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Introduction 

Since the basicai equations related to the stepwise complex 
formation process were derived ''' , a numerous experimental 
studies of the equilibria in solution have been made. A special atten
tion has been paid to the determination of the stability constants of 
the metal complexes, which quantitatively characterize the comple
xity reactions. A description of the mathematical methods used for 
this purpose could be found in some review articles ' ' and mono
graphs '4-6/. A large body of data on the stability constants of me
tal complexes are presented in the compilation of Sillen and Mar-
tell / 7 / . 

It had been natural that some mutual stability relationship of 
the complexes in a given metal-ligand system to be expected. The 
pioneer work for finding a relation connecting the consequtive stabi
lity constants belongs to Bjerrum'*'. Later attempts have been 
made by Van Panthaleon van Eck /*/ and Babko / ' / . Yatsirnirskii 
has compared I10' the accuracy with which the relations derived by 
these three authors could describe the experimental data for the 
aluminium floride system and has found that best results are obtained 
when using the Van Panthaleon van Eck's empirical equation. He also 
demonstrated that this relation is a good approximation for about 
17 metal-ligand systems. The stability of metal complexes depends 
on many factors such as electrostatic, structural, nature of bonding 
and many others. So it is hard to believe that some relationship with 
general validity for the whole variety of the metal-ligand system is 
possible to be derived with our poor knowledge of these factors at 
present.So a derivation of a relationship valid for less numerous or 
more numerous class of metal-ligand systems Is still of big Interest. 
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Such relationship could contribute to some systematic classification 
of the metal-ligand systems and to understanding of certain physical 
and chemical properties.So our interest was focused on a constructi
on of such a mathematical model of the complex formation process in 
aqueous solution, which could allow the problem as stated above to be 
solved for as many metal-ligand systems as possible. 

In this paper a simplified mathematical model of the equilibrium 
in aqueous solution is described. This model gives a possibility 
a relationship connecting the overall stability constants of the me
tal complexes in a given metal-ligand system to be dsrived. The va
lidity of that relation was demonstrated on more than 40 metal-ligand 
systems. Part of them is presented in the present paper. The rest 
will appear in the next papers of this series. 

Theory 

Let us consider the complex formation process of the metal 
»""*( m is the charge number of M ) and the univalent ligand 
t~, coming from the dissociation of the strong electrolyte CL in 

an aqueous solution with a. constant ionic strength, maintained by 
adding of the inert electrolyte CL' . Let the system under consi
deration satisfy the following requirements: i) the concentration of 
the metal M m + is sufficiently low so the formation of polynuclear 
complexes could be neglected. 11) the metal Mm+ does not partici
pate in'side reactions with the ligandL'~ and Ой - ions, iii) the 
Ionic strength oi the solution is sufficiently low so the formation of 
outer sphere complexes (ion-pairs) between the anionic complexes 
and the c + - ions could be neglected, iv) the activity coefficients 
of all species are constants so concentration terms could be used 
instead to activities in all equations expressing the equilibria in 
solution. 

Then, the formation of stepwise series of metal complexes 
could be expressed by the following generalized equation 

M + nLrfML,,. " (1) 

The stoichiometric stability constant of the MLn complex is de
fined as 
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0 „ . - £ b L L . (2) 

where ( ) are concentrations, я is the number of ligands, (Нее 
and throughout the paper the charges will be dropped for simplicity). 

But the cation M and theligand Ь arehydratedin aqueous so-
lution.so the complex formation process may be regarded as a sub
stitution of water molecules from the first coordination sphere of the 
metal M with negatively charged ligands l n - i 3 l , rather than a simple 
addition reaction as (1). Thus, we could writd: 

US, forward . . . " _ 
>я + " t — _ _ . UL„ Sjv_ n4 nS •;- J -T 4 U L n Sfi-n-t n S > (3 ) 

backward v ' 

where S denotes water molecule, * is the coordination number of 
№ . Here the reaction is restricted to the first coordination 

sphere of Ы .For simplicity the water molecules in the second and 
third hydration spheres ' **' are omitted and the hydration sphere 
of L is not also denoted. 

The interaction between a metal Ion and negatively charged 11-
gand in solution depends on their solvation $,\t * • structure of 
the solvent in the solvation spheres of ions ' ' ' , and the rela
tive ease with which ion of opposite charge displaces the water mole
cule from the coordination sphere l l 9 ' 2 '• All these effects as well 
as others may be important. To make direct calculations tor such a 
complicated system taking into account all these factors is an extre
mely difficult task. So, tor our purpose we felt better to consider the 
total effects, making some crude simplifying approximations when 
deriving the main equations. 

The assumptions necessary for the validity of the relations 
which will be derived are as follows: i) The complex formation pro
cess (forward reaction) involves substitution of water molecules 
coordinated to the metal Ion H in its first coordination sphere with 
negatively charged ligands L . ii) The dissociation of the complex 

ML „SN-,< (backward reaction) is a substitution of the Ugands 
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L coordinated to the metal M in its first coordination sphere with 
water molecules, iii) The coordination sides of the metal ion м 
are equivalent, iv) The metal ions M, ligands L, all metal comp
lexes and electrolyte ions are randomly distributed in the solution 
and undergo random motion, v) The forward reaction proceeds under 
the action of the short range forces defined as follows: the force di
rected from the metal ion M towards the ligand L or from the cen
tral group M of the complex lHLnSN_„ towards L with which" 
attracts L denoted by 'M-»L • and ths force directed from L 
towards H . or towards the central group м_ of the complex1 > 
ML„ SN-„ , with which L attracts U denoted by l L-»M . We 
shall assume that these forces remain constant independent of the 
number of Hgands coordinated to the metal ion " in its first coordi
nation sphere. In the most general case: fa&t ' L-,M because the 
hydration shells of M and L contain different number of water mo
lecules and have a different structure, vi) The backward reaction 
proceeds under the action of the short range forces defined as follows: 
the force directed from the central group M of the complex MLnSN_n 

towards S with which M attracts the water molecule denoted as 
<M-*S and the force directed from a water molecule towards the 

central group м of the complex ML,„SN.„ with which the water 
molecule attracts M denoted by fsUu -We shall assume that 
these forces also are independent of the number of ligands in the com
plex species, vii) The proceeding of a reaction (forward or backward) 
is a result of an effective collision between the interacting particles. 
We shall define as an effective collision this one at which the colliding 
species .first have a suitable energy to approach within some distance 
at which the attractive forces act and second have a proper orienta
tion, viii) The number of M ions and complex species MLnSN_n 

which have a suitable energy for the forward reaction will be propor
tional to their concentration in the solution and to the temperature. 
Thus, for a given temperature the number of metal ions M , which 
have a suitable energy for the forward reaction will be equal to Кц(М), 
for the complex ML this number will be: KUL С ML Л for the complex 
ML„ it will be RML„ (ULn ) and for the ligand L this number will 
be given by: К L(L), respectively. By analogy, the number of the com
plex species which have'a suitable energy for the backward reaction 
at a given temperature will be proportional to their concentrations in 
the solution with a proportional factors KML , KULX >••• KMLn > 
respectively. This number for the water molecules will be KS(S)." 
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We shall assume that: KML =KMLl=... =KML„ = K X , this 
corresponding to the consideration that the heat effect of the displa
cement of a water molecule in the complex ML „S N_n with Ugand 

L is independent of the number of ligands in a given complex. If 
the same could be assumed for backward reaction we could write: 
ftftt = K'ML2 =••• = KMLn "Kx • The metal ion M could not 

be regarded as a member of the complex series, its first coordina
tion sphere being symmetrical and containing only water molecules. 
So considering the proportional factor KM we supposed that the 
following relation is hold: K M « A.KX, where A is a constant of 
parametrization. ix) In each complex the domains available to the 
attractive force of the central group M and to those of each ligand 
are equivalent. So, a collision between complex species MLnS N_n 

and a ligand L will be effective only in the case that L approaches 
the complex in the domain where the attractive force of the central 
group <M^L is dominant, x) The hydrated metal ion м and the 
hydrated complex iWL„Sjv-n have approximately equal volumes. 

Now, we shall define the probability of ML complex being 
found in the solution as a difference between the forward and backward 
reactions probabilities. 

If the forward reaction probability is expressed as a product of a 
numbers of the M ions and L ligands having a suitable energy for 
reaction and the corresponding attractive forces we get 

P

lor=-jr-A-KX-lM«L<M>KLfL«*(L>' (4) 

where c M is the total (analytical) concentration of the complex form
ing metal M . 
The backward reaction probability will be given by the product of the 
number of the ML species which have a suitable energy for the re
action and the number of water molecules having a suitable energy for 
the reaction and the corresponding attractive forces. If the concentra
tion of the ML complexes in the solution is expressed by Eq. (4) 
we could write 

PbsCk.- i • **'«-* A-K* l»^(H>K J«<L)Ks '** (S)- W 
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Then, the probability fML of finding the Jtt, complex in the solu
tion will be given by 

1 A a0(l-d)(IU)(L), 
c, M (6) 

where 

d - Kjcfc-rf Ksfe^nfS) - const. 

By analogy, the probability of * L 2 species being found in the solu
tion will be given by 

Here a factor of 2 appears in the denominator corresponding to the 
model consideration under which the domain available to the specific 
attractive force of N in the complex «£Sw_ i is twice less than In 
the simple metal ion usN . In analogous way the following re
lation for the probability of ML,, Sw_„ complex ( n > 2) being 
found In the solution can be derived 

PML - | - ^ М " д а и » , ( 8 ) 

„ 1 , ж а' 
Or „ 

П v ^ u J?.' 

where a»a 0 (7- r f j . 

If we define the total probability as 
nWV 

*• - P* + S , PuLn-l (9) 
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then 

* - £ ? (10) 
will be the probability of U ion to be found in the solution. 

Expressing p M and PML through Eqs. (10) and (8'), res
pectively, we get the following expression for Eq. (9): 

P=-L(M)[lvA £ *(L)"Ul. (11) 
CM - - ' »' n =i n/ 

Multiplying both the s i d e s of Eq. (11) by с м . the following 
expression for the distribution of " (central group) in the solution 
is obtained 

C„ -mlUA^ -f-a/l. (12) 

Obviously, if Eq. (12) Is equaled to the conventional expression 
for the distribution of U (central group) in the solution '"'' we 
get the following equation for the stability constant /Sn of the 
complex MLj: 

(13) 

/21/ 
Then, the complexity function as defined by Froneous will 

be transformed to 
n m N a" 

F , h-A 2 _ _ (L)" , (14) 

and the degree of formation or the formation function of the system 
n will be given by: 

n -A l-J—(L)"ll*A X-^(L) ] . (15) 
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Calculation of the Overall Stability Constants 
Using the Formation Function of the System - n 

It was interesting to see how efficiently the relations derived 
in the previous part of this paper will describe the complex forma
tion process in aqueous solution. For this purpose we have turned 
our attention to the metal halogenide systems as the most exhaus
tively studied part of the metal-ligand.systems. For example, in the 
compilation of SilleVi and Martell' 7' they represent 1/3 of all 
listing for inorganic ligands. Thus, in this group it was not difficult 
to find systems which satisfy the requirements encountered in the 
first part of this paper. We have selected only systems for which 
more than three stability constants are repoi ted. We have not 
include systems for which only the first two stability constants 

/S , and /3 2 , resipectively, are reported because for such systems 
always two constants a and A, respectively, could be found to sa
tisfy Eq. (13). But this fact could not serve as a firm support for the 
validity of the relation previously derived. We wanted to see how the 
model will work out for systems for which at least three of the sta
bility constants are reported. The calculations have been performed 
as follows: from the values of f}n reported in the literatare ' for 
a given metal-ligand system the formation function n" was calcu
lated using the conventional expression ' ' ' . Then, from two va
lues of n taken at two ligand concentrations, the constants A and 

a were determined using Eq. (15). From the constants A and a 
determined the corresponding |S n were calculated using Eq. (13). 
To check the correctness of the values of a and A. constants de
termined, the formation function л was now recalculated using the 
set of stability constants derived according to Eq. (13). The forma-, 
tion functions P .for the systems: Си 2 + -СГ '"' , Zn2* -СГ23', 
Cd2+-cr/24{ / n 3 + -Cr/2,'26/,Ca3+ ~СГ/27/, РЬ2* -Cr/3S/, 
Jb?^- flr_ / 2 V a n d Cd 2+ - Br - /г»/ were analyzed in the way 

described above. In Tables 1-9 the formation functions H** which 
were calculated using the p „ values obtained by the present me
thod and correlated according to Eq. (13) are compared with the л, 
calculated using the /8„ values reported in Ref. ''' for the cor
responding systems. The discrepancies at each ligand concentration 
were estimated by the quantity Д о . }/п*(п*-Ъ**)100. 
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For the most part of the systems the representative values of the 
formation functions were calculated for ligand concentration up to 
a value 2close to that of the ionic strengh of the solution. Only for 
the Co + -Ct~ system, which had been studied at constant 
ionic strength equal to 0.69, the formation functions were calculated 
up to (X ) - 4 M. Irrespective of the fact that the results in Table 1 
show a satisfactory coincidence of both the formation functions in 
the whole ligand region, we consider such extrapolation as not quite 
correct because at higher ionic strengths side reactions could take 
place, which are not taken into account in the present model. Gallium 
chloride and cadmium chloride are the other exception, which had 
not been studied at a constant ionic strength of the solution and so 
for these systems the conditions for a constancy of the activity coef
ficients are not fulfilled. Nevertheless, the stability constants which 
were found by the present method obey Eq. (13). 

In a conclusion it must be said that in all systems studied 
a satisfactory fit between the formation functions calculated by using 
the /9„ values reported in the compilation of Sillen and Martell /7' 
and those obtained when using the /3„ values of t ie present me
thod was achieved. So, the results presented in Tables 1-9 could 
serve as a support for the validity of the relations derived in this 
paper for all systems analyzed. 
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Table I. 
Comparison of calculated formation functions for the cupric-chloride 

system 

(L) a " »™ An 

• In * 

0 .050 0 .337 0.319 5 . 3 4 

0 .075 0 .444 0.427 3 .83 

0 .100 0 . 5 1 2 0 .515 - 0 . 5 9 

0 .200 0 .771 0 .764 0 .91 

0 .300 0 . 9 2 2 0.936 - 1 . 5 2 

0 .400 1 .054 1.075 - 1 . 9 9 

0 . 5 0 0 I . I 7 3 I . I 9 8 - 2 . 1 3 

0 .600 I . 281 1.312 - 2 . 4 2 

0 .690 1 .384 1.400 - I . I 6 

1 .000 1 .700 I . 7 I 2 - 0 . 7 1 

1 .500 2 .133 2 .124 0 .42 

e . 0 0 0 2 .467 2 .449 0 . 7 3 

2 .500 2 .718 2 .700 0 .66 

3*000 2 .907 2 .893 0 .48 

3J.500 3i037 3 .043 - 0 . 2 0 

4 .000 3i . l63 3 .167 - 0 . 1 3 

*- calculated by using the /9. values reported in Ref. 
/3;- 9.55; 0 2 - 4 . 9 0 ; /3j - 3.55; 0...1.OO. 

**- calculated by using- the 0„ valuta obtained by the present 
method: Pt - 8.60: Pi - 6.10; /S.i - 2.89; Рл - 1.03. 

A . 6.058 and « - 1.42. 
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Table 2 
Comparison of calculated formation functions for the tine-chloride 

system 

(L) l °" в "* АП 

И i n * 

0.05 0 .H9 0.219 0,00 

0.10 0.379 0.381 -0.53 

0.15 0.503 0.509 -1.25 

0.20 0.(06 0.616 -1.65 

0.25 0.695 0.709 -2.01 

0.30 0.774 0.79» -2.33 

0.3$ 0.848 0.867 -2.24 

0.40 0.917 0.937 -2.18 

0.45 0.983i 1.002 -1.93 

0.50 1.048 1.064 -1.53 

0.55 I . I I ? 1.124 -I.OB 

0.60 I.I75 I . I8I -0.51 

0.65 1.239 1.236 0.24' 

0.69 1.290 I.29T 0.85 

P,- 5.25 • - calculated by uainc the P „ valuta of Kef. ' ! 

J3 3 . 3.1»; ft . 07в5; ft, - 1.51. 
- - calculated by ualne the P „ values obtained by the present 

method: Pi- 5.20; Pi- 3.31; Рз- 1.46; Pf 0.4» A - 4.0 
and • - 1.3. 
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Table 3. 
Comparison of calculated formation functions for the cadmium-

chloride system 

CL) n " 5"" ЛП 

• i n * 

0.0010 0.091 0.096 -4.35 
O.O05O 0.344 0.353 -2.62 

0.0075 0.449 0.456 -1.56 

0.010 0.530 0.535 -0.94 
0.050 1.020 0.993- 2.65 

0.075 I .I6I 1.125 3.10 

0.10 1.276 1.237 3.06 

0.50 2.494 2.518 -0.96 

0.75 2.931 2.944 -0.44 
1.00 3.201 3.202 -0.03 
1.50 3.496 3t47» 0.51 
2.00 3.643 3.618 0.68 

2.50 3.727 3.700 0.72 
31.00 3.781 3.753 0.74 

* - calculated by using the P„ valuta reported In Ref. 
№-100; 0 2 . 4 0 0 ; /3 j . 504; 04-1008. 

• • - calculated by uainf the Pn valuea obtained by the present 
method: pi- 10S; Pi- 312; Рз-Ш; P4- 920;/1. 
17.6S and . . 5.94. 
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Table 4. 
Comparison of calculated formation functions for the Indium-chloride 

system 

<L> » • в ™ an 

Ж in « 

O.0O5 0.571 0.601 -5.25 

O.OOT 0.700 0.705 -0.71 

0.01 0.849 0.830 3.42 

0.03 1.354 1.223 а. 51 

0.05 1.596 1.477 7.46 

0.07 I . 75* 1.676 4^39 

0.10 1.915 1.907 0.42 

0.20 2. nt 2.33!» -5.74 

0.50 2.370 2. 452 -3 .4 

0.40 8. 473 2.649 -7.12 

0.50 2.545 2.718 -6.80 

o.co &400 2.765 -6.35 

0.69 2.63? 2.796 -5.95 

*- calculated by using the fl, values reported In Ref. 
/3,-188: Рз - 4877; /3 з- 13800. 

••- calculated by using the A, values obtained by the present 
method: /9 ,-250; /32 -П50; /3,-20188; Л- i f 38 and 
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Table 3. 
Comparison of calculated formation functions for thelndium-cMorttie 

system 

Ш a " в *" Д П 

ж in * 

0.001 0.193 0.193 0.00 

0.003 0.443 0.430 Я.93 

0.005 0.607 0.575- 5.27 

0.007 0.721 0.676 6.24 

0.01 0.851 0.785 7.76 

0.03 1.278 1.151 9.94 

0.05 I.49I 1.375 7.78 

0.07 1.676 1.556 7.16 

0.10 1.788 1.773 0.84 

0 . » 2.081 2.217 -6 .54 

0.30 2.245 2.441 -8 .73 

0.40 2.354- 2,570 - 9 . 1 * 

0.50 2.434 2.653 -9 .00 

0.60 2.496 2ЛЮ -8.57 

0.70 2,545 2,751 «a.u9 

valuta reported in Ref 
«913 

/*/ *- calculated by nsiof the Д, 
Br MS; p., . «в*; Из - «•>»• 

calculated by Minftne ft, value* obtained by the preient 
method: в, . 234; B3 - 2033; B3-12354; Л . 13.15 
and . - 17.80. 
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ТаЫеб. 
Comparison of calculated formation functions for the gallium-chloride 

system 

(« • • в " * л ш 
ж I B * 

0.5 0.1X4 0.106 7.02 

X.O 0.208 0.196 5.77 
1.5 0.287 0.275 4.X8 

2.0 0.356 0.346 2.81 

2.5 0.4X6 0.409 1.68 

3.0 0.469 0.466 0.64 

Э.5 0.5X7 0.519 -0.39 
4.0 0.5*1 0.568 -1.25 

4.5 0.60X 0.6X3 •2 .00 

5.0 0.637 0.656 -2.98 

5.5 0.671 0.696 -3.73 
6.0 0.703 0.734 -4.41 

' •5 0.733 0.771 -5.18 

7.0 0.761 0.806т: -10.25 

7.5 0.787 0.839 -6.6X 

a.o 0.8X2 0.872 -7.39 
a.5 0.836 0.904 -8.01 

9.0 0.860 0.933 -8.49 

9.5 0.882 0.963 -9.X8 
Z0.0 0.903 0.992 -9 .86 

* - calculated by using the B„ values 
0 , - 0.151; $,. 5Г01 X 10-* ; ft 

1.5i x 10 
••_ calculated by using the ft, values 
method: Bi . 0.M»8; fta - » !»ж10-* 

B4- 1.10x10^* ; ^-S.87 and • 

M , 

reported In Ret. 
- 3.1S x 10 - 5 

/27/ 
; &4« 

obtained by the present 
; Вз. l i e S x I O - 1 7 ; 

- 0.05M. • 



Table 7. 
Comparison of calculated formation functions for the lead-chloride 

system 

(L) Iя 
Д п 

M i n » 

0 .1 0.563 0.531 5.68 
0 . 2 0.892 0.922 •3.36 

0 . 3 1.169 1.228; -5.05 
0 . 4 I . « 2 1.470 •4 . I I 

0.5 1.623 1.664 -2.53 
0 .6 1.80* 1.8)21 -0.94 

0.7 1.956 1.950 0.31 

0 .8 2,083 2,055 1.34 
0 . 9 2.190 2.143 2.15 
1.0 2,279 2.218 2.68 

* - calculated by using the §•> values reported in Ref. 
/3i - 9.3; j8 2 . 7.1; Рз - 22.4. 

**- calculated by using; the Pn values obtained by present 
method: /3, - 6.50; P2 - 12.67; P j - 16.50; A. 1.67 and 

a - 3.9. 
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Table ». 
Companion or calculated formation function» for the alnc-bromlde 

system 

(L) в " n "" 4 » 
M in X 

O.ZO 0.155 0.155 0.00 

O.I5 0.226 0.226 0.00 

0 . » 0.293 0.293 0.00 

0 . » 0.357 0.358 -0.28 

0.30 0.418 0.4X9 -0.24 

0.35 0.477 0.479 -0 .4» 

0.40 0.534 0.537 -0.56 

0.45 0.588 0.59» -0.68 

0.50 0.642 O.S47 - 0 . 7 * 

0.5» 0.694 0.700 -0.86 

0 . (0 0.744 0.751 -0.94 

0.65 0.794 0.802 -0.88 

0.69 0.833 0.841 -0.96 

• - calculated by wine toe 8. Tallies reported In Kef. f ' : 
J9,.l.«t 02.0.7*4; Ps-" 0.112; P4- 0.100. 

• • - calculated by usisf the A, values obtained by the preaent 
method: ft. MS; ft,- 0.7Й; P3. 0.251; 8, . 0.0*1; *' 
1.72 aad ••О.И. 
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Table 9. 
Comparison of the calculated formation for the cadmium-bromide 

system 

(L) » • n " A a 

M i n * 

O.05O 0.796 0.766 3.77 

0.075 0.970 0.941 2.96 

0 .10 1.106 I .081 1.90 

0.20 1.532 I . 541 «0 .61 

0 .30 1.883 1.915 - 1 . 7 2 

0 .40 2.231 2.271 - 1 . 8 0 

0 ,50 2.448 2.479 - 1 . 2 7 

0 .60 2.665 2.683 - 0 . 6 7 

0 .70 2.744 2.734 0.36 

0 .80 2.990 2.982 0 .26 

*- calculated by using the fin values reported in Ref. • ' : 
ft. 36.31; /8 2 « 126; | 8 3 - 1 4 5 ; §4 - 339. 

**- calculated by using the |3 n values obtained by the present 
method: B, * 34; P 2 - 100; P з- 195; P4 - 283; Л. 6.0 
and a • 5.6. 
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