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Evolving Factor Analysis of
Spectrophotometric Titrations:
Forget About the Law of

Mass Action?**

Harald Gampp, Marcel Maeder*, Charles J. Meyer, and Andreas D. Zuberbiihler*

Abstract: Evolving Factor Analysis (EFA) is a new and powerful mathematical algo-
rithm for the model-free analysis of any ordered set of multiwavelength data. Applied to
spectrophotometric titrations, even strongly overlapping concentration profiles and the
spectra of all absorbing species are correctly calculated without making use of the law of
mass action and without even defining the stoichiometric composition of the species in
question. The basic idea behind EFA is repetitive application of factor analysis to all
subsets of 1, 2, ...N measurements and iterative refinement of the eigenvalues thus
obtained into concentration profiles with concomitant least-squares estimation of the
species spectra. EFA has been tested successfully with a dozen chemical systems as well as
with model data for strongly overlapping concentration profiles.

Resolving the measured absorbances v
into molar absorptivities 4 and concentra-
tion profiles ¢ is the obvious goal in the
numerical treatment of spectrophotomet-
ric titrations and can be expressed as a
simple matrix equation: ¥ =C X 4. We
wish to introduce Evolving Factor Analy-
sis (EFA) to accomplish this task in a com-
pletely model-free way without even im-
plicit use of the law of mass action. Results
of this analysis are practically identical
with those of a rigorous least-squares
treatment (cf. Fig. 1). EFA will find appli-
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cation in many diverse fields of chemistry
where a data matrix can be arranged in
some well defined order.

Factor Analysis (FA) has been a long-
known tool in data reduction with increas-
ing importance for various chemical appli-
cations!". Recently, several authors have
tried a model-free estimation of spectra
and/or concentrations of the individual
species by appropriate transformation of
the corresponding matrices of eigenvectors
based on the non-negativity of the calcu-
lated spectra® and sometimes further re-
strictions such as their minimum enve-
lope" or maximum disparity . All of these
methods seem to be restricted to rather
simple systems and none has claimed to
have actually solved the problem.

Evolving Factor Analysis (EFA) is a
new mathematical approach. While still
based on FA, it does not rely on eigen-
vectors or on any poorly justified restric-
tions, but makes full use of all sound infor-
mation which is available. Completely
model-free, EFA does not even need as-
sumptions with respect to the stoichiomet-
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of the EFA curves without bothering

about least-squares calculations using the

law of mass action.

While the total scope of EFA may not be
finally judged today, the following conclu-
sions are appropriate:

— Noniterative EFA is a new and most
powerful method to obtain the number
of species formed in the course of spec-
troscopic titrations and to estimate their
range of existence as well as their equili-
brium constants.

— Using iterative EFA it is possible even in
cases with strong overlap of concentra-
tion profiles and spectra to perform a
complete analysis without ever using the
law of mass action and without defining
the stoichiometric composition. It seems
that earlier attempts of such abstract
analyses have essentially failed because
two simple points have been over-
looked: the information based on know-
ing the analytical (total) concentrations
and the ordered nature of the data ma-
trix.

~ Obviously, the law of mass action can-
not really become obsolete even for the
analysis of spectrophotometric titra-

tions. On the other hand, EFA will in
many cases give results of equal quality
without any assumptions with respect to
the chemical model, and comparison
between these two completely indepen-
dent approaches offers a unprecedented
possibility for selecting the correct
model.

— Looking at the mathematical algorithm

of EFA we conclude that this method
should neither be restricted to spectro-
photometry nor to titrations. An identi-
cal or closely similar approach should be
most promising for the analysis of any
kind of spectroscopic titrations, for peak
resolution in chromatography, for GC-
MS analysis, and perhaps even for mul-
tiwavelength kinetics.

Received: September 23, 1985 [FC 35]

[1] E.R. Malinowski, D.G. Howery: Factor Analysis
in Chemistry, Wiley-Interscience, New York
(1980); M.F. Delaney, Anal. Chem. 56 (1984)
261R.

[2] W.H. Lawton, E.A. Sylvestre, Technometrics 13
(1971) 617; M.A. Sharaf, B.R. Kowalski, A4nal.
Chem. 54 (1982) 1291.

CHIMIA 39 (1985) Nr. 10 (Oktober)

[3] B. Vandeginste, R. Essers, T. Bosman, J. Redij-

nen, G. Kateman, Anal. Chem. 57 (1985) 971.

[4] A. Meister, Anal. Chim. Acta 161 (1984) 149.
[5] E.R. Malinowski, Anal. Chem. 49 (1977) 606, 612.
[6] H. Gampp, M. Maeder, C.J. Meyer, A.D. Zuber-

biihler, Talanta, in press.

[7] a) T.A. Kaden, A.D. Zuberbiihler, Helv. Chim.

[8

[

[10]

(1

Acta 57 (1974) 286; b) A.D. Zuberbiihler, T.A.
Kaden, Talanta 26 (1979) 1111; ¢) H. Gampp,
Inorg. Chem. 23 (1984) 1553.

Details of the experimental set-up have been de-
scribed previously: G. Hinisch, T.A. Kaden,
A.D. Zuberbiihler, Talanta 26 (1979) 563. 2.30
mL of 4.50 mM CuSO4 and 5.00 mm 1-2HCI
(I = 0.5 M, KClI) were titrated with 0.20 M NaOH.
28 spectra were recorded at 21 wavelengths be-
tween 750 and 450 nm. Using the law of mass
action, the following stability constants, which
closely correspond to the literature values,
were obtained: lg K} = 8.40, ng[{H2=6.55,
lg KM = 12.11, IgKffy = 7.09, lg KHy 4, = 8.36.
All calculations were done on a HP 9000/216 com-
puter with a modified version of SPECFIT: a) H.
Gampp, M. Maeder, C.J. Meyer, A.D. Zuber-
bihler, Talanta 32 (1985) 95; b) ibid. 32 (1985) 257.
All data are available upon request from the au-
thors.

Some of the data used for testing EFA have been
analyzed previously using the law of mass ac-
tion’¢®); see also H. Gampp, D. Haspra, M.
Maeder, A.D. Zuberbihler, /norg. Chem. 23
(1984) 3724.

A set of data constructed with IgK¥M, = 11.00,
lg K} = 5.00, and Ig K}, = 5.30 (other values
as for ligand 1) is discussed in the following.





