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A general method for the determination of molecular quantities from measurements in dense 
phases without chemical reactions has been presented in a previous paper [1], The method is ex-
tended to phases where chemical reactions may occur. The intimate relationship between the 
investigation of chemical equilibria and the determination of model molar quantities is shown. 
Some particular reactions have to be assumed as hypothesis. A scheme is developed, by which in 
favorable cases it is possible to falsify the assumed hypothesis or to estimate corresponding equi-
librium constants ani model molar quantities. Some special chemical reactions are treated, where 
observable quantities are insensitive to any variation of the concentrations of solutions and there-
fore such methods cannot contribute to the investigation of the systems. 

1. Introduction 

For a macroscopic phase meeting a few general 
requirements it is possible to define measurable 
quantities corresponding to certain bulk properties 
without introducing any assumption relating to 
the particular molecular structure of the considered 
phase [1]. Of special interest are extensive quanti-
ties and their adjoint densities, defined by (1.22)*, 
since originally measured quantities, as determined 
with suitable instruments, are either bulk quantities 
of one or the other type or such quantities can 
easily be calculated from them. Knowledge of their 
values for varying composition of the phase allowTs 
the determination of corresponding partial molar 
quantities (PMQ's), methods for appropriate eval-
uations have been discussed previously [1]. The 
set of generalized densities or the set of all PMQ's, 
obtainable with a given set of measured data, in-
cludes all information known, particularly that 
about any chemical reaction occurring in the phase. 
To relate the generalized densities or the PMQ's 
to molecular quantities necessitates the introduction 
of an appropriate molecular model. For systems 
with chemical reactions there are actually two in-
dependent models needed. The one model serves 
for the description of the chemical reactions taking 

* The abbreviation Eq. (I ) denotes equations of paper 
I of this series [1]. 
Reprint requests to Prof. Dr. W. Liptay, Institut für Phy-
sikalische Chemie der Universität Mainz, D-6500 Mainz. 

place in the phase, and the other model has to allow 
some representation of the model molar quantities 
(MMQ's) for all substances present. In the model 
about chemical reactions all thinkable ones should 
be taken into consideration, but this is never pos-
sible. The choice of only one or a few of such reac-
tions leads to a particular model which may be 
considered as a hypothesis about the investigated 
system. The comparis m of the hypothesis and its 
consequences with the experimental data can falsify 
the hypothesis or not. As a consequence therefrom 
many reaction models can be discarded, but not 
any one can be proved. Usually an investigator is 
not as alert of this fact when systems in equilibrium 
states are analyzed as when similar work in reaction 
kinetics is performed. 

In paper I of this series the determination of 
PMQ's from extensive quantities or densities has 
been discussed. In systems without chemical reac-
tions the PMQ's are related only to the MMQ's 
of the substances used to generate the mixture. 
The further evaluation, based on a molecular model, 
allows the determination of molecular quantities; 
examples have been presented in papers II and III 
[2,3]. In systems with chemical reactions the 
PMQ's are related as well to the MMQ's, naturally 
now of all substances present in the phase, but 
additionally they are intimately related to the 
chemical reactions taking place. These connections 
will be discussed in this paper, and an application 
will be presented in the following one [4]. 
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2. The Composition of a Phase 

A one-phase system can usually be generated 
by mixing a number E of pure substances Aj 
(initial substances, J=1,...,E). The amount of 
the phase and its composition in a stationary state 
is completely described by the values of the initial 
masses tyiqj or of the initial amounts of substances 
noj = moj/Mj, where Mj is the molar mass of Aj. 
If we consider a solution, we assume Ai , . . . , As to 
constitute the mixed solvent and As+i, . . . , AE the 
solutes. 

A chemical reaction causes a change of the 
amounts of some of the substances initially present 
and possibly generates additional substances. The 
number of substances present in the phase after 
termination of the reaction processes shall be K, 
the mass and amount of substance A/ in the 
thermodynamical equilibrium state shall be mi 
and ni, respectively. To define a relation between 
the uqj (J = 1 , ..., E) and the ni ( / = 1, . . . , K), 
we have to describe the chemical reactions by 
formulas as 

K 
2vRjAJ = 0, R=1,...,U, (1) 

j=l 
where VRJ is the stoichiometric coefficient of sub-
stance A j in the reaction R. If one or more of the 
molecules A j take part in two or more reactions, 
then the set of coupled reactions can be repre-
sented equivalently by different sets of formulas 
of the type of eq. (1). It is always possible, but 
usually not unique, to select from all those for-
mulas a set of mutually independent ones, so that 
their number is the minimal one covering all reac-
tions occurring in the phase. This minimal number 
shall be U. Introducing £R , the extent of the reac-
tion R in units of amount of substance, the amount 
of substance A j present in the phase is given by 
the equation 

u 
nj = n0j + J=i,...,K. (2) 

R = 1 
If chemical reactions occur, usually it is K > E \ 
it can be K = E if either there is no chemical reac-
tion or if the amounts of substance of all educts 
and all products participating in any of the reac-
tions are chosen as primitive variables. This can be 
realized if all substances A j, J = 1, ..., K, can be 
prepared as pure substances. Th's is not the case, 
for example, if dissociation reactions leading to ions 

1417 

are considered, since the balance equation for 
electrical charges always has to be satisfied, 

K 
^zjnj = 0 , (3) 

j= l 
where zj is the charge number of substance A j. 

In a stationary state the quantities are homo-
geneous functions of first degree of woi > • • • > NOE , 
and they depend on further variables wherefore we 
choose the intensive quantities temperature T = 
pressure p = #2, and, if necessary, $3, . . . , #£ , that 
is £R = ßi)- In many cases it is advantageous 
to substitute one or some of the extensive variables 

/ by intensive variables ipoi defined as in (1.14) 
by 

yoi = noijxiW, (4) 
where ! f is an extensive quantity, and %i is a con-
stant quantity possibly different for different sub-
stances. Examples of y>o/ have been listed in Table 1 
of paper I. Using the same extensive quantity W, 
one can define an extent of reaction in a unit 
equal to that of the corresponding yjQi by 

iwR =xp- (5) 

£v>r = £\pR {noi > $«) is a function homogeneous of 
zeroth degree of UQ\ , . . . , UQE , hence it can as well 
be represented by the concentration variables ipoi, 
that is T-VR = £VR{IPOI, 0i). Using (2), (5), (4) and 
(1.71), xpi = ni/xiW, the following relations result * 

u 
Y>J = YOJ + X J 1 2  VRJ%V>* > 

R= 1 
J=1,...,K. (6) 

3. The Relation of Partial Molar Quantities to Model 
Molar quantities in Phases with Chemical 
Reactions 

To any extensive bulk quantity 0 of a phase 
there are adjoint a common density D& = 0IV and 
a generalized density 

_ 0 _ D^mo 
~ XfJ ~~ ~xp 

as defined by (1.21) and (1.57), respectively. 
E 

* Choosing yjj — xj we take W = no = 2 no 1 as defined 
K K 7=1 

in Table 1 [1]. Then n j / n o , which is not neces-
J=1 J=1 

sarily equal to one. 
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mo = 2 m o j is the total mass of the phase, Q its 
j = l 

density and W is the quantity used in (4) for the 
definition of the concentration variable tpoj. Cor-
responding to each 0 and each substance A j there 
are partial molar quantities 0QJ defined by (1.22). 
With the PMQ's the generalized densities can be 
represented as 

E 
(8) 

j=l 
Choosing W = l , %j = 1 leads to ipoj = noj and P ^ 
is reduced to 0 (i.e. Pn0 = 0)', choosing W = V , 
%j= 1 leads to ip0j = COJ = woj/ V and is re-
duced to DQ (i.e. Pc0 = 

To relate the bulk quantities 0, P^ or 0OJ 
to molecular quantities, an appropriate molecular 
model has to be introduced. In such models it is 
generally assumed that 0 can be represented as 

K 
0 = J ^ c p j n j , (9) 

j=l 
where cpj is the model molar quantity (MMQ) of the 
substance Aj present in the phase as introduced 
by (1.68), or equivalently 

K 

J,XJ<PJV>J- (10) j=l 
The sum in (8) includes only the initial substances 
Ai , ..., AE, whereas the sums in (9) and (10) have 
to include all substances Ai, . . . , present in the 
phase in the thermodynamical equilibrium state. 
With (6) and (10) follows 

E U 

= 2 V0JXJ<PJ + ^ZyRÄRCp, (11) 
J=1 

where the abbreviation 
K 

AR<P = ^VRjcpj (12) 
J=l 

has been introduced. The second term on the right-
hand side of eq. (11) describes the effects of any 
chemical reaction on any generalized density P „>. 
It can be recognized that a chemical reaction 
contributes only to Pvö> if ARCP 4=0. In investigating 
chemical reactions it is therefore necessary to find 
some quantity 0, where the value of the correspond-
ing change ARCP is sufficiently different from zero, 
otherwise it is impossible to gain any information 
about occurring chemical reactions. Usually neither 
£Y,R nor ARCP are known a priori, and the values of 

both quantities have to be determined from an 
analysis of the available data. For this purpose the 
PMQ's 0Oj are well suited. 

The relation of the PMQ's 0Oj to the MMQ's cpj 
follows from (1.76). If 0 = 0 ( ^ 1 , $ ^ is differen-
tiable at (UQI, #,) e dd, it becomes with (2) and (12) 

dcpi E / 

0O J = cpj + 2 7101 ~ 
/= i \ dnoj 

(13) 
noj', 

+ 
Ü = 1 

Jk.) + 
onoj /no/, o, V J /no/, 

The subscripts of the derivatives are explained at 
(1.6). According to (13) there are four contributions 
to the PMQ 0oj, the first and second ones occur-
ring also in phases without any chemical reaction, 
as has been discussed at (1.77). The first contribu-
tion is the MMQ cpj of the initial substance A j. 
The second contribution is caused by the depen-
dences of the MMQ's cpj of all initial substances A/ 
(1=1, ..., E) on the composition of the phase. 
The third and fourth term represent the contribu-
tions specific for the chemical reactions. Usually the 
derivative (SA R cpi 0 NO J) NOYT is a rather small quan-
tity, hence the main contribution is due to 
(0£R/0WO./)mo.7', •»^Rcp. From this term it can be re-
cognized that the contribution of a chemical reac-
tion to 0 o j is determined essentially by the deriv-
ative (0^JR/0%oj)noy, d ,and not by the magnitude of 
£R*. Equation (13) as well as (11) shows, that 
the MMQ's cpP {P = E + 1, ..., K) of those sub-
stances, which are not used as initial substances, 
i.e. generally of the products generated by the 
chemical reactions, cannot be obtained directly by 
any measurement but only the quantities ARCP. If 
there is only one product generated in a chemical 
reaction, (12) can be solved for the MMQ cpp of this 
product, if the MMQ's cpj of the educts have been 
determined independently. If there are two or 
more products generated, only the weighted sum 
of their MMQ's can be obtained in this way, the 
values of individual MMQ's being obtainable only 
if other information can be gained, as for example, 
if one or the other of the products can be in-
vestigated separately. 

* A specialized case was considered by Person [5] who 
recognized that the most accurate value of the formation 
constant of an 1 : 1 complex can be obtained when the 
concentration of the complex is approximately the same 
as the equilibrium concentration of the most dilute initial 
substance, i.e. where {d^R/dnoj)no/,9, is maximal. 
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The PMQ's 0Oj, the MMQ's cpj and the extents 
of reaction £vR can also be considered as functions 
o f t h e s e t w o i , • • •, NOJ-I, y o J , n0J+I , • • •, NOE, 

. . . , Application of (1.18) on (13) and usage 
of (5) lead to 

0OJ = (pj + XJVojWQJ ( ?><pi \ 
2 xi voi — — 

XJ 7=1 \ OVO J no/, 0. 
I W V t A I XJVojWOJ + YOJ 2, SVRAR (p -| 

R=1 XJ 

) A B f 
A Oy>0J I no/, &> 

u 
•I 
R=1 

\ ÖV>0J lno/, d, 
(14) 

WOJ is the PMQ of the quantity W used in (4). If 
the quantities <pj are considered as functions of 
some parameters ai , . . . , a e , as has been discussed 
at (1.73), the derivatives (dcpiföipoj)noyt&t and 
(dAR(plc)ipoj)no/,d> c a n be developed similar to (1.79). 
This is necessary if molecular quantities, as electric 
dipole moments, for example, are desired [2]. In 
the course of the further evaluation it is sometimes 
advantageous to use the set ipo2, . . . , ifoE, for the 
representation of the cpj s and S; the proper 
transformation of (13) follows by application of 
(1.19). 

For solutions sufficiently dilute in any one of 
the initial substances, let us say Ag, the generalized 
densities Pv<p are linear functions of the properly 
chosen concentration variables, as has been dis-
cussed at eqs. (1.62) and (1.63). From measurements 
in such concentration intervals the limit 0Q ' ö ( e ) of 
the PMQ 0og for ipoG~>0 can be estimated*. The 
relation of 0QG(G) to the MMQ's cpj and the ^R'S 
(and their limits) follows easily from eq. (14). 

4. The Change of an Extensive Quantity Near 
an Equilibrium State 

In a thermodynamic equilibrium state the values 
of bulk quantities and of other quantities meeting 

* All quantities denoted with a cross as a superscript and 
a capital letter in brackets as a subscript ((G) for the above 
example) are the limits of these quantities for vanishing 
concentration of one substance (y>oG->0, for example), as 
defined by eq. (1.38). Quantities denoted with a star as a 
superscript are their limits for the pure mixed solvent as 

E 
defined by eq. (1.37), i.e. for rco->no*, where n o = 2 n0J is 
the total amount of all initial substances. J = i -

requirements (1) and (2) of section 1, paper I [1], 
are usually uniquely determined by the values of 
the variables of the set (noi, #«). For some systems 
there are non-equilibrium states, where require-
ments (1) and (2) are still satisfied for macroscopic 
quantities of interest. In such cases one or a few 
further parameters ßp besides the set (noi, $<) are 
necessary for a unique description of bulk quanti-
ties, i.e. any bulk quantity can be considered as a 
function ynk = yhk(noi, ßp), where ßv is a func-
tion of time. 

During a time interval, when chemical processes 
occur, the extent of the chemical reactions usually 
can also be defined, i.e. there are quantities so 
that equations (2) are satisfied (with f j ^ S g * ) . For 
many chemical reactions at least in states suffi-
ciently close to the thermodynamic equilibrium 
state, the conditions for the processes can be chosen 
so that the system is in a thermodynamic equi-
librium state with respect to all processes except 
to the chemical processes. In such cases the quanti-
ties can be considered as an additional set of 
mutually independent parameters which can be 
substituted for the ßp's in the above equation, i.e. 
any bulk quantity can be considered as a function 
yhk = yhk (noi, &1, £{R)- This is also true for other 
quantities satisfying requirements (1) and (2) of 
section 1, paper I. 

Consequently in such chemical non-equilibrium 
state we may consider 0 = 0(noi, > nJ — nJ 
(noi, and <pj = <pj (n0i, |g>). From 
eq. (9) follows correctly in linear order for any 
arbitrary variation Anoi, A&t, A£r=?$>-£R 
(where £R is the value of the extent of reaction in 
the equilibrium state) (15) 

0(nOi + Anoi, + Aftt, A£R) = 0(nOi, 

, V . V ( d (PJ \ + 2 <pi+znwh— 

7=1 j=1 \ GUoi ]no/, 0,, £R 

5=1 V 
E 

no/, 0«, SR_ 

+ 1 «=1 

U 
+ 2 

R=1 

dn0i 
d<Pj\ 

j= 1 \ Jnoi.O/.tK 

+ 
5=1 \ W, /«07,«,',faJ 

Anoi 

A<&T 

noi, fs' 

noi, SB' 
A£R, 
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whenever (rc0/ + AUQI, ft, + Aft,, A£R) e d d , and 
consequently 

/ 00 \ A # / 0 w j \ ( 1 6 ) 
/Wo/, 0«, Gr J= 1 \CSr /noi,&.,SR 

5=1 \ /no 
or with (2) and (12) 

/ 00 
= zl (17) 

+ 2 2 vä/WJ —— j=i/=i Jni',»t 

R = 1 , . . . , E/. 
The derivative (0^/0^))WO/,d<>fÄ' represents the 
change of the quantity 0 due to the reaction R 
described by formula (1) per unit extent of reaction 
in units of amount of substance. Equation (17) is 
based on the molecular model introduced in (9). 
In this model there are two contributions to 
( 0 ^ / 0 ^ ) « T h e first contribution is, as can 
be recognized from (17) and (12), the difference of 
the sum of the MMQ's of the products and the educts 
weighted by their stoichiometric coefficients. The 
second contribution is due to the dependences of 
the MMQ's cpj of all substances A j present in the 
phase on its composition. 

If the molecular model is chosen so that 
?><pj dcpi 
dnj Jni' 0i \ dnj 

J, 1 = 1 , . . . , K , 
tu', 0, 

(18) 

for all I, «7, then the second term on the right-hand 
side of (17) vanishes. Only under this peculiar 
circumstance is the change of the quantity 0 per 
unit extent of reaction equal to the quantity ARCP-

5. The Equilibrium Constant and the Thermo-
dynamic Standard Reaction Quantities 

The Gibbs energy G of a phase in a stationary 
state can be represented by 

E 

G = Z G 0 j n 0 j , (19) 
j = l 

where GQJ is the partial molar Gibbs energy of 
substance A j defined as 

A representation of the Gibbs energy based on some 
molecular model is according to (9) 

G = tdJnj, 
J=L 

(21) 

where the gj are MMQ's corresponding to the Gibbs 
energy. 

In a stationary state it is necessarily 

G = Min!, (22) 

J=1,...,E. (20) 

if processes are restricted to those where all UQJ 
and ft, are kept constant. Choosing the sets noj, 
ft, and as primitive variables for the description 
of a chemical non-equlibrium state, then (22) to-
gether with (15) and (17) lead to the following 
condition for the chemical equilibrium state: 

W p L ^ u ^ 

= ARg + 2 2 = 0 , (23) 
[ifi V^J/n/.O, 

If the molecular model is based on a complete 
molecular model (CMM) or on a separate molecular 
model (SMM) [1] which is so chosen that (18) is 
satisfied for all MMQ's gj, «7=1, . . . , K , and all 
ni, 1=1, ...,K, then the second term of (23) 
vanishes and the equilibrium condition becomes 

K 

ARG=2VRJVJ = Q, R = 1,...,U. (24) 
j=l 

Also, according to (21), (2), (19) and because of (24) 
it is in the equilibrium state 

_ I dG \ _ I dG\ 
01 V 8rl0/ Loi', Im'.O, 

I = 1,...,E. 

Based on a separate molecular model MMQ's gj 
satisfying eq. (18) for all I and «7 have been intro-
duced in Sect. 9.2 of paper I [1]. For a solution of 
substances A^+i, . . . , AE in a mixed solvent con-
sisting of the substances Ai , . . . , As, the MMQ go 
of any solute as defined by (1.126) is according to 
eq. (1.132) 

G = S + I , . . . , K , 
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and the MMQ g^ of any solvent becomes similar to 
(1.128) 

9L = &+RTln-^-t—. L = 1,...,S, (27) 
V>L 

where the standard MMQ's g*G and g* are defined 
as 

and 

9*g = lim (igG-RT\n(y>GlyP)) 
MO-*MO* 

g* =lim 9l no-»-no* 

(28) 

(29) 

R is the gas constant and T the temperature. xpe is 
a standard quantity with an arbitrary value and a 
unit equal to that one chosen for the concentration 
variable xpG. g* is equal to the PMQ G*L of the 
substance AL in the pure mixed solvent (i.e. for 
no~+n*), xp* = lim xpL. For a solvent consisting of 

MO -*Mo* 
one substance only, (27) becomes identical with 
(1.128). The activity coefficients fwG and fVL own 
according to (26) to (29) the properties 

lim fxpG = lim jWL = 1 
MO—»WO* MO—»-MO* 

(30) 

and can be estimated by (1.130) and (1.136). 
Using this set of MMQ's, the condition for the 

chemical equilibrium state, Eq. (23), becomes 

VGfvG 
xpß 

K S 
2 VRG9tG+ZvRLg* (31) 

G = S + 1 L=1 
K 

+ RT 2 vRG\n 
G = S + 1 

+ RTZvRLln^d,^ = 0. 
L=1 WL 

With the abbreviations 

f i fern<32> 

and 

K S 
dng*= 2 VRGg*o+ J,vRLg*, 

G=S+1 L=1 

FVR= N A N A - I 
G=S+1 L=1 

(33) 

(34) 

the equilibrium constant K*R for the reaction R, 
defined as 

becomes 

K*R = KVR(L+FV>R)-T, R = 1 , . . . , U. (36) 

K*R is naturally independent of nos+i, •.., UOE , but 
its value is different for different solvents. The 
quantity FWR, which includes all activity effects, 
owns the property 

lim Fy,R - 0. 
MO-»MO* 

(37) 

For reactions under participation of only uncharged 
molecules, Fw R can be expanded in a series in 
^05+1, • • •, WOE , 

oo oo 
FVR= (38) as+i = 0 ole = 0 

[ S a/ =t= 0 j \/ = S+l I 

For reactions under participation of ions A/ there 
are further terms depending on xp '̂f. In dilute solu-
tions the very first terms of the expansion (38) lead 
to a sufficient approximation. 

Knowledge of the quantities xpj in the equilib-
rium state would allow the determination of the 
quantity KwR according to (32) and extrapolation 
of those values for tpoH~>0, H = S-\-1, ..., E, 
would lead to K*R . But actually, whenever a 
chemical reaction occurs, only the initial concentra-
tions rpoG, G = 8-f-1, ..., E, are primitive variables, 
and known as such, and not the equilibrium con-
centration xpG, G = S-j- 1, K, needed for (32). 
Hence, KWR cannot be calculated directly, but its 
functional dependence according to (32) and (36) 
is important for any determination of K*R. The 
knowledge of K*R is according to (35) equivalent to 
that of the standard Gibbs reaction energy ARg*, 
defined by (33). The temperature dependence of the 
equilibrium constant K*R can be used for the deter-
mination of the standard reaction enthalpy ARh* 
according to 

(39) 

RT\nK*R=-ARg*, (35) 

K S 
= 2 vRgKO+ 2 v R M -

G=S+1 L=1 

h* is equal to the partial molar enthalpy H*L of the 
component Al, L=l, ..., S, in the pure mixed 
solvent [tpoH-^O, H = S-\- 1, ..., E). The standard 
MMQ's h*G are defined by eq. (1.143). With that 
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quantity the standard reaction entropy ARS* , 
defined by 

are 

K 5 
= 2 VRGS*G + 2 VRLS* > 

G=S+1 L=1 

can be obtained according to 

AR8*=T-i(ARK*-ARgi). (41) 

<s* is equal to the partial molar entropy S*L of the 
component A^ in the pure mixed solvent. The 
standard MMQ's s*G are defined by (1.142). 

Similarly, the pressure dependence of the equilib-
rium constant K*R can be used for the determina-
tion of the standard reaction volume AR V* according 
to 

- RT 
öln 

dp 
j =ArV* (42) 

K S 
= 2 VRGV*G+ 2,vRLvf. 

G=5 +1 L=1 

v* is equal to the partial molar volume V*L of the 
component AL in the pure mixed solvent. The 
standard MMQ's v*G are defined by (1.144). 

The values K*M R and K*MR defined with differ-
ently chosen concentration variables and 
and standard quantities yß^) and respec-
tively, are related according to (35) and (1.137) as 

L V ( 2 ) j R 

K 
n G = 5 +1 

(43) 

The similar relation between the quantities Fva)R 

and F vwR is 

(1 4- FVMR) K 
S  VRG G=S+1 (44) 

ARg*w = ARg*a) 

-RT 2 VRGIN 
G=5 + l 

(40) — 

(45) 

(46) 

ARS*,*) = ARS* 

+ R 2 VRGln 

G=5 + l 

8T 

y/*U) ^e(i) ZU) 

I ^ VRG , 
G = S+1 

(47) 

y/*(2)^0(2) 

+ — ^ ä r — - 2 \ 0 1 M'o=s+1 
and 

Whenever there is one particular choice for the 
concentration variable, let us say for example, 
so that Fy,m R = 0 for the chemical reaction in the 
considered concentration interval, then, as was 
recognized by Scott [6], with some other choice 
for example, it will usually be FvWR=(= 0, if 

K 
2 + Relations similar to (43) between 0=5+1 

the thermodynamic standard reaction quantities 

(48) 
K 

VRG-
5+1 

According to (31) to (36) all choices for the con-
centration variable xpG are equivalent in the limit 
for the pure mixed solvent (yoi/->0, for all H = 
S +1, ..., E), each choice leads to particular values 
for the equilibrium constant K*R and the thermo-
dynamic standard reaction quantities ARg*, ARK*, 
ARS* a n d ArV* . F r o m (43), (45) and (47), respec-
tively, it may be recognized that the equilibrium 
constant K*R , which is a dimensionless quantity, 
the standard Gibbs reaction energy ARg* and the 
standard reaction entropy ARS* can obtain any 
value {K*R e R+, ARg* e U, ARS* E IR); their values 
are unique only if some particular standard state 
is defined by a fixed value of the standard quantity 
ipG. Hence, if values of such quantities are reported, 
the chosen quantity for the concentration vari-
ables ifG and the chosen value for the standard 
quantity xpe should also be reported, otherwise 
those data would be worthless. As stated previously 
[1], one should agree on one particular quantity 
for the concentration variable and one particular 
value for the standard state to simplify the compar-
ison of different data. We recommend tpa = CG (with 
the unit mol • m~3) and tpe = 1 mol • m - 3 . This 
choice is adapted to SI units. 

6. The Evaluation of Measurements on Phases with 
Chemical Reactions 

For the investigation of any chemical equilibrium 
reaction some extensive bulk quantities 0 or their 
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adjoint densities DQ have to be determined for 
several solutions with varying concentrations. We 
assume that the vxlues of N different bulk quanti-
ties are determined for M different solutions, i.e. 
a set of data 

Dp = {(woi, noE, fte, 

is available for further evaluation. From the values 
of these quantities those of the adjoint generalized 
densities can be calculated according to (7), 
such that the available data are equivalently repre-
sented as 

T>p = {(W0J(k), ftt(k), ?v9(i, k))}, 

i=l,...,N; k=l,...,M. The set of values 
{(Pv^(i, k))} can be considered as a matrix with 
N rows and M columns, PvC>(i, k) is the element 
in the i-th row and &-th column. The i-th row of the 
matrix relates to the i-th investigated property 
(i.e. the i-th density), the &-th column relates to the 
&-th solution. Hence the columns can be considered 
as values of a A-dimensional function of the set 
of variables 0̂2> • • • , Woe, fti, ..., fte- The matrix 
{(Pv0(i, k))} contains all information available, 
which can be used for the determination of the 
occurring chemical reactions, their equilibrium con-
stants, their thermodynamic reaction quantities and 
the MMQ's of the products generated by those 
reactions. 

If there are columns relating to varying values 
of just one concentration variable, let us say ifoG, 
but with fixed values of ftt, 1 = 1, . . . , e, and MOJ/WOI > 
7 = 2, . . . , E , I ^ G , the values of the PMQ's &0G 

and their limits &QG(G) c a n be estimated, as was 
described at (1.62) and (1.63). The set of values 
{(0Oö(G)(i, c a n a l s o be considered as a matrix, 
its columns are values of an (N — 1)-dimensional 
function of a set of variables ip02, • • •, ipoG-i, 
y>0G+i, Woe, that is they are independent of y>og 
and therefore the further evaluation usually is 
simplified. 

The further evaluation is based on (11) or (14), 
i.e. on the dependences of Pv0, @oj or 0a/(J) on 
the composition of the solutions. The MMQ's cpj 
and their dependence on the concentration vari-
ables ipoi have to be described by some molecular 
model. According to (1.83) a power-series expansion 
is possible for MMQ's <pj corresponding to quanti-
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ties of class Aa: 
00 00 

<PJ = <P* + 2""' 2 KRJ«S+1...« VOS+I •••WOE > 
a s + i = 0 a.E = 0 

( I «,*o) (49) 
\I = S+1 / 

where cp* is the limit of the MMQ for the pure mixed 
solvent (NO-+N*). Similarly it follows that, 

ARcp = ARcp* (50) 
00 00 

OtJ+l = 0 <XB = 0 

( S at/4=0) 
\I=S+1 ) 

In sufficiently dilute solutions only the first few 
terms of the expansions (49) and (50) are signifi-
cantly different from zero. A representation of the 
dependences of the quantities £wR and their deriv-
atives {D£Y)RLDIPOJ)NOJ',&I o n the concentration vari-
ables ipoi as needed in (11) and (14) is not possible 
in a general manner, but only for some particular 
models assumed for the occurring chemical reac-
tions. This fact introduces a hypothesis into the 
evaluation which can be falsified by experiment but 
not proved. The choice of the chemical reactions 
taken into the hypothetical models cannot be 
formalized, but it is up to the imagination of the 
investigator to select all those from the enormous 
number of thinkable reactions which are relevant 
to the problem. If the set of hypothetical reaction 
models was chosen large enough and all but one 
of them could be refuted, then the remaining one 
has a good chance to be true. 

Any hypothetical model for the chemical reac-
tions has to be based on a set of reaction equations 
of the type of (1). For each reaction a quantity KWR 
is defined by (32), which is related to the equilibrium 
constant K*R by (36). According to this equation 
the dependence of KwR on the concentration vari-
ables ipoi can be represented by a power-series ex-
pansion, Eq. (38), which is similar to (49) and (50). 
The quantity KWR, Eq. (32), together with (6) 
allows a representation of the £wR S and their deriv-
atives {d£y>Rld/ipoj)noj',öi dependence of the con-
centration variables ipoi- After introducing those 
equations and (49) and (50) into (11) or (14), re-
spectively, a multiple regression analysis can either 
lead to estimators for the equilibrium constants, 
the quantities ARCP* and possibly for some coeffi-
cients ARXV<P<XS+1 ..>au and rjvRtXs+1 or to the rejection 
of the assumed model for chemical reactions. 
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The formulation of appropriate hypothetical re-
action models would be facilitated if the number 
of independent reactions occurring in the solutions 
were known. An upper bound of the number of 
independent reactions, that can be recognized on a 
given set of data, follows from the rank of the 
matrix { ( P ^ i , &))} (with fixed values ). As-
suming the cpi and ARCP independent of the compo-
sition of the phase, then according to (11) the 
rank r of the matrix is smaller or equal to 
EU — G — H, where G is the number of initial 
substances, for which (pi = 0 for all i=l, ..., N, 
and H is the number of reactions, for which 
AR<P = 0 for all i = 1, . . . , N. Choosing the number 
N of investigated different properties (for example 
different wavenumbers v in optical absorption meas-
urements) and the number M of phases with 
different composition large enough, one may expect 
that in fact r = E+U — G — H and U — H is deter-
mined because E and G are usually known. But the 
requirement cpi and ARCP independent of 
yo2 j • • • > y>0E need not be satisfied and therefore r 
can be larger than E-\-U — G — H. In spite of this, 
the knowledge of r is very valuable, because 
r-E-\-G is the upper bound of the number of 
terms RARCP that should be introduced in the 
second sum on the right-hand side of (11) in any 
hypothetical model about the chemical reactions. 
That number is actually not the upper bound of 
the number of independent reactions that can occur 
in the phase because there can be reactions for which 
AR<P = 0 for all investigated properties. Such reac-
tions have also to be included in the sum on the 
right-hand side of (6) for the calculation of xpj from 
xpoj and the £vR . For the determination of the upper 
bound of U — H it can be advantageous to form the 
quantities 

^w0 ih k) (®> Tc) 

7 = 1 
(51) 

whenever the cp* can be determined from the cor-
responding one-solute phases. The rank of the 
matrix Tc))') formed from the elements 

(i, Tc) shall be called t. According to the equation 
E u 

-V® = ^Xiyoi{<pi — <p*i) + 2 £VRAR(P (52) 
7 = 1 7i = l 

Vo2J • • •, yoe, it is t = r — E-\-G=U — H, and 
usually t is easier to be determined than r. 

A similar analysis can be done with the rank / 
of the matrix {(&oj(i, Tc))} (with fixed values $,) 
formed from the elements &oj(i, Tc). Assuming cpi 
and AR<P independent of vo2, •••,fpoE, it will be 
f=U — H — I, where I is the number of reactions 
for which AR(p^0 but (öfVÄ/0yoj)no/,0, = O. Hence 
from / follows an upper bound of the number of 
reactions contributing to the sum over R in (13). 

The determination of chemical equilibria in solu-
tions is based on the dependence of some density 
D0 on the composition of the solution. As a con-
sequence, only such reactions can be investigated 
in this manner, where there is actually some depen-
dence of D<p. The first prerequisite is, that ARCP^O, 
as was recognized from (11), (13) and (14); we will 
assume that this is always satisfied. The second 
prerequisite is, also according to (13), that the 
derivative la rg e enough, which 
can usually be obtained by choosing an appropriate 
interval of the concentration variables ipoi. But 
there are some types of chemical reactions where 
bulk quantities are not sensitive to the variation 
of the concentration of solutions. Three such cases 
will be considered in the next subsections. An 
application of the above methods will be treated 
in paper V of this series [4]. 

6.1. Equilibrium Constants for Systems with Associa-
tion with the Solvent 

Assume there is an association of some molecule 
AB with X solvent molecules Ai according to 

B=1,...,K. (53) 

From (32) and (36) it follows for the equilibrium 
constant corresponding to (53) 

r * AV>-BA 
VBA 
VB 

tpfV 
-) (1 + i W 1 -v i ! 

(54) 

We can define the total concentration rptB of all 
the molecules Aß, A#i, . . . , ABVB by 

VtB = 2 ' (55) 
A = 0 

where ipBo = ye, and introduce a modified (relative) 
equilibrium constant K*tBx by 

and assuming cpi and AR<P independent of 
JZ* 

- ( J r - ) 
zr* 

J 
(56) 
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where K*B0= 1, then it follows 

VBA = K*tm(l + FwtBX) y)tB . (57) 

From any observable quantity corresponding to a 
density D& a generalized density ?,p0 can be ob-
tained according to (7), which can be represented 
as a function of the ipj' s, Equation (10). Introducing 
the abbreviation 

(ftB = 2 XB* K*tBX (1 + Fy>tBx) (—^ 
A = 0 \vf 

into (10) leads to 

Pv,* = 2 WXJWJ + <PtB y>tb • 
J=1 J*BH,B 

(58) 

(59) 

From (59) it can be recognized that the contribution 
due to the molecules AB and A ^ ( A = l , ...,vB) 
to the generalized density P ^ is essentially depen-
dent only on the total concentration iptb- Some 
minor dependences could result through the FwtBA 
and (yi/yf)*, but they are vanishing for sufficiently 
dilute solutions (wo^-^oi) and commonly cannot 
be used for the investigation of the reactions (53). 
The quantities q>tB, obtainable from experimental 
data, are averages of the MMQ's cpB\ of all AB, 
ABI, • A B v b , weighted by their relative equilib-
rium constant, defined by (56), multiplied by %B\. 
The values of cptB can hint at some association ac-
cording to (53) especially, if the values of q>tB in 
different solvents are compared or if changes of the 
<ptB with varying variables (T, p, for example) 
are observed. 

Any chemical reaction under participation of 
molecules A J, AJI , . . . , AJVJ, which are associated 
with solvent molecules Ai according to (53), can 
be formulated as 

K 
^ v r j A j x j = 0; Aj = 0 , l ,...,vj; 

J = 2 

R = 1 , 2 , . . . , U. (60) 

The individual equilibrium constants for the reac-
tion of molecules with a specified association state 
are 

J = 2 

• (1 + ^yijAj...;.*) 1 • (61) 

Introducing (57) into (61) leads to the average 
equilibrium constant K*RT of the reaction R 

+ FyRfa ...he) v* 

N iKvxAl +FvtjJ(V>ilV>*)XrtJ(l+Fv>Rt) 
J = 2 
K / »/.. _ \VRJ 
n 
J = 2 

VtJ 
I© itr- (1 + Fwm) - l (62) 

where rptj is according to (55) the total concentra-
tion of the molecules A j , AJI, . . . , A J f j . The 
generalized density, Eq. (10), becomes 

K 
Pv<*> = 2 W™ V u ' ( 6 3 ) 

j=l 
where 

<PtJ = 2 VJK, XJk, K*uij (1 + Fv>tjJ • (64) 
Aj=0 

From (62) it can be recognized that for any reaction 
R occurring in such a system, only the average 
equilibrium constant K*Rt can be determined from 
the dependence of ?v<t> on the variables ^02, • • •, ipoE, 
for example. The quantities cptj also obtainable 
from such measurements are averages of the MMQ's 
<PJXJ of all AJ, AJI,...,AJVJ weighted by their 
relative equilibrium constants as represented in (64). 

6.2. Equilibrium Constants for Systems with Differ-
ent But Stoichiometrically Identical Molecules 

Assume there exist some substances with identical 
stoichiometric composition but with, for example, 
different configuration. Such substances shall be 
called AJXJ, where the first subscript J — 1, ..., K 
denotes the stoichiometric composition and the 
second one xj = 1, ..., sj differentiates those with 
any different property. To the chemical reaction 
(we drop the second subscript J for simplification) 

AJX^AJX>, (65) 

corresponds the equilibrium constant 

K*UJhx' = (VJX'IWJX) ( ! + F V U J ^ (66) 

With the total concentration ipu of all substances 
with identical stoichiometric composition 

Sj 
V>tJ = 2 W* (67) 

X=1 
and the abbreviation 

SJ 77* AVPUx— 2 KvUJxtc' 
x ' = l 

- 1 
(68) 
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follows 
V>Jx = K*utJ* (1 + FrpUUx) VtJ • (69) 

From any observable quantity corresponding to a 
density D 0 a generalized density P ^ can be ob-
tained according to (7) which can be represented 
as a function of the xpjxs, Eq. (10). Introducing the 
abbreviation 

SJ 
<Pv = 2 VJ* XJx KüuAI + F WTJUx) (70) 

x= 1 
into (10) leads to 

K 
Py,<p=^(puy>u- (71) 

j = l 
Hence any dependence of Pv0 on the composition 
of the phase can only lead to the values y u , that 
is to average values of the MMQ's cpjx of all sub-
stances with identical stoichiometric composition 
weighted by factors as shown in (70), as was re-
cognized by Orgel and Mulliken for a somewhat 
specialized case [7]. The values of cpu can hint at 
some different species A j x distinguished from each 
other by some different <pjx, especially if the values 
(ptj show some changes with varying or with 
changes of the composition or kind of solvent 
(what can effect K*UUx, especially, and there-
fore <pu). 

For any reaction of individual molecules AJxj 

with other AI/XI according to 

2 VRJ^Jxj = 0 > Xj=i,...,8j, (72) 
j=l 

individual equilibrium constants K*Rxi XK can be 
introduced by 

R (73) 

J = 2\ / 
Using (69) and the abbreviation 

Trie. 
— O (KvutJxY 

J= 2 

-1 

it follows from (73) 

K*Rt = f l + FwRt)~i. (75) 

Hence, in any phase where some reactions of the 
type (72) under participation of different molecules 
but with identical stoichiometric composition occur, 
only an average equilibrium constant K*Rt related 
to the total concentration iptj can be determined 
from experimental data [7]. 
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