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Summary - A new program suite, pHab, has been written for the determination of
equilibrium constants from spectrophotometric data obtained from solutions at known

pH. The suite consists of a custom data-editor, a refinement program and an output
viewer.

Riassunto - Un nuovo insieme di programmi, pHab, & stato scritto per la
determinazione di costanti di equilibrio da dati spettrofotometrici ottenuti da soluzioni
a pH noto. 11 pacchetto consiste di un editore di dati dell'utente, del programma di
affinamento delle costanti di equilibrio e di un visualizzatore dei risultati.

INTRODUCTION

We have recently given a summary of the most important programs used for the determination of
equilibrium constants.! Most of these program handle data from one type of experiment, the majority
dealing with potentiometric data. HYPERQUAD,' DALSFEC,” NONLIN15,> and PSEQUAD* are
general programs designed to handle both potentiometric and spectrophotometric data
simultaneously. Of general programs designed to handle solely spectrophotometric data,
LETAGROP-SPEFO’ was the first and most subsequent programs share a similar approach to the
mathematical problems. SQUAD® seems to be the most widely used program, but it uses numerical
approximations to the elements of the Jacobian (as do all the programs in the LETAGROP family)
which mitigates against robustness. Other notable programs include SPECA’ and STAR.®
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SPECFIT,’ has some mathematical features which distinguish it from all other programs. The most
important of these are the use of principal component analysis to compress the experimental data and
a refinement algorithm which “eliminates” the so-called linear parameters from the equilibrium
constant refinement. Both of the features depend on the fact that calculated absorbance is a linear
function of the concentrations of the species present, as exemplified by the Beer-Lambert law.

Acalc ZCSI €3 (1]
. _1_

Eqgn. 1 is to be read as follows. The calculated absorbance of solution s at wavelength A is the sumof
na terms, each term being the product of c., the concentration of the ith species in the solution s and
€, the molar absorbance of the ith species at the wavelength A. The sum is scaled by /, the optical -
path-length used for the solution s. In the absence of noise in the experimental data the matrix A°** of
measured absorbances should have rank ra, the number of species which absorb light. By performing
a singular value decomposition A=USV a compressed data matrix can be constructed by using the
first na+2 rows of V as a projection operator: A«AV". This compression has the merit of reducing
the number of columns in the absorbance matrix from the number of wavelengths to a few more than

the number of light-absorbing species and allows data from all wavelengths to be included in the
calculation.

. dA
The second feature is that the Jacobian, ==, is calculated by a procedure in which the molar

ap

absorbances, €, become implicit quantities in the analytical expressmns ® The method of calculatlon
of the Jacobian has recently been revised for speed of execution.'”

By contrast, the traditional approach’ has been to alternate explicit calculation of the molaf
absorbances by a linear least-squares process with a cycle of non-linear refinement of the equilibrium
constants. This was the procedure adopted for Hyperquad.! However Hyperquad requires that the
analytical concentrations of all reagents be known. This is because the free concentrations are found
by solving the complete set of mass-balance equations, eqn. 2:

Ty =[A 1+ X pyBi[11A4;17% 121
i=l,nk S

The index k runs over all the reagents, [A] represents a free concentration, pj; is the stoichiometric
coefficient of the jth reagent in the ith complex species and f; is the equilibrium constant for the ith
species. The total concentration of the kth reagent, T, is given by eqn. 8,

n, +va
T, =% ——k (3]
Vo +V

which shows the total concentration of a reagent during a titration in which 5, moles of reagent k are
present initially in the titration vessel in a volume vo, a; is the concentration of the reagent in the
burette, and v is the volume added at a titration point.

If pH is known rather than the analytical concentration of the hydrogen ion then [Ax] rather than Ty
is known. This requires that the method of calculation of the free concentrations be modified. pHab
was therefore derived from Hyperquad by adapting for this eventuality, by removing those parts
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relevant to potentiometric data only and by creating a new ‘type of data file for the
spectrophotometric data, whilst retaining the standard form for the model file. -

METHOD AND IMPLEMENTATION

The free concentrations [A¢] are obtained by solving the reduced set of equations of mass balance
(no equation for the proton) and using [H'J=10 for the free hydrogen ion concentration. Inside the
program the proton is placed last in the list of reagents, but users may place it anywhere in the List.
The Jacobian for the system is obtained by partial differentiation of eqn, 1 and consists of blocks with
the following structure: '
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Here, the first nixna columns constitute a partition, J
absorbances, of which there is one at each wavelen
columns constitute the partition Js

eqn. 4:

After thesc adjustments have been applied the concentrations are recalculated and the molar
- absorbances are obtained by fitting eqn. 1 by the method of linear least-

eqn. S:

A€

(JTJ) AB =JT(Aobs _Acalc)

Aa

Do Je =0T (ashs - acoe)

e?

3

which relates to the unknown molar
gth for each light-absorbing species, the next nk
and the last nd columns constitute the partition, Jo» which relates
to the so-called dangerous parameters (total amount, burette concentration). There is
this for each solution used. Expressions for the
The full Jacobian, J=(J M,

a block such as
partial derivatives have been given previously."
1J,) is used to calculate the adjustmﬁ/'nts to aand B, by partially solving

squares, i.c. by solving
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In order to make the program pHab easier to use we have written a custom data editor, pHabEDIT,
which is similar in operation to HEDIT' and an output interpreter, pHabOUT which is similar to
HANDOUT.' These programs were written with the aid of the program library that was developed
for Hyperquad and offer many of the same facilities. The spectrophotometric data for pHab is held in
a file with the extension PAV (Program Absorbance Values), which differs from the .PAD files
required by Hyperquad principally in that it holds the observed pH values and does not hold any
information regarding total hydrogen ion concentration. The equilibrium model is held in a standard
Hyperquad.PAR file. Ancillary files that are included in the pHab package include a set of sample
data files, template files for new data and a manual written in WinWord."

DISCUSSION

It appears that pHab and SPECFIT give identical results when applied to the same data (protonation
of chromate).'? This is reassuring for the two programs differ mainly in their methods of successive
approximation. An important difference is that SPECFIT uses factor analysis to enable data
- compression. The advantage of this procedure is that data from all wavelengths is utilised. The
disadvantage is that the compression process must introduce some distortion into the data. This
arises because singular value decomposition is itself a least-squares process,”’ in which noise cannot
be removed from the data without some concomitant removal of signal.'* This result therefore
confirms the fact that the compression process used in SPECFIT introduces negligible signal
distortion.
When using pHab it is advisable to select the wavelengths for the calculation of the equilibrium
constants in order to avoid generating a very large Jacobian. The traditional argument for
wavelength selection is that choosing the wavelength corresponding to an absorbance maximum in a
species’ spectrum gives the most information concerning the concentration of that species. Other
wavelengths give less information and each implies the existence of another set of unknown molar
absorbances. Therefore the purpose of doing multi-wavelength calculations is to ameliorate a little
the effects of experimental noise, but its value is not as great as might be expected since the ratio of
the number of observations to the number of unknown quantities does not increase by a large
amount. Furthermore, the truth is that molar absorbance and equilibrium constant are multiplied
together in Beer’s law (eqn. 1) so that there is a correlation between these quantities that is masked
by the method of calculation. Indeed these methods of calculation were developed precisely because
the direct method which treats both € and B as parameters at the same level often fails because of
that correlation. For this reason also an error in equilibrium constant may lead, through correlation of
errors, to a calculated molar absorbance having a negative value. In pHab we do not apply non-
negativity constraints, being of the opinion that a negative molar absorbance indicates something
wrong with the model/data that should not be ignored. However, whilst the calculation may use
selected wavelengths one should, as part of the analysis of results, calculate the spectra at all
wavelengths. It is also important that the final estimates of errors on the equilibrium constants be
calculated using the full Jacobian.
We believe that the last major problem with determining equilibrium constants from spectrometric
titration data concerns baseline errors. It seems to be essential that the cuvette is moved as little as
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possible during a titration as minute cuvette movements can introduce baseline errors above the level
of the noise in modern instruments. Baseline drift remains a serious problem. Otherwise programs -
like pHab offer significant possibilities for the study of equilibria in solution, especially when
combined advanced techniques of factor analysis." ¢
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