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Introduction 

In the first paper of this series I1! a mathematical model 
of the complex formation process in aqueous solution has been 
developed. On the basis of that model a relation connecting the 
overall stability constants of the consecutive complexes in a given 
metal-ligand system has been derived. For a given temperature 
this relation has the following form 

h-A-lf CD 
where /3„ is the overall stability constant of the species ML„ , 
n is the number of ligands (1 <n <N), N is the coordination 

number of the complex forming metal Mm+, A and a are constants. 
The complexity function of the system is given by 

r«/V n „ 
F = ПА 2, ~(L) , (2) 

where (L) is the free ligand concentration in the solution. 
The above-mentioned mathematical model has been applied 

to a number of systems with inorganic''' 2' and organic' 3 - 6 ' ligands. 
The stability constant P„ of the complex MLn(H +nL*~MLn ) 

is related to the free energy changes. So, from the variations of 
the values of ths stability constants with the temperature one can 
determine the free energy changes as well as the enthalpy and 
entropy of the complex formation reaction /?•*/. As far as no 
attempts have been made up to now to check the validity of the 
mathematical model developed in Ref/'' for metal-ligand systems 
studied at a series of temperature, the present work has been 
initiated. The subject of our calculations were experimental data 
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reported by P.C.Rawat and C.M.Gupta for the cadmium-thiodipropio-
nate system/ 9/, which had been studied polarographically at the 
ionic strength of 1.2, maintained by using KN03 as an inert eletrolyte 
and temperature of 30+1, 40+1 and 50± 1°C, as well as the expe­
rimental data reported by R.S.Saxena and U.S.Chaturvedi for the 
thallium-ethyl tluoglicolate system/' 0 / , studied also polarographi­
cally at the ionic strength of 2 maintained by NaCt04 as an inert 
electrolyte and temperature of 20 and 30 C. 

Calculation of the Stability Constants and the Thermodynamic 
Funciions 

The authors of the above mentioned papers had used the 
De Ford and Hume's method/"/ to calculate the complexity function 
of the system at each temperature at which the investigation had 
been performed and they are presented as F0 in the corresponding 
Tables of those papers. We have taken the data for the experimental 
complexity functions directly from these sources and have analyzed 
them as follows: solving Eq. (2) for two values of Fexp , let us say 
F0' and F" , taken at two ligand concentrations (L ') and (L"), 

respectively, the values of the A and a constants in Eq. (2) have 
been determined. The values of the corresponding overall stability 
constants are, then obtained from Eq. (1). For each data point two 
theoretical F -functions were calculated. The first of them has 
been obtained by using the conventional polynomial expression with 
the values of the stability constants reported in the corresponding 
Ref. / 9 / or /'"'' and the second one by using Eq. (2) of the present 
paper. The fit at each point was estimated by the quantity 
&F=i/FeXp (Fcalc -F exp).l<Xo. As an estimate of the overall 

goodness of. the fits the S -factor, which was used throughout the 
present series /2-е/ has been calculated. Considering this factor 
we shall only remember that the smaller the values of the corres­
ponding 5 -factor, the better - the fit of a given theoretical function 
to the experimental one. 

The following familiar equation has been used for the calcu­
lation of the free energy changes of the systemA/ 
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bF=-2,3031gpn , (3) 

Д s was determined using the equation 

HS-V-bF), ( 4 ) 

AH was obtained on the one hand from the equation 

5,76Tt-T3Mepn 

and on the other hand graphically from the slope of the plot </g$, 
vsi/T. 

Results and Discussion 

The results obtained for the cadmium-TDP A system in aqueous 
solution at 30, 40 and SO0 С are presented in Tables 1-3 and the 
results obtained for the same system with 20% DMP at 30 °C are 
presented in Table 4. For all cases the theoretical complexity 
functions obtained from Eq. (2) ware third order polynomials in 
(L). So, the results of our calculations are in agreement with Rawat 
and Gupta's conclusion that three consecutive cadmium-TDPA 
complexes are formed in the solution is the ranges of the ligand 
concentrations studied. The stability constants of these species 
reported by the authors of Hef. / ' / as well as those obtained in the 
present investigation are given in each Table, where the calculated 
Я -factors for each fit appear also. The inspection on the values 

of the S -factors obtained shows that the theoretical F -functions 
calculated by using Eq. (2) of the present work "it the experimental 
data better than the F -functions obtained by the conventional 
polynomial expression with the set of the stability constants reported 
in Kef.'*/ except for the functions at 30°C (Table 1), where the 
s -factors are equal. So, for the system under consideration, the 

mathematical model presented in Ref./'/ has the advantages of 
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giving a better fit to the experimental data and describing the 
process with smaller number of parameters than the traditional 
expression does / « / . 

It should be remembered that the model developed in Ref.'*' 
was~concerned with the stepwise complex formation process between 
a n -valent metal № and monovalent ligand I in an aqueous 
solution. But we have found that the same model could be successful­
ly applied to systems in which the ligand is a neutral molecule'6, . 
On the basis of the results obtained in the present study we can state 
that it is also a good approximation for the complex formation 
process taking place in a system of bivalent metal and bivalent 
ligand. So, it seems likely that actually the application of that model 
could be extended to any processes in which a stepwise formation 
of metal complexes with metal-ligand ratios 1:1, 1:2, 1:3 and so on 
proceeds, irrespectively to the ligand charge. This will not be in 
contradiction with the original model and will not cause any funda­
mental changes in its scheme as presented in Ret/1'. In Table 7 
the thermodunamic quantities: AF , AH and AS calculated from 
Eqs. (3-5) respectively, on the basis of the /8n values obtained 
for the Cd-TDFA system in the present work are given. The 
corresponding values of AH obtained from the slope of the graph 
.'nj8nvs I/T taken from Fig. 1 - a,b, and с respectively are given 

in Table 7 also. As could be seen from the data summarized in that 
Table the absolute value of AF is increased with the Increasing 
the number of ligands in the complex ranging from 2.34 to 4.10 when 
the number of ligands varied from 1 to 3. This is in agreement with 
the thermodynamic considerations underlying the complex formation 
process in aqueous solution'7A As could be seen on Fig. 1 and 
Table 7, in the narrow temperature interval investigated, AH calcu­
lated for each j8n remains constant. Usually this is considered 
as a firm indication that the mode of the complex formation process 
is not affected by the temperature. Inspections of the data for the 
enthropy changes AS (mean values) shows that: AS for the reaction 
H +La>HL is-1.18 cal/deg.mole; AS for the reaction M+2L^ML2 

is 1.60 cal/deg.mole and AS for the reaction M+3L + ML3 is 
3.15 cal/deg.mole. It is seen also that the following unequality is 
hold': \S2 S г | >|'Sj-§ |. Such a trend is usually regarded as an indication 
that the stability of the complexes in a given series decreases with 
the increasing number of ligands'7'• 
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In Table 7 the data for the thermodynamic functions as 
presented in Ref.'9' are given for comparison. As is seen, Rawat 
and Gupta have calculated the thermodynamic functions for 
M+ 3 L%ML,3 reaction only; Their results for the variations of 
/3 „ with the temperature in the range of 30 - 50 С do not make 

possible the calculation of these quantities for the reaction M+2lr->ML2, 
because /8 2 remains constant at 40 and 50 C. So, in this temperature 
interval ДЯ = 0. This is difficult to be explained unless a different 
mode of complexity is assumed for this step.. Probably, to escape 
such an explanation the authors of Ref. ' 9 : prefer to give the 
results for /83 only. Our results are in full agreement with the 
basical thermodynamic relations underlying the complex formation 
and this could be regarded as a strong support for the validity of 
the mathematical model ' 1 ' for the given system. 

The system Cd-TDPA had been studied at three temperatures 
and we have tried to find how the constants A and в in Eq. (1) 
depend on the temperature. This dependence is shown graphically 
on Fig. 2 - a and b, where A and a are plotted as a function of the 
temperature. As could be seen in Fig. 2 both constants are linear 
functions of the temperature in this interval. No theoretical expla­
nation of this finding could be advanced at present and much more 
data have to be analyzed before trying to give some reasonable 
explanation of these trends. 

In the same way as it was done above, the complexity functions 
for the thallium-ethyl thioglicolate system at 20 and 30 °C have been 
analyzed. In Tables 5 and 6 the calculated theoretical complexity 
functions are compared with the experimental one. The Inspection 
on the s -factors, which are given in those Tables also indicates 
that for the experimental data obtained at 20"C the fit of the 
theoretical complexity function calculated with the set of stability 
constants reported in Ref. '10< is better than that one of the present 
work by a factor of 2. On the contrary, for the F-function at 30°C 
the fit of the theoretical complexity function obtained by using 
Eq. (2) of the present work is better by a factor of 2 than that of the 
corresponding function calculated with the set of stability constants 
found by Saxena and Chturvedi/ ;°/.So, in this case the inspection 
of the S -factors could not help in deciding which model is better. 
But we give preferance to the one developed in Ref./'/ because it 
describes the process with fewer number of parameters and with 
sufficient accuracy. 
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In Table 8 the calculated thermodynamic functions for the 
Tl-ethylthioglicolate system are presented. ДЯ could not be 
determined graphically because the system had been studied at two 
temperatures only. The data in Table 8 demonstrate that the 
thermodynamic functions calculated from the Pa values obtained 
in the present study for this system display the same trends as those 
found for the Cd-TDPA system. So, for this system also we have 
sufficient justification to consider the mathematical model / ' / as 
a good approximation of the complex formation process. 
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Table 1 
Comparison of the experimental and calculated complexity 

functions for the Cd-TDPA system at 3p°C 

P exp 

Rawat and Gupta This work 
(L) 
M 

P exp ca lc 
i n % 

P** ca lc 
i n % 

0 .025 2.689 2.688 0.04 2.417 - 10.15 

0 .050 4.070 4.660 14.50 4.216 3.59 

0 .075 7.193 7.010 - 2.54 6.474 - 9.99 

0 .100 12.33 9.83 - 20.27 9.27 - 24.82 

0 .150 16.37 17.25 5.36 16.76 2.38 

0 .200 27.15 27.64 1.80 27.30 0.55 

0 .250 41.77 41.75 - 0.05 41.48 - 0,69 

0 . 3 0 0 | 61.41 60.31 - 1.79 | 59.93 - 2.41 

__, . 
* - obtained by using the following/3 л values reported in Ref/ : 

/3.-63; 0 г -155; / 3 3 - 980; 
*• - obtained by using the following values of p„ : Pi~ 50; 

&2ш 246; py 807, which are correlated according to 2q. (1) where: 
/1-5.08 and a - 9.84. , , 

s R . / . / » / - 1.6xl(T2 and SThl, „ o r k = 1.6хИГ2 



Table 2 
Comparison of the experimental and calculated complexity 

functions for the Cd-TDPA system at 4<f С 

F exp 

• 

Ra»at and Gupta This work 

(L) 
li 

F exp oalc 
in % 

calc 
i n % 

0.025 1 .995 2.289 14.74 2.217 I I . 13 

0 .050 3 .165 3.810 20.38 3.760 18.86 

0 .075 5 .635 5.646 0.19 5.694 1.05 

0 .100 7 .814 7.880 0.84 8.081 3.42 

0 . 1 5 0 16 .62 13.87 - 16.55 14.47 - 12.94 

0 .200 21 .61 22.44 3.84 23.45 8.51 

0 .250 3 4 . 4 0 34.25 0.44 35.51 3.23 

0 .300 | 49 .97 | 49.96 | - 0.02 51.19 2.44 

"—«•———-•—————^^ — » — , , 
* - obtained by using the following fl„ values reported in Ref.' ' : 

/3,-48; В2- 120; ft,-880; 
*» - obtained by using the following values of в. : в,= 43; 

02-210; B3~ 681. which are correlated according to Eq. (1), where 
4-4.42 anda*. 9.75. , 
S„ , .„, - 2.3xl0-2 andS_„. ,-1.5x10 

«pf. . 9 Thts work 



Table 3 
Comparison of the experimental and calculated complexity 

functions for the Cd-TDPA svstem at 50° С 
Rawat and Gupta | This work 

(L) exp calc ЛР» I » calc ****" 
И in % in % 

0.025 1.602 2.088 30.34 2.074 29.46 
0.050 2.569 3.400 32.35 3.434 33.67 
0.075 5.023 5.013 0.20 5.135 2.23 
0.100 7.092 7.000 - 1.30 7.233 1.99 
0.150 13.66 12.4» - 9.22 12.84 - 6.00 
0.200 20.32 20.20 - 0.59 20.70 1.87 
0.250 30.56 31.00 1.44 31.26 2.29 
0.300 45.47 45.40 - 0.15 44.97 - 1.10 

* - obtained by using the following j3„ values reported in Ret/9' : 
#-40;_/3 2 - 120; ft- 800. 
** - obtained by using the following values of /3„ -.flj- 38; 

-184; /33 - 593, which are correlated according to Eq. (I) where: 
3.92 and a» 9.68. , , 

SR.l./9/ - 5.U10-2 and SThlawork- 4.1x10 ~2 h 



Table 4 
Comparison of the experimental and calculated complexity 
functions for the Cd-TDPA system with 20% DMF at 30° С 

exp 

Rawat and Gupta ХЫз work 

(L) exp 
да* 

calc 
•a* Л J? F** calc л*** 

U i n % in % 

в.&25 3.149 3.608 14.58 3.606 14.51 

0.050 7.046 7.040 - 0.05 7.021 - 0.35 

0.075 11.58 11.46 - 1.04 11.42 - 1.38 

0.100 17.41 17.02 - 2.24 17.35 - 0.34 

0.150 32.21 32.23 0.06 32.32 0.34 

0.200 53.21 53.26 1.41 54.44 2.31 

0.250 84.12 1 83.50 - 0.74 84.75 0.75 

* - obtained by using the following B„ values reported in Ref.' ! : 
/3,- 90; B, . 530; Д,- 1720. 
** - obtained by using the following values of P„ : / 8 e 90.4; 

P*- 506; P3-1890, which are correlated according to Eq. (1), 
where Д-16.14 and a =„5.60. , 
sa.t./»/ - O.W10r» andS T f t i s w o r t = 0.5x10 ~ 



Table 5 
Comparison of the experimental and calculated complexity 
functions for the Tl-ethylmioglicolate system at 20 ОС 

exp 

Saxena and Chaturvedi This work 

(L) exp calc 4 F * calc л*** 
И in % in % 

0.02 2.237 2.174 - 2.82 2.107 - 5.81 
0.04 3.526 3.515 - o.3i 3.474 - 1.47 
"о. об 5.136 5.109 - 0.53 5.149 0.25 
0.08 6.839 7.042 2.97 7.177 4.94 
C.I2 12.12 12.27 1.24 12.47 2.81 
0.20 30.13 30.60 1.56 29.35 - 2.59 

* - obtained by using the following values of fi_ reported in 
Ref./"/: pt- 56;/32- 100; fij- 1800. 
** - obtained by using the following values of pn : /3,-49.6; 

/З2 J 268: /З3- 964, which are correlated according to Eq. (1), where 
A- 4.59 and a - 10.8. 
SR.t./io/ - O.lxlO-2 and S r w , w o r t - 0.2x10 ~ 2 



Table 6 
Comparison of the experimental and calculated complexity 
functions for the Tl-ethylthioglicolate system at 30 ° С 

(L) 

M 
ezp 

Saxana and Chaturvedi 

calc 

This work 

calc 
in Я 

0.02 
0.04 

i 

0.06 
0.08 
0.12 
0.20 

2.070 
3.363 
4.698 
7.213 
11.22 
28.64 

2.069 - 0.05 
3.286 - 2.29 
4.730 0.68 

6.475 - 10.23 
I I . 18 - 0.36 

27.60 - 3.63 

2.047 
3.335 
4.906 
6.804 
11.75 
27.40 

* - obtained by using the following values of P„ reported 
in Ret/10' : /3 , - 51; /3 2 - 90; ft, - 1600. 

** - obtainea by using the following values of /3 „ -. Pi- 41; 
0o« 249; / 3 , - < 
Al 4.43 and a 

S R,t./ ЮI 

880, which are correlated according to Eq. (1), where 
10.6. 

- I . I I 
- 0.83 

4.43 
- 5.67 

4.72 
- 4.33 

0.6x10" and S, 0.3x10" 



ТаЫе7 
Calculated thermodynamic шясЫоы for the Cd-TDPA system 

S»w»t and Gupta Tbls work 

T A 
kcal./ll 

1 В 

keal./M 

д S 

cal./deg.ll 

l F 

Iccal/U 

• II 
keal./V i S 

°0 
A 

kcal./ll 

1 В 

keal./M 

д S 

cal./deg.ll 

l F 

Iccal/U шшег. graph. cal/deg.II 

/po /• - - - - 2.J4 
• - - 2.71 - 1.18 

40 A - - - - 2.54 - 2.84 - 2.71 - 1.20 

„ 50 Л - - - - 2.54 - 2.48 - 2.71 - 1.17 
in 

50 /. - - - - 5.52 - - 2.35 1.61 

40 л - - - - 5.55 - 2.98 - 2.85 1.60 

50 л - - - 5.55 - 2.66 - 2.85 1.61 

50 .A "4.15 + 0.02 - - - 4.05 - 5.17 5.16 

40 Л -4.22 • 0.02 - 2.05 ± 0.01 7.00 +.0.05 - 4.05 - 5.15 - 5.17 5.15 

5C A -4.29 ± 0.02 - 1.92 ± OiOI 7.55 • 0.05 - 4.10 - 5.20 - 5.17 3.17 



Table • 
Calculated thermodynamic functions (or the Tl-ethylthiogliculate 

system 

л 
Saxeu* «ad Chttumcll Ibis work 

T л i F »H 1 i S 1 F a H л S 
°0 kcal/lf lxal/U cal/deg.tl teak/11 kcai/и cal/dej.K 

20 /• - 2 .3 - - - 2.27 _ _ 
30 A - 2.3 - 1.6 2 . 4 - 2.32 - 0.95 4.51' 

3 20 /. - 2.6 - - - 3.26 - -
30 A - 2.6 - 1.8 2 . 3 - 3.32 - 1.30 6.69 

ЗГ A - 4 .4 - - - 4.00 - -
30 Л - 4.4 - 2.C 8 . 0 - 4.08 - 1.61 8.17 


