category of metal sulfides also contains similarly composed substances that
are appropriate for comparison:

MgS|s ZnS|s FeS|s CuS|s “AuS”|s
u°(kG) —344 —199 —102 —53 >0

The sequence deduced in Sect. 4.1 from the violence of the reactions of forma-
tion actually runs parallel with the values of the chemical potentials. However, be
careful: A vague characteristic such as the violence of reaction that is dependent
upon different factors can only be considered evidence under comparable
conditions.

4.6 Applications in Chemistry and Concept of Chemical
Drive

Concept of Chemical Drive The most important application for the chemical
potential y is that it enables us to predict whether a transformation of substances
can happen spontaneously or not. As we have seen, a chemical reaction

B+B' +...-D+D'+...
is possible when the following is valid:

u(B) +uB) +...>uD)+uD)+....
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If we wish to find out if a previously unknown process can run spontaneously, it is
enough to find the corresponding y values in appropriate tables and then to compare
the potentials on the right and left side of the conversion formula. Spontaneously,
processes only run “downhill,” meaning from left to right, when the sum of the y
values on the left is greater than on the right.

The condition for a spontaneous process results in

u(B) +uB)+...—u(D) —puD)—...>0

after rearrangement of the formula above. The summation of the variables can be
presented in a shorter form by using the sigma sign, Y. We summarize:

reactants — products is spontaneously possible if Z H — Z uj>0

initial final

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

A= Z Hi — Zﬂj (4.3)

initial final

the chemical drive A of the process (reaction, phase transition, redistribution, etc.),
in short, the drive, when it is clear that no nonchemical influences are participating.
The unit for drive is “Gibbs,” as can be easily seen in the above definition.

Internationally, the quantity 4 is usually called affinity. The origin of this name
reaches back into antiquity. However, it 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 labeled by the letter A, such as area, we shall use another font
(like 2).

The name chemical tension for 4 would be appropriate as well when taking into
consideration that the quantities electric potential ¢ and electric tension
U (voltage),

U= Dinitial — Pfinals

are similarly related both conceptually and formally as chemical potential and
drive. U describes the (electric) drive for a charge transfer between two points.
The simplest case of this would be between the input and output of a two-terminal
electronic component (lightbulb, resistor, diode, etc.).

The quantity 4 has a centuries-old history under the name affinity. The first table
with values of this quantity was compiled by Louis-Bernard Guyton de Morveau in
1786. This was hundred years before the concept of chemical potential was created.
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At that time, people had very different ideas about the causes of substance trans-
formations. The closer the “relationship (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 compound BD, if it had a closer
relationship or affinity to D than B. It might also occur that if A was already loosely
bound to a partner C, it would then be free for a new partnership: AC+BD — AD
+BC. The German writer and polymath Johann Wolfgang von Goethe was inspired
by this idea in his novel “The Elective Affinities” of 1809 in which he transferred this
concept to human relationships.

A positive drive, 4 > 0, “drives” a transformation as long as there are reactants
available. A negative, 4 < 0, leads to a reaction in the opposite direction of the
reaction arrow. 4 = 0 means no drive, therefore, a standstill where equilibrium is
established. Here are some examples:

Decomposition of a Substance into Its Elements We have already encountered
one type of reaction, namely the decomposition of a compound A,B4C,. . . into the
elements that make it up, A, B, C, .. .:

AaB/jCy...HVAA+VBB+VCc+... s

in which case the conversion number v, is numerically equal to , vg to f3, etc. For
the strength of the tendency to decompose—the “drive to decompose”—we then
obtain:

A= ppB,c,.. — [VAHA T VBHB + Vehe + -
Having arbitrarily set the potentials of the elements (in their most stable modifica-

tion) under standard conditions equal to zero the expression in brackets disappears
and the drive to decompose corresponds to the chemical potential of the substance:

A= UaB,c,. — [Va B + VB -pg +ve - pc+...] = Ha,B,C,...-

0

These circumstances were already anticipated and taken into consideration by our
discussion in Sect. 4.5. As a concrete example, we will consider the decomposition
of ozone Oj3. This tends to transform into oxygen gas O,, which we can see easily by
comparing the potentials:

Oslg = % Oylg
18(kG): 163 > ¥x0 = 29=+163kG.

In this case 4° refers to the drive to decompose under standard conditions. The
decomposition process is so slow, however, that ozone can be technically used
despite its limited stability. We just have to produce it fast enough to compensate
for its decomposition.
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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°(203 — 3 0,) = +326 kG,
4°(03 — ¥, 0,) = +163 kG.

Basically, only the sign of 4 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 £ values (Sect. 1.7), it is always important to indicate the conversion
formulas that one is referring to.

Transitions Another simple case is the transition of one substance into another
one:

B — D is spontaneously possible if ug > up, i.e., 4 > 0.

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

Hgllyellow — Hglolred
12(kG): —101.1 > —-101.7 = A4°=+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.

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:

Hzo‘S — HyO[l
ue(kG): -236.6 > -237.1 = 429=40.5kG.

We have used the tabulated values valid for a temperature of 298 K or 25 °C.
Therefore, a positive drive can be expected that allows ice to melt under these
conditions. For given conditions, the phase with the lowest chemical potential is
stable.

Therefore, diamond should undergo a transition into graphite because it has a
higher chemical potential:

C|diamond— C|graphite
1e(kG): +2.9 >0 = 429 =+2.9 kG.
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Lo

Hgl,
Yellow—+Red

Experiment 4.6 Change of modification of
Hgl,: Within an hour, a spoonful of yellow Hgl,
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, in the
figure). The process takes place within seconds
when the poorly soluble Hgl,, precipitated out
of a Hg2+ solution by addition of 1", is used.

At first, the precipitate is sallow yellow, which
immediately turns to orange and finally to deep
red (left, in the figure).

Pr

heating

by

However, this does not happen at room temperature because the process is much too
inhibited. The reason is that for the carbon atoms to form a graphite lattice, the very
strong bonds of the carbon atoms in the diamond must be broken and this is just
about impossible at room temperature. In this context 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 4 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, 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.

We can take the reaction of marble with hydrochloric acid, an aqueous solution
of hydrogen chloride, HC1, as first example (Experiment 4.7).

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~>). In doing so we
have to consider that HC1 is a strong acid and is entirely dissociated into hydrogen
and chloride ions, H" and C1~. The H" ions are responsible for the reaction, while
the C1™ ions remain more or less inactive.

CaCOsfs + 2 HHw — Ca2w + CO,lg+ H,0[l
#e(kG): ~1,129  2x0 554 -394 237
~1,129 > ~1,185 — 49 = +56 kG.

Another example is the development of hydrogen chloride gas when concentrated
sulfuric acid reacts with table salt:
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Experiment 4.7

Dissolution of marble in Co,
hydrochloric acid: 1f a few

pieces of marble are put in

hydrochloric acid, a strong

effervescence of carbon

dioxide can be observed.
CaCoO,

HCI

Experiment 4.8
Blackening of CuSO4 by
H,S: If gaseous hydrogen
sulfide is made to flow over
anhydrous, white copper
sulfate, black copper sulfide
is produced. This let us
observe the reaction easily.

Blackening by CuS

H,S

CuSO,
(anhydrous, white)

NaCl|s + HpSO4|l — HCl|g + NaHSOy|s
18 (kG): —384 -690 -95 -993
-1,074 > —1,088 = 4° =+14 kG.

For lack of better criteria, it is common to explain the fact that hydrogen chloride
can be obtained from table salt and concentrated sulfuric 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 that contradicts both rules:

CuSOyls + HyS|g — CuS|s + H,SOyll
u8(kG): —661 -33 =53 —-690
—694 > —743 = 2% =+49 kG.

In this case, the weak, volatile acid hydrogen sulfide displaces the strong, low
volatile sulfuric acid from its salt.

It is also easy to predict the production of a low soluble precipitate from its ionic
components when two solutions are combined:
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Pb2Hw + 217w — Pblys
e (kG): 24 2x(-52) 174
~128 > 174 = 49=+46kG.

Lead iodide must precipitate out of an aqueous solution containing Pb** and I~
ions. Many other precipitation reactions can be predicted according to the same
pattern. When solutions containing Pb**, Zn**, or Ba** are mixed with those that
contain CO?’, S?~, or I" ions, precipitation can be expected (based on calculations
similar to that for lead iodide) only in those instances that are marked with a plus
sign in Table 4.2.

To save some calculation, the chemical potential of the possible precipitates and
the combined potential of the ions forming them are included in Table 4.3 at the end
of the chapter. The predicted result can be easily proven in a demonstration
experiment, for example, by using S*~ (Experiment 4.9). Reactions with CO%‘ or
I" can be carried out correspondingly. Because ionic reactions in particular are
hardly inhibited in solutions and therefore usually proceed quickly if the potential
gradient has the correct sign, they are especially well suited for comparing pre-
dictions 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 reactions of stable substances (with negative u). The produc-
tion of ethyne (acetylene) with a high positive chemical potential from calcium

Table 4.2 Prediction of co> g2 o
R . 3
tat t .
precipitation reactions PO " N N
Zn2+ + + _
Ba>* + — —

Experiment 4.9 Precipitation of
sulfides: When a solution
containing $*~ ions is mixed with
solutions that contain Pb**, Zn**,
or Ba®* ions, precipitation only
takes place in the first two cases.

Pb2* zn?* Ba®*
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carbide and water, both substances with a negative potential, shows that this is not
the case (Experiment 4.10).

CaCyls + 2H,O|l — Ca(OH),|s + C,Hy|g
1o(kG): —65 2%(-237)  -898 4210
539 > —638 — 79 = +149 kG.

The very low chemical potential of calcium hydroxide on the product side makes
sure that the chemical drive 4 is generally positive, even though u(ethyne) is > 0. 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.

Dissolution Processes Dissolving substances in a solvent can also be described
with the help of the concept of potentials. Whether a substance dissolves easily or
not in water, alcohol, benzene, etc., is a result of the difference of its chemical
potential in the pure and dissolved state. A first impression of the dissolution
behavior 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 for example cane sugar in water (more exactly: in a solution
which already contains 1 kmol m > of sugar, which is about 340 g per liter!) we
obtain:

C12H2011[s — CiHp0qy|lw
18 (kG): —1,558 > —1,565 = 19 =+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 (Experiment 4.11).
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~?), the chemical potential

Experiment 4.10 Carbide
lamp: When water is
dripped onto some lumps of
calcium carbide a vigorous
generation of gas can be
observed. The produced
gaseous ethyne burns with a
bright and sooty flame.
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of the Na* and Cl~ ions together is noticeably lower than when it is a salt in
solid form.

NaCljs — Na*|lw + Cl-|w
18(kG): —384 262 -131
\_V—f

-384 > -393 = 4° =49 kG.

For contrast, let us consider the dissolution behavior of iodine.
12|S — Iz‘W
wo(kG): 0 < +16 = 2°=-16KkG.

The chemical drive is strongly negative so the process can only run backward
spontaneously. Solid iodine would precipitate from a solution with a concentration
of 1 kmol m—>. 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
Chap. 6.

Even the dissolution 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
we(kG): —17 > =27 = 48 =+10 kG.

Consequently, ammonia is very easily dissolved in water. An impressive way of
showing this excellent solubility is with a so-called fountain experiment (Experi-
ment 4.12).

The situation is different with carbon dioxide, which is much less soluble in
water.

Experiment 4.11 Dissolution of a
sugar cube: The process becomes
noticeable by the shrinking of the
sugar cube in a glass of tea even when
it is not touched. An even more
impressive version of this process is
stacking sugar cubes into a tower on a
shallow plate and then pouring some
water colored with a few drops of food
dye onto the plate. The water
immediately begins to move up the
tower and make it collapse after a short
while.
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Experiment 4.12 Ammonia fountain: NHy
gas dissolves so readily in water that just a
few drops are enough to decrease the pressure
in the flask filled with gas so drastically that
more water is drawn upward into it in a strong
jet. If a few drops of the acid—base indicator
phenolphthalein are added to the water, the
solution turns pink just as soon as it enters the
flask (more in Chap. 7).

Experiment 4.13 Effervescence

of carbon dioxide: Carbonated

liquids such as champagne or co,
mineral water are filled into bottles

under excess pressure. When the

pressure is reduced such a liquid

releases carbon dioxide bubbles.

CO2|g - COle
ue(kG): -394 > -386 = 4°=-8kG.

Therefore, it tends to bubble out of an aqueous solution (Experiment 4.13).
Ammonia and carbon dioxide are both very voluminous in their gaseous states,
so their appearance 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 u©
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 u© of the
reactants and products. Let us take a closer look at the reaction of copper sulfate
with hydrogen sulfide as an example (Fig. 4.4).

Up until now, we have considered the chemical potential in the roughest (zero-
order) approximation as a constant. In doing so, we have neglected the dependen-
cies of temperature, pressure, 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 tendency of substances to transform can be
quantified.
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a LM b
0 H,S l Cus — Zero level
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Fig. 4.4 Potential diagram for the reaction CuSO4 + H,S — H;SO4 + CuS under standard
conditions: (a) Levels of the potential for the substances involved, (b) Adding of the values of
the potential in the initial and the final state of reaction.

4.7 Direct Measurement of Chemical Drive

The usual methods do not measure the chemical potentials of substances them-
selves, but only the difference between the sums of the potentials of the initial
substances and the final products, i.e., the drives A = pinitial — 2 Hfinal  Of
chemical transformations. In other words, 4 is the basic quantity from which we
derive the chemical potential x. This is also true for electric circuits where only
the difference of electric potentials ¢ between two points, i.e., the voltage
U = @initial — Pfinal> can be measured, and not the potentials themselves. If an
arbitrary zero point is selected, the potentials can be derived.

The chemical drive 4 can be measured both directly and indirectly just as other
quantities can. However, the direct method has the advantage of not being depen-
dent upon other physical quantities. This means that the meaning of the quantity 4
can be comprehended directly. A disadvantage is that some reference standard, a
well-reproducible process that represents the unit 4; 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 platinum alloy which
are kept in Paris. Values of chemical drives initially measured as multiples of 4;
must then be converted to standard units.

Data in a SI coherent unit are desirable. G (Gibbs) is an example which has
already been presented here. There is a trick that can be used so that preliminary
values do not have to be remembered. We do not assign a value of 1 to the drive 4;
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,
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Fig. 4.5 Cell representing a o T
fixed value of chemical
drive A.

— H,0lg
D,0lg H,Ols
H20|I
D20|I D,0ls
2
= Insulation

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 7=273.16 K.

The cell in Fig. 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),

D,0|l — D,0s,

which is embedded in airless light water and whose temperature is brought to
273.16 K. The transformation happens spontaneously if the D,O 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

A =84G.

As we have already seen in the example of weight (Sect. 1.3), there are basically
three agreements necessary for metricization. These are agreements about

(a) Sign,
(b) Sum,
(¢) Unit

of the quantity 4 which serves as the measure of the drive of a chemical transfor-
mation. 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 Sect. 4.5: A process that runs forward
spontaneously receives a positive value of drive 4 > 0, one that tends to run


http://dx.doi.org/10.1007/978-3-319-15666-8_1#Sec3

4.7 Direct Measurement of Chemical Drive 119

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 4 = 0.

Now we need only think about creating sums (point b). Two or more trans-
formations with the drives 4, 4, 4" . . . 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 A, of the entire process, i.e., of the sequence of the coupled processes, is the
sum of the drives of these processes:

Ao = A+ A+ 4"+ ... .

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,
(¢) 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 are forced when, under the chosen experimental conditions, the interme-
diate substance Z no longer freely appears in noticeable quantities, i.e., just as Z is
formed it is consumed by the next reaction:

-
A+B+..5C+D+..+1 Z,

1
: V4 :+...+F+G—>H+I+....

Both processes can only take place simultaneously or they have to rest simulta-
neously, i.e., the substance Z couples them rigidly like wheels in a clock or a gear.
The short-lived intermediate substances are usually not noticed, so we can only
guess what they might be. They can be quite exotic and we should not necessarily
give them the status of proper substances. A simple example 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 blow exhaled
air in it that contains carbon dioxide. In the process, the first two reactions are
coupled by dissolved CO,, the next by HCOy5, and the last by CO%’.
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Lime water

Exhaled
air

L] Ly

/Co, COslg —,COW1 A
% a2t Hy0| OH-w +1COJw} — HCO3|w! o A
: OH- OH [w +:_H_C9§_|v_v:—>:c0§—\w: + H0 A

Ca?*lw +1CO3~[w|— CaCO3fs A4

Arotal = A1 + A + Az + Ay

Precipitate

Enzymatic coupling is an important special case of chemical coupling. This
process has been developed to a high degree of perfection in biochemical reactions.
For example, the innumerable reactions taking place in living cells are connected in
this way which leads to the metabolism driving all other processes. Thereby
reactions are interlocked like the wheels of a clock so that one transformation can
drive many others.

Unfortunately, it is difficult to imitate the procedure with chemical equipment,
and laboratory chemistry does not offer much room for systematic interlocking of
various reactions. The coupling of a reaction with the chosen unit reaction required
for measuring a drive is fundamentally possible but very difficult to realize with
chemical methods.

Electrical coupling which makes use of reversible galvanic cells presents a much
more flexible 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 dividing each
transformation into a partial process which supplies electrons and another which
consumes electrons. This can be accomplished in many different ways.

Let us select a general reaction

B+C—D+E.

Theoretically, we can divide the reaction into two spatially separated partial
processes where 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 hinder 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).

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

B— B +e,

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,
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Fig. 4.6 Coupling of two JRIEEEEN
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As a result, an electric “tension,” a voltage, is developed between the electrodes.
The experimental 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. For
simplicity’s sake, it is assumed that the reactions are formulated so that the
conversion number of electrons is v. = 1. When the terminals of a cell in such a
series connection are switched, the drive of this cell is given a negative sign—Ilike 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 thought experiment and therefore we will not
discuss it any further here.

Drive 4 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 7 of the unit reaction (or a
reaction with a known drive) required to achieve equilibrium. In other words, the
drive of the entire process is made to disappear:

Ao =m-A+n- A4 =0 or A=—(n/m)- A. (4.4)

By applying this method it is in principle possible to measure the quantity 4 with as
much precision as we desire. We can illustrate the procedure with the example of
oppositely coupled vehicles (Fig. 4.7a). Like those vehicles, it is possible to
inversely couple m galvanic cells which represent a particular reaction with
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Fig. 4.7 Comparison of (a) the tractive forces of vehicles with (b) the measurement of chemical
drive 4 by means of electric coupling of reactions.

unknown 4 to n cells based on a reaction with known drive such as the unit reaction
(A4p) so that equilibrium is established and the electric current in the circuit is zero
(Fig. 4.7b). As mentioned earlier, we achieve the inverse coupling through reverse
poling, i.e., by interchanging the positive and the negative terminals.

The procedure can be simplified considerably. For example, it is possible to
calibrate a sufficiently sensitive highly resistive voltmeter directly in the unit 4;. For
this purpose one merely needs to connect the instrument to the two open terminals
of various cell chains which consist of an increasing number of “unit cells.” The
pointer deflections are marked and in this way we construct a scale suitable for the
measurement of unknown 4 values. The 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 (Sect. 3.7).

On the chosen scale, the chemical potential y is nothing else than the drive of a
substance to decompose into its elements. Therefore, 4 can be measured using
analogous methods if the reaction is chosen suitably.

In addition to the direct methods for determining chemical drives and potentials,
respectively, there are numerous indirect methods that are more sophisticated and
therefore more difficult to grasp, yet more universally applicable. These include
chemical (using the mass action law) (Sect. 6.4), calorimetric (Sect. 8.8), electro-
chemical (Sect. 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 temper-
ature (such as its length, volume, electrical resistance, etc.) can be used to measure
T, every property (every physical quantity) which depends upon p can be used to
deduce y values.

4.8 Indirect Metricization of Chemical Potential

In order to increase our understanding, we will consider a method which allows—in
principle—the p 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


http://dx.doi.org/10.1007/978-3-319-15666-8_23#Sec2
http://dx.doi.org/10.1007/978-3-319-15666-8_8#Sec8
http://dx.doi.org/10.1007/978-3-319-15666-8_6#Sec4
http://dx.doi.org/10.1007/978-3-319-15666-8_3#Sec7

4.8 Indirect Metricization of Chemical Potential 123

Fig. 4.8 Hypothetical Pure elements Reactor Substance B
arrangement for measuring in standard state W in chosen state
chemical potentials . (298 K, 100 kPa) =n (T,pc, ...)

possible setup for measuring p which gives the values directly in the scale used by
us. This method is indirect because the energy W_,,,, which is used for forming a
small amount 7 of the substance B, is measured. Almost everything we are doing is
associated with some kind of energy “turnover,” so it is not easy to separate the
energy contribution W_,,,, which serves exactly this purpose, from the other energy
contributions which only accompany the process.

The containers on the left in the figure contain the elements in their normal stable
states at 298 K and 100 kPa. In order to produce substance B, the correct pro-
portions 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 under-
standing) and then sent to the container on the right in the desired form of B (solid
or liquid, warm or cold, pure or dissolved, etc.). One might say that the reactor
transports substance B 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 ug. Whereas the matter on the left exists in a state which is identical for all
substances to be formed, the matter on the right appears in a specific form and in a
specific milieu. The form is determined by the selection of B with its fixed
constituents and their arrangement; the milieu on the other hand is defined by
temperature, pressure, concentration, type of solvent, etc. Energy is required to
transform matter; as a rule the more complex and complicated the rearrangement
the more energy is needed. We might say that matter will “resist” such change. This
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” of a substance B to transform, here
in particular the drive of the substance to decompose into the elements (in their
standard state),

e The more difficult it is for the substance to be formed against its “drive,”
» The greater the amount of W_,, necessary to achieve this.

W_,,, grows in proportion to the amount of substance n formed (as long as
n remains small), so W_, itself is not to be used as a measure of the tendency to
transform and therefore of the chemical potential y, but rather W_,, divided by n:
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p=W_,/n. (4.5)

The accumulation of substance B in a container gradually changes the milieu of this
substance and therefore its potential. For this reason, it is required that amount # and
energy W_,, are kept small in order to keep the disturbance small. This can be
symbolized by dn and dW_,,,. p itself results as a quotient of both quantities:

u=dw_,/dn. (4.6)

It is of course necessary to avoid or subtract all energy contributions due to side
effects (e.g., as a result of friction, lifting, entropy transfer, acceleration, production
of other substances, solvents, or mixing partners, etc.). If, on the other hand, the
process (the transport of substance B) runs spontaneously from left to right, it
releases energy. In this case, W_,, and therefore u are negative but apart from that
our considerations remain essentially the same.

The unit for chemical potential which results from the equation y =dW_,,/dn is
J mol™". Since we constantly deal with values of the chemical potential, we are
justified in giving this unit its own name, “Gibbs,” abbreviated G, in a manner
analogous to “Volt” for the electric potential difference as we have done in
Sect. 4.5:

1 Gibbs(G) = 1 Jmol .

Naturally, the energy of the portions of the elements taken from the left is to be
found in the substance B 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 Sect. 4.4). Only the additional quantity dW_,,, which we can identify
with udn, matters. Together with substance B, 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_,, = udn, 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 (Sect. 1.6), the energy W may change as a
result of different processes, such as transfer or generation of entropy (see Sect.
3.11), increase or decrease of volume (Sect. 2.5), or by taking in other substances
B, B”, ... etc.:

dW = — pdV + 14s + pdn + pg'dn’ + J'dn” +... .
—— =~ ~~ S—~— S~—~—
dw_y dW_g dW_, dW_, dW_,
To avoid interferences caused by the different paths for energy transfer, we require

S,V,n',n",...tobe held constant, i.e., dS, dV, dn’, dn”, ... =0, so that the related
energy contributions vanish:
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AW = —pdV + 7ds + pdn + pg'dn’ +p"dn" + ... = (dW)gy -
R/—/ v v W_/ v S, VL,n,n...
0 0 aw., 0 0

If we introduce ¢ =dW_,,/dn into this equation, this yields

dW)g v o dw 0
u= M - (== _ (W ) (4.7)
dn dn /sy .. on SV,

This equation already shows some similarity to Gibbs’s approach. When Josiah
Willard Gibbs introduced the quantity g 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 repelled 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=ax*+bx+c, W corresponds to y, n to x. V, S, ', n”, ... correspond to the
parameters a, b, c. To find y, we must take the derivative of W = f(n) with respect to
n, just as we take the derivative of y = ax” + bx + ¢ 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 0 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 Sect. 1.3 to indirectly determine the
weight G of a body via the energy:

4 _(dW)U
G‘(ﬁ); ah

Here, dW is the energy used to lift the object a small distance dA. The index , 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 » of one of the substances it is made
out of. To exclude these possibilities, we write

dw
o~ ().
dh /), s,

where, for consistency’s sake, we have changed the variable v to the momentum
p = mo. Written in this form, we must gain the impression that the weight G is a
quantity that cannot be grasped and dealt with without the benefit of advanced
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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 characterizing it phenomenolog-
ically and by direct metricization. Once we have understood what the quantity y
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 y like G is
not an energy but rather corresponds to a “force,” more precisely a “force-like”
quantity in the sense of Helmholtz (see Sect. 2.7).
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Chapter 5
Influence of Temperature and Pressure
on Transformations

The chemical potential can be regarded as constant only in a first approximation.
Frequently, temperature and pressure have a decisive influence on the chemical
potential and therefore on the course of chemical processes. Water freezes in the
cold and evaporates in the heat. Ice melts under the blades of ice skates and butane
gas (the fuel of a cigarette lighter) becomes liquid when compressed. Therefore, a
more detailed approach has to consider the temperature and pressure dependence of
u. Often linear approaches to these dependencies suffice. If the corresponding
temperature and pressure coefficients are given, it is easily possible to predict the
behavior of the substances when they are heated, compressed, etc. The melting,
sublimation points, etc., can be calculated, but also the minimum temperature
needed for a particular reaction. Only the pressure coefficient of gases shows a
strong pressure dependence itself; therefore, the linear approach is only valid in a
small pressure range. For wider application, a logarithmic approach has to be used.

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>. 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 on the
chemical potential and therefore on the course of chemical processes. Water freezes
in the cold and evaporates in the heat. Cooking fat melts in a frying pan and pudding
gels while cooling, ice melts under the blades of ice skates, and butane gas becomes
liquid when compressed. The chemical potential i is not a material constant, but
depends upon temperature, pressure, and a number of other parameters.
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Fig. 5.1 Chemical potential of table salt and chemical drive to decompose according to
NaCl — Na + Y, Cl, depending upon temperature (at constant pressure p°©).

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 (NaCl) (Fig. 5.1). For compar-
ison, the graphic also shows the temperature dependence of the chemical drive of
table salt to decompose into the elements 4(NaCl — Na + %,Cl,).

It is striking that the chemical potential falls more and more steeply with
increasing temperature. Except for a very few exceptions of dissolved substances
(e.g., Ca2+|w), all substances exhibit this behavior. The tendency of a substance to
transform generally decreases when it is put into a warmer environment.

The chemical drive A(T), which is calculated from the temperature-dependent
potentials, exhibits a noticeably more linear gradient than the u(T) curves. Both
curves intersect at the standard temperature T° because the chemical potential of a
substance at standard conditions corresponds to the drive to decompose into the
elements (here sodium and chlorine).

The drop of 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 rate of reaction 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 4. Moreover, it should be remembered that 4 is
determined by the difference of the chemical potentials of the starting substances
and the final products, and not by the absolute levels of potentials. Since the
potentials of the starting substances as well as of the final products decrease as a
result of an increase in temperature, the potential difference which is alone
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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 drop of potential with increas-
ing temperature, we will be content with a simple approach at first. For example, if
one wishes to show how the length / 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 T, to a value of T can be described by
a linear equation as long as AT =T — T is not too large:

[=1ly+e- (T —T). (5.1)

The initial value of the length is represented by /; and & represents the temperature
coefficient.

To indicate the change of chemical potential as a result of warming, we proceed
exactly in the same manner:

u=po+a- (T —To). (5.2)

Here, uq characterizes the initial value of the chemical potential. This represents a
value at arbitrarily chosen values of temperature Ty, pressure pg, and concentration
co (in contrast to the standard value ). However, standard values often serve as the
initial values of a calculation, so that in special cases, u, = u“, but this is not
necessarily the case. The temperature coefficient a represents the slope of the
function u(T) at the point (Ty; uo) (it is therefore strictly valid only for the reference
temperature 7)), and is therefore almost always negative, as we have seen.
For the temperature dependence of the chemical drive 4 of a transformation

B+B' +...-D+D'+...
we obtain analogously:

The temperature coefficient « of the drive can be calculated by the same easy to
remember procedure as the drive itself:
a=aB)+aB)+...—a(D) —aD)—... (5.4)
(Remember : 4 = u(B) +u(B') +... — u(D) —pu(D') —...).
If we take room conditions as the starting point, the error is about 1 kG for low-

molecular substances for AT values of about 100 K. This approximation remains
useful for rough estimates up to AT~ 1,000 K and above, although u(T) falls
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sharply with rising temperature. This remarkable and (for applications) important
circumstance is based upon the fact that it is not the potentials that are decisive in
chemical processes, but the drives. When taking the difference
A=) Hreactants — 2 Hproduets» the progressive contributions of the functions u(T)
largely cancel.

If higher precision is desired, the approach can be easily improved by adding
more terms to the equation:

/4:/40—|—aAT—|—a/(AT)2—|-OlN(AT)3+ (55)

Of course, there are other possible approaches; reciprocals for instance, or loga-
rithmic 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 4 as well as its temperature coefficient a
for some substances. Along with the already mentioned basic rule which states that
the temperature coefficient a is (almost) always negative, another rule (which
almost all substances follow) becomes apparent when the a values are compared
for changes of state of aggregation. The temperature coefficient a of the chemical
potential of a substance B becomes increasingly negative when the phase changes
from the solid to the liquid and finally to the gaseous state. The jump corresponding
to the second transition (represented by the sign <) is considerably greater than the
one corresponding to the first one. For a substance in an aqueous solution, a is
mostly similar to that of the liquid state. The values scatter more strongly, though,
so that we cannot easily fit a(B|w) into the other a values:

Table 5.1 Chemical Substance Formula 4 (kG) a(GK )
potential £ and its temperature
coefficient a for some Iron Fels 0 —27.3
selected substances at Fe|l 53 —35.6
standard conditions (298 K, Felg 368.3 —180.5
100 kPa, diSi(;lVCd substances Graphite C|graphite 0 —57
at 1 kmol m ™). Diamond C|diamond 29 —24
Todine L|s 0 —116.1
L1 33 —150.4
Llg 19.3 —260.7
L|w 16.4 —137.2
Water H,O0ls —236.6 —44.8
H,0|l —237.1 —70.0
H,0|g —228.6 —188.8
Ammonia NH;|1 —10.2 —103.9
NH;|g 165 1925
NH;|w —26.6 —111.3
Calcium(II) Ca**|w —553.6 +53.1
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«(Blg) << a(B|l) < a(Bls) <0.
“aBw) —*>

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

-260.7 <<-150.4 <-116.1 <0.
-137.2

(As we will see in Sect. 9.3, the temperature coefficient a corresponds to the
negative molar entropy Sy, i.e., @ = —Sp,. Anticipating this can help us to remem-
ber the two rules above more easily: First, in Chap. 3, we demonstrated that the
molar entropy is always positive; the negative sign of the temperature coefficient
easily results from this (the rare exceptions mentioned above will be discussed in
detail in Sect. 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 Sect. 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 comparison to other states, the gaseous state becomes more
and more stable. This simply 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 chemical potential of ice, water, and water vapor has the following
values:

H,Ols H,0|l H,Olg
45 (kG) —236.6 —237.1 —228.6

One sees here that under these conditions, ice melts, and water vapor condenses
because water 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 obtained using the linear approach:

H,0ls H,0|l H,O|g
a(GK™) —45 -70 —189
1398 K)(kG) —241 —244 —248
(198 K)(kG) —232 —230 —210
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Fig. 5.2 Chemical a MHy0
potential of water in various 198 K
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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 °C), ice must develop. This result is represented graphically in Fig. 5.2.

Phase Transition Temperatures How to calculate the phase transition tempera-
tures now appears obvious: 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 has to 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).

u(Pbls) 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 y
scale. Under these conditions, #(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 sequence presented above: a(B|l) < a(B|s) <0). For this
reason, the curves must intersect at some point, say at the temperature 7. This Ty is
the melting temperature (melting point) of lead because below T§;, the most stable
state of lead is the solid state; above T§;, however, the most stable state is the liquid
state. In order to indicate the phase transition in question, the symbols for the
corresponding states of aggregation are inserted as indices (see also the comment in
Sect. 3.9).

We can calculate the temperature T§;. In order to do this we have to consider the
melting process
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Fig. 5.3 Temperature WM
dependence of the chemical
potential of the solid and
liquid phase of a substance Liquid
(The lowest chemical T i
potential for each is Soli d\x“ﬂ%)»x T
highlighted.). —_— | T sl > T
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stable i stable
Pb|s — Pb|l.

Ty is the temperature at which the chemical potentials of solid and liquid phase are
just equal,

Hs = Hy- (56)

At this temperature, the two phases are in equilibrium. The temperature dependence
of y is expressed by the linear approximation:

Hso+ a5 (Tq —To) = py o +ar- (T — To).
By transforming this, we obtain
Hs.o — M0 = —(as —ar) - (T — To)
and finally

_Hs0=Ho _ Ao

Ty =To To—"". (5.7)

as —
The derivation is somewhat shortened when the equivalent of Eq. (5.6),
A =pu, — 1 =0, is used as a starting point for the existence of a state of equilib-
rium. If the temperature dependence of the chemical drive is taken into account
[Eq. (5.3)], we have
Ao+ a-(Tg—To) =0

and therefore in the end as above
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Tg=To —&-
o

Of course, strictly speaking, this mathematical relationship is not completely
accurate because our formula for temperature dependence is only an approxima-
tion. The smaller AT (:=Ty —Ty) is, the more exact the calculated value will
be. The melting point of lead is actually 601 K. Based on the tabulated standard
values (Sect. A.2.1 in the Appendix), our calculation yields

0 — 2220 G
Ty = 298K — = 620K.
! (—64.8) — (—71.7) GK"!

The result is surprisingly good for the rather rough approximation.

We will now complete the u(T) diagram above by adding the chemical potential
of lead vapor (Fig. 5.4). At room temperature, the chemical potential of vapor lies
much higher than that of the liquid phase. However, with rising temperature,
u(Pbl|g) falls rather steeply, as is usual in all gases. At some temperature T}, the
potential of lead vapor intersects with that of liquid lead. When this temperature is
exceeded, the melted lead undergoes a transition to vapor because now vapor is the
most stable state. T}, is nothing other than the boiling temperature (boiling point) 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 melting point. This means that there is no temperature (for a
given pressure) at which the liquid phase exhibits the lowest chemical potential and

Gaseous

Liquid

Solid

Fig. 5.4 Temperature

dependence of the chemical
potentials of a substance as I
solid, melt, or vapor.

¥ v Vapor
stable . stable | stable
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Fig. 5.5 Chemical JH
potentials of all phases as a
function of temperature in
the case of sublimation.

| Gaseous

Solid : Vapor
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is therefore stable. Such substances do not melt when warmed but transform
immediately into the vapor state (Fig. 5.5). This phenomenon is called sublimation.

An excellent example of such a substance is frozen carbon dioxide which has the
characteristic of vaporizing without melting. Because of this it is also called “dry
ice.” Sublimation temperatures (sublimation points) T, can be calculated based on
the same procedure as used for melting and boiling temperatures, respectively.

Other transitions can be dealt with in the same way. A good object for demon-
stration is the already mentioned mercury iodide (cf. Sect. 4.6):

Hgl|yellow Hgl,|red
1% (kG) —101.1 —101.7
a(GK™") ~186 ~180

When heated, the temperature coefficient of the yellow form decreases more
quickly than that of the red one because a(Hgl,|yellow) < a(Hgl,|red) < 0, so that
above a certain temperature, u(Hgl,|yellow) falls below p(Hgl,|red), making the
yellow form the more stable modification. The transition temperature (about 398 K
or 125 °C) can be calculated just like the melting temperature of lead and can be
easily verified by experiment (Experiment 5.1). The property of some substances to
change color due to a change in temperature is called thermochromism.

Reaction Temperatures Chemists are mostly interested in “real” chemical reac-
tions. Because the temperature changes in gases have the strongest effect on their
potentials, they are what shapes the behavior of reactions. Processes which produce
more gas than is used up (so-called gas forming reactions) benefit from the strongly
negative temperature coefficients a of gases when the temperature 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:


http://dx.doi.org/10.1007/978-3-319-15666-8_4#Sec6
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Experiment 5.1 Thermo-
chromism of Hgl,: A test
tube containing red-orange
mercury(Il) iodide is slowly
heated in a glycerine bath.
At 398 K the iodide
undergoes phase transition
from the red-orange to the
pale yellow modification.

Hgl,
Red-+Yellow

Experiment 5.2 Heating
of silver oxide: When the
blackish brown silver oxide
is heated by a burner, 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.

Burner

2Ag0ls —>4Agls + O)g
1°(kG): 2x(=11.3) 4x0 0 = 29=-22.6 kG
a(GK™D: 2x(=121)  4x(-43) -205 =« =+135GK!

The decomposition does not take place at room temperature due to the negative
drive. However, since a gas should be formed, we expect that this process begins at
a high enough temperature (Experiment 5.2). The minimum temperature T, for the
decomposition of Ag,0 is obtained from the condition that the combined chemical
potentials of the initial and final substances must be equal or alternatively the
chemical drive 4 = 0:

ﬂ:ﬂ0+x'(TD—To)=O.

In analogy to Eq. (5.7), we obtain for the decomposition temperature

TD:TO—@.
24

Based on the initial values Tg = T (= 298 K) and 4y, = 4°, we obtain by inserting
the 4° and « values calculated above a decomposition temperature T~ 465 K (i.e.,
192 °C).
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Fig. 5.6 Schematic of a F9203 +7C 7 CO
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The same procedure can be used, for example, to calculate how strongly a
compound containing crystal water must be heated in a drying oven in order to
dehydrate it. Industrially important processes such as smelting of iron ore in a blast
furnace (Fig. 5.6) can also be captured descriptively.

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 conversion formula
simplistically represented by carbon C|s (& graphite) it cannot take place at room
temperature due to its negative chemical drive.

Fe;O3)s +3Cls — 2Fels + 3CO|g

1e(kG):  —741.0  3x0 2x0 3x(-1372) = 4°=-329.4kG
a(GK™): -87 3x(=6)  2x(=27) 3x(-198) = a =+543 GK!

However, a gas is formed, so we expect that the reaction should be possible at
higher temperatures. If one wishes to find out if the 700 K in the upper part of the
shaft of the furnace is hot enough, the drive must be approximated for this
temperature according to A= Ay + - (T —To) [Eq. (5.3)]. 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 still cannot take
place. Again, the minimum temperature T needed for the reaction can be
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approximated by an equation which appears very familiar to us [entirely equivalent
to Eq. (5.7)]:

Tg = To — 22
29

We therefore obtain a value for T of ~ 900 K. Extra coal is needed for the furnace
to reach this temperature. The chemical drive of the whole blast furnace process,
beginning and ending with all substances at room temperature, is strongly positive
because of the additional consumption of carbon:

Fe,O3ls + 7Cls + 2 Oylg — 2 Fels + 7 CO|g
1e(kG):  -741.0 Tx0 2x0 2x0  7x(-137.2) = A°=+219.4 kG

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 generally increases when the pressure increases (Fig. 5.7).

In a small range of pressures, all the curves can be approximated as linear,
comparable to the way in which we described the influence of temperature:

p=po+p-(p—po)- (5.8)

Ho is the starting value of the chemical potential for the initial pressure po. The
pressure coefficient f§ is almost always positive.

Analogously, the pressure dependence of the chemical drive A4 of a
transformation

prigT=T7"

Gaseous

/ Liquid

Fig. 5.7 Pressure . " Slope §
dependence of the chemical ——/—"‘ Solid

potentials of a substance in

solid, liquid, or gaseous /

state.

-]
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B+B +...-D+D +...
results in
A=Ao+ B (p— po) (5.9)

where the pressure coefficient f is:
B=pB)+pB)+...—p(D)—-pD)—.... (5.10)

The linear approximation is useful for solid, liquid, as well as dissolved substances
and for the drives of the corresponding transformations up to Ap~10° kPa
(=1,000 bar). For obtaining general approximations, it is useful even up to
10° kPa (= 10,000 bar). In the case of gases and the drives of transformations in
which gases participate, A p/p < 10 % is considered acceptable because the slope 8
of the corresponding curve changes relatively strongly with pressure. For greater
ranges of pressure Ap, another approach must be applied to which we will be
introduced later on (Sects. 5.5 and 6.5).

Table 5.2 shows the  values for the substances of Table 5.1. A rule similar to the
one for temperature coefficients « is valid for pressure coefficients f. It is very
useful for qualitative considerations:

0<pBls < B <<<<f(Blg) .
«—— BBw)—>

Table 5.2 Chemical

) _ Substance Formula u° (kG) p (nG Pafl)
potential y and its pressure
coefficient /3 for some Iron Fels 0 7.1
selected substances at Fe|g 368.3 24.8 x 10°
standard conditions (298 K, Graphite C|graphite 0 55
100 kPa, disi(;lved substances  Diamond C|diamond 2.9 3.4
at 1 kmol m). Nitrogen Nole 0 248 x 10°
Todine L|s 0 51.5
L1 33 60.3
Llg 19.3 24.8 x 10°
L|w 16.4 ~50
Water H,Ols —236.6 19.8
H,0|l —237.1 18.1
H,0lg —228.6 24.8 x 10°
Ammonia NH;|l —10.2 28.3
NH;g -16.5 24.8 x 10°
NH;|w —26.6 24.1
Calcium(II) Ca®*|w —553.6 —-17.7
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Experiment 5.3 Boiling of
lukewarm water at low
pressure: A suction flask is
filled to one-third with
lukewarm water, closed,
and subsequently evacuated H,0
with a water aspirator. The 30..40°C
water begins to boil.

To make this clear, we will again single out the values for iodine at standard
conditions, this time given in pG Pa™':

0<51.5< 60.3 <<<<24.8x103
~ 50

Like any rule, this one has exceptions. For instance, f for some ions in an
aqueous solution is negative and sometimes—as in the case of water—/ in the
solid state is greater than in the liquid state. This is exactly the opposite from what
the rule would lead us to expect.

(In this case, as well, there is a relation to a molar quantity, namely the molar
volume V;: We have =V, (compare Sect. 9.3). Because all molar volumes are
basically positive, the pressure coefficient always has a positive sign. (The very few
exceptions and their cause will be discussed in detail in Sect. 8.2.) The molar
volume of a gas is far greater (by a factor of 1,000) than that of the condensed
phases (liquid and solid). On the other hand, the molar volume of a liquid phase is
usually greater than that of the solid phase so that the sequence above results.)

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 substance to undergo a transition to the crystalline
state. Conversely, a pressure reduction results in a preference for 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:

HzO‘S H20|l HZO\g
1°(kG) —236.6 —237.1 —228.6
p(107°GPa™!) 19.8 18.1 24.8 x 10°

One sees that lukewarm water can boil at low pressure (Experiment 5.3),
although, at room conditions, p(H,Oll) < u(H,O|g), meaning liquid water is the
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stable phase. But if the pressure is lowered enough by pumping the air above the
water out of a closed container, x(H,O|g) will at some point fall below p(H,O|l),
because f is especially great for the gaseous state. The reduction of pressure
becomes noticeable by a strong decrease of chemical potential and the water begins
to transform into water vapor by boiling.

But low pressure can also be created by cooling down water vapor which is in
equilibrium with liquid water in a closed flask (Experiment 5.4). In the process, a
part of the vapor condenses, leading to a decrease in pressure.

Phase Transition Pressure We shall take a closer look at a further example of the
transition of a substance under pressure. Diamond is a high-pressure modification
of carbon which should never appear at normal pressure. The most stable modifi-
cation 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, u(C|graphite) should exceed u(C|diamond) making it possible for dia-
mond to form (Fig. 5.8).

At normal pressure and room temperature, p(C|graphite) equals zero because
this value has been arbitrarily set as the zero point of the u scale. The u(p) curve is
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steeper for graphite than for diamond. Therefore, the two curves must intersect at a
pressure pp, Which we will call the transition pressure. The index af} indicates that
the transition of one modification a (here graphite) into another modification f§ (here
diamond) is considered. Below p,g, graphite is more stable; above it, diamond is
more stable.

The pressure p,g can be calculated because pqg is the pressure for which

o = i (5.11)
The pressure dependence of u is expressed by a linear relation,
Ha,0 + Pa (Pap —po) = Hpo + Py (Paﬁ — Po)
resulting in
Fo0 = Hp0 = —(Ba = Bp) - (Pop — Po)
and finally

Ho,0 — Hp0 Ao
po=py— el TR0, 20 5.12
o 0 ﬂ(x _ﬂﬁ 0 ﬁ ( )

The expression shows a great formal similarity to the one for determining a
transformation temperature whether it applies to a phase transition, a decomposi-
tion, or something else.

Inserting the tabulated values results in pog ~ 14 x 10° kPa (= 14,000 bar). Strictly
speaking, this result cannot be accurate because the linear relations only represent
approximations. However, as a general tool for orientation, it is quite useful.

5.4 Simultaneous Temperature and Pressure Dependence

There is nothing stopping us from expanding our ideas to transformations in which
temperature and pressure change simultaneously. In this case the chemical potential
can be expressed as follows:

p=py+a-(T—To)+p-(p— po)- (5.13)
Correspondingly, the chemical drive takes the form
A=Ay +a-(T—To)+p-(p— po) (5.14)

The dependence of transition temperatures upon pressure can be described by these
equations as well. Here is a familiar example representative of many others. Ice
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Experiment 5.5 Ice melting under pressure: A
wire loop with a heavy weight hanging from it
slowly “melts” its way through a block of ice.
The process is supported by the high entropy
conductivity of the steel wire (see Sect. 20.4).
The water formed below the wire under high-
pressure flows around the wire and freezes again
above it because of the lower pressure there. The
ice block will remain intact even after the wire
passes completely through.

melts under high pressure [if it is not too cold]. The chemical potential of ice is the
same as that of ice water (u(H,O|s)=pu(H,O|1)) at 273 K (0 °C) and standard
pressure. However, because of A(H,Ols) > p(H,0|l), the value of u(H,Ols)
increases above that of u(H,Oll) as the pressure increases, and the ice begins to
melt (Experiment 5.5).

As mentioned, water is among the few exceptions where f in the solid state is
greater than in the liquid state. This special characteristic of ice is responsible for
the ability of a glacier to flow downward a few meters per day in a mountain valley
like slow moving dough. Where the ice is under especially high pressure, it melts
and becomes pliable so that it gradually moves around obstacles.

But a block of ice does not totally melt when compressed because it cools down
during melting. The reason for the drop in temperature is that the entropy required
for the phase transition solid — liquid is not supplied from outside (cf. Sect. 3.5). It
has to be provided by the system itself, leading to a lowering of temperature. The
chemical potentials increase because of the negative temperature coefficients a.
Because of a(H,Oll) < a(H,O|s) < 0, the effect is stronger in water than in ice. The
potential difference due to excess pressure is compensated and the process of
melting stops. Again, there is equilibrium between the solid and the liquid phase,
but this time at a lower freezing point. Only when the pressure is further increased
does the ice continue to melt until additional cooling balances the potentials again.

To illustrate this, let us take a look at Fig. 5.9. If the pressure is increased, the
chemical potentials of the solid and the liquid phase increase, but this increase
is much more pronounced for the solid than for the liquid phase [because of
0 < (Bl < A(B|s)]. Thus the intersection point of the curves (T%) shifts to the
left, i.e., the freezing point is lowered by ATy,.

It is easy to calculate the lowering of temperature in compressed ice, i.e., the
freezing-point depression of water under pressure. The condition for equilibrium
us =y takes the following form:
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Fig. 5.9 Temperature
dependence of the chemical
potentials of a solid and a Liquid
liquid phase at different
pressures (in case of

0 < pi < py). The
intersection point of the
u(T) curves at the pressure
considered and hence the
freezing-point shifts with
increasing pressure to lower
temperatures (lowering of
freezing point).

7}

'y

pso +as (T —To) + Py (p— po) = o+ - (T —To)+ B - (p— po)
or shortened:
Hso+as- AT + f- Ap = o+ a - AT + - Ap.

If the freezing point of water at standard pressure (T, =273 K) is chosen as the
initial value, then p;¢ and ;o are equal and drop out of the expression. The
following relation remains with the change in temperature AT as the only unknown:

AT:_MAPZ_E
as — 0 29

Ap. (5.15)
For Ap=10* kPa (100 bar), the lowering of the freezing point due to pressure
results in AT =—0.67 K (calculated with the numerical values for ice and liquid
water from Tables 5.1 and 5.2).

However, for most substances, the melting temperature increases with increased
pressure [because of 0 < f(B|s) <p(B|)] (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 [because of 0 < (B|l) <<<< A(B|g)]. This is
also valid for water as we have seen in Experiments 5.3 and 5.4. Again, the change
AT can be approximated with the formula derived above. The value of f for boiling
is roughly 10* times greater than for melting, whereas the « values do not vary so
drastically. Therefore, even small changes of pressure are enough to noticeably
shift the boiling point. To achieve a comparable change of the freezing point, much
higher pressures are necessary. A pressure increase of about 10 kPa (0.1 bar)
already results in a shift of the boiling point of water of about +2.0 K, while for a
comparable change of the freezing point (AT = —2.0 K), a pressure increase of
more than 3 x 10* kPa (300 kbar) is necessary.
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Fig. 5.10 Temperature
dependence of the chemical
potentials of a substance in
solid, liquid, and gaseous
states at low pressure (lower
curves) and at high pressure
(upper curves) (in case of
0<fs<pi<<<<fy). The
intersection points of the
u(T) curves and hence the
freezing- and boiling-point
shift with increasing
pressure to higher
temperatures (raising of
freezing and boiling point).

Fig. 5.11 Opposing effects
of temperature and pressure
in the Earth’s interior: The
temperature increase toward
the middle of the Earth

(> 5,000 K) causes the

iron core to melt. The
pressure, which grows to
3.6 x 10® kPa, turns it into a
solid again at the very
center (standard melting
and boiling points of iron
are about 1,809 and

3,340 K, respectively).

b

7]

~Gaseous

We will close this section with a look at our “home planet.” It represents a very
good example for the effect of increasing pressure and temperature upon the
chemical potential and therefore the melting and freezing of substances (Fig. 5.11).
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5.5 Behavior of Gases Under Pressure

As already stated, the chemical potential of gases is especially sensitive to changes
of pressure. For this reason, the pressure coefficient f is greater by several powers
of ten than those of solid or liquid substances. At the same time, f itself is strongly
dependent upon pressure. For these reasons, the linear approximation is only
applicable to a very narrow range of pressures (Ap/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 4 has not only a large
value but the same value for all gases at standard conditions. Apparently, the
pressure coefficient f of gases is a universal quantity. For given T and p, it is the
same for all gases in all milieus. Moreover, it is directly proportional to the absolute
temperature T and indirectly proportional to the pressure p of the gas in question.
This remarkable fact can be expressed as follows:

RT
p=— where R=8314GK . (5.16)
p

R is a fundamental constant and is the same for all substances. It is called the
“(general) gas constant” because it was first discovered in a law valid for gases
(Sect. 10.2). The relation above is based upon the phenomenon called mass action
in chemistry. We will go more deeply into this in the next chapter. (Note:
corresponds here to the molar volume of a so-called ideal gas, as we will see in
Sect. 10.2).

Inserting f into the relation (5.8) yields the following equation:

RT
ﬂzﬂo+7‘(17—1’0)- (5.17)

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

4 =g+ RTInL. (5.18)
Po

The pressure coefficient § of gases is nothing other than the derivative of the
function p(p) with respect to p. If we take the derivative with respect to p of the
function above, we retrieve indeed Eq. (5.16).

For those interested in mathematics: Equation (5.17) can be transformed to result in

RT RT
H—po=—-(p—py) or Au=—-Ap.
p p
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For very small (infinitesimal) changes, the relation is

RT
du =—dp.
p

If we wish to calculate the change of the chemical potential from the initial value g to
the final value y for a change of pressure from p, to p, we must integrate both sides. (The
concept of integration will be described in more detail in Sect. A.1.3 in the Appendix.) The
following elementary indefinite integral will serve well for this:

1
[— dx = Inx 4 constant.
Jx

Inserting the limits results in:

1
du=RT|=dp
P

T —x
S —

and finally,

4~y = RTIn L.
Po

We tend to consider a logarithm as unfamiliar and therefore complicated. This is
unjustified. Basically, the relation is as simple as a linear one (cf. Sect. A.1.1 in the
Appendix). In contrast to the linear approximation, this still relatively simple
logarithmic formula spans the much wider range of pressures from between 0 and
10* kPa (100 bar). The range of validity will be discussed in more detail in Sect. 6.5.

Let us take a closer look at these relations using the example of butane (the fuel
in a gas lighter) (Fig. 5.12). The u(p) curve of gaseous butane shows the expected
logarithmic relationship [cf. Eq. (5.18)]. Furthermore, we can see from the figure
that, when compressed at room temperature, butane turns into liquid relatively
easily. The so-called boiling pressure pjg, i.€., the intersecting 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 temperature.
However, further important information can be derived from the figure: The u(p)
curve for a liquid is an almost horizontal line. (Its slope is very small.) For this
reason, the chemical potential of condensed phases (liquids and solids) can be
considered nearly independent of pressure in most cases when they are present
together with a gas. Furthermore, the chemical potential of a gas continues to
decrease with falling pressure. The u value approaches negative infinity if the
pressure approaches zero.

This leads to the following remarkable conclusions. We can infer, for example,
that calcium carbonate CaCOj3 cannot be stable if the CO, pressure in the surround-
ings falls to zero. In this case, the chemical potential of CO, would have the value
—o0. The reaction
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Fig. 5.12 Pressure M
dependence of the chemical T “Boiling pressure” at 298 K

potential of butane in liquid it
and gaseous states at room I T ' T T —> P
temperature (298 K). i 100 500 kPa 1000
/____f_,,-----"'/\\ Gaseous
kG T __Liquid
-15 1
- A
]
20 - Gaseous
Butane
T Liquid
-00
CaCO3ls —» CaO|s + CO»lg
1°(kG): -1128.8 -603.3 -394.4 = 4°=-131.1 kG
a(GK1: -93 -38 -214 =a =+159 GK,

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

The decomposition pressure can be easily calculated. If the chemical potentials
satisfy

Hcaco, = Hcao T Hco,

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 CO, into account, and that at first for 7= T:

P
Hcaco,,0 = Hcao,0 + Hco,,0 T RTI“;O-
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Fig. 5.13 Dependence of P
CO, pressure upon

temperature during

decomposition of calcium
carbonate (comparison of KPa -
the calculated curve with .
measured values).
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[« .
* Measured
g values
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This results in

p
Hcac0s,0 ~ Hca0,0 — Hco,,0 = RTIn—

Do
Ao
as well as
exp& = exp ln£
RT Po
and finally in the following exponential relation:
Ao
D = Do€Xp—-. (5.19)

RT

In order to calculate the decomposition pressure for a temperature different from
the initial temperature T\, the x values in the exponents only need to be converted to
the new temperature. The linear formula for temperature dependence used so far is
generally good enough for this:

. Ao+ «(T —Ty)
P = PoeXPT~
With the help of corresponding data, i.e., the standard values and the corresponding
temperature coefficients from Sect. A.2.1 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 temperature:

—1.311 x 10° + 159 - (T /K — 298)

— 100kPa -
P a-exp 8314 -T/K




Chapter 6
Mass Action and Concentration Dependence
of Chemical Potential

The concept of mass action, its relation to the concentration dependence of the
chemical potential (mass action equations), and subsequently, its relation to the
chemical drive are discussed. An important application in the case of chemical
equilibria is the derivation of the “mass action law.” But we also examine some
further consequences such as the solubility of ionic solids and gases in liquids,
preferably in water. The former leads us to the concept of solubility product, the
latter to Henry’s law. With the help of Henry’s law, we can, for example, estimate
the oxygen content in bodies of water, a parameter of prime importance for
biological processes. Another relevant application results in Nernst’s distribution
law which governs the distribution of a solute between two immiscible liquids.
Distribution equilibria play a significant role in separating the substances in a
mixture by the process of extraction or by partition chromatography. The last
section of this chapter illustrates how the concept of mass action can be visualized
with the help of potential diagrams.

6.1 The Concept of Mass Action

It has been known for a long time that the amounts of reacting substances can play
an important role in the drive of chemical reactions. In 1799, the French chemist
Claude-Louis Berthollet was the first to point out this influence and discuss it using
many examples. Contrary to the prevailing concept of that time, he stated that it is
not necessarily the case that a reaction must completely take place whenever 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
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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 y of substances to
transform is not only dependent upon the types of those substances but also upon their
amounts 7n: The greater the amount of a substance (or the mass proportional to it) in
the reaction chamber, the higher its expected potential ¢ should be. Closer scrutiny of
this effect which is known as mass action shows that, in this case, the quantity 7 itself
is unimportant. It is # in relation to the volume V in which a substance is distributed,
meaning its concentration ¢ = n/V, that is important. If B or C or both participate as
pure substances in a reaction, meaning at fixed concentrations, their amounts ng and
nc have no influence upon the state of equilibrium and, therefore, upon the amounts
of BD and CD formed. How much or how little of a substance is present, in this case,
is apparently not decisive but rather how densely or loosely it is distributed in the
space. This means that the more cumulative and concentrated the application, the
more intense the effect (illustrated by the cartoon). In other words, the mass of a
substance is not decisive for mass action, but its “massing,” its “density” in space: not
the amount, but the concentration. Cato Maximilian Guldberg and Peter Waage of
Norway called attention to this in the year 1864.

Thus, the tendency to transform
and therefore the chemical potential
of substances increase according to
how strongly concentrated they are.

Holnladol . .
Ee Conversely, the chemical potential

%ﬁ goes down when the concentration
i‘?@ﬁ gy of a substance decreases. We will
Tiie. > ARRARR-

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:

H20|g - H20|1
1o(kG): —228.6 > -237.1 = 2°=+8.5kG.

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. u(H,0|g) < u(H,Ol1) is required for wet laundry (Fig. 6.1), 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 ¢ upon the tendency y
of a substance to transform can basically be described by a linear relation like it was
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Fig. 6.1 Influence of . H,0 Ha
concentration upon the
chemical potential, shown
by the example of drying
wet laundry from F
everyday life.

LTV

done in the last chapter to describe the influence of temperature T and pressure p. As
long as Ac = c¢ — ¢y is small enough we have:

u=rpo+vy-(c—cop) forAc<ec. (6.1)

Mass action is an effect which superposes with other less important influences
which we will address later and all of which contribute to the concentration

coefficient y:y = ¥ +y' +y” + - --. The symbol x above a term will be used here
and in the following to denote the quantities dependent upon mass action when it is
desirable to distinguish them from similar quantities of different origins. Mass
action appears most noticeably at small concentrations where the other influences

recede more and more until they can be totally neglected, f > vy, ... . If one
wishes to investigate this effect as directly as possible, experiments should be
carried out with strongly diluted solutions ¢ < ¢© (= 1 kmol m ™).

The temperature coefficient a and the pressure coefficient # (except for 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 overall consistency of the milieu the substance is in. In

contrast, the concentration coefficient 7 related to mass action is a wuniversal
quantity. At the same T and c, it is the same for all substances in every milieu. It
is directly proportional to the absolute temperature T and inversely proportional to
concentration ¢ of the substance in question and has the same basic structure as the
pressure coefficient f of gases:
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RT -

y=7p =— for c < c” where R =8.314 GK™ . (6.2)
¢

Because the quantity 7 is in the numerator, we can conclude that the mass action

gradually loses importance with a decrease of temperature and eventually disap-

pears at 0 K.

Mass Action Equations If we insert Eq. (6.2) into Eq. (6.1), we obtain the
following relation:

RT 5
/4:/40+T~(c—co) for Ac < e c”. (6.3)

Analogous to the considerations about the pressure coefficient § of gases (Sect.
5.5), a logarithmic relation between u and c is the result:
c

U=y +RTIn— forc,co < ¢ (mass action equation 1). (6.4)
co

We will return to the term “mass action equation” below.

As already mentioned, precise measurements show that the relation (6.4) is not
strictly adhered to. At higher concentrations, values depart quite noticeably from
this relation. If we gradually move to lower concentrations, the differences become
smaller. The equation here expresses a so-called limiting law which strictly applies
only when ¢ — 0. For this reason, we have added the requirement for a small
concentration (c, ¢y < ¢©) to the equation.

In practice, the relation (6.4) 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—>. For ions, deviations become observable above
1 mol m >, but they are so small that they are easily neglected if accuracy is not
of prime concern. For practical applications, let us remember that:

~ RTIn —
HR Bt f Co 1 mol m~3 for ions.

c {100 mol m~3 for neutral substances,

for ¢ <
However, it is precisely for standard concentration ¢ = 1,000 mol m~>
(: 1 mol L_l) (the usual reference value) that 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:

w=p —|—RT1n% = [l +RTInc, for ¢ < ¢© (mass action equation 1'). (6.5)
p

Basic Value Here, ¢,(= ¢/c) is the relative concentration. i, intended as the
basic value (at fixed concentration ¢), has been chosen so that the equation gives
the right results at low values of concentration. In contrast to the mass action
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equation 1, the initial value of y is no longer real, but fictitious. Note that the basic
value u of a dissolved substance B depends upon pressure p and temperature 7,

fg(p,T). This distinguishes it from the standard value ufy = ji(p°, T°) already
known to us. uj represents the value usually tabulated. Even this standard value as
particular basic value is, therefore, not a real value measured at standard
concentration but a fictitious one. This fictitious value which mostly deviates only
slightly from the real value is easier to handle for calculations. The residual term

RTlnc, = ji 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 assign to these equations a name in
order to refer to them more easily. In fact, we will assign the same name to all
relations of this type (there are several more of them), “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. 6.2).

For small concentrations, the measured curve approximates the dotted logarith-
mic function very well, while, at higher concentrations, the two diverge noticeably.
Depending upon the type of substance, the actual curves can run above or below the

logarithmic ones. Keep in mind that the basic value /i 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 u(c) curve, which theoretically
extends to —oo, is the same for all substances in every type of milieu. If the
concentration increases one decade (a factor of ten), the chemical potential always
increases by the same amount puq4, the so-called decapotential (which is still
dependent upon temperature 7T'):

Logarithmic
approximation

Basic value -

Slope

Ho +

" Optional
point

iy
(=]
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=]
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chemical potential upon
concentration. -0

Fig. 6.2 Dependence of the l
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u— u+py for c — 10c, as long as ¢ < c°.

In order to calculate the 4 value at room temperature, we only need to go back to
the first of our mass action equations [Eq. (6.4)] and to insert ¢ = 10cq:

y I”‘u
u= g+ RT In

0

Ug=RTInl0=8314 GK-1 x 298 K x Inl0 =5.705 kG

It is helpful to remember the value pg~ 5.7 kG (approximately =6 kG) in order
to quickly estimate the influence of a change of concentration of a substance upon
the level of its potential or vice versa.

In summary, when the concentration ¢ of a substance increases to 10 times its
initial value at room temperature, its chemical potential  increases by 6 kG. It does
not matter,

*  What substance it is,

¢ What it is dissolved in,

¢ How often this step is repeated (as long as the concentration remains small
enough).

Practical Examples To obtain a better impression of the order of magnitude of the
potentials, we will look at a concrete example. We have chosen u(c) for ethanol in
water (Fig. 6.3). The basic value of the potential of dissolved ethanol has been
added to the graph. This value lies only about 0.1 kG above the actual u value at
standard concentration. The basic 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 evapora-
tion. 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 x 5.7 kG = 11.4 kG to about
—240.0 kG. At that point, £(H,0|g) actually lies below the value for liquid water

.ILH

Logarithmic approximation

o
TG f———— it —— M (ethanol|l)
kG .

-180 4

-1854[ |
Fi -1904
ig. 6.3 Dependence upon i i
concentration of the c® Pure ethanol
chemical potential of -195 ! >c

ethanol in water at 298 K. 0 5000 10000 15000 20000 molm™
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(—237.1 kG) and evaporation takes place. At a concentration of Y, the air is
already so moist that it cannot absorb any more water. It is said to be saturated. A
concentration of 15, means about 1.5 orders of magnitude below the concentration
of pure vapor. Therefore, the water vapor potential lies about 1.5 x 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 evaporate disappears. Even a little higher concen-
tration 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 in concentration
affect the chemical drive to react. Observe the following reaction

B+B +...-D+D+...

between dissolved substances, meaning in a homogeneous solution. The drive
results in

A= lug +pp + -] = lup + pp + - |-

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

A= fig + RTInc,(B) + fig + RTIne, (B) + .|
- [ fip + RTlnc,(D) + fipy + RTInc, (D') + .. } .
The terms of the equation can be sorted a bit

A= {ﬁB+ﬁB,+_,,—ﬁD—ﬁD, —} +RT [Inc;(B) +Inc; (B') + ...

a
—In¢;(D) —Inc, (D) —...].

The logarithmic terms can be summarized by using the logarithm rules Inx+Iny =
In(x - y) and In x—In y = In(x/y) [Egs. (Al.1) and (A1.2)]:

o (B) - e:(B)...
= RTln—————. 6.6
A= A+RI D) D). (66)
. © o o o) o . o
Theresultis 4 = jig+ fig+...— fip — iy — ... for the basic value 4 of the

chemical drive. It expresses the (hypothetical) drive when all reaction partners have
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the standard concentration of 1 kmol m >

action) are negligible.
(B) - e(B) ... x )
- = A4, in turn, represents the mass action term.
(D) - (D) - ...
X

The mass action term 2 summarizes the deviations from the basic value of the
individual substances which are caused by mass action.

We will explain the influence of concentration shifts upon the chemical drive
using the example of cleavage of cane sugar,

, and all other influences (except of mass

RTIn

Suc|{w + HzO’1 — Glc’w + Fru|w.

Suc is the abbreviation for cane sugar (sucrose, C;,H»,0;), and Glc and Fru
represent the isomeric monosaccharides grape sugar (glucose, C¢H;,0¢) and fruit
sugar (fructose, C¢H,0¢). From the chemical potentials, we obtain the following
for the drive 4:

A= p(Suc) +u(H;0) — u(Gle) — u(Fru),

¢(Suc) ¢(Gle) o ¢(Fru)
= e — i (Fru) —RTIn =

f2(Suc)+RTIn + 1(H,0) — /i (Glc) —RTIn

f1(Suc) + fi (H,0) — f2(Gle) — i (Fru) | RTIn %

o

A

We cannot apply the mass action equation to water because its concentration lies far
outside the equation’s range of validity, ¢(H,O) ~ 50 kmol m~>. The potential
curves for high ¢ values are very flat, and the ¢(H,O) value in dilute solutions does
not differ significantly from the concentration for pure water, so it is not only
possible to replace the actual ¢c(H,O) value with that of pure water but that is what
we must do. We will indicate the potential for the pure solvent (in this case water)
similarly to the basic potentials of dissolved substances with the index © placed

above the symbol: ;04 (H,0). In general, solvents in dilute solutions can be approx-
imated well by pure substances. Therefore, we obtain for the drive of the cleavage
of cane sugar at standard conditions:

Suclw + HyO|l — Glc|w + Frujw

e(kG): —1565 -237  -917 -916 = 4°= +31kG.

A brief comment about how to write arguments and indexes: u(H,0), c(H,0) . ..
and pp,o, CH,o0- - - are treated as equivalent forms. In the case of long names of
substances or substance formulas with indexes (such as H,O) or an accumulation of
indexes, the preferred way of writing is the first one, otherwise, for the sake of
brevity, the second.
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The generalization on reactions where not all conversion numbers are just +1
(for products) or —1 (for reactants) is not difficult. Because we would like to retain
the usual representation of the conversion formula with the starting substances on
the left side of the reaction arrow, we choose the following notation:

|VB|B + |VB/|B/ +...— VDD +VD/D/ + ...
Because the conversion numbers of reactants are negative, their absolute values
characterized by two vertical lines have to be applied. The drive of the process can
be calculated by using the same procedure as above:

A= [lvelus + verlup + -] = [voup + voup + .. ]

If the concentration dependence of the chemical potential for dissolved substances
is applicable to all of them, the calculation results in

A= [\vB| 25 + |vB|RTInc,(B) + |vir| g + [ver|[RTIne, (B) + .. }
— [VD fip + vpRTIne, (D) + vy iy + voRTIne, (D) +.. ] .
We can rearrange
ﬂ: |:‘VB|)8B + |VB/‘/3B/ + _VDﬁD —VD///Cl)D/ — ...:|
+ RT [|vg|In¢;(B) + |vg[In¢; (B') + ... — vplne, (D) — vylne, (D) — .. ]
and obtain finally

0 e(B)"e (BNl
— 2 4RTI , _
A= A +RTln (D) -, (D) -

(6.7)

Here, additionally the logarithm rule (A1.3) has been applied: log(x*) =a - log x.
Let us now take another look at a concrete example. For this, we choose the
reaction of Fe>" ions with I ions:

2Fe*t |w+21"|w — 2Fe’t|w + L|w.
Therefore, the conversion numbers are v(Fe3+) =-2,vI")=-2, v(Fe2+) =+2, and
v(I,) = +1, the absolute values of the reactants in either case being 2. Insertion into
Eq. (6.7) results in
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3+32 -\2

A= G 4rmm ) o) (6.8)
cr(Fe?t) ¢ ()

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

B — D.

An example would be the transition of a-pD-glucose into the isomeric B-b-glucose in
aqueous solution. These are two stereoisomers of glucose CgH;,0Og, i.€., the isomers
do not differ in the structure (unlike the structural isomers described in Sect. 1.2)
but only in the spatial placement 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 closure thereby making the first
C atom chiral as well, since its four bonds lead to four different groups. a-bp-glucose
and PB-p-glucose only differ at this newly formed stereocenter.

a-D-Glelw o B-p-Glclw

CH,OH CH,OH

(The transition takes place via the open-chain aldehyde form, but its concentra-
tion is so small that it can be ignored.)
We obtain for the drive of the transition at standard conditions:

a-D-Glc|w — B-b-Gle|w

1e(kG): —914.54 91579 = 2°=+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 a-p-glucose shows an
angle of rotation of +112°, pure B-p-glucose, however, one of +18.7°. Therefore, a
polarimeter (a scientific instrument used to measure the angle of rotation) can be


http://dx.doi.org/10.1007/978-3-319-15666-8_1#Sec2

6.3 Concentration Dependence of Chemical Drive 163

used to observe the change in the solution’s angle of rotation. When crystals of pure
a-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 Sect. 1.7, the extent of conversion (extent of reaction) & was introduced as a
measure of the progress of a reaction. The amounts #; and therefore the concentra-
tions ¢; = n,;/V of the substances involved change with increasing £. Starting with the
initial values n; o and c; o, respectively, we obtain:

n=ni0+vié and ¢; = c; 0+ vi-E/V. (6.9)

The drive 4 of a reaction changes obligatorily along with the concentrations c;. If
one assumes a concentration of ¢ of the starting substance B as well as an absence
of the final product D at the beginning of the reaction, the concentration of D after a
certain period of time will be £/V, that of B ¢y — &/V. Therefore, the following
relation for the dependence of the drive upon the extent of conversion is obtained:

(o —&/V)/e® _ 5 | prn—¢/V.

— P 1
A= AR =y e &V

(6.10)

For the sake of simplicity, we will now relate the extent of conversion £ to the
maximum possible value &,.x. This value is reached when one of the starting
substances (here only one) is entirely consumed, i.e., its concentration disappears.
In this case, the numerator cq— &/V equals 0, a fact that results in co= &nax/V.
Dividing numerator and denominator by ¢ yields:

1— g/gmax

o]
A= A +RTIn— >
f/gmax

(6.11)

Because we will use the quotients &/V and /&« frequently, we assign to them their
own symbol and name:

¢ ¢

=y “density of conversion,” a; :=_—— “degree of conversion.” (6.12)

gmax

The index ¢ is added for clarification to avoid confusion with the molar concentra-
tion ¢; and the temperature coefficient a; of the chemical potential. For the drive, we
obtain correspondingly:

. 1—
A= 2 +RTh % or 4= 2 +RTIn—2% (6.13)
Ce o

With a standard value of 4 = 1.25 kG for the transition of a-p- into B-D-glucose at
room temperature, a characteristic S-shaped curve is obtained for the dependence of
chemical drive upon degree of conversion a, (Fig. 6.4).
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Fig. 6.4 Dependence of A
chemical drive 4 upon the +20 1
degree of conversion a; for h
the transition of a-p-glucose
into p-p-glucose in an
aqueous solution at room kG -
temperature.
+10
+5 -
=]
A
0 T T T T —a ¢
0 0.5 f 1
.’_-"
-5 | d
Equilibrium point
=10

At the beginning of the reaction, meaning for a; =0, 4 equals +oo. 4 decreases

during the reaction and, at an }’)I dependent a; value, finally reaches a value of zero
(equilibrium point). When all the starting substance has been used up, meaning at
az=1, A takes a final value of —oo.

The mathematical relation becomes rather complicated for reactions with a more
complex stoichiometry such as the reaction of Fe’* ions with I” ions mentioned
above. For better overview, it would be advisable in this case to create a kind of
table (Table 6.1). For each substance involved, the table lists 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, Fe*" and I™ both have a concentration of ¢ and that Fe** and I, 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 ¢ are listed
which can be calculated by using the stoichiometry of the reaction. c, is the density
of conversion mentioned above.

If we insert the expressions for the concentrations c; into Eq. (6.8), we obtain for
the drive of the reaction:
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Table 6.1 Collection of data relevant for a concrete reaction

2 FeXw + 2 1|w —2Few + Ihlw

1o(kG): 2x(-4.7)  2x(=51.6) 2x(-78.9) 164 = 7A°=+28.8kG
¢ o(kmol m=) 0.001 0.001 0 0
¢ co—2c¢ co—2¢ 2cg cg
o [(co = 2¢¢/c)] - [(co — 2¢¢) /T
A= A4 +RTIn =
[(2¢6)/c®]2 - [eg/ <]
. [e] (C() — 2(,‘,5)4
= A +RTIn Ry (6.14)

The density of conversion ¢ reaches its maximum value if ¢y — 2c, in the numerator
vanishes, meaning o= 2cgmax. If we also consider the relationship a; = cg/cs max
(= &/€max), the equation above can be written as follows:

2(1 — (15)46()

A= A +RTIn =
(Zg - C

(6.15)

Despite the more complex stoichiometry of the reaction and the correspondingly
more complicated calculations, we obtain again the typical S-shaped curve
(Fig. 6.5).

Let us remind ourselves of the criteria for a transformation which we were
introduced to in Chap. 4: A reaction takes place spontaneously as long as drive 4
is positive. At 4 = 0, there is equilibrium. A negative drive forces a reaction
backward against the direction the reaction arrow points in.

Here are some important consequences for the reaction process:

» Every homogeneous reaction begins spontaneously (if the concentrations of the
reaction products are equal to zero at the beginning, we start with 4 = 400).

e At a certain extent of conversion, the reaction ceases to change the ratio of
reactants to products. We can also say that equilibrium is established.

e Equilibrium can be reached from both sides, meaning from the side of the
starting substances as well as from the side of the reaction products.

In equilibrium, neither the forward reaction nor the backward reaction takes
place spontaneously. 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 reaction rates.
We will go into this in more detail later on in Sect. 17.2.
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Fig. 6.5 Dependence of A
drive 4 upon the degree of 1
conversion a; for the reaction
2Fe*" 421" — 2Fe*" + L, in
an aqueous solution at room +60
temperature (at initial kG
concentrations of Fe>* and I~
f 0.001 kmol m™?).

¢ mol m™”) +40 |

+20
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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 sub-
stances participating in a reaction. Let us, once again, consider a reaction in a
homogeneous solution

B+B' +... 2D+D' +....

Equilibrium is established when there is no longer any potential gradient and the
drive 4 disappears. Therefore:

o Cr(B) . Cr(B/) .
A= A +RTIn =0. 6.16
(D) (D). (6.16)
By solving the equation for ,% and applying —In(x/y) = In(y/x), we obtain
: .¢.(B) - . (D).
G = —rrn B aB) D)D)
(D) e (DY) - ... (B) (B - ...

When we divide by RT and take the antilogarithm, we finally obtain
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- (Cr(D) D) :‘::)eq' 6.17)

cr(B) - ¢ (B) -

with

o
o] A
= —. 6.18
R = exp (6.18)
Equation (6.17) characterizes the relationship between concentrations in equilibrium

which has been referred to by the index eq. and shows a possible form of the mass

. . Lo S
action law for the reaction. The quantity % 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

o . L.
K 1is a number and it is not constant but dependent upon temperature, pressure,
solvent, etc. The index ©, which is actually superfluous, has been inserted in order to

. o ., o
emphasize that K is to be formed from 4 (and not from 4!).
For the more general reaction between dissolved substances

|VB|B + |VB/|B/ +...2vwypD+ VDrD/ +...
we obtain entirely appropriately

g _ (D@7 e ) (6.19)
e(B) e Bl

eq.

Conventionally, the relative concentrations ¢, are replaced by ¢/c® and the fixed
. . . . N o
standard concentration ¢© is combined with the equilibrium number ¥ to form the

[e]
new equilibrium constant K (x “dimension factor”):

o 6] ANV .
K =«xK , where k= (c”)“ with

Ve =VB +Vvg +---+Vp +Vp + - (6.20)
v, is the sum of the conversion numbers of dissolved substances, more precisely,

those substances which show a dependence of the chemical potential upon concen-
tration c; this is indicated by the index c. If the chemical potentials of all substances

. . . . )

involved are concentration dependent, this fact can be emphasized by writing K,
o o . . . S

and K. As stated above, K is always a number while the conventional constant K

. 3\ o} O . . O .
has the unit (mol m ). Only when v, happens to be 0, are K and K identical. K is
the more convenient quantity for formulating the mass action law,
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R_R - <C(D):: -C(D:):/l- ) | (6.21)
¢(B)™" - ¢(B') e

while, for general considerations, 7% is preferred since its dimension is the same for
all reactions.

Here is an example of what has been said. With the help of the Table in Sect. A2.1
of the Appendix we will determine the acidity constant of acetic acid (CH;COOH),
abbreviated to HAc, in an aqueous solution, i.e., the equilibrium constant for the
dissociation of acetic acid in water

HAclw = Hflw + Aclw

1B(kG): —396.46 0 -369.31 = AY=-27.15kG

or the equilibrium constant for the proton transfer from acetic acid to water in
Brgnsted’s sense (this will be discussed in more detail in the next chapter)

HAclw + HyOll = H30%w + Aclw
18(kG): -396.46  -237.14 -237.14  -369.31 = A5=-27.15kG.

In both cases, the chemical drive has the same value meaning that the equilib-
rium  numbers calculated by using this value are identical:
K° = exp(1° /RT) = 1.74 x 10~°. Because the dimension factors k = (¢%)'" are
equal (v,;=—1+1+1=+1=v,,, since the solvent water is treated as pure sub-
stance and therefore does not appear in the sum v, of conversion numbers), this is
also valid for the equilibrium constants K< = 1.74 x 107> kmol m~>. In the first

case, the mass action law is written numerically as

(H) - ¢ (Ac™) nd [% _ c(HT) - c(Ac™)

o)
e (HAC) c(HAc) R

o
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

c:(H30T) - ¢r(Ac™) and & — c(H;0™) - c(Ac™)

O
c:(HAC) c(HAc) = re

O
7(2:

We have to keep in mind that H"|w and H;O"|w are merely two different notations
for the same kind of particle. From now on, we will avoid the rather cumbersome
index eq. as long as it is clear from the relation, as in this example, that we are
dealing with the equilibrium composition.

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
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strictly the law applies. At higher concentrations, deviations occur as the result of
molecular or ionic interactions.

The magnitude of the equilibrium number determined unambiguously by ,%
according to Eq. (6.18) or the equivalent relation

A =RTh & (6.22)

is a good qualitative indication for how a reaction proceeds. The more strongly

.. O o 9 . . . .
positive 4 is, the greater K (K >> 1) is. In this case, the final products dominate in
the equilibrium composition. Because of the logarithmic relation, even small

changes to ,% lead to noticeable shifts in the position of equilibrium. On the other

. O . . o) 9 .
hand, if 4 is strongly negative, K approaches zero ( X < 1) and the starting
substances dominate in the equilibrium composition. At the same time, this also

O
means that, even for negative 4, very small amounts of the starting substances are
. . o) .
still converted into the final products because ¥ has a small yet finite value. When

,(231 =~ 0 and therefore 7% = 1, the starting substances and final products are present
in comparable amounts in equilibrium. (Keep in mind, however, that in all three
cases discussed, 4 = 0! since we have equilibrium in any case.)

With the help of the equilibrium number or the conventional equilibrium
constant, the equilibrium composition of a mixture which has formed by sponta-
neous transformation of given amounts of starting substances can be quantitatively
determined. If, for example, pure a-D-glucose at the concentration
co=0.1 kmol m > is dissolved in water, one can use a polarimeter to observe the
continuous change to the angle of rotation until a constant value is finally achieved.
This can be ascribed to the partial transition of a-D-glucose into P-p-glucose
(remember the discussion further above). If we indicate the concentration of p-p-
glucose in equilibrium by the density of conversion ¢, (which corresponds in this
case to the concentration of B-b-glucose) we obtain in equilibrium

o

(o]

K :Koexpiz «
RT Co — C¢

The dimension factor x equals 1 because of v.=0. The equilibrium constant at
room temperature can be calculated by use of the standard value 4° = 1.25 kG (see
Sect. 6.3):

125 x 10° G
K® = exp i — 1.66.
8314 GK | x 298 K

Solving for ¢, results in:
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K®-¢o 1.66x0.1 kmol m™’

_ _ -3
X1 1661 = 0.0623 kmol m™".

Ce

According to this, the state of equilibrium shows that 37.7 % of all dissolved
molecules are a-D-glucose molecules and 62.3 % are B-pD-glucose molecules.

The mathematical relations become rather complicated for reactions with a more
complex stoichiometry. If we like to determine for example the equilibrium com-
position in the case of the reaction

2FS T w421 |w— 2Fez+|w—|—12|w

characterized by Table 6.1, we obtain

O

o] A 46‘53
K =x-exprz=—"—
RT  (co —2¢5)"
with the dimension factork = (¢®)"' = 1 kmol~! m? (because of v, = —2 —2+2

+1=—1). Because the value of 4° is positive and relatively high (1° = +29 kG),
we have K° > 1, i.e., we can expect that the final products dominate in the
equilibrium composition. For more detailed data we have to solve the equation
above for c;. Because a higher degree polynomial is involved, a numerical tech-
nique using appropriate mathematical software or a graphical approach is advis-
able. The equilibrium point can be determined from the figure in Sect. 6.3:
0 = Ce/ce max = 0.79. The concentrations of the substances in the equilibrium mix-
ture are therefore c(Fe3+) ~0.21 mol m > and c(I")=~0.21 mol m > for the starting
substances and C(Fez+)%0.79 mol m > and c(I5) =~ 0.39 mol m > for the final
products, respectively.

We can also use Eq. (6.22) the other way around to experimentally determine the

@)
basic drive 4 of a reaction. In order to do this, it suffices to first calculate the

equilibrium number ‘IO( and then to derive /% from it. At first glance, this looks
amazingly easy, but the reaction can be so strongly inhibited that the concentrations
being determined do not correspond to equilibrium values. This obstacle can be
overcome, though, by adding a catalyst (compare to Sect. 19.2). As long as the
added amount remains small, the position of equilibrium does not change and we
can directly use the equilibrium values obtained in this way in Eq. (6.19). Once 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.
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6.5 Special Versions of the Mass Action Equation

Until now, we have described mass action by using functions in which the concen-
trations ¢ or, more exactly, the ratios c/cq or ¢/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 ¢ values. We
will highlight two of these measures here because they are of greater importance.

When the pressure of a gas is increased, the concentration of the gas particles
also increases because they are compressed into a smaller volume. If the temper-
ature remains unchanged, the concentration grows proportionally to the pressure:
c~p,or

¢
‘L (6.23)
C Do

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

u=puy+RTn P tor P.po < 10p© (mass action equation 2). (6.24)
0

This equation is precise enough to be applied to pressures up to about 10> kPa
(1 bar). It also lends itself to estimates up to 10° or even 10* kPa. In anticipation of
this, we have applied the equation above to treating the pressure dependence of the
chemical potential of gases [cf. Eq. (5.18)].

The mass action equation 2 can be generalized somewhat. In the case of gaseous
mixtures, one imagines that each component A, B, C, ... produces a partial
pressure which is independent of its partners in the mixture. This corresponds to
the pressure that the gaseous components would have if they alone were to fill up
the available volume. The total pressure p of the gaseous mixture is simply equal to
the sum of the partial pressures of all the components present (Dalton’s law):

Diotal =PaA TP +Dc+ ... (as well as ¢ =ca+cg+cc+...). (6.25)

If a gas is compressed, the concentrations of all the components and the partial
pressures increase. This is exactly as if the gases were separate from each other. The
formula ¢ ~ p is valid even when p represents only a partial pressure of a gas and not
the total pressure. Hence, the equation c¢/co=p/pg, as well as the mass action
equation, remains correct if we take ¢ to be the partial concentration and p the
partial pressure of a gas in a mixture.

Normally, the standard pressure p® = 100 kPa is chosen as the initial value for
pressure although at this pressure, the chemical potential y already deviates some-
what from the value the mass action equation yields. In order to have the results
remain correct at low pressures, the true y value at standard pressure cannot be
inserted. Instead, a fictitious value which varies from it somewhat must be used.
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(This is analogous to the procedure used for concentrations.) This fictitious value
that is valid for standard pressure can be found in tables and then used to calculate
the potentials at any other, not too high pressure. This special value is also called the

basic value ﬁ which should be indicated again by the index © placed above the
symbol:

u= i +RTIn % = i +RTlnp, forp < p° (mass action equation 2'), (6.26)
e

where p; is the relative pressure. In contrast to this, all the g 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: ¢ ~ x for small c. In turn, this means

c

(6.27)

X
o Xo
Hence, x/xy can replace the concentration ratio c¢/co in the mass action equation:

U=+ RTIn " for X,Xo < 1 (mass action equation 3). (6.28)
X0

6.6 Applications of the Mass Action Law

Disturbance of Equilibrium One way to disturb a preexisting 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 relations (6.19)
and (6.21), respectively, remain fulfilled.

As an example, we consider the equilibrium in aqueous solution between iron
hexaquo complex cations and thiocyanate anions on the one hand and the blood red
iron thiocyanate complex on the other which can be described in the following
simplified manner:

[Fe(H,0),)*"|w + 3 SCN~|w 2 [Fe(H,0),(SCN), ] [w + 3 HOlL.

If the blood red solution is diluted with water, the concentration and therefore also
the chemical potential of the dissolved substances decrease for all substances by the
same amount. This is indicated by an arrow placed above the formulas of the
substances:
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Experiment 6.1 [ron(Ill)
thiocyanate equilibrium: If
Fe** or SCN™ solutions are
added to the pale orange
dilute iron thiocyanate
solution, it will turn red
again in both cases.

+Fe™* +SCN-

Dilute Fe(SCN),
solution

! 1l !
[Fe(H,0)4] ™" |w +3 SCN™|w 2 [Fe(H,0),(SCN), ] |w +3 H,Ol.

The potential of water remains nearly unchanged because of its high excess. At the
beginning, the sum of potentials on both sides is equal. Afterward, the equilibrium
is disturbed because the decrease on the left side is four times stronger than that on
the right side. The complex decomposes and 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. But also this new equilibrium can be displaced again
(Experiment 6.1).

By adding excess iron (III) ions (1st case), their concentration in the solution and
therefore also their potential increase; the reaction runs backwards and correspond-
ingly the color deepens again to blood red. Adding excess thiocyanate ions shows
the same result: the pale orange solution turns red again (2nd case). Both cases can
be illustrated again by arrows above the chemical formulas.

T(1st case) 117(2nd case)
[Fe(HZO)G]”}w +3 SCN™|w 2[Fe(H,0);(SCN);] |w + 3 H,OL.

But one should keep in mind that together with the dissolved substances, water is
also added which results in dilution. For achieving the desired effect, the added
solutions of Fe®* and SCN™~ should therefore not be too thin for achieving the
desired effect.

We can get the same results in a somewhat more cumbersome manner if we
write down the mass action law and take into consideration that numerator and
denominator must 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):
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g __ c([Fe(H0);(SCN)]))
c([Fe(H20)]*") - ¢(SCN)?

Diluting with water for example lowers the concentration of the complex but also
the concentrations of the free ions. Therefore, the denominator would decrease
much faster than the numerator. Because the quotient has to remain constant and

o) . -
equal to X , the numerator must decrease as well: the equilibrium is displaced
toward the reactant side.

Homogeneous Gas Equilibria To obtain homogeneous gas equilibria
|VB|B —+ |VBf‘B/+ 2 VDD+VD/D,+

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
equatlon 2'. To indicate that partial pressures p replace concentrations ¢ usually the
symbol 7(,, is used instead of simply 7(

o pr(D)VD 'pr(Dl)VD, -
2 V) vg/
pr(B)l sl 'pr(B/)‘ ol

(6.29)

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

o

K, =x%, where x=(p°)" with
v, =vg +vp +...+vp +p ... . (6.30)

As an example, let us consider the synthesis of ammonia:

Nolg + 3 Hplg & 2 NH3lg
©kG): 0 3x0 2%(=16.5) = A°=+33.0 kG.

With the standard value of the chemical drive of +33 kG, the corresponding
equilibrium number at room temperature is

NH;)? e 33x10° G
7pr(—3)3:expji:exp X71 :61X105
p(N2) - p.(Hy) RT 8.314G K ! x 298 K

Because of v,=—1 —3+2 = -2 the conventional equilibrium constant is
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p(NH3)2 oY, I ) 2
K, =—————==(p")" K, = 6.1 x10° x (100 kPa) ~ = 61 kPa >,
p(N2) - p(Hz)"  ~—~~

In general, we notice that, depending upon the quantity used to describe the

composition and its standard value (¢® =1 kmol m—3, p® =100 kPa...), the

same substance yieldsodifferent basic values ,8(., ,Lotp, ... and therefore different

equilibrium numbers K., K, ... for the same reaction. This is indicated by the
. . O . o]

varying indexes. Normally, we use fi. for dissolved substances and ji,, for gases. If

there is no index, we simply imagine what it is supposed to be.

Decomposition Equilibria As yet we have only considered homogeneous equi-
libria, i.e., chemical reactions 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 in a
closed container described by

CaCOjsls 22 CaOls + CO,lg
18(kG): —1128.8 -603.3 -3944 = 2°=-131.1kG,

two pure solid phases (CaCO5; and CaO) and a gas phase are in equilibrium. 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 sub-
stances, the mass action term RTInc,(B) is omitted, i.e., u(B) = ﬁ(B); the pure solid
substance does not appear in the mass action law. In a dilute solution, this is also
valid for the solvent which can be treated as a pure substance (see Sect. 6.3). The
equilibrium number at standard temperature, X,(7T°) = Kf, for the decomposition
of carbonate is therefore equal to

K, = p,(CO,) with K, =exp(A4~/RT7) = 1.1 x 107> at 298 K. ~ (6.31)

. —_ o o . o\, .
The conventional equilibrium constant K, = x K, with x = (p~)" results in

K, = p(CO,) with K = p® - K5 = 100 kPa x 1.1 x 102
=1.1x 1072 kPa (6.32)

because of v,=1. The equilibrium constant is identical to the decomposition
pressure, i.e., the pressure of carbon dioxide at equilibrium, and hence not
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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 equilibrium. The decomposition pressure is very low at room temper-
ature, but it still depends (like the equilibrium constant) on temperature (see also
Sect. 5.5 and Fig. 5.13). Only at temperatures considerably above 800 K, a
noticeable pressure of carbon dioxide exists.

When the calcium carbonate is, however, heated in an open furnace like a lime
kiln, the gas escapes into the surroundings, equilibrium is not established, and all of
the carbonate decomposes.

The decomposition of crystalline hydrates, etc., can be described in the
same way.

Phase Transitions The approach can also be applied to transitions where the state
of aggregation changes. The evaporation of water represents an example for such

. . e o)
a phase transition where a gas participates. The equilibrium number X, for the
equilibrium between liquid water and water vapor in a closed system,

HOl = HyOlg
1e(kG): —237.1 -228.6 = A4°=-8.5KkG,

results in
70(,, =p, (HZO]g) with 7([? =3.24 x 1072 at 298 K. (6.33)

Liquid water as pure liquid does not appear in Eq. (6.33). The corresponding
conventional equilibrium constant is

K, = p(H20lg) = pi,(H:0). (6.34)

Hence, the equilibrium constant represents the (saturation) vapor pressure of water,
i.e., the pressure of water vapor in equilibrium with liquid water at the temperature
considered. We will discuss phase transitions in more detail in Chap. 11.

Solubility of Ionic Solids Our next topic is heterogeneous solution equilibria. A
substance submerged in a liquid will generally begin to dissolve. The extremely low
chemical potential u of this substance in the pure solvent rises rapidly—remember
that 4 — —oo for ¢ — 0—with increasing dissolution and therefore concentration.
The process stops when the chemical potential of the substance in the solution is
equal to that of the solid, i.e., equilibrium is established. We then refer to the
solution as saturated, i.e., the solution contains as much dissolved material as
possible under given conditions (temperature, pressure, such as standard
conditions).
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If the substance dissociates when dissolved, such as a salt in water
AB|s2 A"|w+B™|w,

the products of the dissociation compensate together for the “tendency to trans-
form” p(AB) of the salt AB:

u(AB) = u(A") +pu(B").

The mass action law for the dissolution process, here the transition from solid state
to dissolved, s—d, is

Kot = c:(AT) - (B, (6.35)
with
o o o O jya
o) A AB) — AT) — B
st:epr_sTd:eXp/A( ) HI(QT) #(B7)

as long as some undissolved AB is present. Here the mass action term for a pure
solid and therefore also the denominator in Eq. (6.35) have been omitted. Thus, the
product of the relative concentrations of the ions in a saturated solution is constant

. .. . o .
under given conditions. In chemistry, the value K4 usually receives its own name,

solubility product. (This is commonly indicated by the index sp (TO(SP), but for the
sake of consistency, we will use sd.) If a substance dissociates into several ions,

then 7O(sd 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, ¢(B ™), must decrease in order to maintain equilibrium. This means that
the substance AB precipitates 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):

NaClls & Naflw + Cl|w

1o(kG): —384.1  -2619 —1312 = 2°=+9.0kG.

Consequently, the equilibrium number X, at room temperature is 37.8. The
heterogeneous equilibrium can be described by the solubility product:

Kot = ¢(Na¥) - (CI7).
For the concentration ¢y = ¢(Na') = ¢(Cl7) = ¢®y/K; of the saturated

solution (saturation concentration) at 298 K, we obtain the value 6.1 kmol m>
that corresponds—better than expected—to the measured value of 5.5 kmol m™.
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Experiment 6.2 Solubility
product of table salt: When
Na* ions (in the form of
concentrated sodium
hydroxide solution) or C1™
ions (in the form of
concentrated hydrochloric
acid) are added to the
saturated table salt solution,
NaCl precipitates.

Consequently, adding compounds which have an ionic species in common with
the salt under consideration, 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 polyvalent ions are involved. However, quantitative statements can be made
in the case of slightly soluble compounds. As an example, let us consider lead
(IT) iodide:

Pblys == Pb2w + 2 1w

1e(kG): -173.6 244  2x(=51.6) = A°=-46.0kG,

with K, = 8.6 x 10~? at room temperature. The mass action law for the solution
equilibrium is

o

—\2
Ksa = Cr(Pb2+) ! Cr(I ) :
We can calculate the saturation concentration c¢q 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 Pb** ion. In contrast to the
case of table salt, we now have

c(Pb*) = ¢y and c(I") = 2cg.
Insertion results in

Kot = (cxa/) - (205/c°) = desd® /(c7)

and the saturation concentration at 298 K is
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ca = /Ky/4eo= /8.6 10/4 kmol m™> = 13 x 10> kmol m"".

It is now possible to estimate the effect of adding one type of the ions. Let us add
enough of a concentrated Nal solution to the saturated lead iodide solution so that
the I concentration will be equal to 0.1 kmol m . Now, with the extra iodide ions
present, the concentration of lead ions results in:

Y o 86x107

© = kmol m™> =8.6 x 1077 kmol m~>.
(c(I)/c®) 0.01

c (Pb”) =

As expected, adding I~ drastically decreases the lead concentration. But “too much
of a good thing” can be bad because a too big excess of I results in the formation of
soluble complexes, e.g.,Pbl, + 1~ — Pbl; . This effect too could be calculated with
the help of our approach.

The solubility of certain slightly soluble compounds can be controlled by
different means as well, for example, by the pH value. We shall conclude this
section by discussing the following interplay between the precipitation and the
dissolution processes: When a potassium dichromate solution is added to a barium
chloride solution (Experiment 6.3), a yellow precipitate of slightly soluble barium
chromate is formed according to

2 Ba’"|w + Cr,07 |w + H,0[1 2 2 BaCrOy|s + 2 H |w.

To be more precise, the concentrations of the starting 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 increase. For reestablishing the
equilibrium, BaCrOy4 has to dissolve:

Experiment 6.3 Precipitation of
barium chromate: When a K>Cr,O,
solution is added to a BaCl, solution, a
yellow precipitate of BaCrO, is
formed which gradually settles down
at the bottom of the goblet. Addition of
hydrochloric acid dissolves the Dissolves
precipitate again (on the left). If the
solution is filtrated instead and solid
sodium acetate is added to the clear
filtrate, more BaCrO, precipitates
(on the right).
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)
2 Ba**|w + Cr,07 |w + Hy0[1 2 2 BaCrOss + 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. Consequently, more BaCrO4 has to precipitate.

The same result can be obtained by considering the mass action law:

cr(H+)2
¢ (Ba”)2 - ¢:(Cr077) .

O
K:

By adding H* the numerator increases so that the denominator must also increase

: . . o

in order for the quotient to remain constant and equal to K . However, the concen-
trations ¢;(Ba>") and ¢,(Cr,037) can only increase when the precipitated BaCrO,
dissolves.

Solubility of Gases Next we will discuss the dissolution behavior of gases. If a gas
B is brought into contact with a liquid (or solid), it diffuses within it, B‘g pd B|d,
until the chemical potential of the gas inside is as high as outside, u(B|g) = u(B|d).
Consequently, the chemical drive 4, .4 = p (B ’ g) — ,u(B |d) of the diffusion pro-
cess has disappeared. u(B|d) is described by the mass action equation 1’, u(B|g),

. . s o)
however, by the mass action equation 2'. The equilibrium number K,_.4 or, more

. o
briefly, Kgq turns out to be

o _a(Bld) o du_ji(Blg) - /i(Bd)
K gd pr(Bfg) with Kgd_expﬁ—exp RT ) (6.36)

. . . . o] . o O
Taking into account that in this case, X corresponds to neither K. nor X, but

represents a so-called mixed constant ‘]O( pe- Like the mass action equations them-
selves, this relation 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

with Ke = K g p— (6.37)

The solubility of a gas at constant temperature is therefore proportional to its partial
pressure above the solution, ¢(B) ~ p(B). This relation was already discovered
empirically in 1803 by the English chemist William Henry (Henry’s law). There-

o e]
fore, Kyq is also known as the Henry constant Ky.
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Let us take a look at an example, the solubility of oxygen in water, a quantity of
prime importance for biological processes in bodies of water:

0,lg 2 Oylw
1(kG): 0 1164 = 4° = —16.4 kG.

In this case, the standard value of the chemical drive is —16.4 kG. The equilib-
rium number at room temperature is equal to

¢t(02|w)

Kigg = > (0alg) ©:]2) with K';y = exp

—16,400 G
8314 G K! x298 K

=13x1073,

while the conventional equilibrium constant results in

e _ c(02|w)
¢ p(0.g)

=13x10"° mol m™> Pa~l.

1 kmol m™3

: S _ -3
with Koy = 1.3 x 107 x e

The partial pressure of O, in air, for example, is about 20 kPa; the concentration of
O, in air-saturated water at 298 K therefore results in

c(02|w) =Kgy - p(02]g) = 1.3 x 107> mol m™> Pa~' x 20 x 10° Pa

=0.26 mol m>.

Distribution Equilibria Relations that can be dealt with in a theoretically similar
way would be, for example, systems where a third substance B (possibly iodine) is
added to two practically immiscible liquids such as water/ether. Substance B should
be soluble in both liquid phases (') and (”). It disperses then between these phases

o . . . ey o
until its chemical potential is equal in both. The equilibrium number X4_.4 or, more

briefly, TO(dd is then:

o e(Bl) o Jw_i(Bd) —i(B|d")
Kdd = W Wlth Kdd = expﬁ = exp RT . (638)
Conventionally, we obtain
B d/l
I%dd :C( ‘ ) with I%dd = 7O(dd. (639)

¢(Bld)

In the case of small concentrations, the ratio of equilibrium concentrations (or mole
fractions, etc.) of the dissolved substance in two liquid phases is a (temperature



182 6 Mass Action and Concentration Dependence of Chemical Potential

dependent) “constant” (Nernst’s gism'bution law). The constant lo(dd is also called
Nernst’s distribution coefficient Ky.

Distribution equilibria play a significant role in separating the substances in a
mixture by the process of extraction. The laboratory procedure called “extraction
by shaking” (extracting a substance from its solution by using another solvent in
which the substance dissolves much better) is based on such equilibria. This method
can be used to completely remove iodine from water by repeatedly extracting it
with ether. Partition chromatography is based upon the same principle. A solvent
acts as the stationary phase in the pores of a solid carrier material (paper for
example) and a second solvent (with the substance mixture to be separated) flows
past it in the form of a mobile phase. This is known as a mobile solvent. The more
soluble a substance is in the stationary phase, the longer it will remain there and the
more strongly its movement along this phase will slow down. Eventually, a
separation occurs in the mixture originally applied at a point.

Influence of Temperature The equilibrium numbers (and constants) we have
considered so far are valid only under certain conditions (mostly standard condi-

tions at 298 K and 100 kPa). If the value of 7% 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 Sect. 5.2:

ﬂ2ﬂ0+a(T—T0).

Insertion into Eq. (6.18) yields the following result for the equilibrium number at a
temperature 7:

R (1) = exp 200 J;;;(T —To), (6.40)

When the temperature gs increased (AT > 0), 7%(T) can increase or decrease rela-
tive to the initial value K (T) depending upon the values of 4 (T) and a which are
typical for a particular reaction. In the first case, the equilibrium composition shifts
to benefit the products, and in the second case, it shifts to benefit the starting
substances. The equilibrium constant can be influenced by the choice of tempera-
ture. This is of potentially great importance for large-scale technical reactions as
well as for environmentally relevant ones.
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6.7 Potential Diagrams of Dissolved Substances

Energy must be used in order to transfer matter from a state of low u value to a state
of high u value. Therefore, the potential y can be regarded as a kind of energy level
the matter is on. This is why matter with a high chemical potential is often called
energy rich and matter with a 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 7 of a dissolved substance in a given volume is continuously
increased, the potential u of the substance also increases. While at first, small
changes An in the amount of substance are enough to cause a certain rise in
potential Ay, later on increasingly large amounts are necessary for this. As long
as the concentration is not too high, the mass action equation remains valid. This
means that the concentrations (or when the volume remains constant, the amount)
must always increase by the same factor f if y is to increase by the same amount.
n therefore increases exponentially along with the chemical potential u.

Relative to the same increase of potential Ay, 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 somewhat
different from what one might expect. The capacity B of a substance, the
so-called matter capacity, is defined by the following equation:

_dn

B=—.
du

(6.41)

A well-known example of the quantity B is the so-called buffering capacity,
meaning the capacity B, of a given amount of a solution for hydrogen ions. We
will go into greater detail in Sect. 7.6. If the region being dealt with is homoge-
neous, B can logically be related to the volume:

b=1 (6.42)

In contrast to B, we will call 6 the matter capacity density.

If the matter capacity B of a finite volume V of solution is plotted against the
chemical potential x4 (Fig. 6.6a), the area under the B(u) curve from —oo to the
actual potential u 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 y with the amount of

substance n (Fig. 6.6b). Finally, if \/B/x is plotted instead of B, the resulting curve
can be thought of as the outline of a rotationally symmetrical goblet (Fig. 6.6c). In
this case as well, n is the volume of the container filled up to the level u. 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.
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a b.H c

I + B

Fig. 6.6 (a) Plotting the matter capacity B as a function of chemical potential u, (b) Exchanging
axes, (c¢) Solid of revolution having the same content.

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

(cf. Sect. A1.2). The volume of a body created by rotating the area in the diagram about the
x axis can be calculated analogously:

V= anf(x)zdx.

a

Such bodies are also called solids of revolution.

As long as the mass action equations are valid, it is easy to express n as a

function of x. To do so, we solve the equation 4 = fi+ RTIn(c/c®) with ¢ = n/V for
n and obtain:

] O
H—p n o Hu—pu
2 P = Vo .

n or n c” - exp RT

RT Veo

(6.43)

The matter capacity is the derivative with respect to y, for constant V¢ and ,Lot :

o

d \% S] —
=22 expP 2 or short B = (6.44)
du ~ RT RT RT

Here a few hints concerning the calculation: If one writes—such as in school mathemat-
ics—y instead of » and x instead of u and abbreviates the constant terms with a, b, ¢, the
calculation is nothing else than taking the derivative of the function y =a - exp(bx + ¢) with
respect to x witha = V¢®,b=1/RT,andc = — ﬁ /RT. Obviously, the function z = g(x) =
bx+c is nested in the function y =f(z) =a - exp z: y =f(g(x)). One takes the derivative of
such functions by using the chain rule [rule (A1.13) in Sect. A1.2)]:
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N
-900 —
a-Glucose|s
kG = —l
Basi | Glucose|w
920 - asic value ———
— 10
Blood sugar level —— 3
— 1 molm
-940 - o= 0.1
— 001
— 0.001
060 - = 0.0001
“Filling level”
-980 -

Fig. 6.7 Potential diagram of glucose.

Y =f'(z)-g'(x) =a-expz-b=a-b-exp(bx+c).

Additionally, we have used the following calculation rules: the exponential function is
equal to its own derivative [rule (A1.7)], a constant factor is preserved when taking the
derivative [rule (A1.9)], a constant summand, however, disappears. If we now replace the
variables and constants by the corresponding quantities and expressions, we finally obtain:

g Ve 1 q
“®kr P\RTY "RT) -

As a consequence, B, like n, depends exponentially upon y. 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 matter capacity density 6 can be easily calculated from B:

B u— i
b=—=—-exp
V. RT

or short 6= —. (6.45)
RT

Like B and n, 6 depends exponentially on u.

We will take a closer look at this approach using the example of glucose
(Fig. 6.7). 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, a
and P, two potential levels lying close together should actually be drawn
in. However, for the sake of simplicity, only one is represented here.

In the dissolved state and depending upon concentration or amount, we have an
entire band of potential values. Instead of the band, we will use the B(u) curve as it



186 6 Mass Action and Concentration Dependence of Chemical Potential

is described for the general case in Fig. 6.6 to express this dependence. Alterna-
tively, we can use the 6(u) curve, which looks identical to it. The radius of the
rotationally symmetrical goblet equals \/E/‘JT 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 y; for high concen-
trations, this is only approximate. We do not need to distinguish between the o and
the P forms because an equilibrium rather quickly develops between the two iso-
mers. The basic value of the potential (at a concentration of 1,000 mol m ™) applies
to this equilibrium mixture. The content of the goblet has been drawn to this
arbitrarily chosen potential level. We will also generally choose this fill level for
other substances. The value in a living cell would be considerably lower, though.

If the amount of dissolved glucose were to be continuously increased, and the fill
level of the goblet raised to the level of the solid glucose, the glucose would begin to
crystallize. The glucose would begin to run over the rim of the goblet, so to speak.
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 goblet rim in the drawing. One might say
that in this state, the glucose solution is saturated relative to the solid.



Chapter 7
Consequences of Mass Action: Acid—Base
Reactions

The concept of mass action can be applied to any transformation of substances. In
the case of matter dynamics, it does not matter how we imagine the process in
question working at the molecular level: Whether it is by formation or cleavage of
chemical bonds, rearranging crystal lattices, migration of particles, transfer of
electrons or whole groups of atoms from one type of particle onto the other, etc.
In this chapter we will concentrate upon one important example for chemical
transformations, namely acid-base reactions, in order to demonstrate that the
chemical potential is well suited to describing very specialized and differentiated
fields. Acid—base reactions are central to chemistry and its applications; for their
quantitative description we introduce the “proton potential” u, as a measure of the
strength of an acid—base pair. The level equation and the protonation equation are
used to describe the behavior of weak acid—base pairs. Subsequently, one important
application for acid—base equilibria, the analytic method called acid-base titration,
is presented. Finally, the mode of reaction of buffers and indicators is discussed.
Buffers play also a significant role in living organisms because even small shifts in
the proton potential can there result in disease and death.

7.1 Introduction

The approach used up to now can be applied in the same way for any transformation
of substances. In the case of matter dynamics, it does not matter how we imagine
the process in question working at the molecular level: Whether it is by formation
or cleavage of chemical bonds, rearranging crystal lattices, migration of particles,
transfer of electrons or whole groups of atoms from one type of particle onto the
other, etc. We will concentrate upon one important example here, namely acid—base
reactions, in order to demonstrate that the chemical potential is well suited to
describing very specialized and differentiated fields.
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Before introducing the topic in more detail we have to discuss shortly the
problems concerning the denomination of hydrogen ions. Hydrogen has three
naturally occurring isotopes, called protium 'H, deuterium *H, and tritium
*H. The corresponding cations are called proton (denoted 'H* or shortly p),
deuteron (*H" or d), and riton CH* or t). Hydron is the name (recommended by
IUPAC in 1988) for positive hydrogen ions H* without regard to nuclear mass,
especially for the mixture of isotopes formed by natural hydrogen. Traditionally in
acid-base chemistry, the term “proton” is used instead of “hydron.” But the
differences are minute and may be neglected, because more than 99.98 % of the
naturally occurring hydrons H* are protons p anyway. In this chapter we follow the
traditional practice.

7.2 The Acid-Base Concept According to Brgnsted
and Lowry

According to Johannes Nicolaus Brgnsted and Thomas Lowry, an acid is a sub-
stance or more generally a type of particle (be it neutral or ionic) that tends to
release protons p (H" ions). It represents a proton donor for which we will use the
abbreviations HA or BH,

HA — A~ +H', and BH" — BH + H", respectively.

The residual left over from separation is called the corresponding or conjugated
base. The base abbreviated with A~ or BH acts as proton acceptor. For general
purposes, it is more convenient to use symbols without charge numbers. We will
use the abbreviation Ad for the acid (from the Latin acidum) and Bs for the base
[(from the Greek Paoic (basis)]:

Ad — Bs+v,p.

Ad and Bs form an acid—base pair abbreviated by Ad/Bs. v, describes the proticity.
If v, = 1, one speaks of a monoprotic acid—base pair. However, if v, > 1, it is called
polyprotic. Simple examples for monoprotic pairs are HCI/Cl~ and H;0"/H,O:

HCl — CI” + H', H;0" — H,O + H'.

In the first case the neutral acid hydrogen chloride HCI tends to release a proton by
forming the anionic base CI~; in the second the cationic acid H;O" does the same
under formation of the neutral base H,O.

More than one substance can appear in place of the simple one Ad and/or Bs. If
we allow the abbreviations Ad and Bs to signify a combination of substances, then
the generalized process reads as follows:
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Ad Bs
Ad +Ad"+Ad" + ... > Bs'+Bs" +Bs"" + ... +v,p.

In the following example, a combined acid appears:
CO,; + H,O — HCO; + HT.

An acid-base pair Ad/Bs can be considered as a kind of chemical reservoir for
protons that is

« Totally full (completely protonated) in the Ad state,
« Totally empty (completely deprotonated) in the Bs state.

Because even the smallest release of protons allows a base to be formed, we can
assume from the start that both base and acid are always present to a greater or
lesser degree. The separated protons usually do not appear as such. In a following
reaction, they are bonded immediately to other particles that function as bases (such
as H,0). In an aqueous solution, the protons appear in the form of oxonium ions
H30™. In the case of the dissociation of an acid HA (such as HCI) in water according
to HA — A~ +H" protons are directly transferred from the HA molecules to the
H,O molecules (example of a so-called acid—base reaction). The following equi-
librium is established immediately (within 1078 s):

HA|w + H,0[l 2 A~ |w + H30™ |w.

Correspondingly, in a reaction of a base B (such as NH3) with water, protons are
transferred from the H,O molecules to the B molecules:

B|w + H,0|l = BH"|w + OH ™ |w.

In this case, the water functions as the acid.

We have already seen an impressive example for such an acid—base reaction,
namely the ammonia fountain (Experiment 4.12). The formation of an alkaline
(basic) milieu in the flask according to

NH;|w + H,O[l @ NHJ |w + OH ™ |w

is demonstrated by the change of color of the added indicator (phenolphthalein)
from colorless to red violet. We will take a closer look at indicators and their mode
of functioning in Sect. 7.7.
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7.3 Proton Potential

Basic Idea Obviously, the protons in acid—base reactions are simply transferred
from one base B to another B*:

BH" + B* & B + B*H™.

This is also referred to as a proton transfer reaction. The older but ambiguous name
protolytic reaction is not recommended. According to the general conversion
formula, the reaction between gaseous hydrochloric acid and ammonia vapor pro-
duces a “sal-ammoniac fog,” a mist of finely distributed ammonium chloride
crystals, NH,4Cl|s (Experiment 7.1):

HCl|g + NH;|g — [NH;][Cl7]s.

This means that the definitions given here also hold when no solvent is present.

Most acid—base reactions, however, take place in aqueous solutions. In this case,
the second acid—base pair is provided by the solvent water itself (H;O"/H,O or
H,O/OH™). Despite this, it is possible to assign a chemical potential to the bonded
yet exchangeable protons. This is the value established in the equilibrium of the
reaction Ad 2 Bs + v, p, where p denotes protons from any external source. In this
particular case we have

Had = Hps + Vphp

or

Sal-ammoniac fog

Experiment 7.1 Formation
of “sal-ammoniac fog” from vapors of Ammonia
hydrochloric acid and ammonia: Concentrated solution
hydrochloric acid is poured in one of the gas-
washing bottles; concentrated ammonia solution
is poured in the other. By pressing the rubber ball
both gases (HCI and NHj3) are unified and the
resulting ““sal-ammoniac” fog emerges from the
small tube.
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1
Hp = V—p[ﬂAd — Hpsl s (7.1)

————
Hp (inside)

respectively. Protons move from outside into the “reservoir” Ad/Bs if
Up > pp(inside) and in the opposite direction if u, < pup(inside). The value of
up(inside) is uniquely defined by the chemical potentials paq and pgs, meaning it
is a characteristic quantity of the acid—base pair under consideration. We express
this by adding the name of the pair as argument or subscript:

Hp(inside) := p, (Ad/BS) := p, pq/ps-

The proton potential u,(Ad/Bs) indicates the strength with which the acid—base pair
Ad/Bs tends to transfer protons to any other reservoir. Hence, it is a measure for
what is conventionally called the “strength of acid Ad,” or more accurately the
acidic strength of the pair Ad/Bs. (The tendency to release protons is determined
equally by the chemical potential of the acid and that of the corresponding base.)
For comparison of acidic strengths of various Ad/Bs pairs, the conditions must be
specified. Table 7.1 shows some numerical values 4 (Ad/Bs)[= v ' (i}, — pg,)]
for standard conditions that means 298 K, 100 kPa, and a concentration of

T Sl A 1y 19
acid—base pairs (298 K, HClO4|w < CIOy |w + H" +57
100 kPa, 1 kmol m™? in an HCllw 2 Cl” |w + H' +34
aqueous solution). H,S0,|w & HSO; |w + H' 17
HNO;|w & NO5 |w + H" +8
H;O"|w 2 H,0|l + H* 0
HSO; |w 2 SO~ |w + H* —11
H,COs|w 2 HCO3 |[w + H' -21
C,H,OHCOOH|w = C,H4OHCOO ™ |w + H" —22°
CH;COOH|w & CH;COO ™ |w + H* -27°
CO,|w + H,0[l 2 HCO;y |w + H* -36
NH/ |w 2 NH;|w + H" —53
HCO; [w 2 CO% |w + H* -59
[Ca(H,0)4]*" [w & Ca(OH),|s + 4H,0|l +- 2H* | —65
H,0|l 2 OH |w + H* —80
NH;|w & NH; |w + H" -130
OH™|w 2 O*"|w + H* —165
Hlg=2e |g+HT —231
HCllg= Cl g+ H' —289
HF|g 2 F |g+H' —441

“Lactic acid/lactate
bAcetic acid/acetate
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1 kmol m~ in aqueous solution for both acid and base. For determining such
values, for example, the value x,(HAc/Ac™) of the pair acetic acid/acetate (the
abbreviation Ac is used for the acetate group CH3COO), one first selects the
chemical potentials of the acid and the corresponding base at standard conditions
from the Table in Sect. A.2.1 in the Appendix or a comparable one. Subsequently,
the difference is calculated (v, =1):

#o(HAC /AcT) = 1[u"(HAC) — 4”(Ac7)] = (~396.5 kG) — (~369.3 kG)
= 272 kG.

Even if the (fictitious) values of acid and base in aqueous solution at a concentration
of 1 mol m (cp. Sect. 6.2) are used, the proton exchange with the solvent water
should be completely inhibited. That means that the acetic acid HAc in the solution
in question should only exist as molecule (and not in the ionized form); the acetate
ion Ac™, however, should only exist as ion.

An exception concerning the standard conditions are the pairs H;O"/H,O and
H,O/OH™ where the water that functions as the acid or base (as the case may be)
also represents the solvent and is therefore treated as a pure liquid (cf. Sect. 6.3).

We expect that any substance that has protons “impressed” upon it can again
release them. Therefore, it follows that in its protonated form, it should be called an
acid, and in its original form, its corresponding base. In this regard, protonated
water H;O" with its base H,O is shown in the table as well as the acid H,O with its
base OH ™. This also holds for the hydrogensulfate anion HSO, (protonated H,SOy,
deprotonated SO;” ) and for ammonia molecules NH; (protonated NHj,
deprotonated NH ). Substances that function not only as acids but also as bases
are called amphoteric.

Acid-base pairs with positive standard value y% (or more generally positive

basic value ﬁp) are considered strongly acidic and ones with ﬂ? < 0kG, weakly

acidic. This rough classification may be refined as shown in Table 7.2. Talking
about strong or weak acids or bases instead of acid—base pairs is common practice,

Table 7.2 Classification of

acid—base pairs in aqueous Ad/Bs may be called For /3,3 (kG) in the range
solution according to their Very strong acidic >+20
acidic strength. Strong acidic 0...+420

Moderate acidic -20...0

Weak acidic —40...-20

Weak alkaline —60 ... —40

Moderate alkaline —80... —-60

Strong alkaline —100 ... —80

Very strong alkaline <—100
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but not very opportune. The acidic or alkaline (basic) strength is a property of the
pair as a whole and not only of a part of it. (To avoid any possibility of confusion
with the term “basic value” (“basic” in the sense of “fundamental”) we will use only
“alkaline” in the following.)

When two acid—base pairs are present in a solution, the “stronger acidic” pair
forces protons upon the “weaker acidic” one. Because acid—base equilibrium occurs
almost instantly, a uniform proton potential is established through the exchange of
protons even when different acids and bases are present:

Hp = Hp(Ad/Bs) = p, (Ad*/Bs*)

(“Proton potential equalization”). (7.2)

Equation (7.2) expresses an important fact: The proton potential y, represents a
property of a chemical system which has a universal meaning comparable to that of
pressure p and temperature 7.

Strong Acid-Base Pairs In aqueous solutions, strong acidic pairs such as
perchloric acid or hydrochloric acid almost completely lose their protons to the
water (H;O0%/H,O pair). One might say they totally “dissociate,” for example

HCIO4|w + H,0[l — CIO; |w + H30™ |w
or
HCl|w + H,0[1 — CI~|w + H;0" |w.

In both cases, the acid of the weaker acidic pair (H30™) replaces that of the
stronger acidic one (HCIO,4 or HCI, respectively). Since the deprotonation is almost
complete, the same acid H;O™ is present in both cases and therefore the pair H;0*/
H,O with the highest possible acidic strength in not too concentrated aqueous
solutions. In the process, the proton potential decreases from rather high and
different positive values (+57 and +35 kG, respectively) to the same value of
(just about) zero. Hence, strong acidic pairs cannot develop their full power in an
aqueous solution. In this case, one speaks of the leveling effect of the solvent water.
For this reason, the chemical potentials u(Ad) of undissociated strong acids (which
are necessary for determining individual proton potentials) are measured in
nonaqueous solutions and the results transferred as approximations to the solvent
water.

If one wishes to find the proton potential of a strong acidic pair at arbitrary
dilution, it is enough to just consider the acid-base pair H;0*/H,0:

Hy = iy (H307/H:0) = [u(H;07) = pu(H,0)].

When the concentrations are small, the mass action equation can be applied.
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However, there is such an excess of water (the solvent) present that its concentra-
tion shows almost no change during the reaction. As stated, it can be treated as a
pure liquid (compare Sect. 6.3):

ptp = A(H30%) + RTInc, (H;0) — a(H,0)

= |(H30") — i(H,0)| + RTInc,(H;0").

The difference in parentheses corresponds to the basic value of the proton potential
of the pair H;0%/H,0, meaning

ftp = iy (H;0"/Hy0) + RTln¢, (H30%). (7.3)

If, for example, we are interested in the proton potential of hydrochloric acid with a
concentration of 0.01 kmol m*3, the concentration of H3O" corresponds to the
stated HC1 concentration due to the total dissociation. If we continue to take into

account that ﬁp(H3O+/H20) = u,(H30"/H,0) = 0 (compare Table 7.1), we
obtain for 298 K (and 100 kPa):

H, =0G +8.314 GK™! x 298K x In0.01 = —11kG.

The proton potential is noticeably smaller than the basic value which is valid for a
H;0" concentration of 1 kmol m~ in an aqueous solution.

The bases of strong alkaline pairs (ﬁp < fSOkG), such as amide ions NH;,
suffer a similar fate where, due to the higher /i)p value, the water (H,O/OH™ pair)
forces the protons upon them:

NH; |w + H,O|l — NH3|w + OH ™ |w.

The amide ion is a strong proton acceptor that is almost totally protonated when
present in an excess of water. The concentration of the hereby produced base OH™
determines the proton potential y,, whereas the concentration and thus the chemical
potential of its corresponding acid H,O remains almost unaltered. In aqueous
solutions of alkaline acid—base pairs, therefore, y, cannot fall far below —80 kG.
Traditionally, this statement is expressed saying OH™ is the strongest base to be
found in water.

Determining the proton potential of a dilute strong alkaline pair follows the same
pattern as for a dilute strong acidic pair, although in this case, the pair H,O/OH™
(instead of H;0*/H,0) must be considered:
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Hy = tp(H20/OH ™) = {[u(H;0) — u(OH)]:

By taking into account the special situation of water as solvent as well as the mass
action equation for OH ™, one obtains

uy = A(H,0) — [ (OH™) + RTlncr(OH*)}
and finally
#p = iy (H:0/OH™) — RTln¢, (OH™). (7.4)

Thus, at 298 K (and 100 kPa), a strong alkaline pair with a concentration of
0.1 kmol m ™ in water has a proton potential of

pp = —80 x 10°G — 8.314GK ™' x 298K x In0.1 = —74kG,

which is noticeably higher than the standard value of —80 kG.

A proton potential considerably lower than —80 kG cannot be maintained in
normal aqueous solutions because the water would continuously decompose due to
loss of protons. The same is true for a potential considerably above 0 kG because
here the H>O molecules are destroyed by the production of H;O™. In both cases, the
water would largely disappear so that the term “aqueous solution” would no longer
apply. Conditions of this type dominate in concentrated solutions of mineral acids
or alkali hydroxides.

Weak Acid-Base Pairs Acids of a weak acidic pair such as acetic acid HAc, on
the other hand, can be deprotonated to very different degrees in an aqueous
solution. (As mentioned, Ac is used as abbreviation for the acetate group
CH;COO.) If the acid—base pair is largely deprotonated, its proton reservoir is
just about empty. However, if it is hardly deprotonated, meaning almost fully
protonated, the proton reservoir is almost full. If one wishes to calculate the proton
potential of a weak acidic pair such as HAc/Ac™ in a diluted aqueous solution, due
to the incomplete proton transfer to the pair H;0%/H,0, both pairs must be taken
into account according to

HAc|w + H,O|l 2 Ac™ |w + H;0™ |w.
We start with the following equation for “proton potential equalization,”
Hp = ,up(Ad/Bs) = ﬂp(H30+/H20),

a special case of Eq. (7.2). When the mass action equation is applied and the special
situation of water as solvent is taken into account, the result is
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jip(Ad /Bs) + RTInc;(Ad) — RTInc,(Bs)

= i, (H;0" /H,0) + RTInc, (H;07). (7.5)

It immediately follows from the conversion formula that the concentration of the
base formed by the proton transfer from the acid to the water is equal to that of the
resulting oxonium ions, ¢, (Bs) = c,(H;0"). If we furthermore assume that the acid
of the weak acidic pair is only slightly dissociated, the undissociated portion
c¢(Ad) can, in first approximation, be equated to the initial concentration c,
¢(Ad) = cp,. When both terms are inserted into Eq. (7.5) and this equation is
solved for RT In ¢ (H;0™), we obtain

fip(Ad /Bs) + RTInco,; — RTIne;(H30™) = i, (H;0"/H,0) + RTInc,(H;0™)
and finally
RTlnc,(H;0%) = 1) [ﬁp(Ad /Bs) — i, (H;0" /H,0) + RTlnco,r} .
Insertion of this term into Eq. (7.3) results in a relation for the proton potential:
=1 [ﬁp (Ad/Bs) + i, (H;0"/H,0) + RTlncO,r} . (7.6)

According to this, the proton potential at 298 K (and 100 kPa) of an acetic acid
solution with a concentration of 1 kmol m > is:

pp =" x[(-27x 10°G) + 0+ 8.314GK ™' x 298K x Inl] = —13.5kG.

This is noticeably higher than the standard value of —27 kG (see Table 7.1) and can
be explained by the fact that the acetate concentration is negligibly small compared
to the concentration of undissociated acetic acid. (On the other hand, the standard
value is valid for a concentration ratio of c(HAc):c(Ac™) of 1:1; compare Sect. 7.4.)

The proton potential of a weak alkaline pair in aqueous solution can be derived
analogously. The result is comparable to Eq. (7.6):

sy = - |t (Ad/Bs) + ji, (H,O/OH ") —RTlnco,r] (7.7)

Accordingly, a solution of ammonia in water with the corresponding conversion
formula
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NH;|w + H,O[l 2 NH} |[w + OH ™ |w
has a proton potential of

py =Y x [(—=53 x 10°G) + (—80 x 10°G) — 8.314GK ™" x 298K x In0.1]
= —64kG,

when a concentration of 0.1 kmol m > at 298 K (and 100 kPa) is considered.

Acid-Base Disproportionation of Water Finally, we will take a look at the acid-
base disproportionation of water. It has already been demonstrated that amphoteric
water can function as an acid as well as a base. For this reason, proton transfer
between the water molecules can take place where oxonium and hydroxide ions are
formed even when there are no other acids or bases present:

H,0|l + H,0|l = H;0%|w +OH |w.
—— N—— — N——
Bs Ad* Ad Bs*

The proton potential of the acid—base pair H;0"/H,O results from Eq. (7.3) and that
of the pair HO/OH™ from Eq.(7.4). Both potentials have to be equal in the same
solution:

#p = iy (H30" /H20) + RTlne, (H30") = ju,(H,0 /OH™) — RTlne, (OH™).

Pure water is electrically neutral, so the H;O" concentration must be equal to the
OH™ concentration. Replacing ¢, (OH™) by ¢, (H30") and solving the last equation
for ¢(H30™) = ¢® - ¢,(H30™) yields

o o
: H,0/OH") — i (H;0"*/H,0
C<H30+) = C@ . expﬂp( 2 / )2 ;P( 3 / 2 )

Taking the standard values in Table 7.1 at 298 K (and 100 kPa) results in

—80 x 10°G —0G
2 x 8.314GK™! x 298K

¢(H3;0™) = 1kmolm ™2 x exp =107 kmolm .

If this concentration is inserted into Eq. (7.3), one obtains the corresponding proton
potential. This is —40 kG and is called the neutral value. An aqueous solution with
a proton potential above —40 kG is called acidic; one with a proton potential under
—40 kG is called alkaline (basic).
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Relationship to Other Measures of Acidity In closing, we will take a look at how
the proton potential relates to other common measures used for acidity. There is a
close relationship between the standard value of the proton potential /4% (Ad/Bs) of

an acid-base pair [more generally stated, its basic value ﬁp (Ad/Bs)], and the acidity
exponent or pK value. For this purpose, we will look again at proton transfer
equilibrium,

HA|w + H,0[l 2 A~ |w + H;0 ™ |w,

where HA corresponds to an acid Ad and A~ to a base Bs. Equation (7.5) can be
converted to

c:(Bs) - ¢;(H;0™)

o o
Ad/Bs) — u,(H3;0"/H,0) = RT1
#y(Ad /Bs) — i, (H;07/H,0) n or(Ad)

(7.8)

As already stated, we have /(4)F,(H3O+ /H,0) = 0(at standard pressure) for the proton
potential. It represents the “reference level,” so to speak.
The equilibrium “constants” of the reaction (see Sect. 6.4),

c:(Bs) - ¢;(H;0™)
cr(Ad)

c(Bs) - ¢(H;07)
c(Ad) ’

Ka(Ad/Bs) = and K,(Ad/Bs) =

are both called acidity constants. Adding Ad/Bs as argument behind TO(a and I%a
would be more elucidative, but is quite uncommon. If it is clear from the context
which pair is meant or if the kind of pair does not matter we will in the future omit
the argument Ad/Bs. These constants can vary by many orders of magnitude
depending upon the chemical structure of the acids or bases. Therefore it is useful
to introduce a logarithmic scale. Generally, one uses the negative decadic logarithm
(logarithm to base 10) of the acidity constant, the acidity exponent or pK, value
(or simply the pK value):

o
PKa = —1gK,.

. . o o) .
In this case, the numerical acidity constant ¥, needs to be used instead of the

O
conventional K, because the argument of the logarithm must be a number.
If we convert the natural logarithm to decadic logarithm in Eq. (7.8), by using
Inx = In10 - 1gx [Eq. (A.1.5) in the Appendix], we obtain
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jty = —RTIn10 - pK,.

The term RTInl0 corresponds to the decapotential 4 (compare to Sect. 6.2),
meaning that

o
Hy = —Hqg - PKa. (7.9)

In general, the basic value ﬁp(Ad /Bs) of the proton potential and the pK, value are
proportional. If we place the acids in a sequence according to their strength, we get
the same result independent of which of the two measures is being used.

A very similar looking equation relates the proton potential u, in the solution
after proton potential equalization to the so-called hydrogen ion exponent or pH
value that represents a special measure of acidity expressed by the H;0"/H,O pair.
We should call to mind that 4, in a homogeneous solution has the same value for all
acid—base pairs present [Eq. (7.2)]. Which pair one uses for measuring y;, is not
essential. The term pH value (derived from the Latin “pondus hydrogenii,” meaning
as much as “weight of hydrogen”) was introduced by the Danish scientist Sgren
Peder Lauritz Sgrensen in 1909. Originally, it was the “exponent of the power to the
base 10” of the “concentration of hydrogen ions in water, measured in mol/L,”
{c(H"|W) }moyL. The negative sign in the exponent was dropped. The curly brackets
signify that it is a pure numerical value. This means if we omit the supplement “|w”
for the sake of simplicity:

{c(H")} oy = 107 P or ¢(H')/c” = 10771

The pH value as negative decadic logarithm of the relative concentration of
(hydrated) hydrogen ions or, more exactly, (hydrated) oxonium ions—H™, H*\W,
H;0", H3;0"|w are here only different notations for the same kind of particles!—

H H;0*
pH := —lg% = —lge;(H") or pH:= —lgc(;ie) = —lge(H;0™)

represents (as does the pK value) a handier numerical value because the concen-
trations can vary by many orders of magnitude. For reasons of convenience, the
specification {},,,;, or ¢© is generally dropped. However, this can easily lead to
errors when other units of concentration are also being used and should, for this
reason, be avoided.

Sgrensen’s equation can be contrasted with the proton potential y;, of Eq. (7.3),

#p = fiy(H30" /H0) + RTIn¢, (H;0").
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Fig. 7.1 Relation between proton potential 4, and pH value in an aqueous solution at 298 K and
100 kPa.

c(H30%) is the (relative) concentration of oxonium ions that is reached after proton

potential equalization. We again observe that ﬁp(H3O+/ H,0) =0 (at standard
pressure) and convert the natural into the decadic logarithm. We find

#p = —RTInl0 - pH
or finally because of RT In10 = py4
Hp = —Hq PH. (7.10)

This is a simple but important result.

According to Sgrensen’s definition, this relation is only valid for small concen-
trations c¢. These days, however, the pH value is defined so that this equation is
always valid. Figure 7.1 clarifies the relation between proton potential y, and pH
value in an aqueous solution at 298 K.

The pH value is just a variation of proton potential—in other words g, in a
specialized scale. Differences of pH values ultimately mean differences in chemical
potential and therefore, differences in the drive of the chemical reactions in which
the protons take part.

In matter dynamics, the description of the proton potential y,, as a measure of the
strength of an acid—base pair that we have just been introduced to offers several
advantages not present in conventional measures of acidity (pK and pH values):

« At the conceptual level, acid—base reactions and other transfer reactions, espe-
cially redox reactions, can be treated uniformly (cf. Sect. 22.4).

» Strengths of acids and numerical values of the measure of acidity run parallel
(and do not, as with pK values, run opposite to each other).

¢ The proton potential also indicates the strength of an acid—base pair with respect
to the concentration dependence (the pK value as a logarithm of an equilibrium
constant cannot do this, so that in this case, another measure, the pH value is
used instead).
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7.4 Level Equation and Protonation Equation

Monoprotic Acid-Base Pairs The extent of protonation of an acid—base pair,
briefly its “fill level,” can be described by the degree of protonation ©. In the case of
a monoprotic pair, this is understood to be the portion of base molecules that are
protonated in relation to the total concentration of acid and base molecules:

CAd
@ —

= 7.11
CBs + Cad ( )

The degree of protonation depends upon the proton potential 4, in the solution.
Based upon the condition of equilibrium, y, = {[usq — ptg,], and the mass action
equation,

#p = (fina +RTIn(caa/c7)) — (fin, + RTIn(cas/c7))

one obtains a relation that corresponds to the Henderson—Hasselbalch equation
(pH =pK, +log(cps/can))s

By = ﬁp + RTInA (“Level equation”), (7.12)

CBs

where p;, represents the hydrogen ion exponent or pH value, and ﬁp stands for the
acidity exponent or pK, value. This is the so-called level equation. The name comes
from the fact that u, describes how high the “acidity level” is in the Ad/Bs reservoir,
or in other words, how strongly acidic the Ad/Bs pair reacts.

The quotient ca4/cps can be expressed using the degree of protonation & so that
we have

o o
Hp = Hyp +RT1n1 5 (7.13)

According to Eq. (7.11) we have
@(CBS -+ C'Ad) =cCaq OF @ -cps = (1 — @) - CAd
and finally

cad/ces = 0O/(1 —0).
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©] .. . . .
Hp, vividly represents the “half-potential,” meaning the proton potential present at
a degree of protonation equal to ©® = Y,. This is when the concentrations of acid and

O . I .
base are equal. In the case of y, > p,, the acid—base pair is present mostly in the

o . . . . .
protonated form, and for y, < g, it is primarily present in the deprotonated form.
When the relation (7.13) is solved for &, the following equation results:

1

® = ———————  (“Protonation equation”), (7.14)

e

which we will encounter repeatedly in a similar form.

We transform Eq. (7.13) into

@ lup_ P
= exp =a.
1-06 RT

With the abbreviation @ and two intermediate steps,

1-0 1
—1 1

-7 _ o' lad O=—
a ) T+a

we obtain Eq. (7.14).

Figure 7.2 graphically presents the relation & = f{u,,) described by the proton-
ation equation (7.14). It shows that the curves of different monoprotic acid—base
pairs have the same form. They are simply shifted along the y;, axis.

Taking this aspect into account, let us reconsider our examples from Sect. 7.2.
We had determined a proton potential of —13.5 kG for an aqueous solution of acetic
acid with a concentration of 1 kmol m™>. Inserting this into the protonation

(©]
Y
=] o
Hp(NHINHy)  p(HACIAC)
0.5

Fig. 7.2 Degree of
protonation @ of the acid—
base pairs HAc/Ac™ and : > U
NH; /NH; at 298 K (and -80 0 F
100 kPa), as a function of

the proton potential .
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equation, and using the standard value of u,(HAc /Ac™) = —27 kG at 298 K (and
100 kPa), yields a degree of protonation of

1
6= ; — = 0.99.
—27 x 10°G — (—13.5 x 10°G)

8.314GK! x 298K

1 +exp

This means that 99.6 % of the amount of acid used exists in protonated form
(in the form of acetic acid molecules). Only 0.4 % exists in deprotonated form as
acetate ions. Our original assumption that acids of weak acidic acid—base pairs are
present in dissociated form only to a very small proportion is therefore justified.
(This is the case as long as the dissociated fraction remains smaller than about
5 %; since the degree of protonation is also dependent upon the initial concen-
tration of ¢y, via pp, the validity of the simplification must be ascertained from
case to case.)

We can proceed analogously for an ammonia solution with a concentration of
0.1 kmol m 2 and obtain a degree of protonation of 0.012. This means only 1.2 % of
the ammonia molecules have been protonated.

Let us return once again to our image of acid—base pairs as reservoirs for protons.
We can consider the degree of protonation to be the relation of the amount of
protons 7, in the reservoir to the maximum amount of protons 7y, ;max that can be
stored:

Tp

6= (7.15)

Np, max

When this expression is inserted into Eq. (7.14) and solved for n,, we obtain a
variation of the protonation equation:

ny = emax 7.16
P

@]
1+ exp/%

The protonation equation quasi shows the “fill level” in the proton reservoir. The
graphic representation corresponds to Fig. 7.2, just that the curve approaches 71;, max
instead of a value of 1.

Water as a Special Case Let us now consider a special case of the acid—base pairs
where the solvent water is the reaction partner and where the pairs limit the range of
potentials of the weakly and moderately acidic and alkaline pairs from that of the
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strong ones. For the acid-base pair H;0*/H,O with ﬁp (H30"/H,0) = 0 (at standard
pressure), we obtain a level equation corresponding to Eq. (7.3):

#p = iy (H30" /Hy0) + RTInc,(H;0").

If we replace the relative concentration in this equation by the following
expression:

c(H;0™) B n(H;0™) _ny

c(H:07) = © V.® V.o

and solve for np, the corresponding protonation equation results:

_ﬁp<Hso+/Hzo>—ﬂp), 7.17)

np:V-cC-exp< RT

According to Eq. (7.4), the level equation for the pair H,O/OH™, with
fi,(HyO/OH™) = —80kG, is:

4, = ity (H20 JOH™) — RTInc;(OH™).

It is now possible to describe the deprotonation of water as a deficit of protons,
meaning it can be described by negative n, values:

_. ¢(OH") n(OH7) —n,
¢:(OH™) = ©  V.c© V.o

By inserting the result in the equation above and solving for n,, we obtain for the
protonation equation

O
i H,O/OH™) —
np:—V-cO-exp<+Mp( 2 /RT ) ﬂp). (7.18)
If there are several acid—base pairs Ad/Bs, Ad*/Bs*, ... in a solution, the amounts

of protons in the individual reservoirs add up to a total “fill amount” 7, ;¢a:

Np roral = Np(Ad/Bs) + ny(Ad* /Bs*) + ... (7.19)
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In the case of water, the pairs H;O*/H,O and H,O/OH ™ must be taken into account
due to the amphoteric character of the water. The resulting total amount is

N p,total = np(H30+/H20) + ”lp(HZO/OHi)

If pure water is considered, the slight amount of protons that appear due to
disproportionation is compensated for by the lack of protons so that the total “fill
amount” equals zero. Figure 7.3 shows the cumulative curve that combines the two
branches of the curve described by Egs. (7.17) and (7.18).

How can the “fill level” in the proton reservoir—as a function of the proton
potential—be determined in the case of a weak acid—base pair dissolved in water?
For this, the contribution of the pair in question and that of the water add up to a
total curve (Fig. 7.4).
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Fig. 7.4 “Fill level” of the protons as a function of proton potential for an aqueous solution of a
monoprotic acid-base pair using the example NH;} /NH; (10 mmol in 100 mL solution) at 298 K.

7.5 Acid-Base Titrations

An important application for acid—base equilibria is the analytic method called
titration. With the help of titration, it is possible to investigate the composition of an
initial solution using the equivalence point. Moreover, it can also be used to

determine the basic value ﬁp (Ad/Bs) for various acid—base pairs. In order to do
this, a solution of precisely known concentration, the so-called fitrator (titrant), is
added successively from a burette to the analyte (titrand), the solution with
unknown concentration being titrated, while the pH value is continuously mea-
sured. The proton potential yj, is then determined from this data (Experiment 7.2).
Data can be collected on a computer and directly processed. In a further develop-
ment of titration, the addition of the titration solution can be automatically
controlled.

If the proton potential is plotted as a function of the added volume of the titrator
(or any other quantity dependent upon the added amount, such as the amount of
protons), one obtains a so-called titration curve.
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Experiment 7.2 Acid—
base titration: One
possibility would be for
example the titration of a
sodium hydroxide solution
with hydrochloric acid. A
suitable sensor for these and pH meter
other aqueous solutions Sensor
would be a glass electrode
that will be discussed in
more detail in Sect. 22.7. Magnetic stirrer

To begin with, let us consider the titration of the base of a strong alkaline pair
with the acid of a strong acidic pair, for example, the titration of 100 mL of sodium
hydroxide solution (¢c(NaOH) = 0.1 kmol m %) with hydrochloric acid (c(HCl) =
1 kmol m ). Sodium hydroxide in an aqueous solution is almost totally dissoci-
ated, so the behavior of the solution being titrated is determined by the pair H,O/
OH ™. At 298 K (and 100 kPa), the proton potential of the initial solution is —74 kG.
This was already calculated in Sect. 7.3 using Eq. (7.4) which generally holds for
strong bases of this concentration. In the hydrochloric acid solution, however, the
proton potential is determined by the pair H;O*/H,0. The original proton deficit of
n,=—0.1 kmol m>x 0.1 x 10> m*>=—0.01 mol=—10 mmol is depleted by
1 mmol per mL of added hydrochloric acid. If the titrator is present in a much higher
concentration than the substance in the solution to be titrated, the increase of water
due to the inflowing titration solution can be ignored. When titrating bases of strong
alkaline pairs with acids of strong acidic pairs, generally only the pairs HO/OH™
and H;0*/H,O have to be considered independent of the kind of strong acid—base
pairs used (because of the leveling effect of the solvent water discussed in
Sect. 7.3). The progress of titration results from the curve showing the total amount
of protons in the storage medium water for a given volume of 100 mL (Fig. 7.3); or
rather, it results from a section of this representation specified by the test conditions
(Fig. 7.5a). At the beginning of titration, we have the pure sodium hydroxide
solution (black point). As more hydrochloric acid is added, one moves in the
direction of the arrow along the curve. If the proton potential is plotted as a function
of the amount of protons added, the result is the corresponding titration curve
(Fig. 7.5b).

At first, the proton potential changes only slightly as titrator is continuously
added. However, as the point is approached where a stoichiometrically equivalent
amount of hydrochloric acid (in this case 10 mmol) has been added to the sodium
hydroxide solution, a drastic increase of proton potential occurs. At the equivalence
point, there is no proton deficiency anymore, and the proton reservoir is completely
filled. There is only an aqueous solution of Na* and CI~ ions that has almost no
influence upon the proton potential which is then equal to the neutral value of
—40 kG of pure water. If we continue to add hydrochloric acid to the neutralized
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Fig. 7.5 (a) Total amount of protons 7, (a1 in 100 mL water as a function of the proton potential
Hp, at 298 K, assuming a proton deficit of —10 mmol (black point), (b) Corresponding titration
curve.

solution, the protons cannot be stored in the proton reservoir H,O/OH™ already
completely filled and the acid-base pair H3O*/H,O of the titrator system deter-
mines the proton potential. Beyond the equivalence point, the increase of the proton
potential is initially steep but starts leveling off very quickly.

Let us now turn to the titration of the base of a weak alkaline pair with the acid of
a strong acidic pair using the example of titration of 100 mL of a 0.1 M ammonia
solution with the standard solution of hydrochloric acid already used above. At first,
the proton potential is —64 kG, which we have already calculated in Sect. 7.3
with the help of Eq. (7.7). The very low proton “fill level” of 1.2 % in the reservoir
NH; /NHj is just compensated for by the proton deficiency (which is caused by the
OH™ ions produced by the proton transfer according to NH3; + H,O 2 NH; +
OH") so that the total “fill level” in the aqueous solution equals zero. The relation in
Fig. 7.4, or more exactly, a section of it (Fig. 7.6a), is now what determines the form
of the titration curve.

As hydrochloric acid continues to be added, we again move in the direction of
the arrows along the curve. In the beginning, the form of the curve is determined by
the acid-base pair NH; /NH; and the corresponding protonation equation, meaning
it is essentially this proton reservoir which is filled up. Halfway to the equivalence
point (when half of the maximum amount of protons the pair can store have been

added) the proton potential reaches the basic value of ﬁp (NH;{ / NH3) = —53kG.
The fractions of base (NH3) and corresponding acid (NHI) are now equal and the
reservoir is just half full. Before this point, the pair appears primarily in
deprotonated form and, afterward, in the protonated form. At the equivalence
point, exactly as many protons are added with the standard solution so that the
entire base is protonated. This means that it has completely transformed into its
corresponding acid (except from some traces). At this point, we have an aqueous
solution of an acid that has the same concentration as the original base. For this
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Fig. 7.6 (a) “Fill level” of the proton reservoir as a function of the proton potential for an aqueous
solution of the acid—base pair NHI /NH; (10 mmol in 100 mL solution) at 298 K, (b)
Corresponding titration curve of an ammonia solution of equivalent concentration with the acid
of a strong acidic pair.

reason we expect a proton potential that lies noticeably above the neutral point. It
can be calculated according to Eq. (7.6) (the C1™ ions that are also present have
almost no influence upon the proton potential):

h x (=53 x 10°G) + Y% x 0G+ Y, x 8.314GK ™" x 298K x In0.1
—29kG.

Hp

With continued addition of acid, the form of the curve is now determined by the
acid—base pair H;0"/H,O of the titrator system.

Figure 7.6b shows the corresponding titration curve. It is striking that after a
small initial rise, the proton potential changes only very slowly until shortly before
the equivalence point. We will go into the great importance of this fact in the next
section. It also becomes clear that the basic value ﬁp of a weak acid—base pair can be

determined from the measured data by just reading the potential value halfway to
the equivalence point. Again, the equivalence point makes itself felt by a sudden
change of proton potential, just like it does in titration of exclusively strong acid—
base pairs (but now it is less pronounced).

The changes of potential value in the titration of the acid of a weak acidic pair
(e.g., acetic acid) with the base of a strong alkaline pair (such as sodium hydroxide
solution) proceed similarly in principle and can be derived analogously. Again, the
starting point for consideration is the “fill level” for an aqueous solution of an acid—
base pair. The example used here is the pair HAc/Ac™ (10 mmol in 100 mL
solution). At first, the acetic acid is almost fully protonated. The slight amount
that is deprotonated is just compensated for by the H" ions that are produced so that
the total “fill level” equals 10 mmol (Fig. 7.7a, black point). Adding sodium
hydroxide solution slowly empties the proton reservoir and one moves in the
direction of the arrow along the curve. At the equivalence point, a solution of the
base of the weak alkaline pair is present in the deprotonated form of Ac™. The
corresponding proton potential shows a value noticeably below the neutral value.
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Fig. 7.7 (a) “Fill level” of a proton reservoir as a function of the proton potential for an aqueous
solution of the acid—base pair HAc/Ac™ (10 mmol in 100 mL solution) at 298 K, (b)
Corresponding titration curve of an acetic acid solution of equivalent concentration with the
base of a strong alkaline pair.

Subsequently, the pair H,O/OH™ determines the shape of the function. Figure 7.7b
shows the corresponding titration curve.

If, however, the titrated system and the titrator are present in comparable
concentrations, the initial approximation is no longer valid and the increase of the
amount of water in the process of titration can no longer be ignored. The titration
curve must then be calculated point for point by inserting the changing concentra-
tions, which result from each addition of titrator, into the above relations. This is a
lot of work. Since the basic form of the curves does not change much, however, we
will leave it at a general understanding accepting the limitations mentioned.

7.6 Buffers

When a weak pair composed of approximately equal but large amounts of acid and
its corresponding base is present in a solution, this pair determines the proton
potential. Acids of weaker acidic pairs which are added cannot have any effect
upon u, anyway (if we disregard effects of dilution, etc.), whereas acids of stronger
acidic pairs—as long as they are at a shortfall—are robbed of their protons and so
become ineffective. The same holds for adding a base. Our acid-base pair can
absorb or buffer small outside disturbances without considerably changing y,, of the
solution. Hence, a solution in which p;, reacts insensitively to the addition of slight
amounts of acids or bases is called a buffer. Only when the acid of a stronger acidic
pair is added to excess, for example, can the now almost totally protonated base no
longer hinder the buildup of a higher proton potential. As a result, u, climbs to the
value corresponding to the stronger acid—base pair.

The best way to show how a buffer works is in a potential diagram. Similar to
matter capacity (see Sect. 6.7), we can introduce the buffer capacity By,
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B _dn,
P_dﬂp7

by taking the derivative of the protonation equation (7.16) with respect to the proton
potential y,. The corresponding result

B, = Mp. max (7.20)

]
2RT - [ 1+ coshu
RT

is not complicated but unfamiliar. The function cosh x is the so-called hyperbolic
cosine whose values are simply the mean values of * and e *: cosh x = (¢* + 7 )/2.
Of course, we can directly insert the expression (¢* + e )/2 into Eq. (7.20), but the
relation then appears less clearly.

We will make do with a qualitative discussion of the form of the function
(Fig. 7.8a). At the point of inflection on the curve described by the protonation
equation (7.16) (the point where the proton potential corresponds to the basic value

ﬁp of the acid—base pair), the function B,,(n,), being the derivative of the protonation

equation, has, as expected, an extremum or, more precisely, a maximum value. As
described in Sect. 6.7, the function of a buffer becomes even clearer when the axes

are exchanged, \/B/x is calculated, and the curve is interpreted as the outline of a
rotationally symmetric container (Fig. 7.8b). In contrast to the “exponential horn”
that we have already seen, this container is rounded in form with the widest part in
the area of the proton potential u, = ﬁp(Ad/ Bs). If protons are added to the
“reservoir”’ formed by the acid—base system, the “level” along with the proton
potential changes very little in the range of the “wide-bellied container.”

b Hp

P T P
10 rmreeeeeet 100 kG

- mmeol

-20

mmol/kG fpHACIAC) |.......

50
-40

T 0— pp -60
-80 -60 -40 kG 0

] 100 mmol
Hy(HAclAC)

-80

Fig. 7.8 (a) Plot of the stored amount of protons n, (gray dotted line) and the corresponding
buffer capacity By, (black continuous line) as a function of proton potential , at 298 K, using the
example of the acid—base pair HAc/Ac™ (100 mmol), (b) Potential diagram of the buffer HAc/Ac™
for various total amounts of substance, n =n(HAc) + n(Ac™).
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Fig. 7.9 Potential diagram for protons in water (by way of illustration, the proton potentials are
shown in some bodily fluids).

The change of level is smaller the closer one gets to the most rounded out area of the
container. Correspondingly, large amounts of protons can be added when the
reservoir is only half full without the proton potential changing noticeably. The
“proton reservoir” has the greatest capacity at this point. The size of the “proton
reservoir” is determined by the total amount of substance pi, max; the greater the
total amount of substance, the greater the buffer capacity. The size and shape of the
“container” is the same for all acid—base pairs when the amount of substance
remains the same. Only the position of the “container” shifts relative to the u, axis.

In the case of water, things look very different (Fig. 7.9). Within the range of
pp=—20...—60 kG, water has only a very small buffer capacity B, or buffer
capacity density 6, = B,/V, so that even tiny amounts of protons going into or
out of a water sample can strongly change its proton potential. Starting from the
neutral point, the amount of protons bound to the H;0™ as well as the protons “lost”
according to H,O — OH™ + H" is extremely small at first but grows exponentially.
The upper “fill level” indicates the basic value of the proton potential in an acid—
base system H30"/H,0, and the lower one shows the corresponding basic value in
the H,O/OH™ system.

In biological systems, the proton potential y;, is often adjusted to certain values:
in human blood it is fairly close to (—42.2 +0.3) kG, in stomach acid at around
—10 kG, in urine at about —30 kG, and in the small intestine at about —50 kG.
There must be buffer systems present that compensate for the water’s lack of buffer
capacity. Graphically speaking, the two “containers” in Figs. 7.8b and 7.9 are
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Fig. 7.10 Potential diagram for protons in the buffer system lactic acid/lactate in an aqueous
solution (100 mL, 1 kmol m~>, 298 K).

connected (Fig. 7.10). Expressed mathematically, this means that the buffer capac-
ities of several acid—base pairs in a solution are added up:

B p1ow = Bp(Ad/Bs) + B ,(Ad*/Bs*) 4 . ...

The lack of buffer capacity in water can be compensated for by adding a suitable
buffer system of an approximately equimolar mixture of the acid and its
corresponding base because B, as well as 6, will then be greatest. Figure 7.10
illustrates the relation using the example of the pair lactic acid (CH;—CHOH-
COOH, abbreviated HLac)/lactate (Lac). As already discussed, the “proton reser-
voir” produced by such pairs has the greatest capacity when it is half full. This
occurs in this case in the range of proton potential where the buffer capacity of the
water is extremely small.

When there is enough excess quantity of lactate Lac™ present together with its
protonated form HLac (lactic acid) compared to the other dissolved pairs Ad/Bs,
Ad*/Bs*, ..., this buffer system determines the value of the proton potential. The
bases are protonated or the acids deprotonated until the same proton potential is
present everywhere. This is essentially determined by the level equation (7.12) of
the buffer system lactic acid/lactate. When the lactate is half protonated, i.e., if
c(Lac™) = c(HLac), then we have:

#t, = ip(HLAC /Lac™) = —22 kG.

This is why it is possible to buffer a solution at a given proton potential by choosing
an acid-base pair whose basic value lies somewhere around the desired proton
potential. In biology, the most important buffer is the carbon dioxide/hydrogen
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carbonate system with a basic value of —36.4 kG: CO;|g + H,0|l & HCO; |w
+HT |w. It is by far the most important part of the buffer system in the blood which
maintains the proton potential of blood rather precisely between —42.5 and
—41.9 kG (at 37 °C) and balances deviations caused by metabolism. A constant
proton potential is indispensable to life because values greater than —38 kG or less
than —46 kG often result in death.

As a result of the assumed excess and the consequent large buffer capacity,
proton gain or loss leads to only slight yj, shifts in the buffer system. For clarity, we
will look more closely at the example of the lactic acid/lactate system. A buffer
solution that contains lactate as well as lactic acid at a concentration of 0.1 kmol m >
shows a proton potential y, of —22 kG. If 1 cm® of hydrochloric acid at a
concentration of 1 kmol m™ is added to one liter of this solution, it adjusts to a
new proton potential y,'. Adding 0.001 mol HCI to the original 0.1 mol lactate in
1 L reduces the lactate by about 0.001 mol according to Lac™ + H" — HLac, while
the lactic acid increases by that much. Applying the level equation results in a new
proton potential y,':

‘(HLac)'
g = ﬁp(HLac /Lac™) + RTln%,meaning
0.1 —0.001
=22 x10° 314GK ' x298 K x In—————— = —21.95 kG.
s x 10°G +8.314 G x 298 K x T 0001 95 kG

Adding the acid has only changed the proton potential by 0.05 kG.
If, however, the same amount of 1 cm’ of hydrochloric acid is added to pure
water, the proton potential y,”” will be

p," = ity (H;0" /H,0) + RTIne,(H;0")
[according to Eq. (7.3)] and therefore

#y" =0G+8.314 GK™' x 298 K x In0.001 = —17 kG.

By adding the acid, the proton potential has shifted by 23 kG in relation to that of
pure water with —40 kG (compared to a change of only 0.05 kG ! in the case of the
buffer solution).

Having introduced the concept of buffers, and having made it graphically clear
in potential diagrams, we can now understand why the proton potential changes
only very slowly until shortly before the equivalence point when the base of a weak
alkaline pair (such as ammonia solution) is titrated with the acid of a strong acidic
pair (Fig. 7.11). If the “communicating containers” are slowly filled with protons
during titration, the level and the proton potential along with it will, at first, be
largely determined by the “wide-bellied” proton reservoir of the buffer system
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Fig. 7.11 Illustration of titration, using a potential diagram, of the base of a weak alkaline pair
with the acid of a strong acidic pair.

NH; /NHj3. Greater amounts of protons can be added especially in the range that is
most “rounded out” without the level changing noticeably. However, if the proton
reservoir is completely full (equivalence point), a drastic change of proton potential
occurs when more protons are added. However, this change slows down in the
“funnel area” of the “exponential horn.”

7.7 Acid-Base Indicators

Acid-base pairs with strongly contrasting colors are also interesting. Normally,
these are large, water-soluble organic molecules. In tiny amounts, they are used as
indicators. By themselves and in equal amounts in a solution, the members of these

. . . . . .0 _
pairs produce a certain color mixture and a certain proton potential ,up(HInd /Ind™),

which is characteristic of the indicator system because indicator acids (HInd) and
bases (Ind™) obey the level equation (7.12) as well:

¢(HInd)

m. (7.21)

#t, = i,(HInd /Ind~) + RTIn

When the proton potential in a solution is raised by adding an excess quantity of the
acid of a stronger acidic pair, for example, the indicator base disappears due to
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;ﬁieal'%7§;:2?$?0212128 of Indicator y% kG) Color change
and the corresponding Thymol blue —10 Red—yellow
changes of color (acid Bromophenol blue —22 Yellow—blue
color—base color). Bromocresol green —28 Yellow—blue
Methyl red -29 Red—yellow
Bromothymol blue —41 Yellow—blue
Phenol red —45 Yellow—red
Thymol blue —51 Yellow—blue
Phenolphthalein —54 Colorless—pink
Alizarin yellow —64 Yellow—red

Experiment 7.3 Acidity
effect of mineral water: If
the indicator bromocresol
green is put into a bottle of
very cold mineral water, the
solution turns yellow. When
the bottle is opened at room
temperature or the content
heated, a large portion of the
carbon dioxide escapes and
the indicator color changes
to green and finally to an
intense blue.

co,

A Ice bath

)]

L L

Mineral water + S
bromocresol green | @ / i

protonation, leaving only the color of the indicator acid visible. Just the opposite
occurs when the proton potential is lowered. In this case, the acid is eliminated and
the pure color of the base appears. Therefore, the color indicates whether p,, is

greater, smaller, or equal to ﬁp (HInd/Ind ™). Table 7.3 shows the standard values of
some acid—base indicators.

An interesting example for the change of an indicator in color due to a change of
proton potential is the experiment about the acidity effect of sparkling water
(Experiment 7.3). The reason for this acidity effect is the hydrogen carbonate that
is produced when carbon dioxide dissolves in water. When it is cold and under
pressure, it provides enough protons p which form oxonium ions with water:

CO,|g + H,0[1 2 CO;, |w,
CO,|w + 2 H,0[l 2 H;0™|w + HCO; |w.

The indicator’s change of color can also be used to indicate the end point of acid—
base titrations. This is possible because the proton potential climbs strongly while
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Fig. 7.12 Titration curves of weak alkaline pair—strong acidic pair (black solid line) and strong
alkaline pair—strong acidic pair (gray dotted line) as well as the transition intervals of two
indicators.

an acid of a strong acidic pair is being added, as we have seen in a previous section.
This happens exactly when the base, whose concentration is not known, has been
used up. Therefore, the indicator must be chosen so that its characteristic proton

potential ﬁp(Hind/ Ind™) lies between that of the acid—base pairs in the unknown
solution and in the standard solution. This should correspond as well as possible to
the proton potential at the equivalence point. For this reason, the indicator methyl
red is suitable for the titration of the base of a weak alkaline pair with the acid of a
strong acidic pair, but the indicator phenol red is not (Fig. 7.12). The latter can,
however, be used in the titration of the base of a strong alkaline pair with the acid of
a strong acidic pair. In this case, the changes of potential are so drastic that even

with indicators of more strongly deviating /Cip values such as phenolphthalein,
precise results can be obtained.

Indicators are, themselves, acids (HInd) or bases (Ind™) so they also use up the
standard solution when turning their color. They are employed in very small
concentrations in order to keep possible errors to a minimum.



Chapter 8
Side Effects of Transformations
of Substances

Transformations of substances like chemical reactions, phase transitions, distri-
bution in space, etc., are often accompanied by very striking side effects, such as
glowing and flashing, fizzling and cracking, bubbling and rising of smoke. These
side effects which make chemistry so fascinating are primarily based upon changes
of volume that can cause violent explosions and implosions, exchange and gener-
ation of entropy, which is responsible for effects like glowing and heating up, and
energy exchange that we use in muscles, motors, and batteries. The goal of this
chapter is to understand and quantitatively describe these phenomena, and to
sensibly make use of them. For this purpose, the so-called partial molar properties
such as the (partial) molar volume or the (partial) molar entropy of a dissolved
substance are introduced. For describing the changes of volume and entropy
associated with transformations, we will use the quantities molar reaction volume
and molar reaction entropy. The special role of entropy makes a further different-
iation into latent, generated, and exchanged reaction entropy necessary. We will
also learn how the chemical drive of a reaction, the corresponding exchange of
energy, and eventually the generated entropy are interrelated. In closing, this
relationship will be used for determining the chemical drive with the help of a
calorimeter.

8.1 Introduction

In the following, we will be concerned with transformations of substances of the
most varied kind. Among these will be

« Absorption or release of substances,

« Spreading or aggregation,

« Mixing and dissolving processes,

» Phase transitions and chemical reactions.
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All of these processes are accompanied by numerous side effects. Sometimes
these are almost imperceptible, but more often they are very noticeable: something
is glowing or flashing, fizzling or cracking, it is bubbling or smoke rises. These sorts
of accompanying phenomena, which make chemistry so interesting, are based upon

» Changes of volume that can cause violent explosions and implosions,

» Exchange and generation of entropy, which is responsible for effects like
glowing and heating up,

« Energy exchange that we use in muscles, motors, and batteries.

The goal of this chapter is to understand and quantitatively describe these phenom-
ena, and to sensibly make use of them.

8.2 Volume Demand

Pure Substances We will begin with the simplest case, namely change of volume
in transformations of substances. Every substance needs a certain amount of space.
How much this is depends upon how much space is needed by its atoms and the
gaps in between them. The volume taken up is greater, the more of the substance
there is. In order to compare the volume needed by different substances (Experi-
ment 8.1), one relates the volume to amount of substance. This so-called molar
volume V, then serves as the measure of the space needed by a pure substance:

Vm =—  molar volume of a pure substance.
n

The names or formulas of a substance can take the place of the index ,,, for
example, Vy,o = 18.07 cm®mol™! or V(H,0) =18.07 cm® mol~! for the molar
volume of (liquid) water.

The volume demand of a substance is by no means constant, but also depends
upon its milieu. Substances are compressible to some extent and can expand when

Experiment 8.1 Volume
demand of various pure
substances: How different
the volume demand, i.e., the
space taken up by various
pure substances can be, is
easy to show. Cylindrical
blocks all representing an
amount of substance of

1 mol are placed side

by side.
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Fig. 8.1 Dependence of the v 7% for many metals at the melting point
volume of a solid substance 2 ./
upon pressure and Decrease of 1...10%
temperature. Linear Srus dus RS s

\, Z

Standard
temperature

> p
1000 MPa

heated. Volume and molar volume depend upon pressure p as well as temperature
T as demonstrated for a solid in Fig. 8.1.

When pressure increases, V' generally decreases steeply at first and then more
gradually. However, for solid substances, hundreds of MPa are necessary for
attaining a noticeable change of volume. Gases, on the other hand, need much
less pressure (some tens of kPa) for this. The V(p, T) surface often rises in nearly a
straight line in the T direction. For many metals, the increase of volume from O K up
to the melting point is about 7 % (Griineisen’s rule). Toward lower temperatures,
the tangent to the surface becomes horizontal.

Also in the case of molar volume the standard value is the value at “room
conditions,” meaning 298 K and 100 kPa. As before, we add the symbol © as
upper index to the symbol of the quantity, for example,

VO (H,0) = 18.07cm?mol ! at 298K and 100kPa.

The standard values for some pure substances are summarized in Table 8.1. Molar
volume also depends upon the state of aggregation, as the example of water shows.

The lowest molar volume at standard conditions is found for diamond with
3.4 cm® mol™'. The values for solids and liquids are usually of the order of
10 cm® mol™" (where 1 mol refers to 6 x 10** atoms of any type). In contrast,
gases display a considerably greater molar volume of just a little less than
25 L mol~'. Why this is will be discussed in Sect. 10.2.

If the volume is known at a point p, T (e.g., for standard conditions), it is possible
to approximately calculate the values in the vicinity of this point. For this we need
the gradients of the surface in the direction of the p and T axes, (0V/0p); and
(0V/0p) , (see Fig. 8.1). The first coefficient measures the compressibility of the
substance; the second measures its thermal expansion. The molar volume V,, for
other p and T values can be calculated analogously to the method used for the
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Table 8.1 Molar volumes of some pure substances under standard conditions (298 K, 100 kPa) as
well as temperature and pressure coefficients (for corresponding reference values).

Va (OVa/OT), | (3Vw/2p)y
Substance Formula (cm3 mol’l) (cm3 mol™'K~! ) (cm3 mol™! kbar’l)
Graphite C|graphite 5.5 0.00004 —0.017
Diamond C|diamond 34 0.00001 —0.001
Iron Fels 7.1 0.00025 —0.004
Lead Pbls 18.3 0.00161 —0.045
Water ice H,Ols 19.7 [0.0010] [—0.6]
Water H,O[l 18.1 0.0046 —0.836
Water vapor HO|g 24.8 x 10° 83.1 —25x 10’

The value for water ice was extrapolated linearly from 273 to 298 K. The values in brackets are
valid for 273 K

Experiment 8.2 Reduction of
volume by mixing water and
ethanol: A test tube is half-filled
with water (colored with an
appropriate dye). Subsequently, it
is filled to the top with ethanol and
closed with a rubber stopper. After
inverting the tube repeatedly, the
formation of a gas bubble meaning
a decrease in volume of the mixture
can be observed.

Air
Ethanol bubble!

Mixture

chemical potential by applying the appropriate pressure coefficient (0Vy,/0 p); or
temperature coefficient (0Vin/0p) ,, respectively.

Dissolved Substances It is noteworthy that the volume demand for a substance
also depends upon what kind of a chemical environment it is in. Consider this
example. 1 mol of pure water with a volume of about 18 cm? is stirred into 1 m* of
concentrated sulfuric acid, and then the warmed mixture is cooled back down to the
initial temperature. One finds that the entire volume has increased by only 8.5 cm’
and not by 18 cm® as might have been expected. Obviously, water dissolved in
sulfuric acid requires less space and the molar volume is smaller in this milieu:

V2 (H,0 in conc. HySO,) = 8.5 cm® mol .

If sulfuric acid of half this concentration is used, one finds 17.5 cm® mol ™!, A
similar but much smaller reduction of volume of about 4 % can be observed by
mixing equal parts of water and ethanol (Experiment 8.2).
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The volume demand for some substances in certain solvents can even be
negative. The volume shrinks when such a substance is dissolved. An example of
this is the solution of sodium hydroxide in water:

VZ(NaOH in H,0) = —6.8 cm® mol .

When 1 mol of sodium hydroxide in form of pellets is dissolved in 1 m® of water,
the volume of the solution shrinks by 6.8 cm®, as long as the temperature and
pressure are kept constant (Experiment 8.3). This contraction is caused by the H,O
molecules (which are rather loosely packed when in pure water) being concentrated
more densely in the hydration shells of the Na* and OH™ ions.

As we have seen, the molar volume for a pure substance can be easily defined
and calculated. How should we proceed, though, when we want to find the volume
demand of a substance distributed inside another material environment?

Consider a body that absorbs a small amount of a substance. It will generally
expand somewhat (Fig. 8.2). The volume grows because the substance now inside
the body needs space, and by taking this space, the particles loosen the body’s
atomic structure. An example would be the volume demand of water penetrating a
more or less moist block of wood causing the wood to expand more. The measure of

Experiment 8.3 Negative
volume demand of NaOH in
water: The flat-bottomed
flask is filled with colored
water up to the mark (with
the cooling water running).
Subsequently, as many
pellets of sodium hydroxide
as possible are put into the
flask. After dissolution of
the sodium hydroxide and
cooling down of the
resulting solution, the water
level is considerably lower
than before.

| Level drops

Stirrer

|

Fig. 8.2 Increase of volume AV of a 1 \
|
I

block of wood when a small amount An of

a substance (e.g., water) is added (strongly A . I
simplified description; in reality, the n > /

|
. . . . I
dimensional change with changing : |
moisture content is anisotropic because of | s I
I

the inhomogeneity of wood). i e Ve
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volume demand of the substance added is the small observed change of volume AV,
relative to the small amount of substance An added:

AV
Vin v for a small amount An. (8.1)
n

In our example, this is of the order of 15 cm?® mol™".

To be precise, the added amount An (added to an amount 7n, possibly already
present) should be kept as small as possible to keep the body from changing too
much. The volume demand by water in a dry block of wood is different from that in
wood which is already moist. We can express the changeover to infinitesimally
small amounts of substance by replacing the difference quotient by the differential
quotient. Naturally, the pressure p, temperature T, and the amounts #’, n”, . .. of all
other substances inside the body must be kept constant during the entire process.
This is necessary so that no changes occur during volume measurements due to
mechanical compression, thermal expansion, and/or compositional changes while
the substance is being added. In short, the milieu has to remain fixed. This can be
expressed by adding the symbols of these quantities as indices to the differential
quotient (see Sect. A.1.2 in the Appendix):

ov
Vi = | =— (partial) molar volume of a dissolved substance.
on DT,

(8.2)

More graphically: The molar volume of a substance corresponds to the change of
volume which occurs when 1 mol of a substance is put into a very large sample of a
given composition. The great excess ensures that the composition of the sample, as
requested, will remain practically unchanged when the substance is added. This
method is not only useful for mixtures, but for single substances as well. We can
therefore forego using the epithet “partial.”

(@]
We use the value of V,, at infinite dilution (¢ — 0) as the basic value V , of the
molar volume of a dissolved substance, meaning the volume demand of the
substance in the practically pure solvent. The basic value at standard temperature

and pressure is, again, called standard value Vﬁ = ‘O/m (Te, p°). For example, the
molar volume of water strongly diluted in ethanol is not 18.1 cm® mol™' but only
about 14 cm® mol . As a result of the different packing densities of the molecules,
the basic value of a dissolved substance also depends upon what kind of solvent it is
in. Thus, the molar volume of water in concentrated sulfuric acid decreases to only
about 9 cm? molfl, as we have seen.

Depending upon the overall composition of a mixture, the molar volume of a
substance can take very different values. The values can vary between the extremes
of the pure state and the state of infinite dilution. Figure 8.3 shows how the molar
volume of water depends upon the mole fraction of ethanol in an ethanol-water
mixture at 298 K. The molar volume of ethanol is also dependent upon the
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Fig. 8.3 Molar volume of 3 mol™
ig olar volume o h1./m;r(;m mol

water and ethanol in water— 1 N
ethanol mixtures as a
function of the ethanol
content at 298 K. [Note the
differing scales for water
(left) and ethanol (right).] 18 1 i
Water
16
14
T T T T > X EtOH
0 0.2 0.4 0.6 0.8 1

composition. The minimum of the ethanol curve and the maximum of the water
curve are found at the same mole fraction.

If the molar volumes V4 and V5 in a mixture of A and B are known for a certain
composition, the volume of a portion of this mixture results from the amounts and
volume demands of the components:

V=na-Va+ng-Vg. (83)

(Here we have abbreviated Vi, o or Vi, 5 to V4 and Vpg.) In order to derive this
relation, we consider the increase of volume dV when we add small amounts drna
and dng to a mixture of substances A and B while keeping pressure p and temper-
ature T constant:

ov ov
dvV = =— dnay + | =— dng = Vadna + Vgdng.
Ona p.T.ng Ong p.T.na

dV—»nA dV—”lB

We have chosen to use the arrow in the index to make clear that we have increases
in the directions of different variables. However, as mentioned in Sect. 3.11, this
way of writing is optional. The equation itself looks more complicated than it
actually is. The quantities p and T do not change here, so they can be left out,
making the expressions seem somewhat simpler. We can imagine the graph of the
function V(na, ng) as a mountainside with different slopes in the n, und ng
directions (see Sect. A.1.2 in the Appendix). The first differential quotient shows
the gradient m_,,, in the n, direction (imagine it as going east) and the second the
gradient m_,,, in the ng direction (going northward). The product m_,,, dn, is then
simply the increase dV_,,,, of “altitude” V, when one proceeds a small distance dna
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in the n, direction. The same holds true for movement in the ng direction. The total
increase dV for a change in both directions is simply the sum of both of these.
Hopefully, the above equation is now clear.

Let us now imagine adding substances A and B at constant proportions, and right
from the beginning when n, and ng are still both zero. The composition of the
growing regions will then remain unchanged over the entire process, as will the
volume demands V4 and V7§ of both substances. The contribution of each individual
substance to the total volume V is then simply the product of V5 - ns or Vg - ng and
V itself is the sum of these.

In closing, a reminder that molar volume is not a measure of the volume which
the molecules themselves fill, but only a measure of the space they lay claim
to. This space can be much greater. For instance, in its gaseous state at room
conditions, a substance requires about a thousand times the volume that it would
in its condensed state. However, it can be much smaller (even negative), for
instance when it causes the molecules of the substance it is mixed with to move
more closely together, as we have seen happen with NaOH in a dilute aqueous
solution. Naturally, the salt in the solution must have a positive volume, but if the
volume contraction due to hydration is greater than the proper volume of the added
ions, the total volume decreases.

8.3 Changes of Volume Associated with Transformations

The changes of volume observed during a chemical reaction are essentially the
result of the volume demands of reactants and products. We will consider the
reaction of pure or dissolved substances in order to calculate the effect at an
arbitrary extent & of the reaction,

B+B' +... - D+D+....

The starting as well as the final substances may be present concurrently in large or
small amounts and in pure or dissolved states. We assume the pressure and
temperature to remain constant during the whole process in order to avoid unwanted
effects caused by compressibility and thermal expansion. We also require that no
other reaction runs in parallel, i.e., &, £”, .. . are constant. A small extra conversion
A¢ then results in the following change of volume (instead of V,,p for a
substance B, we use, as mentioned, the abbreviated Vg, etc.):

AV =Vp - A4+ Vp -Aé+ ... — Vg -AE—Vg - AE— ... (8.4)
This follows from Ang = Ang =...= —A¢f and Anp = Anpy = ... = +A¢,
respectively.

Every product requires an additional volume Vi, - A, while every reactant
releases a volume Vy, - A&. V,,, denotes the required space of a given substance at
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extent £ of the reaction. In order for the volume demands to have definite values,
concentrations may not change noticeably. This can be achieved by allowing only
small conversions. However, when all participating substances are in pure states,
this limitation is unnecessary.

Because the change of volume AV is proportional to the conversion A& (at least
as long as A¢ remains small), it is more useful to relate information of this kind to
the conversion. Instead of AV, we use the quantity

AV
ARVEA_af: Vo+Vp +...—Vg—Vp —... for small A p,T,&,&", .. const.

(8.5)

ARV(¢) is the molar reaction volume which is the measure of how strongly the
transformation of the substances taking place changes the volume at a particular
extent £ of reaction. The index g refers to “reaction” and serves to differentiate the
molar reaction volume (unit m’ molfl) from a change of volume AV (unit m3).
The expression on the right can be made somewhat easier to understand with the
help of the conversion numbers v;. So far, for the sake of simplicity, we have chosen
vg=Vvg =...=—1 and vp = vpy = ... = +1 in the conversion formula. Thus,
only plus and minus signs have appeared in Eq. (8.5). In the more general case

|VB|B+ |VB/‘B/+... — VDD+VD/D/+...

we obtain

AV
ARV = A_f = VBVB + VB/VBf +...+ VDVD + VDfVD/ +...= ZV,‘V,‘. (86)

The conversion numbers for the reactants are negative and they are positive for the
products.