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Study of Complex Formation between 4-(2-Pyridylazo) Resorcinol and A, Fe’t,
Zn?*, and Cd?* lons in an Aqueous Solution at 0.1 M lonic Strength

J. Ghasemi,*" H. Peymanf and M. Meloun*

Chemistry Department, Faculty of Sciences, Razi University, Kermanshah, Iran, and Department of Analytical Chemistry,
University of Pardubice, Pardubice, Czech Republic

The complexation reactions between 4-(2-pyridylazo)resorcinol (PAR) afig A&", Zr?t, and Cd* ions at

25°C and 0.1 M ionic strength are performed spectrophotometrically. A critical comparison of the various PCA
methods on the absorbance matrix data concerning the number of light-absorbing species has been made. Knowing
the number of light-absorbing species is a critical step for subsequent quantitative and qualitative solution equilibria
studies. Therefore, the nine selected index functions for the prediction of the number of light-absorbing components
which contribute to a set of spectra are critically tested using the algorithms implemented in INDICES software.
Behind the number of various complexes formed the stability constants of species ML and MLH, tyfeolog

and logpi11, for the system of PAR (ligand L) with 2fh and Cd* ions and the stability constants of species

MLH and MLH, type logB111 and logfi2s, for the system of PAR (ligand L) with A and Fé' ions at 25°C

and 0.1 M ionic strength, and various mole ratios are estimated by the SQUAD and EQUISPEC programs.

1. Introduction

OH
A
. . : |
4-(2-Pyridylazo)resorcinol (PAR) has the reactive groups (a N NN

heterocyclic nitrogen group, azo group, amttydroxyl group OH
as shown in Figure 1) available for possible coordination to
metal ions. PAR is a dibasic acid and simultaneously forms the
protonated and the normal type of complexes with most metal

ions! The complex-forming equilibria and the stability constant matrix data concerning the complex-forming equilibria of PAR

O:;’:ié’:;'ﬁz \tﬁgof getsfa&gﬁg%r;sl g}s\'g'?ﬂuseﬂ;gglratngsofr;i OIwith four metal cations. In the second step, we obtained the
P - paper. - Y Ing P - stability constant. The most widespread programs and algorithms
in several steps: in the first step, the number of components is

. o for determining the stability constant from absorbance data are
determined, and then the stability constants of all the complex SQUAD and EQUISPEC.

species involved are calculated. Several instrumental methods

have _been devised for the__ser_;ond step ar]d depend on the Theoretical

chemical method of all equilibria and experimental designs.

Predicting the number of components is pertinent to all methods ~ Principal component analysis has been used in a powerful
of chemical model determination. Determining the number of fashion for determining the number of components that con-
complex species in a mixture with the use of spectroscopic datatributes to the absorption spectra of multicomponent systéms.
is a challenging problem. 2.1. Notation. The absorbance\; is the element of the
absorbance matri& of sizen-m being measured for solutions

with known total concentrations of three basic componemts,

¢, and cy, at m wavelengths. Throughout this work, it is
assumed that themabsorbance data matix= C containing
then recorded and digitized spectra as rows can be written as
the product of then-n; matrix of molar absorptivities and the

nen concentration matrixC. Here, n; is the number of
components that absorb in the chosen spectral range. The rank
of the matrixA is obtained from the equation rank) = min-

Figure 1. Structure of PAR.

comparison of the various PCA methods on the absorbance

It forms the first step for further qualitative and quantitative
analysis in all forms of spectral data treatment. Procedures for
determining the chemical rank of a matrix concerning a variety
of empirical and statistical methods based on principal com-
ponent analysis (PCA) have been reported and critically
compared—8 Using PCA, a set of correlated variables is
transformed into a set of uncorrelated variables, principal
components, such that the first few components explain most
of the variation in the data. PCA will extract some of the noise, [rank ), rank )] = min(m, n,, n). Because the rank d is

i.e., experimental and/or random error, which will usually be Lo th k of or C. which . I db
represented by the principal components with the smallest sizestqua! to the ran or -, Whichever IS smaller, and because
rank ) < ncand rank C) < nc, and provided thath andn are

or variances. In the study of complex-forming equilibria, for It ter tham. it will onlv b o determi
instance, a reliable determination of the number of componentsequa O or greater tham, it will only beé necessary to determine
the rank of matrixA which is equivalent to the number of

involved will help to obtain a reasonable interpretation of various . : ;
P P dominant light-absorbing componefits.

complexes. The purpose of this study is to make a critical o .
2.2. Determination of the Number of Complex Species.
. . . . Meloun et aP have introduced an excellent program, INDICES,
* Corresponding author. E-mail: Jahan.ghasemi@gmail.com. N . . .
t Razi University. for the determination of the number of light-absorbing species
* University of Pardubice. in the recorded spectral data matrix. They presented various

10.1021/je060325g CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/01/2007



1172 Journal of Chemical and Engineering Data, Vol. 52, No. 4, 2007

indicator functions to deduce the exact size of the true wavelength. The multicomponent spectra analyzing programs
component space which can be classified into two general SQUAD(84)3 15 and EQUISPE® can adjuspipqr andepq for
categories: (a) precise methods based upon a knowledge of thebsorption spectra.
experimental error of the absorbance data and (b) approximate The SQUAD (stability quotients from absorbance data)
methods requiring no knowledge of the experimental erfor.  program was written in FORTRAN by Leggéftl’and for the
Elbergali et aP have also reviewed several indicator functions first time a factor analysis method in the program for determi-
which are commonly used to assign the significant factors in nation of stability constants was used. The calculation of the
the PC decomposition process. In the INDICES program which best values of the stability constants was carried out by
can be run in the S-PLUS programming environment, most employing a nonlinear least-squares approach. The nonlinear
index methods are functions of the number of B@{to which least-squares method used is based on the minimization of the
the spectral data usually are plotted agaiksPCk) = f(k), function, U
and when the P@®J] reaches the value of the experimental
error of the spectrophotometer used, the correspondting n m
represents the number of light-absorbing components in aU = Z Z(Aexptl,i,j _Acalcdi,j)2:
mixture, nc = k. =1 )=

2.2.1. Precise Indice®recise index metho¥sare based on o 5 )
a comparison of an actual index of the method used with the Z Z(Aexptlj,j - Zl €M pLgH1)"=min (3)
experimental error of the instrument used. The Kankare residual == =

standard deviation methdd! the residual standard deviation .
rsd), method®® the root-mean-square error, rii( method whereA; represents the element of the experimental absorbance

which is closely related to rsk) the average error criterion ~ '€SPonse plane of sizem and the independent variables are
AE(K) methoc?® and the Bartlety? criterion, y2(k), method® the total concentrations of the basic componentsc,, andcy
belong to precise methods. being adjusted im solutions. The experimental and computa-
2.2.2. Approximate MethodgA more difficult problem is to tional scheme for the determination of the stability constants
deduce the number of components without relying on an ©f @ multicomponent system was taken from Meloun efal.
estimation of the experimental error of absorbance. The Exner Yarious hypotheses of chemical models with refined parameters
(K) function may be used for identifying the true dimensionality have been tested, and the statistical characteristics describing
of data. Exner proposed thgt= 0.3 can be considered a fair thPT degree-of-fit of regression spectra through experlmgnt_al
correlation, thaty = 0.2 can be considered a good correlation points have been calculated. The calculated standard deviation
and thaty = 0.1 can be considered an excellent correlation. It Of absorbance(A) was used as the most important criterion
means that foy < 0.1 the correspondingcan be taken as the for aﬁtne;_s test. If after termination of the minimization process
number of light-absorbing species in solution. The Scree, RPV- the conditions(A) ~ sns(A) is met, the hypothesis c():;the
(K), test for identifying the true dimensionality of a data set, chemical model is taken as the most probable and is accéfited.
proposed by Cattelt is based on the observation that the In 1997, Mae_der et al. introduced the_ EQUISPEC program
residual variance should level off before those dimensions USiNg the matrix-based MATLAB e_nv!ronmeaeliwég}fgzr global
containing random error are included in the data reproduction. 2nalysis of spectrophotometric equilibrium d&ta=* In a
The point where the curve begins to level off, or where a SPEctrophotometric titration, it is most convenient to arrange
discontinuity appears, is taken to be the dimensionality of the € series of measured spectra as the rows of a matrix
data spacé?The imbedded error function, IEY and the factor A generally applicable method for the investigation of systems
indicator function, INDK), are presented by Malinowgkand which suffer from rank deficient data sets and/or poorly defined
are empirical functions and reach a minimum when the correct €duilibria of minor species has been published recéfithe

number of latent variables or PC dimensions has been employedn€thod involves simultaneous global analysis of a series of
in the data reproduction. spectrophotometric titrations, each performed under different

2.3. Determination of the Chemical Model in Complex- initial conditions or concentration; that they called sepond-order
Forming Equilibria. If the complex-forming equilibria between ~ 9lobal analysis. The term globalization has been coined for the
ametal, M (the charges are omitted for the sake of simplicity), @nalysis of multichannel/multivavelength data Séts!

a ligand, L, and a proton, H, are considered to form a set of
species which have a general formulaliyH, in a particular

Ne

3. Experimental

chemical model and are represented iy the number of 3.1. Chemicals and SolutionsAll the chemicals were of
species, f§, 0, )i, i = 1, ..., n, their stoichiometry, then the analytical reagent grade. Five stock 4-(2-pyridylazo)resorcinol
overall stability constani3pq, may be expressed as solutions of metal ions, from their nitrate salts, were prepared
in a 100 mL volumetric flask by direct weighing of the required
M L H] amounts of commercially available reagents (all from Merck),
P — (1) then by dissolving in doubly distilled water, and the solutions

par Prr 149 r
(MITTLTH] were used for preparation of the various mole ratio mixtures of

PAR. Titration of each solution was carried out at a fixed ionic
strength of 0.1 M with NaCl@solution. The starting points of
titrations were pH= 2, which were set using concentrated
solutions of HCI. The concentrated NaOH solution was also

where [M], [L], [H], and [MpLqH,] are free concentrations of
M, L, H, and the complex formed. For thid solution measured
at thejth wavelength, the absorbandg;, is defined as

ne ne used for titrations, to avoid dilution of the working solution.
A= Z e M LHIL=S (o iBoeMIILITHID, (2) All experiments were carried out at 28, and all titrations are
g FANAAS repeated at least three times.

3.2. Apparatus and Softwar&he pH values were measured
whereepq,; is the molar absorptivity of the M 4H; species with by a model 300 HANA pH meter using a combined glass
stoichiometric coefficients, g, and r measured at thgth electrode. The glass electrode was calibrated on the basis of
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Figure 2. Absorbance spectra of the mixture of PAR with?Cih a mole
ratio of Cy/C. = 1 and of different pH values.

was performed using the software INDICES, SQUAD, and
EQUISPEC.

3.3. Supporting Information Available. A qualitative inter-
pretation of the spectra with the use of the INDICES program
aims to evaluate the quality of the data set, to remove spurious
data, and to estimate the minimum number of factors, i.e.,
contributing aqueous species, which are necessary to describe
the experimental data and determine the number of dominant
species present in the equilibrium mixture. Complete compu-
tational procedures of the INDICES and SQUAD programs,
input data specimen, and corresponding output in numerical and
graphical form are available free of charge via the Internet at
http://meloun.upce.cz in the block DATA and ALGORITHMS.

4. Results and Discussion

4.1. Absorption Spectralhe absorption spectra at 34840
nm at three mole ratios @y/C_. = 0.5, 1, and 2 of metal cations
and PAR at the pH range-212 were recorded. A sample

the proton concentration at constant ionic strength according absorption spectrum of the pH titration of PAR with €ds

to the procedure described elsewh&@&he calibration proce-
dure was as recommended by the IUPAC for glass electf§des.
Absorption spectra were measured on an Agilent 8453-UV
visible diode array spectrophotometer using the Agilent-UVv
visible ChemStation Software for data acquisition. A cell of 10

shown in Figure 2. The number of absorbing species and the
stability constants of the resulting complexes are calculated from
absorption data matrices at each metal to ligand ratio. The
numbers of light-absorbing species are determined by several
algorithms aforementioned in the Introduction section imple-

mm optical path was used for all measurements. The data weremented in INDICES, which can be run in S-Plus software. In

preprocessed using MATLAB software, version 6.5 (Mathworks,

the second step, the overall stability constants of all resulting

Natick, USA), and the deconvolution of the obtained data matrix complexes between PAR and each metal ion in the studied pH
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Figure 3. Logarithmic dependence of nine index methods as a function of the number of principal compofaertse absorbance matrix of complex-

forming equilibria of PAR with ZA" in Cu/CL = 2.
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Figure 4. Logarithmic dependence of nine index methods as a function of the number of principal comgofeertse absorbance matrix of complex-
forming equilibria of PAR with C&" in Cu/C_ = 2.

range are calculated by the SQUAD and EQUISPEC programs.knowledge of the experimental error of absorbance of the
The outputs of the INDICES are variations of each specific spectrophotometer useshs(A), and approximate methodg?(
function against the number of principal componeiktsThe ¥, RPV, IE, and IND) requiring no knowledge of this
outputs of the two data processing programs, SQUAD and experimental errorsns{A). Obviously, methods in the first
EQUISPEC, in addition to the overall stability constants, contain category are preferred when the error is known. The number of
standard deviations of the estimated constants, distribution light-absorbing components, can be estimated from indices
diagrams, and spectral profiles of all species. by comparing them with the experimental error, using the noise
4.2. Number of Light-Absorbing SpecieSpectral data may  level, Sps{(A), rSdnst, rMSns, and ABqs: as a threshold. This is
be subject to random errors which cannot be eliminated from the common criterion to determimg for precise methods. The
the data and to systematic errors which are sometimes difficult point wherek = n; from dependence of the indices on the
to identify and eliminate. The sources of systematic error in number of principal componentsto calculate them is then
pH measurements are documenté@olored impurities in PAR proposed for use. Comparing, for example, an index value, rsd,
may have an acidbase character in which case the background calculated for various indicesto the estimated experimental
color will vary with pH. Some indicators may separate from error, if the rsd is greater than the estimated erropdisthe
solution and/or be adsorbed on the cuvette walls. Changes innumber of factorsk is insufficient. If the rsd is approximately
concentrations cause a systematic rather than random errorequal to the estimated error gg the proper number of factors
Determination of the number of light-absorbing components in kis appropriate. The dependence BGf f(k) decreases steeply
an equilibrium mixture seems to be an important point before with the increasing indek as long as th&'s are significant;
the formulation of the hypothesis of a chemical model. The i.e., one finds the point where the slope of the indicator function
absorbance matrix monitoring the complex-forming equilibria PCk) = f(k) changes (Figures 3 and 4) for the absorbance matrix
of PAR with various metal cations was subjected to PCA index of the PAR-Zn?" and —Cd?" complex-forming systems, and
analysis using nine characteristisgs{A), rsd, rms, AEy2, v, the s(A), rsd, rms, and AE indices lead tg = 5. However,
RPV, IE, and IND. The break on the curve RLE f(k) may information about the experimental error is often lacking, and
be used as a guide to selecting the primary eigenvalues.approximate methods in the second category must be employed
Deducing the exact size of the true component space is usuallybecause they offer a solution, albeit of a more dubious nature.
a difficult problem because of experimental error. The various For k = 5, the break appears, proving that five species are in
techniques developed to solve this problem can be divided into the equilibrium mixture. For the scree test, RRME f(K), the
precise methodssfs(A), rsd, rms, and AE) based on a residual percentage variance RRMglotted against the number
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Table 1. Estimated Number of Light-Absorbing Speciesn. = Kk,
Snst(A) = s(A), by the Logarithmic Technique of PCA Methods
(INDICES Program) for the PAR Complex-Forming System with
Mt in Different Mole Ratios?

predictedk for precise and approximate methods

Cw/C. (@A) rsd ms AE %2 RPV y IE IND
Zn2+

0.5 7 6 6 6 6 6 7 6 6

1 6 5 5 5 5 5 6 5 5

2 6 5 5 5 5 5 6 5 5
CcPt

1 6 5 5 5 5 5 6 5 5

2 6 5 5 5 5 5 6 5 5
Al3t

0.5 5 5 5 5 5 5 6 5 5

1 6 5 5 4 5 5 6 4 5

2 6 5 5 5 5 5 6 5 5
Feit

0.5 6 5 5 5 6 6 6 5 5

1 5 4 5 5 5 5 5 4 5

2 5 5 5 6 5 5 5 5 5

aThe n-m absorbance matrix is fon 22 solutions with total
concentrations oCy, C., and Cy, with different mole ratios €u/C.
0.5, 1, and 2) and measurednat= 41 wavelengths. Index algorithms used:
s(A), Kankare's residual standard deviation; rsd, residual standard deviation;
rms, root-mean-square error; AE, average error criteridnBartlett y2
criterion;y, Exnery function; RPV, Scree test; IE, imbedded error function;
IND, factor indicator function.

of component&k shows that the curve drops rapidly and levels
off at n = 5. This point can be used to reduce the component
space. From Figures 3 and 4, we observe that the minimum
appears in the(k) = f(k) andy(k) = f(k) functions atk = 5.

The s(k) in Figure 3 shows a progressive decrease on going
from k = 1 tok = 5 with a break ak = 5. This hints that five
species are responsible for the absorbance matrixa{ke=

f(k) function, similar to thes(k) = f(k) function in Figure 4,
reaches a minimum & = 5 which is more pronounced and
occurs in situations whesék) = f(k) exhibits no clear minimum.
Similarly to thes(k) = f(k) function, the break on this curve
appears ak = 5, and therefore thik can be taken as evidence
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Figure 5. Distribution diagram of the relative concentration of all complex
species in equilibrium between PAR and?Zr{Cu/C. = 1).
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that four complex species are responsible for the absorbancerigyre 6. Distribution diagram of the relative concentration of all complex

matrix. Table 1 shows the results for the INDICES output of
PAR complex-forming systems with four various metal ions
when the absorbance matrix was measurea fwlutions with
total concentrations ofy, ¢, andcy for a metal ion, ligand,
and proton, respectively, and different mole ratio<CaiC_ =
0.5, 1, and 2 atn wavelengths and with the use of the nine
index algorithmss(A), rsd, rms, AEy?, v, RPV, IE, and IND.
According to results listed in Table 1, the number of species
in the mixture of PAR and Z1 and Cd" at different mole
ratios of Cy/C.= 1 and 2 is 5 and o€y/C,= 0.5 is 6. The
number of species in the mixture of PAR with3Aland Fé*
at mole ratios of 1 and 2 is 6 and of 0.5 is 7.
4.3. Chelating Mode of PAR to the Metal lon&V. J. Greay
et al3! reported the mode of chelation of PAR with some metal
ions. They concluded the atoms involved in the coordination
phenomenon are pyridine nitrogen (or heterocyclic nitrogen),
the azo nitrogen farthest from the heterocyclic ring, and the

species in equilibrium between PAR and?CdCw/C_ = 0.5).

while log K; — log K3 is large for metal ions like Cd with
ligands like PAR, it is smaller for those ions more ready to be
six covalent.

4.4. Determination of Stability Constanté&\bsorbance mole
ratio data matrices by applying the procedure of efficient
experimentation and computational strategZ@fC_. = 0.5, 1,
and 2 were obtained. The concentrations of'ZICd™, Fet,
and ARt were 3.010°5, 6.010°5, and 8.010°>M and 6.01075,
6.0-107°, and 4.0107° M at ratios 0.5, 1, and 2, respectively.
The complexation reaction of the metal ions with PAR as a
ligand was supported by visually detected spectral changes,
which related to the variation of the solution from a yellow to
a red color.

The chemical model concerns the number of light-absorbing
species coexisting in the equilibrium mixture, their stoichiom-

o-hydroxyl group. Their observations are clear evidence in favor etries, and their stability constants which are estimated by
of chelation involving two five-membered rings rather than one regression analysis and, at the same time, the curves of molar
six- and one four-membered ring. Further evidence of the absorption coefficients in their dependence on wavelength. For
terdentate nature of PAR and the greater part in chelation of a set of current values ¢f,q, the free concentrations of the
the azo nitrogen farthest from the heterocyclic ring may be metal [M], the ligand [L], and [H] (known from pH measure-
adduced from the decrease in stability on changing from a 1:1 ments) for each solution are calculated, and then the concentra-
to a 2:1 complex. Thus, in the terdentate ligand like PAR, the tions of all the complexes in the equilibrium mixture, [MH];,
value of logK; — log K3 is large and almost equal. Further, j=1,..., n., forming forn solutions the matrixC are found. In
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Table 2. Log fpqr, Sum of Squares (RSS), and Standard Deviatiors(log fyqr)) of the Most Probable Chemical Model in the PAR
Complex-Forming System with Zr¢*, Cd?*, and AI3* lons and Fé* Estimated by EQUISPEC and SQUAD Program$

simultaneous analysis

Cw/CL=0.5 Cw/lCL=1 Cw/CL=2 using EQUISPEC
species l0@Bpar RSS l0gBpqr RSS l0gBpqr RSS l0gBpqr RSS
ZnLb 10.50(0.15) 0.25 10.64(0.05) 0.03 10.30(0.16) 0.22
ZnLH 16.97(0.20) 0.25 16.86(0.04) 16.24(0.25)

ZnL 10.72(0.05) 0.007 10.69(0.02) 0.01 11.00(0.09) 0.02 10.89(0.21) 0.17
ZnLH 17.23(0.06) 0.007 17.02(0.02) 17.10(0.09) 17.12(0.21)

CdL 9.29(0.05) 0.009 9.65(0.03) 0.006 9.76(0.06) 0.004

CdLH 16.15(0.09) 0.009 16.52(0.04) 16.48(0.13)

CdL 9.23(0.01) 0.007 9.78(0.02) 0.007 9.05(0.02) 0.004 9.45(0.13) 0.09
CdLH 16.23(0.03) 0.007 16.69(0.02) 16.83(0.03) 16.41(0.18)

AILH 14.95(0.10) 0.10 14.91(0.03) 0.02 15.20(0.04) 0.10

AlL oH 24.72(0.06) 0.11 - -

AlLH 15.01(0.04) 0.02 15.75(0.02) 0.07 15.890(0.03) 0.12 15.80(0.24) 0.12
AlL 2H 24.81(0.08) 0.02 - - 25.00(0.41)

FelLH 16.05(0.11) 0.02 16.16(0.08) 0.01 16.11(0.09) 0.01

Fel.H 24.31(0.12) 0.02 - -

FelLH 15.90(0.04) 0.02 16.04(0.04) 0.01 15.87(0.04) 0.01 15.98(0.18) 0.15
FelH 24.23(0.04) 0.02 - - 24.62(0.54)

aThe selected analytical pH for Al and F&" is smaller than 6. The simultaneous analysis using EQUISPEC used the data sets for all three metal/ligand
ratios.” Boldcase determined by SQUABValues in parentheses asfog Bpqy)-

12 1.2} ' ' ' ' :
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Figure 7. Change of absorbances vs pHiat 499 nm for PAR-AI3* at PH
Cw/CL = 1.0. Figure 8. Curve fit of titration of PAR with C&" in Cu/C_ = 1.

addition to the fit achieved, it is also necessary to examine the components in the system of PAR withZrand Cd* in Cu/
physicochemical sense of the model parameter estimates, sucl€ = 0.5. Stability constants calculated for these two species in
as positive values in the concentration matrix, positive values different mole ratios by the SQUAD and EQUISPEC programs
of molar absorptivities, and also the concentration fraction of are shown in Table 2.
the complex species in the mixture. If a complex species is EQUISPEC has two modes for the calculation of the stability
present in a fraction lower than-8.0 %(minor species), the  constants of the proposed model, the global and local modes.
evaluation of such an equilibrium can fail; i.e., from the spectral In the global mode, it considers all titration matrices in the
point of view, it acts as “noise” only, insufficient for an calculation, and in the local mode, each titration matrix is used
evaluation of its own equilibrium and complicating the evalu- independently. In Table 2, the last two columns are the resulting
ation of other equilibria. This problem can be solved by stability constants using global analysis of all the titration
augmenting the set of spectra with a single spectrum of the molarmatrices for allCy/C. ratios and the total residual sum of
absorptivities of the unknown species. squares. It is not surprising to mention that the global analysis
PAR forms complexes ML and MLH (M, metal; and L, has enough ability to distinguish all expected species formed
ligand) with Zr*™ and Cd™, just as achieved by the EQUISPEC from the initial components. It means the application of a single
program in the distribution curves (Figures 5 and 6 ), and some titration set such as that at ratt,/C_ = 1 and 2 in the case of
L remained in the free form in the environment when the ligand Fe*" and AP' results in a misleading chemical equilibrium
PAR was in exces€Qu/C = 0.5), which caused an increase in model.
the number of species. In accordance with results of the PCA In the case of A" and Fé", the hydrolysis of the metal
INDICES analysis, the hypothesis of five species, respectively, cations caused complicated situations. Sommer and Notfotna
was also tested, and better fitness is observed for the spectrabbserved interesting behavior of the3A-PAR system. They
data points. Therefore, the final chemical model contained five plotted the absorbance vs pH at selected wavelengths and two
light-absorbing components in the system of PAR witt¥Zn  C/Cy ratios. In this plot, the absorbance vs pH has an increasing
and Cd" in Cy/CL = 1 and 2 and six light-absorbing pattern until pH= 4.7 and then decreases with the addition of
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the pH which indicates the decomposition of the metal (4) Malinowski, E. R. Abstract factor analysis of data with multiple sources
complexes due to formation of the metal hydroxide species. The 2; eg;_rs"’_}l”d a modified FabeKowalski F-test.J. Chemom1999
same behavior is observed here in the case éf.AFFlgure 7 5) M:;\Iinowski, E. R. Determination of the number of factors and the
shows the plot of absorbanepH data for the AT"—PAR experimental error in a data matriknal. Chem1977, 49 (4), 612-
system, and the trend of increasing and decreasing absorbance  617.

— ; ; (6) Elbergali, A. K.; Nygren, J.; Kubista, M. An automated procedure to
values att = 499 nm is easily observed. Then we collected the predict the number of components in spectroscopic datal. Chim.

spectral pH traces under pH 6.0. In the case of"Fé¢he Acta1999 379 (1), 143-158.

hydrolysis complicated the absorptiopH plots, and then we (7) Dean, J. M. InMultivariate Pattern Recognition in Chemometrics

limited the final pH to under 6. glustreitggzby Case StudigBrereton, R. G., Ed.; Elsevier: Amester-
. . . am, .

The distribution curves, results of EQUISPEC, showed that (g) Meloun, M. Gapek, J.; Miké, P.; Brereton, R. G. Critical comparison
PAR formed different protonated complex species, MLH and of methods predicting the number of components in spectroscopic data.
ML2H, with the two cations A" and Fé* in the mole ratio 9) é?ba:al} (;Tn;\ ?(c'tazNOOrqeﬁz.? (llzugl%s_t:BM An automated procedure to
Cw/C. = 1 and 2,' In accordance \,Nlth th,e results Qf the PC’A predigt the numﬁbe)r/%f cdmf)onents in spectroscopic dmgl. Chim.
INDICES analysis, the hypothesis of five and six species, Acta 1999 379 (1), 143-158.
respectively, was also tested, and better fitness through spectra(10) Rossi, T. M.; Warner, I. M. Rank estimation of excitatiemission
data points was achieved. Therefore, the final chemical model ~ Matrices using frequency analysis of eigenvectanal. Chem1986

points wa: : . 58 (4), 810-815.
contained five light-absorbing components in the system of PAR (11) kankare, J. J. Computation of equilibrium constants for multicom-

with Al3* and Fé" in Cy/C_ = 1 and 2 and six light-absorbing ponent systems from spectrophotometric dAteal. Chem197Q 42
components in the system of PAR with3Aland F&" in Cy/ (12), 1322-1326. _
C.=05. (12) Catell, R. D. The Scree. Test for the Number of Factdrgti. Behav.

- . Res.1966 1, 245.
Calculated stability constants of the resulting complexes by (13) (a) Leggett, D. J., EdComputational Methods for the Determination

given programs are listed in Table 2. A change in the stability of Formation ConstantsPlenum Press: New York, 1985; pp-99

constants is accompanied by a change in the Gibbs free energy, ~ 157- (b) Leggett, D. J., EdComputational Methods for the Determi-
S . nation of Formation Constant®lenum Press: New York, 1985; pp

so the stability constants of ternary species such gsi can 291-353. (c) Havel, J.; Meloun, M.; Leggett, D. J., E@omputa-

be determined from the binary parent species. So, as is clear  tional Methods for the Determination of Formation ConstaRignum

from the data in Table 2, the stability constants of species MLH Press: New York, 1985; p 19. (d) Havel, J.; Meloun, M.; Leggett, D.

and MHL, can be extracted from equilibrium reactions like 4 J., Eds.Computational Methods for the Determination of Formation

~ q - ConstantsPlenum Press: New York, 1985; p 221.
and 5. The stability constant of LH can be determined from the (14) Leggett, D. J.; McBryde, W. A. E. General computer program for the
subtraction of log3110 of ML from the log 5111 value of MLH. computation of stability constants from absorbance datal. Chem.

1975 47 (7), 1065-1070.
(15) Meloun, M.; Javtek, M.; Havel, J. Multiparametric curve fittingX:
M+ LH;=MLH + 2H" (4) A structural classification of programs for analysing multicomponent
spectra and their use in equilibrium-model determinatibalanta
. " 1986 33 (6), 513-524 (or on internet http://meloun.upce.cz).
MLH =ML +H (5) (16) Dyson, R. M.; Kaderli, S.; Lawerance, G. A.; Maeder, M.; Zubbhay
A. D. Second order global analysis: the evaluation of series of

- o ; ; spectrophotometric titrations for improved determination of equilibrium
The validity of the stability constants is checked by calculation constantsAnal. Chim. Actal997, 353 (2), 381393,

of several statistical parameters. The sum of squared residual§;7y Leggett, D. J. Numerical analysis of multicomponent speétre.

is computed from the difference between calculated and Chem.1977, 49 (2), 276-281.

experimental spectra at each titration step. A sample of the fitting (18) Meloun, M.; Militky, J.; Forina, M.Chemometrics for Analytical
process in a selected wavelength is shown in Figure 8. Another gﬂf’cnr?'esstghziggﬁf%%?guﬁ’ef\’,lrfs,\j:ﬁ&;ﬂ%ﬁﬁfg%v&mﬂgﬂs
criterion is the standard deviation of each stability constant for Analytical Chemistry. 1. PC-Aided Statistical Data Analysis
which is commonly estimated from the Hessian matrix imple- Horwood: Chichester, 1992.

; ; (19) Martell, A. E.; Motekaities, R. Determination and Use of Stability
mented in SQUAD and EQUISPEC software. The correlation Constants Verlag Chemie- Weinheim, 1988.

matrix of each equilibrium system is an indication of the (20) polster, J.; Lachmann, Hspectrometric TitrationVerlag Chemie:
correlation of the unknown parameters. These statistical values Weinheim, 1989.
are lower than the aCCepted value of 0.7 for all final equi”brium (21) Bevington, P. RData Reduction and Error Analysis for the Physical

- . SciencesMcGraw-Hill: New York, 1969.
models of PAR with metal ions. (22) Golub, G. H.; Van Loan, C. FMatrix Computations2nd ed.; John

Hopkins University Press: Baltimore, 1989.

5. Conclusion (23) Bugnon, P.; Cottared, J. C.; Jestin, J. L.; Bung, B.; Laurenczy, G.;
. . Maeder, M.; Merbach, A. E.; Zubethler, A. D. Second-order
The stability constants of the complexes of PAR witi¥Zn globalisation for the determination of activation parameters in kinetics.
Cd?t, AI®F, and Fé* in various mole ratios@u/C. = 0.5, 1, Anal. Chim. Actal994 298 (2), 193-201.

and 2) were estimated using spectrophotometric titration. (24) K”ﬁ.tslonf'll R BeeChdem' J. M. BraRdvl'-bslim“'ta”eous ""Sﬁ'VSiS of
/ . . . multiple fluorescence decay curves: A global approg&iem. Phys.
Tentative methods which all are implemented in the computer Lett. 1983 102 (), 501-507.

program INDICES are applied for the determination of the light- (25) Beechem, J. M. Global analysis of biochemical and biophysical data.

absorbing species. The versatility of the global analysis is Methods Enzymoll992 210, 37.
employed for detection of the minor species in equilibrium (26) Janssens, L. D.; Bones, N.; Ameloot, M.; De Schryver, F. C. A
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(9), 3564-3576.
Literature Cited (27) Beechem, J. M.; Hass, E. Simultaneous determination of intramolecular
distance distributions and conformational dynamics by global analysis
(1) Ohyoshi, E. Relative stabilities of metal complexes of 4-(2-pyridylazo)- of energy transfer measuremerisophys. J.1989 55, 1225.
resorcinol and 4-(2-thiazolylazo)resorcin®lolyhedron1986 5 (6), (28) Braibanti, A.; Ostaroli, G.; Paoleti, P.; Pettit, D.; Sammartano, S.
1165-1170. Recommended procedure for testing the potentiometric apparatus and
(2) Malinowski, E. RFactor Analysis in Chemistrnd ed.; Wiley: New technique for the pH-metric measurement of metal-complex equilib-
York, 1991. rium constantsPure Appl. Chem1987, 59, 1721.
(3) Meloun, M.; Havel, J.; Hgfeldt, E. Computation of Solution Equi- (29) Metzler, D. EBiochemistry: The Chemical Reaction ofing Cells

libria; Horwood: Chichester, 1988. 2nd ed.; Harcourt/Academic Press: San Diego, 2001.



1178 Journal of Chemical and Engineering Data, Vol. 52, No. 4, 2007

(30) May, P. M.; Williams, D. R.; Linder, P. W.; Torrington, R. G. The  (32) Sommer, L.; Novotna, H. Complexation of aluminum, yttrium,

use of glass electrodes for the determination of formation constants lanthanum and lanthanides with 4-(2-pyridylazo)resorcinol (PAR).
I. A definitive method for calibrationTalanta 1982 29 (4), 249~ Talanta1967, 14, 457-471.
256.

(31) Greay, W. J.; Nickless, G.; Pollard, F. H. The metal complexes of
some azo and azomethine dyestuffs. Part Il. Determination of stability Recejved for review July 20, 2006. Accepted April 14, 2007.
constants and preparation of solid complexesal. Chim. Actal 962
27, 71-79. JE060325G



