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Abstract: A Graphical user interface to prOgrams for the determination of equiLibrium paramEters from
physicocheMical data (GOLEM) has been worked out. The program converts input data written
incommon chemical language into the algebraic form required by the programs that do actual computa-
tions, This includes translation of chemical equations into algebraic form and building up the history of the
preparation of solutions. The program works on PC/DOS plattorms and in the current version prepares
the data for the program STOICHIO (J. Kostrowicki, A. Liwo, Comput. Chem., 1987, 11, 195; Talanta,
1990, 37, 645) which determines the stoichiometry and equilibrium constants from physicochemical
measurements. ’

1. Introduction

Studying solution equilibria continues to be an important task of physical chemistry.
Measuring and processing cxperimental characteristics of equilibrium systems, such
as clectromotive force, absorbance, osmotic pressure, ctc., allows one to determine
the composition and thermodynamic parameters (usually equilibrium constants) of
asystem. Parameter determination is usually accomplished using the non-lincar least-
squares method. Complicated equilibrium systems must be treated using general alge-
braic description, which is hard to digest for a typical solution chemist. Therefore,
although software for the determination of equilibrium parameters in a general case
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are available, they are difficult to use for a typical chemist, because of the need of
switching from common chemical language to algebraic language. A translator from
the chemical language into general algebraic formulation of chemical equilibria is there-
fore necessary. This work describes such a translator developed in our group. It is
interfaced to the program STOICHIO [1, 2] that determines the stoichiometry and
equilibrium constants from physicochemical measurements by non-linear confluence
analysis.

2. Determination of equilibrium parameters

Matrix representation of chemical equations

The values of stoichiometric coefficients, equilibrium constants and other impor-
tant parameters are usually determined from physicochemical measurements. Meas-
ured quantities are functions of equilibrium concentrations of the chemical species
present in a system. The state of an equilibrium system is described by the vector of
equilibrium concentrations of all species, C[1, 2]:

C=1C0 G Consus € (N
where C, is the concentration of i-th species.

Chemical rcactions can be described as a matrix whose elements arc the algebraic
stoichiometric coefficients, reactants having been transferred to the right side. This
matrix will be called the stoichiometric matrix, and identificd by symbol 4; a, will
denote the stoichiometric coefficient at j-th species in i-th reaction. Each a, is positive
for a product, negative for a substrate and zero for a species that does not take part in
the specified reaction. Physically, the stoichiometric coefficients are rational numbers,
but for the purpose of optimization it is convenient to treat them as real numbers. Using
matrix notation allows for uniform description of various equilibrium schemes, e.g.
acid-base, complcx formation, redox, etc.

As an example, consider a simple system where equilibrium takes place between
Ag" and triethanoloamine (denoted by L). Assume that the following cquilibria cocxist
in the system:

Ag'+2L =AgL,’ log ,K,=2.3

Ag +L=AgL" log ,K,=3.6

H*+L=HL" log,,K,=7.9
H20= H* + OH log, K,=-14.0

The corresponding stoichiometric matrix is shown below (Figure 1):



A user-friendly interfuce to computer programs ... 57

ALl [Agtl  HLT on Ag L H ]
1. 0. 0. 0. -1. -2 o
0. 1 0. 0. 1 -1 o
0. 0. 1. 0. 0. 1 -
o 0 0 1 0. 0. 1.

Figure 1. The stoichiometric matrix of silver(l) — tricthanoloamine system.
The components are Ag™, L and 11" Any other species are treated as complexes.

Note that the stoichiometric matrix docs not contain water. This is caused by the
fact that water is always in excess with respect to all other reactants and therefore its
concentration can be considered approximately constant. This means that the last chemi-
cal equation can formally be considered a “creation™ process (see Figure 1):

=H + OH

Mass balance and equilibrium equations

Any change in the concentration of j-th component can be expressed as a product
a g where g is the extent of i-th chemical reaction. The total change of concentration
of the j-th species (AC/_) is expressed by Eq. (2):

"

AC = Za,/e‘ (2)

-l

where m is the number of chemical reactions. In matrix notation this can be
expressed as:

AC=A'e 3)

where £=[g,. €,,...., £ ]" is the vector of the extents of the consccutive reactions.

From Eq. (3) it can be inferred that there exist exactly n—n1 linearly independent
linear combinations of concentrations that do not change during the course of the
reactions. This can casily be demonstrated by multiplying both sides of Eq. (3) by
a matrix orthogonal to 4. This matrix is called the balance matrix and is indicated by
symbol @ {of dimensions (n—m) x m]:

QAC=0 Ac=0 (4)
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Because QAC =0 (from Eq. 4), we have:

Tl=Zc/”C/ i=L2..,n—m (5)
or in matrix notation:
oC=T (6)
with
r= [Tl' TZ' T}’“" len]r ()

where T is a constant vector (its components do not change during the rcactions).
The constants 7|, 7,...., T describe the total amounts of selected specics pre-
sent in the system or their linear combinations, i.c. the material balance, and are
thercfore called balance constants.

The equilibrium state must satisty the mass-action law which for ideal systems can
be described by Eq. (8) or, in matrix notation, by Eq. (9):

il

an,=Z(1”lnC, i=L2,...,m (8)

INK=AInC 9)

where K| is the equilibrium constant of i-th reaction and K is the vector of equili-
brium constant.

Because any lincar combination of a chemical reaction is a chemical reaction and
any lincar combination of balance cquations is a balance equation, a given system can
be described by an infinite number of cquivalent stoichiometric and balance matrices.
Some standardization is introduced when A and Q arce expressed in the so-called nor-
mal Hermitian form:

A=t - P]
Q:[PIEI(,, Wi m] (]0)

where 7 is the unit matrix.

The stoichiometric matrix expressed by Eq. (10) contains reactions of the forma-
tion of the first m species (called complexes) from the last n-m spectes (called compo-
nents). Each row of the balance matrix in the Hermitian form is the balance equation
corresponding to the conservation of the total concentration of the respective compo-
nent. Matrix P will be called the composition matrix; p, denotes the quantity of the
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Jj-thcomponent per one molecule of the i-th complex; therefore the components of'i-th
row of the matrix 2 are cocfficients in the chemical formula ofi-th complex expressed
in terms of the assigned components. Given .4, P can be computed from Eq. (11):

P= 0 10 (1)

where °4 and 4" denote the left and right part of the stoichiometric matrix,
corresponding to complexes and components, respectively:

A={"a, 040 0] with det®4 20 (12)

apam (o)

It can be noted that the example stoichiometric matrix shown in Figure | is in the
normal Hermitian form. The corresponding balance matrix Q is shown below
(Figure 2), and the matrix P is:

[ Ag- L H
1. B, 0.
1. 1. 0
0. 1. 1
0. 0. -1,
[agt. ] [agt]  [nL] on-  Ag L "
1. . 0. 0. . 0. 0.
2 1 1 0. 1 0
0 0 0. —1 0 0 !

Figure 2. The mass balunce matrix corresponding to the stoichiometric matrix of Figure 1.

Representation of solutions used in titrations

The solutions used for titrations result from mixing various intermediate solutions,
which are in turn formed by dissolving or mixing certain reagents. The history of
preparing the solutions is represented by an acyclic graph [3]. An example is
shown in Figure 3.

Solution 1, with volume V. and initial concentrations of spccies given by vector
C,,and solution 2, with volume V, and initial concentrations given by vector C,, were
mixed to give solution 3, with a volume found to be ;. Then solution 5 was formed
analogously from solutions 3 and 4, and solution 6 from solutions 1, 3, and 5. Solution 6
was the one used in the titrations. From the example presented we can see that verti-
ces of the graph are of three types: initial, intermediate, and final. In the example,
the initial vertices are 1, 2, and 4; intermediate are 3 and 5 and the final is vertex 6.
The initial vertices need not correspond to solutions; they can also represent solid
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reagents. In such a casc the ,,concentrations™ are simply the amounts of the respective
species per reagent unit.

1 Ct 2 C2 4 Cs3

\/1 3 V23 V45
3 Y/V3L Vs 5 bW5
Vie o Vs

J QS Ty

Figure 3. An example of the graph of the history of preparing solutions

General algorithm for the determination equilibrinm parameters

A general algorithm to compute equilibrium parameters has been worked out by
J.Kostrowicki and A. Liwo. It minimizes the sum of the weighted squares of the
differences between the measured and predicted experimental observables, given by
Eq. (13)[1,2,3]:

P

[ ( .(U,E[”,S,.q_\-,y)] +

¢ (.\',_v, EO,S,w,V): ; J

111 j-1

2 2
], ( F T + J— (Z,"_E;’ o2 1(5-5)
Gl' -1 GS ( 13)
5B
+Z o —a) +ZZ(W ) u—x )(1 )
m i=l j=l
where:
Fx, v, E% S, 1) — the minimized sum; the vector (v, v, £°, S, o,
V) contains measured quantitics;
X [Xig Xiw Fppves ¢ x”,W]T — the vector of the parameters 1o be deter-
minced, e.g. cquilibrium constants;
Y=V Vs Pyws s )’,,,W]T — the vector of the parameters that have been

determined from other experiments and for
which the variance-covariance matrix (Wy")
is known (e.g., known cquilibrium constants);
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E'= [El“. EJ, Eilvave s E,”JT — the vector of the standard electromotive
forces of the subscequent titrations;

8= [3n s N s 3] — the vector of the Nernstian slopes of the
subsequent titrations:

0=[o, 0, o... .ol — the vector of characteristics of the composi-

tion of the titrants and titrands;
(VUEN. =120 r =1 20 ot —jthtitrant volume and jth electromotive force
in /th titration;
c — estimated a priori standard deviations of the
respective quantities (¢.g. on the basis of the
apparatus characteristics):

t —number of titrations;

r —number of points in the ith titration;

u —number of composition characteristics;
P - number of parameters determined from

carlier measurements:
z — indicates the measured quantity.
Minimization of ¢ 1s carried out using the iterative Marquardt method [6]. A gen-
eral flow chart of the program is shown in Figure 4.

Read:

- the standard form of reactions

- total concentrations

- result of measurements

- imtial approximations to the
equilibrium constants

v v
Compute:

- equilibrium concentrations

- theoretical results of measurements Retimement
- residuals

- increments in equiibnum constants

Increments
n parameters
less than
tolerance?

Problem
comp.ete

Figure 4. General algorithm of equilibrium-parameter determination from experimental duta.
The main computation is realized in the Compute step. In the Read step the data are read from a data
file prepared by GOLEM.
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Introduction to GOLEM

GOLEM is an advanced graphical user friendly interface for preparing data files.
It has becn implemented on DOS and Windows platforms. All the requirements of
program are described in the Technical information scction.

The main screen of the program is divided into several windows. The general
scheme is shown in Figure 5. Arca 1 is used by the cascade menu system. The main
working arca is located in window 2; window 3 is the information window and window
4 is the status and report window.

a4

Figure 5. Windows placement in application.

Once the program has started, the main menu is displayed, which is used for choosing
the main options and work mode. The initial state of the menu is shown below.

Figure 6. The initial form of the menu. The “Files... " submenu groups a set of file and directory
handling commands; the “Matrix... " submenu serves to inpur chemical equations, the “Graph...”
submenu is used for constructing the graph of the history of preparing the solutions, the “Nernst...”

submenu serves to enter general titration data (titrand volume, elecirode equation(s), etc.);
the “Other..." submenu contains miscellancous options, such as “Configuration”; "Help..."
and “Exit... " are self explanatory.
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The current status of the program is shown in the Information window:

4

Figure 7. The initial state of the |, Information™ Window.

The subsequent items describe current time and date, the amount of free memory,
the number of files used by the program (maximum 20 allowed), preceded by the
number of file currently in use ([-] for none), the name of the file currently in use, and
the data header.

The status window is designed for information purposes only. It is used for display-
ing comments, suggestions and warnings produced by program.

Figure 8. The status window in its initial form.

Depending on individual nceds, the message level can be set at errors (for ad-
vanced users), errors and warnings (for interimediate users) or full (recommended for
novices); this is accomplished using the “Configuration™ option of the “Other...” menu.

Preparing data files with GOLEM

Creating a new data file

A useful and easy method of data preparation is illustrated herc on an example.
Assume that we want to determine equilibrium constants in the Ag® — triethanoloamine
system shown and that the stoichiometry of the first complex, initially gucssed to be
AgL," is to be determined. First, we have to define the name and location of the
internal data file used by GOLEM for keeping all entered data. This can be done
thorough the “Files...” menu, which is presented in expanded form in Figure 9.
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Figure 9. Expanded file menu. Some of the commands can be inactive. It depends of current situations
and program state.

By clicking on the “Create new” field in the “Files...”” menu we are able to enter
the name of a new file (see Figure 10 below). After that the program checks if the
name is correct and if it corresponds to a new file. A warning message is issued, if any
attempt is made to open and, thereby, overwrite an existing file. All comments and
warnings can be displayed in the Status window.

} Creating new file:

newdata.GLH

==

Figure 10. A small window from “Create new” command. It allows to enter a new duata file name.

If the file name is correct, GOLEM creates an empty data file and allows us to
create the first part of the data. Creating a new file is indicated in the “Information”
window, as shown in Figure 11.

Figurell. Information window after creating the first file.
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Subsequently, the “Equations” command from the “Matrix...“ menu is used to
enter chemical equations (Figure 12).

Figure 12. The “Matrix..." menu.

Entering chemical equations

Chemical equations are entered in the “Work” window. Up to 20 reactions can be
stored simultaneously. Each of them is placed in a single line. Editing can be donc using
the keyboard; the mouse is used only for text cursor positioning. Each equation is fol-
lowed by the logarithm of its equilibrium constant and, optionally, the standard deviation
of this equilibrium constant, if known from other measurements.

The buttons in the “Work” window allow including the reactions from a previously
created file in the current set of chemical equations, or exporting them to scveral for-
mats (plain text or TEX). The default equation type is “normal” (indicated by an “N”)
and it is not necded to set. Reactions whose equilibrium constants correspond to solvent
ionic product or solute solubility product are identified as “creation” (C)
or “annihilation™ (A) processes, respectively. The user can mark a reaction with (U)
to indicate that its stoichiometry is unknown; in this casc the displayed coefficients are
only initial guesses to the “truc” stoichiometry, as shown in Figure 13.

Once all chemical equations have been entered, the correctness test can be in-
voked by clicking on the “Test” button. Erronecous equations will be ignored. The
“Other...”" and “Configuration” menu command can configure test types. Some “soft”
errors (e.g. incorrect species names) can usually be ignored. All equations are tested
in one pass. Results of the tests are reported in the Status window. It is also possible to
save all errors and/or warnings to a report file (useful, if verbose messages arc
analyzed after).
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Figure 13. Work window containing the entered chemical equations.

Choosing the components

In this step we have to choosc n-m component species. The formulas of any of the
m remaining specics (the complexes) must be expressed in terms of these compo-
nents, which means that the part of the stoichiometric matrix corresponding to com-
plexcs must be non-singular. If there are any complexes with unknown stoichiometry,
they must also be marked in this step, as shown in Figure 14. Obviously, no unknown
species can be chosen as a component.
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l
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Figure I4. Defining the set of components (marked with &y and complexes with unknovwn stoichiome-
v tmarked with ). The tvpe of species can be selected from small context menu by clicking the right
mouse button on the square check box).

Generating the stoichiometric matrix

Creation of the stoichiometric matrix is invoked by choosing the “Matrix™ com-
mand from the “Matrix...” menu. The stoichiometric matrix is displayed in Figure 15
below. The matrix can be exported to a text or as a table in the TEX format.
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: Ox = Laitwj. — ‘EC;’.:mjn‘:el S

Figure 15. The stoichiometric matrix as shown in the Work window:

Defining the graph of the history of the preparation of the solutions

Solutions used in potentiometric measurcments are divided into threc groups: base,
intermediate, and final, as described in section “Representation of solutions used in
titrations”. Now the history of mixing the solutions is created. In our example the
titrand 1s 0.02 M in Ag” and HL" and the titrant is 0. 5 M in OH". These solutions are
prepared from reagents that contain 1 mol of Ag*, H", L, and OH, respectively, per
unit. The reagents are numbered as “solutions” 1-4. Stock solutions of all recagents
(with numbers 5-8) of concentrations 0.1, 0.1, 0.1, and 1 M, respectively, are then
prepared. Then, solution 9 containing HL" is prepared trom stock solutions 5 and 6.
Finally, the titrand is prepared by mixing appropriate amounts of stock solution 4 and
solution 9 and the titrant is prepared by diluting stock solution 8. The details of the
procedure are illustrated in the graph on the next page.
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Base solutions

(3]

1 mol per unit

1 mol per unit

L
1 mol per unit

OH"™
1 mol per unit

{2]

v

5
0.2 unitof1 D
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{7]
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Intermed
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Vs .10
\79 »10
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Ve .9
V7.9

40.ccm’

=53.0¢m’
-50.0cm’
Vg=100cm’

Vg,1n =50.0cm’
Vi1 =100 cm’

The appearance of the graph when working with GOLEM is shown in Figure 16.
The graph s constructed by activating the *Graph..." menu, positioning the rectangles

representing solutions or base substances on the screen and drawing lines between

them.

P DT

Statistics:
Base solutions:
Internediate:

Selected:
Solution:
Based on:

- | Modify ]

Final solutions: For:
b= H+
1 +
Ag — E L -
3
2: 000'%) =
S ddln0 3: 0.
1: 1008.6 1000.
s 7
\ 1
. -
: 9
Y 6: 50.0
b el 50.0
3 .~ __1000.0
10 - 11
5= 20.0 8: 50.0
9: 40.0 1000.0
1000.0

o) (e

s

Figure 16. The appearance of the graph of the history of solution preparation.

A dark line at the top marks a base substance and a black line at the bottom marks
a final solution. Clicking the left button of the mouse on a particular solution initiates
displaying full information regarding this solution. Modifying is allowed after the “Modify”
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button is pressed. Only one box can be edited at a time. Clicking on any rectangle will
display a short context menu with a set of useful options (e.g. change type, change
volume, etc.).

Entering information about preparing the solutions is finished by clicking the “OK
button. The program will check whether the graph is a directed acyclic one, which is
the only type of graph that can represent the history of preparing solutions. Errors
detected at this stage cannot be ignored.

"

Entering other data

The other data include the coefticients of the Nernst equation, volumes of the
titrand(s), and the results of titrations (e.g. the pairs of volume and electromotive force).
These data are entered manually in text mode or are acquired directly from the appa-
ratus.

Manual entering of the titration data can be accomplished using any text editor or
using the GOLEM built-in editor. In the latter case GOLEM prompts the user to enter
appropriate data, c.g. electrode characteristics, volume — e.m.f. pairs, etc.

Producing data files

The data, which have been prepared by GOLEM, are often saved to an internal
data file, from which they can casily be restored. GOLEM can export these data to
files of several types: plain text, TEX source or STOICHIO input data files. This is
accomplished by choosing the “Export” option from the “Files...* menu.

The first part of the data (including the history of preparing the solutions) corre-
sponding to the example discussed throughout the paper exported to the STOICHIO
format is shown on the next page.
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# Generated by GOLEM, v. 2.0, at 10.02.1998
7 4 3 1 i 2 0 3 il 1
AgL2+
AgL+
HL+
OH -
Ag+
L
H+
-1.0 -2.0 0.0 2.3
0 1 0 g =1 -1 0 3.6
0 0 1 0 0 -1 1 7:9
0 0 0 il 0 0 1 -14.0
2
1 5
1.8 0.01
1 7
1.8 0.01
1 6
1.0 0.01
1 4
1.0 0.01
1 0 1000.0
1 o] 1000.0
4 0 1000.0
1 0 1000.0
1 0 100.0
d 0 100.0
1 0 100.0
0
i 5 0 0.1
2 6 0 0.1
8 y; 0 0.1
4 8 0 1.0
6 9 0 50.0
7 9 0 50.0
5 10 0 20.0
9 19 0 40.0
8 11 0 50.0
0

Technical information

Systems requirements

GOLEM-2 is a DOS-based program, which works under DOS based systems
(6. + versions) or under the MS Windows 95+ shell (better). Running under
Windows 3.x is not recommended. All major and specific propertics are presented on
the next page.
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Tuble 1. System requirements

Property/Parameter

Minimal

Recommended

Operating system:

MS DOS 6.0

MS Windows 95

Memory:

450 kB

620 kB

Disk:

500 kB

500 kB

Video:

VGA compatible

VESA support. 512 kB
or more

Display:

any VGA-compatible
adapter

15" 800x600 NI monitor

Mouse:

MS Series or

compatible

Start-up configuration:

no

yes

Disk buffering:

no

yes

Language:

English

English
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