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CHAPTER I
INTRODUCTION

‘ Studies of the absorption of visible apd ultraviolet radiaﬁion
have long been.used to obtain information about eqﬁilibria in solution,
Howevef, since the optical absorbance of a solution is governed by a.
characteristic inténsive factor, the extinction coefficient, as well as
by the concentration of each absorbing species, intefpfetétion of
measurements of this type is complicated if several complexes coexist.
Many spectrophotometric methods used in quantitative anaiysis have been
developed without compléte knowledge of the natufé‘énd properties of
the-agsorbing species., Therefore, unambiguous methods for the determi~-
nation of the number, nature, and stabilities‘of several absorbing
species in solution are needed.

Adequate experimental ‘and theoretical descriptions of the
chemistry of natural water systems are.difficult to formulate, In
order to develop a chemical model‘of a natural w;ter sysiem wﬁich wohld
be useful for water quality definition and contrbl, detailed infor-
mation concerning accurate knowledge of the cheﬁical equilibria is
necessary. The concentrafions of specieé in solﬁtion can be calculated
from the measured concentrations of selected iqns and the equilibria’
relating them provided reasonabi& égcurate valﬁes of the concentration
formation constants are known fof the particular envgrénhent under‘ |
study. The computer methods deécribed’in this work ﬂrovide a valuable

. » . .

|

i



method for determining the number, cpmpositiqn, and stabilities of
species in solution in a‘straightforwafd, objective m;nner with a degree
of accuracy and precision required of these numbers for modeling natural
water systems, The methods are described using spectrophotometric data
but could be épplied‘to concentration data obtained in studie$ of
natural waters by most Other‘metho&é;u R

“The purpose of this'Qofk was to develop a generally applingle,
objective,.pomputér-method for Aetefﬁiniﬁg the number, nature, and
stabilities of coﬁplexes in solution from:speqtrophotometric déta,
Six computer programs are used for the analysis of the absorbance data:

1)  Matrix Rank Program

2) Species Nﬁmber-Prermn.

3) Corresponding>Solutions Plot Program

L) - Corresbonding Solutions n, [L] Program

5) Formation Functiqq_Program'

6) Pit-Mapping
" The matrix rénk program calculates the number of components that cén-
tribute to the absorption spectrum of a multicomponent system, The
spggies»number program determinesethe humber of absorbing species and
 gives information concerning trends in species number WithvwaQelength
or solution composition, The corresponqing solutions plot program
calculateé the corresponding solqtidn functions, E, which are uéed as
input data for Program 4. This program also plots the E functions
versus total ligand concentration at each total mefal concentratidn.
The corresponding solution; ﬁ, [L]-program calculates formétion
-function data using the E fungtions, total metal and total ligand con-

centrations, and the extinction coefficients of the ligand as input



data. The formation function program calculates stability constants
from the n, [L] data obtained in Program & (1). The pit-mapping
program calculates stability constants for polynuclear, mononuclear, or
mixed mononuclear and polynuclear systems., These programs consfitute

a generally applicable and objective method for analyzing spectro-
photometric data obtained from multicomponent systems.

The final part of this work was to use these programs to analyze
spectrophotometric data from an unknown system, The pyrocatechol
violet (PCV) complexes of the tin(IV) were chosen for this study. Ross
and White (2) have published a procedure for the spectrophotometric
determination of tin(IV) using PCV as the colorimetric reagent. Infor-
mation concerning the stabilities of these complexes has not been
published, e

The nomenc¢lature used in this work is presented in the following
definitions. The overall, stoichiometric stability constant, an, of
the complex, Man, formed from a central group, M, and ligand, L, is
defined by Equation (1),

M ]
m n

B = (1)

The total analytical concentrations of the central group, C and the

M,
ligand, CL, are given by Equations (2) and (3), where M and N are the

maximum values of m and n in the system,

M N

w= 00 ) Y mler]
11
M N

(1] +Z Zn[Man]

1 1

[M] +

¢
1t

n

man[M]m[L]n (2)

[L] +

O
1l

1

g, [WI"[L]" (3)
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The degree of formation of the system or the average number of ligands

bound to the central group, E, is defined in Equation (4).
| M N

Z an [M]™[L]"

- mn

wg []"[L]"

H—CL—Fij
M

(L)

= 1=
o 1 zie

The fraction of the ligand, a polyprotic acid, present as each species
is the ratio of the congentration of that species to the analytical

concentration.

(1]
o = —e

. S (5)

L

The absorbance of a soiution which containé the species L, M; and
Man is given by Equation (6), where 1 is the path length and emn is
the holar extingtion coefficient of species Man.

€
mn
11

M N
A= 1(eL[L] + eylm] + 2 2 EMan]) (6)



CHAPTER II
LITERATURE REVIEW

The choice of a method for determining the number and composition
of absorbing species and for computing stability constants from spectro-
photometric data is governed by the complexity of the system and by the
number of extinction qoefficients which can be determined independently.
It is difficult to interpret measurements of A and [L] unambiguously
except in fhe simplest cases, More satisfactory results can be
obtained in cases where it is possible to calculéte the functions n,

[L] or Gb’ [L] from spectrophotometric data.
Graphical Methods

A number of methods which are still widely used to determine the
formulas and stability constants §f complexes were first designed for
‘the case in which onl? one complex is formed, The physical property
most often measured has been optical absorbance although other physical
properties which involve intensive factors have been used. The method
of continuoﬁs variations was first applied to the formation of comp-
lexes in édlution by Job (3) who assumed that only one complex was
present, The experimental parameter used in this method is the dif-
ferenoce, Y7 between some measured physical property of an equilibrium
mixture of ligand and central ion in solution and the valueiiﬁe

property would have if no reaction occurred. A plot of Y versus



solution composiﬁion should have a maximum oy minimum at the mole
fraction corresponding to the qohposition of the complex formed if only
one ﬁomplex is present (4). If a system contains moré than a single
complex, the concentration of any given complex will reach a maximum

at some value qf the molar ratio of the reactants that differs from
that found in the complex (5). This method has beeﬁ used to obtain
infgrmation concerning the fofmulas of qomplexes present in multi-
component systems élthough Vosburgh and'Cooper (L) state that caution
is necessary in such cases since the reéults obtained depend upon the
wavelength of light used, Job (3), Hagenmuller. (6), Schaeppi and
Treadwell (7), and Schwarzenbach (8) have described graphical methods
for calculating the overall stability constant Bn once the value of n
has been determined, These methods are not suitablé for systems.in
which n is greater than one; .Watkins and Jones (5) conclude that in
the general case it is impossibleito obtain detailed information on a
system containing several successive complexés by the use of the method
of continuous variations‘alone.

The molearatiq meth§d is of value for obtaining ipformation about
the composition of complexes in solution although the results must be
interpreted with care (9, 10). Yoe and Jones (9) showed that if the
complex formed ié slightly dissociated, a plot.of absorbance versus
mole-ratio, CL/C , for a éeries of solutions in which CM is kept

constant and C_ is varied, rises Steeply from the origin as a straight

L
line for mole ratios below that qorrespbnding to the composition of the
complex farmed, then breaks sharply to a constant absorbance at the

mole-ratio of CL/CM in the complex, If more than one complex is formed,

and the various complexes have different absorption characteristics and



different formation constants, measurements at different wavelengths
will reveal their presence by breaks in the molewfatiq plotsg; even at
one wavelength significant changes in slope indicate the presence of
different complexes (11), The slope-ratio method is similar and is
restricted to the formation of a singlevcomplex (10). The curvaturé
of the mole-ratio and continuous variations plots have been used to
calculate‘the stability constant of a single complex but the results
are only approximate. These methods have the disadvantage that their
usefulness depends upon the stability of the complex being studied.

A graphical method for determining the numberiof absorbing species
is described by Coleman and Varga (12)_ Absorbance data is arranged in
matrix form énd various functions are plotted assuming eone, two, or
three absorbing species.‘ The methad is based on the rank of the
absorbance matrix, The theory of thié method wili be described in
detail in a later section dealing'with camputer programs.

s A new method for determininglthe compositidn of complexes of the
form ML was described in 1960 by Asmus (13),  Later articles modified
the method so that it could be used to determine the composition of
complexes of the form Man (14, 15). For the complex Man, data for
the determination of m/n is obtained by‘varying the excess of the
reactant M, the concentration of L being méintained constant. By
prepéring é second series of solutions in which the concentration of M
is kept constant and in excess, while the concentration of L is varied,:
data for determining n is obtained. Using this absorbange data, curves
are plotted for‘different values of the ratio m/n. A straight line is
obtained for the correct vélue of m/n, The same procedure is then

repeated to determine n.



In a review, Bjerrum (16) has pointed out that the formation of
complexes in aqueous solution appears to occur in stepwise fashion,

The number and natﬁre of complexes formed can sometimes be deduced from
the shape of the formation curve., This is a wideiy used method since
many experimental téchniques yield Qata‘of fhis type (n or Gb as a
function of [L]). If the formation curve has a limiting value at an
integral Vaiue N of n, then it may be assumed that the highest complex
present is‘MLN. It is often impossible to incfease the free ligand
concentration to a value suych that n becomes constant in which case
inspection of the formation curve does not immediately indicate the
number of complexes. |

Irving (17) describes a graphical mefhod for evaluating experi-
mental results that should fit‘é linear equation, The pfin@iple behind
this metheod is to use.a coordinate system such that each pair of ob-
servations is used to define a straight line. The various straight |
lines for all the observations are then to intersect in a common point
whose coordinates are related to the unknown constants. Irving uses
this method to calcuiate the stability of a single complex, ML, from
spectrophotometric data,

The most common graphical method for determining stability
bconstants is the method of lineér plots (18). The equations describing
the system are transformed so that they are linear in the variabies
over a certain range of one of the variables. In this range the
experimental data can be plotted as straight lines. Under limiting
conditiong, the intercept of this line on one of the axes, or the
slope of the line, gives a value which.may be one of the constants or

a parameter which is a simple function of the constant. This method



has been used to calculate the.stability constants for N = 1 and N = 2
where the'eiperimental data is absorbance, A, as a function of [L] (19,
20, 21).

Interpretation is extremely difficult for systems in which three
or more complexes are formed. For thesebsystems extrépalation methods
described by Newman and Hume (22) are used. They déscribe a method
_whiéh uses absorbance data for determining successive formation
constants and extinctioﬂ coefficients‘for systems containing either
singlé or mixed ligand complexes. The approach is to assume that only
the first complex exists in solutions of iow free ligand concentration

and determining values of € and Bl from measurements in this

O, 617
region, -These values can then be combined with data fof solutions

which contain slightly higher ligand concentrations to give values of

and the process repeated for higher complexes.b Alternatively,

ez’ B2

values of € and BN can be obtained using solutions of high free

Nt SNo1
ligand concentration and the above procedure reversed.

A number of authors have given methods for obtaining stability
constantg by extrapolation of certain functions to zero free ligand
concentration, In each casg the function n or Gb are transformed to
give polynomials in EL] or [L]_l and values of the stability constants
can be obtained by extrapolating these functions to [L] = 0 or [L]—lézb.
The coefficients of these polynomials are the required Bn. The -
graphical extrapolations reduce the polynomials to N linear equations,
Reviews of these methods are given by Sullivaﬁ and Hindman (23), and
Rossotti and Ressotti (24).

The methods of linear plots and extrapolation are“the most used

methods for computing stability constahts from gpectrophotometric data
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of the type A, [L], Although ithe values of €n and Bn may be refined by
suecessive approximafion, considerable unqerfainty often exists in
stability constants éomputed by extraﬁolation methods (25). More
satisfactory values may be obtained in cases where it is possible to
calculate the functions n or Gb from spectrophotometric data using the
method of corresponding solutions, The theory of this method will be
presented in detail in a later section,

The method of linear plots is'also widely used for the analysis of
the data n, EL] (24, 25). Another method of treating this data is the
method of curve fitting. Values Qf stability constants can be obtained
by comparing experimental formation curves with curves calculated from
Equation (4) using different values of Bn. This method is particularly
useful for cases in which one or two complexes are formed. If three or
more complexes are formed, a large number of formation curves would be
necessary to fit the data and only approximate values of the constants

would be obtained,
Computer Methods

The use of computers for the determination of the number and nature
of complexes in solution has been quite limited. Matrix rank calcu-
lations for the analysis of absorption spectra of multicomponent systems
and contour mapping of the absorbance data (three dimensional plotting)
are the only methods in common usage.

The original paper dealing with matrix rank analysis was by
Wallace (26) who applied the method to a system‘containing brganic
indicators. Several other papers (27, 28, 29, 30) have been published

using the basic ideas presented by Wallace (26). When large amounts of
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data are obtained, computer calculation of the rank of the absorbance
‘matrix is necessary, A modification éf the original matrix rank
program is used in the present work (27). The theory of the methoa and
the program changes are given in a later section. .

~ Three diﬁensional contour plots of absorbance data can be used to
provide a visual check on the rank of the absorbance matrix and to give
information concerning the composition of the complexes in solution (31L
A plotting program allows points having the relationship Z=g(X,Y) to
be plotted as a‘topographic mapping of.a three dimensional surface onto
the x—Y plane. . The wavelength is plotfed as the ordinate, concentra-
tion as the absecissa, and absorbance as the contours, By inspection
the number of peaks and valleys in this plot are obtained and the
molar ratios of the reactants where they océur give information con-
cerning the nature of the complexes. This brogram ﬁas used by Varga
and Veatch (31) in the interpfetation of the hafnium~chloranilic acid
systém,

The most commonly used method for numerical calculation of stabil-
ity constants in which the nuﬁber_of measured points exceed the number
of unknown constants is the method of least squares (18, 32, 33, 34,
35, 36, 37, 38, 39). The principle of least squares, which is founded
on the normal probability equation, says that the best or most probable
value of a measured quanfity is that for which thé sum of the weighted
squares of the residuals is a mipimum. ‘The application of this
principle to cﬁrve fitting is extensively tréated by Deming (40). The
method of least squares does not introduce any systematic computa~
tional errors, It gifes the best set of constants obtainable. from the

data according to the theory of error and it also permits the
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calculation of standard errors of these congtants; The determinati§n
of many ﬁarameters from a large amount of experimental daté using the
method of least squares leads to very extenéive qalculations. There—
fore, little use of this methed had been made until recently when high~
speed digital compuﬁers became availables |

The least squares conditionéleadg to normal eq#ations whiéh can be
solved by straightforward method§ if the,systém can be déscribedbby é
fﬁnotion linear in the unknown stability constants. In studies of
stepwise complex‘formatioh, if the concentration of‘the ¢central ion 6;
one of‘the complexes has been measured,.lineaf equations usually result.
Much of the potentiometric, polarographic, ion exchange, and solvent
extraction work done on metal complexes has been interpreted using such
a model which can be solved by a rigorous non-iterative linearuleast
squares calculation;

The application of least squares methods to spectrophotoﬁetric
data usually leads to nonlinear equations in the unknowns, If (L],
[M], €, and €

M

constants from which B's and extinction coefficients can be determined

can be determined, a least squares calculationvgives

(41, 42, 43), However, if only [L], €, and C, are knoyn, the equations

L’ M
~are nonlinear and difficult to solve.

If the function relating B's and €'s is nonlinear in ﬁhe#e:
conétants, two general approaches for solution are used. Rydberg (18}
outlines the Gauss~Newton iterative method of solution. In order to
ohtain an equation linear in thé unknowns (B's), the B's are replaced
by estimated values and their devidtioné from the true values, The

function is then expanded in a‘Taylor series, neglecting higher ferms;

and solved for the deviations by the method of least squares; These
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values of the deviations are used to obtain better values of the B's
and this procedure repeated until the deviations of the B's are negli-
gible in comparison to the standard errors of the stability constants.
Rabideau and Kline (39) apply this method to the spectrophotometric
investigation of the hydrolysis of Pu(IV),

A more sYstematic method of solving the system is the method of
'pitmapping' described in several papers by Sillen énd coworkers (36,
37, 38). 1In this method approximate stability constants are obtaihed
by graphical methods, Sillen then considers the function f(Bl’ 62,
...; Bn). The approximate valueé are used to study how the sum of
squares (SS) of the residualg vary with the variation of one parameter
at a time, ‘When the minimum of SS is found for one parameter, this
value is retained, and the next parameter ié varied until a minimum
of 8S is found for that parameter. After SS has been minimized for
each parameter in turn, the procedure is started gver again, and
continued in this manner until the sum of squares of the residuals is
a minimum for all parameters, However, there. is no guarantee that a
true minimum will be reached. 8illen (36) states that this method of
programming will be applied to spectrophotometric data, which commonly
give nonlinear equations and several articles have just been
published (&4k&, 45).

If the spectrophotometric method of investigation is the method of
corresponding solutions, ﬁ, (L] data is obtained, Several éapers
discuss the calculation of sﬁccessive stability constants using forma-
tion function data (1, 46, 47, 48, 49, 50). A feview of these methods
is given by Irﬁing and Rossotti (51). Successive approximations,

solution of simultaneous equations, interpolation at half n values,
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Schwarzenbach's Graphical Method, cqrrectionwterm method, and least
squafes are some of thé techniques revieweq’in this péper. Most of the
recent work has been done using least squares.

Graphical methods for determining the number and nature of species
in solution are generally applicable only to simple §y$tems. However,
the mole-ratio method, Coleman and Varga's species number method, and
the straight-line method of Holme and Langmyhr givg Valuable informa~
tion if the number of absorbing species is three or less. Graphical
methods for determining stabilities are even further restrigted because
of the necessity fop determining extinction coefficienﬁs as vell as
stability constants, USually only a?proximate constants can be
obtained.<

The computer methods most widely used are matrix rank and least
squares célculations. Matrix rank analysis is an excellent way to
determine the number of species in a solution from spectrophotometric
data. Linear least sduares and iterative calculations are successful
in simple systems. For spectrophotometric aﬁalysis of multicomponent
systems the method of cerresponding solutions is superior to other
techniques. This methed gives formation function data which can be
analyzed using linear least squares if the complexes are mononuclear.
If polynuclear complexes are formed, nonlinear least squares and

iterative techniques must be used.
Tin-Pyrocatechol Violet

Many new reagents for colorimetry havé been introduced in the past
few years byt very few have beén applied to the determination of tin.

Sandell (52) describes reagents available now as generally
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unsatisfactory in sensitivity and specificity. Dithiol (52) is con-
sidered the most useful, although there ére several articles describing
metheds using phenylfluorone (33, 5k, 55). The procedure published
recently by Ross and White (2) using ﬁyrocatechol violet (pyrocatechol
sul fonphthalein or 3,3',4'—trihydroxyfuchsone—z";sulfonic acid) is as
sensitive and less subject to error than the above propedures. Their
results indicate that pyrocatechol Qiolet (PCV) forms complekes with
Sn(IV) and not Sn(II),‘ No information is given regarding the sta~
bilities of these.complexes.

PCV was first obtained in a pure state in 1954 by Vodakiand
Leminger (56) who prepared it by the condensation of o-sul fobenzoic
anhydride with pyrocatechol, It is a reddish-brown crystalline powder
which is readily soluble in water and aqueous ethanol, but insoluble
in nonpolar solvents like ether, benzene, and xylene. An aqueous
solution of PCV is yellow with the indicator present as a singly

charged anion owing to the ionization of the sulfonic acid group.

OH

" SO_H
3

PCV
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PCV showé acid-base indicator properties with color ftransiticns in both
acidic and alkaline media, Several equilibria involving dissociation
of hydroxyl protons have been described by Suk and Malat (57). Ter-
and quadrivalent cations form complexes with PCV in acidic and alkaline
media ﬁﬁereas divalent cations, as a'rule,.form complexes only in
alkaline media. Numerous prodedureé involving the uée of PCV as an
indicator in chelatometric titrations (57) as well as its use as a
spectrophotometric reagent for zircopium (58), iren (59), vanadium (60),
yttrium (61), scandium (62), and other metals have been published
recently., Very little information coﬁcerning'theistabilities éf the

complexes formed is given,



CHAPTER IIT
MATRIX RANK ANALYSIS

The first step in the computer analysis of absorption spectra is
to determine the nymber of absorbing species in solution. A method was
developed by Wallace (26) to find the number of components that con-
tribute to the‘absorption spectrum §f a multicpmppnent system.‘ The
only assumption involved is that Beer's law is valid for each compon-
ent. The absorption spectra of é series of solutions in which exisf a
number of absorbing species whose‘relative conceptrations change from
one solution to the next are measured, The changes in concentration
can be accomplished, for example, by changing the ligand concentration

-in the formation of inQrganic éomplexés or the pH of solutioﬁs con-
taining organic indicators, Beer's law for a mqlticompénent system is.

given by Equation (7):
v m
A = Z ®35 Cicj . (7)
k=1

where

th

ij is the absorbance at wavelength A in the j experiment,
' . . ' th
ekk is the extingtion coefficient of the k component at
wavelength X,
. . . . .th .
ij is the concentration of component k in the j = experiment,and

m is the total number of components.

17
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Equation (7),’fr¢m the definition ofmatrix multiplicatien,; can be
written in more compact form where A is a p x n matrix, B is.ap xm

matrix, and C is a m x n matrix.
A = BC o (8)

p is the number of different wavelengths and n is the number of experi-
‘ments. The rank, R, of a matrix is defined as the order of the largest
nonzero determinant that can be obtained from the elements of thé
mafrix. Sihce a nohzero determinant requires that the rows and columhs
be linearly independent,-tﬁe rank of a matrix is detefmined by the
maximum number of linearly independént rows and columns. Therefore,
the rank of a matrix gives the number ofblinéarly indépendent
components.

In general, determinants derived from the B matrix are nqn—iero,
irreSpective of order.uvThe rank of the concentration ﬁatrix, thefefore,
determines the rankvof the corresponding A matrix. It.is‘é standard
theprem that if matrix A is of rank R, then A‘confainS'R linearly inde~
pendent variables with any variables in‘excess.of R being 1inearly
dependent., For a given system, the following relation is wvalid wifh‘C‘
enumerating the number of coméonents iﬁ the system and P the number of
relationships among them.

P+R=C | (9)

Sincé in anvdpen SyStem the conceritrations of the components,are varied
arbitrarily, no relationships are presént between different components

andR:C.
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General Outline of Method

- The computer method of determining the rank of an absorbance
matrix described by Wallace and Katz (27) is an objective analysis
based on standard statistical ¢riteria, The method coﬁsists of setting
up, in édditian to the absorbance matrix A, another matrix S whose
elements, Sij’ are the estimated errors of Aij' A is then réduced by a
series of row and column opératioﬁs to an equivalent reduced matrix,
whose elements below'the principal diagonal are all ZEYrO, Eleménts of
the error‘matrix 8 are transformed to an equivalent reduced matrix,
during the reduction of A, by computing new jalues of Sij'based“on the
. propagation of errors in the raductioﬁ of A, The rank of A is then
deterﬁined by a direct gomparison of the corresponding elements on the
principal diagonals of the reduced A and S matrices. The criteria used
is'thatva pringipal diagonal element of the reduced A matrix is nonzero
if its ab#olute value'is equal to or greater than ﬁhree times the
absolute value of the corresponding principal diagonal element of the
reduced S matrix, - The number of statiéfically nonzero rows in the
reduced A matrix is the rank or the number of independent componenis
in the system, In other words, components are counted only when their
contribution to the magnitudg‘of the matrix elements exceeds the experi-

mental error,
Detailed Description of Method

The A matrix is pivoted by an interchange of rows and columns to
place the elements whose ahsolute value is the largest in the 1,1
position. The S matrix is trénSformed by the same row-column inter-

changes used in A, The resulting A matrix is then transformed to A' by
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the operation given by Equation (10) performed on all except the first

rowe

-

Al. = A JIE 2 (10)
ij " oij ry 4

-

This operation makes all eleménts in the first column zero except for
the first element. The S matrix is transformed to S', according to
the theory for the propagation of errors in the elementary operations

performed on the A matrix, by the operation given in Equatien (11),

' 2| %
1= 11 1J
Sij - i’ lJ(:é :) Ll(: (11)

The'reaspn for‘pivotingithe matrix to place the largest elements on the
diagonal is to minimize the rate of propagation of errors. With this
arrangement, the coeff1c1ents of ng 851; and Sfl on the right of
Equation (11) can never exceed one, and the value of an element in S'
after an operatibn cannot exgeed twiqe the value of the lérgesf of the
elements in S that goes into its calculation,

The submatrices formed-by deleting the first row and column of A!
and 8' are then treated similafly to give A" and sm, This procéss is
repeated until all thg element$ of the transformed A matrix below the
principal diagonal are equal to zerof It is then only necessary to
compare elements on the principal diagbnals of the transformed A and S

matrices to determine the number of statistically nonzero rows, and,

therefore, to find the experimental prank,
Error Matrix S

Early workers in this area (26, 27) aSSqmed a constant error for

all Ajj. However, Varga and Veatch (31) describe a method for
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calculating the standard error of the ahsorbance, Sij, as a function of
the photometric error and the measured absorbances,;Aij. The relation
between relative concentration error, AC/C, in a photometric
measurement and thé photometric error, AT, where C is the concentration

and T is the transmittance, is given by Equation (12).

4C _ 0.43429 AT

C = T log T (12)

From this equatioh and the generalized Beer's law relation, the
following expression for the standard.error of the absorbance, Sij’
can be derived.

Sij = 0,43429 x AT x anfllog Aij | (13)’

For a given photometric error, AT, sij'is a minimum for Aij in the
range 0.2 to 0,8 absorbance units, For example, using AT = 0.005,
Sij = 1.37% of Aij if Aij = 0.5. This approach is much more reasonable

_than that of assuming a constant error regardless of the size of Aij'

Fortran Program

Wallace and Katz (27) wrote a computer program to perform the rank
calculations when large amounts 6f data were used. This was a Fortran
program for an IBM 704 computer. Varga and Veatch (31) modified this
program for use on an IBM 7040. A copy of this program was obtained
and several changes‘were madevso that:the program could be used on the
IBM 360.

The most important change was the convefsion of the entire program
to double precision, Since the program involves a series of row and

column operations on rather large matrices, it was necessary to use
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double precision arithmetic to avoid roundoff error (63). The input
statements were changed to make them cohpatible with the amount of data
obtained in this work. Ali_élemen@§? Aij and Sij’ below the principal
diagonals in the reduced A and § matrices were supposed to be set equal
to zero as deséribed in Equations (10) and (11). However, an element
occasionally was not set equallto zero in the original program., This
was corrected when the other changes were made.

In the original program the elements below the principal diagonal

in the last column, the jth

column, of the‘rgduced A and 'S matrices
were not set eqﬁal to zero. Thereforé, the program could not determine
the rank of A if the rank was equal to the number of columns j. This
was corrected by interchangingbthe elements in the last column of the
reduced A and 5 matrices to place the maximum elements on the principal
diagonals and then setting the elements below the diagonals to zero;

The rank of A can now be determined if the rahk is less than or equal

to the number of columns in the A matrix.
Detailed Description of Program

N, the number of experiments, L, the number of wavelengths, and
CRIT, the criterion for setting A elements to zero are read in first,
The absorbance data, V(I,J), is read next. Since the program is
written in doﬁble precision, the néxt step is to convert the absorbance
data to double precision, Thig yie}ds the absorbance matrix, A(I,J).

The first step in the rank ecalculation is to ecalculate the error
matrix, S, and write the original A and 8 mgtrices, The A and 8
matrices are then pivoted, reduced, and éubwbivot elements set to zero.

This completes the reduction of the two matrices, Then the experimental
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rank is determined by comparing corresponding elements on thé principal
diagonals of the A and 8 matrices, Thé rank of A(I,J) plus the reduced
A and S matrices are written out in the final sﬁeps of the program,

The rank caloulation is in a DO loop which allows the photometric
error to be varied from 0,001 tao 0,01 in increments of 0,001. The rank
is calculated for each value of the photometric error. By rempving the
DO statement, the experimental rank can be calculated with a particular
photometric error, A,flow”chartof‘the program and a listing of the

program with a typical data set is given in Appendix A,



CHAPTER IV
'SPECIES NUMBER

A gréphioal method for determining the number of species in solu~
tion from spectrophotometric déta’is described by‘Coleman, Varga, ‘and
Mastinb(lz), The:method is based upon the raﬁk of anvabsorbance matrix.
In this methbd absorbance data is arranged in matrix form and various
functions of fhe absorbance data arebploited for the cases of one, two,
and three absorbing species. For two and three absorbing species,
distinction isvmade between cases in which thefe'are restrictions on
the stoichiometry, such as the condition that the sum of the concen-
trations of the aﬁsorbing spééies is constant, and cases in which there
are no resgtrictions on the étoichiometry.'-rhe method is simple to
apply when the amﬁunt of data is small. However, the calculations angd
. plotting are timevconsuming for larger amﬁunts of data, Computer

methods for handling the data are needed.
Theory

Spectrophotometri% measurements provide a powerful means for
examiﬁing interactions among substances inbsolution, The information
obtained in typical experimqnts consists of graphs of absorbance A at
wavelengths i for a'serigs of solution compositions j. This informa-
tion can be displayed as a matQix A with elements Aij or in Fertran

notation A(I,J). The matrix A is a rectangular array of numbers.

2k
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H A R A
N R e ELY
A31 A3z Ay

A matrix of i.rows and j columns is Séid to be of order i x J» When
i= j, as @n matrix A, the matrix is of order j. A determinant can be
defined as a square array of numbers that is evaluated aceording to a
certain rule. The order of a determinant is the number of rows (or
columns), The largeét deferminant that can be formed from a square
matrix is of the same order as the original matrix as shown in
Equation (15).

A A
A P Mg
getla]l = Ay Ay Ay “ (15)

31 A3z Ags

Other determinants canbbe‘formed.from.the original géterminant by
deleting an equal number of rows and columns, Nine second order
(formed by deleting one row and one cplﬁmn) and nine first order
determinants (fprmed by deleting wa rows and two columns) can be
obtéined from the third order determinantvin Equation (15), . For

example, three second order determinants are:

A A
delete 1St row, 1St column yields 22 23
' A A
32 733
A A
. , | .
delete 1St row, 2" column yields 2 23
RAs _ A
A31 A




26

Aoy Aoy
Agq  Ag

delete 1St row, 3rd column yields

The following theorem will be used ip the derivations tq follow.
Given the points X = (a,b), Y = (¢,d), and Z = (e,f) as shown in
Figure 1, the value of the determinant, ‘Dl, is related to the area of
triangle AXYZ by Equation (16). The determinants used in the one, two,
and three species cases will be'shbwn to be.of the above type. The

proof of this theorem is given in many standard mathematics texts (64),

|D|=C'd 1

|p| = 2 x AREA (AXYZ) , (16)

One Absorbing Species-~No Restrictions

on Stoichiometry

If the matrix A is of rank R, where R is the number of independent
absorbing species, then each determinant;lAijl of order R+1 must vanish.
The value of the tranquse of a determinant ig the same as the value of
the determinant,

A A |
=0 : (17)

Aot Ao

Taking the transpose of the determinant in Equation (17) yields Equation

(48) which can be rewritten as shown in Equation (19).
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X

_Figuveaig' Rﬁlationship Between Triangle
. : XYZ and |D| » ;

Figure 2, Triangle XYZ for One
Absorbing Species
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A1 Boq

A2 Aaa

Mg Agg 1

Al_12 ‘A22 1{= O _ (19)
o o 0

This is a easequ Equation (16) with one sét of poinﬁs at the erigin as
shown in Figure 2, The valué of the determinant must be‘zero if one
species is absorbing, so In| = 2 x AREA(AXYZ) = 0. The only way this
could be true is for the area #f_AXYZ = O, This can eccur only if
points X and Y lie on a sﬁraight line through the origin, If the (X,Y)
points are plotted, a straight line‘thréugh the origin for each wave=

length pair will be obtained only if one species is absorbing.

(All,A21)

(A )

127%22
E 2 ]
! !

(A )

i’ved
If more than ene spééies is abSOEbing, then the value of the determinant
in Equation (17) is not necessarily equal to zero and straight lines aré
not obtained.' The absorbance at 6ne wavelength is_plotted against the
abserbance at each other wavélgngth, A reference wavelength, usually of
maximum absorbance, is usedpb A series of i straight lines passing
through the origin with the number of points on each line equal to thé

number of solution compositions j is obtained when the data are from a



single absorbing species.
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Two Absorbing Specigs~wNo Restrictions

on Stei dhiométry

When rank Rwa, each determinant of order 3 must vanish.

A11

Aaq

A

A

31

12
Ao

Agg

Aa3

A3

k||
Q

(20)

A33

. To put the determinant in Equation (20) in a form suitable for graphical

display,.each column is divided by its first element,

1y 4 ’ 1
)
_ ‘54;  :éﬁé ‘55;3, = 0 (21)
'431 A32 A3§‘
Agi | X;z ‘AiB
Taking the transpose of ﬁqqatipn (21) yields Equation (22),
Mg Ay
1 ﬁiﬁ fff = 0 (22)
A2 M
Y3 Ao
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Interchanging columng: in Equation (22) yields the form us‘ed for
plotting, Equation (23) restricts the following (X,Y) points to a
straight line because it is of the same form as the determinant in

Equation (16).

hyy Ay N

Aa o Mg

A, A |

P22 e o S (23)
Ao A

202

A3 Ay

wo

Since the value of the determinant equals gero, the area of AXYZ in

3
Figure 1 must equal gero, This ean occur only if the points X, Y, and Z
1ie on a straight line. This line will contain points for other solu~
tion compositions, (AZj/Aij , ABj/Alj)* Therefore, a plot of absorbance
ratios involving three different anelengths provides a“test as to

whether a series of spectra can be described in terms of two specieg.
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. Three Absorbing Species==No Restrictions

on Stoichiqmétry

When the rank of an abserbance matrix is three, each determinant of
order 4 must vanish, Dividing each column of a fourth order determinant

by its first element‘yields Eqﬁation (24),

1. 1 17 1
Aoy Bgp  Apy A
Aﬁi Aia ‘ 4131 A
b1 A2 M3 Awls oo (28)
A1 -Aiz, A3 Ay
My M Mg Ay
My A Ay Ay

Subtracting the first cdlumn'from each of the other celumns, expanding
along the first row, and dividing each row by its last element yields

Equation (25), The general form is given in'Equatiop (26),

Ayq az 12A21 M Mafagmhaster A
X ; — % —
e 2&“A14 21 Ao §A11A24"A14A21 A3
A A, nAL AL, A

A1ahsem 12 A34 o 1t Matss Pt 3@ ) (25)
VA11A34”A14 31 M2 11'34”A14 31 3
A11%2 12A41 ST 1A43"A13A41 Al s
, X - ',5 X T j

Agq 44’A14 b1 A2 14A44"A14A41 M3
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x1 X1 1

xa Xz 1|= o (26)
Y

x3 X, 1

Using Equation (16) again, it is seen that if a system contains three
absorbing species a family of strajight lines is obtained. The number of
lines ébtained is j, the number of solution compositions, with i points
on each 1ine. Since all values of X contain the term A14/A12 and all

values of Y contain the term Aié/A the simplified elements of the

13’
determinant given in Equation (27) will also give linear plots which dif=-

fer only in slope from the plots obtained using Equation (23),

MafaeMater  Marfasmhister

Ai1A24"A14A2i‘ Ai1A24”A14A21

A1}A32*A12A31 A11A33'A13A31 o (27)
T VAT PR PR VA TR P

'A11A42”A12A41 AiiAés*A13A41 1

A11A44"A14A4; A11A44”A14A4i

Since there may be many possible wavelength combinations if data are

available at a large number of wavelengths, the number of c&mbinations
. i
chosen for graphical display is usually limited as follows: (a) for one

species, values of Amj versus Aij, i # m, are plotted Where'm is a wavew

length. of maximum absorbance; (b} for two species, A /A

. Versus
“mji’ nj

Aij/Anj’ i #mor n, are plotted where m is defined as above and n is

any other wavelength; (¢) for three species, (AmxAiy’AmyAix)/
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(A A,

Px 2™ Az )/(A A=A A, ); i#m §#x,,

A, ) versus (A A, .-A A, ‘ .
ix mx mx iz mz ix

ij mj ix
or z are plotted, where m is defined as above and x, y, and z are three

arbitrary (but fixed) solution compositions,

Two Absorbing Speciesm=Restrictions

on Stoichiometry

Up to this point ne rgsfrictions have been imposed upon solution
compositions, The results for one, two, and three absorbing species are
general but for certain cases interpretation is easier when there are
restrictions on the stbichiometryo

Speqtra of metal complexes are often reported for a. series of solu~-
_tions prepared by varying the ligand cbncehtration at constant
stoichiometric concentration of the metal ion such that the‘sum'of the
concentrations of the absorbing spepies is equal to a constant, Consider
a series of complex jons, MLn, where n.= O to N. Let ngb Mln eqqal-the
constant stoichiometric concentration. Assume that the concentrations of

two absorbing species are related as shown in Equation (28),
(] + [171] = € (28)

If the path length is one centimeter, the absorbance is given by

Equation (29),

>
i

e, [1] + ¢, [11]

b

ep(ca 11l + ey [11] (29)

eIc + (eI

fl

1= &) [11]

Using Fortran notation, the absorbance at wavelength A, in solutions J

1
and JB, where J is any solution and JB is a reference solution, is given
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by Equations (30) and (31). Similar equations can be written for wave~
length Xm and solutions J and JB. Subtracting Equation (31) from
Equation (30) and Equation (33) from Equation (32) yields Equations (34)

and (35), which give upon division the final form used for plotting,

A A A
1 1 1 ‘ .
AV, ) = " C+ (e;7 - €7 [1xl; (30)
A A )
: N 1 1 1 :
A(X 4 IB) =@ " C o+ (81 =€) (11,4 (31)
)\m )\m )\m -
A\ ,J) = e C o+ (sII -e) EIIJJ (32)
A(\_,JB) exm C (exm e™ [l11] (33)
meB) = € C v (Brp =€ 1) LIT] 33
_ MM : o
AT = AL ,B) = (e = e ) ([11]) - (117 ) (34)
Km )\m T
AL _,3) = A(\_,JB) = (e ] - € )([II]J - [II]JB) (35)

o >‘1 )\1:
T o) - A B (36)
-—'-—-T A m, - | m,JB - 3

R C:
(cI']'; - e )

A(Xi,J)
A plot of A(X1,J) - A(Ki,JB) at Xi versus the corresponding differences
at other wavelengths yields a straight line through the origin with the
number of points on each line equal to the number of solution composi=
tions J, The number of wavelength pairs determines the numbe} of lines

obtained, This is the same form as the case of one species absorbing

with no restrictions on the stoichiometry,
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Three Absorbing Speciesw-Restrictions

on Stoichiometry

’_In a closed system,vthe total concentration of the several compo-
nents remains constant. Therefore, P in Equation (9) is equal to one,
If a system contains three absorbing species, the sum of whose concen~
trations is a constant, then the rank R should equal two, A derivation
similar to that shown for two absorbing species with restrictions on the
stoichiometry yields equations which reduce ta“the same form as the two
specie$ case without restrictions, I straight lines, not through the
origin? with J points on each line are obtained from a system. containing
three absorbing species if the'followipg (X,Y) points are plotted,

A(LM2,J) ~ A(IM2,JB)
A(IM1,J) - A(LM1,JB).

. A(IuJ) - A(IoJB)
A(IM1,J) ~ A(LM1,JB)

(37)

versus

IMiand IM2 are two arbitrary (but fixed) reference wavelengths and JB is

»a:reference,sdlution.
Species Number Program

In fypical experimenﬁs it is useful to explore many more possible
combinations of absorbance data than is feasible by deSk calculation,
Also, the graphical methods give no objective measure of the linearity
" 6f the functions plotted. Therefore, a computef program wasiﬁritten to
test each data set for linearity assuming one,‘two, and three absorbiﬁq
species for either constant or nonconstant stoichiemetry. This program
fits the best least squafes straight line through each data set, calcu-
lates the intercept and slope of Qach line, gives a measure of the

goodnesswof-fit, and plots both the experimental and calculated lines for
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each case. The ahsorbance data plus'various contrel parameters, which
determine the model to be used, are the only input data required, Seve

eral examples using this program are given in a recent paper (12).
General Description of Program

The program is written in Fortran IV and was originally used on an
IBM 7040, The entire pregram was converted to double precision for use
on an IBM 360, The program consists of a main program and three sub=
routines. The main program reads in the absorbance data, calculates the
(X,Y) functions to be plotted, performs a least squares curve fit on
these data, and prints ouﬂ; the experimenfal data plus the calculated

V

quantities, such as the slope and intercept of the best straight line
through the data, tﬁe standard deviatibn of eééh point, and the goodnesse
of—fit parameter, The subroutines areba plot routine which plots the
expefimental and calculatéd curves, a small subroutine called by the plot
subprogram to perform certain éalculations, and a matrix inversion

routine called by the main program during the least squares calculation,
Detailed Description of Program

Al]l elements of each array are set equal to éero first, Then '
MSIZE, the ﬁaximum size polynoemial which can be used in the least
squares curve fitfing procedure, SIZE, the size polynomial to be used,
and NCONT, the number of models or polynomials to be tried are read
next. The values of CONTL, which determine if the coefficients of the
polynomials are to be fixed or calculated, are read in next, The initial
values of the BETAS are then read in as zeros, The heading for the out=

put table, HEAD, the title for the plot, TITLE, the ordinate label, MoP,
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the abscissa label, TAB1, the symbois to be used on the plot, NCH, and
the name of the sttem being studied are the next data input. MM, the »
number of solution compositions or expérimentS3¢ L, the number of wave~
lengths, LM, LM1, LM2, wavelengths of maximum absorbance, JB, JB1i, JB2,
reference solutions, and NSTOIC, a parameter which is one if none-
constant stoichiometry is assumed or zero for constant stoichiometry,
are read in next, ITER and IT1 are parameters which detefmine which
number of species case is to be tried, After the error parameter, DELT,
is read, the final data input is the aﬁsorbance array, C(I,J).

The absorbance data is converted to double precision and stored in
~A(I,J). ITER is initially one, two, or three, If ITER is one, Equation
(19) is used to calculaté XA(LM,J) and YA(I,J) for the one absorhing
species case, If ITER equals two and NSTOIC is one, Equation (23) is
used to calculate (X,Y) points for two absorbing species with ne
restrictions aon the stoichiometry, Howevef, if ITER is two and'NSTOIC>
is zero, Equation (36) is used for two species with restrictions on the
stoichiometry. If ITER is three and NSTOIC is one, Equation (27) is
used for three species with no réstrietions on the étoichiometry, If
ITER is three and NSTQIC is zero, Equation (37) is used to'calcﬁlate
(X,Y) points for three absorbing species with restrictions on the
stoichiometry, After each of these cases, the program brénchs around
the other cases, IF statements at the end of the program alléw a return
to this part of the program to try each case in turn if desired.

The next sfep in the program is to ¢a1cu1ate XMIN and XMAX for the
plot routine, After this, the best least squares straight line is cal=
culated for the experimental (X,Y) data. The values of the BETAS,

coefficients of the polynomial fit, and their standard deviations, DEV,
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are calculated and written out. SMIN, the goodness—of-fit parameter, is
calculated next, SMIN is defined as the sum of the weighted squares of
the deviations, S, divided by the degreéé of‘freedom, DF.

The heading for the output table, the experimental (X,Y) points,
weight of the data, calculated Y (YHAT), DEV, S, and SMIN are written
out, YMIN and YMAX for the plot are then calculated, Since all calcu-
lations were performed in double pfecision, the next steﬁ is te convert
all the data to single precision before the experimental and calculated
(X,Y) points are plotted. This least équares curve fitting procedure
followed by the plot routine is repeated for each wavelength forva par=
ticular number of absorbing speqieso

For example, assume an unknown system contains either one or two -
absorbing species with no restrictions on the stoichiometry., XA and YA
functions are calculated for each wavelength and solution composition
using Equation (19). Then, at each wavelength the best straight line
through the points is calculated and the experimental and calculated
curves are plotted. The program then returns and calculates new XA and
YA functions at each wavelength using Equation (23). The least squares
curve fit and plotting procedure is repeatéd at each wavelength, In
most cases, the best model (one or two absorbing species) can be deter=
mined by visual inspection of the curves for each wavelength, If n§t, a
comparison of the goodness—of=fit parameters yields the best fit. A
flow chart and listing of this program plus a typical data set is givén in

Appendix B.



CHAPTER V
CORRESPONDING SOLUTJIONS

It is difficult to interpret measurements of A and [L] unambigu=
ously, except in the simplest cases, Graphical methods described
earlier can be used for N=1 and in some cases for N=2 if one or more
extinction coefficients éan be determined indepéndentlyo Althoeugh the
values of Bn and en may be refined by successivé apperimation, consid-
erable uncer;ainty often exists in constants obtained by extrapolation
methods. Moré satisfactory values can be obtained in cases where it is

possible to calculate H, (L] values from spectrophotometric data,
Method of Corresponding Solutions
Rearranging Equation (4) gives Equation (38),

c, - ney, + L] (38)

For a series of "corresponding" solutions having the same (unknown)
values of n and [L] but containing different total concentrations of M

M should be a straight line of slope n and

.and L,.a plot of CL ver§us C
intefcept (L] (25), The correspondence between two or more :solutions
“;an be established using any property that is a function éfkthe free
ligand concentration oenly. This method can be used only for systems in
which CL - [L] differs appreciably from both.CL and zero, The corre-

sponding selution function, E, is defined in Equation (39), where A is

39
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‘the absorbance, 1 is the path length, GL is the extinction coefficient

of the ligand, and CL,C are the total ligand and total metal

M

concentrations.

E = = (39)

Substitution of Equations (2),; (3), and (6) in Equation (39) yields the
following expression which shows that E is a functien of the free ligand

concentration only,

(e - ne )8 _[L]" :
E = —2 L = f£([L]) (40)
Bn[L]n

If the value of E is the same throughout a series of solutions which
contain different total concentrations of M and L, the value of (L] must
also be the same, provided that only mononuclear complexes are formed
(25).

The experimental procedure is to measure the absorbance of a series
of solutions containing different total concentrations of M and L. E is
then calculated according to Equation (39). Plots of E versus CL for

each CM, as shown in Figure 3, are interpolated at chesen E values to

obtain pairs of values of CL and C,, for corresponding solutions., Then

M

linear plots of C, versus CM are made (Figure 4) and values of n and [L]

L
are obtained from the slope and intercept of each line,
One serieus limitation of this methed is that it cannot be used if

polynuclear complexes exist in solution. From the relation CL=:[L]

+ ;CM, n is given by Equation (41).
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When dinuclear or higher polynuclear complexes are present in solution,
the expression for (ECL/ECM)E contains [M] and the extinction coeffi~
cients of the different complexes. Therefore, the derivative depends on

CM and at a constant value of the intercept on the CL axis, the calcu-~

lated value of n depends on the wavelength used (65). At CM==O, the
derivative is made up of the real ligand number h and a term depending
on the wavelength, In general, n is a funcfion not only of (L] but also
CM if polynuclear complexes are present. Therefore, corresponding values

of CL,C will not necessarily fall on a straight line.

M
To check for the presence of polyniuiclear species, measurements
should be made at several wavelengths, preferably in different absorp-
tion bands. If only mononuclear complexes are presént, the same result'
will be obtained at each wavelength. However, different E, [L] curves

will be obtained at different wavelengths if polynuclear species are

present.
Computer Programs

Two computer programs have been written to analyze spectrophoto-
metric data obtained using the method of corresponding solutions. The
first program calculates the corresponding solution functions, E, for

each CL and C,, and plots E versus CL at constant C,, for all wavelengths.

M M

The values of E, CL’ and C  are written out for each wavelength. This

M
program will be referred to as the corresponding solution plot program.

The second program, referred to as the corresponding selution quL]

program, uses the E values calculated in the plot pregram plus other
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experimental data to calculate E,[L] values by the method sghown in

Figures 3 and 4,
Corresponding Solution Plot Program

This program was written in Fertran IV and uses single precision
arithmetic, Since ne matrix oeperations are needed, double precigion
arithmetic was not necessary. The programs were run on an IBM 360,

The input data are sets of absorbance readings obtained from meas~
urements on series of selutions centaining varying concentrations of

metal and ligand. C. and C, values, plus extinction coefficients, €

L M L

of the ligand at each wavelength are also read in at the start of the

program, Using all combinations of CL and CM,

calculate the correspending solution functions, E, as given in Equation

these data are used to

(39). The calculated E values along with the corresponding values of

C., C, and & are written out at each wavelength., The program as

L> ™M L

written can handle up to seven CL concentrations and 80 wavelengths.

The number of CL concentrations and wavelengths can be increased by

simply changing a dimension statement and reading in the data. The maxi-

mum number of CM concentrations is determined by the number of curves

{
which the plot routine can accept. This is considerably larger than the

number of CM concentrations usuallykuséd in studies of metal complexes.

The program is written for the case of four C, concentrations.

M

After the above data is written out fbr each wavelength, a plot of

E versus CL at constant CM is made at each wavelength. The number of

curves oh each plot is equal to the number of C, values with the number

M

of points on each curve equal to the number of C_ coencentrations. These

L

plots are used to select E values for the interpolation deseribed
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earlier, It is obvious from Figure 3 that use of E values greater than
E5 will produce large errors in the calculated CL values because the E
versus CL curves are approximately horizental. Therefofe, the plots are
inspected at each wavelength of interest to choose a range of E values

for which the slopes of the curves are significant, A flow chart, pro=

gram listing, and typical data set is given in Appendix C.
Corresponding Solution ;,[L] Program

The method of corresponding solutions is an excellent method feor
studying complex equilibria in solutien, This method yields E,[L] data
from which stability constants can be obtained. However, the calcula-
tions, plotting, and interpolation become cumbersome when large amounts
of data are available. Also, the graphical procedure gives no measure

of the linearity of CL versus C  plots which are used to calculate E,[L]

M
values, In order to speed up and impreve the accuracy of the method, a

computer program was written to perform the necessary calculations,
General Description of Program

The program was written in Fortran IV for use on an IBM 360, Since
matrix calculations were involved; the pregram was written in double
precisioen. The experimental data input for the program are the E func-
tions at a particular wavelength plus CL and CM concentrations., Using a
least squares curve fitting procedure, the best fit for each of the E
versus CL at constant éM curves is calculated, These curves are then

interpolated at chesen E values and corresponding values of CL and CM

are calculated. Then the best straight line is fitted to each set of

CL’CM values and the slope (n) and intercept ([L]) are calculated for
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curves as well as the straight line fits of CL,CM data sets are written
out along with their standard deviations., Plots of experimental and

calculated CL’CM curves can be made if desired,

Detailed Description of Program

The first control parameter specified is NC. This parameter can
have values of zeroe or one depending upon the part of the program being
executed. The least squares curve fitting procedure is used in two
parts of the program. It is first used to calculate the best polynemial
fit of E versus CL curves, NC equalslzero for this part of Ehe program,
After the interpolation section, the least squares procedure is used

again to fit the CL,C data sets, For this part of the program, NC is

M
one.

After NC is set to zero, the headings for the output table, HEAD,
the title for thevplot, TITLE, the X and Y coeordinate labels, TAB1 and
MOP, the symbols for the plot, NCH, and the name of the system being

studied are read in., L, the number of C  concentrations, MMM, the nume

M
ber of E values, MSIZE, the maximum size polynomial which can be used to
fit the data, NCONT, the number of polynemial models to be tried, and

MPT, the maximum number of CL points at any given CM are read in next.

MM, the number of CL values at each C

MO ‘XA and YA arrays, the CL and E

functions for E versus CL plets, and CONTL, the parameter which deter~
mines the particular polynomial model to be used, are read in at one
time if MPT_E 8. A 7th degree polynomial is the maximum size which can
be used. Therefore, up to and including 8 points per curve can be fit

/
exactly with a particular model. For example, if there are 7 CL
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concehtrations for a given CM, a 6th degree polynomial will fit the
data exactly., For this reason only one model need be tried for MPT < 8
and CONTL is read in at the same time as the X,Y points (statement 11k4).

However, if MPT'E 9, all possible polynomials‘(through 7th degree)
must be tried in order to be sure of obtaining the best possible fit,
Each of the 127 possible mod;ls must be tried and a control card (CONTL)
read in fer each.‘ Therefore, all CONTL cards are read in at the start
of the program (statement 110). The other. experimental data is read in
as described earlier,

The next step of the program is to calculate XMIN, XMAX for the
plot, After the minimum and maximum values of the X coordinates have
been calculated, the least squares curve fitting procedure is used to
calculate the best fit for each experimentél curve (E versus C, at

L

constant CM)° One model or many may be tried for each CM. The values
of the BETA's, coefficients of the polynomial fit, and their standard
deviations, DEV, are calculated for each model, The goodness-~of=fit
parameter, SMIN, is calculated for each also, SMIN is the sum of the
weighted squares of the deviations from the experimental data divided
by the degrees of freedom, If the standard deviation of a BETA for a
particular model is greater than the absolute value of the BETA itself,
this model ’'is discarded. When a model satisfies this criteria, the
SMIN's ,for successive models are compared, The best fit of the data is
the model whose BETA}s are greater than their standard deviations and
whose SMIN is the smallest. This procedure is repeated for each E
Yersus CL curvey

The BETA's, their standard deviations, and SMIN are written out for

each medel for each CM. Then, after all models have been tried, the
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best fit values of BETA, standard deviations, and SMIN are written out,
The BETA's for the best fit are stored in the BB array for use in the
interpolation procedure. This describes what occurs through statement
116,

The E values for the interpolation as shown in Figure 3 are read in
next., The interpolation procedure is quite simple although it would be
very time consuming without use of a computer, An expression involving

the BETA's from the best fit for each CM and the CL values is set up as

shown in Equation (42).

7

SUM = BB(I,1)+BB(I 92)xCL+BB(I,3)xCL:2" +====n=BB(I$8)xCL' : (42)

Using the first E value, C_ is initialized to some value (arbitrary)

L

between O and 100 (CL and C., concentrations are scaled before input),

M
This value of c. is substituted in Equation (42) and the value of SUM
is calculated. SUM and E are compared by using a set of IF statements
and by incrementing CL the difference between SUM and E is made less than

4

or equal te 1,0x10 . This procedure is repeated for each CMo Then a

new E value is used and the whole process is repeated for each CMQ The

result is a set of corresponding CL’CM values for each E,

The final step of the program is to go back to the least squares
curve fitting routine and fit the best straight line through each CL,CM
set, The slope and intercept and their standard deviations are printed
out aleng with SMIN for each line. Since the input data have been
scaled,; the [L] has to be multiplied by the scaling factor. The experi-
mental and calculated curves can be plotted if desired by simply adding

a plotvsubroutine and a CALL statement.

The results obtained from this program are a set of E,[L] values
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for input to a formation function program which calculates the stability
constants relating the species in solution. This program waé checked
using several sets of literature data. The first set of data used was
Ahrland's (66) data on the uranyl ion. Six C. concentrations for each

L

of three CM concentrations were used and the curves were interpolated at
gix E values. The following results were obtained using a fifth degree

polynomial to fit the six experimental points for each CMo

TABLE T

COMPARISON OF GRAPHICAL AND COMPUTER METHODS I

Ahrland's Graphical Method This Program
E T . (L] - n (]
105 AN o J9 % B 12,1 0,51 10.86..
130 0.71 22,9 0.69 23,17
160 0.97 45.2 | 1,00 44,98
190 1.33 91.6 ‘ 1.33 91,70
205 1.57 139.6 ' 1.46 140,38

210 - . - 1,98 158,70

A similar comparison was made using Fronaeus (67) work on nickel thio-
cyanate complexes. The results are shown in Table 1I, In'this case,
MPT was greater than 8, so 127 possible models were tried as described
earlier, The best fit was then used for interpolation and the calcula-
tion of ;,[L] values. A flow chart, prograh listing and a typical data

set is given in Appendix D.
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TABLE 1T

COMPARISON OF GRAPHICAL AND COMPUTER METHODS TII

Fronaeus Graphical Method This Program

E n 1] n (L]
5 0.53 42,0 0,51 L2,5
7 0,65 61,0 0.64 60,8

10 0,86 87.5 0.83 88,1

15 1.06 137.0 1,07 136,6

20 1,28 - 187,0 1,26 187.8

25 142 2400 1.41 240,k

30 1,48 297,0 1,50 296, 3

35 1.54 355,0 1,54 35L4,7

40 1,56 41L,0 1,58 413,5

Formation Function Program

The final step in the computer analysis of spectrophotometric data
obtained using the method of éorresponding solutions is to calculate the
stability constants of the menonuclear complexes from ;,[L] data., A
least squares curve fitting and plotting foutine written by Varga (1) is
used, The program is written in Fortran iV for use on an IBM 360, All
matrix algebra is done in double precisiono
| The basis of the program is a functional moedel of the system which
is linear in the unknbwn coefficients. An expression of the form given

in Equation (43) is used.

Y=a + aX+ a

2 ' N
0 1 2X + e 4 aNX‘ (43)
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The average number of bound ligands per central metal ion, ;, can be
expressed as a function of the free ligand concentration and the unknown

stability constants.

¢, ~ (1] 8,[L] + 28 (L] ¢+ «=e + nB [LT

w18 lL] v 8L s e o g LT

s
n =

(Lk)

Rearranging Equation (44), an expression of the form of Equation (43) is

obtained where BO = 4o
(n = o)BO[L] + (A = 1)81[L] + === + (0 = -N)BN[L]N = 0 (45)

The input data are a set of average ligand numbers, E, and corre=
sponding free ligand concentrations, [L], and an error parameter. The

program calculates the over-all formation constants, B, , standard

N?
deviations, SIGMA, and an estimate of the goodness=of=fit, SMIN, for up
to 63 possible combinations of N from 1 to 6 in the polynomial

T(n - N)BN[L]N = 0, where N ranges from O to 6 and BO = 1,0, The BN
and (BN - SIGMA) must be positive and SMIN/(DF=1) must be 1.5 or less,
DF is the number of dégrees of freedom, The maximum size of the model
may be decreased and the B's may be given fixed values. If data point
error parameters are not available, an option in the program allows an
unweighted least squares calculation of an error set which is then in=
cluded in the weighted least squares calculation of the unknown coeffi-
cieﬁtsg The output consists of the stability constants and their
standard deviations plus the experimental and calculated n values, The

goodness—of-fit parameter is printed out also. The experimental and

calculated formation function, n versus [L], are plotted to allow a
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direct comparison between parametric and graphical measures of goodhess—
of-fit, A detailed description of the program has been published and

program flow charts and listings are available (1).



CHAPTER VI
PIT-MAPPING

The interpretation of spectrophotometric data obtained from a sys-
tem containing mononuclear, polynuclear, or a mixture of mononuclear and
polynuclear species is quite difficult. Since the funﬁtional relation=-
ship between the‘unknown parameters is nonlinear,'the genéral trend has
been to use the Gauss ﬁethod of linearization of a nonlinear relation-
ship., Sillen (37) has recently published a series of‘paﬁqrg describing
a general least squares method which is valid for nonlinear functions.
Thése are hard to treat by the standard methods for linear functions or
the Gauss approximation method, Sillen's proérams were written in
Algol, A Fortran versian of thié programming method was used by
Metzler (42) and this program was modified by Thomson (68), A ¢oby of
Thomson's program was obtained and‘after a few changes was used in this

work.
Theory of PitmMapping

The problem of determining the equilibrium constants for a number
of simulténeous equilibria in solution can be expressed as a‘special
case of the following general problem, A functional re;atiqnship, f,
between a measured quantity, y, and some accurately known experimental

quantities a,, 85y vr=. . is assumed where k,, kyy ===, ky are unknown

constants.

52
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Yy = f(ki, kz, -, k —) (46)

N; a:-’ a'z,
1f (a) the expression for f is correct, (b) there are no errors except
the random errors. in y, (¢) the errors in y are normally distributed

around the correct value, and (d) the weight v, given to each measure-
ment ¥s is inversely proportional to the square of its standard devia-

tion, then the '"best" values for kl’ k., ==, kN are those that minimize

21

the error~square sum, U.

2
U =-§ wi(yi - f(k1, k2, rop—— kN; aii, azi, e )) (47)

If f is a linear function of the k's, the least squares condition leads
to linear equations which can be sol?ed by straightforward methods. If
f is not a linear function of the k's, the general trend has been to
reduce it to a linear one by an approximation guqh as expressing the
derivatives of U as a Taylor series and then using only the first terms
(Gauss Method),.

Pit-mapping does away with the condition that the'equapions should
be linear by considering directly the errorw-square sum as a function of

the unknown k's as given in Equation (48),

29

It is assumed in nonlinear cases that the area surrounding the minimum
value of the error-square sum, known as the 'pit'", is déscribed by a
second~degree surface., By varying systematically the values for N un~
known constants, %(N + 1) (N + 2) points are obtained which define the
surface of the error function, This surface is a generalized elliptic

paraboeloid in (N + 1)~dimensional space and the coordinates, the unknown
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constants, corresponding to the lowest point on the error function sur-
face can be directly calculated.

The method of variation and refinement of the equilibrium constants
has been summarized in matrix notation (38). The variation technique,
called a "shot", can be summarized by Equation (49) where k and c are
column matrices (vectors) with N elements, lk1 k2 cee kNl and

C1 C2 oo q CN['
k = ¢ + SHv (49)

c is the current set of trial equilibrium constants and k is the column
vector of the new appro#imatioﬁs to the constants. H is a diagonal step
matrix which controls thé magnitude of.the variation and S is a trigohal
twist matrix which defines the direction in which te vary the vector k.
If the "pit" (minimum in U) is skew, tﬁaf is its main axes are at angles
to the coordinate axes ki’ the speed and accuracy of the program is
improved by varying k aleng this main axis instead of parallel to the
coordinate axes, The twist matrix $ performsbthis operation, VvV is a
variation vector chesen so that during the shot all elements are zero
except one or two at a time that arg/%i or =1, In other words, a maxi~
mum of two constants are varied simultaneously.

In the program, S and H are treated as a gingle square matrix, SHe

By Syp 77" Sy
SH = 0 h2 - 52N (50)
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Initially, the elements, hi’ are giveh the user supplied value
DEC (0,05 to 0,1 in this work) and all elements.sij are set to zero. As
infermation on the shape of the "pit" ig accumulated, fhe elements of SH
are improved using a trigonal correcting matrix, W. The elements of W
dépend on the shape of the '"pit". The amount by which each constant is
varied is not the same for all constants and.as successive approxima-
tions give current constants with error~square sums further down in the
"pit", the direction and amount to vary each constant is determined by
the shape of the 'pit',

The equation of the second-degree surface of the error functien can
be expressed as shown in Equation (51) where UC is the value at the

central point (k = c, v = 0), p is a vector, and R is a matrix.

Us=TU_=2pv + VRv (51)

Using all values of the variation vector, (N + 1)(N + 2) values of U
are calculated. These U values are then used to calculate the terms in

p and R as described by Sillen (38). The variation vector, v , to ob-

o‘l

tain the constants at the minimum, k

0 is found from Equation (52),

vy = pR™1 (52)

Using w

0 the vector k.o at the calculated minimum point can be found

using Equation (53),

k. = ¢ + SHv (53)

The value of the error~square sum at the minimum, U is then calculated

.o’

using Equatien (54),
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(54)

If the calculated U0 is lower than earlier U valﬁes, it is accepted as
the new central value and the whole process repeated until there is no

change between succesgive U's,
Application of Pit~Mapping to Spectrophotometric Data

Assuming that Beer's law applies for each of the J species in solum

tion, an observed absorbance A can be represented by

A= z c.e.1 )
o T I ' (55
J=1
where Cj is the concentration and ej is the molar extinction coefficient
.th . . . . ' .
of the Jt species in solution., The path length, 1, is one centimeter..
The error-square sum, U, is then defined as shown in Equation (56) where

i is the solution number and k is the wavelength,

, . | ,
U= ZW (A z Jl Jk (56)
1k j=1

In this work.the weighting factor, Wi for all data was'unity; The

error-square sum is minimized when d3U/LE 0 resulting in J simule

ik T

taneous equations at each wavelength, k.

J .
) (vc - =T C
2 ‘61: jicj'i> Ca = T Cratic (57)

In this version of the pit-mapping program j' = 1, 2, 3, and %, since a

maximum of four species with unknown molar extinction coefficients are
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considered in subroutine ECOEF,s Equation (57) is solved for the molar
extinction coefficients byvthe standard method of Cramer's Rule. The
solution eof Eqﬁation (57) can be written as the ratio of twe determi-
P R ] i ‘
nants where D = (? CJ1 50 1) jy §'=1, 2, 3, and 4, and Djk is the

matrix in which the jth column of D is replaced by the vectar given in

Equation (59).

IDJ.kI/ID!. (58)
(Z “11%5k ZCZi'Aik’ Z C31hiK 2041 1k> | o (59)

Using these values of the molar extinction coefficients and the concenw-
trations of the species, the error-square sum can be calculated from
Equation (56), :The concentrations of the species in solution are calcue
lated in subroutine EQUIL, from initial approximatiohs to the equilibrium
constants and an assumed model of the system, The EQUIL subroutine must
be rewritten for each'different model of the system, Complete details

will be given in a later section.
‘Pit~Mapping Program

The computer program consists of a main pregram with ten subroutineé
and two function subprograms. A listing of the program with a typical
data set is given in Appendix E. A detailed flow chart is given elSeé
where (68). The input data required are a set ofbabsorbance readings,
total ligand and total metél concentrations, selutien pH's, trial sta=
bility constants, knewn holar extinction coefficients, and various con~
trol parameters,‘ The modifications of the main program and the EQUIL

subroutines used in this work will be described in detail. A brief
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summary of the primary functions of the other parts of the prograh will
be given, A detailed description is given elsewhere.

The primary function of the main program, MAIN, is to read input
data and print out the final results, It also contains the IF state~
ments to check for negative constants as well as other convergence cri=-
teria., As the kO are calculated, each constant is checked to determine
if the program has moved it to a negative value, If so, a "dummy" sub-
routine (MIKO) is entered and the program stops. The variation vector,
Vo needed to calculate the constants at the minimum and the actual ko
set are calculated in MAIN. The standard deviatiens of these constants
are also calculated.

The modifications of MAIN were in the input and output sections,
The program as now written prints out the trial.stability constants plus
the total ligand and metal concentrations. Then the‘absorbanqe data is
printed out., The "best" set of constants pius their standard deviations
and UMIN (the.minimuva value) are printed next. The molar extinction
coefficients of all species of interest are written out at each Qavew
length. The experimental and calculated absorbanﬁe readings are printéd
out for each solution at all wavelengths., The final step in MAIN is to
Plot the calculated molar extinction coefficients versus wavelength,

EQUIL subroutine calculates the concentrations of all species from
initial approximations to the equilibrium cdnstants and an as%umed model
of the system. Subroutine NEWTRS, used by EQUIL, sqlves polynomial
equations for the unknown concentrations,

ECOEF subroutine calculates the unknown molar extinction coeffi-
cients using DETER3 and DETERL to evaluate thirdworder and fourth-~order

determinants. The error-square sum is calculated also.



39

TWIST subroutine performs the variation of each unknown constant
and stores the various U values calculated in ECOEF, The improved SH
matrix is calculated in TWIST also., Subroutines MATIN, matrix inversion,
PINUS, multiplication of a mafrix and a vector, and MULLE, matrix multi~
plication are used in TWIST anq MAIN to perform matfix operations
described earlier,

Subroutine PLOT is called by MAIN fo plot the molér extinction

coefficients, Subroutine POT is used by the PLOT routine.
EQUIL for Ligand Solutions

This subroutine is the same as used by Thomson (68). Stepwise

dissociation constants for ligands, H3

are converted to the corresponding formation censtants, Ki’ i=1, 2,

L, with three replaceable protons

and 3., The fraction, ao, of the total ligand as the unprotonated

species, L, is defined in Equation (60), where (u] is the hydrogen~ion

concentration,

. -
0 = 1/(1 + K 0] + KK [H]® « K K2K3EH] ) - ~ (60)

1

Equilibrium concentrations of all species are then calculated using the

equations given in Equation (61).where C  is the total ligand :

L

concentration,

[L] = CLG,O |
(L] = cLaoK1EH]
(61)
: 2
| [HzL] = cLaoK1K2EH]

3
cLaoK1K2K3[H]

1l

[HBL]
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EQUIL for Metal-Ligand Solutions

A number of different models of species in solutionAwere used in an
attempt to fit the data of solutions of Sn(IV) and Pyrocatechol Violet.
All were a. gimple variation of the following model which gave thé best
fit.

In this model, it is assumed that three complexes, Sn(HzPV)2+,
Sn(HzPV)z, and Snz(HzPV)6+, form. The over=all formatioﬁ constants are

defined as shown in Equations (62), (63), and (64), Charges are omitted,

ESn][HBPVJB11 = Dsn(upv)Iln] (62)
[Sn][HBPVJZBIZ = ESn(HZPv)zj[HJZ‘ (63)
‘fShjz[HBPv1521 = ESnz(HzPV)][H] (64)

The mass balance for the ligand and metal are given in Equations (65)

and (66)0
Cooy = EHBPV] + [sn(Hzpv)] + 2[Sn(H2PV)2] + [Snz(HzPV)] (65)
Cop = [sn] «+ [Sn(HzPV)] + ESn(HZPv)ZJ + 2E5n2(H2Pv)] (66)

Substituting in Equations (65) and (66) for [Sn(HPV)], [Sn(HPV), ],
and [Sné(HéPV)] from Equations (62), (63), and (64), two equations in

two unknowns, [HBPV] and [Sh], are obtained,
(1,pv] + B, [sn 10 Pv]/[H] + 28, [sn]lH Pv]®/ (1]

+ By [sn [ pv]/[H] - v = © - (67)
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[sn + 8, [snI0HPv)/I] + B [onllipy]/u]®

+ 28, [snP°[H,pv]/[H] - o = 0 (68)

These two equations are solved in subroutine PQUIL. FInitial approxima=

tions, [H3PV] = Cpey @nd [8n] = C , are made and Equation (67) is

PCV
solved for [HgPV] by Newton's method using NEWTRS, The calculated root
is checked to make syre that:
(a) it is not negative
(b)% it is less than Cp.,
(¢) convergence has occurred,
If this root is adequate, it is used‘to solve Equation (68) for [Sn] by
Newton's method., If the new root fér [sn] is adequate, it is compared
to the old approximation te the root, and if these agree to three
decimal places, it is considered that [sn] and [HBPV] have been approxiw
mated with sufficient accuracy. If roots are approximated that do net
fulfill any of the above criteria, the oalculafion is terminated,
From Equations (62), (63), and (64) the congentrations of
Sn(HzPV)?‘"',. Sn(HPV),, and s,nz(Hsz)6+ are calculated using the twe

roots. These concentrations are then returned to ECOEF fof use in the

calculation of molar extinction coefficientse.



- CHAPTER VII
EXPERTMENTAL

Reagents

Distilled Hzo which haq been passed through a mixed cation~anion
éxchange resin was used throughout this work, Fisher Certified Rexyn
300 resin of ﬁedium porosity in H+'and OH .ion form wés used. The
specifig conductance of the Héo after passing through the resih was

-1 - . . .
7 ohm “cm 1. All references will refer to this as distilled

|

6‘![# X 10—

HZO.

Pyrocatechol Violet

The pyrocatechol violet (PCV or 3,3',4'-trihydroxyfuchsone-2'"-
sulfonic acid) used was Eastman reagent grade, Stock soelutions of PCV
were prepa?ed by dissolving éppropriate amounfs of the reagent in
distilled water and diluting to volume. These solutions were found to
be stable for at least 30 days. In this work fresh solutions were

i

prepared weekly to avoid possible air oxidation of the PCV,

in. .

tr————

Baker Analee& Reagent grade sodium stannate, NaZSnO wBHZO, was

3

heated at 160°C for approximately 24k hours to remove water of hydration.

62
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"Stock Sn(IV) solutions were prepared by dissolving NaZSnO in 6,13 M

3
HCl. Solutions prepared with IM HCl in excess of the component Sn(IV)

have been found to be stable for over two years (69).

Hydrochloric Acid

A stock solution of about 6M HCl was prepared by diluting 37.7%
Baker Analyzed Reagent grade HCl with distilled HZO' This solution was

then standardized using primary standard Na2C0 All stock Sn(TIV)

39

solutions were prepared using this standard acid.

Sodium Chloride

A stock solution of 3M NaCl was prepared by dissolving Baker
Analyzed Reagent grade NaCl in distilled HZO. This solutjion was used

to provide a constant ionic medium of 1M c1” for all measurements.
Apparatus
Glassware

All glassware used was Pyrex and volumetric glassware met ACS

requirements. Only Class A volumetrig glassware was used,
Cells

Scientific Cell Company fused silica cells were used, The matched
cells were rectangular with a one centimeter\path length, These cells
were cleaned with concentrated HNO3 after use and were stored in a

dilute HNO3 solution between runs.
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Instruments
Balance

All weighings were performed on a Mettler Type H5 balance. Samples

were weighéd to + 0.0001 grams,
pH Meter

A Beckman Zeromatic pH meter equipped with a Sargent/Jena
$-30080-15C saturated calomel reference electrode and a Sargent/Jena
S-30050¥150 glass electrode was used for all pH measurements, The pH
meter was standardized before use with buffers prepared from pHydrion

Buffer powders,

Spectrophotometers

Preliminary absorbance measurements were made with a Beckman Model
DU Quartz Spectrophétometer, All later work was done on a dual beam
Cary Recording Spectrophotometer, Model 14. All sﬁudies were in the
visihle or ultraviolet regions of the spectruh. Unless stated other-
wise, spectra were reéorded from 7000 )y to 2400 R at a rate of 5fR/se¢ﬂ
vand a chart speed of>2 in/min. This gave a wavelength scale of 50 R/
gcale division, The readings of thelbéseline and cells were checked
regularly. *Absérbance readings were taken from the spectré of the
soiutions a£ 50 R (5m\) intervals, All readings were estimated to
* O.bOllabsorbance units, Theéeiabsorbance readings Werg then punched

onto computer cards for analysis.
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Soluﬁions

Pyrocatechol Violet

Pyrocatechol violet (PCV) is a reddish-brown crystalline powder
which 'is readily soluble in HZO" The spectra of.éeveral solutions of
varying concentrations of‘PCV in distilled HZO were determined to find
avsuitable concentration range for spectrophotometric studies. Stock
solutioné of PCV were prepared by dissolving 0.1932 grams of reagent

)

grade PCV in distilled H20 and diluting to 500 ml. The pH's of these

-3

10 © M PCV solutions were approximately 4.5.

A series of 1O¥4 M PCV solutions were prepared, over a period of
one week, by diluting 10 ml of the stock $olution to 100 ml, The
absorbances of each of these solutions were measured at several wave-
lengths bhetween 5000 X and 2500 X. No'changes were observed over a
period of one week, Therefore, fresh PCV stock solutions were prepared
weekly.

Since PCV shoﬁs acid-base indicator properties with color trahsa
sitions in both acidic and alkaline pH ranges,bit was necessary to
study the épecfrum of PCV as a function of pH, PCV is apparently
present in several forms in the pH range from O to 7 due to the ioni-
zation of the sulfonic a#id group and then the loss of hydroxyl protons

° M

as the pH is increased (57). The PCV concentration used wags 8 x 107
in 1M C1~. The spectra of 9 solutions were obtained. The pH was
adjusted with HCl or NaOH solutions. The wavelength range was 7000 )

to 2600 X. The reference solution was 1M Cl~, The solution composi=-.

tions are given 'in Table III,
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TABLE 111

PCV AS f(pH)

Solution Volume 10—3 ~ Volume 2M Volume 3M

Number PCV PCV (ml) pH HC1 (ml) NaCl (ml)
1 . 8x107M k.0 0.4k2 22.00 2,00
2 8 x 10™M k.0 1.01 ~2.50 15.00
3 8 x 107°M L,0 2.02 0,25 16.50
A 8 x 10™7M L.0 "~ 3.05 0.00 16,66
5 8 x 10™°M L,0 4,09 0.00 16,66
6 8x 107y k.0 5.20 0.00 16,66
7 8 x 107°M k.0 6,03 0.00 16.66
8 8 x 107°M L,0 7.11 0.00 16,66
9 8 x 107°M k,0 8.18 © 0.00 16.66




* The spectra of another series of PCV solutions were determined

5 M to '7:{10"5

with the PCV concentrations ranging from 2x10° M in 1M
Cl”. The pH of each solution was adjusted to 3.00 + 0.05 with HCl or
NaOH, The reference solution was 1M NaCl, The wavelength range was

7000 s to 2600 R. The compositions of these solutions are given in

Table IV. °
TABLE IV
COMPOSITION OF PCV SOLUTIONS AT pH 3.00

Solution ~Volume 10“3 M CPCV Volume 3 M
Number PCV (ml) NaCl (ml)

1 1,0 2x10™° M 16.66

2 1,5 3x107° M 16,66

3 2.0 bx 1072 M 16,66

A 2.5 5x 1072 M 16,66

5 3.0 6x107° M 16.66

6 3.5 7 7%107° M 16.66

Stock Sn(IV) Solutions

The procedure for the preparation of stock Sn(IV) solutions was to

dry reagent grade sodium stannate, NaZSnO *BHZO, at 160?0 for 24 hours

3

to assure loss of water of hydration. Then the required amounts of

NaZSnO needed to yield stock solutions of the concentrations shown in

3
Table V were weighed out and dissolved in 6.13 M HC1.
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TABLE V

' COMPOSITION OF STOCK Sn(IV) SOLUTIONS

500 ml HCl
I | | 0.5318 5.0x107° M
11 | 1.0636 1.0x 1072 M
YIII | 1.5955 1.5x 107> M
IV | 2.1273 2,0 x 1072 M

Tin-Pyrocatechol Violet Solutions

Preliminary runs on PCV solutions, Sn(IV) solutions, and mixtures
of PCV aﬁd Sn(IV) indicated mo absorption hands in the waQelength range
from 18,000 R ta 7000 R. Therefore, all measurements were restricted
to the range 7000 & to 2k00 8. The visible and ultraviolet spectrum of
each solution in each series of solutions was obtained, Four series
of solutions, each Qith a different total Sn(IV) concentration, were
studied. The compositions of these solutions are éiven in Tables VI,
VIi, VIII, and IX.

bThé following‘procedure_was used to prepare the solutions given
in: Tables VI, VII, VIII; éﬁd”i;: A 16 ml aliquot of a pafticular Sn(IV)
stack solution in 6,13 M HCl was dilufed to 100 ml with distilled Hzo.
This produces a solution 0.613 M in‘HCI. This solution is usea
imﬁediatelf after dilution. A 1 ml aliquot of a diluted sfock‘Sn(IV)

solution is transferred to a 50 ml volumetric flask. The required

volume of PCV solution was added and the selution mixed thoroughly,



 TABLE VI

Sn-PGV SERIES I

Volume 5 x 10-4 M 3 ‘
3;111;1::2“ 0.2?3541\}71()111?1111) ®sn Voégtxlzle(;(l)) ! “pov | foié’fe(ii? ! G.PCV:CS_“
0 1.0 ' 1.0 x 107> M 0.25 C0.5x%x 1077 M 16.46 1:2
1 1.0 - 1.0 x;10-5 M 0.5 1.0 x 107> M 16.46 1:1
2 1.0 1.0 x 107° M 1.0 2.0 x 1077 16.46 2:1
3 1.0 1.0 x 107> M 1.5 3.0 x 1075 16.46 3:1
4 1.0 1.0 x 107> M 2.0 4,0 x 100° M 16.46 41
5 1.0 1.0 x 107> M 2.5 5.0 x 1077 M 16.46 5:1
6 | 1.0 1.0 x 107> M 3.0 6.0 x 107> M 16.46 621
7 1.0 1.0 x 1077 M 3.5 7.0 x 10°° M 16.46 7:1
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TABLE VII

Sn-PCV SERIES II

Volume 10"3 M 3
Solution Sn (IV) in C Volume 10"~ M C Volume 3.0 M C

Number 0.613M HC1 (ml) sn PCV (ml) 24 NaCl (ml) . pcv: Csn
Q 1.0 - 2.0 x 107° M 0.25 0.5 x 10°° M 16.46 1:4
1 1.0 2.0 x 1075 ¥ 0.5 1.0 x 107> M 16.46 1:2
2 1.0 2.0 x 107> M 1.0 2.0 x 107> M 16,46 1:1
3 | 1.0 2.0 x 107> M 1.5 3.0 x 107> M 16.46 3:2
4 1.0 2.0 Q 1072 M 2.0 4.0 x 107 M 16.46 2:1
5 1.0 2.0 x 10°° M 2.5 5.0 x 107> M 16.46 5:2
6 1.0 2.0x10° M 3.0 6.0 x 107> 1 16.46 3:1
7 1.0 : 2.0 x 10°° M 3.5 7.0 x 107> M 16,46 722

0/



TABLE VIII

Sn-PCV SERIES III

Volume 1.5 x 10-4 M -3
S;i;ﬁiin 0?21§§4VI){C1n(ml) | “sn Voégﬁe(zﬁ) . “pov Voxﬁfgi ?Q?)M Cpov:“sn
1 1.0 3.0 x 10°° M 0.30 0.6 x 107> M 16.46 1:5
2 1.0 3.0 x 107> M 0.5 1.0 x 10°° M 16246 113
3 1.0 3.0 x 107° M 1.0 2.0x1070 M 16.46 2:3
4 1.0 3.0 x 1077 M 1.5 3.0 x 107° M 16.46 1:1
5 1.0 3.0 x 107° M 2.0 4.0 x 10> M 16.46 423
6 1.0 3.0 x 10°° M 2.5 5.0 x 107> M 16.46 i3
7 1.0 3.0 x 107° M 3.0 6.0 x 107° M 16.46 211

1/



TABLE IX

Sn-PGV SERIES. IV

Volume 2.0 x 10> M

.- . SN . -3
st S @Tn U G vemelin Gy Yelm d0w ety
1 1.0 40x 100N ~0.33 0.66 x 10> 16.46 1:6
2 1.0 4.0 x 107> M 0.5 1.0 x 10°° 16.46 1:4
3 1.0 4.0 x 10°° M 1.0 2.0 x 107° 16.46 1:2
4 1.0 4.0 x 10°° M 1.25 2.5 x 107° 16.46 5:8
5 1.0 4.0 x 107> M 1.5 3.0 x 1077 16.46 314
6 1.0 4.0 x 107° M 2.0 4.0 x 107> 16.46 1:1
7 1.0 4.0 x 10°° M 2.5 5.0 x 107° ] 16.46 534

=)
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Color development was immédiate upon mixing. After adding 16.46 ml of
3.0 M NaQ}, the.solution was diluted to 50 ml‘with distilled H20, This
produces 50 ml of solution containing approximately 0,6 milliequivalents
H+. A constant ionic strength of 1M Cl™ was used in all measurements,

" The flask was shaken to assure complete mixing, The contents were then
transferred to a 150 ml beaker and the pH adjusted to 3.00 + 0.05 with
1M NaOH. The maxiﬁum amount of 1M NaOH required was 0.6‘ml so the
dilution error was negligible. After adjusting the pH, the spectrum

was obtained using a reference solution of 1M NaCl in-HZO. The

spectrum was obtained from 7000 R to 2L00 R using a Cary 14 recording

spectrophotometer.



CHAPTER VIII
RESULTS AND DISCUSSION
Pyrocatechol Violet

Ross and White (2) state that pyrocatechol violet formé at least
two compléxes with tin(IV), Théir results indigate that the optimum
pH for the forﬁation of these complexes is between 2.5 and 3.0. Fpr
this reason all tin(IV)-pyrocatechol violet solutions were studied at
pH 3.00., However, since pyrocatechol Qiolet shows colof transitions
in both acidic and basic media (57), it was necessary to study the
pyrdcatechoi violet system both as a function of pH and at-pH 3.00
~before trying to interpret the tin(IV)~pyrocatechol violet system.

The stepwise equilibria uéed to interpret the pyrocatechol violet 'data
were first proposed by Suk and Malat (57),

The undissociated molecule shown earlier will be represented as
HAPV, The‘proposed equilibria are given in Equations (69), (70), and
(71) with the stepwise dissociation constants given'in Equations (72),

(73)1 and (74)-

H, PV = HBPV— FHTT (69)

‘_,, @ k, -

HéPV"F.g::.% H'ZPV T+ H (70)
2. Mg 3- +

H,PV ;::ﬁéﬂPV‘ + H (71)

7k
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k, = [HBPV_][HJ']/[HAPV] | (72) -
. 2 + r - » s

k2‘= [HZPV 1lu ]/[H-BPV ] (73)

ky = [apv>] [H-’*]/EH—ZPVZTJ (74)

The spectra of the series of solutions given in Table III were
obtained to determine the number of absorbing species in solution as a
functiﬁn of pH and to determine the acid dissociation constants of
pyrocatechol violet, The spectra obtained are given in Figures 5 and 6.
Colof'transitions occur in the pH ranges 1-2 and 5—6, The solutions
are red in strongly acid media, yellow from pH 2 to 5, and violet above
pH 6. No other color changes occur as the pH is increased to 8.18,
Higher‘pH'svwere not used because of the épparenﬁ decomposition of
pyrocatechol violet in strongly basic solutions; Solutions of pH 9 and
10 were violet but upon acidification, the observed,absorbancgs at 440
and 550 md were greatly reduced. .It has been reported that air

oxidation of pyrocatechol viglet occurs in basic solutions (57),

Number‘of Absorbing?SPecies

The absorbance data from the spectra in Figures 5 and 6 were used
as input data for the matrix rank calculation. Several combinations of
solutions were used. Absorbance readings from 700 to 260 md at 5 mi
intervals were used in each casé. The absorbance and error matrices
were 89:;9 for solutions 1 through 9, 89 x5 for solutions 1 throuéh 5,
and 89 x7 for solutions 3 through 9. The error matrix was calculated

using Equation (13) with the accepted value being that for which the

photometric error, AT,swas 0.005. Too small a photometric error will
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cause noise on the absorbance surface to be counted as an absorbing
species. Too large avalue, on the other hand, will treat a significant
absorbing species as noise, The results of the rapk calculations are

summarized in Table X,

TABLE X

NUMBER OF ABSORBING SPECIES IN PYROCATECHOL
VIOLET SOLUTIONS OF VARYING pH

Rank
AT Solutions 1-9 'SOIuticnswiasf 501ution§i§;9
0.000 6 3 5
0,002 5 | 3 | b
0.003 L | 2 3
0.004 Lo 2 3
0,005 Lx 2% 3%
0.006 h L 2 3
0.007 4 2 | 3
0.008 L 2 ' ‘ 3
0.009 4 2 3

0,010 L 2 , 3

*Accepted value.

Matrix rank analysis indicated the presence of four absorbing
species over the entire pH range with two species in the first five

solutions. The species which absorbs strongly at 550 md in solutions
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1 and 2 is the.undissociated molécule, HQPV. Then, between pH 1 and 2,
this peak diminjshes quickly as the solution color changes‘from red to
yellow. This is due to the ionizatiqn of the sulfonic acid group.

The reaction occurring is given in Equation (69), It is evident from

the spectra that the singly charged anion, H PV—, exists as the pre-

3
bdominant species over the pH range from 2 t§ 5. The maximum absorbance
of this species occurs at 440 ml. Between pH 5 and 6, another color

‘ change occurs. This color change is due fo the reactions given in
Equations (70) and (71).

The rank of four observed for solutions 1 through 9 is due to the
presencé of the four species given in the equilibria described in
Equations (69), (70), and (71). The rank qutWO observed for solutions
1 through 5 is due to the equilibrium given in Equation (69) and thé

rank of three for solutions 3'through 9 is due to the presence of the

three species described in Equations (70) and (71).

Acid Dissociation Constants of Pyrocatechol Violet

The acid dissociation constants of pyrocatechol violet were
determined from the spectra of the solutions listed in Table IIIX,
The calculationsrwere done with the pit-mapping program using the EQUIL
subroutine described earlier. The concentratioﬁs of each form of pyro-
catechol violet in each solution and the molar extinction coeffiqients
of each species at all wavelengths were also calculated.

The spectra of the solutions between 620 and 260 mil and their
acidities were used as the pfimary input data. The concentration of
5

pyrocatechol violet, 8.0x 10 ° M, was entered and the initial estimates,

0.260, 7.200, and 8.000 of pKi, pKz, and pK,, respectively, were used.

3
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The estimates of 7.200 and 8,000 for pK2 and.pK, were obtained

3
from Ryba and coworkers (70), The pK, value of 0.260 was of the proper
order of magnitude for‘a sulfonic acid (71). These estimates were
varied by the procedure described earlier with the initial value of
DEC = 0.10. The pit-mapping calculation was performed on solutions 1
through 9, 1 through 5, and 3 through 9. The models used in EQUIL for
each case were derived from the equilibria given in Equations (69),
' (70), and (71).

The successful model for solutions 1 through 9 is summarized in
Equations (69), (70), and (71). The initial estimates for pK,, PK,,
and pK

3

were required for convergence with the following results obtained:

were 0,260, 7.200, and 8,000, respectively. Six iterations

oo

pK1 = 0,264 + 0,003
pK2 = 7.508 * 0.001
PK, = 8.332 + 0.003

UMIN, the minimum error=-square sum, was 0.982. The'typical size of
UMIN for a good fit is from 1QH2 to 101, The molar extinction coeffi-
cients of four pyrocatechol violet species were calculated; these are
plotted in Figures 7 and 8 and ére given in Table XIX, The concen-
trations of each species in each solution were calculated and plotted
in Figure 9 as a function of pH.

As expected, no convergence was obtained for any two or three
species model tried on solutions 1 through 9. The evidence for lack of

10

1 ,
convergence is: large values (10 - 10 5).for the error-square sum,

large standard deviations for the equilibrium constants, negative molar
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extinction coefficients, exceptionally large molar extinction coeffi-
cients, a zero value for the concentration determinant in ECOEF, or
inadequate roots in EQUIL.

Pit-mapping calculations were also performed on solutions 1 through

5. The input value for pK, was 1,00 with the initial value of

1
DEC = 0,10. The model for the system is given by Equation (69). The

value for pK, obtained was 0.262 + 0.004 which is in excellent agree-

1

ment with the earlier value for pK UMIN was 0.582,

1.
for the calculation on

The input estimates for pK_ and pK

2 3

solutions 3 through 9 were 7.360 and 8.120, respectively. The initial
value for DEC was 0.10. The model used in subroutine EQUIL is given in

Equations (70) and (71). The calculated values for pK2 and pK, are

3

fl

pK, = 7.223 + 0,02k

2

pK

il

3 8.038 + 0.031 .

The minimum error-square sum was 0.197. The pK's are in good agreement

with the four species model calculation on solutions 1 through 9.
Concentrations and molar extinction coefficients calculated in the

last two cases agreed quite well with the values obtained from the four

species model. However, since the four species model treats all of the

data simultaneously, the results obtained in that case are assumed to

-~ be the best values. The results given in Figures 7, 8, and 9, and

Table XIX were from the four species calculation.

and pK, are in good agreement with

2 3
those calculated by Ryba (70). No literature value for pK

The values obtained for pK

4 vas found,
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Pyrocatechol Violet at pH 3.00

The'spectra of the pyrocatechol violet solutions given in Table IV
are shown in Figure 10. The purpose of this series of solutions was to
determine the number of species in solution at pH 3.00, From the
equilibria and spectra described earlier, it was suspected that only
one species was present in significant amounts. The concentration

diagram of Figure 9 shows that H_PV , the singly charged anion due to

3
ionization of the sulfonic acid group, is the predominant species at
pH 3.00.

The results of the matrix rank calculation on the spectra given in
Figure 10 are shown in Table XI, Absorbance readings from 660 to 265mi
at 5 m(d intervals were used as input data. The absorbance and error
matrices were 80x 6. As expected, there is one abSorbing‘species of
pyrocatechol violet present in solution at pH 3.00. The absorbing
species is HBPV-.

The species number program was run on the above data, with only
the one absorbing species case being tried, The results are shown in
Figure 11. The X and Y absorbance functions given by Equation (19) in
Chapter IV’were plottedkfor six solutions and eight different wave-
lengths. The best straight line fit was calculated for each line,

The result, a series of straight lines through the origin, indicates

one absorbing species present in solution. SMIN, the goodness—of-fit
parameter, ranged from 0.013 to 1.32. These values indicated correct
weighting of the data points, since SMIN based on the Chi-squared distri-
bution should have values on the order of unity,

Beer's law plots were made from the absorbance readings at 440 and

280 mil. Over the concentration range studied Beer's law is obeyed.
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TABLE XI

NUMBER OF ABSORBING SPECIES IN PYROCATECHOL
VIOLET SOLUTIONS AT pH 3.00

AT | Rank (Solutions £:6)v
0.001 . 4
0,002 1
0.003 1
0.00k ' 1
0.005 o 1%

10.006 1
0.007 1
0.008 1
0.009 | 1
0.010 1

*Accepted value.
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Using Beer's law, the molar extinction coefficients of HBPV- were
calculated. The agreement between these values and those calculated
using the pit-mapping program is excellent. The ﬁolar extinction
coefficient at 440 mil was calculated to be 17,385 using Beer's law and
17,490 using the pit-mapping program. At 280 m\, the Beer's law calcu-

lation gave 10,785 while pit-mapping yielded 10,870, The difference

is less than 1%.
Tin (IV)~--Pyrocatechol Violet

Number of Absorbing Species

The spectra of each series of solutions given in Tables VI, VII,
VIII, and IX are shown in Figures 12, 13, 14, and 15, respectively.
The wavelength rangé was 700 to 240 mi. In order to determine the
number of absorbing speéies in selution, matrix rank calculations were
run on several combinations of solutions in each series, The results
are summarized in Tables XII, XIII, XIV, énd XvV.

The absorbance and error matrices for Series I were 80 x8 for
solutions O through 7 and 80 x7 for solutions 1 through 7. Absorbance
readings from 660 to 265 ml at 5 m\d intervals were used as input data.
The number of absorbing‘species in each case of Series I is three
using AT = 0.005, However, at AT = 0.004, the rank of solutions O
through 7 is four. This is due to the presence of the small abgsorption
band at 610 m\ in the spectrum of solution O shown in Figure 12. The

Cc

peak at 610 mld occurs only in those solutions where the ratio CPCV:‘Sn

is less than one. 1In Series I only the first solution absorbs appre-

ciably at 610 mJd. The rank of solutions 1 through 7 is three. Since
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TABLE XII

NUMBER OF ABSORBING SPECIES IN SOLUTIONS OF TIN(IV)
AND PYROCATECHOL VIOLET-SERIES I

Rank
AT | Solutions 0-7 Solutions 1-7
0.001 L 3
0.002 L | 3
0.003 L 3
0.004 b | 3
0.005 3* 3*
0.006 3 3
0,007 3 3
0.008 3 ‘ 3
0.009 | 3 3
0.010 3 3

*Accepted value.



TABLE XIII

NUMBER OF ABSORBING SPECIES IN SOLUTIONS OF TIN(IV)
AND PYROCATECHOL VIOLET~SERIES TI

95

Rarilei s+

AT Solutions 0-7 Solutions 2-7
0.001 L 3
0.002 L 3
0.003 b 3
0.004 b 3
0,005 L* 3%
0.006 b 3
0.007 b 2
0.008 L 2
0.009 3 2
0.010 3 2

*Accepted value.
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TABLE XIV

NUMBER OF ABSORBING SPECIES IN SOLUTIONS OF TIN(IV)
AND PYRQCATECHOL VIOLET-SERIES ITI

Rank

AT Solutions 1-7 Solutions 1~5
0.001 L 3
0.002 L 3
0.003 L 3
0,004 L 3
0.005 3* 3%
0.006 3 3
0,007 3 3
0.008 3 : 2
0.009 3 2
0.010 I 3 : 2

*Accepted value,



TABLE XV

NUMBER OF ABSORBING SPECIES IN SOLUTIONS OF TIN(IV)
AND PYROCATECHOL VIOLET-SERIES IV

97

AT ' Rank(Solutions 1-7)
0.001 3
0,002 3
0.003 3
0.00k 3
0.005 3*
0.006 3
0.007 3
0.008 2
0.009 2
0.010 2

*Accepted value.
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the free ligand, H.PV , absorbs at 440 my and contributes a rank of

3
one, the number of metalwligénd species in Beries I is three,

The absorbance and error matrices for Series II were 80x8 for
solutions O through 7 and 80 x 6 for soluﬁions 2 through 7, Absorbance
readings from 660 to 265 mU at 5 mil intervals were used as inpyt data.
The rank of solutions O through 7 is four while the rank of seolutions
2 through 7 is three.. Since H3PV; contributes a rank of one to each
case, the number of méfalwligand species is three and two for so;utions
O through 7 and 2 through 7, respectively. The difference is due to
the absorption band at 610 mil (Figure 13) which occurs in solutions O

and ‘1 where C is less than one,

pcv*Csn

The absorbance and error mafrices for . Series III were 80x7 for
solutions 1 thréugh.7 and 80x5 for solutions 1 through 5. The wave-
length range was fromb660 to.265 mid at 5 ml intervals. The rank of
three for solutions 1 through 5 is due to the presence of three metal -
ligand species, since the free ligand absorbance at 440 my is nggiim
gible, Using AT = 0,005, the‘rank of solutions 1 through 7 is three,
also, However, at AT = 0.00%4, the rank is four due to the three metal -
ligand species and the small absorbance_df the free ligand at 440 mu
in solutions 6 and 7 (Figure 1L4).

The absorbance and efror matrices for Series IV were 80x7 with
the Wavelength rangé the same as in previous series. The rank of
three indicates threevmetal—ligand Species, éince the free ligand does
not absorb in this series of solutions,

Matrix rank analysis indicates the presence of three tin(IV)-

pyrocatechol violet complexes. The primary absorption peaks for these

species occur at 610 mid and at 550 mM. The absorbance at 610 mld occurs
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only for values of the ratio C less than one'indicating the

pcvi“sn
possibiiity of polynuclear species.

The species numher célculation was made on sélutions 1 through 7
of Series I, 2 Through 7 of Series IT, and 1 through 7 of Series III
and IV. 'fhe calculation tested each data set for linearity assuming
one, two, and three absorbing species with nonconstant stoichiometry.
Equations (19), (23), and (2?) were used to calculate the X and ¥ |
absorbance funetions for each case. The bést straight line fits‘were
calculated for each of 16 wavelengths for the one and two species
cases, The wavelengths used were 660, 635, 610, 585, 560, 535, 510,
‘485, 460, 435, 410, 385, 360, 335, 310, and 285 md, Only six to eight
" of these lines are plotted in the following figures because of space
limitations. The total number of lines for the three species model in
each case is equal to the number of solutions being run. Only three
or fouf lines will be plotted because of space limitations.

The results of the species number calculations are given in
Figures 16, 17, and 18 for Series I; Pigures 19, 20, and'21vfor Series
IT, Figures 22, 23, and 2% for Series III, and Figures 25, 26, and 27
for Series IV. For each series the result is the same as obtained in
the matrix rank analysis. Thé species number plots indicate three
absorbing species in each series;

It is obvious by visual inspection of the species number plots
which assumed model gives the besi straight line for each series of
solutions. The values of the goodness-of-fit parameter, SMIN, aré of
interest in verifying this conclusion. These values are given in

Table XVI.
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TABLE XVI

GOODNESS-QOF-FIT PARAMETERS FOR SPECIES
NUMBER CALCULATIONS

. SMIN

Model Series I Series 11 Series I11 Series IV
absorbing 17.5 - 335.5 6.33 - 1163.4 25.01 - 261.07 15.73 - 286.88
species

absorbing 0.078 - 1.38 0.19 - 1.70 0.01 - 7.03 0.002 - 0,109
species

absorbing 6.8 x 10-5 - 1.4 x 10-3 0.003 - 0.17 v0.01 - 0.1 0.008 - 0.047
species

1T
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The results of the matrix rank analysis and the species number
caloulations indicate the presence'of three tin(IV)-pyrecatechol viclet

C less

‘complexes. When solutions having values of the fatio CPCV: Sn

than one are omitted from the matrix rank calculations, the rank is
decreased by one. This species absorbs at 610 md. This indicates the

possible presence of a polynuclear species absorbing at 610 mi,

Nature of Absorbing Species

The mole-ratio method described by Yoe and Jones (9) is used to
obtain ihformation concerning the nature of the tin(IV)-pyrocatechol
complexes_in solution. Mole~ratio plots were made at 550 and 610 mj
for each series of solutions given in Tables VI, VII, VIII, and IX.
These plots are shown in Figure 28. At 550 mM the break in the mole~
ratio plot for Series I occurs at a value of two for the ratio CL/CMg
This corresponds to a complex of the composition MLZ' The ligand,
HBPV*, is in excess for the last six solutions of Series I with the
largest CL/CM ratio being 7. This indicates that ML, is the highest
complex formed, The breaks in theﬁmole~ratio plots range from two in
Series I, one and one-half in Series II, near one in Series III, and no
break in Series IV. The maximum ligand excess decreases from Series I
through Series IV. The breaks in the mole-ratio plots indicate g
mixture of ML gnd ML2 present in solution.

The mole-ratio plots at 610 md break at a CL/CM value of one half
indicating the presence of a dinuclear complex M2L. The plots of each
of the four series has a distinct break at .CL/CM = %,

The Holme-Langmyhr method for determining the values of m and n

in the complex Man was used to check the probable existence of a
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dinuclear tin(IV)-pyrocatechel violet complex. The equations used were
derived by Holme and Langmyhr (15) and have been used in a similar
study by Thomson (68). The ratio n/m for a tin(IV)-pyrocatechol violet

complex (Man) at 610 md was obtained by plotting

1 < 10—4n/m

— : | versus 1/A
: n/m
(CL - n/mCM)

for various values of the ratio n/m. The necessary absorbance values
were obtained from Series I, II, and III. The correct/value of n/m
gives a straight line plot. The results are shown in Figure 29. The
only straight line obtained was for n/m = % and a value of Ag = 5.83
was obtained by extrapolation. Ag isian upper absorbance limit
occurring if the concentration of reactant M is held constant and the
concentration of I, is increased until the concentration of the complex
approaches an upper limit.

lim[Man] = %M/ln
C—> @

L

The value of n for a tin(IV)-pyrocatechol violet complex (Man)

at 610 mJ is obtained from a plot of

E x 10-4n versus 1/A .
nA n
cC. -—2¢C
L Am M
"o

Various values of n were tried, with the correct value yielding a

straight line as shown in Figure 30. The best straight line obtained

was for n = 1,
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The results of the mole-ratio method and the Holme-Langmyhr method
indicate the presence of a dinuclear tin(IV)-pyrocatechol violet
complex in solutions of low CL/CM ratios. The presence of 1:1 and 1:2
mononuclear complexes is indicated by the mole-ratio plots at 550 mi.
These results are in agreement with earlier results of the matrix rank

analysis and the species number calculation.

Stabilities of Tin(IV)-Pyrocatechol Violet Complexes

The method of corresponding solutions cannot be used to interpret
spectrophotometric data if polynuclear complexes exist in solutioen.
However, the method can be used to check for the presence of such
species as described earlier.

The corresponding solutions plot program was run on the abéorbance
data obtained from the spectra given in Figures 12, 13, 14, and 15.
Corresponding solution plots similar to Figure 3 were obtained in the
wavelength range from 515 to 590 ml. No well behaved curves were
obtained in the region of 610 mW.

The corresponding solutions n, (L] program was run at 535, 550,
565, and 580 md using the E values calculated‘in the' corresponding
solutions plot program as input data. The ﬁ, [L] values obtained are
given in Table XVII,

Different n, [L] curves were obtained at each wavelength, which
is the result expected if polynuclear species are present. All wave-
lengths used were associated with the absorption at 550 mM. If
corresponding solution plots could have been made at wavelengths
associated with other absorption bands, the differences in n, (1]

values probably would have been even greater. The conclusion is that



‘TABLE XVII

FORMATION FUNCTION DATA

= 235 miry 9 100 = 250 mdr; 1 4 10° 363 mir 1 4 10 = 285 mir; 1 4 10°

0.4801 0.2313 0.4809 0.4056 0.4879 0.8435 0.4825 1.8291
0.5885 0.6376 0.5853 0.6437 -0.5949 1.5317 0. 5849 3.8787
0.6913 0.9384 0.6897 0.7728 0.6961 2.1451 0.6666 4.8613
0.7888 1.2155 0.7917 0.8882 0.7988 2.6955 0.7623 5.7423
0.8801 1.5634 0.8868 1.1135 0.8874 2.9585 0.8951 6.3249
0.9950 2.2299 0.9954 1.6514 0.9610 2.9489 0.9791 - 8.5743
1.1283 2.9720 1.1469 2.3345 1.1310 4. 4068 - -

611



120

at least one polynuclear species is present ahd, therefore, some method
other than corresponding solutions must be used to calculate the
stability constants,

The stability constants of the tin(IV)-pyrocatechol violet
complexes were determined from the spectra of the solutions given in
Tables VI, VII, VIII, and IX using the pit-mapping program. The con-
centrations of each species in solution and the molar extinction co-
efficients of all tin(IV)-pyrocatechol violet complexes were also
calculated. The spectra of the solutions between 660 and 265 muW, the
total pyrocatechol violet and tin(IV) concentrations, and the solution
pH's were used as the primary input data for each series of solutions.
The initial value of DEC was 0,10 in each case., Initial estimates of
the stability constahts were read in also.

Solutions 2 through 7 of Series II have CPCV=CSn ratios equal to
or greater than one‘and the rank'is three. Since the free ligand,
HBPV_, contributes a rank of one, the number of metal-ligand species is
two. The pit-mapping calculation was performed on the spegtra of these

six solutions using three different models:

ML and ML2
ML and ML3
ML2 and ML3 o

o

Only the model assuming ML and MLé (Sn(HZPV)2+ and Sn(HzPV)z) was
successful, The initial estimates for PKP1 and PKP2 (~log 811 and
~log 612) were =8.5 and ~15.0, Six repetitions were required for

convergence., The following results were obtained:
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H

log 612 1k, 741 +.0.321

1

UMIN = 0.342 .

The agreement between the experimental and calculated spectra was
excellent,

The pit-mapping calculation was performed on solutions O through 7
of Series I, solutions O through 7 of Series II, and solutions 1
through 7 of Series III and IV, From the matrix rank and species
number results, it is known that each of the above series of solutions
contain three tin(IV)-pyrocatechol violet complexes. The results of
the mole-ratio method, the Holme—Langmyhr method, and the previous
pit-mapping calculations indicate one polynuclear (probably dinuclear)
and two mononuclear (probably ML and ML2) complexes, For these reasons
three species models were used in subroutine EQUIL for all of the above

sets of solutions. The models tried were:

ML, ML,, ML,

M.L, ML, ML

2 2

ML, s ML, MLz

Molgs by Mby

M2L4, ML, ML2 .

With the exception of the ML, MLZ’ and ML, case, all models tried

3
contained one polynuclear and two mononuclear complexes. The only

model which gave meaningful results was the M2L, ML, and MLé model

described earlier. All other models were eliminated because they gave
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: 18 . .
large error-square sums (1015 - 10 ), negative molar extinction

coefficients, and poor agreement between experimental and calculated
spectra.

The model M2L, ML, and ML described in detail earlier, was tried

2#
for each series of solutions, In each case convergence was obtained.
Good fifs of the spectra, small error-square sums, and stability
constants with small standard deviations were obtéined. The input

~estimates for PKP1, PKP2, and PKP3 (~log B, , -log B,,, and -log B

11’ 21’

respectively) were ~7.800, -14,740, and ~13.000. The jinitial value for
DEC was 0.10, A maximum of five repetitions was required for conver-
gence in eaéh series, = The rgsults obtained are given in Table XVIII,
The calculated molar extinction coefficients for Sn(HZPV)2+, Sn(HzPV)z,
and SnZ(HZPV)6f are plotted in Figure 31 and are tabulated in Table XIX.

The calculated concentrations of all tin(IV) species are plotted in

Figures 32, 33, 34, and 35 for Series I, II, III, and IV, respectively,
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TABLE XVIII

FORMATION CONSTANTS OF TIN (IV) - PYROCATECHOL
VIOLET COMPLEXES :

Series 1 Series 11 Series III Series IV Average ]SJES'
Logig, ; 7.649 7.765 7.970 7.823 7.801 0.133
logg,, 14.594 14,758 15.282 14.963 14.899 04297
logh,, 13.210 - 12.451 13.136 12.889 12.922 0.342

UMIN 0.132 0.337 0.184 0.193

[N



TABLE XIX

MOLAR EXTINCTION COEFFICIENTS

124

, 2+ 6+
length HPV™  mpv?™  mev~  mpv SROHEV) S (HyPV)
2 3 4 Sn(H, PV)
my, 2 2
660 3356 8986 7010
655 4066 10240 8785
650 4716 11230 10420
645 5421 12080 12550
640 6126 12460 14540
635 6877 13390 16490
630 7638 14180 18400
625 8603 14940 19630
620 1929 23490 337 ‘1956 9475 16800 21080
615 3071 29400 333 2960 10540 18210 22100
610 3966 34860 320 4330 11450 20040 22720
605 4632 39330 298 6280 12370 22380 23010
600 5718 41760 260 8943 13360 24830 22980 -
595 6615 42260 223 12390 14420 28050 22810
590 6884 41390 186 16600 15770 31870 22520
585 6528 39770 150 21680 17350 37210 21960
580 6511 37900 111 27450 19610 44150 20760
575 6017 36000 89 32900 22450 52940 19460
570 6238 34330 89 37610 25990 61310 17720
565 6230 32660 119 41380 29540 69720 16140
560 6089 31090 176 43590 32430 76960 14130
555 6482 29260 289 44070 33730 79620 12790
550 6570 27430 471 43040 33160 78140 11140
545 6554 25590 712 41000 31150 73730 9801
540 6574 23640 1037 38190 28030 67640 8177
535 6745 21610 1435 35000 24350 59630 6855
530 6867 19820 1926 31670 20620 50290 5863
525 6943 18060 2503 28470 17210 41260 5603
520 7135 16510 3177 25230 14400 33670 4752
515 7126 15080 3951 21970 12160 27740 5146
510 7484 13640 4829 - 18790 10520 22690 4888
505 7948 12100 5813 15780 9170 19180 4800
500 7997 10870 6902 13150 8046 16150 5044
495 8483 9402 8036 10750 7126 13090 4922
490 9014 8122 9253 8660 6470 10220 4962
485 9477 6839 10480 7147 5025 8619 5170
480 10100 5626 11780 5717 5564 6884 5258
475 10090 4792 12900 4903 5245 5866 5587
470 10960 3575 14050 4190 4979 4974 5633
465 11220 2711 15110 3529 4818 3946 5934
460 11580 1861 15980 3239 4663 3062 6083
455 11640 1390 16660 3072 4542 2512 6156
450 12230 579 17160 2773 4474 2285 6230
445 12260 383 17420 2756 4392 2174 6423



TABLE XIX (Continued)

“125

Wave- 2+ (Can

length ey HZPVZ-H HSPV' H, BV Sp(HZPV) dion PV)SnZ(HQPV)
m) . : 2 2
440 12250 377 17490 2682 4h 54 2286 6519
435 11730 861 17260 2807 4547 2746 6438
430 11360 1499 16860 2780 4765 3670 6426
425 -10950 2035 16240 2956 5077 4655 6330
420 10100 2870 15450 2949 5369 5724 5866
415 9907 3207 14520 3240 5509 6572 5505
410 9453 3595 13530 3351 5572 7430 5209
405 9481 3645 12520 3566 5602 7987 4887
400 9017 4037 11540 3824 5598 9023 4356
395 8633 4370 10570 4188 5698 9915 4080
390 8464 4514 9669 4767 5961 11330 3812
385 8229 4669 8930 5247 6441 13010 3760
380 8287 4681 8236 5932 7082 14780 3962
375 8207 4755 7701 6472 7606 15800 4561
370 8376 4574 7319 6679 7750 15820 5021
365 8244 4495 7007 6425 7353 14280 5333
360 8495 4126 6785 6058 6350 12100 5237
355 8541 3883 6646 5359 5127 9518 4251
350 8399 3664 6571 4702 4130 7335 3839
345 8524 3231 6503 3741 3347 5695 3215
340 8340 3087 6438 3056 2852 4817 3098
335 8558 2945 6384 2647 2714 5240 2981
330 8614 3185 6315 2581 3979 - 5798 3165
325 8813 3675 6283 2847 3505 6545 3391
320 9290 4534 6302 3438 3896 7290 3909
315 10160 5947 6361 3933 4307 7968 4139
310 10930 7735 6442 4036 5011 9208 4913
305 11390 9615 5662 3997 6090 12010 56653
300 11580 10920 6796 3966 7983 16350 6452
295 11220 11270 7215 4829 9866 20610 7354
290 11030 10340 8160 6984 10220 20560 7811
285 10720 8927 9641 8880 9251 17940 7928
280 10650 7198 10870 8739 8419 15460 7564
275 10400 5512 10860 8100 7663 15010 7178

- 270 9504 4482 9762 7449 6968 14220 6764
265 9548 3400 8279 7112 6622 14680 6422

260

8232

4045

6899

7100
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70k
| | o ————su(H,PV),
60} : : : R S ‘ ———S8SN{H,PV)&-.
. T , ' "’f'""f'SNz(_HgPV)".

660 580 - 500 420 = 340 - 260

- 'WAVELENGTH (Mu)
Fi guré 31. Molar Ejttiiflction “Coefficients for Tin(IV)-Pyrocatechol Violet
- Complexes A
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~LOG CONCENTRATION
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Figure 32. Concentration of Species, Series I
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Figure 33. Concentration of Species, Series II.

orT
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Figure 34. <Concentration of Species, Series III -
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CHAPTER IX
SUMMARY

An objective computer method for determining the number, nature,
and stabilities‘of complexes in solution from spectrophotometric data
has been developed, Six computer programs have been collected, modi-

fied, or written and used.to';nterpret absorbance data. These programs
donstitute-a powerful method for analyzing spectrophotometric_data from
systems cohtaining mononuclear, polynuclear, or a mixture of mononuclear
and polynuclear compiexes.

Three acid dissociation constants of pyrocateohél violet in "IM C1™

solutions have been determined:

PK, = 7,508 + 0,001
pK, = 8,332 + 0.003 ,

Molar extinction coefficients and concentrations of pyrocatechol viglet
species were also calculated,

VSpectrophotometric data from 1M C1~ solﬁtions.of tin(IV) and
pyrocatechol violet have been interpreted on the basis of formétion of
1:1, 1:2, and 2:1 metalviigand complexes. - The corresponding stability

constants were:

lag Bii = 7.801 + 0.133

131
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log 612 14.899 +°0,297

i

log 621 = 12,922 + 0.342 -,

Mplar extinction coefficients and concentrations of tin(IV) species

were ¢alculﬁted-
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APPENDIX A

FLOW CHART, PROGRAM LISTING, AND DATA

SET FOR MATRIX RANK ANALYSIS

137



138

TABLE XX

INPUT REQUIREMENTS FOR MATRIX RANK CALCULATION

e ——— I Dok e s M e e ————

Card ‘ . _ »
Number Coluymns ‘Format Variable Name and Function
1 1-5 T5 . N -~ number of solutions

6-10 15 L - number of wavelengths

o 11-19 F9,8 . CRIT - criterion for set-

‘ ting elements of A

to zero

Next M 1-80 16(F4,3,1%) V - absorbancé data with

cards ' number of cards deter-

mined by N and L.
Solution 1 data starts .
on card 2 and con-
tinues as needed 16
wavelengths per card.
Start solution 2 data
on another card regard-
less of where solution
1 data ended on the
previous card




(START)

i

~ Read control
. Parameters N, L, CRIT
- Read absorbance =,
data V '

Convert V to double
precision A

}

[T_= o.001]

O
o Compute error
. matrix §

 Write originai A and :
, S matrices _ '

T———

Pivot A and S matrices,
reduce rows .

Reduce sub-pivot elements
of A and S to zero

‘cbﬁpare corresbbnding‘elements on priﬂcipal
diagonal to determine rank

- ‘Write rank of -/
N - A matrix C
 Write reduced A and § ‘

matrices

[T =T+ 0.001}
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s XakalataXaNakakaRaRakakaXaksRakaRaXalal

[a X gl

ANALYSTSOF S’ECTRA KATZ-WALLACE
PROGRAM CONVERTED TO DOUBLE PRECISION AND MODIFIED BY WILLIAM D. WAKLEY,
CHEMISTRY DEPARTMENT, OKLAHOMA STATE UNIVERSITY

GIVEN N EXPERIMENTS IN EACH OF WHICH THE OPTICAL ABSORPTION
IS MEASURED AT L WAVELENGTHS RESULYING IN MATRIX
A RITH L RONS AND N COLUNNS. DIMENSION AlLosN)

4L MUST BE G.T.E. N}

OBJECT - TO DETERMINE RANK OF MATRIX, TAKING INTO ACCOUNT
EXPER IMENTAL ERRORS IN S MATRIX

METHDD — REDUCE ALL ELEMENYS BELOW PRINCIPAL DIAGONAL TO ZERO
AFTER MAXTIMUM {PIVOT) PLACED ON DIAGONAL

INPUT-
CARD 1 = N "COLS. 1-5¢ L COLS. 6-10, CRIT (OLS. 11-19 (F9.8)
CRIT IS THE .CRITERION FOR SETTING A ELEMENTS TO ZERD
IF AlTed) Le¥o CRITESUIRJ)» AllsJ)=0.0

REAL V(91,9)/7819%0,07/.W191,9)7819¢0.0/,CK(911/91#0.07

REAL®8 A191+91/819%0,0D0400/+519129)/B19¢0.0D+00/¢2491,9) /819%0.0D¢
1007¢Y491,9)/819#0.0D400/ ¢B({91+917819%0.0D0¢00/5yARAX70.0D+00/ ¢ TEMP/O
2.00400/,FAC/0.QD+00/,SW/0.0D¢00/4X/0.00¢00/ ¢SW1/0.00+00/

REAL®8 DABS,DSQRT.DBLE .
1 FORMAT{215,F9.8)

2 FORMATIL6(F4.3,1X})

3 FORMAT{1H1+,10Xs1 THRANK OF SYSTEM TSs13,1X¢31HWITHIN A RANGE OF PLU
15 OR MINUSF15.551Xe12HSIGMA LIMITS)

FORMAT{1H1,30X,1THORIGINAL A MATRIX//)

FORMAT{1H1+30X,1 TRORIGINAL S MATRIX//)

FORMATU1HL +30X+16HREDUCED A MATRIX7/}

FORMAT{1H1, 30X, 16HREDUCED S MATRIX//}

FORMATI1HJ,9F12.7)

READ{5,1} N+1,CRIT

READ ABSORBANCE DATA

DO 103 J=1,N

@~

103 READ{5,2) {Viled)o I=14L)

CONVERT ABSORBANCE DATA TO DOUBLE PRECXS{DN AND STORE ORIGINAL DATA IN 8
DD 321 J=1.N

DD 321 1I=1,L

ACT+J)=DBLEIV(I,J})

Bll.J)=All,J)

321 CONTINUE

PERFORM RANK CALCULATION 10 TIMES VARYING PHOTOMETRIC ERROR FRDM 0.001
T0 0.01

00 50 KT=1,10

T=KT .

T=T#0,001

CALCULATE ERRDR HATRIX s

00 14 T=1,1

00 14 J=14N

X=A({1s4)

14 $41,J0=0.43429¢T%]10, #*X

WRITE(6y%)

oob

[gKalal

2

o

30

v

10

110

112

1

"

120

125

127
129

130
140

WRITE ABSORBANCE MATRIX A
V0 20 i=l.l

WRITE(698) (ACI,J)s J=1¢N)
WRITEL645)

WRITE ERROR MATRIX S

00 30 1I=l,t

MRITE{648) 1S1Esdde J=1,N)

.HlTRlX ELENENTS READ, NOW TO PIVOT AND REDUCE RONWS

NMIN=N-1

DD 140 JC=1,NNIN
AMAX=0,00+00

DD - 110 I=J,L

DO 110 J=JC, N
IFCAMAX=-DABS(A{I,J)}.GE.O0.)} GO TD 110
AMAX=DABS{AL1,J))
LMAX=]

JMAX=J

CONTINUE

IF (AMAX.LE.O.) 6O TO 150
D0 115 J=1.N
SWeATJCLJ)

AlJICo JI=A{INAX,J )
A{ TMAX o J)=SH
SH=S{JC.J)

S{JCe JI=STINAK, J)
STIMAXsJ)=SH

00 120 I=1,L
SW=A{1,4C)
All2JCI=ALL o JNMAXD
Al e JHMAX)=SH
SW=S{1.,JC)
St15JC)=S{I,JMAX)
S{TeJMAXD=SH

PIVOT ELEMENY PLACED. REDUCE SUB-PIVOT ELEMENTS TC ZERD

IPLUS=JCe]

DD - 130 I=IPLUS,L

IF{A{I+JC).EQ.0.}) GO YO 130

FAC=A(1+JC)/ALJC,JIC)

D0 129 J=IPLUS«N

AlTeJ)=At14JI—FACSALJCed)

TEMP=A{3C,J1/A1JC,JC)
Sil.J)tDSORT(S(l.Jl1'20(Sll.JCi'YEﬂP)“Z'(S(JCvJI'FAC)“ZO(SIJC.JC
1ISFACSTEMP)e22}

IF (DABSUA(I 4J) )-DABSICRIT*S{1,J)}.6T,0.} GO YO 129
${1s4)=0.00+00

Al1,J4=0.00400

CONTINUE

Al{1,4C)=0.0D+00

5{1+JC1=0.0D+00

CONTENUE

CONT I'NUE
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11!

142
143

144

Lol a¥ ol

150

160

[aXaXa)

162

NN=N+1

SW=AINN)

DO 111 I=NN.L - )

1F{DABS(ALL,N J.LELDABSISH)) GO TO 1111
SH=Al I,N)

SW1=S{IsNJ .
ACI,N}=0,00+00
S{1sN)=0,0D+00

CONTINUE

ATNoNI=SW

SINeNI=SW1 :
IFIAIN,NIoNE.O-) GD TO 150
LE{L-N.LE.O} GO TO 150
NPLUS=N+1

DO 145 I1=NPLUS,L
IF{A{1,N}.EQ.0.) GO TO 145
SW=A{N,N)

A(NGNI=ALL4ND

AL1.N)=SW

SW=S{N,NJ

SENsNI=S{1,N)

SU1,N)=5H

GO TG0 150

CONTENUE

MATRIX IS5 REDUCEDs DETERMINE RANK

DO 160 I=1,N
NRANK=N+1-1

IF{DABS{ ATNRANK,NRANK} 1.GE3. 45 (NRANK, NRANK}} GO TO 162

CONTINUE

WRITE RANK REDUCED A AND S MATRICES

.WRITE{6¢3) NRANK,CRIT
-WRITE(6,6)

DO 165 i=1,L

16

w

170

171
50

c
c
c
9

WRITEL648) (Allsdds J=14N)
WRITE{6,7)

DO 170 I=1,1

WRITE(648) (SU{XyJ}y I=14N}
DD 171 I=l.l -
DO 171 . J=l,N
AllsJ)=BL1sJ}

LCONTINUE

CONTINUE

STOP

END

DATA

890001

0001 0001 0001 0002 0003 0005 0006 0009 0010 0011 0016 0021 0028 0037 0049 0068
0092 0127 0174 0242 0333 0452 0598 0772 0972 1150 1324 1455 1534 1555 1527 1466
1382 1288 1194 1109 1026 0948 08756 0BiS 0772 0741 0724 0725 0734 0756 0783 0808

0837
0583

- 0439

0001
0018
0330
1182
0630
0539
o0oDL

~.0005

0123
1277
0664
0549
0001

‘0005

0105
1273
0654
0577
0001

- 0007

0113
1282
0668
0547
0001

0083

0152
1241
0651
0514
0001
0l30
0181
1219
05643

0516

0001
0543

0592

0959
0580
0648
0001
1040
1189

0560

0512
0856

0862
0577
0489

0001

0024
0339
1229
0596
0573
0001
0006
0153
1333
0627
0582
0001
0D05
0136
1327
0609
0602
0001
0007
0143
1337
0630
0578
0008
0089
0174
1292
0608
0557
0010
0l44
0201
1266
0598
0556
0014
0677
0570
0987
0552
0678
0014
1320
1113
0548
0508

0864

087s
0567
0610
0001
0033
0352
1262
0569
0649
0001
0007
0187
1373
0602
0654
0001
0005
o017
1366
0577
0674
0001
0007
o181
1380
0603

0651,

0019
0092
0208
1328
0575
0640
0025
0158
0230
1303
0566
0641
0030
0800
0558
0998
0527
0708
0031
1574

1046

0536
0502
0828

[]-1:1]
0544
0744
0001
0042
0370

1276

0544
0768
0001
0008
0230
139
o582
0769
0001
0005

0218 -

1386
0548
0786
0001
0007
0227
1396
0585
9770
0029
0097
0244

1355

0546
0763
0042
0168
0264
1324
0538
0760
0046
0900
0552
1008
0508
0758
0050
1780
0980
0531
0492
0773

0889

0520
0796
0001
0058
0398
1279
0528
0852
0001
0008
0281
1394
0568
0870
0001
0005
0267
1389
0529
0875
0001
0007
0278
1405
0569
0869
0042
0100
0292
1360
0524
0862
0058

0170.

0308
1333
0517
0850
0068
0954
0556

1011

0488
0788
0074
1913
0927
0531

o710

0884
0489
0774
0001

‘0078

0430
1261
0514
0844
0001
0009
0339
1376
0557
0876
0001
0005
0328
1370
0519
0868
0002
0007
0335
1381
0558
0871
0055
0103
0348
1350
0509
0862
0076
o171
0360
1319
0505
0838
0089
0964
0568
1008

0475

0750
0100
1960
0874
0534
0472
0632

0866
0462
0702
0001
0102
0474
1228
0506
0759
0001
0011
0408
134%
0549
0791
0001
0005
0392
1331
0514
0778
0002
0008
0402
1346
0552
orse
0068
0107
0411
1326
0502
0773
0092
0169
0620
1297
0496

0752

0107

0942

0586

0998

0466

0664

0128

1931

0832

‘0546

0458

0553

0845
0425
0625
0001
0138
0527
1183
0496
s
0001
0016
0481

‘1289

0539
0672
0001
0006
0470
1281
0511
0661
0003
0010
0480
1292
0547
0670
0078
0108
0479
1286
0495
0656
0103
0164
0488
1256
0487
0638
0122
0903
0608
0974
0453
0556
0153
1853
0790
0551
0443
0496

o811
0398

0778
0381

0561 .

0002
0173
0589
1121
0487
0547
0001
0020
0566
1224
0532
0558
0001
0009
0554
1222
0508

0002
o211
0652
1058
0481

0001
0029
0650
1150
0527

0001
0012
0642
1149
0506

0556 -

0003
0014
0561
1228
0538
0560
0081

‘0109

0559
1227
0491
0547
0108
0161
0568
1200
0480
0534
0136
0858
0642
0947

0%446

0491
0174
1774
0750
0554
0431
0472

0003
ool8
0652
1154
0529

0083
0108
0647
1155
0487

0111
0157
0647
1128
0476

0150
0813
0674
0902
0440

0202
1680
0713
0554
0431

‘0737
0374

0003
0244
0723
0986
0480

0001
0037
0749
1072
0519

0001
0019
0739
1065
0506

0004
0026
0747
1077
0521

0082
o108
0734
1081
0481

0109
0152
0734
1053
0468

0164
0176
(253
0854
0442

0234
1617
0686
0548
0442

0698
0381

0004
0277
0808
0916
0482

0001
0046
0840
0996
0514

0002
0028
0838
0990
0512

0005
0033
0842
0991
os1s

0081
0107
0824

‘0996
0476

0108

0150
0827
0980
0463

0183
0740
0756
0798
0452

0282
1547
0657
0542
0468

0661
0400

0006
0298
0892
0852
0494

0002
0056
0947
0919
0516

0003
00356
0940
0912
0527

0005
0042
09485
0916
0518

0080
0108
0923
0922
0470

0106
0149
0914
0900
0460

0217
0708
0804
0752
0 T4

0356
1478
0636
0536
0518

0631
0418

o008
0311
0969
0780
0507

0003
0069
1031
0841
052t

0004
0047
1025
0837
0541

0006
0052
1034
0840
0521

0080
0112
1012
0867
0471

0107
0151
1000
0827
0463

0263
0674
0848
0704
0511

0454
1414
0611
0530
0603

0609
0424

0011
0318
1048
0722
0517

0004
0083
1121
0772
0526

0004
0062
1120
Q9769
0551

0006

0070
1126
0772
0527

2080
0120
1096

o773

0678

0112
0156
1082
0753

0472

0330
064s
[o:1:57
0657
0557

0500
1342
0596
0523
0701

0592
0428

0014
0324
1120
0672
2524

0004
o101
1207

0717

0532

0005
0081
1200
0709
0563

0005
0089
1212
0717
0531

0080
0132
1178
007
0490

0116
0185
1158
0702

0485 -

0423
0617
0528
0618
0506

0800
1267
0527
£536
07%%

iy



APPENDIX B

FLOW CHART, PROGRAM LISTING, AND DATA

SET FOR SPECIES NUMBER PROGRAM

143



" TABLE XXI

14k

INPUT REQUIREMENTS FOR SPECIES NUMBER PROGRAM

Card

Number Columns Format Variable Name and Function
1 1-3 13 MSIZE - maximum sigze poly-
nomial for least
squares curve fit
4-6 I3 SIZE - size of polynomial
used
7-9 I3 NCONT - number of poly-
nomjals to be tried
2 1-2 I2 CONTL - code for lst term
3-4 12 - code for 2nd term
5-6 T2 - code for 3rd term
7-8 12 - code for 4th term
9-10 12 - code for 5th term
11-12 12 - code for 6th term
13-14 12 - code for 7th term
15-16 12 - - code for 8th term
Explanation of code: Terms
1 thru 8 refer to Beta's,
coefficients of the poly-~
nomial. If O, this
parameter is calculated.
TIf 1, this parameter is
not calculated.
3 1-10 D10.3 Beta0~
11-20 D10.3 Beta1
21-30 D10.3 Beta2
31-40 D10.3 BetéB
41-50 D10.3 Beta

4
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TABLE XXI (Continued)

Card

Number' Columns Format Variable Name and Function
51-60 D10.3 Beta,
61-70 D10.3 . Beta6
71-80 p10.3 Beta,
4 1-80 20A4 HEAD - column headings for
’ output table
5 - 1-80 "~ 20A4 TITLE - title for plot
6 1-18 80A1 MOP - title for Y-axis of
plot
19-20 NCH - characters for plotting
experimental and calcu-
lated data
59.76 ' TAB1 - title for X-axis of
plot
77 - ND - "M
78 ' NP - "¢
79 NM - ”_”
80 NB - blank
7 1-55 " 55H name of the system being
studied
8 1-3 I3 MM - number of solution
compositions
4-6 I3 : L -~ number of wavelengths
7-9 13 , LM - wavelength of maximum
absorbance
10-12 I3 ' JB - reference solution
13-15 13 . LMl - wavelength of maximum
absorbance
'16-18 I3 LM2 -~ wavelength of maximum

absorbance
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TABLE XXI (Continued)

Card

Number Columns Format Variable Name and Function
19-21 " I3 NSTOIC - 1 for nonconstant
stoichiometry, 0 for
constant stoichie
ometry
22-24 13 JB1 -~ reference solution
25427 13 JB2 - reference solution
28-30 , 13 ITER - iteration number
31-33 13 ITL - control parameter
9 : 1-10 ' D10.3 DELT - error parameter USéd
~in weight calculation
Next M 1-80 . 16(F4.3,1X) C - absorbance data with
‘cards : number of cards deter-

mined by MM and L. See
Table XX for explanation
of format :




(START )

Set elements of all
arrays to zero

Read MSIZE, SIZE,
, NCONT

y

\. Read CONTL, BETA, HEAD,
- N\_ TITLE, MOP, NCH, TABl

Read name of system
being studied '

_‘\\\\Read MM,

'L, LM, JB, LMl, LM2, NSTOIC, JB1,
JB2, ITER, IT1, DELT .

N\ Write name o
M1,

f system being studied, MM, L, LM, JB,/////

LM2, NSTOIC, JB1l, JB2, ITER, ITl

~ Read absorbance
‘ data Cc(I,J)

"Convert C(I,J) to double

1

precision, store in A(I,J)

. Write A(IsJ)' I
DELT

|

Calculate XA(LM,J)
YA(I,J) for one
absorbing species

®
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Calculate XA(LM,J),
YA(I,J) for two absorb-
ing species with no
.restrictions on the
stoichiometry

yes

|

Calculate XA(LM,J),
YA(I,J) for two absorb-
ing species with constant
stoichiometry

i

Calculate XA(LM,J),
YA(I,J) for three
absorbing species
with no restrictions
on the stoichiometry

Calculate E(I,LM),
E1(1,J) for three
absorbing species .
with restrictions

on the stoichiometry

Take transposes of
E and El arrays:
XA(LM,I) = E(I,LM)

YA(L,J) = El(J,I)

_er\‘
o/

148
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"Calculate XMIN,
XMAX for plot

. | Calculate ‘weight
N~ ' ‘ of data points

Build matrix, XX, containing
elements of normal equations

Shrink XX matrix ;
according to size, DX o

Shrink DX matrix according
to fixed BETAS

Invert DX
matrix

Store calculated BETAS from DX
matrix or fixed BETAS

Determine set of
calculated Y's, YHAT

Calculate DEV, S,
DF, SMIN, SIG

"~ Write BETAS, |
SIG |

Determine experimental
(X,Y) points for plot

®




\\Ezicefexperimental data,,
YHAT, DEV, SIG _

Determiné calculated
(X,Y) points for plot

N Write
N\SMIN

. |[Calculate YMIN,
YMAX for plot

Convert data to single
precision before plotting

Plot experimental and
" calculated curves

Is (ITER-3)
T 0, +
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Le"Ps "VARGA AND WEILLIAM D “WAKLEY . “OKLAHOMASTATE UNIVERSITY CHEMISTRY
OEPARTHENT NUMBER OF ABSORBING SPECIES PROGRAM - FORTRAN 1V ’
{BM SYSTEM 360 OSU COMPUTER CENTER 21 NOVEMBER 1968

CALCULATES THE tX,Y} FUNCTIONS FOR 192¢0R 3 ABSORBING SPECIES WITH
CONSTANT OR NONCONSTANT STOICHIOMETRY, FITS THE BEST STRAIGHT LINE
THRU EACH DATA SET, CALCULATES THE INTERCEPT ANO SLOPE OF EACH LINE,
CALCULATES THE GOODNESS OF FIT PARAMETERe AND PLOTS THE EXPERIMENTAL
AND CTALCULATED LINES FOR EACH CASE

INTEGER CONTL,SIZE

DOUBLE PRECISION IXIB.9D'DX(8.9).VI‘LI.BO)'BETAI8).8(8)-515(8)-‘(8
10,103 ySAL80+10) ¢ XA4B0+80),YA180,80),E{80+1)»EL(80,10),YHATIBO),DEV

2(801,51801,X{160),Y(160}

WO DB WN -

33
34

36
37
52

60

61

62

6

w

DIMENSTUN. HEAD{(20) yMOP{ 18}y NCHI %10+ TETLET20) 4 TAB1{ 18142111 ,CONTL(3
148)+C180410) +XSI160,YS {160} ,CK(80)

REAL®8 OBLE(DABSsDSQRT

DOUBLE PRECISION X1,XMIN¢XHAXVARY (YMIN,YMAXsWoPIVOToAY; SMINAYE
COMMON JITLE,HOP yNCH,TAB1, ND, NP+ NH+NB, JREADS , JRITEG
FORMAT{161F%43,1X))

FORMAT §1PTD11.3)

FORMAT{BI2)

FORMAT (12133

FORMAT (1X20A%)

FDRMAT{20A%?

FORMAT(55H

FORMAT (88X, 1ZHSMIN/TDF~1)=4D16.6)
FORMAT (8010.3)

FORMAT{1H ,10013.6}
FORMAT{1P2015.6/)

FORMAT [1H1 , 6X, 4HBETA, 10X, THSTD DEV?
FORMAT{1H2,10X+20# PHOTOMETRIC ERROR DI L
FORMAT{(B0AL}

JREADS=5

JRITEG=5

SET ELEMENTS OF ALL ARRAYS TO ZERO
D0 60 I=1,80.

DO 60 J=14B80 -

XA(I4J1=0.00+00

YALI,J3=0,00400

CONTINUE

D0 61 I*1,80

D3 61 J=1,10

AL1,J3=0400+00

SA{1+4)=0.0D+00

E1tI,J)=0.0D+00

CONTINUE

DO 62 I=1480

YHAT(1)=0.00+00

DEV{ §)=0.0D+00

S{1)=0.00+00

CONTINUE

D0 63 Ic1,160

X{11=0,0D+00

¥{11=0.00+00

CONT INUE

00 64 I=l,1i

cOONOO OO0

00 64 J=),80
Vi14J1=0.00+00

64 CONTINUE

65

66

67

101

1000
L

103

53

1033

D0 65 I=1,80

J=1

EL12J)=0.00400 -

CONTLINUE

00 66 I=)48

DO 66 J=x1e9

XX{1+J¥=0.00+00

OX{1,J3=0,00+00

CONTINUE

00 67 I=1,8

BETA{I)=0,0D+00

B{1}=0.00+00

S1G11)=0.00+00

CORTINUE

HMSIZE=NAXIMUM ST1ZE OF POLYNORIAL FOR LEAST SQUARES F1IT, SIZE=SIZE

OF POLYNOMIAL USED, NCONY=NUMBER OF POLYNOMIALS, CONTL=DETERNINES BETAS
T0 BE FIXED OR CALCULATED. BETA=CONSTANTS [N POLYNOMIAL, HEAD=OUTPUT
TABLE HEADINGSs TITLE=TITLE OF PLOT, MOP=ORDINATE OF PLOT, NCHM=SYMBOLS
USED FOR PLOT, TABLl=ABSCISSA OF PLOTy NDsNPoNM,NB=CONTROL PARANETERS
FOR PLOT, DELT=ERROR PARAMETER, MM=NUMBER OF SOLUTION COMPOSETIONS, -
L=NUMBER OF WAVELENGTHS, LM1oLM2oLM=WAVELENGTHS OF MAXJMUM ABSORBANCE,
JB81yJB2y JB=REFERENCE SOLUTIONS

READI{JREADS ¢%) MSIZE.SIZESNCONT

D0 101 K=14NCONT

READ{JREADS,3) {CONTLEKs1)y Ix1,NS1ZE)

READ(JREAD5 433) (BETACIYe [=1,MSIZE)

READ{ JREADS 461 (HEAOLI)e 1=1,20} .
READIJREADS¢6) (TITLE(I)y 1=1+20) :

READ(JREADS ,52) (MOPII1)e I=le18),(NCHII), 1=1,40)s (VABL{I}y I=1,18
11,NDyNPyNM¢NB ’

READ{JREADS »7)

THE NAME OF THE SYSTEM BEING STUDIED IS READ IN HERE.

READ{JREADS %1 MMyL o LMy JB, LM oL-N2,NSTOIC, JB19JB2+ ITER, IT1

NSTOIC=1 §F NON~CONSTANT STOICHIOMETRY 1S ASSUNEDs O IF CONSTANT
READ{JREADS,33) OELT

WRITE(JRITES47)

WRITEC SRETEGe%) MMyL oL My JBy LML 4LM2,NSTOICyJB1 ¢ JB2s ITER,IT1
MS1=MSIZE+]1

READ ABSORBANCE DATA
DO 103 J=1,MM :

READ{JREADSy1} (C{LyJ)y 1I=1,L)

CONVERT AESORBANCE DATA TO DOUBLE PRECISION

00 53 J=1,MM

B0 53 '1=l,L

Al{1l+J)=DBLEIC{I+I))

CONTINUE

WRITE ABSORBANCE DATA

081033 I=l,L

WRITETJRITES,34) {A(Lled)e J=1,MN)

WRITE(JRITES437) DELT

GO TO(1234¢3311,1103)4ITER

STATEMENTS 1234 THRU. 5011 CALCULATE FUNCTIONS TO BE PLOTTED

rCT



i
i

1. ABSORBING SPECI1ES

<
1234 ‘00 4400 J=1,MK

XA(LM, J)=ATLN.J)
D0 4400 I=l,L ’
YAUL s J)=Al1,d3
X1=Al1,4)
4400 SA{1+J3=0.43429%DELT*10, X1

" $002 G0 TO 1122

[4 2 ABSORBING SPECIES, NON-CONSTANT STOICHICMETRY
73311 DO 1003 J=1,MM
IF{NSTOIC.EQ. 0} GO TD 1002
2006 1FILM.EQ.1) GD TO 2002
2007 LMML=LM-1
DO 2001 I=1,LMM1
2001 YALL,J)=A4T4J)/AT143)
IF(LN.EQ.L} GD TB 200%
2002 LMP1=LM¢l -
DO 2003 I=LMP1,L
2003 VAL, 3)=ALT4J21/AL1 )
2004 CONTINUE
2005 XA(LMyJ)=ALLN,JI/ALL4J)
- 60 TO 1003
4 2 ABSORBING SPECIES, CONSTANT STOICHIOMETRY
1002 XACLMsJI=A{LMyJI-AILNK, JB)
DO 102 I=1,L
102 YATI2J3=A11+J)-A1 LeJB}
1003 CONTINUE
60 7O 1122
C 3 ABSDRBING SPECIES, CONSTANT STOLCHIOMETRY
1103 D0 1202 J=1,MM
AFINSTOIC.EQ.1).. GD TO 5000
5005 IF(J.EQ.JB) GO TG 1120
1121 XA(LH,J!S(A(LHZ.Ji—A(LHZ.JB)iI(A(LHl.Jl—A(LHl-JB)l
60 To 1211
1120 XA{LM,J3=0.0D+00
1211 00 1202 I=let
1£(J.€Q.48) GO TO- 1130
1102 YAUL5J)=0ALT,J)=AL1,JB)) /LAILML,J)~ A(Lnl.Js))
60 TD 1222
1130 YA{1,J)=0.00400
1222 CONTINUE
©1202 CONTINUE
G0 10 1122 .
c 3 ABSORBING SPECIES, NON-CONSTANT STOLCHIOMETRY
“5000 L=i-1
D0 5001 I=1,L
“IF(IBl.EQ.MN) GO TO 5007
5006 IFILM1.EQ.1) GO TO 5007
Ell'LH)=(A(LHl.JBlIOA(I.JBZ)—A(LHI'JBZl'All'JBI)II(AlLHl eJBLISALL,
LMM)-A (LML MM)*ALT,JB1)}
G0 TO 5008
5007 €1{1,LM)=0.00+00
5008 DO S001 J=1,4MM
IF(JBL.EQ.NM} GO TO 5009
5012 IF{LM1.EQ.I} GO TO 5009

5009
5001

5010

5011

€
1122

39
199

38
99

10

1133

2222
3333
4401

2211
3113

1112
2111
1111

29

27

E11l.Jl*lAltHl.JallOAll.Jl—AllNl'Jl‘A(I.JBI))lil(LNl.JBlltl(lilH)-
LALLML,MH) *ALT 4 JB1))

60 10 5001

E1(1,41=0.0D+00

CONTINUE

D0 5010 I=1,L

XA{LM, [)=EC 1, LH)

CONTINUE

00 5011 I=1,MM

DO 5011 J=i,L

VAU, J)=EL(J, 1} . . . -
CONTENUE : : ) :
NC1=MN

MM=L g :
L=NC1 . C
CALCULATE XMIN,XMAX FOR PLOTS

XMIN=XALLM, 1)

DO 199 Jr2ZoMh

1F(XMINJLT.XALLM,JY) GO TO 199

XMIN=XA(LM, J)

CONTINUE

XMAX=XALLM, 1]

DO 99 J=2,MM

IFIXMAX.GT.XAILN,J)} GO TO 99

XMAX=XALLMgd) =

CONTINUE _

XMAX=XMAX #0402 XMAK-XMIN)

LEAST SQUARES CALCULATION THRU STATEMENT 100

DO 100 I=leL

DO 10 X=1,MSIZE

00" 10 J=i,M51

XX{KyJ1=0.00400

CALCULATE WEIGHT OF DATA POINTS

DO 12 Jx1,MM

IFCUITER-2) 1133,2222,2211

VARY=SA(T,J)*SALL,d)

G0 TO %401

IFINSTOIC.EQe1) GO TO 3113
VARY=SAU1,J)8SAL 1,30 ¢SATL,JBYOSALL,IB)
W=1.0D+00/VARY -

VIMSIZE#3, 33 =DSQRTIDABS{ VARY )]

60 ¥0 1111

1F4J.EQ.JB) GO TD 1112

W=1.0D+00

$0 TO 2111

W=0.00+00

VIMSIZE+3,00=N

V(1:21=1.00400

Vi2e JI=XAILM D

DO 9 TI=3,MSIZE

VAIL, JI=VI11-1,3) XAILM, 33

VIMSIZES]L , J1=VYAL L, 39

VIMSIZE+2,J)=W

BUILD NATRIX CONTAINING ELEMENTS OF NORMAL EQUAT IONS
DD 12 11=1,MSIZE .. :

T



1

i
131

131
131
1
i

2

3
3

L
5

w

3

1117

2

1
1

¢
184

18
18

3

-2

2

7
8

4

4
5

2

T

PINGTEYTLe)
D0 12 JA=1,MS1
XXALLoSAY=XXUTEs JAISWSPIVOTSV {IAJ)
tL=1

IFLLL.GT.NCONT)} GO TO 25
LUsLL¢l

SHRINK MATRIX ACCORDING TO SIZE
11=1
0 16 K=1,S12E
=1
00 IS5 3=1+SIZE
IF(CONTLILL~-1,K).EQ.1) GO TO 16
IF{CONTLILL-1,3)+EQ.1] GD TO 15
DX{1143J)=XX(K¢JD

d4=4gel
CONTINUE

1i=11+¢1
CONTINUE
SHRINK MATRIX ACCORDING TO FIXED BETA
N=11-1

M=11

11=1
DD 17 K=1,SIZE
IFTCONTLILL-1,K)4EQ.1} GO TO 17
AY=0,0D¢00

DO 22 J=1,S1ZE
AY=AY+BETALJI) $XX(K4J)
OXLIT Mi=XX(KyHS1)—AY

11=11+1
CONTINUE

IRVERT MATRIX
CALL TNVERTINyMsOX)
KK=1
00 185 K=1,SIZE
TF(CONTLILL~1,K}.£Q.1}) GO TD 184
STORE CALCULATED BETA FROM MATRIX OR FIXEO BETA
BLK)=DX( KK, M)
KK=KK+1
6D TD 185

BIKI=BETA(K)
CONT INUE

SMIN=0.0D+00 )
OETERMINE SET DF CALCULATED BETAS
DO 21 J=14MM

Y=0.00+00
00 32 K=1,SIZE

AY=AY+BIK }RVIKs )
YHAT{ J)=AY
CALCULATE DEVIATION )

DEV{ J)=V{MS1,3)-YHAT1d)
CALCULATE ‘WEIGHTED SQUARE DF DEVIATION
S1J)=VAMSIZE+2, 3 V*DEVI J) #DEV( J),
SMINSSMINS{J)
CALCULATE DEGREES OF FREEDOM
DF=MM-N

[+
4

c

- CALCULATE GOODNESS~DF-FIT PARAMETER
SMIN=SMIN/ (DF~1.0)
KK=]
CALCULATE STANDARD DEVIATION OF BETAS
00 188 K=1,S12E
TF{CONTL{LL~1+K}.EQ.1) GO TO 187
1877 AYI=DX{KK¢KK)®SMIN
AY=DABS(AY]1}
SIGIK)=DSQRTLAY)
3131 KK=KKe¢l
GO ID 1B8
187 SI1GI{K)=0.00+00
188 CONTINUE
3434 MRITELJRITEG,35)
WRITE BETAS AND STANDARD DEVIATIONS
WRITELJRITEG6+35) (BUKI»STGIK) oX=1,512E)
WRITE OQUTPUT TABLE HEADINGS
WRITE{JRITES,5) (HEADIK) s K=1,2D}
DO 23 K=1,MM
XEK)=V{24K)}
YAK)=¥IMS 15K}

WRITE 3 COLUMNS DOF I{NPUT DATA, WEIGHT, ¥ CALCULATED, DEVIATIONe

WEIGHTED SUM OF SQUARES DF DEVIATION

23 WRITE{JRITEGe2) VI2sK) oVINSI oK) o VINSIZE®3I,K], V("SllE.ZvK)"HlT(K)I

IDEVIK] +S{K}
DD 2% K=]1.MM
J=K+MM
Y(JI)=YHAT(K)
24 X131=V{2,K)
MRITE{JRITE6,83 SMIN
I111=1.0
VMIN=Y{1)
NP TS=MMEMM
CALCULATE YMAX, YMIN FOR PLOT
DO 399 J=24NPTS
IFIYMINGALTLY(J)) GO TO 399
41 YMIN=Y{3)
- 399 CONTINUE
YMAX=Y(1)
DD 299 J*2,NPTS
IF{YMAX.GT.YL4)) 60 YO 299
40 YMAX=Y{J) .
299 CONTINUE
YMAX=YMAX+0. L *{ YNAX-YMIN)
'CONVERT iX,Y) POINTS TD SlNGLE PRECISION
DO 55 1J=1,NPTS
XSUES}=SNGLIXITJD)
YSUISI=SNGLIY (143
55 CONVINUE
XIN=SNGL ( XMIN)
XAX=SNGL({ XMAX)
YIN=SNGL( YMIN)
YAX=SNGL ( YMAX)
PLOT EXPERIMENTAL AND CALCULATED CURVES )
409 CALLPLOTAXSyXINs XAXyOrYS s YINe YAKs P+ 250209040,0¢NPTS,24150,2)

ol
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25
100

MRITE{JRITEGs43 TTER.I

GO ‘TO 13

CONTINUE

CONTINUE
ITER=TTER+ITI _

GG IO NEXT HODEL OR STOP
IF(ITER-3) 3311,1103,1001

1001 CONTINUE

STOP
END
SUBROUTIREPLOTHX, XHIN.XHAX-LK.V'VHIN.VHAX'LY.Z.IHIN'ZHAX.LZ'NPT.

LNPLOT o NCOPY4NCDyNDIM}

POINTS TO BE PLOTTED.
VALUES ON THE X,Y,AND I AXES.

RELATIONSHIPS. TO BE PLOTTED.
READ BY PLOT SUBROUTINE
DIMENSION X(1)}, Y(l’-l(l)'SX(13I'TITLE(20)-L(l34).NCH(ilJnHDP(lB!f

Xy ¥y 2=SINGLE SUBSCRIPTED VARIABLES IDENTIFYING THE COORDINATES OF THE
XMINXMAX o YMINy YMAXy ZHINy ZHAX=MINIMUM AND MAXIMUN
LXsLY,L2Z=TYPE OF SCALE USED ON THE X,Y,AND
2 AXES. NPTS=FOTAL NUMBER OF POINTS TO BE PLOTTED. NOIM=DIMENSIONALITY
OF THE FUNCTION TG BE PLOTYED. NPLOYS=NUMBER OF TWO DjMENSIONAL
NCARDS=NUMBER OF INFORMATION CARODS o BE

1TAB1118)

-
~ODONGENVE BN~

L

13
14

COMMON TITLE'MDP,NCH.TABl:ND:NP'NH,NB:JREAD5:JRITE&

FORMAT{20A4)

FORMAT{BOAL)}

FORMAT {1H1 +26X+2044)
FORMAT(1H »Al¢3X,F6.3,121A1)
FORMAT(132A1)
FORMAT{1HK»62X4+18A1)

FORMAT(9XyFbe2s 111 %XsF6.2))
FORMAT{IPELT.24E116.2)

FORMATL{1PEL1T.2+E61e2+E55.2)
FORMAT{1PELT.2+42E40.2,E36.21
FORMAT(1PELIT.2+3E30.24E2642)
FORMAT(1PELT.244E24.2,E20.2)

LLX=LX#1

NDD=NCD+1

GO TO(1551341%413),NOD

REAO{JREADS,1) (TITLE(ID), l=1-20l

1F{NDD<GE»3)READ{JREADS5+2} (MOP{I)y I=14181s (NCH(I}, I=1,41})s

. 1{TAB1{I}s 1=1+18)4sNDyNPyNM,NB
15 NCHU41)=NB

1717

16

17

NPN=NPT/NPLOT

IFILX.GT.0} GO TO 17
CX=120./1XMAX=XMIN}
SX{13=XMIN
SX{13)=XMAX

u=XxAIN

00 16 K=2,12

U= (XMAX=XMIN) /124U
SX{K)=y

60 10 19

XLX=LX

€X=120a/XLX
NX=ALDG10{ XMIN}

DD 18 K=1,LLX

18
19

2020
20

2

-

2424
2222

22

23
24

28

2626
3030

SXIK) =10, ¢« {NX+K=1)
CALLPDT(x.xHiN.LX.NPT.O,lZO..Cxl
IF{LY.GT.0) GO T0O 20
CY*50. /({ YHAX-YMIN}

60 'TO 21

YLY=LY

CY=50./vLY

KY=CY

NY=ALOG1O{ YMEN)
CALLPOT(Y ( YMIN (LYo NPT 1450, 4CY}
IFINDIM.LT.3} GO TO 2%
IFILZ.6T.0) 6O TO 22
£2%40. /1 ZMAX-2ZMIN)

G0 TO 23

W=l

€2=40./2L2 : .
CALLPOT{Z,ZMINJLZ sNPTe0¢4%0.4L2)
0o 50 Nusx,Ncnpv

Ml=1

T1=33,

LYY=LY

TT=50.

WRITE{JRITEG 3) ATITLE(DD, l-l.ZOl
DO 43 xx=1.sl

N=1

NNN=NPN

JED=1

T=51~KK

DO 25 J=1,133

L{JI=N8

L{1331=ND .

IF(LY.GT.0) GO TO 26

L{13)=NP

IF({T.6T.TT) 6O TO 30
SCALE=T/CY+YMIN

L1133 )=NP

N=0

T TT=TT-S,

303
27

28
29

2929

30
313
31
32

IF{T.LE.0.) SCALE=YMIN
GO TO 30

G0 TD|27.21.28.28021'ZB).LY
SS=KYSLYY

GO T0 29

SS=KY®LYY+]

L{13)=ND

{F{T.6T.55) GO TO 30
SCALE=I0. 2% (NY#LYY)
N=0

LYY=LYY~]

L(131=NP

141331=NP .
IF({50..EQ.T¥ GO TO 31
IF{0..NE.T) GO TO 37
D0 32 J=14,133 .
L{J}=NM

-



444
33

34
3s
36
37
9393
8383
38
‘39
40
411
412
41

2420

42
43

4

+»

© &

o

%

o

%

-

48

49
50

~N
-~

HWN

IFILX-GT.0) &0 TO 34

0D 33 §=13,133,10

L(J)=NP

GO TO 38

KX=120/LX

00 35 J=13,133,KX

L{J)=NP

IF{50..EQ.T) L{133)=ND

DO %0 LM=1+NPLOT

DO 39 I=JED,NNN

IFIY{I1.NE.T} GO TB 39

a=X{1)

IF{NDIM.NE.3) GO TO 38

1Z=211) :
l(J013)=NCH(1101)

G0 TO .

LIJ013)=NCMILH)

CONTINUE .

JED=NNN+1

NNN=NNN+NPN

CONTINUE :

TF(TL.NE.T) GO TO 41
IFI115..GE.T) GO TO 41
L12)=MOPIHL} .

M1=H1+]1

T1=Ti~1.

TF(NLEQ.1) GO TO 42

WRITE LJRITEG,4) LE2),SCALE, (LUJ1,
GO TO 43

WRITE(JRITESsS) (LLJ), U=1,132) ..
CONTINUE -

GO TOU44 145046 947,48,49,44) 4LLX
WRITE{JRITE6v6) (SKiKly K=1lg11)
GO TO 50

WRITECJRITEG,T) (SK({K}y K=1,LLX)
G0 T8 50

HRITE(JRITE6,8) (SKIK}y KxlyLLX}
G0 TO 50

WRITE{JRITE6,9) {SXIK)s K=14LLX)
G0 TD 50

WRITELJRITEG, 10} (SXIK)s K=1sLLX)
GO TO SO :
HRITECJRITEG, L1} (SX(K)y K=lotLX)
WRITE(JRITEG,12) (TABL{I), I=1,18)
RETURN

END
SUBROUTINEPOTAV, VNINsLVo NP+ Js VC+C)
OIMENSION V(1)

IF(LV.GT.0) GO T0 2

DO 1 I=1,NP

Vi) =FLOATUIFIX(COAVIT)-VHIN}+.5))
GO TO &

DO 3 I=1,NP

VILI=FLOATUIFIX{C*(ALOGI Vi1 ) /VMIN) /2.302585)+.5))

1F{J.6T.00 GO TG 7

(a7 Y]

-TT 00 6 I=1,NP .
IF(VI11.1T.0.) GO TO S
IF{VII).LE.VC) GO TO 6
Vil)=vCels
LCONTI NUE
RETURN
END .
SUBROUTINE INVERTINyM,DX)
DOUBLE PRECISION DX,PIVOTL,PIVOT2
DIMENSTON DX{8,9)
DD 30 I=1,N
PIVOT1=]1.D0/DX(1+1)
DX U1y K)=PIVOT]
DO 10 J=1,M
TF{J.EQ.I) 60 TO 10
1010 OX{I,J)=PIVOT18DX(1,J)
10 CONTINUE
00.25 K=l,N
IFI{K.EQ.1} GO TO 25
2525 PIVOT2=DX4K,I)
DX{Ks [ )=—PIVOT2¢PIVOT]
DD 20 L=1,M
: IF{L.EQ.I) GO TO 20
2020 DX{KsL)}=DX{K.L)}-PIVOT2#DX{I,L)
20 CONTINUE
25 CONTINUE
30 CONTINUE
RETURN
END

~Owan

- DATA
8 1

11111
D+00 0.0000000 0.0000%00 0.0000’00 0.0000400 0.0000+00 0.000D+00 0.0000¢00
Y=YHAT NIY=-YHAT)S %2

00
0..00

X O m=N

SIG YHAT
CDLEHANS SPECIES NUNBER ABSOKBANCE DATA PLOT

¥ ABSORBANCE FUNCTX® X ABSORBANCE FUNCT oo—

1 PCV-SN COMPLEXES

. Tl 1112 5 1 1 2 3 1

0.005D0+00

0056 0114 0149 0147 0126 0081 D052 0050 0055 0060 0057 0060 0076 0071 0084 DB9S
0078 0162 0209 0213 0189 0121 0076 0068 0073 GOTT 0075 0075 0094 0082 0100 0219
0110 0242 0352 0413 04950338 0177 0129 0126 0131 0133 0137 0163 0111 0149 0208
0129 0276 0402 0498 0678 0477 0234 0162 0150 0155 0164 0171 0195 0121 0170 0257
0140 0298 0451 0582 0878 0627 0298 0195 0178 0182 0198 0211 0230 0138 0197 0930¢
0158 0308 0489 071% 1255 0949 0427 0263 0229 0231 0263 0292 0299 0169 0252 0411

‘0176 0325 0525 0834 1578 1210 0539 0329 0288 0292 0337 0375 0366 0205 0309 0513

Are

GG1



APPENDIX C

FLOW CHART, PROGRAM LISTING, AND DATA
SET FOR CORRESPONDING SOLUTIONS

PLOT PROGRAM
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TABLE XXIT
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INPUT REQUIREMENTS FOR CORRESPONDING
SOLUTIONS PLOT PROGRAM

GCard

Number Columns Format‘ Variable Name and Function
1 1-80 20A4 TITLE - title for plot
2 1-18 80A1 MOP - title for Y-axis of
‘ plot
19-22 NCH -'symbols for Qlot,
5976 TAB1 - title for X-axis of
plot
77 ND - nn
78 NP - "
79 NM - "¢
80 NB - blank
3 1-3 I3 N ~ number of solutions
4.6 I3 _ M - number of wavelengths
Next MM 1-80 16(F4.3,1X) A, B, G, D - absorbance data
cards with number of
cards determined'
by N and M. See
Table XX for ex~
planation of
format
Next MM1 1-80 10(F6.1,2X) EX - molar extinction coef«
cards ficients of ligand,
number of cards deter-
mined by M
Next MM2 1-80 7(E10.3) CLl, GL2, CL3, CL4 -
cards - G, concentrations for each
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(sTaRT)
' Read absorbance data, :
-\ store 1in arrays A, B, C, D,

- I |

‘\\\k "Read extinction
qpefficients, EX(I}

o Read total ligand concentratioﬁs,
: CL1(J), CL2(J), CL3(J), CL4(J) ’

{ I=1 |
(:) _ | Calculate E functions
o for each C,, .
™ , M o
Write E functions, absorbance, /
- C v CL’ X, Y’ CM o

-

B .
"Calculate XMIN, XMAX,
YMIN, YMAX for plot

Plot E functions
vs CL at each CM

i

(‘ Write wavelength, EL’Y
symbols used on plot v

If

no "I = number of wavelengths

’ yéf’

>[11'i.1‘; 1 |
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WILLTAM D. WAKLEY OKLAHOMA STATE UNIVERSITY CHEMISTRY DEPARTMENT
CORRESPONDING SOLUTIONS PLOT PROGRAR FORTRAN IV IBM SYSTEM 360

OSU COMPUTER CENTER 1% JULY 1969

READS IN ABSORBANCE DATA FOR 1 WAVELENGTHS AND J EXPERIMENTS, EXTINCTION
COEFFICIENTS OF LIGAND AT | WAVELENGTHS, TOTAL LIGAND CONCENTRATION FOR
J EXPERIMENTS AT EACH TOTAL METAL CONCENTRATION. CALCULATES
CORRESPONDING SOLUTIONS FUNCTIONS EL1+E2+E3,E4. WRITES EXPERIMENTAL
"AND CALCULATED DATA. PLOTS, AT EACH WAVELENGTHs, CCRRESPONDING =~
SOLUTION FUNCTIONS VS TOTAL LIGAND CONCENTRATION FOR EACH METAL
CONCENTRATION. NUMBER OF CURVES ON EACH PLOT IS EQUAL TO THE NUMBER

OF METAL CONCENTRATIONS. NUMBER DF POINTS ON EACH PLOT 1S5 DETERMINED
BY THE NUMBER OF LIGAND CONCENTRATIONS AT EACH METAL CONCENTRATION.
REAL EL11BO,79/7560%0.0/+E2(80+71/560%0,0/+E3180,7)/560%¢0,0/+E4(80,7
11/560%0,0/4AtB0.7)/560%0.0/9B(B0+7)/560%0.0/,C({B0+7)/560%0.07/,0{80

247175600, 0/,EX{80)/80%0.0/¢CM1/1.0E-057 yCH2/2,06~05/4CM3/3.0E~-05/

39CM&/4,0E=05/7+CLL(TI/T*0.0/4CL2(T}/ T%0.0/9CLI(TH/T%0.0/,CL&1TYI/T*0

%0/ s X{28) /28802074 Y283/ 2B%0.0/ 4 XMAX/0s0/+XMIN/OeO/+2Z81) /120,07, YM
T SIN70.0/5YMAX/0e0/¢CKE91) /9120407

1
6

~

13
14
23
24
25
271

29.
30
‘31

32

~

W

>

w

DIMENSION MOP{183,NCH{%1},TITLE(20),TABL(18) !
FORMAT (16{F4.31%X))

FORMAT({T7E10.3)

FORMATI10(F6.142X))

FORMAT{1P6E16,6)

FORMAT (1H 1y Bx.lNE,le.!HABSvl&x,ZHCL.lbxnlHX'lsx.le,le.zHCH)
FORMAT-[20A%)

‘FORMAT (80AL}

FORMAT{13,3Xy L1HWAVELENG TH=4 133Xy LOHEXT COEFF‘.EI6.6!
FORMAT{213}

FORMAT{1X,18HCMl = 1.00E-05 = .}

FORMATLIX,18HCM2 = 2.006-~05 = *1

FORMAT(1X,18HCH3 = 3.00E-05 = *)

FORMAT(1X,18HCM4 = 4,00E=05 = X)

COMMON TITLE,MOP yNCHyTABLyND¢NPoNMsNBs JREADS e SRITES
JREADS5=5

JRITE6=6

READ TITLE OF PLOT
READ{5,231 {TITLE{I), [=1,20)

MOP=ORDINATE OF PLOT NCK=SYMBOLS FOR PLOT TABL=ABSCISSA FOR PLOT
ND4NP»NM,NB=CONTROL PARAMETERS FOR PLOT :
REAQ( 5,241 (ROPLI1s [=1y18)+INCHIE)s 1214403+ (TABLII1, 1=1,18)¢ND,
LNPNM,NB .

N=NUMBER OF SOLUTIONS M=NUMBER OF WAVELENGTHS

READ(54271 NoM

READ . ABSORBANCE DATA

D0 2 J=14N

READIS,1) TAUT,30s 151,M)

00 3 J=l,N )

READ{ 5,11 (B{IoJ}y I=13M)

D0 & J=1.N

READ(5+1) (C(IyJ}y I=1,M)

DO 5 J=1,N

READISs1} (D{I,d}s 1=14M)

READ EXTINCTION COEFFICIENTS FOR LI1GAND

READ(5,7) (EXT1)y {=14M}

T CL1,C42+CL34CL4=TOTAL LIGAND CONCENTRATIONS FOR EACH METAL CONCENTRATION

READ(5,6) {CL1(J}y J=1,N)
READ(5,6) (CL2{J)y J=1,N)
READ(5,61 1CL3(J)s J=1,N)
READ{546) (CL&(J}, J=1,ND
CALCULATE CORRESPONDING SOLUTION FUNCTIONS
D0 26 [=1.M
DO 8 " J=1.N
EL(1y JI={ACTJI=EX(II®CLILJI}/CHL
€218+ 9)=0B{1,J)I~EX{T)*CL2(J))/CM2
E3T15J)s(C(1,JI-EX(1I2CL3(JII/CM3
EolTod)=(D1 L, II-EXCIICL4TI}I /CH%
8 ‘CONTINUE
WRITE{641%1 :
WRITE E FUNCTION; ABSORBANCE, TOTAL LIGAND, X, ¥s TOTAL METAL FOR EACH
- WAVELENGTH :
DO 9 _K=1uN
X(K)=CL11K]}
YIKI=EL({,K}
WRITE(6,13} Exll.x).A(x.x).CLxlx).xlx».V(x).cnx
DO .10 K=isN
. L=KeN
X(LI=CL2{K)
YILI=E2(1,K)
10 WRITE(6,13) EZ(I.K).B(l.K)'CLZ(K)'XIL!.Y({).CHZ
DO 11 K=1,N
L=Ke2¢N
X{LI=CL3(K)
Y{LI=E3({,K)
WRITE(6;13) ES(X.K).CIl.K).CLS{K).X(LI.Y(L).CH3
DO 12 K=1,N
L=K+3oN
x4 =CL& LK)
Y{LY=E4l1,K) " :
12 WRITE(6, 13} Eb(!.KD.D(I.K)'CLAIK)'XIL).Y(L).CH§
NN=4*N
SCALE. TOTAL  LIGAND CONCENTRATIONS BEFDRE PLOTTING
DO 28 L=1,NN
X{LI=X(L}*10%e5,
28 CONTINUE
CALCULATE XMIN,XMAX FOR PLOT
XMIN=X{1)
DO 15 L=2,NN
TFIXMIN.LT.XIL)) GO TO 15

0

1

-

16 XMIN=X{L]

15 CONTLINUE
XMAX=X{1)

00 1T L=2,NN
IF(XMAX,GT.X{L3) GO YO 17

18 xMAX=X({L}

17 CONTINUE
XMAX=XMAX+0 .2 &( XMAX~XMINI
CALCULATE YMIN,YMAX FOR PLOT
YMIN=YL])

DO 19 L=2.NN
IFIYMIN.LTYELY) GO TO 19

v



720 YMINSYALY
.19 ‘CONTINUE

22

YRAX=Y (1}

D0 21 L=24NN
LF{YMAXLGTLYIL)) GO TO 21
YMAX=YIL)

21 CONTINUE

(¥,

26

[aXa¥ XN ol

YMAX=YMAX+0. 181V MAX-YHIN) i :
2(1)=1.0 . o :
PLOT E FUNCTION VS TOTAL LIGAND CONCENTRATION FOR EACH TOTAL METAL
CONCENTRATION AT EACH WAVELENGTH )
CALLPLOTAX s XMINy XMAX g0y Y3 YMINgYMAX 300250009 0e050928 ¢4y 150y2)
#1=665-1¢5 . '

WRITE WAVELENGTHe EXTINCTION COEFFICIENTS FOR LIGAND, SYMBOLS USEO
ON PLOT FOR EACH TOTAL METAL CONCENTRATION
WRITE16525) 1oMLeEXC1) -

WRITE(6+29) S
_WRITEL6430)

WRITE(6431)

WRITE(6,32)

CONTINUE

sTop .

END -
SUBROUTINE PLOT AND SUBROUTINE POT ARE THE
NUMBER PROGRAM

.

‘DATA

SAME AS SHOWR IN THE SPECLES

£ VS CL AT CONSTANT CM BY METHOD DF'CDRRESPONDI&G SOLUTIONSs PCV—SN SYSTEM

- E={A-EX®CL}/CH - ¥0X ) TOTAL LIGANO*10%#5 4+—

71
0098
0164
0237
0244
0253
0263
0264
o118
-0216
0335
0672
0478
0514
0506
0124
0207
0621
0572
0701
0797
0788
i Olas
. p211.
. 0426

6

0102 0107 0112 0115 01170113 0107 0096 0085 0077 0059 0063 0059 0056
0187 0214 0247 0279 0295 0296 0279 0249 0217 0183 0159 0139 0424 0112
0285 0342 0404 0458 0489 0489 0466 0422 0370 0317 0275 0238 0217 0202
0291 0350 0418 0478 0511 0512 0486 0%46 0395 0348 0306 0278 0259 0251
0303 0363 0429 0490 0528 0532 0510 0471 0421 0376 0342 0316 0304 0302
0309 0372 0435 0497 0533 0538 0517 0477 0436 0395 0366 0350 0348 0355
0311 0372 0437 0495 0529 0538 0515 0484 0446 0413 0388 0380 0386 0404
0117 0115 0113 0107 0103. 0095 0088 0079 0072 0065 0058 0053 0050 0049
0222 0232 0243 0252 0255 0247 Q233 0208 0183 0161 0142 0127 0116 0107
0386 0454 0529 0589 V619 0610 0574 0518 0451 0387 0327 0280 0246 0220
0564 0679 0795 -0888.0934 0927 0877 0794 0698 0597 0504 0627 0357 0328
0571 0682 0802 1901 0944 0938 0887 0807 0716 0617 0529 0457 0408 0370
0604 0713 0820 0907 0949 0942 0895 0818 0727 0638 0563 0488 0444 0418
0598 0710 0823 0912 0959 0949 0902 0831 0743 0659 0582 0521 0483 0467
0120 0119 0113 0109 0103 0096 0088 0079 0072 0065 0058 0055 0051 0050
0209 0209 0210 0204 0198 0186 0172 0156 0137 0120 0109 0089 0090 0083
0451 0489 0532 0562 0574 0556 0518 0461 0398 0340 0291 0252 0223 0200
0648 0738 0836 0913 0946 0929 0872 0786 0686 0587 0491 04156 0359 0317
0821 0969 1104 1224 1278 1262 1193 1087 0951 0812 0686 0576 0491 0429
0921 1066 1210 1321 1371 1348 1271 1158 1025 0872 0739 0631 0547 0487
0923 1062 1209 1335 1387 1368 1295 1187 1051 0913 0776 0668 0592 0539.
0141 0138 0133 0126 0117 0108 0099 0089 0081 0072 0066 V059 0056. 0052
0209 0204 0197 0189 0178 0167 0152 0136 0121 0108 0097 0088 0081 0076
0444 0463 0482 0495 0495 04TT 0439 0391 0338 0289 0252 0221 0197 0177

0054
010%
0189
0249

0309

0368
0628
0048
0100
0199
0297
0347
0402
0460
0048
0079
0180
0281
0381
Vé4l
0499
0051
0071
0163

0527 ‘0558 0600 0645 0678 0689 0664 0616 0550'0677 04070347 0300 0263 0234 0212

0628 0684 0751 0825 0878 0895 0857 0806 0718 0627 -0532 0453 0387 0337 O 026

¥ 9
0793 0900 1022 1154 1255 1298 1272 1196 1084 0949 0806 0677 0593 0488 022; g;:;
0955 1097 1271 1447 1578 1629 1601 1508 1370 1210 1036 0867 0726 0621 0539 0476

001143 001714 002429 D03429 004143 005629 007714 010143
051:3;E-g§782: 033143 040857 050714 058714 013000
. «L00E-04 0.2006~04 0.300E-04 0.400E~04 0.500E~D4 0.600E~-04
0.500E-05 0.100€E~04 0.200E~04 0.300E~04 0.400E=04 0.500E~04 0.600E~04
0.600E~05 0.Y00E~04 0.200E~04 0.300E-04 0.400E-04 0.500E=04 0.600E-D4
0.661E—Q5 0+100E-04 0.200E~04 02250E-04 0.300E~04 .0.400E~-0% 0.5006-04

017000.

‘OOT



APPENDIX D

FLOW CHART, PROGRAM LISTING, AND DATA
SET POR CORRESPONDING SOLUTIONS

7, [L] PROGRAM

161
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TABLE XXTIY

INPUT REQUIREMENTS FQR CORRESPONDING
SOLUTIONS n, [L’] PROGRAM

Card

Number Columns Format Variable Name and Function
1 1-80 20A4 HEAD - column headings for
output table
2 1-80 2044 TITLE - title for plot
3 Same as card 6, Table XXI
4 1-55 55H name of system being studied
5 1-3 I3 L. - number of CM's
4-6 I3 MMM - number of E values,
maximum of 40
7-9 I3 MSIZE - maximuym size poly-
nomial used for curve
fit
10-12 I3 NCONT - number of control
cards
13-15 13 MPT - Tf MPT®8, control cards
specifying system
models are read in
separate from data. If
MPTSS, cantrol cards
are read in with data.’
6 Same as card 3, Table XXI
7 1-3 13 MM - number of ¢ values for
a particulaf CM
-6 13 SIZE ~ size polynomial used
: to fit data set
8 1-77 7D11.4 XA - C, values for E vs cL’
plots
9 1-77 7D11.4 YA - E values for E vs c,
plots
10 Same as card 2, Table XXI
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TABLE XXI1I (Continued)

Card
Number Columns Format Variable Name and Function:
11-14 Same formats as cards 7-10 except for a different CM
15-18 Same formats as cards 7-10 except for a different CM
1922 Same formats as cards 7-10 except for a different CM
23-25 1-80 8D10.3 E -« E valyes for interpola~

' tion
26 1-3 I3 SIZE - size of polynomial
used
4-6 13 NCONT - number of control
cards
27 Same format as card 10 - CONTL

28"

‘Same format as card 6 - Beta
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{ sTART)
Read HEAD, TITLE, MO?, NCH, TABI,
and name of system being studied

\(Read L, MMM, MSIZE, NCONT, MPT /

Read CONTL

| o

yes "\ Read BETA'§//7 g

no ,
¢ ‘ N\ Read MM

Read SIZE, / \SIZE, XA, YA &2
' CONTL '

|

\\ Read CONTL /

Set XA's equal ‘Read »
to CM's CONTL ‘ yes

i

Read BETA'S

Calculate XMIN,.
XMAX for plot
Calculate weight
of data points

1

Build matrii, XX containing
elements of normal equations

0




Shrink XX matvix
according to SIZE, giving DX

3

Shrink DX matrix
according to fixed BETA'S

1

Invert DX matrix

]

Store calculated BETA'S from
DX matrix or fixed BETA'S

!

Determine set of calculated
Y's, (YHAT)

_ )
Calculate DEV, S, DF, SMIN, SIG

Write BETA'S,
standard deviations
i

Determine experimental
(X,Y) points for plot

Write experimental
data, YHAT, DEV, S

Determine calculated
(X,Y) points for plot

1

N\ Write SMIN A

Calculate YMIN,
YMAX for plot

" Plot experimental
and calculated curves

165
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Determine and store SMIN,
SIG, and BETA'S for best fit

no

N\Read E values/

NWrite E values/

\

Calculate CL values which

satisfy polynomial fit for
leach E vs C. at constant

L
CM curve

\Igrite L;L va 1uey
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c
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C
c.
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2

3

4

5

N-]

7

8

33

35

36

52

54

57

63

81

111

69
c
c

WILLIAM D. WAKLEY OKLAHDHA‘STITE'UNTVERﬁjTY“CHEHISTR¥»DEPARTHENT
CORRESPONDING SOLUTIONS-LEAST SQUARES CURVE FIT AND PLOT FORTRAN 1V
IBM SYSTEM 360 - OSU COMPUTER CENTER 3Q DECEMBER 1969

* CALCULATES BEST FIT OF E FUNCTIONS vS CL AT CONSTANT CM USING UP TO 7TH

DEGREE POLYNOMIALS. INTERPOLATES AT SELECTED E VALUES AND CALCULATES
CORRESPONDING CL,CM VALUES.
THESE POINTS ANO CALCULATES THE SLUPE AND INTERCEPT FOR EACH E VALUE.
SLOPE=LEGAND NUMBER INTERCEPT=FREE LIGAND CONCENTRATION
PROGRAM WILL PLOT EXPERIMENTAL AND CALCULATED CURVES IF DESIRED
INTEGER CONTLSIZE .

REAL*8 DABS,DSURT
DOUBLE PRECISION DX[849) ¢XX(849)sWsPIVOT4Vi11440),BETALB),Bl%0¢8),
1S1G{4048) yYAL99,40) s YHAT (403 DEVI40),S{40) X {40} ,Y(40)XA(99540),E

2040} , SMIN{ 405127} s SAVE{40+8) +BB(40+8) yCAL6,40) sAYsSVE, YXsAY] +SUM,A

3X,DDX }
DIMENSION HEAD{20),MOP{18),NCH(4L} ,TITLE(20),TAB1{18}¢Z{1},CONTLIL

127,8)

COMMON TITLE,MOPsNCH,TABL, ND, NPoNM, NB, JREADS,JRITEG

FORMAT(1P7D11.3}

FORMAT (812}

FORMAT(1213}

FORMAT(1X,2044)

FORMAT (20441

FORMAT {SSH N
FORMAT (88X, 12HSMIN/(DF=11=,015.5}

FORMAT (8010.3)

FDRMAT(1P2D15.4/}

FORMAT (1M o £X¢4HBETA, 10X, THSTD DEV}

FORMAT{80A1)

FORMAT{1H 4D10:392X9D15.592X9D10.3¢2X,13,2X,13)

FORMAT{TD11.4}

FORMAT{4D10.3)

FORMAT{8D10.3)

FDRMAT(7D10.3)

FORMAT(1H ,1P1D15.5,213}

JREADS=S

JRITE6=

NC=0 FOR LEAST SQUARES FIT OF E VS CL,
NC=0

READ HEADING FOR DUTPUT TABLE, TITLE OF PLOT, SYMBOLS USED FOR PLOT
READ{ JREADS,6) (HEAD(I), 1=1,20}

READ{JREADS,63) (TITLE(l}, E=1,20)

RE AD{ JREADS,52) (MOP{I}s I=1,18)4{NCH{I), 1=1,402,{VABL{I}, 1=1,18
1)+ND, NP, NM, NB

THE NAME OF THE SYSTEM BEING STUDIED IS READ IN HERE.

NC=1 FOR FIT OF CL VS CM

1000 READ{JREADS.T}

L=NUMBER OF CM, MAXIMUM=8 MMM=NUMBER OF E VALUESy MAXIMUM=40 MSIZE=8=
MAXIMUM SIZE OF POLYNOMIAL USED FOR CURVE FIT, IE TTH DEGREE -POLYNOMIAL
NCONT=NUMBER OF CONTROL CARDS, IE NUMBER OF MODELS MAXIMUM=127

MPT=T1F {MPT.GT.8), CONTROL CARDS SPECIFYING SYSTEM MODELS ARE READ IN
SEPARATE FRCM THE DATA. IF{MPT.LE.8), CONTROL CARDS ARE REAL IN WITH
THE (X.Y) DATA. ’
READ{JREADS +43 L MMMyMSI ZE,NCONT ,MPT

MS1=MS1ZE+l

WRITE NAME OF SYSTEM BEING STUDIED

FITS BEST LEAST SQUARES STRAIGHT LINE THROUGH

s

o0

© RETECIRTTEEYT)

110
105

107

101
112

10

w

106

115

114
104

1122

39
199

38
99

10

2111
1111
29

TIF(MPTLLT.9) .
CONTL=CONTROL CARDS WHICH DETERMINE IF BETAS ARE TD BE FIXED OR CALCULATED

GO TQ 106

i1F 0, THIS PARAMETER IS5 CALCULATED
D0 105 X=1,NCONT

READ{JREAQS5,3) (CONTLI{KeI)s I=1,MSIZE}
IFINC.EQ.0) GO TO 106

SIZE=SIZE OF POLYNOMIAL

READ(JREADS,4) SIZE,NCONT

00 101 KX=1,NCONT .
READ{JREADS543) (CONTLIK+I)y I=1,MSIZE)
00 103 [=1sL

XA=CM*10**6 VALUES FOR CL VS CM PLOT
XA(I»1)=0.1000402

XA{1,2)=0.2000+02

XA{1+3)=0.300D+02

XA{I¢4)=0.400D+02

IF 1o PARAMETER IS NOT CALCULATED

CONTINUE
WRITE CONTROL PARAMETERS
WRITE{JRITEGy4} L ¢MMMyMSIZEyNCONT,MN

READ BETAS{COEFFICIENTS OF POLYNDMIAL}
READ{JREADS5,33) (BETA{I)y I=1,MS1ZE)

THROUGH STATEMENT 100 LEAST SQUARES. FIT OF DATA
DO 100 I=1,L

IF(NC.EQ.1} GO TC 1122

MM=NUMBER OF CL VALUES FOR ‘EACH CM, MAXIMUM=40
READ(JREADS +4) MM,SIZE

XA=CL*10%**5 FOR £ vS CL PLOT

READIJREADS 573 (XAlUIyJ)}e J=1sMM)

YA=E FUNCTIONS*10#**3 FOR E VS CL PLOT

READ{JREADS,57) (YAll+J)y JI=1,MM)
IF(MPT.GT.8) GO TO 1122

DO 104 K=1,NCONT

READ{JREADS5,3) (CONTL(K,NN), NN=1,MSIZE}

CALCULATES XMIN, XMAX FOR PLOT
XMIN=XA(1,1) .

D0 199 J=2,MM
TRIXMINGLTOXALT 4J3)
XMIN=XA{D ,J}

CONT INUE

XMAX=XA{{ 41}

D3 99 J=2,MM

IF IXMAX<GToXA(T 4J))
XMAX=XA(1 ¢d)
CONTINUE
XMAX=XMAX+0,2 #{ XMAX=XMIN)

DO 10 K=1,MSIZE

D0 10 J=1,MS1

EXIK»J1=0.0D+00

CALCULATE WEIGHT OF DATA POINTS
00 12 J=1+MM

W=1.00+00

VIMSIZE+3,J)=W

VileJ1=1,00400

V(24 31=XKALT 4 J)-

GO VO 199

G3 To 99

JaoT



12
15

13

1314
1315

16

1717

22

17
18

c
1844

184
185

D0 9 1I=3+MSIZE

VI J)=VIII-14J)*XALT ,J)
VINSTIZE+1,J)=YAl]l,J}
VIMSIZE+2,J)=W

BUILD MATRIX CONTAINING ELEMENTS OF NORMAL EQUATIDNS

DO 12 fI=1,MSIZE
PIVOT=V(1,J)

DO 12 JA=1,MSI
XXATL,JAI=XX{1 1o JAI+WEPIVOTSV (JALJ)
CONTINUE )
SVE=1.0D+05

SHRINK MATRIX ACCORDING TO SIZE
DD 25 1L=1,NCONT

11=1

DD 16 K=1,SIZE

Ji=1

DO 15 J=1,SIZE

1IF(CONTLILL oK}.EQ.1) GO TO 16
IF(CONTL(LL ,J}.EQ.1} GO TQ 15
DXUTEedJI=KX(KeJ}

3d=dJ+1

CDNT INUE

FI=IT¢1

CONTINUE

SHRINK ‘MATRIX ACCORDING TO FIXED BETA
N=1§-1

M=11

11=1

DO 17 K=I,SIZE

IFLCONTLILL ,K).EQ.1) GO TO 17
AY=0.0D+00

DD 22 J=1,SIZE
AY=AY+BETALJ) XX (Ko J)
DXUIT,MI=XX(K,MS1 =AY

1I=11¢1

CONTINUE

INVERT MATRIX

CALL INVERT (N,M,DX}

KK=1

D0 185 K=1,MSIZE

IF{CONTLILL ,KI.EQ.1} GO TO 184
STORE CALCULATED BETA FAOM MATRIX OR FIXED BETA
BLT,K}=DX(KKyM)

KK=KK+1

GD TO 185

B{I,KI=BETA(K}

CDNT INUE

SMIN{I,LL)=0.0D+00

DETERMINE SET OF CALCULATED BETAS
DD 21 J=1,MM

AY=0, 0D+00

DO 32 K=1,S{ZE .
AY=AY+BII,K)*VIKsJ)

YHAT{J) =AY

CALCULATE DEVIATION

21
130
131

133
132

18717

3131

187
188

3434

[aXal

23

24

41
399

40
299

DEV{ 3 J=V (MS1¢J4=YHAT (J)

CALCULATE WEIGHTED SQUARE DF DEVIATIONS
S{J)=VI(MSIZE+2,J}*DEVIJ) *DEV(J)

SMING 1,LL)=SMIN(1,LL}+5(J)

CALCULATE OEGREES OF FREEDOM

DF=MM-N . )

IF({MM.EQ.N} GO TO 132

IF{MM.EQ.N+1) GO TD 132

CALCULATE GOODNESS=DF-FIT PARAMETER
SMIN{I4LL)I=SHIN{EyLL}/ (DF-1)

KK=1

CALCULATE STANDARD DEVIATION OF BETAS
DO 188 K=1,MSTZE

IF(CONTL(LL oK}.EQ.1) GO TD 187
AY1=DX(KKsKK)®SMIN(I,LL)

AY=DABS(AY1}

S1G(I+K}=DSQRTIAY)

KK=KK+1

GO TO 188

SIG(I+K}=0.00+00

‘CONTINUE )

WRITE BETAS AND STANDARD DEVIATIONS
WRITE(JRITEG, 36}

“WRITE(JRITE6,35) (B(1,K)oSIG(I,X}, K=1,SIZE}
WRITE' HEADINGS

WRITE{JRITE6,5) (HEAD(K), K=1,20)
DETERMINES EXPERIMENTAL {X,Y) POINTS FOR PLOY
DD 23 K=1,MM

X{KI=VI2,K}

Y(K}=VIMS1,K)

WRITES 3 COLUMNS OF EXPERTMENTAL DATR, CALCULATED Ys DEVIATION, WEIGHTED
SUM OF SQUARES DF DEVIAT1ONS
WRITE(JRITEGe2) VI2,K) ¢VIMSL,K) ,VIMSIZE+3,K) VIMSIZE424K b YHATIK) 5
IDEVIK},S{K)

DETERMINES CALCULATED (X,Y) POINTS FOR PLOT
DD 24 K=1.MM

Jd=KeMM

Y{JI=YHAT(K}

X{JI=VI2,K)

WRITES GDODNESS—-OF—FIT PARAMETER
WRITE(JRITE6,8} SMIN(1,LL)

Z(11=1.0

CALCULATE YMIN,YMAX FOR PLOT

YMIN=Y(1}

NPTS=MM+NM

DD 399 J=2,NPTS

IF{YMIN.LT.Y(J}) GO TO 399

YMIN=Y (4}

CONTINUE

YMAX=Y (1)}

DD 299 J=2,NPTS

IFIYMAX.GT.Y(J)} GD TO 299

YMAX=Y{J} -

CONTINUE

YMAX=YMAX+0.1%( VMAX-YMIN}

OaT



IFINC.EQ.0) 60 TO 117
118 CALL PLOTAX¢XMINoXMAX,O, Y.YHXN:YHAX'O-Z-0.0.0.0'O'NPTS.Z.I'O'Z)
IF{NC.EQ.1} GO TO 25
117 DO 189 K=1,SIZE
YX=DABS{B{I X))
IF STANDARD DEVIATION OF BETA IS GT BETA, GO TO NEXT MODEL
IFISIGUIK).GT.YX) GO TO 26
189 CONTINUE )
DETERMINE AND STORE BETAS, STANDARD DEVIATIONS, AND SMIN FOR *BEST FIT*
14 IF{SVE.LT.SMINII,LL)} GO TO 26
30 SVE=SMIN(1,LL)
19 DO 20 K=14MSIZE
BBUI,K)=B{1.K)}
20 SAVE(I,K)I=SIGUI,X)
26 CONTINUE
" 1F{LL.EQ.NCONT} SMIN{I,LL)=SVE
25 CONTINUE
100 CONTINUE
IFINC.EQG.1) GO TO 109
DD 116 I=1.L
WRITE BETAS, STANDARD DEVIATIONS, AND SMIN FOR *BEST FIT?
113 WR1TE(JRITE6,36} .
WRITE{JRITE6,35) (BB(I+K)ySAVE(I+K)sK=1,MSIZE}
WRITE{JRITEG6sB8) SMIN{I,NCONT)
116 CONTINUE
28 HM=MMM
READ E VALUES FOR INTERPOLATION OF E VS CL CURVES
READ{JREAD5+813 (E(J)s J=1,MM)
DD 46 J=1.MM
WRITE E VALUES
46 WRITE{JRITESs111) E(J}
INTERPOLATES E VS CL .CURVES, DETERMINES CORRESPONDING VALUES OF CL.CM
MAXIMUM NUMBER OF E VALUES=40
DO T4 J=1,MM
00 74 I=l.L
0DX=0.10+00
AX=5,0D+01
«8 sun-sa(l.1)038(1.2)tAxfaa(I.3)taxttZeaa(l.«)tAxttaoBB(t.S)tAXtaaoa
1B{1,6)%AX*$54BB{1sTI*AX*%64BB(T+BI*AXSST
49 IF{DABS(E{J)-SUM}.LT.1.0D0-04) GO TO 47
128 IF{SUM.GT.0.0D+003 GO TOD 126
129 IF{SUM.LT.0.0D+00} GO TO. 127
126 TF(ETJI-SUM) 61447462 ~
127 AX=AX+1.0
GO TO 48
61 AX=AX-DDX*AX
GO TO 48
62 AX=AX+DDX#AX
125 DOX=DDX*0.50+00
GO TO 48
47 CAlIsJ)=AX
WRITES CL, INDEX OF CM, INDEX OFf E VALUE
T4 WRITE(JRITE6s69) CALlyd)eled _
STORE CALCULATED CL®S IN YA FOR PLOT VS CM
DD 108 I=14L

00 108 . Je1,MM

108 YAUJo1)=CAL1,J)
NC=1
MM1=MM
MM=L
L=MM] :
GO TO 107, PERFORM LEAST SQUARES CURVE FIT ON EACH CLoCM SET OF DATA
GO0 TO 107

109 CONTINUE
sTOP
END
SUBROUTINE INVERT(N,M,DX}
DOUBLE PRECISION DX,PIVOT1l,.PIVOT2
DIMENSION DX{(8,9)
DO 30 I=1.N
PIVOT1=1.D00/DX(1,1)
DX{1,13=PIVOT1
D0 10 J=1M
IF{J-EQ.1)} GO TQO 10

1010 DX{1,J)=PIVOT1#DX{1+J}

10 CONTINUE
DO 25 K=14N
IF({K.EQeI} G5O TO 25

2525 PIVOT2=DX(KeK} )

DX{Ko F}==PIVOT22PIVOT1
DO 20 L=1.M
IF{L.EQ.1) GO TO 20

2020 DX{KyL)=DXUK,L}I=PIVOT24DX{1,4L)

(s XaKaNakKa)

20 CONTINUE

25 CONTINUE
30 CONTINUE
RETURN
SUBROUTINE PLOT AND SUBROUTINE POT ARE THE SAME AS SHOWN IN THE SPECIES
NUMNBER PROGRAM
DATA
SIG YHAT Y-YHAT HEV=YHAT L8
CDRRESPDNUING SOLUTIONS-LEAST SQUARES—PLOT
E=FUNCTION{L) € TOTAL LE¥GAND CONC oo~
PCV-SN COMPLEXES

421 8 1 7

0.0000+00 0.0000+00 0.0000+00 0.0000400 0.000D+00 0.000D0+00 0.000D+8& 0.TCID+TO
77

0.50000+01 0.10000+02 0.20000+02 0.3000D+02 0.40000¢02 0.50000¢02 C.&6GHEDSG2
0.2943D+01 0.88B6D+01 0.1547D0402 0416160402 0.31664D+02 0,1673D202 016420002
00000001

7T 7

0.5000D0+401 0.1000D+02 0.20000+02 0.300GD+02 0.4000D+02 0,5000D0+02 @,40C0D*GS
0.9714D+00 0.3843D+0} 0:9836D+01 0.1553D+02 0,15370402 D.1526D0902 ¢.15260002
00000001

7T 7

0.6000D+01 0.1000D+¢02 0.20000%02 0-3000D0+¢02 0,40000¢02 0.50000+02 0.&000D¢82
0.60380200 0.12950+0} 0.5624D¢031 0.9986D+01 0.1421D402 0,1494D+02 ©-15070¢02

Z \T



00000001

7 7 : : )
0.6700D+01 ‘03 1000D+02 0.20000402 0.2500D*02"0:3000D+02 0.4000D+02 0.50000+02
0.4973D400 0. 9464D+00 0.3443D+01 0.5004D+01 0.6764D+01 0.11090¢02 0.1358D+02
00000001 ) .

0.300D¢01 0.350D+01 0.400D+01 0.4500+01 0.5000+01 0.550D+01 0.6000+¢01 06500401
0.7000+01 0.7500401 0.800D+01 0,850D401 0.900D+01 0.950D0+¢01 0.1000+02 0.105D+02
0.110D+02 0.115D402 0.120D+02 0.125D+02 0.130D+02 :

2 1 -

0011111

0.0000+00 0.000D+00 0.000D+00 0-000D+00 0.000D+00 0.0000+00 ©.000D+00 0.0000+00
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PROGRAM LISTING AND DATA SET

FOR PIT-MAPPING PROGRAM
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TABLE XXI1V

172

INPUT REQUIREMENTS FOR PIT-MAPPING PROGRAM

Card

Number Columns Format- Variable Name and Function
1 1-40 10A4 JACK - name of system being
studied
2 1-10 F10.2 PKPl - -log of trial stabil-
ity constant
11-20 F10,2 PKP2 - -log of trial stabil-
ity constant
21-30 F10.2 PKP3 - ~log of trial stabil-
ity constant
31-33 I3 NUMPH - number of solutions
34-39 F6.2 DEGC - initial value of step
matrix
40-42 I3 JREP - number of repetitions
43-45 I3 NN - number of constants
calculated
46-48 13 NF - number of trial con-
stants
49-51 I3 JQ - number of species for
which molar extinction
coefficients are to be
calculated
52-54 13 JNO - number of species for
which molar extinction
coefficients are known
55-57 13 NSP - number of wavelengths
3 1-50 5F10.2 LOGF - logs of trial stabil-
ity constants
4 1-9 313 1P0O -~ indexes of constants

to be varied
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TABLE XXIV (Continued)

Card

Number Columns Format Variable Name and Function
10-18 313 JEQ - indexes of species for
. which molar extinction
coefficients are to be
»calculated :
5 1-10 E10.3 PXLT - C, for ligand system,
. L X
CM for metal-ligand
system
11-70 10F6.2 PH - pH's of solutions
Next M 1-80 16(F4.3,1X) SPEC - absorbance readings
cards : with number of cards
determined by NUMPH
and NSP, See Table
XX for explanation of
format.
Next N 1-80 16(F4.3,1X) CK - baseline correction with
cards : : number of cards deter-
mined by NSP. See Table
XX for explanation of
fqrmat.
Next ’ 1-80 - 20A4 TITLE - title for plot
-card : : : . .
Next 1-18 80A1 MOP - title for Y-axis of
card , : plot
19-21 ' NCH - symbols for plot
59-76 TABl - title for X-axis of
plot -
77 ND - "."
78 NP - "4
79 NM - ".n
80 NB - blank
Next card 1-80 8£10.3 ALNT - CL for metal-ligand

systems, zeros for
ligand system
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TABLE XXIV (Continued)

Card

Variable Name and Function

Number Columns Format
cards

EQ - known molar extinction

- coefficients with number
of cards determined by
JNO and NSP
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[aXe)

14
13

101

103

400

40

P

100

~

102

22

19

PTTHAPPING PKUGRkH

‘DIMENSION ALNY(IOI.PHIlO),TIHE(YU!“SFEC197€TD’;1!T!EI1iYY(3211-
1WT{9T) +JACK(10) s AHIL0) yQ{9,20) +EQUT 9T+ X1(321),Y1{321)LOGF (5}, PK
2083 ,0K{8),5QSXxT16} ,WSX{8),PP{8),RRIB,B),VV(B8}+RINV(8,8)9A18,8),8
3(898) ¢WH(B+8) ¢ SHIB+B8)yEE(848) yALPHI10)+UNT(5},CSPC{97,10)5CKI80)
DIMENSION XLAB{S),YLABI{S5)1,GLABL{5) GLAB2(S),UTX{5,6},U15),VALLS5),
1SPK(8),IMI(8),IPOL{BI+SIGV(8),IEQ(D)

DIMENS {ON X(3883,Y(388),Z{1),TITLEL20),MOP{18) NCH(4]1},TABL1(18}
COMMON TITLE, MOP, NCH,TABLyNDs NPy NH, NS

REAL LOGF

LOGICAL®]l TAG/.FALSE./9TEST/.FALSE./

DATA IHMI/8%0/,SIGV/8%1./+SPK/8%0./+,Q/90%0./

FORMAT(80AL}

FORMAT {204A%)

NAME OF THE SYSTEM

READ{S5+101) JACK

FORMAT{10A%)

PKPl.PKPZ.PKPB—TRXAL STABLLITY CONSTANTS, NUMPH-NUMBER OF SOLUTIONS, OEC-
INITIAL VALUE OF DIAGONAL STEP MATRIX, JREP~NUMBER OF #EPETITIONS,
NN-NUMBER OF CONSTANTS CALCULATED, NF-NUMBER OFf TRIAL CONSTANTS,
JQ-NUMBER OF SPECTES WHOSE MOLAR EXTINCTION COEFFICIENTS ARE TO BE
CALCULATED, JNO-NUMBER OF SPECIES WHDSE MOLAR. EXTINCTION COEFFICTENTS
ARE KNOWN, NSP—NUMBER OF WAVELENGTHS

READ(5:103) PKP1,PKP2,PKP3,NUMPH,DEC y JREP,NN¢NF2JQy JNO,NSP
FORMAT{F10e2yF1042,F10e2¢13+F622¢13913,13,13,13,13)

LOGF~10G OF TRIAL STABILITY CONSTANTS

READ(5,400) (LOGF{J}y J=1,NF}

FORMAT (5F10.2%

TPO-INDEX OF TONSTANTS TO BE VAR1ED, JEQ-INDEX OF SPECIES FOR WHICH
MOLAR EXTINCTION COEFFICIENTS ARE TD BE CALCULATED ’
READ{544011 (IPO{INSI=1oNN),{JEQUIY, J=1,3Q)

FORMAT{1713)

PXLT-CL FOR LI1GAND SYSTEM, CM FOR LIGAND-METAL SYSTEM, PH=-LOG(H+}
READ{5,100} PXLT, (PH{I), I=1,NUMPH}

FORMAT1£10.3.10F6.2) '

SPEC~ABSORBANCE READINGSs. CK~BASELINE CORRECTION

D0 T T1=1,NUMPH

READ(5,102) (SPECIKyI}s K=1eNSP)

FORMATI{16{F4.341X))

READ(5,102) (LX{K},s K=1,NSP]

00 22 I1=1,NUMPH

DO 22 K=14.NSP

SPECIK,s11=SPECIK,1)-TKIK)

IF{SPEC{KsT}eLEc0.0) SPEC(K,I11=0.0

CONTINUE

TITLE-TITLE FOR PLOT

READ(5,13) (TITLE(I}s 1=1,20)

MOP-ORDINATE £OR PLOT, NCH-SYMBOLS FOR PLOT, TABLl-ABSCrySA FOR PLOT,
NDyNP,NM,NB-CONTROL PARAMETERS FOR PLOT

READ{5+14) (MOP{13s T=1518)s(NCH{1)}, I=1,40),{TABL(I), I=1,18)4ND,
INP +NM,NB

ALNT-CL*S FOR METAL-LIGANO SYSTEM, IZEROS FOR LIGAND SYSTEM
READ{59193 (ALNT(1}, I=1,NUMPH}

FORMAT(8E10,3)

EQ-MOLAR EXTINCTION COEFFICIENTS

[aXal

“WEADTS+207) (EQI17X), KSl'NSP)
20 FORMAT{10(F6.1.+2X}}

00 21 K=I.NSP
21 EQI2+K)=0.0

WRITE( 6,104}

104 FORMATIIH ,24H ANALYSIS OF SPECTRA M=L/62H PKA AND SPECTRA OF INDI
1vIOUAL IONIC SPECIES 8Y SULLENS METHOD/)

WRITE16,5101) (JACK{I}s 1=1,10)
WRITE({6,105) PKPLl,PKP2+PKP3,NUHPH .

105 FORMAT{1HO¢8H PKA1l =,F10.3¢8H PKA?Z =,f10.3,8H PKA3 =,F10.3/8H N
1UMPH =,13/64H RANGE OF WAVELENGTH FROM 660 HMU.TO 265 MU WITH 5.0 M
2U INTERVALS)

WRITE{64404) (LOGF{Jly J=1¢NF}
404 FORMAT(*0',*TRJAL STAB.CONSTeS..LOGF,S*/{5F10.3)}
WRITE{6,4057 NN, (LIPO(I), I=1,NN}

405 FORMAT{* ¢,%NO. OF CONSTANTS VARIED =v,13,*
1'94(134%,°3)

WRITE(6+406} JQeNSP,{JEQLJI, J=1,30Q}

406 FORMAT{® *,*HMOL.EXT.COEFs FORY,I3+* SPECIESs leEeoosEQUJIeK) oK=Ll TO*
1eI13,%4J=%44(13,%,})

WRITEL6+209) JREP

14EaooPKLL) oWHERE 1=

. 209 FORMAT{(1H 48H JREP =,13)

WRITE{ 691067 PXLTy{I,ALNTEL)s [,PHII}, I=l,NUMPH)
106 FORMAT(1H o+TH PXLT =,E11.4/(6H ALNT{,12:3H} =4Ell.4¢4H PHUs12,3H)
=4F8.3})
HRITE{646) (USPEC(Ke1l)oI=1oNURPH) s K=x1,NSP)
& FORMATEL1HY, TF12.73
D0 &3 K=1l,NSP
43 WTIK)=1,0
PITMAP
PX{1)=PKP1
PK(2)=PKP2
PX{33}=PKP3
D0 450 J=14NF
450 PK{J+3)=~LOGF{J)
NPK=NF+3
CALCULATES TRIAL STABILITY CONSTANTS
DO 10 [I=1,NPK
10 DKITI=EXP(~2.302585¢PKI{I)}
FKP3=1./DK{1}
FKP2=1./0K{2)
FKP1=1./DX{3)
IF{FKP3.EQ.1.) FKP3=0.0
IFIFKP2,EQ.1.} FKP2=0.0
CALCULATES {H+)
00 16 I=1,NUMPH
AH{1)= EXP{=-2.302585*PH{I))
AHH=AH{ T}
CALCULATES FRACTION OF LIGAND IN COMPLETELY DISSUCIATED FORM
16 ALPHUI)=1.7 (L {FKP1*FKP2*FKP3*AHH*FKP1*FXP2) $AHH+FKP1)*AtH¢1.)
- UMIN=9999999.
JJIREP=D
L=(NN+1) *(NNe2}/2
ASSIGN INITIAL VALUES TO EE AND ‘SH-EE=IDENTITY MATRIX, SH=PRODUCT OF
TRIGONAL TWIST MATRIX, Sy AND DIAGDNAL STEP MATRIXe H

c)T



DD . 26 - J=14NN
DD 27 JK=L,NN
1F(JI-JK) 28,29.28
28 EE(JeJKIZ0.0
SHIJy JKI=0.0
GD TO 27
29 EE{JeJIKI=1e0
* SHUJy JKI=DEC
27 CONTINUE
26 CONTINUE = .
CALL THISTESHSQSXsNNyPPoRR,A,ByEE,WHsAH, ALPHy Qe PXLT, ALNT, DK EQ»
1SPEC, Q5D NUMPH, NSP o WT o1 P04 TAG + JEQs 30 JNO?
204 JJREP=JJREP+]
WRITE(6,602) ((SHUJ,JK}s JK=LoNN)y J=1,NN).
602 FORMAT(® *,0 SH =7/(* ,3E15.7}) :
CALL THIST(SHaSGSXyNN,PPoRRyAyBeEE by AHyALPH, Oy PXLTyALNT, DK 1EQ,
LSPEC + SQS0+ NUMPH,NSPo W T, 1PD, TAG ¢ JEQe JQy JNO)
510 D0 205 J=1,NN i
D0 206  JK=1,NN :
ALJs JKIZEELJ, KD
WH (J o JKI=RRUJ 9 JK )
206 CONTINUE
205 CONTINUE -
WRITE(6,6011 ({RRUJyJKIs JK=k;NN}y JxloNN)
601 FORMAT(® *,¢ RR =*/{* *,3E15.7)}
~CALCULATE VARIATION VECTOR YO OBTAIN CONSTANTS AT MINIMUM
_CALL MATINUWWoNN oA, NN,DETER)
DD 207 J=14NN
DO 208 JKal,NN
RINVE J K} =ALJ4IKD
208 CONTINUE
207 ‘CONT ENUE
CALCULATE ERROR-SQUARE-SUM AT NININUM
* CALL PINUS(PP,RINVoNNsVVy1)
X8=0.0
DO 52 J=14NN
. XBEXBPPLII®VV(J)
52 CONTINUE
XU=SQSX(1}-X8 .
CALL PlNUSlvv.e.NN.usx.-l)
NIMI=0
NIPD=0 .
CALCULATE CONSTANTS AT MINIMUN
D0 54 J=1,NN
JI=1P01J1
DK{JJI=DK{JJIEEXP(2.302585¢0SX{J))
PK{JI)=PKLJJI=WSX {J)
CHECK FOR NEGATIVE CONSTANTS
IFIDK{ JJ1.GE.0.0) GO TO S6 : -
NIME=NIMI+1 - .
DK{JJ¥=1.0
PK{JJ)=-1.000
IMTINIMI}=J)
GO Y0 5%
56 NI1PO=NIPD+1

aoo

IPO{N{POI=I]
54 CONTINUE
TF{NIMI.NE.O) CALL NIKO(B'RR'NN'EEgﬁH-A'XUle"l-lﬂlleﬂﬂleD.DKvPP
1+ SQSXT LY. SHY
IF(NIMI.NE.O) GO TO 510
. WRITE(6,500) XU, {PK{1)y I=l,NPK) )
500 FORMAT(® *,* CURRENT VALUES...XU="¢EL15.5+" PKS=*o(8F11.3})
LCALCULATE DEGREES OF FREEDOM
XDF=NSP*{ NUMPH=-JQ) —NN

CALCULATE MDLAR EXTINCTION -CDEFFICIENTS AND U FOR THE *BEST FITS CDNSTANTS

caLL ECOEF(AP.ALPH.Q-PXLT1ALNT'DK.EQ.SPEC.SOSD.NUHPH.NSP.HT'TAG.NN
1, JEQ, JQ, JNO)
CHECK TO SEE IF MIKO USED
IF{IMI(1).NE.O) GO TO 701
IFISQSD.GT.UMIN.OR.TAG} GO TO 707
STORE INTERMEDIATE VALUES DOF UD & THE PKS'S
T04 UMIN=SQSD
D0 502 1T=1,NPK
502 SPK{1)=PKIT}
1F CURRENT CONSTANTS YI1ELD HINIHUH U AND ALL -MOLAR EXTINCTION
COEFFICIENTS ARE POSITIVE, CALCULATION OF STANOARD DEVIATIONS (STATE_
MENT 7053 AND OTHER OUTPUT BEGINS
T07 IF(JJREP.GE.JREP.OR, lABS((SQSD*!UlISOSD' LEe0.001.AND. . NOT.TAG)}
160 T0 705
. IF(TEST) GO T0.204
IF(TAG.OR.XU.1 T-0.3 GO TO 507
CALCULATE SIGV
XA=SQSD/XOF .
DD 505 J=1.NN
T=XASRINVIJJ) . . .
IF(T.1T.0.) GO TO 506
SIGV( J)=SQRT{T)*DEC
GD TO 505
506 IF{NN.EQ.1) SlGVIJ'=SQRT(ABS(0.01‘XUIPP(11)l‘DEC
505 CONTINUE
WRITE(6,600) {STGV(I}s 1x=1,NN)
600 FORMAT{® *,°*SIGV =%/(* $,EL5.T1)
507 DO 508 JthNN
00 509 JK=1,NN
509 SH(JK.Jl=SH(JK-J)'SlGV(J)
508 CONTINUE
GO TO 204
701 DO - 703 J=1¢NN
703 SH{J,J?=DEC -
1Mi{1}=0 .
IFLTAGY GO TO 204
TEST=.TRUE.
GO . TO 704
CALCULATE STANDARD DEVIATION OF CONSTANTS
T05 CALL MULLE(RINV,B4NNINNsNNsRR,O)
CALL MULLE{BoRR,NNyNN¢NNsA, 1Y}
XA=SQS0/XDF
SDAB=SQRTIXA)
00 53 J=1,NPK
53. PP(J)=0.000

n’Jr



o0

D0 55 J=leNN
J39=1P0(J)
XB=XA®A(Je )
1FIX8) T2,73,73
72 PPLIII=-1.
GO TO S5
73 PP(JJI)=SQRTIXB)
55 CONTINUE
DO 51 J=&4,NPK
51 IF(PK{J}»EQe<1.000.0R.PK (J}.EQ.0.0003 PP{J)==1,000

QUTPUT SECTION- PRINT CONCENTRATIONS OF ALL SPECIES, MINIMUM VALUE OF

“Uy BEST SET OF CONSTANTS AND THEIR STANDARD DEVIATIONS
WRITE{6,900) (LQUJ,1)y J=1,8), 1=1,NUMPH}

900 FORMAT(® ?,Q{JeI} ='/(* ',B8E12.4))
WRETE(6+520) UMIN,(SPK{Ile I514NPK}

520 FORMAT{%0%, *UMIN=?,E15,7," ®BEST™ PK,5%',(8F11.3))
WRITE(6,T06) JJIREP .

T06 FORMAT(*0®,* NO.OF REPET[TIONSS' i3} i
WRITEf65201) -SQSDs XUyDEC»(Js PKIJIY, J=1.NPK)

201 FORMAT{1HO,8H SQSD =4E15.7,6H XU =,E15.7/6H DEC SgFlO;BI(QH PK(s
11243H) =¢F10.3)}
WRITE(69202) SDABsXA,{JsPPLJ)y J=1,NPK)

202 FORMAT{IH ,6HSDAB =,E15.5/5H XA =yE11.4/20H STANDARD DEVIATIONS/{4
1H PK{o12¢3H) =,F11.30)

WRITE{64210)
210 FORMAT(*O0°*,* MOL. EXT< COEF. OF INDIVIDUAL. SPECIES®/*® *,* WAVE
ILENGTH RU ML ML2 nL *7) ’

112 FORMAT® *,6Xs1346Xe3E13 04}

PRINT MOLAR EXTINCTION COEFFICIENTS OF EACH SPECIES
DO 8 K=],NSP

IN=5665-K5

WMRITE16,112} IW,{EQUJsKIs J=3,51

CONTINUE

D0 1 I=x1,NUMPH

WRITE(S:4) . : .
FORMAT{1H1, 73H SPEC TsPC SOLUTION #
1 WAVELENGTH MU} :

DO 2 K=l NSP

(WY=665-K¥5

WA=EQ(1,KI*Q{1,1)

00 3 J=1,3Q

JJ=JEQUID

WASWASEQUJJ,KIQUITS 1)

CSPCIKs1)=WA

FORMAT(6X, F6.3,11X,E6,39 14X, 12,19y 13)

PRINT EXPERIMENTAL AND CALCULATED SPECTRA
WRITE(6,51 SPECIKST)sCSPCIKyLIo Lo TNV

CONTINUE

CONTINUE

CALCULATE X AND ¥ COORDINATES, PLOT HOLAR EXTINCTION COEFFICIENTS
NPLOT=JQ

NPT=JQNSP

1=1

DD 9 J=1,40

JI=JEQLIY

»

AL

N

[aXaX3)

1

12

15

"

12

11

1%

13

-D0 9 K=Ll4NSP
Y(lltEO(JJ.Kl'l-DE—OZ
X{1)=665-X*5. .

=1+l

CONTINUE

XMAX= 2654

XMIN=660.

YMIN=Y(1}

0D 11 [=2,NPT
IF{YMINLLEL.Y{I}} GO.TO 11
YMIN=Y(I)

CONT INUE

YMAX=Y (1)

D0 12 1=2,NPT
IF{YMAX.GE.Y(I)} - GO TO 12
YRAX=Y(I)

CONTINUE
CALLPLOT!X'XHIN.XHAX,D.Y.VH!N.VHAX.O.l.lHlN.lHAX'O.NPT.NPLOT'I.O.z
n

WRITE(6415)

FORMAT(1H .ZX.GOMX*SN(HZPV)ZOv ®cSN{H2PY) 2¢ +=SN2{H2PV)6+}

STOP

END

SUBROUTINE TWISTUSHyS2yNNePPyRReAAsBBEE)WWApBsQoT1,ToDK,EQ,SPy
1S1oN+MoWT+1PO, TAG JEQ, JQ o JNOY

DIMENSION SH(8,81,5S2(16),WS(8)¢XA(B),PP(BI+RRIBy8) 4AA(8,8),BB(8,8)
1oEE(8+8),CCIB)DDIB},WH{B,ST, AllOl.B(lOD-Ol9-lO).T(lO)'DK(S)v
2EQE9,9T) i SP{IT,10),WT{971,1P018)»ISHL8),JEQ(9}

LOGICAL*] FLAGYTAGROW,COL

CALCULATE FIRST U VALUE FOR A.GIVEN SET OF CONSTANTS

CALL ECDEF(A-SvQ'Tl-TvDK:EQoSP'Sl'N'H'HT'FLAGvNN'JEQ'JQ'JNUJ
s2113=51

TAG=FLAG

DO 10 . J=14NN

JJ=1POLJ)

WS{Ji=DK(JJ) -

VARY EACH CONSTANT IN TURNs CALCULATE U FOR EACH CASE

DO 11 J=1.NN

DO 12 JK=1,NN

JJ=1POLJIK]

DKEJIJI=WS{IKI ®EXP{2.302585¢SH(JIX,J3}

CALL ECOEF(A+B+QsT1oToDKyEQsSPsS1eNeM, HT'FLAG.NN,JEQ'JQ-JNU)
S2(J#*131=S1

CONTINUE

DO 13  J=1,NN

DO 14 JK=l4NN

JJ=1P0O(JIK}

DK(JI)=WS(JKI*EXP(-2.302585*SH(JK+J) )}

CALL ECOEF(A¢B40sT1sToDXsEQySP+S1yNeMyWT o FLAG, NN, JEQ,JQy JNO}
JN=J+NN+1"

S21JN)=S]

CONTINUE

1 )T



INSURES THE U{M,N) VALUES ARE ON UO SIDE OF UC
NISH=0

DD 50 .J=1,NN

JN=JeNN+1

TFIS21J¢1).LE.S2{JN})- GO TO 50

NISH=NISH+}

CISHINISHI=J

51
50

16

18

20

17
19
15

%1
40
%2

.60

21

23

53
52

D0 51 JIK=14NN
SHIJK o JI ==SHI JK,J)
CONT INUE

TA=28NN+1

DD 15 JI=1,NN

D0 . 16 JK=1¢NN
XALIK)=SHIIK, I}
Ji=Jel

IFLJL-NN) 18,18.,15

VARY . THO CONSTANTS STMULTANEOUSLY CALCULATING A U VALUE FOR EACH CASE

D0 19 JM=JL.NN

00 . 20 JK=1,NN

XATJIKYI=XALJKY#SHUJKe IN}

JI=IPOLIKY

DK1JJ)aNS( JKI*EXP(2.3025855XALIK)I

CALL ECOEF{A+B+QesT1eToDK+sEQeSPsS1sNeMyWT¢FLAG: NN4JEQeJQs JND)
1Az[As]

S2{1A)=S1

DO.- 1T JK=1,NN

XA JIK) =XAIKI=SHIIK, M)

CONTENUE ’

CONT INUE A

LFINISH.EQ.01. G0 T0 42

DO 40  J=1NISH

JI=ISHISD

D0 41 JK=14NN

SHUJK o JJ V== SH{ IK 9 J 33

CONT INUE

CONTINUE

CALCULATES DIAGONAL ELEMENTS .OF PP, RR MATRICES
DO 21 J=1,4NN -
IN=NN+Je1

WRITE (60 60) S2{J+1Y,S20JIN},S2(1)

FORMAT(? #,° Us =9,E15.T0% U= =¢,E15.7y" 'UC =*4E15.7)

_9PlJ)=(SZ(JN)-SZ(J’ll)Ib.

RR{J, JI=(S2(I+1)S2{INI) 72.-S241}
CONT 1 NUE )
CALCULATES OFF ‘DIAGONAL ELEMENTS OF RR MATRIX
DD 22 J=1,NN :
dL=gel

TE(JL-NN) 23,23,22

1F(NISH.EQ.O0} GO TO 52

ROW=.FALSE. :

D0 53 I=1,NISH

IF(J.EQ. ISHIT)} ROW=_TRUE.

D0 26 JK=JL,NN

M= (eI ENN- (] 537 263K 41

" IFINISH.EQ.0) - GO TO 55

[2Xa N2}

54

55
56

57

58
59
24
22

27
26

29
25
34
30

COLS JFALSE.

DD 54  T=1.NISH

IFUIKLEQ.ISHETH). COL=.TRUE.

IF(RON.AND.COL) GO TO 56

IF{RON.AND. .NDT.COL) GO TO 57

1F(.NOT.RON.AND.COL) GO YO 58
Rn(a.Jx)slsz(Jn)-SZl1))/z.orp(J:orr(Jxv—(nniJ.Jiann(Jx.Jx))/z.
G0 TD 59

RROJoJK) = (S20IMI=520111/2.~PP1II=PPIIK )~ (RR{Js J) $RRIJK,s JK} )/ 20
G0 TO $9 .

RRAS, IKI=(S2(1)-S20IM) 172 +PPLII-PPIIK I+ (RRIJ¢JI+RRIIK, IKD D /2.
60 10 S9

RR{Js JKI=(S2( 11=S21IM) 1/ 2.~PPLII+PPLIKI+ (RRE Iy J) #RRUIKsIK) )/ 20
RR (JKo J)=RR(JyJK}

CONTINUE

CONT INUE

CALCULATE A CORRECTING TRIGONAL MATRIX W

IF{NN.EQ.1} GO TD 34

‘NM=NN-1

D0 25 (LI=1,NM

DD 26 J=1,11

D0 27 JK=1,11

AALJ 2 JKI=RR{J 4 JK)

BBJs JKI=EE(J ¢ IK)

CONT{NUE

CONTINUE

CALL MATIN{AA,I1,88,11,DETER)

DO 28 JK=1,I]

CCAIK) ==RRUJK, 1141

CALL PINUSICC,BB,11,00,1}

DO 29 JK=l,I4

W EJK o TT411=0D(JK?

WH{II41,JK}=0.0

CONTINUE

D0 30 Il=1,NN

WH{ITs11}=1.0

CALL MULLEC SH,WH NN, NN NNy AA; 1)

STDRE OR1GINAL SH MATRIX IN BB, PUT IMPROVED VARTAXION:

DD 31  J=1,NN o
D0 32 JKe1,NN
BBLJsIKI=SHIS,IK)

T SHUJ» JKI=AACS . JK)

32
3

33

CONT INUE
CONTINUE

DD 33  J=1,NN
JI=IPOLT)
DKL JI ) =HS L JD
RETURN

END

SUBROUTINE ECOEF{AsBsQeT1sT,DKsEQeSPsS2oNeMyWToFLAG)INN¢JEQ, JQo JND)
DIMENSION A(10)48(10),0Q(9,10),T(10),0KIB)EQL9,97)4SPII7,10),UT(I7
13, JEQLD),C140101+ECL4,9T)

~nJ)T



U ACOGYFCALS1 FLAG . =19 - CALL -EXIT

FLAG=.FALSE. : ’ . 35 D0 386 K=] M
1F(BI(11) 20,20,186 L SAU=0.0
20 WRITE(64109) $8U=0.0

- 109 FORMAT{® *,* USE SUBROUTINE ECOEF-—LIGAND PITMAPY) . . $SCU=0.0
60 10 19 B SDU=0.0 -

.18 D0 10 I=l N . DO 37  I=1l.N
CALL EQUlL(l(l)'B(l)oQ:quT!l).DK.ll . WS=0.0

10 CONTINUE i D0 38 J=1,JNO

LEAST SQUARE CALCULATION OF MOLAR EXTINCTION COEFFICIENTS 38 WS=WS+EQIJ,KI*QLJI,1}
S$1=0.0 $S=SPI{K,1)-HS
1F1J0.€0.19 GO 70 39 : SAU=SAUSCLL 0S5 -
SAA=0.0 ’ SBU=SBU+C(2,1)*S
SAB=0.0 : SCU=SCU+T(3,1)2S
SAC=0.0 . SDU=SOU+CL4,1)%S
SAD=0.0 37 CONTINUE
$88=0.0 . LF{3Q=3) 44,6645
$BC=0.0 : . { (o TWO SPECIES
-SBD=0.0. ' 44 DETM1=SAyY*SBB-~SBU*SAB
SCC=0.0 . ’ NETM2=SAA*SBU-SABS*SAU
SCD=0.0 . : . . ECE4:K¥=0.0
$0D=0.0 ) . : ECU3,K)=0.0
KQ=JQ+1 . . . GO 70 51
CALCULATE CONCENTRATION MATRiX C THREE SPECIES
DD 21 ' I=1lsN : %6 DETM1=DETER3{5AU,SBU, SCUsSAB-SBBoSBL+SAC,SBCHSCL)

1F(JQ.EQ.4) GO TO 24 DE TM2=0ETER3{SAA,SAB, SAC ¢ SAU, SBULSCU»SAC,$SBC,SCCY
N0 23 J4=KQ.4 . : DETM3=DETERI{ SAA,SAB, SAC,5AB,SBB,SBCSAL; 5BU.5CU)
23 C(Js13=0.0 EC144K)=0.0

24 D0 5 J=1.,4Q . . GO TO 49
JI=JIEQTI} ) .C " FOUR SPECIES

5 C4Je11=010J,41) 45 DETMI=DETER4ESAUSSBU,SCU,SDUsSAB+SBB»SBL s SBD9SAC 0SB ¢ SLLLSCD¢SADy
SAA=SAA+C{]1,41)8%2 1580,5CD4SOD)
SAB=SAB+C{1,1)%C(2,1) DETM2= DETER#ISAA.SAB'SAC,SADvSAU;SBU-SCUoSDUnSACvSBC'SCC.SCD SAD,
SAC=SAC+Cl1,1)C{3,1} 158D SC0D+SDD)
SAD=SADeC{1l,1)*C{4s1)} DETM3=DE TER4( SAA ,SAB4SAC,SAD;SABsSBB+SBC,SBD»SAUSSBUsSCU,SDUSAD,
SBB=SBB+C(2,])%52 1589,5CD,SDD}
SBC=SBC+C{2,11%C{3,1) DETM4=0ETER4(SAALSABySACSADsSABrSBBySBCSBDySACSBC,SCLoSCDSAU,
SBD=SBD+C{2,118C{%,1} 158U,SCU,SDU}
SCC=SCC+C(3,1)%%2 ECt4KI=DETN4/DETH

SCO=SCD+C(3,11*Ci4,1}
SDD=SDD+C{4,1)8%2

IFLEC(49K)) 48,494,499
CORRECTS FOR NEGATIVE MOLAR EXTINCTION COEFFIC!ENTS

21 CONTINUE 4B SI=S1+{T1*ECL4K)}**2#100.
1F{J0-33 30,28,27 . 49 EC13,KI=DETM3I/DETM
FOUR SPECIES : IF(ECL3,K}) 50451451
27 DETM= DETERA(SAA‘SAB.SAC.SAD.SAB.SBB'SBC.SBD.SAC'SBC.SCC'SCD'SAD. - 50 S1=S1+(T1%ECE3,K))s52%]100.
15B0,5CD, SOD} ’ 51 EC42,K}=DETM2/DETM
. GO TO 34 IFLEC{2+X}) 52,53,53
THREE SPECIES - . 52 S1=S1+(T1*EC(2,K)}}»*2#100,
28 DETHSDEYERB(SAA.SAB-SAC.SAB.SBB'SBCISAC.SBC'SCC) 53 EC{1,K)=DETM] /DETK
G0 TO 34 . IFLECU1,K}) 54,36,36
THD SPECIES 54 S1=S1+(T1*EC{1,K})*s2%100.
30 DETM=SAASSBB~SAB*SAB . : 36 CONTINUE
34 IF{OETM) 35,13,35 G0 YO 31
13 WRITE(6,108) - C ONE SPECIES
108 FORMAT{1M , * DETM = 0.,CHECK MODEL") ’ 39 JI=JEQL1)



[aXaNa)

(a3 2 N aXal

[a B e N okl

[3Xa}

D0 B0 K=l 9 M ~
WP=0.0
¥Q=0.0
DD 61 1I=1eN
WS=0.0
D0 62 J=1,JNO
62 WS=HS+EQLJ.KI*QtJ, 1)
WP=WP+{SPIKyI}-WS)
61 WO=NQ+QUJJ, I}
ECU1KI=WP/WQ
60 IFIEC{1,K).LT.0,) Sl‘Sl*lTl‘EC(i.Kl)"2'100.
31 IF{S1.NE.O.} FLAG=.TRUE.
CALCULATE ‘ERROR—SQUARE-SUN
D0 55 I=1.N
00 56 K=l,M

WS=0.0
b0 32 JSI'JQ
J3=JEQL I} :

EQ{JJ¢KI=EC(J,XK])
32 WS=NSHEQUIIIKI*QIII, 1)
00 33 J4=1,JNO .
33 WS=WS+EQIJIKI*QLJ, 1)
56 S1=S1+(SPIKyI}-NS)ISR2WT (K}
55 CONTINUE
RETURN
END

SUBRJUTINE MIKD(B ,RRyNNsEEsWN 3 Ay XUsNIMT s IMI 4 NIPO+IPOy DKy PP+S Qs SH)

WRITELI6+1)
1 FORMAT(1H o LTHNEGATIVE CONSTANT)
2 CALL EXIT

RETURN

-END

-FUNCT ION DETER3(AA,AB,AC+yBA,BB+BC,CA+CB,CC)

EVALUATES 3RD DRDER DETERMINANTS

DETER3= AA‘(BB‘CC’ C'CB)-AB'(BA‘CC-BC'CAI*AC'(BA‘CB-BB‘CA)
RETURN

END

- FUNCTION DETER4UAA,AB,AC,AD,BA,8B,BC,8D,CA,C8,CC,CD,DA,DBsDCoDD)

EVALUATES 4TH ORDER DE TERMINANTS

DEYER4=AA*DETER3tBB,BC,B8D,(8,CC,CD,DB,DC,DD}-AB*OETER3(BA,BC+BD,CA
1,CC,CD.DA,DC,DD)+AC*DE TER3{BA+BB+»BD+CA+CB4CDDA,DB,DD)-AD*DETER3 (

28A+BB+BC,CA,CB,CC,DA,DB,DCY
RETURN
END

0O oo

W N W
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SUBROUTINE NEWTRSIXsJeFX DERIV)

SOLVES FOR CONCENTRAT[UNS OF SPECTES USING NEWTON®S METHOD
J=J+i

IF{J.NE.1)} GO TQ 2

T=1.0

RETURN

XP=X-FX/DER IV
IFLABSUIXP=X)/IXP#X)1.LT.1.0E-3) GO TO 4
X= XP

T=Tel,

IF4T. LE.S0.0) .60 10 3

J=0

X=XP

RETURN

END

SUBROUTINE MATIN{A,NsB,M,DETER)
MATRIX INVERSION
DIMENSION IPIVO(10},A{8,8),B(8,B),INDEX(10+2},PIVOT(10)
EQUIVALENCE UIROW,JROW}y (ICOLU»JCOLULy (AMAX, Ty SWAP)
INITIALIZATION
DETER=1.0
DD 20 ' J=1,N
1P1vVODLJY=0
00 550 1=]4N
SEARCH FOR PIVOT ELEMENT
AMAX=0.0
00 105 J=1,N
IFLIPIVDL JI-1) 60.105.60
D0- 100 K=1,N
IFLIPIVOLKD}-1) 80,100,740
JFLABS(AMAX)-ABSIAT J,K1)) 85,100,100
IROW=3
1COLU=K
AMAX=ACJsK}
CONTINUE
CONTINUE

‘lPlVD(lCOLU)'lPlVD(ICDLU)Ol

INTERCHANGE ROWS TO PUT PIVOT ELEMENT ON DIAGONAL
1F{IRON-1COLUI 140,260,140
DETER=-DETER

D0 200 L=1,N
SWAP=A{[RON,L)
ACIROW,LI=A(TICOLU,L) -
ACICOLU,L)=SWAP

1F (N} 260,260,210

DO 250 1i=l,M
SWAP=B{TROW,L)
B{IROWsL)=B{1COLU, L}
BUICOLU,L=SHAP
INDEX(1,1)=1ROW
INDEX(1,2)=1COLY

011



STOPEYOTOIFE X CICOLYTTOLDY

c
e
¢
€

320

330
340
350
355
360
370

aBo

390

400
«20
430
450
455
460
$00
550

600
610
620
630

640

650
660
670
700
705
710
740

1

I

12
13

14 W
30
20
10

DETER=DETERSPIVOT{I} -

DIVIDE PIVOT ROW BY PIVDT ELEHENY
ATICOLU, ICOLYI=1.0

DO 350 L=1,N
ACICOLU,L ) =AL ICOLU, L3/PLVOTAI)
IF{M) 380,380,360

00 370 L=1.®
BllCDLU-L)=BllCOLU.L)IPlVDT(l)
REDUCE NON-PIVOT ROWS

D0 550 L1l=1sN

IF{L1-ICOLY}. 400,550,400
T=A{L1,ICOLY)

AlL1,1C0LUY=0.0

00 450 L=1.N

ALLL LI=ATLLLI=ALICORUsL)*T
TF (M) 55045504460

00 500 L=l,M
BtL1sL)=BILI,L}=BIICOLUsL)*T
CONTINUE

INTERCHANGE COLUMNS

00 7. 710  I=1.N

L=Nel-1
JFCINDEX(L+1}-INDEX(L;52)) 630.710'630
JROW=INDEX{Ls1}
JCOLU=INDEX{L +2}

00 705 K=lyN
SWAP=AlK, JROW}
A{K.JROW}=AIK,JCOLUY
A{Ks JCOLUI=SHAP
CONTINUE

CONTINUE

RETURN

END

SUBRDUTINE MULLE (AMAT,BMAT NRADyNMEL+NKOL ¢CHMAT, 1 FRAM}
MATR1X MULTIPLICATION
DIMENSION AMAT (8481, BMAT{8¢B],CMAT{B,8)
DO 10 1=1,NRAD
0 20 J=1.NKOL
W=0.0
00 30 H'l'NHEL
1FLIFRAM-1) 12,11,12
H‘HbAHiY(l'H).BHAT(H,Jl
G8 10 30
IF{IFRAN) 14451314
W= HbAHAYll.H)‘BHAI(J'H)
6D YD 30
HOAHATIH'I)‘BHAY(H.J’
CONTINUE
CMATE{L+J) =N
CONTINUE
CONTINUE

o 000

o0 [aNaNal

‘11

12
20

10

RETURN
END

SUBROUTINE PINUS{PINNE,AMAT +Ny PONNE, IFRAM}
MULTIPLICATION OF ‘A MATRIX AND A YECTOR
OIMENSION AMAT18:8)+PINNELB),PONNELB)
DO 10 1I=1,N

W=0.0

DO 20 J=lN

IFCIFRAM=1} 12411412

H=W+P INNELSI*ANATL S, 1Y

GO 70 20

WaWe AMAT( 1+ J)*PINNE(J)}

CONT INUVE

PONNE{ I}=W

CONTINUE

RETURN

END

"SUBROUTINE EQUILIX+Y9QeT1,T2,0K,s1}

DETERMINE CONCENTRATIONS OF SPECIES USING NEWTON'S METHOD AND AN
ITERATIVE PROCEDURE. MODEL= ML, ML2, M2L .

DIMENSION Q{9,10)s DK{8), NNSN{900}, NNL{900}

OATA NNSN/S00%0/sNNL /900%0/

J=0

K=0

TRIAL CONSTANTS

B81=0K{1}7/X

. B2=DK{2}/7(X*X}

N

w

833DK(3}/X

QU1,1)=T2

Q(2,1)=T1

NQ=0

K=K+l

NSN=0

ASN=012,1)

NQ=NQ+1

CALCULATE CONCENTRATIONSS OF *FREE' LIGAND

CALL NEWTRS(Q(1,1),J,FX,DFX)
FX=QU111+B1eASNOQUL, 1142, 8B26ASNSQ(1, 11 4QU1 41 1+B3SASNS*2000 1, 13T
12

DFX=1.4B1%ASN+ 4, *B28ASNSQ( 1,1 }+B3%ASNSS2

IF(J.GT.0} 60O TO 2

NNLEK) =NQ )
IFLG{E+3)elT40,0.0ReQU1,1).6T.T2.0R.NQ.GE.51) GO T0 &
NSN=NSNe1

CALCULATE CONCENTRATION OF FREE NETAL

CALL NEWTRS{Q(2¢114JsFZ,DF2)

F1oG12,11+B18012, [1%QU1411+B2%Q12, 1150114 118Q1 1, 1142483401 2511804
12, 115001, 1}-T1

OFZ=1.+B1#Q(1,11¢B2%QL 1y 11%Qf 1, 1) +4.#B32Q(2, 1} 2Q{1,1}

TOT
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980

990

+»

10

900

“TF{JJGT.0)

NNSNE{K)}=NSN

IF{Q124171.L7.0.,0.0R.Q82,1).GT.T1.0R.NSN.GEL51)
IFIABS((Q(2,11-ASN)/7{Q(2, 1} ¢#ASN) ). GT.1.0E-03)
CONCENTRATION OF ML

G0 T0 3

Q{3,1)=B1%Q(2,1}1%Q{1,1)
CONCENTRATION OF ML2

QUéosT1=82%Q1(2,11%Q(1, 11*Q(1,1

CONCENYRATION OF M2L
QiS,11=63%Q{2,1)#Q(2.1)%Q{1,1I)

WRITE(6,9801 (NNL(J},

I=15K)

FORMAT(*0*,* NQ =?,{2513))

WRITE{6+990) {NNSNUJ),

FORM

AT(*

RETURN
WRITEL 6,100
FORMAT{907,% RODT APPROXIMATED 1S INADEQUATE®)
WRITE(6,9003 TQ(JIeId, J=1,8)
148E12.4)1)
WREITE{(6+,9803 (NNL(J), J=1,K)

FORM

MRITEL6+990) (NNSNEJI, J=1.K)

AT (¢

J=1,K}

9 NSN =%, (25131}

y0Qtde 1) =071

CALL EXIT

END

G0 10 4
GO T0 1

SUBRDUTINE PLOT ANO SUBROUTINE POT ARE THE SAME AS SHOWN IN THE

NUMBER PROGRAM

Dara

SN~PCYV SERIES I11

~7.80

0.00

-14.74
0.00

1 2 3 3 & S
3.000E-05 3.00 3.00- 3.00 3.00

0045
0124
0048

, 0053
0067
- 0055
" 0207
" 0017

0078
0081
cose

, 0421

0166
0138
0111
0102
0572
0252

0196

0053
0120
0046
0052
0068
00Tt
0209
0073
0077
0079
0108
0451

0153

0139
o108
0125
0648
0229
0199

0063
0119
0047
0051
0069
0085
0209
0071
0075
0082
0128
0489
0146
0138
0112
0145
0738
0213
0199

007S
0113
0048
0050
0071
0100
0210
o071
0072
0084
0152
0532
0139
0137
0119
0167
0836
0201
o198

0086
0109
0048
0050
0072
0115
0204
0071
0070
0088
orr
0562

0134

0133
0127
0189
0913
0193
0198

~13,00 7

0.00

0096
0103
0049
0051
0074
0131
0198
0072
0069
0089
0202
0576
0132
0136
0133
0214
0946
0186
0200

0105
0096
0050
0052
0078
0148
0186
0072
0071
0094
0226
0556
0130
0139
0145
0239
0929
0182
0208

0.10

3.00
o112
ooss
0050
0055
0081
0159
0172
0074
0074
olo0
0250
0518
0130
0l47
o163
0267
0872
0179
0223

H

3.00

0119
0079
0051
0058
0085
0171
0156
0074
0080
o110
0275
0461
0129
0159
0194
0293
0786
0176
0241

3-3 280

0124
0072
0051
0063
0090
0180
0137
0074
0088
0120
0298
0398
o128
o172
0226
0324
0686
017
0257

3.00

0127
0065
0051
0068
0089
o188
0120
0075
0092
o123
0317
0340
0127
0180
0232
0351
0587
0173
026%

o128
0058
0052
0070
0089
0194
0109
007
0095
0119
0334
0291
0127
0179
0218
0376
0491
0171
0256

0128
0055
0053
0070
0084
0197
0089
0077
0093
0l14
0348
0252
0128
0167
0203
0403
0416
o173
0229

0128
0051
0053
0070
0082
0200
0090
0078
0090
olo8
0361
0223
0130
D151
0188
0431
0359
0176
0203

SPECIES

0127
0050
0054
0072
0082
0203
0083
0079
0089
0102
0378
0200
0132
0137
0175
0468
0317
0182
0178

0125
0048
0054
0069
0082
0206
0079
0079
0084
0100
0398
o180
0136
0120
0168
0511
0281
o188
0156

0141 0137 0145
0118 0140 0162
0701 0821 0969
0341 0308 0286
0265 0270 0270
0176 0173 ol82
0143 0166 0190
0797 0921 1066
0407 0378 0362
0382 0381 0376
0228- 0228 0238
0149 0177 0199

0788 0923 1062
0473 0456 0447

0519 0511 0496
0287 0286 0296
0000 - 0000 .0001
0010 0010 0O11

. 0019 0019 0020

00230024 0024
0051 0051 0051

0182 0203

0158 0168 0178

0224

1104 1224 1278
0268 0257 0249
0269 0268 0273
0200 0214 0228

0213 0232
1210 1321

0257
1371

0351 0348 0349

0367 0362
0256 0269
0222 0242
1209 1335

0361
0286
0268
1387

0448 0454 0465

0480 0466

0456

0311 0327 0341

0001 0002
0012 0013
0020 0020
0024 0025
0050. 0049

| EXT.COEFF.$10%%-2X*,
0.600E-05 1.000€-05 2.000E-05

000286

-. 000286

004143
050714
159571
133000
065286

063714 -

000286
000143
005429
058571
166857
123143
063429
064714

000143
000143
007714
068714
171000
112429
062286
066714

0003
0014
0020
0027
0048

EXTINCTION COEFFICIENTS

000286
000286
010143
080714
174000
103000
061143
071571

0197 0225
0246 0276
1262 1193
0243 0239
0284 0301
0249 0288
0281 0312
1348 1271
0350 0352
0368 0385
0313 0359
0293 0319
1368 1295
0478 0488
0456 0466
0366 D4ll
0004 0005
0014 0014
0021 0021
0029 0031
0046 0044

000286
000429
013000
093857
173857
094286
061000
080714

0276 0328 0338
0306 0339 0371
1087 0951 0812
0236 0233 0232
0327 0345 0347
0358 0428 0442
0348 0382 0418
1158 1025 0872
0353 0356 0358
0405 0420 0420
0438 0518 0529
0354 0389 0424
1187 1051 0913
0%98 0507 0513
0482 0491 0489
0488 0572 0601
0006 0006 0007
0015 0015 0016
0021 0021 0021
0033 0035 0037
0043 0042 0040
FOR SN-PCY COMPLEXES IN IM CL-
. WAVELENGTH IN MU
3,000€E~05 4.000E-05 5.000E-05 6.000E~-05

000286
000571
017000
104857
171429
087143
060429
096143

000286
001143
021857
117857
166571
080714
060286
107857

0313 0291
0408 0445
0686 0576

0269
0488
0491

0231 0233 0237

0328 0293
0411 0385
0458 -0500
0739 0631
0359 0361

0253
0357
0550
0547
0365

0397 0357 0313
0504 0474 0455

0462 0502

0549

0776 0668 0592
0517 0519 0520
0463 0420 0378
0594 0585 0558
0008 0008 0008
0016 0017 o018

0021 0021
0039 0041

0022
0043

0039 0038 0037

000286
001714
027429
129714
160714
075286
060429
106000

000429

002429
033143
140429
152000
071429
061286
095143

0247
0541
0429
0244
0222
0331
0609
0487
0370
0278
0420
0609
0539
0522
0339
0512
0008
0019
0022
0052
0037

0237
0608
0381
0256
0194
0314
0687
0441
0378
0247
0399
0686
0499
0522

.0306

0474
0009
0019
0022
0052
0038

ot—

000429
002429
040857
150429
143429
067857
062429 -
079529

= AT
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EQUIL for Ligand Systems

: SUBROUTINE EQUlL‘X'Y'Q'TlOTZ!DK'I) : :
DIMENSION Q(9,10),DK(8) '
FKP3=1./DK{1l)

FKP2=1./0K(2)

FKP1=1./DK(3)

IF(FKP3.EQels) FKP3= 0 0

IF(FKP2.EQ.1l.) FKP2=0.0

XALPH=1. /(1.*X*FKP1+X*X*FKP1#FKP2*X*X*X*FKP1*FKP2*FKP3)
XB=T1*XALPH

Qll,I)=XB

Q(2,1)=XBEXEFKP1

Q(3,I1)= XB*X*X*FKP[*FKPZ

Ql4,1)= XB*X*X*X*FKPI*FKPZ*FKP3

RETURN .

END
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VIOLET COMPLEXES FROM COMPUTER

ANALYSIS OF SPECTRAL DATA

184



185

Abstract

Six éomputer programs have peen cpllected, modified, orvwritten
and used to interpret absorbénce data, These programs constitute a
pqwerful method for ahaiyzing spectrophotometric data obtained from
systems containing mononuclear, polynuclear, or a mixture of mononu-
clear and polynuclear complexes. Three acid dissociatlon constants
of pyrocatechol violet in 1M c1L SOlutions were determined with

pK1 = Oq261'i 0,003, pKz % 7508 + 0,001, and pK, = 8,332 + 0.003.

3

Molar extinction coefficients of pyrocatechol violet species were
calculated, SpectrOﬁhotometrid data from 1M Cl~ solutions 6f tin(IV)
and pyrocatechol violet have been interpreted on the‘basis of the
formation of 1:1, 1:2, and 2:1 metal-ligand complexes with

‘log 511 = 7.801 + 04133, log 512 =_14.899 + 0.297, and

log 821 = 12.922 + .0.342. Molar extinction coefficients of tin(IV)-

pyrocatechol violet complexes were calculated.
Intreduction

Studies of the absorption of visible and ultraviolet radiation
have long been used to obtain information about équi;ibria in solution.
However, since the optical ébsorbance of a solytion is governed by a
characteristic intengive factor, fhe extinction coefficient, as well as
by the concentration of each apsorbing species, interppetaﬁion of
measurements of this type is complicated if several complexes coexist,
Many speﬁtrophotometriq methods used in quantitative analysis have been
developed without complete knowledge of the nature and properties of
the absorbing species. Therefore, unambiguous methods for the determi-

nation of the number, nature, and stabilities of several absorhbing
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species in solution are needed.

When systems composed of several complexes in equilibrium are
studied by spectrophotometry, equations describing the systems are
usually nonlinear in the unknown coefficients. Least squaves curve
fitting, iterative calculations, the method of continuous variations,
and other graphical methods’often:used in these studies attempt to
determine two or thrée of these parameters in a single experiment or a
single calculatibn- Except in the simplest cases, the aceuracy and
precision of the experimental data are not sufficient teo produce

unambiguous results.
Experimental

Apparatus. All glassware used was»Pyrex and volumetric glassware met
ACS requirements. Only Class A volumetric glassware was used.
Scientific Cell Company fused silica cells were used. The matched

silica cells were rectangular with a one centimeter path length,

Instrumenté. All weighings were performed on a Mettler Type H5 balénce,
Samﬁles.were weighed. to + 0.001 grams. A Beckman Zeromaéic pH meter
equipped with a Sargent/Jena 8~30080~15C saturated calomel reference
electrode and a Sargeht/Jena $~30050~15C glass electrode was used for
all pH measurements. The pH meter was standardized before use with
buffers prepared from pHydrion Buffer powders. Absorbangé measurements
wefe madé with a Cary Recording Spectrophotometer, Model!lé. All
measurements were made in the visible or ultravielet regions of the

spectrum. Absorbance readings were taken from the spectra of the

solutions at 50 & intervals, All readings were estimated to f 0,001
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absorbance units, These absorbance readings were then punched on

computer cards for analysis,

Reagents. Distilled HZO which had been passed through a mixed cation-
anion exchange resin was used throughout. The pyrocatechdl violet
(PCV or 3,3',4'~trihydroxyfuchsone-2"-sulfonic acid) was Eastman
reagent grade. Stock solutions of PCV were prepared by dissolving
appropriate amounts of the reagent in distilled H20° Baker Analyzed

Reagent grade sodium stannate, Na_SnO

2773
approximately 24 hours to remove water of hydration., Stock Sn(IV)

*3H,0, was heated at 160°C for

solutions were prepared by diSsolving NaZSnO in 6.13M HCl. Baker

3
Analyzed Reagent grade hydrochloric acid was used for solution prepara-

tion and sodium chloride solutioﬁs were used to provide a constant

ionic medium,

Pyrocatechol Violet Sqlutions, Visible and ultraviolet spectra of
aqueous'solutions of pyrocatechol‘violet at a fixed concentpation of
8::10_5M but of different pH's were recorded, The pH was varied from
0.42 to 8,18 using appropriate amounts of HCl or NaOH solutions.
Solution pH was measured just prior to recording of the spectra. The
ionic strength was held constant by maiﬁtaining fhe c1” concéntrationb
at 1M, Solution qompositidns are given in Table JIII and the spectra
in Figures 5 and 6, |

The spectra of another serieg of PCV solutions were determined
with the PCV concentrations ranging from 23{10"5M to 71:10—5M in
M C17 media, The pH of each solution was adjusted to 3.00 + 0,05

with HCl or NaOH solutions. Solution compositions are given in Table IV

and the spectra in Figure 10,
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Tin(IV)-Pyrocatechol VioletvSolutions- The visible and ultraViolet.
spectra of four series of solutions, each with a different total Sn(IV)
congentration, were obtained. The compositions of these solutions are
given in Tables VI, VII, VIII, and IX with the corresponding spectra
given in Figures 12, 13, 14, and 15, These solutions were prepared by
adding the required volume of PCV solution to an aliquot of tin(IV)
solution. After.mixing thoroughly, enough 3,00M NaCl was added to give
a solution 1M in Clwq The solution was diluted to voiume with distilled
H20 and the‘pH adjusted to 3.00»: 0.05 with small amounts of HCl or

NaOH, The dilution error was negligible, After adjusting the pH, the

spectrum was obtained using a reference solution of 1M NaCl,
Results and Discussion

Computer Programs, Six computer programs are used for the analysis
of the absorbance data:

1) Matrix Rank Program

2) Species Number Program

3) CorrespOnding Solutions Plot Program

L)  Corresponding Solutions n, LLJ Program

5) ' Formation Function Program

6) Pit-Mapping .
The;e programs constitute a generally applicable and objective method
for analyzing spectrophotometric data obtained from multicomponent
systems.

The matrix rank program calculates the number of components that
contribute to the absorption spectrum of a multicomponent system, The

only assumption involved is that Beer's law is valid for each component.
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The program calculates the number of absorbing speciés by performing a
series of row and column operations»on an absorbance matrix.

The species number ﬁrogram determines the number of abserbing
species and gives information concerning trends in species number with
wavelength or solution ¢omposition. This method is based upon the rank
of an absorbance matrix.

The corresponding solutions plot program calculates corresponding
solution functions, E, which are used as input for program 4. This
program also plots the E funcgtions versus total ligand concentration at
each metal concentration, The corresponding solutions ﬁ, (o] program
calculates formation funetion data using the E functions, CL and CM
concentrations, and the molar extinction coefficients of the ligand as
input data, The formation function program calculates stébility
constants‘from the n, [L] data obtained in program L,

The pitwmapping program is a general least squares curve fitting
program which‘is valid for nonlinear as well as linear functions, This

program, using absorbance readings, C. and Cu concentrations, and pH's

L
as input data, calculates sJclability coristants and molar extinction
coefficients for monbnuclear, polynugclear, or mixed mononuclear and
polyﬁuolear complexes.

Pléwwchart§, input requirements, program listings, and typical data
sets for programs 1, 2, 3, and 4 are given in Appendices A, B, C, and
D, Program 5 is published elsewhere (1). A set of input requirements

for the pit-mapping program is given in Appepdix E along with a program

listing and a typical data set. A flow chart is given elsewhere (68),

Pyrocatechol Violet, The results of the computér analysis of the

spectra obtained from the solutions given in Table III indicate the
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presence of 4 pyrocatechol violet species over the pH range 0.42 to
8,18 (Table X). The spectra are interpreted in terms of stepwise acid
dissociation with the corresponding pK values determined in the pit-

mapping program being:

pK1 = 0.261 + 0.003
PK, = 7.508 + 0.001
pK3 = 8,332 + 0,003

Tin(IV)—Pyroqatechol Violet. The results of the computer analysis of
the spectra obtained from the solutions given in Tables VI, VII, VIII,
and IX indicate three tin(IV)—pyrocatechdl violet complexes are formed
(Tables XII, XIII, XIV, and xv;'Figures 16 through 25). The mole ratio
method of Yoe and Jones (9) and the method of Holme and Langmyhr (15)
yere used to obtain information concerning the composition of the
complexes. The results, shown in Figures 28, 29, and 30, indicate the
presence of 1:1, 1:2, and 2:1 metal~ligand complexes,
The pitrmapping program was used to calculate the stabilities and

molar extinction coefficients of these complexes, since the method
of corresgponding solutions is not valid if polynuclear species are
present. The values obtained aré shown below and are tabulated in
Table XVIII.

log B, = 7,801 + 0.133

log 812 = 14.899 + 0.297

log By, = 12,922 + 0.342

The molar extinction coefficients of the tin(IV)~-pyrocatechol violet
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complexes and the four forms of pyrocatechol vioclet are tabulated in
Table XIX.
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