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Abstract

For the internal energy and every thermodynamic potential that can be defined by a Legendre transform, there is a
fundamental equation that contains all the thermodynamic information about a system. For a system involving the
binding of molecular oxygen and hydrogen ions by a protein, fundamental equations are given for the Gibbs energy
G, the transformed Gibbs energyG9 at specified pH, and the further transformed Gibbs energyG0 at specified pH
and specified concentration of molecular oxygen. The Maxwell equations for these various Gibbs energies are
important because they provide the connection with experimentally determined properties and increase our understand-
ing of these properties. Measurements of the average number of oxygen molecules bound as a function ofT, pH and
concentration of molecular oxygen make it possible to calculateD G0 of the reactant. Maxwell equations make ito

f

possible to calculate the average number of hydrogen ions bound,D S0 , D H0 and their partial derivatives. Theseo o
f f

relations are illustrated with numerical calculations on a simple reaction system.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

In studying biochemical reaction systems vari-
ous choices can be made of independent variables
to suit the situation in the laboratory or for the
interpretation of the data. As Callenw1x comment-
ed in 1985, ‘The choice of variables in terms of
which a given problem is formulated, while a
seemingly innocuous step, is often the most crucial
step in the solution’. The criterion for spontaneous

*Tel.: q1-617-253-2456; fax:q1-617-253-7030.
E-mail address: alberty@mit.edu(R.A. Alberty).

change and equilibrium for a one-phase system at
specifiedT andP is provided by the Gibbs energy
G; the number of independent variables isNq2 if
there are no chemical reactions andN q2 if therec

are chemical reactions, whereN is the number of
different species andN is the number of compo-c

nents (N sNyR, where R is the number ofc

independent reactions). Legendre transforms of the
Gibbs energy can be used to define other thermo-
dynamic potentials that provide the criteria for
spontaneous change and equilibrium when, for
example, concentrations of certain species are cho-
sen as independent variables. For each thermody-
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namic potential defined in this way, there is a
fundamental equation that expresses the differen-
tial of the particular thermodynamic potential in
terms of the differentials of the independent vari-
ables for that potential. If a thermodynamic poten-
tial can be expressed as a function of its
independent variables as a result of experimental
work, all of the other thermodynamic properties of
the system can be calculated by taking partial
derivatives of the thermodynamic potential with
respect to its independent variables. The funda-
mental equation for a system is also important
because it leads to a number of Maxwell relations
(second cross partial derivatives) that show how
the various thermodynamic properties are related
to each other and to experimental measurements.
The Maxwell relations that connect thermodynam-
ic properties with experimental measurements are
of special importance because thermodynamic
potentials likeG cannot be determined directly.
The approach described here has been developed

to treat the thermodynamics of metabolic reactions
that are catalyzed by enzymes, but it also applies
to protein–ligand reactions like the binding of
molecular oxygen and hydrogen ions by hemoglo-
bin. For this latter example of ligand binding, the
fundamental equations has been given for the
Gibbs energyG, the transformed Gibbs energyG9

at specified pH, and the further transformed Gibbs
energyG0 at specified pH and specified concentra-
tion of molecular oxygenw2x. However, since the
emphasis in the 1996 article was on the dissocia-
tion of hemoglobin tetramers to dimers, other
important aspects of the thermodynamics of ligand
binding were omitted. In discussing the fundamen-
tal equation for the transformed Gibbs energy at
specifiedT, P and pH, the terms involving dT, dP
and dpH were omitted, and in discussing the
further transformed Gibbs energyG0 at specified
T, P, pH and concentration of molecular oxygen,
the terms involving dT, dP, dpH and dwO x were2

omitted. Because of these omissions, the various
Maxwell equations were not discussed. Since the
objective in 1996 was to calculate equilibrium
compositions, the fact that hemoglobin is an allo-
steric protein that exists in more than one confor-
mation was not considered. The objective here is
to discuss these omissions. But since the full

treatment of hemoglobin involves very long equa-
tions, the current discussion is limited to a mac-
romolecule M that binds one oxygen molecule and
has two acidic groups linked to the binding site.
The research on the binding of oxygen molecules
and hydrogen ions by hemoglobin and other pro-
teins up to 1990 has been summarized by Wyman
and Gill w3x.
The simple reaction system considered here is

pK pK1M 2M

MsHMsH M2
K±±

MO sHMO sH MO (1)2 2 2 2
pK pK1MO2 2MO2

whereKswMxwO xywMO x and the hydrogen ions2 2

have been omitted in the acid dissociations. This
simple reaction system was chosen because Anton-
ini et al. w4x made a very thorough study of the
equilibrium constants and enthalpies of reaction
involved in human and horse hemoglobin. A sys-
tem like this can be treated in three ways:(1) it
can be discussed in terms of species by use of the
Gibbs energyG. (2) It can be discussed at a
specified pH by representing the system by
H MO sH MqO , where the subscripts av indi-av 2 av 2

cate average numbers, by use of the transformed
Gibbs energyG9. (3) It can be discussed at a
specified pH andwO x by representing the system2

by H MO and using the further transformedav 2av

Gibbs energyG0. It is this third type of treatment
that led Wyman w5x to introduce the binding
potential, which he represented by the RussianL.
The current article discusses this simple reaction
system in all three ways. The transformed Gibbs
energy was developed to treat metabolism at spec-
ified pH, and the further transformed Gibbs energy
was developed to treat series and cycles of meta-
bolic reactions at specified pH and specified con-
centrations of coenzymes. The thermodynamics of
ligand binding and metabolism should not be
considered to be separate subjects because proteins
may be reactants in metabolic reactions. In fact
thermodynamic properties of three proteins have
already been included in the data base Basic-
BiochemData2w6x for calculating apparent equilib-
rium constants of enzyme-catalyzed reactions.
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These three proteins are cytochromec, thioredoxin,
and ferredoxin. The thermodynamic properties of
the reactive sites of these proteins have been
calculated from apparent equilibrium constants for
enzyme-catalyzed reactionsw7,8x.

2. Fundamental equation for the Gibbs energy

The Gibbs energyG provides the criterion for
spontaneous change and equilibrium at specifiedT
and P in terms of species. The species involved
are represented by M, HM, H M, MO , HMO ,2 2 2

H MO , H and O , where M represents theq
2 2 2

macromolecule. Although these symbols are used,
we are really concerned with the binding site for
molecular oxygen that is linked with two acid
dissociations. As discussed earlierw9x this involves
the assumption that the binding polynomial for
hydrogen ions can be factored into a binding
polynomial for the acid groups of the binding site
and a binding polynomial for acid groups outside
the site. The fundamental equation for the Gibbs
energy is

dGsySdTqVdPqm(M)dn(M)
qm(HM)dn(HM)qm H M dn H MŽ . Ž .2 2

qm MO dn MOŽ . Ž .2 2

qm HMO dn HMOŽ . Ž .2 2

qm H MO dn H MOŽ . Ž .2 2 2 2
q qqm H dn H qm O dn O (2)Ž . Ž . Ž . Ž .2 2

This fundamental equation involves eight spe-
cies, and there are five independent reactions
between these species. The numberC of compo-
nents is given byCsNyRs8y5s3 whereN is
the number of different species andR is the
number of independent reactions. The components
can be taken to be M, O and H.2

Since there are five equilibrium constant expres-
sions and three conservation equations, the equilib-
rium concentrations of the eight species can be
calculated if the equilibrium constants are known
for five independent reactions at the desiredT, P
and ionic strength. However, in the absence of
experimental methods for determining the equilib-
rium concentrations of all eight species, the five
reactions cannot be used directly to determine the

standard Gibbs energies of formation of the six
species involving protein. The standard Gibbs
energies of formation of O and H are known,q

2

and we will see that, in principle, the standard
Gibbs energies of formation of all the other six
species can be determined by studying the system
at specified pHs and specified concentrations of
molecular oxygen.

3. Fundamental equation for the transformed
Gibbs energy at specified pH

When the pH is specified the Gibbs energyG
does not provide the criterion for spontaneous
change and equilibrium, and so it is necessary to
use the Legendre transformw10–13x

qG9sGyn (H)m H (3)Ž .c

to define a transformed Gibbs energyG9 that does.
A Legendre transform always involves subtracting
a product of conjugate variables from a thermo-
dynamic potential. The conjugate property to the
chemical potential of hydrogen ions is the amount
n (H) of hydrogen atoms in the system. Thec

amount of the hydrogen component is given by
n (H)sSN (i)n , whereN (i) is the number ofc H i H

hydrogen atoms in speciesi. Since only differences
in numbers of hydrogen atoms in products and
reactants are actually involved in calculations, it is
not necessary to count all of the hydrogen atoms
in a protein molecule or a binding site. Substituting
the expression forn (H) andGsSm n in Eq. (3)c i i

yields the expression for the transformed chemical
potential of speciesi.

qm9 sm yN (i)m H (4)Ž .1 i H

This equation can be used to eliminate allmi

from Eq. (2), exceptm(H ). This yieldsq

dGsySdTqVdPqm9(M)dn(M)
qm9(HM)dn(HM)qm9 H M dn H MŽ . Ž .2 2

qm9 MO dn MOŽ . Ž .2 2

qm9 HMO dn HMOŽ . Ž .2 2

qm9 H MO dn H MOŽ . Ž .2 2 2 2
qqm9 O dn O qm H dn (H) (5)Ž . Ž . Ž .2 2 c
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At a specified pH, the species M, HM and H M2

are pseudoisomers; that is, the ratios of their
equilibrium concentrations are independent of oth-
er reactions in the system. Sincem9(M)s
m9(HM)sm9(H M) at equilibrium at specified pH,2

the three terms involving these transformed chem-
ical potentials can be added, and their sum is
represented by m9(H M)dn9(H M), whereav av

n9(H M) is the amount of this reactant. Forav

the same reasons, the three terms for MO ,2

HMO and H MO can be replaced with2 2 2

m9(H MO )dn9(H MO ).av 2 av 2

The differential of the transformed Gibbs energy
(Eq. (3)) is given by

q qdG9sdGyn (H)dm H ym H dn (H) (6)Ž . Ž .c c

Substituting Eq.(5) into this equation leads to
the fundamental equation forG9. However, the
chemical potential of hydrogen ions is not a very
useful independent variable because it is a function
of both temperature and concentrationw14x. The
differential of the chemical potential of the hydro-
gen ion is given by

qB E≠m HŽ .
q C Fdm H s dTŽ .

D G≠T qwH x

qB E≠m HŽ .
qC F w xq d H (7)qw x≠ HD GT

Taking the indicated derivatives of
q o q qw xm(H )sm (H )qRTln H yields

q o q¯ w xdm H sy S yRln H dTŽ . Ž .
yRTln(10)dpH (8)

where pHsylogwH x and is the standardq o qS̄ (H )
molar entropy of hydrogen ions. Substituting Eq.
(8) into the combination of Eqs.(5) and(6) yields
the fundamental equation for the transformed
Gibbs energy:

dG9syS9dTqVdPqm9 H M dn9 H MŽ . Ž .av av

qm9 H MO dn9 H MOŽ . Ž .av 2 av 2

qRTln(10)n (H)dpHqm9 O dn9 O (9)Ž . Ž .c 2 2

whereS9 is the transformed entropy of the system;
and is the molarq q¯ ¯S9sSyn (H)S(H ) S(H )c

entropy of hydrogen ions. Note that at specified
T, P and pH, Eq.(9) integrates toG9sSm 9n 9, soj j

that the transformed Gibbs energy of a system is
additive in the transformed chemical potentials of
species.
The fundamental equation forG9 involves three

reactants, one reaction, and two components since
hydrogen ions are no longer conserved in the
system. The reaction at specified pH is

H MO sH MqO (10)av 2 av 2

Introducing the extent of reactionj into Eq.(9)
yields

dG9syS9dTqVdPqD G9djr

qRTln(10)n (H)dpH (11)c

where D G9 is the transformed reaction Gibbsr

energy, D G9(H M)qD G9(O )yD G9(H MO ).f av f 2 f av 2

At equilibrium at specifiedT, P and pH, dG9ydjs
0. In the Gibbs–Duhem equation corresponding
with Eq. (11), dG9 is replaced with 0 andD G9djr

is replaced withyjdD G9. This makes it clear thatr

D G9 is a function ofT, P and pH.r

Fundamental Eq.(11) yields the expression for
the apparent equilibrium constantK9 for Eq. (10),
and the usual routes can be used to calculate
D G9 , D H9 andD S9 for H M and H MO aso o o
f f f av av 2

functions ofT and pH. The apparent equilibrium
constant is given by

w xw xH M Oav 2
9K sO2 w xH MOav 2

pK ypH pK qpK y2pH1M 1M 2M1q10 q10
sK pK ypH pK qpK y2pH1MO2 1MO2 2MO21q10 q10

(12)

where pK and pK are the pKs for the two oxygen-1 2

linked acid dissociations andK is equal to the
apparent equilibrium constant at very high pH.
The standard transformed Gibbs energy of reaction
is given by

o 9 o oD G9 syRTlnK sD G9 H M qD G9 OŽ . Ž .r O2 f av f 2
oyD G9 H MO (13)Ž .f av 2
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Ignoring theVdP term, fundamental Eq.(11)
leads to three Maxwell relations:

B E B E≠D G9 ≠n (H)r cC F C FsRTln(10)
D G D G≠pH ≠jT,P,j T,P,pH

sRTln(10)D N (14)r H

The derivative ofn (H) with respect to thec

extent of reaction is the change in bindingD Nr H

of hydrogen ions in the reaction. The second
Maxwell relation is

B E B E≠S9 ≠D G9rC F C Fsy sD S9 (15)r
D G D G≠j ≠TT,P,pH j,P,pH

The derivative ofS9 with respect to the extent
of reaction is the change in transformed entropy
D S9 in the reaction. The third Maxwell relation isr

B E≠ Tn (H)B E Ž .c≠S9 C FC F syRln(10) (16)
D G D G≠pH ≠TT,P,j P,j,pH

This Maxwell relation does not introduce a new
thermodynamic property, but it provides an unex-
pected relationship between properties.
The transformed enthalpy of the system does

not appear in the fundamental equation, butS9s
H9yTyG9yT can be substituted in Eq.(15). This
leads to the Gibbs–Helmholtz equationw15x.

2H9syT (≠(G9yT)y≠T) (17)P,pH,j

Substituting S9sH9yTyG9yT into Eq. (16)
yields

B E B E≠H9 ≠n (H)c2C F C FsyRT ln(10) (18)
D G D G≠pH ≠TT,P,j P,j,pH

These three Maxwell relations and the two
equations for the transformed enthalpy, which are
derived using Maxwell relations, can be written in
terms of standard transformed thermodynamic
properties of reaction as follows:

oB E1 ≠D G9rC FD N s (19)r H
D GRTln(10) ≠pH T,P

oB E≠D G9ro C FD S9 sy (20)r
D G≠T P,pH

B Eo ≠ TD NB E Ž .r H≠D S9r C FC F syRln(10) (21)
D G D G≠pH ≠TT,P P,pH

o 2 oD H9 syT (≠(D G9 yT)y≠T) (22)r r P,pH

oB E B E≠D H9 ≠D Nr r H2C F C FsyRT ln(10) (23)
D G D G≠pH ≠TT,P P,pH

Eq. (19) yields the change in binding of hydro-
gen atoms in the reaction, and Eq.(20) yields the
standard transformed entropy of reaction. Eq.(21)
shows that it is the change inTD N with temper-r H

ature that determines the change in the transformed
entropy of reaction with pH. The change in the
binding of hydrogen ionsD N in a reaction liker H

this can be determined experimentally, andD G9of

plus an integration constant can be calculated by
integrating Eq.(19). The integration constant can
be calculated using the experimental fact that
K9 approachesK at high pH. It is of interest toO2

note that German and Wymanw16x showed how it
is possible to obtain relative values of the oxygen
affinity of hemoglobin as a function of pH from
titration curves for oxygenated and deoxygenated
hemoglobin.
The properties in the preceding equations can

be calculated if the standard Gibbs energies of
formation are known for the species involved. Eq.
(4) can be written in terms of the standard ther-
modynamic properties of a species as follows:

o ow x w xD G9 qRTln i sD G qRTln if i f i
o qqN (i) D G HŽ .µH f

qw xqRTln H (24)∂

where theRTlnwix terms cancel. In treating meta-
bolic reactionsw10x the extended Debye–Huckel
equation is used for activity coefficients, but in
the calculations presented here, this adjustment is
omitted as a simplification. Eq.(24) shows that
the standard transformed Gibbs energy of a species
containingN (i) hydrogen atoms is given byH

o oD G9 sD G qN (i)RTln(10)pH (25)f i f i H
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When a reactant is made up of a sum of
pseudoisomers, the standard transformed Gibbs
energy of formation of the reactant(designated by
j) is given by

o oD G9 syRTln expyD G9 yRT (26)Ž .f j f i8

which is the equation for calculating the standard
transformed Gibbs energy of a pseudoisomeroD G9f j

group at a specified pH from the standard trans-
formed Gibbs energies of the various pseu-oD G9f i

doisomers. This equation can be written in terms
of the binding polynomial for reactantj as follows
w9x:

o o ypHqpK1D G9 sD G9 yRTln 1q10Žf j f 1
y2pHqpK qpK1 2q10 (27).

where is the standard transformed GibbsoD G9f 1

energy of formation of species number 1, which
is the species with the fewest hydrogen atoms.
The equilibrium mole fractionsr of species in thei

pseudoisomer group at a specified pH are given
by

o orsexp D G9 yD G9 yRT (28)µ ∂i f j f i

It is more difficult to calculate species properties
from experimental values of standard transformed
properties than to calculate reactant properties from
species properties, and the inverse Legendre trans-
form is useful in writing computer programs to do
this w17x. Eq. (12) and D G9 syRTlnK9 makeo

r O2

it possible to calculateD G9 for the dissociationo
r

of oxygen from the macromolecule from laboratory
data. WhenD G9 is known as a function of pHo

r

and temperature, all the other thermodynamic
properties of this reaction can be obtained as
functions of pH and temperature by use of the
Maxwell relations in Eqs.(19)–(23).

4. Fundamental equation for the further trans-
formed Gibbs energy at specified pH and spec-
ified concentration of molecular oxygen

When the concentration of molecular oxygen is
specified, the transformed Gibbs energyG9 does

not provide the criterion for spontaneous change
and equilibrium, and so it is necessary to use the
Legendre transformw2x

G0sG9yn O m9 O (29)Ž . Ž .c 2 2

to define a further transformed Gibbs energyG0

that does. The amount of the oxygen component
is given by n (O )sSN ( j)n 9. Substituting thisc 2 O j2

andG9sSm 9n 9 into Eq.(29) yields the expressionj j

for the further transformed chemical potential of
reactantj:

m0 sm9 yN ( j)m9 O (30)Ž .j j O 22

where of coursem9(O )sm(O ) since the species2 2

does not contain a hydrogen atom. The differential
of G0 is

dG0sdG9yn O dm9 O ym9 O dn O (31)Ž . Ž . Ž . Ž .c 2 2 2 c 2

Substituting Eq.(9) in Eq. (31) and using Eq.
(30) yields

dG0syS9dTqVdPqm0 H M dn0 H MŽ . Ž .av av

qm0 H MO dn0 H MOŽ . Ž .av 2 av 2

qRTln(10)n (H)dpHc

w xyn O dm9 O (32)Ž .c 2 2

However, the transformed chemical potential of
molecular oxygen in aqueous solutionm9(O )s2

m9 (O )qRTlnwO x is not a very useful independ-o
2 2

ent variable because it is a function of both
temperature and concentration. The differential of
the transformed chemical potential of molecular
oxygen is given by

B E≠m9 OŽ .2C Fdm9 O s dTŽ .2
D G≠T wO x2

B E≠m9 OŽ .2C F w xq d O (33)2w x≠ OD G2 T

Taking the indicated derivatives ofm9(O ) yields2

o¯ w xdm9 O sy S9 O yRln O dTŽ . Ž .2 2 2Ž .
w xqRTdln O2

¯ w xsyS9 O dTqRTdln O (34)Ž .2 2
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where is the standard molar transformedoS̄9 (O )2
entropy of molecular oxygen in aqueous solution.
Substituting this into Eq.(32) yields

dG0syS0dTqVdPqm0 H M dn0 H MŽ . Ž .av av

qm0 H MO dn0 H MOŽ . Ž .av 2 av 2

qRTln(10)n (H)dpHc

w xyRTn O dln O (35)Ž .c 2 2

where and is the¯ ¯S0sS9yn (O )S9(O ) S9(O )c 2 2 2

transformed molar entropy of molecular oxygen,
which of course is equal to the molar entropy

of molecular oxygen in aqueous solution.S̄(O )2
At a specified concentration of molecular oxygen,
H M and H MO are pseudoisomers and haveav av 2av

the same further transformed Gibbs energy of
formation. Therefore these two terms in Eq.(35)
can be replaced with a single term:

dG0syS0dTqVdPqD G0 H MOŽ .f av 2av

=dn0 H MO qRTln(10)n (H)dpHŽ .av 2av c

w x w xy RTn O y O d O (36)Ž .µ ∂c 2 2 2

whereD G0(H MO )sm0(H MO ). Note thatf av 2av av 2av

at specified T, P, pH and wO x, this equation2

integrates toG0sn0(H MO )D G0(H MO ).av 2av f av 2av

Eq. (36) indicates that whenT, P, pH andwO x2
are held constant there is a single reactant, no
reactions, and a single component.(Note that since
there is a single component, no more Legendre
transforms can be defined for this system.) Ignor-
ing the VdP term, this fundamental equation has
six Maxwell relations. The first Maxwell relation
is

B E≠n OB E Ž .c 2≠D G0f C Fw xO syRTC F2 w x D G≠ O ≠n0D G2 T,P,pH,wO x2T,P,n0,pH

¯syRTNO2

(37)

This Maxwell relation provides the first direct
connection in this section with experimental data
because the average number of oxygen molecules
bound by the macromolecule at specifiedN̄O2

wO x and pH can be determined spectrophoto-2

metrically.

The second Maxwell relation shows how the
average binding of hydrogen ions by the binding
site can be calculated from the pH dependence of
D G0(H MO ).f av 2av

B E B E≠D G0 ≠n (H)f cC F C FsRTln(10)
D G D G≠pH ≠n0T,P,n0,wO x T,P,pH,wO x2 2

¯sRTln(10)NH

(38)

This Maxwell relation provides the second direct
connection with experimental data.
The next three Maxwell relations deal with the

further transformed entropy of formationD S0 thatf

can be calculated using

B E B E≠S0 ≠D G0fC F C Fsy
D G D G≠n0 ≠TT,P,pH,wO x n0,P,pH,wO x2 2

sD S0 (39)f

The following two Maxwell relations involving
S0 do not introduce new properties, but they show
that the dependence ofS0 on pH is related to the
change in the binding of hydrogen ions with
temperature and the dependence ofS0 on wO x is2

related to the change in the binding of molecular
oxygen with temperature.

B E≠ Tn (H)B E Ž .c≠S0 C FC F syRln(10)
D G D G≠pH ≠TT,P,n0,wO x P,n0,pH,wO x2 2

(40)

B E≠ Tn OB E Ž Ž ..c 2≠S0 C Fw xO syRC F2 w x D G≠ O ≠TD G2 P,n0,pH,wO x2T,P,n0,pH

(41)

The sixth Maxwell relation shows the linkage
between the binding of hydrogen ions and oxygen
molecules.

B E≠n OB E Ž .c 2≠n (H)c C FC Fw xln(10) O s2 w xD G D G≠ O ≠pH2 T,P,pH,n0 T,P,wO x,n02

(42)
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The further transformed enthalpy is not directly
involved in Eq.(36), but of course,D H0 can bef

calculated under specified conditions usingD G0sf

D H0yTD S0. To obtain the function ofT, pH andf f

wO x for D H0 we substituteD S0sD H0yTyD G0y2 f f f f

T in Eq. (39). This yields the Gibbs–Helmholtz
equation:

2D H0syT ≠ D G0yT y≠T (43)Ž .Ž .f f P,pH,wO x2

To obtain the derivative ofD H0 with respect tof

pH, D S0sD H0yTyD G0yT is substituted in Eq.f f f

(40) to obtain

B EB E ¯≠D H0 ≠Nf H2 C FC F syRT ln(10)
D G D G≠pH ≠TT,P,wO x P,pH,wO x2 2

(44)

Substituting D S0sD H0yTyD G0yT in Eq.f f f

(41) yields

B E2 ¯≠ T NB E Ž .O≠D H0 R 2f C FsyC F
w x w xD G≠ O O ≠TD G2 2 P,pH,wO x2T,P,pH

(45)

The six Maxwell relations and the three relations
for the further transformed enthalpy that were
calculated using Maxwell relations are especially
useful when they are written in terms of standard
molar properties.

oB E≠D G0f ¯w xO syRTN (46)C F2 O2w x≠ OD G2 T,P,pH

oB E≠D G0f ¯C F sRTln(10)N (47)H
D G≠pH T,P,wO x2

oB E≠D G0f oC F syD S0 (48)f
D G≠T P,pH,wO x2

B E¯o ≠ TNB E Ž .H≠D S0f C FC F syRln(10)
D G D G≠pH ≠TT,P,wO x P,pH,wO x2 2

(49)

B E¯o ≠ TNB E Ž .O≠D S0 2f C Fw xO syRC F2 w x D G≠ O ≠TD G2 P,pH,wO x2T,P,pH

(50)

B E B E¯ ¯≠N ≠NH O2C Fw xC Fln(10) O s (51)2 w x D G≠ O ≠pHD G2 T,P,wO x2T,P,pH

o 2 oD H0 syT ≠ D G0 yT y≠T (52)Ž .Ž .f f P,pH,wO x2

B EoB E ¯≠D H0 ≠Nf H2 C FC F syRT ln(10)
D G D G≠pH ≠TT,P,wO x P,pH,wO x2 2

(53)

oB E≠D H0 Rf syC F
w x w x≠ O OD G2 2T,P,pH

B E2 ¯≠ T NŽ .O2C F= (54)
D G≠T P,pH,wO x2

SinceN can be determined experimentally, theO2
¯

standard further transformed Gibbs energy of for-
mation of H MO plus an integration constantav 2av

can be calculated by the following integration:

oD G0 H MO qconstŽ .f av 2av

¯ w x w xsyRT N y O d O (55)O 2 2|Ž .2

We will see below that the integration constant
is a function ofT and pH.
Maxwell relations can be used ifD G0 can beo

f

obtained as a function ofT, pH and wO x. For2

reaction system(Eq. (1)) the standard further
transformed Gibbs energies of formation of H Mav

and H MO can be calculated using Eq.(30).av 2

o oD G0 H M sD G9 H M (56)Ž . Ž .f av f av

o oD G0 H MO sD G9 H MO yD G OŽ . Ž . Ž .f av 2 f av 2 f 2
o osD G9 H MO y D G O ,aqŽ . Ž .f av 2 f 2Ž

w xqRTln O (57)2 .

where the standard Gibbs energy of formation of
molecular oxygen in aqueous solution at 298.15 K
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can be calculated as a function ofT using data in
the NBS tablesw18x. The standard transformed
Gibbs energy of formation of the pseudoisomer
group is given by

oD G0 H MO sŽ .f av 2av
oyRTln expyD G0 H M yRTŽ .µ Ž .f av

oqexpyD G0 H MO yRT (58)Ž . ∂Ž .f av 2

This equation can be written in terms of the
binding polynomial for molecular oxygen as
follows:

o oD G0 H MO sD G0 H MŽ . Ž .f av 2av f av

w xyRTln 1q O yK9 (59)2 OŽ 2.
In this equationD G0 (H M) is not a functiono

f av

of wO x because H M does not contain O . The2 av 2

expression forK9 has already been given in Eq.O2

(12). The relation between Eqs.(55) and (59) is
discussed in Section 7. The equilibrium concentra-
tions of H M and H MO are readily calculatedav av 2

since the equilibrium mole fractionsr of reactantsj

in the pseudoisomer group are given by

orsexp D G0 yD G08 yRT (60)Ž .µ ∂j f k f j

5. Use of the transformed Gibbs energy to treat
an allosteric protein

If protein M that binds one oxygen molecule at
a site linked with two acid groups is in equilibrium
with an isomer M*, then Eq.(36) will have one
more term in it.

dG0syS0dTqVdPqm0 H MOŽ .av 2av

=dn0 H MO qm0 H M*OŽ . Ž .av 2av av 2av

=dn0 H M*O qRTln(10)n (H)dpHŽ .av 2av c

w x w xy RTn O y O d O (61)Ž .µ ∂c 2 2 2

We can regard this as a system with two reac-
tants, one reaction, and one component, but we
can also regard it as having one reactant because
H MO and H M*O are pseudoisomers atav 2av av 2av

specified pH andwO x. The expression for the2

further transformed Gibbs energy of formation of

this pseudoisomer group contains all the informa-
tion about the system. We expect that the function-
al dependence on pH andwO x will have the same2

form as for a single protein. The Maxwell relations
have the same form as those in Eqs.(46)–(54).
Thus, even when there are a number of forms of
H MO , equilibrium experiments can be repre-av 2av

sented thermodynamically as if there is a single
form. Of course the thermodynamic properties can
then be interpreted in terms of isomerization of
the reactant if there is other experimental data or
a theory for how to do it.

6. Calculations of transformed thermodynamic
properties for the reaction system

Given the pKs, K, and the corresponding stan-
dard enthalpies of reaction for the reaction system
in Eq. (1), it is possible to calculate all the
thermodynamic properties(1) at specified pH by
using the reaction H MOsH MqO or (2) atav 2 av 2

specified pH andwO x by representing the system2

with H MO . The pKs used are those of Anton-av 2av

ini et al. w4x because their very thorough investi-
gation includes the effect of temperature on the
equilibrium constants of the binding sites in human
and horse hemoglobins. Their pKs are based on
the assumption that the oxygen-linked groups are
independent. However, pK and pK in Eq. (1) are1 2

the usual thermodynamic pKs independent of any
assumptions. Actually some of the acid dissocia-
tions are cooperative, which indicates that they are
not independent. The pKs used in the current
calculations were obtained using

pK pKa bpK slog 10 q10 (62)Ž .1

pK spK qpK ypK (63)2 a b 1

where pK and pK are the pKs based on thea b

assumption that the oxygen-linked acid groups are
independentw9,19x. Eqs.(62) and(63) were used
to calculate the pK and pK values given in Table1 2

1 for the temperatures used by Antonini et al.
When the pKs for a dibasic acid are far apart,

pK spK and pK spK , but pK may be quite1 a 2 b 1

different form pK and pK may be quite differenta 2

from pK when pK and pK are close. If pK andb 1 2 1
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Table 1
pKs of H M and H MO2 2 2

T (K) pK (M)1 pK (MO )1 2 pK (M)2 pK (MO )2 2

283.15 8.09 6.91 5.42 6.00
293.15 7.85 6.67 5.46 6.04
303.15 7.63 6.45 5.50 6.08
313.15 7.42 6.24 5.43 6.11

pK are closer than 0.6, the acid dissociation is2

cooperativew9,19x. The effect of ionic strength is
ignored here to simplify the calculations.
In order to be able to differentiate standard

thermodynamic properties with respect to temper-
ature, it is necessary to express pK and pK as1 2

functions of temperature. Antonini et al.w4x found
that the standard enthalpy of acid dissociation is
37.7 kJ mol for the pK values andy6.3y1

1

kJ mol for the pK values. The pKs can bey1
2

represented as functions of temperature by use of

o B EDH 1 1
C FpK(T)spK(293.15)y y
D GRln(10) 293.15 T

(64)

Since this is a hypothetical reaction system, the
value ofK in Eqs.(1) and(12) is rather arbitrarily
taken to be 10 at 293.15 K, withD H s60.7y5 o

r

kJ mol , where the later value was used byy1

Antonini et al. The equilibrium constantK for
MO sMqO can be represented as a function of2 2

temperature by

oB B EEDH 1 1y5 C C FFK(T)s10 exp y (65)
D D GGR 293.15 T

When the pH is specified, the function ofT and
pH that representsD G9 (H M) can be calculatedo

f av

using Eq.(27) in the form

o oD G9 H M sD G9 (M)Ž .f av f
ypHqpK1MyRTln 1q10Ž

y2pHqpK qpK1M 2Mq10 (66).

where D G9 (M)s0 becauseD G (M) is set ato o
f f

zero at each temperature by convention and
N (M)s0. When the functions ofT for pK andH 1M

pK are inserted in this equation,D G9 (H M) iso
2M f av

obtained as a function ofT and pH.
When the pH is specified, the function ofT and

pH that representsD G9 (H MO ) can be calcu-o
f av 2

lated using Eq.(27) in the form

o oD G9 H MO sD G9 MOŽ . Ž .f av 2 f 2
ypHqpK1MO2yRTln 1q10Ž

y2pHqpK qpK1MO2 2MO2q10 (67).

where D G9 (MO )sD G (MO ) becauseo o
f 2 f 2

N (MO )s0. The value ofD G (MO ) can beo
H 2 f 2

calculated by using

oyRTlnKsD G (M)f
o oqD G O yD G MO (68)Ž . Ž .f 2 f 2

The standard Gibbs energy of formation of O2
in aqueous solution can be calculated at tempera-
ture T by using

o oD G O ,aqs(Ty298.15)D G (298.15)Ž .f 2 f
oq(1yTy298.15)D H (298.15)

(69)
f

that is based on the assumption thatD H (O ) iso
f 2

independent of temperature in the range 283.15–
313.15 K. At 298.15 K the NBS tablesw18x give
D G (O , aq)s16.4 kJ mol andD H (O , aq)so y1 o
f 2 f 2

y11.7 kJ mol . SinceK is given by Eq.(65),y1

Eq. (68) makes it possible to obtain the function
of temperature forD G (MO ). With K and theo

f 2

pKs as functions ofT, Eq. (12) makes it possible
to calculateK9 as a function ofT and pH. TheO2

standard transformed reaction Gibbs energy of
H MO sH MqO can be calculated usingav 2 av 2

D G9 syRTlnK9 . This function ofT and pH iso
r O2

very complicated, but it and its various derivatives
can be calculated by use ofMathematica w20x.�

Fig. 1 showsD G9 in joule per mole as ao
r

function of pH andT in the first plot.
The dissociation of molecular oxygen is unfa-

vorable over the entire range, but the dissociation
is greater at higher temperatures because the stan-
dard transformed enthalpy of reaction is positive,
as shown by the third plot. The base ten logarithm
of the apparent dissociation constant is shown in
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Fig. 1. Standard transformed thermodynamic properties for the reaction H MOsH MqO as functions of pH andT. Energiesav 2 av 2

are given in joule per mole, and entropies are given in joule per kelvin per mole.
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the second plot. The standard transformed entropy
of reaction can be calculated by taking the deriv-
ative of D G9 with respect to temperature, aso

r

shown by Maxwell relation(Eq. (20)). D S9 iso
r

positive over the whole range, as shown by the
fifth plot, and this favors dissociation, in opposi-
tion to the enthalpy change. The fourth plot gives
TD S9 in joule per mole, and when these valueso

r

are subtracted from the plot forD H9 , the plot foro
r

D G9 is obtained. Some increase in entropy upono
r

the dissociation is expected because two molecules
are produced out of one. It may be that H M hasav

a more random structure than H MO . Anotherav 2

factor to be considered in explaining the entropy
change is that there is a change in the binding of
hydrogen ions in the reaction, as shown by the
sixth plot. This plot is obtained by use of Maxwell
relation(Eq. (19)). At pH 7 and above there is an
uptake of hydrogen ions when the dissociation of
oxygen occurs. This decreases the entropy of
dissociation of oxygen in that pH range. Maxwell
relation (Eq. (21)) shows that the rate of change
of the standard transformed entropy of reaction
with respect to pH is proportional to the derivative
of TD N with respect to temperature. This is anr H

important new result. The seventh plot gives
dD S9 ydpH, andyRln(10)d(TD N )ydT is giveno

r r H

by the same plot. The eighth plot gives dD H9 yor

pH andyRT ln(10)dN ydT is given by the same2
H

plot. Plots 7 and 8 look like they have the same
dependence onT and pH, but they are slightly
different. These plots provide four checks on the
consistency of these calculations becauseD G9 sor

D H9 yTD S9 , the third and fifth Maxwell rela-o o
r r

tions are obeyed, and the plot for dD H9 ydpHo
r

minusT times the seventh plot gives the plot for
D N after division byRTln(10).r H

When data on reaction system(Eq. (1)) are
interpreted in terms of H MOsH MqO , theav 2 av 2

experimental values of the apparent equilibrium
constantK9 can be used to calculateD G9 as ao

O r2

function of T and pH. This function contains all
the thermodynamic information on the system. The
change in the binding of hydrogen ionsD N inr H

the reaction can be calculated using Maxwell
relation (Eq. (19)). This property of the reaction
can be obtained experimentally using a pHstat or
can be calculated from acid titration curves of M

and MO . At a specified temperature,D G9 pluso
2 r

an integration constant can be calculated by inte-
grating Eq.(19).

oD G9 qconstsRTln(10) D N dpH (70)r r H|

This type of integration was used by Antonini
et al. w4x. The value of the integration constant
can be evaluated becauseD G9 sy(8.3145)o

r

(0.29315)ln 10 at 293.15 K in the limit of highy5

pH.

7. Calculation of the further transformed ther-
modynamic properties for the reaction system

The standard further transformed Gibbs energies
of formation of H M and H MO are calculatedav av 2av

by substituting Eqs.(66) and (67) in Eqs. (56)
and (57). In Eq. (57), the value ofD G (O , aq)o

f 2

is replaced with the function ofT in Eq. (69). The
functions forD G9 (H M) andD G9 (H MO ) areo o

f av f av 2

substituted in Eq.(58) to obtain the function for
the standard transformed Gibbs energy of forma-
tion of the pseudoisomer group. The function
D G0 (H MO ) of T, pH and wO x is veryo
f av 2av 2

complicated, but it and its various derivatives can
be calculated by use ofMathematica.
The first plot in Fig. 2 gives the standard further

transformed Gibbs energy of formation of the
system with respect to the standard Gibbs energy
of formation of the macromolecule. The conven-
tion is thatD G (M)s0 at each temperature, justo

f

like an element in familiar chemical thermodynam-
ic tables. Adding oxygen or lowering the pH
increases the stability of the system, that is
D G0 (H MO ) decreases. This surface lookso
f av 2av

simple, but it contains a lot of information, as
shown by the other plots that are all calculated
from it. The second plot is obtained by use of
Maxwell relation(Eq. (46)) to calculate the aver-
age number of oxygen molecules bound by the
macromolecule. Oxygen is more tightly bound at
pH 9. Since the average number of oxygen mole-
cules bound can be determined spectrophotometr-
ically, this plot provides the way to obtain
D G0 (H MO ) by integration of witho N̄f av 2av O2

respect to the oxygen concentration, as indicated
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Fig. 2. Standard further transformed thermodynamic properties at 293.15 K for the reaction system. These properties can be readily
calculated at other temperatures in approximately the range 273.15–323.15 K. Energies are given in joule per mole, and entropies
are given in joule per kelvin per mole.

by Eq. (55). The third plot showing the average
number of hydrogen ions bound by the macromol-
ecule at each pH and concentration of molecular
oxygen is obtained by use of Maxwell relation
(Eq. (47)). At very high pHs no hydrogen ions
are bound by the site, and at very low pHs two
hydrogen ions are bound. At intermediate pHs the
shape of this plot indicates the pKs of the acidic
groups in M and MO . If the acid titration curves2

of M and MO are determined in the laboratory at2

a particular temperature, the average binding of
hydrogen ions can be calculated.

The standard further transformed entropy of the
system given in the fourth plot is obtained by use
of Maxwell relation (Eq. (48)). At high pH and
in the absence of oxygen, the site is empty and
the entropy of the binding site is equal to zero at
each temperature. The standard further transformed
entropy of this reaction system is always negative,
and so it increases the standard further transformed
Gibbs energy. The standard further transformed
enthalpy of the system is obtained using the
Gibbs–Helmholtz equation(Eq. (52)). Multiply-
ing values in the entropy plot by the temperature
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Fig. 3. Dependencies ofD S0 andD H0 on pH andwO x at 293.15 K for the reaction system. These properties can be readilyo o
f f 2

calculated at other temperatures in approximately the range 273.15–323.15 K. Enthalpies are given in joule per mole, and entropies
are given in joule per kelvin per mole.

and subtracting them from the values in the enthal-
py plot yields the first plot, as expected from
D G0 sD H0 yTD S0 . The sixth plot in Fig. 2o o o
f f f

deals with Maxwell relation (Eq. (51)) that
expresses the linkage between the binding of
oxygen molecules and the binding of hydrogen
ions. It shows how the average binding of hydro-
gen ions varies with the concentration of molecular
oxygen and how the average binding of oxygen
molecules varies with the pH.
The dependencies ofD S0 and D H0 on pHo o

f f

and wO x at 293.15 K are shown in Fig. 3. The2

derivative ofD S0 with respect to pH given in theo
f

first plot is obtained from Maxwell relation(Eq.
(49)), which can also be labeledy

This provides an explanation¯Rln(10)d(TN )ydT.H

of the dependence of the standard further trans-
formed entropy of formation of H MO on pHav 2av

because it shows that it is a result of the depend-
ence of on temperature. The second plot of¯TNH

wO xdD S0 ydwO x is obtained using Maxwell rela-o
2 f 2

tion (Eq. (50)), and this plot can also be labeled
This shows that the depend-¯yR(d(TN )ydT).O2
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ence of the standard further transformed entropy
of formation of H MO on the concentration ofav 2av

molecular oxygen is a result of the dependence of
on temperature. These mathematical relation-¯TNO2

ships have to be taken into account in interpreting
the third plot in Fig. 2.
The third plot of dD H0 ydpH in Fig. 3 iso

f

obtained using Maxwell relation(Eq. (53)). This
plot can also be labeled 2 ¯yRT ln(10)(dN ydT).H

The fourth plot of dD H0 ydwO x is obtained fromo
f 2

Maxwell relation(Eq. (54)). This plot can also be
labeled The first four2 ¯w xy(Ry O )(d(T N )ydT).2 O2

plots in Fig. 3 have shown implicitly how
and vary with pH andwO x,¯ ¯dN ydT dN ydTO H 22

and so they are shown explicitly in the fifth and
sixth plots in Fig. 3.
This does not exhaust the partial derivatives that

can be calculated. Di Cera et al.w21x have defined
the binding capacity, which is analogous to the
heat capacity, and have applied it to the binding
of oxygen to hemoglobin. The binding capacity is
of interest because it is a measure of cooperativity.

8. Discussion

These derivations and their application to a
reaction system demonstrate the importance of
fundamental equations and Maxwell relations in
bringing together all the thermodynamic informa-
tion on a complicated system. They also show
how these equations can be extended to treat
reaction systems with more reactants.D G0of

(H MO ) is a complicated function ofT, pHax 2av

and wO x that contains all the thermodynamic2

information about the reaction system in Eq.(1).
This function is not directly accessible by experi-
ment, but measurements of make it possibleN̄O2

to obtain it. The differentiation ofD G0 can beo
f

used to obtainD S0 , D H0 , and various deriva-o o
f f

tives of these and other thermodynamic properties
of a reaction system.
In Section 2 on the fundamental equation forG,

it was stated that ‘in the absence of experimental
methods for determining the equilibrium concen-
trations of all eight species, the five reactions
cannot be used directly to determine the standard
Gibbs energies of formation of the six species

involving protein,’ but determiningK9 or N̄O O2 2

makes it possible to obtainD G (MO ) witho
f 2

respect toD G (M). The latter is set equal to zeroo
f

by convention. The pKs determined fromK9 orO2

make it possible to calculateD G andD Ho oN̄H f f

for the other species.
These discussions have involved a different

approach than that introduced by Wyman and Gill
w3x, but nevertheless these two approaches have a
lot in common. The fundamental equations
described here were developed to treat the enzyme-
catalyzed reactions of metabolism, but proteins
may be involved in these reactions, and so it
should be possible to treat metabolism and ligand
binding together.
Wyman w5x introduced the concept of the bind-

ing potential, which he represented by the Russian
L for linkage. This is a molar thermodynamic
property that is defined by use of a Legendre
transform that introduces the chemical potential of
the ligand as an independent intensive property.
The binding potential of Wyman, which is repre-
sented here byL, is given byw3x

r
L yRTiLsRTln n e (71)i8

is1

whereL is the binding potential for theith form,i

n is the equilibrium mole fraction of theith form,i

andr is the number of forms. The thermodynamic
property used in the current paper that is compa-
rable toL is the further transformed Gibbs energy
of formation of H MO that is given byav 2av

N0
oyD G0 yRTf iD G0syRTln ef 8

is1

w xqRTln H MO (72)av 2av

where is the standard further transformedoD G0f i

Gibbs energy of formation ofith form, N0 is the
number of forms, andwH MO x is the totalav 2av

concentration of the macromolecule.
It may appear puzzling that the summation in

Eq. (72) does not involve the equilibrium mole
fractions that appear in Eq.(71). This is because
the exponential terms in Eq.(72) involve the
standard further transformed Gibbs energies of
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formationD G0 of the various forms rather thano
f

the further transformed Gibbs energy of formation
D G0. The standard further transformed Gibbsf

energies of formation of the various formsoD G0f i

are given by

o w xD G0 sD G0 yRTln Mf i f i i

w xsD G0 yRTln r H MO (73)f i i av 2avŽ .

wherer is the equilibrium mole fraction of theithi

form of H MO . Substituting Eq.(73) in Eq.av 2av

(72) and settingwH MO xs1 M yieldsav 2av

N0
yD G0 yRTf iD G0syRTln r e (74)f i8

is1

that is the same as Eq.(71) except for the sign
differences. In the Wyman approach, a normaliza-
tion is used to eliminate the term for the macro-
molecule in the fundamental equation, and so the
concept of standard state for the macromolecule
does not arise. This does not cause a problem in
deriving Eq. (71), but the concentration of the
macromolecule is needed in treating an enzyme-
catalyzed reaction involving a macromolecule and
to obtain all of the Maxwell relations discussed
here.

9. Glossary

C number of components
G Gibbs energy of a system(J)
D Gf i Gibbs energy of formation of speciesI (J mol )y1

D Go
f i standard Gibbs energy of formation of speciesi

(J mol )y1

D Gr Gibbs energy of reaction(J mol )y1

D Go
r standard Gibbs energy of reaction(J mol )y1

G9 transformed Gibbs energy of a system(J)
D G9f transformed Gibbs energy of formation of

speciesi or reactantj (J mol )y1

D G9of standard transformed Gibbs energy of formation
of a speciesi or reactantj (J mol )y1

D G9r transformed Gibbs energy of reaction(J mol )y1

D G9or standard transformed Gibbs energy of reaction
(J mol )y1

G0 further transformed Gibbs energy of a system(J)
D G0f further transformed Gibbs energy of formation of

reactantj or k (J mol )y1

D G0of standard further transformed Gibbs energy of
formation of reactantj or k (J mol )y1

D G0r further transformed Gibbs energy of reaction
(J mol )y1

D G0or standard further transformed Gibbs energy of
reaction(J mol )y1

H enthalpy of a system(J)
D Hf i enthalpy of formation of speciesi (J mol )y1

D Ho
f i standard enthalpy of formation of speciesi

(J mol )y1

D Hr enthalpy of reaction(J mol )y1

D Ho
r standard enthalpy of reaction(J mol )y1

H9 transformed enthalpy of a system(J)
D H9f transformed enthalpy of formation of speciesi or

reactantj (J mol )y1

D H9of standard transformed enthalpy of formation of a
speciesi or reactantj (J mol )y1

D H9r transformed enthalpy of reaction(J mol )y1

D H9or standard transformed enthalpy of reaction
(J mol )y1

H0 further transformed enthalpy of a system(J)
D H0f further transformed enthalpy of formation of

reactantj or k (J mol )y1

D H0of standard further transformed enthalpy of
formation of reactantj or k (J mol )y1

D H0r further transformed enthalpy of reaction
(J mol )y1

D H0or standard further transformed enthalpy of
reaction(J mol )y1

I ionic strength(M)
K equilibrium constant or acid dissociation

constant
K9 apparent equilibrium constant
L linkage potential(J mol )y1

ni amount of speciesi (mol)
n 9j amount of reactantj at specified pH(mol)
n 0k amount of reactantk at specified pH andwO x2

(mol)
n (i)c amount of componenti (mol)
N number of different species
Nc number of components
N (i)H number of hydrogen atoms in speciesi
N (i)O2 number of oxygen molecules in species or

reactanti

N̄H average number of hydrogen atoms in a reactant

N̄O2
average number of oxygen molecules in a
reactant

D Nr H change in number of hydrogen atoms bound in a
reaction

D Nr O2 change in number of oxygen molecules bound in
a reaction

P pressure(bars)
pH ylogwH xq

pK ylogK
ri equilibrium mole fraction ofi
R gas constant(8.31451 J K mol )y1 y1

R number of independent reactions
S entropy of a system(J K )y1

S̄i Molar entropy of a species(J K mol )y1 y1



559R.A. Alberty / Biophysical Chemistry 104 (2003) 543–559

D Sf i entropy of formation of speciesi (J K mol )y1 y1

D Sof i standard entropy of formation of speciesi
(J K mol )y1 y1

D Sr entropy of reaction(J K mol )y1 y1

D Sor standard entropy of reaction(J K mol )y1 y1

S9 transformed entropy of a system(J K )y1

D S9f transformed entropy of formation of speciesi or
reactantj (J K mol )y1 y1

D S9of standard transformed entropy of formation of a
speciesi or reactantj (J K mol )y1 y1

D S9r transformed entropy of reaction(J K mol )y1 y1

D S9or standard transformed entropy of reaction
(J K mol )y1 y1

S0 further transformed entropy of a system(J K )y1

D S0f further transformed entropy of formation of
reactantj or k (J K mol )y1 y1

D S0of standard further transformed entropy of
formation of reactantj or k (J K mol )y1 y1

D S0r further transformed entropy of reaction
(J K mol )y1 y1

D S0or standard further transformed entropy of reaction
(J K mol )y1 y1

T temperature(K)
ni mole fraction in Eq.(71)
mi chemical potential of speciesi (J mol )y1

mo
i standard chemical potential of speciesi

(J mol )y1

m9 transformed chemical potential of speciesi or
reactantj (J mol )y1

m9o standard transformed chemical potential of
speciesj or reactantj (J mol )y1

m0 further transformed chemical potential of
reactantj or k (J mol )y1

m0o standard further transformed chemical potential
of reactantj or k (J mol )y1

j extent of reaction(mol)
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