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4. Influence of Temperature and Pressure on Chemical Changes 
 

Topic: The influence of temperature and pressure on the chemical potential and drive and 
therefore the behaviour of substances. 
 
 
4.1  Introduction 
 
Until now, the tabular values we have used were the so-called standard values based upon 
room temperature and standard pressure (298,15 K and 100 kPa). For dissolved substances, 
the standard concentration is 1 kmol/m3. Up to this point, our statements about the possibility 
of a chemical change have been valid for these conditions only. 
 
However, temperature and pressure often have a decisive influence upon the chemical poten-
tial and thereby, upon the course of chemical processes. Water freezes in the cold and evapo-
rates in the heat. Cooking fat melts in a frying pan and pudding gels while cooling, ice melts 
under the blades of ice-skates and butane gas (the fuel of a cigarette lighter) becomes liquid 
when compressed. The chemical potential ȝ is not a material constant, but depends upon tem-
perature, pressure, etc. 
  
 
4.2  Temperature dependence of chemical potential and drive   
 
To begin, let us consider as a typical example the change with temperature in the chemical 
potential of table salt ȝ(NaCl). For comparison, the graphic also shows the temperature de-
pendence of the chemical drive for decomposition of table salt into the elements A(NaCl o 
Na + 1

2  Cl2). 
 
 
Example: 
ȝ(NaCl) and  
A(NaCl o Na + 1

2  Cl2) 
 
 
 
 
 
 
 
 
It is striking that the chemical potential falls more and more steeply with increasing tempera-
ture. Except for a very few exceptions of dissolved substances (f.e. Ca2+ in aqueous solution), 
all substances exhibit this behaviour. The tendency of a substance to change generally de-
creases when it is put into a warmer environment. 
The chemical drive A(T) which is calculated from the temperature dependent potentials, ex-
hibits a noticeably more linear gradient than the ȝ(T) curves. 
 
The decline in potential appears, at first glance, to contradict the observation that reactions 
progress more readily and more quickly at higher temperatures than at lower ones. But it 
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should be noted that a higher velocity does not necessarily means a stronger chemical drive. 
This can be caused by a smaller or even vanishing inhibition as is actually the case in chemi-
cal reactions. The strong decrease of inhibition resulting from an increase of warming masks 
the mostly weak change to the drive A. Moreover, it should be remembered that A is deter-
mined by the difference of the chemical potentials of the starting substances and the products, 
and not by the absolute levels of potentials. Since the potentials of the initial substances as 
well as of the products decrease as a result of an increase of temperature, the potential differ-
ence which is alone responsible for the reaction drive does not necessarily decrease. It can 
remain constant or even increase, as in our example. 
 
In order to describe the decrease of potential, we will be content with a simple approach at 
first. For example, if one wishes to show how the length l of a rod changes with temperature, 
this can be done with the help of a temperature coefficient which tells us by how much the 
length increases when its temperature is changed by 1 K. The increase in length for a tempera-
ture increase from an initial value of T0 to a value of T can be described by a linear equation 
as long as ǻT = T – T0 is not too large:  

 
l = l0 + İ�ǻT. 

 
The initial value is represented by l0 and İ represents the temperature coefficient. 
 
To indicate the change of chemical potential as a result of warming, we proceed exactly in the 
same manner: 
 

ȝ = ȝ0 + Į�ǻT    . 
  
Here, ȝ0 characterises the initial value of the chemical potential. This represents a value at 
arbitrarily chosen values of temperature T0, pressure p0 and concentration c0 (in contrast to the 
standard value ȝ�). But standard values often serve as the initial values of a calculation, so 
that in special cases, ȝ0 = ȝ�. The temperature coefficient Į represents the slope of the func-
tion ȝ(T) at the point (T0; ȝ0), and is therefore almost always negative, as we have seen. 
 
For the temperature dependence of the drive A of a chemical change  
 

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

A = A0 + ǂ�ǻT   . 
 
The temperature coefficient ǂ of the drive can be calculated by the same easy to remember 
procedure as the drive itself: 
 

ǂ = Į(B´) + Į(B´´) + … – Į(D´) – Į(D´´) – ... . 
 

(Remember that A = ȝ(B´) + ȝ(B´´) + ... – ȝ(D´) – ȝ(D´´) – ... .). 
 

If we take standard room conditions as starting point, the error is about 1 kG for low-
molecular substances for ǻT values of about r100 K. This approach remains useful for rough 
estimates up to ǻT | 1000 K and above, although µ(T) falls sharply with rising temperature. 
This remarkable and (for applications) important circumstance is based upon the fact that it is 
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not the potentials which are decisive in chemical processes, but the drives. When taking the 
difference 

initial final
 �¦ ¦A ȝ ȝ , the progressive contributions of the functions ȝ(T) largely can-

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

ȝ = ȝ0 + Į� ǻT + Į´� (ǻT )2 + Į´´� (ǻT)3 + ... . 
 
Of course, there are other possible approaches; reciprocals for instance, or logarithmic terms. 
However, we do not wish to go into mathematical refinements of this type here because it is 
astounding how far one can actually go with the linear approach. It is our goal here to show 
this.  
 
The following table shows the chemical potential ȝ as well as its temperature coefficient Į for 
some substances at standard conditions (298,15 K, 100 kPa, dissolved substances at 
1 kmol/m3):    
  

Substance Formula µ� 
kG 

Į 
G/K 

Iron Fe|s   0  �27.3 
 Fe|l  5.3  �35.6 
 Fe|g  368.3  �180.5 
Graphite C|Graphite  0  �5.7 
Diamond C|Diamond  2.9  �2.4 
Iodine I2|s  0  �116.1 
 I2|l  3.3  �150.4 
 I2|g  19.3  �260.7 
 I2|w  16.4  �137.2 
Water H2O|s  �236.6  �44.8 
 H2O|l  �237.1  �70.0 
 H2O|g  �228.6  �188.8 
Ammonia NH3|l   �10.2  �103.9 
 NH3|g  �16.5  �192.5 
 NH3|w  �26.6  �111.3 
Calcium(II) Ca2+|w  �553.6  +53.1 

 
Along with the already mentioned basic rule which states that the temperature coefficient Į is 
(almost) always negative, another rule (which almost all substances follow) becomes apparent 
when the Į-values are compared for phase transformations. The temperature coefficient Į of 
the chemical potential of a substance B becomes increasingly negative when the phase 
changes from solid to liquid and finally to the gaseous state. The jump corresponding to the 
second transition (represented by the sign >>) is considerably greater than the one corre-
sponding to the first one. For a substance in an aqueous solution, Į is mostly similar to that of 
the liquid state. The values scatter more strongly, though, so that we cannot easily fit Į(B|w) 
into the other Į-values: 
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0 > Į(B|s) > Į(B|l) >> Į(B|g) 
                                                                 Į(B|w) 

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

�260,7 < < �150,4 < �116,1 < 0. 
 �137,2  
 
(As we will see in Chapter 8, the temperature coefficient Į corresponds to the negative molar 
entropy Sm, i.e., Į  = �Sm. Anticipating this can help with remembering the rules more easily: 
First, in Chapter 2, we demonstrated that the molar entropy is always positive; the negative 
sign of the temperature coefficient easily results from this. Second, the fact that the molar 
entropy of a liquid is greater than that of a solid, and the molar entropy of a gas is much 
greater than that of a liquid, leads to the sequence above (see Section 2.9)). 
 
The chemical potential of gases therefore decreases especially fast with increase in tempera-
ture. Their tendency to transform decreases most strongly so that, by comparison to other 
states, the gaseous state becomes more and more stable. This only means that, as a result of 
temperature increase, all other states must eventually transform into the gaseous state. At high 
temperatures, gases possess the weakest tendency to transform and therefore represent the 
most stable form of matter. 
 
We will use water to take a closer look at this behaviour. Under standard conditions, the 
chemical potential of ice, water, and water vapour has the following values: 
 

 H2O|s H2O|l H2O|g 
ȝ� / kG �236.6 �237.1 �228.6 

 
One sees here that under these conditions, ice melts, and water vapour condenses because 
water in its liquid state has the weakest tendency to transform. However, this changes if the 
temperature is raised or lowered sufficiently. For easy calculation, we will consider a tem-
perature change of r100 K. The following results are obtained using the linear approach: 
 
 H2O|s H2O|l H2O|g 
Į / G�K�1   �45  �70 �189 
ȝ(398 K) / kG �241 �244 �248 
ȝ(198 K) / kG �232 �230 �210 
 
We see that at 398 K (125°C), the chemical potential of 
water vapour has the smallest value and that water vapour 
must result from the other forms, while at 198 K (�75°), ice 
must develop. This result is represented graphically in the 
figure on the right. 
 
Taking the step to calculate the phase transition tempera-
tures now appears obvious: If a substance like lead is solid 
at normal temperature, this is because its chemical potential 
has its lowest value in the solid state. The potential of liq-
uid lead must exceed that of solid lead, otherwise, at room temperature, it would be liquid like 
mercury. We will now visualize this in a diagram (the lowest chemical potential in each case 
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is highlighted): 
ȝ(Pb|s) as potential of an element at room 
temperature (and standard pressure) is 
equal to zero since this value has been arbi-
trarily chosen as the zero point of the ȝ-
scale. Under these conditions, ȝ(Pb|l) must 
lie above this. The chemical potentials de-
crease with warming. This happens more 
quickly in the liquid state than in the solid. 
For this reason, the curves must intersect at 
some point, say at the temperature Tsl. This 
Tsl is the melting point of lead because be-

low Tsl, the most stable state of lead is the solid state, above Tsl, however, it is the liquid state. 
In order to indicate the phase transformation in question, the symbols for the corresponding 
aggregation states are inserted. 
 
We can calculate the temperature Tsl. In order to do this we have to consider the melting proc-
ess 
 

Pb|so Pb|l. 
 
Tsl is the temperature at which the chemical potentials of solid and liquid phase are equal, 
 

ȝs = ȝl.  
At this temperature, the two phases are in equilibrium. The temperature dependence of ȝ is 
expressed by the linear formula: 
 

ȝs,0 + Įs(Tsl – T0) = ȝl,0 + Įl(Tsl – T0).  
By transforming this we obtain 
 

(Įl – Įs)(Tsl – T0) = ȝs,0 – ȝl,0  
and respectively 
 

s,0 l,0 0
sl 0 0

s l

ȝ ȝ
T T T

Į Į
�

 �  �
�

A
ǂ

. 

 
The derivation is somewhat shortened when the following equivalent of the first equation 
 

0 A  
 
is used as a starting point for the existence of a state of equilibrium. If the temperature de-
pendence of the driving force is taken into account, we have 
 

0 sl 0( ) 0T T� � �  A ǂ  
 

and therefore  
 

0
sl 0T T �

A
ǂ

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



4. Influence of Temperature and Pressure on Chemical Changes 

 6

standard values, our calculation yields 
  

sl 1

0 2220 G298 K 620 K
( 64,8) ( 71,7) G K�

�
 �  

� � � �
T . 

 
The result is surprisingly good for this rough approximation. 
 

We will now complete our diagram by 
adding the chemical potential of lead 
vapour. At room temperature, the chemi-
cal potential of vapour lies much higher 
than that of the liquid phase. However, 
with rising temperature, ȝ(Pb|g) falls 
rather steeply, as is usual in all gases. At 
some temperature Tlg the potential of lead 
vapour intersects with that of liquid lead. 
When this temperature is exceeded, the 
melted lead transforms into vapour be-
cause now vapour is the most stable state. 
Tlg is nothing other than the boiling tem-

perature of lead melt. The boiling temperature can be calculated in the same manner as the 
melting temperature, only now the potentials and their temperature coefficients for liquid and 
gaseous states will be used.  
 
There are substances for which the chemical 
potential of the vapour is relatively low 
compared to that of the melt. The potential 
of the vapour can then intersect that of the 
solid below the melting point. This means 
that there is no temperature (for a given 
pressure) at which the liquid phase exhibits 
the lowest chemical potential and is there-
fore stable. Such substances do not melt 
when warmed but transform immediately 
into the vapour state. This phenomenon is 
called sublimation. An excellent example of 
such a substance is frozen carbon dioxide 
which has the characteristic of vaporising without melting. Because of this it is also called 
„dry ice.“ Sublimation temperatures Tsg can be calculated based on the same procedure as 
above.   
 
Other transformations can be dealt with in the the same way. A good object for demonstration 
is the already mentioned mercury iodide: 

 
 
 
 
 
 

 

 HgI2 | yellow HgI2 | red 
ȝ� / kG    �101.1  �101.7 
Į / G�K�1     �186  �180 



4. Influence of Temperature and Pressure on Chemical Changes 

 7

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

2 Ag2O|s  o  4 Ag|s  +  O2|g  ________________________ 

ȝ�: 2�(�11.3)   4�0 0    kG � AՋ = �22.6 kG 
 
Į: 2�(�121) 4�(�43) �205 G�K�1  �   ǂ  = +135 G�K�1 

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

0 D 0( ) 0T T � � �  A A ǂ . 
 
In analogy to the equations above, we obtain 
 

0
D 0T T �

A
ǂ

. 
 

Inserting the A� and ǂ values which are calculated according 
to 

2 2Ag O Ag O2 4Į Į Į � � � �ǂ  results in TD | 465 K. 
 
Experiment: Annealing of Ag2O 
 
When the blackish brown silver oxide is heated by a burner, 
the oxygen that forms can be demonstrated with a glowing 
splint. White shiny silver metal remains in the test tube. 
 
The same procedure can be used, for example, to calculate 
how strongly a compound containing crystal water must be heated in a drying oven in order to 
dehydrate it. Industrially important processes such as smelting of iron ore in a blast furnace 
can also be made accessible to a description. If the technical details are left out, a blast fur-
nace can be considered a chemical reactor where iron ore, coal, and oxygen are introduced 
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and furnace gas and pig iron exit. If this process uses the minimum amount of coal (in the 
reaction equation simplistically represented by carbon) 
 

Fe2O3|s + 3 C|grahite   o 2 Fe|s   + 3 CO|s  ________________________________ 
ȝ�: �741.0   3�0 2�0  3�(�137.2)   kG � A� = �329,4 kG 
 
Į: �87 3�(�6)  2�(�27) 3�(�198)  G�K�1 �  ǂ  = +543 G�K�1 

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

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

0
R 0T T �

A
ǂ

. 
 

We therefore obtain a value for TR of | 900 K. Extra coal 
is needed for the furnace to reach this temperature.  
 
Of course, all of these calculations depend upon access to 
the necessary data.  

 
 
4.3  Pressure dependence of chemical potential and drive 
 
As previously stated, the value of the chemical potential of a substance depends not only upon 
temperature, but upon pressure as well. Moreover, the potential generally increases when the 
pressure increases.  
 
In a small range of pressures, all 
the curves can be approximated as 
linear, comparable to how we de-
scribed the influence of tempera-
ture:  
 

ȝ = ȝ0 + ȕ�ǻp    . 
 
ȝ0 is the starting value of the 
chemical potential for the initial 
pressure p0. The pressure coeffi-
cient ȕ is almost always positive.  
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Analogously, the pressure dependence of drive A of a reaction   
 

B´ + B´´ + ... o D´ + D´´ + ... 
 
results in 
 

A = A0 + ǃ�ǻp    ,      where   ǃ = ȕ(B´) + ȕ(B´´) + … � ȕ(D´) – ȕ (D´´) - ... . 
 
The linear approach is useful for solid, liquid, but also dissolved substances and for the drives 
of the corresponding conversions up to ǻp | 105 kPa (= 1000 bar). For obtaining general ap-
proximations, it is useful even up to 106 kPa (= 10000 bar). In the case of gases and the drives 
of reactions in which gases participate, ǻp/p < 10 % is considered acceptable because the 
slope ȕ of the corresponding curve changes relatively strongly with pressure. For greater 
ranges of pressure ǻp, the mass action relation must be applied. We will be introduced to this 
in Section 4.5. 
 
The following table shows the ȕ values for the substances of the table above. 
 

Substance Formula µ� 
kG 

ȕ 
ȝG�Pa�1 

Iron Fe|s  0  7.1 
 Fe|g   368.3  24.8�103 
Graphite C|Graphite  0  5.5 
Diamond C|Diamond  2.9  3.4 
Iodine I2|s  0  51.5 
 I2|l  3.3  60.3 
 I2|g  19.3  24.8�103 
Water H2O|s  �236.6  19.8 
 H2O|l  �237.1  18.1 
 H2O|g  �228.6  24.3�103 
Ammonia NH3|l   �10.2  28.3 
 NH3|g  �16.5  24.5�103 
 NH3|w  �26.6  24.1 

 
A rule similar to the one for temperature coefficients is valid for pressure coefficients. It is 
very useful for qualitative considerations: 
 

0 < ȕ(B|s) < ȕ(B|l)  <<<< ȕ(B|g). 
   ȕ(B|w) 
 
For clarification, we will single out again the values for iodine at standard conditions given 
this time in ȝG�Pa�1: 
 

0 < 51,5 < 60,3 <<<< 24,8�103. 
 
(In this case, as well, there is a relation to a molar quantity, namely the molar volume Vm. 
Therefore, we have ȕ = Vm (compare Chapter 8). Because all molar volumes are basically 
positive, the pressure coefficient always has a positive sign. The molar volume of a gas is far 
greater (by a factor of 1000) than that of the condensed phases (liquid and solid). On the other 
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hand, the molar volume of a liquid phase is usually greater than that of the solid phase so that 
the sequence above results). 
 
Like any rule, this one has exceptions. For instance, the ȕ for some ions in an aqueous solu-
tion is negative and sometimes – as in the case of water – the ȕ in the solid state is greater 
than in the liquid state. This is exactly the opposite from what the rule would lead us to ex-
pect. 
 
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 small-
est and in the gaseous state, greatest. As a rule, the higher the pressure is, the more stable the 
solid state is compared to the others and the greater the tendency of the substance to transform 
to the crystalline state. Conversely, a pressure reduction results in a preference of the gaseous 
state. 
 
Let us once more consider the behaviour of water from this new viewpoint. The following 
table summarizes the necessary chemical potentials and pressure coefficients: 
 
 

 H2O|s H2O|l H2O|g 
ȝ� / kG   �236.6  �237.2  �228.6 
ȕ / 10�6 ȝG�Pa�1   19.8   18.1  24.3�103 

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

pressure 
Experiment: Boiling by cooling 

  
 
 
 
 
 
 
 

 
 
 

 

 
 
 
We shall take a closer look at a further example of the transformation of a substance under 
pressure. Diamond is a high pressure modification of carbon which should never appear at 
normal pressure. The most stable modification of carbon, the one with the lowest chemical 
potential, is graphite which we know from pencils. A characteristic of graphite is that its 
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chemical potential increases more strongly with pressure than the potential of diamond so 
that, at one point, ȝ(C|graphite) should exceed ȝ(C|diamond) making it possible for diamond 
to form. 

At normal pressure and room temperature, 
ȝ(C|graphite) equals zero because this value has 
been arbitrarily set as the zero point of the ȝ scale. 
The ȝ(p) curve is steeper for graphite than for dia-
mond. Therefore, the two curves must intersect at a 
pressure pĮȕ, which we will call the transformation 
pressure. The index Įȕ indicates that the transfor-
mation of a modification Į (here graphite) into 
another modification ȕ (here diamond) is consid-
ered. Below pĮȕ, graphite is more stable, above it, 

diamond is more stable. 
The pressure pĮȕ can be calculated because pĮȕ is the pressure for which   
 

ȝĮ = ȝȕ.  
The pressure dependence of ȝ is expressed by a linear relation:  
 

ȝĮ,0 + ȕĮ(pĮȕ – p0) = ȝȕ,0 + ȕ ȕ(pĮȕ – p0),  
resulting in 
 

 ( ȕ ȕ – ȕ Į)(pĮȕ – p0) = ȝĮ,0 – ȝȕ,0  
and correspondingly 
 

Į,0 ȕ,0 0
Įȕ 0 0

Į ȕ

ȝ ȝ
p p p

ȕ ȕ ß
�

 �  �
�

A . 

 
The expression shows a great formal similarity to the one for determining a transformation 
temperature whether it applies to a phase change, a decomposition, or something else. 
Inserting the tabulated values results in pĮȕ | 14�105 kPa (= 14 000 bar). Strictly speaking, this 
result cannot be accurate because the linear relations only represent approximations. How-
ever, as a general tool for orientation, it is quite useful.  
 
 
4.4  Simultaneous temperature and pressure dependence 
 
There is nothing stopping us from expanding our ideas to reactions in which temperature and 
pressure change simultaneously. In this case the chemical potential can be expressed as fol-
lows: 
 

0 ǻ ǻȝ ȝ Į T ȕ p � � � � . 
 
Correspondingly, the chemical drive takes the form 
 

pT '��'�� ǃǂAA 0 . 
 
But also the dependence of transformation temperatures from pressure can be determined by 
these equations. Here is a familiar example representative of many others. Ice melts under 
high pressure (if it is not too cold). By nature, the potential of ice equals that of ice-water 
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(ȝ(H2O|s) = ȝ(H2O|l)) at 273 K (0°C) and standard pressure. 
However, because of ȕ(H2O|s) > ȕ(H2O|l), the value of 
ȝ(H2O|s) exceeds that of ȝ(H2O|l) as the pressure increases, 
and the ice begins to melt. This is how a wire loop with a 
weight hanging from it slowly „melts“ its way through a 
block of ice.  
 
Experiment: Ice melting under pressure 
 
As mentioned, water is among the few exceptions where ȕ in 
the solid state is greater than in the liquid state. This special characteristic of ice is responsible 
for the ability of a glacier to flow downward a few meters per day in a mountain valley like 
slow moving dough. Where the ice is under especially high pressure, it melts and becomes 
pliable so that it gradually moves around obstacles. 
 
But a block of ice does not totally melt when compressed because it cools down during melt-
ing. The chemical potentials increase because of the negative temperature coefficients Į. Be-
cause of 0 > Į(H2O|s) > Į(H2O|l), the effect is stronger in water than in ice. The potential dif-
ference due to excess pressure is compensated and the process of melting stops. Again, there 
is equilibrium between the solid and the liquid phase, but this time at a lower melting point. 
Only when the pressure is further increased does the ice continue to melt until additional cool-
ing balances the potentials again.  

 
To illustrate this, let us have a look at 
the figure on the left. If the pressure 
is increased, the chemical potential of 
the solid phase as well as that of the 
liquid phase increase; but this in-
crease is much more pronounced for 
the solid state than for the liquid one 
(because of  ȕ(B|s) > ȕ(B|l) > 0). Thus 
the intersection point of the curves 
(Tsl´) shifts to the left, i.e. the freezing 
point is lowered by the amount ǻTsl.  
 

It is easy to calculate the lowering of temperature in compressed ice which is nothing else 
than the freezing-point depression of water under pressure. The condition for equilibrium ȝs = 
ȝl takes the following form: 
 

s,0 s s l,0 l lǻ ǻ ǻ ǻȝ Į T ȕ p ȝ Į T ȕ p� � � �  � � � � . 
 
If the freezing point of water at standard pressure (T0 = 273 K) is chosen as the initial value, 
then ȝs,0 and ȝl,0 are equal and drop out of the expression. The following relation remains:  
 

s l

s l

ǻ ǻ ǻȕ ȕ
T p p

Į Į
�

 �  �
�

ǃ
ǂ

. 

 
For ǻp = 104 kPa (100 bar), the lowering of the freezing point due to pressure results in ǻT = 
�0,67 K. 
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However, for most substances the 
melting temperature increases under 
pressure (because of ȕ(B|l) > ȕ(B|s) 
> 0) (see the figure on the right). 
Correspondingly, the shifts in poten-
tials cause higher pressure to raise 
the boiling point and a lower pres-
sure to lower the boiling point (be-
cause of ȕ(B|g) >> ȕ(B|l) > 0). This 
is also valid for water as we have 
seen in experiments above. Again, 
the change ǻT can be approximated 
with the formula derived above. The 
value of ǃ for evaporation is roughly 
104 greater than for melting, 
whereas the ǂ values do not vary so 
drastically. Therefore, even small changes of pressure are enough to noticeably shift the boil-
ing point. To achieve a comparable change of the melting point, much higher pressures are 
necessary. A pressure increase of about 10 kPa (0.1 bar) already results in a shift of the boil-
ing point of water of about  +2.0 K, while for a comparable change of the melting point (ǻT = 
�2.0 K), a pressure increase of more than 3�104 kPa (300 kbar) is necessary.  

 
We will close this section with a look at our „home planet.“ The 
temperature increase towards the middle of the Earth 
(> 5000 K) causes the iron core to melt. The pressure which 
grows to 3.6�108 kPa, turns it into a solid again at the very cen-
ter (standard melting and boiling points of iron are about 1809 
K and 3340 K, respectively). This behaviour clearly shows the 
great influence of temperature and pressure upon the chemical 
potential. 
 

 
4.5  Behaviour of gases under pressure 
 
As already stated, the chemical potential of gases is especially sensitive to changes of pres-
sure. For this reason, the pressure coefficient is greater by several powers of ten than those of 
solid or liquid substances. At the same time, ȕ itself is strongly dependent upon pressure. For 
these reasons, the linear approximation is only applicable to a narrow range of pressures (ǻp/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 ȕ has not only a 
large value but the same value for all gases at standard conditions. Apparently, the pressure 
coefficient ȕ 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: 
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RTȕ
p

       where  R = 8.314 G�K�1. 
 

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

0 ǻRTȝ ȝ p
p

 � � . 
 

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

0
0

ln pȝ ȝ RT
p

§ ·
 � ¨ ¸

© ¹
   . 

 
The pressure coefficient ȕ of gases is nothing other than the derivative of the function ȝ(p) 
with respect to p. If we take the derivative with respect to p of the function above, we retrieve 
the first equation. 
 
{For those interested in mathematics: The equation above can be transformed to result in 
 

ǻ ǻRTȝ p
p

 � . 
 

For small (infinitesimal) changes, the relation is  
 

d dRTȝ p
p

 . 
 

If we wish to calculate the change of the chemical potential from the initial value ȝ0 to the 
final value ȝ for a change of pressure from p0 to p, we must integrate both sides. The follo-
wing elementary indefinite integral will serve well for this: 
 

1 d lnx x C
x

 �³ . 
 
Inserting the limits results in: 
 

0 0

1d = d
ȝ p

ȝ p

ȝ RT p
p³ ³ , 

 
and respectively, 
  

0
0

ln pȝ ȝ RT
p

�  .} 
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In contrast to the linear approximation, this still relatively simple logarithmic formula spans 
the much wider range of pressures from between zero and 104 kPa (100 bar). The range of 
validity will be discussed in more detail in section 5.5. 
 

Let us take a closer look at these relations using 
the example of butane (the fuel in a gas lighter). 
The ȝ(p) curve of gaseous butane shows the 
expected logarithmic relationship. Futhermore, 
we can see from the figure that, when com-
pressed at room temperature, butane turns into 
liquid relatively easily. The so-called “boiling 
pressure” plg, i.e., the intersecting point of the 
potentials for the liquid and the gaseous phase, 
lies only a little above 200 kPa. This intersect-
ing point characterises the state of butane in a 
lighter at room temperature. However, further 
important information can be derived from the 
figure: The ȝ(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.   
Furthermore, the chemical potential of a gas continues to decrease with falling pressure. The ȝ 
value approaches negative infinity if the pressure approaches zero. 
 
This leads to the following remarkable conclusions. We can infer, for example, that calcium 
carbonate CaCO3 cannot be stable if the CO2 pressure in the environment falls to zero. In this 
case, the chemical potential of CO2 would have the value �f. The reaction  
 

CaCO3|s �o CaO|s  + CO2|g  _______________________ 

ȝ�: �1128,8  �603,3 �394,4      kG  � AՋ = �131,1 kG 
 
Į: �93 �38 �214     G�K�1 � ǂ  =  +159 G�K�1, 
 

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

23 COCaOCaCO PPP � , 
 

we have equilibrium. We ignore the pressure dependence of solid substances because, in 
comparison to gases, it is smaller by three orders of magnitude. We only take the dependence 
for CO2 into account: 

¸̧
¹

·
¨̈
©

§
�� 

0
,0CO0,CaO0,CaCO ln

23 p
p

RTPPP . 
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This results in 
 

¸̧
¹

·
¨̈
©

§
 ��

0
,0COCaO,0,0CaCO ln

23 p
p

RTPPP . 

 0A  
 

and 
 

¸
¸
¹

·
¨
¨
©

§
¸̧
¹

·
¨̈
©

§
 ¸

¹
·

¨
©
§

0

0 lnexpexp
p
p

RT
A

 

  
or, respectively, 
 

¸
¹
·

¨
©
§ 

RT
pp 0

0 exp
A

. 

 
In order to calculate the decomposition pressure for a temperature different from standard 
temperature, the ȝ values in the exponents only need to be converted to the new temperature. 
The linear formula for temperature dependence is generally good enough for this: 
 

0 0
0

( )exp T T
p p

RT
� �§ · ¨ ¸

© ¹

A ǂ . 
 
With the help of corresponding data, the p(T) curve can be determined. This curve gives the 
decomposition pressure as a function of temperature: 
 

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

§ ·� � � � �
 � ¨ ¸�© ¹

T
p

T
. 

 

 
 


