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ABSTRACT - ™~ ' .

>

The method developed by Ostorbefg, Sarkar and Kruck
for obtaining the/éoncentrations of frec iong in §olotiohs.of
complex equilibria from pll titration data has been studied,

to establish the conditions under which th : method gives
, . . . e
accurate values for free ligand and free metal copcentfatiohs
in systems containing a variety of complexge, 1nc]ud1ng _
e )

protonated, hydroxy, mixed llgand and polynuclear romplexes.
_Slmulated titration data has been used so that the frie va.uks
of free ligand aod free metal conce;tratlons would be known
Calculation procedures are described for each step in the data
~evaluation, 1nclud1ng proceduresd&Or extracting informatlon
about the st01chlomet1v of the- complexes from'the unlque
information provided by thlS method, "The effect Jjof various
'systematlc and random “errors is also con51dered

An automated grav1metrlc titration system was developed
for the purpose of collecting highly accurate ooténtiometric
data suitable for use with the Sarkar—Kruok method. In
order that none of the theoretical reguirements of the method
be vioiated, the syétem was also designed to'maintainltotal
ligand and méfal concentrations conotant emplbying computer

4

controlled addition of concentrated reagents from-an auxiliary

buret.
The Sarkar-Kruck method and the Qravimetric titration
»

apparatus were tested in a study of fhe complexation of zinc
by aspartic acid. A system having simple complexation

’

chemistry was chosen in order to avoid problems in the -

4



assignment of a model to the metal ljigand rcactions. Many

of the ca%culatioh“procedures developed on the basis of
simulated titration data were tested and found to be valid
with experimentalldata. Values for the acid dissocia£ion
constants of aspartic acid and the forrm :tion éonStants‘gf
complexés betyecen zinc and aspartic acid agree well with.tho§é

reported in thg literature.

The complexation of zinc, cadmium and lead by glutathione -
was studied using the method and apparatus descrlbed above
Cohtrary to some reports in the llterature it was found that
at low pH the metals bind to glutathlone only through the
sulfhydryl qroup wlth minor complexation occurring through
the glyc;he carboxyl.group. The ‘%utamyl amin®d group memalh\\
protonated. In addition, there was evidence for poly-
merization reactions ocburrlhg through the glycine carboxyl
at low pH, and through the glutamyl terminal grqyps at
somewhat hlgher pPH. These reactions have been suggested by
spectroscopic data buf other workers usihg potenticmetry have

\ . . . »
avoided consideratioh‘%f these complicating processes.

\ . L
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CHAPTER I

INTRODUCTION

The chemistry of cgmplexation reactions has bcen the
subject of considerable rescarch in the pas! because of their
importance in analytiéal methods (1), and nore recently
because of interest in the role which metal ié%s play in
biochemical éystems. The methods which have been used to
determine formation constants include é variety of séectro—
scopic methods, caloiimetry, reaction kineticé, liquid-
ligquid partition, solubility measurements, idn exchange,
potentiometry, polarography, conduétivity, light scattering,
osmosis, eleqtrdphoresis and many more (2,3,4). Of thesé,‘
potentiometric éitrations Qith a pH electrode have probably
b§en the most frequently used, and are‘geperally considergd
to give good results. The reaéshs for this popﬁlarity
include: (1) the applicability of the pH titration method
to a wide variety of complexes, (2) the relative simpli&ity
of the experiment and the reliability of the déta, and  (3)
the straightforward relationship between the experimentally
measured quantities and the chemistry in tﬁe solution. A .
carefully designed and”executed.g periment will proviae_a,
large amount of data, collected under controlled conditions:

. !
the concentrations of metals and ligands in solution and
7 \ :
the qguantity of titrant are accu'ately known, and the ionic

L

strength and temperature are hel ‘constant. The major



%

limitation of the method is thot it does not provide any
_ ' N %
information' about the comﬁlexos at the molecular level.
This means that a model of complexation must be derived

¢

intuitively, or by trial and error, ©r must fely on spectro-

scopic or other data which gives more specific information

at the molecular level.

The focus‘of this thesis research has been to determine
the formation constants for the zinc, cadmium and lead
Complexes of the trlpeptlde, glutathione. ' Glutathione is’
an 1ff/étant compohent .in the red blood cell and the
formation constants of its complexes are of interest for
the understanding of the distribﬁtion and transport of
toxic metals in the body. These complexes have been
studied by several investigators, and formation ‘constants
reported (5-8). However, there has been no agreement about
the model of‘complexation. : . e |

‘A pH titration method recently p£oposed by\%arkar and
Kruck (9) has the potential for providing information not
directly available by any other pH ﬁitration method,
namely, it derives the concentrations of the free ligand and
the free metal from the"expefimental data withou£ any pre-
conceived model for complexatioh_ The work reported in
the first pért of this thesis deals with a study and
further development of this method, particularly with
respect. to the de51gn ) 'an experiment which will ‘give the

i

most reliable data.w The results of this study indicate

that large volumes of hlghlyxaccurate data are nceded for

3]



the beét application of the métpod: "For this reason an
‘Nautématic titration system baééé on a Sartorius electfonic
balance apd a.PDP-11/10 minicdmputér was 5esigned,and-built.
witﬂfghis appa;atus and‘the data handling routines developed
for the Sarkar—KrUck methéd, the complexation éhemistry of

glutathione was studied.

A. The Evaluation of Complex Formation Constants from

Potentiometric Titration Data.

The pH titration 1s a convenient technique with which
to collect data reflecting the competition .between protons
and metal ions for cbmplexation sites on the ligand
throughout a wide range of conditions (2,10). Titrations
are performed wiﬁh sample solutions containing several
combinations of total metal and total ligand concentrations,
and through a vide range of pH. The ekperimental data"is
rélated tc “he formation constants of the cqmplexes‘by the

mass balance expressions

A - ' Pri19 ¥

Cy = 1] - [OH ]’+§ o3, (171217 00 (1)
A o .- D q r ‘ v
[ = (L] o+ > g/qur[h (L] [M] \ (2)»

M _[M] +:Ziﬁ)qrinP L ,i]r 3

where Cy is the total conce T of titratable proton and

0
1l

C

s and basecs added to
f

4s’ calculated from the amount -



the solution, and-CL, CM are the total ligand and metal

concentrations. The formation constant for the complex

HL M 1is Z%)’ where
pqr qr

a\

[HL M]

'/9PQr - Per . (4)
1Py 9 T ' e

The values of-CH, Cpr Cy and the hydrogen ion concentration
(from the pH) are known at -each data point while the |

i

concenttations of ligand and metal, [Ll and [M], and the
formatian constants are unknown; The evaluation of the
constants from a set of experimental data may be very 51mple
1f only one or two complexes form, but at the other extreme
may be very complq¥ if protonated and polynuclear species
exist in solution. -

A variety of approaches tor the handling of the simpler
situations have beea reported (11,12). These generally
are only applicable to very select.situations, and very
often require additional measurements, for example with an*
ion selective electrode. Thevmost widely known and |
,appiied‘is an approach described by Bjerrum (13). The n
method is based upon the calculation of the average number
of ligands cémplexed per metal directly from the experimental
data. The method fails, however, if‘protonated, hydroxy
or polynuclear complexes form.

Methods which handle more complex sitﬁationé,fall into
two categories,-those based on linear statistics and those

based on non-linear statistics (2,14). If the data can be



.arranged into a set of equations such as
. N ‘
= 5
Yy anQ . (5)

where xnaro measurcd quantities, and Qn are a set of N
unknowns, the constants may be found by a linear least

squares calculation to minimize the residual U.

~—_

i |
NP DIENCNE (6)

This method 1is not generally applicable, and usually

requires several extra measurements, aside from pH, to

¥ !
i

provide suitable values of X, -

Non-linear methods aré very complex, require consider-
able computer time, and in addition, are reportedly not
very reliablé (14) . The techﬁique, in general, involves

. systematic adjustment of thé %ormation constantsnuntil
Lhey provide the best fit to the data. A sequence of
calculations will involve:

(a) estimation of the formation constants ¢

(b} with these constants, solve equations (2) and

(3) for the unknowns; [L] and [M]. (It must be
noted at this péint that the values of [L] -and

[M] are dependent on the model for the complexes
and the estimated constants for those speéies,xand

ﬁay be quite different than theafL] and [M]

actually in solution.)



(c) calculate the expected value of an expprimentally'
measured quantity,_for example CHin GAUSS (15,16),

(d) adjust the values of the constants in the
direction, and with the proper magnitudé to reduce

'

the residual U (Eqn. 7). Return to step (b)

H.

U = Sé(cexp _ Ccalc)2 : . (7)
o Hi i ‘

until the residual U is minimized.

Steps (b) and (d) may be executed in several ways, and
these differences._have léd to the major data procé;sing '
computer programs. For example, tWo approéches have' been
used to adjust the constants, step (d). The first‘is
based(pn the first derivative

dQN = residual (8)

QY
0%y

67

@/_ dQl + Qy_ sz + +
5 %

o

and is used in GAUSS (15), SCOGS (17), and” MINIQUAD (18).

The second is the so-called pit-mapping approach of programs

LETAGROP (19) and LETAGROP VRID €20) and is based on a

felatiOn similar to Egn. 8, but in terms of the

second derivative. In addition, programs have been

written which use both approaches, %@AST (21), and,otheré

using a completely different method STEW (22f. o
Récently a pH titration method was reported b? Sarkar

"and Kruck (9) which is capable of providing the



'concentrations of free ligand and free metal throﬁghoﬁt the
RH rahge, using only the experimental déta from an
appropriately designed set of tit;ationsf This is in clear
contrast to the methods described above, where [L] and [M]
must be calculated using a hypoﬁhetical model, and guesses
for the fqrmation constants. With the values of [L] and
[M] derived experimentally the‘non—linear problem of
solving for formation constantscreducés to a linear_one,
even for systems which include hydroxy and polynuclear |
complexes.~.The formation constants may be extractéd from
‘I'quations 1, 2 or 3.using a linear least squares célculation.
Application of this method to a number of metal-amino acid
systems has been report;é (23-26) . Nonetheless it appears
that the method has. not been proven applicable to poly-
nuclear complexes, and fhat‘the exact consequences of error
originatiné in the experimental data, and in the data
handliné steps have not been described. ITn addition, the
reports publiShed by Sarkar and Kiuck did not describe the
experiméntal method in detail. From these reports it C
appears that no attempt was made to determine the conditions /
which would give the best experimental results, and as a
result it séems that the experimental methods used in the;e
reports may have violated the theqretical requirements of
.the'methoa.

| vThe main thrust of the work repérted«here was to

simplify the calculations as much as possible,,to prove

that the method is applicable to the more exotic complexes,

\



- and flnally to cs tabllsh the experimental conditions which

will give the most reliable data possible. The results of"

"this study are described in Chapter II.

B. Automatic Titration Apparatus.

Of the many automatlc solution handllng methods

available, the most popular are those based on a stepping

motor ‘driven piston buret. - Several units.are'available

commercially, including the Mettler DV1l and the Radiometer_
ABU13,. and many workers have devisgd their own (27-34), for
example 'using a commercially available micrémeter driven

buret such as the Gilmont ultra precision buret, powered

by a stepping motor. These types of systems are very easy

to‘automate; a delitery of a known vbluﬁ% only requires a
series of electrical pulses. They are however, high in
price, and usually low in precision. This lack of accuracy
usually stems from imperfection in the mechanlcal drive
from the stepping motor to the E}stén, and the usual
problems with volumetric methods, including temperature
effects, out of cdlibration glassware, 1eaks,’and SO on.

Only a few alternatives to the piston buret have been

reported. Coulometric generation of titrant is an old, and

potentially .very precise method(35). . Its general application ’

to high precision acid-base titrations has been limited by
two factors; first, the titrant geheration‘reactioh must be

very efficient and allow high current densities and, second,
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B \
the working electrode must be isolated from the sample

‘1SQlution if the sample contains eiectroqctive species (36).
Coulometric methods can be casily automated (37).

A unique form of real time titrator has been reported
(38), 1in which the sample and an added colour indicator is
. passed through a nartow dialysis tube within a bath of
tittant. The\titrent diffuses into the tube and the’point
wheﬁs the sample is neutralized is merked by the colour
chanée of the indicator.

A titrator based on the delivery of a seriee of sub-
microlitre droplets (39, 40) was repotted by Hieftje(4l,42L In
this system, titrant,was forced through a capillary which
wds vibrated with a piezoelectric crystal This dispersed
the‘lquld into 1nd1v1dual droplets, which the authors
1ngenlously counted and directed into a sample solution
-using ' lectrostatic forces. Another variation was reported
(43) iu which the time during which the droplets were
allOWed into the sample was measured instead of the number.
Both of these systems suffered from very poor preC151ﬂ

The handllng of solutions on the basis of welgt s
long been regarded as superior to any type of volumetric
techuique. ﬁowever, due to the slowness of the weighing
operatlon, and the virtual 1mp0351b111ty of automatlon,
gravimetric procedures have not galned much popularlty
The advantages of gravimetric titrations over volumetric
methods include: |

o

(a) elimination of,drainage; reading, and temperature
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chanéé‘erro; inherent to volumetric equipment,
(b) eli%inétion of tim& consuming-grdviﬁetric calibration
A
of volumetric equiément,
(c) ability to measure and'aispcnéc accurately known
weights‘of vol&til; or highly‘viscous liquids, 3
(d) ability to hoasure with high précision small

&5,

quantities of séiution er microchemical work, or
with costly or scarce haterials. '

Manual methods have been doscribquﬁgr/épecial situations
(44,45), including work with non-aqueous ;olvents, and
where particularly good precision was desired (46).
Malmstadt (47) has reported an automatic system in which
the weight of reagentldclivered is determined 5y weighing
the container into which the-maéerial is dispensed. This_,ﬁﬂz/}
method is not suitable for a titration in the usual manner
gecause no provision is made, or seems passible, for |
mpnitoring a sample property, for examplé the PH.

In this thesis a completely automated gravimetric

titration systém is described, based on a Sartorius

electronic balance and a PDP-11/10 mini computér. The

delivery of reagent’ fronm a reservoir located on the

R

balancenpan was initiated by an optical device. After

delivery, the weight of titrant delivered was known by

the decrease in weight of the unit on the balance pan.

This system combined the® accuracy and precision of a

‘technique based on a weighing procedure, with the

speed and reliébility of automation. Gravimetric titrations

-



were run with high precision, and._in a fraction of .the

v

time needed for equivalent manual operations. This systcem

will be described in considerable detail in Chapter IV. <3

C. The Complexation Chemistry of Glutathione.

Glutathione is a tripeptide composed of the amino

acids glutamic acid, cysteine, and glycine.

0 0 0 -0
HO—&—?H-CH2—CH2—C—NH—CH—&—NH—CH2—6—OH
+ |
NH -
*  sH
glu cys gly

The binding to metal ioﬁs may occur through the carboxyl
and amino groups of the glﬁtamyl terminal, through the
sulfhydryl’ group, and through the glycine carboxyl group.
In addition, it has been suggested that some binding may
occur through protonated and deprptonated peptide linkaées
(5,6). With this number of binding sites, and the number

of groups which are protonated at various pH ranges, . the

com 1tlon chenistry of glutathione is not simple.
1. =2arliest attempts to unravel the complexation
©- . .lLathione (8,48-50) relied upon relatively simple pPH

‘titration experiments, and on polarography, gnt the data

. ’ i : /
handling methods were not sufficiently advapced to handle

protonated and polynuclear complexes;/égge development of

11
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spectroscopic techniques such as NMR allowed the study of
metal-ligand interaction at the molecular level, for
example indicating which groups were bound to the metal.
The sulfhydryl group is known to be the most active
in the complexation of glutathione té a number of metals,
binding very stﬁongly to "soft" metals such as mercury, lead
and cadmium and‘less strongly to zinc, and other transition
elements (7,50,51,52)j‘ The interaction of mercury wi?h
the éulfhydryl is particularly strong, and the metal ion
can only be displaced by protons at very low pH. Since
the carboxyl and amino groups do not bind as strongly,

several protonated complexes exist at low pH (51). Other

‘ 2 Lo .
mercury complexes, containing as many as three met ions

and two glutathione molecules have been shown to /fexist (50,

51).
Studies of the binding of glutathione to other

including Cu, Ni, Fe and Pd (53-55) have indicate

sulfur is again the primary binding site. Compl

does occur throuéh the glutamyl and glycine resi

well, buthi£ has not been possiblé to.-determine if those

groups are boun. o the same metal ion as the sulfhydryl,’

or to another. 1t has been pointed out that the complexation

of thé glutamyl and sulfhydryl groups to the same metal

.would form an unstable ten membered ring, indicating that

af least in‘some cases, a polymerization process is likely

to occur (7). )

- Ld

The development of non-linear methods of treating pH

- S



titration data made possible a more detailed analysis of
the composition of a solution containing a mixture of
metal ions and glutathione (5,6). The dérivation of a model
of complexdtion has, however, been largely a matter of
intuition and guesswork, and the results of studies
invblving zinc, cadmium and lead do not agree with oacﬁ
other nor do they agrée with the results of NMR experiments
(7). Since pH titration methods do not, in general,
provide any information about the types of complexesif
existing in solution, the choice of a model must be guided -
by some other evidence. The Sarkar-Kruck method provides,
unlike other methods, experimeﬁtal values for [L] and [34]
which, as 1is discuééed in Chapter.II, allows some rational
deduction of a model of complexation. lIn addition, the
number of models that will fit the data is considerably
reduced. For thése reasons it was hoped that the Sarkar—
Kruck method would produce more meaningful results about
the complexatién of glutathione than have been thus far
vx\/~—xegggfcd- The results of the metal-glutathione experiments

- . _ ..
‘and th;\aiscussiOn of models for complexation appear in

Chapter VI.

13
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CHAPTER II

A STUDY Gl THE ()QTFRB[‘I\C‘ “SARKAR-KRUCK METHOD OF EVALUATING
IRFE METAL AND FREE LICAND CONCENTRATIONS IN SOLUTIONS OF
COMPLEX EQUILIBRIA

A. Introduction.

Sarkar and Kruck recently described a pll titration
method in which the free metal ion and the free ligand can
be calculated simultaneously throughout the centrai tiﬁra;
tion of an appropriately designed set of titrations. This
method is appealing in that the concentrations are obtained
directly from tho experimental data, without assu@ing any
hypothesized collection of species for that aystem. The
~calculation of stability constants then reduces to a linear
least squares problem u51ng any of the mass balance
equations. If the stoichiometries of the complexes are not
known, it stili 1s necessary to postulate a model. It 1is
to be expected, however, that fowver models will fit‘the
data because tﬁe free ligand and the free metal concentra-
tiona are known and are not.derived from the model.

iﬁ\this chapter a critical examination of this
approach is described. ?he emphasis of this examination
has been td,establish the conditions under which the
method gives accurate values for the free metal and the

free ligand concentrations in systems containing a variety

14



of complexes, including protonafcd, hydroxy, polynuclear and
mixed 1igand>complcxbs. The approach has becen to analyze
simulated titratio; data, so that the truc values of free
metal and frece ligand concentration would be known. In
addition, since the moLhod provides infogmation not
available in the study;of complex syStems\by other data
evaluation procedures, ways in which this information can
be used to provide guidance in the selection of a model.are
considered.

This chapter refers exclusively to simulated titration-
data based on several hypothetical complexation systems.
The complexation systems and the péfameters used in the data
simulation are summarized in Tables 1-5. Series A and B
-(Table 1) are for a polyprotic acid, Series C (Table 2) is
for a triprotic ligand aﬁd the complexes HMI,, HML2 and ML,
and Series D (Table 3) is for a diprotic ligand and the

ML . and H ML. Series E (Table 4)

27 3 1

includes polynuclear species and Series F (Table 5) includes

complexes ML, ML

mixed\ligand complexes. In the "'llowing discussions,
exampies of calculation methods and the effects of error
will be based on these series of £itrations. The computer
program used to simulate the titrations of Series A through:

F is shown in Appendix A. , .

Overview of {the Method
' |

- "

This method provides the free concentrations of ligand
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Table 1. Simulation Parameters: Series A and B

ComBlexes Formation Constants &)
HyL o0 1.0 x 102° -
HalL 1.0 x 1022
1
HyL ' 1.0 x lO18
HL 1.0 x 1010
Total Initial pH Titrant
_ Ligand pH Interval Concentration,
Titration CL M
L -
A, 8.0 x 107% 3,00 0.05 1,00
A, 9.0 x107% 3,00 0.05 °  1.00
A, 1.0 x 10°3 3.00 0.05 1.00
A, L.l x 107 300 0.05 1.00
A 1.2 x 1070 3.00 0.05 ' 1.00
B, 8.0 x 107% 3,414 0.075 0.1800
B, 9.0 x 1074 3.406 0.066 0.2011
"B, 1.0 x 1072 3.399 0.071 0.220
B, 1.1 x 1073 30411 0.056 < 0.1567
B 1.2 x 1073 3.410 0.068 0.2500



Table 2.

ComElexes

H2L

HL

HML

HML

‘Series C:

Simulation Paramecters: Series C

Formation Constants

21

1.0 x 10

X

X

No Dilution.

pH Range: 3.0 - 10

.0

l016

1010

lO25

1018

pH Interval: 0.1 (71 data points)

¥

Initial Volume: 300

Titrant Concentration: no titrant

Middle Titration: C

Titration

C'" Series:

ml

L

CL

With

3.0 x 1073, ¢

Dilution

As above except -

Titrant Concentration: 0.4 M NaOH

M

= 1.0 x 1073

1.00

1.00

1.01

10”
10~
10°

10

17



Table 3.

Gomglexes

H2L

HL

pH Rahge:

Simulation Parameters:

3

.0

- 10.0

Formation

Series D

Constants

10

10
196

lO6

11

10

l015‘

104

pH Interval: 0.1 (71 data points)

Initial Volurne:
Titrant Concentration:

Middle Titration: C

3

Titration

300 ml

L

= 4.0 x 10~

ne “itrant

3 o -

18



Table 4 . Simulation Parameters: Series E

_Comglexes ’ Formation Constants
H3L 1.0 x lO21
16
H_ L 1.0 x 10
2 10
HL 1.0 x 10
-H ML 1.0 x 1019
2 18
HM.L 21,0 x 10
2. 17 -
M2L2 . 1.0 x 10

pH Range: 3.0 - 10.0
pH Intervalr 0.1 (71 data points)
Initial Volume: 300 ml

Titrant Concentration: no titrant
3

Middle Titration: CL = 2.5 x 10 ~; CM = 1.0 x 10~
Titration ‘ CL CM
E, 2.0 x 10:§ 1.0 x 10:§
E, . 2.2 x 10 1.0 x 10
E, 2.4 x 1o:§ | 1.0 x 10_2
E4 2.5‘x 10 1.0 x»lO
E, ‘ 2.6 x 1o:j_u 1.0 x 1o:j
E¢ 2.8 x lO“3 _ 1.0 x 1ojé
E, 3.0 x 10 1.0 x 10
Eg 2.5 x 1073 8.0 x 10”4
Eq 2.5 x 1o_j } . 9.0 x 10_:
ElO 2.5 x 10 9.5 x 10
El, 2.5.%x 1073 1.05 x 1073
E,, : 2.5 x 1072 1.10 x 1072
E, 2.5 x 1073 1.20 x 1073



Table &..

~-Complexés

H3L
HzL

HL

ML'

HMLL'
MLL'®

pH Range:

pH Interval:

Initial Volume:

Titrant Concentration:

Middle Titration: C

Titration

o
'.—I

2 IR B B B> B
~N o s woN

AKX X X XN

Simulation Parameters:

Formation

Series F
b |

Cohstants

1.0 x 1020
1.0 x 101°
1.0 x 1010
1.0 x lO9
1.0 x lO15
1.0 x 108
5.0 x lO7
.0 x 1022
.0 x 104
(71 data points)
300 ml
no titrant
= 2.0 x 10"3, L
= 1.0 x 1073
Cy v
-3
3 )
-3
-3 2.0 x 107°
-3
-3
-3



Table 5 (continued) | N
. , .. / 4'_
Titration CL CL' CM
Fg (1.4 x 1073 3
Py 1.6 x 1073
Fig 1.8 x 1073
-3 -3
F 2.0 x 10 { 2.2 x 10 ’ 1.0 x
11 . 3
F 2.4 x 10°
12 : -3
N \
F1% 0.7
Flc _30. | B o.g
Fle 2.0 x 10 -, 2.0 x 10 J 0%:9
Fi ' , 1.1
Flg . 1.2
1.3

L - -



and metal in solutions of comj x -quilibria, ar ‘Tor
simplicity in this discussion will be called FiCS, for Free
Ion Concentrations in Solution. The basic relationships

in this method are

plL] = pILl_ < (ch_) dpH (9)
’ pH dcy, y PH
pH
C.. .
pIM] = p(Ml_ - aCy dpH (10)
" pHOdCM CL,pH

where.cH is. the concentration of titratable'proton, CL and C

A
are the total analytical concentrations of llgand and mital

respectively, and [L] and [M] are thelr free concentratlons
Alternape'derivations of Equations 9 and 10 may be found in
refereeces 9 and 56. An abbreviated example may be feund
in Appendix B.

For systems containing more eomponents, equations
analogous to 9 and 10 ean be written for each combonene
- in the solution. For simplicity let us only censider the
component L, reﬁember&ng that the discussion is appllcable
to every component in the system

The quantlty,p[L]o is the negative logarithm of the’
concentration of free L at some initial pH_. A pH_ is

)

usually chosen at which no complex is formed, and

o

22
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consequently (L]O is equal to (or may be calculated from)

. i valuated from pH
CL The 1ntegral of (d4dc /dCL C , pH 1s evaluate r P o
to the pH at which p[L] is to be evaluated.

One experimental method for obtaining (d4c_/dC_)
H L CM,pH

as a function of pH is with a scries of titrations where the
total concentration of L is varied, while all the other

components are at ccnstant concentration. At a given pH,

CH is extracted from each of the titrations. The derivative

(dac /dC is the change in CH with CL’ measured at CL

L C
of the mlddle titration. In exactly this way the derivative
at each pH throughout the titration. is calculated. The

values of (acy /dC ) are integrated from pH_  to a given -

CM,pH
pH, and p[L] at that pH is then calculated from Egquation 9.

The experiment is de51gned in such a way that, given a
sy~tem of composition CL énd CM' referred to>as the
comp051tlon of the middle titration, each component is 1in
turn selectlvely varled -The FICS method will then provide
(L] and [M] as a function of pH, for a solution of that
overall composition.

‘ Tﬂé stability constants of the cémpiexes are calculated
by a linear least quafes fit of the [L] aﬁét[M] data into
the mass balance eéuations. Any oné mass balaﬁée,is con-
plétely sufficient.unless a. given complex does not contain
-any of that particular componént.

In the foi}owing section, the calculation procedures

at each step in the method are considered.
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f .
B. Calculation Procedurecs in th ‘thod.

CII Calculations

Th wtraction of useful information from the pH

titration requires accurate xnow edge of several parameters.

o

The FICS method requires the - al }Agand concentration,

CL’ the total metal concentration, C the total concen-

M‘,

the pH and the concen-

N

“tration of mineral acid added, CA’

tration of added base, C All of these guantities change

B
during a conventional ‘titration and careful work is needed
to provide accurate knowledge of their values.

The first guantity extracted from the raw data 1is the j

’ ¥ . .
total concentration of titratable proton, CH.

4
”

Cy = (Nyp x Cp) + ¢, - . . (11)

where ND? is the number of disposable protons on the ligand.

In order that the FICS method be used, Cy must be known at

closely spaced pPH values thgoughout the titrations, and
moreover, it must be known at the same pH{s iﬁ each of a
series of titrations. Since this is difficult experimental-
ly, some manipulation of the original data is neqeséary fé
~find these:CH values. Severa; possibilities exist,
including the fitting of the pﬁ—CH‘data to a mathematical
function, perhaps a type of polyﬂomial; and in subsequent

steps extractih(j1 'CH at any needed pH. This is the

- \

L.
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approach taken by Sarkar and Kruck (9). HOWUVCf? in our
hands a program of this type obtained -from other workers
did not function very well. It was found that linear
interpolation between existing data points was sufficiont
to provide CH at specific pll's throughout thegtitration.
Efficient use of experimental data mecan: fixing a pH interval
approximately equal to that of the available data. ‘

The linear interpolétion is limited in two ways; first
it does not usc the entire body of data as a unit, and

therefore does not have the smoothing potential which other

procedures may have, and second it will bias the data in

some cases. A bias to large CH will result if the CH Vs

PH curve is concave upward, and to low CH'S if the curve
is‘concave downward. In most cases this will give very
small errors at pH intervals of about 0.1 units; ’

The effect of linear interpolation on the final results
of FICS' is iliustrated in Table 6. Series A uses CH'S
directly from £heisimu1ation pfégram, and Series B uses
CH'S calculated by interpolation on data éenerated at a

varying set of pH's. Possible error was encouraged in the

secepd set by increasing the pH intervals from 0.05 to 0.1

- and by increasf%g the dilution Ey titrant (lowered NaOH

concentration). The simulation ‘parameters for Series A

and B appear in Table 1.
: oLk .

. o -
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Table - 6, The Results of the FICS Calculations on the

Simulated Titration Data, Series A and B

Free Ligand

pH Known A Series?® B Series®

. . (interpolation)

3.5 1.937 x 1071 37 2 1.937

4.0 4.761 x 10" %4 4.762 // 4.761

4.5 7.537 x 10713 7.539 7.543

5.0 9.075 x 1012 9.077 . 9.084

5.5 9.661 x 10 11 9.666 9.675

6.0 9.802 x 10”10 9.807 9.817

6.5 9.662 x 107 ° 9.666 9.676

7.0 9.080 x 10 ° 9.084 9.091

'7.5 7.588 x 10~/ 7.591 7.593

8.0 4.974 x 107° 4,975 4.975

8.5 2.346 x 107° 2.347 © 2,347

9.0 8.331 x 1079 8.335 8.338

Calculated B

Complex Known 8 A Series B Series
H,L 1.0 x 10°%° 9.9974 x 10%* 9.9790 x 10°°
H,L 1.0 x 1oi§ 1.0003 x 1oi2 1.0013 x 1022
H,L 1.0 x 1o10 9.9973 x 1012 9.9885 x 10;7
HL, 1.0 x 10 ©1.0004 x 10 ~9.9992 x 10

a ‘
Calculated [L] and expected (L] are identical in order of

magnitude.



'he Derivative (dCH/dCX)CZ,pH
The second calculation in the FICS procedure is the
evaluation of the derivative (dc../dc.) . The quantity

B TTX'C, , pH
CH has been discussed. CX will be used to denote the'tqﬁal
analytical concentration which is varied. This may be Cﬁ;\
the ligand concentration, or CM’ etc. The term CZ

represents all the other total concentrations which are

fixed.

~

The experimental determination of this derivative is
the most challenging step of the FICS procedure. The
straightforward ekperiment 1s to perform several titrations
varying one CX’ perhaps CL’ while maintaining CM and any
other concentrations constant. The simulation parameters
for Series D, shown in Table 3 illustrates this more clearly.
At some pH, for example 4.0, CH is calculated ' -om each
of the titrations. This gives the variation in CH with
CL at pH 4.0, or (dCH/dCL)CM,pH 4.0

The accuracy of this quantity depends'on several
faétors:

(1) the accuracy of CH and CL,

(2) the curvature of the C.. vs pH function,

H

(3) the number of titrations, and therefore the‘
number of CH'S évailable,

(4) the degree to which C, (the other components in

solution) remains constant.



The function C“ vs CX' and the efféct; of‘problems (1) to
(4) must be clearly understood in order to obtain the best
results from the FICS method.

The variation of CH with CL for Series D, which
consists of a diprotic ligand énd the complexes ML, ML2,
ML3 and H_lML2 is shown in Figure 1. The total metél
concentration was fixed at 1.0 x 10_3, and curves drawn at
several pH values. The simulation parameters for Series D
may be founa in Table 3.

Several chafacteristics of the CH Vs CL function can
Be seen 1in Figure 1, including severe curvature in some
regions, and reasonable linearity at excesses of CL (CM was
1.0 x 10_3). In addition it should also be noted that CH
may vary over a wide range of concentrations,, and tends to
be small.at low ligand concentrations. Several practical
considerations can be based on these observations. Titra-
tion conditions must be chosen to avoid areas of curvature.
Each point on the CH '

from a separate titration, and the number of titrations may

vs CL plot represénts a data point

be limited. A reasonable estimaté of ACH/ACL requires
therefore that dH vary lingarlyﬁwith CL’ ana , in addition,
there is some advanfage to having ACH of a reasonable
magnitude. If the change in CH with CL is linear, only

two titrations are reallf necessary, and more will improve
the situation. Reasonable random error is acceptable since
a linear least squares fit will tend to give better

derivatives than the limit of accuracy of Cy might
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1.0
0.0
..'IO -
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Figure 1. CH Vs CL for a system containing a diprotic
ligand and complexes ML, ML2, ML3 and H_lMLé. The

overall ligand protonation constants are 1.0 x 106
and 1.0 x_lolo.. The formation constants of the
complexes are 1.0 x 106, 1.0 x lOll, 1.0 x 1015 and
1.0 x lO4 respgctively. CM was constant at 1.0 ﬁ 10~

M. (See Table 3.)
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indicate possible.
A least squares polynomial fit of CH Vs CL data will

not improve the situation. First, if the function of CH

Vs Cp is linear and has some random error, the polynomial

will try to fit even those errors, and second, if the

function of CH vs C. 1s nonlinear it is not likely to be as

L

simple as a polynomial of low degree and a systematic

. distortion of the actual relation will occur.

Consideration must also be given to problems which may

arise in titrations where -the C, may become small. This

H
will happen if the ligand concentration is low, or if the
metal concentration is high. Since CH'is calculated from

the difference in two large numbers, the total acid added

to the sclution and the total base added, it may  lose

significance in some parts of the titration curves. No
problem is encountered if only one out of several CH

values at different CL'S is small, which is a common

situation, but difficulty is encountered if the CH's

correspohding to several CL valueé are small simultaneéusly.
Each CH has limited significance, and therefore the ACH in
the (ﬁCH/ACL) quantity has low precision. In”general, small
valugs of (dCH/dCL)’and (dCH/dCM) will alwayslhave low
precision, but since they also contribute less information
about complexation in solution they should be avoided.
In summary, with data of limited accuracy and in

limited numbers, the best results are obtained if the CHTS

are of reasonable magnitude, if (dCH/dCX) is of reasonable

30
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magnitude and if the change in C_ with CX is linear.

H

Figure 1, mentioned above, is the variation in CE with;

CL for Series D, including the complexes ML, ML2, ML3 and

H—lML2' At pH 4.0 very little complexation is occurring
and CH increases continuously with increasing ligand

concentration. Each increase of C. adds protonated ligand

L
species to the solution, and therefore the concentration of

titratable protons,CH,increases. Above pH 5.0 complexation
| -3

becomes appreciable. At_CL concentrations below 2.0 x 10
M, changes in the ligand concentration have very little
effect on CH. This is because the ligand is bound as ML
and ML2 complexes; which have no titratable protons. Near
PH 6.0 this situation is severe, and the problems discussed
above may bécome significant; CH is nearly'zero; and
changes only slightly with CL. This prpblem is avoided if
.the titrations are performed at an excéss of ligand, in

this case about 4.0 x 10 5 M.

The curves above pH 7.0 have two regions. Below a CL
of 2.0 x lO-3 M, the changes in CH with CL are goVerned‘by
the complex H_lML2. Increasing CL from.1.0 x 10—3 to
2.0 x lO_3 will increase the concentra?ion of H-lMLz’ and
since this is a hydroxy species, it effectively contributes
_a negative number of titratable protons, and CH becomes more
negative as the concentration of H_lML2 increases. Beyond
a CL of 2.0 x 10—3 no further H_lMi,2 may form since fhe

metal is completely coordinated. Addition of ligand

/%ontributes protonated HL species to the solution, and CH

B °
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increcases. At pH 10.0 the ligand is complctely deprotonated

beyond 2.0 x 10‘3 M.

and*’CH no longer increases with CL

Figure 2 shows the C.. vs CL plots for a system similar

H

3L, H2L, HL ,HML, HML2 and MLZ.

The details of the simulation parameters for these titra-

to Series C, composcd of H

tions are shown in Table 7. At»pH 4.0 only slight -
complexation is occurring ; increasing CL adds protonated
ligand to the solution, and CH rises continously. At pH 7.0

however, c&hplexation is occurring and the change 1in CL‘with

CL 1s more complicated. At CL below.1.0 x lO—3 M, CH rises
/ .
with increasing CL because each addition of CL increases

the concentration ijzhe complex HML. No other compiex

may form because there is a large excess of metal in those

regions’(CM = 1.0 x 10_3). When CL becomes larger than

1.0 x 1073 cach addition of ligand converts HML species to

~
4

HML2 and ML2. The only reason HML existed was because

there was insufficient ligand to form HML2 and ML2. wThe

species ML2 has no protons and therefore CH falls with

> t0 2.0 x 107> M of

3

increasing CL in the range 1.0 -x 10

ligand concentration. Beyond a C. of 2.0 x 10 M, the

L
addition of ligand in excess of that needed to coordinate the

metal adds protonated ligagd species to the solution, and

CH increases continuously. At pH 9.5 no HML species will

3

form, and the maximum in C.. at a CL of 1.0 x 10" ° has

H
disappeared. In this case all of the added ligand is

immediately converted to ML2 in spite of the excess metal.

Beyond the complete coordination of the metal, the CH rises



Table 7.

Simulation Parameters: Variation of CH with CL

./ and Cy for Figures 2 and 3

ComElexes : Formation Constants
H3L 1.0 x 1020
H,L 1.0 x 10%°
HL 1.0 x 1010
HML 1.0 x 10%®
HML, ’ 1.0 x 1024
ML, 1.0 x 1017

pH Range: 3.0 - 10.0
pH Interval: 0.1 (71 data points)

Initial Volume: 300 ml

. Titrant Concentration: no titrant

Component Figure 2 Figure 3
cp varied 4.0 x 1077 M
C 1.0 x 10 ° m varied

M =

33
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Figure . CH

L 1 : ! 1
0.0 1.0 2.0 3.0 4.0
C,x10% (M) |

vs CL for a system containing a triprotic

ligand and complexes HML, HML,, and ML, . ‘The overall
ligand protonation constants are 1.0 x lOlO, 1.0 x lO16

20

34

and 1.0 x 10°°. The formation constants of the complexes'

are 1.0 x 1016, 1.0 x 1024 and 1.0 x 1017 respectively.

3

CM was constant at 1.0 x 10 M.
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due to the addition of protonated ligand to the solution.

The CH Vs CM plots for the same system as shown in
Figure 2 are shown in Figure 3. The total ligand concentra-
tion is fixed at 4.0 x 10—3ﬂ, so that the far right hand
sidé of the figure is a 1:1 ligand to metal ratio. At pH
4.0 the values of_CH decrease continuously as CM is
increased. This occurs because each additién of metal con-
verts some of the ligand, perhaps present as H3L or HZL’ to
the complex HML. The average number of protons available
to each ligand therefore decrease§ and CH debreaées as
well. At pH 7.0 the curﬁe has two regions. Below a metal

3 M there is a large excess of

concentration of 2.0 x 10
ligand (CL was 4.0 x 10_3 M) and each addition of metal
favours the formation of ML2. Ligands which were in. the H2L
and HL form are converted to ML2, and again the average
number of protons available to each ligand decreases. Be-
yond a metal concentration of 2.0 x 10—3 each addition of
metal favours the production of -HML, and liberates ligands

from the ML, complexes, and CH begins to increase with

2
addition of metal. At pH 9.5, as mentioned above, the only
comp. .x which is possible is ML2. At a low metal concentra-
tion each addition of the metal converts free protonated

ligand species to ML, and cy falls. Beyond a Cy of

2.0 x ‘0-3 M all of the ligand is held as ML2 and each

additic.. »f metal only adds free uncomplexed metal to the
solution, which has no effect on Cy-

These plots indicate that there are regions where th-

-«
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l ! ’ ] !
0.0 1.0 2.0 3.0 4.0
Cux10° (M)

/
/\’ - .
/Fi : 3. CH vs CM for the system of complexes defined in

3

/ the legend- of Figure 2 . CL was constant at 4.0 x 10~ M.
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CH vs CL or CH Vs CM functions may have severe curvature,
and though such areas are of interest to investigate the
complexes forming in solution, and potentially have a large
amount of information in them, difficulty is cncountered
in experiments designed .to gi;o (dCH/dCL) and (dCH/dCM).
In these cases linear.regionq are "eferred. CH vs CL and
' CH vs CM will be linear if the ligand concentration is
sufficiently high that the metal coordination is completely
satisfied at all pH S. In other words, the'CL to'CM ratio
should be larger fhan the I, to M ratio within the complexes
predoﬁinating in Eéy pH range. |

In sumﬁary, (dc /d9§)c g may be .difficult to evaluate
with rellablllty throughout wide pH ranges. The mos£
severe problems are avoided if:

(1) CH is maintained at a reasonable abﬁolute magnitude

(2) (dCH/dCX) are ofra reasgnable absolute magnitude

(3) regions of curvature in Cy Vs Cy are avoided.
The Integral

The values of (dCH/dCX)CZ,pH usually fall within +n
where n is the number of protons on the fully protonated
ligand. There are no regions of extreme cﬁrvature as seen
on the CH vs.CX plot;.‘ Matheﬁatical Ereatment of these
cur?es is therefore straightforward. Figure 4 shows the
values of (dCH/dCL) and (dCH/dCM) fér Series D (Table 3)

at a C, of 4.0 x 1073 and a Cy of 1.0 x 1073 M. figure 5
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N ] ! 1 ! L L1 .
i\\ 4.0 6.0 8.0 10.0
! ‘ ‘ .
| S
Elgure“4'. (dCH/dCL)CM’pH, A; and (ch/ch)CL,pH’ B; as a
functior of pH for the . ;stem of complexes”defined;in the
legend of Figure 1 . Cy = 1.0 x lO-Bg, C, = 4.0 x 10—3g.

(See Table 3 .) N
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4.0 6.0 8.0 . 10.0

Figure 5‘. (dCH/dCL)CM,pH’ A; and (dCH/dC

system containing a triprotic ligand and complexes H

HM,L and M,L,.
2 l02-2

LY 1.0 x 1077, 1.0 x

pF{ ) .
M)CL,pH’ B; for a
\
ML
The overall protonation constants are

1016 and 1.0 x 1021. The formation

19 O18

constants of the complexes are 1.0 x 1077, 1.0 x 1

and 1.0 x 10%7

CL = 2.5 x 10

3

respectively. .CM = 1.0 x 10—3§,

M. (See Table 4 .)

Fa

39



40

.is (dCH/dCL) and (dCH/dCM) for Series E (Table 4) where

c; is 2.5 x 1073 and Cy is 1.0 x 1073 M.

The curves shown in Figures 4 and 5 represent the
derivatives of the p[L] and p[M] functions with the pH

(Egn.12). .

dCH

dCL

dplL]

apn - (12)

CM,pH

A simple series manipulation of this equation leads to a
relation which allows the calculation of [L] and [M] from
the ~experimental values of (dCH/dCL) and (dCH/dCM).

Integraté both sides of Equation 12 from pHO to pH:

pH: ' pH .
(dp[L] dpH dCH dpH (13)

| dpH - ‘ ac

pHO ‘ pH L CM,pH

Simplify the left hand quantity.

PH PH .

dplL] = dCy dpH 0 (14)
dac '
pHO pHo L CM,pH

Integrate dp[L] from pHo to pH to get p[L]o at pHO and p[L]

at pH; ‘ -



pH
dCH
dCL

dpH (15)
CM,pH

plLl = plL] -

pHO

The integral may be evaluated in one of two ways.
Eirst , as‘discussod above, .the entire set of (dCH/dCX)'S
may be fit to a poiynomial, and the integral evaluated by
simple calculus. Second, it may be evaluated numerically
using Simpson's parabolic rule, or the trapezoid rule.

In this work the trapezoid rule was used to evaluate the
integral directly from the tabulated (dCH/dCX)CZ,pH

function. It was found that this procedure, used at 0.1 =

N

~
PH increments, gave as gpod accuracy .as is in most cases

c

justified by the accuracy of the experimental data.

Formation Constants

The FICS method provides free ligand and free‘metal
concentrations as a function o% pPH. Formation constants
cén be extracted from a linear least squares fit to the
mass balance of each component in solution. In such a

procedure, the sum of the square of the residuals, U, is

minimized.

' 2
U = [CL - ( L1+ Zqﬁpqr[H]P[L]q[Mﬁ)J . (16)

N
.
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In all the examples presented in this thesis a Gaussian
elim}nation (57) followcd‘by mattix inversion has been
used to solve the simuitaneous cquations. The mass balances
for the ligand and metal were treated individually, or ‘in
Some cases together, while the mass balance for protons
was not used to calculate formation constants. In this
respect the FICS meiind has considerable advantage over
other pH titration methods. Several problems are inherent
to theluse of CH in thcAcalculation of formation constants,
and these are avoided with the FICS method. The free
hydrogen ion concentration is generally dlfflcult to deter—
mine experlmentally, involving elther an estimation of the
hydrogen ion activity coefficient, D/H , O an electroge
calibration in terms of [H ]. At low and high pli's [H+]

and [OH ] constitute a large portion of Cy+ and if there is
uncertainty in their values this will\produce a large .
uncer -ty in.the'concentration of‘bsnnd protons. In
compar. - however, the FICS method aoss‘not require [H+]
at any stage. The electrodes may be standardized with

NBS reference solutions, and an estlmate of 2’+ is only

required if the mixed activity- conbéntratlon constants are

converted to concentration constants.

For simplicity in this work, the notation E:L will b.
used if the constants are evaluated from the ligand mass

balance,'E:M if they are evaluated from the metal mass

)

fbélance, and EZML if both mass balances are used simul-

taneously.
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Some estimate of the accuracy of the formation constants
obtained by the FICS method 1s ncceesa;y. The simplest,
though not the most reliablé quantity, is the goodness of
the fit of the model to the known total analytical
concentrations of ligands and metals. The experimental
values of [L] and [M] and the formation constants are
inserted into Equation 16 and the standard deviatioﬁ,of the
fit 1is [U/(n—l)]l/z, where n is the number of experimental
po;nts. The relative standard deviation-of the fit, 1in
percent, has been shown for several examples in this work.

The. standard dev1atlon calculatlon is llmlted in that
it does not give any indication of the accuracy of the L]
and [M] data, rather It only estimates.the;fit of the
hypothesized mOdGl to CL and CM' A better measure of the

reliability of the model and the formation constants can

be had by simulating titration curves gnd'by comparing

them to "the original data. This was done as a final check

with-the‘metal—glutathione.complexation study reported in
Chapter VI. However, it is impractical to use routinely
while attemgdting to find a model for complexation because
the simulation procedures are elow and, 1in additicn, may

run into difficulties specific to each model proposed to

describe the complexation.

»

v The su1tablllty of a. model descrlblng the comp051tlon

of complex spec1es ex1st1ng in solutlon may be checked in
several ways. It is expected that a good hypothesis will

give a low standard deviation of the fit and thet the
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constants derived {rom one mass balé&qp will agree with
those derived from another. The constants which are known,
for example ligand protonation constants, must be derived
correctly from the data. The existence of some species
may be questioned if small or negative formation constants
are produced, or if the agreement of values based on
differcent mass balances is poor.

The néxt section will deal with the effects of various
types of errors, and the problem of assigning a model to

’

the system.

C. The Effect of Error on the FICS Method. .

This discussion will be limited to error introduced
through the.experimental procedure. The systems of -
simulatéd titratiqps digcussedpto this point have been
designed to re?resent feasible experiments, but without %he
,error’associéted with the actual experiment. In this
section on errors, severalusystematic and random errors
inherent to a real experiment will be considered. The
error in [L] and [M] will then include unéertainty ari;ing

from both the FICS data handling and”%he imposed experi-

mental error.



Dilution Error

Three separate types of error are introduced by
dilution. First, during the series of titrations necessary
to evaluate (dcC /dCL)CM,pH the values of CL are not constant
but vary according to the quantity of titrant added to that

PH. This is easily componsated for by using C exactly as

it is found at that pH, based upon volume o tit added
to that point. Each PH will have a unique , of CL'S
through which the derivative is evalu-ted. Series A and B

in.fable 1 were simulated including significant dilution, //
and the values for [L] shown in Table 6 agree very well
¥ith the expected values.

The second and third dilution'o;oblems are related to
dilution of components other than CL’ and cannot be |
corrected in the data handling process. During a set of
tltratlons de51gned to give the derivative (dCH/dCL C ,pH’
the CM will vary through dilution. Assuming that all the
titratiaons have equal dilution to a given pPH, the derivative
will be évaluated at a CM different from Cy at pHOﬁ

The {third type of error is implied above. All the

titratiOn do not have equal dllutlon to a glven PH, and

consequently, at each pH, CM will be different for the

explicitly
Cpys PH
requires thiat the change in C with C be measured at

itrations. The term (dCH/dC

dlfferent L)

constant pH\and CM'

These problems contribute significant error to the

45
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free ion concentrations. Table 8 shows [L] and [M] for
Series C titrations with and without dilution. With a total
diiution of 7.201 ml titrant into 300 ml, the free ligand
concentration at pH 10.0 had ébout 10% error and the free
metal concentration about 25%. Without dilution the error
in [L] and [M] was only 0.5%. Table 9 summarizes
formation constants derived from these two sets of free iop 
concentration data. |
The second and third types of dilution error, discussed
above, cannot be corrected once the data has been taken.
On the other hand, it is possible to expef&mentally‘ensure
that CM remains consﬁant throughout a set of titrations,
either by eliminéting dilution by use of coulometric
titratioﬁ, or by simultaneous addition of titrant and a
concentrated metal solution. Computér automation of the
latter is a practical altgrnaﬁive, and was used for the
studies of~complekation reparted in this thesis. Details

of the manner in which this was carried out experimentally

are reported'in Chapter IV.

Err?fs in C. and Cy

.The experimental values of CL’ CM’ CH «..d pH and so on
may have systematic and random errors associated with Ehem.
Studies with simulated titration data show that systematic
errors give rise to the most serious problems with the

FICS method. The nature of the calculation allows small
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Table 9.

Calculated by FICS from Series C and C!

Complexes

A Summary of the Formation Constants

Formation Constants

Known
1.0 x 10°t
1.0 x 101
1.0 x 1010
1.0 x 1017
1.0 x 10%°
‘1.0 x 10%8

C

No Dilution

1.

1.

9.

9.

9.

0008 x lO21

0062 x 1016

9996 x 102

984 x lO16

993 x 1024

17

.989 x 10

Cl

Dilution

9.893 x
1.073 x
1.215 x
1.056 x
1.044 x

9.647 x

l0;20

lO16

1010

lOl7

l025

lO17
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errors to propagate and give r e to substantial error in

the final [L]- and [M]. The error increases, in most cases,

o

-from pHO to the final pH at a rate dependent on the size of

the error on a point to'point basis. The magnitude of the
erfor seidom increases, then decreases at some further pH.
The FICS calculations appear to have a tendency‘to
accumulate error even though the error appears to be rénaom

in nature.

Systematic erTor in quas AN as C, and Cy may
arise in two ways. First, the §rror associated
with the concentration of, . 3 iﬁtion from which the

samples are prepared and,’sééo
.

the preparation of the samples. 'Th;"létter is usually
considered to beﬁa random errc:, but in the FICS method it
will have the saﬁe effect as a systematic error. This is
becauselthe derivatives (dCH/dCL) are repeatedly calcﬁlated
through the pH range using for example five titrations of
varying CL. If some €xror in (dCH/dCL) érises because of
an error in the sample preparation, that same error will
appear in (dCH/dCL) at every pH Whe;e the calculations afe
carried out. To minimize this sourée of error, as many
titrations as possible must be performed, the samples must

be prepared with utmost care, and measures must be taken to

eénsure as much randomization of errors in the sample

‘preparation as possible. For all the experimental parts of

this thesis, the samples were prepared in the order 3, 2,

4, 1 and 5, where 1 would be the lowest concentration of CL

Ry
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and 5 the highest. In this way, the titrations performed
first were in the middle of the CL range and errors in

sample preparation had somewhat less effect on (dCH/dCL).

v

Error in pH Measurement

Unlike other pH titration methods, the FICS procedure
does not require that the hydrogen ion concentration or the
hydrogen ion activ}ty be known to get accurate free ion
concentrations for ligands and metals. The pH is merely a

reference scale on which to first evaluate (dCH/dCL)

CM,pH
and then to integrate this quantity from pHO to the
various pH values. Its numerical value is not required “in
any stage of the calculation of [L] and [M]. However, the

PH does enter into the calculation of formation constants,

If the electrodes are standardized with NBS activity
references, then the formation constants derived are mixed
gétivityfconcentration constants, and if the electrodes are.
calibrated for concentration, the constants are concentration
constants.

The FICS method requires only that the PH electrode
Standardization be internally cbnsistent, and serious
systematic error is avoided. Random errors in individual
measurements will exist however. These will give rise to -
~exactly the same type of error as random errors in CH’ and

will therefore be discussed in the foilowing section.



Errors 1in CF
1

The effects of errors in Cy are quite unlike those of

M* Errors " CH vary from data point to

data point, being the combination of an error in the

errors in CL or C

quantity of titrant added to that point, and an error in

the pH measurement. Unlike the results of an efror in CL'
where every pH is affected more or 1 ss équally,.the errors
in CH will be different at every‘pH value in every titration.
Theréfore, if errors in CL give rise to a (dCH/dCL) too

large by 0.05 at pH 5.0, the samé error will appear at pH
6.0, énd so on. The errors in (aCH/dCL) caused by
uncertéinties in Cleill be different at every pH.

'In\ordéf to evaluate the effects of error on the FICS
procedure, ra:dom error was imposed on simulated titration
data to give some qualitative idea of the order of o
magnitude of errors the method may endure. However, since
real error may not behave exactly as assumed here,
conclusions must be drawp with some care;

Two different approaches are considered. The first is
random error”based-on the magnitude of CH” £hat‘is, the
error is larger at iarger CH‘ This is similar to a constant
sized error in pH. The seéond approach is a random error
of conétant magnitude. This sets the effective sensitivity
of the Cy measurément.' As CH becomes small it loses |

significance, being the difference betweenAtwo large

numbers, total acid and total?ﬁé%p concentrations.
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"Table 10 summarizes results of the FICS méthod on Series
D data, iucluding the frec :gand and free metal concentra-
tions, the‘constants calculated using the free ligand and
free metal ccncentrétions, and the standard deviacion of
the fit, in percent. Random errors of 5%, 2%, 1% and 0.5%
of CH have been imposed upon the CH data which was uscd to
give the results in Table 10, and the effect of these errors
is shown in Table 11. The free ligand and free metal
“%oncentrations are accurate only if the error was less than
OQS%.. The constants calculated using the [L] and [bevalues
Jfrom Table 11 arc gummar%zed in Table 12. It appears that
errors of 0.;% in CH wilﬂ give very unsatisfactory results.
These are random error&, however, and a systematic error of

H
Table 13 presents results of imposition of absolute

0.5% in C.. will give much worse results.

v

errors of various magn tudes on CH data from Series D. The

£ —
error is reported in parts per thousand of CH where CH
. ' ) o_ o
»° . is -the value of CH at pHo. Pf‘CH is 1.0 x 10 2 M, then

e . : : o ‘
the random error is 1.0 x 10 > or less at the 1 ppt _evel.

-~ This means that a C value of 1.0 x 10-4 has only one
G

v

51gn1f1cant flgure of accuracy, and 1.0 x 10 =3 has virtualiy
f\\f "'.‘/45

,none. The results'indlcate that even up to 4 ppt error,

"\z

a6 hot arise in free llgand and free

Table'l4 indicates that thé.errors

-formathn cdﬁéﬁants are moderate it the 4 ppt level and
N R & ,
;'acceptable #ﬁ,2~ppt.
RS L LEE : e
v R summury thexfib the two types of error imposed on CH

ki
¥

13
14
AN
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Table 10. The Results of the FICS Calculation:, it the

Simulateq Titration Data, Series p

comafy

Free Ligang ' Free Metal
—c s

pH Known -Caiculated Knowrf* Calculated
4.0° 1.204 x 107° 1,202 x 105 3.414 x 1077 3.419 x 10-5
5.0 1.250 x 1074 1.24¢ x 1074 2.732 x 1077 2.746 x 1077
6.0 5.792 x 10" % 5.735 x 1074 4.314 x 10°° 4.389 x 1072
7.0 1.055 x 1073 1,044 x 10-3 7.151 % 10710 7 262 x 10-10
8.0 1.422 x 1073 1. 415 x 1073 9.959 x 310 L0 1.971 x 10710
9.0 1.844/ x 1073 1.836 1077 2,463 x 10-11 2.474 x 10”11
10.0 1.980 x 1073 1.973 & 10‘34 12.498 x 10712 32 510 « 10712
N , Formation Constants .
Complexes Known Sum over CL Sum over CM
T - — . M
H,L 1.0 x 102O 9.983 x 102 :
'HL 1.0 x 10 9.952 x 10
ML "0 x 108 1.021 x 10% 1.004 x 106
ML, 1.0 x'loi;x_ 9.978 x 1oi2 9.948 x 1012
ML, 1.0 x 104 1.039 x 104 1.015 x 104
H_ ML 1.0 x 10 & 1.004 x 10 1.002 x 10

2 .
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Table 11.

4.0
5.0
6.0
7.0

8.0

9.0
10.0

8The random error in Cy is proport¥onal to the-magnitude of Cy.

The Effects of Random Errors in C

-

Calculated by\FICSa

Free Ligand

' Free: Ligand and Free Metal Concentrations

H on the

&

bThe size of the random error, in percent of Cy-

Known +5%b +2% +1% +0.5%
1.204 x 10°° 1.50° 1.32 1.21 1.21
1.250 x 1074 1.62 1.38 1.32 1.27
5.792 x 10 % 6.80 6.14 6.00 5.8-
1.055 x 1073 1.24 1.12 1.09 1.07

17422 x 1072 1.68 151 1.47 1.45
‘”'11.844 x 1072 2.195 -1.97 1.92 “2 1.88
" 1.980 x 1073 3.42 2.14 2.06 *2.01
B : a

L"Free Metal
13.414 x 10°° 'félos  4.82 3.40 3.23
2.732 x 1077 "' 6.80 3.95 2.91 2.52
4.314 % 1077 © 8.34 5.67 4.99 4.17
7.151 x 10710 14.20 9.50 8.27 6.95
1,959 x 10710 3. g2 2.57 2.24 1.88
2.463 x 1071 4,91 3.25 2.70 2.37
2.498 x 10712 5.40 3.41 2.70 2.47

“same order of magnitude as known ligand concentration.

‘:> e

—~

——

*
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pH
4.0
1 5.0
6.0

4.0
5.0
6.0
7.0
8.0
T 9.0
- 10.0

Tablg 13.

The Effect of Random Error in C”

56

on the

Free Ligand.and Free Metal Concentrations

Calculated by FIcs @

Free Ligand

Parts per Thousand of Cy

Known 1 2 4 ©

1.204 x 10°° 1.21 1.20 1.21

1.250 x 1074 1.25 1.25 1.23

5.792 x 107% 5.72 5.78 5.81

1.055 x ‘1073 1.04 1.05 t.05

1.422 x 1073 1.42 1.42 1.42

1.844 x 1073 1.84 1.85 1.85

1.980 x 1073 1.97 1.99 1.99

Free Metal

3.414 x 1070 3.39 3.39 3.57

2.732 x 107/ 2.74 2.71 2.85

4.314 x 1077 4.34 4.22 4.47
7.151 x 10710 7.26 7.11 6.99
1.959 x 10°10 1.98 1.95 1.91 L
2.463 x 10711 2.56 2.50 2.41

2.498 x 10”12 2.57 2.52 2.44

The random error in CH
parts per thousand of

is of constant magnitude, shown in

c
HO
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indicate that the FICS method requirés accuracy of CH of the
orde;rnf 2 ppt or less for most reliable results. It must
also be kept in mind that the ligand to metal rat 1o, and

so Bp, used in the Series D data éimulation were chosen

with all those factors in Part B of this chapter given
careful considcration. These conclusions cannot' be applied

to situations where CH 1s unnccessarily small or where

there is severe curvature in the function of CH Vs CL

The Effects of Errors in the Initial Free Ligand and Free
Metal Concentrations

Since the FICS procedﬁre requires free’ligand and free
metal at some starting point, this imboses restrictions
which contradict many of the experimental requirements
discussed above. Free ligand can be calculated from the
total ligand in the presence of metal only at 19w PH, where
protons compete«suécessfully for ligand. Howeﬁ?%, a large
excess of protons means that CH will be lafgé)%énd CH will -
therefore lose significance at SOrresponﬁingly higher.values,
bringing about the prob}ems>diséﬁssed in an earlier segtion.

Table‘lS illustratés the effects of errqr in p[L]O and
p[M]O on the free ligaﬁd and free ﬁetal values derived fron
Series D data. The exact [L] and [M] may be found in
Table 10 .

The far left column in Table 15 1is the set of [L] and

[M] calculated using PIL]  of 6.439, p[Ml of. 3.000, based



10.0

4.0

5.0
6.0
7.0
8.0

9.0
10.0.

Calculated by FICS

Lo, _and pM
6.439 6.459 6.466
3.000 3.085 3.114

Free INgand

1.29 x 10 . 1.23 x

1.34 x 1074 1.27 x

6.14 x 1074 5.86 x

1.12 x 1073 1.07 x

1.52 x 1072 1.45 x

1.97 x 1073 1.88 x

2.11 x 1073 2.01 x

v Free Metal

4.62 x 1070 3.79 x 1070 3,54 x 1075\
3¢71 x 1077 3.05 x 107/ 2.85 x 1077

5.39 x 10710 487 x 1079 4.55 x 1079

9.81 x 10710 8.06 x 10710 7.53 x 10710
2,66 x 10710 5 99 4 10710 2.04 x 10710

3.34 x 10”11 2.74 x 10711 2.57 x 10711

3.39 x 10712 x 10712 2.60 x 10712

10~ 2.78



Table 15 (continued)

pLo and pMg

" 6.468 6.469
3.125 | 3.130
pH I3 Free Ligand
4.0 1.20 x 10°° 1.20 x 10°°
5.0 1.25 x 1074 1.25 x 1074
6.0 5.74 x 10”4 5.73 x 1074
7.0 1.05 x 1073 1.04 x 1073
8.0 1.42 x 1077 1.42 x 1073
9.0 1.84 x 1073 1.84 x 1073
10.0 1.98 x 1077 1.97 x 1073
Free Metal
4.0 3.46 x 107° 3.42 x 107°
5.0 2.78 x 107/ 2.75 x 1077
6.0 4.44 x 1072 4.39 x 10”9
7.0 7.34 x 10710 7.26 x 10°10
8.0 1.99 x 10”10 1.97 x 1010
9.0 2.50 x 10711 2.47 x 10711
~12 ~1°
10.0 2.54 x 10" 2.51 x 10
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on the assumption that no compiexatibq of metél'has
occurred, while in fact about 25% of tgb metal is
coordinated to ligands. Therc is consequently significant
~error in [L] and [M]. This problem may be corrected with
the following algorithm:
(1) assume no complexation, calculate p[L]O and pr]o,
(2) calculate [L] and [M] using p[L]o and p[M]O from
(1) (for example Column 1, Table 15),
/ (3) calculate formation constants based upon these [L]
and'[M] values (Column 1, Table‘lG); the entire
set of [L] and [M] may not neceSsarily be used,
(4) calculat@\new values for p[L]o and p[M]o based on
the estimétes,of constants derivéd: best s ‘mates ii
L

for protonation constants or any known constants A
shoﬁld be used, |
(5) determine a new set of [L] and [M] based upon the
new p[L]O and Q[M]o (Column 2, Table 16), and
(6) determine a new set of congtants, and a new
.estimate of p[L]O and p[M]o (Column 2, Tablehle).
As the results in Tablés 15 and 16 show, the [L] .and
[M] improve, until they are more or less exact. As the
p[LjO and p[M]O are improved, the consténts-are more
reliable, and change less with each iteration.
This method will fail if too much metal or ligand
are complexed at pHo. If.the types of complexes at low
PH are not known, the procedure will also fail.

Values of p[L]_ and p[M]O may -also be found by a trial
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and error approach in which the standard deviation of tﬂe
fit is minimized. Each p[L]O and p[M]o 1s used to get a set
of formation conétants and these constants, with the [L]
and [M] data are fit to the total ligand and metal mass
balances. The residual defined by Equation 16 will reach
a minimum when p[L] and p[M] provide a set of [L] and [M]
most closely matchlng that of the model of complexatlon
ThlS pggcedure will not be meaningful if the model for
complexation is incorrect. This method has the advantage
that it choses the best p[L] and p[M] in terms of the
entlre range of pH, but the dlsadvantage that a model of
complexation over a wide range of pH must be known. E»>

"of these approaches héve been used with experimental data
and give good results.

\

D. Determination of a Model for Metal-Ligand Interactions.

]

Titration methods do not in general provide ihformafion' "
from which the model, or the types of complexes in a system,
can'be derived. In this respect, FICS has an advantage over
other methods, in that .the FICS results cah be used to
‘provide some guidanceiin the selection of a model. Using
(H], [L1 and [M], the concentrations of protbn, ligand and'
metal whose chemical situation has not been determined
(AC_H’ AC‘L aﬁd 'ACIL,I) can be calculated.

For gxamp;e, given the total ligand concentration CL’

and the free ligand concentration [L],ZXC equals (C;, = [L]).

If the pH and the protonation constants are known,
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| , |
ac, = cp - Ao+ Bimrmy + By - an

If the formation constant for HML is known:

IR - 2 .
ac, = c - (w1 + B+ B,m?w + JEREIAT
('\8)

Figures 6 and.7 are combined plots., of ACH, A,CL and
AC, for the Series E data (see Table 4). These guantities

were calculated from CH' CL' M

¢. and the pH, [L] and [M]
from Table 17. Three distinct areas can be seen: &

(1) below pH 3.5 there is a‘region whereACH is about
tw1ce as large as AC or AC The plot indicates
th#ﬁ%%hls complex. reaches a concentration of about
1.0 x 10 4 M, and thengls replaced by another

\é}pearing in lafger quantities. |

v .
(2) the predominant complexes near pH 6.0 are composed

13

of more meta%‘than protons'or ligands. The_ratio
of metal to protons or ligands is about two to one.
(3) above pH 6.06the complexes which prédominate
contain only metal and ligands, in equal'p;oportions,
perhaps ML of M2L2.
Figure 7 is an éxpanded part of Figure 6 and shows that
the first complex to form at low pH must be H2ML . Using
the [L] and [M] data from pH 3 to 5 .the fbrmatlon constant

for this complex was found to be 4.0 x 1018

. :'r

- The ACH, ACL and ACM values were calculated using this
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complexes defined in Figure 5
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and [M] wvalues in Table 17.
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- Figure 6 .- ACH, o; Aci, A ; and ACM, o ; for the system of

These quantities were
.and CM,~and the pH, LL]
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L

for seteral guesses of that constant. The first guess,

estima ‘constant. The 'AC plots are shown in Figure 8,

4.0 x 1018, was too loﬁ}”sinceZXCL remained large. A guess
of 2.6 x 1019 proved/to‘begtoo large, giving negative‘ACL's.
The guéés{of 1.5 x 10191waé also . too laroe. The -value |
1. 2 x lﬂlg was good, giving a;AC of nearly zexo from- pH
3.0 to 3. 5 '

f‘lgure 9 is a com'biAned plot of ACH, AC; and ACM using 5y
the initial guess of 1.2 x l019 for H,ML. The complex near S
pH 5.0 is almost exclusiveiy Ofkj HMZL type"stoichiometry,
" The free ligand and free metal data up to. pH 6.0 was used to

get estlmates of formation. COnstants for tne two complexes, .

u

HZML and HM2L.< These ‘were found fo be : aﬁﬁf‘& lO19
1r/ . . {y‘ge‘m‘“\-&_‘
. and 9.98 x 10 respectlbely » . ’
) ‘1 ") ‘:ﬁl.
Once agaln a com}ag_néd plot of AC AC,, and &C was R
o Lz~ "L oM
prepared uc1ng t%? estimated constants for HZMm and HMéL. )
P "y .
; . £ &
The curves are shOWn in Flgure 10. The estimates were ‘ -
” ‘
very good- glVlng small AC ,'AC and AC values »up toa’ pH 6.0.
x ¢ C} - #
The final complexes clearly contalned nd’protons, and were:, o
.u »

composéﬁ of equal amounts of metal and llgand _%The free

llgand and free metal data forqthe entlre p X
- . A LN ’
- used to gét«l rmatlonﬁginstants based upOn the model H2ML,

HM L and M L2 (see Table 17). L. S .

2

¥
0

v ﬁefinement of the Model

\ -
2

Given™ that some model of the system is proposed, the /
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- final procedure must determine the minor constituents in

solution and distinguish among species having the same
Stoichiometry. Series E, discussed above, will be used as

an example.

Table 18 summarlzes formatior ¢t istan s derived from

‘the same [L]). and: [M] set, based up o Series E Column

I 1s a model based on H2ML HMZL ‘and M2L2, and Columns IT

e

through VI are similar except one or more addltlonal Species
n

have b included in attempts to determlne Wthh -1f‘any,

minor constltughts exist in solutlon . ‘ . “a
Column IT 1ncludes ML, with the standard dev1atlon of

& PAR

the fit somewhat 1mproved Howaver, the formatlon constant

f.'

%gpr ML 1s mall w1th the polynuclear M L2 present in large

-1trdn “the formation COnstants for ML based

.4‘

1a ance oven‘C (Z}) and over C (Zﬂ) are not

exces'

in as go agreement as for the other spec1es These

con51deratlons suggest that 1f-ML ex1sts in solutlon, it is

in small quantltles and the constant has Iow rellablllty.

Column III is for a model whlch 1ncludes homologs qu»w

H2ML such as HML and H3ML The constant for H3ML$

negatlve in- the‘Zh evaluatlon The constants for HML are

b

~not vexy con51stent based upon theE}.%nd Zh In addition,

LY

‘standard dev1atlons are not improved. In Column IV the

-

Species H_MI, was-re'ected and HML remalns. The constants
P 3 J

disagree, and no 1mprovement indthe standard dev1atlon has

resulted. ‘ “\ ! . S

Column V includes the complex MQL, and Column VI

v
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inclades HM L Both of these complexes are rejected. The
4
best model'im chmsléf standard deviation is that «of HZML
"h’- n ; ‘
HMZL ML and M2L2 As discussed above, the ex1stence of ML

cann&t be conclusively proven.

The original Series E data did not contain the species

ML. This illustrates the possible consequences of assuming

that no error exists in the data.”The simulated titrations
1)

did not thems lves contain errors, however, slight curvature

in the function of CH Vs CL and so on have.given rise to a

‘smgll, but finite error in the [L] and [M] values. The

only defence against this problem is gobaJundersEanding of .

the FICS method and of the pitfalls inherent to its s

application to real data. ' R
) » . .-
2 BN ™M '
v I}h‘g ‘;..
E. Summary. S by
£
¢P‘ The FICS meﬁhod has severel important advantages'over
most PpH tltratlon methods for the study of complex equlll— .@gﬁg
bria. The method provides free ion concentrations. dlBectly
from‘the experiment. Moreover; tzgy are derived for each
x : h
component individually, that is, 1ndependent of thg;;fher. ' .
S

.components,and independent of the numerical value'of the )

hyﬁrogen ion concentration. In contrast to most other

f

methods,fFICS“derives'fgee ligand and f;ee‘metai'concep—

trations completely. independent of ahy'preconceived model
o : , - N
of interactions which may be occurring in solutiop.

Estimates of [L] and [M] have been determined

B .
o
’



even if a model for the system is never found.

The FICS procedure was tested extensivelf{on simulated

titration data, and found to be applicable to Systems

- il >\ . . .
contalning a/variety of specres. Examples include protonated

~ complexes\(Table 9 ), hydroxy complexes (Ta le 10), poly-

complexes

nuclear complexes (Table 17) and mixed llgan

'ﬁ(Table 19). at this time no systems have bgen found for

'kdescrlbed in thlS work. No modifications of

&E based on types Or number of complexes or mag itodes of

ﬁ@ formation constants, were needed”

. No attempt has been made to show that FICS w1ly.91Ve
o o N
completely exact [L] and [M]; rather, attentﬂon has been _ N

h‘

focused on each step of the procedure to find- the most

. practlcal and rellable experrmental method to use Wlth FICS

“

In this respect it was ‘found that 51tuatlons where CH is”

— small and where Qhe curvature. of C VS'CL 1s large must be

aV01ded. Systems contalnlng an excess of llgand appear to
be most favourable Under these condrtlons a serles 5@
Trelatively srmple manlpulatlons of the experlmental dat

will give accurate free ion c0ncentratlons

/.
Oy
The availability of free llgand and free metal L- s

concentratlons presents excellent p0551b111t1es forathe

A L)

loglcal deductlon of the complexes ex1st1ng in, solutlon.

. .
N k]

- For thlS pPurpose, the quantltles ACH, AC and AC were
1ntroduced and applled to the deductlon of a model from

srmulated tllmatlon data.ngpnsiderahle information

=ra



Table 19 .

K\

Simulated Titration Data, Series F

Free Ligand L

The Results of FICS Calculations on the

pH Exact ° _Calculateda Cal¢ulated0'
4.0 9.892 x 10”12 9.88 x 10732 9.88 x 10712
5.0 1.150 x 107° 1.15 x 1077 1.15 x 107°
6.0 5.367 x 1078 5.26 x 107° 5.31 x 1078
;7.0 9.490 x 1077 " 9.24 x 1077 9.37 % 1077
8. 1.004 x 107>  © 9,73 x 1076 9.90 x 1076
970 9.127 x 107 ° '8.78 x‘r!fé 8.97 x 107>
0.0. ~ 5.005 x‘lo‘éﬁ 4.80 x 104 4.91 x 10”4
. lb" Free Lig%nd‘L' ,
4.0 7.I%%86 1.99 %1 0%10 ST 1.99 ¥ 10 10,
5.0 1.46 x 1078 . 1.46 x 10°%
6.0 '9.67 x 107/ 19.77 x 1077
7.0 4.68 x 107° 4.76 x 1077
8.0 - x4 4.63:x 1074 4.72 x 1074
950 X . 8.84 x 1074 9.02 x.107*
10.0° $9:998 x 107% 5 "¢ 9u64 x 107%2 9.83 x 1074
y o RO SN , . u
Free Metal ;
4. ‘ 787 x 10:4 9.78 x 19" % 9.78 x 10 4
5. 195 x 1074 * 2,18 x 1074 '2.18 x 104
6.0 SRl 566 x 1076 1.58"x 1078 '1.57 x 1076
7.0 . Y0 1%853 x 1078 lf%9‘x 1078 1:87 x 107°
8¢0 "+ 1.500 x'1o:35; 1.02 x 1o:id 1.0l x 1oiio
9..0 . 1.070 x 10 1.09 x 10 . 1.08 x 10710
10.0 ©.1.957 x 10711 2.00 x 10711 . 1.98 x 10”11

.., ¢ and”bM are each varied‘throggh 7 concentrations. The

paramé%ers used in these simulatipns,aregshpwn in Table 5.

curvature in the C.. vs C

H

X

function?

fﬁfSame as above except that only the middle 5 titrations
used. This narrows the range of C

<

are

R

x -and reduces error due to



concerning th. . 1s .also potehtia}ly available from.

~ [
-,

plots such as ‘shown in Figures 1-5. : ~

The effect of éystematic_and random errors of varjous

kinas has been considéred.”AAAsfﬁdyrdf_the effect o
dilution revealed that significant ér:or cah resultidue to
‘the systematic violation of theoretical regquirementsjof the
FICS method. The effect of error on p(L]  and p[M] | was
considered,.and a method sugéésted which will make

' : d
calculation of their values possible even when a 'mz1ll and

unknown~amount of"éomplexation.has occurrea._ Random errors
of various magnitudes were applied to titration data, and
FICS found to be reliable with up tQ“about 2 ppt random
error in CHf | ’

The major édvantagé’of the FICS method over other pH
titration methods is that it pfovidésnan experimental value
for [L] and [M] which, in turn, aids in the selection of
a model and considerably reduces thé-pOSSibility of having
to choose among equivaléntvmode;g. The major disadvantages
‘of the method are the stringent requirements plébgd.on the
data aquisition, including its accuracy andiprobléms
involving diiution. The FICS method may not provide the

best possible values for formation constants, but with

good data the model of complexation can be deduced with
[
some confidence.

Chaptefs IIT and IV will describe the methods and
apparatus designed'specifically for the collection of high

precisi@n data suitable for use with the FICS data handling

methods.

80



CHAPTER IIIX

EXPERIMENTAL

“A. Materials. o )

All ’solutions were prepared with oxygen and carbon
dioxide free distilled water. Removal of the gases was
accomplished either by vigorous boiling, or, if the F\iUtiOD
was acidic, by bubbling with CO2 aﬁdﬁoz free nitrogen.
Boiled solutions were.cooled in the co, and O, 'free atomos-
phére 6f a glove box.A The ionic strength of the solutions
was adjusted to 0.3 moles/ﬁg of solution with sodium

perchlorate (G. Fredrick Smith Chemical Company, Columbus,
‘ !

Ohio)..

Carbonate-free sodium hydroxide was prepared by
dilution of a saturated NaOH solution (AnalaR analytical
reagent NaOH, BDH Chemicals, Toronto, Ont.). The saturated
NaOH was stored a minimum of one month to allow the fine

particles of Na,CO, to settle. = All alkaline solutions

were stored in, and dispensed from, polyethylene containers

2

in a COé and O2 free étmo;phere of a gloveibox. -
Potassium hydrogen phthalate (Primary Standard, J.T.

Baker Chemical Co.). was dried one hour af 120°C and cooled

before saméle preparation. Individual samples for ?itration

were weighed out by difference on an analytical balance

(éram—atic, Mettler Co., Zurich, Switzerl:- 1) ." sufficient

" | /



quantities were used 'to ensurce a precision of 2 pafts per
éen thoysand.

‘Nitric‘acid solntionsaw;rerprepdred by dilution of

the concéntratcd‘acid (J.T. Baker Chemical Co.). Indivi-
dual, samples for titration were,weighed out by difference
USing‘a syridge and dan analytical balance.

"Aspartie acid was recrystallized from cold ethanolic
solution, washed thOioughly With ethanol and dried in air.
A stock solution was prepared by qﬂssolving the;crystals
and was standardized by titration with NaOH.

Glﬁtathione was recfystallized from a‘éold SO%lethanol
solution, washed thoroughly with absoldtg ethanol and dried
in air. The crystals were refrigerated'untii use. 'A

short *ime before the experiments, a stock solution was

prepared by dissolution of the crystals. This stock

solution was stored under argon and in ice at all times.

The recrystallization and these other precautions were taken
in ogder to minimize the doncentratibn of oxidized glutathione
in the sample solutions. The- glutathione concentratiod was
determined by titratioh wi£h NaOl’ Tables 20, Zl\and 22.

. Stock solutions ofizinc;_cadmium,'and lead were
prepared by - dissolution .of .the metals in HNO3 with
sub;equent neutralization of the excess acid by carbonate,
frée NaOH. ’These sfeps'were carried out with small ﬁoldmes
in order that +he final contribution of nitiate and excess

acid to the sa. ple solutions was negligible (approx1mately

0.005 moles/kg of nitrate and 1.0x10 ~6 moles/kg of excess

.
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Table 204 Standardization of Sodium Hydroxide used in all

the Metal-Glutathione Complexation Experiments.

Consumption Calculated

Titration Weight KHP, of NaoOH, NaOH Concentration
Em gm - moles/kg ’
1 '0.3679 - 5.667 ~ 0.3179
2 0.3816 5.878 0.3179
3 0.4377 6.751 - 0.3175
4 0.3184 ~4.911 0.3174
5 0.2742 4230 0.3174 .

Average 0.317¢

Relative Standard Deviation 0.08%



.
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s

Table 21, Standardization of Glutathione for the Zinc-

’ /61Qta;hione Experiments. .
/ ' }f - .
 / 'f Consumed
. / Weight of a Weight gf Weight of Concentration
Samplle Glutathione; Solvent, " NaOH, ‘of Glutgthione
‘ gm ° . gm gm moles/Rg

1 10.002 | 190.002 3.105 0.45640

2 8.oop. 192.003 2.500 . 5.G2647

3 4.000 . 195.998 1.284 0.096.73
4 11.001 l§,}89.002 3.405 0.09631

5 6.093 ©194.004 1.892 ‘0.09640ﬁ
v (J . . B |
L =i Average (0.09636

- Relative Standard Deviation 0.10%

aStock solution
|

[

Psolvent contained 1.159 x 10°¢ moles/kq of HNO ;..



Table 22.

-

i

Standardization of Glutaéhionc for the Cadmium-

' Glutathione and the Lead-Glutathione Experiments.

)

Consumed

Weight of Weight gf Weight of Concentration

Sample Glutathione, SolventS NaOH, of Glutathione
' gm gm N gm moles/kg
1 8.440 187.162 2.426 .0;08678
2 7.432 .183.485 2.146 0.08671
3 7.646 177.956 2.204 0.08681
4 8.053 199.153 2.327 A 0.08676
5 8.345 180.094 2.393 0.08670

aThe Solvent

Average 0.

08675

Relative Standard Deviation 0.05%

‘ \\\'

contained 1.159 x 1074 moles/kg of HNOB.'
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acidhj. Sodium pérchloréto was nddod\to bring £ho ionic
strength to Q.3 moles/kg. A solution density of 1021.8
gm/litre (58,59) was used to convert motai concentrations
from moles/litre to ﬁoles/kg‘ET solution.

'A solution which served as a diluont,‘or'solvent',in
the preparation of samples was composed of 0.3 meles/kg
NaClO and & small excess of nltrlc acid. This excess was
determined by titration with NaOH The solvent contalned a
slight quantity of nltrlc acid in order that it might serve

as a pH standard at the beginning of each titration. This

L

will be concidered in motg detail»in the ‘section on the

experimental methc 1. ' ‘ l 4 .m
' The solutions used to compensate for dilution by
titrant Quring the‘courSe of each titration were aliquots
of the stock solutipns ﬁsed to prepare the samples. The
samples, in,generél, contalned about 10 gm of” the stock
solutlon of each component in a total of 200 gm. The
quantity needéd to compensate for each addition'of titrant
was thefefore about‘l/QO of the weight of added titrant.

A titration consuming 5 gm of titrant therefore required an

addition of 0.25 gm of the stock solution of that compdgnent

té maintain it at constant concentration.

211 of the solutians, with the exception of the zinc,
cadmium and lead, were prepared and éténdardized oh the
basis of weight. The concentnﬁklons Cpr Cyr [L1, [M]
and SO on, discussed in later sections, are reportgd,in

terms of moles/kg of solution.



consisting of a sixteen bit buffcréd digital I/O, and the

87

B. Titration Apparatus.

The FICS method requires a considerable quantity of

highly rellable data. In addition, to satisfy the

=

theoretlca] requirements of the method, C must be constant

while evaluatlng (dCH/dCLBCM,pH and,CL must be constant

. while calculating (dCH/dCM) . This has been done by

adding appropriate quantities of concéntratedrcomponents
M and L to compensate for dilution caused by the titrant.
The system designed and constructed for this thesis
work is shown schematically in Fiéure 11. It included a
PDP-11/10 computer, a Fisher 520 digital pH meter, Ma
Sartorius 3015 electronic balance and its related titrant
delivery unlt, and an auxiliary delivery unit composed of a
Mettler DVll digital piston drive and 1 ml buret for
adding concentrated metal or ligand and a multiplexer.-The
PDP-11/10 computer had'céssette tape and floppy disc options
for storagc of data and a Laboratory Peripheral System
(LPS) option to facilitate input/output (I/0O)operations. The

parts of the LPS used in this work were the LPSDR option

LPSKW option including a realb£ime clock and Schmitt

- triggers.

Titrations were performed under computer ‘control, and
included the following operations: delivery of titrant from
a gravimetric buret located on the pan of the Sartorius 3015

balance, delivery of concentrated reagents from the
. y
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é9
METTLER DV11l auxiliary buret, sampling the digifal outputs
of :Ce pH meter and electronic balance thfough the multi-
o/ plexé&lxsfd mqnipulation and storage of the data for
further use with the FICS method. A titration suit--le for
the FICS method would include a sequence of opefétions
N;%ginning ﬁiﬁ% weighing of the unit on the.balance, delivery
of é portion of titrant, and reweighing. THY weight of
titrant delivered was used toﬂcaléulate the amount of

-

reagent to be added_from the auxiliary buret, and the
¢ delivery wasktheﬁ executed. The electrode potentiai was
) measured and tésted for equilibrium. When the electrodes
had reached equilibrium, the potential was recorded and
converted to pH on the basis of a calibration with NBS
staﬁdards. This'completed(the operations required to
collec£ a singl€e data point, and the process was repeated
every 0.1 pH unit to theiend of the titration. Eaéh data
point consisted of the following information: the total i
weigh£ of titrant delivered to that point, the total weight
of reagents added Fhrough the auxiliary-delivéryrunit, the
equilibrium electroae potential .after those additions, the
pH calculated from the electrode potential and tﬁe total
length of tiﬁe gince the titration began.v This ihformation
was pfinted out for pFrmanent record and stored on floppy
disc for futﬁre manipulation by the FICS méthod.
Complete descriptions of the gravimetric titration

system and details of the software control of each of the.

operations described above appears in Chapter IV. 1In the
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next section. the method used to perform the titrations

designed for the FICS calculations is described.

\

C. Method. S
o .
The titrations were performed at 25.0 + 0.1 °C under .

an . inert atmosphere of CO2 and O2 free nitrogen or argon. .L'

) - . o . .\.v\‘?:’,’ “Abe

The room temperature was maintained at 23 + 1 °C and thé‘<’Alﬂﬁ§ N

titrations were performed in a room having consﬁgnﬁ:l“ *fg W

artificial illumination. The titration.brocedure'céggistea.‘3§1
of delivering 0.3;moles/kg NaOH titrant té 266 gm o& gaﬁple
solution with a gravimeéricvburet. The pH of the solution
was measured with a Corninc glass electrode and a Ag/AgCl,

.

NaZSO4 (saturated) reference electrode. Addition of

‘concentrated reagents, asArgquired by the FICS method, Was
carried out with a digital pistqn buret.

The glass elecfrode,was standardiéed in terms of
hydrogen ion.activity with‘phthalate {pH 4.008),“bhosphate
(pH 7.413) ahd carbonate (pH 10.0;2) NBS reference standards.
This consisted of measuring the electrode potential in each
solution and calculating a l?ast squares linear regression |
between pH and eiectroge potential (ﬁV). (See progfam
BUFFER, Appendix C.) The glectrode potential at eagp

N

experimental point was converted to pH with the relation

N
L
v

pﬁ = slope(mV) + intercept ) o -Q19).



where the slope and 1nteroept are>def1ned by the linear
least squares flt ‘to the NBS standards. h

. The solvent contalnlng -a slight excess of nitric acid.
served as a secondary pH standard The hydrogen ion l
'actltlty of this solutlon was measured ;n“férms of the NBS
- standards an a reference starting point for
alf’of‘the metal;ligand titrAtions.' A weighed portion of
the solvent.was added to a titration cell and brought to
25.0 °c, and the electrode potential was measured. The
‘other components were then added by weight to make up the
tota% weight of 200 gm. This eliminated electrode
handling between the standardlzatlon and the beglnnlng of
"each tltratlon, an especially important ton51deratlon when
‘using the FICS method. As descrdibed in Chapter II, the pH

serves as a reference scale for the comparison of CH from

titration to titration. It is essential that this scale -

be consistent, especially at low pH. The solvent,containing -

about 10—4 moles/kg of HNO3, made this'possihle. The pPH
of this solvent was assumed to be constantdand provided a
fixed initial point from which to start each titration,
without any electrode handling between standardization with
.the‘solvent and addition of the components of the samolé.
The solvent was, therefore, in effect 51multaneously a
single point pH standard and a part  tkr sample solution.
As discussed'in'part c, Chapter 1I, as much care as
possible must be taken to avoid systematlc error in the

preparatlon of sample solutions. Since it seemed likely

91



that errors would be laraqest 'in (e first qolutlon prepar~d,
the order of the tltratlonq was chosen so that these errors
would have a minimum effect on (dCH/dCL) and (dCH/dCM).

The middle-titratiohs'were performed first, and those at the
extremes of'CL and.CM last. The usuel order was CL(B),
C.(2), ¢ (4); C;,(1) and ¢ (5) where C_(1)< cL(2)<c (3)<

C, (4)< ¢ (5).

D;rActiVity Coefficients.

> N ' ) A

The hydrogen ion activity served as a reference scale

for use with the FICS method in the work described in this
thesis. As described in.the previous section, the pH of
dAEA points was calculated on the basis of the activity
values of NBS standard solutions. In this way, all
experimental values of'iL] and [M] were measured at paH
values. Thé stablity constants reported ih this work are
therefore mixed concentration—activity constants. Because
the mass balance'for'cH Qas not used in the calculation of
formation constants, the hydrogen ion concentration was not
4requ1red at any stage of the FICS calculations. However,
the use of the sample dlluent, or solvent, described in the
method section, provides a convenient estimate of the |
hydrogen ion activity coefficient, ‘7h+.

The activity coefficient 71ﬁ-in a solution of
0.3 moles/kg NaClO4 was estimatedlusing‘the ﬁeasured ay*+

based on NBS'reference standards and the known concentration



5
~—i

\

EN

of nitric acid, determined by titration with NaOH. A

solvent with gn acid concentration of 1.16 x 10‘_4 moles/kg

-had a measured paH‘of 4.006, giving a ‘]%+ of 0.85. A

repeat of this procedure witﬁ a second solvent yielded an

estimated H+‘Of 0.91. Both of these values aré'higher

than an expected ');+ of 0.7 in 0.3 moles/kg NaClO4 (58).

The fqrmatidn constants reported in this work may be

>

‘converted to concentration constants by converting the

hydrogen activity terms to hydrogen ion concentrations in
the species that include protons. This step requi =5 no
modification in any parts'of the FICS calculations.

EANN



CHAPTER IV

THE GRAVIMETRIC TITRATION SYSTEM

A. Introduction.

, A titration system was designed for the specific
purpose of collecting data suitable for the FICS evaluation
procedure.‘lBased on the discussions in cChapter II, such a
system must be accurate andymust 5e able to maintain one of
the com onents in the sample at constant concentratién.
Frém a practical point of view, the system must.also be fast
and reliable. These requirements have becn met by a

ltitration syétem shown schematically in Figure 11. It
consists of a digital pH rleter, an electronic balance and
the associated titrant delivery system, an auxiliary metal

~or ligand delivery system, a multiplexer, and a PDP-11/10
computer. The computer controlled the delivery of reagents
from each of the titration unfgg and, through the multi-

blexef, collected electrode potential and weight.information
from the pH meter and the electronic balance. This data

was stored for future use with the FICS data handling
metﬁod. The auxiliafy delivery sys under computer
instructions, maintained the metal or'li;ana concentration
constant thréughout the titration L.~ -om. a2nsating for
diluéion by titrant.

Two designs of gravimetric delivery units were built

94
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and tested. The first was based on a simple mechanical
couple which opened and elosod a‘pinch valve that cohtréllod
thektitrant‘delivcry, and fhe second employed an thical |
couple in which a beam of light triggered tﬁe opecning ané
closing of the valve thaf controlled the flow of_titrant.

In both cases, the system was designed so that the weight

of the delivered titréntxwas~known. 1

Each part of the automatic gravimetric titration ©
\
system will be considered in detail and the results of its
application to simple acid-base titrations discussed in

terms of the accuracy, precision, speéd and reliability

of the system.

B. Instrumentation.

The pH Measurement

fhe pH of the saﬁple solution was measured with a
Corning glass electrode and a Ag/AgCl reference electrode.
The potential between these elgftrodes was measured. by a )
Fisher 520 digital pH meter and the value of that potentiai,z
in millivolts (mV); wasvfed as a parallel binary‘coded
decir 1 (BCD) signal touﬁhe multig;exer. This value was
sampi ~d bylthe PDP-11/10 under program control.

After each delivery of titrant a series of electrode

potential measurements were taken and the average, the

- standard deviation and the linear regression of the points
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calculated. If the standard d?viatidn and the arift in
electrode pptentiai’wcré'withim the limits defined as
equilibrium, the average of the set of measurements'was
taken as the electrode potential for éhat data pointf This

potential was converted to pH on.the basis of clectrode

standardization with NBS buffers.

A Titrant Delivery System Based on a Mechanical Couple

\

)
\

// A schematic diagram of the mechanical couple deiiyegy
_system is shown in Figure 12. The titfant was delivered
by gravity from a reservoir located on the balance pan of
a Sartorius 3015 electronic balance, through a normally
closed pinch valve, and to the sémple cell.

The system consisted of four main components. The
first was a polyethylene reservoir havigg an opening in the
bottom for delivery of titrant -and an opening at the top

leading to a C02 trap.‘ The titrantrwas delivered to the

sample cell through Teflon tubing.

|
/

The second component of the éystem was a small,
normaliy closed pinch valve. The mechanical energy necessary
to opén it was supplied by a motor driven device not o
-actually sitting on the balance pan. With this design, a
mechanical couple existed to the balance pan during the
process of titrant delivery but not.during the weighing.

The mechanical couple provided the means for simultaneously

transferring the information to start and stop the titrant
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flow, and for transferriné the mechan%cal energy necessary
to open the valve. 1In the next section a devico'bascé on an
optical couple will be discussed in which the information,
but not the energy necesséry to operate the valve was sent

to the unit on the balance pan;

The third major component of the mechanical couple
system was the motorized drive. This consisted of a small
1.5 V motor which drovc¢ a gear mechanism. “The device was -
designqd so that an\arm pulled déwn to initiate titrant
deliveéy and returned up when the motor was :gvefsed. In
the up position no contact was made with any part actually
on‘the balance pan. When the motor pulled the arm down
contact was maae with the pinch valve, opening it and
1llowing the titrant to flow.

The power to the motor was supplied under progfam
control.. A simple circuit involving two relays and a
‘battery allowed two bi£s of digital information to.drive
the hotor in either direction or to stop it. The binary
code 0,0 and 1,1 supplied no voltage to the motor, while
0,1 ran the motor in one direction and 1,0 ran it in the
other. Delivery of titrant occurred through the following
series of events : (a) 0,1 began thg opening‘of~the valve,
(b) once the valve was Qpenla m%croswitch sighalled_that the
motor should be stopped,‘aAd the bits set to 0,0, (c) there
was a delay while thg titrant was delivered, (d) 1;0 for a
period of timevallowed the valve‘to close, and (e) 0,0

\

stopped the motor. At this pointﬁthe routines designed to

\



sample electrode potcntiafs and balance recading were set
into opcration. . A ' . 4

The.timc necessary for a delivery of titrant included
delays at steps (a) and (d) durlng which the motor Opene
and ' closed the valve and a delay in step (c) while the
titrant flowed. Steps (a) and (4d) required 4.5 seconds
each, and the delay in.step {c) varied from sevefal milli-
seconds to 20 seconds. The overall delivery time was a
minimum of 9 seconds. The total time for each delivery in
an actual titration also included titrant flow time, about
5 seconds for the balance pan to come to rest and a time

i)

for the electrodes to reach equilibrium. The total time
) ..
between titrant additions then came to about 30 seconds.
The final major component of the system was a housing

built around the titrator so that air currents would not

.o

affect the balance reading . Two hou51ngs were.

tested The first covered all of the parts on the balance
pPan and, in addition, had a tube leadgng/éo the sample cell
and coupling with it. This housing made the atmosphere
over the sample cell contlnuous w1th that over the balance
pan and nltrogen could be pumped over both 51multaneously
The second housing, ‘and: the preferred one, also covered
the balance pan but did not lead to the sample cell AL
hole was prov1ded for the tltrant dellvery tube, but the
atmosphere over the balance was completely independent
from that over the sample cell. Several problems were

encountered with the first design. The balance was‘very

99
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sensitive to changes in humidity and temperature caused by
the flowing nitrogen and, in addition, some buoyancy éffect;
caused by the change in étméspﬁe:ic components were Qbserved.

The procedure used for the collection of data from the
gravimetric deliVery system was very semilar to tha£ fof the
pH meter. The BCD value of the'weight of the unit on the
balance pan was fed to the mulﬁiplexér. This value was
‘sampled under computer control and the average of the series
of Qeights.taken as the best measure of the Jalance reading.

. Unlike the treatment of values from the pH meter, a standard
deviation and slope were not taken. It was therefore
necessary to delay the sampllng a sufficient perlod of time
.to allow the balance pan to come to rest.‘ '.' .

AuTitrant Delivery System Based on an Optical Couple

The optical couple grav1metr1c delivery system is
shown schematically in Figure 13. The titrant was delivered
from a spring lozded syringe, through a sélénoid valve, and
to the titration cell. |

The optical couple system consisted of four najor
components. The first was the titrant reservoir and |
dellvery system. Thi~ consisted of a 10 ml Hamilton Gas-
“Tight syrlnge with a plunger mcdified to make it lighter, and
Teflon tubing'connected to ¢t syringe by a tight Luer-

type fitting and to the solen- 2 by regular high

th

pressure liquid chromatograph i ".  The tubing
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leading into the titr&tion cell was drawn to a fine tip
so that titrant was delivered as a tiny jet of liquid. -
This eliminated the problem of evaporation from a hanging
drop, which may be serious with volatile solvents.

The second major.component of the system was the valve
and its power supply. A CGeneral ValveCofpbration 2 way,
12 v DC, Iso-latch miniature solenoidbvalye was- used to
control the solution flow. The valve was opened by a single

12 V pulse and closed by another 12 V pulse. Current drain

during each was about 700 ma, lasting approximately 150 msec.
The power supply was a series of ten Eveready B225T, 1.25 V
Nicd batteries.‘ These batteries formed most of the weight
of the device‘sitting on the balance pan.

‘The third major component of the system was the
\ ' '

information transfer unit, in this case an optical couple.

A single bit of digi£al information was used to control a
light. Thus a 0 signalled the light to turn on and a 1
turned it off. A phoﬁotransistor located on the balance
acted as a switch and controlled power to the solenoid
:valve. Therefore, the instructiéns to open and clqse the
valve were supplied by the bptical couple ahd the mechanical
energy was supplied from the batﬁery. This system had two
majdr advantages; first, there was no mechanical interaction
with the.balance pan, méking possible  the simultaﬂéous
deli§ery of titrant ahd welght measurement and, second, the
system was fast. The mechanical couple system reqpired 4.ﬁ

4

seconds for each of the valve opening and valveAcloSing



steps, while each pulse to the optical couple required 150
msec. In addition, the mechanical couple system required
.approximately 5 seconds for the balance pan to come to rest,
and less than one 'second for the optical system. Each
titrant addition,therefore in thebry, required 13 seconds
less forlﬁhe optical than the mechanical couple system
(apart from actual £itrant flow'time, etc.)

The final component of the optiéal coﬁpled system was
the housing over the balance. This ﬁinimized drift due to
air currents, and provided a convenient location to hold the
light source as close as possible to the phototransistor.

As discussed eaflier,.the preferred housing did'not couple
"directly to the titration cell. A stream of N2 cou%d be
blown over the sample solution, but not directed into the
balanée.

The collection cof data from the optically coupled\
titrator was identical to that described for the mechanical

coﬁpled titrator. The only difference was that a shorter

delay time was needed between the end of delivery énd the

o sampling of the electronic balance output.

Each of the titrator designs had certain advantages
and disadvantages. The optical system was capable of-
delivering titrant within short periods of time, saving

about 13 seconds per delivery compafed to the mechanical

103

system. In fact however, not all of this time saving can be

realized during a titration. The time of mixing of the

sample solution and the rate of equi? -ation of the
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electrodes must also be taken into considcfation. The rate
at which the two systeés are capable of operating is éompared
‘in more detail in the section dealing with the application‘
of these units to simple acid-base titgakions.

Another important difference between the titrators was
the quantity of reagent held by each. The solenoid valve
and the battery of the optical couple system were heavy, and
as a result only 10 gm of titrant could be held in the
syringe, suitable for one, or at‘the most two:tifrations
(5-10 gm each). The mechanical system was simple and light,
and held over 100 gm of titrant; enough to complete over ten
titrations without refilling the reservoir.

The quantity of titrant delivered by both of these
systems was controlledbby‘the length .of time the valve was
held open, heasured in 0.01 second intérvals. The numbef
of such intervals, or the time which the valve WAS held
open, was manipulated from data point to data point according
to the effect of the previous addition of titrant on the |
electrode potential; If‘thé_po£ential changed by less than
a"minimun"value, fhen the next delivery would be twice as
long. If the change was g?eater than a"maximum"limit, the
delivery was halved, and if the change was greater than a
"dangerous"level,then the delivery time was cut by five.
With apprdpriately'chosen levels, the systéms could reliably
handle even the abrupt end point of a titration of 4 moles/

kg HNO, with 3 moles/kg NaOH. Thé systems did not once

3
fail to get sufficient data to graphically detérmine the
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equivalence point. , S

»

! -

Thé Multiplexer
. <

A cqmputer—expériment interface is designed to
coordinéte the transfer of digitél information from one-
~device to anothef. For example, a short'dialogue might
occur between the computer and the device supplying
expefimental data; first, the computer requests the Qapa;
second, thé device prepares -the inforﬁat‘on, pérhaps doingf
an A/D conversion; third, tﬁe device sends a data_ready¥
;ignal; fourth, the computer reads in the data; and finally)
the computer sends odt a data accept signal. The role %hich
the interface may play in this dialogue is the translation
of the signals from one dévice into signals compétible with -
the next. Thig often means delayigg of pulses, and changing
of voltage levels or polarities. |

The multiplexer used in ﬁhe titration System served as
the interface between the digital outputs of the bqlaqce_
and pH meter and the input of the LPS unit of the PDP-1l.
The'circuitry éf the multiple%er will be considered first.
and then the manner in which the sampling is done under
program control. |

The multiplexer maae possible the tfansfer of data
from each of several devices inté a siﬁgle inpu. of 'the
computer. The'device employed for the titration system used

16 parallel 4 to 1 multiplexers, one for each bit of a 4
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digit BCD number. Bit 00 from each of 4 different devices
Was fed to the first multiplexer, bit 0l from each into the
next and so on. Two bits of info;mation from the digital
‘output of the LPS was used to select the device whose output
was to be samplea. For examplé, a 0,0 signalled bit 00 from
device 1 to appear on the output of the first multiplexer,
bit 01 from de&ice 1 to appear on the next output and so on.
The outputs’of the 16 channels were equivalent to the output
of device 1. If the compﬁter'signalled‘o,l, then the outputs
of the 16 channels.equalled the output of t' - séCOnd device,
and SO on, This‘system allowed sequentiai sampling of four
different sets of BCD data. 1In this way it was possible to
samblé theﬂoutput of the pH meter and‘thé electronic balance.
Due to the number of digits produced by the balance, its
Ooutput was treated as.the equivalent to two devices. The
yfinal channel was filled with zeros for degugging purposes.

" The digital input oﬁ the'LPS unit was designed for two
different moaes of input. The first was the bit stimulus
ﬁode, in which the only bité»recognized-by the computer were
those which made the 0 to l»transition during the sampled
period}s This could be accomplished with the.multiplex;*
by f?ed}hg the channel with-all zeros to the LPS, then
switchiné to the,channels with the pH meter or balance. -
Howevér, this turned out to be unreliable. To avoid this
‘problem, the word stimulus mddé was qsed, allowing the entire
- BCD codgﬂéb be read directly. _Unfort&nafely, the hardware

of  the LPS was not cdmpatible with the aquisition routines
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of the‘language BASiC. For this reasn the.program running

the titration, égiled TTRI (see Appendix D), was written in
P

FORTRAN. 'BecaGSe of its great fLexibiiity, eépecially in

the debugging'and editing of ﬁrog;ams, all other programs

were writtén in BASIC. Thé data'CQllected in FORTRAN was

converted to a fofm‘compatible with BASIC with a short BASIC

program called FCOPY (see Appéndix'E),-

o,

C. Software Control of the Automatic Weight Titrator System.

v

The titrator system'operafedlentirely under the control
of a single FORTRAN program calléd TTR1. While thisbprogram
was being executed, the following operations would.occur:

(a) sampling of(electrode potential and électropicrbalance
output through the mulﬁiplexer, (b) anticipati&& of quantity
of titrant and the delivery procedure, (c) calculation of
quantities of solution to be added through auxiliary delivery
systems (Mettler DV11) and subseqﬁent delivery and, (d5 the
algebraic manipulation of the data (e.g. .conversion of my.
to pH) and the storage of that data on magnetig tape or
floppy disc. Before considering the mCs£ important
operations separatély, an overview of the sequencing and
timiﬁg of the entire program is essential. This is best
described in flow chart form,'Figure.l4. |

| The initialization of variable parameters allowed the
operator to fix the parameters at values suitable-fér the i

;particular titration. These parameters included; (a) the



Figure 14. PLOW CHART OF PROGRAM TTRIL
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slope and intercept determined by the calibration of the pH
electrq@p{fsec program BUFFER, Appendix C) used to convert
electrode potentials to pH, (b) the duration of the figst
delivery of titrant, (c) the“minimumf"maximum"and"dange%ous"

changes in the electrode potentials used to adjust the

A

quantity of titrant delivered from point.to‘point during
the titration, (d) the number of readings of electrodé
potential to be taken in each sampling sequence, {(e) the

+

maximum allowed standard deviation and dfift in electrode

potential of the seriecs sampled in (4d), (f)‘the electrode

potential which signalled the end of the titration, (g) the
number of auxiliary buregé.to be operated (zero, one qf two)
and, (h) the concentrations of recagents in the auxiliary
burets and the concentrations of the corresponding components
in the sample cell, quantities which arc needed in order to
compensate for dilution.

Withlthe values of these parameters fixed, TTR1 sampléd
the outputs of the pH meter and electronic balance and added
the first titrant. The sampling was repeated, and the weight
of delivered titrant calculated. 1If it was required by the
FICSVmethod, the quantity of reagent needed to compensate
for éilution caused by this delivery of titrant was
calculated and t!* necessary reagenf added through the
auxiliary delivery system. After this delivery, the sampling
procedure was again repeated to determine tﬁe electrode
?otential. The standard deviation and drift in the electrode
potential was calculatéd'and, if the solution was not at

Al
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equilibrium as defined by the operator, the sampling process
was repeatcd;‘ In this way the system collected equilibrium
data after known.additions of titrant and other reagents.
Moreover, the conditions defined as equilibrium were
identical from point to point, something not possible if the
titration was run manually.

If the electrodes had reached equilibrium, TTR1
calculated the amount 6f titrant to be added in the next
aelivery, based on the effects of the previous addition.

If the electrode potential changed by less than a"minimum"
value, usually 4 or 5 mv, then the quantity of titrant was
doﬁpled; 1f the electrode potential had changed more than a
"maximum"value, 8 or 9 mvV, -then the quantity of titrant wis
cut in half; and if fhe change was over a"dangerous"limit,
about 12 mvV, the quantity of titrant was cut by five. The
delivery was then made by sending the appropriate signals
to tﬁe gravimetric delivery systen. After the delivery the
weight and electrode potential measurements were carried
out once again. This entire process contigued until the
electrode,potentiai passed the limit defined to be the end
of the titration.

The remainder of this discussion will deal in detail
only with those operations unique to the present system.
That part of the code which is familiar to, or understood’
by the FORTRAN ‘programmer will be omitted.

The program TTR1 communicated with éxternal devices

through the LPSDR option (sixteen bit buffered digital I/0)
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of the Laboratory Peripheral System. ‘11 of: the program
timing required the programmable reai time clock, part of
the LPSKW option. The version of TTR1 which ran the
“mechanical couple titrator also required a Schmitt trigger,

a part of the LPSKW option:
Subroutine DELAY (TIME)

Those parts of TTRI1 requiring delays called on sub-
routine DELAY(TIME), where TIME was an integer number of
0.01 second intervals. A delivery of 10 seconds then

required a call of DELAY(1000). The FORTRAN statements

were:

DO 10 Iil, TIME

ICMF = 0

CALL SETR (5,0,1.,ICMF)

CALL LWAIT (ICMF,0)

CALL SETR(-1,,,)
10 -CONTINUE

RETURN
The first SETR statement set the programmable real time
clock running at 100 Hz. The clock ovérflowed after 0.01
seconds and set ICMF equal to 1. The LWAIT statement made
the computer wait until‘the value of ICMF nb longer equalled
0. The second SETR statement stopped the clock.b The DO loop
then repeated this process for TIME intervals of 0.01

seconds.
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Subroutine COLLECT (A, B)

Subrouﬁine‘COLLECT(A,B) sampled the digital outputs of
the pH meter and the electronic balance. It returned the
electrode potential in A and weight reading in B. Since the
output of the |electronic balance was six BCD digits, two
separate sampiings-were necessary, with algebraic combination
of those to give a single value for B. °
CALL IDOR (0,0,"3,"0Q)

‘CALL DELAY (1)
C = IDIR (0,0,-1,0)
CALL IDOR (0,0,"3,"1)

4

CALL DLLAY (1)

B IDIR (0,0,-1,0)

B = (10000#*B)+C

1l

CALL IDOR (0,0,"3,"2)

CALL DELAY (1)

A = IDIR (0,0,-1,0)
) RETURN
The first IDOR statement set the final 2 bits of the digital
output register to 0,0. These bits were the channel control
of the multiplexer. The channel signalled by 0,0 was the
last fodr digits of the electronic balance, which wére }éad
in by the IDIR statement and stored as phé variable C. This
process was repeated for the first digitsifrom the electronic
balénce, stored as variable B, and for -the output of the pH

'

meter, stored as A. Values of B and C were combined to a
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single value in B, including all the six digits from the
balance. The statements placing the decimal points in the
correct place,and so on, have been omitted for simplicity.

The DELAY statements allowed the multiplexer sufficient

time to change channels.

- Subroutine EELIVER(I)

The delivery of titrant from the ‘weight titrator was
controlled by DELIVER(I). The duration of the delivery, in
0.01 second units, was specified by ‘the variable I. Delivery
using the mechanical couple or the optical couple titrators
were alnost identical and, for simplicity, the optical system
will be considered first. ;

CALL IDOR (0,0,"4,"4)
.CALL DELAY (15)

CALL IDOR (0,0,"4,"0)
CALL DELAY (I)

CALL IDOR (0,0,"4,"4)
CALL DELAY (15)

CALL IDOR (0,0,"4,"0)

-RETURN
The IDOR statementsgeontrolléd é single bit of the digital
output register. The first IDOR set the bit which turned on
the light to open the valve. The yighéyremained on for 150

msec and was turned off. A delay of I times 0.01 seconds

occurred while the titrant flowed. A second flash of light
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(
ot 150 msec dyrat;ob closed the valve.

The meceanical couple system required that the IDOR
statements control two bits. The flrst IDOR set the motor
moving down, the second stopped it, the third set the motor
in reverse and the final stopped it. The first DELAY was
designed not to wait for the clock overflow, but for a
signal from the Schmitt trigger. The second DELAY was

exactly as above and the third was fixed at.450 rather than

15 as above.
Subroutine ADELIVER(N) and BDELIVER(N)

These routines were designed to deliver a series of
pulses to the Mettler DV11 aetomatic pistoﬁ‘buret. The
- FORTRAN code was:
| DO 10 I = 1, N

CALL IDOR (0,0,"20,"2Q)
CALL DELAY (5)
CALL IDOR (0,0,"2Q,"0)
CALL DELAY (5)
10 CONTINUE
RETURN /' | : R .
This DO loop produced a square wave with a period of 100
msec. The bit was repeatedly set and removed by the IDOR
statements, with 50 msec delays between each. The sub-

r¥outines differed only in the bit Which they controlled. 1In

this way, different volumes could be added from separate
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burets, as might be required for certain types of titration

data.

D. _Epllcatlon of the Automatic Welght Titration Apparatus

. to Slmple Acid-Base Det01m1natlons

The.reliability and the precision of the mechanical and
the optical couple systems were evaluated using simpie acid-
base determinations. This work was designed to find those
conditions, both from a chemical and from a software point
of view, which would give the most valuable data. Since
the immediate application of the system was the collectlon
of data suitable for the FICS method only dlscrete,
equilibrium data point collection was studied. The apparatus
has great potential. for use in a variety of modes, including
a mixture of continuousiand discrete data point collection,
pPH stat type applications, fixed end point titrations and
SO on; however, these have not been considered. The
apparatus is also readily adaptable to other methods of
sample monitoring, for example spectroscopic, where dlgltal
1nformati3p is accessible.

Those parameters which are of most importance in
evaluating an automatic titration system include the‘rate
of titration, the reliability of the entire system and, the
accuracy and precision of  the resulting..data. ' Titrations of
potassium hydrogen phthalate with sodium hydroxlde and

tltrations of nitric acid solutions with sodium hydroxide
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‘were carried out to evaluate the performance of both designs

of automatic weight titrators.

Results and Discussion
o ‘

Consideration will first be given to the prccision
attained by the two basic designs of titrators, followed by
a comparison of the different sYsteﬁs ﬁo 1llustrate their
respective advantages and disadvantéges.

Tables 23 and 24 are summaries of titrations of KHP and
HNO, with NaOH using the mechanical couple system. The
;elative standard deviationlof the KHP series was 0.06%, or
about 4 mg of titrant (based on 7 gm total delibery). The
rélative standard deviatidn decfeased to 0.04%, or about 1
mg for the strong acid-strong base titrations summérized in
Table 24. Tables 25 and 26 afe similar‘sets.of data
collected using the optical couple titrator. The standard
deviations are essentially unchanged, about 4 mg of titrant
for the KHP and about -2 mg of titrant for the HNO3 titrations.
Since the precision of the balance is 1 mg, this may be
expected to be the limit‘pf preciéion imposed on -any set of
titfations aﬁd this appears to be the case for strong acid-
strong base titrations. The somewhat lower precision.Of the
KHP titrations is due tb a combination of factors including
the lack of a.sharp endpbint in the titration of KHP and
the suséeptibility of thesextitrations fo errors introduced

by impurities or COz‘in the reagents since the equivalence



Table 23. Precision of the Standardization of Sodium
Hydroxide with Potassium Hydrogen Phthalate
Using the Weight Titrator Based on a Mechanical
) Couple. ’
. Consumption Calculated
Sample Weight KHP, of NaOH, NoeH Concentration
gm gm ‘ moles/kg
1 0.4994 £ 6.657 : 0.3673
2 0.4996 6.656 0.3675
3 0.4856 6.464 ‘ 0.3678
4 0.5056 - 6.733 0.3677
5 0.5891 7.850 - .0.3674
6 0.6113 8.137° 0.367¢

- Average 0.3676
Relative Standard Deviation Q.O6%

117 -



Table 24. Precision of the Strong Acid-Strong Base
Titration Using the Mechanical Qouple Weight

Titrator.

Consumptign " Calculated
Sample =~ Weight HNO3, of NaOH? HNO3 Concentration
gm gm moles/kg
1 7.9476 3.508 1.3242
2 7.6372 3.371 1.3241
3 ' 5.2433 ~2.314 ©1.3240
4 5.4243 2.392 1.3229
. 5 7.1055 3.135 1,3236
6 7.1929 ‘ 3.172 1.3230
7 6.6570 2.937 1.3236
8 7.5852 3.347 1.3237

Average 1.3236
‘Relative Standard Deviation 0.04%

fconcentration of NaOH was 3.0 moles/kg.
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Table 25. Precision of the Standsrdization of Sodium
Hydroxide with Potassium Hydrogen Phthalate
Using the Weight Titrator Based on an Optical

Couple.
Consumption Calculated
Sample Weight KHP, of NaOH, NaOH Concentration

' gm gm moles/kg

1 0.5159 6.427 ‘ 0.3930

2 0.5737 7.150 0.3929

3 0.6801 8.482 0.3926

4 0.6739 . 8.405 0.3926

5 0.5179 6.452 0.3930

6 0.6720 8.378 ©0.3927

7 0.4927 6.140 0.3929 : T

8 0.4990 6.214 0.3932

9 0.5074 q/519 0.3932 \

/

\

A Average 0.3929
Relative Standard Deviation 0.06%
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Table 26. Precision of the Strong Acid-Strong Base
- Titration Using .-the Optical Couple Weight

Titrator.

' . Consumptign Calculated ‘
Sample Weight HNO3, of NaOH, HNO, Concentration
gm gm moles/kg
1 . 6.7709 9.962 4.4139
2 6.6627 9.806 4.4153
3 7.1958 -10.589 4.4146
"4 6.7530 9.938 Ji4149'
5 7.0166 10.328 4.4158
6 6.8383 10.064 4.4151
7 6.8340 . 10.057 4.4148
8 7.0527 10. 380 ~ 4.4153
9 7.1325 10.501 4.4168

) Average 4.4152
Relative Standard Deviation 0.018%

i

8Concentration of NaOH was 3.0 moles/kg.



) .
point is above pH 7.0. Error may . ve been intropduced

in the sample preparation stage req -he weighing of
small auantities of solid KHP.

The titrators were equivalent from the point of view of
accuracy and precision, both devices being iimited by the
same- factc namely either the . emistry of the system, or
by the sensitivity of the balanc~. The mecﬁanical couple’
system requlred a minirmum of 9 sc.onds to deliver tltrant,
plus 5 seconds for the balance pan to come to rest and 6
seconds to sample the electrocde potential. This resulted
in a basic delivery time of 20 seconds. -The optical couple
required only 7 seconds for the same ope;ations, saving 13
seconds. These were not the dnly procedures which reéuired
considerable time however. The titrant delivery consumed»a

“ .

large amount of time. 1In order that a minimum delivery of

o

5 hg could be attalned, the same flow rate delivered 0.5 gm
in 30 seconds. Both the qptical and mechanical couple
devices were limited to delivery at that rate. A significant
' amoﬁnt of time was also required for the electrodes to reach
equilibrium near the e2quivalence point. This was in pare
dueé to the rate of mixing of’reagents and could be improved
with better cell design.

The delay during which the electrodes\came to |
equlllbrlum removed much of the speed advantage of the “\‘_/)
optical couple titrator. After the addition of titrant both

systems required several .seconds of delay before sampling

the electrode potential; however, because of its slowness
.\ " R
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tﬁe mechanical Couple titrator neceded a slig: 1y shorter
delay. If the delay time used with the optic.l system was
shortened, the electrodes would not be at equilibrium and
the sampling step would have to be repeated, resulting in a
longer effective delivery time than that of the mechanical
couple. Since about 60 data points were collected for the
FICS method, a few seconds per delivery could considerably
change the total.time required for the  .tration.

Thé total time for titration using the optical couple
ranged from 10 minutes, collecting.30 data points suitable
for equivalence point measurement, to about 40 minutes to
collect 50 data points suitable for use with the FICS' method
which also included délivery from one extra buret. The
mechanical‘couple system required from 20 minutes to 60
ﬁinutes for the same experiments. The optical couple system
required about 20 minutes to run each of’ﬁhe f&%rations,shOWn
in Tables 25 and 26 (35 - 40 data points).

In addition to the actual running time of the titrator,
time was .consumed in manual operatlons. This included
remov1ng the tltrated sample, rinsing the electrodes and
reassembling the apparatus with a new sample. The optical
couple titrator also fequired that the syringe be refilled
betwééh experimepts. J%uther refinemen£s‘of this system
should allow, asiaid the mechanical couple titrator, multiple
titrations with a single reservoir of reagent. ThlS is
especially true if the Npparatus is to be applled to routine

grav1metr1c reagent handiing. The total time necessary to

)Q\
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perform the nine titrations in Table 26 ‘'was 3.5 houfg. This_
is slow compared to manual, colourimetric end point
titrations with a buret, about equal in time for the éame
tigrétions using an automatic piston buret, but much more
P

rapid than the equivalent manual gfavimefric’titrations.
This increase in rate over manual gravimetric titrations
was attained with no sacrifice in . ocision.

Both titrators were found to be very reliable, both
from the point of view of mebhanical and electrical ope;ation
and also in the ability of the entire unit to respond to
very sharp equivalence points. For example in the titrations
shown in Table 26'approximatéiy 35 data pointsqwere collected,
yet 12 of those were within +0.4 gm of Ehe end point (total
titrant delivery, 10 gm). This allowed graphical
determination of the ena point using a significant number of
the total data points. THe system was able to respond to
the approach of the sharp change of potential without either
extreme caution; that is, without giving an excessively
large number of points, or uncontrollably large additions
which would make graphical determination of the end point
impossible. The system never failed to collect sufficient
data to allow graphical end point dete}mination.

Several potential problems and limitations of the
system wére encountered. These were involved primarily with
the iong term behavior of the electronic balance. It was
found that a very considerable rate of drift‘coﬁld be induced

by a change in humidity. -An increase in humidity brought



about an apparent decrcase in the weight reading of as much
as » mg in 15 minutes, while a decrease in humidity brought
an apparent increcase in weight. The effect of temperature
was not specifically studied but it is certainly expected
to have similar cffects.

These problems introduced difficulty in the design of
a controlled atmosphere titration celi. First, there must
not be any mechanical connections between the delivery "tube
and the cell. This precludes a tight seal around the
opening whHere the titrant is delivered to the cell. The
alternatives are therefore to either pump a éufficient.
quantity of inert gas over the cell to minimize entry of
atmospheric components into the cell or to contain the
titrant delivery sysgem and the cell in a common housing.
The former alternative was taken after work with a common
.housing revealed that very elaborate means would he. to be
taken to control the atmosphere sufficiently closely to stop
balance drift. 1In certain applications, for exa..|.le with
volatile or reactive substances the latter method may be
employed if the titration is carried out sufficiently
rapidly that drift error is negligible for the desired

precision of results.

Summary

The nature of the FICS data handling procedure has

placed several requirements on a titration system. The



requirements for accuracy have been met by the design of
two forms of automated gravimetric titrators and by the
complete automation of data handling. The system was fast
and reliable, characteristic of computer controlled
experiments, and made decisions concerning equilibrium of
the electrode potentials and quantities of material to be"
delivered by all the burets with a speed;and reliability
impossible manually.

The automated gravimetric titrator sysﬁems‘based on
optical and mechaﬁical couples were tested on simple acid-
base titrations. From these experiments optimum values of
delay intervals; criteria for equilibria, and other important
parameters were evaluated. Several important instrumental
problems including the design of the‘housing around the
titrator were also resolved. The syétem based on the
optical couple performed betéer than did the mechénical
couple, especially in terms of speed, and was used in all
later experiments.\ | -

In the next chapter a study of the complexation of zinc
with aspartic acid is described. Tﬁé”data was collecfed
using the optical couple titrator system and the treatment

-of data was carried out using the FICS method described .

in Chapter II.



CHAPTER V

APPLICATION OF THE FICS METHOD TO THE DETERMINATION OF ‘THE
STABILITY CONSTANTS OF COMPLEXES BETWEEN ASPARTIC ACID AND
ZINC

A. Introduction. o~

Aspartic acid is a potentially tridentate ligand with

the structure shown below.

Hb—g—CH2~$H;é—OH
NH3

Binding'to metal ions\may occur through the /3 carboxyl
group, and the X carboxyl and X amino groups. At low
pPH all oé the groups are protonated, and at pH values near
2,4 and 9, the & carboxyl, /gcarboxyl, énd ‘amino protons,
respectively, are removed. To be more pre?ise this acid
dissociation scheme must be deScribea in terms of a serigs

of microscopic acid dissociations. For aspartic acid the

first proton removed may be either the ™ or /9 carboxyl

protons. The structures of these are shown below.
0] -0 . Q 9
. ~— " ] ] -
0—C—CH,,—CH-C—oH , HO—C—CH,,~CH—C—0
. 4 . + .
NH _ NH
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Both of thesc species have the stoichiometry H2L. "Removal

'of a second proton will lead to a single form of HL.

- 0
O—«’c:)-cu- 5~CH—C~0"
Lo+

NH3

While there are three possible forms of HL, due to the low
acidity of the amino group this form will by far predominate.
In a éolution of metal ions;.the metal ion may dis-
place carboxyl or amino protons and bind to those groups.
If all three protons héve been displaced the ﬁolecule may
easily bind to the metal through the ﬁhree groups simul-
taneously. The structure of aspartic acid is such that it

very neatly surrounds the metal on tpree adjacent sides.

%

o—C
’ N\

M--NH .. —CH
. 2 /

0——CH,,

o) . -
Two ligands may bind simultaneously, completing the
octahedral coérdination sphere preferred by a number of
metal ions. The two strongest complexesAof aspartic acid
with most metal ions are therefore ML and ML2.

The zinc-aspartic acid system was chosen for the

study and application of several of thé procedures developed

i

as part of the FICS method. A relatively éimple chemical
System was necessary in order to avoid, as much as possible,
vdifficulty'in'assigniﬂg a model to the behavior of the

system. The information this study was intended to provide

T



(
included: (a) the accuracy of experimental résuits which \\
could be obtained with the syétem described in Chapter 1V,

(b) the severity of curvature of the (dCH/dCL) and (dCH/déﬁ)
functions at‘various ligand to metal ratios, (c) the
applicability of the methods previously discussed with
respect to the determination of p[L]O-and p[M]O, and (d5

the reliability of the.constants derived with the available
data collection methods; and the experimental modifications

necessary for the study of the chemistry of‘more complex

systems.

B. Determination of the Acid Dissociation Constants of

a

Aspartic Acid

A series of solutiens containing from 2.643 x 1073

to 5.908 x 10—3 moles/kg of aspartic acid were titrated
with NaOH froﬁ pﬁ 3.5 to 11.0. The FICS method can most
easily be applied to the titration of an acidic ligand
since: (a) no acid needs to be added to the solution to
bring"it to pHé, making the.solution composition data more
accurate, (b) the qucentratign of the.aCid in ‘'each sample.
can be determined from the‘equivalence po;nt following

the consumptioﬁ of the.carbOXyl proton,”élso avoiding the
errors normally expected in thé solution preparation, and
(c) the range of C, can be unlimited since (dCh/dCLi is
linear. This final faetor is of.éonsiderable importance

since the precision of (dCH/dCL) or alternatively ‘ACH/4>CL

~r-

£
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is very much dependent on the magnitudes of ACH and ACL.
Both must have good accuracy before (dCH/dCL) is known
_with some reliability.

The raw titration data was handled in exacﬁly the
manner described in Chapter II, and involved the calculation

of the total titratable proton concéntration, C at each

'
data point and interpolation between those points to deter-
mine CH at exact pH values. The raw data was collected at
intervals of 0.1 to 0.2 PH units, and the CH values
required for evaluation of'(dCH/dCL) were obtained by
interpolation at exact 0.1 PH intervals. Figure 15 shows
the variation in CH with'change ig the tétal ligand
concentration. As expected, Fhe ploté are linear and
indicate that the experimental methods used can provide very.
acéurate data since within the sensitivity of the graphical
method, all of the data points fell along the l;nés. More»
exact .u.athematical treatment revealed that the fit of the
Qoints to a.straight line was less precise at extremes @f pH.
fhis is to be expected because at extremes of pH large
quantities of titrant are requifed to change the pH slightly,
and as a result, small errors in pH produce increasingly
large errors in CH‘ This introduces uncertainty in the
derivaﬁive (dCH/dCL) at pH values below 4 and above 10.
Figure 16 summarizes the derivatives (dCH/dCL) as a
function of pH. With those values the concentration of free
aspartic acid, [L], was calculated throughout the pH range

of the available data. The p[L]O was first chosen assuming
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100 +

Cy x 10%(moles/kg)
I~ »
o o
i ]

N
©
T

00 -~

. P,
LT —— ) O O __\_l)————\‘}— )

T =20 s ' —
20 - 30 40 50 60

CL x 103(moles/kg)

Figure 15 . Cy vs C, at various pH for Aspartic Acid. = Tre
values of the derivatives, (dCH/dCL), are shown in

Figure 16 .
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no protohation of the ligand at pH 11.0. The acid
dis;ociation constants were calculated on the basis of that
p[L]O and from the new set of constants a new p[LjO waév
calculated. This process required three stages,  in which
p[L]O was 3.000, 3.006 and 3.020, and the standard deviation
of the fits varied as 3%, 2.3% and 1.8% reépectively. Using

a p[L]O of 3.020; a new p[‘L]O of 3.020 was calculatéd. This
procedure worked as predicted by the studies using simulated
titration curves. The resulting protonation constants are

shown in Table 27.

A}

C. The Formation of Complexes between Zinc and Aspartic Acid.

Several aspects of the FICS procedure discussed with
respect to simulated titration éu;ves were investigated
using the zinc-aspartic acid system. It was of interest to
determine the nature of the problems of curvature of the

function of CH with change in C., for this metal-ligand

L

system. A series of titrations was performed with the

C

concentration of zinc fixed at 9.370 x 10_4 moles/kg and
the concentration of ligand varying from 1.1 x lO_3 to
5.6 x 100 moles/kg. The cncentration of total titratable

proton, C., was calculated; the variation of Cy at several

Hl
pH values is shown in ¥igure 17. There were no regions of
sharp curv “ure, however, some curvature in the region of

2:1 ligand o metal ratio developed in the pH range above

7.0. This is expected because the complex ML2 predominétes



Table 27.

" Species

SD of fit:

Determination of the Protonation Constants of

Aspartic Acid.

p[L]O= 3..000

9.652

13.335

3.0%

‘log 93)

p[L]_= 3.006 p[L] = 3.020
9.663 9.678,
»
13.344 13.356
»
2.3% 1.8%
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in that pH‘%ange. At higher pH precipitation occurred in
all ofﬁthe titrations; the effects of this can be seen in
Figure 17. The curve for PH 8.0 bechaves as expected for a
system containing the species ML and ML, (see Figure 1,

PH 5.0). However, at PH 9.0 the effect of precipitation
.at loQ CL teniéféq\fprn %he CH curve towards lower CH,

This curvature becomes more severe as the pH is increased, !
and at pH 10.5 the curve has a r®onounced downward curvature.
These results are reasonable if the precipitation of metal

hydroxide is considered to be equivalent to the formation

of s¢gluble hydroxy complekes which, as discussed in Chapter 5
. . y

II, contribute a negative value to the curdentrétion of
titratable protons. CH therefore kccomes more negative. In
addition, il should be noted that the effect of preéipitation
on the CH vs CL Eurves begins at low CL at pH 9.0 and
_brogresses towards higher CL as the PH is raised. This is
because preéipitation of the ﬁetal is inhibited by the;
increasing concentration of ligand. ©On the baéis of Figure
17, the FICS method could most effectively be used ébove a
3:1 ligand to metal ratio and up to a pH of 9.5. ‘ >
Ten_titrations were performed;‘fiv§ at a constanﬁ zing
concentraFion of§9.370-x 10_4 moles/kg and five at a constant
aspartic acid cBncentration of 5.308 x lO—.3 mOIes/kg.:
figures 18 and 19 are plots »f CH‘vs CLgand CH vs CM
calculated from the raw titration data. The slopesrof these
lines were calculated by a linear least squares ﬁﬂyc;duré;

7.

Figure 20 is the results of those calculations shown as a
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50 f

CH x 103(moles/kg)
N
(@)
T

20 |

45 50 55 60
dL x 103 (moles/kg)
/- ‘

Figure 18. CH as a function of the total concentration of

aspartic acid (CL) for the Zinc-Aspartic Acid system. 7
The total zinc concentration was 9.370 x J_O—4 poles/kg.
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CH % 103 (moles / kg) -
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Figure,19."CH as a function of the total concentration of

zinc (CM) for the Zinc-Aspartic Acid system. The total

‘aspartic acid concentration was 5.308 x lO—3 moles/kg.
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Figure 20. (dCH/dCL) and (dCH/dCM) as a function of pH for

the Zinc-Aspartic Acid system. The derivatives weré

evaluated at a 5:1 ligand to metal ratio.
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function of pH. The curve for (dCH/dCL) 1s very similar to
!
that of aspartic acid alone, shown in Figure 16, because

the titrations were carried out with a ‘large excess of

ligand; however, the curves are not identical. The curve

for (dCH/dCM) indicates that slight complexation occurs in

the range of pH 4.0 to 5.0 since (dCH/dCM) is not exactly

'zero, and that the stroﬁgest cemplexation begins at pH 5.0

where the derivatives become mué@ different from zero. On
the basis of the tabulated fungﬁgen (dCH/dCL) and (dCH/dCM)’
and p[L]o and:B[M]o calculated assuming no complexation at
pHo, the free zinc and free aspartic ac1d concentratlons

were calculated using Equations 9 and 10. The [L] and [M]

values were then used to aid in the selection ofia mode of

v

complexation.
Aspartic acid has three Eoordihating groups, two
carboxyl groups and one aminro group. Near pH 5.0 the

-~ i

uncomplexed ligand contains a single proton on the amino

\\ . N .
group. is proton\may be displaced by a metal ion,to give
\
"the cor < ML. Two oi the tridentate aspartlc ac1d .

i v \
Y . . .
molecules may»easlly surround a metal ion, forming the

‘complex MLZ' These are the only complexes reported for zinc

and aspartic acid. Other p0551ble complexes reported w1th'
other metals, and with glutamlc acid, a ngand‘very similar
to aspartic acid, include HML where the amino group remainsc
protpnated and ML3 where presumably thellgor z/carboxyl
group is dislodged and the ligand is bidentate. The flr§t

step in decidiqg a model for the zinc-aspartic acid system
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was to attempt to calduiate conétants for all four complexes,
HML, ML, ML2 and ML3L‘and to compare standard deviation of
the fits to the %otal ligand and metal in solution. This
process is summarized in Table 28. 1In the first attempt
~only the complexes ML and ML2 and the protonation constants
of the ligand were considered. The standard deviation
using the ligand and metal mass balances from pPH 4.0 to 8.0
were 0.15% and 7.22% respectively. Next, the species HML
was added for the same pH range; the fits were 0.10% and
3.83% respectively, a considerable improvement. This same
model was tried for the pH range 4.0 - 9.0 but the constants?
for both HML and ML'Were negative. Finally, the species
ML3 was included, using the pH range from 4.0 to 9.0. and
the standard deviation of the fits were 0;22% and 3.52%.
This indicated that all four complexes might be present in
solution.: |

The delta quantities, ACH, ,ACL and ACM described in
Chapter II, were used to further study the model of
. complexation. Figure 21 shows the values of these quantities
calculated on the basis of thé [L] and [M] data discussed
above and eé?ﬁmated values of the ligand protonation
constants. Bélow PH 5.0 there appears to be only slight
complexation, as predicted by the (dCH/dCM) plot %n Figure
20. Between pH 5.0 and 7.0 ZBCL and AXCM are about equal,
indicating that the complex ML predominates in that region.
The ratio o:f‘ ACL to ACM' increases from that point on to

over 2:1 at pH 9.0. The complex ML, predominates in
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Table 28. Determination of the Formation Constants of

Complexecs of Zinc and Aspartic Acid with pH 4.0

log 99)

Species 'ZL Z M ZML
a
H,L 13.38 13.37
HL '9.58 9.58
ML 5.80 5.84 5.80
ML, 10.24 10.05 10. 22
. SD of fit: 0.15% 7.22%  SD_=0.55%
g SD,.=9.66%
M
b
H,L 13.37 13.36
HL 9.56 9.58
HML 11. 36 10.96 10.89
‘ ML 5.89 5,81 5.78
ML, 10..26 10.10 ~10.24
SD of fit 0.10% 3.83% SD_=0.73%
o - SD_)=7.28%
M .
c - oy
H,L 13.37 | 13.35
HL 9.57 | | ” 9.58
HML - 11.19 '10.97 . 10.81
ML 5.86 5.81  5.78
ML, 10.25 10.11 10.21 .
ML, L 12.87 13.02 12.92
8D of fit 0.22% - ‘3.52% SD_=1.00%

L_
SDM—8.75%
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Table 28 (continued)

A

ap[L]O= 8.068, p[M] = 3.028 at pH, = 4.0
Range of data: pH 4.0 - 8.0

bas in a. Species HML has been added to the model of
complexation.

€as in a and b, except that the pH range has been expanded
to 4.0 - 9.0 and species ML. included in the model of
complexation. The models f%om a and b were not suitable
for this pH range. :

/

/
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this pH range and a complex with a higher ligand to metal
ratio may be forming.

The ‘AbH curve decréasgs from pH 4.0 to 5.0, remains
constant from 5.0 to 6.0 and gradually increases beyond pH
6.5. It was expected that | ACﬁ would be zero at all
PH ranges above 6.0, if not negative because of the formation
of hydroxy 'complexes. This illustrates one of the
limitations of using the delta quantities with experimental
data. AsCH was calculated on the basis of the ligand
protenation constants, total ligand in solution and the
experimentally mea;ured Cé. AACH may therefore suffer from
many errors. First, the [L] and [M] data have been
calculated‘with a p[L]O and p[M]O which may be in error,
second, the ligand protonation constants may be in error
and, finally, the-CH values dérived from’a titration curve
may be less than ideql sinée in tpe particular titration
chosen CL was maintained constant while CM was allowed‘tq
vary -through dilution. As was discussed in Chapter II,
during the experiment bnly one of the components‘needed to .
be held constant."CL and CM used to calculate 1AC andAAC
values were flxed at the values of the middle titration, but
the value oﬁ C varies through the tltratlon and must
therefore be taken from actual experimental data. The .éH
values are also limited by the need to use a hydrogenuion
concentration and,vat extremes of pH this could contribute

a large error to the [&CH values if the pH is converted

directly to [H']. However, the delta quantities were
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introduced for the purpose of aiding in the selection of a
model ‘and approximate values are generally sufficient for
this purpose.

The rise in AACH at the ends of the pH range, shown in
Figure 21, is most likely é result of the errors just
discussed. A rise in ACH at high pH is unlikely in thé
zinc-aspartic acid system bebause there are no known
protonated complexes at high pH.' If some error existea in
the protonation constant for HL the effect of that error
would decrease at higher PH where HL is being titrated to I..

Figure 22 shows the ACH, ACL and ACM curves
calculated on the basis of the [L] and [M] data discussed
above, and estimated constants for the species HZL’ HL, HML
and MI,. .The values of 'ACH’ ACL and ACM have essentially
been reduced Lo zero from pH 4.0 to pH 6.5. The complex
forming above pH 6.5 is ML2.

Figure 23 shows ACH, ACL and ACM calculated using '
constants for H2L, HL, HML, ML and ML2. There is a slight
rise in ACL'and ACM above pH 8.5, indicating a complex

ML, As discussed above, zSCH has sufficient error

3
associated with it‘that it should not be used as the basis

of a search for préESﬁatgd complexes above pH 7.0. The

value of AACH can be made mo?é\tg&iable with better sets of
[L] and [M] data and better values for the ligand protonation
constantsf It should be recalled that one advantage of the

FICS method is that it does not attempt to explicitly fit

the CH data, but rather fitting the ligand ahd metal mass
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bélanceslis considered more important at this point in the
calculations. |

The nextlgtage in the FICS calculation procedure is the
search for good estimates of p[L]O‘énd p[M]O and the
calculation of formation constants. Since the major com-
plexation b gins at pH 5.0 this was chosen as pHO, and the
initial free ligand and metal at this pbint was found.
Initially, if was assumed that no complex formed, and p[L]O
was calculated to be 6.89p and p[M]O as 3.930. With these
.values and the functions (dCH/aCL) and (dCH/dCM), (L] and
[M] Erom pH 5.0 to 8.0 were calculated. Assuming the
existence of HML, ML and ML2, ébnsgggfs were calculated from
the ligand mass balance,the metal masg‘bélance and both mass
_balénceé together. The cénstants on E:L were unréasonable[;
and a hegative constant was found fdr Z:M. The constants
‘for both balances combined, E:ML, were acceptable (good

J
constants for ligand protonation). The concentrations of

. 1

\\yﬂ-“{i/ ‘ .
HML and ML were calculated and the initial free ligand and

free metal concentrations were adjusted accordingly. A new
set of [L] and [M] values were calculated, also a new set of
formation constants. After three suchAiterations, the value
for HML based ©n E:M was no longér negative. The iteration
was carried out 6 times, after which the values of p[i]

~}

no longer changed and p[M]o.only changed by 0.002 units. r

(o]

The constants éhanged only slightly with the last iteration.
During this iteration the values of-p[L]O and p[M]O'changed

less and less with each repeat of the procedure. For




149

example p(M]_ varied as 3.030, 3.037, 3.043, 3.0138/, 3.952,
3.055 and 3.057. This sequence indicates that p[M] was
3.057 + 0.003 at pH 5.0. Unlnké the‘sequence described to
give the acid dissociation constants for aspartic acid,
ghis sequence does not appear likély to produce a new

estimate of p[L]O and p[M]. exactly the same as the previous

o
one. In this case the iteration can only be carrled on
until the changes are as small as can be justified by the

expncted accuracy of the formation c0nst§nts. . T

f ©
\ .
Table 29 shows formation constants derived with the

data, above pH 5.0. Two alternati&es are shown, the first

in which HML 4is not included in the model of complexation
.and the second in which it 1is considefed; In the first
case iteration stoppéd imnmediately because véry iittle,ML-
existed_at pH 5.0 The second set of constants is the finul
result of thg series of 6 iterations described above. It is

of interest to notjithat the constants for ML and ML,,

calculated on the basis of these two models, are almost

. identical. There is insufficient evidence to prove that

‘EML actually exists in solution. First, the formation

.

'bonstant for HML is small and, second, its inclusion does
nétrsigqificantIYQghange either the standard deviation of

FRCNA

the £i£fQ;Qﬁth”a

Y

]
S

TﬁeﬁFICS{méfﬁgﬂkﬂbﬁld be most convenient if it was
LT NP SR AR o

Dﬁéﬁﬁa pHo at which no complexation'had

-, possible to- bek:
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Table 29. Determination of the Formation Constants of

Complexes of Zinc and Aspartic Acid with pHO 5.0
ey
log (/3)

Species z L . Z;M : Z:ML
Hr, @ 9.60 -~ 9.59

ML . 5.60 5.69 5.66
MLé 10.16 10.05 10.14
SD of fit: 0.96% . 1.76% SD_=1.08%

s A
SDy=4.26%

HL P 9.59 9.59
HML e 10.52 10.76

ML, 5.62 5.73 . 5.68

. ML, | 10.18 10.06 10.17
SD of fit: 0.963 1.49%  SD_=1.023
SDy= . 74%

[

aﬁ[L]O= 6.890,,vL4Jr= 3.030, on the basis of no complexation

~at pH6=x5‘0. - enge of data: pH 5.0 - 8.0.
bp[L]o“‘and p[M]o calculated by the iterative procedure -

described in the text. plL] = 6.887, pIM] _= 3.057 at
‘PH_= 5.0. Range of data: pH 5.0 - 8.0. :

e
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occurred and wheré p[L]o and p[M]O could be calculated
easily. This cannot be done because the values of (dCH/dCL)
and (dCH/dCM) become less reliable at extremes of the pH
range, and these are uéually the 6nly regions.where'
.complexation may be absent. 1In addition to the problems
caﬁsed by the uncertainty in CH at extremes of pH, 5 second
problem became evident during the zinc-aspartic acid
experiments. »

At pH 4.6 v little complexati - :rred. This
could not be considered an extreme pH, yci the reliability
of (dCH/dCM) is quite low. This is becagse the titration
curves weére very similar in that PH range and, conseqﬁenﬁly,
the &aC_. term in ( ACH/ AC‘

H M

the titration curves caused by the normal errors was ‘larger

) was small. The difference in

than the effect of significance, 'namely the effect of

@

gomplexation. Integration over a set of (dCH/dCM) in. which
no complexation is occurring dﬁ;y accumulates the errors in .
those derivatives and provides:almost no information about
complexation. The most reliable data appears to be obtained

if more than 10% of the metal (conditions of large excess

s

of ligand) is complexed. 7 "
- N
Table 30 summ. -izes a number:of the protonation

constants of aspartic acid and formation constants of i
\

~—

‘complexes between aspartic acid and zinc in the literature.
Mar .ell and'Smith (60) consider that the best :éported
vaiues for the formation constants of the_species H2L and HL
are 13.33,and 9.63 respectively. Thé best values reported

N
!

wl

]



The Protonation Constants for Aspartic Acid, and

Table 30.
. the Stability Constants of Zinc-Aspartic Acid
-Complexes Reported in the Literature.
log {[3) Conditions
H‘ZL . HL ML MLZ Temp, I
13l33 9.63 25°C, 0.1
13.29 9.62 20°c, 0.1
5.84 10.15 30°c, 0.1
13.74 9.87 25°c, 0.1
13.42 9.63 30°c, 0.1
9.59 30°C, 1.0
13.34 9.63 25°C, 0.1
10.4 -15°Cc, 0.04
7£3.34 9.56 20°Cc, 1.0
9.56 20°Cc, 1.0
13.32 9.62 25°Cc, 0.1
13.14 9.46 30°C, 0.1
13792 9.98 20°c, 0.01
13.25 9.60 20°C, 0.1
13.31 9.61 1.0

25°c,

Ref

60
60
61
62
63
64
65
66
67
68
69
61.

66

70
71
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" the formation constants of ML end ML2.

.

in this work are 13.356 and 9.678 respectively; found in
Table 27. The ligand protonation constants determined
simultaneously with stability constants, shown in Tables
28"ahd 29} also agreec well with those in the literature.
The constants for ML and ML2 reported by Chaberek and
Martell in reference 61 were 5.84‘and 10.15. The constants
for those species, shown in Table 28, are 1in good agreement
with these values. The constants for ML appearing in
Table 29 are about 0.2 leg units smaller than those in
Table 28, while the constants for ML2 are similar to those
in Table 28.

The stability constants for the modeluﬁgylea@ng ML and

ML shown in Table 29, were used to simulate a titration

f)l

curve which had been obtained experimentally. The curves
are shown in Figure 25. The agreement between these curves

is very good, especially in tﬁe region used to calculate

D. Summary.

\

~
Many of the calculatlon techniques described in Chapter

II were applied to data collected to study the complexatlon

’3
of aspartic acid to zinc. .It was observed that theré were
4

no sharp discontinuities in the curves of CH Vs CL' The

. onset of precipitatibn may have been responsible for this.

t

A series of" tltratrOns were performed at a 5:1 ligand to
ST

metal ratio, and each component w%§ varied about lO% It

-

R i

s
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PH
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Figure 25. Experiméntal,é, and simulated,A , titration
curves of a solution con.taining 9.370 x 10_4‘moles/kg of
zinc and 5.308 x 10 > moles/kg of aspartic acid. The
titration was simulated using a model of cbmplexation |
ipcluding the species ML and ML2‘ (See Table 29).

o
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was observed that below pH 51d only slight complexation o

aspartic acid to zinc was occurring and as a resul
values of (dC /dC ) became less reliable. This d¥fficulty

can 1in part bc av01ded by using a wider range of C and C

‘]icspec1ally 1f C }> C The series of tltratlons used to

study the complexation of glutathione, deS'rlbed in the negt

chapter, were run at less of an excess. of ligandrand a wider
variation in C and CM’ both corrections designed to keep
ACH significant over'as wide a range of pH as possible.

The methods used to find the best estimate of p[L]o
and p[M]o were found to work in the manner described in
Chapter II. It was found however, that there were many
situations where this procedure would fail. For example,
if too wide a PH fange or a pH rangeﬂcontaininé too many
complexes was chosen, the p[L] and p[M] could change

contlnuously beyond values that would be cdn51dered

reasqnable‘ ThlS will occur if, w1th1n‘each 1teratlon,

p[L]O and-p[M]O.change in the direction of more complexation.
As a result the'values of each set of new formation
constants is lar;er, and the new p[L] and p[M] nust be
calculated assuming even more complexation. If the data 'is
good and the model of complexatlon appropriate, this problem
should in general be avoidable. 1In the discussion of the
complexatlon of _glutathione to ZJnC, in the following
chapter, an alternative method of finding p[L] and p[M]

based on a trial and error search for a minimum in standard

dev1at10n_is described. There 'is no reason to believe one

Lo



methodlis better than the other and, if the data is good,
both shpuld give reasonable, if not identical, values of
PIL], and piml_ |

| Finally, it was found that the protonatlon constants
and complex formatlon constants derived with the varleus
mass balances and different values of p[L]O and p[M]O were
rather insensitive to those chenges, as may be seen in the
constants for ML2 shown in the_ various pérts of Tables 28
and 29. This is a%jood indication of the reliability of
that constant. The constants for rpecies found in low
conceﬁtration;'and at the extremes of pH, and for the other

species which coexist with those in some regions of pH,

may be somewhat less reliable. The final test, as described 'f}

in Chapter II, is the siﬁulation of a titration uéing the
”constants derived from the FICS method and comparing this
titration to actual experimental results. Good agreement
between these is expected if the model for complexatlon and

the stability constants are correct. N



CHAPTER VI

THE COMPLEXATION OF ZINC, CADMIUM AND LEAD BY GLUTATHIONE

A. Introduction.

Glutathione is a tripeptide composed of glutamic acid,

1 ' . .
‘cysteine and glycine residues.

Q 9 Q Q
HO{—?H*CHZ—CHZ—b—NH—(EH—é—NH—CH ,—C—OH
+
NH
3 CHy

SH

The amino and carboxyl.groupé of the glutamic acid residue,
the sulfhydrYl group of cysteine and the carboxyl group of
the glycine residue have ionizable protons and are the
groups most likely to participate'in coordination to metal'
ions.r At pH's above 12.0 protons on the-peptidéllinkages
may also besremoved.

The a;?i~base behavior.of glutathione must be described
in terms of a series of microscopic ionizations. At low

pH all four groups are protonated and a single form of H4L

exists in solution. Near pH 2.0 a carboxyl proton from

v -
L -

either the:glutamyl or glycine group may be removed, giving
two possible'coexisting species with the stoichiometry H3L.
Since the glutamyl carboxyl is slightly more aéidic, the
_'species deprotonated ét that site predominates; however,

-

158 ' >
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both do exist at detectable concentrations (72).
In the pH range from .3.0 to 4.0 theﬁ%gcond proton is

removed and a single species H2L exists in solution.
M

e

Q 0 o} \\ 0 o -
O%FGFG%%HfGWW?Wf%M%m~C@
+
NH ?HZ
- SH

Above pH 8.0 the process repeats itself, the amino'ahd
sulfhydryl groups losing protons simultaneously. The
sulfhydryl is slightly more acidic and as a result the
species having that group deprotonated is the predominant
form of HL. The finalbproton is removed above pH 9.5.

Glutathione may’biné to metal ions through~the four
groups discussed ahove. Most transition metals and "soft"
metals such as mercury bind predominantly'through the
sulfhydryl group, often dlsplac1ng the sulfhydrvl proton at
low pH. The other groups of the molecule may be protonated
deprotonated, bound to the same metal ionvas the sulfhydryl
or bohnd to another metal ion. This could potentially lead
to ap extremely complicated mixture of species -existing in
solution. | S \

;JIn.this chapter a study of the interar~tions of
glutathioneﬁwith zinc, cadmium and lead us.ug the FICS
method is described.' The pPH titrations were performed
using the optical couple grdvimetric apparatus described‘in

Chapters IIT and IV, and the data was evaluated using the

methods developed in Chapter II. The dlscu551on will be



4

divided into two sections, the first dzdding wit
. / ot B

tf
A“experimental results, the applicatioh&of the Ffeéi ethod
and the deduction of species present in\gpiution, and the
second dealing in more detail with the chemistry involved,

the structure of the complexes and a comparison of the

- results with those of other workers.

B. Results.

Determination of the Acid Dissociation Constants of

Glutathione

A series of sodutions containing from 1.928 x 10 ° to
5.301 x lO-3 moles/kg of glutathione were titrated fr .. nH

3.3 to 10.9. Details of the composition of these samp.cs

160

is shown in Table 31. The concentration of titratable protons,

CH' was calculated at éach O.; PH unit using the method of
interpolation described in Chapter II. At each point the
~change in_CH with total giutathione concentrat%on was
calculated, giving (dCH/dCL) as a functiop,of PH. Thé
values of CH and (dCH/dC#) aie.summarized at 0.5 intervals
on Tables 32 and 33. V 7

| The concentration of'déprotoﬁated glutathione, [L],
was calculated using Equation 9 and the values of (dCﬁ/dCL)
are shown in Table 33. Since the initial free glutathione
was not known at any .pH, a series of estimafgs were tried

at'pH 10.5. High pH was chosen because in this region [L]



lel

Table 31, Determination of the Acid Dissociation Constants

of Glutathione:Solution Composition Data.

Weight a Solveng Concentration Cdncentration
Glutathione™ Weight of Added Acid of Glutathione
Sample gm gm moles/kg moles/kg
10.002  190.002 1.101 x 107% 4.819 x 1073
2 8.000 .,192.003 1.113 x 10°%  3.855 x 1073
3 4.000  195.998 1.136 x 10°%  1.928 x 1073
11.001 189.002 1.095 x 10”%  5.301 x 1073
4 2.891 x 1073

6.003 194.004 1.124 x 10~

’

% The glutathibne concentration was 0.09636 noles/kg.
bThe solvent contained 1.159 x lO~4 moles/kg of HNOB.
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Déié%mination of the Acid Dissociation Constants

of. Glutathione: The Derivatives (dCH/dCL)CM,pH

3

L ‘ and Calculated Free Ligand Concentration Using
p[L]o of 3.040 at pHO 10.5

Ry
O

0.0999

9.12

18
PH (dCH/dCL)CM,pH (L]
2.492 3.76 x 10 1°
2.221 5.60 x 10 14
2.082 6.61 x 10 *3
2.030 7.01 x 10712
2 010 7.16 x 10711
2.002 '7.20 x 10710
1.994 7.19 x 107°
1.977 7.08 x 1078
1.929 6.74 x 1077
1.803 5.83 x 107°
1.521 4.02 x 107°
1.068 1.80 x 1074
0.5935 4.67 x 1074
0.2623 7.50 x 10”4
x'lO-4



--glutathlone. The solutlon comp051tlon data for these

v

w0uld be nearly equal to C thus %implifying a search for

thc besl p{L] ‘'With each p[L]o a set of [L] values was

N

calcuLated,w@hd with these sets of valués, protonation

constants of,qlutathlone were calculated The best values
i 1'\\“‘
“of p[L] and the constants were chosen on the basis of the

fit of the [L] data and constants to the total glutathione
in solution.. For a solution having a concentratlon of
1.0 x 10 moles/kg in glutathione, the best value of p[L]

\
at pH 10.5 was, found to be 3.040. The [L] data calculated

from thlS p[L] are shown in Table 33.and the protonatlon

¢constants for glubathlone are shown in- Table 34. These

results are compared to thoseé of other workers in Table 35

o*
V)

‘The Determination of the Formation of Complexes Between Zinc

7 and_Glutathione-f_ o

o ' W . . . " - ) . -
.&Vw - P'wo series of 5 titrations each were carried out on

3
solutions contalnlng varylng concentratlons of 21nc and

-

o 4

~ ~

- &
\J ra
tltratlons is shown in- Table 36. . The flrst set of flve
" - &, : s B
was: de31gned to measure the change in C w1th ‘changing,
\ rh\‘

concentratlons of metal ion with constan ,%1gand concen—"

" tration. The concentratlons of tltratzgle protonjfor 21nc

-4

concentratlons from 7.820'x 10 to 1.173 x 19 3'moles/kg
are shown as a function of pH in Table 37. As required by

the FICS method, concentrated glutathif4e solution was added

during the titration to maintain constant ligand

ek
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Table 34. The Acid Dissociation Cons‘&nts $f Glutathione.
W ’ : .
K\ _ " . ’ .
'L“‘-‘" N W (Y ‘ 'Y A rﬂ:b
Sl - Y , " Overall ) ‘ L8
A ~Speries Formation Log(“’/B ) PK,
S - Constantﬁ

¢ H L 2.83 x 1023 23.452  1.852
H,L 3.975 x 101 21:600 3.460

“ron 1.383 x 101% 5141 8.640

HL M.170 x 107 9.501 9.501

‘g Y ]
! x
AN : A
PSS ‘ . T
J‘ '.

i oF

‘Table 35. The Acid Dissociation Cbnstants“’for.Gfi’f@}thione L %
L ' - ' B A

.Reported 4in the Literature. . D N '

A;;" .ﬁf " - - l-;\‘ . . o ' i . L . .

Q b

oo . & - LW e
e PK. ‘ : ) Conditions . Ref ., j°

CH,L oo g HL Temp, I " - e
o o » =8 .. :

2.05 F*40 o _ 72
. . 3,3 ) . C N . S 4 I A . \
© s S L .74 L9.62+ 25°, -0 73, N
- > ‘_.f i, » . [ ) . Fj ﬂ‘;v,‘ . . R \
: 3.59% "% g.75°  Moles 2500y 515 48,
J ‘ ‘ i ! - ‘ l. . 49 Lo
0.2 PEE - . . : . . . ;//
8. 8.96 9.35 , -V
G ~ ¢ -
) ,
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Table 36. 'So'ltxt"ion \(\I\omposition Data for the Zinc-CGlutathione

@periments .
i

Concentration .Concentration Concentration

Sample of Glutathione, =+ of Zinc, of Added Acid,
moles/kg moles/kg moles/kg
. . . ¢ ~
, -3 . 4 - -4 a4
1. 3.855 x 10 - 9.775 x 10 1.055 x 10 *,
27 -3.855 'x 1073 8.798 x 10 7 - 1.060-% 1077
g 3.855 x 107° 1.075 x 1073 1.049 x 10°°
\ ) - - -
4 3855 x 107° 7.820 x 10 1 1.066 x 10 4
5 3.855 % 107° . 1.173 x 1073 1.043 x 10”4
-3 Y : -4
6 3.855 x 10 9.775 x 10 1.055 x 10~
7 '3.373 x 107° 9.775 x 10 'y ‘1,060 x 10°*
'8 4.337 x 107> 9.775.x 107% 14049 x 107
9 2.891 x 1073 9.775 x 1074 3066 x 1074
10, 4:819‘xﬁ10-3 9,775 x*10”% .»’}og?<-wg@74
. L , 28 K AP . - ¥
5 ~ . 3 “') ’ ’.,
LN Ch ) »
. A . g v
o " W O f
“‘53 s - P %
'\ o
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later no titrations were rejected. The final values of
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concentration (3.855 x lO—3 moles/kg). The stock glutathione
solution was used for this purpose (see Table 21). The

quantJty added during a tyﬁlcal titration was less than 0.5
\tbv

gm.

Y

The second set of titrations was performed at varying

glutathione concentrations with the metal concentration

constant.’ The CH data for variation in glutathione from

2.891 x_l'O_3 to 4.819 x 10 ° moles/kg at constant zinc of

9.775 x 10”4 moles/kg is . oown in Table 38.
‘The derivatives (dc, /dC and (dCH/dCM) were evaluated

at 0.1 pH intervals fgom pH 5 5 9.0. *During this step

it became clear thatﬂﬁpme of the titrations deviated

apprec1ab1y from the others. If the C ‘values from three
or four tltratlons lay on straight lines while the remalnder
deviated at every pH value, the deviating titrations were’

removed . In the .case of the 21nc glutath&qﬂe experlments
. -I\ ‘;

two of flv#«ﬂ?“mach set were rejecteds at tiris. point. Since
“ . ¥ ’3 kY
these were in the mlddie of‘the ranges varled thls dld not

P “)— o

sacrifice accuracy of’the (dCH/dCL) and (dCH/dcﬁ) qu&htities.
In the case of the cadmium and lead experiments described
(dC /dC ) T@and (dcC /dC' are shown in Table 393 As this

data 1nd1cates,wonly small amounts df metal are complexeéd -

at pH 5.5." It was therefore not necessary to- begln the

calculations at lower pH vaiues. Only ‘when (dC /dC ) 5' , !

'reache§ values agpgeciablyfdifferEnt from zero can they

* . ) o 4 .
provide 'a reasonable quantity of information about the
4

- - - f ,
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Table 39. The DeriVatiVes,(dCH/dC ) and dL /dC

L CM,pH M CL,pH
for the Zinc-Glutathione ExXperiments.
pH (ac /ch)C ol e
M N “L
5.5 7 1930 . ..254
& . l._899 S *‘0.760
. 1.802° - o <1.481
1.858 L s we-20075
. 1.847 Dow=2.378" 7
- . '
; ST 1.749 o -2.442 (
.5 1.497 c e 201790
9.0 1078t o -1.627, .
L S
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“°complexatlon occur: ing in solution. If the calculations

ybngn 1} a lower pH, the experimental and calculation errors
N

Yrqduce‘nncertalnty inte [M], yet prov1de no- information

\ o

. [
r . e

»Flbout complexatlon. It is therefore advantageous to select
JQPH ranges where the most 1nformat1Qn about complexation is

(" avallable in order to offset, at lgast in part, the

\ﬂﬁiirimental‘effects of error. o
_ The final calculation of the FICS method provida%;the

free ii&and and free metal concentrations from (dCH/dCL)

and (dCH/dCM). However, p[L]é and p[M]O must be known. The
search for p[L] end p[M] may involve a trial and error
process whifeua series of estimates of p[L] and p[M]

values are chosen to try to minimize tBe standard deviation
of the fit of the model'of complexes to the tota{ metal and

ligand in solution. ' This may in theory posensomeﬁproblem,

) a e de i

since initially the model is unknowqﬁr,'owever-in practice

° it was found that the choice of p[ﬁ]
i effect‘on the search for a mode} of equilibria in solntion.

No case was observed W%ere a*model nas simultaneously

accepted at one-set‘of p[L]d and p[M]O'and rejected With an

alternative set. The model was searcﬁed for and found

using p[L]o and p[M] assumlng some: reasonahle amount of

'complexation at pHo and, with this model p[L] and p[M]

were refined. t R S ;f
The process of refinefient of p[L]_ and p[M]-for the

o, -

studies‘of the complexation of glutathione  involved .

1ndependent searches for the best values of p[L] and p[M]o.
g
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It was found that the standarrd deviation of the fit to the

metal mass balance, SDM’ wai constant if é[M]O was constant
and, similarly, SDL was constant if p[L]o was constant. The
minimum in SD; and SDL werc therefore searched out indépen—

déntly. A model for the equilibria in solution was accepted

only if a clear minimum in both the SDM and SDL could be

found. T om
The formation constant:s of the complexes of zinc and

(
glutathione are shown in Table 41. These conétafts Were

calculated with the [L] and [M] data shown in Table 40. The .

values oflp[L}Oand p[M}Owere chosen to give the best fit to
this model. The relative SDM was. 3.60% and SD_ was_Q.94%.
The constants reported were calculated using both the metal

tﬂand the ligand mass balances, while each was used indepen-
. » A
'dently while searchlng for 0 model. Thisshas been described

1n’Chapter IL. ' The Consiant for HL was glven as 3.17 x lO9

in order that calculatlons remain w1th1n the dynamic range

~

of the é%hputer. The constant for H2L was calculated e

simultaneously W1tb]those for the metal complexes and was

found to be 1.36 x~- lO18 Th s agrees very well with
b

1.38 x ldﬂg calculated from the series of titrations

involving glutathione alone ( the previous segtion, see

\

Table 34) .

The ‘deduction of the_species present in the zinc-
g]utathlone system proCecdod in ‘much the same Qay as -,
described 1n_Chapter I11. ThlS 1nvd{ved the calculatlon of
A‘CH‘, ACL tand A"‘M’ de ined a§ the fconcentra)ti’o-n' of

’

* 1
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6

Table 40. The Free Ligand and Free Metal Concentration for
- the Zinc-Glutathione Experiments with
p[L}O = 9.596 and p[{“L,]O =.3.156 at PH 5.5

' ;¢§$ﬂhtathione Zinc
. pH [L], moles/kg (M}, moles/kg
7.54 x 10710 6.98 x 10 2
6.0 2.18 x 1072 4.04 x 102
1.71 % 1078 1.12 x 1074
7.0 1.41 x 1077 1.40 x 10°°
120 x 1078 1.06 x 10°° ’
2 9.61 x 107° 6.39 x 108 &
.5 6.33 x 107 ° 4.32 x 1077
9.0 2.81 x 10”4 4.74 x 107109
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The Formation Constants of Complexes of

Zinc and glutathione? 4
' n . w.'..‘«v“.l‘._A" . L3
o e
. Formation -
.y . Species Constant%g Log(/});
14
M (HL) ©3.15 x 10 14.50
M(HL) 1.48 x 102%° 29.17
M(HL) (L) 1.04 x 10°2 22.02
M'(L)?f‘> 1.16 x 1053 .  ©13.06
M(HL) 3.25 x 1032 42.51
O M(HL) (L) 8.12 x 10°° 33.91

o I
9The standard deviation of the fit to the metal:and liQande

A

mass balances are 3.60% and 0.94% respectively. The . -
18 L A

protorfation constant for the H2L was 1.36 x 107.; the [ @
vproEonation constant for HL was given as 3.17 xv109.- '
g . , ‘_ﬁ&
£ /
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.
protons,.liganas and metal whose chemical situation has not
been found. The magnitude of these quantites and the
relationship 'among them gives reasonable indication of the
concentrations and stoichiometry of species which may be in
solution. Figufte 26'shows ACH', ACL and A’CM for the zinc-

wglutathione system, using [L] and [M] from the FICS
calculations and the ligand protonation constants ev;luated
in an earlier experlment. Below pH 6, the complexes appear
téycontaln about equal numbers of protons, llgands and metal,

'sgggestlng the existence of M(HL) species. 1In the range of
égf 6 to pH 7, the situation changes to a 2:1 llgand to metal

~¥atio with the number of proton lying between 1 and 2.

i&hls 1nd1cates that a mixture o

4

¢ exist in that pH range.-,Fina{ly,

M(hL) ;and-M(HL)(L) may

&

above,pH 8 the numb@%'of

ligands per ‘metal is greater tham 2 and the complexee a;e
. ey .
m,,\ -

being rapldly deprotonated as indichted by a decrease 1n

CAc.e T .
e .

It was found that M(‘HL) , M(HL)

o

(HL) (1) and M(HL)

were major components in solution.in the pH range studled
¥ -
-At the' upper extreme of PH a series of possible species '
S o

including M(L), and M (HL) (L)/were suggested but,51nce'\ﬁ

range of data is narrow, proof -of theitr existence iIs not
conclusive.

Th& middle titration used in the'FICS method was \ y

simulated with the constants shown in Tahle 41, Thelgctual

Al

‘ _'experlmental curve and the simulated curve agree. very well

to. pH 8.5.  This is considered, the ‘Final éhd*most reliable,-'

. o 4;?}

~ R : ﬂ ' R A 4

' -
=\
t
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indication of successful application of the FICS method to

titration data. The constants were extracted {fom the
—ligand and metal. mass bglances and, for reasons described
in Cﬁapter II, not. from the expefimental Cé values.” As a
result, the model for complexation and the values of
formation constahts are not tailored tofit-the“{,cH data.

In comparison, other.computerzbased_calculations;s h as

SCOGS, LETAGROP and so on, are specifically desighed to fit

CH data. If, therefore, a titration is simulated using the

moderl and constants from SCOGS, a goqe agreement w}th the
e2xperimental values of CH is assured while, on the other
hand, no such agreement is gﬁaranteed using the FICS method.
Good agreement will only occur if the moagl of complexationf

is correct and if the values of the formation constants are
accurate.
Determination of the Formation Constants of Comple£é§

Between Cadmium and Glutathione

!

i
i

' "
Ten titratiohs were performed, five on solutions in

‘which the'conceﬁtration of glutathione was 3.907 x 10—3

moles/kg while the concentration of cadmium was varied from
5.820 x 10°¢ to i,358 x 1073 moles/kg, and five on solutions
in which the concentration of cadmium was held constant at

)

v.708 x 10_4‘moles/kg whilevthe concentration of glutathione

3

was varied from 2.604 x 10 ° to 5.206 x 10-3 moles/kg..

Details of the solution compositions are shown in Table 42.

&



4

Table 42. Solution 'Compositjon Data for the Cadmium=

Glutathione Experiments.

®

Concentration Concentration Concentration
© Sample of Glutathione, of Cadmium, of Added Aci 1,
moles/kg moles/kg moles/kqg
-3 ' -4 \ -4
1 3.907 x 10 . 9.698 x 10 1.840 x 10
2 3.907 x 1073 7.760 x 104 1.860 x 102
3 3.907 x 1070 1.164.x 1073 1.819 x 10 2
4 3.910 x 103 5.820 x 1Q % 1.880 x 1074
5 3.908 x 107> 1.358 x 1073 1.799 x 1074
) L
-3 -4 -4
6 3.905 x 10 9.707 x 10 1.840 x 10
7 3.257 x 10 ° 9.708 x 10 2 1.855 x 10 2
8 4.532 x 107 9.659 x 10 2 1.826 x 104
9 2.604 x-107° 9.708 x 10 * 1.870 x 107°
0. 5.206 x 10 2 9.708 x 10 2 1.809 x 1074

178
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' The concentrations-of titgatabic protoés for the scries of
titrations in which the cadmium concentration was varied
gnd fhe-goncentrétions of titratablpapfoéons for the series
of titrations in which the glutathione concentration was
varied are shown in Taples 43 and 44. 'lots of CH Vs CL
and CM revealed that no titraﬁions deviated systematically
from the expected straight lines and Pherefore all were
used in the calculation of (dCH/dCL) and (dCH/dCM)u‘ The
values for these derivatives are shown in Téble 45,

The procedure used to determine the.cohplexes exiséing
in solution and £he method to obtain the be$£ values of
p[L]o ard p[M]O have already been descriped. The. concen-
‘tations Sf ligahd and‘metal.are shown in Table.46, and the
constants for the formation of complekes between cadmium
and glutgthione are shown in Table 47. J

The preliminary steps in:the deduction of a model of
iédmium*glutaﬁhione interactions reguired the calculation
‘of ACH, ACL, and ACM; ‘t.hese are shown on Figure 27.

3

Because of inaccuracy in thé value of p[L]O at this stage

in the refinement of the data, the curve for z}Ch appears
to be too low by about]i)xlO_A. There is also some
uncertainty in _ACL and ACy

3 .

but ‘these errors will have no .effect in later sta§es of
caic*ulations s. 1wce ACH, ACL and A‘CM were introduced to
aid in the selection of a‘hodel. If the error becomes too
larce however, the delta quantities Fannot be of.much help

in the selection of a model.

.
)

due to error in p[L]o and p[M]O

179



g
T

.J/M -
c 0T X Ty°g c_0T X 99°¢ e 0T X 96°C ¢ 0T X ST°¢ £ 0T X 9€°C 06
e-0T ¥ 92°¢ 0T x (5°¢ c 0T X z6°¢ " 0T X €27y e 0T X 65°y  ¢'g
MIOH X 68°¢ ¢ 0T X 12V . mIOH X 89°9% MIOH X b6y MIOH X BE€°S . 08
e 0T X Tp'p e 0T X €L°p ¢ 0T X 60°S e 0T X pp°g ¢ 0T X ¥8°5 g+
c.0T X 58°p 0T X°5T°g ¢_0T X 0S°S c_0T ¥ €8°S ¢ 0T X619 0°L
¢ 0T xoz's € 0T X-87°S ¢ 0T X 28" c 0T X TT"9 ¢ 0T X 5p°9  g°9
0T X Zs's 0T X go°g c_0T X 80°9 ¢ 0T X se°9 . ¢ 0T X 9979 0°g
e 0T X T6°S e 0T X ST°9 ¢ 0T X 6£°9 ¢ 0T X ¥9°9 c_0T X.06°9 g°g
MIOH X §5°9 - mloa X 9L°9 MIOH X €679 MIOH X 21°L . MIOH X TE€°L 0°§S
e 0T X 957 e 1T L9TL e 0T X GL°¢ e 0T X €8°¢ e 0T X 88°L gy
0T X €5°8 c_U % s5°g 0T X 65°8 c_0T X 1978 ¢ 0T X 098  0°'p
e-0T X 6.6 c_0T X T6°6 £ 0T X 96°6 c_0T X 566 ¢ 0T X 666  g'g
g e-0T X 8SE'T 0T X 97T ,_0T X 869°6 ,_0T X 09L°L ,0T X 028°g Hd
i ., By/ssTow uoryexzussuoy wnTupe)
by,’saTou \mu

*UOT}IRIFUSOUOD SUOTYIRINTD.

.

FUBRSUOD 3® pouIOFiad s3juswTIadxyg SUOTYIRINTO-UNTWPR) BY3} I0J BIEQ mu €y °oTqel

/



181

o
.

A .

mLOﬁ X 60"V /MWOH X pprg mnoa X yL'c _mIOH X' 50°¢ muow X ze'1 0°6
2o 0T X 767G . 0T X 65" ¥ 0T X oL ¢ \ 0T X 08°C mwoa X 68°T S8
0T ¥ ¢r°9 ,muoa X 8€°¢S MIOﬂ X 9e€'y muoa X yee mIOH‘x e’ 0°8
mucﬁ X 21°L m|OH X 96°¢§ mnoa.x 88 ¥ MIOH X 6L°E muoa X 0L°2 S*L
0T X ¥9°L ° 0T ¥ v§°9 0T X 0€°S 0T X ST°¥ 0T X 00°¢ 0°L

€= w €= . - £~ v - €=
0T % po°'8 . ¢ 0T X 6L°9 T 0T X 29°s _m|OH.x A « muoa X 9z°¢ S°9
0T X se-8 _m|OH X 80°L muoa,x 68°9 0T X TL°¥ 0T X £5°¢ 0°9
JMIOA X 69°8 0T X ov L - 0T X €279 - ¢-0T ¥ 90°§ c-0T ¥ 06°¢€ S°S

. % . v oT % . : ¥ 5o % . .
mnoa X €2°6 | muoa ve:L v muoa A 8L"9 . M|OH v9°S | mnoH 8V ¥ 0°S
Nloa.x 6T10°1 _ muoa X-68°8 e-0t X €9°L 0T & 0v°9 : mnoa X 0T°S S°'¥v
- 0T X 9ET°T £ 0T X S8°6 ¢ 0T X .Ly°8 - 0T X 0T°L ¢ 0T X L9°S 0'¥
. X T- 0T X ‘6 T - . X . X : .
mupa X Tte"1 muoﬂ. epT T m:o, ¥8°6 ¢-0T AJW 8 mnoa L9°9 S°¢
,/WAOH X 90Z°¢ 0T X CES 'V - ,mnoa X G06°¢€ _muoa X LST¢E M|0Hix,vom.m Hd
. : by /saTow ‘uor3ierIjusduon) suoTylelinIo .
by /seTou ~mo.
. /
L~
*UOTIRIFUSOUOD WNTWPED

JUB3ISUOCD 3I® PI3UIOFIS4 sudwtxedxy mcaﬂnumquwLEsmevmu 9yl 03 ®3leQ ro "py 9TQRL



B

Table 45. The Derivatives (dCH/dCL)

-

182

and (dc../dc.))
Cy s PH H “Tm'c, pH

for the Caumium-Glutathione Experiments.

PH

[V YY)
. . .

W™ 00 00 3 3 & o w
[ ] . L] [
o U1 O Ul O LT O L O U © W

)

{

(acy/ac) o oy (aC/ 3C) ¢ Ly
M . L
2.506 - ~0.055
2,224 -0.103
2.000 ~ . -0.423 B
1.876 ~0.994
0 1.897 ~1.297
1.915 ¥ -1.508
*1.900 -1.661
/) 1.850 ~1.777 -
' 1.764 -1.891 [N
1.658 ~1.974
1.460 ~1.770
1.130 ~1.276
\




| Table 46. The Free Ligand'and Free Mctal Concentrations

pii’

82 B o TR ~ NN SY

¢

L | d
o O Lo B O un O O

O 0 0 ~N 9 G O

the Cadmium-Glutathione Experiments with
p[L]O = 12.679 and p[M]O = 3.080 at pHO_4.O

V7

¢

Glutathione
[L], moles/kg

> 09 x 10743
2.38 x 10712
2..7 x ;o'll
1.90 x 10 *°
1.71 x 107°

' 1.54 x 1078
1.34 x 1077
1.07 x 10°°
7.75 x 107
© 472 x 1070
2.12 x 107%

Cadmium
[M], molesykg
8.32 x 10_j$r\,.,%‘
6.50 x 10
2.78 x 107°
7.35 x 107°
1.45 x 107°
2.34 x 107°
3.23 x 107/
3.90 x 1078
4.16 x 1077
4.67 x 10710
7.97 x 10711

'\
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Table 17.

Species

¥ M(HL)

o M(HL) ,
M(HL)M(HL)
M(HL) (L)
M(HL) 5
M(HL) , (L)

2

L]

Cadmlum and Glutathlonea
; N

. Formation
~ Cornistant,

4.63
l.16
1.60

5.02
2.57 >

8.86

OlJ
lO31

10
21

44

l035

50 -

10
10

7

The Formation Const: nts of Complexes of

Log(/g)

15.
31.
50
21.

44,
35.

The standard dev1atlon of the fit of the metal

-mass balances are 1.79% and 0. 46% respectively.

protonation constants for H.L and H
and 1.31 x lO18
. constant for HL*ﬁas'given as 3.17 x 10

5.20 x 1021

3

respectively;
9

the protonation

66
06
20
70 & >\
41
95

and ligand
The -

2L were determined to be

184
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m//In the range of pH 4.0 to 5.0 the predominant complex
apééars to be M(HL). In the range of pH 6.0 to 7.0 th-_=¢
are tws ligands and two proton: éer metal,suggeéting'M(HL)z.
From pH 7.0 to 8.0 more than t&o ligands and two protons
are pompléked to each metél indiéating that‘a\mixkure'of~
2 and M(HL)3 has formed. 1In the rénge of pH 8.0 to

9.0 the number of ligands per metal continues to increase,

M(HL)

but the AC, value drops rapidly above pH 8.3. ’Tﬁe ligand
appears to remain bound‘té cadmium exclusively as (ﬁLQ until
pH 7.5. .The major components of the cadmium-glutathione

. system were found to be M(HL), M(HL)ZTand M(HL)3.‘

With the constants shown in Table 47 the middle
titfation was simulated and comparea to the experimental CH
data. A small déviation was observeé in the pH range of
6.5 to 8.0. This will be conéidered in the discussion

section of thisichapter.

Determination of the Formation Canstants of Complexes

Between Lead and Glutathione

ok

/.‘/ N .
Ten titrations were performed, five’with varying metal

and five with varwging iigand concentrations. The details"

—

. of the solution.comgosit'ons are shown in Table 48. The CH i
data for those’titfationi&in which the metal concentration. ;
: . { T N

was varied appears in TabY¥e~49 and the CH for those o B

titrations in which the ligand . concentration was varied

" appears in Table 50. Plots of CH vs CM and CL indicatii

-



Table 48. Solution Composition Data for the Lead-

Glutathione Experiments.

Conéentration Concentration Concentration -
Sample of Glutathione, of Lead, of Added Acid, -
. moles/kg moles/kg mole§(k%\‘ 
1 3.907 x 1073 1.016 x 1077 1.840 x 10153
2 3.906 x 107> +8.128 x 10”% 1.860 x"10741 -
3 3.908 x 1073 1.219 x 1073 1.819 x 1074
4 3.907 x 1073 6.097 x 104 1.880 x 107%
5 3.907 x 10°° 1.423 x 1073 1.799 x 107%
6 3.908 x 107> 1.016 x 107°  1.840 x 10 %
7 3.253 x 1073 1.016 x 103 1.855 x 10”2
8 4.510 x 107> 1.017 x 1073 1.826 x 107
9 2.607 x 1073 1.016 x 1073 1.870 x 1074
10 5.206 x 107 ° x 1073 1.809 x 1074

-

1.016

10.
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.thaf no titratioﬂs'gave point; which deviated systematically
from lihearity and therefore none were rejected. The
" derivatives (dc,/dC ) and (dC,/dCy) are shown in Table 51.
The free ligand and free metal copcentrations, shown in
.Téple 52, Wér? caléqlated ﬁroﬁ the (dCH/dCL) and (dCH/dCM)
data and p[L]o and p.[M]O chosen by methods described
.previously. Tﬁe constants of complexes forming between
lead and glutaﬁhione'are shown in Table 53. |
Thg ‘quantities ACH, ACL and .ACM, shown on figure 28,

" were used’in tﬁe:deduction of a ﬁodel for the lead-
gl;tathioné intéraction.»‘AS'was obsefvedvin the cadmium
:~'system, ZXCH is displated to slightly smalier values by
about 1 x 10_4 moles/kg._’The curves are aimgst identical

to those'of*phe'ééamiﬁm system. The only obsérvable
difference¥i§f££a£,th§ dbpcentration of the czcmplex M(HL)
ffs expécted to:be;siightly higher since the values of ACy,

AC 'apa Qﬁcﬁféie larger in ﬁégnitude within the pH range

L
4 Eo”S.b.TheudeprotOnation of the (HL) unit occurs in
c ‘ SR |
exactly the.saﬁé pH region as for the cadmium system

2 : .
indicating that loss of that proton is not occurring by

dissplacement by the metal ion.

v . - : : . :
The middle titration was simulated using the constants.

"

shown in f@gie 33 and agrees very well with theréxperimental

1}

_data. This indicates that the model for metal—ligéﬁd

interaction is complete and relidble.

-



191

: 51° : ivati
rable Sl The Derivatives (dcn/ch)CM,pHand (dCH/dCM)CL,pH

for the Lead-Glutathione Experiments.

pH _(ch/dCL)C , pli (ch/ch)C , pH
e M ‘L
3.5 2.488 -0.093 \
4.0 2.194 ' -0.199
AL 1.992 ~ ~0.557
5.0 1.922 -0.902
5.5 1.916 © o -1.118
6.0 - 1.910 ~1.302 -
6.5 1.888 -1.458
7.0 1.842 ~1.593
7.5 1.757 | -1.693
8.0 . 1.634 ~1.713
8.5 1.432 " o-1.530

9.0 1.087 ~1.073
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Table 52. The Free Ligand and Frec Metal Concentrations for
the Lead-Glutathione Experiments with
p[L]o = }2.752 and p[M]O = 3.140 at PH 4.0

q

\";\
\ : 6
Gluta%ﬁione Lead
pH [L], moles/kg (M], moles/kg
4.0 1.77 x 10713 7.24 x 1074
4.5 . 1.95 x 10 2 4.80 x 1074
5.0 1.84 x 10711 2.04 x 10°°
5.5 1.67°x 1010 6.33 x 107>
6.0 1.51 x 107° 1.57 x 107°
6.5 1.35 x 1078 3.20 x 1078
7.0 1.16 x 107/ 5.50 x 10/
7.5 9.23 x 107/ 8.26 X 1078
8.0 6.53 x 10 ° 1.15 x 1078
8.5 3.85 x 10°° 1.73 x 1077
9.0 1.66 x 10774 3.80 x 10 19



Table 53. The Formation Constants of Complexes of

Lead and Glutathione?

Formation
Species Constant,
M(HL) . . 1.74 x 10%°
M(HL) . 8.58 x 10°0°
VM(HL)M(HL)z 1.67 x 10°°
M(HL) (L) 3.49 x 10°%
(HL) ‘ 1.36 x 1044
M(HL) , (L) 3.17 x 10°°

a

Log&ég)

16.24
30.93
50.22
21.54
44.13
35.50

The standard deviation of the fit to the metal and ligand

mass balances are 2.60% and 0.71% respectively. The

193

protonation constants for H_L and H2L were determined to be

3
4.47 x 1021 and 1.59 x 1018‘respectively;

- constant for HL was given as 3.17 x 1091

the protonation
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C. Discussion: B ) . \
The complexation of zinc, cadmium and lead by
glutathione has been studied by several groups. Martin and
Edsall (8) reported formation constants of complexes ot
zinc,'Perrin and Watt (6) discussed zinc and cadwium, Fuhr
and Rabenstein (7) and Williams (5) considers zinc, cadmium

and lead. Fuhr and Rabenstein employed NMR technigues to_

PAE

study the proton and 13C chemical shifts for nuclei in
various parts of the glﬁtathione molecule while the other
groups used pH titration methods. Perrin and Watt, and

iams used the program SCOGS to evaluate the pﬁ titration

L. "

The results présented by the groups using SCOGS
disag?ee with the NMR results. More specifically, both
groups concluded that species existed that were impossible
according to the chemical shifts Observedlin the NMR spectré
oflglutathiéﬁ§. Itﬁghould be noted here that the papers
were publ;shed ;gfghe ord%r Perrip'anq Watt, Fuhr and
 R;benstéin,‘énd hilliams. The last group had benefit-of

the guidancé offered by the NMR results in the selection

of models of complexation, but chose models virtually.

identical to those of Perrin and Watt.

/ .
The xesults for the complexation of zinc, cadmium and
\

lead pté;ented in this thesis agree}with the chemical shift

data presented.by Fuhr and Réb nstein.: In addition, where

poésible, titrations were similated on the basis of models
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presentedeby Perrin and Watt and by Williams. These have
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‘been compared to data collected fop use with the FICS method

~and to curves simulated on the basis of the models presented

in this thesi

S. .These titrations agreevwell with each other.

Zinc-Glutathione

/

‘The model of the interactions betwee zinc and

glutathione proposed“by Perrin and Watt and by Williams

included the major complexes M(HL), M(L), M(HL)2 and .

)

M(HL) (L). The NMR data of Fuhr and Rabenstein suggested

thaf no compl

those workers.

ex M(L)

formed in

the pH range suggested by

The complex M(L) may, or may not, be real.

Molecular models show that it is poss1ble because the

sulfhydryl group and the glutamyl amino and carBoxyl groups

may bind 51multaneously to a metal, leaving the ligand in

a completely deprotonated form. Two arrangements are

possible, one in which all the coordinating groups are

planar and a second in which they are 1mmed1ately adjacent

to each other.
\/simultaneously as M(L)Z' Fuhr_

criticisms of this model.

With this second form, two: llga\ds may bind

and Rabenstein offered two

They argued that there is no

reason to believe that the metal has sufficient affinity

for the ligand to displaoe the

residue and,

and unstable ten-membered ring

models show,

that even if such

however,

that the

amino proton\ff’the glutamyl

affinity existed, a lafbe
would form. Molecular

carboxyl and amino groups of
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;he glutamyl peptide linkage are vefy close tco the metal
- ion, though not diripted towa;d it gpd méy contributé to
the strength of binding of the.terminal glutamyl residues
and stabilize the'large ring. Hdwever, the ﬁMR studieS'of
the intéractionrpf zinc and glutathione clearly show that
no bindihg to the glutamyl terminal occurs before pH 6.
Both Perrin and Wétt, and Williams suggest about 10% of the
metal bound in a complex such as M(L) at pPH 6. At pH 7
- Perrin and Watt suggest that 55% of the metal exists as
‘ M(L), the NMR resnlté show about 25%. A species
distribution for the constanté derived from the FICS method
(Table 41) is shown on Figure 24. No specieé M(L) was
vfound to exist. Deprotonation of the amino group of the *
glutamyl residue and complexation to the metal begins at
pPH 6 when M(HL)2 loses a proton to form M(HL)(L). There
may be in fact>two forms of complexes with that stoichio-
metry, namely a binding and nonbinaing form.‘ However,
judging by the pE range of deprotonation it appears - to ge
a displacement type reaction. At pPH 7 about 30% of the
metal is complexed in a forn M(HL)(L):'

. Martin and Edsall .ave suggeétéd'the thfeé complexes

M(HL), M(HL) , and M(HL) L), repcrting a log(K) for the

reaction .M + HL = M(HL) of 5..) 2rd a PK for the first
ionization of M(HL)2 of 7.50. Pe ncd Watt found 4.74
and 7.04 for thesé reactions; b .1 btained the values
'4.881and 7.35, . From the data in ... u.values of .00

and 7.15 can be calculated for these - hri This s
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a reasonable situation since Perrin and\Uatt, and Willians,
by including M(L), have probably underestimated the constant
for M(HL) and, Martin and Edsall, without adequate knowledge
of the complexation above pH 7.0, have overestimated the

pKa of M(HL)Z.

Previous studies have not take into'account that

~.
complexes with a ligand to metal ratio greater than two

might exist, even‘though experimengs at glutathione to
metal ratios up to 8:lvhave been used. The cqmplex M(HL)3
was found to be present using the FIéS method, accounting
for 20% of the zinc coﬁplexed to glutathione at pH 7.8.
Molecular models show that three ligands may bind to the
metal through the sulfhyrdryl group with no steric inter-
actions at the other parts\of the molecules.v The net charge
on sucﬁ a complex is -4. ngever, since the entire complex
is quite lérge and at leést'g of the charggs are located
on the glycine carboxyl groups at the remote extremities
of the complex, this is not an unreasonably large net charge.
No evidence was found for a épecies M(HL)4,which would have
a -6 charge.

The models for the interactions of zinc with
glutathioné suggested by those working'with SCOGS and this

work with CS appear quite different and it was of interest

- to compare ti n curves simulated using the alternative
models. The curves were found to agree quite well. This
is reasonable since it is conceivable that different models

may give rise to the same titration curves. This problem

—
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N

has in part been overcome by the &se of the [L] and [M]
provided by the FICS‘method,which considerably restricts
possible models to explain the data. Attempts to fit the
ﬁnodels of Perfin and Waft, and W;lﬂiams with the [L] and [M]

v

<T;;] data from the zinc-glutathione experiments failed\\

Cadmium-Glutathione

The interactions»between cadmium‘and élutathiope
appear to be quite different from'fhose involving zihc;.
Complexation begins at much lower pH -and appears ﬁo strongiy
favour complexes bound only through the .sulfur of the
cysteinyl residue. Perrin and Watt suggeét'that the ;§jor
'compiexes are M(HL)U/MIHng, M(HL)(L),M2L and ML. They
fotind that at pH 5.8 about 20% of the.metal is bound as M, L.
&illiams concludéd that the major species are M(éi), M(Hﬁ)z,
M(HL) (L) "and M(L). Their fesults differed from those of =
Pegrin/gnd Watﬁyin that they found about 50% oﬁrthe cadmium
?eld as M(HL) at pH 4.0 compared to less than 5% for the
o;% r workers and they found no MZL; Thé discfepancy he%e»
;%éicates that the model of compléxation may be rather
diffiéult to establish with potentiometric data alone. The
NMﬁ results of Fuhr and Rabenstein indicated that both of
the avae studies were in some-aspects,incorfeét. A model
for the'cadmium—glutathione4systém must -°xoplain: (1) the
binding to sﬁlfhydryl at pH > 2.0, (2) binding to glutamyl

terminal above pH 6.5 and, (3) binding to glyeyl terminal
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in the pH range 2 -10. The results of the FICS method are
able in part to expldin these Observations; however, the
.modei remains incomplete. N

The major species found included M(HL), M(HL)Z, M(HL)3
and M(HL)2(L). A species distribution is shown on Figure
30. All of these compiexes are probably bound exclusively
through the sulfhydryl group énd the deprotonation of
M(HL)3 occurs without interaction with the metal ion_(thg
pKa for this ionization was 8.46) . ‘;n addition. to these
éomplexes, a polynuclear species M(HLLM(HL)2 was found,
accoﬁnting for about 40% of the métal at-bH 5.6. It is
most interesting to note the similarity of this complex
wiﬁh M2L found by Perrin and Watt; first, the maximum in
concentrations océurred at the same pH; and secend, both
accounted for 40% of the dbmpiexed metal at that pH. The
formation of M2L from H2L would release 2 protons, while
the. formation of M(HL)M(HL).2 would release 3. Perrinvqnd_
Watt's model compensated for this discrepancy in the number
of protons titrated to'pH 5.7 by including M(L) at that PH.

The polynuclear complex M(HL)M(HL)2 is able to explain
thé observed binding of tﬁe metal ions to the glycine
carboxyl group. Tﬁe glycine group would be able to fbrm
bridées to the metal ions of less than fully coordinated
complexes thus forming a bonding betweenAM(HL)é and the
singly coordinated M(HL).. This brocess does. not itself
release protons but(it ié observed by the effect it will

have upon other eguilibria involving proton displacements.
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The model suggested by the FICS method doesvnqt account .
for the observed binding of cédmium to the glutamyl amino
group. The species distribution shown on Figure 30
.indicétes that a deprotonation of M(HL)3 occurs at pH 7,
‘but this isvprobably not a displacement by the metal ion,
The inadequécy of the model is further shown by a differenée
between the actual titration curves. and simulé£éd data in
the pH range 6.5 to 8.5. This strongly suggests that a
displacemeﬁt reaction does occur in that pH fange, with
binding to the amino group of the glutamyl residue. The
models used by the Sther workers do not offer'muéh help-
since they propose formation of M(L) as low as pH 5.0 and
M(HL) (L) at pH 6.0. With the data from the FICS. method a
model including M(HL) (L) indicates that it would only begin
to'form above pH 7.0 and woaid not offer explanation of the
NMR reéultsf The reasoﬁ fof these problems may stem from
a pplYmerizatiOn reaction where the uncomplexed glutamyl
and glycyl terminals may bind to metals other than‘that'to
whiéh the sulfhydryl group igkbound; This type of situat. -
}has been'reportéd for glutathione complexes of nickel (54, ‘
55) and silver (74).'_In the latter_report, silver-
gluéathione polymers were separated and charécterized, and
found to have betweeh 15 and 20 megal—glutathione uriits.

If éeries of short polymers are present in cadmium-
glutathione solutions this would pose considerable

difficulty for pH titration methods; first, a variety of
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complexes‘migﬁt ekist in a narrow pH g?ngé;‘;nd second, the
mixture may not be at eqguilibrium. In either case,
potentiometric titrations will fail to resolve the situation.

In spite of these difficulties a great deal of
information.abogt the‘coﬁplexatién of cédmipm to glutathione
has been extracted from éhe titrafion data. TFirst, it
should be remembered that the deduCtiég of a model of
complexes existing in<solution and formation constants is
only a part of the FICS method. The values for [L] and [M]
shown in Table 46, the values of the derivatives in Table
45 and the delta qé&ntities of Figure 27 have beén derived
from the experimental data and are independen£ of a model
for complexation. They will not be affected by the choice
of an alternative model.

Below pH 7.0 the majority of metal is held in\the
complexes M(HL), M(HL)M(HL)

and M(HL) These species

2 2°
account for both. the obServed pH titration curves and the
NMR data. Models proposed by Perrin and Watt, and by

Williams did not agreée with the NMR observations. This

model also describes the complexes which may form in

'phySiological pPH ranges. In this respect it is interesting

to note that glutathione in physiological media will
invariably be bound to heavy metals only at the sulfhydryl

group. The other parts of the molecule will continue to

_behave as if the metal was not present, perhaps binding

to other metal ions, to enzymes and to proteins.

(28



Lead-Glutathione

The reaction of‘lead with glutathione has been found
to be almostnidenticél to that of cadmium. The curves of
ACH, ACL and ACM shown in Figure .23, and the species
distribution shoWn_in'Figure 31,are very:éimilar to those
for the cadmium system. - The. NMR data collected by Fuhr
and Rabenstein showed that the interaction of lead with
glutathione occurs through the sulfhydryl and glycine
carboxyl groups in essentially the samé way as in the
vcadmium system. However, thereAwas a major difference; no
complexation of lead to the glutam&l terminal Was observed
below pH 12.0. This\suggests that the polymerization
reactions of thé type proposed abgve for cadmium are not
likely in the lead system. The actual titration data was
matched very well by a simulatéd titration curve based 6ﬁ
the ﬁodel including the species M(HL), M(HL)M(HL)z, M(HL?z,
M(HL) , and M(HL)2‘(L); |

The model for the complexation of lead by glutathione
'described by Williams included the complexes ML, M (HL) (L)

ahd Ngz. three of these species form by loss of an -
aminc ;{cr irom the glutamvl group below pH 8.0. Since
the amino proton wou.d usually be titrated above pPH 9.0,
these reactions must occur through displacement af the
protons by metal ions. This does not agree with NMR data,

which shows thHat the amino group does not participate in

binding below pH 12.0. Williams made no attempt to use

205
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the NMR data as a guide to selection of a model of
complexation. ’

As wés described iw the section on the binding of
cadmium, some possible reactions of glutathione with heavy
métals in physiological media are suggested by the results
of the e%éériments in this theéis. It appears that only
very weak complexation occurs to groups other than the

sulfhydryl within physiological pH ranges 4nd, if binding

does occur, it°is most likely to another metal ion through .

the glycine terminal. This indicapes that the barts of
glutathione molecule that are not directly involved with
binding behave as if the binding had not occurred. This
has implications in the undgrstanding.of the effect of
heavy metals on biochemical processes. FOr example, should
a lead—glutathiohe complex bina to an enzyme through the
glutamyl terminal, the activity of that enzyme may be
effectiVeij quenched. In this way metal ions which would
not normally interact with enzymes near their active sites
may, through a carriér molecule,'haVe an effect on the
activity of that enzyme. This also suggests that
glutathione cannot be used as a heavy metal sequestering
agent. Aside from the problems involving the other
chemical properties’of glutathione it_cannot.be used as

a drug for treatment of metal poisoning because, as
described above, it retains a great deal of its previous
character even after complexation. As a result it will

continue to participate in biochemical processes, perhaps

207
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spreading the metal faster. This reduces the number of

routes by which the metal ions might be eliminated from

the body.
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APPENDIX A

THE COMPUTER:PROGRAM USED TO SIMULATE TITRATION CURVES.

~)

10 FRINT °NUMEER OF TITRATIONS?*\INFUT S

20 FOR I=1 TO S5
30 FRINT °"CONC LIGANUYyMETAL*\NINFUT $6(I)s57(1)

S DIM F$(20)yG$(20)yH(lO)rL(lO)rM(lO)yB(lO)rHl(lO)yP(QO)r

L1¢(10)»F1C(10)yF2(10)

55

40 FRINT *"FILE FOR STORAGE?*NINFUT F$CI) -

50 NEXT I

g80. FRINT *INITIAL VOL?"\NINFUT V1

90 FRINT *NUMBER OF ITERATIONST*N\INFUT Q1 - /

100 FRINT *INIT FHyNUMEBER OF FHyFH INCR.*\INFUT F2yNsT1 o

110 FRINT *NUMEBER OF FROTONS,BETA FOR MOST FROTONATED FORMY?
, . NINFUT HrId

120 FRINT "NUMBER OF L INCREMENTSyRATIORATL??*NINFUT N3yR1sRS

130 PRINT "NUMBER OF M_INCR,RATIOrRATM??*\INFUT M3rRé6sR7

140 FRINT °*NUMBER OF SFECIES?*N\INFUT N1 »

150 FOR I=1 TO N1 _ ’

160 FRINT *NUMEER OF HyLsMsAND BETAP*NINFUT H(I) L (I)yM(I)sB(I)

170 NEXT I

210 FRINT "ADDED ACID?*\NINFUT Cl1

220 FRINT *CONC OF NAOH?*\INFUT RS

230 FOR S4=1 TO S5

231 LET H$=F$(S4)

235 OFEN H$ FOR QUTFUT AS FILE #5

245 LET L=S6(S4)\LET M=S7(S4)\LET F=F2

250 LET X1=FP-II\LET X1=EXF(-X1*L0G(10))

260 LET X2=EXF(-FXLOG(10))

270 LET C=C14HxL '

280 PRINT °*CHO EQUALS*",C |

300 LET F1=(EXF(HXLOG(X1))~EXPF (HXLOG(X2)))/EXF(HXLOG(X2))

305 LET F2=0 -

310 LET L1=L/(BXEXF(HXLOG(X1)))

315 LET M4=M ’

325 LET W=1,00000E-14

330 LET L2=L\LET M2=M

350 LET v=0 °

3460 FOR I=1 TO N

370 LET F1=EXF(-FXLOG(10)) "

380 LET L3=LI\LET MS=M4

390 LET L1=L1%(1+FI1)\LET R=L1%(F1+.8)/R1

400 IF F1>=0 THEN 410 “LET R=L1%(F1-.8)/Rl

410 LET I2=R/N3\LET I3=I2\LET L1=L1-(R/2)

420 FOR Q=1 TO N3 KO

430 LET L1¢(Q)=LI\LET L1=L1+I2\NEXT Q

440 LET M4=M4%(14+F2)\LER R=MAX(F2+.8)/Ré

450 IF F2:=0 THEN 460 \LET R=MAX(F2-,8)/Ré

460 LET I2=R/M3\LET I14=12

465 LET MAa=M4=(R/2)

470 FOR Q=1 TO M3

480

LET M1(Q)=MA\LET M4=M4A+I2\NEXT Q



4600
610
611
612

613"

616
617
630
640
650
660
670
680
690
700
750
760
770
771
780
790
800
801
810
820
825
826
830
840
850
860
870
880
900
910
930
940
950
960
970
1000
1010
1020
1040
1050
1060
1065
1070
1080
1090
1095
1100

(;,
\
W,

FOR Q=1 TO N1
LET FOQ)=H(XLOG(F1)\NEXT Q
FOR Q=1 TO Q1 '
LET Y=1
IF-Q=16G0 TO 750
LET I3=I3x1, O0O0INLET I4=I4%1.001
LET Y=1
LET I2= I3*RS/(EXP((Q—l)*LDG(NS))+R5)
LET L1=F5—,5kN3KID
FOR J=1 TO N3
LET L1¢( ) =LINLET ll"Ll#I“\NEXT J
LET I2=T4%R7/(EXF((Q-1)%L0G(M3))+R7)
LET M4=Fé4~,5%kM3I%k12
FOR J=1 TO H3 .
LET M1C()=MA\LET M4=MA+I2\NEXT J
FOR K=1 TO N3 £
FOR K1=1 T0O N1
LET FL(K1) =L (K1)XLOG(L1(K))
NEXT K1
FOR 0=1 TO M3
FOR 01=1 TO Nt
LET P2C01)=M(01)XLLOG(ML(0))
NEXT 01
FOR Ki1=1 TO N1
LET $8= LDG(B(RI‘)+F(R1)+[1(h1)+F“(h1)
IF $8:x=-35 THEN 824 \LET X=0
IF $84~35 THEN 830 \LET X=EXF(S8)
LET S1=S1+H(K1)%X
b[T S§2=82+L (K1) %X
LET S$3=83+M(K1)%XX\NEXT K1
LET S1=F1-W/F1+51
LET S2=L1(K)+82
LET S$3=M1(0)+S3
LET Z=Y
LET Y=ARS(L-S2)+ARS(M~S3)
IF Y-Z<=0G0 TO 950
LET Y=Z\GO TO 1000
LET FS=L1(K)\LET Fé=M1(0)
LET A3=S1\LET A4=S2\LET A5=S3
LET C2=0\LET C3=K
LET S1=0\LET S2=0\LET S3=0
NEXT 0
NEXT K ,
IF C2=1G0 TO 616
IF C2=M3G0 T0O 616
IF C3=160 TO 416
IF C3=N3G0 TO 416
FOR K=1 TO 5
LET V=(CkV1)/(Y14+V)-A3
LET VU=(UxV1)/(E5-U)
IF Vx=0 THEN 1100 \LET V=9
NEXT K

214



1110
1115
1120
1125
1130
1140
1145
1150
1151
1160
1170
1180
1200

REALY

LET L=L2%V1i/(V+V1)
LET M=M2%VU1/(V+V1)
NEXT Q

FRINT YyFOyF&6sC2,C3
LET L1=FS\LET M4=F6
LET F1=(L1-L3)/L3
LET F2=(MA-M5) /M5
FRINT FyVUrsAZyA4,0S
FRINT #5:Fy*y"yA3,"y",y
LET F=P+11

NEXT I

CLOSE #35

NEXT 5S4

21
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APPENDIX B

A SIMPLE DERIVATION OF THE BASIC RELATIONSHIPS IN THE

FICS METHOD

C.= [L] + [HL] + [HML

L 2]

=[]+ P 81181+ 2/3HML2[H][M] (L]

Cym /3HML2,[H1 (m] (L]

2

-_— + -
Cy= [H'] = [0H7] + B i) + o, (1 024 (L)

dc :
L 2
IH - BHL[L] + 2/3HML2[M] (L]

From Equations 5 and 7:

dCL

d[H]

[(H]

(1)

(2)

(3)

- (4)

(6)

(7)

(8)

(9)

216

(5)
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Since d[H] is equal to dln[H],

——en

[H]

dc dc '
L - H | . ‘ (10)
dln[H] dln[L]

‘ d -
dinfr] _ %y (11)
dln[H] dc

L
Since -log[H] = p[H], and -log[L] = p[L],
. (-]
. d
e (12}
dp[H] dCL ,
Integration of both sides from pHO to PH gives:
PH pH ac
dplLl ) oy - H| dpH (13)
dpH , ) ac
pHO PHO
/
pH PH "0 L
dplL] = (EEE) dpH - (14)
a ,,
H H L J
PHo P
PH - PH
_ dCy\ apn ' (15)
plL] o = EToll
H H L
PH, pPH,

And if p[L] at pHo is equal to p[L]o:
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PpH
dcC
p(L] = plL] - (aag), dpH | (16)
: L
PH

Equations 6 and 8 can be combined:

dCH
am)

[H] (17)

ﬂ) _ (Ml
arH)

N

-

This equation can be manipulated in exactly the same manner

as Equation'9 and will produce:

L] pH
p[M] = p[M]O -
— "‘»pHO

dpH (18)

Equations 16 and 18 are Equations 9 and 10 in Chapter II.
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THE COMPUTER PROGRAM USED TO STANDARDIZE pH ELECTRODES

BUFFER BEASIC VOlKE-02

100
150
170
180
300
405
406
420
460
470
480
490
500
510
511
520
530
540
550
560
570
580
590
500
601
610
4620
630
4640
660
670

OIM CCLOYyRC10)

FRINT “"HOW MANY BUFFERS IO YOU HAVE? =3AND<&"
FOR J=1 TO Ni

FRINT *X¥ RUFFERyFPH? FXENINFUT Cod

FRINT "RUFFER,MU?"\INFUT Al

LET R(J)=A1

NEXT J ,
LET S1=O0\LET S2=0\LET U=0\LET W=0\LET F=0
FOR I=1 TO N1 |

LET $1=81+R(I)

LET S2=824C(T)

LET Us=U+RCI)KR(I)

LET W=W+C(I)XC(I)

LET Pu=F+R(I)KC(T)

NEXT I _

LET U1=N1i¥U-$1%81

LET W1=N1XW-352%&2

LET FP1=N1XE-S1%52
LET $3=F1,/U1

LET S4=(S2-53%S51) /N1

LET D2=0

FOR I=1 TO N1

LET D1=C(I)-(SIKR(I)+54)

LET, D2=02401%D1

NEXT I

LET V=D2/(N1-2)

LET V1=SQR((N1%V)/U1)

LET V2=SQR((UXV)Y/U1) ,

FRINT *SLOFE*®,yS3\FRINT "INTERCEFT®,S4
FRINT "STANDARD DEVIATION IN THE SLOFE®,yi

FRINT *STANDARD DEVIATION IN THE INTERCEFT®*,y:

NINFUT NI

R
A



THE COMPUTLER PROGRAM TTR1 WHICH CONTROLLED THE COLLECTION

100

Mg 0w
(@]

<

11

13
14
15

146

APPENDIX D

OF EXPERIMENTAL DATA

REAL MINMUyMAXMYyMAXSD, MAXSLO » MY
INTEGER F1,F2
REAL LLEAST

220

DIMENSION CCO150)yDC150) yWTEL  50) »WTER2(150) yFIFH(LS0 )

DIMENSION A(50)yEB(S50)
COMMON CE1sCE2sC1-C2 .
FORMAT(1FEL2.5)

- CALL IDOR(OyOs"ay"a)

FORMAT(‘ “y’AUTD=0,MANUAL=1 ")
WRITE(7,7)

ACCEFT 91

IF(I) 1005100550

CONTINUE

DATA E1,E2, INOWN/0.03,0.0,450/

DATA MINMUy MAXMU s DANMY/S,0,10.0,15,0/
DATA MINDOW, MAXTIOWsN/450 53000, 10/

DATA MAXSIy MAXSLOYENIIMU/0,1y1.05400.,0/
DATA NEE»CE1yCR2/0,1,0E~2,1.0E-2/

DATA C1yC2/1.0E-3,2,0E-3/

GO TO &0 .

CONTINUE

FORMAT (' “y3F10.4)

FORMAT(/ 7,51%5)

FORMAT(* 7y “INFORMATION FROM CALIERATIONy SLOFE?’)

WRITE(7,10)

ACCEFT 8rE1

FORMAT (’ 7y “INTERCEFT?")

WRITE(7s11)

ACCEFT 8yE2 .

FORMATC(” “y "DURATION OF FIRST DELIVEKY?)
WRITE(712)

ACCEFT ?»IDOWN -

FORMAT( 7y ’MINIMUM CHANGE EXFECTED?)
WRITE(7y13) )

ACCEFT 8sMINMY

FORMAT (. 7y “MAXIMUM CHANGE EXFECTEDN?’)
WRITE(7r14)

ACCEFT 8»MAXMY s
FORMATC(” “y’A DANGEROUS CHANGE WOULD RE?’)
WRITE(7,15) :
ACCEFT 8yIANMV :
FORMAT(’ 7y THE MINIMUM DELIVERY TIME?’)
WRITE(7,16) - '
ACCEFT 9yMINDOW



N

17
18

19

31

41

60

60

FORMAT ¢’ " » THE MAXIMUM DELIVEY TIME?’)
WRITE(7,17)

ACCERT 9 rMAXDOW , .
FORMAT ¢ "7 "NUMBER OF FOINTS TO KRE SAMFLED?’)
WRITE(7y18) ,

ACCERT 9N

FORMAT (7 77 "MAXIMUM ALLLLOWED STANDARD LEVIATION? )
WRITE(7y19) :

ACCERT 8yMAXgh

FORMAT ¢’ 7 »  MAXIMUM SLOFE ALLOWED? )
WRITE(7,20)

ACCERT 8rMAXglD

FORMAT (" " 2%y S0’y 10Xy "SLOFE "y 15Xy "WEIGHT’ »
FORMAT( 07D S MV p 15Xy F
FORMATC( ‘2 gEND OF TITRATION?sMV’)

WRITE(7y23)

ACCERT 8yENIMY

FORMAT (¢ /7 *NUMBER OF EXTRA BURETS?’)
WRITE(7+26)

ACCERT 9sNER

FORMAT C* ”'coNC IN NUMEER 177)
WRITE(7»27)

ACCERT 8ysCB1

FORMATC’ "7 CONC IN NUMEER 277)
WRITE(7»28)

ACCEFT 8,CBRQ

FORMAT(’ 77 CONC OF COMFONANY 1 IN TITR CELL?")
WRITE(7»29) :

ACCEFT 8-»C1

FORMAT(’ 77 CONC OF COMFONANT 277)
WRITE(7»31)

ACCEFT 8,C2 :

FORMAT(’ '’ RATE OF DRIFT,MG FER 15 MIN’)
WRITE(7r41) *

ACCERT 8yIRIET

DRIFT=LRIFT/9,0E4 '
wRITE<7,35>F1,E°:MINMU,MAXMv,DANMv

CWRITE (7357 MAXSIy MAXSLOy ENIIMY

WRITE(7»3%)CR1,CR2,C1,C2
WRITE(7»22)
WRITE(7+21)
WRITE(7»22)
C(1)=0.0
RUNTIM=0.0
WTE1(172=0.0
WTER2(1)50.0
K=0
OLDIMY=0.0
J=0 :

221



35
36
37

e

e

30

39

40

‘RUNTIM=RUNT IM+4%F2

222

FORMAT(5(1FE15.4))
FORMAT (77 /5 1FEL12. 353X, 1FEL2 .3, 5X 1FELS, 5)

FORMAT (7 7y 1FE12. 353Xy IFE12.3, 23X, 1FEL12., 35Xy 1FELD . 3)
[0 30 I=1,sN

CALL COLLEC(ACI)yE(I))

CALLL DELAY (150) ‘

RUNTIM=RUNTIM+150.0

CONTINUE

J=J+1

CALL LLEAST(EsWEIGHT» Sy SLLOFE »N)
WRITE(7y36)SIsSLOFE s WETGHT

IF (J.GT.1) GO TO 39

IF(KEQ.O)OLDWT=WELGHT

DELWT=0LOWT ~WETGHT

CALL VOLUME (NEBsTELWT yF1,F2)

IF (F1.GT.0) CALL ADELIV(F1)

RUNT IM=RUNT IM+4%F 1

IF(F2.GT.0) CALL BOELIV(F2)

IFCFL. LT 10) JAND. (F2,LT.10)) GO TQ 39

GO TO 25

CONT INUE

CALL LLEAST(A»MVySIySLOFE,N)

PH=E 1 XMU+E2 ,
WRITE(7y37)S0,SLOFE y MUy FH

IF(J.EQ.S) GO TO 40 /
1F CABS (S . GT MAXSD) GO TO 25 :

“IF(ARS(SLOFE) . GT.MAXSLO)Y GO TO 25

IF(MVL.GT.ENOMVU)Y GO TO 70
DELMU=ARS (OLIMU~MU)

IF(DELMV.LT.MINMV)Y IDOWN=IDOWNX?, -
IFCCOELMVLGT , MINMY) W ANDN, CHELMYL LT MAXMY) ) TDOWN=IDOWN
IF CCDELMV.GT . MAXMY) JANIN. (DELMYU, LT IIANMY) ) TDOWN=IHOWN
IF (DELMY.GT . DANMY) IDOWN=IDOWN/S.0 - /2.0

IFCIDOWNLLT JMINOOW)Y IDOWN=MINDOW

IF (IDOWN.GT.MAXDIOW) IDOWN=MAXDIOW
WRITE(7,9)I00WN :
CALL DELIVE(IDOWN)
RUNTIM=RUNTIM+30.0+I0D0WN
IF(K.EQ.0) OLIWT=WEIGHT

K=K+1 ®
D(K) =My

RUNTIM=RUNTIM+500.0 ®
WRITE(7y8)RUNTIM» DRIFTXRUNTIM :
DELWT=0LIWT~-WEIGHT
DELWT=DELWT~(DRIFTXRUNTIM) /1000.0

RUNTIM=0.0

IF(K.GT 1) CCK)Y=C(K~1)+DELWT

OLDWT=WE FGHT

WRITE(7+?)F1yF2 : g

IF(K.GT.1)» WTEL(R)=WTE1(K~1)+(F1%1,0218/10000.0)
IF(K.GT.1) WTBR2(K)=WTBR2(K~1)4(F2%1,0218/10000.0)
FFH(K)=FH

CALL DELAY(300)



70

32

33

38

34

10

223

RUNTIM=RUNTIM+300.0

OLLIMV=MV

J=0

GO TO 25
WRITEC(7y35)CCCI) sWTRLICID) s WTE2(I) yI(I) s FFH(I) »I=1sK)
WRITE(7y9)K .

FORMATC(’ 7, /0U"""UT TO FILE FTN1?? YES=0,NO=1‘)
WRITE(7,32)

ACCEFT 9,1 o~

GO TO (38y34) I+1 ~ ‘
wRITE(lyé)(C(J)yUTﬁl(J)waBQ(J)7D(J)yPPH(J)yJ=1yN) a
ENDFILE 1

G0 TO 33

CONTINUE

STOF

END ' :
SUEROUTINE LLEAST(EyA1sS1yR1,N)
ODIMENSION E(50)

A1=0.,0

Y2=0.,0

X2=0,0

X4=0.0

ho 10 1=1,N

=1

Al=A1+R(I)

Y2=Y24+ZXR(I)

X2=X2+2Z"

X4=XA+7Z%Z

CONTINUE

Z=N

Yi=A1 : . .
Al=A1/2Z :
D=0.0

00 20 I=1sN ,
OD=D4+(B(I)-A1)X(R(I)-A1)

CONTINUE

RI=(ZXY2-Y1%X2)/(ZXX4-X2KXD)
S1=SQRT(I/(Z-1.,0))

RETURN

END :

SUEBROUTINE COLLECCA,R)

. INTEGER TIME

TIME=1
CALL INOR(0s0y"3y"0)
CALL DELAY(TIME)
IX=INIR(OyOy—1,0)
C=1IX

CALL IDOR(0»0y"3,"1)
CALL DELAY(TIME)
IX=IDIR(Os0y~1,0)
BE=IX '
B=(10000.%E+C)>/1000.
CALL IDOR(O,0y*3,"2)
CALL DELAY(TIME)
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IX=IDIR(OrOr~150)
A=IX

A=A/10,

CALL IDOR(0O»0y*3y*3)
RETURN

END

SURROUTINE DELAY (TIME)
INTEGER TIME

00 10 I=1,TIME -
ICMF =0 - e
CALL SETR(S,0r1.,ICMF)

CALL LWAIT(ICMF»Q)

CALL SETR(—~1syy)

CONTINUE

RETURN

ENII . ,

SUBROUTINE DELIVE(I)

CALL IDORCOs0OsT4,"0)

CALL DELAY(15)

CALL IDORCOs0Or"4,"4)

CALL DELAY(I)

CALL IDORCOsO0y"45"0)

CALL DELAY(15)

CALL IDORC(O»Oy"4y"4)

RETURN

ENDI ,

SUBROUTINE VOLUME(NyUsF1,F2) \
COMMON E€E1yCE2sC1yC2 _ ///q
INTEGER Fi1,F2 , \ -
V1=0.,0 z

U2=0,0

GO TO (105,20530) N+1

F1=0 -

P2=0 .

RETURN

V1=(C1%V)/(CE1~-C1)

F1=V1%10000,

V2= (C2%V) / (CR2-C2)

P2=U2%10000,

RETURN

DO 40 I=1,5

V1=(C1%(V+VU2))/(CE1-C1)
V2=(C2%(V+V1)) /(CE2-C2)
CONTINUE

F1=V1%10000.
F2=Y2%10000.

RETURN

END

SUBROUTINE ADELIV(N)

00 10 I=1,N.

CALL IDORCO»0y"20+%20)
CALL DELAY(2) o
CALL IDOR(0s0»"205,°0)
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CALL DELAY(2)
CONTINUE

RETURN

END _
SUBROQUTINE EDELIV(N)
00 107%=1+N

CALL ITNIDR(OsOy"40y"40)
CaLL DELAY(2) '
CALL INORCO»Or™4045"0Y
CALL DELAY(2)
CONTINUE -

RETURN

END

o
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APPENDIX E
THE COMPUTER PROGRAM FCOPY WHICH TRANSLATED DATA COLLECTED

IN FORTRAN TO A -FORM COMPATIBLE WITH THE LANGUAGE BASIC

FCOFY BASIC VO1ER-02

40 I'IM AC100)+B(100)sCC100),0¢100),E(100) .
S0 FRINT "FILE FOR INFUT*\NINFUT F$

70 OFEN F$ FOR INFUT AS FILE %5
80 I=1

20 INFUT #53A%sBEyChr0$S,E%

100 ACI)=vaL(AD)

T110 B(1)=UAL (B$)

120 C(Iy=YaL(CY)

130 DCI)=VAL(DI$)

140 ECI)=VAL (E%$)

150 IF END #5 THEN 200

160 I=I+1 .

170 GO TO 90

200 FRINT "Xk¥KkkK “y1s" KKK
205 CLOSE 45 X

300 FRINT. "MUMEER OF COFIES?*\INFUT N

310 FOR J=1 TO N .

320 FRINT "FILE FOR OQUTFUT?*NINFUT F$ . ~

330 OFEN F$ FOR OQUTFUT A8 FILE 4%

340 FOR n=1 TO I

350 FRINT #5IAO " s " s BCK) s " s "y CCK) r "y "y IR ) » "y "y E(K)

360 NEXT K O
365 CLOSE #5

370 NEXT J

.380 STOF

390 END

READY



APPENDIX F

THE COMPUTER PROGRAM WHICH CALCULATED CH'S AT EXACT pH's

S D
10
20
25
26
30
40
45
50

55

60
61
62
63
64
70
71
72
74
75
80
81
100
110
120
200
210
220
230
240
245
246
247
250
251
252
260
270
275
280
300
310
400
405
410
420

430-

449
450
460

465

470

FROM THE TITRATION DATA OUTPUT FROM PROGRAM TTRI1

M P(QOO*{;(BOO)yV(QOO)

FRINT "FILE TO RE USED AS INFUT?*\NINFUT F$
OFEN F$ FOR INFUT AS IFILE &5

M=1

L=0

FRINT *FH INCREMENT?"NINFUT X

FRINT *NUMBER OF LIGANDOS?*NINFUT N
FOR I=1 TO N

FRINT *"LIGANII CONC.?*"\NINFUT K

FRINT "MUMBER OF FROTONS?*NINFUT K2
L=l +KXK2 '

NEXT I

FRINT "CONC. OF ADDED ACID?*NINFUT Ki
FRINT *"CONC. OF TITRANT?*\NINFUT K3
FRINT "TOTAL INIT VOL?*NINFUT K4
FRINT "CHO EQUALS™yL+K1

FRINT *"CONC OF H+ IN RBRURET #17°\INFUT RS
FRINT *"CONC OF H+ IN #27°\INFUT C9
REM A=WT OF NAOH,E=V0L FROM BURET #1,C=V0L FROM #2sE=FH
INFUT #5:ArByCrErErvE

LET P=pP+X

IF F<E THEN 80

U2=A\C2=E\R2=R\62=C

IF END #5 THEN 400

INFUT #5:AsRyCrEsEVE

IF F»E THEN 100
U1=A\C1=FE\R1=E\&1=C
I=C(C2%V1)-(CL1¥V2))/(C2-~C1)
g=(y1-I)/Cc1 . #

U=8XF+1 ’
I=((C2%K1)-(C1XR2))»/(C2-C1)
S=(R1-1)/C1

R3=SXF+1
I=((C2%S1)—(C1%¥82))/(C2-C1)
S=(S1-1)/C1

§3=5XF+1
Bl=(LAKA+RIXES+SINCS-KIKkW) / (KA+RI+E3+W)
F(M)=F\ER(M)=E1

U(M)=V+R3+E3

M=M+1

F=F+X

GO TO 200

FRINT "COFIES OF OUTFUT?"\INFUT N
CLOSE #5

FOR J=1 TO N

FRINT *FILE FOR QUTFUT?*\NINFUT F$
OFEN F$ FOR OUTFUT AS FILE #9

FOR K=1 TO M-1

FRINT #5¢F(K)r s "y B(KYy "y " yU(K)
NEXT K

CLOSE #5

NEXT J
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THE COMPUTER PROGRAM WHICH CALCULATED (dCH/dCX) AND [L] AND

APPENDIX G

[M] FROM THE C,_ OUTPUT OF THE P39GRAM IN APPENDIX F

H

10 DIM R(B)vZ(S)rU(Q)rG(?B)yC(Bv/éByD(8778)

S0 F

100
150
200
250
260
300
320
350
400
420
450

451

4460

470

500

550

600

640

650

1000
1010
1020
1030
1420
14460
1470
1480
1490
1500
1510
1511
1520
1530
1540
155

1560
1570
1580
1590
1600
1601
1610
1620
1630
1640
1660
1670
14680
1705

RINT *HOW MANY TITRATIONSZ*NINFUT N1

FRINT "LOWER LIMIT 0G FHP*NINFUT L

FRINT "HIGH LIMIT?*NINFUT H

FOR I=1 TO NL 7

FRINT “WHICH DATA FILE?*\NINFUT F$

OFEN F$ FOR INFUT AS FILE 45

FRINT "WHAT IS CX THIS TITRATION?"NINFUT Z(1)
FRINT *INITIAL YOLUME?*NINFUT V(D)

LET J=J+1

INFUT #5!a8sBsC

IF Ax=L THEN 450 \LET J=0

IF A<=L THEN 4S1 \IF A&x=H THEN 451 \LET C(I,J)=R

NLET QD) =ANLET M=J

IF A<=L THEN 440 \IF Ax=H THEN 440 \LET [(Iy.J):=C
IF END #5 THEN 500
GO TO 350
FRINT *XKkEND OF FILEXk®
LET J=0 :
FRINT *NUMEER OF FOINTS®,M
CLOSE 5
NEXT I

FOR J=1 TO M

FOR I=1 TO NI

LET RCID)=Z(IDUCI)/(UCIY+D(Iyd))
NEXT I

LET S1=0\LET S2=0\LET U=O\LET W=0\LET F=0
FOR I=1 TO Nl

LET S1=S14R(I)

LET S2=524C(I,J)°

LET UsU+R(I)*R(I)

LET W=WHC(IsJ)KCC(Iyd)

LET F=F+R(I)*C(IsJ)

NEXT 1 '

LET Ul=N1%U-S1%S1

LET W1=N1¥W-S2%S2

LET F1=N1%F-S1%S2

LET $3=F1/U1

LET S4=(82-53%S1)/N1

LET D2=0

FOR I=1 TO N1 :

LET D1=C(IyJ)~(S3KR(I)+54)

LET D2=D2401%01

NEXT I

LET V=D2/(N1-2)

LET V1=8QR((N1XV)/U1)

LET V2=SQR((UXY)/U1)

LET C(1,J)=5S3

LET C(S5yJ)=V1

NEXT J ‘

OFEN *DX1:SLOFE.DAT" FOR OUTFUT AS FILE #1
FRINT *  FH SLOFE SD/SLOFE *
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1720
1730
1735
1750

o

[

FOR J=1 TO M

FRINT Q(J)rC(lyJ)vC(SyJ)yC(QrJ)rC(3rJ)
FRINT #1:3QC(D "y *5C(15 )

NEXT U

10 I'IM Q(78)+C(4,78)

1600
1610
1615
1620
1630
1640
1650
1660
1670
16¢
1700
1710
1760
1770
1780
1790
1795
1800
1850
1900

2000

2100
2110
2120
2130
2140
2150
2200
3210

2220

Al al o

2230
2300
2310
2315
2320
2330
2340
2345
2346
2350
2400
2450
2500

350

2555

2560
2600

FRINT "INFUT SLOFE.DAT?*NINFUT Fé

IF F$="NO" THEN 1700

LET J=0

OFEN "DX1:SLOFRE, ﬂhT' FOR INFUT AS FILE #1
LET J=J+1

INFUT ¥1:QC1HC(1y )

IF END #1 THEN 1670

GO TO 1630

CLOSE #1

LET M=J

FRINT "WOULD YOU STORE SLOFE.DAT?*\INFUT F$%
IF F$="NO" THEN 18C0O )

OFEN *"DX1$SLOFE.DAT®* FOR OUTFUT AS FILE #1
FOR J=1 TO ™

FPRINT #1:Q(J)s»*s*"»C(1y))

NEXT J

CLOSE #1

FRINT "WOULD YOU LIKE TO REGIN AT LOW OR HIGH FH?"
INFUT F$

FRINT "WHAT VALUE IS FXO?" NINFUT A

LET F2=(Q(1)-Q(2))>/2

IF F$="HIGH" THEN "2200

LET €(251)=0

FOR J=2 TO M

LET C(2y)=C(2yJ-1)+F2%(C(1yJ- 1)+P(1;J))
NEXT J

GO TO 2300

LET C(2sM>=0

FOR J=M-1 TO 1 STEF -1

LET C(27 )= C(27J+1)+F°*(C(1;J+1)+C(17J))
NEXT J »
FRINT *WOULD YOU LIKE A FRINTOUT OF AREAS?"\INFUT F$%
IF F$=""1" THEN 2345

FRINT - FH SLOF® AREA™
FOR J=1 TO M

FRINT Q(J)rC(lyJ)rC(:!J)

NEXT J

FRINT *WHICH FILE FOR OQUTFUT?*\INFUT F$
OFEN F$ FOR OUTFUT AS FILE #6

FRINT * FH FX ' CONCENTRATION OF X*

FOR J=1 7 ™ .
LET C(3sJ. -24C(25 )

LET C(4yJ)=IXF(~C(3>J)%L0OG(10))
FRINT Q(J)yC(3sJ)sC(4y]) :
FRINT #63Q(J)»"r*yC(4yJ)

NEXT J

“TOF

7/
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APPENDIX H
THE COMPUTER PROGRAM USED TO CALCULATE FORMATION CONSTANTS
FROM THE [L] AND [M] DATA OUTPUT FROM APPENDIX G

1 OIM A(QSO)!C(lquu)rl (10)7?‘1(1\.))
O FRINT *DO YOU NEED FILES FOR L AND M?*NINFUT 74
6 IF Z$="ND" THEN 7 NINFUT WS X$\OFEN W6 FOR INFUT AS FILE $5
7 IF Z$="YES*" THEN 8 \INFUT X%
8 OFEN X$ FOR INFUT AS FILE #4
20 FRINT “NUMBER OF COMFLEXES?*\INFUT N
25 FOR I=1 TO N
26 FRINT *NUMBER OF H L M IN COMFLEX?"\INFUT ClyI)sCC2y1)5C(351)
27 NEXT I .
40 FRINT "HOW MANY DATA FOINTS?*
45 INFUT M -
A6 FRINT “WILL YOU SUM OVER L OR M?*NINFUT F$\IF Fe=+H*
‘ THEN 47 \LET g=»
47 IF F$="L" THEN 48 \LET S=3 .
48 FRINT "TOTAL X CONC?*\INFUT L\IF S<=1 THEN 4é
49 FOR Z=1 TO M
55 IF Z$="NO" THEN 56 \INFUT #5:1A(15,ACZ)NINFUT $6:A(3)A(3)
B6 IF Z$="YES® THEN 57 \IF F$="M" THEN 57 \INFUT #6:A(1),
T ACDNLET A3 =1

57 IF Z$="YES" THEN 58 \IF F$="L" THEN 58 \INFUT #6:A(1),

g : CAG3)IN\LET A(2)=1
58 LET A(1)Y=EXF(-AC1)%L0OG(10)) :
70 FOR I=1 TO N
75 LET A(3+I)=1
80 FOR J=1 T0 3
?0 LET A(3+I)= =AC3HIKEXF(C I TIXLOG (A (D))
100 NEXT

102 LET A(3+I)= C(brI)*A(B%I)
105 NEXT I

110 LET AC4+NI=L-A(S)
112 FOR I=1 TO (N+4)

113 LET ACI)=ACI)*1,00000E+17
~.114 NEXT I

150 FOR J=1 TO N

160 FOR K=1 TO (N+1)
170 LET Q(JyK)= G(J,h>+n<3+J>*A(z+h>

180 NEXT K

190 NEXT J

195 NEXT Z ' \
196 FRINT “"%XX19&k%X*

197 LET K=0

200 FOR I-' TO N

210 FOR . 0 N

211 LET k- 1

215 LET A(K)Y=Q(IyJ)

230 NEXT J

240 NEXT I

250 FOR I=1 TO N

270 NEXT I

570 LET N1=-N



580
590
600
4610
620
630
640
650
660
670
4680
490
700
749
750
760
770
775
780
790
791
795
800
810
820
830
840
841
845
200
210
220
?30
?50
260
270
75
280
?85
786
?89
?90
1000
1010
1020
1030
1040
1110
1200
1210
1220
1230
1240

FOR K=1 TO N

LET NI=N1+N

LET L(K)=K

LET M(K)=K

LET Ki1=NI4K

LET B=ACK1)

FOR J=K TO N )
LET I1=Nk{(J-1)

FOR I=K TO N

LET I2%I1+41 :

IF ABS(R)~ABS(ALCI2))»=0 THEN 749
LET EB=A(I2)

LET L(K)=I\LET M(K)=J
NEXT I

NEXT J

LET J=L(K)>

IF J-K<=0 THEN 800
LET R2=K~N

FOR I=1 TO N

LET K2=K24+N\LET H=-A(K2)\LET J1=K2-K+J
LET A(K2)=A(JII\LET A(J1)=H

NEXT I

LET I=M(K)

IF I-K<=0 THEN 900 .

LET J2=N%(I-1)

FOR J=1 TO N

LET J3=NI+INLET J1=J2+J\LET H=-A(J3)\LET A(J3)=A(J1)
LET ACJ1)=H

NEXT J

FOR I=1 TO N

IF I-K=0 THEN 930

LET I3=NI1+I\LET ACI3)=A(I3)/(~R)

NEXT I o

FOR I=1 TO N

LET I3=N1i+I\LET H:= A(IJ)\LLT I2=I-N , .
FOR J=1 TO N '

LET I2=I2+N

IF I-K=0 THEN 989

IF J-K=0 THEN 989 _

LET K3=I2~I+K\LET ACI2)=H¥A(K3)+A(I2)

NEXT U - ,
NEXT I . | - /
LET K3=K-N L ,
FOR J=1 TO N s - /
LET K3=K3+N\IF J-K=0 THEN 1040 o

LET A(KZ)= =A(K3) /B S .

NEXT J ' ,
LET A(K1)=1/E o o
NEXT K

LET K=N . S

LET K=(K~-1) :

IF K«<=0 THEN 2000

LET I=L(K)\IF I-K<=0 THEN 1400°

~
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1250
1260
1270
1271
1280
1400
1405
1410
1420
1430
1431
1435
1450
2000
2005
2020
2050
2051
2060
206.
2070
2075
2080
2090
3000
3005
.3010
3020

- 3030

" 3040
13045
3050
3060
3065
3070
3071
3073
3074
3075
3078
3080
3090
4000
4010
4020
4030
4050
4055
4060
4070
4080
4095

b
W
3]

v

LET JA4=NX(K-1)>\LET JS=NX(I-1)
FOR J=1 TO N

LET J3=J4+J\LET H= A(JS)\LET Ji=J5+
LET A(J3)=~A(JII)\LET ACJ1)=H
NEXT J .

LET J=M(K) \

IF J-K<=0 THEN 1220

LET K2=K-N

FOR I=1 TO N .
LET K2=K2+N\LET. H=A(K2)\LET J1=K2= K UNLET A(h”)~—A(J1)

LET A(J1)=H

NEXT I

GO TO 1220

FRINT *"INVERSION COMFLETE"

FOR Il TO NXN

NEXT ‘ . . R
LET K=0 . :

FOR I=1 TO N

FOR J=1 TO N

LET K=K+1

LET Q(IsU)=A(K)

NEXT J

NEX¥, I

LET A(I)=0

FOR I=1.T0 N

LET A(I)=0

FOR J=1 TO N

LET ACIN=ACI)+QC(I s I)%RQCIyN+1)

NEXT J.

NEXT 1

FRINT "CONSTANTSXXX* .

FOR I=1 TO N

FRINT A(I) o , : )
NEXT I ‘ - , ) _ : >
FRINT "BACK SUEBSTITUTION® o

CLOSE #5\CLOSE #6 : . ' .
OFEN W$ FOR INFUT AS FILE #5 '

OFEN X$ FOR INFUT AS FILE #6

LET D=0 : _

FRINT * THKKKRES IDUAL S¥OK% "

FOR Z=1 TO M :

INFUT $5:LC1) L CONINFUT #/ (3),L(3) ° ,

LET L(1)=EXP(-L(1)%L0OG(10)} , i '

FOR I=1 TO N S- :

LET L(3+I)=1 SR

FOR J=1 TO 3 , , N 4

LET L(34+I)=L(3+IXKEXF(C(Jr»IIXLOG(LTJ)))

NEXT J

LET L(3+I)= C(SyI)*L(3+I)

NEXT I ,

LE" LCA4+NI=L-L(S)

LET H=0



4100
4110
4120
4125
4130
4140
4150
4160

FOR I=1+T0 N

LET H=H+ACI) XL (3+1)

NEXT 1 oo

LET D=I(H-L CAEN) YK CH-L (4+N) )

FRINT H-L(A+N)

NEXT Z

LET D=8QRD/(M-N))

FRINT * OUVER ALL STANDARD DEVIATION OF

THE FIT*®"sD
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APPENDIX I

THE COMPUTER PROGRAM WHICH CALCULATED THE DELTA QUANTITIES,

10
11
20
2:.'
30
40
30
60
41
42
63’
65
66
67
. 68
69
70
71
72
73
74
80
85
?0
100
110
115
120
125
130
140
150
160
170
180
190
200
210
22
230
240
250
260
270
280

290

ACH, ACL AND ACM

DIM CO15515),L(15) yM(15)
DIM L1(3)»F(100)yR(3,100)
FRINT *NUMEER, OF COMFLEXES?
INFUT N :
FOR I=1 TO N. “‘ :
FRINT *NUMBER OF HyL yMs AND GETA®

INFUT C(lyI)7[4(271')![“(771)70(]:)

NEXT I
FRINT "TOTAL LT AND MT NINPUT L1(2),01(3)
FRINT *INITIAL FH*NINFUT F1
FRINT *NUMRER OF FOINTS?*\INEFUT M
FOR S=1 TO 3

IF Sa1 THEN 48 \FRINT *"FILE FOR CH*\INFUT F$
OFEN F$ FOR INFUT AS FILE #5

IF 8«52 THEN 70 \FRINT "FILE FOR.CLI*NINFUT. Fé
OFEN r$ FOR INFUT AS FILE #5 ,
IF S<&3 THEN 72 \FRINT *FILE FOR [M1*\INFUT F$
OFEN F$ FOR INFUT AS FILE 25

FOR I=1'TO M

INFUT #5:AyER

IF A<F1 THEN 73 \LET FUI)=ANLET R(S,I)=F

NEXT I
CLOSE #5
NEXT 8§

FOR K=1 TO M

LET L1C1)=R(1sKI\LET L(¢1)=F(K) =
LET L(2)=R(2yKI\LET L{(3)=R(3,K) :
LET LC1)=EXF(~L(1)¥LOG(10)")

FOR S=1 TO 3

FOR I=1 TO N

LET L(3+I)=1

FOR J=1 TO 3

LET L(34I)= L(3+I)*EXF(C(JrI)*LDG(L(J)))

NEXT J

LET L(3+I)= C<S,I>»L<3+I)

NEXT I

LET H=0 '

FOR I=1 TO N i ‘

LET H=H+ACI) XL (3+1) '

NEXT I

IF 81 THEN 260 \LET I(S)=L1(S)- —-L(S)Y+1, OOOOOE 14/L( ) -

GO TO 270
LET D(S)=L1(S)~L(S)~H

NEXT S
FRINT F(h)yD(l)rD(”)yD(3)yD(l)/D(3)yD(”)/D(3)

NEXT K

»

H
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APPENDIX J

ELECTRONIC CIRCUITRY OF THE OPTICAL COUPLE DELIVERY

SYSTEM
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APPENDIX K

ELECTRONIC CIRCUITRY OF THE MULTIPLEXER
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