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Alan W. Searcy
Inorganic Matefials Research Division, Lawreﬁce'Berkeley Labératory
and Depsrtment of Materials Science and Engineering,
College of Engineering; University of California,
Berkeley, California 94720
July 1972 ' ——
ABSTRACT

Accepted thermodynamic theory assumes chemical equilibrium to
require that the chemicai.potential ﬂi of each componenﬁ i be tbe same
throughout the system. A thermodynamic fheory is developed in which a
mofe restrictive constraint is postulated. Each chemical component is
assumed to be characterized by an average molar free energy content
which must have the same value throughout a system at equilibrium. Sub-
sets of a chemical component in non-ideal phases atvequilibrium may have
different sets of accessible energy states from those available to other
subsets; as:a consequence, the average molar free energies for a com-
ponent i of such phaseé may differ from ui. The new theory is con-
sistént with the laws of thermodynamics, and it predicts the same con-
ditions of equilibrium as accepted theory for hémogeneous reactions in
dilute solutions, even if imperfect, and ih heterogeneous equilibria of
all components between perfect solutions or of éolutés bétween dilute
_501utions. But conditiops of heterogeneous equilibria involving one or
more non-ideal solutions are predicted to be different frbm conditions
predicted by accepted theory.

Inconsistances which havg been reported befween values of My célcu—

lated from calorimetric data for metallic solutions and values from vapor
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pressnfe ot emf measurements are predicted by the new theory.
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Introduction

The macroscopic theory of thermodynamics has been the subject of
many careful studies.l’2 Those studies have demonstrated that equilib-
rium thermodynamic theory can be derived from a-compact set of strongly
buttressed postulates and is consistent with a large quantity of experi-
mental data. As a consequence of the evidence, probably almost all
physical scientists would agree with a statemeﬁtvby Peter Fong3 that
"As far as a macroscopic theory of equilibrium is concerned, thermo-
dynamics-~-has been developed to such a state bf perfection that no more
drastic new discovery is expected."

A major reason for the high level of confidence in macroscopic
thermodynamic theory is the fact that it has seemed to depend upon no
assumptions that can be questioned unless one questions the laws of
thermodynamics themselves. Because of this apparent independence of
assumptions, any discrepancy noticed between thermodynamic theory and
chemical étructufe and bonding theory is inevitably.settled in favor of
the therm§dynamic theor& on the general grounds that arguments from
models are unreliable.

Buf the definition of the chemical potentisl itself implies a
model for chemical thermodynamic systems--a model that is not imposed
as & requirement of the laws of thermpdynamiés. The definition of the
chemical potential is almost certainly the most géneral and ‘mathemati-
cally appealing postulate that can be formulated to describe the con-
tribution of the chémicalvcomponents of a system to its total thermo-
dynamic properties. Nonetheless, as & postulate, it should be judged

on the extent of agreement it provides with‘experimental data in
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competitioﬁ with any alternate ?ostulate which also is compatible with
the laws of thermodynamics.. |

The central purposes of:this paper are (l) to‘postulate a relation-
ship between the properties of the éhemiCal cbmponénfs of a thermodynaﬁic
‘system and the integral thermodynamic properties of that system which
differs from the rélaﬁionship defiﬁed by the chemicﬁl potential end (2),
to illusffate some of.the consequenéesbof the new postulate. The
thermodynamic theory which results from the new postulate is consistent 
with the laws of thermodynamics and the Gibbs-Duhem relation and leads
to the same prediéted_conditions of equiiibrium for gas‘phase feactions,
:for partitioning of components between perfect sélutions, and fér homo-
geheous éQuilibria in dilute non-ideal solutions és does the accepted
theory. But the_new theory predicts differént éonditions from those
now acgepted as correct.for heterogeneous equilibfia involving a non-
ideal sélution and for liquid drop-vepor and crystallite-vapor equilibria.

In the present paper I say little about equilibria between drops |
or crystallites and their vapor because thése tbpics seem best reserved
'fér a'separafe discussion of the ﬁhermodynamics bf surfhces and—intéf; 
faces. | ABut I shoﬁld mention that it was in the éourse of
studyiné’theories of vaporization kinetics for surfaces that I found.
discrepancies between concepts and predictions_fofﬁulated in terms of
Gibbs.freé energies and those formulated in terms of fugacities which
led mé to question the accepted theory.
Thoéé discrepancies:could be resolved by assuming fugacities to be'

related to the partial molal Gibbs free energies of particles at constant
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lear surface area rather than at constant total surface area. That
assumption conflicted with accepted theoretical proofs that surface
free energies influence vapor pressure only through their effects on

b,5

internal pressures of the bounded phases. The,divergence of my
analysis frdm accepted theory seemed to arise at a poinﬁ common to more
of chemical thermodynamics than to surface thermodynamics alone.

I had consciously treated small particles as. if they are giant
molecules. This has the effect of making the fugacity of a single com-
ponent particle a function of its average molar free energy éontent.' If
this relationship is to be assumed for particles, consistency requires
that g similar relationship be assumedlﬁetween the fugacities 6f com~-
ponents of solutions and their free energy confents. Such & relation-
sﬁip is not consistent with.accepted thermodynamic theory, but the
studies of Elliott and co-workers encduraged me to think that thermo-

7,8 Elliott and co-workers

dynamic solution theory might be imperfect.
have collected a considerable body of data for intermetallic solutions,
gsome of which conflicts with accepted theory‘.8 The thermodynamic theory
that has fesulted from the new analysis predicts the general kind of
behavior that theyreport and provides an explanatipn of the systematic
disagreement that they have noticed between data obtained by different.
experimental methods.

The Chemical Potential in Thermodynamic Theory

The discussion that follows will always be in terms of the Gibbs

free energy. The principal reason for this choibe is that at constant

temperéture and pressure labile phase transformations (ﬁhe melting of‘

ice to liquid water, for example) are possible at constant Gibbs free
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energy which have no counterparts when temperatﬁre ofvpressure is re-
placed by a different indepéndent variable, suph‘aé #olume. Specific

" consideration of labile equiliﬁria ié hot necessary to a discussion of

. the distinctionsvbetween the new and the acceptéd fheory, but a con-
Sideraﬁion 6f 1abile'equilibria is essential to a full description of
heferogeneous equilibria. | |

Gibbsl intrédﬁced'thé function now known as. the chemical potential

u to déséribé the dontributign of each chemical component to‘thé thermo-
dynamic functions of a chemical system. In multicomponentbsystems;.the
chemical potential for component i can be definéd as the paréial
derivative of the Gibbs free energy teken with temperature T, pressure P,

and the quantities of all other components nJ—--held constant:

3G - ' ' |
s = |57 : (1)
. [ani] T:P :nJ“" B

WhenAthis relationship is adopted, the change'in’Gibbs free energy
of any phase as a function of temperature, pressure, and quantities of

' the chemical. components, if suiface area is negligiblé, is
dc = V&P - 84T + I dn, | | (2)

Equilibrium between two phases, o and B, at constant temperature
and préssure requires that ac”* = dGB, from which it follows that the
chemical'potentials for each component must be the same in each phase.

That is for component i, for example,
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o _ B o
My = My _ | (3)

As néted in the introduction, the definition of the chemical
potential either by means of Eq. (1) or in the alternate forms that can
be writtenl implies & model for chemical systems. Implicit in the deri-
vation of Eq. (3) is the assumption that additional constraints are
absent. The theory to be proposed in the next séction assumes a stronger
constraint on multi component equilibria than imposéd by the requifément
% - acb, |

Some cénsiderations outside accepted fhermodynamic theory are cited
as provisional justification for changes from accepted theory; In order
to dévelop a model that agrees as closeiy as possible with our percep- -
tions of the nature of chemical interactions, the-chemical component is
assigned a more prominent role than in éccepted theory.

An Alternate Theory of Cﬁemical Equilibrium

The components of a chemical system are defined, as usual, as the
minimum set of elements or compounds from which the system can be formed.
For simplicity in writing, this paper will usually speak of componenﬁs
as atoms.

A specific phase is defined as a‘phase for ﬁhich all intehsive
properties are fixed. Ahy change in compositidn, temperature,.pressure,
structure or other intensive variables by even a differential amount,

other than statistical fluctuations about an average, produces a change

in specific phase.
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The conclusion of accepted theory that ui'= ui when specific
phases o and B are at equilibrium is derived from the fundamental require-

ment that the total freg energy G of a closed Sysfem.be a ﬁinimum'at
constant temperature and pressure. In thé new theory, a more restrictive
condition of equilibrium is assumed. It is assumed that each chemical
component of a muiticomponent syStém, for examplg ¢omponent i, has an
identifigble free energy-contenf Gi'such that GT:¥-Gl + G2 + - Gi + -
and each of these free'energy céntents 6f the sum‘must”bersepérately
minimiéed.i This assumption has the immediate corollary'thaf the com-
ponent i in a quantity of a spécific phase o sﬁffiéient’td contain n?
moles of component ibhas an idenﬁifiable free energy content G?. One of

.the intensive properties of phase o then is an average molar free energy

content'

wi = —0.- _ ‘ ("")
n,
1

The nature of this average wili be discussed in more detail Iatér.
At this point it is important to identify the differences between
w? and the chemical potential. The quantity wz is not given by Eq. (1),

as is the éhemical»potential. The average molar free energy of com- : -

ponent i is given by

o . |
B ()
i an® / : .

i/ T,P,c _ ,

This differential is not for the total free energy content of phase a,

GG.

s Dut for the free energy content of component i in phase alpha, G?, and 
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the subscript ¢ is used to indicate that the differential is at constant
composition of phase O rather than at constant.ﬁumber,of moles of com-
ponents other than i in phase . When two phases, a and B, are at
equilibrium there is no thermodynamid driving force for transfer of any
component, say i, from one phase to the other. This condition is

realized when
a_ B
w; = Wy | | - (6)

In the new theory W, serves the function in determining what Lewis

called the escaping tendency that W, serves in accepted theory.g’10

Accordi_ngly',wi can be called the escaping potential for component 1i.
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Equation (6) may eppear to be nothing more than a restatement with
a change of symbols of the requirement of the accepted theory that at

B one interpretation of the accepted theory is that

equilibrium u? = ui,

each chemical potential is itself simply a measure of an averagé molar
free energy‘for one component. This intérpretation'is encouraged by
- the fact that a requirement for equilibrium in the accepted theory is
that the chemical potential fof each’ component 'be identical iﬁ all
parts of anyvphase or particle at equilibrium‘l' That thereiis é dif-
ference.between wi ahd ui for some chemicalvsystems, will be‘appafent
after the conditions for local equilibrium in condensed phﬁses or
particles have been deVelqped{
| For a phase to be at internal equilibrium, it is necessary that
the average molar free energ& for each component ﬁéve the same value
throughout the éhase when the volume elements éompared are large_enough 
to be viewéd as internally homogenéous after thermal fluctuations are |
averaged. If this requirement were not met, the phase would be unstable
with respect to transfer of a component from & volume element in which
its average free energy content is high to a volume élement in which
its average free energy content is lower. H |

In a condensed phase, however, local equilibrium within these
homogeneous regions is ppstﬂiated in the new theory to require only that
‘the average free energy content for each component summed over the local
vblume be.é minimum and not that all atoms or molécules of a compbnent‘
have & single set of éccessible free energy states; .The term "set of
free energy states" applied to a subset of the atoms or mblequles of a

particular component is meant to identify atoms or molecules which
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because Of different éhemidal énvironﬁents, have differént zero point
energies from other afoﬁs or molecuies bf:the éamé component in the same
phase. The rélative'éoncéntrations'of compbnentfatoms B;longihé to .
these different séts cannot be described_byvd céﬁfentional gquilibrium
constaht. - | |

“JFér.ﬁélécﬁles the_ékiétahée of sépératevséts'of‘freévénergy:states
for a gi#en componént_whéh iﬁ differenﬁ'énvironhents within:the molecule
is alread&’at-least implicitly accepted. For example, the totalvmoleéu-
lar energy of organic moiécuiés can be calculated as fhe sum of the.
energies of the bonds present.ll The energies.aésigned to cafboﬁ;carbOn
single_bdndé‘are.different from those assigned.fo éafbon-carbon double
bonds or triple bénds. Whén the bond energiesiaie viewed as Joint vconé'
tributions of the atomé bonded , this’procedure amounts to sﬁmming.energy
éontents for thé_compdnent'atoms, ﬁith these energy contents for‘any.
given comﬁonéht atom a fupctibn of.the'number'andvkind of néighborins
atoms;.‘Furthermoré, an'equilibriﬁm cohstaﬁt;éaﬁn@f'be written to
describe the rglative ¢6nceﬁtrati6ns within a maieétlé of & given kind
of atom in the different environments in whigh‘it is fqund-;thé atoms |
of any component i inia molecuie'have.free enepg&:contents that fall N
into different sets depending on difference; in__;their .chem.ica‘l_en,viron-
ments.-. | |

This kind of.anaiysis for mblegules when extended to condensed

phase_non;ideal solu£ith'yieids the expeétatibn that the free eneréy
content of any afom will -depend upon ﬁhe naturevpf,the atoms'adjacent
‘to it. ‘Suppose; for‘example,.fhai'a solute dissoivesvexothermﬁlly to

form a dilute solution in some solvent. Then the aécessiblé eﬁergy
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: . free energy
states and the resultant/contents of solvent atoms in the first coor-

dination sphere about each solute atom in a dilute solution are
systematicélly lower than the accessible energyvstates and the re- .
sultant average free energy contents of solvent atoms at greater dis-
tances from the solute atoms. The fraction of solyent atoms that can
occupy the thermodynamically favored sites of lower average free energy
cannot be increased beyond a value dictated by solute concentration and
particle packing considerations no matter how much lower the average
free energy content of solvent atoms in the first coordination sphere
may be. The relative concentration of the solvent atoms that differ in
average free energy contents depends on the solute concentration, not
on an independent equilibrium constant. If the»overall.average molar
free energy content of the atoms of each component of a dilute solution
ié the lowest possible for the system under consideration, the phase
with local differences in average free energy éoﬁtents will be thermo-~-
dynamically stable.

Similarly, the surface atoms or molecules in a single component
liquid drop which is suspended in its equilibriﬁm_vapor are in a highgr
average:free energy state than are atoms or molecules inside the drop.
The surface atoms are in equilibrium with the atoms inside the drop
when the average free energy of the drop cannot be lowered at consf&nt n
for the drop by changing the fraction of atoms of the drop that are in
the surface. The equilibrium is, of course, metastable relative to
condensation of vapor to form lérger drops; |

With this background, a more explicit definitiqn'of the escaping

potential Wy for component i of a phase o can be stated as
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R St At o (I, (1) + -— (1)
i - — -

where ni(II), for‘examp;e,'fepfesepts_the numbef'of moles of 1 in phaee
@ with a Maxgell-Boltzmanﬁ’distiibutioh_of‘enérgy state such that their
’average:ﬁelar Gibbs'free_ehergj'content»is Ti<iI).i.Thevneﬁbsymbel'T"is
infroducedvbecause‘values of Ti in two phases atlequilibriumvare'not
neceesarily equdl while the values Of-wi must be eduel.

| A separate term in T must bevintreduced for each subset
of component i which have a distinguishable set of accessible energy
states.’ The sum invthe numerator yields G? fhe total free energy coﬁ-
tent of particles of component i in a, and n? = ni(i) + ni(II) R
as befere, is the total number of moles of component i in'phese a.

Now the conditions for thermodynamic equilibrium at constant tem-
pefatufe and pressure with surfaee and external field effects negligible,
can be summarized in terms of the new theory. .EQﬁilibrium within &
‘phase requifes_that the escaping poteﬁtial fer'each component be the
samevin eaeh volume element lerge eneugh'to be Vieweq as hemogeneous,
but does not require that the free;energj content ‘for eech_component be
the same fer each gfomic(enyironment in-vhich it is found. »For two
_phaéeevte Se ét.eéﬁilibfium with each other, eech chemieal eemponent
of one phése muet have the sameveeeaping potentiai as does that com-.
'ponenf in the eeeond phase. Specific,phases a£ equilibriﬁm with other .
ZSpecific phasee‘arebcha;acterized by differences ih infensive vproper—
ties other than their escaping potentialj forvexample, if two regioﬁe

~ of a closed system are each internally hdmOgeheouS'and have fof each
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component the same escaping potential, but diffef in density or average
molar entrop&, the two regions are parts of differént specific phases.

The kinds of equilibria described above are stable equilibria in a
system of fixed total composition if no reactions or rearrangements are
possible that yield a new phase or phases that lower the total free
energy content for the system. When such reactions or rearrangements
are possible, the equilibria described above are metastable. Without
experimental data or theoretical assumptions abéﬁt the free energy con-
tents of all conceivable compositional and stfuctural arrangements of
the mattervin a given closed system, neither the accepted nor the new
theory would allow.a conclusion that an observed equilibrium state of
the system is stable rather than metastable;

For most conditions in a system that is of fixed chemical composi-
tion and is initially at equilibrium, the resuit of a fluctuation in
temperéture-or pressure will be, after the initial temperature and
pressgre.are reestablished, a system that hés the saﬁe Sbecific phase or
phases each present in the same quantity as before the fluctuation.
Certain conditioﬁs, however , will yield a labile equilibrium in the
sense that after a fluctuation each phase thenyéresent,will be the same
specific phaée as before, but the relative quantities of phases’ma&
have changed. Such is the situation at the invafiant points familiar
in studies of phase equilibria, for example,‘at_a congruent melting
point, at the éomposition for congruent vaporization of a solid or
liquid, or at a eutectic or peretectic transition.

A lsbile equilibrium state requires not only that the escaping

potential of each component in each phase be equal to its escaping
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_potehtialvin the other phasés, but that there,be ho'change in average
molaf free.energy of any component when the labile equilibrium reaction
takes place and that the COmpositions and propertiés of each phase be
independent of the extent of reaction. These conditions can be expressed

for the general case, say the reaction
Jo+ kB +... =2y + mS+... (8)

‘where j, k, ... and Q;Im, ... are respectively the number of moles of
reactant phases o, B, ... "and product phases vy, §, ... in the
balanced reaction. Since GT is unchanged by any arbitrary advancement

An of the labile equilibrium reaction
- (32 (@ x) an + kD (0P B)an s L) (9)
i7i e S | '
+ (22 (w! XY) An + mz (oo(S XG)An + ...) = 0.
i i’
where X?,'for example, is the mole fraction of component i in specific
phase a.

Thus for the labile equilibrium reaction described by (8)

JZ_(Q? X7) + k2 (w§ X§) + o= 2 (W) XD+ (@i xi) + ... (10)
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Predictions of the New Theery»

The hew theoryvpfedicts the seme-coﬁditionsvof equilibrium for.
certain kinds of chemical systems as does the sccefte& theery.‘ I will
illustrate the application of ﬁhe‘thebry to such systems before discuss-_
ing & system for which the predictions of the new theofy are'different.

For a single component system at constant temperature and éfessure
the chemica1 potentia1 is in accepted. theory equal.to the average molar
free. energy cenfent. The new theory always uses fhe'average molerifree
energy as the critical parameter and consequehtly-ﬁakes ne change in
predicted'equilibrium for_single component systems.'.It is worth notiné,'
however, that even a single'cemponentvphase'may‘sometimes:have subsets
- of atoms.or molecules with different sets of availeble esergy States;

One example'is'B-msnganese, for which the'structurel évidencevindicates-
some atoms to be in different valence states than others.12 'Such»a
phase weuld'have two values-of T in Eq. (7).

The average ﬁelar_free energy_eontent Qf any specified kind of gas: .
molecule J in a gas mixture at low enough preSsures soxthet the:perfect;
_gas 1ew applies is a function only ef its average‘iﬁternal'free enefgy fs
content and of its partial pressure and. temperatﬁre. At:constast tempeia- '
ture the‘change in 1ts average molar free energy AG in going from ' '

: partlal pressure P to P is Kb = RT1nP /P = RTlnf /f where f2 ‘and fif
are the fugacities of molecule’ j in the second and flrst state. This
expression'is identical to that for‘the'chsnge_ln the_partial molal_free"

energy between the same two states;13 so w,-w, is also equal to ue-ul

21
molecules , _
for equillbrla among gas/ln the perfect gas range.
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nIn'either a single‘'component or a noiyeonponent gas phase at
equilibrium,;the relative ooncentrations of the various molecules and
atoms can always be expressed in'térnsiof equilibrium constants, and
the average”molar free energy of each‘kind of atom'will at equilibrium
be the same in each kind of molecule in which that atom is present For
example the. gas phase equilibrium PCl5 = PCl3 + 012 can be described at
any temperature by_an equilibrium constant, and at'equilibrium the
everage molar free energy of chlorine'etoms'is-hheisame in each of the
threefmolecuies. The new theory does not require that the‘molar free
energy.content of ell the chlorine atoms within e PCls moleouie be'the
eame, hut only that their average be the same in PCl5 as in PCl3 and
~Predictions of the new theory for comp031tions and concentrations

e perfect
in homogeneous/gas phase equilibria are thus unchanged from those of

Cc1

accepted theory.

For ideal condensed'phaeevSOlutions, if'the'standard states for
eeCh component is taken as thefpureicomponentiin the same state of
matter aslﬁhe solution, the.integral'free:energy of formation_of'the
solution is AG = Zn.RTlnX.. Then AG.:is.niRTllnXi and Eai ='mi—w. =
RTlnX s which is ldentlcal to u -u Consequenﬁly, homogeneous equilib-
ria in 1deal solutlons and the partition function for a solute between
two ideal eolutions are unchanged in the new theory.

The_prediction_of'equilihrium conditions for reactions in dilute
non-ideal solutions are‘also unchanged in theinew theory, although the

values of My and wi’should differ in suCh solutions. Suppose, for



-15- LBL-898

example, that equilibriumvfor the reaction aA + BB = AbBb is established

in a solvent C. The free energy of the reaction AGr can be written as
a6 = 0= + acS | (1)
= 0F= Gr Gr - ‘ . (11

B _ . o
where AGr is the free energy change in the reaction exclusive of the
configurational entropy contributions and AG; is the configurational:
contribution. But the configurational free energy change in»the'new '

theory is just RTin(XA . ) - aRT1nX, - BRTnXy, which is the same value
a b '

obtained in accepted theory. Solving Eq. (11) for the equilibrium

constant K yields

. ' '
exp (—AGr/RT) =K = (12)
. . ’ “n? ot -t :
AGr is a quantity that may be viewed as the sum a.AGA + bAGB + mAGé where
' 1 ) ' : .
for example, is w, (in AaBb)—wA (in A),and wA‘(in AaBb)’ for example is .
the non-configurational part of the average molar free energy content
of A atoms in AaBb’ and m is the number of solvent atoms that undergo
’ ‘ . ' [
the average molar non-configurational free energy change AGc as &
~result of formation of 1 mole of AaBb‘ In dilute solutions the con-
figurational free energy change for the solvent can be neglected.
For comparison AGr can be expressed in terms of the non-
: ] |}
configurational contributions to the chemical potentials: AG, = aKEA +
v —_t o o v \
bﬁﬁé where AG,, for example, is My (in AaBb)-uA (in A). But only the
- 1 . .
sum AGr is required in order to relate the equilibrium constant to con-

) '
centrations. This sum AGr is independent of our choice of chemical
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'pOténtial or escaping potential.as the'pérameter‘which determines the -
conditions of‘heterogeneous.equilibrium, SO that as 1qngias attention is
restricted to homogeheous reactions in éblutions dilute enough to make
AG; independent of conéentrations, predictioné_of equilibrium are un-
altered by the new theory.

This éonciusion should apply both to'such.:eéctions as dissociation
of weak‘acids or bases in a sqlvent such as water and to formation of
thermally created substitutional defects suchﬁaé vacancies in solids.

Thé conditions of heterogeneous equilibrium predictéd'by the new
theory.aré different frbm those of accepted theory if one or more of
thé phasés.in the equilibrium is a non-ideal solution. ‘Consider as an
illﬁstration a rather general model for a substitutional binary solution
for which‘accepted fheofy would predict the éolute‘B to obey.Henry's law
and the solvent A to obey Raoult's law. For simélicity the components
will be described as atoms, but the discussion would-aﬁply equally to
systems with'moleculaf components.

Asviong as the concentration of B atoms is sufficiently low that
the'infgraction:'between E‘atéms can be neglected, the non-configura-
tional partvof/f::e energy of formation of'tﬁe solution is directly

proportiqnal to the number of moles of B in the solution ng so that
- _ ’ .
AG, = npAG, + nRTInXy + n,RTInX, - (13)

where;AGf is the non-configurational part of the free energy of forma-

tion of enough solution to contain one mole of B. But
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P ) ' R
(3AG /BnB) = AG, + RTInX, = Wp-My. In accepted theory 1t is
assumed that at equ111br1um the chemical potentlal of B in the solution
is equai to its chemical potential in the vapor,,u;. Since uB uB

R’I‘ln(f /f ) it then follows that the activity of the solute aB =
fB/fB‘= Xy exp(AGf/RT), which is one form of Henry's law, with ﬁhe |
Henry's law constant identified as fg exp(AGi'./R’I‘)"..‘ When W, for the A in
sdlution‘is assumed equal to uX, eith;r direct differentiation of Eq. (12)
with respect to nA or application of the Gibbs—ﬁuhem relation leads to.
Raoﬁlt's law, f, = £2X , for the solvent in the range over which the

A A A’
solute obeys Henry's la,w.l3
'in the new theory the non-configurationalvfrée energy is a con-
sequence of a éhange in free energy cbntent not.only of solute afoms,
but aiso of solvent atoms in a sﬁhefexabout each sblute atom. Whether
the sphere that 1ncludes those solvent atoms that undergo a signlflcant.
change in free energy content includes only the nearest neighbors to
each solute atom or'includés solvent atoms at greater distances would.
depend upon the particular system. The analysis to follow does not
require that the diameter of the sphere of.influence be‘known; but the
analysis‘is valid oﬁly for the concenfration rénge over which fhe over;:
lapping of spheres of influence 6n‘free energy éontent of‘solvent atoms
‘can bé neglected. |
The configurational free engrgy.gontributioﬁ to W, or Wy in a
substitutidnal solution is the same as it is to uA'or'uB; the fact
~that Bome of the A atoms are conceived in the new theory to have dif-

ferent non-configurational free energy contents than do others does not
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alter_this conclusion since an exéhange of A atdmslbetweénvpositions of
different ffee energy conﬁehts produées configuratibns indisiinguishable
: frqm'fhe éonfigurationbbefore the exchange. |
vathe'non-configprational free enefgy confént of the pure solvent

1

is described by Gy = w,n, the non-configurational free energy content of

the solvent after solution of n_ moles of B would be

B

6, = w,n,(0) + 1,(I)n, (1) + r;‘(II)' TR S

Here»nA(O).is-the numbér of solvent atoms far enough from all solute
atoms to be unaffected by their presence in solﬁtion and nA(II), for
examplé, is the number of solvent Qtoﬁs that have éhanged in non-
vconfigurafiohai'ffee energy content from wz foiT'(II)‘as a result of
;olution formation. But nA(II) must be proportional to nB and T;(II)-

| 1]
_TA(O) ¢an be called At (II) so the changes in non-configurational free-

energy content of the solvent atoms is

'AG; ='nB[kiAfA(I) +_kIIAT;(II)_¥'...]I - o - (15)

I’
The sum inside the brackets is the contribution of the change in

where k for example, is the ratio of nA(II)‘tQ:nB.

. ’ : : ' v . ' ' :
solvent free energy content to AGf._ This sum can be called kAGf where k
'is a constant.

Thus

AG, = ntAGf- | : (16)
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and by difference
' ' | I } i
AGy = ny(1-k)AG, - (17)
The change in escaping potential of the soluté.is wB—mg =
s . _ V. N o _ o
(l—k)AGf + RTInX, and since wy = Wy at equilibrium, wy - wp —,RTlnfé/fB.

When the definition of the activity of B is made aB’ = fB/fg, not only

for the vapbr but for a condensed phase at equilibrium with ifs vapor,

= Xyexpl (1-k)AG_/RT] | - (18)

wol w®

%:

Tﬁis equation is Henry's law with the Henry's law constant identified
‘ . ' | 1 ] ’
as fgexp[(l—k)AGf/RT] instead of ‘as fBexp(AGf/RT), the value in accepted

theory.

o _ ] ‘ ' _' ‘
For the solvent, w0, = ZBkAGf + RT1nX, where.ZB = nB/n , the mole

ratio‘of solute to solvent. It follows.sincekwA'= wX that

Q -

\ = erxp(szAGI'./RT_) B - (19) -

o |®

This expression reduces to Raoult's law only if the exponent is zero.

If tﬁg exponent is expressed as a series, Eq. (19) becomes

‘ : 1 'v2
£ 7 kAG 7_KAG
= A _ B £ 1 (B _f
@, = i X+ = * 57 < RT>+ el (20)
° .,
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At solute concentrations low enough so that the difference between

XA and 1 and between ZB and XB can be neglected, the first three

terms of the series expanSion have the functional form of the equation

T

which Elliott, Lemons, and Swofford' deduced for the solvent in its

concentrated solution bybanalogy with Henry's law. Ih Elliott's equation

QA = fA/fZ = l-kAXB + kafa (21)

A

reflect respectively interactione of solute atoms with solvent atoms

the terms k, and kB are introduced as proportionality constants that

andlinteractions between solute atoms, and kA-is explicitly expected to
differ from unity--the value required by Raoult's law--unless the solute
also obeys Raoult's law. Tefms in kag can arise either from solute-
solute interactions as envisioned in Elliott's equetion.or from solute-
solvent interactions as demonstrated in the derivation of Eq. (20).

This point should be kept in mind when the predictions of Eq. (20) are
compared to experimentel data.

The original impetus to the solution studies of Elliott and his
co—werkers was Elliott's identification of an inconeistency between the
models for chemical solutions from which Henry‘s.law'can be derived and
.the conclusion reached by application of the Glbbé-Duhem equation--that '
the solvent obeys Raoult's law in the rgnge of concentrations over
which the solute obeys Henry's law.lh Because macfosc0pic thermodynamic
theory has been generally perceived as employing no assumptions except

the laws of thermodynamics, most physical chemists have rejected the

arguments that led to Elliott's equation and have discounted
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. experimeﬁtal data which Elliott and co-workers cdliecfed in support of
the equation on the genéral grouhdsvthat measureménts of variaetion of
solvent adtivitieé as a function of very low solute concentrations is
exceptionally difficult. And Elliott and co-workers have themselves
been.led'to question the laws of thefmbdynamics in a privately’circulated'
v mon‘ogra_ph.l5 | -
In fhe present‘paper it is argued that accepted‘solutionvtheory
has impiicitly empioyed a model that is not impbsea as a necessary
consequence of the laws of thermodynamics.‘ The’alternate‘theory which
has been pfoposed has been shown above to be consistent with the laws
of thermod&namics,and with the Gibbs-Duhem equation, so long as that:
equation is applied to relate thé chémical poteﬁtials of a particular .
phase, and yet to yield an exﬁression for the relationshipvbetween sol-
- vent fggacities'and»compositions in the Henry's law range for the sblute
which~is approximated by Elliott's equation. |
A_partition function between two immiscibleisolvents can be obtaiﬁed

immediately for a solute in dilute solutions by elimating fB from the

Henry's law equations (18) for the two solutions. The result

()

X

2 - expllor*)ack’ B ERS VYAV B o (22)

has the same form as the partition function of accepted theory, but the

' ‘ ' 1 - : .
exponential is no longer (AG% - Ava)/RT as it is in accepted theory.-
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Discﬁssion

In this paper the accepted conditiens of heterogeneous chemical
equilibrium, that each component have the same chemical potenéial in
each phese present, has been identified as dependent on an implied

_model'for chemical interactions. A thermodynamic theory has been

described which depends upon a more restrictiveeassumptione-that in a
systenm at equilibrium each chemical component hes an average free energy
content that must be the same in all parts of fhe system, with the parts
chosen just large enough'to be treated as homogeneous with'respect to
any inherent structural discontinuities or thermal'fluctuations. The.'
equiiibriuﬁ is labile if the conditions of Eq.:(lo) are met or metastable
if eome alternate arrangement of the components can lower the escaping
potehtials of the system components froﬁ their values invthe established
equilibfium.

A eeeond difference from accepted theory is that the new theory
~explicitly assumes that atoms of a given component can belong to sub-~
sets which have different sets of .accessible ene}gy states and therefore
different average free energy contents. A system can be_stable with

-some atoms in higher average free energy states than are other atoms of

the same component if the structural sites at which the atoms have lower

accessible energy states are fully occupied. A consequence derived in
accepted theory is that atoms of a giyen component must all have the
same chemical potentials if the system is at equilibrium.

The new theery has been shown to yield the same predicted
equilibria as does accepted theory in several cifcumstances--in homo~

_geneous reactions in g&s or condensed phase dilute seluﬁions, even if

-
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imperfect, and for all components in heteyogeneousvequilibria between
rperfécf,SOlutioﬁs or of sqluteé'between dilute solutioné. vBut for |
partitioning'offsoiutes between dilute solutions thevpaftitioﬁ constant
is not in the new theory a simple‘functioﬁ of the integral free energies
of férm&tibn of the two solutions as»it is in ﬁhe'accepted theory.

The Henry's law constant fof a solute in the‘new thebry includes
an exp§nehtia1.term, (l—k)AG; where the accepted theory has AG;.' Here
k is a coﬁstant that must be determined by experiment or assumption if
‘the fugacify'of the solute in dilute solution is.to be related to AG;,‘
the hon-configﬁfational-part of the integral_fréé energy of formation of
enough solution to contain one mole of solute. | |

The solvent activity change with éomposifion in & binary solution
 15 prédiéted to be‘apﬁroximatéd by Eq.(19) orv(20)vrather than Raoult's
law in the general rahéé of ébplicability of Henry's lew for the s§lute.
The most obvioﬁs meaﬁsiof testing the alternate theories is by determin-
ingfwhether:the éiperimentai'data for,solveﬁts'in'binary solutions are
bétter fit by Raoult's law or by Eq..(19) or (20)'inrthe range in which |
the soiuté'obey Hénry's.law; Unfortunately, this approgch presenfs
serioué experimental difficulties. It has seldom been possible to
dbtain_good_experimentéi data for both a solﬁte iﬁ dilute solution and
for the'sélvent in the same composition raﬁge.. Réiph Hultgren, who
ﬁith his co-workers is Just completing'a,new compilatién-of data for
~ binary ihtermetallic solutions and relatedisubstances,l6 considers that
AElliqtt;s daté?aré not_precise enqﬁgh to dispro&e.the acéepted relation-
'ship,'but cqnsiders fhat data for metalé-which prové the relationship

are not available either.17
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. Fortunately, othér approaches to,testing th¢ftheory are possible.
The new theory éﬁallenges‘the relationship ﬁ; = ﬂz, where “2 is the
chemical potential for a componept-of a condensed phase and'uz,is its
chemical potential in the vapor. .Howevér, the new fheory includes the
o

relationship uz—ug = wz;w = RTlnfi/fz, when the gas phase obeys the

o W

perfect gas law, and uz—u. can be obtained from calorimetric determina-

[,

tions of heats_of so;ution as a function of.composition which afe éor-
reéted for the entropy Of'solution‘forﬁation. If.accepted theory is
correét ;the value of ﬂg—uz calculated from the integral solution data
will always be equal to RTlnfi/fz, ﬁheh this latter quantity is deter-
mined by_diréct measurements of partial pressures.vaut if the new theory
is correct, the two falues will differ for some non-ideal solutions by
mbre than expected from experimental errors.

An impértant reason_for withholdiﬁg Jjudgment on whether solvent
behaviér in metallicvsblutionvis describéd in the Henry's law range by
Raoﬁlt's law or not has been the observation, rémérked on by Elliott
et'al._as'not yet explainable ,that.calorimetric feéults usually sﬁow
good’corfelainns with regular solution theory, while results from vapor
pressure'andAelectromotive force (emf) measﬁremeﬁts do not.8 This
s&stematic difference in behavior is predicted by the new theory. As
noted in the preceding paragraphs, calormefrically deterﬁined date yield
chemical potentials which obey the Gibbs-Duhem relationship while emf
measurements for binéry solutions, as well as vapor pressure measurements,
yield escaping poténtials for individual components, which do not.

It must be remembered in testing the theory byrcomparing calori-

-metric ‘data to emf or vapor pressure data.that'nonéideél solutions in

some composition ranges may have escaping potentials with values close
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to their chemical potentials. Binary quasi-Chemical reguler:solutionslab
near equimolar concentretions, for example, would be unsuitable for -
tests of the theory because for such solutions the escaplng potentials
are equal to the chemlcal potentlals when XA XB.-,O.S.

Tests of the theory with solutlons that show more extreme departure
from 1dea11ty than do 1ntermetalllc solutions are des1rable. In our
laboratory, we w1ll attempt to determlne the fugacities of both oxygen '

and tltanlum in the solid solutlons of oxygen 1n tltanlum metal

Calorlmetrlc measurements by Mah and co-workerslg arevavallable as a

funotion of oomposition_which sﬁow the oxygen-titanium'solution to be
highly exothermic.

This paper hes neoessarily-been restricted to-a discussion of only
a few of the reldtionships involving the Gibbe-free“energy, aod‘has
inoluded'almost nothingvebout other thermodynaﬁio“functions. But it is
implicit in the discussion which has‘been‘given that otﬁer average molar
thermod&naﬁic properties piay the role in the oew theory that the
corresponding partiel'molal:quantities do in accepted theory. Usually

the required relationships,are obvious from the discussion that has been

_given. But it is necessary tobquestion whether any reported value of

“the partial molal enthalpy of soiution, for exémple, was calculated from

measurements of the comp051tlon dependence of 1ntegral enthalples of
solutlon or was derived from determination of the temperature dependence'
ofvabfugacity or eﬁf measurement. . If the reported value was derived
from measurements of integral enthalpies of Solution, it is a pertial
moiallénthEIPYa but if.from fﬁgacities it‘is a measure of the average

molar enthalpy of solution. The'temperature dependenceiof emf
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measurements if for one componént of a pdlycomponent system are measures
of average leaf enthalpies of ‘'solution. | | |

Myvhext paper will describe implications of the new theory to the
thermodyhémics ofvsurfaées, The formulations of'surface thermodynamié
relationships6 which I mentioned at the beginning of this paper can be
derived as consequences df the theory. | .

In conclusion, it»maj be well to emphasize Qne particular distiné-
tion between the chemicél thermodynamic theory preSented here and
accepted theéry. Thé new theory does not permit the generai usé of the
Gibbs~-Duhem relation to determine'thé change in fugacity of one component

' solution v
of a non-ideal binary/ with composition from & known change in fugacity
of the second component'with éomposition, Consequently, the range of
predictions that c#n be made withOut}fesort to chgmical’models is
feduced in.tﬁé heﬁ theory in comparison to acce?ted theory. This same
loss in predictability arises, of courée, also in polycomponent systems.

To take a more:pOSitive view,.the'ﬁew theory stresses the relation;
ship between the changes in average free energy céntent and the changes
of chemical bonding forceé actihg on each component when it is trans-
ferred from one specific phase‘to aﬁother; We can.h0pé to obtéin in-
creased insight into‘the natﬁre-of'ghemical bbnding by developing and
exploiting.ouf understanding of the relationships.' |
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