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The determination of stoichiometries and stability constants of complexes by means of UV-visible spectrophotometry
applying traditional methods does not evaluate the quality of the values obtained, since the classic application of these
methods does not provide coverage intervals. However, the use of chemometric techniques in different steps of the
application of these methods makes it possible to obtain not only areal value of the characteristics of the complexes but a

validation of such a value.

In this paper a methodology is proposed that combines some traditional methods, three

different regression models (LM SR, LSR and LSPR) and a small number of mathematical algorithms. This methodology
is able to estimate, in a simple and rigorous way, the stoichiometry and stability constant of a complex and its

corresponding uncertainties.
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The determination of the stoichiometries and the stability
constants of complexes is an important subject in analytical
chemistry and other branches of chemistry. Many computer
programs, such as HY PERQUAD,! SUPERQUAD,? SIRKO,?
and POLET* have been proposed to obtain their values.
However, the stoichiometry and the global stability constant of
a complex are frequently estimated from the measurement and
treatment of analytical data using a wide selection of traditional
methods. These include the following: Job,> Yoe and Jones,®
Harvey and Manning,” Holme and Langmyhr,® Rose and
Drago,® Bench and French,® and Diehl and Lidstrom?*! methods
as well as stoichiometric?t® and non-stoichiometric*# dilution
methods. Lately, more than 80 papers have been published
where some of these methods have been used to calculated the
stoichiometry and/or the stability constant of metallic
complexes or similar compounds.

The traditiona methods are based on the graphica
representation of curves derived from more or less complicated
functions, obtained by means of the experimental measurement
of analytical signals from a chemical system in equilibrium.
From the study of these curves, conclusions are reached and the
numerical results achieved are dependent on a large subjective
observer-determined component. Therefore, these results do
not guarantee the quality required from a rigorous study of
statistical validation.

Of the above, Job’s and Y oe and Jones' methods are the most
widely used due to the simplicity of their theoretical foundation
and their straightforward experimental application. They are
based on the study of a graphical representation of analytical
signals versus ligand molar fraction (Job’s method) or molar
ratio ligand/metal (Yoe and Jones method). In the
representation the analytical signal increases with the ligand
molar fraction (or the molar ratio) until a maximum is reached;
at this point, the analytical signal diminishes (Job’s method) or
it is maintained constant (Yoe and Jones method). The
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maximum of the curve corresponds to the maximum formation
of complex and it indicates the molar ligand fraction, which is
the stoichiometry of the complex.

The curvature of the line obtained depends on the stability of
the complex; the more stableit is, the closer the lateral segments
of the experimental curve approach a straight line because
formation of the complex is practically total. From the
adjustment of the two parts of the curve, we obtain, therefore,
two straight lines: one with a positive slope due to the increase
of the proportion of complex in the solution, and another with a
negative slope (Job’s method) or with a different positive slope
(Yoe and Jones' method) due to the lesser formation of complex
when the stoichiometric point is exceeded.

When the complex is very stable, two straight lines can be
traced directly on the experimental points obtained; these
intersect at a point that corresponds to the stoichiometry of the
complex. On the other hand, if the complex shows less
stahility, it is necessary to plot the straight lines using only the
experimental points most distant from the maximum; the
stoichiometry is obtained from the intersection of the extensions
of these straight lines. In the case of a weak complex, the
experimental curve does not present any straight segments and
the application of the method isimpractical (Fig. 1).

In asimilar way, the stability constant of the complex can be
estimated from the vertical distance that separates the
intersection point of the straight lines plotted and the maximum
of the experimental curve.

The choice of the straight segments of the experimental curve
isthe crucia stage in the application of these methods, since the
results obtained depend entirely on this process. Two
methodologies are traditionally used to achieve these straight
lines: @ Using a plot. In this case, the numerica values
obtained do not have any statistical corroboration, since the
straight lines used are not appropriately validated. In addition,
the use of a graphical method prevents us from obtaining a
coverage interval for the value of the stoichiometry and for the
constant of stability. b) Fitting experimental points using least
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sguare regression. However, as the complex formation reaction
is not quantitative, a curvature is obtained in the proximity of
the stoichiometric point and this can impede an appropriate
choice of linear segments. This fact produces a high degree of
subjectivity in the conclusions of each study. Indeed, the
presence of anomalous points or outliers in experimental data
can modify the plotting of these straight lines and therefore the
values of stoichiometry and stability constant obtained.

Job’s and Y oe-Jones’ methods are the most widely reported in
the literature and the methodological problems derived from
their application can be considered representative of those
related to the estimation of the stoichiometry and stability
constants of a chemical compound by means of graphical
procedures. Therefore, in this paper a rigorous protocol for the
application of these methods is proposed in order to offer an
alternative to computer programs when the stoichiometry and
stability constants of a complex must be estimated and suitable
computer programs are not available. It is a smple and easy
procedure, during which calculations may be performed and
graphs produced either in Excel or in any other spreadsheet.
The proposed procedure uses three different regression models
to fit the experimenta points, avoiding the previously described
ambiguous situations and determining validated values of
stoichiometries and stability constants of complexesin solution.

Theoretical Aspects

We assume the reaction of formation of the complex: mM + gL
b Mplg where M represents the metallic ion, L the ligand
and m and g the corresponding stoichiometric coefficients,
respectively. On this assumption, solutions of metal (Cy) and
ligand (C,) are prepared and measured in accordance with the
literature.5®

Job’ s method

The analytical signals measured (S) are plotted versus the
corresponding reagent molar fractions (x), where x = C,/C and
C=Cy + C_isaconstant. A curve with asigna maximum for
a certain value of molar fraction is obtained, from which the
stoichiometric molar fraction (SMF) can be deduced:

Xmax = SMF = g/(g + m) @
which indicates the stoichiometry of the complex (g:m).

The curvature of the experimental lines is due to the fact that
the complex formation reaction is not quantitative, so the
complex formation constant can be estimated from the

deviations of the theoretical straight lines. The stability
constant, Keg, is given by the expression:

_ [Malg
Kes = TVIMILIS @

and each one of these concentrations can be expressed in terms
of the initial concentrations of metal (Cyv) and/or ligand (C.):

Mgl = (Um)Cu(1-a) = (Ug)CL(1- a)
[M] = Cu—=mMuLgl; [L] = CL —g[MnLg]

where a isthe degree of dissociation of the complex.
The concentrations C, and Cy can also be expressed as:

CL:CX; Cu :C—CL=C(1—X)
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By replacing these expressions in Eq. (2) and regrouping terms,
the following equation*? is obtained:

- (1-aC
=7 g(aCyms

x1-9
@-xm @

Substituting the value of SMF (Eg. (1)) in Eq. (3), it is
possible to obtain an equation of the stability constant in terms
of the total concentration (C), the degree of dissociation (a), and
the stoichiometric coefficients, mand g:

Ka= OIS QT @

The value of the stability constant must be accompanied by its
corresponding uncertainty, Kes * Kukes, Where ukes is the
standard uncertainty associated with the estimated value of the
stability constant. It is calculated by applying the variance
propagation rule to the stability constant equation (Eq. (4)), thus
obtaining the expression:

Ukes® = WP B St g0
ggenrCcmet gm™eg Ugemremo U g

, O Dl—ﬂ

Om+gmet 1-a0 fm+gmeid POgm
O
]
O

By operating and regrouping the terms we obtain:

Om+g)™eL (m+g—1)a™d—(m+g)amed [f
Ukee® = E(ggmﬂ%ww' (m+g-1) az(wg) g) %uaz (5)

where a is the degree of dissociation and u, is the uncertainty
associated with this estimation.

To estimate the stability constant it is necessary to know the
degree of dissociation of the complex, a, which is obtained by
the following equation:

o= 3P =S _1_ Sna 6)
Se Se

where Sni is the analytica signal of the maximum at the
experimental curve that represents the maximum quantity of the
complex that is formed with a degree of dissociation (a) and Sp
isthe analytical signal corresponding to the intersection point of
the straight lines, i.e. the analytical signal due to the complex
when the maximum quantity of complex is formed with a value
of a=0.

For a less strong complex (Fig. 1 I.A), tangents to the curve
(Fig. 1 1.B) intersect at a point which corresponds to Sy, and
are located below the intersection point of the straight lines,
corresponding to Sp, which represents the behaviour of the
complex when the value of tendsto zero (Fig. 11.C).

This difference between the intersection points of the
experimental and theoretical straight lines (Fig. 1 I) means that
the value of the degree of dissociation obtained with the
intersection point B is considerably smaller than what would be
obtained with the intersection point A. This decrease in the
degree of dissociation would produce an overestimation of the
stability constant; therefore, the use of Syax, corresponding to the
intersection point of experimental straight lines, is only valid
when the difference between the analytical signals of the two
points (A and B) isvery small, i.e., when the difference between
the degrees of dissociation is negligible. Since the degree of
dissociation depends on the value of the stability constant and
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Fig. 1 (A) Simulated data for aless strong complex, (B) tangents to

the curve and (C) the corresponding straight lines for a strong
complex. (1) Job's method, (I1) Y oe and Jones' method.

on the concentration of C (a = f(Ke, C)), a limitation? on the
use of Sy can be established. Thus, only when KegC™91 > 100
would be possible to use this value, because only in this case is
there 99% confidence that the metal will be complexed.

In practice, and to avoid these situations, the degree of
dissociation can be calculated from the value of the analytical
signal of the maximum of the experimental curve, Sya and from
the theoretical value of the analytical signa,’® &, under
conditions of maximum complexation (a = 0), that is when the
whole meta has been transformed into complex:

- S-S — Shax
o= T —q_ S
S S @
The relation between the anaytical signa and the

concentration complex islinear: S= ¢ + $[MnlLg], where ¢o is
the independent term of the function and ¢ is the linear
coefficient that represents the proportiona factor between the
analytical signal and the concentration of complex. When one
considers that the maximum concentration of complex (a = 0)
has been formed, then [MnL¢ = Cw/m and the expression of the
analytical signal can be written in the following way:

S= go+ %CM ®)

This eguation is a particular expression of the calibration
function when alinear model is completed. Therefore, when an
excess of reagent is used, a straight line would be obtained in
the analytical signal versus metal concentration (Cy) plot, where
the intercept is ¢ and the slopeis ¢/m.

The theoretical maximum analytical signal, &, is obtained by
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replacing the metal concentration value at the maximum of the
Job’s plot in the function defined by Eq. (8):

S= ¢0 + (¢/m)CM,max (9)

where Cumax iS the metal concentration at the stoichiometric
point: Cumax = C(1 — Xmax)-

The uncertainty of the degree of dissociation, u,, is calculated
by applying the uncertainties propagation rule to Eq. (7). This
uncertainty depends on the analytical signal corresponding to
the maximum of the curve, Sn., and the value of the maximum
theoretical analytical signa, &, and their corresponding
variances, according to the expression:

o B Bl MUsme? , Us2 D
uaz—SZEI =3 BS,ma\x + So 10
0 E 0 EDSnaxz S? (10

Usmax @Nd Us, are the uncertainties associated with the above
cited magnitudes, which are the corresponding standard
deviations (Ssma and Sso) calculated by regression.

The value of ssma is calculated by direct application of Eq.
(24). On the other hand, ss, is obtained by applying Eq. (11) to

Eq. (9):

[

_ 2
Sso B—S&ddz + (CM,max - CM)ZSQNmZ@U (11)

an
where Cumx IS the metal concentration estimated from the
molar fraction in the maximum of the experimental curve and
C v isthe mean of the concentrations used in the calibration curve.

The number of effective degrees of freedom (v) associated
with the estimation of the stability constant (which coincide
with those of the estimated degree of dissociation) necessary to
set the value of the coverage constant (k)¢ in the uncertainty
estimation (Kex = K-Ukes) Can be calculated by applying the
Welch'-Satterthwaite!® equation to the components usma and

Uso:

2 (s2ny? .
v= — 1
os?m)? o
iz Un-10

Yoe and Jones' method
The analytical signals measured (S) are plotted versus the
corresponding molar ratios (r), where r = C,/Cy, and acurve is
obtained. The stoichiometry of the complex is estimated from
the point where this curve changes its slope:
SMR=g/m (13)
The stability constant, Kes, is given by the expression (2) and
each one of these concentrations can be expressed in terms of
theinitial concentrations of metal (Cy) and/or ligand (C,):

[Mnlg] = (/m)Cu(1-a)
[M] = Cu —m[MulLg]; [L] = CL —g[Mnlg] =rCyu —g[Mnl]
where a is the degree of dissociation of the complex.

By substituting these expressions in Eq. (2) and regrouping
terms, one obtains the following equation:
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(1-a)
mCy ™ [ - 2 (L-a)]

Kes = (14)

The standard uncertainty associated (Ukes) With the estimated
value of the stability constant is obtained from the expression:

2
Cw)t™  (m+g-1)a™I—(m+g)a™sd [
é‘(ggﬂ) —- (m+g-1) az(wg) 9) Eumz (15)

Ukes? =

Similarly to Job’s method, it is necessary to know the degree
of dissociation of the complex, a, which is obtained by the
following equation:

g2 Se=Sc _,_ Sc

Se Se (16)
where Sc is the analytical signal of the corresponding molar
ratio at the intersection point of the experimental curve and Sp
isthe analytical signal corresponding to the intersection point of
the straight lines (Fig. 1 11).

In practice, the degree of dissociation is calculated from the
value of the anaytica signal of the corresponding
stoichiometric relation, Sc, and from the theoretical value, S:

(17)

S and the uncertainty of the dissociation degree, u,, are
calculated in asimilar way to that described in the Job’s method
using similar equationsto 9 and 10.

Applied regression models

To choose the experimental points, which can be adjusted to
straight lines, one can use a least median squares regression
(LMSR).**  Standardized residuals caculated from this
regression alow us to discern among the points that are fitted to
a straight line and those that are considered anomalous or
belonging to the curved area.

When the experimental points corresponding to linear
segments are selected, the two equations that are best fitted to
these data are calculated by means of linear least squares
regression (LSR).* The extensions of these two straight lines,
one with a positive slope and the other with a negative slope,
intersect at a point from which the stoichiometry complex can
be deduced. Due to the presence of errors in the calculation of
the value of the intersection point, this might not coincide with
any of the theoretical values of stoichiometry. But if the
coverage interval of the intersection point is calculated and it is
confirmed that this interval contains only a theoretical value of
the stoichiometry, it would be possible to assign this theoretical
value as the stoichiometry complex.

The experimental points corresponding to the central segment,
which were eliminated from the previous calculations, can be
adjusted by means of least squares polynomia regression
(LSPR).22  The vaue of the maximum obtained from
polynomial regression is used to check that the molar fraction is
included in the confidence interval of the intersection point
obtained with the purpose of calculating the stoichiometry of
the complex.

Finadly, we cary out a strategy to model the linear
relationship between the analytical signal and the concentration
complex. Thus, the LSR model is applied to the experimental
points obtained. The theoretical maximum signal is calculated
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using the linear function estimated. The degree of dissociation
can be obtained from the vertica distance between the value of
the theoreticll maximum anaytical signal and the
corresponding experimental analytical signal.  Then, the
stability constant of the complex can be estimated.

The calculation algorithms used are described below:

A) Least Squares Linear Regression Model

The linear regression model is based on the following
equation: S=a + bx + Ae. In this case, the predictor variable (x)
is the ligand molar fraction, and the variable response (S
represents the analytical signal measured, while a and b are the
regression coefficients estimated and Ae denotes the random
error term that affects the experimental response.

This model allows estimating more exact coefficients (a and
b), and will present a smaller variance if the random errors are
independent of the predictor variable, follow a normal
distribution and present homocedasticity.?® The a and b values
should be such that: min[Z{S — (a + bx)}% i =1, 2, -, n].
However, if for some reason one or more data do not follow the
linear tendency, for example, if there are anomalous values or
the experimental line presents curvature, its contribution to the
sum of sguares is very important, as it causes an non-accurate
estimation of the values of the independent term and slope.

B) Least Median Squares Regression Model

LM SR, which was proposed by Massart and Rousseeuw,?? is
one of the robust regression techniques that presents greatest
breakdown (50%); thus, if at least 50% of the experimental
points are fitted to a linear model, the application of LMSR
enables the estimation of the model, without taking into account
the presence or otherwise of anomalous points.

LM SR estimates the coefficients, a and b, of the linear model,
such that the median of the sum of squares of the residuals
reaches a minimum value: min median [Z{y; — (a + bx)}?, i = 1,
2, -, n]. Sincethe median isinsensitive to the presence of large
residuals, the existence of anomal ous points does not modify the
values of the coefficients that permit one to obtain the minimum
in the previous equation. Therefore, anomalous points can be
identified and then the rest of the data can be fitted to a linear
model using LSR.

The 2-step process used to identify the points considered
anomalous or points that present deviation from the linear
model isthe following: 1) Calculation of an initial estimator:*° s’
= 1.4826:[1 + 5/(n — 2)]-(med(R?))¥2, where 1.4826 x [1 + 5/(n
— 2)] is a correction factor, n is the number of experimental
points and R are the residuals obtained. Those points that have
a value of |R/s’| smaller than or equal to 2.5 are considered
acceptable. 2) Calculation of afina estimator: s* = [ZR/(n* —
2)]¥2, where n* is the number of points selected in the previous
step. The proportion |R/s*| is termed the standardized residual
(SR) and so if SR > 2.5 the point is considered anomalous and
should be eliminated from the linear model estimation.

C) Intersection point and coverage interval

By fitting the left and right linear segments of Job’'s or
Yoe-Jones plot to straight lines, the intersection point of their
extensions can be obtained, and then the stoichiometry (SMF or
SMR) of the complex is calculated by the abscissa value of the
intersection point (xp): S=a; + bixand S= a, + byx:

a-a _la
b,—b, Ab

Xip = (18)

As each line is associated with two coverage bands (a
hyperbolic arch at each side of the line), the intersection point
(xp) is a value with which a certain coverage interval can aso
be associated.
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Of the different procedures proposed to determine the interval
of coverage of the intersection point of two straight lines, the
method proposed by Lark et al.*2* has been chosen, because it
is relatively simple and allows a good estimate of the coverage
interval, presenting, at the same time, solid statistical support.?

To obtain the coverage interval, it is necessary to solve an
equation that depends on the parameters of the two regression
straight lines, i.e. the slopes and their associated variances, the
independent terms and their associated variances and a
covariance term, because there is a correlation between the
slope and the independent term in each one of the straight lines:

X (Ab)? — Ksa?] — 2X[Aa-Ab — K2snan] + [(A2)? —K?sna] =0 (19)

where s = sa? + S22, is the variance of the difference of the
independent terms, sw? = Su? + S?, is the variance of the
difference of the slopes and Swap IS the covariance term
following the expression:

_ O0xx 00 x, U
Snasb = Sresid® (r~~— 007~ 0 20
80T IEEHQar 0oz O (20)
where:
L2 .2
S = V1(Sesa?)1 + Vo(Sesicd)2 (21)

Vit W,

Here, seid® is the residual variance in the regression, n is the
number of experimental points on each one of the straight lines
and v = n — 2 are the number of degrees of freedom on each
regression line. The term Q.2 is the well-known reduced sum of

sguares of x, given by the expression: Q. = _i (% —X)2.

The two values corresponding to the coverage interval
associated with the intersection point in the abscissa value of the
straight lines, (xe + ksqe) and (xie — ksqp), are obtained by
solving Eq. (19). To do this, the corresponding Student’s t
value for a particular significance level and v=m + n, — 4
degrees of freedom should be chosen as the value of the
coverage constant, k. An estimate of the standard deviation
associated with the intersection point (s.r) can be obtained from
thisinterval.

If the coverage interval calculated for SMF or SMR only
includes one of the theoretical stoichiometry values, this value
can be assigned to the complex. Otherwise, it would not be
possible to assign any of the stoichiometries and it would be
advisable to repeat the process after increasing the number of
experimental points.

D) Least Squares Polynomia Regression Model

LSPR?* is used to fit the experimental points located in the
curved segment into a polynomial equation, the applied model
iss S=a+bx+cx+ -+ 2¢ + Ae, where p represents the
degree of the polynomial.

By selecting the degree of the polynomia and obtaining the
equation that best fits to the experimental data, it is possible to
caculate the maximum of the curve, MAX = (Xmax, Smax), Where
Xmax Would correspond to SMF or SMR and S would be the
value of the predicted anaytical signal for the value of SMF or
SMR. To caculate the equation maximum, the first-derivate
function with respect to the independent variable is made equal
to zero and the roots of the resulting equation are obtained.

When there is a second order polynomia (S= a + bx + cx?),
the molar fraction and the analytical signal in the maximum are
calculated according to the following equations:
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Xmax:£;

Shax = @+ DXmax + CXiman®
2c

(22)

However, in the case of athird order polynomial (S=a+ bx +
cx? + dx®) when the derived equation is solved, two solutions are
obtained from which we select the value with a negative
second-derivate function with regard to x, according to the
following equations:

-=C co.b .o
Xooo= 2 % [HaTH- 3 Shac= 8% Doa + Ot + B’ (23)

The standard deviation'® associated with the maximum signal
value, Ssma, iN the estimated polynomial curveis calculated by:

SS,max = Stesid v xOT(xTx)—lxo (24)

where seiq is the corresponding residual standard deviation, X,
is the matrix formed by the independent variables (x, X, X, )
when substituting the value of the maximum, X,' is the
transpose matrix of X:

(25

and the matrix (XTX) is obtained from the variance-covariance
matrix (V) of the regression coefficients:

% s?  cov(a, b) cov(a ) " cov(a, z)i

%:ov(b, a2 cov(b,c) " cov(b, 20
(XTX)‘1:é~V= ov(c, @) covicb)  s* T oov(c, z); (26)

:} R

%ov(z, a) cov(z b) cov(zc) 1 2 ]

where the main diagona (s?, &% S2 -+ SP) represents the
variances associated with the regression coefficients (a, b, ¢, -+,
z, respectively) and the rest of the matrix is composed of the
covariances among these coefficients.

Proposed Protocol

To reach the final objective of calculating the stoichiometry
and stability constant of complexes with their associated
intervals of coverage, a general protocol is proposed (Fig. 2).

To check the applicability of the proposed methodology, first,
the proposed protocol is applied to simulated data considering
colored complexes that have an absorption maximum in the
UV-visible region and second, it is applied to experimental data
obtained from the application of Job's and Yoe and Jones
methods to the colored complex formed between a metallic ion
and an azo-compound.
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Fig. 2 Experimental flow diagram of the proposed protocol to
calculate the stoichiometry and stability constant of complexes.
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value of stoichiometry”

Validation of the Proposed Methodology with
Simulated Data

Applying the theoretical equation of the stability constant, one
can obtain simulated data for different stability constants, Kes,
by fixing the stoichiometry m and g), the maximum absorbance
A, = 1, the concentration C = Cy + C. (Job’s method) or the
concentration Cy (Y oe and Jones' method), which are constants
in the studied cases. Asthe value of the dissociation degreeisa
function of the product of the stability constant and the
concentration, a = f(KeC™91), if we represent a versus —log C
(Job’'s method) or Hog Cu (Yoe and Jones method) for
different stability constants, the value of the absorption
maximum, An (Fig. 3), can be determined for any value of C
and Cy in the range of stability constants studied.

The corresponding theoretical absorbance for each value of
molar fraction is obtained by varying the molar fraction
between 0.01 and 0.99 (99 data). At the curvature area, replicas
of the points were obtained in order to get a better fit of the
experimental data to the polynomia model. A variability
component (SD = 0.01 or 0.02) is added to these theoretical
absorbances. The variability component is obtained from a
normal distribution of mean zero, N(O, SD), where SD is the
theoretical standard deviation of repeatability from the
absorbance values between 1%-15% of the maximum
absorbance.
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Fig. 3 Graphical representation of degree of dissociation versus
—og(Cw + C.) for 1:1 stoichiometry complexes and different Keg
(10%, 10% and 10?7 M-Y) using simulated data. (l) Job's method, (I1)
Y oe and Jones' method.

LMSR was applied to the data that could constitute linear
segments, including points of the curved area that might be
considered to correspond to the segments under study. Points
with standardized residuals greater than 2.5 were removed and
LSR was applied to the points not rejected, to obtain the
parameters of linear models (Tables 1 and 3) associated with
each line (straight lines 1 and 2).

The intersection point was obtained by using the equations of
these straight lines (Tables 1 and 3), it provides the ligand/metal
molar fraction and therefore the stoichiometry of the complex.

The points close to the maximum of the curve and their
corresponding replicates were fitted to a 2nd order equation by
means of LSPR (Tables 1 and 3). The maximum point of this
function and the standard deviation of the maximum absorbance
in the curve were obtained (Tables 2 and 4).

The proportionality factor, the molar absorptivity (€) in this
case, was estimated using simulated data pairs (absorbance,
metal concentration). The theoretical values (for Ay = 1) and
experimental values of ¢ are shown in Tables 2 and 4. By
means of L SR, a straight line can be obtained whose slope is the
value of the molar absorptivity (Tables 1 and 3, straight line 3).

The theoreticdl maximum absorbances and its standard
deviations are estimated from straight line 3 (Tables 1 and 3) for
the concentration at the stoichiometric point.

From Ana and A, the degree of dissociation and its
corresponding standard deviation were calculated (Tables 2 and
4). Thus, using Egs. (4) and (5) (Job’s method) and (14) and
(15) (Yoe and Jones method), one can estimate the stability
constant and its standard deviation (Tables 2 and 4).

For Job's method, in two of the cases, 1:1 and 2:1
stoichiometries, it can be seen (Table 2) that the proposed
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Table 1 Job's method (parameters of the linear and polynomial
models obtained from simulated data)
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Table 3 Yoeand Jones's method (parameters of the linear and
polynomia models obtained from simulated data)

1:1 Stoichiometry. (K=10° M*; C=1.8x10"* M; SD=0.01)

1:1 Stoichiometry. (K=10"" M™'; C=9x10" M; SD=0.01)

Straight line 1 Straight line2 | Polynomial Straight line 3 N smug;;; line 1 szng:;: line 2 Pol!rslgmial Straiglllé line 3
N 45 48 22 16 - :
A 0.0090 0.8925 -1 0.
a 0.0026 1.9010 39171 -0.0007 . 01003 0008 P Py
Sa 0.0027 0.0102 0.5936 0.0042 B 0.9546 0.0511 5.5479 1.12x10%
b 1.9545 -1.8840 19.3174 11121.68 S 0.0062 0.0053 1.7392 5.79x10°
§ 0.0103 0.0132 2.3810 44.58 C —4.0709
cb -19.3606 Se 1.6551
3 D 10144
Se 2.3801 sq 0.5201
R 0.9988 0.9977 0.7780 0.9998 R? 0.9985 0.9586 0.9791 0.9996
Sresid 0.0090 0.0127 0.0098 0.0092 Sresid 0.0086 0.0112 0.0086 0.0119
. 10 e " 2:1 Stoichiometry. (K=10"" M%; C=1.5x10"* M; SD=0.01)
2:1 Stoichiometry. (K=10" M™; C=1.5x10" M; SD=0.02) Straight line 1| Straight line 2 | _Polynomial | Straight line 3
n - N 68 37 32 16
Straight line 1 Straight line 2 Polynomial | Straight line 3 A 00125 0.6874 3.0108 0.0044
N 64 32 62 16 Sa 0.0033 0.0240 8.1130 0.0029
A -0.0050 2.6820 1.9169 -0.0002 B 0.4508 0.1134 —4.0517 062277
Sa 0.0052 0.0480 0.8087 0.0082 2 0.0027 0.0097 oY 18.36
B 1.3211 -2.6512 -10.4847 20088.66 s 50171
Sp 0.0014 0.0572 4.1350 157.54 D —-0.4073
C 24.0784 s, 0.9690
6.9641 R 0.9977 0.9950 0.9347 0.9999
:; 16,3015 Svesit 0.0129 00191 00111 0.0063
Sq 3.8653 3:1 Stoichiometry. (Ke, = 10'* M%; C = 2.65x105 M; SD = 0.02)
K 0.9931 0.9862 0.9379 0.9991 Straight line 1 | Straight line 2 Polynomial Straight line 3
Sresid 0.0207 0.0299 0.0170 0.0180 N <7 R e I T T3
A -0.0359 0.5729 41.5658 ~0.0005
Sa 0.0040 0.0278 202117 0.0083
3:1 Stoichiometry. (Kest = 10" M; C = 1.06x10™* M; SD = 0.01) B 0.2807 0.0912 -40.7100 3.77x10°
—_— S sb 0.0022 0.0069 20.2896 0.03x10*
Straight line 1 Straight line 2 C 13.4424
N 68 23 Se 6.7757
a -0.0157 3.6755 D —1.4676
Sa 0.0028 0.0811 Sa 0.7527
b 1.1745 -3.6543 R’ 0.9965 0.9965 0.8609 0.9991
Sp 0.0070 0.0919 Sresid 0.0148 0.0271 0.0190 0.0182
R 0.9976 0.9868
Sresid 0.0115 0.0292 4:1 Stoichiometry. (Key = 10 M™; C = 4.3x10~° M; SD = 0.01)
Straight line 1 | Straight line 2 Polynomial Straight line 3
N 69 31 36 16
4:1 Stoichiometry. (Kest = 10" M C = 1.6x10 M; SD = 0.01) A -0.0240 0.8431 03495 ~0.0051
Sa 0.0026 0.0230 4.0701 0.0049
Straight line 1 Straight line 2 B 0.2334 0.0289 —-0.0864 3.32x10°
N 68 15 sp 0.0011 0.0045 3.0478 0.01x10*
A -0.0575 4.6161 c 0.1041
Sa 0.0028 0.1092 5 0.7584
b 1.0204 4.6044 _00606 12 270
Sa .
ls{z 8282: g;gi R? 0.9986 0.9860 0.9752 0.9997
s 0‘0105 0‘0198 Sresia 0.0107 0.0135 0.0088 0.0107
resid . X

Table 2 Job’s method (parameters cal culated from simulated data)

1:1 2:1 3:1 41
stoichiometry | stoichiometry | stoichiometry | stoichiometry
Xip 0.4946 0.6765 0.7644 0.8309
Sap 0.0034 0.0155 0.0221 0.0266
Coverage 0.488 —0.502 | 0.646—0.708 |0.7201 —0.8087 [ 0.7787 — 0.8831
interval
Xmax 0.4989 0.6597
Amax 0.9015 0.7990
S max 0.0032 0.0038
Theoretical € 1.111x10* 2.00x10*
Experimental 1.112x10* 2.01x10*
€
Ao 1.0017 1.0043
Sao 0.0023 0.0046
o 0.100 0.204
Sa 0.004 0.005
Kest 9.99x10° 9.32x10°
sk 1.63x10° 1.64x10°
v 36 21

k = 2 for a significance level of 95% and v* degrees of freedom

methodology is valid and that the conditions imposed are
fulfilled, i.e. the coverage interval of the molar fraction includes
only one theoretical stoichiometry value (0.50 and 0.67,
respectively), the maximum of the curve is also included in this
interval and the coverage interval of the stability constant
includes the previously fixed value. Figure 4A shows the
intersection points for a 1:1 stoichiometry and Fig. 4B shows
the corresponding coverage intervals.

The results shown in Table 4 allow one conclude that, for the
Yoe and Jones method and in al cases, the coverage interval
estimated for the molar ratio includes only the corresponding
theoretical stoichiometry value and the previously fixed stability
constant is also included in the coverage interval of the stability
constant obtained. Therefore, the proposed methodology is

Table 4 Yoe and Jone's method (parameters calculated from
simulated data)

1:1 2:1 3:1 4:1
stoichiometry | stoichiometry | stoichiometry ichic
rw 0.978 2.001 3213 4.240
Sar 0.013 0.542 0.381 0.146
Coverage 0.952-1.004 | 1.823-2.192 | 2.850-3.622 | 3.955-4.542
interval
Arc 0.8991 0.897 0792 0.902
Sa 0.0020 0.003 0.006 0.002
Theoretical € 1.111x10* 6.67x10° 3.78x10* 2.31x10*
Experimental 1.12x10% 6.62x10° 3.77x10* 2.32x10*
€
Ao 0.999 0.998 0.997 0.998
Sao 0.003 0.002 0.005 0.003
o 0.100 0.100 0.206 0.096
So . 0.003 0.003 0.007 0.003
Kest 1.00x10"° 9.77x10° 8.82x10" 1.23x10%
sK 0.52x10"° 1.04x10° 2.50x10" 0.45x10%°
v 19 46 36 24

K = 2 for a significance level of 95% and v+ degrees of freedom

applicable in the four cases studied: 1:1, 2:1, 3:1 and 4:1
stoichiometries.

When the variability level is represented graphicaly (SD)
versus the dissociation degree (Fig. 5) boundary curves are
obtained. These curves represent the applicability limit of the
proposed procedure for stoichiometry tested. The area bounded
by the curves gives us the area where the method can be
applied, i.e. the maximum standard deviation that the method
can present for each degree of dissociation. For example, in
Fig. 51, if there is a standard deviation of 5%, the method is
applicable to a complex with a degree of dissociation between
0.07 and 0.85 for a 1:1 stoichiometry and only to a complex
with a degree of dissociation between 0.10 and 0.36 for a 2:1
stoichiometry.
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Fig. 4 Job’s method. Intersection point for a 1:1 stoichiometry
complex and the corresponding coverage intervals.

Application of the Proposed Methodology to
Real Data

To illustrate the proposed methodology, we have carried out a
complete application for the determination of the stoichiometry
and stability constant of the complexes formed by Ni(ll) and
Co(ll) and p-nitrophenylazo-2-naphthol-3,6-disulfonic  acid
(disodium salt) (pRNa) (pH 9.30 and 9.60, respectively) using
the Job’sand Y oe and Jones’ method, respectively.

The application of the proposed methodology to the
experimental data obtained gave the following results. LM SR
criteria allow us to establish the experimental points belonging
to linear segments. In this way, it ensures objectivity in the
selection of the points that will be fitted, using LSR, to a
straight line in each experimental area, with the previous
elimination of the anomalous points. The parameters of the
adjusted straight line 1 and straight line 2 are shown in Tables 5
and 6.

The values of the molar fraction of the Ni(ll) complex and of
the molar ratio of the Co(ll) complex are: 0.695 + 0.031 (k = 2)
and 2.149 + 0.297 (k = 2), respectively. They have been
obtained from the calculation of the abscissa coordinate of the
intersection point and the corresponding horizontal interval.
These values clearly allow us to attribute a 2:1 stoichiometry to
the complexes, since they do not differ significantly from the
theoretical value, 0.666 and 2, respectively, and the molar
fractions and the molar ratios that would indicate other
stoichiometries are not included in the above coverage intervals
(0.665 - 0.727 and 1.872 - 2.465, respectively).

Experimental points on the curved segments were then
adjusted to a polynomial function by means of LSPR. The
coefficients of athird-order equation are shown in Tables 5 and
6.

MAX = (Xma, Ama) = (0.669; 0.603) represents the maximum
of the curve for the Ni(Il)-pRNa complex. The Xmx value is
included inside the interval of horizontal coverage associated
with the intersection point, xp £ kSqp (0.669 [ [0.665 - 0.727])
and consequently it is possible to calculate the degree of
dissociation. The standard deviation of the absorbance of this
maximum is Ssmax = 0.003.

The value of absorbance associated with the molar ratio of the
Co(ll)-pRNacomplex is: Ac = 0.554 + 0.004.

The values of molar absorptivities for the Ni(ll) and Co(ll)
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Fig. 5 Applicability limits of the proposed procedure for: (1) Job's
method. 1:1 and 2:1 stoichiometry complexes. (I1) Yoe and Jones
method. 1:1, 2:1, 3:1 and 4:1 stoichiometry complexes. SD =
theoretical standard deviation of repeatability.

complexes, € = 11650 and 7427.5 dm? mol-* cm, respectively,
were estimated from the slopes of the appropriate calibration
graphs. The parameters of the linear patterns are shown in
Tables5 and 6 (straight line 3).

The theoretical maximum values of absorbance (A;) and its
standard deviation (So) for the metal concentration (Cni = 6.67
x 10° M and Cg, = 8.0 x 10> M) in the stoichiometric points
are: 0.681, 0.004, and 0.597, 0.001, respectively. Then, the
degrees of dissociation and its standard deviations were
caculated: 0.115, 0.007 and 0.071, 0.005. Findly, the
estimated values of the stability constants and its coverage
intervals are Keg * ks¢ = 3.30 x 1090 + 1.21 x 10 M2, with k =
2, asignificance level of 95% and 10 degrees of freedom (Ni(l1)
complex) and Keg + ks¢ = 8.95 x 10 + 3.47 x 10" M2, with k =
2, a significance level of 95% and 22 degrees of freedom
(Co(l1) complex).

The uncertainty associated with the stability constant is so
large (a relative uncertainty of 37% and 39%, respectively)
because too few experimental points were used to calculate the
stoichiometry. Therefore, to reduce this uncertainty it would be
necessary to carry out additional experiments.
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Table 5 Ni(ll)-pRNa& complex (parameters of the linear and
polynomia models obtained from real data)
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Table 6 Co(ll)-pRNa complex (parameters of the linear and
polynomia models obtained from real data)

Straight line 1 Straight line 2 P ial Straight line 3 Straight line 1 Straight line 2 Polynomial Straight line 3
N 11 5 16 10 N 15 7 16 8
a -0.072 2.142 1.0288 -0.0958 a -0.0468 0.3101 -1.3331 0.0027
Sa 0.004 0.035 0.2192 0.0070 Sa 0.0052 0.0174 0.9952 0.0039
b 1.083 -2.100 -6.1441 1165.00 b 0.3064 0.1403 1.8376 74275
Sy 0.011 0.042 1.3155 131.95 Sy 0.0042 0.0066 13111 53.6
c 15.5167 c 0.5724
S 2.5630 s 0.5711
d -10.8889 d 0.0627
S 1.6244 Sa 0.0822
R 0.9990 0.9988 0.9966 0.9990 R? 0.9950 0.9781 0.9875 0.9996
Sresid 0.006 0.007 0.0070 0.0094 Sresid 0.0087 0.0044 0.0055 0.0034

Glossary of Symbolsand Abbreviations

Cw: concentration of metal M

C.: concentration of ligand L

x: molar ligand fraction

r: molar ratio

SMF: stoichiometric molar fraction

SMR: stoichiometric molar ratio

mand g: stoichiometric coefficients of the complex ML

Kes: stability constant of the complex ML

Ukes: Uncertainty associated with stability constant of the
complex ML

a: degree of dissociation

Uq: uncertainty associated with the degree of dissociation
LMSR: least median squares regression

L SR: least squares regression

L SPR: least squares polynomial regression

a, b, -+, z parameters of regression

Sy Sy S22 Standard deviation of parameters of regression

n: number of experimental data

Q.. reduced sum of squares of x

Ss or sy and s, standard deviations of analytical response and
molar fraction

Sesa- residual standard deviation in the regression

V. degrees of freedom

SR: standardized residual

xip: molar fraction in the intersection point between regression
curves

Spe or Ap: analytical response in the intersection point between
regression curves

Sc or Ac: analytical response of the corresponding molar ratio
at the intersection point of the experimental curves

s« p. Standard deviation of the molar fraction in the intersection
point between regression curves

k: coverage factor

Xmax: Molar fraction in the maximum of the polynomial
regression

Sax O Ana: analytical response in the maximum of the
polynomial regression

Ssmax OF Samax. Standard deviation of the molar fraction in the
maximum of the polynomial regression

S or Ao: theoretical maximum analytical response

Sso OF Sao: Standard deviation of theoretical maximum analytical
response

SD: theoretical standard deviation of repeatability
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