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T em per at ur e and P r es s ur e D ependence

Only in a zero approximation µ can be regarded as constant.
A more detailed approach considers the temperature and pressure dependence of µ. Often
linear approaches are sufficient:
ì = ì0 + á·(T - T0)
ì = ì0 + â·(p - p0)
For the temperature coefficients á and pressure coefficients â of the chemical potential of a
substance B the following rules are valid:
á(B|g) << á(B|l) < á(B|s) < 0
0 < â(B|s) < â(B|l) <<< â(B|g)
Already these qualtitative rules allow many useful conclusions, but also quantitative
considerations are possible.
Because of the rule above chemical potentials decrease with heating. This happens for
example more quickly in the liquid state than in the solid.
Þ The curves intersect at the melting temperature Tsl.
Other transformations can be dealt with in the same way,
e.g. the annealing of silver oxide,

A linear approach can be chosen if the concentration
change Äc = c - c0 is small:
ì = ì0 + ã·(c - c0)
While á and â (except for gases) still depend from the
type and the milieu of the given substance the
concentration coefficient ã is a universal quantity:
RT
for small c at constant T
ã=
c
The combination of these two relations results in the socalled “mass action equation”:
ì = ì0 + RTln(c/c0) = ì0 + RTlncr mass action equation
If the concentration c decreases one decade (a factor of
ten), the chemical potential always decreases by the
same amount, the “decapotential” ìd (5.71 kG at 298 K).

2 Ag2O|s ® 4 Ag|s + O2|g
$

ì /kG 2·(-11)
á/G·K-1 2·(-121)

< 4·0
+0
4·(-43) -205

process not
possible

ìB + ìC + ... = ìB + RTlncr(B) + ... = ìD + ìE + ... = ìD + RTlncr(D) + ...
From this follows: Kc= exp

(

ìB + ìC +... - ìD - ìE - ...
RT

cr(D)·cr(E)·...

) = c (B)·c (C)·...
r

The formation of a substance against
its “tendency to change” ì requires the
energy W. This energy increases with
· increasing amount Än of the newly
formed substance,
· increasing counteractive “drive” ì
W = ì·Än
for small Än

3+

–

that of excess Fe or SCN solution, however, again to the product side.

M i xt ur es

homogeneous mixture G:
chemical potential of the component A in the mixture:
ìA = ìA+ RTlnxA
Þ ìG = xAìA + xBìB +
RT(xA·lnxA + xB·lnxB)
heterogenous mixture Ã:

ì

ìÃ = xAìA + xBìB

1) The tendency of a substance

The mean chemical potential depends
not only on the composition but also
on the temperature. Together with the
fact that the phase with the lowest
chemical potential at a given temperature will be stable these dependencies
can be used to construct the phase diagrams of mixtures.

• to react with other substances,
• to transform into another state,
• to redistribute in space
can be expressed by the same quantity – namely ì.
2) The magnitude of this tendency, meaning the numerical value of ì
• is determined by the nature of the substance, as well as
• by its milieu (temperature, pressure, concentration, solvent,
field strength, ...),

Example: mixture of two
liquid components
(high temperatures: single
minimum Þ homogeneous
mixture
low temperatures: a maximum
and two minima Þ In the
composition range between
the two minima a mixture of
two phases is more stable than
a single-phase solution)

3) A reaction, transformation, redistribution proceeds only
spontaneously if the tendency for the process is
more pronounced in the initial state
than in the final state.

W = S(T2 - T1)

W = n(ì2 - ì1)

P r edi ct i on of P os s i bl e R eact i ons

CaCO3 + 2 H+ ® Ca2+ + H2O

+ CO2

ì$/kG -1129 + 2·0 > -554 + (-237) + (-394)
>
-1129
-1185
ì
process possible
Reference level of chemical potentials
The heights of mountains
are not referred to the geocentre but to the sea level.
It is similarly practical to
choose a convenient level
of reference for the values
of the chemical potential,
e.g. the pure elements in their most stable
modification under standard conditions.

Pure substances (for 298 K and 100 kPa)
ì/kG

Substance

Formula

Iron

Fe|s

0

Oxygen

O2|g

0

Marble

CaCO3|s

Quartz

SiO2|s

-856

Carbon dioxide CO2|g

-394

Table salt

NaCl|s

-384

Water

H2O|l

-237

Water vapour

H2O|g

-229

Paraffin wax

»(CH2)|s

Benzene

C6H6|l

+125

Ethyne

C2H2|g

+210

Unit: Gibbs (=J/mol)
ì=0
valid for elements

-1129

+4

(Abbr.: s: solid, l: liquid, g: gaseous)

ì<0
Þ substance can
be produced voluntarily from the
elements

ì>0
Þ subst. tends to
decompose
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Q uant um S t at i s t i cs

1

Weight as model
Just the sum of the weights G on each side –
positive or negative ones – determines to
which side the seasaw leans.
The left side wins, if
G(A´) + G(A´´) + ... > G(B´) + G(B´´) + ...
Equilibrium is established, if
G(A´) + G(A´´) + ... = G(B´) + G(B´´) + ...
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Just like in the case of pure substances a chemical potential can be assigned to a mixture of two components A and B with the mole
fractions xA and xB:
ìM = xAìA + xBìB
mean chemical pot.

• but not by the nature of reaction partners or the products.

The sum of the chemical potentials ì on
each side of the reaction formula
A´ + A´´ + ... ® B´ + B´´ + ...
– positive or negative ones – determines in
which direction a reaction tends.
Example: Dissolution of marble in hydrochloric acid
Also the solution behaviour
of gases like ammonia or the
formation of ethyne can be
easily explained in this way.

r

Wanted

W = m(ø2 - ø1)

Kc: equilibrium constant

Equilibria can also be disturbed: For example, the addition of water causes a
shift of the equilibrium to the reactant side for the reaction
¬ [Fe(H2O)3(SCN)3] + 3 H2O,
[Fe(H2O)6]3+ + 3 SCN– ®

The chemical potential,
commonly defined as the partial
derivative of a quantity which involves energy
and entropy, is often regarded as a difficult concept.
As a fast and simple way without frightening mathematical
apparatus the chemical potential can be introduced as “tendency
to change” which is firstly characterized by its typical and easily observable properties, i.e. by designing a kind of “wanted poster” for it. The
weight may serve as a simple model for such a phenomenological definition
with following direct metrization of a physical quantity.
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Analogously, the energy needed for
the transfer of an amount of substance
n from a low chemical potential ì1 to a
high potential ì2 is given by
W = Äì·n
In contrary, the transfer of a substance
from a high (ì1) to a low potential
(ì2) releases energy. This released
energy can be used by special
apparatus, so-called “matter engines”,
comparable to water mills or steam
engines.
Example: “drinking duck” which uses
the potential difference between liquid
water and water vapour

The more concentrated the
application the more intense
the effect. This is also valid
for the mass action.

A very important application is the derivation of the “mass action law.” If we consider a
general reaction
B + C + ... ® D + E + ...
the equilibrium is etablished if

Because of the strongly negative á value of the gas O2 the
process is favoured by a temperature increase.
A simultaneous temperature and pressure dependence can be described for example by
ì = ì0 + á·ÄT+ â·Äp
By use of these equations the phase diagram of a substance can be calculated if the phase
transition is formulated as reaction and the equilibrium condition is considered, e.g.
ì(B|s) = ì(B|l)
B|s ® B|l
melting process

R el at ed E ner gy
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C oncent r at i on D ependence

When the molecules of a substance are put into an excited state which is higher in energy by
å, the chemical potential of the substance increases by the molar energy å/ô:
µ0(å) = ì0(0) + å/ô
excitation equation
(ô = NA-1:elementary amount of substance)
Molecular velocity distribution (MAXWELL distribution)
As one example of many the distribution of particle velocities in a gas shall be derived. We
conceive of B as a thin gas consisting of particles characterised by the molecule mass m and
the velocity vector v.
Assumptions:
· All particles with the same v are considered as molecules
of a “substance” B(v).
· The entire gas is an equilibrium mixture of many such
“substances”.
· The energy and chemical potential of the “substance”
B(v) can be described by:
2
å(v) = ½mv
kinetic energy of a particle
ì0(v) = ì0(0) + ½mv 2/ô
excitation equation
The change of velocity of the particles through frequent
collisions appears as transformations of a simple type
B(v) ®B(v´). According to the mass action equation we have
ì = ì(v) = ì0(0) + ½mv 2/ô + RTln(c(v)/c0) identical for all substances B(v) in equilibrium
By solving for c(v), the equilibrium values of the concentrations, we obtain the desired
distribution:
ì(v) - ì0(0)
½mv 2
m (vx2 + vy2 + vz2)
c(v) = c0·exp
c(v) = c(0)·exp ·exp kT
RT
2kT
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