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In a chemcal thernodynam cs course nmany students have
difficulty understanding the follow ng equation
AG° = - RT In K, (1)
Even gifted students find it difficult to understand the delta
function and the di nensions of Kp.
The anbiguity  of the delta synbol in chem cal
t hernodynam cs is the major contributing factor to this | ack of
under st andi ng. The | UPAC Conmi ssion on Physi cochem cal Synbols
in their so-called green book (1) wote to this end (the |UPAC
comm ssion used the synbol H we have substituted G for H):
Al t hough synbol s such as ArG shoul d denote the integral G bbs
energy of reaction
8,G= Q&) - Qe (2)
in practice this synbol is usually used to denote the change
di vided by the amobunt transfered, i.e. the change per extent of
reaction, defined by the equation
ArG:Zi"i“i :(aG/ag).np (3)
The quantity (8@ s¢) will be referred to as the partial change
in the G bbs energy.

Over the last twenty years nuch attention has been paid in

this journal to eq 1 (2 - 13). Aut hors seeking to



differentiate the neaning of AGin eq 3 fromthat in eq 2 have
proposed the follow ng notations: lex (4), AP1TG (9, lex (10),
lex (13), and the special name the chem sts’ delta (10).

The anmbiguity in the delta synbol in equations 2 and 3
arose early on in the history of chem cal thernodynam cs, where
two approaches to AG developed within eight years of each
other, by G bbs (1876) (14) and by Van’t Hoff (1884) (15).

G bbs’ approach to chemcal equilibrium which has now
becone the standard in the teaching of chem cal thernodynam cs,
uses the algebraic sum of chemical potentials, v (the
partial change in the G bbs energy, eq 3) and does not need eq
2 at all. The historic problem with Gbbs is that he never
derived anything |ike equation 1.

It was Van't Hoff who first wote an equation close to eq
1. Wth little nodification his equation can be presented as
fol | onst

W= RT In K, (4)
W here is the maximum work and is a finite difference of sone
function of state (say AG at constant tenperature and pressure)
and brings forth the interpretation of the delta synbol in eq 1
with the neaning of eq 2 (integral change of the G bbs energy).

In the discussion on the problemwth the chemst’s delta
and in the conparison between the Gbbs and Van't Hoff
approaches we will follow the notation of the |IUPAC Conmi ssion
(1) enploying a variety of subscripts and superscripts. W w ||
start with the notation for changes: aZ, AZ and A Z of any

extensive property Z (entropy, energy, enthalpy, volunme and so

on) in a closed systemwith a single chem cal reaction taking



pl ace. Afterwards, enploying this notation, we wll suggest
several interpretations based on both G bbs’ and Van't Hoff’s
approach for the quantity Aan]and try to show why the synbol a
may neke sense here. Later on, from the criteria of chem cal
equilibrium we’'Il obtain the quantity Ang] and, in turn,
examne its interpretation. W wll finish with a standard

equi li brium const ant K° and the relation between it and K

(K.) .

P

The System Under Study
Let us consider a closed system containing N substances

(initial nunbers of noles are n in which only one chem ca

o,i)
reaction
v B =0 (5)
can take place. Such a condition can be expressed as
rank(A) = N- 1
where A is the fornmula matrix (16). In this sinple case the
change in the nunber of noles of each substance can be
described by introducing a chem cal variable gz defined by the
equati on
N, =ng . + & (6)
or
dn. = vidg (7)
For any inert substances in the system (e.g. solvent) that

do not take part in the reaction their stoichionetric nunbers

in eqs 5 to 8 are assuned to be equal zero.



I ntegral Change of An Extensive Property aZ
The sinplest and nost natural definition of a delta is the
i ntegral change of an extensive property
2 - 1 (8)

wher e 22 and Z1 are related to two states of the system with

N = Z Z

different values of & (see also eq 2). It is this termthat is

included in eq 4 and such equations as

AU = QV

BH = Q,
RAVA Sl
'(AG)p,T = Wiax

Wrth noting is that the value of AZ in eq 8 depends not only
on the chem cal variable, but also on external variables (e.g.
p, T constant or V, T constant).

Az as defined above is clearly an extensive property.
Usually it is easier to deal with an intensive property, and as
such, we can consider the nole change of AZ while the chenica
variable is changed by one nole, a¢ = 1. In other words, the
ratio

VAN VANNS (9)
but it is still the integral change of Z.

Van’t Hoff in his works had used only these integral
changes. The main problem with his nethod was that the ratio
AZl ¢ depended on the value of aA&. This neans that in the
general case AZm is not defined properly. To cope with it,
Van’t Hoff had introduced the special huge box (Van't Hoff’s
box) within which a chem cal reaction was taking place (see

nore bel ow).



Partial Change in An Extensive Property Aer
In t he G bbs’ approach a differenti al of Z
(infinitesimally small change) is used

dzZ = (8zZ/ aT) dT + (8Z/ ap) dp + . (8Z/ an;) dn.
P, N; T, n, | i/ T, p,n. i

J
The derivative at dni is known as the partial nolar quantity

(GZ/Gni)T,p,nj = Zi
where it is assuned that j = i.

In the case of a closed system with only one reaction
taking place, changes in amunts of each of the substances
depend on the chem cal variable only and dZ can be rewitten
according to eqs 6 and 7, as follows

dz = (aZ/aT)p n_dT + (aZ/ap)T n_dp + (ziviZi)dg (10)
" "

Thus, we have

This quantity plays a very inportant role in chemca
equilibria and may be named a partial change of an extensive
property in the chemcal reaction. That is all that is needed
in the G bbs’ approach

According to | UPAC recommendations (1), it is denoted as

6Zo = T v Z (12)

Note that the word change is usually dropped and this gives
rise to such terns as the entropy of a chem cal reaction ArSm
the enthal py of a chemical reaction Aan]and so on.

If there were no definition such as eq 12, there woul d be
no need for our paper since the anbiguity in delta occurs here.

The sane delta used for integral changes has al so been applied



to partial changes.

Let us now discuss whether the delta in eq 12 is the
ordinary one. W start by conparing integral AZm and partia
A Z in Van't Hoff’'s approach and continue with the possible
i nterpretation of Aer in G bbs’ approach. After which we wl|

present two exanpl es.

Interpretation of Aan]in Van’t Hoff’'s Approach
First, let us consider the connection between AZn]and A Z
in the nost inportant case when tenperature and pressure of the
system are kept constant in transition fromthe state 1 to 2.
By integrating eq 10 we have
(MHQT:(I%Zm@”M

Wer e Aan] not dependent on the value of the chem cal
vari able, the change of the extensive property of the whole
system (AZn?p1T and the partial change of the extensive
property Aan]mouId be nunerically equal each other

(Aqﬁp1T::Aer (13)

Equation 13 holds for all chem cal reactions where Van't
Hoff's box is enployed - with the system containing a |arge
nunber of noles of each substance, reagents and products (n0
-> «). Here the change of the chemical variable by a finite
value (a& = 1 for exanple) brings an infinitesimally small
change to the nole fractions (i.e. to conposition) and |eaves
the partial nolar quantities unchanged.

Equation 13 yields the sinplest interpretation of ArZm It
shows that % vi 4 Is nunerically equal to the change of the

extensive property of the whole system corresponding to the



change of the chemcal variable on one nole at constant
tenperature and pressure. Thus, such interpretation shows the
connecti on of Arch]mﬁth eq (2) and may present sone explanation
why the synbol delta was applied instead of the al gebraic sum
% vj -

Nonet hel ess, it should be stressed that there is a great
difference between the delta in the sense of eq 2 and 8 (per
nole of change in the chemcal variable, eq 9) and Ar3.
General ly speaking, equation 13 applies to the case of Van't
Hoff's box at constant tenperature and pressure only. At the
sane tine, Aer is the derivative (aZ/&Qp1T (egs 10 to 12),
and it does not correspond to any process at all, but to sone
state of the system under study at a given value of the
chem cal vari abl e.

Such a difference gives a different neaning to the
subscripts p and T in egs 11 and 13. In eq 13 they are external
vari ables that are kept constant in the chemical reaction. In
eq 11 they are just a rermainder that Zis a function of p and T
while the derivative is taken. Equation 10 to 12 apply at any
given set of external variables (p and T, V and T, U and V and
SO on).

To nmake this point clearer let us take the case of
constant volune and tenperature. To conpute (Azn?V,T we have to
deal with the derivative (aZ/ag)V1T. Anal ogously to eq 11 one

can obtain

(aZ/ag)\LT = Zi”i(GZ/dni)V,T,m

Wi | e considering the conpound function Z{V(p,T;ni),T;ni} it is

possible to derive the relationship of (aZ/dni)V Tn with the
’ ’ J



correspondent partial nolar quantity

(GZ/dni)V,T,nj =7z - (GZ/BV)T,nivi
From here we have

(aZ/ag)VJ— = 82" (aZ/aV)T1 . A Vi
and
3
(Azn‘?V,T = {gio[Aer_ (aZ/aV)T1 . ArVn,] de}/ ae
Since there are only intensive properties under the integra

one should expect, using the sane argunents as above, that in

the case of Van't Hoff’'s box the follow ng equation will hold
(AZn.}V1T = 82" (aZ/aV)T1 . A Vi (14)
Here a major difference with eq 13 occurs. The maxi num work at
V with T held constant is the integral change of Helnmoltz
energy, but (AAn‘?VT is no longer equal to % "iAi' Rat her,
according to eq 14 we obtain
(OFd v, 1 = Lviw = 4Gy (15)

si nce

Interpretation of A Zrn I n G bbs’ Approach
Anot her interpretation of delta in A Z IS possible within
the G bbs’ approach that arises fromeq 12 (see also eq 3). In
a chemcal reaction the stoichionetric nunbers associated with
reagents are negative while those associated with products are
positive. This allows us to wite

ZiviZi = vapr - ZrlvrIZ} (16)

vp>0 vr<0

Thus, it is possible to say that A Is the difference between

two states: the sumof the properties of the products m nus the

- 8 -



sum of the properties of the reagents. This also allows us to
enpl oy the delta synbol as defined in eq 1 (and eq 12) but with
a conpletely different neaning than as in eq 13.

However, there is a problem The quantity Zi”i4
corresponds to sone state of a systemat the given value of the
chem cal variable and at the same tine it is presented (eq 16)
as the difference between two different states of another
systens (products and reagents), i.e. it corresponds to sone
state and sone process at the sane tine.

When Zi”izi is taken as a process (eq 16), reagents and
products are assunmed to be under the sane conditions. This
woul d tenpt us to subscript Aan]to enphasi ze this: for exanple
(Aan?p1T or (Aan?V1T. Nonet hel ess, in this particular case
this is nonsensical since we are tal king about the state of the
chem cal system under study where all of the state functions
are constant: p, V, T, U S, etc. Thus, eq 16 is nerely an

interpretation of the basic equations 11 and 12.

Exanpl e 1. Het erogeneous Reacti on Anong Pure Substances

In this case each substance exists as a separate phase.
The sinplest case is the phase transition of an one-conponent
system W wll consider a system conprising CHCI%, CaO and
CCE. Here the overall extensive property is the sum of
properties of each phase that, conbined with definition of
nmol ar quantity (Zn1: ZIn), yields the follow ng

Z = nlzml + nZZnQ + ”3Zn3

The nol ar quantity depends only on tenperature and pressure and

does not depend on anmount of substance. Hence



(GZ/Gni)T,p,nj = Zrni

For any state of the systemin the exanple the follow ng hol ds

(2] 66) 1 |, = Z,{COy) + Z (CaQ) - Z,(CaCOy) = 8,7,

whil e the chem cal reaction is chosen as

CaCOy = CaO + CO,
Thus (enploying the G bbs energy), the rate of change of the
G bbs energy of the systemis equal to the change of the G bbs
energy of the process when one nole of CaO and one nol e O, are
produced from one nole of CaCI% at a given tenperature and
pressure.

It is worth noting that in this case eq 13 will hold not
only for Van't Hoff’'s box, but for a system of any dinension
because nolar quantities of separate phases do not depend on
the value of the chem cal variable at constant tenperature and

pressure.

Exanpl e 2. Honbgeneous Reaction Anong |deal Gases
One of the properties of an ideal gas mxture is that the
partial nolar quantity of each gas depends only on its partial
pressure and does not depend on the total pressure or the
partial pressures of the other gases. This neans that the nol ar
quantity of a pure gas taken at the partial pressure of the gas
in the gas mxture is equal to the partial nolar quantity of

the gas in the m xture

(GZ/Gni)T,p,nj = Zin{T, pi)

W will now consider the synthesis of anmonia
3H, + N, = 2NH,

Assum ng the behavior of all gases to be ideal, one can obtain

- 10 -



(8Zl a¢) T, p = ZZn,g NH ’pNH3) + Zn‘f N2, pNz) - 3Zn-f H2, sz) = 4, Zrn

Here (again enploying the G bbs energy), the rate of
change in the G bbs energy of the systemis equal to the change
of the G bbs energy in the reaction when two noles of amonia
are produced from three noles of hydrogen and one nole of
nitrogen: reactants and products being kept in separate boxes
at pressures equal to the partial pressures in the system under
st udy.

Equation 13 states that Aer is equal to change of the
G bbs energy of an appropriate Van't Hoff’s box while the
chemcal variable ¢ is changed by one nole. This exanple
differs fromexanple 1 as follows. In the synthesis of anmonia
eq 13 applies only for Van't Hoff’'s box. Changing the chem cal
vari abl e produces changes in the partial pressures of the

gases, thus, changing Arch]in the smal|l system

* * *

In the discussion above of delta in eq 12, we have tried
to show how this synbol is used. W have also tried to show
the possible msconceptions in the interpretation of Aer in
light of eq 12. W cone to the conclusion that it would be
better if eq 12 was not enployed. However, since this equation

enj oys such wi de use, we have no choice but to use it.

Criteria of Equilibria and Ang]
Only one value of the chem cal variable corresponds to the
equilibrium state of the system while other values are

associated wth non-equilibrium states. The mninmum of a

- 11 -



potential function, for exanple

p, T = const mn (G
3

V, T = const mn (A
3

| ocates the equilibrium state for a given set of external
conditions. VWiile the mninmum of the function is determ ned,
t he bounds of ¢ should be kept in mnd
- ”in(no,plvp) <= £ = nin(n01r/|vr|) (17)
vp>0 v, <0

This equation cones from the condition where the anmounts of
substances have a non-negative val ue (see eq 6).

General |y speaking, the criteria for equilibriumshould be

witten as foll ows

0

\}

de,T = (Zi i Hi)dg
dAy 1 = (Lviw)de

The inequality sign = there signifies that at equilibrium (the

0

\}

m ni rum of the potential function) any allowable change of the
chem cal variable nust not |ower the potential function. To
this end, the criteria of equilibriumdiffer fromthe criteria
of spontaneity dGb,T = 0 and dAV,T = 0.

| f T vi M could reach zero inside the allowable area (eq
17) for ¢ the mnimum of the potential function (the
equilibrium state) would be the steady state point, dG = 0,
where d¢ = 0.

However, the situation when T vi M Is not equal to zero
within the allowable area is also quite possible. The sinplest
exanple is the system with calcium carbonate (see Exanple 1
above). T vi M in this exanple at a given tenperature and

pressure is constant, and in the common case, is not equal to

- 12 -



zero. Here we need inequality sign as witten above to apply
the criteria of equilibrium In this case the mninmm of the
potential function corresponds to the absence of one of the
substances when ¢ reaches the margin of the allowable area
(there are only two substances left at equilibrium in the
exanpl e with cal cium carbonate).

If the latter case is excluded from consideration and only
systens where T vi M is able to reach zero are considered, the
criteria of equilibriumwll be

Lk =8Gy=0
Witing the chemical potential as a function of a partial

pressure (a fugacity, an activity) yields

w =W+ RT In (p;/p°) (18)
w = + RT In (f,/p° (19)
o= “? + RT In a (20)
Thus,

In the commpn case standard states of substances are descri bed
not only by the G bbs energy, but also by other extensive

properties and by the termArZ?r1

Interpretation of Ang]

As a first approximation the neaning of Ang]Should not
differ fromthat of Aer Unfortunately, this is not the case
Ar221 is obtained by introducing the standard state as the
reference point for the chemcal potential. However, the
standard state and Ang]do not properly apply to our system

W w il now consider the G bbs energy Ziﬁ*f (ArGﬁ?. The

- 13 -



al gebraic sun1ziviu? I's obtained where eq 18 to 20 are enpl oyed
to determne the standard state for each individual substance.
However, for the sake of convenience, the standard states may
be chosen independently for each substance. For exanple, in eq
20, the standard state of the solvent nmay be different from
that of a salt in the solution

Thus, Arcﬁ]does not refer straightforwardly to any real or
hypot heti cal system with all the substances inside. On the
ot her hand Arch]refers to a real chem cal system

This di fference between Arcﬁ]and ArGh]yieIds eq 16 as the
definition for Zi”i“?

Zi”icﬁlz Zp”pcﬁ1' Zr'”r“é%
vp>0 v, <0
where reagents an products are in their standard states, wth
all substances in the separate boxes. W renind the reader that
the opposite is true for ArGh]- eqs 10 to 12 are the definition
while eq 16 is the interpretation.

Interpretation of Zi”i“? as the rate of change in the
G bbs energy (eq 11) or where Van’t Hoff’s box is used (eq 13)
dermands a special systemwhere all the substances (products and
reagents) are in their standard states. In the conmmobn case,
many restrictions nust apply (hypothetical states, one-way
menbr anes and so on).

If we limt ourselves to a mxture of ideal gases (see
Exanpl e 2 above), a system applying eqs 11 to 13 to interpret
Zi”i“? can be easily constructed. In this gas m xture each gas
possesses the partial pressure equal to the pressure of the gas

in its standard state. Thus, we can apply such concepts as

G bbs G and Hel nmholtz A° energies to the "standard" system

- 14 -



Note that the total pressure of such a systemis not equal to
the standard pressure but to the sum of the standard pressures
of all of the gases. Using the Van't Hoff box one can arrive
at the following (see eqs 13 and 15)

(8GR p, 7 = (PR, T = 4Gy (21)
This equation yields a connection between the G bbs’ and Van't

Hof f’ s approaches (see eqs 1 to 4).

Kp and KC

Finally, we consider the problemin the dinensions of the
equilibrium constant and the choice of the standard state.
D nensional analysis of eg 1 shows that the equilibrium
constant is a dinensionless quantity and that its nunerical
val ue depends on the choice of the standard state (see eqs 18
to 20). As a result, to underscore this, the I UPAC conmm ssion
(1) introduced the new notation K° and a new term the standard
equi li brium const ant.

The equilibrium constants Kp and Kc’ whi ch  enj oy
wi despread use in chem stry, are dinensional. This is confirned
by | UPAC recommendations. Thus, a relationship between K° and
Kp (KC) nmust exi st.

If the standard state is assumed to be an ideal gas at
Some pressure (po) one can see fromegs 18 and 21 that

(4G p, 7 = (8ANy T = 8,y = - RTIn {Kp/pO(Ar")}
On the other hand, if the standard state is assuned to be an

© will denote

i deal gas at sonme concentration (the synbol
this), the equation

w = + RTIn (c /c%



yi el ds

(4G p, 7 = (8AYy T = 8,Gn = - RTIn {K ey
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FOOTNOTES

originally as In K = - E(2T). W wll wite also another
famliar equation, one witten by Van't Hoff,

(d In K/dT = g/ (279
and |l et you guess what the constant two neans there.
In our paper we prefer to use the termthe chem cal variable
instead of the nore usual one the degree of advancenent of

the chemcal reaction. First, it is shorter, and second, the

| atter tenpts us to think of &€ as a dinensionless val ue.

we suggest nam ng A, as the operator of the chemi cal reaction



