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ABSTRACT

The present state of studies of the kinetics of complex formation of metals
with organic ligands in analytical chemistry is summarized. Fast and slow
reactions of complex formation of labile and inert complexes are discussed.
The application of ligand replacement and exchange reactions of central atoms
in the inner sphere of complex compounds in spectrophotometric analysis,
solvent extraction and sub-stoichiometric separation of elements is described.
The prospects of using kinetic regularities of complex formation in chemical
analysis are outlined.

INTRODUCTION

Analytical chemistry of complex compounds of metals with organic
ligands has developed through three stages. At first intense investigations of
new organic reagents for metal ions were carried out. Then researches were
directed to the elucidation of the effect of the structure of reagents on their
reactivity, taking into account the presence of functional-analytical groups
and substituents: simultaneously work on the mechanisms of complex
formation in solution and the calculation of different constants was carried
out. At last, during the past few years the studies on the structure of complex
compounds using quantum-chemical methods have been developed.

So far the problems of rates of formation, dissociation of metal chelates,
and replacement of their ligands or central atoms were mainly considered in
special papers or books on coordination chemistry®~>.

The kinetic problems of complex formation began to be studied in
analytical chemistry only in recent years. Much more attention in theoretical
and practical works has been paid to kinetic methods of analysis based on the
use of catalysed reactions of oxidation and reduction; Yatsimirsky has a
high reputation in the field for the development of the theoretical fundamentals
of this highly selective method®. The book by Mark and Rechnitz published
recently’ also mainly deals with the applications of catalysed reactions.

It is worthwhile to note that works on analytical chemistry mainly
describe the correlations between time of a reaction and its run. that is
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reaction order, rate constant, and activation energy are not given. It is
impossible to draw any conclusions about the reaction mechanism when
these parameters are absent.

It is well known that reactions can be divided into slow and fast ones.
Reactions whose half-times are larger than about 10s are considered slow;
for such reactions conventional instrumental methods can be used to follow
and measure the process of the interaction of ions with the reagent. Fast
reactions whose half-times are less than 10s are studied by very rapid methods
of mixing the solutions and special measurement technique’. Both fast
and slow reactions are of interest for analytical chemistry.

FAST REACTIONS OF COMPLEX FORMATION

Most reactions of metal ions with organic ligands, giving labile complexes,
are processes with complex formation times of less than 0.1 s. The study of
the kinetics of such reactions is of interest for analytical chemistry, initially
from the point of view of the elucidation of the mechanism of complex
formation, for example, that of ligand attack and ligand transfer from the
inner sphere of the complex, or that of the formation of unstable intermediates
(for instance, in spectrophotometric studies by filming absorption spectra).
Such investigations make it possible to penetrate ‘the black boxes’, that is to
obtain information about the intermediates as well as the initial and final
species. This very important branch of analytical chemistry is only in its
first stages and it should be developed quickly. Different methods are used
to study such reactions (Figure 1), for example, the flow method, relaxation
spectrophotometry, the impulse method and other methods®-*.
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Figure 1. Methods for very rapid reactions in solution and their time ranges®

In recent years the method of nuclear magnetic resonance has been used to
study the rate of interaction of the metal ion with the ligand or the rate of
exchange reactions® '°, Probably, picosecond spectroscopy using a pulsed
laser!! will prove to be useful.

SLOW REACTIONS OF COMPLEX FORMATION

A consideration of the literature of the kinetics of the reactions of complex
formation of metals with organic ligands shows that most investigations
meet the demands of coordination chemistry without any indication of the
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applicability of slow reactions in chemical analysis. Studies on the rates of
formation of coloured compounds and on solvent extraction kinetics have
begun to appear only in the last five years.

So far there are few well-studied kinetic reactions of complex formation
with organic ligands. There are few data on the role of the ligand itself. A
consideration of the available information shows that ligands with strong
fields, for instance, chelate-forming amines, aminopolycarboxylic acids,
EDTA and related compounds, are suitable for analytical purposes. Such
polydentate ligands tend to give slow formation of metal chelates.

The nature of the bond is of importance. If the bond is considerably
covalent, its formation and rupture are slow processes; compounds with such
bonds are most suitable for chemical analysis.

Some research works have been devoted to the study of the kinetics of
complex formation with PB-diketones, for example, with benzoylacetone,
acetylacetone and thenoyltrifluoroacetone. Rate constants, activation energy
and entropy of activation have been found. Some aspects of kinetics of tauto-
merization, protonization of reagents and effect of different substituents in
the reagent molecule have been considered. It was shown, for example, that
replacement of the CH, group by a C,H group retards the reaction'?~'4,

An interesting phenomenon was noticed for the reactions of MoV with
oximes of the aromatic series. During the reaction with a-benzoyloxime a
pink colour appears; it disappears in 5-10 min but after 24 hours the solution
becomes deep-violet. In this case the consecutive formation of two chelate
compounds takes place.

Slow reactions with some organic reagents, for instance, with xylenol
orange and alumocresol, at pH 2.5-5.0, are typical for aluminium ions’®.

Works on the kinetics of complex formation mostly deal with studies of
the mechanisms or conditions of solvent extraction of metal chelates! 29,

The constitution of the electronic shells of the central metal atom and the
stereochemistry of the complex are other important factors in the kinetics of
complex formation. Octahedral d3-complexes and low-spin d*, d° and d°
systems are inert with respect to reactions of the ions in aqueous solutions.
Such complexes with the coordination number of six can be formed by
cr', Co'", Fe™ Mo™, Au™ and some platinum metals. Those with the
coordination number of four are formed by, for example, Pt" and Pd"? 17,

The kinetic inertness of the chromium aquo-ion, [Cr(H,0),]**, at room
temperature, is very well known. This property is used for the separation of
chromium from other elements forming labile complexes, for example, in
the extraction of corresponding chelates. The rate of reaction of this ion can
be increased by heating; it is carried out, for instance, in the photometric
determination of chromium as a complex with EDTA.

Co" at 25°C and Cr'" at 80°C form coloured compounds with PAR [4-(2-
pyridylazo)-resorcinol]. This difference was used for the photometric deter-
mination of cobalt in the presence of chromium?!. The formed complex
compounds of cobalt and chromium are stable in solution in 2Ny H,SO,
during 24 hours, while the compounds of many other metals decompose very
rapidly with PAR?!; this difference permits the determination of cobalt and
chromium in the presence of 1000-fold amounts of other elements.

We used the inertness of chromium ions for the complexometric
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titration of Ni?*, Cu?* and Fe®* in the presence of large amounts of
chromium by the amperometric method. The method of separation of some
elements from kinetically inert ions of Cr'™, Co™ and Au™ on chelate-forming
ion exchangers has been described??.

The idea of accelerating the reactions of inert ions by ligand catalysis is
of great interest!” '8, The study of chromium(m) extraction by thenoyl-
trifluoroacetone and 8-hydroxyquinoline showed that the complexes were
not formed and not extracted at room temperature. The chromium complex
is extracted more rapidly if ammonium fluoride is added to the aqueous
phase (Figure 2). Ligand catalysis with the bicarbonate ion was used for the
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Figure 2. Optical density of the extract of chromium(in) thenoyltrifluoracetonate in the presence
and in the absence of NH,F at pH 5.4-5.7

indirect determination of this ion by its catalytic action on the reaction of
chromium with EDTA?% 24, The formation of chromium hvdroxyquinolinate
can be accelerated with acetate, fluoride and other ions?* 2°.

Yatsimirsky® points out that a number of the reactions of replacement in
the inner sphere of the complex are homogeneously catalysed and can be used
in quantitative analysis.

The rate of complex formation also depends on some other parameters,
for example, ionic state of the element (polynuclear or hydroxo-ions), reagent
concentration, pH of the solution'”, temperature and nature of the solvent® " 2%,
The last factor is of importance when the reaction proceeds in a non-aqueous
solvent, for instance, after the extraction. In one of our investigations we
firstly extracted germanium with N-benzoyl-N-phenylhydroxylamine into
benzene for the separation from other elements and then added an ethanolic
solution of phenylfluorone to the extract. This lead to the formation of a
deep-coloured tertiary complex: the rate of formation in the organic phase
was slow, equilibrium being attained after 30 min*°.

It has been shown that steric effects are of great importance in the kinetics
of complex formation3® 3!,
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REPLACEMENT OF LIGANDS IN COMPLEX COMPOUNDS

Theoretical problems of the rates and the mechanisms of ligand replace-
ment in complex compounds have mainly been considered for exchange
processes of inorganic ligands or amines. These have been examined in detail
in the book by Langford and Gray!. In analytical chemistry, research work
dealing with ligand replacement processes and corresponding rate studies
was begun quite recently. We have already mentioned some work on the
kinetics of the replacement of water molecules in inert aquo-ions with other
ligands.

It is worthwhile to note the success of the work of Japanese chemists on the
kinetics and mechanism of complex formation. Tanaka and co-workers32—33
studied the systems: copper, mercury, nickel and other metal ions—amino-
polycarboxylic acids—4-(2-pyridylazo)-resorcinol. Generally, any complexo-
metric titration with metallochromic indicators has to be considered as
ligand replacement. ‘

The ‘stop-method’ was used to study the kinetics of the reactions of
alkaline earth and some transition elements with metallochromic indicators
and their replacement in complexes with complexone. Some methods of
determining metals using the change of ligand exchange rates have been
developed?®. A reaction of ligand replacement has been used for the photo-
metric determination of erbium3”.

The study of the kinetics and the mechanism of ligand replacement for
EDTA molecules in chromium chelates®® 3 is of interest. A new kinetic
method of determining rare earth elements in the presence of other rare earths
is a wonderful example of the use of the rate of ligand replacement in analytical
chemistry; the method developed by Budarin, Yatsimirsky and Khachatryan*®
is based on the difference between the rates of two replacement reactions of
polydentate ligands. The reaction of EDTA with the coloured complexes of
the rare earth elements, with xylenol orange indicator, was used for this
purpose:

LnX + EDTA 2 LnEDTA + X
where Ln = a rare earth element ion
X = an anion of xylenol orange
EDTA = an EDTA ion

It is a first-order reaction, and the magnitude of the effective constant of
the reaction rate varies from 236 s~* for Ce'™ to 30 s~ ! for Lu in the rare earth
element series. The products of the reaction do not absorb at 540 nm*%—42,

Using the differences between the rates of the replacement of inner sphere
ligands a precise and rapid method for the spectrophotometric determination
of yttrium in a mixture with samarium has been developed*®. This example
shows that closely related elements, giving electronic absorbance spectra
that are identical with those of the reagent, can be determined in the presence
of each other by the method of kinetic spectroscopy, if the differences between
the rates of ligand replacement are exploited.

Eigen and Kustin® point to the presence of a certain dependence of the
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Figure 3. The first-order rate constant for formation of complexes of some metals: dependence
on ionic size®

ratc of a complex formation reaction on ionic size (Figure 3). Such a dependence
has been established by Geiger for the reaction of murexide with rare earth
elements*3 (Figure 4).

Poluektov and co-workers** used the method of competitive ligands for
determining closely related rare earths by the colour reaction with quin-
alizarin, using benzoic acid as a competitive ligand-substituent. In this case
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Figure 4. The rate constant of complex formation as a function of metal ion radius*3

a related regularity is also observed though the kinetics of the replacement is
not described (Figure 5).

In reactions of ligand replacement as well as simple replacement intro-
duction to the inner sphere of the complex of ligands of different nature can
take place. This causes a change in coordination number of the element and
the formation of an intermediate or a final complex with two types of ligand
in the inner sphere. Such a case was described in work*® on the kinetics of
the replacement of xylenol orange by EDTA in zirconium and hafnium
complexes.
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Figure 5. Different ability of rare earth elements to replace ligands in complex compounds**

The formation of mixed complexes makes the calculation of rate constants
of reactions difficult. The rate of ligand replacement can also depend on
whether the replacement is from an octahedral or tetrahedral configuration.
This was demonstrated in the study of the kinetics of the extraction of Zn.
Ni, Co and Cd complex compounds with diphenylcarbazone and its ana-
logues*®. The steric effect*” and the trans effect*® are of essential importance
in the kinetics of ligand replacement.

The method of ligand replacement is widely used in masking reactions for
increasing their selectivity*®. The rate of replacement should also be taken
into account in such cases. For example, when adding EDTA to-a tartrate
solution of zirconium and titanium, the tartrate ligand in the zirconium
complex is fully replaced by EDTA while it is not replaced in the tartrate—
titanium complex. Hence, the complexometric titration of zirconium in the
presence of titanium is possible. However, it has been established that the
rate of replacement of the tartrate ion depends on the pH of the solution®®
(Figure 6).
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Figure 6. The rate of replacement of tartrate ligands by EDTA in the tartrate complex of
zirconium. Curves 1-5 correspond to pH values of 1-5

It is often necessary to select optimum variants during the analysis of
complex equilibria and the study of the mechanisms of complex formation or
ligand replacement. The graph method**: 52 is very useful in such cases.
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REPLACEMENT OF METALS IN COMPLEX COMPOUNDS

The reactions of replacement of the central metal atom in the inner sphere
of the complex by another competitive metal are widely used in analytical
chemistry for determination, separation and concentration of metal
traces®® 34,

Exchange reactions have been mainly studied by the solvent extraction
method, according to the scheme:

n[M']"*(ag) + mM"A,(org) = nM'A, (org) + m[M"]"* (aq)

The exchange series have been established for a number of metal chelates,
for example for cupferronates®®: 34, Fe™ > Ga > Cu" > Sc > In > Hg" > Al
and for diethyldithiocarbaminates, Hg" > Ag > Pd" > Cu" > TI™ > Ni >
Pb > Co > Cd > Fe' > Mn".

The study of such series enabled some methods of separation of elements
to be elaborated. For example, gallium can be separated from indium using
the extraction with copper cupferronate. The method of extraction and
spectrophotometric determination of copper by the exchange reaction with
lead diethyldithiocarbaminate is widespread®’. We used the method of
replacement chromatography of metal diethyldithiocarbaminates in neutron-
activation analysis for determining metal traces in pure yttrium and molyb-
denum®®. The exchange reactions of 8-mercaptoquinolinates, dibutyl-
dithiophosphates, carboxylates®” and complexes with EDTA® ¢ have been
studied.

The metal atom is replaced rapidly in a number of the above reactions.
However, in some cases of practical importance the rate of the exchange
process is slow. Thus the factors affecting the rates of exchange reactions
should be taken into account. It has been shown®! that the rate of extraction
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Figure 7. The effect of time and pH on the extraction (R) of copper (1 x 107°M) with zinc
dithizonate (1 x 10~ M) in CC1, ¢’

in the exchange system depends on the concentration of the reagent-complex
and its kinetic lability, but should be independent of pH above a certain pH
value. Anexample of such a regularity is given in Figure 7; the rate of extrac-
tion of copper by zinc dithizonate in CCl, increases with increasing pH and
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then ceases to depend on the pH value above a certain limit value®!. It has
also been shown that an increase of the aqueous phase concentration of the
ions replaced, leads to a decrease in the rate of extraction. The rate of exchange
is in certain cases proportional to the distance between the positions of the
exchanging metals in the replacement series®2.

The use of small concentrations of a reagent-complex of high extraction
constant allows the rate of extraction to be retarded. Thus, in the above-
mentioned series for metal diethyldithiocarbaminates each metal replaces
any following metal from its complex dissolved in CCl,. However, there are
pairs of elements for which full replacement does not take place after shaking
for 5 min. For the pairs, Hg-Pd, Ag-Pd, Cu-Ni and Ni-TI1"™ even a partial
replacement is not observed after shaking for 15-60 min. We have already
mentioned such kinetically inert complexes.

Cobalt and palladium are not replaced from their complexes by any of the
metals even after long shaking. This is connected with the kinetic inertness of
the corresponding chelates®®, which protects the separation of metals but
can also be used for the separation of labile complexes from inert ones. For
example, cobalt is not replaced from its diethyldithiocarbaminate by any
single metal while all other elements are replaced by mercury forming the very
stable complex with DEDTC. This permits the spectrophotometric determina-
tion of cobalt traces in the presence of many other elements®3,

The above method was used, by Japanese chemists, for determining cobalt
in water which was applied to cool an atomic reactor*,

Some other works of practical interest, in which peculiarities of exchange
reactions of metals in chelates are described, have been published. For
instance, the work devoted to the replacement of praseodymium by iron(i)
in the complex with xylenol orange®”.

The special features of the kinetics of the exchange of metal ions in com-
plexes with trans-1.2-diaminocyclohexane N,N,N’,N'-tetraacetate were used
by Margerum®® ¢’ for quantitative determination of alkaline earth and rare
earth metals in their mixture, using photo-oscilloscopy and the stop-method.

CONCLUSION

In this report T have not tried to generalize all known theoretical and
experimental data on the kinetics of complex formation in analytical
chemistry. I have attempted to encourage more interest in this promising
field, which gives insight into the mechanisms of complex formation reactions
and will soon yield some new selective kinetic methods of determination and
separation of elements.
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