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A INTRODUCTION

Detailled examination of values obtained for concentration stability constants of metal
1on complexes existing in aqueous solution! show that, for many systems, the reported
values measured by various workers differ markedly in magnitude. Frequently, the nature
and the number of complexes reported 1n solution are also very different.

The usual explanation invoked to explain these discrepancies is to attribute them to
the different methods, experimental conditions, techmques etc. employed in the various
studies. However, one variable not usually considered to explain the discrepancies occur-
ing in the literature is the different methods of calculation employed in the various studies.
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Recently, in a series of papers Momoki et al.2~* have examined statistical calculations
on the cadmum—thiocyanate system 1n considerable detail It was shown conclusively in
this work that straightforward application of standard and routimnely used calculation
methods are not likely to give the mathematically best solutions to data The authors
emphasised that complex-formation constants should be treated more carefully, both
expenimentally and statistically.

In the particular case of the cadmmum—thiocyanate system, Momoki et al. showed that
therr statistical treatment of the data gave results which were not the same as those ob-
tained by other methods of calculation This is an extremely important observation as 1t
shows that the reported literature results for many systems could be distinct functions of
the calculation method used to interpret the experimental data.

In most studies on complex 10ns only one routine calculation method 1s generally
applied to any particular set of data The data obtained are measured at constant ionic
strength. Nitrate or perchlorate salts are usually added to maintain the ionic strength at
a fixed value and 1t 1s assumed that activity coefficients are constant for all measurements
and that the electrolyte used to maintain constant 1onic strength 1s non-complexing. As
the concentration of the electrolyte used to maintain constant ionic strength 1s usually
varied from near zero to extremely high concentrations, the activity coefficients cannot
be expected to be strictly constant, nor can the complexing of nitrate or perchlorate be
neghgible for all data points 5. Because of these mherent errors not accounted for 1n
the commonly used methods of calculation, even if experimental data with virtually no
error could ever be obtained, extremely good mathematical fits to stability constant
data cannot generally be expected Consequently, the possibility arises that any particular
result in the literature could be highly dependent on the calculation used. Certainly the
application of only one routine method of calculation could not be anticipated to give
the ‘best’ solution to the data except in exceptional circumstances.

In comparing literature results with their own studies on the same complexes, no
attemnpt has been made in the past by authors to show that the solutions of all data are
mathematically equal. The work of Momoki et al on the cadmum—thiocyanate system
has highlighted the possibility that detailed analysis of the methods of calculation used 1n
all studies on any particular system must play an important role in clearing up certain
controversial systems and in improving the understanding of the chemistry of systems in
general. -

Thus article has been written to draw attention to this feature 1n an endeavour to st1-
mulate workers in the field to consider the possibility that some apparent discrepancies
mn the literature on concentration stability constants could be resolved by showing that
calculation methods have not given mathematically equivalent solutions

In most of the early work on complex-ion systems, manual calculation procedures,
usually graphical 1n nature, were chosen. Recently it has been fashionable to use high-
speed electronic computers and to use numerical or statistical calculation procedures,
(see references 6—10 for instance), for many types of calculations on complex 10ns

An unfortunate tendency, in the author’s view, with this current trend towards high-
speed and sophisticated computational techniques, is that some chemusts are using the
available computer programs indiscriminantly and without understanding the real preci-
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sion, accuracy or chemical significance of the results obtained. This is providing even
further confusion in the literature as with the widespread availability of so many methods
the possibility of ‘bad’ solutions being reported 1s ever increasing as 1s the difficulty of
detecting that they are ‘bad’ solutions

Any results from any calculation procedure should be verified very carefully to see
that they are both good solutions mathematically and are chemically sensible Any approx-
imations used in the calculation should be noted carefully and 1t should be ascertained
that the nature and means by which the experimental data were obtamed do not create
conditions w hich invalidate the calculation procedure.

A second reason for writing this review, therefore is to encourage the use of syste-
matic approaches to calculation of stability-constant data which eliminates the possibility
of ‘bad’ solutions being reported 1n the literature imnadvertently or unknowingly by a wor-
ker who does not suspect his calculation method 1s inadequate for the system being mea-
sured.

In this wo'rlk, calculations for solution of the power series function of the type

Fo (X =216, CL"
are considered Fy(X) represents an expenmentally determined quantity, which 1s
usually a function of several varables associated with the particalar technique used to
measure the system and S,, is the concentration stability constant of the nth complex,
MLn("‘ —m* which is formed when ligand, L, is attached to metal 1on, M**

The function Fy (X) or a similar function occurs in studies of complex-ion systems
by potentiometric, polarographic, 1on exchange, solubility, 1on-selective electrode, spec-
trophometric and other analytical methods.

Various approaches to solving the equation are given and means of checking that the
solution obtained 1s a good one are suggested. Two examples are chosen from the hiterature
to show the extent of the discrepancies that can occur from use of different methods
This part of the work is reported in part C of the paper

Before consideration of the calculation of Fy (X)), a short account is presented 1n sec-
tion B dealing with the calculation of percentage distribution curves of the various species
present 1n solution This type of calculation is included with this work because the type
and nature of the distnbution curves are used in Section C as a means of mndicating
whether the calculation method used to obtain the §,, vaiues are satisfactory

B CALCULATION OF DISTRIBUTION CURVES OF SPECIES PRESENT IN SOLUTION

A distribution curve 1s a graphical plot of the percentage of each complex 10n present
in solution versus the concentration of uncomplexed ligand (see Ref. 6, for instance).
Given the consecutive §,, values for each complex, then the distribution curves are simply
calculated from the relationships

[MLn(x_")"‘]

B [(Mx+] [L7]

Coord, Chem. Rev, 6 (1971) 377405
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The percentage of MI_.,,("_"‘)+ at a particular concentration of L™ ,say a, 1s given by
[MLn(x-—n)+]
[M*] + [MLO*] ++ [ML, )]
B,a"

= X 100
1+Ba+...+6,a"

X 100

% MLE—m)* =

These percentages can be calculated from f,, values by an arithmetic procedure.
However, if a large number of species is present, the arithmetic becomes somewhat te-
dious and lengthy, especially when a large concentration range of L™ needs to be consi-
dered.

Such a calculation 15 1deally suited to computation by highspeed electronic computers
In this department, a program has been developed which can calculate the percentage of
any number of complexes over any hgand concentration range ' 1. The readout is de-
signed to list numenically the percentage of each species at intervals of 0.1 logarithmic
units of ligand concentration and graphically plot the distribution curves.

The program uses a function of the type 1+K; a(1 +K; a(1+K3a( ..))) which is
well-suited to rapid computational analysis

In this expression, K, 1s the stepwise stability constant and thus 1s equal to 8, 1By -

The readout for the BiCl, (3-7)* system'? for which there are six complexes with
log B, valuesof 22,3 5,5 8,6 75,7 3 and 7 36, respectively at 25°C and an ionic
strength of 3.0 (log K, values =2.2, 1 3,3.3, 1.95, 0.5, 0 06) are shown 1n Fig. 1.
Several other results are also available for this system? , but the values given in Ref. 12
were chosen purely for the purposes of providing an example

The above type of problem represents a classical use of the computer as a time and
labour-saving device. An exact answer 1s obtained and no difficulties arise The solution
of B,, values from F, (X) functions presents a much more difficult problem

C CALCULATION OF §,, VALUES FROM THE Fg (X) FUNCTION

(i) General considerations

The function Fy (X) 1n 1ts most general form can be written as

FoX)=F +51 X +P2 X +..... B, X"

For instance, in the polarographic method for determmation of stability constants’?,
the equation to be solved is

Fo (X) = antilog {0.4343 (nF/RT)[(E:/2)¢ — (Eyj2),] +1og K/, }

=1+8,Cp +B,C1* +..... B, CL”,

where the subscripts f and c refer to the free ion and complexed 10n respectively. Other
symbols are those used conventionally. This equation and others have been modified some-
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Fig. 1. Readout of computational analysis for the percentage distribution of various species present in
the bismuth (IlI)—~chloride system.
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what to allow for mixed ligand complex formation*? and inclusion of other equilibria'®.
In these modifications, the power series in X is more complicated, but still retains the
same general form of the above equation.

Only slight variation to the above 1s an equation of the type

Fo(X)=A+B3, X+CB, X* + . ---+Zﬁan§

where 4, B, C... Z, ar€ constants. For instance, in a potentiometric method with an ion-
selective electrode'? the equation

Fo(X)=6,C +26,C; >+ .. +nB,C"

needs to be solved.
In this work, major consideration will be given to the Fy (X) = Z) By CL" pPOWET series,
n

however, related functions can be solved using the same procedure

To calculate §,, values, certain features and difficulties should be kept in mind

(@) It is useful to assess the error of Fo(X) functions This 1s not particularly easy
Often the magmtude of the error changes with Cy This can be seen to be so with the
polarographic method described previously In this case Fg (X) 1s calculated in the main
from a parameter (E,;,); — (Ey/2).’ or AE ;> Individual E,/; values would be measured
with the same precision, thus the relative error in AE'y,, 8 (AE/2)/AE, /2, must decrease
as AE), increases, ie as C| increases, because 6 (AE,/2) 1s a constant. This feature
should theoretically be included in calculations.

(b) Data collected are obtamned at constant 10nic strength and 1t is assumed that the
activity coefficients, which are incorporated into the §,, values, remain constant for all
values of Cj . If studies are made over wide concentration ranges of Cy , the validity of
the approximation is questionable and may need to be considered in deciding if the calcu-
lated values are satisfactory

{(¢) In the main, Fy (X) functions are analysed from less than twenty data points Sta-
tistically, the calculation method of up to six §,, values from this number of data points is
not particularly accurate, and inherent errors in the calculation method as well as those
from other sources must be reasonably large, even if the expennmental data themselves are
highly reproducible

(ii} Graphical methods

The sunplest and probably least complicated methods for calculation of §,, values are
graphical in nature. Two approaches are given below. The first is exceedingly simple, and
could well be used 1nitially on any set of data to gain an impression of the chemistry of
the metal-complex system. The second method, first used by Leden'?, 1s quite reliable
and can be used for most systems.

Consider the function

Fo (X) =fo +8; C +82 CLz + ....0B, C]_n
Examination of distribution curves of species present in solution shows that frequently
over a certain range of Cy , virtually only one species 1s present and other complexes can
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be neglected. For these Cy values Fq (X), as above, can be described to a good approxi-
mation by the expression

FO (X) = Bn CLn
Taking the logarithm of both sides gives
log Fp (X) =1log§,, + nlog Cy.

Thus a graphical plot of log F, (X) versus log C;_ should give a straight line of slope n# and
intercept log B,,. The plot therefore enables the calculation of the complex present, n,
and its stability constant f3,,.

Furthermore, if the 3, values for the consecutive stability constants of a particular
system are quite different, then the log plot of Fy (X) will consist of a series of straight
lines, one straight line for each complex (see Fig. 2) and all the §, values can be calculated
from the appropriate st.aight lines. If a curved log plot 1s obtained, then more than one
complex must be present for the particular C; values used (see Fig. 2), and the method
cannot be used to evaluate §3,,.

An example of this calculation method is given for the indium(III)—chlornide system'®,
in Table 1 and Fig. 3. Three straight line sections are clearly seen The slopes of 1,2 and 3
respectively correspond to the complexes InCI?>*, InCl, " and InCl;.

The graphical method of Leden!” 1s considerably more sophisticated than the pre-

vious simple method and allows consecutive formation constants to be calculated even
when (,, values are similar in magnitude
The approach 1s as follows. Rearrangement of the F, (X) functions gives F; (X) where

Fi (X) = (Fo (X) —B0)/CL =81 +B2Cp + . +B,CL" "

A graphical plot of Fq (X) versus Cy_ has an intercept at Cy = 0, of §p which is umity
A graphical plot of F, (X) versus C , extrapolated to Cy = 0, will have an intercept of
1 and this provides the basis for the calculation of §,, values A plot of

LOG Fo(x)

Loe [x]

Fig. 2 Simple graphical method Plot of log Fg (X) versus log of ligand concentration, log [X]

(a) Ideal case, two complexes MX and MX, with very different g,, values. Slopes of straight line sections
are 1.0 and 2 0 respectively, (b) Curved plot (broken line), 8,, values cannot be calculated because g,
values are similar, Tangents (solid lines) can be used to estimate complexes piesent.

Coord Chem. Rev., 6 (1971) 377405
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TABLE 1

Data of Bond and Waugh18 for the indium (I1I)--chlornde system
[C1T](anD log [C17] Fo (X) log Fp (X)
0 004 - 2398 1766 X 10 1247
0008 —2097 4581 X 10 1661
0020 — 1699 1640 X 10 2215
U 040 — 1398 4065 X 10 2 609
0080 —-1097 1959 X 10° 3292
0160 ~ 01796 8912X 10° 3950
0280 —~ 0553 2748 X 10* 4439
0400 — 0398 9 727 X10* 4988
0600 ~0222 4093 X 10° 5612
1200 0079 2691 X 10° 6.430
2 000 0301 1380X 107 7 140

F; (X) = (F, (X) — B,)/ Cy_ versus Cp, gives the intercept B, . Finally a plot of
F,X)=F,_,X)~-6,_ l)/ C;, versus Cy allows calculation of §,,.

As a consequence of the nature of the F,, (X) functions graphical plots of Fy (X) to
F,_, (X) will be curved. The plot of F,,_, (X) must be a straight line of slope ,, and
mntercept 8, _, . A straight line parallel to the Cy axis should be observed for the F,, 0.4
plot. The constant value of F,, (X) 1s equal to 3,, These considerations allow for the deter-
mination of the number of complexes present.

The graphical methods of Leden can be used conveniently to comply with the chemis-
try of the system. Extrapolation for 8, can be weighted judiciously towards F, (X) values
obtained at low C} values, and §,, can be calculated by weighting the results from
high C; values. Such a weighted procedure means f3,, values are calculated from concen-
trations of C} where the complex ML, (*—7)* s present in sigmificant concentrations

Many other graphical methods are available and Ref 6 can be consulted for a summary
of these

2 =1 5]
tog Lcr]

Fig 3 Simple graphical method as applied to the indium (III)—-chlornide system
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(1ii) Statistical methods

Many papers have appeared 1n the literature 1n the last twenty years dealing with new
and modified methods of calculating stability constants of complexes (e g Refs 2—4,
6—10, 19—29). These are virtually all statistical in nature and are based on the ‘least-
square’ theory. Most of these methods are 1deally suited for computational analysis and
this has been achieved 1in many cases

Most statistical methods have certain limitations and restrictions for their use and 1t
is a lack of knowledge of these which has sometimes led to their misuse in the past For ex-
ample, many of the methods assume all data to be of equal reliability, whereas frequently
this 1s not the case, as mentioned previously.

The most important commonly occuring restriction which can easily be overlooked 1f
the treatment if not rigorous is that most statistical methods are only valid when all
complexes are present in significant concentrations over the range of C; for which
Fo (X) data are calculated. For instance, 1f 8, 1s extremely high, and the complex
ML, (x—4)* 15 present at the (95—100)% level for all Cj, values measured, the function
Fo (X) could adequately be represented by the expression Fq (X) = 4 CL“ . A statistical
least-squares fit as Fo (X) =8, +8; C + B2 Cp.2 + B3 Cp.3 + 4 C1.* could be achieved;
however the values of 8, to 3 1n this case would have no real chemical significance as
these complexes are making no real contribution to the Fy (X) function Similarly one
particular complex may only be present in significant concentrations over half the Cj.
range, however its 8, value is statistically calculated from all C} values and data are not
weighted 1n accordance with this fact.

Another source of potential error, in someways related to the above, which can occur
1n statistical analysis of data 1s the report of §,, values when §,, <f,,_, Over a wide range
of Cy , systematic errors 1 data such as non-constancy of activity coefficients at constant
1onic strength or other experimental factors could cause a systematic error 1n the Fy (X)
function. This systematic form of error can exhibit itself in the mathematical analysis as
a weak last complex for example. This error arises most readily from the approach of
simply fitting least-squares to data, obtaining a mathematically very correct solution, but
without considering the chemistry of the system

As there are so many statictical least-square methods 1t 1s not possible to consider
them all in detail 1n this paper. The approach used to show the vaniations which can occur
with different calculation methods is to take two representative systems from the litera-
ture and apply several graphical, statistical and computational calculation methods to
each

The first system is for lead (II)—chloride These data®* represent an ideal case for
analysis and all calculation methods are 1n reasonable agreement as to the number and
stability of the complexes

The second system, for tin (II)—fluornide, is much more difficult to calculate and
widely different results can be obtained This system is used to 1llustrate difficulties
which can occur 1n calculation and to show how apparent discrepancies in the literature
could have arisen solely from the use of different calculation methods.

Coord, Chem. Rev, 6 (1971) 377465
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TABLE 2

Analysis of data of Kivalo and Rastas?? for lead (II)--chloride complexes by Leden’s and logarithmic
graphical methods

[CIT] M) Fo(X) Fy (X) F2 (X) F3(X) log [C17]  logFo(X) log[Fo(X)-1]
00 100

02 484 192 26.0 350 — 0699 0685 0584
04 11 44 26 1 30.0 27.5 — 0398 1.058 1.019
06 2176 346 34.3 256 —-0222 1338 1.317
0.8 4036 49.2 44.0 313 — 0097 1.606 1595
1.0 6200 610 470 280 0000 1792 1.785
1.2 90 52 74.6 501 258 0079 1.957 1.952
14 135.8 96 3 588 284 0.146 2133 2.130
16 186 8 116 1 638 280 0.204 2271 2269
18 25017 138.7 693 279 0 255 2399 2.398

Values of Fg(X) were calculated from their F(#) functions, where F(?) 1s F; (X) expressed in terms of
the notation of this work.

(iv) The lead(Il)—chloride system

Kivalo and Rastas®* have measured the lead(II)—chlonde complex 10n system polaro-
graphically. The data obtained are given in Table 2, and the equation to be solved 1s

Fo(X)=1+6, [CI] +6, [CI"]*>+. +B, [CI"]"
(a) Graphical

Table 2 and Fig. 4 show the data and plot of log Fg (X)) versus log{Ci~] which is
suggested as a useful starting pomnt n any calculation method. The plot 1s curved, indicat-
ing two or more complexes are present in sigmficant concentration over the range of

Lo [RO-1],
LOG Fu (0
%

/.

10

-08 o4

~04 oo
Loe [orr]

Fig 4. Analysis of the lead (II)—chloride system by the simple graphical method. (a) Slope of low

chloride concentrations (broken Imme) = 1 3; (b) slope of medium chloride concentrations (broken line) =

2 0, (c) slope of low chloride concentrations for log [Fg(X) — 1] plot. O, refer to log Fo(X) values,

X, refer to log [Fg (X)— 1] values.
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chloride (0 2 — 1 8 M) for which data was cbtained The limiting slope at low concen-
trations (Fig. 4) 1s 1.3 — 1.4, indicating PbCl" and PbCl, to be present at low chloride
concentration At medium chloride concentrations the data fit a straight line of slope
2.0, with departure to higher slopes at the highest chloride concentrations The conclu-
sion to be reached from this plot is that PbCl, 1s the major complex present, with
PbCl" and PbCl; ~ bemng present in significant amounts. In view of the curved plot, the
f values must be similar in magmtude.

Examination of the function to be solved shows that lt can be rearranged in the form

Fo(X)-1=g [} +6 [C7]2+ g, [C17]"
and a plot of log [Fo (X) — 1] versus log [CI"] would 1n general be preferable to that of

log Fg (X)) for this function because unless 3, is large, then 1 >Eﬁn [C17]7 at low

chlornde. The value of log [Fy (X) — 1], however is similar to tﬁat for log Fp (X) as
seen from Table 2 and shown in Fig 4, except for the lowest chloride levels, as would be
expected.

Table 2 and Fig. 5 show the Leden type of calculation method. The curved F, (X)
and F, (X) plots, the hinear F, (X) plot and the constant F3 (X) value are consistent
with three complexes being present, PbCl*, PbCl, and PbCl; ~ The ntercepts of these
plots give values of 8, (PbC1) =14+ 1,8, (PbCl,) =19 + 2, and 3; (PbCl; ) =28 +2

These data provide an exceptionally good fit to the theoretically predicted sha;ie of
the curves and results would appear to be quite relhiable. Table 3 shows a comparison of
calculated and experimental Fo (X) values using the above f values. This type of compa-
nison is suggested as a simple check which can be applied to test the reliability of data.

One major problem with the graphical method 1s the rather arbitrary estimation of
error. The errors in the above g values were calculated as the limits to which reasonable
extrapolations could be achieved in this author’s opinion, and so they must contain some
personal bias. The extrapolation procedure to evaluate §,, similarly contains perscnal
bias. In the above example, because of the exceptionally good fit of the data, these

Felx)

200

F, 00

Fn (%)

Falx)

Fa(x)

‘ ° crlwm

Fig. 5. Analysis of the F,(X) functions by the graphical methoed of Leden for the lead(il)-chlonde
system. ®, Fg (X); O, F1 (X); X, F2 (X), ®, F3 (X)

Coord. Chem. Rev., 6 (1971) 377405
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TABLE3

Comparnson of experimental and calculated Fg (X') functions for the lead(II)--chloride system with
B, values obtained graphically by Leden’s method.

Fo (X)
Experimental Calculated
4.84 4,78

1144 1143
21.76 2229
40.36 3870
62 00 6200
90.52 93 54

135.8 134.7

186 8 186 7

2507 2511

problems of personal bias are not large although for many systems they can be Kivalo

and Rastas®*?, with a few additional experimental points and using the graphical extrapola-
tion procedure obtained 8, = 15.2, 8, = 14 0 and 85 = 30.6 which demonstrates the
magmtude of the variation of results which can be obtained by different workers even
when using the same calculation procedure.

(b) Statistical analysis

In view of the mathematically good fit of the data to the graphical treatment over the
whole range of ligand concentration, the system would appear to be ideal for a least-
square analysis, using the assumption that all data are of equal reliability and without
judicious weighting of data. The distribution curve (Fig. 6) indicates that all species are
present 1n significant concentrations over the ligand range studied Thus 15 a useful crite-
nion for the successful application of a straightforward least-square or statistical analysis

00

[3]
o

*%fa COMPOSITION

O} - T v
o o5 10 15 2.0
@l m

Fig 6. Percentage distribution of various species present in the lead(II)—chloride system.
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TABLE 4

Comparson of calculated and experimental values of Fo(X) for the lead(II)—chloride system as con-
tained in readout of Marquardt’s3® computational analysis of the system

Fo (X)
[C17] Expermmental Calculated Difference
02 484 4.94 - 010
0.4 11.44 1160 —-016
06 21.76 22 37 - 061
08 40 36 38 64 172
10 62 00 6179 021
1.2 90 52 93 21 — 269
14 135.8 134 30 150
1.6 186 8 186 44 036
1.8 2507 251.02 — 032

Use of the least-square method of Kivalo and Rastas®® and either of the methods of
Kamalkar?® gives values of §; =144+ 18,8, =18.2*4.1 and §8; = 28.3 + 2.0, for
these data.

(c) Computational analysis

Marquardt3® has developed a calculation procedure for fitting data to polynomial
functions such as those considered in this work, which has been designed for computa-
tional analysis. The data of Kivalo and Rastas were used with this calculation method
using an IBM 7044 computer Values of 8, =15 2,8, = 16 6 and 3 = 28 9 were obtaned
The readout of this method also gives a comparison of calculated and experimental values
as reproduced in Table 4. This table provides a useful check on the relhiabihty of the cal-

TABLE 5§

Comparison of Bp values obtained for the lead(lI)--chloride system by different methods of calculation

Method A1 B2' B3
;z‘:";"icsal method? 14 19 28
ﬁ;"s‘;‘s’ a(;‘;phic e 152 140 306
f;ﬁgf;calg least 14.4 182 283
Computational analysis>® 152 16 6 289

Coord. Chem. Rev., 6 (1971) 377-405
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TABLE 6

Comparison of calculated and experimental Fg (X) values by different calculation procedure with
the lead(II)—chloride system

Method Z) Fo (X)expt—Fo (X)calc) 100 1 XV{E Fo (X)expt —Fo (X)ca.lc)lo0 2
Fo (X)expt n n'-1 { Fo (X)expt

% %

Leden’s graphical

methodl? 1.36 075

Kivalo and

Rastas (graphical)?® 1 73 091

Statistical, least

squar6524’2 128 073

Comput:glonal 1.69 081

analysis

culation method over the entire igand concentration range For this particular system
agreement between calculated and experimental values 1s satisfactory for all concentra-
tions of chloride and the §,, values should be reliable

(d) Comparison of results from the different calculation methods

Table 5 summanses the various results obtained for §,, as calculated by the different
methods With the lead(II)—chloride system 1t can be seen that there 1s a small but sigm-
ficant difference 1n results which stems solely from variations 1n the calculation method.

(e) Reluability of the calculation methods

Table 4 shows the difference between calculated and experimental Fg (X) functions
using the §,, values calculated by computational analysis For convenience and as a
means of comparison with other calculation methods the reliability of each method has
been evaluated in two ways in terms of this difference, namely,

[FO (X)] cale — [FO (X)] expt 100
22 Fo (D axpt ) |5

and

1 / [FO(X)]cak:— [FO (X)]ex t 2
i V{E( [Fo OO cpe p)m"} %

where n' 1s the number of data points.
Table 6 summarises the errors obtained for the different methods of calculation expres-
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sed as above. For this particular system, the least-square method?? gave the ‘best overall
fit’ to the experimental data However, the errors for the other methods are not substan-
tially different and since only nine experimental points were used no valid rationalisation

as to which set of §,, values is the most reliable can be made.

(v) The tin{II)—fluoride system

The tin(II)—fluoride complex-ion system has been studied potentiometrically with the
tin (amalgam) and fluoride 10n activity electrodes®! . Three fluonide complexes of tin(II),
SnF’, SnF, and SnF; ~, are reported with B,, values of 1 80 X 10°,5.79 X 10® and
1.77 X 10° respectively at 25°C and an ionic strength of 0 85.

The potentiometric equation to be solved is

Fp (X)) = antilog (0.4343(nF/RT)AE)=1+8; [F] +8, [F'12+85 [F]?

where AF 1s the change in potential of the tin (amalgam) electrode due to fluoride com-
plexation.

Table 7 gives the data of Hall and Slater®! obtamed at 25°C, which they used to cal-
culate the stability constants by a ‘standard regression analysis’, fitting the least-mean-
squares curve to the data with the aid of a 60K IBM 1620 computer system.

TABLE 7

Data of Hall and Slater3! for the tin(i[)—fluonide system and the F,, (X) functions for the Leden
calculation method- Fg (X) = 1/ag from data in reference 31.

AE@mV) [F7] (M) Fo (X) F; (X) F, (X) F3(X)
0 0 000 1 000
92 15 X10° 2045 6 96 X 10°
173 74 X105 3846 385X 10?% 115X 108
284 165X10™% 9091 4.90X 10% 1.15X 108
400 29 X107? 2242X 10 739X 10% 151X 108
523 45 X109  s58a8X 10 128X 105 217X 108
627 95 X10™% 1318X10®° 138X10° 113X 108
76.1 1.5 X102 3.717X10® 247X10° 145X 10°
883 23 X1073 9524X102 414X10° 167X 10°
996 38 X107 2320X10° 612X10° 153X 108
1122 49 X103 173X 10° 1.26 X 10° 251 X 108 21X 10'°
1227 72 X103 1379X10° 192X 10° 263X 10% 16X 10'°
1319 88 X103 2825X10* 3.21X10° 361X 108 24 X 10'°
1383 107X102 4673X10% 437X10° 406 X 108 24X 10'°
1440 130X1072 7246X10% 557X 10° 426X 108 21X 10'0
1495 160X 1072 1122X 105 700X 10° 436X 108 18X 10'°

Calculation of §,, values of a system such as this 1s not straightforward and several diffi-
culties anise. Vastly different values of §,, can be obtained by different calculations as
will be shown in this section of the paper.

Coord. Chem. Rev, 6 (1971) 377405
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Fig. 7. Plot of log {Fo (X)) — 1] versus log [F™] for the tin(II)-fluoride system (a), (b) and (c) are
tangents (broken lines) to the curved plot

A plot of log (Fo (X) — 1) versus log [F~], shown 1n Fig. 7 from data tabulated 1n
Table 7 reveals several of the problems For the two lowest fluoride concentrations a
straight line with slope of approximately O 6 (line a) can be drawn For the next five
highest fluoride concentrations a straight line of slope 1 7 (line b) can be drawn Finally
for the eight hughest fluoride concentrations a slope (line ¢) of about 2.2 can be obtained
as shown m Fig 7.

From this plot 1t would appear that the complex SnF, is predominant over most of
the fluoride concentration rarige At low fluoride levels there 1s evidence for SnF*, and
at the higher values there appears to be a higher-order complex, probably SnF;~

These plots suggest that all species are not present at significant concentrations over
the whole concentration range of fluornde Simply fitting a least-squares fit over the whole
range of data, therefore, would be not expected to give the most reliable result and a
weighted calculation procedure could be necessary For instance, allowance can be made
for the fact that at low fluonde levels no sigmificant concentration of SnF3 ™ 1s present
whilst at higher fluornide concentrations SnF* probably does not exist. Many different
approaches to weightfing the data are possible and this 1s where such a widespread variety
of @, values can be obtained with different calculation procedures Weighted graphical
and computational procedures on this system are shown which give markedly different
B,, values to those tabulated in the literature by Hall and Slater and show the caution
with which one should treat reported values, until the rehiability of the calculation has
been assessed

The graphical calculation of Leden can easily be adapted to comply with the necessity
of a weighted type of calculation Figures 8 and 9 and Table 7 show this procedure.

B: (SnF™) 1s calculated by computation of F; {X) for the low fluoride concentrations,
where SnF” 1s present in significant concentrations The first six data points of F; (X)
can be seen to approximate a straight line of intercept 8, = 3 X 10%. The second to
ninth data points of the F3 (X) function are approximately constant with a value of

B2 (SnF,) = 1.5 X 108 being obtained Thus the nine lowest fiuoride concentrations can,
n fact, be fitted quuite satisfactorily to a quadratic equation

Fo(X)=1+8, [F] +8, [F]?
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Fig 8 Analysis of the F,, (X) functions by the graphical method of Leden for low fluoride concen-
trations of the tin(II)—fluonide system e, Fg (X); +, F{ (X), 0, F2 (X)

5 10 15

[F]mxi0®
Fig. 9 Analysis of the F, (X)) and F3 (X) functions by the graphical method of Leden for the highest
fluoride concentrations of the tin(Il)-fluonide system +, F, (X), o, F3 (X))

and B; and B3, values calculated from these data. It 1s assumed that no data relevant to
higher-order complexes are contained over this concentration range
From Table 7 F, (X) can be seen to increase for fluoride concentrations above
4.9 X 1073 M, 1e. the six highest fluoride concentrations For this concentration range
the presence of a higher-order complex becomes evident From the last six data points
F3 (X) 1s constant, giving a 85 (SnF3 7) value of 2 X 10'°
Comparison of 3,, values obtaned graphically and those of Hall and Slater reported
in the literature, as shown in Table 8, illustrate how fundamentally important 1t 1s to take
note of the method of calculation when assessing the reliability of any reported g, values
Little detail of the calculation method used by Hall and Slater is given in their work
They report the method as “a standard regression analysis was performed and the least-
mean-squares cubic curve was fitted to the curves” It would appear however, that they
have treated each data point equally and fitted a computational least-square analysis
Companson of Fg (X) calculated and experimental values for the two sets of results
(Table 9), shows that the graphical results obtained with judicious weighting of data

Coord. Chem. Rev , 6 (1971) 377—405
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TABLE 8

Comparison of B,, values by different calculation procedures for the tn(II)-fluoride system

Method B1 B2 B3

Computational analysis
(Hall and Slater3!)

Leden’s graphical 4 8 10
method!7 (this work) 30 X10 15 X10 20 X10

Computational analysis
Marquardt’s method3° -138X10° 522X10° 351 X108
(this work)

Weighted use of Marquardt’s
compu tational method3° 396 X10* 151X108 1.89 X 10'°
(this work)

180X10° 579X 10° 1.77 X 10°

1

provides a considerably better fit, especially at the lower fluoride concentrations as could
be anticipated

If a computational statistical method of analysis is to provide answers consistent with
those obtained graphically, then a weighted calculation procedure 1s also necessary

With Marquardt’s computational procedure3?, use of all fifteen data points, and fitting
a cubic equation provide chemically non-sensible results as a negative §; value 1s obtained
Table 8 gives the 8, values of this method Obwiously they are unacceptable but again
this result illustrates the widespread magnitude of results obtained by different calcula-
tion methods

Using the knowledge obtained from the graphical method, a refined Marquardt calcula-
tion method 1s possible. The fit of a quadratic equation to the first nine data points gives
B, =3.96 X 10% and B, = 1.51 X 10® as shown in Table 9.

Finally, the function

Fo(X)=1+396X 10* [F"] +151 X 10® [F7]2 +8; [F]®

was solved for §; using the last six data points and then with all fifteen data points.
B3 values of 1 89(45) X 10'° and 1 89(43) X 10'°® were obtained respectively

Table 9 shows the fit of these data calculated by a combination of graphical details
provided from Leden’s calculation method and computational analysis. The results can
be seen to be satisfactory

Table 9, however, can also be used to draw an extremely important conclusion Des-
pite the fact that the comparison of experimental and calculated Fq (X) functions has
been satisfactory, it is not particularly impressive in the mathematical sense This s a
typical feature of much data in the hterature because often it 1s not possible to obtan a
mathematically unique solution. As pointed out in the introduction, even if no sources
of experimental error were present, variations in activity coefficients and complexation of
perchlorate or nitrate used to maintain constant 1onic strength would prohibit 1n many
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cases any possibility of obtaming an exact fit to the data. In the calculations it is assumed

n

that the data fit an equation F, (X) = 3, B,Cy" - In the presence of complexation of the

n=0
electrolyte used to maintain constant ionic strength®, vanations in activity coefficients,
alterations introduced by measurement of the system and a wide variety of other reasons
for departure from 1deality, the exact Fy (X) 1s considerably more complex than the
above Fg (X)) function. A high degree of correlation between experimental and calculated
Fo (X) 1s not generally expected The fact that an mexact solution 1s often obtained pro-
bably provides the fundamental pathway for the wide spread of results to be obtained
with different calculations. Each method employs a different approach to obtam an approx-
imate solution to the Fy (X) data Consequently, the chances of finding 1n the hterature an
example where the same system has been studied on several occasions and the methods of
calculation have given mathematically equivalent solutions is remote for all but the sim-
plest systems The possibility that much of the discrepancy between two or more studies
results from the non-equivalence of the calculations is correspondingly high.

Table 8 shows the vanation possible from the published result on the tin(II)—fluoride
system Extraordinary differences are observed. Variations are much greater than normally
attnibuted to shight differences in temperature, ionic strength etc when an explanation of
discrepancies of two studies is being looked for They are also greater than often could be
attributable to different techniques of measurement on the one system. Obviously many
other mathematical procedures could have been used on the data of Hall and Slater for
the tin(I)—fluoride system and many other calculated values of §,, could be obtained,
but the methods given should suffice to show how dependent the published 8, values are
on the method of calculation and the need for careful checking of any published values
before comparisons are made with other studies

Recently, Bond and Taylor32 have also measured the tin(II)—fluoride system. A
different method of measurement was used, polarographic instead of potentiometric, and
a slightly different 1onic strength, 1 O compared with O 85. Results obtained in the polaro-
graphic study were 8, (SnF") =10%, 8, (SnF,)=7X 10°,8; (SnF;")=2.7X 10°

These results are sigmificantly different from the published results of Hall and Slater,
and a comparison of the two sets of results can be made as follows. Experimentally, the
two methods are not equivalent and both sets of measurements contain approximations in
calculating their respective Fo (X)) functions Varations in 8, values from expenmental
non-equivalences as well as from slight differences in 1onic strength can therefore be ex-
pected, but these should not be great *~

The calculation procedure for the data of Hall and Slater has been checked and the
fit of data to the Fq (X) plot has been shown to be extremely difficult Widespread
variations are possible from the published g,, values. The data of Bond and Taylor are
also extremely difficult to fit mathematically with a high degree of correlation between
calculated and experimental Fo (X)) functions. Bond and Taylor describe their 8; value
of 10* to be only an approximation because of the high curvature obtained in the Leden-
type graphical extrapolation procedure. On the surface the published values of 8; (10%
compared with 1.80 X 10°) would appear to be in considerable disagreement. Table 8,
however, shows that with various calculation methods 8; values wn the range 3 X 10* to
the published 1.80 X 10° can be obtained with Hall and Slater’s data. As Bond and Taylor’s
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B, value was only considered approximate by the authors, it can be seen that the apparent
disagreement of published 8; values of approximately two powers of ten can be accounted
for by careful consideration of the two methods of calculation. The published 85 values
(2.7 X 10% compared with 1.77 X 10°) are in excellent agreement Table 8 shows values
i the range of 108 to 10'® which can be obtained by different calculations with Hall and
Slater’s data so that agreement of 85 in both studies can be accepted. Published 3. values
(7 X 10° compared with 5.79 X 10%) are apparently in considerable disagreement.
Table 8 shows that different calculations with Hall and Slater’s data can give answers in
the range 1 X 10® — 6 X 108 and the value does not depend markedly on the method.
The value of Bond and Taylor’s 8, is, however, subject to considerable vaniation depending
on the method of calculation. In the use of the Leden graphical method the authors cal-
culated their 8, value by strongly weighting the data towards the seven lowest concentra-
tions of fluoride The data from higher fluoride concentrations are consistent with a
considerably higher 8, value as can be seen by examination of Fig. 4 of Ref. 32 In fact,
a computer least-squares check of all data ponts gave a 3, value of 4 74 X 107 compared
with 6 30 X 10° using only the first seven fluoride concentrations. It can be shown that
with Bond and Taylor’s data use of a 8, value of the order of 5 X 107 in fact gives calcu-
lated versus experimental Fo (X) correlations which are quite as acceptable as the published
value of 7 X 10%_ Use of the higher 8, value would have meant the 85 value has to be
lowered fractionally from the reported value of 2.7 X 10° to about 2 X 10° but 1t can be
seen that §, discrepancies apparently of the order of two powers of ten are again virtually
insignificant after a detailed study of the calculation of both sets of data

Rather than simply accepting published values and assuming experimental discrepancies
account for the apparent differences, this example shows the need for seeing 1f the major
difference can be explained in terms of the calculation procedures to solve the data.
Probably many so-called controversial systems could be unravelled 1n this manner as the
author believes the method of calculation has not been given anywhere near the attention
it deserves in comparing literature values

(vi) The possibility of obtaining a non-unique solution

In previous discussion 1t has been pointed out that a high degree of precision 1n solving
the Fy (X)) function 1s not always possible because of inherent assumptions normally in-
volved 1n studies of concentration siability constants, such as the constancy of 1onic
strength and possible complexing of the electrolyte used to maintain constant 1onic
strength.

In view of this feature 1t would not be surprising to find examples where the solution
to a particular set of data 1s not unique, even after proceeding with a logical calculation
procedure such as that suggested in this manuscript The F, (X') data are obtained over only
a lunited range of ligand concentration and 1t is therefore reasonable to expect that more
than one polynomial will be fitted to the data with almost equal acceptability, and withmn
the bounds of chemical credibility. The restriction placed upon B,, values, that they should
be positive, obviously limits the number of chemuically acceptable solutions that can be ob-
tained, but 1t may for instance be possible to solve an equation by say either a quadratic

Coord, Chem. Rev., 6 (1971) 377405
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or cubic equation with positive coefficients or §,, values. In such cases, resort has to be
made to the chemical intuition of the worker which is mathemetically not very satisfying
but 1s unfortunately sometimes necessary. The compensation to this may be that decid-
ing which sclution 1s the “best™ can provide a stimulating and intriguing problem.

Some preliminary data obtained polarographically on the lead(II)—sulphate system®?
are given 1 Table 10 The temperature was 25°C and an ionic strength of 3 0 was main-
tained by sodwum perchlorate The graphical method of Leden can be best used to dlus-
trate the possibility of obtamning at least two solutions Examination of the F, (X') func-
tion drawn 1n Fig. 10 shows that a straight line o1 curve could be drawn depending on how
it 1s decided to weight the data. Excluding the last data point at 1 M Na,SO,, a straight
line can be drawn through the remainder of data points, all points falling within the limit
of expenimental error The data point obtamned at 1 M Na, SO, is measured 1n an ionic
environment of pure sodium sulphate, as with-the 1:2 electrolyte, no additional sodium
perchlorate is needed to maimntain the ionic strength at 3 0. All other data points were
measured in the presence of considerable concentrations of sodium perchlorate and the
1onic environment can be considered sufficiently different for the last data point to
attach (with reason) less weight to this point and. draw a straight line F; (X) plot From the
author’s experience, the data poimnt obtained in the absence (or data points obtained 1n
small concentrations) of the electrolyte used to obtain constant 1onic strength can often
be apparently anomalous and inconsistent with the remainder of the data and are to be
treated with caution. This could be the case with this system

TABLE 10

Polarographic data and calculated values of the F,, (X) functions for graphical analysis of the lead(II)—
sulphate system

[S04>71(M)  Fo(X) Fy (X) Fa2 (X) F2 (X)* F3 (X)*
000 1 000

00s 1646 1292 584

0.10 2507 1507 101 507 127
020 5.464 22.32 866 616 118
030 1127 34 23 97 4 808 143
050 28 49 54.98 100 900 104
075 54 39 7119 883 816

i00 1919 1809 171 133

* Three complexes assumed.

However, the possibility always ex:sts with data of the nature obtained with this sys-
tem, that a higher complex is in fact becoming important at the high concentrations of
sulphate. Accepting the last data point as being of equal validity with the rest than an alter-
native and curved F, (X)* plot can be drawn as in Fig. 10. The straight hne plot of F, (X)
gives §; =5 + 2, and the curved F, (X)* plot a 8, value of 10 + 2. The F, (X) plot
(F1g. 10) then gives $; = 96 * 4 and indicates that the complex Pb(SO4), 1s the highest
order complex. The F, (X)* plot (Fig. 10) would give 8, *= 38 + 8, however, a further
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Fig. 10. Analysis of the F,, (X) functions for the lead(ll)--sulphate system by the graphical method of
Leden o, F, (X),+, F2 (X), 0, F2 (X)*, X, F3 (X)*.

complex 1s indicated from this plot with 83* = 120 + 10 being obtained from the F3 (X)*
plot as1in Fig. 10 Obviously for this plot the data point at O 75 Af does not fit the data
but all other points do.

Thus the Fy (X) data have been fitted in two polynomals

Fo(X)=1+5[S04%27] +96 [SO,2"]?
1

and
Fo(X)=1+10[SO,2"] +38 [S04%27]% + 120 [S0427]3

TABLE 11

Comparison of calculated and expenimental Fg (X) values for the lead(Il)-—sulphate system

[S0427]1() Fo (X)

Exptl. Calcd. @ Calcd. b
600 1 000 1 000 1 000
005 1.646 1.490 1610
0.10 2.507 2460 2500
020 5467 5 840 5480
030 1127 1114 10 66
050 28 49 2750 3050
075 54 39 58.75 80.27
1.00 1819 169 0

@ From Fo(X)= 1+5[S0427] +96 [S04%7}2.
b From Fo(X)= 1+10[SO42-] + 38 [S042-]% + 120 [SO42-]3 .

Coord. Chem. Rev., 6 (1971) 377—405
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Fig 11.Plot of log {Fo (X) — 1 } versus log [SO42~] for the lead(II)—sulphate system

Table 11 shows a comparison of calculated and experimental Fg (X') values For all
except the last two data points, both solutions are entirely acceptable. The second last
data point (0 75 M Na, SO, ) does not provide a good fit to Fo (X)* nor the last data
point (1.0 M Na, SO4) to Fg (X). As there is a reason for weighting the data against
the last data point, but not the second last, the quadratic Fy (X) solution seems more
acceptable. Furthermore the plot of log (Fo (X) — 1) versus log [SO;2 "] shown in Fig 11
gives a limiting slope of 1.13 from the first two data points which 1s consistent with the
major complex being Pb SO, at low sulphate concentrations. The remainder of the data
up to 0.75 M give a straight line of slope 1.90 which indicates [Pb(SO4),]? ™ is the
major complex and no evidence for the presence of any higher complexes 1s provided by
this plot The intercept of this plot at log [SO42 "] = 0 gives B2 = 96 for the complex
[Pb (SO4), ]2~ which is in excellent agreement with the quadratic polynomial given
previously. The log—log plot if 1t 1s accepted that this 1s a useful guide in solving complex
ion systems, indicates clearly that a higher order complex could not be justified as it
would be a result obtaned from a one-point analysis at 1.0 M Na, SO, and shows at
least the practicality of starting the calculation with a plot of this type to gain some
insight into the chemistry of the system.

The pomnt needs to be made, however, that had no data been available 1n the 0.5 to
0.75 M concentration range of Na; SOy, and only the range 0.05 to 0.5 M had been
covered with even say considerably more data points than given with the results in
Table 10, either the quadratic or cubic polynomials would have been mathematically and
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chemically acceptable solutions, and the log—log plot, although used by this author as a
guide, could not be said to exclude the possibility of the existence of three lead(II)—
sulphate complexes. Thus the possibility of obtaining a non-unique solution always exists
and needs to be considered in comparing two sets of different results. For mstance, 1f
another study were to report three sulphate complexes of lead(II) then it would need
extremely careful checking to ensure that the data, compared to that given in this work,
were or were not usually exclusive. It would be quite possible, that they are not, and an
apparent discrepancy in the literature could be explained in terms of the calculation
method of the data and/or chemical intuition of what 1s the best solution used by the
workers.

The possibility of a non-unique solution probably becomes greater as the system
occasions>*~*3 using many techniques and conditions, and up to six complexes have
been postulated. This system is probably one of the most studied and many of the results
are summarised in Refs. 39—42

This system can be used to demonstrate many of the intrigues which can accompany
calculation procedures on a system. Ahrland and Grenthe3? studied thys system, however,
an error was 1ncurred>’  In reporting the error of a power of ten 1n §s and B¢ the authors
stated

¢ ... Itis gratifying however that the new curve, presented 1n the Fig. 1 (see their
Fig. in Ref. 3) fits much better than the previous one to the experimental valuesof 77 ...
In spite of their considerable random error, these values are therefore on the whole much
more relhiable than was once believed.”

It can be appreciated from this statement that even with an error of a power of 10 1n two
B,, values the fit to the data was onginally considered acceptable, presumably because the
authors realised that solutions with a high degree of correlation between calculated and
experimental values cannot be expected to be obtammed 1n any case, as has been shown in
this work

The potentiometric data of Ahrland and Grenthe were solved using the function under
consideration én this work-

Fo (X)=nZ=?) 8, [C17]™

Fig 1 actually shows a distribution curve for one of the sets of data by Mironov et al.
Although the distribution curve calculated from other sets of data would be different 1t
can be seen that some of the complexes exist only in significant concentrations over
small concentration ranges. Furthermore, only if daia were collected over an extremely
wide range of chlonide concentration would the solution of the equation by the above
function be completely adequate Ahrland and Grenthe, realising that data at sufficiently
low concentration of chloride for significant formation of BiCl®>* could not be obtamned,
solved the equation with 8, = 0 and obtamned 3, from solubility measurements where
lower chloride concentrations could be used.

This, however, is an unusual although entirely sensible approach, and most workers,
despite having used only a limited concentration range of chlonde, have assumed all com-
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plexes exist up to the maximum complex and consequently solved the Fq (X)) function
or a similar function 1n accordance with this belief However, in view of the nature of the
distribution curves such as Fig. 1, which are obtained for this system and the not parti-
cularly high correlation found between calculated and experimental F, (X)) values, 1t
would not be surprising to fing that the solution of the Fy (X) function is not unique
For instance, 1t would appear possible to solve the function in some studies (within the
{im1t of experimental error) with various values of §,, equal to O This possibility anses
when, after solving the Fy (X) function, a distribution curve of the type 1n Fig. 1 1s ob-
tained in which 1t can be seen that a complex, say BiCl; , 1s not the major species at any
chlonide concentration. In such a case, 1t is often possible to show that any value of 3,
less than some particular value, including the calculated §, value, and including O, does
not alter the calculated Fo (X) function significantly and that a value of 0 is completely
acceptable. That is, the value of 8 obtained is just a feature of the calculation method
which assumes all complexes up to the maximum one exist, but 1t has no real significance
If a value of 0 1s reported this does not of course imply that the complex does not exist,
but rather that relative to other complexes 1t is not present in significant concentrations
at any concentration of higand

In solubility studies by Haight et al 43, over the range 0 4 to 4 O M 1n chloride, the
authors concluded that BiCl; ~ and BiCls® ~ are the only species present in solution, 1 e.
their data could be solved with a value of 8s = 0. They showed that *“  if one considers
the possibility that not all possible BiCl, (-m+ complexes are found, one can fit Ahrland
and Grenthes’ potentiometric data with the equation

Fo (X)=1+6; [CI7]? +8, [CI7]*® +8, [CI]®”

From results given 1n this work it 1s considered quite reasonable that the solution of
any particular set of data may not be unique and undoubtedly several chemically and
mathematically reasonable solutions to Ahrland and Grenthes’ data can be made as indi-
cated by the work of Haight et al *> Apparent discrepancies between two studies are
therefore explained by the non-uniqueness of data. Consideration of the data from other
studies also revealed that other solutions for the bismuth(I1I)—chloride system are by no
means unique. In fact if one used one’s 1imagination it proved to be quite extraordinary
as to the number of solutions that could be obtained to the various sets of data for the
bismuth(1II)—chlornide system and in some ways it is surprising that agreement of results
is as good as it is. Probably this has arisen because, in the main, data have in fact been
solved assuming the presence of all complexes up to the maximum one and few possible
variations to this have been considered. Data on the bismuth(III)—chlonde system show,
however, that the published solution to a set of data need not necessanly be unique or un-
ambiguous and that if the results of two studies are 1n apparent disagreement then it may
be worthwhile adopting the approach of Haight et al. and examing the possibility of recal-
culating the published data and seeing if another solution is possible, rather than simply
and naively assuming that discrepancies arise because of differences in medum and
method of measurement.
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D. A SUGGESTED GENERAL METHOD FOR CALCULATION OF STABILITY CONSTANTS

It is apparent from the above work that a wide variety of results for §,, values car: be
obtained by use of different calculations. No particular method, unfortunately, 1s uni-
versally applicable to all systems and a great deal of discretion and prudence has to be
employed in the choice and use of a method for each set of measurements on every com-
plex-ion system studied if it is to be ensured that a reliable result has been obtained.

For example, 1t was observed in this work that the lead(II)—chlonde system could be
solved almost equally well by several calculation methods For tin(II)—fluoride, however,
the same methods had to be modified drastically to obtain sensible solutions Unsatisfac-
tory results could therefore easily have been reported for this system and undoubtedly
have been with other systems of comparable or even greater complexity.

To ehminate the danger of randomly selecting a particular calculation method, feeding
the data into 1t and reporting the results, whilst oblivious to some hidden pitfall in the
calculation procedure as applied to the particular system being studied, a general proce-
dure for the calculation of §,, values such as that used in this work and outlined below
can be undertaken.

(i) Graphucal plot of log Fg (X) versus log [ligand] Thus provides some mitial mnsight
mnto the chemistry of the complex-ion system

(if) A more sophisticated graphical procedure such as that of Leden This provides a set
of §,, values and may reveal the type of statistical analysis which could lead to a successful
solution as in (ifr)

(fii) A statistical analysis with the aid of a computer. This provides a second set of §,,
values which are not subject to personal bias of the worker as are the values obtamned by
the graphical extrapolation system of Leden

(iv) Compare calculated and experimental Fq (X) functions to check for best set of
B,, values of those calculated and to show that 3, values chosen for publication in the
Iiterature adequately describe the data for all experimental measurements

E. CONCLUSION

It seems apparent that considerable attention needs to be made 1n assessing the rehabi-
lity of concentration stability constants reported 1n the literature with respect to the
method of calculation used. Currently an extraordinanly large variaty of calculation proce-
dures 1s available each with different approximations, limitations and subtleties. Applica-
tion of various calculation procedures to the same set of data can be shown to give rise to
a wide variety of calculated g,, values. The vanations are of such magmtude that they
could readily explamn apparent discrepancies in the literature between two studies.

It would appear important, therefore, that authors give detailed accounts of their
methods of calculation when reporting stability constants and carefully assess the reliabi-
hty of the method they have used to check that the answers they obtained are good ones
A useful check in this respect 1s suggested to be a comparison of experimental and calcu-
lated values for each data point. This should reveal any weaknesses in the calculation for
any particular range of experimental values and ensure that the data have been adequately
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described by the reported 8,, values. The reported values should, of course, also be
checked to establish that they are chemically sensible.

Finally, it should be evident that no one particular calculation method for §,, values
can be gpplied to every system encountered and a choice of the ‘best’ method has to be
made 1n every case This is not an easy or obvious decision. However, the general proce-
dure outlined in this work of commencing with a simple graphical method to understand
the basic chemistry of the system, then proceeding to a more refined calculation procedure
mvolving judicious graphical weighting of data or use of computational and statistical
methods should eventually lead to a satisfactory solution
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