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A simple procedure for the kinetic spectrophotometric determination of the formation constant of 1:1 (XL) com-
plexes (or adducts) using rank annihilation factor analysis (RAFA) is proposed. The method was based on the effect of
the concentration of L (or X) on the reaction of X (or L) with a reagent (Z). The rate constants for the reactions of X
(or L) and XL with Z were also determined. In order to perform RAFA, concentration profiles were calculated by opti-
mizing the value of formation constant. The rank of the original data matrix was reduced by one by annihilating the
information of X (or L). The best estimation of rate constant of complex XL reduced the rank of the system to zero
(noise level). The performance of the method was evaluated using synthetic data as well as experimental data, and good
results were obtained. The spectrophotometric data for the study of the effect of S-cyclodextrin (8-CD) on the oxidation
reaction of some catechol derivatives with iodate at pH 3.60 was used as an example. The difference in the rate of the
oxidation reaction of catechol derivatives with iodate at pH 3.60 in the presence of different concentrations of S-CD

was monitored.

Kinetic profiles measured from a chemical reaction can
form a two-way data matrix, which contains the reaction kinet-
ic information and concentration of each component. Kinetic
information, such as the reaction model and rate constants,
can be obtained through analysis of the two-way spectroscopic
data by means of proper chemometric algorithms. When the
individual components in the reaction mixture have a dominat-
ing response spectral range, some common methods, such
as non-linear least-squares fit, can be used to extract the kinetic
information according to the absorbance data for a single
wavelength.!'? Frequently, there are extensive kinetic and
spectral overlap between components. Methods have been
developed to resolve such two-way spectroscopic data across
the entire spectral range. Bijlsma et al.>* have made the two-
way kinetic-spectral data into three-way data with time shift-
ing and have proposed a method for determining the rate con-
stants for a first-order reaction using a trilinear model. Furusjo
and Danielsson® have proposed an approach based on refine-
ment of concentration profiles from the kinetic model by target
testing and have obtained the rate constants for first-order and
second-order reactions.

Rank annihilation factor analysis (RAFA)® is an efficient
chemometric technique, based on rank analysis for two-way
data. It can be employed to analyze an unknown system quan-
titatively. RAFA, originally developed by Ho et al.” as an iter-
ative procedure, has been modified by Lorber,®® who has
proposed a direct solution of standard eigenvalue problem.
Sanchez and Kowalski'® have extended the method to general
cases in which some components may or may not exist and
have obtained results by using a generalized rank annihilation
method (GRAM). RAFA has also been used to analyze the
two-way chromatographic spectral data'! for the determination

of environmental pollutants, such as polycyclic aromatic com-
pounds,'>!3 and the correction of several types of instrumental
inconsistencies.!* It has also been used to the spectrophoto-
metric study of complex formation equilibria.'

Recently, we have reported the application of RAFA in the
determination of the conditional acidity constant as a function
of B-CD concentration for some organic acids.'®

RAFA has also been applied to the analysis of kinetic pro-
files. Zhu et al. have applied it to a two-step first-order consecu-
tive reaction, have used RAFA to resolve the two-way kinetic-
spectral data from spectroscopic reactions, and have acquire
rate constants and the absorption spectrum of each compo-
nent.!” Zhu, Xia, and Li have also used RAFA in the simulta-
neous determination of reaction order and rate constant from
kinetic spectral data.!®

Cyclodextrins (CDs) are known to complex with a wide
variety of molecules in their hydrophobic interior.'*° It has
been determined that the binding forces involved in inclusion
complexation are hydrophobic interactions, hydrogen binding,
van der Waals forces, the release of high energy water from the
CD cavity, and the relief of conformational strain upon guest
inclusion.'®-2! Tt is important to study these weak interactions,
to understand further how supramolecules form and to develop
new approaches in pharmacy, analysis, and material sci-
ence.?"?? Imonigie and Macartney have reported the effects of
o- and B-CD inclusion of 4-fert-butylcatechol on the kinetics
of its outer-sphere oxidation by transition-metal complexes in
acidic aqueous media.?? They have determined the magnitude
of the inclusion stability of the complexes by 'H and '3C NMR
spectroscopy.

In this work, we studied the application of RAFA to the
determination of the stability constant of complex XL and
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the rate constants for the reactions of X and XL with the re-
agent Z using kinetic profiles. To the best of our knowledge,
in all of the reported works on the application of RAFA in
spectrophotometric methods, the whole spectra have been used
as a two-way matrix data (for example, see Refs. 16-18). In
order to obtain the whole spectra with time in kinetic studies
a diode array spectrophotometer is necessary that may not be
available in each laboratory. However, in this work, we ob-
tained two-way data by determining absorbance at a single
wavelength by changing the concentration of reactant, and to
our knowledge, this is the first repot on the creation of a two-
way matrix data by determining the absorbance at a single
wavelength that can be obtained by a simple spectrophotome-
ter, which is available in most laboratories. The method was
applied to the determination of the formation constant for in-
clusion complexes of 4-fert-butylcatechol and 3-methylcate-
chol with B-CD and rate constant of their oxidation reaction
with iodate as a typical example, by monitoring the effect of
B-CD concentration on the oxidation reaction rate.

Theoretical Background
By assuming the formation of a 1:1 complex between X and
L, the complexation equilibrium can be written as:
[XL]
[L1[X]°
where K¢, [X], [L], and [XL] stand for the formation constant
of the complex XL and equilibrium concentrations of X, L,

and XL, respectively.
By considering:

Cx = [XL] + [X], (@)

X+L=XL K= 1)

and
[L] = CL — [XL], 3)

where Cx and Cp, are analytical concentrations of X and L,
respectively, it can be written:

[XL] = Cx — [X], “
and

[L] = CL — Cx + [X], &)
by substituting of Eqs. 4 and 5 into Eq. 1:

Ky = (Cx — [XD/(CL — Cx + [XDIX]. (6)
By rearrangement of Eq. 6:
Ki[XI* + (KiCL — KiCx + DIX] — Cx =0, (N
(X]=

—(K;Cp — KiCx + 1) + (KiCL — KiCx + 1)° — 4K;Cx)"”
2K;
®)

If both X and XL participate in the reaction with Z, and the
rate constants for XL and X are different, at a pseudo-first-or-
der reaction conditions, i.e. a large excess of Z and constant
pH, it can be written:

X+72% Q. 9)
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Cx; = Cxoe ", (10)
Cos = Cxo — Cx; = Cxo(l —e 1), (11)
Aq = EqCxo(1 —e™), (12)

where Q stands for oxidation form of X, Cx is the initial con-
centration of X, Cx, and Cq, are the concentrations of X and Q
at time ¢, respectively, A is the absorbance at time ¢, €q is the
molar absorptivities for Q, and k" is the pseudo-first-order rate
constant for the above reaction. For the oxidation of XL with Z:

XL+7Z 5% Q, (13)
Cxrs = Cxroe ¥, (14)
Cqo=Cxro— CxL; = Cxro(l — e k'), (15)

where Q' stands for oxidation form of XL, Cxy ¢ is the initial
concentration of XL, Cxr, and Cqy, are the concentrations
of XL and Q' at time ¢, respectively, and k” is the observed
pseudo-first-order rate constant for the above reaction. k” is dif-
ferent from &’. Therefore, for overall reaction it can be written:

CQtot,t = CQ,t + CQ’,t
= Cxo(1 — e 4 Cxpo(1 — ™). (16)

If the absorbance is monitored at A ,,x for one of the products
and if the absorption spectra for the products Q and Q’ overlap,
where the molar absorptivity for the other species in the solu-
tion at this wavelength is zero, then:

A=Aq+Aq. (17)
A = 8qCxo(l —e ™) + Eq CxLo(l — ™), (18)

where A is the total absorbance at time ¢, and Aq and Ay are
absorbance of Q and Q” at time ¢, respectively. £q and € are
the molar absorptivities for Q and Q’, respectively.

As the amount of the complex formed depends on the con-
centration of L and the rate constants for XL and X are differ-
ent, then the reaction rate depends on the concentration of L.
Therefore, different kinetic profiles can be obtained for differ-
ent concentrations of L. The kinetic profile can then be consid-
ered as a two-way matrix.

The concentration profile of X and XL can be calculated
from Eq. 8 by substituting of proper K; values. The concentra-
tions of X and XL at various concentrations of L. can form two
column vectors Cx and Cxp,o. A two-way data matrix A with
rank 2 can be formed from each kinetic profile.

A=Ag+Ay +E
= Cxoyx + Cxroyx, + E=CY' +E, (19)

where Ag and Ay are the bilinear measuring matrix of pure X
and XL and can be decomposed in to the corresponding con-
centration profiles Cxp and Cxpo (column vectors) and the
kinetic profiles y% and y}; (row vector, superscript T denotes
the transpose of a matrix or vector). C and YT represent matri-
ces formed, by the concentration and the kinetic profiles of
each species, respectively. E is the residual matrix and should
contain only noise. As mentioned above for different kinetic
profiles the concentrations of L are different and all other pa-
rameters are constant. The kinetic profiles were obtained under
pseudo-first-order reaction conditions.
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The size of matrix A is ¢ x t, where ¢ denotes the number of
L concentrations and ¢ is the number of times in which the
absorbances were recorded (c is smaller than #). Obviously,
the size of matrices C and YT are ¢ x 2 and 2 x t, respectively.
The pure absorbance—time of X(yx), can be readily measured
in the absence of L, whereas yx; , is usually unknown. The val-
ue k' can be simply calculated by fitting Eq. 12 the data of the
kinetic profile in the absence of L by a least-squares curve-
fitting method using MATLAB. Let

R=A—Aq=A— Cxoyx- (20)

Here, the concentration profile Cx  is calculated by optimizing
the value of K using Eq. 8. Thus, if K¢ can be resolved, then
Cx can be optimized. When the rank of R is one less than the
rank of original matrix A, then the Cx is the optimum concen-
tration profile and the obtained Kt is the optimum formation
constant.

CxL can then be obtained by Eq. 4. By using RAFA on R,
k” can be obtained. By using a suitable k” value, all of the
components of residual matrix become zero (noise level).

E=R—Ay =R — CxLoyy - Q1

Experimental

Synthetic Data. To evaluate the performance of the method, a
set of kinetic profiles were created. The use of simulated data
makes it possible to know how each problem affects the perfor-
mance of the proposed method.

Parameters setting was as follows: ¥’ = 0.07s~!, ¥’ = 0.01
s™!, Cxo = 5.0 x 1073 mol L', Measurements were taken from 0
to 300 s with 1 s intervals (301 measuring time in all). The kinetic
profiles of all components were produced by a first-order rate
equation (Eq. 12 or 18). Vectors of X and XL forms were calcu-
lated based on Eq. 8, by considering Ky = 500 L mol~! and L con-
centrations in the range 0.001-0.016 mol L~! with 0.003 mol L~!
intervals (6 concentration in all). The kinetic profiles were simu-
lated, and random noise was added to the set of artificial data
generated to more rigorously test the method. The error was a set
of noise in agreement with the Gaussian distribution with mean
zero and standard deviation equal to 0.2% of absorbance value.

Real Data. All experiments were performed with analytical
reagent grade chemicals purchased from E. Merck. These chemi-
cals were used without further purification. The stock solutions of
4-tert-butylcatechol, 3-methylcatechol, B-CD, and 103~ were pre-
pared by dissolving the compounds in distilled water. Samples
were diluted by taking the appropriate aliquots from the stock
solutions followed by dilution with phosphate buffer (pH 3.60).
The total concentrations of prepared buffers were 0.15mol L™,
Absorption spectra were obtained with a Perkin-Elmer Lambda
45 UV-vis spectrophotometer. In each experiment, the sample
placed in a 1cm path length quartz cells, and the measurements
were performed at 25 +0.1°C.

Calculations. All calculations were performed in MATLAB
6.5 (Math Works, Cochituate Place, MA).

Results and Discussion

Synthetic Data. Figure 1a shows created kinetic profiles
for the system described above. Based on principal component
analysis (PCA), the relative standard deviation (R.S.D.) meth-
od is widely used to determine the number of principal compo-
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Fig. 1. Simulated absorbance-time plots for a system
with K = 500Lmol~!, ¥’ =0.01s7!, ¥ =0.07s7! at
Cxo =5.0x 1073 mol L~! and different L concentrations
(a), after subtraction of X (b) and after subtraction of
X and XL kinetic profiles (c) by using RAFA.

Table 1. PCA Results on Simulated Data

i 8i 8i/8it1 R.S.D.
1 46.2076 16.6471 0.0435
2 2.7757 153.0082 0.0068
3 0.0181 1.0541 0.0058
4 0.0172 1.0259 0.0047
5 0.0168

nents.>*2

The R.S.D. is a measure of the lack of fit of a principal com-
ponent model to a data set. The R.S.D. is defined as?¢

Z 8i

i=n+1 . (22)
(c —n)(t—n)
where g; is the eigenvalue and n the number of considered
principal components. Table 1 presents the eigenvalues, ratios
of consecutive eigenvalues, and R.S.D. of matrix A by PCA. It
should be noted that R.S.D. (2) reaches 0.0068, thus satisfying
the noise level of the simulative experiment. Also, it should be
noted that the ratio of consecutive eigenvalues, when n = 2, is
the maximum at the same time. It also shows that there exist
two kinetic profiles in the system, which coincides with the
assumption of the simulative experiment.

The value of k’, for the simulated data in the absence of L
was obtained by least-squares curve fitting of the experimental
rate constants using MATLAB. The best &’ is the value that
gives the best fit of Eq. 12 through the simulated data.

Simulated data matrix A was processed by RAFA method.
The best estimation of Ky reduced the rank of the system by
one (Fig. 1b). The kinetic profiles in Fig. 1b belonged only
to the XL form. The obtained K; was then used to estimate
of £”. The best estimation of k” reduced the rank of the system
to zero (noise level) (Fig. 1c). The relationship between R.S.D.
of matrices R and E and the estimaties for Ky and k" are shown

2

R.S.D.(n) =
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Fig. 2. Relationship between R.S.D. and K; for simulated data.
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Fig. 3. Relationship between R.S.D. and k” for simulated data.

as R.S.D. curve in Figs. 2 and 3, respectively. For each value
of Ky and k”, Cx and yx;, were calculated, and matrices R and
E were obtained. Narrow minimums were observed in the
R.S.D. curves shown in Figs. 2 and 3, which indicate the opti-
mum estimations of Ky and k”.

Experimental Data.  The spectrophotometric data ob-
tained from the investigation of the effect of 8-CD concentra-
tion on the oxidation reaction of 4-fert-butylcatechol and 3-
methylcatechol with iodate at pH 3.60 was used as experimen-
tal data. The chemical or electrochemical oxidation of catechol
derivatives and catecholamines has previously been studied.?’
These compounds form 1:1 inclusion complexes with B-CD.?
It was observed that the absorption spectrum for the inclusion
complex were the same as those for the catechol derivatives.
Catechol derivatives can be oxidized chemically to their cor-
responding o-quinones by using the proper oxidants, such as
iodate (Scheme 1).

Iodate oxidizes catechol derivatives to their corresponding
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Fig. 4. Absorption spectra for 2.0 x 10~*molL~" 4-tert-
butylcatechol with time in the presence of 0.01 molL™!
105~ at pH 3.60. In the presence of 5.0 x 107> mol L™! of
B-CD (a, ¢) and in the absence of 8-CD (b, d) at 40s (a, b)
and 520s (c, d).

o-quinones. The rate of the reaction is very fast at low pH val-
ues and decreases with an increase in the pH of the solution.
We observed that at pH 3.60, the rate of the reaction was
not very fast and the reaction could be monitored spectropho-
tometrically.

Figure 4 shows the absorption spectra for 4-tert-butylcate-
chol versus time in the presence of iodate at pH 3.60. The ab-
sorbance of the solution increased with time at 400 nm, which
shows that 4-tert-butylcatechol is oxidized to its corresponding
o-quinone. In order to monitor the oxidation reaction of 4-tert-
butylcatechol with iodate, the absorbance changes at 400 nm
were monitored. The kinetic profiles for the oxidation reaction
of 2.0 x 107* mol L~ 4-tert-butylcatechol with 0.01 mol L~!
iodate at pH 3.60 in the presence of different concentrations
of B-CD at 400 nm are shown in Fig. 5.

The pseudo-first-order rate constant for the oxidation reac-
tion of 4-tert-butylcatechol in the absence of B-CD, i.e., K/,
was determined to be 0.0066 s~! by least-squares curve fitting
of the experimental data on Eq. 12 using MATLAB. The best
estimation for k’ is the value for which R.S.D. is a minimum.

As Figure 5 shows, the reaction rate decreased with an in-
crease in the B-CD concentration. Addition of B-CD to the
4-tert-butylcatechol causes formation of a 1:1 inclusion com-
plex between them.?? The decrease in the rate of the reaction
by addition of B-CD indicates that the rate constant for the ox-
idation of complexed form of 4-fert-butylcatechol is smaller
than that of its free form. The rate constants for the electron-
transfer reactions decreased substantially upon inclusion of
the reductant, due to steric hindrance, which affects donor—
acceptor orbital overlap. Therefore, the change in the reaction
rate as a function of B-CD concentration could be used to deter-
mine the stability constant of the produced inclusion complex.
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Fig. 5. The absorbance-time plots for the oxidation reac-
tion of 2.0 x 10~*mol L~! 4-ert-butylcatechol with 0.01
mol L~! 103~ at pH 3.60 in the presence of (1) 0.0, (2)
1.0 x 107%, (3) 2.0 x 1074, (4) 5.0 x 1074, (5) 1.0 x
1073, (6) 2.0 x 1073, (7) 3.0 x 1073, (8) 4.0 x 1073, and
(9) 5.0 x 1073 molL~! of B-CD at 400 nm.

Table 2. Results of PCA on Experimental Data for 4-tert-
Butylcatechol (2.0 x 107*molL~") in the Presence of
0.01 molL~! 105~ and Different Concentrations of B-CD

i 8i 8i/8i+1 R.S.D.
1 38.5211 21.1375 0.0095
2 1.8224 114.6164 0.0017
3 0.0159 1.7472 0.0015
4 0.0091 1.0706 0.0013
5 0.0085

The kinetic profiles, where were determined by applying
PCA on data matrix, are shown in Fig. 5. The results are pre-
sented in Table 2. The ratio of consecutive eigenvalues
reached a maximum at n = 2, which indicates that there are
two kinetic profiles in the experimental absorbance—time sys-
tem. K¢ and k” were optimized by the proposed method and
the relationships between R.S.D. and K¢ and R.S.D. and k”
are shown in Figs. 6 and 7, respectively. The optimal set
solutions were K; = 8890L mol~! with R.S.D = 0.0010 and
k” = 0.0016s~! with R.S.D = 0.0011. The above experiments
were repeated with different excess concentrations of iodate
under pseudo-first-order reaction conditions. The results are
given in Table 3. Figure 8 shows the plots of k" and k” as a
function of iodate concentration. As it was expected, K' and
k” increased linearly with an increase in the iodate concentra-
tion. Since k' = k; [I037] and k" = k, [I05~], where k; and k,
are the rate constants for free and complexed catechol deriva-
tives, respectively, therefore the value of k; and &, can be ob-
tained from the slopes of the plots, and k; and k, were 0.595
and 0.152 L mol~! s7!, respectively.

The oxidation reaction of 3-methylcatechol in the presence
of B-CD was also investigated at pH 3.60 by the same methods
as described for 4-tert-butylcatechol. Figure 9a shows the
absorbance-time plots for the oxidation reactions of 5.0 x
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Fig. 7. Relationship between R.S.D. and k” estimations for
2.0 x 10~* mol L~! 4-tert-butylcatechol in the presence of
0.01 mol L~! 103~ and different concentrations of B-CD.

Table 3. K; for the Inclusion Complexes of 4-fert-Butyl-
catechol (2.0 x 107*molL~!) and B-CD and k' and k”
for the Oxidation of Its Free and Complexed Forms with
Different Concentrations of Iodate at pH 3.60

103~ /mol L™! K;/Lmol™! K /s~ K" /s~
0.005 9168 0.0026 0.00085
0.007 9861 0.0043 0.00130
0.010 8890 0.0066 0.00160
0.014 9032 0.0081 0.0020
0.018 9620 0.0110 0.0030

10~#mol L~! 3-methylcatechol in the presence of different
concentrations of B-CD with 0.021molL~! iodate at
pH 3.60. The experimental data matrix of 3-methylcatechol
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Fig. 8. k' (W) and k” (A) for the oxidation of 4-tert-butyl-
catechol as a function of 103~ concentration at pH 3.60.
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Fig. 9. The absorbance—time plots for the oxidation of a
5.0 x 107*mol L~! 3-methylcatechol with 0.021 molL~!
105~ at pH 3.60 in the presence of (1) 0.0, (2) 3.0 x
1073, (3) 6.0 x 1073, (4) 9.0 x 1073, (5) 1.2 x 1072, (6)
1.5 x 1072, and (7) 1.8 x 1072 mol L™! of B-CD (a) after
substituting the free form, (b) after substituting the free
and the complex kinetic profiles and (c) by using RAFA.

was investigated with PCA and the eigenvalues and the ratios
of consecutive eigenvalues shows two kinetic profiles in ab-
sorbance-time plots (Table 4).

The k' values were obtained by using the same method as
described for 4-tert-butylcatechol. The RAFA method was
used for analysis of the mentioned system, and the Ky and k”
estimaties for 3-methylcatechol in the presence of different
concentrations of 8-CD and 0.021 molL~! of 103~ were ob-
tained. The estimations are Ky = 61 Lmol~! with R.S.D =
0.002 and k” = 0.0047 s~! with R.S.D = 0.0044.

Figure 9b shows the absorbance—time plots with the kinetic
profiles of the free form subtracted. After substituting of the
kinetic profiles of the free and the complex forms from the data
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Table 4. Results of PCA on Experimental Data for 3-Meth-
ylcatechol (5.0 x 10~*mol L") in the Presence of 0.021
molL~! 105~ at Different Concentrations of B-CD at

pH 3.60
i 8i 8i/8i+1 R.S.D.
1 61.8094 47.8607 0.0149
2 1.2914 136.6143 0.0027
3 0.0095 1.0325 0.0024
4 0.0092 1.0092 0.0020
5 0.0091

Table 5. Ky for the Inclusion Complexes of 3-Methylcate-
chol (5.0 x 10~*mol L~!) and B-CD, and &’ and k” for the
Oxidation of Its Free and Complexed Forms with Different
Concentrations of Iodate at pH 3.60

103~ /mol L~!

K;/Lmol™!

K /s7!

k/l/sfl

0.0060
0.0016
0.0210
0.0300

57
58
61
62

0.0036
0.0085
0.0101
0.0137

0.0017
0.0040
0.0047
0.0057

Observed rate constant
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Fig. 10. k' (W) and k” (A) for the oxidation of 3-methyl-
catechol as a function of iodate concentration at pH 3.60.

matrix based on the optimum Ky and k” estimations, the com-
ponents of residual matrix reached to noise level (Fig. 9c).

The values of K¢, k’, and k” were estimated for 3-methyl-
catechol in the absence and presence of different concentra-
tions of B-CD and at various concentrations of 103~ by using
the same method as described for 4-fert-butylcatechol. The
values are reported in Table 5. As for 4-fert-butylcatechol,
k" and k” increased linearly with an increase in the 103~ con-
centrations (Fig. 10). The values k; and k, (L mol~! s™!) were
determined from the slope of the best fit line on this curve to be
0.418 and 0.167 Lmol~!s™!, respectively.

Conclusion

The proposed method is simple, very sensitive and easy to
understand and apply. It was suitable for the spectrophotomet-
ric determination of the stability constants of the nonabsorbing
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complexes or complexes that have the same absorption spectra
as those for the reactants. The method could be used to deter-
mine the stability constant of complex XL when X (or L) re-
acts with a suitable reagent, e.g., Z. The kinetic profiles at dif-
ferent concentrations of L (or X) could be obtained to create a
two-way data matrix. The kinetic profiles were obtained by
monitoring the change in the absorbance of the products or
X (or L) or Z at the proper wavelength with time. The rate con-
stants for both the reactions of X and XL with Z were obtained.
RAFA is an efficient chemometrics algorithm for complete
analysis of kinetic profiles. It should be noted that for obtain-
ing the kinetic profiles by measuring the absorbance of prod-
ucts at a single wavelength, the absorption spectra of the prod-
ucts of the reaction X (or L) and XL with Z should be the same
or overlap with each other.

Comparison of Ky for the investigated catechol derivatives
indicates that the complex of B-CD with 4-fers-butylcatechol
is more stable than that with 3-methylcatechol. This is not un-
expected because for strong inclusion, the guest molecule must
fit tightly with the CD cavity and be hydrophobic in nature.?®
The amount of K; for 4-tert-butylcatechol obtained by the
proposed method ((9.31 +0.4) x 103Lmol~!) was in good
agreement with the previously reported value ((9.50 £ 2.0) x
10° L mol").2% Thus, the proposed method can be applied to
the any complexation or association systems with strong or
weak interactions.
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