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394. Metal Complexes and Partition Equilibria.
By H. IrviNG and R. J. P. WILLIAMS.

Many metals form inner complexes which can be extracted from aqueous solution on
shaking with an immiscible organic solvent. The extractability is now shown to vary with
the hydrogen-ion concentration of the aqueous phase and the concentration of excess reagent,
and to depend upon the valency of the metal ion and the partition coefficients and dissociation
constants of the various molecular species involved. An explicit relationship between the
percentage of metal extracted and the pH of the aqueous phase is derived in terms of pH,,
the hydrogen-ion exponent at which the extraction reaches 509, : this is itself a function of the
excess of reagent present. The effect of a change of solvent on the rate of attaining partition
equilibrium and on the percentage of metal then extracted, and the consequences of competitive
complex formation in the aqueous phase, are discussed in relation to contemporary analytical
procedures.

THE interaction of an #-valent kation M*+ with an organic reagent HR often yields an inner
complex MR,, which is sparingly soluble in water though relatively soluble in non-polar solvents.
When therefore an aqueous solution of M?+ is shaken up with a solution of the reagent HR in a
solvent immiscible with water, the equilibria depicted in Fig. 1 come into play and some of the:
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complex formed in accordance with equation (1) will partition into the aqueous phase. Such
partition equilibria are involved in many analytical procedures in constant use (e.g., the extrac-

M + #HR == MR, +»H* . . . . . . . . (I

tion and absorptiometric determination of trace metals with dithizone and oxine, the fluoro-
metric determination of gallium, etc.; cf. Sandell, *“ The Colorimetric Determination of Traces.
of Metals ”’). An appreciation of the difficulties in determining mercury with dithizone in the
presence of copper (Irving, Andrew, and Risdon, this vol., p. 541) and a consideration of the
principles underlying the valuable procedures of extractive titration, together with problems
encountered in the separation of related kations (as metal complexes) by counter-current
extraction or partition chromatography, emphasised the need for a generally applicable and
quantitative treatment of such partition equilibria. The present paper contains a simple
theoretical treatment by which it is possible to relate the percentage of a metal extracted
to the concentration of reagent, the pH of the aqueous phase, and the dissociation constants.
and partition coefficients of the various molecular species involved. It is intended as a general
introduction to a series of experimental studies of specific systems which will be published in
due course.

Quantitative Treatment of Partition Equilibvia.—Consider first the case of a reagent HR
which behaves as a monobasic acid throughout the range of pH studied. It is postulated that
this reagent and its metal complex MR, exist in both water and the organic solvent as un-
associated molecules. Relevant equilibrium constants are defined as follows :

The instability constant of the complex,

K, =  M"[R\"/MR.]w - . . . . . . . . (2
The Brensted dissociation constant of the reagent,
‘ _ K, = {H[R1/HRlw . . . . . . . . . (3
Partition coefficients,
Pc = [MRn]w/[MRn]o . . . . . . . . . . (4)
and
pr = [HR]w/[HR], P ()]

where the subscripts ¢ and # refer to the complex and reagent, and the subscripts w and o refer
to the aqueous and the organic phase respectively; K, is, of course, the reciprocal of the *“ gross '~
complexity constant of the complex MR, as defined by Bjerrum (‘‘ Metal Ammine Formation
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in Aqueous Solution,” Copenhagen, 1941, p. 54). The ratio of the amount of metal extracted
as complex into the organic phase to that remaining in all forms in the aqueous phase is termed
the (true) extractability, E,, and is given by

Ei= [MRJoAMRaJw + [M™]} . . . . . . . . . . (6

= 1/{pe + ((M**]a/[MR,]o)}
L/{pe + (pBEAH " [p"K,"[HR]o")}

= 1/{p. + (H*}+"/KHR}™} . . . . . . . . . . (D
from equations (2), (3), (4), and (5), whereby
K = (Kp)"|Kpe Ce e e e e e e (8)

If the partition coefficient p, of the metal complex is negligible in comparison with the numerical
value of the second term in the denominator of equation (7), this reduces to

E=K[HRL{HL" . . . . « . .« . . . (9

Kolthoff and Sandell (J. Amer. Chem. Soc., 1941, 63, 1906), discussing the extraction of zinc
by dithizone, arrived at an expression of this form by assuming that the concentration of
complex in the aqueous phase, [MR,],, was always negligible when compared with that of the
ion, [M#+],; but this may not be justifiable in general when the extraction of metal is nearly
completed. It follows from equations (7) and (9) that E, = E/(1 + p.E), so the true extract-
ability will always be less than that calculated by the approximate expression (9). Since,
however, the partition coefficient of inner complexes is generally very small, the discrepancy
is negligible so long as the extractability is not too large. The order of magnitude of the error
for various values of p, and E can be seen in Table I.

TaBLE I.

Actnal percentage of extraction

Percentage of calculated for :

extraction is

assumed to be : E. pe =01, pe = 0°01. pe = 0001.
100 © 90-9 99-0 99-9
99 99 90-1 98-0 98-9
90 9 826 89-2 89-9
50 1 47-6 4975 498

‘Whilst equation (9) shows how a change in hydrogen-ion concentration would affect the
relative amounts of metal in the two phases, an explicit relationship between the percentage of
metal extracted and the pH of the aqueous phase would be of more immediate practical value.
Writing equation (9) in the equivalent logarithmic form

logy E =logy K + n(pH + log;,o [HRY) . . . . . . . (10)

and defining pHy as that value of the hydrogen-ion exponent when for the same concentration
of excess veagent the extraction reaches 509% (E = 1), we have

0 =logy 1 =logyy K 4+ n(pHy + log,o [HR]) . . . . . . (11)
Subtracting, we have
nwApH = n(pH; — pH) = — log,, E PO § )
= logy, (100 — x) /x

where x is the percentage of metal extracted into the organic phase. Now equation (12) presents
pH as a function of », and we require the inverse function. By an obvious transformation the
desired equation is

# = 50(1 — tanh 1.1513 »wApH) . . . . . . . . (13)

which is shown plotted in Fig. 2 (curve ABC) for the particular case of a bivalent metal (n = 2)
where pHy = 3'0. Values of 0% and 1009, extraction are approached asymptotically, whilst
the whole curve is centrosymmetric with respect to B (pHjy, 50%), it being assumed that p, for
this system is negligible (see above). From equation (9), and assuming that the concentration
of excess reagent amounted to 10-% g.-mol./l., we calculate the value of the extractability
constant K for this particular metal-reagent—solvent system to be 104, Curves DEF and GHI
are plotted for the same system for values of pHy equal to 5°0 and 60, corresponding to concen-
trations of excess reagent of 107 and 1078 respectively. It will be noted that they are identical
in form and that they could be obtained from 4BC by a simple lateral translation equal to the
change in pHj value.
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The Effect of Changes in Hydrogen-ion and Reagent Concentration.—From Fig. 2, or more
directly from equation (10) whence by differentiation

(0 log E [opH)gr;, = (0 log E [0 log [HR]o)pr

it is clear that a change in extractability due to an increase (or decrease) of one unit in pH can
be exactly offset only by a ten-fold decrease (or increase) in the concentration of excess reagent
in the organic phase. Now purely practical considerations often limit the permissible variations
in the magnitude of the latter parameter. The upper limit is set by the solubility of the reagent—
and this is often quite small—whilst in cases where the metal complex is to be determined
absorptiometrically a large excess of reagent would be undesirable if it had an appreciable
extinction coefficient at the wave-length used for measurements. It is precisely this feature
which complicates the use of dithizone in such procedures. On the other hand, where more than
one extractable complex can be formed from a metal and an organic reagent (a specific example
is provided by copper and dithizone) an adequate excess of reagent is imperative to ensure the
stoicheiometric or constant composition of the material extracted. Furthermore, the amount
of reagent naturally plays a significant rdle in the kinetics of complex formation (see p. 1845),
and its concentration must not be diminished too greatly if complex formation and partition
equilibrium are to be effected in a reasonable time. Since such varied factors can and must
restrict the possible variations in the term [HR],, it is clear that changes in hydrogen-ion
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concentration (which may readily be varied by a factor of 104) are of overwhelming importance
in the practical applications of partition equilibria.

It should be emphasised that the term [HR], refers explicitly to the excess of reagent present
in the organic phase at equilibrium. This may differ but little from the total amount of reagent
employed if the amount of metal to be extracted is relatively small, or where the pH of the
aqueous phase is such that the percentage extracted is negligible; but even in circumstances
where the amount of complex formation is strictly limited, the term [HR], may comprise but a
small fraction of the total concentration of reagent should the pH of the aqueous phase and
the value p, of the partition coefficient of the reagent be such as to cause a large proportion of it
to be extracted into the aqueous phase. The extent to which this can take place in the case of a
typical organic reagent, dithizone, is described in the following paper and its consequences
in analytical procedures are discussed elsewhere (Irving, Risdon, and Andrew, this vol., p. 537).
The difficulty of determining the actual value of [HR], is perhaps the greatest single obstacle in
testing the applicability of the foregoing equations to specific systems.

The Influence of the Valency of the Metal Ion.—By differentiating equation (13), the slope of the
extraction curve is found to be given by

dx/d pH = 57-57n(1 — tanh? 1-1513rApH)

which is a function of %, the number of protons liberated when the metal complex is formed.
At its mid-point (¥ = 509, ApH = 0) its numerical value is 57'57%2%, per pH unit, a prediction
which has been verified in the case of zinc and dithizone (Irving and Williams, unpublished).
It follows from equation (9) that an increase of one unit in the pH will increase the extractability
ten-fold in the case of a univalent metal, but 100-fold and 1000-fold in the case of bi- and ter-



1844 Irving and Willsams :

valent metals respectively. The position of the extraction curve with respect to the origin
will likewise be subject to greater displacement owing to a change in the amount of uncombined
reagent as the valency of the metal ion increases. An appreciation of such factors is obviously
of great importance when studying the extraction of mixtures of metals of different valency,
e.g., the determination by dithizone of lead and bismuth in admixtures.

The Extraction of Diffevent Metals with the Same Reagent.—We are now in a position to discuss
problems arising out of the extraction of a series of metals by a solution of the same organic
reagent in a given solvent. In considering the probable values of the individual extractability
constants, K, for such systems we note that, of the various factors into which such constants can
be resolved by equation (8), K, and p, refer to the reagent—solvent system and do not vary,
whilst the magnitudes of the partition coefficients p,, p.’, p.”” . . . for the various metal com-
plexes are likely to be of much the same order. Most of the variation is to be expected in the
values of K, K./, K,/ . . ., the instability constants of the respective metal complexes. These
constants are related by equation (11) to the pHy values which serve to characterise the partition
equilibria. The more stable the complex, the more acid will be the medium from which it can
be completely extracted. That such variations in K, are of decisive importance is confirmed
at least for compounds of the bivalent ions of the transition metals with dithizone by the fact
that the sequence of pHy values is identical with their *“ natural > order of stabilities which has
been shown to be independent of the nature of the ligand—whether ammonia, ethylene- or
propylene-diamine, salicylaldehyde, glycine, quinaldinic acid, etc. (Irving and Williams,
Nature, 1948, 162, 746).

The curves ABC, DEF, and GHI of Fig. 2 were drawn to represent a system with K = 10*
and [HR], = 107%, 1077, and 10-8, respectively. They could equally well represent systems
with K = 108, 10%, and 1, respectively, for the extraction of three different (bivalent) metals
by a constant concentration (10® g.-mol./l.) of the same reagent. Clearly, a knowledge of
the mutual disposition of such curves (or of the necessary parameters pHy or K, and [HR],
which would permit of their construction) would be an invaluable prerequisite to any reasoned
attempt at separation. This was first pointed out by Wichman (Ind. Eng. Chem. Anal., 1939,
11, 66), who sketched the probable relative disposition of the extraction curves for various
metal-dithizone systems from the many qualitative and semi-quantitative observations reported
in the literature. He did not take into account the displacements which would be caused by
variations in the amount of dithizone used in the different experiments. Many subsequent
workers have published series of curves relating the percentage of metal extracted to the pH
of the aqueous phase for partition systems involving metals and oxine, dithizone, and other
reagents. They need not be specified here as they are unacceptable for quantitative treatment
for one or both of two reasons. In the first place, the amount of excess reagent is seldom
specified. Indeed, it is not often a constant amount for any given curve, for it is cammon
practice to obtain such curves by measuring the percentage of extraction obtained when a solu-
tion of organic reagent of constant initial concentration is shaken with a fixed amount of metal
dissolved in aqueous buffers of varying pH. Clearly, as the percentage of metal extracted is
diminished by reducing the pH below that required for complete extraction, the excess of reagent
in the organic layer must increase. There results a distorted curve (e.g., A’B’C of Fig. 2) which
lies to the left of the theoretical curve ABC and approximates to it the more closely the higher
the pH. The second reason for rejecting most published data is that they do not represent
systems at equilibrium.

Equilibvium Conditions.—When describing the routine details of the extraction stage pre-
liminary to specific absorptiometric determinations, analysts have-—with few exceptions-—
been at pains to specify carefully the minimum time (or minimum ‘‘ number of shakes ’’) needed
to ensure complete extraction at that optimum pH where it had been found that this was
effectively quantitative. The assumption commonly made that equilibrium is attained within
the same period of time when plotting the course of the extraction curve at lower pH values is
quite unjustifiable. Indeed, measurements on the copper—dithizone system by Barnes (/.
Mavine Biol. Assoc., 1946, 26, 303; Awnalyst, 1947, 72, 469) and by Irving, Andrew, and Risdon
(foc. cit.), and data on other metal-dithizone and metal-oxine systems (Irving ef al., to be pub-
lished) clearly demonstrate that the rate at which the metal complex is formed and extracted
into the organic phase decreases rapidly as the pH is reduced below that value appropriate to
1009%, extraction. Failure to reach true equilibrium will give false extraction curves (e.g.,
GH'I in Fig. 2) lying below the true equilibrium curves plotted for a constant amount of reagent.
Furthermore, whilst CB’A’ may represent true equilibrium conditions in a system with a gradually
increasing excess of reagent, a curve closely resembling CBA4 may result if the same system is
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studied under conditions where true equilibrium is not reached. The literature provides
numerous examples of extraction curves which appear superficially to follow the course pre-
dicted by equation (13); but where the excess of reagent may have varied and no true guarantee
of equilibrium is provided, such data are useless for the present purpose.

The simple test for the attainment of equilibrium-—the approach to a common value from
either side—has not apparently been applied to metal-complex partition problems. This is
quite understandable, since the analysts who have studied them in greatest detail have been
more interested in defining conditions essential to the extraction of a single species or favouring
the predominant extraction of one constituent of a mixture. Indeed, failure to reach equili-
brium within a given time may be of great practical value. Thus the fact that mercury (but
not copper) is rapidly extracted at low pH values by a solution of dithizone in chloroform
has been exploited by Barnes and by Irving et al. (locc. cit.) in methods for the determination
of mercury in the presence of copper.

However, in 1942 Walkley (Proc. Austral. Chem. Inst., 9, 29) observed that the organic
phase resulting from shaking a solution of zinc ‘‘ dithizonate *’ in chloroform with acid contained
a greater percentage of zinc than was obtained by extracting the same quantity of zinc from
aqueous solution at the same pH and for the same length of time. The implications of this dis-
covery do not appear to have been generally realised. We have confirmed them and observed
similar behaviour in other metal-reagent systems. Whenever a solution of a metal complex
in an organic solvent is shaken with an aqueous buffer, reaction with hydrogen ions will cause
some decomposition in the sense of equation (1) right to left, and more or less metal ion will pass
into the aqueous phase whilst the concentration of reagent in the organic phase will increase
until new equilibrium conditions governed by equation (9) are set up. The rate of attaining
equilibrium is found to depend on hydrogen-ion concentration and to increase rapidly as the
pH is lowered. At sufficiently low acidities (e.g., point G of Fig. 2) equilibrium is attained so
rapidly that correct values for the percentage of metal extracted at equilibrium are obtained
after even a brief period of shaking. At higher pH values (e.g., point I of Fig. 2), where the
extraction is virtually complete, no significant error will appear in the measured extraction
even though the rate of attaining true equilibrium may be very low. At intermediate values of
pH, false equilibrium curves (i.e., curves based on measurements in which the time of shaking,
though constant, is not adequate for the attainment of true equilibrium at all acidities) will
follow a course such as GH’’I, the greatest errors occurring in the region where the extraction
approaches 100%,. False equilibrium curves may thus form a sort of hysteresis loop GH"IH'G
enveloping the true equilibrium curve GHI.

The Role of the Solvent and Kinetic Aspects of Partition Equilibria—In considering the effect
of changing the solvent on the extraction of a particular metal by a given reagent, two effects
must be distinguished. The first concerns the new position of extraction equilibrium; the
second involves the kinetics of the equilibration process.

Consider the partition of a metal as governed by equations (9) and (8). Changing the solvent
will not alter K, or K, but will involve new values p,” and $,” for the partition coefficients of
the complex and reagent respectively in the new solvent. If [H] and {H}’ are the hydrogen-ion
concentrations at which the same extractability E is attained in either case with the same
excess reagent, it can easily be shown that

(HI/HY = (p-/p")"/(Pelpe) B ¢ )

Data on the effect of a change of solvent on the value of partition coefficients are meagre and the
theoretical treatment is too involved to be of value here. At best one can infer from measure-
ments on the solubilities of non-polar substances in a range of organic solvents (cf. Hildebrand,
‘“ Solubility,” New York, 1936, p. 165) and from relevant partition data that if, for one substance,
v, p,/p,” = a > 1 on change of solvent, the partition coefficient of another non-polar material, ¢,
not too unlike the first, will be changed in the same sense and to much the same extent, i.e.,
Pefp’ =b >1, and a ~b. At least for multivalent metals (# > 1), the probable effect of a
change to a solvent in which the reagent and its metal complexes are more soluble will be to
shift the extraction curves towards regions of higher pH. It is well known that metal
““ dithizonates ’’ are more soluble in chloroform than in carbon tetrachloride; the same is true
of the reagent dithizone itself (see following paper), and in the case of every metal-dithizone
extraction curve we have examined that in chloroform lies in a more alkaline region than that
in carbon tetrachloride. An additional effect, of some analytical importance, is that extraction
curves for a given pair of elements are better separated in the former solvent; but the data
need extending to other solvents and other metal-reagent systems.
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The rate at which a metal complex appears in the organic phase during the process of extrac-
tion depends upon the rates of two separate processes, viz., the formation of metal complex
(which may reasonably be expected to take place in the aqueous phase) followed by its (partial)
transfer into the organic phase. Partition equilibria of such reagents as oxine and dithizone
between water and organic solvents are established very rapidly——certainly within a minute’s
shaking (cf. following paper) and under optimum conditions extraction equilibrium between
metal ions and an organic solution of a reagent is attained equally rapidly, which proves that the
partition of the inner-complex is not significantly slower The rate-determining stage in the
attainment of extraction equilibrium is thus that of forming the metal complex in the aqueous
phase. Since this is strongly influenced (retarded) by hydrogen ions, it can scarcely be due
wholly to reactions between metal ions and undissociated reagent. If the rate is a simple
function of the activities of the reacting species we can write

rate () = A{M*HR™P = kDN, K, fa — (HRL/AHW® . . . . (15)

from equations (3) and (5). The rate of attaining equilibrium should thus depend upon the
product p,K,, which is a characteristic of the reagent-water—solvent system. It will be proved
in the following paper that —log,o ,K, = pHj, the hydrogen-ion exponent at which the reagent
is equally partitioned between water and the organic phase.

If #/ is the rate of reaction when another solvent is used, the pH and ionic strength of the
aqueous buffer, and the concentration of metal and excess reagent, remaining the same,

v = (P KB/ EKN . . . . . ... .. (18)

For dithizone the values of K, are 1'26 X 10® and 2'75 X 101! in carbon tetrachloride and
chloroform respectively, whence we deduce that the rate of attaining equilibrium in a metal-
dithizone system should be about 46% times slower in the latter solvent. Preliminary experi-
ments gave a factor of 30 in the case of zinc extraction which suggests that the rate-determining
stage may involve only one dithizonate ion. Theory predicts that the rate factor due to a change
of solvent should be independent of pH and the nature of the metal involved. Experimental
confirmation will be reported elsewhere.

Competitive Complex Formation.—Putting » = 1 in equation (13) gives the equation to the
curve which describes extraction in any univalent metal-reagent-solvent system, its position
along the pH axis being determined by the appropriate values of pH; and [HR],. Regarding
the hydrogen ion merely as a particular example of a univalent kation, the same equation
describes how the percentage of hydrogen bound as complex (z.e., as the undissociated acid
HR) and extracted into the organic phase will increase as the pH rises. At first sight this would
appear to contradict experience, for as the aqueous phase becomes more alkaline, more and
more reagent acid passes into it as the anion R~. The paradox arises from the unequal rates of
diminution of the terms [HR], and [H*] as shown in Table II for the reagent dithizone at a
total concentration of 10-*M. Here p, = p, and K, = K,, so the extractability constant, K,

of equation (8) is unity; similarly, from equation (11), pHy = — log; [HR],.
TasLe II.

pH. 4. 5. 6. 7. 8. 9. 10. 11.
p = [R7J/[HR]o * erreernnn. 00,3 00,3 00,3 00,3 0003 003 0-275 275
IR Jw X 107 oo 00,3 00,3 00,3 003 0-27 968 216 733
[HR], X 107 ...oiviiiiiiennnn. ~100 ~100 ~100 99-97 97-73 97:32 784 367
0.2 S PR (L 1073 107¢ 1077 10°8 10°® 10710 1011
Percentage of hydrogen bound

as the complex [HR]g......... 91 50 909 99-0 999 99-99 ~100

* Partition coefficients calculated for the partition of dithizone between chloroform and water
assuming that p, is negligible (cf. following paper)

Although this unconventional aspect of the partition of an acidic reagent is of less practical
use than that developed in the following paper, it serves to emphasise the universal validity
of equations (9) and (13) and the fact that no essential distinction need be drawn between the
partition equilibrium of an acidic reagent and its metal complexes. Indeed, if the effect of an
acid in decomposing a metal complex may be regarded as a competition between hydrogen ions
and metal ions for the anions of the reagent (equation 1), Fig. 1 may equally be taken as represent-
ing the simultaneous partition of two complexes in equilibrium with each other through the
common anion R~ in the aqueous phase. No new equations are thus required when considering
the extraction of admixtures of complexes KRj, LRy, MR; . . . of the same reagent, and little
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extra complication is introduced when two reagents HR and HS compete for a common kation
(and hydrogen ions).

Now, in deriving the foregoing equations it was postulated that the total concentration of
metal in each system could be expressed as the sum of three terms [M?+],, [MR,],, and [MR,],
of which the third could generally be neglected. But should the metal jon form a complex soluble
in water but insoluble in an organic solvent an extra term must be introduced into the de-
nominator of (6). If the hydrophilic complex is of sufficient stability, the concentration of free
metal ions will be so reduced that even under the most favourable conditions of extraction
the amount held in the organic phase may be negligible. Good use is made of this effect in
reversion procedures (Irving, Andrew, and Risdon, Nature, 1948, 161, 805; this vol., p. 537) and
when it is desired to extract one substituent in the presence of others which can be retained
selectively in the aqueous phase as stabler complexes. The decreased extraction often noted
in the case of amphoteric metals when the pH of extraction exceeds the optimum for 100%
extraction is due to the removal of metal ions as complex anions of comparable or greater
stability.

‘When determining traces of metals by extractive techniques, the concentration of salts in the
buffer mixtures used to adjust the pH of the aqueous phase to its optimum value is relatively
so large that conditions especially favourable to competitive complex formation are set up.
Citrates, tartrates, and cyanides in the buffers are particularly effective, but the high concen-
tration ratio of buffer to trace-metal ions may give significance even to relatively unstable
complexes with ions such as acetate and borate which are often present. Even when the
metal-reagent complex is of great stability, the tendency of the buffer constituents to form
competitive hydrophilic complexes is often reflected in the displacement of the extraction curve
towards regions of higher pH. Changes in the composition of the aqueous phase may thus alter
the amount of metal extracted at equilibrium even when the pH and amount of excess reagent
are kept the same (cf. Biefeld and Patrick, Ind. Eng. Chem. Anal., 1942, 14, 275, for a discussion
of lead—dithizone curves). Large changes in ionic strength and specific salt effects will also
influence the rate of attaining equilibrium [cf. equation (15)].

In view of the many factors which complicate the study of metal-reagent—water—organic
solvent systems in true partition equilibrium, it is scarcely surprising that the data found in
the literature, though self-consistent and reproducible under carefully defined conditions and of
great value in elaborating arbitrary analytical procedures, must nevertheless be considered of
insufficient accuracy for testing the conclusions arrived at above. The omissions will be rectified
in subsequent papers.
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