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ABSTRACT 

A method and a computer program (WECO) for the calculation of the formation 
constants of weak complexes from pH-metric measurements is reported. 

The determination of hydrolysis constants of Na+ and Ca2+ was performed by calculating 
the ionic product of water in mixtures of NaCI. CaCI, and tetraethylammonium iodide, in the 
ionic strength range 0.04 I I < 0.9 mol dme3 and at 10. 25 and 45’C. 

The results obtained were compared with literature findings. 

INTRODUCTION 

A series of recent papers [l-15] has indicated the importance of weak 
complexes both in the study of model systems for natural fluids and for the 
correct interpretation of the ionic strength dependence of stability constants. 

In this paper we report a simple method for the simultaneous calculation 
of formation constants for weak complexes and the parameters that define 
their dependence on temperature and on ionic strength. 

Furthermore, the ionic product of water in different media and at differ- 
ent ionic strengths and temperatures is relevant for equilibrium studies 
(primarily in the calibration of glass electrodes both for complexometric 
measurements and for routine analysis). It is also relevant for the interac- 
tions between OH- and widespread naturally occurring cations, such as Na+ 
and Ca**, in studying model systems of natural fluids. For these reasons we 
believed it interesting to investigate experimentally the systems OH--H+, 
Na+, Ca*+, and compare our results with those reported in the literature 
[16-261. 
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EXPERIMENTAL 

The NaCl, CaCl 2 and (C,H,) ,NI were commercially available products 
(Fluka, Merck and C. Erba) of high purity (> 99.8%). Tetraethylammonium 
iodide was recrystallized from methanol. NaOH stock solutions, CO,-free, 
were prepared by diluting concentrated ampoules (Fluka or BDH). HCl 
stock solution was prepared by diluting concentrated reagent. Twice distilled 
water was always used. All concentration values were corrected for the 
change in volume at the different temperatures; thus, all the thermodynamic 
parameters reported in this paper are in the molar scale. 

The potentiometer used was a Metrohm E 600 equipped with glass-calomel 
(or silver-silver chloride) electrodes, supplied by the same firm. Several 
electrode couples were used during the investigations. 

25-50 cm3 of the solution under study, containing 10 mmol dmP3 HCl 
and NaCl, CaCl,, Et,NI, were titrated with 0.1 mol dme3 NaOH (- 40 
titration points) up to pH 11-12. The titrant was delivered by an AMEL 
mod. 232 dispenser (minimum reading 0.001 cm3). The measuring cells were 
thermostated at t + 0.2”C. Magnetic stirrers were used. All the titrations 
were performed with purified N, bubbling into the solutions. 

In the calculations the formation of the [Ca(Cl)]+ ion pair was always 
taken into account [16-l&27-29]. Throughout the paper the reported errors 
are the standard deviations of the parameters. 

CALCULATIONS 

Electrode couple standardization and pK’,+ calculation 

The calculation of the pH values (pH = - log[H]) for each point of the 
titration requires the knowledge of E” and Ej in the equation 

E=E”+$lnlOpH+Ej 

Ej (junction potential) is negligible under our experimental conditions. E” 
can be calculated directly from the strong acid-base titrations in two ways: 
(a) by using the points in the acid range only for the calculations of slope 
and intercept (and using the points in alkaline range for calculating pKh); 
(b) by using a least squares computer program for calculating simulta- 
neously E” and pKk (we denote with primes the pK, values calculated 
without allowing for the hydrolysis of Na+ and Ca2+). The calculations of 
method (b) were performed with the program ESlABl [30], similar to the 
computer program ACBA [31], which can refine all parameters in an 
acid-base titration (the HCl concentration was also always checked in the 
calculations) by minimizing the sum of squared errors in the titrant volume 
or in the e.m.f. 
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We used in the calculations both minimization methods 

u= CY(Ui - ~Lca,J2 

u = c w; ( 6 - &,I, >’ 

in the first case with w; = 1 and in the latter with 

In Table 1 the values of pKk calculated with the first minimization 
method are reported. The mean differences in the values calculated by the 
two methods are 0.0035, 0.0027 and 0.0025 at 10, 25 and 45°C respectively. 
Since these differences are lower than the standard deviations, the two 
methods, at least for simple systems, are equivalent *. 

Formation constants for [Na(OH)]’ and [Ca(OH)] + 

When weak complexes are formed by the anion of a weak acid, a simple 
equation can be used 

logKH’=logKH+log(l+~KMf[M,I) 
i 

where log K H = protonation constant **, log K H’ = protonation constant 
calculated without allowing for M,-complexes and K Mg = formation con- 
stants of M,-complexes. The same, obviously, holds for pK, and pKk. 

Moreover, when the measurements are performed at different tempera- 
tures and ionic strengths, the following expressions 

log K, = log K, + &;( t - 19)’ (2) 

log K’ = log K” - z*F( I, I’) + L( I, I’) (3) 

take into account the temperature and the ionic strength dependence [32-341 
of stability constants. Equations (2) and (3) are discussed in Appendix I. 

The protonation constants and the M;-formation constants, together with 
the parameters which define their dependence on temperature and ionic 

* In principle, the use of wi + 1 is preferred, but in practice it is very difficult to find a 
realistic value of u,$( w, = l/o:). The method used in ESlABl is based on the assumption that 
the points in the buffered region are more accurate. This assumption is valid when only 
stability parameters are refined; if concentration parameters are also to be refined. the 
weighting scheme should be more complicated. 
** In this work, as in previous investigations [2,5,7-131, tetraethylammonium cation is 
assumed not to form complexes with OH-. Since it is known that Et,NOH is one of the 
strongest bases, the assumption should be valid. 
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TABLE 2 

Results of WECO calculations. The thermodynamic parameters are calculated at I = 0.15 mol 

dme3 and t = 25°C 

pK, =13.834*0.002 
OpK, /aT = - 0.0325 & 0.0001 
AH= -13.23kO.04 

logKNa= - 0.094 + 0.007 
0 log K Na/aT = 0.0028 + 0.0003 
AH=1.14+0.12 

logKC”= 0.935 f 0.010 
0 log K Ca/aT = 0.0065 + 0.0002 
AH = 2.65 + 0.08 
c,, = 0.098 f 0.003 
Cl = 0.221~0.011 ac,/a7-= -(1.8+0.8)~10-3 
d = -0.110+0.012 ad,‘aT= (2.0&0.8)x10-3 

strength, were calculated using a non-linear least-squares technique that 
minimizes the error squares sum 

u = c (log KE; - log K:,:.)2 (4 
The computer program WECO (WEak Complexes) is written in standard 
FORTRAN IV *. The data of Table 1 were analyzed with WECO and the 

results are reported in Table 2. 

RESULTS AND DISCUSSION 

The program WECO 

The program WECO has been used for analyzing several systems [9-131. 
It is quite simple to use (it does not require any particular experience with 
computers) and does not show divergence problems. WECO can work with 
medium-sized computers and is fast. The possibility of calculating simulta- 
neously log K, 3 log K/ 3T (AH), a2 log K/ llT* ( ACr ) and the dependence 
of log K on ionic strength makes this program very useful. A BASIC version, 
that can be used on personal computers, is in preparation *. 

The ionic product of water 

The great number of pK, values reported in the literature have been 
analyzed, using eqn. (2), and 

pK, = 13.999 - 3.295 x 10-2( t - 25) + 1.8 x 10-4( t - 25)2 

- 7.7 x lo-‘( t - 25)3 (0) 

* The listing of the FORTRAN IV and the BASIC version can be obtained from the authors 
on request. 
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was obtained at zero ionic strength, in the molar scale (the literature values 
were converted from molal to molar scale, when necessary). In Table 3 we 
report our data under different conditions, compared with those reported in 
the literature. The agreement is good and, in particular, the accordance 
between data obtained from glass electrode measurements and those ob- 
tained from hydrogen electrode measurements ensures that the alkaline error 
is, for our experimental conditions, negligible. 

For pK, values at infinite dilution, those obtained from eqn. (6) are 
obviously preferable. In particular, the dependence on temperature obtained 
from eqn. (6) is accurate and the AH, value calculated ( - 13.40) is very close 
to that found from calorimetric measurements ( - 13.345) [36]. 

Hydrolysis of Na + and Ca2 ’ 

The stability constants relative to the formation of hydrolytic species 

[Na(OH)]’ and [Ca(OH)]+, in different conditions, are reported in Table 4, 
together with some literature data. The agreement in this case is also good, 
but the comparison can be made only for I = 0, since in the literature only 
extrapolated values are reported. In some cases partial results are also 
reported and we considered the relative values in calculating the recom- 

TABLE 3 

Ionic product of water at various ionic strengths and at t =lO, 25 and 45°C 

I t = 10°C t = 25°C t = 45°C 

(mol dmm3) 

PK, PK:. a P& PK; a PK, PKL a 

-0 

0.05 
0.10 

0.15 14.32 

0.25 14.33 
0.50 14.38 

0.75 14.44 14.23 13.95 
1 .oo 14.49 14.22 14.01 

14.48 
14.54 d 

14.34 
14.33 

14.33 
14.29 
14.23 b 

14.27 
14.19 b 
14.25 
14.24 

14.00 
14.00 d 
13.86 
13.84 

13.83 

13.84 
13.89 

13.84 
13.80 
13.73 b 
13.78 ’ 

13.78 
13.68 b 
13.76 
13.74 
13.74 = 
13.73 
13.72 
13.80 = 

13.36 
13.41 d 
13.22 13.20 
13.20 13.16 

13.05 b 

13.19 13.13 
12.99 b 

13.20 13.10 
13.25 13.07 

13.32 13.06 
13.39 13.04 

a In NaCl medium, without allowing for [Na(OH)]’ formation. 
b In CaCI, medium, without allowing for [Ca(OH)]+ formation. 
’ In NaCIO, medium, without allowing for [Na(OH)]’ formation, Fischer and Bye [35] from 
hydrogen electrode measurements. 
d Equation (6). 
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TABLE 4 

Formation constants of the hydrolytic species INa(O and [Ca(OH)]+ at various ionic 

strengths and at t = 10, 25 and 45’C 

I log KN” log Kc” 
(mol dmm3) 

t=lO t = 25 t = 45 t=lO t = 25 t = 45 

+O 

0.05 

0.10 

0.15 -0.14 

0.25 -0.14 

0.50 -0.11 

0.75 - 0.08 

1.00 - 0.05 

0.04 

-0.11 

-0.13 

0.08 
(-0.18_~0.25)~ 

- 0.06 - 0.00 

- 0.08, - 0.03 

- 0.09 

- 0.09, 
- 0.07 
- 0.03 

0.00 

0.15 

- 0.04 
0.10 h 

- 0.04 
- 0.01 

0.03 

0.07 

0.31 log Kc” =1.13+0.0040 (t -25) loItI40’ 

0.25 log K Ca = 1.07 + 0.0057 (t - 25) 10 I t I 50 f 
-+O log K ‘a = 1.32 + 0.0070 ( r - 25) 10 I f I409 
+O log K ‘a = 1.25 + 0.0065 (t - 25) Ost140h 
-+O log Kc” =1.42+0.0026 (r -25) O<t140’ 
-+O log KCa =1.37+0.0030 (t -25) 15 i t I35 ’ 
-+O log Kc” =1.30f0.0071 (t -25) 10 I t I 40 this work 

1.20 1.30 1.45 
1.29 a 
1.15 c 

0.91 1.01 1.15 
0.92 a 

0.86 0.96 1.09 
1.01 f 

0.84 0.93, 1.06, 

0.83 0.92 1.05 

0.86 0.95 1.08 
0.90 1 .oo 1.14 

1.10 f 
0.93 1.04, 1.20 

1.26 ’ 

a Bell and Prue [21]. ’ Daniele et al. [15], 37°C. Baes and Mesmer [24].,d Daniele et al. [13]. 
e Daniele et al. [12], KC] + CaCI, medium. ’ Daniele et al. [12], NaCl + CaCI, medium. * Bates 
et al. [26], in Ca(OH),-KC] mixtures. h Bates et al. [26], in Ca(OH),-CaCI, mixtures. i Bell 
and George [20]. ’ Gimblett and Monk [19]. 

mended values (see Table 6). The value reported by Baes and Mesmer [24] 
for the species [Na(OH)] ’ is affected by a large error; for this type of weak 
complexes, there is unfortunately no way to obtain accurate formation 
constants and our value, though not very precise (see below), is tentatively 
the most reliable reported till now. 

Ionic strength and temperature dependence of formation constants 

In Fig. 1 we report pK, (pKL) vs. 0, in Et,NI, NaCl and CaCl,. As one 
can see, the curves are markedly separated and indicate clearly the hydrolysis 
of Na+ and Ca2+. 
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Fig. 1. pK, (pKL) values vs. fi in different ionic media, at 25°C. 

The ionic strength dependence of pK,, log KNa and log Kc” can be 
treated, using the equations of Appendix I, in the same manner, and the fit 
thus obtained by WECO is very satisfactory. The dependence on tempera- 
ture for both log Kc” and log KNa can be expressed by a simple straight line 
and the values of 3 log KM/U are comparable to those found in the 
literature (see Table 4). Furthermore, it is interesting to investigate the 
dependence of 3 log K”/i3T on ionic strength. In Table 5 we report the 
temperature dependence coefficients together with the AH values for the 
formation of [Na(OH)]’ and [Ca(OH)]+ at various ionic strengths. The trend 
observed is the same as log KM, in agreement with previous findings [ll]. 

TABLE 5 

Temperature coefficients and AH values for [Na(OH)]’ and [Ca(OH)]+ formation at various 
ionic strengths 

fmol dme3) 
a log K Na/aT 
(X103) 

AHNa 8 log KCa/aT 
(X103) 

AHCa 

-+o 3.16 1.3 1.2 2.9 
0.05 3.14 1.3 6.9 2.8 
0.15 2.84 1.15 6.4 2.6 
0.50 2.86 1.2 6.3 2.6 
1.0 3.43 1.4 7.7 3.1 
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Tentatively, the ionic strength dependence of AH values can be expressed by 
the equation 

AH = AH( I = 0) - z*O.73 I + 0.81 Z3’*z* (7) 

with a minimum value at I s 0.4. This result seems in contrast with most 
literature findings, where the AH values are generally always decreasing with 
increasing ionic strength. However, if we consider (i) that generally the ionic 
strength is kept constant by using alkali-metal salts; (ii) that alkali-metal 
ions form weak complexes with a great number of ligands; (iii) that AH 
values for the weak interactions are generally > 0 and (iv) that eqn. (8) 

AH=AH’-AHM 
K”c, 

1+ K”cM 

is valid for weak complexes [7], then it follows that the real value of AH (for 
AHM > 0) must be greater than the value calculated without allowing for the 
formation of weak complexes. 

Error Analysis 

In order to 
importance to 
these are: 

examine rigorously the parameters obtained it is of primary 
look carefully at the sources of error. The most ‘important of 

(a) If the temperature is kept constant at +0.2’C, the error arising from this 
uncertainty in pK, is z 0.007, whereas in log KM it is negligible. 
(b) The error in pK, due to an error of f0.2% in HCl and NaOH is 
2 0.003. 
(c) The error in KM, due to the error in the concentrations, can be 

calculated by the equation 

+M) 

TABLE 6 

Recommended values at 25’C 

(9) 

I log K Ca AHCa PKw PK:, 
(mol dmm3) (Kcal mol- ‘) 

+O 1.35 * 0.05 B 2.1 + 0.3 13.999 + 0.002 
0.05 1 .OO + 0.06 
0.10 0.95 + 0.05 (13.84) 13.78 + 0.03 
1.0 (14.01) 13.76kO.05 

a > 95% confidence intervals. 
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(d) The error due to the uncertainties in the ionic strength can be calculated 
by the equation 

&(log K) = (10) 

On the basis of the results reported in Tables 3 and 4, looking critically at 
the literature data and considering the error sources (a)-(d), we select some 
recommended values for pKk (pK,) and log KCa, reported in Table 6. 

CONCLUSIONS 

The main conclusions to be drawn from this work are that (i) it is 
possible, using a simple approach for the ionic strength dependence (Ap- 
pendix I), to obtain the formation constants for weak complexes without 
resorting to complicated methods, (ii) the calculation method, used by the 
computer program WECO works well and allows the simultaneous de- 
termination of formation constants as well as their dependence on tempera- 
ture and ionic strength, and (iii) the simple model of Appendix I and eqn. 
(7) for the dependence on ionic strength of log K (and AH) can be used in a 
general manner in the range 0 < I < 1. 
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APPENDIX I 

Ionic strength dependence of formation constants 

According to the Debye-Htickel theory, the dependence of activity coeffi- 
cients on ionic strength can be expressed by the equation 

-1ogfi =Az2 
\/7 

1+@7 
- L(I) 

where A and B are coefficients dependent on 
solvent, d is an empirical parameter (dependent 
ion), and L(I) is an empirical linear term. For 

the temperature and on the 
on the effective radius of the 
a general reaction 

(12) 

with an equilibrium constant 
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the dependence on ionic strength 
and (12) by the equation 

7 

can be expressed, according to eqns. (11) 

log p, = 1ogrp, - AZ,* I +j;.fi + WW, 
J 

(13) 

where ‘P, is the formation constant at infinite dilution, Bj = iiB (ii is a mean 

value of ti;), { L( l)}j is a combination of the linear terms of the components 
and z,* = CP;,~Z~ - z/‘. If we consider that (i) A - 0.5 and B - 0.3, (ii) H = 5 
is a good mean value for small ions and (iii) the errors in A, B and d are 
absorbed in the linear term, then eqn. (13) can be rewritten as 

log pj = 1ogrp, - 
z*J7 

2+3JJ +{L(‘))J (14) 

It has been shown in previous works [13,32-341 that the linear term can be 
expressed as 

{L(Z)}j=CjI+OJ~3’2 (15) 

where 

c, = pjco + z;c, 

0, = z,*d 

(16) 

with pJ = ,TP;,~ - 1 (eqn. 12); for. a stepwise formation constant pi = 1 (for 
the water formationp, = 2, since H,O is the solvent). Note that thep,c, term 
also takes into account the dependence on ionic strength of cationic acids. 

C, and d are linearly temperature dependent 

c, = ( c,)25” + &,/W( l - 25) 

d = d,,, + ild/aT( t - 25) 1 
(17) 

(c,, should also be temperature dependent, but since few data on cationic 
acids are available [32] at this stage of our investigation we prefer to keep c0 
cons tan t). 

In some cases it is more convenient to choose a reference ionic strength, 
not equal to zero, and then eqns. (14) and (15) become 

log pi = log pj( 1’) - z* 
JT fl 

2+3fi-2+3@ 
+cj(I-I’) 

+pj(' 
312 _ 113/z) 

08) 

equivalent to eqn. (3). Equations (14) and (18), with the coefficients (16) for 
the linear term, allow the computation of ionic strength dependence of 
formation constants, in a more accurate way than the well known Davies’ 
equation [37] does, as already reported [32]. 
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Temperature dependence of formation constants 

For the dependence of formation constants on temperature several equa- 
tions have been proposed [38,39]. Despite efforts to find the “best” equation 
for the temperature dependence, the simple Taylor expression 

log~=log&,+~;(~‘log~/~T’),(r-s)r (19) 

or 

log/?=log&+Cai(t-9)’ (20) 

is, in our opinion, to be preferred, and thus we used equation (20) in the 
program WECO. 


