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Abstract

A new suite of 10 programs concerned with equilibrium constants and solution equilibria is described. The suite
includes data preparation programs, pretreatment programs, equilibrium constant refinement and post-run analysis.
Data preparation is facilitated by a customized data editor. The pretreatment programs include manual trial and error
data fitting, speciation diagrams, end-point determination, absorbance error determination, spectral baseline correc-
tions, factor analysis and determination of molar absorbance spectra. Equilibrium constants can be determined from
potentiometric data and/or spectrophotometric data. A new data structure is also described in which information on
the model and on experimental measurements are kept in separate files.
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1. Introduction

The determination of equilibrium constants is
an important process for many branches of
chemistry [1]. Developments in the field of com-
putation of equilibrium constants from experi-
mental data were reviewed a few years ago
[2,3]. Since that time, many more programs have
been published, mainly so as to be able to
use microcomputers for the computations. In
this paper, we concentrate on the elaboration
of potentiometric and spectrophotometric data;
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the most commonly used programs for solution
equilibrium constant determination are given in
Table 1.

All of these programs use a least-squares ap-
proach, the principles of which have been ex-
pounded in detail [4]. Many programs follow
what we may call a standard approach. In this,
the sum of squares is minimized by means of the
Gauss—-Newton—-Marquardt algorithm. The deri-
vatives required by this algorithm were originally
obtained numerically, but following Nagypal et
al. [5] some programs used derivatives calculated
analytically. The free concentrations are calcu-
lated by solving the non-linear simultaneous equa-
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tions of mass balance using the Newton—Raphson
method. Potentiometric data points are weighted
by formula that allows for greater pH errors in
the region of an end-point than elsewhere. For
absorbance data points a relative weighting
scheme is used.

Some noteworthy exceptions are as follows.
Minimization using pit-mapping (LETAGROP
[6,7] and ABLET [8] families), Davidon-—
Fletcher—Powell method (STEW [9]), direct
search (EY608 [10]), the method of steepest de-
scent (CFTSP [11]) orthogonal decomposition
(CLINP [12], ELORMA [13], SIRKO [14]). MI-
NUITS [15] used regression equations of the Padé
type. In DHMINOPT [16] there are three mini-
mization routines and if one using derivatives fails
the Nelder—Mead simplex method is called auto-
matically. Solution of the mass-balance equation
using a bisection algorithm (CFTSP [11]) or “an-
other procedure which iterates by systematically
modified increments” (MAXIPOT-F [17]) or a
projection method due to Bugaevsky (SIRKO
[14]). There have been attempts to make correc-
tions for activity variation (SCOGS2a [18],
SPECA [19]) and to use extended Debye-Hiickel
theory (DCLET [8] and BSTAC [20], an aug-
mented version of SUPERQUAD ([21]). Refine-
ment of stoichiometric indices is included as an
option in POLET [22] and SQUADS4 [23].
ECORM [24] was a computer implementation of
the old (pre-computer) graphical methods, as are
KATCOM [25] and Sidrak and Aboul-Seoud’s
program [26].

PKAS [27] is notably original in many respects.
As it treats only protonation/deprotonation reac-
tions (cf TITRA [28], TITAN [29]), it is possible
to apply procedures that cannot be applied in the
more general case. Thus, there are only two mass-
balance equations in the two unknowns [L] and
[H], say. [L] is eliminated to leave a polynomial in
[H] which is solved by Newton-Raphson itera-
tion. The minimization involves some kind of
direct search method which, unfortunately, was
not specified in detail. The program is highly
interactive and requires much input of chemical
knowledge. Having said that, the authors claim
that the program never crashes. BEST [30] also
employs a direct search method described as fol-

lows: ““perturb a small fraction of the basis set [of
refinable parameters] by an increment, see the
effect on the sum of squares [of residuals in pH]
and repeat in an appropriate direction to affect
further improvement”. This sounds like some-
thing akin to a simplex minimization.

Perhaps the most interesting developments have
been the two attempts to write programs that can
handle any equilibrium data. SIRKO [14] has a
universal response function and a system whereby
analytical derivatives are generated for the Jaco-
bian. MICMAC [31] requires the programming of
a module (MOSP) specific to a particular type of
experimental data, but because of this numerical
derivatives must be employed in the Jacobian.

Our own work has had two fundamental moti-
vations: to provide a robust program for the com-
putation of equilibrium constants and to tackle
the problem of model selection. Although MINI-
QUAD [32,33] was robust, and is still being used,
Motekaitis and Martell [30] have articulated the
criticism, of which we were only too well aware,
that the function minimized did not involve exper-
imentally observed quantities directly. This was
put right in SUPERQUAD [21], which therefore
had the significant advantage of providing a
statistically sounder basis for model selection.

The problem of model selection arises with
systems in which it is impossible, a priori, to state
what chemical species will be present in apprecia-
ble concentrations in the reaction mixtures. In
those cases there is a need for some criteria both
to determine whether or not the computed equi-
librium model is satisfactory in a chemical sense
and to see if the calculated data points agree with
those observed, within experimental error. We
have discussed these criteria previously [21]. What
emerges from the analysis is that the expectation
value for the sample variance will be unity if, and
only if, a weight matrix is used that is the inverse
of the variance-covariance matrix of the experi-
mental data [4].

Now, in order to help with the model selection
process, it seems a good idea to make use of more
than one kind of measurement simultaneously on
the same set of reaction solutions. We therefore
have developed HYPERQUAD, which can deter-
mine equilibrium constants from both potentio-
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Table 1

Computer programs used for calculating equilibrium constants from potentiometric (V) and spectrophotometric (A) data

Program Ref. Data type® Program Ref. Data type*
ABLET [8] A MINIQUAD75 [33] \'
ACBA [55] \% MINISPEF [67] A
ACREF3AM [56] \% MINUITS [15] \%
AP [57] A% MUCOMP [68] A%
Asuero et al. [58] A MUPROT [69] v
BEST [30] v Nievergelt [70] A
BSTAC [20] \% NONLINI5 [71] V, A
CFTSP [ A Papanastasiou and Zogas [72] A%
CLINP [12] A PHODEC [73] A
DALSFEK [59] vV, A PKAS [27] \%
DCLET [8] A POLET [22] A%
DCMINOPT [60] A PROTAF [74] A%
DHMINOPT [16] A% PSEQUAD [75] V., A
ECORM [24] \' SCOGS2a [18] v
ELORMA [13] A SCOGS2b [76] v
EQNMR [61] N Sidrak and Aboul-Seoud [26] \%
ESAB2M [62] \% SIRKO [14] G (©)
EY608 [10] A SPECA [19] A
HYPERQUAD [34] V., A SPECFIT [77] A (E)
HYPNMR [36] N SPFAC [48] A (E)
KATCOM [25] \% SQUAD (78] A
LETAGROP-SPEFO (6] A SQUADSg4 [23] A
LETAGROP-VRID n Vv STAR [52] A
LITRA [63] A STBLTY [79] \%
LOGMIN [64] v STEW [9] \%
MAXIPOT-F [17] \% SUPERQUAD [21] \%
MICMAC 31] G (V, P, N) TITAN [29] %
MINIGLASS [65] v TITFIT [80] \%
MINIMIX [66] A TITRA 28] v
MINIQUAD [32] \ Wentworth et al. {81] A

* Additional data types used in calculations: E, ESR; C, Calorimetry; G, general, N, NMR; P, Polarography.

metric and spectrophotometric (absorbance) data.
However, working simultaneously on different
kinds of data makes it imperative that a full,
rigorous weighting scheme is used. Only when this
is so will it be possible to apply simple statistical
tests for the goodness of fit, with an expectation
value of unity for the sample variance. In order to
implement this procedure we have developed a
new means of estimating the error in a measure of
absorbance.

We have previously outlined the main features
used in the HYPERQUAD program [34]. Since
that publication, we have developed a suite of
inter-related programs which are directed towards
data preparation, preliminary model exploration,
simulation and preparation of speciation dia-

grams. Together these programs provide almost
all the facilities which have previously been used
on an ad hoc basis in the process of mode selec-
tion. The one exception is that we have not explic-
itly included an electrode calibration program.
We assume that electrodes will be calibrated by
means of a strong acid—strong base titration,
which HYPERQUAD can handle. MAGEC [35]
is a program designed for electrode calibration.
Another set of programs in the HYPERQUAD
suite, HypNMR, is described elsewhere [36]. The
principal program in that set can be used to
determine equilibrium constants from NMR
chemical shift data. It is assumed that the species
in equilibrium are in rapid exchange on the NMR
time-scale so that each value of chemical shift is
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the concentration-weighted average of the shifts
of the individual species.

2. The HYPERQUAD suite of programs
2.1. The data structure

It became clear very early on that the treatment
of different kinds of experimental data logically
required a well defined data structure. Previously
all programs had used a single file for all the data.
With a suite of programs, however, the data files
serve as input to different procedures and must
therefore be standardised. Conceptually there are
four kinds of data file as follows.

(1) A model file. This file contains only the data
relevant to a chemical model, viz. the names of
the reagents, the equilibrium constants defined by
initial value and stoichiometric coefficients, keys
to indicate refinable quantities and whether or not
a species absorbs light. In addition, our model file
may hold the wavelengths at which measurements
were made and any known molar absorbances.
The model files are given the extension PAR.

(i) Potentiometric data file. We have Instru-
ment Potentiometric Data (extension IPD) and
Program Potentiometric Data (extension PPD)
files. The former are ASCII data files such as may
be produced by an automatic titrator whilst the
latter are suitable for HYPERQUAD. There is a
facility in the data editor (HEDIT) for converting
IPD to PPD. The PPD file contains the conditions
(total amounts, burette concentrations, etc.) of a
titration curve as well as the titration data (vol-
ume added, e.m.f. of pX measurement).

(iii) Spectrophotometric data. Instrument Ab-
sorbance Data (extension IAD) files are ASCII
data files typically produced by a spectrophoto-
meter, that is, they contain an absorbance spec-
trum. Three forms are at present acceptable:
initial wavelength and increment, followed by ab-
sorbance values, wavelength and absorbance
value pairs or the standard JCAMP-DX format
[37,38]. A Base Absorbance Data (.BAD) file
contains the concentrations, etc., used when the
spectrum was recorded and it holds a complete
spectrum in HYPERQUAD format. A Program

Absorbance Data file (extention PAD), on the
other hand will contain absorbance data at wave-
lengths selected in the HydraSP program, and
may hold data in the form of a spectrophotomet-
ric titration curve of batch data.

(iv) Output files. These are files produced dur-
ing the computations. For example, HYPER-
QUAD produces a standard output file
OUTPUT.RES which may be used in post-run
processing of the results of a computation by
means of the program HANDOUT.

The fact that the model files do not hold exper-
imental data is a great advantage. For example, it
means that one model file may be used with
different data sets without the duplication that
would have arisen with, say, SUPERQUAD [21].
Furthermore, the model file serves as input to the
speciation program HYPHEN where experimen-
tal data are irrelevant. Other ways in which the
data structure is advantageous are in the determi-
nation of end-points (program HENNA) where
the model is irrelevant and in factor analysis
(program HydraSP), where again the model is
irrelevant.

2.2. Linking potentiometric and
spectrophotometric data

Each titration curve or experimental spectrum
is assigned a unique label. Absorbance Data files
carry a second label which may or may not be the
same as the label of a potentiometric data file. If
this second “corresponding to” label is the same
as one in the potentiometric data file then the
concentrations, etc., are taken from that file. In
this way, it is possible to process either potentio-
metric or spectrophotometric data on its own, or
to process them together.

HYPERQUAD is distributed with a large num-
ber of specimen data files. Also, there is a set of
template files which can be used for entering new
data.

2.3. The HYPERQUAD data editor
The HYPERQUAD data editor HEDIT is de-

signed to make data entry as chemist-friendly as
possible. In fact, when this facility is used as
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standard, users will not need to know how the
data are actually stored in the data files. The data
present in a model file (PAR), a potentiometric
and/or spectrophotometric data file (PPD, BAD
or PAD) are offered for editing in an intelligible
form, i.e. reagents are identified by the names
specified in the model file, quantities and concen-
trations are clearly labelled as such, and so forth.

There are two limitations at present to the type
of data that may be handled in HEDIT. No more
than two electrodes are allowed. Few people have
made measurements using two electrodes, and
no-one (at least to our knowledge) has yet made
measurements using more. The maximum number
of reagents is determined by screen resolution and
is 12 at present. Otherwise, if the amount of data
is more than can appear at one time on the screen
there are screen-paging options. One great advan-
tage of using HEDIT is that the user does not
require any instructions on how to imput data to
HYPERQUAD, although specifications are in-
cluded in the documentation should anyone prefer
to use a text editor,

In addition to being able to process Program
data files, the data editor can convert Instrument
data files to Program form. Also, if a BAD file
corresponds to a single species in solution, this
can be input into the model file in the form of a
set of molar absorbances. For example, the spec-
trum of a metal ion could be recorded and trans-
ferred into the model file as just described. This is
possible because the BAD file holds the concen-
tration of the species which give rise to the spec-
trum, thus permitting the calculation of molar
absorbance from the measurements.

2.4. The programs JOIN and SUPPER

JOIN is a utility- program that links the data
from more than one titration curve into one data
file. We have kept this as a separate program,
rather than include the option in HEDIT, for this
reason. The experimental data for any one titration
will be stored in a file which is the primary record
of the experimental data. Files containing data
from more than one titration curve are secondary
sources of data. SUPPER will take SUPERQUAD
[21] data and convert it into PPD form.

2.5. The program Haber

This program is concerned with the estimation
and treatment of errors in absorbance measure-
ments. It is well known that errors in absorbance
measurements may depend on the absorbance
value. For example, when using a photomultiplier
the signal error is often assumed to be propor-
tional to the signal value. However, it is also clear
that the magnitude of errors will depend on in-
strument settings. Therefore, we have devised a
scheme whereby the error can be expressed as a
simple empirical function that can be incorpo-
rated in a model file.

First it is necessary to collect a number of
spectra obtained under identical conditions. This
means that not only must the instrument condi-
tions be the same but also the spectrum must not
vary with time. We prefer to use solid samples
such as doped glass filters for this purpose. Sup-
pose n spectra have been obtained; we suggest
n=9 as a minimum. Then the abosrbance value is
given by the mean of the » measurements and an
estimate of the error at that absorbance value is
given by the standard deviation of the » measure-
ments:

The values of s, are plotted on the screen as a
function of A and the whole set of data is approx-
imated by a simple four-parameter function. The
first parameter specifies the function type, either
quadratic or exponential. For a quadratic func-
tion we have E=a+ bA + cA* and for the expo-
nential function E=a+ be*’. The values of the
parameters @, b and ¢ may be adjusted interac-
tively. It is possible to set one or more of these
parameters to zero if that is required.

It may be noted that there is no attempt made
to allow for the correlation that undoubtedly
exists between the errors at different wavelengths
in the same spectrum. Some evidence for this
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correlation will be seen in the plots of s, against
A in the form of two values of s, for some values
of A: there is one value when the absorbance
curve has a positive slope and another when it has
a negative slope. In any case one would normally
choose an error function that passes through the
middle of the data. We have taken the view that
since the weights are only approximate, it is not
worth correcting for correlation of errors,

The four parameters of the chosen error func-
tion are then entered into a model file. It is
possible to have a different error function at each
wavelength (thus allowing for the use of different
detectors at different wavelengths) or that the
error function is the same at all wavelengths.

In a HYPERQUAD calculation, the error at
each absorbance value is calculated automatically
from the error function in the model file and this
is used to construct an approximate variance—co-
variance matrix for the absorbance measurements,
from which the weights are derived. (see below)

2.6. The program HydrapH

This program takes as input a model file and a
program Potentiometric Data file and is to be
used for preliminary examintion of potentiometric
data. The program offers 10 facilities. Six of these
relate to presentation of the experimental data on
the screen, i.e. e.m.f. or pH on the y-axis, volume,
pH or a user-defined coordinate on the x-axis.
Then there are species distrubution plots both as
formation percentages relative to the total concen-
tration of one reagent and as logarithms of con-
centration.

At least two programs have been already pub-
lished concerning the simulation of titration
curves, ESTA [39] and SCALPO [40]. We have
included the interactive simulation of the titration
curve(s) in HydrapH. In this, data in the model
file may be amended in any way desired and either
the calculated/observed titration curves are dis-
played or the difference (observed pH — calcu-
lated pH). It does not matter if the experimental
readings are in mV or pH units. In parallel with
the changes in the simulated titration curve there
will also be changes in the speciation diagrams.
Thus, it is possible to make a thorough prelimi-

nary analysis and ascertain both that the model is
reasonable and that all the species postulated to
be present and are in appreciable concentrations.

2.7. The program Henna

This is another program for the preliminary
analysis of potentiometric data, concerned with
end-point determination. The traditional methods
used for end-point determination have limitations.
Gran’s method [41] fails for overlapping end-
points [42]. First-derivative methods fail if the
data are relatively sparse. For these reasons, we
have developed a new algorithm in which the
titration curve is fitted, by the method of least
squares, by B-spline functions. A derivative of the
B-spline function is used to determine the position
of the end-point (maximum slope in the first
derivative, zero in the second derivative, etc.). A
similar procedure has been used to fit spectra [43].
For the purposes of the present application, the
user needs to make only two choices: first the
derivative required, the degree of the spline func-
tion being automatically chosen so that the
derivative is a quadratic spline function, and sec-
ond the number of B-spline pieces. These choices
are made interactively. Optimal knot positions are
determined automatically by repeated use of pro-
cedure called NEWNOT [44] and the observed/
calculated titration curves are displayed along
with the residuals and the desired derivative. After
the user has indicated the approximate position of
the end-point to be determined, its optimum posi-
tion is calculated.

The only problem with this method arises when
the number of data points in an interval between
knots becomes equal to the degree of the spline
function. In that case the calculated titration curve
passes exactly through the observed data points,
usually with wild oscillations. Since this does not
normally happen near an end-point, it is not a
serious problem for end-point determination.

2.8. The program HydraSP
This is the main program to be used for prelim-

inary analysis of spectrophotometric data. It takes
as input a model file and up to 28 spectra in the
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form of BAD files. It offers five main facilities, as
follows.

(1) Scaling and correction of data. Spectra can
be scaled to equal concentration and path length
in order to reveal isosbestic points. Scaling to
equal areas can be used for the same purpose and
will reveal isosbestic point in some circumstances
where the simple scaling does not do so [43].
There is an offset facility which can be used to
remove some baseline errors from the spectra. It
works as follows. Assuming that the absorbance
at the nth wavelength, /,, can be written as

A, =1Y ¢, +B
/

where B is a constant baseline error, it follows
that if the absorbance at one wavelength, 4,, is
subtracted from data at all wavelengths the Beer—
Lambert law will still be obeyed but a constant
baseline error will have been eliminated:

A=A =13(e,— 2,00
7

The penalty for using this facility is that the molar
absorbances are composite but if 7, is chosen in a
region where there is little absorbance this will be
of little significance. Therefore, we recommend
that spectra be recorded if at all possible with
data near the true baseline. To make our proce-
dure more robust we use a smoothed value for the
absorbance to be subtracted.

(i) Selection of wavelengths for HYPER-
QUAD calculation. This is an interactive proce-
dure so that the user can choose those
wavelengths most suitable for the calculation.
Now, in principle, data at one wavelength are
sufficient for the purpose of calculating equi-
librium constants. One would seek that wave-
length which exhibits the maximum change in
absorbance with changes in the experimental con-
ditions. Choosing some points on either side of
this will help to reduce the effect of noise in the
spectroscopic data. However, if different species
absorb in different parts of a spectrum, it may be
very useful to include data from the different
zones. We recommend that relatively few wave-
lengths are used for a HYPERQUAD calculation;

there is a separate facility for the calculation of
the molar absorbances at all wavelengths.

(ii1) Trial and error fitting. This is similar to the
facility in HydrapH. It works at a single wave-
length, which is first chosen interactively. The
procedure works as follows. The species concen-
trations are calculated from the model and the
experimental conditions. These concentrations (c;
above) are then used to determine the molar
absorbances at the chosen wavelength, from the
Beer—Lambert law by weighted lincar least
squares. The weights are chosen as 1/(ab-
sorbance)® so as to minimize the sum of relative
errors (another weighting scheme may be used in
HYPERQUAD).

(iv) Calculation and display of the molar ab-
sorbances at all wavelengths. This calculation pro-
ceeds in the same manner as in (iii), but at all
wavelengths. The calculated spectra may be stored
in ASCII form for plotting by another program,
such as EXCEL or ORIGIN. This calculation is a
particularly useful check on the validity of a
chemical model. Indeed, one would be loath to
accept any model for which the calculated spectra
of the absorbing species were unreasonable, as,
for example, when they had many negative values.

(v) Factor analysis. Factor analysis was first
introduced in this field by Kankare [10]. Since
then, Zuberbiihler and co-workers have developed
the concept of Evolving Factor Analysis (EFA)
[46,47], which they also describe as model-free
analysis of spectrometric data. A similar ap-
proach, called “‘self-modelling curve resolution in
studies of spectrometric titrations”, has also been
published [48]. There is no doubt that factor
analysis has the potential to be very useful in
studies of equilibria, but in practice it is not easy
to apply.

The basis of the application of factor analysis is
the Beer—Lambert law, implying that the total
absorbance at any wavelength is a linear combi-
nation of the absorbances due to a few factors.
When the number of (multi-wavelength) observa-
tions exceeds the number of factors, it is possible
to smooth the data by back transformation using
the correct number of abstract factors, as was
done in CLINP [12]. However, it is not generally
appreciated that this process is based on the
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method of least squares. Indeed, the eigenvalues
calculated in factor analysis are nothing other
than the Langrangian multipliers of a constrained
least-squares problem. Therefore, the application
of factor analysis in equilibrium studies can be
seen as another application of the method of
least-squares.

We have used singular value decomposition of
the matrix of absorbance values, A, to derive the
eigenvalues and eigenvectors of A7A4. This proce-
dure eliminates the accumulation of errors inher-
ent in the matrix multiplication. A variety of
statistics are provided for 1, 2,..., eigenvalue
models as suggested by Malinowski and Howery
[49]. With the aid of these statistics, it should be
possible to deduce the number of light-absorbing
species present in the equilibria.

The difficulty with factor analysis is that the
relationship between the eigenvalues and the ex-
perimental errors is an implicit one. It is therefore
difficult to establish criteria to determine if a
small eigenvalue is effectively non-zero. Conny
and Meglen [50] have made an analysis of the
effects of experimental noise on the calculated
eigenvalues, but their conclusions are not very
precise.

As far as Target Factor Analysis is concerned,
we see no value in this technique, given that it is
possible to perform a full equilibrium analysis.
The idea is as follows. Suppose that there are »n
species to be considered. Then the first n eigenvec-
tors are the abstract factors. To convert them into
molar absorbances, a large rotation matrix must
be found. The rotation matrix has too many
variables to be determined correctly, but some
progress can be made by, for example, imposing
the condition that molar absorbance must be
positive. This will establish ranges for the molar
absorbances. The technique was first described in
1974 [51].

By contrast, EFA may be useful as long as one
remembers that one is dealing with abstract
fators. A careful reading of the original papers
[46,47] will reveal that key words such as “spe-
cies” and ‘“‘concentration profiles” are written in
quotation marks, as here.

2.9. The program Hyphen

This program is different from the other pro-
grams in the HYPERQUAD suite in that it does
not require experimental data. It can be used to
simulate titration curves or to give species distri-
bution diagrams for a wide variety of conditions.
Thus, it is a speciation program limited to homo-
geneous equilibria in solution. There is a large
literature referring to speciation programs which
we feel is inappropriate to be discussed here.
Suffice it to say that the core of the program is the
solution of the equations of mass balance by the
Newton—Raphson method. This is a sub-problem
as far as HYPERQUAD is concerned, so we use
the same routines in Hyphen as are used in HY-
PERQUAD. The model used for these calcula-
tions is in a PAR file, but the conditions are
stored separately in scratch files that serve merely
to allow one to start again where one left off
before.

In addition, Hyphen has the facility to calculate
the species’ concentrations at a single data point
defined by knowing, for each reagent, either the total
concentration or the free concentration (e.g. pH).

2.10. The program HYPERQUAD

As far as potentiometric data are concerned,
the algorithm used in the HYPERQUAD is virtu-
ally the same as in SUPERQUAD [21]. Thus the
new mathematical features are concerned with the
treatment of spectrophotometric data or with the
simultaneous treatment of both potentiometric
and spectrophotometric data. There are signifi-
cant differences between the present version of
HYPERQUAD and that described in a prelimi-
nary account [34]. These arose out of the need to
apply a rigorous weighting scheme to the data.
The following outline is presented in terms of a
relatively simple system of potentiometric mea-
surements using an electrode responding to the
hydrogen ion and absorbance measurement at n/
wavelengths; there are three reagents, M, L and
H, and rk equilibrium constants.

The objective function is given in matrix nota-
tion simply as U =rTWr, where r is a vector of
residuals, y= (yobservcd _ycalculated), yobserved repre-
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sents a measurment in mV, pH or absorbance and
W is a matrix of weights. The residuals are or-
dered with potentiometric first and absorbance
second. To minimize the objective function, we
use the Gauss—Newton—Marquardt method sum-
marized by the system of normal equations

(JTWJ + iD)Ap = JTWr

where J is the Jacobian matrix and Ap is a vector
of shifts to be applied to the parameters. D is
taken as equal to the diagonal elements of JTWJ
and 4 is the Marquardt parameter which may, of
course, be zero. The method requires that the
parameters be given initial values; these may be
obtained with the aid of HydrapH or HydraSP.
The elements of the Jacobian relative to any
unknown parameter p are obtained from the
defining equations, the modified Nernst law (ionic
charges are omitted for simplicity of notation):

RT
E=E°+f— In[H
- InfH]

6E 0OFE 0[H]
op oM o
and the Beer~Lambert law:
A4;= Z E4C;
j=lLna
04, oc

0 e 0 0 0 e 0

oA

L S 0

08 4 081 na

0 -0 4, 04, 0

68241 662,,,“

0 00 0 4,

agnl,]

In addition, the system is subject to the con-
straint that the equations of mass balance are
satisfied.

Ty = [M] +

k=1,n

) pif i [MPE[LJ“[H]™

=[M] + Zpkck

is the equation for reagent M; similar equations
may be written for L and H. Moreover, the total
concentration 7,, is obtained from the initial
amount ny,, burette concentration ay,, initial vol-
ume v, and added volume ». Thus the three
mass-balance equations are

ny + vay

———=[M]+ C
vy +v (M k:zl,knpk «

n +va;

—=[L]+ C
Uy t+ v (L k:ank A

ny + vay

—=[H}+ FiCp
v+ v ] k:;nk o

These are solved by the Newton—Raphson
method and the normal equations matrix is used
to derive ¢[H]/f, as described earlier [34]. Other
Jacobian elements such as dE/CE®, 6E/on and OE/
da are easy to derive. When quantities such as E°
are refined they are termed dangerous parameters.
Now, with these equations the Jacobian for one
data point can be constructed, as in the following
example applicable to a system with one elec-
trode, na absorbing species, n/ wavelengths, nk
equilibrium constants and nd dangerous parame-
ters, denoted by «,, ..., a,, Note that we further
assume here that there is a molar absorbance for
each species at every wavelength.

0 ) 0E  OE oF
2, P Oy 0ot,q

0 % fAl 04, o4,
ap, Pue Oty

0 04, 04, gi‘ll 0A,
a8, apnk —- B30ty

0 : : ad, b4
aAn/ ~ 6An1 " "

P 0A,, 3 O_Aﬂ ou
€nlna 6;,8[ nk (}dl nd
At this point the normal equations matrix

JTWJ and right-hand side J”Wr can be built up
by accumulation. To do this we use the factored
weight matrix, W=w7’w. First the Jacobian and
residual are left-multiplied by the factor and then
the normal equations are accumulated as
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(w) (wJ) and (wJ) wr. This process destroys the
block-diagonal structure' that was previously de-
scribed for the normal equations matrix [34]. The
normal equations that result have the dimensions
of na x nl+ nk + nd. It is obvious that the num-
ber of wavelengths, n/, should not be large, other-
wise the normal equations become large and
hence slow and difficult to solve.

Solution of the normal equations provides
shifts for all the parametes. However, the shifts on
the molar absorbances are not used. Instead, the
equilibrium constants and dangerous parameters
are updated with the shifts and the molar ab-
sorbances are calculated using the updated values
by linear least-squares applied to the Beer—Lam-
bert law. In this procedure we follow what ap-
pears to be standard practice going back to
LETAGROP-SPEFO [6]. However, some au-
thors have applied a non-negativity constraint to
the molar absorbances (SPECA [19], STAR [52]).
We have not done this because we believe that a
negative molar absorbance is a good indicator
that something is wrong with the chemistry.

To understand how a negative molar ab-
sorbance, ¢;, can arise we must write out the

Beer-Lambert law in full:

A;=1 ) &, MP[LI[H]
J=lina

Since the molar absorbance is multiplied by the
equilibrium constant, this expression shows that
we can expect the molar absorbances to be highly
correlated with the equilibrium constants so that a
small error in the latter can easily lead to a
negative value in the former. Thus, negative molar
absorbances indicate that the calculated equi-
librium constants are in error.

The high correlation between molar ab-
sorbances and equilibrium constants is masked,
but not eliminated, by the two-stage refinement
process. It is a central problem in the determina-
tion of equilibrium constants from spectrophoto-
metric data that can only be resolved by good
experimental design. The calculation of all molar

' The normal equation will have the block-diagonal struc-
ture if a diagonal weight matrix is used, but no special
provision is made for this eventuality.

absorbances with the aid of HydraSP may reveal
negative values at wavelengths not used in a HY-
PERQUAD calculation, so that it would be good
practice to calculate all molar absorbances as a
check on the results of a calculation based on
selected wavelengths.

2.11. Calculation of the free concentrations

The equations of mass balance can be written
in the most general form as (i=1, nr)

T,=[X]+ Z quBr 1_[ [xj]q/k
k= Lk J=Llnr

where [X,] represents the free concentration of the
ith reagent. When the equilibrium constants, f, are
“known’”, we have a system of nr non-linear
simultaneous equations in #r unknown free con-
centrations. When these equations have been
solved, the concentrations of all the species present
in the equilibria will be “known”’. The solution of
these equations is therefore required whenever we
require the concentrations of the species, in HY-
PERQUAD, Hyphen, HydrapH and HydraSP.
The calculation proceeds in two stages. First esti-
mates must be made of all the free concentrations.
Then these estimates are refined by Newton-
Raphson iteration. Finally, the refinement must
be terminated with a suitable criterion.

At the first point in a titration curve, or with
batch data, we obtain first estimates by use of a
modified Newton—Raphson technique with
damping as suggested in the program ES4EC [53].
The modification is drastic: we set all off-diagonal
elements of the Jacobian to zero, and improve
each free concentration in turn. Subsequent points
in a titration curve can utilise the last values
calculated for the initial estimate. In the HYPER-
QUAD calculation some improvement in the ini-
tial estimate can be made on the second and
subsequent iteration cycles. To illustrate this, con-
sider the free hydrogen ion concentration at the
Jjth point in a titration curve at the kth iteration
cycle, *[H]. A better estimate than “[H],_, (the
concentration at the previous point in the titration
curve) of this quantity is given by postulating that
the slope relating to the free concentration is the
same in the two iteration cycles, ie. “[H],—
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MH),_,=*""H),—*"'[H];_,. The time saved
by improving the initial estimates of free concen-
trations is worthwhile as this calculation is the
most time-consuming part of a HYPERQUAD
calculation.

When it is known that the data points are
equally spaced, as in Hyphen, the calculation can
be speeded up by a simple extrapolation technique
[54]. We have found that quadratic extrapolation
works very well: [X], = [X],_ 3 — 3[X],_» + 3[X],_:.

A serious problem can arise during a refinement
if one or more of the equilibrium constants be-
comes negative. We allow this to happen as expe-
rience has shown that the “offending” constant
may return to being positive later in the refine-
ment. However, when an equilibrium constant is

symmetrical

Anl

negative, there is no guarantee that all the free
concentrations can be positive. (The condition is
guaranteed by the existence of a unique free en-
ergy minimum at equilibrium when all the equi-
librium constants are positive.) Now, we impose a
non-negativity constraint on the free concentra-
tions, as do most others, if for no other reason
that we wish to take logarithms of free concentra-
tions. Therefore, it can happen that the free con-
centration calculation may fail to converge. When
this happens, we return to the main minimization
routine and reduce the length of the shift vector
for the equilibrium constants.

We attempt to satisfy the conditions of mass
balance as nearly as is possible within machine
accuracy. As double precision arithmetic is used
throughout this means that the free concentra-

tions are calculated to a relative precision of
better than 1 part in 10%°.

2.12. Calculation of weights

In the “automatic” weighting scheme, the cal-
culation of weights requires estimates of the errors
on em.f., volume and absorbance. The last-
named are derived from the empirical error func-
tion determined by the program HABER. Then,
still assuming one electrode and n/ wavelengths
and assuming that the potentiometric and absorb-
nce data derive from a titration curve the vari-
ance—covariance matrix, M, for a single point is
given by the “rigorous” method of least squares
to be [4].

A2 o An/

04, cE\(cA,, §2
v S ov v
]

A, \°

nl

St =) st
ov

The parital derivatives 0E/0v and 0A4/cv re-
quired for the above formula are estimated from
the observed data by means of piece-wise fitting
of a seven-point cubic polynomial (simpler esti-
mates are used for the first and last three points).
We note that in SIRKO [14] the derivatives are
obtained from the calculated values by analytical
differentiation, but the authors remark that the
weight should then be recalculated at every refine-
ment cycle. The weight matrix, W, would be the
inverse of M, but it is not actually calculated.
Instead we perform a Choleski factorisation, M =
m7Tm and invert the lower-triangular factor, m, to
obtain the weight matrix factor, w, such that
W=wTw. The lower triangle of this factored
matrix is stored in a single-precision one-dimen-
sional array in order to conserve computer mem-
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ory. Other weighting schemes are available. Diag-
onal weights may be used if the automatic scheme
requires too much memory. Diagonal weights
would be invoked automatically with batch as
opposed to titration data.

For spectrophotometric data the alternative
function

AA N ‘ ‘
U:Z <Aobks); AAk:A‘lidlC_A;zb“
k k

may be minimized by means of the use of another
weighting scheme. To see how this comes about,
we derive the /th unit-weighted least-squares nor-
mal equation in the usual manner [4] as

AA,
Z Z JuliyAp; = Z Ji T)bl;
ko Jj k k

The elements of the Jacobian, J, are given by
3 ——1_ aA Zalc
ki_Azbs op;
where p; is a refinable parameter. When this ex-

pression is substituted into the normal equation
we obtain

(?A‘/i,ﬂlc aAiaIc 1 2
Ap.
223 oy, \a) W

aA KI.;alC 1 2
"1, (A 2‘“) A

Thus, setting the weights as W, = (1/4$>)* and
minimizing the sum of squared residuals is equiv-
alent to minimizing the sum of squared relative
residuals with unit weights. However, when this
weighting scheme is used it is not possible to give
an expectation value for U.

2.13. The program Handout

The HYPERQUAD program produces a stan-
dard file, OUTPUT.RES, which contains all the
useful information that was generated during the
equilibrium constant refinement(s). The program
HANDOUT has four main functions. Two of
these relate to viewing the results on screen or
dumping selected items to a printer. The third
allows the model file to be updated with the
refined values for the equilibrium constants.

Lastly, there is a facility for drawing species distri-
bution diagrams. These diagrams, which perforce
relate to the experimental conditions, can be an-
notated by an interactive process involving the
mouse, and the final diagram sent to a file. In that
case, Hewlett-Packard (HP) Graphics Language is
used so that the file may be dumped to an HP-
compatible plotter or laser printer or imported
into Word or WordPerfect as a picture.

2.14. Programming details

All programs were written in FORTRAN and
compiled with MS FORTRAN 5.0 or 5.1 for an
AT-style PC. They also appear to function cor-
rectly in a DOS window under Windows 95. They
assume the presence of a Microsoft-compatible
mouse, VGA graphics and a maths coprocessor.
For HYPERQUAD there are no formal restric-
tions on the data. All arrays are dimensioned at
run-time. This is achieved by first making a
dummy pass through the data files to count all the
quantities needed for the allocatable arrays. The
arrays are then allocated and the data are read in.
A similar system is used in HEDIT and most of
the other programs. Thus, the only restriction on
the data is imposed by the amount of memory
available. It is our intention in the near future to
recompile the programs with a 32-bit compiler;
that will effectively remove all restrictions on
data. Some restrictions may still remain that are
imposed by what can be placed on the screen at
the same time, but important screens, such as the
one that shows the equilibrium constants, are
already paged.

HYPERQUAD has been on beta release
(mostly in Italy) for more than a year. All pro-
grams are fully documented. It has to be stated
that we have encountered occasional difficulties
with installation that we suspect are due to the
use of non-standard mouse and keyboard routines
(non-standard only in the sense that the routines
are not in the compiler library).

3. Discussion

HYPERQUAD is different from all programs
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that have been written before, in this field, in that
it is not a single program but a suite of inter-re-
lated programs. This has been made possible by
the developement of an associated data structure
so that the HYPERQUAD programs access a
common set of data files. By dividing the data
conceptually into data relating to a model and
data relating to experimental measurements of
different kinds, it becomes possible to perform
operations that were not possible before. For
example, the model file can be used alone in the
program Hyphen to simulate titration curves, that
is, to find good experimental conditions, and then
together with experimental data in the HYPER-
QUAD calculation. It is also possible that a
model file which was designed for use with the
program HypNMR [36] can be used in the simu-
lation program Hyphen.

Within the suite there are many novelties. An
important one is the idea of deriving an empirical
function to relate the error on a spectrophotomet-
ric absorbance measurement to the absorbance
value (program Haber). This function permits the
construction of an approximate variance—covari-
ance matrix for absorbances without the need to
estimate the error on each absorbance measure-
ment. That matrix is essential when it comes to
determining the weights to be given to experimen-
tal observations in the least-squares calculation,
particularly so when the observations may be of
different kinds such as potentiometric and spec-
trophotometric.

Other new features are the creation of plot files
in Hewlett-Packard Graphics Language for export
to a plotter or laser printer, the use B-spline
functions to locate end-points in potentiometric
data, an offset procedure for coping with baseline
errors in spectra and trial and error procedures
for manual fitting of both potentiometric and
absorbance data.

In summary, HYPERQUAD provides facilities,
in one coherent package, for doing almost all
processing of solution equilibrium data that has
been done in the past, using standard data files
and standard procedures for recalling data from
files, for editing data and for saving data to files.
The greatest novelty of the system is its compre-
hensive nature, with each program taking as input

a standard model file and/or an experimental data
file. The main difference between SUPERQUAD
and HYPERQUAD is that the new program can
handle spectrophotometric data in addition to
potentiometric data.

4. Future developments

We do not believe that it is sensible for us to
develop a program, such as SIRKO [14] or MIC-
MAC [31], which claims to be able to handle any
kind of data. Our experience has been that cach
kind of experimental data imposes certain require-
ments that are not present with the other. Thus,
we are not attempting to integrate HypNMR [36]
with HYPERQUAD because the NMR data usu-
ally consist of just single data points whereas
HYPERQUAD is oriented towards data from
titration curves. Likewise, we have a program
PHAB already in an advanced stage of develop-
ment as a separate entity. PHAB will deal with
absorbance data at measured pH values so, unlike
HYPERQUAD, the total hydrogen ion concen-
tration is not known and the mass balance in
protons is irrelevant. This imposes the need to
calculate the free concentrations in a different
way. The HYPERQUAD programs are highly
modular so it is relatively easy to construct a new
program for each substantially different kind of
data. In addition, the user interface is standard-
ized because it is based on a set of some 70
routines that constitute a HYPERQUAD subrou-
tine library.

On the programming side, we must consider
developing a Windows version of the software.
The main advantages will be twofold. On the one
hand we will be able to eliminate all restrictions
on experimental data. At present the restrictions
arise from the fact that we are limited to 640 k
bytes of memory for program and data; that
restriction disappears under Windows or with the
use of a 32-bit compiler. The program which
suffers most from this restriction is HydraSP,
which can take a maximum of 57 344 data points
(up to 28 spectra, each spectrum containing 2048
points). Second, there are restrictions imposed by
what can be seen on the screen at any one time.
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These restrictions can be removed by using auto-
matically scrolling windows.
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