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Summary—The program DCLET evaluates the dissociation (or protonation) constants and molar
absorptivities €, of all light-absorbing species HiLo (j=0,.... J) of a polyprotic acid H,L by a
non linear rcgression of the function /4 = f(pH: pK,. €51 ), e, by multiparametric curve fitting. The

three specific subroutines DATADC, UBREDC, S}

KRDC deseribed form part of the general program

ABLET. The goodness of fit is tested by statistical examination of the residuals. Heuristic or algorithmic

strategies of minimization may be used. and experimental or synihetic data may be processed. By

examining the effects on the results of varying .the density and distribution of points of a synthetic

data set, it is possible to improve the planning of experiments. and by introducing parametric weight,
to improve the sensitivity of a particular paramecter in a model.

Existing methods for determination of dissociation
constants by various approaches have aiready been
discussed comprchensively.)™ For a protolytic sys-
tem in which some specics have characteristic absorp-
tion spectra in the ultraviolet andjor the visibie
region, a spectrophotometric method can be used
with advantage. A sufficienily large sct of experimen-
tal data can readily be obtained by microtiiration
combined with simultaneous monitoring of pH.* '°
For monoprotic systems, the normal graphical pro-
cedure involves transformation of the experimental
absorbance-pH function.? A straightforward numeri-
cal version based on this approach makes use of
simple linear regression.'i-12

The methods proposed for determining values of
two successive dissociation constants usually require
knowledge of the absorptivities of the two boundary
species of the protonation systenn. The best values
of the other paramecters are thea calculaled by suc-
cessive approximation. Irving, Rossotti and Harris!?
have presented a method which may be used even
if the molar absorptivities of individual species cannot
be determined directly. Thamer and Voigt'* have de-
veloped a method which is applicable where the ratio
of the dissociation constants is less than 10%. In a
subsequent paper. Thamer'® outlined two general
methods of calculation for two close suceessive dis-

Part IIL, Sh, Vé&d. Pr., Vys Sk. Chemic kotechnelogicka,
Pardubice, 1978, 39, 41,

sociation constants, which do not require the deter-
mination of absorptivities. Both the direct approach
and the caleulation by successive approximation are
iened for a desk calculator: however, they are

puter. This method, like that of Thamer,'® has the
disasdvantage that all the other experimental points
are ignrored.

The Taylor's-series approximation in non-linear
icasi-squares analysis has been adapted by Auld and
i'rench,® with the use of an elecironic desk calculator,
to allow the dissociation constants for a monoprotic
and a diprotic acid to be calculated even when the
constants are simifar. Heys, Kinns and Perrin’” have
described an approach in which all the experimental
data are used to find the best fit for the molar absorp-
tivity of the intermediate species and for'K,, and K,
by a least-square minimization method. The A-pH
function is rewritten to obtain an expression in three
unknowns. For each of n experimental points an
cquation is obtained and the set of n simultaneous
equations is solved by a matrix transposition tech-
nigue using the 1BM librarv subroutine'® based on
the method of Golub.'® Multiparametric curve-fitting
can also be used in combination with deviation-pat-
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tern recognition to distinguish the titration curve of
a diprotic species with close dissociation constants
from that of a monoprotic system 29

During the sixties various non-linear estimation
methods were developed and applied to the calcula-
ton of cquilibrium constapts.?-5-21 Multiparametric
least-squares curve-fitting  programs for laboratory
minicomputers, 2223 recently described, have been
used for various analytical purposes, including the
evaluation of rate and equilibrium constants.>* The
pit-mapping program LETAGROP VRID by Sillén
et al?*2 offers perhaps the most comprehensive
approach to the computation of the stability con-
stants. On the other hand, the transfer of a large pro-
gram of this type, such as SPEFO,** to a large com-
puter requires much effort. Two programs, FA608
and EY608, designed by Kankare®? for small com-
puters (16 kbyte) can evaluate equilibrium constants
and their errors for multicomponent systems, from
spectrophotometric daia. Factor analysis is used to
estimate the number of independently varying com-
ponents, and for data reduction, Molar absorptivities
of individual components are also calculated and
spectra interpolated from these values can be plotted.
Kaden and Zuberbiihjer2® have published a general
program capable of processing either potentiometyic
or absorbance data by changing one or two sub-
routines. By systematic computer analysis of snoctral

data, the number of absorbing species, the stoichi-’

ometry, and the equilibrium constants or acid dissoci-
ation constants of Pyrocatechol Violet, and of the Sys-
tem tin(IV)}-Pyrocatechol Violet were deterimined by
means of a program written by Wakley and Varga 29
The program SQUAD, written by Legg:* and
McBryde,?° is capable of caiculating, simultaneously
or individually, acid association constants {(and herce
PK, values) and overall stability constants {of the con-
centration type) for any species formed in Systems
containing up to two metals and twe ligands.

This paper deals with computation of both distinet
and similar dissociation coenstants from absorbance—
pH data. The program DCLET is based on the
subroutine LETAG,>'-33 which is a version of Sillén’s
LETAGROP VRID, adapted to be used with the
subroutine LETAG.

THEORY

Equation of an absorbance-pH curpe

The spectrophotometric determination of dissoci-
ation (or protonation) constants of a polyprotic acid
H,L is based on the interpretation of the absorbance-
PH curve measured over the PH range covering the
main regions of existence of al] the species of interest,
The equation for the A-pH curve is written in the
following manner

A=de][l] + € [HL] + & HL) + ) (1

where d is the path-length and €L, €HL, €y, ... elC.
are the absorptivities of those species of the protona-

tion system which absorb light at the chosen wave-

- length. Each equilibrium concentration of a species

whith occurs to a measurable extent within the pH
range of interest is a function of the hydrogen-ion
activity, :

Since

[(H;L] = CH;L'ﬂII,L'a{P/(l + BuL-an. + -+

"+ Bu,cai)
and
Pu, = [HLY/[L] gf.,

where ¢, is the analytical concentration of acid
H,L, equation (1) may be written as

2
€L + €y PuLay. + € Bual. + -

A =dCH L
! 1+ Buray. + Bu,ab. + -

J
€. + Z €L 10U log ay- + log Bu)
sdog, —F5—
1+ Z 10(j~logaw + log By,.)

j=1

In the expression Jrlogay. + log Bu,L, the conven-
tional activity pH scale {pH = —logay.) may be used
and the protonation constant Bu,L may be expressed
as a function of the mixed stepwise dissociation
constant K,; = ay. [H- LY[HL]:

)
J-logay. + log Bup = 3 pK, —J'pH (2a)
i=1

In many practical cases the protonation equilibria
are sufliciently separated, (PK,j-1) — 3 < pK,; <
D&y+1y + 3) for each of them to be treated as a
monoprotic system, in which case equation (2) can

¢ writien as

€L + €y 10PKu — pH)

A= chL —WW . (3)

If a graphical approach is used,! equation (3) is
usually put in the linearized logarithmic form

pKal - pH (4)

and the value of pK,, is found as the point where
the straight line intersects the pH-axis.
Regression analysis

i the analysis of an absorbance-pH curve in terms
of equation (2), it must be remembered that the values
of the parameters €, and pK, are known only ap-
proximately from the graph, but by means of the fol-
lowing refinement process their exact values can be
determined.

For fitting the non-linear function [equation ],
a least-squares curve-fitting method seems to be the
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Table 1. Example of the use of program DCLET. Experimental data set for Pyrocatechol Violet; absorbances measured
al 590 am, ¢, = 3.0 x 107 *M (output shortencd and simplified)

Dutu

Number of points
Total concentration of dye (M)
Cocfhicients Q,. Q,

WT (Temperature, K)

WW [Liquid-junction potential
correction (mV)]

WZ (pay, of standard buffer solution)

WK [Nernstian slope of glass
electrode (mV)]

Leta

N RN N R N

23
100000
1.0 1.0
298.16

0.0
7.413

57.59

p}-lre;ld
4.220
5.300
6.490
6.800
7.020
7.209
7.480
7.600
7.800
8.050
8.2¢0
§.330
8.740
8.060

10.040
10.250
10.500
10.799
11.220

Values of parameters during minimization process

Initial guess

After l1st iteration
After 2nd iteration
After 3rd iteration
After 4th iteration
After termination

€.
0.389
0.363
0.366
0.366
0.360
0.36633
+ o
0.00461

€31,
1.0G0
1.064
1.067
1.067
1.067
1.06713

i

0.00519

SIGY (standard deviation of absorbance) = 0.0059

Skrik

Curve fitting analysis by statistical test of residuals, §; = (A

VNN DN — T

5
— 121
—54

81

75

79
54
0

-67

=75
-74

i 0;
21 -2
22 10
23 6

Statistical parameter
Arithmetic mean 1.7E-07
Mean deviation 4.1E-03
Standard deviation ¢ 0.0053
Variance o* 2.8E-05
Moment coefficient of skewness —(.369

Moment coefficient of kurtosis 2.51

Observed x? 2.39

{7 (6: 0.95) should be less than 12.6]

PO+ i Acxp
4.133 0.008
5.242 0.019
6.465 0.101
6.783 0.169
7.009 0.246
7.194 0.326
7.482 0.47
7.605 0.546
7.811 0.665
8.067 0.793
8.221 0.362
8.376 0.907
8.776 0857
5.002 0.832
9.208 0.215
9.423 G.255
9.860 G.733
5.855 0.710
10.112 0.005
10.327 0.535
10.584 0.472
10.382 0.425
11.324 0.339
PK 1y €hiyl.
G.3C0 0.608
2.854 0.018
9.533 0.020
9.835 0.620
9.835 0.020
5.83496 0.1969
+ - + -
0.01480 0.00343
expi Aculc.i) X lo‘

Pl
7.600
7.581
7.589
589
7.589
7.58880
+ —_
0.00871

U
3.7954E-02
7.2909E-04
6.3589E-04
6.3588E-04
6.3587E-04
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most convenicent; thus the sum of the squares of the
residuals

N

z ‘vl(“iexp,l -

L” = Aculc.i’2 (5)

for N experimental points {A..,,» PH} is minimized.
The statistical weight, w;, is usually set at unity for
experimental data sets, but for synthetic data sets the
weight is calculated, and is different from unity. Non-
Fnear estimation is a problem of optimization in
multiparametric space, in which the values of 4 and
pH are the given numbers and the parameters ey,
PK,., are the variables. Starting from an initial guess
of the values of the parameters, the “best” values are
reached by a few successive approximations. If it is
assumed that the error-square sum U is a second-
degree function of m parameters, then 0.5(m + 1)(m + 2)
points in parametric space suflice for calculation of
the position of the minimum.

Successful ~ application of this computational
method depends on the use of the heuristic (trial-and-
error) minimization process and also on the number
of data available. An accurate, well-plannzd  A-pH
data set should be obtained, and the measurement
should be properly conducted {e.g., a combined pH-
photometric microtitration technique scems to be
best'?). The number of protons taking part in the pro-

tonation cquilibria  within the relevant pH range

should be known so that a suitable mathematical
model may be chosen. The data should first be treated
graphically to detect and efiminate possible system-
atic errors and to obtain initial guess for the par-
ameters to be determined.

COMPUTER PROGRAM

The program DCLET is written in Fortran and
has been run on an EC 1040 {(Rebotron, GDR) whicl
is compatible with the 1BM 360 computer. Some of
the basic subroutines of the minimization process will
be published in ancther paper {rom this serics.>® An
older version of DCLET (i972) for a smaller store-
capacity computer {Hewlett-Packard 2118, Tesla 200},
called JIDC-LETAG, is available on request,

The program will accept up to Y0 noints from the
A-pH curve, and 7 unknown parameters (ie. J < 3
in H,L). The program has a flex;ble structure allow-
ing a heuristic (trial-and-error) sirategy to be used
in the minimizasion process.

Program DCLET starts with initial guesses of the
parameters from the data, ie., experimental values of
the independent variable pH; and of the dependent
variable 4;. A “best” approximation to the unknown
parameters (pK,, €, ,), and their standard deviations
(T 4k, O, ,) are calculated. The agreensent between the
calculated A-pH curve and the experimental points
can be seen in a table. The residuals (i.e., the differ-
ences between the experimental and calculated absor-
bances) are analysed statistically.

If the model is satisfactory, and there are no sys-

. tematic errors in the data, the residuals should have

a Gdussian distribution with the following properties:
arithmetic mean zero, standard deviation o, mean de-
viation (,/2m)e ~ 0.80, variance o2, moment coeffi-
cient of skewness zero, and moment coeflicient of kur-
tosis 3.°* A value for ¥ is then derived from the
difference between the observed and calculated prob-
ability. A fit can be accepted at the appropriate
confidence level if the observed value of x? is less
than the theoretical valye.

The program may be used to study minimization
strategy, and to plan experimental work. For this, a
synthetic data set simulating an A-pH curve in which
the points are loaded by calculated errors, is gener-
lated for each point of an A-pH curve. Thus, it is
possible to increase the influence of each parameter
values of the independent variable, pH. it is possible
to find an optimum plan for an experiment. The
Structure of the program allows a weight to be calcu-
lated for each point of an A-pH curve. Thus, it is
possible to increase the influence of each paramecter
on the value of the error-square sum.

The program consists of a main program and
several subroutines. The subroutine DCLET allows
the user to read the data, to call another subroutine
for a simulation of synthetic data, if desired, for the
minimization process, and for output. The subroutine
DATADC does all the calculations necessary to
ransform the primary experimental data. The
measured pH values are corrected for any deviation
from Nernstian slope of the glass electrode, for any
change in the temperature from 298.16 K, and for
the liquid-junction potential (for details see previous
paper>® in this series35-36),

The subroutine UBREDC calculates the absor-
bance for each pH value fequation (2)] and a set
of values of the parameters resuiting at the particular
stage of the minimization process. Subsequently, the
sum U of the squares of the residuals is calculated
[equation (5)]. The subroutine SKRDC gives as out-
put the values of the parameters and their standard
deviations, the statistical analysis of residuals and a
graph of experimental and calculated points.

The other subroutines are basic in character and
have been described in a previous contribution.?3
They are READI, READR, STATS, LETAG with in-
ternal subroutines MULLE, INVER, PINUS, and
WEIGHT, PLOTT, SIMUL, NORAND and RAN-
DOM.

A listing of the program DCLET, and instructions
for preparation ‘of input data and interpretation of
output are available on request.
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