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ABSTRACT

A microcomputer program is presented for the determination of stepwise sta-
bility constants for metal complexes. The constants are statistically corrected, and
the graphic output includes the distribution diagram. Application of the method
is illustrated for the formation of zinc ammine complexcs,

INTRODUCTION

The formation of complexes between a metal jon and a series of ligands can
be described by the following equations.
M+L —>» ML

&=
ML + L e ML2
" " (1)
l“ﬂ..n__.l + L :—-> MLn
The equilibrium constants for each successive rcaction can be writlen as
K, = Bi-1 (L] (2)
[M3[L)*
i-1
where Bi = | Ki
3=1

*Author [or correspondence,
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The equilibrium constant, K,, for a particular step is often referred to as a stabil-
ity constant for the complex formed. The problem in this type of study is to deter-
mine the values of the K| (frequently with i = 6) from experimental data (Jones,
1964). This is frequently a laborious and difficult procedure and many approaches
have been used (Jones, 1964). A numerical method for the computation of these
stability constants using a microcomputer is presented in this work.

METHOD
Bjerrum (1941) derjved an equation which deseribed the average number of
ligands bound to a metal for a given system. This quantily is more commony referred
to as a formation fraction. Bjerrum’s equation expresscd the formation fraction as
a function of ligand concentration and the stability constants. This relationship is

n -
Z ig [L]*
n=—2=l (3)
1 +z Bi[L}i
i=1

where n is the formation fraction. Several methods use a form of Eq. {3} to deter-
mine the stability constants for a given system {Rossotti and Rossotti, 1961; Beck,
1970). The majority of the methods proposed are graphical methods whose results
are approximations to the true solutions. Exact analytical solutions have been der-
ived for syslems containing threc or fewer steps (Block and McIntyre, 1953). How-
ever, mosl equilibria for the formation of coordination complexes involve more than
three steps,
The method presented here can be used for equilibria involving any number
of steps. Tt is based on Eq. (3) which is rearranged to yvield
n

n o+ z (n-i)Bi[L]i = 0 (4)
i=1

For n stepwise additions, Eq. {4) can be expanded to apply to the matrix system
given by Eq. (5).

1
a”'. .. .El.ln ¢, n',
soant or v Ttall e = |a |®
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Where the maxtrix elements are defined by

- (5 J
ay 4* (ni-j) Bi[L]i (6)
ci = Bi &3
n' =8, (8)

For an n-step process, n {formation fractions at n different ligand concentrations
must be determined. This is done experimentally using appropriate techniques such
as spectrophotometry, conductance or some other applicable method. The particu-
lar method used is dependent upon the system being studied. Once the necessary
number of formation fractions and ligand concentrations are known, the A and N
matrices may be computed. The solution of Eq. (3) for the C matrix may be carried
out by any of the several algorithms. The computer program developed in this work
uses a Gauss-Jordan elimination to solve for C. Statistically adjusted stability cons-
tants are corrected constants, which reflect the number of sites available for coor-
dination during each step (Jones, 1964). The statistically adjusted stability constants
are defined by

x~1=xi/ 1 (9)
n+l1=i

where i identifies the constant in question and n is the total number of available
bonding sites. The program calculates stability constants as well as statistically
adjusted stability constants given appropriate formation fractions and ligand con-
centrations. The program also plots a distribution diagram for the series of com-
plexes. The quantity {identified as ALPHA in the cutput) used in the distribution
plot is defined (Butler, 1964) as

i
oy =61[K] ty
n
i.-1
where a, = (1 +28i[1..] ) (10)
i=1

A complete listing of the program for the Commodore 64 microcomputer with
Simon’s BASIC extension and the Commodore 1525 graphics printer is given in the
Appendix. The progrum can be easily modified for other computer systems.

PROGRAM DESCRIPTION

The program was written to run on a Commodore 64 microcomputer using
Simon’s Basic. The algorithm used to solve the system of matrices was adapted from
that given by Miller {1981). Table 1 contains a brief description of the different
parts of the program. The run time required for the Zn(II) ammonia system described
earlier, was approximately 20 seconds. Operation of the program is simple. During
its operation, the user is prompted for all of the input data, which are then dis-
played on the screen, The user is given the opportunity to change any or all of the
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input data. Once satistied that all of the data are correct, the only other user inter-
action is to give the computation a descriptive title. A sample output is included
with the application.

Table 1. A general description of the different parts of the computer program
used to calculate stability constants.

Lines Description
100-490 Contuins all data input routines
300-600 Computes A and N matriccs
620-1730 Solves AC =N’ for C by Gauss-Jordan elimination
1760-2080 Contains the printer output routines
2100-3000 Contains the graphics routines used to gencrate
the distribution diagram
3000-5050 Contains a scaling routine used to calculate
Pixel coordinates on a 320> 200 Pixel bit mapped
screen

APPLICATION OF THE METHOD

In order to illustrate the use of the method, the stepwise formation of complexes
between Zn(1l} and ammonia will be considered. This has been previously studied
and the equilibria can be shown as follows (Bjerrum, 1941; Yatsimirskii and Vasil'ey,

1960).

24 2+
Zn" + NH3 —_ ZnNHB
2+ 2+
anHs + NHB <_=—> Zn(NH )2 (11)
Zn(NH,) 2+ NH, > Zn(NH )32*
24
Zn(NH ) H3 = Zn(NH3)4

In this case, four formation fractions at four ligand concentrations are necessary
for the computation. These input data are given in Table 2.

Table 2, Formation fractions and ligand concentrations used in the calculation
of stahility constants for the Zn{II) ammonia system.

Formation Fraction Ligand Concentration
0.330 1.00 x 10-3
0.857 2.00 x 10-3
2.366 500 x 10-3
3.250 1.00 x 10-2

Dala from Yatsimirskii and Vasil'ey, 1960.
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The calculated stability constants and statistically adjusted stability constants for
each step are given in Table 3, and the distribution diagram is shown in Figure
1. The Zn(II} ammonia system provides an excellent example of the importance
of using statistically adjusted stability constants, The stability constants in this case
predict the four coordinate Zn(II) complex to be the least stable. However, it is
well known that the four coordinate complex is the most stable (Yaksimirskii and
Vasil'ey, 1960).

Table 3, Comparison of results obtained from the computer program with experi-
mental results. K = stability constants, K’ = statistically adjusted sta-
bility constants.

Step K K K2 % Difference
1 2.34 x 102 5.84 x 10 2.34 x 10¢ 0.0

2 2.79 x 10¢ 1.86 x 10° 2.75 x 102 1.1

3 3.10 x 192 4.65 x 10° 3.16 x 102 1.9

4 1.43 x 10? 5.73 »x 10? 1.41 x 102 1.4

*From Bjerrum, 1941,

The method described in this article will simplify the computation of stability
constants for systemns involving complex equilibria. It may also have application
to other systerns where there are competing reactions. The program can be adapted
to other microcomputers which have bit mapped graphics support.
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APPENDIX
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Fig. 1 Distribution diagram for complexes formed by Zn{ll) with NH,.

1 = monoammine; 2 = diammine: 3 = triammine; 4 = tetraammine,




