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Spectrophotometry is an excellent experimental method providing sufficient information
on the equilibrium concentrations of a (usually liquigaction mixture. For many decades,
chemists have made a great effort to infer equilibrium constants from this rich source of
information. A paradox feature of this effort was that they usually did not aimatimum or
optimum informatiorconcerning the equilibrium constant but tried to fulfil peculiar conditions
to be able to use one of the numeraimplified treatmentso evaluate experimental data. The
common feature of all these simplifications was to remove the essentially non-linear nature of
the related model equations, to select and manipulate experimental data in such a way that
finally, to get the equilibrium constant, only linear models had to be treated.

Problems arising from this "selection and manipulation” of the experimental data have
been discussed in detail by Richard Ramette (1) in this journal. He also proposed — among
others — a clear and correct treatment of the linear models, described criteria to choose the
most appropriate one to handle experimental data, and developed a computer program — as
early as 1967 — to infer equilibrium constants from practically all experimental "cases".
However, his treatment also remained in the framewodknefrized modelsnly. Almost two
decades later, Michael @Qios extended Ramette's algorithm to use with other methods in
addition to spectrophotometrye( g., solution calorimetry, NMR chemical shift) (2), still
keeping the essentially linearized evaluation of the experimental data. Though there have been
several applications of non-linear parameter estimation in evaluation of spectrophotometric and
other equilibrium measurements, they were based on the mathematical and numerical treatment
of the particular nonlinear model (3,4). A critical overview of early chemical equilibrium
applications of non-linear parameter estimation is given in Ref. (3). However, earlier
applications usually had to deal with many numerical and computer programming details, being
too much tedious to implement in undergraduate lab courses.

The present paper — after another decade — shows a non-linear evaluation method for
spectrophotometric data. This method uses the physical descripsioi is for a model
function to infer the equilibrium constant from experimental datal986, Cdiins mentioned,

"in favor of the Ramette approach” the "widespread microcomputer availability”. Nowadays,
thanks to the widespread availability of sophisticated mathematical software packages, non-
linear parameter estimation became an easy task to make with minimum mathematical and no
programmation skill. The availabilty of the non-linear methods makes it possible to
concentrate on optimum information when calculating the equilibrium constant, with the
additional convenience of almost no mathematical manipulation of the underlying (simple)
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equations. Details of the numerical techniques of non-linear parameter estimation can be found
in current statistical or numerical textbooks (5-7).

Derivation of the model

As the aim of this paper is mainly to show the ease and superiority of non-linear
methods, we shall only discuss simple cases and show a few examples. Let us consider the
prototype donor-acceptor reaction, with the same notation as in Refs. 1 and 2:

D+X 2 DX (1)

We are interested in the equilibrium constant of tieigation, which can be written as

- T s

where brackets stand for equilibrium concentrations, and the sympoisdicate the
corresponding activity coefficients. Keeping in mind that activity coefficients are usually
calculated or determined independently of the spectrophotometric experiment, it is sufficient to
determine a "simplified version” d€, the equilibrium quotient:

: (2)

[Dx]

°olix o

This is the quantity we are interested to infer from spectrophotometric data, which
consist of absorbances measured at different wavelengths, of mixtures with varied
concentrations. The absorbance of an equilibrium mixture at a waveléngtn be written in
terms of Beer's Law:

A" = 1ded do] + 4 1] + b ox]) @

When applying the straightforward method to determine the equilibrium quotient, Eq. (4) is
directly used as a model function; we apply a non-linear parameter estimation algorithm to

estimatesy, €4, £d andQ, as parameters of th& function.

Let us show what are the independent variables irAthieinction, and howQ appears in
it as a (non-linear) parameter. The preparation of equilibrium mixturesepas in one of two
ways. We can either mix the two components of the complex D and X in known initial
concentrations, or mix the complex DX and one of its constituents (say, X). In the first case,
be ¢, and c, the initial concentrations mixed. At equilibrium, we get the complex

concentration [DX]. From the stoichiometry of reaction (1) it follows that

[D]=cp -[DX] (5a)



[X]=cx -[DX] (5b)

The resulting absorbance (divided by the optical path-lerigtban be written as:

N
7:561 ffcp —[DX] )+ &% dex —[DX]) + edx dDX] (6)
Rearranging terms, we get:

A
A= e o + e oy + edy - ¢b -4 )iDX] ™

Now, the unknown equilibrium concentration [DX] can be obtained solving the equation
analogous to Eq. (3):

_ [DX] g
™ Teo ~Iox])tlex ~oX]) ©

The solution provides
[DX]= 1+Q[QCD+CX)i\/1+2Q[qCD+CX)+Q2 fep —cx )? 9)

2Q

The second case, witthyx and cx initial concentrations mixed, gives only somewhat different
formulae as a result. The equilibrium concentrations in this case can be written as

[DX]= cpx -[D] (10a)

[X]=cy +[D] (10b)

The only formal difference with respect to the previous case comes from the sum in Eqg. (10b)
instead of the two differences of Eqg. (5a and 5b). This results in the equation

o=y a

to solve. The solution is

o=+ QLex £4/1+2QMey - 2cpy )+Q2 2

12
20 (12)
This should be substituted in the corresponding Beer's expression:
A
- " &f (D] +&5 tex +[D]) +£bx Heox ~[D]) (13)



Rearranging, and substituting expression (12) gives:

A/l

1+Q[&y *++/1+20Q(cy —2cHy )+0Q3%c2
:5Q@x+féxm3ox+(5§1< +56“£6‘x) Qe QZ)EQX ox )+ Q°cx (14)

Putting together Egs. (7) and (9), we get, for the other case:

1+Qffcp "‘Cx)i\/l"'ZQ(CD +cx )+ Q% e —cx )
2Q

From Egs. (14) and (15) it is easily seen that, in both caads; is the dependent

variable, as a function of eithex andcp, or cx andcpy (or ¢ andcpx, which leads to the same

result) as the independent variables.pasametersof the function appeafé, £f( : £éx andQ.

p)
A
—:5fl<cx +£/DlCD_£§1( "‘561 ‘5/Dlx

J (15)

However, whileA/ ¢ is a linear function ofs” -s, it is a non-linear function dD — hence the
necessity for a non-linear parameter estimation.

To determine the appropriate wavelength, we have to keep in mind that — as can be

seen from EQgs. (14) and (15) — the term contairihg multiplied by £§‘( +£é—£éx , SO that

the information content of the absorbance concerning the equilibrium quotient is the greater,
the bigger the difference between molar absorptivities of the constituents and the complex.

(This is evident; if f +eA =€l , there is no change in absorbance due to the complex

formation.) Parameter estimation is efficient if the number of measured data points largely
exceed the number of parameters to estimate. In the above case, there are four parameters to
determine, so a desirable number of data points is about 20 or more. If it is problematic to
prepare so many mixtures of different concentrations, we have to measure at several
wavelengths. At each wavelength, three molar absorbances appear as additional parameters,
but the equilibrium quotient should be the same. So if we have only 10 mixtures, measuring
their absorbances at four different wavelengths results in 13 parameters but 40 measured
experimental points. The number of degrees of freedom can be calculatezl gsRef. 5) as

(the number of measured points) — (the number of parameters) — 1. This gives 15 for 20
mixtures at a single wavelength and 26 for 10 mixtures at 4 wavelengths. The latter case
usually gives better precision in the parameter estimation, as the number of degrees of freedom
is higher.

However, there is another possibility to increase the precision of estimation. If we
suppose some absorption band profile (e.g. Gaussian or Lorentzian) for the three species
involved, then we have three parameters (the position of the absorption maximum, the
maximum absorption or the area of the band, and the width of the band) for each absorbing
species, plus the equilibrium quotient. These are ten parameters altogether, but the number of
parameters does not increase if we measure absorbances at several wavelengths. With the
above example, measuring 10 mixtures at four different wavelengths means 40 data points and
ten parameters, i. e., 29 degrees of freedom, compared to 26 when we ignored the absorption

4



band shape. Of course, there is no limit for increasing the number of test wavelengths. When
doing so, we not only determine the equilibrium quotient to a high precision, but also get the

complete absorption spectra of all the three species involved (if they do have nonzero
absorptivities in the observed wavelength region).

There is another advantage of using the above-described straightforward non-linear
method with the absorption band parameters and a large number of data points at many test
wavelengths. If we suspect additional equilibria with additional species instead of the simple
complex formation described by Eq. (1), we can easily rewrite our model including the
absorption parameters of additional species, with the appropriate solution of the corresponding
equilibrium concentration(s), and check for the improvement of the fit due to the more
complicated model. When there is a significant improvement, we can opt for the more complex
model and interpret its parameters to describe the equilibrium.

Statistical method

In this section, we would like to overview, in a few words, the way to get estimates of
the parameters and their errors in a non-linear estimation process. Without going into
mathematical details, we would rather like to explain how the machinery works.

Non-linear parameter estimation can be considered as a synonym for curve fitting to a
data set, if the data are not arranged along a line. The most widely used method to fit an
appropriate curve to such data is caltbé method of least square&ccording to this, if we
have data point#,si and a function to model the data which gives the fitted values at each
data pointA..c; , we get optimal fit of the curve — and hence optimal values of the parameters
involved in the model functions — if we minimize the sum

i 2
S= ZWi (Aobsj - Acalc,i ) (16)
i=1

called theweighted residual sum of squareBhe summation goes over all tme measured
points. The factow; is the so-called weighting factor. If we choose the way that it is
proportional to 1#(Aqs), the inverse of the variance at each measured point, we get the best
kind of estimates callechinimum variance unbiase#lost commercial software packages do

not have the option to enter individual weighting factors, so they use equal weights at each
data point ((e. w=1 at alli), which is equivalent to the approximation that the experimental
error is the same at each measurement. (This is, in fasgnaweightedestimation. For the

sake of simplicity, we shall also use this approximation in the examples treated below.) Now, if
the experimental error is really constant at each point, whenever we transform the measured
data in a nonlinear waye(g. make a nonlinear transformation of the original data to get a
linearized function), we should also transform the weight function, which then becomes
different at each data point. The transformation of errors can be done with the method usually
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calledthe propagation of errorswhich has been treated at length in this journal (8, 9, 10). The
weighting problem is easily avoided using a nonlinear parameter estimation method with the
original observed values. The reader is advised to refs. 5-7. to learn more about weighting and
the method of non-linear least squares.

Most estimation methods readily provide also an estimate of the error of the parameters.
However, this error indicates a measure of reliability of the parameters, which is dependent on
the number of experimental points that have been used in the estimation procedure. A better
measure of the reliability is theonfidence intervabf the parameters, which takes into account
both the calculated error and the number of data points. Ifsta@dard deviationof a
parameterp is s(p) — which is simply given by most software packages as “error” —, the
corresponding interval at 1 & level of confidence is

pxsp)t,(1-al2), (17)

wheret, (1 — a/2) is that value of the variablg of a Student’s-distribution, at which the
cumulative distribution function is exactly 1 &/2 . The subscripv is the number of degrees
of freedom (see previous section).

Application

To show the details of how this method works, we have chosen two examples. First we
re-analyze the data of Table 3 in the paper of Ramette, and compare our results with those
originally reported by the author. The second example is an undergraduate experiment in the
physical chemistry practical course at our university, the charge-transfer complex formation
between J and DMSO in a CG] solution. For this latter case, we will analyze an
undergraduate lab experiment with measurements at two selected wavelengths first, and also a
wide-range wavelength study of this equilibrium with the determination of the relevant
absorption bands, to show the validity of the equilibrium model.

As the first illustration of the non-linear parameter estimation method for
spectrophotometric data, we re-evaluate Ramette's calculation of equilibrium quotient for the
simple complex-forming reaction between®*Fdésubstance D), and SCN(substance X),
keeping the original assumption that a 1:1 complex ion is the only product in a perchloric acid

medium for this reaction at the wavelength measured (450 nm), and the only absorbing species

is FeSCN", (substance DX). This case is modelled by Eq. (15), whgrands] (the molar

absorption coefficients of Beéand SCN) are put to zero, géx andQ are the parameters to

estimate. Note that the model function is simply the measured absorbance as a function of
composition, there is no need to manipulate raw experimental data. The graph of the fitted
model function (15) is shown in Fig. 1, where the excellent quality of the fit is also obvious.
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Figure 1. Plot of the fit of Eq. (15) to the experimental data points (triangles) for the
Fe*- SCN complex formation measured at 450 nm. (The initial S€bhcentration
is 0.0003 M.) Note that the plot shows the raw data without any transformation.

We performed the same analysis adding first the observations at 440 nm, then also those
at 460 nm, taken from the original report of the experimental data by Frank and Oswalt (11).
The nonlinear method also provides reasonable estimates of the errors and confidence
intervals. As we can see from the results shown in Table 1, increasing the number of
experimental data points from 7 to 21 results in decreasing the half width of the confidence
interval of the equilibrium quotient from 15 to 6, comparedQae 131.0,i. e., from a relative
error of = 12 % to = 4.6 %. (When performing the non-linear fit at each single wavelength
separately, the respective half-widths were 13, 15 and 11. This means that the decrease is really
due to the increase of the degrees of freedom with increasing number of data points.)

Table 1. Precision of the estimated parameters as a function of the number of experimental
data points. Experimental data are taken from Ref. (11). Absorbances of the same
seven mixtures are measured at each wavelength.

N° of data N° of degrees | 95 % confidence
points of freedom interval of Q
! 4 116-146
(450 nm) )
14
(440+450 nm) 10 122-139
21
(440+450+460 nm) 16 125-137

The estimatedcorrelation of the equilibrium quotient to the estimated molar
absorptivities of the complex is —0.95 at all the three wavelengths, which explains the relatively
high uncertainty of the estimated value @f The comparison with Ramette’s original results
can also be explained on the basis of this correlation. In table 3 of ref. 1, Ramett&DiXes
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3552.5 (to compare t&py = 3609.9 obtained in the present study), and an “ave€igef

134.6, (to compare to 131.0). This is in accordance with the high negative correlation of the
two parameters; the lowdeDX parameter gives rise to a highérvalue. Ramette does not
calculate the error dEDX, and does not take it into account in the calculation of the error of
Q, so his “average deviation” calculated fQr 1.6 % or 2.15 largely underestimates the actual
standard deviation (6.2) obtained in this study. This latter gives rise to the 95 % confidence
interval 116-146, given in the first raw of Table 1. Nevertheless, the rep@ted134.6 is
within these confidence limits.

The second example comprises a thorough analysis of experimental data concerning the
formation of a 1:1 charge transfer complex of iodine and DMSO in,C@®e prepared nine
mixtures containing 0.001 M iodine each, and varying amounts of DMSO in the concentration
range 0.01 M - 0.09 M. First we analyzed absorbance data of the nine mixtures at two
wavelengths (446 nm and 518 nm; at about the maxima of the complex and the iodine
absorption bands), measured with a Perkin-Elx&b spectrophotometer. This case is also
modelled by Eq. (15), withe}, (the molar absorption coefficient of DMSO) put to zero, so that

there are altogether 5 parameters to estimate, inclug@ing

Table 2. Estimated parameters of the charge-transfer formation equilibeithtiDIMSO. Nine
mixtures were measured at two wavelengths, to give 18 experimental points.

parameter mean value ;tea\/r:gt?(;?]
o) 9.7 1.1
& Imiem™ 133.1 12
EommoedMem™ | 1484 72
&,° Imem™ 950 9
Ecamplex M e 142 45

Results of this analysis in Table 2 show that the precision of the parameters is quite
satisfying. Molar absorptivities of the iodine obtained this way agree very well with those
determined from pure,ldissolved in CCl (Performing the non-linear fit at the two
wavelengths separately, the 95 % confidence interval® obtained are are 6.3-12.2 at 446
nm and 8.2-19.7 at 518 nm, compared to 7.3-12.2 obtained with the simultaneous fit to both
datasets. This illustrates that estimated equilibrium quotients from single datasets might be
close to one or the other end of the confidence interval of the simultaneous fit.)
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Figure 2. Plot of the fit of Eq. (15) to the experimental data points (triangles) for the
I, - DMSO charge-transfer complex formation. 446 nm is the maximum of the
complex absorption band, 518 nm is that of thednd. The initial § concentration
is 0.001 M throughout.

We also analyzed a large set of data measured for the nine mixtures at 106 wavelengths
from 400 nm to 530 nm, supposing Gaussian band shapes for both absorbing species. To get
the corresponding 954 data points does not take that much time; making a digital data
collection at equidistant wavelengths is a routine procedure with modern spectrophotometers.
The Gaussian band shape can be written in the following, general form:

K K Y
2(” J
cal)= oy e - 18)

where A is the wavelengthA,,,, is the wavelength at the maximum of the band, and the

constantK = 1239.84 eV:-nm is to convert wavelength to energy in eV units. (The band shape
should be calculated as a function of energy, instead of wavelength.) Accordingig width

of the band at its half height is also in eV unis.is the area of the band in corresponding
units. This function is added to the model equation (15) to replace the approgyiatEues.

Parameters thus obtained are listed in Table 3, indicating a remarkable precision of the
equilibrium constant and the spectral parameters as well. Figure 3a shows the fit of Eq. (15)
combined with the Gaussian band to the measured absorbances.



Table 3. Estimated parameters of the charge-transfer formation equilibeititiDIMSO. Nine
mixtures were measured at 106 wavelengths, to give 954 experimental points.
Absorption spectra of the; land the charge transfer species were calculated as
Gaussian bands. Band parameters are from Eq. (18).

standard

parameter mean value deviation
Q 12.9 0.14
A (12) [ nm 516.6 0.13
A(l2) 438.4 1.23
w(l,) [ ev 0.367 0.001
Amax(complex)/ nm 447.2 0.10

A(complex) 693.1 2.1

W(complex)/ eV 0.409 0.001

It is readily seen that the 1:1 complex equilibrium together with the two Gaussian band
shapes describes the studied experimental data fairly well, but there seem to be some
systematic errorsi. e., the fitted curves seem to deviate systematically from the experimental
data especially in the range of 400 to 450 nm. The calculated contribution of the two species
and the their sum is shown in Figure 4a for one of the best-fit series. Here, the deviation is also
evident as a slightly s-shaped systematic difference in the same wavelength range.

One possible explanation for this systematic difference is that the complex band cannot
be fitted with a Gaussian, so we also tried another model, fitting the linear combination of a
Gaussian and a Lorentzian function to the complex band, but leaving blaad as a Gaussian,
since there wasn’t any s-shaped deviation in that part of the spectrum. The Lorentzian function
can be written in a similar form, using the same variables and parameters as with the Gaussian
function:

e (1)=22 w (19)

IT 2
4 K__K. +w?
A Anax

In this second model function, we addedpercent of the Lorentzian and 1x-percent
of the Gaussian to get the absorbance of the complex band, so that the absorptivity is

£m =X EL(A) +(1-x) Es(A) (20)
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Results thus obtained are shown in Table 4., and the fit of the composite band function
can be seen in Figure 3b.

Table 4. Estimated parameters of the charge-transfer formation equilibsisnDMSO for the
same data as in Table 3. Here, the absorption spectrum of the complex was
calculated as a linear combination of a Lorentzian and a Gaussian band. Band
parameters are from Egs. (18), (19), and (20).

standard
parameter mean value deviation
Q 11.8 0.10
A (12) [ nm 516.0 0.11
w(l,) [ ev 0.364 0.0009
A(l2) 434.3 1.01
Amax (Gauss, complexlf nm 449.3 0.38
w(Gauss, comple><l$ eV 0.371 0.004
Amax (LOrentz, complex)( nm 408.0 1.3
w(Lorentz, complex)( eV 0.376 0.044
A(complex) 745.8 11.8
x_ (Lorentz percentage) 15.6 3.3

Here, there is no evidence of systematic error, so this excellent fit can be accepted as an
adequate model for the description of the charge transfer complex formation equilibrium.
Comparing the 95 % confidence interval obtained with this obviously reliable overall fit (11.6-
12.1) to that obtained from the two datasets of Fig. 2 (7.3-12.2), we can see that there is an
important improvement of the precision, and the reliable overall fit supports the higher
values from the global fit. We would like to emphasize at this point that the fit including band
shapes is essentially non-linear, so it would not have been possible to get such a global fit using
linearized methods.
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Figure 3. a) Plot of the fit of Eq. (15), with molar absorbtivities calculated from Gaussian band
parameters according to Eq. (18), to the measured absorbances of a series of nine
mixtures of 0.01 to 0.09 M DMSO and 0.001 Mih CCl, solution. Open circles

are measured experimental points; solid curves show the fitted function. Note the s-
shaped systematic deviation of the fitted curves in the lower wavelength range. b)
Same plot with fitted curves using linear combination of Gaussian and Lorentzian
bands according to Eq. (20). There are no s-shaped systematic deviations in this
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Figure 4. Plots of the fit for the single mixture of 0.04 M DMSO from Figure 3, with the
contribution of the two absorbing species. The presence in a) and the absence in b)

of the s-shaped systematic deviation is clearly seen.

As a hint for actual laboratory application of the method, we would propose to evaluate
the results of any 1:1 complex equilibrium lab experiment, using raw spectrophotometry data,
with Eq. (14) or (15), optionally adding — in case of data measured in a wide wavelength range
— the calculation of molar absorptivities according to Egs. (18), (19) or (20).

12



Worked examples

As we have pointed out earlier, the aim of this paper is also to show the ease of use of
non-linear parameter estimation models with modern software applications. We have selected
Origin 5.0 from Microcal Software to prepare worked examples with. This selection is due to
the excellent graphical options and the versatile non-linear fitting capabilities of this product,
together with the free availability of a demo version, which includes full features of the product
and complete manuals as well. Studying the Origin project files, the reader can have an
interactive fitting session, which we hope could develop some skill in non-linear fitting.

Available project files include the material of Figure 1 (simple fit), Figure 2 (multiple fit)
and Figure 3 and 4 (complicated band model fits and the calculation of the contributing bands).
To see the examples, you need to download Microcal Origin Version 5.0 Demo from the
http://www.microcal.com web site (unless you already have Version 5.0). (The present version
is 6.0, available at the http://www.OriginLab.com web site. All the examples work also with
this version.) Once you will have installed the software, you need to create a subdirectory in
the parent directory containing the file Origin50.exe (or Origin60.exe, respectively), called
“NonLinQ”. Then you need to download the contents of this NonLinQ subdirectory from the
Journal site. The ReadMe.txt file contains the listing of all the files you need to have in this
subdirectory. Having done all this, you have to open the Example. OPJ project file from
Origin, andactivate at least the button “Step 1This will automatically customize Origin so
that all example projects are ready to run. The first example (Example.OPJ) contains both a
layout window and a notes window, where you can find explanations to study the project. All
further examples contain only notes windows with explanations.

Here is a short description of what can be studied with the project files included.

Example.OPXustomizes Origin to run this and the other examples (Stepl button), and
describes in details how to perform a non-linear curve fit, with data from Figure 1. The
procedure can be done either using the appropriate commands in Origin, or simply pushing
four buttons one after another and watching what happens.

2wWIFit.OPJ illustrates how to perform a multiple fit (fit a function simultaneously to
multiple set of data) with data from Figure 2.

GbFit.OPJand GLbFit.OPJshow the fit of complicated functions containing the shape
of two absorption bands to a large dataset with data from Figure 3.

Gbands.OPJand GLbands.OPJhow the calculation of the bands of two absorbing
species contributing to the measured spectrum. Results of these calculations are shown in
Figure 4.
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Conclusion

We would like to recall some properties of the non-linear method. It is simple and
straightforward in the sense that there is no need to manipulate measured absorbances (except
a practical normalization to 1 cm path length), we can measure at concentrations and
wavelengths where we get maximum information for the equilibrium constant — regardless of
the applicability of linear approximations —, and we can use the same model function in the
entire concentration range.

A further great advantage is that we can include analytical — or even numerical —
expressions for the individual components’ absorption band shapes and get a global description
of the equilibrium in a wide wavelength range and at arbitrarily large number of different
wavelengths. This latter helps not only to increase the precision of the equilibrium constant,
but provides the components spectra as well. In addition to improve the quality of
interpretation of analytical and optical inference, these features have obvious pedagogical
advantages. There are plenty of possibilities — especially in practical courses — to implement the
non-linear evaluation method, thus offering a unique interpretation and explanation of the
concept of chemical equilibria and spectral contributions.

ACKNOWLEDGEMENT

The authors acknowledge assistance in the preparation of the example projects of Peter
Holpar and Andras Somogyi, as well as the kind technical advice of the Microcal staff. E.
Keszei is a beneficent of the grant OTKA T019396 from the Hungarian Research Fund.

LITERATURE CITED

(1) Ramette, R.W. A., J. Chem. Edud4, 647 (1967)
(2) Collins, M. J., J. Chem. Edu3, 457 (1986)
(3) Wentworth, W.; E.; Hirsch, W.; and Chen, E., J. Phys. Ch&n218 (1967)
(4) Harris, D. C.:Quantitative Chemical Analysi®™ edition, W.H. Freeman, New York
(1987)
(5) valko, P.; Vajda, S.Advanced Scientific Computing in BASIC with Applications in
Chemistry, Biology and Pharmacolqdyisevier, Amsterdam (1987)
(6) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W.Numerical Recipes,
The Art of Scientific Computin@ambridge University Press (1986)
(7) Bevington, P. R.:Data Reduction and Error Analysis for the Physical Sciences
McGraw-Hill, New York (1969)
(8) Guedens, W. J.; Yperman, J.; Van Poucke, L. C.; Pauwels, E. J., J. Chem. Hjuc.,
776-779 (1993)
(9) Guedens, W. J.; Yperman, J.; Van Poucke, L. C.; Pauwels, E. J., J. Chem. Hjuc.,
838-841 (1993)
(10) Andraos, J., J. Chem. Edug3, 150-154 (1996)
(11) Frank, H.S.; Oswalt, R.L., J. Am. Chem. S66, 1321 (1947)

14



