Lecture 10: 10.14.05 Chemical potentials and the Gibbs free energy

Today:
LAST TIME .....uoiitiitieie ettt ettt ettt ettt ae e e ae et e e aa e e ae e eaeeeteese e st e eaeeeaeeeaeenteenseeneea 2
APPLICATION EXAMPLE: PREDICTING SPONTANEOUS WETTING .....uuuuueeeeeieeeerriiiiieeeeeeeeerrrnnnieeeeessseesssnnnns 3
DESCRIBING MULTI-PHASE/MULTI-COMPONENT SYSTEMS .......ccevvtuuuiieeeeeeeeeerrinieeeeeeeeeerrrnnnieaeeessseessssnnns 4
Molar and PartiQl MOIAT QUARTITIES ............cc.ccooueerueeeriieieiieieieieeeeteteet ettt ettt st sttt sttt e e ne e sneneas 4
The partiQl MOIAT free@ EMETGY .........co.coueuevueuirieirieciiieieieeeeeete ettt sttt sttt st s a et b b snenes 7
CHEMICAL POTENTIALS IN MULTI-PHASE MATERIALS AT EQUILIBRIUM .......ccvuuuieeeeeeeeierirniiieeeeeeeeeeersnnnns 8
Materials that rearrange their components t0 reach eqQUILIDTIUM ..................ccoeeueireeiniecireciieieineeeet et 8
REFERENCES .....uoiitiiitiiiiiieetie ettt ettt et ettt ettt ettt ettt eene e ae et et e eneeeaeeeae s 10
Reading: Engel and Reid, Ch. 6.4.
Supplementary Reading: -
Lecture 10 — chemical potentials at equilibrium 10f 10

10/14/05



Last time

A summary of fundamental equations:

Experimental Key Fundamental At equilibrium, this | Mathematical Mathematical
conditions Equation function is... criterion for criterion for
possible equilibrium
processes
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Application Example: Predicting spontaneous wetting

CONSTANT TEMPERATURE, PRESSURE: Will liquid B spontaneously spread on solid A?

e
N

*[] Implications for:
o1l Mixing of liquids
o[l Formation of stable coatings
o1 Designing biocompatible materials
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Describing multi-phase/multi-component systems

e Before discussing chemical equilibrium in multi-phase/multi-component systems, we need to introduce
some nomenclature used to describe such systems

Molar and Partial molar quantities
Molar quantities
* Rather than calculating total amounts for extensive quantities like internal energy and entropy, it is often

convenient to define molar quantities for single-component systems- the amount of Y per mole of
material. The molar value of some extensive quantity Y is defined as:

e The units of molar quantities are thus the same as the parent variable per mole- internal energy is J/mole,
entropy is J/mole<K.

Molar quantities for composition

e consider a two-component system (A and B atoms) that has 2 phases present, a and f:

e The composition of each phase is:

a phase: total moles of atoms in a phase:

moles of A atoms in a phase: mole fraction of A atoms in a phase:
moles of B atoms in a phase: mole fraction of B atoms in a phase:
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p phase:

* How do we describe the composition of the system as a whole? The convention is to use the average
composition: The average composition is expressed as total mole fractions of A and B in the system.

* The phase fractions f and f are the mole fraction of total atoms residing in each phase:

o The last relationship is required since the sum of the phase fractions must be 1.

Partial molar quantities in multi-component systems

* Molar quantities are more complicated for a multi-component system. When multiple components are
present, the question becomes, Y per mole of what? To handle this situation, we define partial molar
quantities that define extensive variables per mole of each component. A general partial molar quantity is

defined as:

o[l Because Y depends on the amount ny, ng, ne, ... of moles of each component present, we define
it as a partial derivative with respect to one of the components, while the numbers of all other
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components are kept constant. The partial molar quantity is thus, in words, ‘the amount Y
changes upon addition of a mole of component i, while all other components are kept constant
(and at constant temperature and pressure).” Note this last phrase that is part of the definition of
partial molar quantities- the derivative is taken at constant temperature and pressure.

+ Partial molar quantities Y, are related to the total quantity Y by:

e The usefulness of partial molar quantities can be seen if we consider the example of determining the
partial molar volume of a multi-component system. If we have a single-component system, the molar
volume is just:

But suppose we have a two-component system (with components A and B). A and B may have
very different molecular volumes- thus addition of a mole of A to the system may have a very
different effect on the total volume than addition of a mole of B. The partial molar volumes allow
us to quantify these differences:

This can be of course generalized to any number of components.

Adding alcohol to water at first decreases the total volume. But adding
more alcohol increases the apparent volume Vapp.

Vapp (em?® mol-1)

7T =

73 —

69— | -

0 0.5 1.0
Mole fraction alcohol

Figure by MIT OCW.
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The partial molar free energy

* Avery useful partial molar quantity is the partial molar free energy:

— (G
dni T.,P.nj,;

o Thus, the partial molar free energy is equal to the chemical potential. In words, the partial molar
free energy is the change in total free energy that occurs per mole of component i added, with all
other components constant (at constant T and P). The chemical potential of i measures the
change in free energy caused by adding more of species i to the system.
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Chemical Potentials in Multi-phase materials at equilibrium

Materials that rearrange their components to reach equilibrium

*[] We briefly discussed chemical work in Lecture 7- and how a multi-phase material that cannot exchange
molecules with its surroundings can still alter its internal energy (or free energy) by rearranging the
molecules within its phases, creating new phases, or eliminating phases that were present initially.

Matter and energy can exchange among
phases within a closed system:

p a B o

Closed system

These rearrangements are driven by the chemical potential, but we haven’t yet examined what
happens to the chemical potentials of different components at equilibrium, and we haven’t yet
shown how the value of the chemical potential dictates motion of molecules. Do molecules move
from high chemical potential to low chemical potential, or vice versa? When is there no driving
force for molecules to exchange between phases?

(0]

* Inlectures 8 and 9 we saw how one can use the second law to predict the equilibrium values for
temperature and pressure. We can now perform a similar analysis to determine what the chemical
potential should be in a closed multiphase system at equilibrium under conditions of constant
temperature and pressure. We do this by applying the equilibrium condition dG = 0 under the
constraint of conservation of matter:

*[1 Our equilibrium condition at constant T and P is dG = 0. If we combine this equilibrium criterion with the
conservation of matter equations above, we can write the following:
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o This expression expanded for the case illustrated above, of a two-component, two-phase system
would be:

B atoms A atoms
o

p—>
Spontaneous
diffusion
a: 88 mol% A o: 76 mol% A
B: 14 mol% A B:29 mol% A

o Atequilibrium, the chemical potential of a given component in the system must be equal
in every phase. The chemical potential of one component does NOT necessarily equal
that of another, different component.
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