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THe solutfon stability of chelates formed between several
metal-ions and 5-substituted-8-hydroxyquinolines has been determined.
The dependence of solution stability on (a) the solvent composition,
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chelate stability is essentially independent of the metal-ion. A
mathematical description of the relationship between metal-chelate
stability and ligand basicity has been derived and gives excellent
agreement with the experimental data. The relative contributions
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the bonding in the metal chelates is impiied.
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GENERAL INTRODUCTION

The importance of metal chelates in biological, physiological

(1-4).

and chemical systems is now recognized In biological and physio-
logical systems, the biuret reaction, the amino acid salts of the heavy
metals and the medicinals of the pyrocatechol series are illustrations
of useful chelate compounds. Other chelates such as chlorophyll,
haemoglobin, cytochrome and vitamin B;, are indispenSable for life
processes.

In chemistry, the study of metal chelates has added widely to
knowledge in inorganic and analytical chemistry. The interest in.metal
chelates ranges from structural chemistry to applied chemical problems
such as exist in analytical chemistry.

In analytical chemistry, chelating agents have been used

(5) (6) (7)

and spectro-

(10)

, titrimetric

(9)

extensively in qualitative , gravimetric

(8)

photometric analysis , and in ion-exchange

(.

, solvent extraction
and ''in situ' separations Dimethyliglyoxime, cupferron, EDTA and
8-hydroxyquinoline are examples of important reagents in analytical methods.

One disadvantage of chelating agents in chemical analysis is the

(12)

lack of selectivity in their reactions with metal-ions. Feigl has
defined the term "selective" in relation to analytical reagents. A
selective reagent gives an analytical reaction with a limited number of
metal-ions under specified experimental conditions. Some examples of
specific chelating agents are dimethyiglyoxime, which precipitates only

Pt(11), Pd(11) and Ni(lt) quantitatively; 2,9-dimethyl-1,10-phenanthroline,

which permits the spectrophotometric determination of copper as Cu(l)



without interference from other metal-ions; and calcichrome, which forms
a chelate with Ca(ll) only.

Selectivity often results from differences in the solution
stability of the chelates formed between a given Iigand* and a series of
metal-ions. Considerable research has been done in this area, particularly
in determining the factors that govern the solution stability of metal
complexes.

Important factors that affect metal-chelate stability are (a) steric
effects which influence the formation of the chelate, (b) the nature of the
donor atom(s), (c) the basicity of the donor atom(s), (d) properties of the
metal=-ion such as charge, size and preferred stereochemistry, and (e) the
nature of the solvent. Factors (a) to (d) are closely interrelated.

This work is concerned primarily with the effect of the solvent
medium and the effect of the basicity of the ligand donor atom{s) on the

¥ of the metal chelates of several 5-substituted-8-hydroxy-

stability
quinolines.

The 8-hydroxyquinoline family of ligands was chosen for study for
two reasons: first, since substitution in the quinoline ring is readily
made, many derivatives are synthetically available; second, 8-hydroxy-
quinoline is an important reagent, with applications in gravimetric,
titrimetric, spectrophotometric, fluorimetric, polarographic and ampero-

(13)

metric analysis, and in solvent extraction and chromatography

*
The terms ''ligand" and ''reagert'' are used interchangeably throughout.

The term ''stability" here refers to the solution stability of the metal
chelate, as defined by the concentratlon equilibrium constant. The terms

"stability constant' and ”fornatnon constant'' are used unterchangeably
throughout. :



HISTORICAL INTRODUCTION

For a metal-chelate reaction of the type

MZ* 4 nH L === nL 2RI+

+
J + ndH ,

the solution stability has been defined by
(z-nJd)+qr +0Jd
[MLn 1H7]

Kt = , o
T LI"

and also By

[MLn(z-nJ)+]

BTEETRUG

C

K" (2)

“K' and °K' are simply related by the protonation constants of

the ligand, L. Thus,

H . . .

wherechj is the jth protonation constant.
C,., C.n c H . .

All three constants, K', "K' and Kj’ are concentration equili-
brium constants; i.e., the species are expressed in moles/liter, for
example.

The solution stability is defined more correctly by the thermo-
dynamic equilibrium constant in which concentration terms are replaced

by the unitless activity terms. Thus,

(z-nd)+
T = e, = LT (4)
L S




where Vg is the activity coefficient of species, S. Only occasionhally
have thermodynamic constants been evaluated in studies relating to metal-
complex stability. Most often in such studies, the equilibrium values
obtained in an experiment are used for comparative purposes, so that
thermodynamic values are not necessary. Provided that all equilibrium
constants required for a particular study are determined under identical
experimental conditions (i.e., solvent, temperature, ionic strength*),
concentration equilibrium constants suffice in most studies. It is
necessary in these determinations to maintain the ionic strength constant
at a level appreciably higher than the concentration of the reacting
species in order to minimize changes in the activity coefficients of the
Species(]h).

The solution stability of metal complexes is an important parameter
in analytical chemistry. For example, for a complex to be analytically
useful, the free energy change for its formation must be large; i.e., the
reaction must be essentially quantitative. Thus a stable complex is
required, and, consequently, for any potentially useful analytical complex,
the determination of its solution stability is a requisite.

The solution stability of metal complexes is also related to the
selectivity of the reagent, since often selectivity merely reflects
differences in stability of the complexes of groups of metal-ions. Thus,
studies on factors that affect ligand selectivity must include those
factors that affect complex stability.

In the past two decades, many stability constants of complexes

formed between metal-ions and ligands (particularly organic) have been

%
Hereafter, ionic strength will often be denoted by the symbol I.



measured. Several relationships between the stability of the complex
and the properties of the metal-ion and of the ligand have been discussed(IS).
For example, correlations with the ionization potential, ionic radius,
electronic structure and electronegativity of the metal-ion and with
structural changes in the ligand have been made.

Two interesting correlations that have not been fully examined
are (a) the effect on proton-ligand and metal-ligand stability on replace-
ment of water by aqueous-organic binary solvents, and (b) the effect of
donor-atom basicity on the stability of complexes formed by the same
metal-ion with various ligands. This thesis is concerned mainly with the
investigation of these two factors in greater detail.

A theoretical derivation applicable to both solvent and basicity

(16)

correlations has been suggested by Duncan and developed by Irving and

(17,18)

Rossotti For the protonation of a ligand having one donor atom,

Ho+ L =t WL,

and for the 1:1 metal-ligand complex formation,

Sk
Mo+ L o=k ML

b

the protonation constant, CKHL’ and the complex formation constant, CKML’

are related by

c _ c 1 o_o0 _o,o0
log Ky, = Tog Ky + smzay (uy=iy “Hytuy)
YuY
1 t t t t M'HL
* 77303RT (MW TMMLTMRHRL) + 109 R (5)

where ﬁ;is the chemical potential or the partial molar free energy of



species S at infinite dilution in water, u; is the free energy of transfer
of species S, at infinite dilution, from water to the solvent in which
complexation occurs, and Yg is the activity coefficient of species S in
the reaction medium. All charges are omitted for simplfcity. Equation (5)

is exact.

Effect of Solvent Composition on Metal-Complex Stability

Previous investigators have shown that the stability, lochHL, of

many proton-ligand complexes containing either an N-H or 0-d group(lg-ZI)

and the stability, lochML; of metal complexes of N or 0 donor ligands(zz’

23)

are approximately linear functions of the molar fraction, n, of the

organic component of the solvent, at least for small values of n.

(18)

Irving and Rossotti have shown that the relationship between

the stability, iochCL, of the complex CL” in dioxane-water and the

corresponding stability, IochgL, in water is given by

c cw
log KeL log Ky =A+8 (6)
where
] £ttt
A= 37303RT evoltH)
and
W W
YcY YCYL
B = log = - log —=
CL YeL
For (logCKCL - logCKgL) to be a linear function of the molar fraction of

the organic component, A must be proportional to n. The term B must be

either proportional to n or negligible compared to A. |t has been shown

L

“C denotes either a proton or a metal-ion.



that A is proportional to n for some methanol and ethanol-water
mixtures(2h-26).

In general, the stability of complexes containing either an 0-H or
an 0-M link increases with increasing organic content of the solvent(ls),

due to a decrease in the dielectric constant of the solvent. The approximate
constancy of the Walden-Stokes product of the limiting conductivity and the
(27-31)

viscosity in several ''water-rich'' solvents indicates that the
effective radii of the free ions (i.e., the radius of the solvated ions)
remain essentialiy.constant in solutions ranging from 0 to 60% v/v dioxane-
water. Thus, the increase in the attractive forces between ions with
increasing organic content is not due to changes in the size of the ions
but to the decrease in the dielectric constant of the bulk solvent.

(18)

Furthermore,-accprding to Irving and Rossotti , as the dielectric
constant decreases, the ion-ion interaction involving the proton (or metal-
ion) and the anionic oxygen atom of the ligand increases to a greater extent
than the ion-dipole interaction between the proton (or metal-ion) and the
solvent molecules.

The stability of complexes containing an (N-H)+ link initially
decreases and then increases with increasing organic content of the solvent.
This behavior hasvbeen explained on the basis of the protonating ability

(32)

of the solvent. Braude and Stern studied the effect of the solvent
composition on the Hammett acidity function, H, for solutions of hydrogen
chloride in several organic-aqueous media. They found that H decreased
until the molar fraction of organic component reached approximately 0.5,
and then increased. The change in H was explained in terms of the quasi-

(33)

crystalline tetrahedral structure of water , in which aqueous solvates



(4H,0, H+) are formed. The protons are accommodated in the interstices of
the lattice and are bonded equally to four neighbouring water molecules.
On the addition of organic solvent, the tetrahedral structure is gradually
disrupted through the interposition of organic molecules. As the organic
content increases, the aqueous solvation shell is gradually dispersed and
the aqueous solvates (nH,0, H) (n < 4) are replaced by H30+. This corre$-
ponds to the minimum of the acidity function value. At higher organic
content, H30+-ions are replaced by lyonium-ions (i.e., protonated solvent
molecules) which are strongly protonating. The stability of (N-H) T
complexes in aqueous solvents of increasing organic content should, of
course, parallel the protonatiﬁg ability of the solvent. Irving and

(18)

Rossotti suggested that an increase in the organic content up to that
corresponding to the minimum value of H would be expected to increase the
ion-dipole forces between a proton and a nitrogen donor to a lesser extent
than the fon-dipole forces between a proton and the more electronegative‘
oxygen donor. (Beyond the minimum, the interaction between the proton and
nitrogen would.be greater than that between the proton and the oxygen atom
of the organic solvent component.)

No simple relationship appears to exist between the solvent
composition and the stability of complexes containing a N-M link. An
increase in the organic content of the solvent has little influence on the

(34) (35-37) .4

stability of certain complexes of ammonia , ethylenediamine
imidazo]e(38).
The effect of solvent composition on the stability of complexes

that contain both an 0-M and N-M link has not been investigated. By

analogy with simpler complexes, an increase in the organic content of the



solvent is expected to increase the stability of complexes in which the
0-M bond is of predominant importance, but to have a lesser effect on
. (39)

the stability of complexes containing a strong N-M bond. Rossotti

found that the slope of the plot of IogTK against the reciprocal of

ML
the dielectric.constant decreases in the order Mg > Ni for complexes of
8-hydroxyquinoline-5-sulfonic acid.

Thus, the variation in stability of a bidentate complex with
solvent composition (i.e., dielectric constant) may allow assessment of
the relative importance of the two donor-metal bonds. Furthermore, since
the magnitude of the solvent effect on chelate stability is expected to
vary among different groups of cations (e.g., class (a) and class (b) ions),
improvements in selectivity may be achieved in chemical analysis by the
selection of a suitable solvent composition. Finally, with the increasing
use of mixed solvent systems in analytical processes, further knowledge
of the effect of solvent composition on‘proton-ligand and metal-ligand

complexes is important. Accordingly, studies relating to solvent com-

position and complex stability were made in the present work.

Effect of Ligand Basicity on Metal-Complex Stability

Several studies have shown that the stability of metal complexes
increases with increasing basicity of the donor atom(s). In most instances,
an approximately linear relationship exists between the stability, ]ogCKML,
of the metal complex and the stability, IochHL, of the.corresponding proton
complex, for a family of closely related ligands. This correlation has the

form

= a+log“K, + b (7)

logCK HL

ML
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where a and b are constants. Table | summarizes the complexation reactions
that satisfy equation (7).

For ligands with more than one donor atom, correlations have
usually been made with the protonation constant of the most basic

(17,22,40)

center Some correlations have been made, however, with the sum

of the protonation constants of all basic centers involved in chelate

formation(al).

. . (18)

Equation (5) can be written as
: c _ c
log Ky = log K, +C+D (8)
where
_ 1 o _o _t _t, THL

C = 57303RT (PHLTHMLTHHL ML)t 19 Tl

and

_ 1 so_0o, t_t M
D = 3—33rT (Mgt THy) *log

The term D is independent of the nature of the ligand, and is
constant for all complexes of a given metal-ion provided that the solvent,
temperature and ionic strength are kept constant. For the relationship

between Ioch and ]ogCK to be linear, C must itself be a linear

HL

For the special case of unit slope, the term C must

ML

function of iogCK

HL*
be constant or negligible compared to logCKHL. The value of C is largely
determined by the difference between uaLand uEL(ls). Thus, for C to be

constant, the changes in “EL and ugL with the ligand must be similar.
. . . c o 0 .
For C to be negligible compared to log KHL’ HML and L Must be approxi

mately equal. |If the changes in pﬁL and ”aL are not similar, C varies

with the ligand, and the relationship between logCK and logCK is non-

ML HL



TABLE |

11

Correlation of Metal-Complex Stability with Ligand Basicity

System Reference
Ag(l) complexes of substituted amines (42,43)
Ag(l), cutt), Ni(11), zn(i1), Cd(i1) complexes
of substituted pyridines (42,43, 44 ,45)
Alkaline earth complexes of substituted
iminodiacetates (46 ,47)
Transition metaf complexes of substituted
1,10-phenanthrolines (48,49)
Mg(11), Ba(11), Ni(11), cu(lt), Ce(tll) complexes
of substituted B-diketones (22,40)
Fe(l11) complexes of substituted phenols (50,51)
Cu(11), Pb(il) complexes of carboxylic acids (52,53)

Metal-ion complexes of substituted 8-hydroxyquinolines

Mg(11), Ni(11), Zn(11) complexes of substituted
tropolones

Ni(ti), Cu(ll) complexes of substituted phthalic acids

Cu(ll) complexes of substituted salicylaldehydes

(17,18,41,54)

(55,56)
(57)
(58)
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linear. For a linear relationship of non-unit slope, the changes in
“:L and ”EL with the ligand must be dissimilar but linear functions of

lochHL.

The difference between “;L and “EL depends on (a) the difference
in the electrostatic interactions between the metal-ion and ligand and
the proton and ligand, (b) the difference in the c-acceptor strength of
the metal-ion and the proton, (c) the extent to which the metal-ion
participates in m-bonding, and (d) the difference in the entropy of

formation between ML and HL.

(41,59)

Two groups of workers have found that even with. closely

related ligands, a linear relationship between Ioch and logCKHL may

ML
(59)

not be obtained. Beimer and Fernando were unable to find a linear

relationship for several 5-halo-8-hydroxyquinolines. These workers
concluded that, in general, a linear relationship between logCKML and

loch should not be expected because the relationships between measured

HL

parameters are complex.

(41) ¢

Williams et al. ound a non-linear relationship between

logCK and loch for the Fe(l1) complexes of several halo derivatives

ML HL

of 8-hydroxyquinoline and also for the Cu(l!) complexes of substituted
salicylaldehydes. These workers have suggested that equation (8) is not
universally applicable because changes in UEL and uEL are not necessarily
similar. Also, should the relationship between logCKML and IochHL be
linear, unit slope ghould not be expected. The similarity in UZL and “zL

(18)

cannot be deduced from thermodynamic arguments but requires a dis-

cussion of the bonding in ML and HL.

Several workers have commented on the slope of the logCKML—lochHL



13

(41)

relationship. Williams suggested that both UZL and “EL are similarly
dependent on the o-donor (acceptor) property of the ligand, but are
differently dependent on its m-donor (acceptor) property. Most o-donor
substituents are also m-donors (e.g., methyl) and most o-acceptor sub-
stituents are also m-acceptors (e.g., nitro). Thus, a change in
substituent in a ligand causes changes in the o- and m-electron densities
which are usually in the same direction, i.e., electron-acceptor substituents
reduce the o-donor property but increase the m-acceptor property of the
ligand. Hence, complexes of w-donor metal-ions with a series of ligands
having electron-acceptor substituents should be stabilized with reépect

to the corresponding proton complexes by metal to ligand w-bonding. There-

fore, the slope of the plot of IoQCK against IogCKHL should be less than

ML
unity.

(60,61) (44)

Recently, Da Silva and Sun and Brewer provided

experimental evidence that deviations from unit siope in plots of lochML

against logCK are due solely to n-bonding. Both Da Silva and Brewer

HL
assumed that the c-écceptor property of the metal~ion and proton are
similar. Furthermore, they neglected differences in the electrostatic
interaction between the ligand and the metal-ion or proton. Da Silva's
work is particularly open to criticism because it predicts metal to ligand
n-bonding in metal complexes where none is possible, e.g., in the saturated
aliphatic amine complexes of Ag(l) and in the a-substituted acetate

(62)

complexes of Ca(ll). Nieboer and McBryde have concluded that there
is no a priori basis for selecting a single factor such as metal to ligand
m-bonding to explain a less than unit slope. Rather, a thorough under-

standing of how complex stability depends on electrostatic and covalent



bonding is required.

(63,64)

In recent studies , attempts were made to determine the
relative extent of covalent and electrostatic bonding in metal 8-hydroxy-
quinolinates.

In an infrared study (600-250 cm ® region) of the tris{(8-hydroxy-
quinolinato) complexes of AL(111), Fe(lll) and Co(ill), Larsson and

(63)

Eskilsson found that the intensities of the absorption bands assigned
to the 0-M vibrations indicated a donation of charge from ligand to metalb
increasing in the order AL < Fe < Co. They concluded that this was the
order of increasing covalent and decreasing electrostatic character in
the 0-M bond.

In an NMR study of the 8-hydroxyquinoline complexes of Mg(i1),
Zn(11), sn(il), Po(11), Pt(I1), A2(111), Co{lt1) and Rh(111), Baker and
(64)

Sawyer attempted to show whether the N-M and 0-M bonds were primarily
electrostatic or covalent. They compared the chemical shifts of the
ligand protons in the metal chelates with the corresponding shifts in the
anionic, neutral and protonated forms of the ligand, which served as
approximate models for O;M electrostatic, 0-M covalent and N-M interactions,
respectively. Electrostatic or covalent character was attributed to those
chelates which were found to be ''labile' or 'inert", respectively. The
results are summarized in Table il.

To date, no attempt has been made to correlate the slope of the

log®K -lochHL plot with properties of the metal-ion (or metal) for the

ML
complexes formed between a given metal-ion and a series of closely related
ligands. Such an attempt is made in this thesis, for the complexes of

several 5-substituted-8-hydroxyquinolines. The ligands used were



TABLE 11

‘Bonding in Metal 8-Hydroxyquinolinates

lon N-M 0-M

Mg (11) labile” labile"

S Zn (1 1) labile labile
sn{11), Pb(l1) labile inert
Pe(1l) inert inert

AL(I11), ColIi), RR(I11) inert labile

ala

"These bonding interactions were found to be weak compared to the

others.

15
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8-hydroxyquinoline, 5-chloro-8-hydroxyquinoline, 8-Hydroxyquinoline-5-
sulfonic acid, 5-acetyl-8-hydroxyquinoline and 5-nitro-8-hydroxyquinoline.
The metal-ions taken were (a) the alkaline-earth ions Mg(ll) and Ca(li),
(b) the first-row transition-metal ions Mn(i1), Fe(lt), Fe(1il) and Ni(1l),
(c) the Group 111 ions Ag(l11), Sc(ilt) and Ce(i11), and (d) Ag(l), zn(il)

and Pb(11). The nature of the bonding in these complexes is indicated.

Other Correlations of Metal-Complex Stability

Several correlatfons of metal complex stability with metal-ion
properties have been made. In general, these correlations have been for
a given ligand and a series of metal-ions and have involved logCKML and
either a function of the metal-ion charge and radius, or the ionization
potential of the metal. For example, correlations of logCKML with 1/rM

have been made for complexes of the alkaline

(68)

or the ionic potential, zM/r

(65-67)

M’

earth metals , and of the lanthanides Other workers have

suggested that the function, zM/rM, is not a suitable parameter for

correlations involving complexes of metal-ions of different charges.

5 (65,69) (70)
Wy

Instead, z , which is justified by the Born Equation , and

ZM/(rM+rL)(7]) have been used. Also, correlations have been made with

(72-79)

the highest stepwise and the overall ionization potential of the

(80-82), where the ionization potential has been taken as a measure

(83).

metal

of the tendency of the metal-ion to bond covalently
Qualitative correlations between metal complex stability and the

nature of the ligand donor atom has been advanced by Ahrland, Chatt and

(84) (85)

Davies , and by Edwards and Pearson . In these correlations, metal-

jons in the periodic table have been designated as class (a) (or 'hard'),
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class (b) (or "soft), or borderline between the two classes. Class (a)
metal-ions are those whose coordination to donor atoms is governed mainly
by electrostatic interactions. Thus, the higher the charge and the
smaller the radius of the metal~ion and donor atom, the more stable the
complex formed. Such metal-ions include members of the alkali metals,
alkaline earth metals, lanthanides, actinides, the early transition metals,
and As(l11) and Ga(lll); i.e., the more electropositive ions, which form
their most stable complexes with ligands containing the more electro-
negative donor atoms such as nitrogen and oxygen.

Class (b) metal-ions are found within the triangle described by
lines joining copper to tungsten to polonium, i.e., those ions whose
complexes have considerable covalent character. The coordinating ability
of class (b) metal-ions does not regularly increase with increasing charge
or decreasing radius. All class (b) metal-ions have a large number of
d-electrons in their outer shell, which are potentially available for
n-aonation to the ligand. Class (b) metal-ions generally form their most
stable complexes with ligands having ''soft'' donors such as sulfur and

phosphorus.

(86) (87-89)

Bjerrum and Manning have suggested a method whereby the
nature of the bonding in a metal complex could be determined. The ratio

of successive stability constants may be represented by

P = n-1 S x T xR, (9)

S is a statistical factor calculable from the number of available binding
sites of the metal-ion and ligand. T is a measure of the electrostatic

work done against the repulsion of the (already) bound ligand, and should



be independent of the nature of the metal-ion and ligand. R is the
""rest effect'’ and covers those effects which are neither statistical
nor electrostatic. Bjerrum defined R as the influence of the bound
ligand(s) on the binding power of the metal-ion. If the metal-ligand
bond is predominantly electrostatic, R is approximately unity. |If the
metal-ligand bond is sufficiently covalent to transfer considerable
charge to the metal-ion, the electrostatic attractive force between the
1:(n-1) metal-ligand complex and the incoming ligand is reduced, and the
value of R is increased. The greater the covalency of the metal-ligand
bond, the greater the value of R.

A detailed summary of correlations between complex stability

(14)

and metal-ion properties has been given by Rossotti

Measurement of Proton-Ligand and Metal-Ligand Complex Stability in

Dioxane-Water Media

The determination of equilibrium constants has long been used as
a means of assessing the structural effects of ligands on metal chelate

stability. The concentration formation constant, cKn, for the stepwise

reaction,
ML + L &= ML_,
n-1 n
is given by
(ML ]
c n
Ko = ML LI (10)
n-1

For a system in which the highest complex formed is MLN, there are
N stepwise formation constants, cKl, Koyeoonn , KN. L is the chelating

form of the ligand. For some ligands (e.g., ethylenediamine), L is neutral;



for others containing acidic protons (e.g., 8-hydroxyquinoline), L is
anionic.

In the present work, formation constants were détermined by a
modified form of Bjerrum's ''batch' or 'one-point' method. This method,
applicable to ligands whose chelating form is basic, involves the
potentiometric measurement of the hydrogen-ion concentration in solutions
coptaining metal-ion, ligand and hydrogen-ion. Protonation of the ligand
provides a means of varying the concentration of free ligand, L, over a
wide range.

Bjerrum introduced the use of the quantity, n, the average number
of ligands bound to a metal~ion at a particular concentration of L. In
the Bjerrum method, measurements are made over a wide range of concentra-
tions of L, such that n varies from 0 to N. Bjerrum developed general
equations and methods for the calculation of the N formation constants
from the data (n, [L]). These equations have found widespread use in the
study of metal complexes.

The modifications to the Bjerrum method used in this study were

(40)

introduced by Calvin and Wilson These workers used a potentiometric
titration technique in which an acidified solution of ligand and metal-ion
is titrated with a solution of standard base. They also introduced the use
of the mixed solvent, dioxane-water, to overcome difficulties associated
with the limited aqueous solubility of many metal chelates. The determin-
ation of complex stability is complicated, however, by difficulties
encountered in mixed solvent (e.g., the measurement of pH, and ion

association).

Although the potentiometric method is widely applicable, it has a
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number of limitations. The upper pH 1imit of the method is determined

by the pH of hydrolysis of the metal-ion. In general, this limit is

about pH 6-7 for divalent transition metal-ions. The lower limit is

about pH 2.5. In solutions of high acidity, the concentration of hydrogen-
ion released on chelation is virtually undetectable. A further limitation
is that valid measurements cannot be made in the presence of a solid phase
containing either metal-ion or ligand. Thus, systems that involve ligands
or chelates of very low solubility even in organic-water media cannot be
studied by this method and another method must be chosen. Other methods
available for the determination of formation constants are based on spectro-
phqtometric, polarographic, solvent extraction, ion-exchange and solubility

(90)

techniques , some of which make use of radioactive tracers.

In the potentiometric determination of metal chelate formation
constants, the measurement of hydrogen-ion concentration in dioxane-water
solution is required. This measurement is made with a pH meter, for which
the glass and calomel electrode assembly has been calibrated to allow the
conversion of the pH reading to -log [H+].

The calibration is necessary for two reasons. The first arises
from differences betwéen the activity coefficients of species in water and
in dioxane-water media. The pH* values of the standard buffer solutions
used for calibrating the pH meter are evaluated for aqueous solution.
Because the activity coefficient of a species depends on the solvent com-

position, significance cannot be attached to pH measured in organic-water

solution when the pH meter has been previously calibrated with an aqueous

*
The pH defined by the National Bureau of Standards is given by
pH = -log [CH+-Y+], where y, is the mean activity coefficient for the

electrolyte, HCR.
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standard buffer solution.

The second reason for calibration arises from the effect of solvent
composition on the liquid-junction potential of the saturated calomel
electrode.

(a1)

Van Uitert and Haas compared the behavior of the glass electrode
to the hydrogen electrode in dioxane-water media containing up to 75% v/v
dioxane-water, and showed that the glass electrode functioned linearly with
respect to the hydrogen electrode over the bH range of 1.5 to 11. This
showed that the glass electrode can be used as a hydrogen-ion activity or
concentration probe in dioxane-water media. These workers then obtained

a '"correction factor' to convert the pH-meter reading into -log [H+].

%
Solutions of hydrochloric acid in dioxane-water solvent were prepared

and their pH-metér reading, R, was determined, where
+ .
R = ~-log [H] - log Uyt - (11)

The term, log UH*’ is the "correction factor' and was found to be a

function of the molar fraction of dioxane** and the ionic strength***,

but is independent of the hydrogen-ion concentration, at least in strong
acid solutions. Because log UH+ is constant for a given solvent composition
and ionic strength, the glass-calomel electrode assembly can be used as a

hydrogen-ion concentration probe.

In this present study, 20, 40, 60 and 75% v/v dioxane-water solvents

*
It was assumed that the hydrochloric acid was completely dissociated in
each solvent mixture used.

e
w

(92)
(92)

*
Primary medium effect of Harned and Owen

EE

hSecondary medium effect of Harned and Owen
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were used, with 0.1M sodium perchlorate as the background electrolyte.
The Van Uitert correction factor was determined for each solvent.
Similarly, the concentration ion-product of water, pcKw’ was determined
in each dioxane-water solvent, since this quantity is required for the
calculation of formation constants.

Recently, during the course of this study, Irving and Mahnot(93)
determined values of log U+ for solutions of hydrochloric acid in several
solvents of varying dioxane content. The ionic strength was maintained

at 0.1 by the addition of sodium chloride. The results of Irving and

Mahnot and of this study are in good agreement.

A Synopsis of Work in this Thesis

The Van Uitert correction factor and the concentration ion-product of

_water have been determined for 20, 40, 60 and 75% v/v dioxane-water.

The pH range in which the Van Uitert correction factor is constant has
been widened by using an 8-hydroxyquinoline buffer system.

The solution stability of the proton complexes of several 5-substituted-
8-hydroxyquinolines and of a few sulfur-donor ligands has been determined
in dioxane-water solvents ranging from 0-75% v/v dioxane. The behaviors
of the S-H and 0-H compiexes are compared and explained.

The solution stability of the chelates formed between several metal—lons
and 5-substituted-8~hydroxyquinolines has been determined in several
dioxane-water solvents. The variation in stability is compared to the
variations obtained for the 0-H and (N—H)+ complexes. The value of this
comparison in assessment of (a) the relative importance of the 0-M and
N-M bonds in the complex, and (b) the relative importance of N-M bonds in

complexes with different metal-ions, is demonstrated. The effect of the
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solvent composition on the stability of bidentate chelates has not been
previously investigated in detail.

A calorimetric study of some metal complexes of 8-hydroxyquinoline-5-
sulfonic acid was undertaken to determine whether the variation in the
stability of metal-ligand and proton-ligand complexes with solvent
composition is due to enthalpy or entropy effects.

The stability of several metal complexes of 5-substituted-8-hydroxy-
quinolines is correlated with the stability of the corresponding proton
complexes in 60% v/v dioxane-water. The stability of the proton-ligand
complexes and zM/rM, the effective electrostatic potential field, of the
metal-ion are used to derive a mathematical description which predicts
the slope of this correlation. This mathematical description permits
evaluation of the relative importance of the N-M and 0-M bond to chelate
stability. The description is correlated with the half-wave potentials
determined in this work for Fe(lll) complexes, and also is used to explain

(17,41,59) (94)

stability data and redox potential data of previous workers.



EXPERIMENTAL AND RESULTS

Aggaratus

Calibrated volumetric ware was used throughout this work whenever
this was appropriate.

Infrared spectra were recorded with a Beckman |R-5 infrared
spectrometer (Beckman Instruments Inc., Fullerton, California). Spectra
in the visible region were recorded with a Cary Model 14 Spectrophotometer
(Applied Physics Corp., Monrovia, California). Other spectrophotometric
measurements in the visible region were made using a Hitachi Perkin-Elmer
Model 139 Spectrophotometer (Perkin-Elmer Corp., Norwalk, Connecticut),
the cell compartment of which was maintained at 25°C.

The potentiometric titration apparatus for the determination of
protonation constants and chelate formation constants consisted of a
titration cell, a pH meter, two ten-millimeter microburets and a constant-
temperature water bath. The pH meter was a Radiometer Model PHMkic
(Radiometer, Copenhagen, Denmark) equipped with a Beckman saturated
calomel electrode and a Radiometer G202B (low sodium-ion error), or with
a saturated calomel and E-1 glass electrode supplied by the Fisher
Scientific Company. A sodium perchlorate-agar salt bridge was used in
the determination of chelate fcormation constants of Ag(l).

The apparétus for the calorimetric determination of AH values
consisted of a 500-ml silvered Qewar flask and a suitable rubber stopper
with sufficient holes to hold atBeckmannihermometer (Jenaer Normalglas,
West Germany), a teflon stirrer attached to a stirring motor, and a piece

of 6 mm tubing at the bottom of which was a glass bulb equipped with a

24
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ground glass tjp and an inside ground glass stopper. The stopper was
released by pressing downwards on a section of 2-mm glass rod inside the
glass tubing and bulb. A file mark was placed on the stem and the bulb
was calibrated as a delivery pipet. It was found to deliver 9.80+0.01
ml (average of four attempts).

The polarograms of the Fe(lil) complexes of 8-hydroxyquinoline
derivatives were recorded on a Polarecord E261 polarograph (Metrohm,
Switzerland). A dropping mercury electrode and silver-silver chloride
reference electrode were used. The capillary characteristics of the

dropping mercury electrode were not determined.

Reagents

All common laboratory chemicals were either analyzed grade or
sufficiently pure for the purpose intended.

Reagent-grade 1,4-dioxane was purified by refluxing over sodium
for at least 24 hours, followed by fractional distillation through a
|-meter column packed with glass helices. The fraction boiling in the
range 100.5-101.0°C was collected as required and used within 24 hours.
The dioxane used in the potentiometric titration of 8-mercaptoquinoline
and of Fe(l1) complexes was collected under a stream of nitrogen gas
previously passed through a solution of pyrogallic acid and then through
a calcium chloride drying tube.

Carbonate-free sodium hydroxide for use in potentiometric

(95)

titrations was prepared as given by Kolthoff and Sandell The sodium
hydroxide solution (~0.1M) was standardized by titration against 20-ml
portions of a standard potassium hydrogen phthalate solution using

phenolphthalein indicator. Another sodium hydroxide solution (~1M) was
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prepared and similarly standardized for use in the calorimetric determin-
ation of AH values of chelate formation.

Solutions of perchloric acid (~0.03M) containing sodium perchlorate
(0.50M) were used in the potentiometric titrations. The hydrogen-ion
concentrations of these solutions were determined by potentiometric titra-
tion with standard sodium hydroxide solution (0.1M).

Solutions of hydrochloric acid (1.5M and 0.25M) were prepared and
standardized potentiometrically for use in the calorimetric determination
of AH values.

Metal-ion solutions (~0.1M) for potentiometric titrations were
prepared from the perchlorate salts (G. F. Smith Chemical Co., Columbus,
Ohio). These solutions were standardized by accepted EDTA methOds(96).

The EDTA solution was standardized by titration against a standard Zn(l1)
solution. Dilute solutions (~0.01M) of the metal perchlorates were
prepared by tenfold dilution of the corresponding 0.IM solutions.

A standard silver nitrate solution (~0.0IM) was prepared by
dissolving the required weight of the dried salt in deionized water.

An ammonium ferrous sulfate solution (“0.01M) was standardized by
titration of 20-ml portions of the Fe(ll) solution with a standard potassium
dichromate solution using sodium diphenylamine sulfonate indicator.

A scandium chloride (Aifa Inorganics, Beverly, Mass.) solution
(~0.01M) was prepared and standardized with EDTA.

The organic reagents used in this work were either purchased or

synthesized, as pointed out below.

*
8-Hydroxyquinoline (oxine, 8-quinclinol) . 8-Hydroxyquinoline (Eastern

te

“The name oxine for 8-hydroxyquinoline is sometimes used in this thesis,
particularly in diagrams.
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Chemical Corp., Pequannock, New Jersey) was twice steam-distilled and
then recrystallized from 50% v/v ethanol-water to give white needles,

mp, 75'76°C-

5-Chloro-8-hydroxyquinoline. 5~Chloro-8-hydroxyquinoline (Aldrich Chemical
Co., Milwaukee, Wisconsin) was steam-distilled and then recrystallized from

50% v/v ethanol-water to give white needles, mp, 124.5-125.5°C.

8~Hydroxyquinoline-5-sulfonic acid. 8-Hydroxyquinoline-5-sulfonic acid
(Eastman Organic Chemicals, Rochester, New York) was twice recrystallized
from 5% v/v hydrochloric acid-water and heated at 130°C for 24 hours to

give the anhydrous reagent.

5-Acetyl-8-hydroxyquinoline. 5-Acetyl-8-hydroxyquinoline was prepared by
(97)

the method of Matsumura The product was recrystallized twice from

hot water to give cream-coloured needles, mp, 110.5-111.5°C.

5-Nitro-8-hydroxyquinoline. 5-Nitroso-8-hydroxyquinoline was prepared by
the method of Albert and McGrathk98). It was then oxidized to 5-nitro-8-
hydroxyquinoline by the procedure described by Petrow and Sturgeon(99).

The 5-nitro-8-hydroxyquinoline was recrystallized from hot water to give

yellow needles, mp, 176-177°C.

8-Mercaptoquinoline. The sodium cait of 8-mercaptoquinoline was prepared

(100)

by the procedure of Kealey and Freiser , and twice recrystallized from

ethanol-water.

Sebacic acid. Sebacic acid (Fisher Scientific Co.) was twice recrystallized

from hot water to give colourless needles, mp, 133-134°C.
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2-2'-Di-(thioethyl)sulfide. 2-2'-Di-(thiocethyl)sulfide (Aldrich Chemical
Co., Milwaukee, Wisconsin) was distilled under reduced pressure, bp,

135-136°C at 10 mm'101)

Calibration of the Glass Electrode in Dioxane-Water Media

The glass electrode was calibrated to read -log[H’] in a dioxane-
water medium by comparing the pH-meter reading, R, given by a standard
solution of a strong acid, to the calculated hydrogen-ion concentration.
The strong acid was assumed to be completely dissociated in the dioxane-
water medium. The correction factor, log UH*’ is the difference between R
and the calculated hydrogen-ion concentration. This value was then applied
to other pH-meter readings obtained in the same solvent system.

Correction factors were obtained for dioxane-water media of various
composition at [ (ionic strength) = 0.1.

The titration cell used for obtaining the correction factors was a .
250-ml jacketted beaker; water at 25.0+0.1°C was circulated through the
outer jacket. The cell was fitted with a lucite cover with holes for the
glass and calomel electrodes, a nitrogen gas inlet tube, a thermometer and
two 10-ml burets.

The procedure was as follows. Purified-grade nitrogen gas was
bubbled through the solution which was to be titrated. The contents of
the cell were stirred magnetically. The tip of the sodium hydroxide buret,
drawn out into a fine capillary, was placed below the surface of the
solution during a titration. The buret was gravity filled from a 4-1
polyethylene bottle. The contents of both the buret and the bottle were
protected from atmospheric carbon dioxide by absorption tubes filled with

Ascarite.
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The pH meter was standardized before use with Beckman standard
buffer solutions of pH 4.01 and 7.00.

Thé titration procedure was as follows: 20 ml of a standard
perchloric acid solution (~0.03) 0.50M in sodium perchlorate were pipetted
into the cell; followed by the appropriate volumes of dioxane and water to
give a final volume of 100 m! and a solution composition of 0, 20, 40, 60
or 75% v/v dioxane-water. The electrodes were inserted into the solution,
and nitrogen gas passed through the solution for 5-10 minutes while the
coﬁtents of the cell reached 25.0+0.1°C.

Then small iécrements of standard sodium hydroxide were added.

With each addition of base, a small volume of dioxane was added to keep
the solution composition constant, and the R value was measured. A minimum
of three titrations for each solution composition were performed.

At each point on the titration curve, the R value was compared with
-]og[H+] calculated from the molarities and volumes of acid and base and
the total volumé of solution.

(91)

The Van Uitert and Haas correction factor , log UH*’ is given by

log Uyy = p H - R (11)

where ch = vlog[H+]. Log'UH+ was found to remain constant only in a narrow
pH range for a strong-acid solution. Table Il gives the calculated
correction factors and the pH ranges in which they are constant. The ionic
strength (0.1) was calculated assuming complete dissociation of the sodium
perchlorate electrolyte.

The narrowness of tHe pH range in which the correction factor is

constant results from unreliable pH readings after about 80% neutralization



Glass Electrode Correction Factors

TABLE 111
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%2 v/v Dioxane-Water Log U4 pH Range
0 -0.095 1.97-2.89
20 -0.087 2.37-2.56
40 -0.075 2.40-2.68
50 -0.067" -
60 0.037 2.29-2.83
75 0.363 1.97-2.52

Ja

7‘This value calculated from the data in reference (102).
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of the strong acid.
Figure 1 shows the correction factor as a function of molar
fraction dioxane in the solvent. This plot is similar to several plots

obtained by Van Uitert(gl) (93).

and by lrving and Mahnot
An 8-hydroxyquinoline buffer system was used in an attempt to

widen the pH range over which the correction factor is constant. First,

the lochNH value of the ligand in the solvent medium was determined (see

Potentiometric Determination of Protonation Constants) without a correction

factor. From the loch value, a correction factor was calculated and the

NH
latter used to obtain a new value for the lochNH. The re-iterative pro-
cedure resulted in a convergence of the values of the correction factor

and loch For 60 and 75% v/v dioxane-water solution, the pH ranges of

NH'
constant correction factors were expanded from 2.29-2.83 and 1.97-2.52 to
2.29-4.2 and 1.97-4.3, respectively.

Unfortunately, in 20 and 40% v/v dioxane-water solutions, the weak
and strong acid buffer zones did not overlap because of the high logCKNH
values. Hence, the pH range of constant correction factors could not be
expanded in these solvent media by the above procedure, but the correction
factors determined at pH valués close to the logCKNH values agreed well
with those found in the strong acid region.

Since the glass electrode responds linearly with hydrogen-ion
concentration up to R = 11.5, previous authors assumed that the correction
factor determined in strong acid solution was valid at least up to R = 11.5.
The expansion of the pH range in which the correction factor is constant

as shown in the present study strengthens the justification of this

assumption.
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Figure 1. Glass electrode correction factor versus molar

The circles are
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Determination of p K
cw
Values of pcKw in dioxane-water media were determined from data
given by the titrations in which the correction factors were determined.
At each point on the titration curve past the equivalence point,
the pH reading was corrected for sodium-ion error, using the data available

(103). The sodium-ion corrections applied were small,

for. aqueous systems
the maximum being less than 0.05pH units. Application of the correction
factor to each point yielded ch'

From the volume of base added, and from corrections for the
incomplete dissociation of sodium hydroxide in dioxane-water so]utions(IOQ),

the values of pCOH were calculated., Then, pcKw was calculated for each

point from

pCKW = ch + pCOH. ’ (12)

Table IV summarizes the calculated values of pcKw'

The value of pcKw in 50% v/v dioxane-water is larger than that
obtained by Takamoto et al. (15.38)(19%) and by €. 4. Billo (15.33) (102)
These workers, however, did not correct for the incomplete dissociation
of sodium hydroxide in 50% v/v dioxane. A value of 15.35 is obtained in
the present work if this incomplete dissociation is ignored.

This work has shown that pH readings in dioxane-water media are
reproducible and can be related to such concentration quantities as ch,
pCOH and pcKw by simple algebraic correction terms. The correction terms

and the values of pcKW were necessary for the calculation of proton and

metal-chelate formation constants in the various solvent media used.
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TABLE 1V

Concentration Dissociation Constant of Water

% v/v Dioxane-Water Ky pH Range
20 ' 14,38 10.5-12.2
40 15.12 11.2-12.8
50 15.60" -
60 16.34 13.2-13.6
75 18.24 | 13.1-14.1

ot

“This value was calculated from the data in reference (102).
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Potentiometric Determination of Protonation Constants

‘The apparatus used for the potentiometric determination of proton-
ation constants was the same as that used for the calibration of the glass
electrode. For the titrations of 8-mercaptoquinoline, a #14 rubber stopper
equipped with holes as in the lucite cover, was used to ensure tight closure
of the cell to the atmosphere. The rubber stopper was fitted with a glass-
spoon assembly that could be lowered into the solution. The sodium salt of
8~mercaptoquinoline was held in the spoon above the solution. De-oxygenated
nitrogen gas was bubbled through the solution for one hour. The spoon was
‘Iowered into the solution and the titration was begun.

The titration procedure was as follows: 5 ml of a standard solution
of the ligand in dioxanewere pipetted into the titration cell (8-hydroxy-
quinoline-5-sulfonic acid was prepared in aqueous solution as the mono-
sodium salt). Next, 20 ml of the perchloric acfd solution were added,
followed by appropriate volumes of dioxane and water to give a volume of
100 ml and solution compositions of 0, 20, 40, 60 and 75% v/v dioxane-water.
Small increments of standard sodium hydroxide solution were then added as
described before, and the pH recorded. Attainment of equilibrium was rapid
in every titration.

The pH readings were converted to hydrogen-ion concentrations as
previously described. The protonation constants were calculated as
discussed below.

The variable p, the average number of protons bound to each ligand

molecule, is given by

5 - [total available protons]-{[free hydrogen-ion] (13)

[total ligand]
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This variable wasvcalculated for each point on the titration curve. At
any point in a titration, the stoichiometric concentration of available
protons is equal to JeC, + [ce0,] + [OHT] - [Na+], where C, is the
analytical concentration of the 1igand HJL which has J dissociable
protons, [Na'] and [C20,] are the analytical concentrations of sodium-
ion and perchloric acid respectively, and [OH ] is the equilibrium
concentration of hydroxide-ion.

Then,

Jec + [ca0y] + [oH7] - INaT] - [HT]
’ (14)

5=
¢

where [H'] is the concentration of free hydrogen-ion. All concentrations
are in moles/liter.
For all ligands used in this work, J was 2. The two protonation
constants of each ligand were obtained from the (p, pH) data as given below.
Equation (13) can be rewritten as
[HL] + 2[H,L*¥]

P — —, , (15)
[L7] + [HL] + [H,L7]

which on appropriate substitution yields

C + [od C +
K.o[H'] + 2%, "k, [H ]2

En: c + c < +40
1 + KmJH] + KmiKmﬂH]

Equation (16) may be rearranged to give

B -1 ¢
DT on A “on o
or
Yy = °K_ Ck..x - %k : (18)
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where

Voo P
(7-1) [H"]
and
v = 2D
(p-1)

The values of CKOH and GKNH were obtained from the intercept and
slope of a linear least-squares fit of the data to equation (18). An IBM
7040 or a CDC 6400 computer was used. Only values of p in the range
0.2-0.8 and 1.2-1.8 were used in the calculations. The remaining data
were rejected because the coefficients X and Y are very sensitive to
experimental errors at values of p near 0, | and 2. Some representative
titration data are shown in Appendfx 1.

The protonation constants are given in Table V. The constants are

the results of at least two determinations. The precision is expressed as

the average of the standard deviation, 0, where

- 2
. (pexp pca]c) (19)

(N-1)

and E;xp represents the experimental p values,

p represents the p values calculated from the determined protonation

calc

constants, and
N is the number of data points.
The sulfonate group in 8~hydroxyquinoline-5-sulfonic acid is too
acidic for potentiometric determination of its protonation constant. This
is not important, however, since the sulfonate group is completely dis-

sociated in the pH range in which metal chelation occurs.



Ligand Protonation Constants

TABLE V

(25.0°C, I = 0.1)
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Ligand % v/v Dioxane LogCKNH LogCKOH
8-Hydroxyquinoline 20 4.70 10.26 .02
Lo 4.36 10.88 .02
60 3.97 11.48 .01

11.53"
75 3.73 12.01 .01

12.38"
5-Chloro-8-hydroxyquinoline 20 3.35 9.49 .02
40 2.94 10.04 .02
60 2.55 10.64 .01
75 2.39 .12 .01
8-Hydroxyquinoline- 0 3.96 8.42 .02

5-sulfonic acid

20 3.76 9.03 .01
4o 3.69 9.71 .01
60 3.56 10.32 .03
75 3.56 10.86 .03
5-Acetyl-8-hydroxyquinoline 20 3.65 8.01 .01
Lo 3.33 8.44 .02
60 2.93 9.05 .01



TABLE V (Cont'd.)
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Ligand %2 v/v Dioxane LochNH LochOH o
75 2.79 9.65 .01
5-Nitro-8-hydroxyquinoline 20 2.23 6.24 .02
2.25"
40 1.96" 6.59 .03
60 161" 7.19 .01
75 1.43% 7,92 .02
8-Mercaptoquinoline 20 2.04 8.50 .02
40 1.917 8.90 .02
60 1.767  9.u5 .02
75 1.657  10.35 .02
Sebacic acid 20 5.05 5.92 .01
40 6.00 6.77 .01
60 7.27 7.90 .01
2,2'-Di-(thioethyl)-sulfide 20 9.10 10.41 .04
Lo 9.91 11.02 .02
60 11.04 12.10 .03

*
Determined spectrophotometrically.

TValues extrapolated from data in reference (100).
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Potentiometric Determination of Metal Chelate Formation Constants

The titration procedure was similar to that used in the potentio-
metric determination of protonation constants. The standard metal-ion
solution was added in 2-, 5- and 5-ml portions in place of the corresponding
velume of water for titrations in 40, 60 and 75% v/v dioxane-water,
respectively. In titrations with 8-hydroxyquinoline-5-sulfonic acid, a
5-ml portion of the metal-ion solution was used each time.

| In titrations of Fe(ll) and Ag(l), the ligands were added as solids.
The solutions containing Fe(il) were de-aerated for one hpur before addition
of the ligand and titration. This procedure was used because the Fe(ll)
complexes are readily oxidized to the Fe(lll) complexes. No oxidation was
observed in the titrations.

In order to prevent precipitation of silver eh]oride during the
titrations involving Ag(1), contact between the saturated_calomel electrode
and the Ag(l) solution was made through a sodium perchlorate-agar salt
bridge. The correction factor of the glass electrode was re-determined
and found to be -0.58+0.01 in 60% v/v dioxane-water at 25.0°C and I = 0.1.

To test the reliability of pH readings obtained with the salt

bridge,the]ogck value of 8-hydroxyquinoline was determined and found to

NH
be 3.92 (compared to 3.97 without the salt bridge).

Typical chelate formation curves are shown in Figures 7 and 8. Both
figures show that the pH at which chelation occurs increases in the series
Ni < Zn < Mn < Mg < Ca, i.e., the reverse order of chelate stability.

Formation constants could not be determined in 20% v/v dioxane-
water because of‘precipitation of the metal chelates.
(106)

The general equations of Hearon and Gilbert or the calculation
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Titration curves of metal chelates of 8-hydroxyquinoline
in 60% v/v dioxane-water, 25°C, I = 0.1. :
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Figure 3. Titration curves of metal chelates of 5-chloro-8-
hydroxyquinoline in 60% v/v dioxane-water, 25°C,
I =0.1.
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of metal-chelate formation constants from potentiometric data are

-z, ¢, - z,C, - zz.[S.]
L) =+t MH 2.3 (20)
J .
r ety
j=0
and J
¢, - I x cs:.'[H”]J
= =0 | (21)
CM
where CM and CL are the analytical concentrations of the metal-ion and
ligand, respectively, in moles per liter; 2y and z are the charges of
the metal-ion and the chelating form of the ligand, respectively, and
zg and [Ss] are the charge and concentration of the Sth ion which contains

neither metal-ion nor ligand. This quantity is known; it contains the
anions of metal-salt and strong acid, the cation of the base, and [H+] and
[oH"]. [L] is the molar concentration of the chelating form (charge
omitted) of the ligand; n is the average number of ligands bound to a

metal-ion at a particular value of [L], and is given by

= . total concentration of ligand bound to metal-ion (22)

total concentration of metal-ion

CBH

J is the overall protonation constant.

Values of [L] and n for all systems studied were calculated from
the appropriate form of equations (20) and (21), i.e.,
¢ - W] - [Na"] + [c20,”] + [OH]

[L] = (23)

[} + c C +40
%Hw ]+2|%HKMJH]

.and



Ly

C - 10 + Sk IHTT + Sk Sk [HF12)
L OH OH 'NH . (21*)

n =

Cy

The derivation of equation (23) and (24) from (20) and (21) are given
fully in references (102) and (106).

Calculation of values of n and corresponding values of [L] from
the experimental quantities provides the data from which formafion constants
may be calculated.

For systems in which the highest chelate formed is ML , equation
(22) becomes

[ML] + 2[ML,]

n = (25)
M] + [ML] + [ML,]

where charges are omitted for simplicity. The stepwise formation constants

are given by

CK]_ = .__[ﬁ.L_]__ (26)
(MI[L]
and |
(ML
CK2 = '——i— (27)
MLI[L]
Substitution of equations (26) and (27) into (25) gives
CkqIL] + 25Kk, [L]2
‘n = (28)
1+ Ky [L] + KKy [L]2
or

o SByILl + 2%8,[L]2
n = = < (29)
1+ 78 [L] + "8y[L]?

where c61 = CK1,
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and CBZ = CchKz.

Equation (29) can be rearranged to give

n = (2-n) [L] CBQ + C81 (30)
(1-n) [L] (1-n)

or

CBzx +,C81 (31)

<
]

n

(1-n) [L]

where' Y =

wd y - 2]
(1-n)

A graph of X against Y yields a straight line of intercept Cel
and slope CBZ. In the present work, the slope and intercept were obtained
by a least-squares fit to data. This method avoids subjective factors and

(107)_

utilizes a large amount of the available data Values of n near 0, 1
and 2 were rejected since X and Y are sensitive to experimental errors in
n at such values.
For a system in which the highest chelate is MLj,
“g1IL] + 2%,[L12 + 3%5[L]°

n = (32)
1+ CgrlL] + ByIL12 + CB5[L]3

where C33=CKIC K, K3. Rearrangement of equation (32) gives

R e, , GRLZe, e (33)
(1-m) [L] (1-m) (1-n)
or
Y = CB?X + C332 + Csl (34)
where X = Sg—ﬁ)[L]

(1-n)
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n

) (1-n) [L) ’

Z = (3-5.) [L]2 .
(1-n)

and

Substitution of three sets of (n,[L]) data into equation (34) yields three
simultaneous linear equations in the unknowns, “8;, 8, and 3. Only n
values in the ranges 0.15-0.85, 1.15-1.85 and 2.15-2.85, were used. All
titrations were carried out at a ligand:metal molar ratio of at least
8:1 (usually greater).

The experimental stepwise formation constants are given in Tables
VI to Xi. The average constants, %-logcsz, where z is the charge on the
metal-ion, are given in Table XII. The stepwise constants of trivalent
metal-ions are not reported. The solution to the three simultaneous linear
equations is very sensitive to errors in the experimental data. To obtain
reproducible values of the stepwise constants requires personal judgement(]07)
of the data. The value of the average constant, however, is easily repro-
duced. No data need be rejected.

The precision of the data is expressed as the average of the

standard deviation, o, where

s - W 2
5 = (ne§p ncalc) (35)

(N-1)

and n is the experimental n value,
exp

;;alc is the n value calculated from the determined formation constants,

and N is the number of data points.

All formation constants are the average of at least two determina-



Formation Constants of Metal Chelates of 8-Hydroxyquinoline

TABLE VI

in Dioxane-Water Solvents

(25.0°C, I =0.1)

L7

lon % v/v Dioxane Lochl Lochz
Ag (1) 60 6.06 4. 6L .01
Mg(11) Lo 5.26 5.01 .05
60 5.79 5.23 .02
75 6.38 5.86 .03
ca(lt) 60 4. 40 3.61 .01
75 5.22 L.37 .03
Mn(lit) Lo 6.97 6.45 .02
60 7.62 6.70 .01
75 8.35 7.32 .02
Fe(lt) 60 9.59 8.58 .05
Ni (11) 40 10.26 9.75 .09
60 11.08 10.68 .07
75 11.79 11.29 .02
Zn(i1) 40 9.35 8.81 .02
60 9.96 9.02 .04
75 10.60 9.16 .03
Pb(11) Lo 9.90 7.30 .02
60 10.82 7.59 .08
75 11.36 9.08 .06




TABLE VI

Formation Constants of Metal Chelates:
of 5-Chloro-8-hydroxyquinoline in Dioxane-Water Solvents

(25.0°C, I =0.1)

lon % v/v Dioxane Lochl Lochz
Mg(11) 4o 5.08 4.85 .04
60 5.38 5.05 .03
75 5.66 5.23 .03
ca(ll) 60 L. o2 3.15 .02
75 L, 28 3.51 .02
Mn (1) 4o 6.20 6.09 .02
60 7.13 6.43 .01
75 7.40 6.65 .02
Fe(l1) 60 8.61 8.01 .06
Ni(I1) 4o 9.71 8.82 .01
60 10.34 9.55 .0k
75 10.91 9.59 .03
Zn(11) Lo 8.81 8.57 .05
60 9.00 8.85 .01
75 9.61 8.92 .02

Po(11)

60

10.

26

.56

.05




TABLE Vi

" Formation Constants of Metal Chelates
of 8-Hydroxyquinoline-5-sulfonic acid in Dioxane-water Solvents

(25.0°Cc, I = 0.1)

lon % v/v Dioxane LogCKl Lochz
Mg (1) 0 4.28 3.59 .09
20 L.67 3.91 .05
4o 5.17 L. 38 .04
60 5.70 4.79 .02
ca(lt) 0 3.66 2.26 .08
20 3.95 2.68 .08
40 k.16 2.99 .0k
60 4.53 3.48 .06
Mn (1) 0 5.99 .96 .05
20 6.23 5.46 .02
Lo 6.85 5.86 .02
60 7.43 6.31 .01
Ni (1) 0 '9.40 8.31 .02
20 9.73 8.46 .02
40 10.12 8.93 .01
60 10.60 9.27 .02
Zn (1) 0 8.40 7}10 .02
20 8.63 7.42 .01
Lo 9.11 7.99 .01
60 9.66 8.40 .01




TABLE IX

Formation Constants of Metal Chelates
of 5-Acetyl-8-hydroxyquinoline in Dioxane-water Solvents

(25.0°c, I =0.1)

fon % v/v Dioxane Lochl Loch2 o
Ag (1) 60 5.35 0.02
Mg(I1) 4o L.30 L. 27 0.01

60 4.9 | L .48 0.02
75 5.34 k.71 0.0k
ca(ll) 60 3.71 3.04 0.03
75 L. 10 3.40 0.0k
Mn(it) Lo 6.21 5.80 0.02
60 6.78 6.30 0.02
75 7.32 6.54 0.04
Fe(11) 60 8.56 7.62 0.08
Ni(ll) Lo 9.15 8.78 0.04
60 9.91 9.24 - 0.03
75 10.31 9.84 0.01
Zn(11) ko 8.20 7.72 0.03
60 8.57 8.13 - 0.04
75 9.27 8.64 0.05
Po(11) 60 9.04 6.45 0.03




TABLE X

Formation~Conétants of Metal Chelates
of 5-Nitro-8-hydroxyquinoline in Dioxane-water Solvents

(25.0°C, I = 0.1)

lon % v/v Dioxane Loch1 Lochz o
Ag(1) ' 60 4,82 4.26 0.01
Mg(11) - 4o 3.80 3.52 0.09

60 4,27 3.90 0.04
75 4,80 4.4 0.0k
calll) | 60 3.24 2.52 0.02
75 3.74 2.99 0.05
Mn{11) 4o 5.47 4.78 0.04
60 6.15 5.11 0.03
75 6.45 5.70 0.04
Fe(ll) 60 | 7.16 6.41 0.05
Ni (11) 60 8.81"
75 9. 44"
Zn(lt) - 4o 7.20 6.50 0.04
60 7.73 6.69 0.03
75 8.43 7.23 0.06
Pb(11) 60 7.63 5.53 0.04

“Determined spectrophotometrically.



TABLE Xl

Formation Constants of Metal Chelates
of 8~Mercaptoquinoline in Dioxane-water Solvents

(25.0°C, I = 0.1)

lon % v/v Dioxane Lochl Lochz %Logcsg
Mg(11) 60 3.56 3.19 3.37
75 4.55 3.11 3.83

Mn(11) 60 7.75 5.71 6.73

75 7.70 7.00 7.35




(2) 5-Chloro-8-hydroxyquinoline, (3) 5-Acetyl-8-hydroxyquinoline,

(4) 5-Nitro-8-hydroxyquinoline, (5) 8-Hydroxyquinoline-5-sulfonic acid.

%-logcez- of Metal Chelates of (1) 8-Hydroxyquinoline,

TABLE X1

Average Formation Constants,

53

2 v/v

fon Dioxane ] 2

Ag (1) 60 6.06 4.82

Mg(11) 0 3.94
20 L .29
Lo 5.14 4.97‘ L, 29 3.66 . L.78
60 5.51 5.22 4.70 4.09 5.25
75 6.12 5.45 5.03 4.61

Ca(ll) 0 2.96
20 3.32
Lo 3.57
60 4.01 3.59 3.38 2.88 4.00
75 4.80 3.90 3.75 3.37

M (I1) 0 5.48
20 5.85
4o 6.7 6.15 6.01 5.13 6.36
60 7.16 6.78 6.54 5.75 6.87
75 7.84 7.03 6.93 6.08

Fe(11) 60 9.09 8.31 8.09 6.79



TABLE XIl (Cont'd.)
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lbn %ioxzﬁz

Ni(ll) 0 .85
20 .09
40 10.00 9.27 8.97 .52
60 10.88 9.95 9.58 .94
75 11.54 10.25 10.08

Zn(11) 0 75

| 20 .03

40 8.98 8.69 7.96 .65 .55
60 9.49 8.93 8.35 .21 .07
75 10.08 9.27 8.96 .83

Pb(I1) 60 9.20 8.91 7.75 .53

AR(LIT) Lo 10.65
60 11.25 10.61 8.88 4
75 12.15

Sc(111) 60 10.18 9.47 8.81 .19

Fe(111) 60 12.58 11.46 10.46 .63

Ce(l111) 60 7.66 7.23 6.61 .65
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tions. Representative metal-chelate formation data are given in Appendix I1I.

Spectrophotometric Determination of Protonation Constants

The second protonation constant, ]ochNH, of 5-nitro-8-hydroxy-
quinoline was determined spectrophotometrically in 20, 40, 60 and 75% v/v
dioxane-water because the pH range of protonation is beyond the lower limit
of the potentiometric method.

The first protonation constant, loch of 8-hydroxyquinoline in

OH’
60 and 75% v/v dioxane-water was also determined spectrophocometrically.

In the range of protonation (pH 12-13), the sodium-ion errors are appreciably
large (>0.05 pH units). Also, reproducible behavior of‘the glass electrode
at high pH values in solvents of large % v/v dioxane-water has not been
demonstrated.

Preliminary spectra of the ligands at various pH values were recorded
in the visibie range in order to find suitable wavelengths for measurement.
Solutions of the ligand (1073 - 10™% M) were prepared in the appropriate
solvent compositions. The pH of these solutions was adjusted with either
perchloric acid or sodium hydroxide solution to give solutions containing
only one form of the ligand.

Figure 4 shows the spectra of the neutral and the protonated forms’
of 5-nitro-8-hydroxyquinoline in 20% v/v dioxane-water. At 453 mu, the
neutral form has a strong absorption band; the protonated form does not
absorb at this wavelength.

The spectra of the neutral and anionic forms of 8-hydroxyquinoline
in 60 and 75% v/v dioxane-water are shown in Figure 5. At 386 mu, the
absorbance of the anionic form is strong; the neutral form absorbs

negligibly. Table Xll| summarizes the pertinent spectral data. The wave-
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Absorntion spectra of the neutral (pH = 4.6) and
the protonated (pH = 0) forms of 5-nitro-8-
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TABLE Xt

Spectral Data for Ligands

(25°C, 1-cm fused silica cells)

58

Ligand % v/v Dioxane pH A (my) Log ¢
5-Nitro-8-hydroxy- 20 5.2 453 3.48
quinoline (neutral
form) 4o 5.3 453 3.30
60 L.6 453 3.04
75 4.5 453 2.85
8-Hydroxyquinoline 60 ~1h 386 4.59
(anionic form)
75 ~15 386 4.59
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lengths 453 and 386 mu were used for determining the protonation
constants.

Solutions for the determination of the protonation constants were
prepared as follows. 10-ml portions of a standard solution of the ligand
in dioxane were diluted to the mark in 50-ml volumetric flasks with
appropriate volumes of dioxane and aqueous solutions to give solvent
compositions of 20, 40, 60 or 75% v/v dioxane-water. The pH of these
solutions was maintained either by perchloric acid or sodium hydroxide.
The ionic strength was adjusted to 0.1 with sodium perchlorate*. The
flasks were equilibrated at 25.0°C and the volumes adjusted to 50.0 ml
with a few drops of a dfoxane-water mixture of appropriate composition.
Fused silica absorption cells (1.00 cm) were used.

" A plot of absorbance (at 453 mu) against pH is shown in Figure 6
for 5-nitro-8-hydroxyquinoline in 20% v/v dioxane-water. The data for
40, 60 and 75% v/v dioxane-water give similar plots.

A Beer's law plot was made for the anionic form of 8-hydroxy-
quinoline in 60 and 75% v/v dioxane-water. All solutions were prepared
essentially as previously described except that the volume of standard
ligand solution added ranged from 2 to 10 mi. A volume of dioxane
necessary to give 10 ml was then added. The Beer's law plot was the same
for 60 and 75% v/v.dioxane-water solution and is shown in Figure 7. The
pH was calculated to be 14 and 15 for the two solutions.

The second protonation constant of 5-nitro-8-hydroxyquinoline was

calculated using the equation

* .
In solutions of pH 1 or less, the ionic strength was not controlled.
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in 60% v/v dioxane-water, 25°C, I = 0.1, x = 386 my.
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A L-A

lochNH = ch + log (36)

AAy |

where AHL’ AH2L represent the absorbance of the neutral and protonated
forms of the ligand and A represents the absorbance of the mixture of
HL and H2L+. The pH of the solutions of the ligand was measured.

The first protonation constant of 8-hydroxyquinoline was calculated
as follows. The concentration of the anionic form of the ligand was
determined from the Beer's law plot. The concentration of the neutral
form of the ligand was obtained from the difference between the analytical
ligand concentration and the concentration of the anionic form. The con-
centration of free base (péOH) was obtained from the difference between
the analytical concentration of NaOH added and the concentration of the
anionic form of the ligand. The pH of the solutions waé then calculated

from

pH = pK, - pOH . (12)
The protonation constant was calculated from

(HL]

(L]

(37)

logCKOH = ch + log

The values of the protonation constants are given in Table V.

Spectrophotometric Determination of Metal-Chelate Formation Constants

The first stepwise formation constant of Ni(ll) 5-nitro-8-

X
hydroxyquinolinate’ was determined spectrophotometrically in 60 and 75%

o

“To be consistent with the nomenclature in the literature of 8-hydroxy-
quinoline complexes, the above name is used instead of the proper name,
bis(8-hydroxyquinolinato) Ni(Ii).
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v/v dioxane-water. The pH range of chelation is below the lower method
of the potentiometric method. The latter method showed that the Ni(i{)
chelate wasbcompletely formed at pH 2.3.

Preliminary spectra showed that the Ni(ll) chelate absorbs
strongly at 439 my (log € = 4.19), and that the protonated form of the
ligand does not absorb in this region but the neutral form does (log
e = 3.00 at 439 mu). The appreciable difference in the extinction
coefficients, however, enabled the determination of the formation constant.

Solutions containing Ni(11) (107> M) and the ligand (107> M) were
prepared as previously described for the potentiometric determination of
formation constants. Measured portions of standard perchToric acid
solution (0.159M) were added to these solutions. The portion of acid
added was different for each solution to give different degrees of chelate
formation. The pH of these solutions was measured and their absorbénce at
439 mu recorded.

The concentration of the anionic form of 5-nitro-8-hydroxyquinoline
was calculated from equation (23). The first stepwise stability constant,
cKl, was calculated from the equation

£~ €9

——— = %Kyley - &) (38)
L]

where €y, 7 and ¢ are the extinction coefficients of the solution in the

absence of the ligand, of the neutral form of the ligand, and of the
(108)

solution containing both the ligand and the metal chelate , respectively.

For 1.00 cm absorption cells, ¢ is given by

A - oeqlUd .
g = — (39)

Cy



&l

where A is the absorbance of the solution. The absorbance of the Ni(il)
chelate versus pH in 75% v/v dioxane-water is shown in Figure 8.
The values of the first stepwise formation constant are given in

Table X.

Calorimetric Determination of AH

The heats of reaction, AH, for the formation of several metal
complexes of 8-hydroxyquinoline-5-sulfonic acid were determined. The
apparatus used was described earlier. The procedure used in all determin-
ations was as follows. A 50-ml portion of one of the reactants was
pipetted into the Dewar flask and was diluted with measured volumes of
dioxane and/or water, to give a volume of 100.0, 102.5 ana 106.5 ml for
solution compositions of 0, 20 and 40% v/v dioxane-water, respectively
(Solution A). The glass bulb was filled to the mark with the other
reactant (Solution B), and the rubber stopper holding the bulb, stirrer
and thermometer was placed securely in the Dewar flask. The flask was
immersed in a constant temperature bath (25.0°C), and the stirrer started.
The contents of the flask were ailowed to equilibrate for one hour.

The temperature inside the flask was recorded every 30 seconds
for at least three minutes or until the rate of change of temperature
with time became constant. The stopper on the tip of the glass bulb was
removed with the glass rod, allowing Solutions A and B to mix. Time was
recorded at this point and the temperature was measured every 30 seconds
until the rate of change of temperature with time was constant. The pH
of the contents of the flask was cetermined for determination of AH for
protonation and metal chelation.

The heat of dilution of Solution A was determined by the given
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procedure except that distilled water was used as Solution B. The heat
of dilution of Solution B was determined similarly. |f Solution A was
a dioxane-water mixture, its heat of mixing with the completely aqueous
Solution B was determined.

Table XIV summarizes the physical quantities determined and the
corresponding compositions of Solutions A and B.

The concentration ratio of metal: di-sodium 8-hydroxyquinolinate-
5-sulfonate was 1:2. The 1:1 metal-ligand complex precipitated at the
concentration (0.01M) necessary to obtain suitably large temperature
changes. The experimentally determined values of AHc of metal chelation
are the sums of the values of AHC for each stepwise addition.

The temperature change associated with the reactions under study
was determined és follows. - The Beckmann thermometer was set such that
1.660° Beckmann corresponded to 24.87°C. All Beckmann thermometer
readings were changed to degrees centigrade and were corrected for
temperature differences between the stem and bulb of the thermometer,
according to

T =T, + [0.00016:T,(T; - T,)] | (40)

where T is the corrected temperature in degrees centigrade, T; is the

Beckmann thermometer reading in degrees centigrate, T; is the Beckmann

A

Figure 9 is the time-temperature curve for a calorimetric experiment

thermometer reading and T, is the air (i.e., thermometer stem) temperature.
for rapid processes such as acid-base neutralization and chelate formation.
The reaction corresponding to the curve is exothermic. The observations

are divided into three ranges: t; to t, (fore period); t, to ty (reaction

period); ts to t, (after period). Because of the short reaction times



Calorimetric Quantities

TABLE X1V
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Determination Solution A Solution B
Calibration of 50 ml 1.5N HCR 9.8 mi IN NaOH
calorimeter

50 ml H,0
AHp, 1igand (i) 50 ml_ 0.05M 9.8 ml 0.IN NaOH
protonation 8~HQ-5-S03H",

Na salt {mono)

50 ml H20

(ii) 50 ml  0.05M 9.8 ml 0.25M HCL

8-HQ-5-S03H,

Na salt (di)

Dioxane and H,0
AHC, chelate 50 ml 0.05M 9.8 ml 0.1IM
foFmation 8-HQ-5~S03H, metal-ion solution

Na salt (di)

50 m} Hzo

h8-HQ-5—503H = 8-hydroxyquinoline-5-sulfonic acid.



TEMPERATURE

Figure 9.

TIME

Typical Time-Temnerature curve for a rapid
exothermic reaction.
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involved, the temperature change in the fore and after periods may be

approximated as a linear function of time. The temperature rise, TA - TB’

(107)-

may be obtained by linear extrapolation as shown in Figure 9
The heat capacity of the calorimeter was determined by calibration

(]]0). The result was

using the heat of the reaction between HCZ and NaOH
corrected for the heats of dilution of the reactants. The heat capacity
of the calorimeter was calculated to be 15.4t0.8 cal/deg (6 determinations).
In the experimental determination of the heats of protonation and
metal chelation, the heat released is the difference between the heat of
reaction and the heat content of the calorimeter and the solvent (dioxane-
water mixture). Corrections for the heats of dilution of the reactants

and for the heat of mixing of dioxane-water solvent with pure aqueous

solution were made.

Heat of Ligand Protonation. The heat of reaction, AHL, between NaOH and

the mono-sodium salt of the reagent is the sum of the heats of reaction

of the equilibria,

yd -AH //
R + Hy0 —2" R + Hp't
\\‘503 Na* 503 Na®
and
+ _hH
Hy0% + OH  =—=" 2H,0
where AH is the heat of phenolic proton association. Thus

OH

BH = ah - AH (41)

L OH®

Measurement of the pH of the reaction solution allowed the calculation of
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p. These calculations showed that the reaction was quantitative.
The heat of reaction between HC% and the di-sodium salt of the

reagent gives directly the heat of phenoclic proton association; i.e.,

-+
0 Na OH
d + AHOH e +

R + H30' === R + Na + H,0.

\\\503_Na+ \\‘303-Na+

Calculation of p showed that this reaction was quantitative.

The heat of phenolic proton association was determined in this
way for 0, 20 apd L0% v/v dioxane-water. The reactions between NaOH and
the mono-sodium salt and between HC2 and the di~sodium salt of the ligand
gave values of the heat of phenolic proton association in excellent agree-

ment. The average of these values of AH.  are given in Table XV.

OH

Heat of Chelate Formation. The heats of chelate formation of Mg(!l1l),
Mn(li), Ni(11) and Zn(i1) with the di-sodium salt of‘8-hydroxyquinoline—
5-sulfonic acid in water were determined by the above method. Measurement
of pH allowed calculation of n for these solutions. These calculations
showed that metal chelation was quantitative.

The heat of chelate formation, AHj,, is the sum of the heats of
metal chelation of the stepwise reactions,

AH4
M+ L == ML,

and
ML + L == MLz,
and is given by

AHy, = AHy + AH,. (42)



TABLE XV

Thermodynamic Functions for Reactions
of 8-Hydroxyquinoline-5-sulfonic acid and Metal-ions

(25°Cc, I = 0.1)
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Reaction z  v/v ~AG -AH AS
Product Dioxane Kcal/mole Kcal/mole e.u.
HL 0 11.90 5.5 22
| 20 12.78 5.8 23
40 13.86 6.2 26
MgL, 0 C11.0b4 2.8 26
MnL, | 0 15.50 5.6 32
50" 17.98 6.8 46
Ni L, 0 24.16 13.2 36
50" 26.26 14.8 34
ZnL, B 0 21.28 9.6 36
50" 23.96 10.4 36

*Reference (.
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Entropy of Complex Formation. The entropy change was calculated from

T

where T is the average temperature of the reaction and AG is the free

energy change given by

T
AG = -1.364 log Kon (L)
fdr ligand protonation, and
AG = -1.364 Tog 'K 'K, (45)

for metal chelafion at 25.0°C.

The results are tabulated in Tablie XV.

Polarographic Half-Wave Potentials

The procedure used was: a solution of perchloric acid was prepared
as in the calibration of the glass electrode. Solutions of 8-hydroxy-
quinoline and also of the 5-chloro, 5-acetyl and 5-nitro derivatives (all
5 x 1073 M) in 60% v/v.dioxane-water were prepared as in the potentiomefric
determination of protonation constants. Solutions of the Fe(lll) complexes
of these ligands in 60% v/v dioxane-water were prepared as in the pdtentio-
metric determination of metal-chelate formation constants. The pH of all
solutions was adjusted to 5.0-5.5.

Figure 10 shows the polarogram of the Fe(lll) complex of 8-hydroxy-
quinoline at pH 5.3 in 60% v/v dioxane-water at ionic stréngth 0.1 (sodium
perchliorate). The catalytic wave for the free ligand (-1.48v) is not shown.

The method used to calculate the half-wave potential, E%, was as

(112)

described by Meites , and is shown in Figure 10. The values of the
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Figure 10. Polarogram of Fe(ill) 8-hydroxyquinolinate in

60% v/v dioxane-water, 25°C, I = 0.1 (sodium
perchlorate). : '
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potential of the dropping mercury electrode, Ed e.? and of the corres-

ponding current, i, and of (id - i) where iy Is the diffusion current,
were determined from Figure 10.

The term Iog(i/id - i) was plotted against Eq The slope

.e.’

of this plot was evaluated by linear least-squares. The half-wave

potential is given by the value of Eq at log(i/id - i) =0. No

correction was made for the IR drop through the polarographic cell.

Table XVI summarizes the values of E, for the Fe(111) complexes.
2



TABLE XVI

Half-wave Potentials of Fe(lll) Complexes

of 8-Hydroxyquinoline Derivatives in 60% v/v Dioxane-water

Fe(1!1) Complex Slope E, (volts)
2

8-Hydroxyquinolinate 0.059 -0.50
5-Chloro-8-

hydroxyquinol inate 0.052 -0.37
S5-Acetyl-8-

hydroxyquinolinate 0.057 -0.24
5-Nitro-8-

hydroxyquinolinate 0.063 -0.02




DISCUSSION

Effect of the Solvent

Figures 11 to 17 show the stability of the (N-H)+ and 0-H complexes
and the average stabilities of several metal complexes of 8-hydroxyquinoline
derivatives in dioxane-water media as a function of the stability of these
complexes in 60% v/v dioxane-water. Figure 11 shows that the (N-H)+ pro-
tonation constaﬁts decrease and Figure 12 shows that the 0-H protonation
constants increase with increasing dioxane content of the solvent. The
ligands in Figures 11 and 12 are (1) 5-nitro-8-hydroxyquinoline, (2) 5-
acetyl-8-hydroxyquinoline, (3) 8-hydroxyquinoline-5-sulfonic acid, (4) 5-
chloro-8~hydroxyquinoline and (5) 8-hydroxyquinoline. The numbers of these
ligands are encircled in Figures 11 and 12, Figures 13 to 17 demonstrate
that the average stabilities of the metal complexes vary with solvent
composition in a manner similar to the stability of the 0-H compiex and
opposite to that of the (N-H)+ complex. This behavior is observed regardless
of the metal-ion.

Figures 19 and 20 show the variation in the stability of S-H and
S-M complexes with molar fraction dioxane. The similarity of the solvent
effect on 0-H (and 0-M) and S-H (and S-M) complexes is discussed later.

| The increase in stability with increasing dioxane content is due
primarily to enthalpy rather than entropy changes. Figure 18 shows the
AH values determined in this work and by Freiser and Gutnikov(lll) for
some metal complexes of 8-hydroxyquinoline-5-sulfonic acid. The increase

in the average heats of reaction with dioxane content is similar to the

increase in the average stabillities of the metal complexes. The calculated
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LochNH( in 60 % v/v dioxane-water)

Figure 11, LochNH of 8-hydroxyquinoline derivatives in
20 (O), 40 (@) and 75 (®) % v/v dioxane-
water versus lochNH in 60% v/v dioxane-water
(25.0°C, 1 = 0.1).
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LochOH( in 60 % v/v dioxane-water)
Figure 12, LogCKOH of 8~hydroxyauinoline derivatives in

water versus log®K
(25.0°C, 1 = 0.1).

OH

20 (O, 40 (B®) and 75 (@) % v/v dioxane-

in 60% v/v dioxane-water
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14

10

“ogCBAVE( in 60 % v/v dioxane-water)

Figure 13. Logchv: of metal complexes of 8-hydroxyquinoline
in T 40 [O) and 75 (@) % v/v dioxane-water as
a function of ]OgCBAVE in 60% v/v dioxane-water
(25.0°C, 1 = 0.1).
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LochAVE( in 60% v/v dioxane-water)

Figure 14, LochAV of metal complexes of 5-chloro-8-
hydroxyduinoline in 40 (C) and 75 (®) % v/v
dioxane~-water as a function of lochAVE in 60%
v/v dioxane-water (25.0°C, I = 0.1).

13
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Figure 15. Loch of metal complexes of 5-acetyl-8-

hydroxyduinoline in 40 (O) and 75 (®) % v/v

dioxane-water as a function of logCBAVE in 60% v/v

dioxane-water (25.0°C, [ = 0.1).



82

12
10 _"
8 e
6 ——
g
<3
[228
80
)
M
4 —
2 {
2 10 12
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Figure 16. LOQCBAV of metal complexes of 5-nitro-8-
hydroxyquinoline in 40 (O) and 75 (@) % v/v
dioxane-water as a function of lochAVE in 60%

v/v dioxane-water (25.0°C, I = 0.1).
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Figure 17. LogCBAV; of metal complexes of 8-hydroxyquinoline-
" S-sulforic acid in 0 (O), 20 (@) and
Lo (®) % v/v dioxane-water as a function of log Bave
in 60% v/v dioxane-water (25.0°C, 1 =0.1). \
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Figure 18. Average heat of reaction of metal-=ion and proton
complexes of 8-hydroxyquinoline-5-sulfonic acid
versus volume percent dioxane.
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Figure 19. LOgCBAVE + A of the complexes of 8-mercaptoquinoline
©) and 8-hydroxyauinoline (®) versus molar

fraction dioxane (25.0°C, [ = 0.1).
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entropy change between pure water and 50% v/v dioxane-water for ligand
protonation and for metal chelation is approximately 3 and 0 e.u.,
respectively.

The equilibria involved are of the form

_ e
Whoe L0 =20 W (1)
_ By
M2t + 2L &= ML, (i)
. By :
M3t 4+ 3L = ML, (ren)

Surprisingly, the increase in equilibrium constants with increasing
organic content of the solvent was similar for all reactions. |t was
anticipated that with decreasing dielectric constant, the stability of
the trivalent metal complexes would increase more rapidly than the
stability of the divalent metal complexes which, in turn would increase
more rapidly than the stability of the 0-H proton complexes.

The observed behavior can be explained, however, as follows.

Reactions (11) and (i11) can be written as stepwise reactions:

met 4 T == wm* (11a)

Mt U= ML, (11b)

where CBZ = CchKz, and

M3*Y + LT = mL2t (111a)

ML2Y + LT =2 ML, (111b)
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ML 5 (111c)

where CBg = cchchKg. In the five reactions above and in reaction (1),
one unit of positive and negative charge is neutralized. Indeed, for
reactions (1lb) and (lllc), not only is the éharge neutralization equi-
valent to that of reaction (1) but also the charges of the corresponding
species are the same. Therefore, stability changes for these stepwise
reactions are expected to be similar to that of the O-H complex with
increasing dioxane content.

The charges of the species in reactions (lla), (l1l11a) and (11lb)
differ from those of the corresponding species in reaction (1); however,
these reactions also involve the neutralization of one unit of positive
and negative charge. The increase in the average stability constants of .
these reactions paraliel to that of the 0-H complex (Figures 13 to 17)
indicates that the increases in the free energy change with increasing
dioxane content are similar to that of the 0-H complex. Thus, the
important consideration is the amount of charge neutralization in the
reaction and not the absolute charges of the reactant and product species.

The results of the present study show that the solvent effect is
essentially independent of the charge and the chemical nature of the
reactant cations. As a result of this behavior, no conclusions regarding
the relative importance of the 0-M and N-M bond in the complexes of the
various metal-ions can be drawn from the available data. Irving and
Rossotti(]8) had suggested that the magnitude of the solvent effect could
give information on the relative 0-M and N-M bond strengths in the metal

complexes of bidentate ligands containing both an oxygen and nitrogen
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donor. The present work shows ﬁhat such is not the case.

The variation in the stability of the metal 5-substituted-8-
hydroxyquinolinates with dioxane content of the solvent essentially
parallels thaf of the 0-H complex. This same behavior has also been
observed for the complexes of several metal acetylacetonates, in which

(]]3). The influence of the

there is no N-M bond, but two 0-M bonds
solvent on the strength of the N-M bond must be relatively small; the
relative solvent effect on the 0-M and N-M bond stability is likely in
proportion to fon-ion:ion-dipole effects.

Since the solvent effect is essentially independent of the
particular metal-ion in the complex, no advantage in analytical select-
ivity of the llgands can be obtained by changing the solvent composition.

The data obtained for the effect of the solvent on the stability
of S-H and S-M complexes are sparse. This is due primarily to experimental
difficulties arising from the ease of oxidation of thiols to disulfides
and the tendency of the corresponding metal complexes to polymerize and
precipitate. In some cases, the metal complexes were too stable to be
studied potentiometrically. Only the Mg(ll) and Mn(il) complexes of
8-mercaptoquinoline were sufficiently soluble and unstable to be studied
potentiometrically.

The data for 8-mercaptoquinoline (Figure 19) and for 2-2'-di-
(thioethyl)sulfide and sebacic acid (Figure 20) are sufficient to show
that stability of S-H and S-M complexes varies similarly to that for the

corresponding oxygen complexes. This shows that the effect of primary

importance is charge neutralization, i.e.,

0" o+ M — 0M(n-l)+

p——
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- n+

5™ o+ Mt o= gu(n-D)

Differences in the nature of the donor atoms such as polarizability (i.e.,

hardness) are of only secondary importance.

Effect of Ligand Basicity

As mentioned in the HISTORICAL INTRODUCTION, several workers have
shown that the slope of the relationship between IochML and logCKHL for
the compliexes of a given metal-ion with a series of closely related
ligands is dependent on the metal-ion. The purpose of this section is
to show that the property of the metal-ion which governs the slope is
the ionic potential, ZM/rM, where z, and ry are the charge and radius of
the metal-ion. A theoretical function composed of the ionic potential
and ligand basicity is derived in order to evaluate the contributions of
the N-M and 0-M bonds to chelate stability. This function is used to
explain the data of previous workers(]7’4]’59). |

The first and second successive stability and the average stability
of the complexes of Ag(i), Mg(ti), ca(tl), Ma(t1), Fe(1l), Ni(t1), Zn(1l)
and Pb(11), and the average stability of the complexes of A2(ll1), Sc(ill),
Fe(111) and Ce(l11) with

(1) 8-hydroxyguinoline

(2) 5-chloro-8-hydroxyquinoline

(3) 8-hydroxyquinoline-5-sulfonic acid

(4) 5-acetyl-8-hydroxyquinoline and

(5) 5-nitro-8-hydroxyquinoline
were plotted against the stability of the corresponding 0~H complexes for

60% v/v dioxane-water. The plots of the average stability of the metal
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complexes against the stability of the 0-H complexes are shown in

Figures 21 and 22. The plots of 1och1 or of logCKz versus loch were

OH

very similar.

The relationship

log®s = a-]ochOH + b ' (46)

where S is Klg Ky or BAVE was determined for each metal-ion by a linear
least-squares fit to data. The calculated slopes and intercepts are
summarized in Table XVIiI.

For each divalent metal-ion except Pb(11), Table XVII shows that

the slope of the plot of lochl against logCK is approximately equal

OH
to the slope of loch against logCK (and, therefore, to that of the
2 OH

logCBAVE plot). Experimentally, values of cKl, CKZ and CK3 were not
obtained for the trivalent metal-ions. |t was assumed that the slope of

the IogCB £ plot was representative of the slope of each stepwise

AV

stability for these metal-ions. The case of Pb(1l) is discussed later.
Examination of Figures 21 and 22 shows a general trend in the

scattering of the experimental Iogcs values about the best straight

AVE
line for the complexes of Mn(11), Fe{l1), Ni(i1), zn(11), Sc(t1i), Fe(iil)

and Ce(l11). This trend does not exist for Ag(i), Mg(l11), ca(il), Pb(Il)
and A.(111). The values of lochAVE for 8-hydroxyquinoline, 8-hydroxy-
quinoline-5-sulfonic acid and 5-acetyl-8-hydroxyquinoline tend to lie on

or slightly above the line. The values of logCB for 5-chloro-8-

AVE
hydroxyquinoline and 5-nitro-8-hydroxyquinoline tend to lie slightly below

(115)

the line. The Student t test shows that the scattering for 5-chloro-

8-hydroxyquinoline and 5-nitro-8-hydroxyquinoline is significant. The
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TABLE XVI1

Slope and Intercept Values in 60% v/v Dioxane-Water
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LogCS = a lochOH + b
(25.0°C, I = 0.1)
lon S a b
Ag(l) Kl(BAVE) 0.29 2.74
Ky 0.09 2.62
Mg (11) Ky 0.34 1.81
Ky 0.31 1.63
BAvE 0.33 1.70
ca(ll) Ky 0.25 1.55
Ky 0.26 1.20
BavE 0.25 1.36
Mn(11) Ky 0.35 3.53
Ko 0.32 3.19
BAvE 0.33 3.35
Fe(11) Ky 0.49 3.71
Ko 0.46 3.25
BavE 0.48 3.42
Ni(11) Ky 0.49 5.33
Ky 0.50 4.51
BAvE 0.49 4.75
Zn(I1) Ky 0.49 3.80
Ko 0.54 3.22
B 0.52 3.56



TABLE XVil (Cont'd.)
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lon S a b

Pb(11) Ky 0.74 2,13

Ky 0.51 1.90

BavE 0.64 2.00
AL(I11) BavE 0.97 0.19
Sc(lit) BAVE 0.66 2.56
Fe(l111) BavE 0.87 2.40
Ce(l11) BAVE 0.51 1.93

Experimental evidence

(m

4)

indicates the formation of the 1:2 complex
of Ag(1l) with 8-hydroxyquinoline in solution.
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scattering for each ligand is in the same direction as the deviation of

the calculated value of lochNHlloch for the ligand from the average

OH

value of this ratio for all ligands. The values of lochNH/loch are

OH
tabulated in Table XVIII. The average value is 0.30:£0.08. This indicates
that the correlation of lochAVE wi th IochOH is only approximate, and
that logCBAVE should be more properly correlated with both lochNH and

]och , as in the relationship

OH

+ eslog®kK_, + b (47)

logCBAVE = d+log“K on * b

NH

The parameters, d and e, are measures of the sensitivity of metal-complex
stability to nitrogen donor atom and oxygen donor atom basicity.

Equation (47) was solved for the sensitivity parameters, d and e
and for b by substitution of three sets of (logcsAVE, log;KNH, lochOH)
data for each metal-ion. The large precision errors in the data of
Table XIX illustrate that this method fails. Because of the approximate
constant value of the ratio, logCKNH/lochOH, the value of the determinant
used to solve equation (47) is small and, therefore, the experimental
error in the data is magnified. Hence, reproducible values of d and e
were difficult to obtain. A new approach was used to solve for d and e.

This new approach is developed in the next section, Theoretical Development.

Theoretical Development

In this section, the relationship between the sensitivity para-
meters, d and e, and the bonding properties of both the metal-ion and
the proton is determined. From this relationship, values of d and e for
a given metal-ion are calculated and stabi]ity data of its complexes are

explained.



TABLE XVIIi

Ratio of Ligand Protonation Constants
in 60% v/v Dioxane-Water

(25.0°C, I = 0.1)

c : Log“K

Ligand Log K Log“K =09 "NH

NH OH <

Log "KoH
8-Hydroxyquinoline 3.97 11.53 0.344
5-Chloro-8-hydroxyquinoline 2.55 10.64 0.242
8-Hydroxyquinoline-5- 3.56 10.32 0.345

sulfonic acid

5-Acetyl-8-hydroxyquinoline 2.93 9.05 0.324
5-Nitro-8-hydroxyquinoline 1.61 7.19 0.224

Average: 0.30:0.08




TABLE XIX

Values of d, e and b in 60% v/v Dioxane-Water

LogCSAVE = d-lochNH + e-logCKOH + b

(25.0°C, I =0.1)

lon d e b
Ag (1) 0.7:0.3 -0.1x0.7 2+1
Mg (i) 9+22 -4+8 b15
ca(ll) 1£1 1£2 2+3
Ma(l1) -79£227 -19:47 -7+15
Fe(11) 200600 -32193 9+20
Ni(11) 1.310.7 0.2:0.8 212
Zn(11) 11225 -hx1y L6
Po(11) 2£2 3+3 243
Ag(111) 7£20 -39 2x8
Sc(11l1) 3tk 12 343
Fe(ll1) 2k =13 343
Ce(111) ~12%39 6115 -3+8
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The two major factors that influence the strength of a chemical
bond are the electrostatic interaction, E, and the covalent interaction,
J, between the components of the bond. In the gaseous state, the energy
of formation, AHg, of a bond having both electrostatic and covalent

character is given by

AHS = E + 4. (48)

RS = E. (49)

(65-83,116-124)

According to several authors A9 is related to

AH®, the energy of formation of the bond in solution, as follows:

A = a9 + B (50)

where B is a constant.

For the equilibrium in solution

e
C + L = cL,
25.0°C
the free energy change, AGEL’ is given by
AGS = -1.36 log'K (51)
CL ) cL
s s
Therefore,
_ T - g _ ]
1.36 Tog K. = AHZ +B - TAS . , (53)
Writing equation (53) for the 0-H and 0-M bond gives
AHS = -1.36 logTK - B., + TaSS (54)

OH OH OH OH
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and

g _ . T - S
By 1.36 Tog Ky, = By, + TAS, . (55)

Combining equations (54) and (55) yields

log K., = fffii log K., + A (56)
©9 RoM O °9 Rou
OH '
where g
AH
_ OM _ sy s
A = ;;E;_ (BOH TaSyy Bow * TASOM} /1.36.
OH

For a given metal-ion with a series of closely related ligands in one

(18)

solvent composition, A is approximately constant

A similar derivation for the N-H and N-M bond gives

T B 7
log KNM = —-—é-- log KNH + D (57)

AHNH

where

AHSM S “ S
D = 255" (BNH - TASNH) - By * TASyy /1.36.

NH

D is approximately constant for a given metal-ion with a series of closely
related ligands in one solvent composition(lg).

If the heats of formation of the N-M and 0-M bonds in a metal
chelate are assumed to be independent and additive, then equations (56)

and (57) can be combined to give the following expression for the con-

centration constant:

c AHY c AH%M c
log KMo = log Ky *+ 3 log KOH +b (58)
AHS AH
: NH OH

McMASTER UNIVERSITY | IRRARY
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where b = A + D + a logarithmic term composed of the activity
coefficients of the species involved in the equilibrium. The entropies,

As;M and ASSM,-are not additive. |In term b, they are combined, however,

to give AS U. The difference between AS>, + U and the sum of the

NMO

and 0-H complexes is essentially constant for

s
Mo *
entropies of the (N-H)+
closely related ligands.

In the ensuing development, the behavior of the metal-ions is

compared to that of the proton. Hence, AHSH and AHgH can be treated as

constants and are denoted by 1/6 and 1/7, respectively. Also, the
average stability, lochAVE, is used for the stability of the metal

chelate, rather than loch , which represents the stability of the

NMO

1:1 complex. Equation (58) can now be rewritten as

c _ n. A yAVE c . auAVE c
Tog By p = 0°8Hy," Tog Ky, + T8H " Tog Ky, + b (59)
where AHQannd AngE are the average energies of formation of the N-M

and 0-M bonds, respectively.

Because the ratio, lochNHlloch is approximately constant,

OH

equation (59) can be written as

c _ . AyAVE . auAVE c
iog BAVE = (0.30 8 AHNM + T AHOM )log KOH + b. (60)
The slope of equation (60) is given by
_ LA AVE, L AVE
a = 0.30 B8-8H "+ T-OH ", (61)
AVE AVE

In order to solve equation (61), AHNM .and &H must be related to the

OM
bonding properties of the metal-ion. |If the nature of metal-ligand bonding
is known, the most appropriate bonding property of the metai-ion may be

chosen.
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The Bjerrum(86) and Manning(87—89) equation,
cKl
P = — =5xTxR, (9)
c
K2

gives an insight into the nature of the bonding in metal complexes. For
a singly charged bidentate ligand bonding to a hexahydrated metal-ion,
S=48and T = 1.6(87-89). For a predominantly electrostatic metal

complex, the following holds:

P = L.8x1.6x1.0
= 7.7

i.e., log P = 0.87.

The values of log P for the complexes of the divalent metal-ions
used in this study are summarized in Table XX. The low value of log P
for Zn(l1) 5-chloro-8-hydroxyquinolinate is likely due to an inaccurate
value of lochz caused by the precipitation of the complex at n values
less than unity. This value was not used to determine the average value
of log P for Zn(il). The average value of log P is 0.8 for Ca(ll),
Mn(11), Fe(ll) and Ni(ll) and 0.9 for Zn(11). Therefore, predominantly
electrostatic bonding is indicated for the complexes of these metal-ions.

The log P values for the Mg(l1) complexes are indicative of
predominantly electrostatic bonding in the complexes. The value of
log P for Mg(11) 8-hydroxyquinolinate-5-sulfonate, however, indicates a
predominantly electrostatic chelate, whereas the log P value ("0.4) for
the other complexes indicates predominantly electrostatic bonding in
which the Mg(l!) ion is bound oaly to the oxygen donor atom(87-89).

The values of log P for Pb(i1) are considerably greater than 0.87.



TABLE XX

"Values of Log P in 60% v/v Dioxane-Water

(25.0°c, 1 =0.1)
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5-Chloro-

lon Oxine 5-Acetyl- 5-Nitro- Oxine-5-
oxine oxine oxine sulfonic acid

Mg(tl) 0.56 0.33 0.43 0.37 0.91
ca(i) 0.79 0.87 0.67 0.72 1.05
Ma(11) 0.92 0.70 0.48 1.04 1.12
Fe(1l) 1.00 0.60 0.94 0.75 -
Ni (1) 0.40 0.79 0.67 - 1.19
Zn(11) 0.94 0.15 0.4k 1.04 1.22.
Pb(11) 3.23 2.70 2.59 2.10 -
RIPO(11)] 3.7 3.1 3.0 2.4 -
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The calculated values of R for the Pb(l1) complexes are given in Table XX.
The large values of R indicate appreciable covalent character in the Pb-
ligand bonds (R = 1.0 for electrostatic bonding).

The variation in log P for Pb(1l) is expected. The greater the
acidity of the donor atom of the ligand, the less is its polarizability,
i.e., the tendency to bond covalently decreases. Hence, the Pb-ligand
bonds are expected to have greater covalent character in the 8-hydroxy-
quinoline complex than in the 5-chloro-8-hydroxyquinoline complex, for
example. The variation in log P for Pb(11) shows that log®K; and log®K,
do not change similarly with the ligand. This explains the fact that
the slope (0.74) for log®K; versus lochOH is different from that (0.51)
for lochz versus«lochOH. |

The Bjerrum-Manning method suggests that the N-M and 0-M bonds
are predominantly electrostatic in character. Other Qorkers have con-
cluded that metal-ligand bonding is predominantly electrostatic in the

8-hydroxyquinoline complexes of Ni(ll) and Zn(ll)(éh), AL(111) and Fe(lll)(63),

Mg(11) and ca(11){125:126) oy o1y U27) | qpus, equation (61) can be
written as
AVE AVE
a=0.3 e'ENM + T'EOM . . (62)

Since all covalent interactions are neglected, this treatment is approximate.
The approximation is particularly large for the Pb(11) complexes.
An important parameter that determines the electrostatic energy of
a metal-ligand bond is zM/rM, the effective electrostatic potential field
of the metal-ion (i.e., the ionic potential). This parameter determines

the potential field experienced by the ligand donor atoms. The use of
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this parameter allows the electrostatic interaction of the N-M and 0-M

bond to be written as

z
AVE M
Enw =P 7 (63)
M ‘
and
z
AVE _ M
EOM = p. rM ’ (61‘)

respectively. Substitution of equations (63) and (64) into (62) yields

Z

a= -2 (0.30 64p +1p') (65)
M
or _
v
ast(a+p) (66)
M

where a' = 0.30 6+p and B = 1°p. The quantity a is a sensitivity para-
meter and is determined by the ionic potential of the metal-ion relative
to that of the proton.

Equation (66) was solved using the values of a (Table XVI!) and

(128) for Fe(l1) and Ce(111) to give a' = 0.0532 and 8= 0.123.

z/ry

Substitution of equation (66) into () gives

N

IOQCBAVE = —ﬂ-(a-lochNH + B-lochOH) +b (67)

™M
where o = a'/0.30. Equation (67) predicts that the plot of IochAVE
c c X
versus (a+log Ky * B+log KOH) has slope = zM/rM. Table XXI illustrates
: . c c .
that the slope of the plot of logcsAVE against (aclog Kyy + B*log KOH) is
in good agreement with z,/r, for Fe(11), Ni(11), za(11), AsCint), sc(iit),

Fe(i11) and Ce(l111), but not for Ag(l), Mg(11), Ca(1l), Mn(11) and Pb(11).



Slope Values in 60% v/v Dioxane-Water

| C
Log Bave =

TABLE XXI

m(a-lochNH + s-lochOH) +b

(25.0°c, I = 0.1)
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lon

ZM/I’M m
Ag (1) 0.794 1.63
Mg (11) 3.03 1.89
ca(ii) 2.02 1.49
M (i1) 2.50 1.90
Fe(11) 2.70 2.72
Ni (1) 2.91 2.91
Zn(11) 2.70 2.89
Pb(11) 1.67 3.61
AL(IIE) 5.89 5.49
Sc(il) 4,21 3.97
Fe(llil) 4.79 L. 91
Ce(111) 2.91 2.92
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These plots are shown in Figures 23 and 24,

The calculated slopes for Mg(11), Ca(ll) and Mn(11) are less

c . .
than zM/rM. If, however, log BAVE is plotted against B']OQCKOH, the
slope agrees with zM/rM for these metal-ijons (Tabie XXI1).

TABLE XXI1

Slope Values

c _ 1mnC
Log Bayg = s(B+log KOH) + b
lon zM/rM s

Mg(11) : 3.03 2.92
ca(il) 2.02 2.12
Mn(11) | 2.50 2.61

The data of Table XXI| suggest that the slopes for Mg(ll), Ca(ll)
and Mn(li) are determined solely by the 0-M bond, i.e., changes in the
contribution of the N-M bond to chelate stability with the ligand are
negligible compared to those of the 0-M bond, suggesting that the N-M
interaction is weak. This behavior is consistent with the low affinity

(4,129,130)

displayed by these ions for nitrogen donors Hence, the
stability of the complexes of these ions may be properly correlated only

with 1og®K.., as is done in equation (46).

OH
The calculated slopes for Pb(11) and Ag(l) are greater than zM/rM.
Hence, zM/rM is too small to account for the metal-complex stability

change as the ligand is varied, i.e., zM/rM is not representative of the
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for the complexes of several 8-hydroxyquinoline
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for the compiexes of several 8-hydroxyquinoline
derivatives in 60% v/v dioxane-water at 25.0°C and
I =C.l. A = 0 unless specified.
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total force between metal-ion and ligand. The Bjerrum-Manning method
has suggested that the Pb-ligand bond has appreciable covalent character.

(64)

Baker and Sawyer also have concluded that the 0-Pb bond in 8-
hydroxyquinol ine complexes is covalent. Therefore, the electrostatic
model of metal-ligand bonding should be expected to fail.
(84)

Because of its strong class (b) character, Ag(l) is not
expected to form predominantly electrostatic bonds. The covalent character
of the Ag-ligand bonds is indicated by the plots of lochl versus lochoH

and of lochz versus loch in which the slope of the former plot (0.29)

OH’
is greater than that of the latter (0.09).

From the foregoing discussion, it is concluded that the metal-
ligand bonding in the Ag(l), Pb(11) complexes has appreciable covalent
character. As stated in the HISTORICAL INTRODUCTION, the ionization
potential of the metal has been used to represent the tendency of the
metal-ion to bond covalehtly. No attempt, however, was made in the present
study to obtain a correla;ion of ionization potential with the stability of
the complexes of Pb(Il) and Ag(l).

A comparison of equations (47) and (67) shows that for predominantly

electrostatic metal complexes, the sensitivity parameters, d and e, are

given by
2y
d = -r—— *Q (68)
M .
and
z
e = Fﬂ .8, (69)
M

The values of d and e for the metal-ions used in this study (except for

 Ag(1) and Pb(l1) are tabulated in Table XXIli1.



TABLE XX111

Values of Sensitivity Parameters, d and e

m

lon d e
Mg(i1) 0 .373
ca(11) 0 .248
Mn(11) 0 .308
Fe (1) 0.507 .332
Ni (i) 0.527 .358
Zn (1) 0.507 .332
A(HIL) 1.07 .724
sc(lit) 0.762 518
Fe({ll) 0.867 .589
Ce(li1) 0.527 .358




112

From equation (47)
[+ [+ [+
log B, e = d*log Ky, + eslog Ky +b _ (47)

unit slope is predicted for the plot of log®B versus (d+log®K

AVE NH T

e-lochOH). Unit slope was found for all metal-ions except Ag(l) and
Pb(l1), as is shown in Table XXIV. The value of the intercept b appears

to have no simple chemical interpretation(h]).,

Application to Previous Work

Correlations with Metal-Complex Stability
(17,18)

Irving and Rossotti determined the stabilities of the

Mg(1t), Ni(11) and Zn(11) complexes with several 8-hydroxyquinoline
derivatives (Table XXV, ligands 2-8) in 50% v/v dioxane-water. These

workers calculated slopes of 0.95, 1.40 and 1.17 for the plot of lochAvE

versus log®K... for Mg(11), Ni(11) and Zn(i1), respectively. These results

OH
are discussed below.

(41)

Williams et al. found that tHe complexes of Ni(ll) and Zn(11)
with 5-formyl-8-hydroxyquinoline (Table XXV, ligand 1) were more stable
than predicted by the data of lrving and Rossotti. Figure 25 illustrates
that the data points of the Ni(il) and Zn(11) 5-formyl-8-hydroxyquino-
linates lie considerably above the best line through the data of lIrving
and Rossotti. This enhanced stability was attributed to increased metal
to ligand n-bonding caused by the strong‘n-electron attracting formyl
group(h]). |
The pldt of logCBAVE against (d-lochNH
of both Irving and Rossotti and Williams et al. has a slope of 0.95, 1.03

+ e-logCKOH) for the data



Slope and Intercept Values in 60% v/v Dioxane-Water

Loch

AVE

TABLE XX1V

(d+1og®K,,, + e-lgchOH) +b

NH
(25.0°c, 1 = 0.1)
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lon Slope
Ag (1) 2.05 .76
Mg(i1) 0.94 .70
Ca(lt) 1.04 .36
Mn(11) 1.05 .33
Fe(lt) 1.01 b2
Ni(11) 0.93 .78
Zn(11) 1.06 .56
Pb(11) 2.16 .00
AL(111) 0.9k 19
Sc(i1t) 0.93 .56
Fe(ll1) 1.04 .ho
Ce(llt) 1.00 .93
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TABLE XXV

Protonation Constants of 8-Hydroxyquinoline Derivatives
in 50% v/v Dioxane-Water

(20°c, I = 0.3)

Ligand LogCK

Ni o9 Koy
5-Formyl;8-hydroxyquinoline 2.51 7.43
8-Hydroxycinnoline 1.77 8.84
L-Methyl-8-hydroxycinnoline 2.59 9.00
5-Hydroxyquinoxaline <1 9.29.
8-Hydroxyquinazoline 3.30 9.59
6-Methyl-8-hydroxyquinoline 4.76 10.71
8-Hydroxyquinoline L. 48 10.80

5-Methyl-8-hydroxyquinoline L. R B B
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Figure 25. LochA g T A versus loch for the complexes of

several 8~hydroxyquinoline derivatives in
50% v/v dioxane-water at 20.0°C and 1 = 0.3. Data
is from references {17) and (41). A = 0 unless
specified.
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and 0.99 for Mg(11), Ni(11) and Zn(11), respectively. The values of

a = 0.181 rather than O was required in order to obtain dnit siope for
Mg(1l). This indicates that a portion of the Mg-chelate stability is
due to the formation of a N-Mg bond, and is in contrast to the result
presented earlier in this thesis, namely, that the contribution of the
N-Mg (and N-Ca and N-Mn) bond to chelate stability is negligible with
respect to the corresponding O-metal bond. The results of the present
study are at least consistent in that a contribution by the N-Ca bond
to chelate stability is not expected if none is found for the N-Mg bdnd.
There appears to be no simple reason for the discrepancy between this
study and that of Irving and Rossotti concerning the N-Mg bond.

The enhanced stability of the Ni (1) and zn(11) 5-formy1-8-
hydroxyquinolinates is not apparent in the plot of logCBAVE versus
(d-logCKNH + e'lochOH), as shown in Figure 26. Thus, there is no need
to consider increased metal to iigand m-bonding as discussed by Williams
et al. Rather, the apparent enhanced stability observed in the plot of

logCBAVE against logCK arises because the treatment neglected the N-

OH
metal interaction.

(94)

Tomkinson and Williams determined the stability of the Fe(l!l)

complexes of several 5-substituted-8-hydroxyquinolines. These workers
reported a slope of 0.88 for the plot of logCBAVE versus lochOH. This
value is in good agreement with that of 0.87 found for Fe(lll) in this
thesis in which similar 5-substituted-8-hydroxyquinolinés were used. The

plot of log®s against (d+log®K,, + e-lochOH) has unit slope (0.96)

AVE NH
for the Fe(lll) data of Tomkinson and Williams.

{59)

Beimer and Fernando found a non-linear relationship between
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+ A

Log"Byyx

d.lochNH + e.logCKOH

Figure 26. Logce ve T4 !EEEEE.(d']Och + e-logCK ) for the
complexés of several 8-hydroxyquinoline derivatives
in 50% v/v dioxane-water at 20.0°C and I = 0.3. Data
is from references (17) and (41). A = 0 unless
specified.
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lochAVE and lochOH for the metal complexes of 5-halo-8-hydroxyquinolines.
The use of their data also yields a non-linear relationship between
logcsAVE and (d-lochNH + e-lochOH). The halogens are o-acceptors and
n-donors and, in general, the m-donor property is the more important(h]’sg).
Hammett reaction constants suggest that the o-acceptor property is
essentially constant for the halogens but that the n-donor property is
greatest for fluorine and least for iodine(sa).

The value of loch for the 5-fluoro, 5-chloro-, 5-bromo and

OH
5-iodo derivative is 11.04, 10.46, 10.41 and 10.10, respectively. The

0-H bond in 8-hydroxyquinoline has appreciable covalent character(63’6h)
and, therefore, the charge on the oxygen is reduced. The donation of
m-electrons by the halo substituent destabilizes the charge on the
phenolate oxygen formed on dissociation. Thus, the stability of the 0-H
complex is expected to vary regularly with the halo substituent.

On dissociation of a predominantly electrostatic complex, there
is relatively little change in the charge of the phenolate oxygen. There-
fore, m-donation by the halo substituent is expected to exert little
influence on the stability of the metal complex. Since wn-donation by the
halo substituent influences 0-H complex stability considerably more than
metal complex stability, a linear relationship between lochAVE and
(d-lochNH + e-logCKOH) should not be expected.

(41,44,60,61)

have concluded that the disagreement

(1) W)

Several workers
between the data of lIrving and Rossottl and of Williams et al.
due to metal-ligand n-bonding. The present work shows that the data of

Irving and Rossotti, of Williams and of this thesis are indeed in agreement.

The apparent discrepancies in the behavior of a given metal-ion vanish if
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both the N-M and 0-M interactions are considered, i.e., the metal complex
stability must be correlated with both the nitrogen and oxygen donor-atom

basicity. There is no need to postulate metal to ligand m-bonding.

Correlations with Redox Potentials
Metal-complex stability data available in the literature have been

successfully correlated with the function (d°logCK + e-loch The

NH OH)'

purpose of this section is to show that the redox potentials of the Fe(lll)

complexes of several 5-substituted-8-~hydroxyquinolines determined by

(94)

Tomkinson and Williams can also be correlated with (d-lochNH +

e-loch These workers found a non-linear relationship between the

o) -
redox potential and lochDH. (The data for the Fe(l11) complexes of

5-formyl and 5-cyano-8-hydroxyquinoline did not obey this relationship.)
Figure 27 shows the plot of the redox potential versus

Aldelog®K ., + e-lochOH) where

NH

A(d‘IOQCKNH + e'lochOH) = (d'lochNH + e-lochOH)Fe(l'l)

- (d+1og®K,, + e-lochOH)Fe(ll). (70)

NH
Two correlations of the redox potentials are possible. |f the data for

5-formyl and 5-cyano-8-hydroxyquinoline are excluded, the correlation is
non-linear. The correlation, however, is linear if the data for 7-iodo-

8-hydroxyquinoline-5-sulfonic acid is excluded. This is the only halo-

(59)

substituted ligand. The results of Beimer and Fernando have shown

that loch for metal complexes of 5-halo-8-hydroxyquinolines gives a

AVE

non-linear correlation with loch The exclusion of the data for

OH"
7-iodo-8-hydroxyquinoline-5-sulfonic acid is more justifiable than the

exclusion of the data of 5-formyl and 5-cyano-8-hydroxyquinoline. A
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(20.0°C, 1 = 0.3).
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further reason for selecting the linear relationship between the redox
potential and A(d-logCKNH + e-lochOH) is given below.

The half-wave potentials, E%, of the Fe(lll) complexes of several
8-hydroxyquinolines were determined in 60% dioxane-water and [ = 0.1

(sodium perchlorate). The values of the half-wave potential and

A(d-lochNH + e-lochOH) are summarized in Table XXVI.
c c S .
The plot of E% versus A(delog Kyy + e*log KOH) is illustrated in

Figure 27. This correlation is linear and parallels that of the redox

potential.

Relative Importance of N-M and 0-M Bond

(18)

Irving and Rossotti had suggested that the relative importance
of the N-M and 0-M bonds could be determined by studying the effect of
solvent composition on the stability of the metal-ligand and of the
corresponding proton-ligand complexes. The results‘presented earlier in
this thesis showed that this method fails because the solvent effect is
essentially independent of the metal-ion (and proton). The relative
importance of the N-M and 0-M bond, however, can be calculated from the
sensitivity parameters determined from the correlation between metal-
complex stability and basicity of the ligand donor atom(s).

"The following discussion is limited to those metal-ions which
were shown to form predominantly electrostatic complexes. Equation (67)

can be rewritten as

N

logByyg - b = -;'—4- (alog Ky, + B+log Ky,). (67)

M

M <
The term F—-(a-log K

+ Belog“K.,) represents the total contri-
M NH OH
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Half-Wave Potentials of Fe(lll) Complexes

in 60% v/v Dioxane-Water at [ = 0.1

Ligand ( E, 8(d~10g%Ky e+ 10g%K, )
volts)
8-Hydroxyquinoline ~O.SQ L. ok
5-Chloro-8-hydroxyquinoline -0.37 3.43
5-Acetyl-8-hydroxyquinoline -0.24 3.12
5-Nitro~-8-hydroxyquinoline -0.02 2.28




123

bution of the metal-ligand bonds to complex stability. The percentage

contribution of the N-M bond is given by

a-]ochNH x 100%

a-loch + B-loch

NH OH

and of the 0-M bond by

B°1ogCK x 100%

OH
a-lochNH + B-logCK

OH

For a given ligand, the percentage contributions of the N-M and 0-M bonds
are independent of the metal-ion, but are dependent solely on the basicity
of the ligand donor atoms. Of course, the total contribution of both
bonds varies directly with the stability of the complex. The total
contribution is greater the larger is zM/rM for the metal-ion. Only the
0-M bond was found to be significant in the complexes of Mg(il), Ca(ll)
and Mn(11).

Table XXVII illustrates that the variation in the percentage
contributions of the N-M and 0-M bonds for the complexes of a given metal-
ion with the ligands used in this study is small (9%).

The percentage and total contributions of the metal-ljgand bonds
vary with the solvent composition. For example, the percentage contribution
of the N-M bond for 8-hydroxyquinoline varies from 40 to 31% in passing
from 20 to 75% v/v dioxane-water. The calculated difference in the total
contribution by the N-M and 0-M bonds is 0.5 and 0.2 for the complexes of

AL(111) and Ca(11)”, respectively. The average stability, however, changes

%
A2(111) and Ca(ll) have the greatest and least value of z/ry for the
metal-ions used in Figures 13 to 17.
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TABLE XXV11

Percentage Contributions of N-M and 0-M Bond
in 60% v/v Dioxane-Water

(25.0°C, 1 = 0.1)

Ligand N-M (%) 0-M (%)
8-Hydroxyquinoline 3k 66
5-Chloro-8-hydroxyquinoline 26 74
8~Hydroxyquinoline-5-sulfonic acid 3L 66
5-Acetyl-8-hydroxyquinoline 32 ' 78

5-Nitro-8-hydroxyquinoline 25 75
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by 1.5 units (as shown in Figures 13 to 17). Thus, the effect due to
the difference in the strengths of the Ag-ligand and Ca-ligand bonds is
approximately 20% of the observed effect of changing the solvent com-
position. Therefore, it is not surprising that the solvent effect was
found to be essentially independent of the metal-ion. Rather, as con-
cluded earlier, the neutralization of ionic charge is the important
factor in the solvent effect.

The calculation of the percentage contributions of the metal-
ligand bonds is a quantitative method of evaluating the relative affinity
of donor atoms tdwards a given metal-ion. For example, in predominantly
electrostatic compiexes, the charged oxygen has a greater affinity for
the metal-ion than does the neutral nitrogen but this relative
affinity varies with the ligand even in a family of closely related
iigands. This method can be extended; i.e., the study of the complexes
of substituted 8-mercaptoquinolines would yield the relative affinity of
a charged sulfur and a neutral nitrogen. Then, the relative affinity of
oxygen and sulfur can be calculated. To date, the measurement of these
affinities has been only qualitative(gh’]sl).

The relative contributions of the N-M and 0-M bonds in the covalent
complexes of Ag(l) and Pb(11) have not been evaluated because the data are
insufficient to allow the choosing and testing of a metal-ion property in

correlations between logCBAVE and lochOH.

Selectivity of 8-~Hydroxyquinoline Ligands towards Metal-lons

8~Hydroxyquinoline is an unselective reagent. It forms chelates

(132)

with forty-three metal-ions One of the purposes of this thesis is
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to determine whether the selectivity of this ligand and its derivatives
can be improved either by changing the solvent composition or by changing
the basicity of the donor atoms. The results of this study illustrate
that the effect of solvent composition is essentially independent of the
metal-ion, i.e., no selectivity advantage is obtained by varying the
solvent composition.

The selectivity of a ligand in a non-precipitation* chelation
reaction depends on the pH, the solution stability of the proton comblex(es)
and the solution stability of the metal complex. It is shown below that
the important factor in comparing the selectivity of several related
ligands towards a group of metal-ions is the solution stability of the
proton complex(es).

Table XXVII! summarizes the concentrations of the stepwise
complexes of Fe(ll11), As(tLt), Ni{il), zn(i1), Fe(1t), Mn(11) and Mg(tl)
with some 8-hydroxygquinoline derivatives in 60% v/v dioxane-water at pH
2.50. The concentration of each metal complex is reported as a percentage
of the stoichiometric concentration of that metal-ion. The results clearly.
show that the selectivity of the ligands at pH 2.50 decreases with
increasing ligand acidity (i.e., decreasing metal-complex stability). For
example, for 8-hydroxyquinoline, there is very little uncomplexed Fe(lll)
whereas Zn(11), Fe(ll), Mn(11) and Mg(1l) are essentially uncomplexed.

By comparison, for 5-nitro-8-hydroxyquinoline, only Mg(l!l) remains
essentially uncomplexed.

The solution pH and the stability of the proton complexes determine

the concentration of the chelating form of the ligand. These factors are

[}

“For a precipitation reaction, the intrinsic solubility must also be
considered.
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TABLE XXVIl1

Concentration of Metal-Complexes as a Percentage
of the Analytical Concentration of the Metal-lon
in 60% v/v Dioxane-Water
(25.0°Cc, I = 0.1)

Concentration of ligand = 3.5x1072M

Concentration of each metal = 5.0x1074M

pH = 2.50

Percentage Concentration
Species.

Oxine S-Ch}oro- S-Ac?tyl- S-Nifro-

oxine oxine oxine
lochNH 3.97 2.55 2.93 1.61
lochOH 11.53 10.64 9.05 7.19
Fe3* 0.6 0.2 - -
FeL?" 9.4 1.8 - 0.1
Fel,” 55.6 8.4 1.9 2.7
Fels 3h.4 89.8 98.1 97.2
VSl 63.6 0.3 h.b 0.2
ALt 18.4 4.1 59.0 1.7
ARL,” 17.6 57.1 26.0. 23.9
ALL; 0.4 28.5 10.7 74.2
NiZ¥ 88.5 23.2 1.0 -
NiL" 10.9 55. 4 19.3 1.0

NiL, 0.5 21.4 7947 99.0
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TABLE XXVI11 (Cont'd.)

Percentage Concentration

Species

Oxine 5-Ch]oro- 5-Ac?tyl- 5-Ni§ro-

oxine. oxine oxine

zn2* 99.1 89.5 46.1 1.0
Znl” 0.9 9.8 40.8 - 27.6
Znl, - 0.7 13.1 71.4
Fe2* 99.6 95.7 49.8 5.1
Fel” 0.4 4.2 43.1 39.2
Fel, - 0.1 7.1 55.7
Mn2 " 100.0 99.9 99.7 23.4
MaL® - 0.1 0.3 74.5
Mnl, - - - 2.1
Mg®* 100.0 100.0 100.0 100.0
MgL™¥ - - - -
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important in comparing the selectivities of several ligands towards the
same metal-ions, as shown in Table XXVI1l. The solution stability of
the metal complex and the concentration of the chelating form of the
ligand determine the concentration of the metal complex. For the basic
ligand, 8-hydroxyquinoline, the concentration of the ligand anion is
small at pH 2.50, and the concentration of the metal complex is determined
mainly by its solution stability. As the basicity of the ligand decreases,
the concentration of the ﬁhelating form of the ligand (at pH 2.50)
increases, and becomes more important in determining the concentration of
the metal complex. Since the concentration of ligand anion is independent
of the metal-ions, the selectivity of the ligand must decrease, as observed.
It may be concluded that the observed lack of selectivity of the
less basic ligands is ultimately due to the high concentration of the
chelating form of the ligand. A true comparison of the selectivity of
several ligands must be made at the same concentration of ligand anion.

This, however, is not an experimentally useful quantity.

Discussion of Errors

The determination of equilibrium constants is subject to errors
in precision and accuracy. The largest source of error arises from the
measurement of pH. This error is present in both the spectrophotometric
and potentiometric methods. Recent improvements in the design of pH
meters and electrodes permit the measurement of pH with a precision of
a few one-thousandths of a pH unit, so that the largest precision error
in pH measurement results from the uncertainty in the values of the

standard buffer solutions used to calibrate the pH meter. This uncertainty
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is about *0.01 pH unit.

Errors due to changes in activity coefficients are eliminated
by the use of a background electrolyte and the Van Uitert and Haas
correction factor. The correction factor allows conversion of hydrogen-
ion activities to stoichiometric hydrogen-ion concentrations. The
equilibrium constants determined in this study are thus concentration
constants. These constants are valid only for the exact solution
conditions under which they were determined.

Errors in accuracy affect the absolute value of equilibrium
constants. In general, however, all errors in accuracy are essentially
constant for titrations involving the same ligand and a series of metal-
ions. Therefore, formation constants resulting from such titrations can
be compared with some certainty.

The formation constants reported in the present study were
calculated by least-squares fit of the best line to a linear form of the
formation function. This method uses a large amount of the experimental

data and also eliminates the subjective factor. Other methods which have

(107)

been proposed often use only a small portion of the data or require
graphical procedures which may introduce subjective errors.

A detailed analysis of error in both ligand protonation and
chelate formation constants was performed. Taken into consideration were
the errors in the concentrations of metal-ion, perchloric acid and sodium
hydroxide solutions, in the delivered volumes of reagents and solvent
components, in the pH (“0.01 units), and in ligand protonation constants.

Both the positive and negative accumulative errors were used to calculate

new equilibria constants. The error in the ligand protonation constants
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were calcuiated to be £0.02 units for the data of five titrations. For

chelate formation constants, the error was found to be *0.09 units.

Suggestions for Further Work

The findings of the present work suggest further research in
three areas. First, the stability of the complexes formed between 8-
hydroxyquinoline derivatives and other class (b) metal-ions (e.g.,
sn{11), Te(l11), etc.) should be determined. A property of the metal
such as the ionization potential can be chosen to calculate the
sensftivity parameters, d and e, for covalently bonding metal-ions.

Second, an attempt should be made to apply the findings of this
thesis to the metal complexes of nitrogen and oxygen donor atom ligands
other than substituted 8-hydroxyquinolines (e.g., imidoacetic acid).

Third, the methods used in this study should also be applied to
the metal complexes of ligands having other than nitrogen and oxygen
donor atoms (e.g., 8-mercaptoquinoline, acetylacetone, etc.). In this
manner, the relative affinities of donor atoms towards a series of
metal-ions can be determined. Many of the data required to carry out
the latter two suggestions are available in the literature. A major
disadvantage, however, is that, in general, only the basicity of the
most basic donor atom has been determined. The basicity of all donor

atoms is required to apply the methods used in this thesis.



SUMMARY

Glass electrode correction factors have been calculated for 20,
Lo, 50, 60 and 75% v/v dioxane-water. The pH range in which these
correction factors remain cohstant has been extended by the use of a
8-hydroxyquinoline buffer. The concentration dissociation constant of
water has been determined in 20, 40, 50, 60 and 75% v/v dioxane-water.
The value of pcKw in 50% v/v dioxane-water agrees with those values in
the literature(loz’IOS).

The protonation constants of 8-hydroxyquinoline, 5-chloro-8-
hydroxyquinoline, 8-hydroxyquinoline-5-sulfonic acid, 5-acetyl-8-
hydroxyquinoline, 5-nitro-8-hydroxyquinoline have been determined in
several solvent media ranging from 0 to 75% v/v dioxane-water (at 25.0°C
and I =0.1).

The chelate formation constants for the reaction of these 8-
hydroxyquinolines with Mg(i1), ca(ll), Mn(11), Ni(11) and Zn(11) have
been determined in several dioxane-water media. For Ag(1), Fe(lil),
Po(11), Ae(111), Sc(ill), Fel(lll) and Ce(iitl), the formation constants
were determined only in 60% v/v dioxane-water.

The behavior of the average stabilities of metal-ligand and
proton-ligand complexes with variation in solvent composition indicates
that the effect of the solvent on complex stability is essentially
independent of the metal-ion. Thus, a change in the solvent composftion
exerts no influence on the selectivity of the 8-hydroxyquinolines towards

a series of metal-ions.

132
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- The scant data on the effect of the solvent composition on the
stability of S-H and S-M complexes indicate similar behavior to the
corresponding O-H and 0-M complexes. |t was concluded that the solvent
effect of primary importance in complexation is charge neutralization.

The ionic potential of the metal-ion has been shown to be the
important parameter that determines the slope of the correlation between
metal-complex stability and ligand basicity for electrostatically bonded
complexes. The sensitivity parameters that measure.the degree of
dependence of metal-complex stability on ligand basicity were calculated
and used to correlate the data obtained by previous workers.

The relative importance of the N-M and 0-M bond to complex
stability has been calculated and shown to be independent of the metal-
ion in electrostatically bonded complexes.

It has been shown that the important factor in the comparison of
the selectivity of several ligands towards the same metal-ions (at a given
pH value) is the basicity of the ligands.and not the solution stabilities
of the metal complexes. Selectivity increases with the basicity of the
ligand.

The data for the Ag(l) and Pb(il) compiexes indicate covalent
bonding in these complexes. No further calculations were made in this
study. Instead, suggestions for further study of the 8-hydroxyquinoline

complexes of class (b) metal-ions have been made.



APPENDIX 1

POTENTIOMETRIC DETERMINATION OF  PROTONATICN CONSTARTS

o —— o - it - o — — om - = b it 2o S e e - —— " S - - = - o, T o e P ey o T b s o oar wan

PROTQNATION CONSTARTS OF  8-HYDROXYQUIMNOLINE-S5-SULFORIC

ACID IN  WATER

VOL e« NAOH PH{CORR) P PKICALCe)
0.000 24400 24098
« 400 2e449 200()3
« 600 264774 . 2+086
1000 24527 2067
1.2u0 24958 264063
1.60G0 26624 24048
ZQOU(.) ?.()97 2.024
2.1000 2.78() ?oOUE)
2.80G0 26892 16978
30200 3.02) 14943
364060 2.U98 19272
3.60U 56183 1895 Gellh
34800 32717 1863 44077
440G 3378 leB24 . 4o (65
44160 36466 1788 LeVZ0
46320 34556 le747 He (25
44480 34647 1701 44016
4.6[%0 36747 1e625 GeU20
44960 36942 leS44 4e018
- 54120 44002 le4486 GeUl
5280 441463 l1e426 46019
Seliti G 4o2¢0U 163695 402G
He U0 e 389 T 1e304 st
56700 helh 78 16264 4o U34
5.800 He582 1e22% 44 04T,
5eG00. 4699 lel85 4o 0414
6«4 00O LeB4OY4 Jeltlh HGoli'th
6.700 TelHY De8H6 Belrss
68U LeBBTS 0807 5e%05
6900 Te98 T Q771 8oL 14
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CTABLE 1 CONTINUED

74000 BelT9 Qe729 Beb508
TelULO 84165 Ueb87 Be506
Te2V0 Bellh3 : Uebl&y 86501
7300 B8e¢318 CebUZ2 Be4S8
7400 84398 - Ue560 8e503
Te500 3468 UeDl8 Bel95
7 e6UU j 8e541 Oe& 76 Bekd99Y
TeTUU f B8ebl4 Qeb34 Be498
7800 8e69u Ve 39<2 ey
Te90UU 8e 769 Ue35C 8eo0U
86000 8e857 Ue3u8 84506
84100 8e947 Ue267 8e508
B8e2V0 Jeul7 0e225 84511
B8e3UU Yelb? Ueldd 8506
Bebul Q4289 Oelas 84516
BebUU Yol . JelUb Beblb
Be6UU Yebc8 UeuTu

PKl = 443175 PK2 = 88272

EVALUATION OF DATA PRECISIONs SIGMA = 5.8980E-02*

* -
E-xx denotes 10 xx’
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TABLE 11

PROTONATION CONSTANTS OF 8-HYDROXYQUINOLINE IN 20 VOLUME

PERCENT UDIUXANE-WATER

VOLe NAOH PH(CORRe) . P PK(CALCe)
UsUUU 36204 24011
e 4UU 34528 16985
e HUU Se lub le9o8
e 8UU 34871 | 16925
14000 4eUlb | 1856 44907
1200 Lell3 1le845 44880
1e4UU 44254 le8U2 40863
le6UU 44355 1e759 4eBHZ
1e8UU Lot : le7l4: 4 4BUb
2eUUU 44535 1e670 LebLZ
2elUU L4 o621 _ lebl4 4e84c
20400 4eTUD leb179 b4ebBlY
20600 447388 le534 44847
2e8UU 44875 le488 4e85H
34000 44964 S P 44864
34200 5eU55 16397 4eBT74
340U 56156 le351 44890
34600 50267 le3Ub 4e911
348UU 5396 10260 4942
4eLUU 5e9554 lell4 44989
44200 54769 lel68 54075
44500 H6el9b 1eUY9 ‘
LoebHUU TebT4 leO76
4eTUU BeH85 1e054
4 480U Be924 le031
4 9 GUU 9119 leUB
5eUUU 9e262 «986
5200 9468 0941
5e&4U0 96624 «896 10558
54600 GeTG6 «851 10503
56800 94854 «8U6 1064764
6000 9947 762 106452
60200 104035 « 717 10439

6400 luall? «e613 10eG31



64600
6800
Ta LU0
Te2V0
TelaU0
Te¢600
Te8uU
3euULU
Be200
8e4Ulb
BebUU
8800
96000

PK1 = 448857

EVALUATION OF

TABLE 11 CONTINUED

PK2 =

DATA

106195
1U.268
lue339
luedl3
lUs486
luebb9
luebil
lues7U8
lue785
l1ue868
106943
l1laud8
llelu7?

lUe&UT8

PRECISIONS

0629
« 586
e 543
«5uU
0459
o418
e 377
‘0339
0302
e 266
0234
e lUS
«179

SI1GMA
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lUeb425
10,419
lVeb4 14
lUesbld
10e4l3
lueblé
LUe&li4
lUe418
106421
104428
106428
lUea4il
1Ue445

3643557E~02



PROTONATION

40

VOLUME PERCENT

VOLe NACGH

VelUU
«180
«360U
«540
e 72V
e Ul

1080

le260C

letst ¥
le620
le8UO0
le98U

20160

24240

2520

2700

2e94U

36120

3636V

36540

36780

34960

HLe2UU

44380

44620

4e8UU

Le92U

51Uy

5e28U

5460

5640

5820

66 ULUD

66240

TABLE

DIOXANE-WATER

PHICORR )

2elbh
2el91
24519
26547
2e573
2eOUD
24638
24671
24707
2e741
26781
2e822
2e868
20913
24961
3.0U17
3.u91
364154
34246
36321
3e438
34539
3e711
34878
44249
5166
Te942
84802
94199
Qelt&t]
Ge627
94781
Ge917
onUQU

I

le716
le712
le7VU7
leb69Y8
lebB/Z
lLeb674
leb663

" le649

16635
lebl4
1598
le578
le559
leb74
le5uU8
led84
ledd?2
le4lV
le364
le326
le272
le229
lel7U
lel23
laud7
leUUH
«aG61
892
e823
o754
e685
«616
e 547
e 455

138

CONSTANTS OF 5-(CHLORO-8-HYDROXYGWUINOLINE IN

PKCALC,)

24866
ZeB85
26902
le91ll
2e9U3
2920
26932
26937
20947
26943
20993
20958
2971
3eubZ
269175
2989
20990
24997
34004
34005
3,011
34013
3e022
36023

GeT726
9866
9e927
Ge964
JeJ86
Ge999
lueUlZ
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TABLE IIT CONTINUED

6e4EVL lUed6U e 304 10.01l8
6eT2U lUab34 274 lUueVll
696U 104637 e 186 Ye996
Te200 lueBtl elU3 Fe939
TebHBU l1led72 -eV20
Bel60 lleB63 -e U/
Beb&U 12085 -ell6
PK1 = 29600 PKZ = 9e¢9748

EVALUATION OF DATA PRECISIONs SIOMA = 2641219E-0Z



PROTONATION

6V

VOLUME  PERCENI

VOLe NACH

Ue LU
« 200
e 4UU
e 6UU
« 80U

1e00O

le20U
1e40U0Q
le6VU
148UC

2 e LUV

2e2VU

2el4UU
2ebuUu

2800

34U00

3e2U0

36400

3eb6UU

3e8uU
4oeUUU

GeZUU

4eG4uU

46600

448U0

5eUU0L

56200

504UU

5600

580U

6eQUU

66200

6el4ul

6.6UU

TABLE

DIUXANE-WATLER

PHCORR)

2e567
20597
20628
Ze659
24693
264727
2el63
2798
26837
2e877
2920
2966
3evul3
3aUb2
34117
3e174
30234
30298
3371
3e453
3045
34656
3.788
34976
LelT5
5292
TebUT
8eUU3S
84230
Be397
Be529
84647
Be755
86855

Iv

l1e670
le659
leb&47
le633
le619
le6U3
ledB86
le566
leb46
ledeb
lebU4
led81
le4b56
led350
lettu3
1le375
le345
le313
le28U
le247
leclZ
lel77
lel40
lelvu3
leU6D
leulb
« 974
«921
e 868
«816
e« 763

e 710
«657

06UQ

140

CONSTANTS  OF  5-=ACETYL-8-HYDROXYQUINOLINE IN

PK(CALCe)

2875
24884
LeB9L
2e895
2eYUL
24908
Ze91l4
2913
2e918
2e921
2e920
26933
2e937
24939
26947
Ze9be
20955
2956
24962
20969
26976
20988
2996
3euU35

960407
GeUL3
Qeud36
9eU36
9eU38
FeuU39
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TABLE IV CONTINUED

6e8UU Be951 ' e55¢ Jeubl
TeOUU Jeubb 4y 9 SelUkd
Te200 Yelb3 o446 YeUGT
Te400 94243 393 GalU55
Te600 Q6347 . e 340 YeubU
Te8UU Yelb2 «288 Geub8
BeOULU Je588 eZ235 Yeulb
Be2VuU 9e748 0182 YeUI6
eV G958 0129 Yel1l30
BebUUL lUes87 ' eUTT
PK1 = 29358 PKZ = 960433

EVALUATION OF DATA PRECILIUNs SIGMA = le2231E~0G2



PROTONATION

75

VOLUME  PERCENT

VOLe NACH

UeQuUU
e 200
e 4U0
PYYVIV]
«8U0

10Q00

le2VU
1e40U0
leb6UU
leBUU

2000

2e2yU

2400

2e6U0

2800

3«0U0

320U
3e44UU

36600

3 480U

4 4000

46200

LelUU

46600

448UQ

5eUUU

5200

5e4UUL

56600

5800

6EeULO

6200

6eltUU

6.6UU

TABLE

DIOXANE~-WATER

PH{CORRS)

26303
20327
2e351
Ze2T4
24397
2ealtll
2e452
2e4T9
2e5UH
2e234
ZeD66
LebUZ
24636
24674
24716
2e 16U
ZeBl2
ZeB6Y
2933
3evlb
34U98
3e212
36362
34579
Leuld3
Hewld
bebZG
6e894
TauB83
Tel35
Te362
Te481
Te¢582
Te686

v

lelV6
lellu
lellld
leilu
lelU4
lelUZ
lelu?
lelvs
14095
1leU90
leuts8
leudd
leuB2
16078
laU75
leu7uU
leUb9
leub7

loUéQI

lse061
leUbBQ
leub0
le58
leubb
leudZ
le027
«I73
92U
¢ 866
«813
¢ 156G
e TUB
e 652
«e599
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CONSTANTS  OF  5-NITRO-8-HYLUROXYWUINOLINE In

PKCALCe)

le376
let21
lel454
le4b4
let463
le476
1e533
leS4d

T+895
74873
Ted61
Te861
Te855
Te860



6800
7000
Te200
Teluiu
TebUU

Te8UU
BeLUU

8e2U0
8400
PK1 = le4846

EVALUATION OF

TABLE

Fre =

DATA

V. COnTINGED

Te787
7887
Te988
84103
Belld8

Be368
Bebd3

8e781
Sell2

Te8953

«545
«e492
«438
«385
e331
«278
e 2lh
«171
e117

PRECISIONs  SIGMA
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TeB66
Te873
Te88U
Te899
Te923
Te955
BelUU4
BaU95S
84325

Le3H99E~0L
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TABLE VI

PROTONATION CONSTANTS OF SEBACIC ACID IN 20 VOLUME

PERCENT DIOXANE-wWATER

VOLe NAOH PH{CORR ) P PR{CALCe)
UelUUU 36704 le963
¢ 2VUU 56925 le94 0y
e 4 U0 Lal22 le91l1
e 6V0 Le2176 leg77 5e130
«8U0 44395 leB42 512
1e0VU 4495 leB8U6 5el1l4
le2UU LeH93 le770V 5117
ledU Leb63 14733 50102
14600 L4735 1696 56095
16800 Lo 19U le659 YeUTH
2eUU0 Le853 leb22 56069
24200 4eFUB le585 S5euUb4
2400 Le962 leba? 5evbhis
24600 5eUUD 14510 5eu22
24800 5eU51 lets73 S eUU3
36 VUU S5eU94 le435 4e981
362UV S5el&l le398 4a961
Be&ul 50179 le360U 40930
3e6UU S5edlb le323 44903
34800 5263 le 285 44864
44000 5e3U3 14248 Le821
4200 5339 le210 Lel65
4 o400 5374 lel73 4e 6595
GebVUU Sellé lel36 4e6UY
44800 5e¢451 leUYB
5.2\)0 5.524 l.u23
56400 5556 e 986
54600 5599 0948
58U0U 56634 «910
660UV 56675 «873 be512
6e2VU 5¢714 e 835 Hel42U
el S5e 750 « /98 be346

64600 5786 2 76U 6e288



680U
7000
Te200
Tebuu
Te6UU
780U
8000
8e20U
Bel&UU
BebUUL
8e3U0
FeUUU

PK1 = 5e6l4U8

EVALUATION OF

TABLE

PK2 =

DATA

VI CuNTINucw

5926
5867
5¢9U6
56946
50993
6eUL4L
64086
6el34
60185
belldy
6298
6365

56966V

PRECISTIUNs SIGI

e 723
« 685
« 648
«6lv
«573
e535
«498
e 460
e &l3
e 385
«348
e310

AA
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64343
64205
6171
beldal
66120
0elU>
belUBZ
64065
6eUBU
66041
CelZlh
6e0U18

104423E‘UZ



PROTONATION CONSTANTS OF DITHIOCETHYLSULFIDE

TABLE

PERCENT DIOXANE-WATER

VOLe NAOH

- ———— o o —

Ue QUL
0200
NPy SVIVEN
e 6U0
« 800
leUUU
le200
le4ut
16600
le300
2 eUUU
26200
2elUyu
2ebUU
2e8UU
340U0
36200
36400
3664l
34800
44000
46200
40400
44600
44800
54000
5Se2U0C
54400
5600
5800
6elUUU
6e200
6400
6600

PH{CORR)

- ——— T —

66625
Be619
84995
SelT74
94334
Fe431
9e496
96553
96624
94698
GeBUU
94849
Fa975
lueull
luelu7?
luelbl
luedub
lue26U
lue3ub
106362
lue421
1Ua452
lueb16
lue574
lueb25
104682
lue T30
lUe 795
lue856
lue913
10,985
11.065
1le138
114228

vIil

24000
1e951
164903
le854
leBUG
le757
la7VY

1660

leblZ
16563

leolb
la466"

le&l8
le37U
le321
le273
lelib
lel77
lels8
1080
lel3Z
584
936
« 889
« 841
e 793
o 746
0699
6D/
eHUbL
« 560
e216
oG 71
e&429
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IN 40 VOLUME

PRICALC)

Je94/2
Ge952
Ye9L5
YeB8«
9e841
G821
9808
JelBL6
9791
Ye31
Ye 18U
96782
Sel36
G667
9e591
FebT74

1le476
1le348
1le267
11le198
llel6l
l1ledicy
11e10GU
11090
11092
1leu88
1l1e1U4
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TABLE VII CONTINUED

64800 1l1e4302 . «387 11,102
Te0V0 116372 0346 1le095
76200 lle4 74 e3lu L1127
TetU0 116542 «272 1lell4
Te6U0 1ie637 olh1l llelay
74800 116711 «2VUG 1le134
8000 11781 el8U lile121
8e2UU 11e849 «153 llelub
Babtl0 11e4913 ele8 llau8u
BabUUV 1le964 elU] 11015
BeBUU 12e016 oUT8

e UULU 12eub7 ' «U51

PK1 = 99085 PKZ = 1llsulb6

EVALUATION OF DATA PRECISIONs SIGMA = 243093E-02
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TABLE VIII

PROTONATION CONSTANTS OF 8-MERCAPTOQUINOLINE IN 60 VOLUME

PERCENT - DIOXANE-WATER

VOL « NAOH PH{CORRS) P PKICALCe)
UeUVU 2a666 1291 2e280
e 20U 20696 14269 202463
e 4UU 26128 le247 L2ed#bd
«600 24766 le231 26243
« 800 24805 le211 20233
1,000 24834 - 1lel76 24164
l1e2U0 20888 lelb6 24176
le4guu 2937 lel45 24166
14600 e9YU leldd 2els4
1800 Beuld 16095
26000 36127 leu8Z
24200 34218 lelb4
26400 3334 : 14046
24600 32481 ledb
280U 34731 16011
3.0U0 44309 e993
34200 Teb626 o943
3400 8e314 «876 96162
34600 84634 o809 . 94260
380U 84850 e 741 9307
4 ¢ UUU 9621 0674 94336
44200 94173 «e6U7 96361
44400 94310 «539 Ge379
4 46U0 eb4] a2 Je39¢
4 4800 Ge576 e 4UbS 9 a9
5 e 000 96707 «338 9al 1l
52V0 9850 e 2710 Gel19
5400 10eUl?7 «2U3 Qellh
56600 10e212 «136 Fe408
5800 lUe499 e UBY
64000 1Ue941 sOU3
PK1l = 21974 PKZ = 9e38uv

EVALUATION OF DATA PRECISIONs SIGMA = 2.2323E-C2



APPERDIX 11

POTENTIOM&TRIC DETERMINATION OF CHELATE FORMATION CONSTARTS
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TABLE 1

METAL  CHELATES OF  8-HIYDROXYQUINOL THLE-5-SULTONTIC  ACTD
PROTONATION  CONSTARTS( 4et3Ts bahIY)

MAGNESTUM  STABTLITY  CONSTANTS, PERCENT  DIOXANE :‘O

NO N-BAR PL
1 Ue U85 5.857
2 0.126 5386
3 0262 44,889
4 Uo@@? LoHT75
5 Oeb4:2 46369
6 0s839 44190
7 1.038 L Q4G
8 16238 3921
S 16439 3.819

10 1e638 364723
11 1.838 34630

LOG K1 = 4428 LOG K2 =3.59

0.09

i

STANDARD  DEVIATION

CALCIUM  STABILITY CONSTANT, PERCENT DIOXAKE = Q

NO. N-BAR PL
1 0-280 4.254
2 0e510 34947
3 UeT743 3756
4 0977 34616
5 1211 Ze5H27
6 . 160465 3 bty 3
T 16679 34367
8 1913 3.303

LOG K1 = 3466 LOG K2 =2420

STANDARD  DLEVIATION = 0409

149
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TABLE I CONTINUED

MANGANESE  OSTABILITY CONSTANTs PERCENT DIOXANE = U

NOe N-BAR PL
1 Ve272 : TeOT4
2 Ue328 66796
3 Ve ltts2 60325
4 Ce7U5 50888
5 leuUu?2 5558
6 14369 5187
7 1e775 44797
8

1986 ‘ 44595
LOG K1 = 5989 LUG K2 =4494

STANDARD DEVIATION = veul9

NICKEL STABILITY CONSTANTs PERCENT DIOXANE = C

NO o N=BAR PL
1 OelU3 94929
2 Uel81 90727
3 Ue327 9e50U8

A Ce5U6 Qo249
6 Veb61l 9eUEL
7 UeB85U 8eB6Y
8 1eU49 Beb53
9 1e266 Bet27

10 16490 B8e182
11 le7U6 74908
12  1le911 Te6UU

LOG K1 = 9el1lls LOG K2 = 8e31

STANDARD UDEVIATION = UeU2
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TABLE I CONTINUED

LINC STABILITY CONSTANTs PERCENT DIOXANE = 0

NOe N=BAR PL
1 Uell3 9377
2 CelB7 94001
3 UelB87 - Bel26
4 Veb26 Beb46
5 UebU3Z Bel8BU
6 UeBUU Te922
7 leVUll 7669
8 le231 Te&ll
9 led61l Tel2Y

10 l1e683 “6eTHV
11 le884 6e311

LOG K1 = 8e31ls LOG K2 =708

STANDARD DEVIATION = veu2



TABLE 11

METAL - CHELATES  OF  B-HYDROXYGUINOLINE
PROTONATICN CORNSTARTS( 3,970 11.530)
SILVER STABILITY CONSTANTs PERCENT DIOXANE

PROTOMNATION CORSTANTS{ 3.970s 11.530)

NOe. N~BAR PL
1 Oel48 6.814
2 0346 66396
3 Veb545 64099
& CeThty 5806
5 UeS42 5509
6 lel4l 5173

LOG K1 = 7435

CALCIUM  STABILITY CONSTANTs PERCENT  DIOXANE

4 » Ue5%9 4o 0140
5 Oeb67] 4e2713
6 0e797 4108
7 0.915 3-95’)‘
8 1.026 3816

LOG K1 = 4e42

STANDARD  DEVIATION = (.01

152

60

60
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TABLE 11 CUNTINUEUL

ALUMINUM  STABILITY CONSTANTs PERCENT DIOXANE = 60

NOe. N-BAR PL
1 Ue 505 11949
Z VebH43 11e790
3 LUeB4S8 114663
4 1076 11e543
5 lebU2 116271
6 le772 1U«890
7 1.885 104448
8 le930 1Ve230
9 2263 1lUeU35
10 20345 9e823
11 24453 96584
12 24608 9303
13 2818 86865
14 24850 T¢773

124029 LOG K3 = 1063V

LOG K1 = 1le5Us LOG K2
(LOG KleK2eK3)/3 = 1l1le25

STANDARD DEVIATION = Ueu5b

IRON(CIII) STABILITY CONSTANTs PERCENT DIOXANE = 60

NQe N=BAR PL
1 1e512 13,303
2 le625 134170
3 le726 134009
4 1854 12827
5 1959 126587
6 20111 126307
7 26293 11963
8 20536 lle585
9 2775 116369

(LOG KleKZ2eK3)/3 = 12459

STANDARD DEVIATION = 0Ue06
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TABLE 11 CONTINUED

LEAD  STABILITY CONSTANTs PERCENT  DIOXARNE = 60

NO. N-BAR : PL
1 Ue219 11.492
2 : Ue325 11.135
3 0eti67 10.819
4 Ge569 104625
5 Ve670 104439
6 04767 104252
7 0e855 104007
8 0.929 9.739
9 14002 94139

10 1.092 Be525
11 14272 84023
12 144G7 TeT42

1

LOG K1 = 1U.87, LOG K2 T«50

STANDARD  DLVIATION = (0a08
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TABLE I11

 METAL CHELATES OF 5-CHLORU~8-HYDROXYQUINOLINE
PROTONATION CONSTANTS( 24552 lUebél)

SCANDIUM STABILITY CONSTANTs PERCENT DIOXANE = 60

NQOe N=-BAR PL
1 UVe991 lVe4l8
2 leU72 lue2ll
3 l¢179 106078
4 le319 9e8U3
5 let4o 9e547
6 le5UUL Se297
7 lebU7 9eUYZ
8 le693 8e9U3
9 leB29Y Beb652
10 2eU34 84293
11 26323 Tea37
12 26674 b6e 762

(LOG KleKZ2eK31}/3 = Ge4b

STANDARD DEVIATION = 0eU3

IRON(II) STABILITY CONSTANTs PERCENT DIOXANE = 60

NOe N=-BAR PL
1 Uell8 QelbdL
2 UVeldb3 B8e972
3 Ue365 84897
4 UetBZ Be81l5
5 UebOT 8e730
6 Ve 7139 8+633
7 UeB37 84535
8 levul3 Bellb
9 lelb§ Be3UD
10 le3U6 Be1l60
11 le456 Te972
12 le6U9 Te691
13 le764 66966

LOG K1 = 8e6U> LOG K2 = 8aeuU5

STANDARD DEVIATION = UeUT7
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TABLE 111  CONTINUED

NICKEL STABILITY CONSTANTs PERCENT DIOXANE = 6V

NO e N=-BAR PL
1 Ue 388 lueb637
3 UVeblU 1U0578
4 Ve 743 1Ve251
5 Ve BUT 10.2u8
6 UVe98UL 1UeUB6
7 leU36 Ge999
8 lel78 Fe872

LOG K1 = 1Ue29s LOG K2 = 972

STANDARD DEVIATION = UeU2

CERIUM STABILITY CONSTANTs PERCENT ©DICXANE = 60

NOe N-=-BAR PL
1 Uel05 Beb507
2 Veld?7 - Belb7
3 Vel&l BelU48B
4 Ue327 Te928
5 u./+5$ 7.771
6 Ueb71 Teb54
7 Veb35 TebU4
8 Ve 767 Te5U4
9 UeB835 Ted5T7

(LOG KleKZaeK3)/3 = Teld3

STANDARD DEVIATION = uaeuU8
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TABLE 1V

METAL CHELATES OF  5-ACETYL-8-HYDROXYQUINOLINE
PROTONATION CONSTANTS( 2928+ Y.C4T)

SILVER  STABILITY CONSTANTs PERCENT DIOXANE = 60

NOe« N--BAR PL
1 0e155 6249
2 0,402 » 54387
3 Veb13 4aTh]

LOG K1 = 6.79

MANGANTSE STABILITY  CORSTARTS PERCENT = DICXANE = 60

NO. N=-BAR PL
1 0.105 16852
2 0+192 ' Teb25%
3 0.294 7.30?
4 0etiB2 T.038
5 Ce767 e T4 B
6 le124 6456
7 10516 ()012]
8 1719 569173

LOG K1 = 6e760 LOG K2 = 6435

STARDARD  DEVIATION = U.03
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TABLE IV CUNTINUED

IRON(II) STABILITY (CONSTANTs PERCENT DIOXANE = 60

NOe N-BAR PL
1 Uel53 96340
2 U0264 9.074
3 Uedbu 8.858
4 Ue&39 Be 746
5 Ue552 Be5973
6 UebHT8 Be&98
7 UeB34 Belu2
8 leu03 8300
9 lel84 8el82
10 1e399 8eU59
11 lebll Te382
12 le735 Telv8

LOG K1 = Be50s LOG K2 = TaebuU

STANDARD DEVIATION = Ueu7

ZINC STABILITY CONSTANTs PERCENT DIOXANE = 6V

NQOe N=-BAR PL
1 Uellu 94175
2 Uel85 JelUb4L
3 Ue383 86960
4 Ued93 BeBOO
5 Ueb21 Bel6Y
6 Ue 748 BeTl6
1 veB8USB BebHUD
8 Ue961 S8ed91
9 1118 B8e361
10 le312 Beld3
11 led9b Bel&4
12 le697 TeB8U1

LOG K1 = BeDuUs LOUG KZ = Beld3

STANDARD DEVIATION = UeU4
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TABLE IV CONTINUED

LEAD STABILITY CONSTANTs PERCENT DIOXANE = 60

NOe. N-BAR PL
} 0022} 9.376
2 Ue312 94257
3 UeliZh G135
4 0e519 84994
5 Ue605 849U}
6 0708 8.8C7
7 U824 Be633
8 06905 Be503
9 1040 Be275
10 1.194 : Te969

LOG K1 = 9403, LOG K2 = 6452

STANDARD DEVIATION = 0405
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TAgLe V
METAL CHELATES OF S5=NITROU=8-HYDROXYQUINOLINE

PROTONATION CONSTANTO( lebuBs 7el88)

ALUMINUM  OSTABILITY CONSTANTs PERCENT DIOXANE = 60

NQO e N=BAR PL
1 vebU 1 Te500
2 veY53 Te&73
3 lelLO4 Teall
4 Le366 Te360
5 lebU3 Te304
6 le874 Teld33
7 26095 TelTl
8 26233 Tells
9 20369 Tall63
ERV) 2e46U 6e981
11 2eb74 beFEU
LOG K1 = Te2us LOG K2 =  Telbl> LUG K3 = 670
(LOG KleK2eK3)/3 = 7413

STANDARD DEVIATION = UeUS

MAGNESTIUM STABILITY CONOSTANT PERCENT DIOXANE = 6V

NO o N—=BAR PL
1 Uel31l 56783
Z Jelb6b Seld3
3 VelTlb 44980
4 vebbH7  hebul
5 Ueb58 deblrc ]
6 Ve864 L4elb6
7 leUT73 4ellU
8 le283 44UUD
9 1e491 3e9U3
10 le7ul 348U6

LOG K1 = 44299 LOG K2 = 3495

STANDARD DEVIATIUN = UeU4
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TABLE V. CONTINuUED

SCANDIUM STABILITY CONSTANTs PERCENT ODIOXANE = 6u

NOe N-BAR PL
1 Ueb2Y Telob
2 UeB38 Ta7b4
3 leuldu Tebb 1
4 ledbd Te558
5 le39u Tabled
6 leb18 Te31l6
7 Le693 Tealdl
8 le8Uu 66934
9 1a957 bel176
IRY ZeUb4L ' bebHB6
11 2427V 6edU1
12 2453 6e35U

13 26679 6elbZ

(LOG KleK2eK3)/3 = 7419

STANDARD DEVIATION = Ueub

IRONCIII) STABILITY CONSTANTs PERCENT DIOXANE = 6U

NOe N~BAR PL
1 1e837 7856
2 14936 "Te846
3 2evil Te836
4 215U Te796
5 2elbh TeT785
6 2e313 TeT763
7 24368 Te738
8 2elt TV ‘ Te7l3
9 20529 Te695
10 2069V TebY3
11 2778 7669

(LOG KleK2eK3)/3 = Beb63

STANDARD  DEVIATIUN = Uevs
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TABLE VvV CONTINUED

CERIUM  STABILITY CONSTANTs PERCENT DIOXANE = 6U

NOe N-#3AR PL
1 Uebe Celbd ]l
2 VebbHD Celsl
3 Ue 766 54996
4 UeBT7 5893
5 leU33 5784
6 le218 566U
7 letbsts 5527
8 1e568 S Hedd3
9 le7uUU 5376
lu Le841l : 5ecd95
11 le98b S5elU3
12 20138 54108
13 20459 44889
14 2e627 bLe 159

(LOG KleKZ2eK3)/3 = 5469

STANDARD DEVIATION = vel4
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