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Spectrophotometry provides useful information concerning equilibrium concentrations of reaction mixtures, and it has been used to infer equilibrium constants since many decades. As the classical methodology was developed on the basis of linearized model functions describing equilibrium, the linearized models keep surviving in textbooks, despite the availability of relatively easy-to-use recent software packages which allow the direct treatment of the essentially nonlinear physical models.


In this paper and the related online publication we try to demonstrate that the nonlinear evaluation of spectrophotometric equilibrium measurements has become simple enough to use even in undergraduate physical chemistry courses. It is not substantially more difficult to learn to use a software package capable of doing nonlinear parameter estimation than learning to use an appropriate simplification to linearize the underlying physico-chemical model.


The model function


Let us consider here the prototype donor-acceptor reaction that has been treated in this journal before, using the same notation as in the previous papers (1, 2):


	D + X �EMBED Equation.2��� DX	(1)


The equilibrium constant of this reaction can be written as


	�EMBED Equation.2��� ,	(2)


where brackets stand for equilibrium concentrations, and the symbols � indicate the corresponding activity coefficients. As activity coefficients are usually determined independently of the spectrophotometric experiment, it is sufficient to determine a „simplified version” of K, the equilibrium quotient:


	�EMBED Equation.2���	(3)


This is the quantity we would like to infer from equilibrium spectrophotometric measurements. The measured absorbance for the above mixture at a wavelength ( can be written in terms of the optical path length ( and the molar absorptivities ( ( according to Beer's Law:


	�EMBED Equation.2���	(4)


Solving Eq. (3) for the case of mixing the reagent with initial concentration cD and cX and substituting the result in Eq. (4) we get


�EMBED Equation.2���	(5)


In case of mixing the product DX with one of the reagents (say, X), the corresponding expression becomes: 


	�EMBED Equation.2���	(6)


In Eqs. (5) and (6) Al/�EMBED Equation.2��� is the dependent variable, as a function of the independent variables cX and cD, or cX and cDX. While Al/�EMBED Equation.2��� is a linear function of ( ( parameters, it is a non-linear function of the parameter Q, hence the necessity for a non-linear parameter estimation.


If we use non-linear model functions (5) or (6) to estimate Q and the ( (-s, we can also put the evaluation of the ( (-s from a band profile function (e.g. Gaussian or Lorentzian) into the model. The band profiles are also nonlinear functions of the band parameters (like the absorption maximum, or the spectral bandwidth), what is easily treated by a nonlinear estimation algorithm – unlike the linearized methods. This possibility not only helps to extend the measurement to practically any reasonable wavelength – increasing the precision of the estimated parameter Q – but enables the determination of the complete spectrum of that component of an equilibrium mixture which cannot be prepared in a one-component solution.


The statistical details of non-linear parameter estimation can be found in standard textbooks (3-5). However, to use recent commercially available software, it is not necessary to know the numerical details of the estimation algorithm. To take the example of the largely used method of least squares, it is enough to know that it minimizes the sum


	�EMBED Equation.2���	(7)


called the weighted residual sum of squares. All the user has to do is to write an appropriate model function, and give reasonable initial guess of the parameters to be estimated. The application program calculates the estimated mean values, their error, and some additional statistical parameters (usually described in the help or tutorial of the application).


Application


In the online version we discuss two detailed examples of nonlinear least squares equilibrium quotient estimation. Here we show the simultaneous fit of Eq. (5) to 18 data points measured at two different wavelengths, for the complex forming reaction between I2 and DMSO in CCl4 solution. As it can be seen in Fig. 1, the fit is excellent, which supports a reliable estimated value of Q = 9.7.


We also show part of the results of a more detailed measurement, in which nine different mixtures of I2 and DMSO were measured at 106 wavelengths. Model (5) was used together with a Gaussian band shape for I2 and a combined Gaussian-Lorentzian for the charge transfer complex. (DMSO does not absorb in this range.) In figure 2, we can see a very good fit in the entire concentration and wavelength region. The value of Q = 11.8 is obtained for these data, with much better precision due to the large number of measured points, and with greater reliability due to the greater concentration and wavelength range covered.
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