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A JNTRODUCXON 

Detaded exammatlon of values obtamed for concentration stabdity constants of metal 
Ion complexes exlstmg in aqueous solution * show that, for many systems, the reported 
values measured by various workers &ffer markedly in magnitude. Frequently, the nature 
and the number of complexes reported m solution are also very different. 

The usual explanation invoked to explam these dlscrepancles IS to attnbute 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 studxes. 

Chord. Chem. Rev.. 6 (1971) 377-405 
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Recently, in a serves of papers Momoki et al. *-’ have examined statistical calculatrons 
on the cadmium-tmocyanate system m consrderable detail It was shown conclusively in 
this work that straghtforward apphcatlon of standard and routmely used calculation 
methods are not hkely to give the mathematically best solutions to data The authors 
emphasrsed that complex-formation constants should be treated more carefully, both 
experrmentally and statisticahy. 

In the partrcular case of the cadmrum-throcyanate system, Momolu et al. showed that 
then statistrcal treatment of the data gave results winch were not the same as those ob- 
tained by other methods of calculation This is an extremely important observatron as it 
shows that the reported hterature results for many systems could be distrnct functions of 
the calculatron method used to interpret the experimental data. 

In most studres on complex Ions only one routme calculatron method 1s generally 
applied to any particular set of data The data obtained are measured at constant iomc 
strength_ Nitrate or perchlorate salts are usually added to mamtam the ionic strength at 
a fixed value and rt 1s assumed that actrvrty coefficrents are constant for all measurements 
and that the electrolyte used to maintain constant ionic strength IS non-complexmg. As 

the concentration of the electrolyte used to mamtam constant romc strength 1s usually 
varied from near zero to extremely high concentratrons, the actrvrty coefficrents cannot 
be expected to be strictly constant, nor can the complexmg of nitrate or perchIorate be 
negllgrble for all data pomts 4J _ Because of these mherent errors not accounted for m 
the commonly used methods of calculation, even rf experimental data with vrrtually no 
error could ever be obtained, extremely good mathematical fits to stability constant 
data cannot generally be expected Consequently, the possrbllity arises that any partrcular 
result m the literature could be hrghly dependent on the calculatron used. Certainly the 
apphcatron of only one routme method of calculatron could not be anticipated to give 
the ‘best’ solution to the data except in exceptional crrcumstances. 

In comparing literature results with their own studies on the same complexes, no 
attempt has been made 111 the past by authors to show that the solutrons of all data are 
mathematrcally equal. The work of Momoki et al on the cadmrum-throcyanate system 
has hrghhghted the possrbtlity that detarled analysis of the methods of ca!culatron used m 
all studies on any partrcular system must play an important role in clearing up certam 
controversral systems and in rmprovmg the understandmg of the chemistry of systems m 
general. 

Thus article has been written to draw attentron to tlus feature m an endeavour to A- 
mulate workers in the field to consider the possrbrhty that some apparent discrepancres 
111 the literature on concentratron stabrhty constants could be resolved by showmg that 
calculation methods have not given mathematrcahy equrvalent solutrons 

In most of the early work on complex-ran systems, manual calculation procedures, 
usually graphrcal m nature, were chosen. Recently it has been faslnonable to use high- 
speed electronic computers and to use numerical or statistrcal calculation procedures, 
(see references 6-10 for mstance), for many types of calculations on complex rons 

An unfortunate tendency, m the author’s vrew, with this current trend towards hrgh- 
speed and sophisticated computational tecImrques, is that some chemrsts are using the 
available computer programs indrscriminantly and wrthout understanding the real precr- 
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sion, accuracy or chemical s~gmficance of the results obtained. Thrs is providing even 
further confusron in the literature as with the widespread avadablhty of so many methods 
the possibrlity of ‘bad’ solutrons being reported IS ever mcreasmg as IS 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 mathematrcally and are chemrcally sensible Any approx- 
imatrons used m the calculation should be noted carefully and it should be ascertamed 
that the natllre and means by which the experimental datd were obtained do not create 
condrtions N hich invalidate the calculation procedure. 

A second reason for writmg this review, therefore is to encourage the use of syste- 
matic approaches to calculation of stabrhtyconstant data which ehmmates the possrbrhty 
of ‘bad’ solutrons being reported m the literature inadvertently or unknowmgly by a wor- 
ker who does not suspect ha calculatron method 1s inadequate for the system being mea- 
sured. 

In this woik, calculattons for solution of the power series functron of the type 

are considered F,(X) represents an expenmentally determined quantity, which 1s 
usually a function of several variables associated with the particular technique used to 
measure the system and & is the concentration stability constant of the &I1 complex, 
ML n (x-n)t, which 1s formed when ligand, L; is attached to metal ion, Mxc 

The function F, (X) or a slmllar function occurs m studies of complex-ion systems 
by potentiometric, polarographrc, ion exchange, solubrhty, ion-selective electrode, spec- 
trophometrrc and other analytical methods. 

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

Before consideration of the calculation of FO (X), a short account 1s presented in sec- 
tion B dealing with the calculatron of percentage drstrrbutron curves of the various specres 
present m solutron Thrs type of calculatron IS included with this work because the type 
and nature of the distrrbutron curves are used in Section C as a means of mdrcatmg 
whether the calculatron method used to obtain the on values are satisfactory 

B CALCULATION OF DISTRIBUTION CURVES OF SPECIES PRESENT IN SOLUTION 

A distribution curve is a graphical plot of the percentage of each complex ion present 
in solutron versus the concentratron of uncomplexed hgand (see Ref. 6, for instance). 
Gwen the consecutive & values for each complex, then the dlstrlbutlon curves are simply 
calculated from the relationships 

p = [ML,(x-“)+] 
n 

Wx+l P-1 

Coord. Chem. Rev, 6 (1971) 377405 
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The percentage of ML,r(X-“)f at a particular concentration of L-,say a, 1s grven by 

% ML(x--“)+ = 
[ML,(X-“)+] 

x 100 
[MX+] + [ML@-‘)+] •t- . . . + [ML,r(“-x1+] 

Onan = x 100 
1 +&a+. ._+&a” 

These percentages can be calculated from & values by an arithmetrc procedure. 
However, if a large number of species is present, the arithmetrc becomes somewhat te- 
drous and lengthy, especrally when a large concentratron range of L- needs to be consr- 
dered. 

Such a calculation 1s Ideally surted to computatron by hrghspeed electromc computers 
In this department, a program has been developed which can calculate the percentage of 
any number of complexes over any hgand concentration range r ’ _ The readout is de- 
srgned to hst numencally the percentage of each species at mtervals of 0.1 logarithmrc 
unrts of hgand concentration and graphically plot the distribution curves. 

The program uses a function of the type 1 +Kr a( I +X2 LI (1 +Ks cc ( . .))) which is 
welkuited to rapid computational analysis 

In this expressron, K, 1s the stepwise stab&y constant and thus 1s equal to &/&_ r - 
The readout for the BiC1,(3-“)+ system’” for which there are six complexes with 

log & values of 2 2,3 5,s 8,6 75,7 3 and 7 36, respectively at 2S°C and an ionic 
strength of 3.0 (log& values = 2.2, 1 3,3.3, 1.95,0.5,0 06) are shown m Fig. 1. 
Several other results are also avarlable for thrs system’ , but the values given in Ref. 12 
were chosen purely for the purposes of providmg an example 

The above type of problem represents a classrcal use of the computer as a trme and 
labour-savmg devrce. An exact answer rs obtained and no difficulties arise The solution 
of & values from Fe (X) functrons presents a much more drfficult problem 

C CALCULATION OF & VALUES FROM THE F. (X) FUNCTION 

(i) General considerations 

The function F. (X) m rts most general form can be written as 

Fo(X)=pO +/3rXt&X= -I-..... &X” 

For instance, in the polarographic method for determmation of stabihty constants’ 3, 
the equation to be solved is 

Fe (X) = antJog CO-4343 (fi/RT) ](Q& - (K/&l + log &/I,, 3 

where the subscripts f and c refer to the free ion and complexed ran respectively. Other 
symbols are those used conventionally_ This equation and others have been modified some- 
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what to allow for rmxed ligand complex formationr4 and inclusron of other eqml~bnalS. 
In these modifications, the power series in X is more complicated, but still retains the 
same general form of the above equation. 

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

F,,(X)=A+BP,X’tC&X2 + . . ..+Z&Xn. 

where A, B, C... 2, are’ constants. For mstance, in a potentrometrrc method with an ion- 
selective electrode” the equation 

F,,(X)=~,CL+2~,CL2 + . . +n&CLn 

needs to be solved. 
In thrs work, major consrderatron wrll be grven to the Fe (x) = c& CLn power series, 

however, relZted functrons can be solved usmg the same proceduri 
To calculate pn values, certam features and drfficulttes should be kept in mind 
(a) It is useful to assess the error of F&Y) functions This IS not particularly easy 

Often the magnitude of the error changes wrth CL This can be seen to be so with the 
polarographic method described previously In this case Fc (X) IS calculated in the main 
from a parameter (E1j2)r - (E,/,),r or AE,l, Indtvtdual Ellz values would be measured 
with the same precision, thus the relative error m AEllz, 6 (AE1/2)/AE1/2 must decrease 
as AEl12 increases, i e as CL increases, because S(AEi/a) is a constant. This feature 
should theorettcally be mcluded m calculations. 

(b) Data collected are obtamed at constant ionic strength and rt is assumed that the 
activity coefficrents, which are incorporated into the pn values, remain constant for all 
values of C,_ _ If studies are made over wide concentration ranges of Cl_, , the vahdrty of 
the approximation is questionable and may need to be considered III decrdmg if the calcu- 
lated values are satisfactory 

(c) In the mam, Fc (x) functions are analysed from less than twenty data points Sta- 
tistically, the calculatron method of up to six& values from this number of data points is 
not partrcularly accurate, and Inherent errors m the calculation method as well as those 
from other sources must be reasonably large, even if the experimental data themselves are 
highly reproducrble 

(ii) Graphical methods 

The srmplest and probably least comphcated methods for calculatton of & values are 
graphical m nature. Two approaches are given below. The first is exceedingly simple, and 
could well be used mitially on any set of data to gam an impression of the chemistry of 
the metal-complex system. The second method, first used by Leden’ ‘, IS quite rehable 
and can be used for most systems. 

Consider the function 

Fo(x)=Po +Pt C,_+PzC,_ * + ._. .&cy 

Exammatron of distrrbutron curves of species present m solutron shows that frequently 
over a certain range of C,, vrrtually only one specres is present and other complexes can 
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be neglected_ For these CL values Fc (x), as above, can be descrrbed to a good approxi- 
mation by the expression 

Fo (x) = & CL= 

Taking the logarithm of both sides gwes 

log Fe (X) = log 0, + n log CL 

Thus a graphical plot of log Fe (x) versus log C, should grve a strarght lme of slope n and 
mtercept log 0, _ The plot therefore enables the calculatron of the complex present, n, 
and its stabriity constant &. 

Furthermore, d the & values for the consecutive stabrhty constants of a partrcular 
system are quite different, then the log plot of F. (X) wrll consist of a senes of straight 
lmes, one strarght line fidr each complex (see Frg. 2) and all the 0, values can be calculated 
from the appropriate st,arght lines. If a curved log plot 1s obtained, then more than one 
complex must be present for the partrcular CL values used (see Frg. 2) and the method 
cannot be used to evaluate & _ 

An example of thrs calculation method is given for the indium(III)-chlonde system”, 
m Table 1 and Fig. 3. Three straight lme sections are clearly seen The slopes of 1,2 and 3 
respectively correspond to the complexes InCl* *, InCla * and InCls . 

The grapiucal method of L.edenr7 1s consrderably more sophrstrcated than the pre- 
vrous simple method and allows consecutrve formatron constants to be calculated even 
when & values are similar m magnitude 

The approach 1s as follows. Rearrangement of the FO (X) functrons gives F, (X) where 

F,(X)=(Fe(X)-kWICL=Pi +P2CL+ --+PnCLn-’ 

A graphical plot of F. (X) versus CL has an intercept at CL = 0, of PO wluch is unity 

A graphrcal plot of F, (X) versus CL, extrapolated to CL = 0, wdl have an intercept of 
pl and this provides the basis for the calculation of & values A plot of 

Fig. 2 Srmple graph14 method Plot of log Fe (x) versus log of &and concentratron, log [X] 
(a) Ideal case, two complexes MX and MXa wrtb very different 0, vaiues. Slopes of straight Ime sections 
are 1.0 and 2 0 respectively, (b) Curved plot (broken Line), pn values cannot be calculated because fi, 
values are smrlar. Tangents (solid lines) cm be used to estimate complexes present. 

Coord C?iem. Rev., 6 (1971) 377-405 
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TABLE 1 

Data of Bond and Waugh” for the mdmm (III)-chlonde system 

w-fun log [cl-] Fo (Xl log Fo (x) 

0004 - 2 398 
0 008 - 2 097 

0 020 - 1699 
0 040 - 1 398 
0 080 - 1097 
0 160 - 0 796 
0 280 - 0 553 
0 400 - 0 398 

0 600 - 0 222 
1 200 0 079 
2 000 0 301 

1766 x 10 1 247 
4 581 x 10 1661 
1640 x 10’ 2 215 
4 065 x lo2 2 609 

1959 x IO3 3 292 
8 912 x lo3 3 950 
2 748 x IO4 4 439 
9 727 x104 4 988 

4 093 x IO5 5 612 

2 691 x IO6 6.430 
1 380 x 10’ 7 140 

Fz (X)=(F, (x)-/W/C, versus C,, grves the Intercept f12 _ Fmally a plot of 

F, (x) = (F,_ , (X) - &_ ,)/ C, versus C, allows calculatron of &_ 
As a consequence of the nature of the F, (X) hnctions graphrcal plots of F. (J!) to 

F II-2 (X) wnl b e curved. The plot of F,_ 1 (X) must be a strarght hne of slope & and 
mtercept &_ 1 _ A straight lme parallel to the C, axes should be observed for the F, (X) 
plot. The constant value of Fn (X) IS equal to & These consrderatrons allow for the deter- 
minatron of the number of complexes present. 

The graphrcal methods of Leden can be used convemently to comply with the chemis- 
try of the system. Extrapolatron for PI can be weighted judrciously towards F1 (X) values 
obtained at low CL values, and & can be calculated by weighting the results from 
hrgh CL values. Such a weighted procedure means & values are calculated from concen- 
tratrons of C’, where the complex ML,’ x-n)+ IS present m srgmficant concentrations 

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

LOG F,(X) 

10 

-3 -2 
LOG -ii Cl- ] 

0 1 

F!g 3 Slmple graphIcal method as apphed to the mdmm (III)-chloride system 



CONCENTRATION STABILITY CONSTANTS OF METAL ION COMPLEXES 385 

(Iii) Statistical methods 

Many papers have appeared m the hterature m the last twenty years dealmg wrth new 
and modified methods of calculatmg stabrhty constants of complexes (e g Refs 24, 
6-10: 19-29). These are virtually all statistical in nature and are based on the ‘least- 
square’ theory_ Most of these methods are Ideally suited for computatronal analysis and 
tlus has been achieved m many cases 

Most statistical methods have certam hmrtatrons and restnctrons for then use and rt 
is a lack Gf knGWledge of these which has sometimes led to then misuse m the past For ex- 
ample, many of the methods assume all data to be of equal reliability, whereas frequently 
this IS not the case, as mentioned previously. 

The most important commonly occuring restnction which can easdy be overlooked rf 
the treatment if not rigorous IS that most statistical methods are only valid when all 
complexes are present m srgmficant concentratrons over the range of CL for which 

F. (X) data are calculated_ For mstance, rf a4 IS extremely hrgh, and the complex 
ML4(X-4)’ IS present at the (95-lOO)% level for all C,_ values measured, the function 
Fc (X) could adequately be represented by the expression Fe (X) = p4 CL4 _ A statrstrcal 
least-squares fit as F, (X) = &, + PI CL + p2 CL2 + Jj3 CL” + f14 CL4 could be achieved; 
however the values of /3c to p3 m this case would have no real chemical srgmficance as 
these complexes are making no real contnbutron to the Fc (X) function Srmdarly one 
particular complex may only be present 111 significant concentrations over half the CL 
range, however rts & value is statrstrcally calculated from all CL values and data are not 
weighted 111 accordance with this fact. 

Another source of potential error, in someways related to the above, whrch can occur 
m statrstrcal analysrs of data IS the report of & values when 0, < &_ l Over a wade range 
of C,_ , syste_matrc errors m data such as non-constancy of activity coefficients at constant 
romc strength or other experimental factors could cause a systematic error m the Fe (X) 
functron. This systematic form of errGr can exhrbrt Itself 111 the mathematical analysrs as 
a weak last complex for example. Thus error arises most readrly 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 statrctrcal least-square methods rt 1s not possrble to consider 
them all in detail m thrs paper. The approach used to show the vanatrons which can occur 
wrth drfferent calculatron methods is to take two representative systems from the htera- 
ture and apply several graphrcal, statrstrcal and computatronal calculatron methods to 
each 

The first system is for lead (II)-chlGnde These data24 represent an ideal case for 
analysrs and all calculation methods are in reasonable agreement as to the number and 
stab&y of the complexes 

The second system, for tm (II)-fluorrde, is much more difficult to calculate and 
widely drfferent results can be obtained This system is used to illustrate difficultres 
which can occur m calculation and to show how apparent drscrepancres m the literature 
could have arisen solely from the use of drfferent calculation methods. 

Coord Chem. Rev, 6 (1971) 3774G5 
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. 
TABLE 2 

Analysrs of data of Kivalo and Rastas 24 for lead (II)-chlonde complexes by Leden’s and logarrthmrc 
graphical methods 

[cl-1 00 Fo (X1 Fr (X1 F2 GO F3 09 loi5 Ku log Fo (Xl 1% [F&D-11 

00 
02 

xz 
0.8 
1.0 
1.2 
1.4 
16 
18 

1 00 
4 84 19 2 

1144 26 1 
21 76 34 6 
40 36 49.2 
62 00 610 
90 52 74.6 

135.8 96 3 
186 8 116 1 
250 7 138.7 

26.0 35 0 -0699 0 685 0 584 
30.0 27.5 - 0 398 1.058 1.019 

34.3 25 6 - 0 222 1338 1.317 
44.0 31.3 -0OW 1.606 1595 
47 0 28 0 0 000 1792 1.785 
50 1 25 8 0 079 1.957 1.952 
58 8. 284 0.146 2 133 2.130 
63 8 28 0 0.204 2271 2 269 
69 3 27 9 0 255 2 399 2.398 

Values of F&I!) were calculated from their F(t) functrons, where F(t) IS Fr (X) expressed in terms of 
the notation of this work. 

(iv) The lead(H)-chloride system 

Ktvalo and Rastas24 have measured the lead(R)-chlonde complex ran system polaro- 
graphrcally. The data obtained are given m Table 2, and the equation to be solved IS 

F. (X) = 1 -t fir [Cl-] + f12 [Cl-] 2 + . +o, [cl-In 
(a) Graphcal 

Table 2 and Frg. 4 show the data and plot of log F. (X) versus log[Cl- ] which is 
suggested as a useful startmg pomt 111 any calculation method. The plot is curved, mdrcat- 
ing two or more complexes are present in srgmficant concentration over the range of 

Frg 4. Analysts of the lead (II)-chlortde system by the sunple graphical method. (a) Slope of low 
chloride concentrations (broken he) = 1 3; @) slope of medium chloride concentrations (broken he) = 

2 0, (c) slope of low chlorrde concentrations for log [Fe(X) - I] plot. 0, refer to log Fe(X) values, 
X, refer to log [Fo (X) - I] values. 
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chloride (0 2 - 1 8 M) for which data was cbtained The limiting slope at low concen- 
tratrons (Rg. 4) IS 1.3 - 1.4, mdrcatmg PbCI’ and PbC12 to be present at low chloride 
concentration At medium chlortde concentrations the data fit a strarght 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 PbCla 1s the major complex present, with 
PbC1’ and PbCla- bemg present in srgmficant amounts. In vrew of the curved plot, the 
0 values must be similar 111 magmtude. 

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

F,,(X)- 1 =@r [Cl-] +pa [Cl-]’ + & [cl-In 
and a plot of log [Fe (X) - I] versus log [Cl-] would 111 generalnbe preferable to that of 

log Fe (X) for this function because unless pl is large, then 1 >c& [Cl-] n at low 

chloride. The value of log [Fe (X) - 11, however is smllar to tfiii for log Fe (X) as 
seen from Table 2 and shown m Fig 4, except for the lowest chloride levels, as would be 
expected. 

Table 2 and Frg. 5 show the Leden type of calculatron method. The curved F,, (X) 
and Fr (X) plots, the linear F2 (X) plot and the constant F3 (X) value are consrstent 
wrth three complexes bemg present, PbCl’, PbCla and PbC13 - The mtercepts of these 
plots give values of pl (PbC13 = 14 I: 1, pz (PbCl,) = 19 2 2, and j& (PbCla -) = 28 +- 2 

These data provide an exceptionally good fit to the theoretically predicted shape of 
the curves and results would appear to be quite reliable. Table 3 shows a comparison of 
calculated and experimental Fe(X) values using the above 0 values. Thrs type of compa- 
nson is suggested as a sunple check which can be applied to test the reliabrltty of data. 

One major problem with the graphrcal method 1s the rather arbrtrary estimatron of 
error. The errors in the above /3 values were calculated as the limits to which reasonable 
extrapolatrons could be achreved m this author’s opmron, and so they must contain some 
personal bias. The extrapolatron procedure to evaluate & srmdarly contams personal 
bras. In the above example, because of the exceptionally good fit of the data, these 

Fig. 5. hldYSlS of the F,(x) functions by the graphical method of Leden for the lead(U)--chiende 
system. 0, FO (X1; 0, Fr (X1; X, Fa (X),4 Fa (X) 

Coord. Chem. Rev., 6 (1971) 377-405 
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TABLE3 ’ 

Comparison of expenmentai and calculated Fo (X) functions for the lead(U)-chlonde system with 
pn values obtained graphlcally by Leden’s method. 

Fo (Xl 

Expenmental Calculated 

4.84 4.78 
11.44 1143 
21.76 22 29 
40.36 38 70 
62 00 62 00 
90.52 93 54 

135.8 134.7 
186 8 186 7 
250 7 251 1 

problems of personal bias are not large although for many systems they can be Kwalo 
and Rastas24, with a few additional experimental points and using the graphical extrapola- 
tion procedure obtained (3, = 15.2, p2 = 14 0 and flS = 30.6 whrch demonstrates the 
magnitude of the varlatlon 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 hgand concentratron, the system would appear to be ideal for a least- 
square analysis, usmg the assumption that all data are of equal rehabfllty and without 
judicious weightmg of data. The &stnbutlon curve (Fig. 6) mdicates that all species are 
present m slgmficant concentrations over the hgand range studled This IS a useful cnte- 
non for the successful apphcation of a straightforward least-square or statistical analysis 

II Pb 

Fig 6. Percentage dlstrlbution of various species present m the lead(U)-chloride system. 
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TABLE 4 

Comparison of calculated and experimental values of F&X) for the lead(II)-chlorrde system as con- 
tained in readout of Marquardt*s30 computational analysis of the system 

[cl-l 

Fo (Xl 

Experimental Calculated Difference 

02 4 84 4.94 - 0 IO 
0.4 11.44 1160 -016 
06 21.76 22 37 -061 
08 40 36 38 64 1 72 
10 62 00 61 79 0 21 
1.2 90 52 93 21 - 2 69 
14 135.8 134 30 150 
1.6 186 8 186 44 0 36 
1.8 250 7 251.02 - 0 32 

Use of the least-square method of Krvalo and Rastas24 and erther of the methods of 
Kamalka? gives values of /I1 = 14.4 f 1 8,& = 18.2 f 4.1 and /33 = 28.3 f 2.0, for 
these data. 

(c) Computational analysis 

Marquardt 3o has developed a calcuktion procedure for fittmg data to polynomtal 

functrons such as those considered m thus work, whrch has been destgned for computa- 
tional analysrs. The data of Krvalo and Rastas were used wrth thrs calculatron method 
usmg an IBM 7044 computer Values of fir = 15 2, f12 = 16 6 and p3 = 28 9 were obtained 
The readout of this method also gives a comparrson of calculated and experrmental values 
as reproduced in Table 4. This table provrdes a useful check on the rehabrhty of the cal- 

TABLE 5 

Comparison of pn values obtained for the lead(R)-chlorrde system by dtfferent methods of calculatton 

Method PI P2’ P3 

Leden’s 
graphical method” 

Rival0 and 
Rastas (graphical)24 

Statrsttcal, least 
squares24,2s 

Computational analyss3’ 

14 19 28 

15 2 14 0 30 6 

14.4 18 2 28 3 

15 2 16 6 28 9 

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

Comparison of calculated and experimental Fo (x) values by different calculation procedure with 
the lead(H)-chloride system 

Method F. (x)exp t - F. (x)calc 

Fo (X)expt )I 

% 

Leden’s graph1ca.I 
method” 

1.36 0 75 

Kwalo and 
Rastas (graphxal)24 ’ 7s 0 91 

Statlstxa$$ast ’ 128 073 
squares 

Computational 
analysls30 1.69 081 

culatron method over the entire hgand concentration range For this particular system 
agreement between calculated and experimental values IS satisfactory for all concentra- 
tions of chlorrde and the & values should be reliable 

(d) Comparison of results from the drfferent calculation methods 

Table 5 summanses the various results obtamed for & as calculated by the drfferent 
methods With the lead(H)-chloride system rt can be seen that there 1s a small but sigm- 
ficant drfference m results which stems solely from variations m the calculatron method. 

(e) Rehabdiiy of the calculation methods 

Table 4 shows the difference between calculated and expenmental F. (X) functions 
using the & values calculated by computational anaIysis 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, 

I ( 

c PO (XII talc - FO (XII evpt 100 
EFo (XII expt )I 

7% 

and 

PO GOI calm - [Fo (XII expt 

[Fo GUI &t 
* 

% 

where n’ IS the number of data points. 
Table 6 summarrses the errors obtained for the differentmethods of calculation expres- 
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sed as above. For this particular system, the least-square method24 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 ratronalisation 
as to which set of & values is the most reliable can be made. 

(u) The tin(II)-fluoride system 

The tm(II)-fluoride complex-ion system has been studied potentiometrtcaily with the 

tm (amalgam) and fluoride ran activity electrodes 31. Three fluonde complexes of tm(II), 
SnF’, SnF2 and SnF3 -, are reported with & values of 1 80 X 106, 5.79 X 10’ and 
1.77 X 10’ respectively at 25°C and an ionic strength of 0 8.5. 

The potentrometric equation to be solved is 

Fe (X) = antrlog (0_4343(nF/RT)AE) = 1 + /3r [F-l -I- pz [F-l * + f13 [F- ] 3 

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

Table 7 gives the data of Hall and Slater31 obtained 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 ard of a 60K IBM 1620 computer system. 

TABLE 7 

Data of Hail and Slater” for the tm(H)-fluortde system and the Frr (X) functtons for the Leden 
calculation method- Fe (x) = l/co from data m reference 31. 

ti(mV) [F-l (M) Fo (X) Fr W) F2 (X) F, (X) 

0 0 000 1000 
9.2 15 x 1o-5 2 045 6 96 x lo4 

17 3 74 xlo-5 3 846 3 85 x lo4 1 15 x lo8 
284 165 x IO4 9 091 4.90x 104 1.15 x lo8 
40.0 29 x104 2242x 10 739x 104 151x108 
52 3 4.5 x 1o-4 5848x10 128X105 2 17 x 108 

62 7 95 x104 1 318 X lo* 138X lo5 1 13 x IO8 
76.1 1.5 x 1o-3 3.717 x lo* 247x 10’ 145 x IO8 

88 3 2.3 x 1O-3 9 524 x lo* 414x105 167 x 10’ 
996 38 x 1O-3 2 320 x lo3 612x10’ 1 53 x lo8 

112 2 4 9 x 1o-3 6 173 x lo3 1.26 x lo6 2 51 x lo8 2 1 x 10’0 
122.7 7 2 x 1o-3 1 379 x IO4 192x106 2 63 x IO8 16 x 10” 
131.9 8.8 x 1O-3 2 825 x lo4 3.21 x lo6 3 61 x 10’ 2 4 x loto 
138 3 107 x IO-* 4 673 x IO4 437x 106 4 06 x lo8 24x 10” 
144.0 130 x 1o-2 7 246 x lo4 5 57 x 106 426x IO8 2 1 x 10’0 
149 5 160 x lo-* 1 122x lo5 7 00x 106 4 36 x 10’ 1 8 x loto 

Calculation of & values of a system such as thrs 1s not strarghtforward and several drff- 
cultres anse. Vastly &fferent values of & can be obtamed by different calculations as 
will be shown in this section of the paper. 

Coord Chem Rev, 6 (1971) 377405 
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LOG [F,,(x)-11 
l 

*9 

0’ 

FIN. 7. Plot of log [ Fo (X) - II versus log [F-l for the tm(II)-fluonde system (a), (b) and (c) are 
tangents (broken lmes) to the curved plot 

A plot of log (FO (X) - 1) versus log [F-l, shown m Fig. 7 from data tabulated m 
Table 7 reveals several of the problems For the two lowest fluonde concentratrons a 
straight hne with slope of approximately 0 6 (hne a) can be drawn For the next five 
lugbest fluoride concentrations a stralgbt line of slope 1 7 (line b) can be drawn Fmally 
for the eight highest fluoride concentratrons a slope (lme c) of about 2.2 can be obtamed 
as shown m Fig 7. 

From this plot It would appear that the complex SnF2 is predommant over most of 
the fluoride concentratloh rarige At low fluoride levels there IS evidence for SnF’, and 
at the higher values there appears to be a higher-order complex, probably SnF3 - 

These plots suggest that all species are not present at slgmficant concentrations over 
the whole concentratron range of fluoride Simply fitting a least-squares fit over the whole 
range of data, therefore, would be not expected to grve the most rehable result and a 
we&ted c-alculatlon procedure could be necessary For instance, allowance can be made 
for the fact that at low fluoride levels no slgmficant concentratron of SnF, - IS present 
whdst at higher fluoride concentrations SnF’ probably does not exist. Many different 
approaches to welgbfmg the data are possrble and this IS where such a widespread variety 
of & values can be obtamed with different calculatron procedures Welghted graphrcal 
and computational procedures on this system are shown which give markedly different 
& values to those tabulated m the literature by Hall and Slater and show the caution 
with which one should treat reported values, until the rehablhty of the calculation has 
been assessed 

The graphical calculation of Leden can easily be adapted to comply with the necessity 
of a welghted type of calculation Frgures 8 and 9 and Table 7 show this procedure. 
PI (SnF’) IS calculated by computation of F, (X) for the low fluonde concentrations, 
where SnF’ 1s present m significant concentrations The first snc data pomts of F1 (X) 
can be seen to approximate a straight lme of intercept fll = 3 X 1 O4 _ The second to 
ninth data pomts of the F; (X) function are approximately constant with a value of 
f12 (SnF*) = 1 .S X lo8 bemg obtained Thus the nme lowest fiuonde concentratrons can, 
m fact, be fitted quite satlsfactorlly to a quadratlc equation 

Fo (X) = 1+ PI WI + 02 W-1 * 
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2 4 6 10 I2 14 

Fig 8 Analysis of the F, (X) functions by the graphlcal method of Leden for low 
trations of the tm(II)-fluonde system 0, Fg (X); +, F1 (X), 0, F2 (X) 

fluoride concen- 

Fig. 9 AnaIysls of the F2 (X) and F3 (X) functions by the graphlcal method of Leden for the hrghest 
fluonde concentrations of the tm(II)-fluonde system f, Fa (X), 0, F3 (X) 

and /3r and pa values calculated from these data. It IS assumed that no data relevant to 

h.@er-order complexes are contained over this concentration range 
From Table 7 Fa (X) can be seen to increase for fluorrde concentratrons above 

4.9 X 10s3 M, I e. the WC hrghest fluorrde concentratrons For thus concentratron range 
the presence of a hrgher-order complex becomes evtdent From the last srx data points 
F3 (X) 1s constant, grvmg a p3 (SnF, -) value of 2 X 10” 

Comparison of & values obtamed graphrcally and those of Hall and Slater reported 
m the literature, as shown in Table 8, rllustrate how fundamentally Important rt 1s to take 
note of the method of calculatron when assessing the rehabrhty of any reported r3,1 values 

Lrttle detarl of the calculation method used by Hall and Slater is grven m then 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 

Comparrson of F. (X) calculated and experrmental values for the two sets of results 

(Table 9), shows that the graphical results obtained wrthludrcrous werghtmg of data 

Gwrd. Chem Rev, 6 (1971) 377-405 
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TABLE 8 

Comparison of pn values by different calculatron procedures for the tm(II)-fluorrde system 

Method PI P2 P3 

Computational anaIysls 
(Hall and Slater31) 

Leden’s graphical 
method” (thrs work) 

180x lo6 5 79x loa 1.77 x IO9 

30 x104 15 x108 20 x 1o’O 

Computattonal analysis 
Marquardt’s methodjo 
(thus work) 

- 1 38 x IO6 5 22 x lo8 3 51 x lo8 

Welghted use of Marquardt’s 
computational methodjo 
(this work) 

I 

3 96 x lo4 151 x lo* 1.89 X LO” 

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

If a computational statlstlcal method of analysis is to provide answers consistent wth 
those obtained graphically, then a we&ted calculation procedure 1s also necessary 

With Marquardt’s computational procedure3’, use of all fifteen data pomts, and fitting 
a cubic equation provide chemically non-sensible results as a negative fll value 1s obtamed 
Table 8 gives the & values of thus method Obviously they are unacceptable but agam 
this result illustrates the widespread magmtude of results obtained by different calcula- 
tion methods 

Using the knowledge obtamed from the graphlcal method, a refined Marquardt calcula- 
tion method 1s possible. The fit of a quadratic equation to the first nme data pomts gives 
fll =3.96X lo4 and flz = 1 S 1 X 1 O8 as shown in Table 9. 

Finally, the function 

Fo(X)=1+396X lo4 [F-l +151X 10’ [F-]*+P3 [F-l” 

was solved for lj3 using the last six data pomts and then with all fifteen data pomts. 
p3 values of 1 89(45) X lOLo 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 analysu. The results can 
be seen to be satxsfactory 

Table 9, however, can also be used to draw an extremely unportant conclusion Des- 
pite the fact that the comparison of experimental and calculated F. (X) functions has 
been satisfactory, It is not particularly impressive in the mathematical sense This 1s a 
typical feature of much data in the literature because often it 1s not possible to obtam a 
mathematically unique solu:ron. As pomted out m the introduction, even rf no sources 
of experunental error were present, variations in activity coefficients and complexation of 

perchlorate or mtrate used to mamtam constant ionic strength would prohlblt m many 



TABLE 9 

Companson of experimental and calculated Fo (x) values from the various calculation methods used for cvaluatlon of the tm(II)-fluonde system 

F-1 WI Fo (Xl 
ExperImental 

Fo U’l calculated Fo (x) calculated from prl values obtamed by Marquardt’s Fo (ii’) calculated 
from graphlcally computational method from Hall and Slaters’ 
obtamed pn values pn values 

A B C 

1s x 1o-5 2 045 
74 x 1o-5 3 846 
165 x lo+ 

x10”’ 
9,091 

29 2242x 10 
45 x10”’ 5 848x 10 
9.5 x 1o-4 1 317 x lo* 
1.5 x 1o-3 3 717x lo* 
2.3 X 1O-3 9 524x lo* 
38 x 1o-3 2 320x lo3 
4.9 x 1o-3 6 173 x IO3 
7 2 x 1o-3 1.379 x lo4 
8 8 x 1O-3 2 825 x IO4 
107 x Id-2 4 673 x lo4 
1.30x lo-* 7 246 x lo4 
1.60x lo-* 1 122x lo5 

1487 1628 1628 
3.445 4 759 4 766 
1 013 x 10 1 165x 10 1 174 x 10 
2 280 X 10 2520x 10 2 566 x 10 
4.670 x 10 4944x 10 5 116x 10 
1 820 x lo* 1751 x lo* 1 913 x lo* 
4 510 x lo* 4 007 x lo2 4 645 x lo* 
1 107 x lo3 8921 x 10’ 1 122 x lo3 
3 378 x lo3 2 344 x lo3 3,374 x lo3 
6 102 x lo3 6 054 x IO3 6 054 x lo3 
1 546 x lo4 1519x lo4 1519 x lo4 
2551 x IO4 2 497 x lo4 2497 x lo4 
4 200x lo4 4 094 x IO4 4,094 x lo4 
6.968 x lo4 6.769 x lo4 6.769 x lo4 
1208x 10’ 1 169 x 10’ 1 169 x 10’ 

2843x 10 
1 374 x lo* 
3 138x lo* 
5 717 x lo* 
9 284x lo* 
2 351x IO3 
4 010x lo3 
7 225 x lo3 
1 530x lo4 
2 293 x 104 
4 364x lo4 
6 189 x lo4 
8 773x lo4 
1251 x lo5 
1 843 x 10’ 

A, flttmg a quadratlc equation to first nine d&a pomts B, fittmg 2 cubic equation to last six data pomts C, apphed to all fifteen data points 
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cases any possrbrhty of obtaming an exact fit to the data. In the calculations it is assumed 

that the data fit an equatron F,, (X) = 5 p n C L”_ In the presence of complexation of the 
n=0 

electrolyte used to maintain constant ionic strength’, vanatlons m actwrty coefficients, 
alteratlons introduced by measurement of the system and a wide variety of other reasons 
for departure from rdealrty, the exact F, (X) IS considerably more complex than the 
above Fc (X) functron. A high degree of correlation between experimental and calculated 
Fc (X) 1s not generally expected The fact that an inexact solution is often obtained pro- 
bably provides the fundamental pathway for the wade spread of results to be obtained 
wrth drfferent calculatrons. Each method employs a &fferent approach to obtam an approx- 
imate solutron to the Fc (X) data Consequently, the chances of fmdmg m the hterature an 
example where the same system has been studred on several occasions and the methods of 
calculatron have grven mathematrcally equivalent solutrons 1s remote for all but the sim- 

plest systems The possrbrhty that much of the discrepancy between two or more studies 
results from the nonequivalence of the calculatrons is correspondingly high. 

Table 8 shows the varratron possible from the published result on the tin(B)-fluoride 
system Extraordinary differences are observed_ Varratrons are much greater than normally 
attributed to shght drfferences 111 temperature, iomc strength etc when an explanation of 
drscrepancres of two studies is being looked for They are also greater than often could be 
attrrbutable to drfferent techmques of measurement on the one system. Obvrously many 
other mathematrcal procedures could have been used on the data of Hall and Slater for 
the tm(II)-fluoride system and many other calculated values of & could be obtamed, 
but the methods given should suffice to show how dependent the pubhshed & values are 
on the method of calculatron and the need for careful checkmg of any pubhshed values 
before comparrsons are made with other studies 

Recently, Bond and Taylor3’ have also measured the tm(II)-fluorrde system. A 
different method of measurement was used, polarographrc instead of potentrometric, and 
a shghtly different roruc strength, 1 0 compared wrth 0 85. Results obtained m the polaro- 
graphic study were /I1 (SnF3 = 104, & (SnF2) = 3 X 106, 13, (SnF3 -) = 2.7 X lo9 

These results are srgmficantly different from the pubhshed results of Hall and Slater, 
and a comparrson of the two sets of results can be made as follows. Experimentally, the 
two methods are not equivalent and both sets of measurements contain approxrmatrons in 
calculating their respectrve Fc (X) functions Varrations in & values from experimental 
non-equivalences as well as from slight differences u-r romc 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 Fc (X) plot has been shown to be extremely drfficult Wrdespread 
varratrons are possible from the published & values. The data of Bond and Taylor are 
also extremely drfficult to fit mathematrcally with a hrgh degree of correlatron between 
calculated and experunental Fc (X) functions. Bond and Taylor describe therr pl value 
of IO4 to be only an approximation because of the hrgh curvature obtained 111 the Leden- 
type graphical extrapolatron procedure_ On the surface the published values of p, (lo4 
compared with 1.80 X 106) would appear to be in consrderable disagreement. Table 8, 
however, shows that wrth various calculatron methods & values m the range 3 X 10” to 
the pubhshed 1.80 X IO6 can be obtained wrth Hall and Slate& data. As Bond and Taylor’s 
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fir value was only considered approximate by the authors, rt can be seen that the apparent 
disagreement of published pr values of approximately two powers of ten can be accounted 
for by careful consideration of the two methods of calculation. The pubhshed & values 
(2.7 X 10’ compared wtth 1.77 X 10’) are in excellent agreement Table 8 shows values 
rn the range of 10’ to 1O’O which can be obtained by different calculatrons with Hall and 
Slater’s data so that agree_ment of /j3 in both studres can be accepted_ Published & values 
(7 X 1 O6 compared wrth 5.79 X 10s) are apparently m consrderable disagreement. 
Table 8 shows that drfferent calculatrons wrth Hall and Slater’s data can grve answers in 
the range 1 X 10’ - 6 X lo8 and the value does not depend markedly on the method. 
The value of Bond and Taylor’s & is, however, subject to considerable vanatron dependmg 
on the method of calculation. In the use of the Leden graphical method the authors cal- 
culated their & value by strongly werghtmg the data towards the seven lowest concentra- 
tions of fluoride The data from higher fluoride concentrations are consistent wrth a 
consIderably higher f12 value as can be seen by exammatron of Frg. 4 of Ref. 32 In fact, 
a computer least-squares check of all data pomts gave a p2 value of 4 74 X lo7 compared 
wrth 6 30 X 10’ usmg only the first seven fluoride concentrations. It can be shown that 
with Bond and Taylor’s data use of a pa value of the order of 5 X 1 O7 in fact grves calcu- 
lated versus experimental F. (X) correlations wluch are quite as acceptable as the published 
value of 7 X lo6 _ Use of the hrgher & value would have meant the & value has to be 
lowered fractronally from the reported value of 2.7 X 10’ to about 2 X 10’ but rt can be 
seen that p2 discrepancies apparently of the order of two powers of ten are again vutually 
insrgnificant after a detailed study of the calculatron of both sets of data 

Rather than simply accepting pubhshed values and as&mmg experimental drscrepancres 
account for the apparent differences, this example shows the need for seemg rf the major 
drfference can be explained m terms of the calculatron procedures to solve the data. 
Probably many so-called controversral systems could be unravelled m this manner as the 
author beheves the method of calculatron has not been given anywhere near the attention 
it deserves in comparmg literature values 

(vi) The possibi&v of obtaining a non-unique solution 

In prevrous discussron rt has been pomted out that a high degree of precrsron m solvmg 
the F. (X) function rs not always possrble because of inherent assumptions normally m- 
volved m studies of concentratron stabrlrty constants, such as the constancy of rmuc 
strength and possrble complexing of the electrolyte used to mamtam constant roruc 
strength_ 

In vrew of thus feature rt would not be surprismg to find examples where the solutron 
to a particular set of data IS not unique, even after proceeding with a logrcal calculatron 
procedure such as that suggested in thrs manuscrrpt The F. (X) data are obtamed over only 
a lumted range of ligand concentration and rt is therefore reasonable to expect that more 
than one polynomral wrll be fitted to the data with almost equal acceptabrhty, and wrthm 
the bounds of chemical credrbrhty. The restriction placed upon p, values, that they should 
be positive, obvtously limits the number of chemrcally acceptable solutions that can be ob- 
tamed, but rt may for instance be possrble to solve an equation by say either a quadratrc 

tiord. Chem. Rev., 6 (1971) 377-405 
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or cubic equation with positive coefficrents or 0, values. In such cases, resort has to be 
made to the chemical intuition of the worker which is mathemetically not very satisfying 
but IS unfortunately sometunes necessary. The compensatron to thrs may be that decrd- 
mg which solution rs the “best” can provide a stunulating and intriguing problem. 

Some prelimmary data obtained polarographically on the lead(B)-sulphate system3” 
are grven m Table 10 The temperature was 25OC and an iomc strength of 3 0 was mam- 
tamed by sodrum perchlorate The graphical method of Leden can be best used to rhus- 
trate the possrbrhty of obtammg at least two solutions Examinatron of the Fr (X) func- 
tion drawn 111 Rg. 10 shows that a straight lme or curve could be drawn dependmg on how 
it IS decrded to weight the data. Excludmg the last data point at 1 M Naz SO4, a straight 
line can be drawn through the remamder of data pomts, all points fallmg wrthm the hmrt 
of experrmental error The data point obtamed at 1 M NazS04 IS measured m an iomc 
environment of pure sodium sulphate, as with-the I:2 electrolyte, no additronal sodmm 
perchlorate IS needed to mamtam the iomc strength at 3 0. All other data pomts were 
measured m the presence of consrderable concentrations of sodmm perchlorate and the 
IOOIUC envrronment can be considered sufficiently different for the last data point to 
attach (wrth reason) less weight to this point and-draw a straight line F1 (X) plot From the 
airthor’s experience, the data pomt obtained in the absence (or data points obtained m 
small concentrations) of the electrolyte used to obtam constant romc strength can often 
be apparently anomalous and inconsistent wrth the remamder of the data and are to be 
treated with caution. This could be the case with this system 

TABLE 10 

Polarograpfuc data and calculated values of the F, (x) functions for graphical analysis of the lead(II)- 
sulphate system 

[s%* -1 (M) PO (X1 PI (X1 F2 (Xl F2 (X)* F3W)* 

000 1 000 
0 05 1 646 1292 584 
0.10 2 507 1.5 07 101 50 7 127 
0 20 5.464 22.32 86 6 616 118 
030 11 27 34 23 97 4 80 8 143 
050 28 49 54.98 100 900 104 

075 54 39 71 19 88 3 816 
I 00 191 9 180 9 171 133 

l Three complexes assumed. 

However, the possrbrhty always exrsts with data of the nature obtained wrth thus sys- 
tem, that a higher complex is in fact becoming rmportant at the hrgh concentrations of 
sulphate. Accepting the last data point as being of equal validity with the rest than an alter- 
native and curved F1 (X)* plot can be drawn as m Frg. 10. The straight hne plot of Fr (X) 
gives /3r = 5 i 2, and the curved F1 (X)* plot a fll value of 10 * 2. The Fz (X) plot 
(Frg. 10) then gives p2 = 96 * 4 and lndrcates that the complex Pb(S04)* is the highest 
order complex. The F2 (X)* plot (Fig. 10) would give /3**= 38 f 8, however, a further 
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Fig. 10. Analysis of the Fn (X) functions for the lead(H)-sulphate system by the graphlcal method of 

Leden 0, F1 0% +, F2 (X), o, FZ (x)*, X, F3 (Xl*. 

complex 1s mdlcated from thus plot wth f13 * = 120 + 10 bemg obtamed from the F3 (X)* 
plot as m Fig. 10 Obviously for this plot the data point at 0 75 M does not fit the data 
but all other pomts do. 

Thus the F,-, (X) data have been fitted m two polynomials 

F,-,(X)= 1+5 [SO,‘-] +96 [SOa2-12 

and ’ 

F,, (X) = 1 + 10 [SO,, ‘-1 +38 [S042-]2 + 120 [SO42-]3 

TABLE 1 I 

Comparison of calculated and expenmental F. (X) values for the lead(U)-sulphate system 

w42-l~M) Fo W) 

Exptl. Calcd. = Calcd. b 

000 1000 1000 1 000 
005 1.646 1.490 1610 
0.10 2.507 2 460 2 500 
0 20 5 467 5 840 5 480 
030 11 27 11 14 1066 

050 28 49 2150 30 qo 
0 75 54 39 58.75 80.27 

1.00 181.9 169 0 

a From Fo (X) = 1 + 5 [S042-] + 96 [S042-] 2. 
* From Fe(X) = 1 + 10 [S042'] + 38 [S042-] ’ + 120 [S042-] ’ . 

coord Chem. Rev.. 6 (1971) 377-405 
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Fig 11. Plot of log {Fo (X) - 1 } versus log [SO4 *-I for the lead(H)-suIphate system 

Table 11 shows a comparison of calculated and experrmental Fe (X) values For all 
except the last two data points, both solutrons are entrrely acceptable. The second last 
data pomt (0 75 M Na2 S04) does not provrde a good fit to Fe (X)* nor the last data 
point (1 .O M Na2 SOS) to Fe (X). As there is a reason for weighting the data agamst 
the last data pomt, but not the second last, the quadratic Fe (X) solutton seems more 
acceptable. Furthermore the plot of log (Fe (X) - 1) versus log [SOa -1 shown m Frg 11 
gives a limiting slope of I_ 13 from the first two data pomts whrch IS consrstent wrth the 
major complex berng Pb SO4 at low sulphate concentratrons. The remamder of the data 
up to 0.75 M gwe a straight line of slope 1.90 whrch mdrcates [Pb(S04)a] * - is the 
major complex and no evrdence for the presence of any higher complexes IS provrded by 
this plot The intercept of this plot at log [SO4 * -1 = 0 &Ives /32 = 96 for the complex 
[Pb (S04)a ] * - which is m excellent agreement with the quadratic polynomral given 
prevrously. The log-log plot rf rt 1s accepted that thus IS a useful gurde in solving complex 
ion systems, indrcates clearly that a hrgher order complex could not be justified as it 
would be a result obtamed from a one-point analysis at 1 .O M Na2 SO4 and shows at 
least the practrcahty of starting the calculation with a plot of this type to garn some 
insight into the chemistry of the system. 

The point needs to be made, however, that had no data been a&able m the 0.5 to 
0.75 M concentration range of Na2 SO,, and only the range 0.05 to 0.5 M had been 
covered with even say considerably more data points than grven with the results in 
Table 10, either the quadratrc or cubrc polynomrals would have been mathematically and 
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chemically acceptable solutions, and the log-log plot, although used by thus author as a 
guide, could not be said to exclude the possrbrlrty of the exrstence of three lead(II)- 
sulphate complexes. Thus the possrbrlity of obtaining a non-unique solution always exists 
and needs to be consrdered in comparing two sets of drfferent results_ For mstance, d 
another study were to report three sulphate complexes of lead(U) then it would need 
extremely careful checkmg to ensure that the data, compared to that grven in this work, 
were or were not usually exclusive. It would be quite possible, that they are not, and an 
apparent drscrepancy in the literature could be explained in terms of the calculatron 
method of the data and/or chemrcal intuition of what IS the best solution used by the 
workers. 

The possrbrhty of a non-umque solutron probably becomes greater as the system 
becomes more complex. The bismuth(III)-chlorrde system has been studred on many 
occasions34-43 usmg many techruques and condrtrons, and up to six complexes have 
been postulated. Thrs system is probably one of the most studred and many of the results 
are summarised m Refs. 3942 

Thts system can be used to demonstrate many of the mtrrgues which can accompany 
calculatron procedures on a system. Ahrland and Grenthe34 studred thjs system, however, 
an error was mcurredj’ In reportmg the error of a power of ten m OS and & the authors 
stated 

“ _ _ _ It IS gratrfymg however that the new curve, presented m the Frg. 1 (see their 
Fig. in Ref. 3) fits much better than the previous one to the experimental values of Z __ _ 
In spite of then considerable random error, these values are therefore on the whole much 
more rehable than was once beheved.” 
It can be appreciated from thrs statement that even wrth an error of a power of 10 m two 
& values the fit to the data was onginally considered acceptable, presumably because the 
authors reahsed that solutrons with a high degree of correlation between calculated and 
experimental values cannot be expected to be obtamed m any case, as has been shown m 

this work 
“Ihe potentiometrrc data of Ahrland and Grenthe were solved using the functron under 

consrderation m thus work- 
6 

Fo (Xl = nGo Pn ICI-1 n 
Frg 1 actually shows a distrrbution curve for one of the sets of data by Muonov et al. 
Although the drstrrbutron curve calculated from other sets of data would be different rt 
can be seen that some of the complexes exrst only in sign&ant concentrattons over 
small concentratron ranges. Furthermore, only rf data were collected over an extremely 
wrde range of chlonde concentration would the solution of the equation by the above 
function be completely adequate Ahrland and Grenthe, reahsmg that data at suffcrently 
low concentration of chloride for srgnificant formatron of BiCl*+ could not be obtained, 
solved the equatron with or = 0 and obtamed 0, from solubrhty measurements where 
lower chloride concentratrons could be used. 

This, however, is an unusual although entrrely sensrble approach, and most workers, 
desprte havmg used only a hmrted concentratron range of chloride, have assumed all com- 

fiord. Chem. Rev., 6 (1971) 377-405 
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plexes exist up to the maxlmum complex and consequently solved the F0 (X) function 
*Jr a sunllar function m accordance v&h this belief However, m view of the nature of the 
distnbution curves such as Fig. 1, which are obtamed for this system and the not parti- 
cularly high correlation found between calculated and experimental F0 (X) values, it 
would not be surprismg to fina that the solution of the F,-, (X) function is not unique 
For Instance, it would appear possible to solve the function in some studies (withm the 
.hmlt of experimental error) with various values of & equal to 0 This posslbdlty arlses 
when, after solving the F0 (X) function, a dstnbution curve of the type m Fig. 1 1s ob- 
tained in which it can be seen that a complex, say BI&+, IS not the major species at any 
chlonde concenrration. In such a case, It is often possible to show that any value of & 
less than some particular value, m&ding the calculated fi2 valu’e, and including 0, does 
not alter the calculated F,, (X) function significantly and that a value of 0 is completely 
acceptable. That is, the value of p obtained is just a feature of the calculation method 
which assumes all complexes up to the maximum one exist, but It has no real slgmficance 
If a value of 0 1s reported this does not of course imply that the complex does not exist, 
but rather that relatwe to other complexes It is not present in sigmficant concentrations 
at any concentratxon of hgand 

In solublllty studies by Ha&t et al 43 , over the range 0 4 to 4 0 M m chloride, the 
authors concluded that B1C14 - and BE16 3 - are the only species present in solution, 1 e. 
their data could be solved with a value of /3s = 0. They showed that “ if one considers 
the posslbdlty that not all possible BKl, (3-n)+ complexes are found, one can fit Ahrland 
and Grenthes’ potentlometric data u?th the equation 

F,, (X) = 1 + pz [Cl-] * + f14 [Cl-] 4 i-&i [Cl-] 6” 

From results given m &us work it IS considered quite reasonable that the solution of 

any particular set of data may not be unique and undoubtedly several chemically and 
mathematlcally reasonable solutions to Ahrland and Grenthes’ data can be made as mdl- 
cated by the work of Haight et al 43 Apparent discrepancies between two studies are 
therefore explained by the non-uniqueness of data. Conslderatlon of the data from other 
stu&es also revealed that other solutions for the bismuth(III)-chloride system are by no 
means unique. In fact If one used one’s lmagmatlon 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(III)-chlonde system and in some ways it is surprising that agreement of results 
is as good as it is. Probably thaw has men because, in the mam, data have in fact been 
solved assummg 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 pubhshed solutron to a set of data need not necessanly be unique or un- 
ambiguous and that rf the results of two stu&es are m apparent lsagreement then it may 
be worthwhile adopting the approach of Haight et al. and exammg the posslbllity of recal- 
culating the pubhshed data and seeing if another solution is possible, rather than simply 
and naively assummg that discrepancies arise because of differences in medmm 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 cae be 
obtamed by use of different calculations. No partrcular method, unfortunately, 1s um- 
versally applicable to all systems and a great deal of discretion and prudence has to be 
employed in the chorce and use of a method for each set of measurements on every com- 
plex-ran system studied rf it is to be ensured that a reliable result has been obtamed. 

For example, rt was observed m thrs work that the lead(II)-chlonde system could be 
solved almost equally well by several calculatron methods For tm(II)-fluoride, however, 
the same methods had to be modrfied drastically to obtain sensible solutrons Unsatisfac- 
tory results could therefore easrly have been reporrc -d for this system and undoubtedly 
have been wrth other systems of comparable or even greater complex@. 

To eliminate the danger of randomly selecting a partrcular calculatron method, feedmg 
the data into rt and reportrng the results, whrlst obhvrous to some hrdden prtfall m the 
calculation procedure as applied to the particular system bemg studred, a general proce- 
dure for the calculation of & values such as that used m this work and outlmed below 
can be undertaken. 

(r) Graph& plot of log Fe (X) versus log [hgandj Thus provrdes some mrtral msrght 
mto the chemistry of the complex-ion system 

(ii) A more sophisticated graphrcal procedure such as that of Leden Thus provrdes a set 
of & values and may reveal the type of statrstrcal analysis whrch could lead to a successful 
solution as in (iir) 

(30 A statistrcal analysis with the aid of a computer. This provides a second set of & 
values which are not subJect to personal bras of the worker as are the values obtamed by 
the graplucal extrapolation system of Leden 

(iv) Compare calculated and experimental F,, (X) functions to check for best set of 
& values of those calculated and to show that & values chosen for pubhcatron rn the 
hterature adequately descrrbe the data for all experrmental measurements 

E. CONCLUSION 

It seems apparent that considerable attention needs to be made m assessing the rehabr- 
lity of concentratron stabrhty constants reported m the literature with respect to the 
method of calculation used. Currently an extraordinanly large variaty of calculatron proce- 
dures rs available each with drfferent approxrmatrons, hmrtations and subtleties. Applica- 
tion of varrous calculatron procedures to the same set of data can be shown to grve rise to 
a wide variety of calculated & values. The vanations are of such magmtude that they 
could readrly explam apparent drscrepancies in the hterature between two studres. 

It would appear important, therefore, that authors give detarled accounts of then 
methods of calculation when reportmg stabrlrty constants and carefully assess the rehabi- 
hty of the method they have used to check that the answers they obtamed are good ones 
A useful check in thrs respect is suggested to be a comparison of experimental and calcu- 
lated values for each data pomt. Tlus should reveal any weaknesses 111 the calculation for 

any particular range of expenmental values and ensure that the data have been adequately 
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described by the reported & values. The reported values should, of course, also be 
checked to estabhsh that they are chemically sensible. 

Fmally, ft should be evident that no one particular calculation method for 0, values 
can be ppplied to every system encountered and a choice of the ‘best’ method has to be 
made m every case This is not an easy or obvious decision. However, the general proce- 
dure outlined in this work of commencmg with a simple graphlcal method to understand 
the basx chemistry of the system, then proceedmg to a more refmed calculation procedure 
mvoivmg judicious graphical welghtmg of data or use of computational and statIstIcal 
methods should eventually lead to a satisfactory solution 
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