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Extraction with non-aqueous solvents is very widely em-
ployed in solving various problems in chemistry and chemical
technology. The separation of elements with closely simi-
lar properties, the concentration and isolation of micro-
and ultramicro-concentrations of metals, the clear separa-
tion and identification of difficultly separable organic sub-
stances, show why many investigators have evinced interest,
especially in recent years, in the study of extraction pro-
cesses'™5. The solubility of internal complexes and of a
number of complexes of metals with inorganic ligands in
organic solvents makes it possible to utilise the distribution
method as a reliable means of studying the composition and
many other physicochemical characteristics of complex
compounds.

The principles of the distribution (or extraction) method
were laid down by Nernst (1891). In the first paper on the
constancy of the partition coefficient for species of the same
molecular composition distributed between two immiscible
solvents, Nernst established® the possibility of using his
distribution law to study the dissociation equilibria of a num-
ber of substances inaqueous solution.  Shortly afterwards
Hendrixson’ studied the distribution of benzoic and salicylic
acids between water and benzene or chloroform and deter-
mined the dissociation constants Kg,, of these acids in the
aqueous phase, their dimerisation constants K, in the
organic phace, and their distribution constants (partition
coefficients) Ko between organic and aqueous phases*:

[H*1AT] = K gias [HAlﬂq ) (1)
[HA] org = K part [HA]ﬂq 3 (2)
[H2A2]org = Kdim [HA]%"S . (3)

* HA = molecule of acid, A= anion of acid, and HyA, =
= dimer molecule. We shall use the symbolic formula HA to denote
reagents which dissociate as monobasic acids.

At about the same time similar investigations were car-
ried out with inorganic compounds, e.g. thiocyanates of
iron and halides of mercury®. In this work, however, the
authors do not consider the possible formation of charged
complex species. As far as we know, the first attempt to
explain the experimental results by a stepwise mechanism
of complex formation was published by Morse in 1902.°
After studying the distribution of mercury complexes be-
tween toluene and an aqueous phase containing halide ions
(A7), Morse came to the conclusion that the aqueous phase
contains, apart from Hg?* and uncharged HgA, molecules,
positively charged HgA*. Assuming the impossibility of
extracting charged particles with an organic solvent, Morse
calculated from his results the distribution constant », for
HgA, between the phases and the successive formation con-
stants &, and %,:

IMAZT (AT ks = [MAT T, (4)
[MAN]org = )‘N [MAN] aq . s (5)
where M = Hg?* and A~ is the halide ion.

Although the possibility of using the distribution method
to study complex compounds in solution has been demon-
strated so long ago, no attempt was made before 1941 to
formulate quantitatively the relation between the partition
coefficients for a metal in a given system and the para-
meters of the latter (concentration of metal ions, pH of
aqueous phase, concentration of reagent, etc.). In 1941
Kolthoff and Sandell®, studying the dithizone derivatives of
certain metals, attempted to establish such a relationship
on the basis of the distribution law and the law of mass
action. Assuming that only free (hydrated) metal ions M?*
are present in the aqueous phase and excluding the possi-
bility of association of the molecules of dithizone and the
complex MA, in either phase, these authors accepted the
following equations as correct:

, [HA aq

K =4 6
part HA [HA}o[g ( )
, [MAs]aq

K .=
part MA (Mhelor 7)

(according to the conventions which are now generally
adopted these quantities are the reciprocals of the distri-
bution constants of HA and the complex MA,).

M2t 4 9HA = MA, + 2H* (8)
(in the aqueous phase)

(MAddag  [H'hq,
[M*]aq  [HAL Kea - ®)
Substituting the concentrations of MA, and HA in the
aqueous phase from Eqns. (6) and (7), they established the
expression

(MAdlorg (H'Taq _ _ g Kpan nva _ g
(M, (HAR,, Kpan ma,
by means of which they arrived at Eqn. (12) linking the par-

tition coefficient of the metal ¢ with the characteristics of
the system:

(10)

[MA
g = Mhvlorg (11)
2 [MAslaq
n=0
g=MWalorg _ o (HATorg (12)
[M2t] aq [H+]2aq

As can be seen from Eqn. (12), the partition coefficient
of a bivalent metal increases proportionally to the square
of the concentration of the reagent in the organic phase and
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decreases proportionally to the square of the hydrogen-ion
concentration in the aqueous phase. Kolthoff and Sandell
allowed for the effect of hydrolysis on the extraction pro-
cess, and introduced into Eqn. (12) the appropriate correct-
ion term (for the case of a bivalent metal ion):

_ [MAglorg [HAlgrg

= =K. 4 (13)
(M] g coral (T +0H + )

where B, and B, are hydrolysis constants.

Eqn. (12), obtained by Kolthoff and Sandell, has been
repeatedly criticised!!»*2. In fact, the authors not only
leave out of consideration the successive formation of com-
plex species, but also in general neglect any complexes of
the metal in the aqueous phase, which restricts their argu-
ments to a limited number of systems and a limited range
of concentrations. In spite of these limitations, a number
of authors have subsequently used Kolthoff's equation (with-
out any special changes) in the study of the stability of the
dithizone complexes of metals!®-17, For example, Babko
and Pilipenko continued Kolthoff's investigations by studying
the physicochemical characteristics of dithizone and its
complexes with zinc, cadmium, and lead'3:*¢. Babko and
his coworkers determined the composition of the dithizone
complexes by measuring the optical density of the extract
after appropriate dilution with the organic solvent used.

The limitations of such a method of determining the compo-
sition of a complex compound distributed betweentwo phases
have been pointed out in the Russian literature 8.

Eve and Strasheim!® studied the effect of the hydrogen-
-ion concentration on the extraction of the dithizone deriva-
tives of zinc, cobalt, nickel, and copper from tartrate solu-
tions by means of chloroform*. Substitution of their ex-
perimental values for the partition coefficient and other
quantities in the Kolthoff equation showed that the extraction
process in general obeys Eqn. (10).

Subsequently, Irving and Williams!* and other investi-
gators 22 somewhat extended our ideas on the mechanism of
complex formation and, besides allowing for the distribu-
tion of the reagent between the two solvents and its dissocia-
tion in the aqueous phase, took into account the formation of
an uncharged complex in aqueous solution:

Hf + A2 HA
MY NA- 2 MA, ” in aqueous phase
— fh  in organic phase .

May

Irving put forward a simple quantitative treatment of the
experimental results which took into account the relation-
ship between the partition coefficient of the metal and the
concentration of the reagent, the dissociation constant of
the latter, the pH of the aqueous phase, the partition co-
efficient of the complexes, and other parameters of the
system. If HA behaves as a monobasic acid over a given
pH range and if the only complexes in the aqueous and
organic phases are the mononuclear complexes MA,, the

* Many investigators have published papers on the role
of pH in the extraction of internal complexes. Korenman and
Sheyanova 20,2 attempted to obtain a theoretical basis for the in-
fluence of pH on the yield of reaction product in complex formation
between metal ions and organic reagents.
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relationship between g and the parameters of the system is
represented by the simple equation

q= [MAyorg — 1 (14)
MAylag +(M¥]  Kpat sa, + (IS  K-[HAlGr)
where
. (Kdiss Ha K'pm HA)N
e (14a)

Kinst.MAN Kpant MA,
and Kus MA, — the overall instability constant of the com-
plex MA, — is defined by the equation

(MY A

[MAL] (1 5)

Kinst. MAy =

It can be easily shown that, if
Kpart may & ey
pert AV K (ALY

org

Eqn. (14) passes into the above Eqn. (12) of Kolthoff. Irving
and Williams calculated the magnitude of the error due to
neglecting the existence of MA, complexes in the aqueous
phase, and examined in detail the effect of change in pH, re-
agent concentration, and other factors on the extraction of
various metals.

On the basis of the relationships deduced, Irving and his
coworkers investigated complex formation between zinc and
dithizone 2%,2¢ and discussed earlier results?. The com-
position of the dithizone derivative of zinc was established
from the graph of logq against log ([HA] .+ pH) and spec-
trophotometrically by the method of continuous variations?$.
Buffered mixtures of varying composition were used in the
work, which might have led to secondary complex forma-
tion and diminished the reliability of the results. No
attempt was made in the above work, however, to examine
in a general way the various processes of complex forma-
tion and distribution occurring in two-phase systems.

During the last ten years, the Scandinavian chemists,
the Irving school and a number of other investigators
(Diamond, Connick, etc.), whose work will be examined
below, have extended the theoretical equipment required to
calculate the characteristics of various types of complex
from distribution data.

In its modern form, the distribution method consists of
the study of the partition coefficients of a metal between
immiscible solvents as a function of one or several variables.
The process of extraction of a metal from an aqueous phase
by means of an organic solvent is affected by many factors,
such as the concentrations of ions of the element investi-
gated and of other cations in the solution, of various anions,
and of hydrogen ions, the nature of the organic solvent, etc.
In most cases the partition coefficient depends in a com-
plicated way on these variables.

In the treatments referred to above, one of the variables
was generally examined, and a more or less satisfactory
explanation given for the results obtained. The general
picture was that the metal ion M¥* reacts in aqueous solu-
tion with the ligand A~ and the resulting complex MA , is
distributed between the phases. In fact complexes with
different compositions and different charges exist in
aqueous solution, and the complex (or series of complexes)
extracted may include in their composition solvent mole-
cules and other components. Preparative methods give no
accurate indication either of the composition of the com-
plexes in solution or even of the existence of many com-
plexes, which in general exist only in solution. Analysis
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of solid preparations sometimes shows the existence of
extremely complicated compounds, containing metallic,
A", and OH" ions, uncharged molecules of HA, H,0,
organic solvent, etc. For example, the compounds
Th(OH),CrO,.H,0,% Ni(CN), . NH, . C4Hg, 8 etc. are known.
The isolation of a compound in the solid form, however,
does not always prove its existence in solution. 1In the
second of these substances the benzene molecules are only
held in the spaces between the Ni(CN), . NH; molecules, and
are linked to the latter by weak van der Waals forces. In
solution, however, Ni(CN), . NH; . C;gH; molecules do not
exist at all or else their number is insignificant. A simi-
lar position is observed with hydroxyquinoline molecules in
the compound ScA, . HA, ?° where A represents the quinolin-
oxy ion. Definite conclusions as to the composition of the
complexes which are extracted and those which are in the
aqueous phase can be drawn only on the basis of a physico-
chemical analysis of the solutions. Practically all the
fundamental characteristics of complexes can be obtained
by studying the distribution of the metal when the variables
enumerated above are changed. Until recently the opinion
was expressed that the distribution method could be used
only to ascertain the comparative stability of complex com-
pounds, and doubt was entertained as to its suitability for
the quantitative determination of their stability constants3°.

In 1949 Rydberg and other Scandinavian investigators
demonstrated the full value of the distribution method for
the quantitative study of complex formation in solution. To
interpret data relating to the extraction of a metal complex
by an organic solvent from an aqueous phase of low and con-
stant ionic strength, these authors took into account the in-
fluence of temperature and examined the following variables:
concentrations of metal ion M** | anion A=, HA, OH", and
solvents [organic (Org) and H,0].%: "% In the general case
complexes of type I may be formed in aqueous solution (the
charges on the ions are omitted):

MnA, (OH), (HA), (Org)s (H;O);,
U]
and their formation constants may be written in the general
form
[MA, (OH), (HA), (Org), (H1O),]
[M|™ [A]" [OH)” [HA]' [Org]® (H;0}f

L3

(186)

mn,p,rst =

Taking into account the interrelationship of some of the
variables in Eqn. (1), and the ionic product of water,

{H:0] Ki,o = [H'][OH"] (17)

’

Eqn. (16) can be written in the form

[M,, A, (OH), (HA), (Org), (H10),]
[M]™ (HAJ™ [HI"=7 [H01P* [Org]*K"diss ua Ko

. (18)

K

mn,pr,st ==

Writingn +»=x, n+p =y, andp + ¢t = z, formula I can be
rewritten in a simpler form:

My, (HA): (H)—, (H:0): (Org)s
an

.

In the majority of cases it is quite difficult to determine
the number of water molecules incorporated in a complex
in aqueous solution. However, it can be found by an in-
direct method if we know the coordination number of the
element with respect to all the ligands in the complex, and
also the number of coordination positions occupied by all
the ligands other than H,0. Usually all experiments are
carried out at constant ionic strength, and the effect of
hydration is normally included in the formation constant for

the complex. In such a case complex II can be written in a
still simpler form:

Mn (HA), (H)-, (Org)s,
(1)

and the formation constant of the complex is represented by
the equation
K . M, (HA), (H)—y (Org),]

mx,y.s = [M]m [HA]”[H]'—” [Org]s . (19)

The physical meaning of x and y is clear: x is equal to the
total number of HA and A", and y the total number of A~ and
OH™ per atom of complex-forming metal. The charge on
the complex is then mN -y. All the subsequent arguments
of Rydberg are based on the assumption that only uncharged
complexes pass into the organic solvent. This assumption
is correct for solvents of low dielectric constant. When
it is known that only a neutral complex will pass into the
organic layer (distribution constant A, , _.v.:), and the
mole fraction of the solvents is constant (ionic strength I =
= const.), the partition coefficient for the metal can be
written in the form

3 X e s mivis Amsmars IMI™ [HAF (H]-™ [Org)®
_ 1 6 o (20)
9= m x y s
S D N My s [MI™ [HAY H] ¢ [Org)*
1 0 0 0

Eqn. (20) is greatly simplified if only mononuclear com-
plexes are considered. For the majority of metallic ions,
other than those which are strongly hydrolysed, it is legiti-
mate toignore polynuclear complexes (m > 1), provided that
the experiments are carried out with [M] < 10-% g-ion/litre.
A range of concentrations of metal ions canusually be found
in which formation of polynuclear complexes, hydrolysis
products, or polymeric forms canbe neglected. The search
for such a range reduces to a study of the dependence of
the partition coefficient on the concentration of metal ions
in the aqueous phase with other conditions the same. If it
is established that ¢ does not depend on the metal-ion con-
centration over a given range, the formation of polynuclear
complexes can be safely ignored. In the work of Rydberg
only mononuclear complexes are considered. In both the
Russian and foreign literature methods have already been
described for studying the composition and characteristics
of several systems containing polynuclear complexes 34739,
Such a study can be carried out by means of distribution,
spectrophotometric, etc. methods. The equations con-
sidered below are applicable only if it has been established
that ¢ is independent of the metal-ion concentration.

The distribution method enables us to elucidate the in-
fluence of the organic solvent on the distribution of the
metal, and also to establish whether the water -immiscible
solvent molecules enter the complex. The effect of the
organic solvent can be ascertained by varying [Org,] by
adding a third component Org,, also immiscible with water.
However, even if this third component does not interact
with the complex, its addition may cause a considerable
change in the activity coefficients. A different approach
is possible, consisting in a study of the distribution of the
metal in the two systems H,0 —~Org; and H,0-Org, for iden-
tical hydrogen-ion and reagent concentrations. If mono-
nuclear complexes are formed in both systems, the ratio of
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the partition coefficients for the metal is given by the fol-
lowing expression:

x s
D DK uns Ao [HAF HI™Y [Org]*
[ 0 0

® S kims Mws HAFHY Orgl
0o 0

1K, s [HAF(HI“[Orgy]*
0
P *

Ky s [HAF [HI ¥ [Org,)®
0
21)

ol = o
o= oMs=

where k' and k" are the formation constants and A' and A"
the distribution constants for the complexes in the two sys-
tems. At constant ionic strength under equilibrium con-
ditions [Org,]= const. and [Org,]=const., and we may there-
fore write

";.y = 2";.:/.3 {Orgy°, (22)
)

and analogous expressions for «% , k! A ., and K7yA% ..

After substitution of these in (21], the Iatter simplifies to
X ¥V
K,y Ay [HAPHITV 3 ;«, , [HAJHIY (23)

.
[
’

x

> .
KN ey HAPEHITY Y &) HAPHIY
0 o

o oMk

If complexes are formed with one or both solvents A}, #
# A%, and with rare exceptions «,,_# k], and the ratio
d,/q, will change with change in [H] when [HA] = const. and
vice versa.

If under these conditions g, /g, = const., it can be re-
garded as established that the complex contains no solvent
molecules*. Fig.1 shows the curves for logg = f(pH): in
the case of Org, and Org, the vertical distances k are equal
to one another (S = 0); in the case of Org, and Orgs, h{ #

#+ hi# hy (S#0).

The formation of complexes containing molecules of the
organic solvent was established by Rydberg?® in a study of
the extraction of thorium acetylacetonate with isobutyl
methyl ketone (hexone). The curves for the distribution of
thorium between hexone and the aqueous phase in the pre-
sence of acetylacetone differ from those between water and
benzene or chloroform. This difference was due to the
formation of complexes between ThA %"+ and hexone mole-
cules (hex). Rydberg was able to calculate the equilibrium
constants for the reactions:

ThAshexi* + A~ = ThAshex} + 2hex,
and
ThAzhex; + A~ ThA, + 2hex,

where A" is the acetylacetonate ion.

Thus we can always ascertain beforehand whether we are
dealing only with mononuclear complexes containing no mole-
cules of the organic solventused. If it has been established
that m =1 and S = 0, the partition coefficient for the metal
is given by .

Dken Ay HAF [HITY
q=-"" .
}‘T«,‘,, [HA) (H]™¥

(24)

opMx

Eqn. (24) enables all or nearly all the constants in it to
be calculated provided the type of complexes formed is

* The method suggested by Rydberg 4 for determining
very large and very small partition coefficients is based on the

same principle.
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logg

Fig.1. Loggq vs. pH for complexes
with S=0 (h; =hy=hs) and withS+
0 (k] % hy# k) ).

known. The composition of the complexes formed in the
aqueous phase is established from the relationship between
logg and pH or log [HA][H]™ (proportional to -pA).

As Rydberg showed, the distribution of metal between
the phases varies with [H] or [HA][H]™ differently for
varioustypes of complexes. The curves for logg = f(pH) or
logg =f(log [HA][H]™) have a different but fully determined
form depending on the composition of the complex compounds
in the aqueous phase. Distribution curves obtained for
complexes of the types MA,, MA,(OH),, and MA,(OH),(HA),
are shown in Fig.2. The composition of the complexes is
established experimentally by studying the distribution of
the metal at several different concentrations of the reagent
in the organic solvent layer (and consequently also in the
aqueous phase) with other conditions the same. The des-
cending portion of the curves at high concentrations of the
ligand (shown by the broken curves) with or without a plateau
may be due to the formation of negatively charged com-
plexes. By carrying out experiments over a sufficiently
wide range of HA concentrations, distribution curves can
be obtained which establish unambiguously the type of com-
plex formed.

For each type of complex appropriate formulae have
been established by means of which it is possible to calcu-
late the stability constants of the various complexes and
the distribution constants of the uncharged complexes in
the system under consideration. Thus for complexes of
the type MA, the equation linking the partition coefficient
for the metal with the concentration of free ligand can be
presented in the form

_ Ky oy [AFY

,% A"
and that for complexes of the MA,(OH), type in the form

(25)

n
D %nNen Aan—n [AI[OH]Y"
[]
q= . .
' D%, (A" [OH)
0

(26)

oM

Many cases have been described in which the distribution
of metal between the phases, in the presence of a reagent
which dissociates as a monobasic acid, is represented by
Eqn. (25).4~9

Several methods have been suggested for calculating sta-
bility constants from Eqn. (24).% The widely known
methods of Leden*, Bjerrum %, Fronaeus5, and also the
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Fig.2. Curves for the distribution
/— of metal between the phases with
- gl ﬂ][l'].‘ [HA}; > [HA],> [HA] 5 for different
‘ r; types of complexes: a), b) MA, ;
logg lagg C), d) MA"(OH), H e)lf) MA,,(OH),.
/— /’ AHA),
/- ™ /:;ﬂ[nl"

e f

graphical “two-parameter” method suggested by Dyrssen
and Sillén%? can be used to calculate the characteristics of
complex formation from distribution data.

Calculation of the constants in Eqn. (24) isusually carried
out by methods similar to that of Leden, as follows. By
introducing a series of functions of [HA}], defined by the
equations

x
fl:ZOKX'N )‘x,N [HA] s

(27)
= Skes HAF (28)
[
into Eqn. (24), we obtain the expression
homY HI~Y
g =D - i [H] (29)

é f, H ot h HT b f (HR 4 fy HIS
Egn. (29) is readily put into the following form:
GHHI™Y =Py = fofi 4+ A HIT 4+ R HT 4., (30)

and solved for f,f,*, f.f.,”!, etc. Actually the graph of P, =
= f([H]™) will be a curve with a limiting value fo,™ and a
limiting slope f, f,"* when [H]™! tends to zero:

lim Py = fofi* + (AR (HIT + LA HIT + ..
[HI™*>0 (or [Hl—w)

The value of f,f,”! [numerically equal to the intercept on
the ordinate axis of the curve P, = f([H]™)] enables us to
calculate the values of the functions P,, P,, etc., given by
Egqns. (32a) and (32b); the limiting values of these functions
for [H]™ — 0 allow £, .1, fof,™%, etc., to be found (e.g.fof;™
can be obtained as the value of the limiting slope of P, and as
the limiting value of P,):

g1
D < T BT B (322)

— —1
Py= —P—lH—]’_L =fhfit 4+ BACHT 4 (32b)

). (1)

P =

By successive formation of the functions P;, P,, etc., for
different values of [HA] all the required values of f,f,”* can
be obtained.

According to Eqn. (28)
fo=o= ZK’M [HAY =Ko + K,0[HA] + g0 -[HAPH ... . (33)
0
By definitionk, o= 1[see Eqn.(19)]. The subsequent values

of k with x > 0 and y = 0 relate to complexes containing a
metal ion M+ and one or several uncharged reagent mole-

cules but no other ligands, i.e. anaddition complex M(HA);*.

On the assumption that the concentration of such complexes
can be neglected in comparison with that of free (hydrated)
metal ions (which is true in many cases), we find that f, =
=1[Eqn.(33)]. In such a case Eqn. (34) is valid, and en-
ables f, to be calculated for all concentrations of HA
studied:

A xKx,wx,N wap b (34)
0

Using the values of f,/,", f,£.”!, etc. obtained earlier
for corresponding values of [HA] and knowing that f, = 1,
it is easy to obtain the different values f,. For example,
the following expression is valid for f,:

ki d
=T = S AT 5)
X ° )

With the aid of £, and f;, values of ,, A, and k,, are
calculated, allowing the distribution constants A, to be
found for the various uncharged complexes.

f

If formation of complexes of the type M(HA)Y* cannot be
neglected, the calculation is greatly complicated and the
accuracy of the results diminished. An approach to a
solution of such a complicated expression has been sug-
gested by Rydberg 3.

It is much simpler to calculate the stability and distribu-
tion constants for complexes of the type MA~"*  the
general form of whose partition coefficient is given by

Eqn. (25). Infact, on introducing into (25) the auxiliary
constants ¢_ given by (36),
_IMA AT L e
O TV = Ky (36)

Eqn. (25) is readily converted to the form

n=N -1
g=">y (2 Py [AJ"'”) , (37)
n—0

which is convenient for the calculation of the constants
appearing in it. It is not difficult to show that the equation

Ay

9= 38
14q (A4 A2+ 0s[A]2+. .. 0y [A)N » (38)

which is identical with (37), can be transformed into an
equation for the function F,,

Fom—=(+nlAl fo (AM..q (™ 3%, (89
the calculation of which is quite simple. As can be seen
from (39)

lim F, =27, (40)
A0

and the limiting slope is numerically equal to ¢,/A,. By
setting up the succeeding functions F, in a manner analogous
to that used for f, and f,, all the @ values may be calculated
and with their aid all the «, values (and also the successive
formation constants) may be found.

The calculation of stability constants from distribution
data can also be carried out by utilising the concept of the
mean number of ligands 7 per atom of metal®?;

_ > 7 [MA) aq
n=%"L 41
M) to1a1 aq ( )

The fraction of the total concentration of metal occurring
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in complexes of the type MA "+
ber) is expressed by the equation

o IMA,)
p == ——
[M]¢otal aq

(z is an integral num-

(42)

As Rydberg showed*, the relationship between # and

logg is of the form

= dlogg

n=N + apA ' (43)
where pA is the logarithm of the reciprocal of the concen-
tration of free ligand [for the derivation of Eqn. (43) see
p.112]. By graphical differentiation of the distribution
curve logg = f(pA)* the curve for the formation of the com-
plex in solution, 7 = f(pA), is constructed by means of (43).
Each point on the curve thus obtained satisfies the follow-
ing equation, obtained by transformation of (41).

n@—Dr [Al+—2% [AP+...(— Ny [A]Y=0 . (44)

By choosing points on the curve # = f(pA) which are con-
venient for calculation and setting up a system of equations
of the type of (44), all the values of the constants x, can be
found. By means of the latter it is not difficult to obtain
¢,, and then also the successive formation constants &, for
the complexes in aqueous solution [see Eqn. (4)].

Apart from the above methods, the “two-parameter”
method suggested by Dyrssen and Sillén®? can be used to
calculate stability and distribution constants from the dis-
tribution curves. Their graphical method** is based
essentially on the assumption that the overall stability con-
stant «k, and the ratio of successive formation constants &,
may be represented by the following equations:

(45a)

Ky =102,

(45Db)

k
n_ _ 1020
n+1

3

where S is the maximum number of ligands which can add on
to the metal ion and ¢ and b are constants. Two asymp-
totes are drawn to the distribution curve logg = f(pA), their
slopes being equal to zero and to the charge on the metalion
respectively. The value of pA at the base of the perpen-
dicular dropped from the point of intersection of the asymp-
totes on to the pA axis and the distance between the distri-
bution curve and the point of intersection of the asymptotes
are used to calculate the parameters a and b by means of
appropriate formulae (depending on the valency of the metal
ions the factor a is to be multiplied by different whole num-
bers). Knowing the parameters a and b, it is easy to ob-
tain x,, k,, and k,. The distribution constant 1, for the
uncharged complex is numerically equal to the intercept on
the log g axis of the asymptote of zero slope. If the dis-
tribution curve after reaching a maximum value (plateau)
then exhibits a drop (formation of negatively charged com-
plexes), it is possible by means of the “two-parameter”
method to calculate, although with considerable error, the
formation constants of some or all of the complexes having
S > N (in the case of univalent ligands only). The two-
-parameter method, giving only rough values of the stabi-

* Graphical differentiation of the curve is conveniently
carried out by means of a special instrument designed by
Chmutov 55+ % . For methods of graphical differentiation see the
books cited in the next two references %,%.

** The reader is advised to consult ref. 52, pp.665-674
(Ed. of Translation).
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TABLE 1. Stability and distribution constants of acetyl~-

acetonates of certain actinides.

" fonlc
i:l‘ ?; ::r:': log &y log & log & log 2y :;T;?:?w:

i ase
CsHs 7.840.317.740.45} 6.3:+0,1 5.0 40.05| 2.504-0.05 | 0.0%

Tpe+ | CHCly 7.74£0.2| 7.2%0.45 | 5.9 0.1 |4.95%0.05| 2.5520.05 | 0.1
C,H,COCHs; 8.04015 4.3 +0.15( 1.5 0.4 0.1

(hexone)

CeH, 8.640,2/ 8.440.4 |6.440.3 [6.4 40.2 | 3.6240.05 | 0.1

Ut | CHCly 4.0 ¥0,2 | 0.4
C4Hy;COCHs 1.6 0.1 0.4

CeHs  [10.5411,00 9.2.450.5 | 8.44£05 |6.0 £0.4 | 2.540.2 | 0.1

Pus+ CHCly 2.6 £0.3 0.4
C.H,COCH; 1.4F01 | 01

lity constants (cases of systems in which ,/%, ., = const.
are very rare), may be employed when it is impossible to
obtain a sufficient quantity of experimental data, or if the
accuracy of such data is inadequate for the independent cal-
culation of the constants. A check of the two-parameter
method on systems for which results had been calculated
by other methods was carried out in several cases %,%5,52
and its suitability demonstrated for approximate calcula-
tions.

By means of the procedures described above, many sys-
tems which form internal complexes capable of extraction
by various organic solvents have been investigated. Rydberg
studied the formation of complexes by acetylacetone with
thorium using benzene %, chloroform*, and other sol-
vents 32,33, He studied also the formation of complexes by
uranium(IV),* plutonium* %, lanthanum, samarium, haf-
nium, and other elements5® with this reagent. In the
majority of cases mononuclear complexes of the type
MA {¥-»* , containing no organic solvent molecules in their
composition, were formed in the aqueous phagse. Eqn. (37)
is applicable to this type of complex. Calculations on such
systems were carried out mainly by T.eden's method, more
rarely by Bjerrum's method, and only in exceptional cases
by the Dyrssen—Sillen two-parameter method. It is note-
worthy that Rydberg was able to study the stability of com-
pounds of quadrivalent uranium, the ready oxidation of
whichto the sexivalent state has frequently hindered the
employment of other methods.

Values of the successive formation constants of the
acetylacetonato complexes of Th*t, U, and Pu* and the
distribution constants of the uncharged complexes Ay found
by Rydberg and his coworkers for various solvent systems
are given in Table 1.12

In the case of the acetylacetonato complexes of sexivalent
uranium the distribution of metal between the phases cannot
be represented by Eqn.(37). As Rydberg showed, com-
plexes of the general type M(HA),(H)_, are formed in this
case. By appropriate treatment of the distribution curves

* The distribution of Pu(IV) between an aqueous phase
and benzene has also been studied by Harvey %', but not with the
aim of determining the stability of the complexes formed.
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Rydberg was able to calculate the equilibrium constants of
the following reactions:

UO%* + OH~ 2 UO,OH* Koq =108 ,
UOG* + 20H™ 32 UG, (OH), Keq =103,
UOZ* +OH™ 4 A™ 2 UO,AOH Keq =10%8 >
UOF* + A~ 2 UOA* Keq =10°% ,
UOZ* + A~ + HA T UQ,AHA* Keq = 1087
UOZ* + 2472 U0A, Keq =10%1 »
UOZ* 4 2A™ 4 HA 22 UO,AHA Koq =103,
UOZ* + HA 2> UOHA* Keg <1,
U0+ 4 2HA 2 UQ, (HAR* Keq <10,
UOZ* + 3HA 7. UO, (HAR* Keoq <100,
(UOeA3) oq 2 (UOsAdlcyicy, Kpan =33,
(UOA,HA) aq - (UOzMHA)CHC;. Kpan = 22,

As was noted earlier (p.104 etc.), if the complexes
formed in the aqueous phase do not include any solvent in
their composition, their stability constants are independent,
within the limits of experimental error, of which solvent is
used in the investigation. This is fully confirmed in the
case of the acetylacetonatothorium complexes (see Table 1).

It is interesting to compare data obtained by the distri-
bution method with the results of a study of the stability of
the same complex compounds by other, e.g. potentiometric,
methods. Izatt, Fernelius, and their coworkers5°-%7
carried out a major investigation of the complexes of
acetylacetone and other g-diketones with various metals.
They determined in particular the formation constants of
the acetylacetonato complexes of thorium and uranium(VT)
in aqueous solution. Comparison of the data of Rydberg 33%
with those of I1zatt% shows that both methods — distribu-
tion and potentiometric — give very similar results. The
fourth formation constant of acetylacetonatothorium is an
exception. In Izatt's experiments this constant was cal-
culated from data obtained at quite high pH values, at which
the effect of hydrolysis of the metal ions is most evident.
Rydberg, using the data of Hietanen®® on the hydrolysis of
thorium ions, established that a considerably greater pro-
portion of the thorium ions were hydrolysed in Izatt's ex-
periments than in the distribution experiments* (the con-
centration of thorium ions in the aqueous phase after equili-
brium had been reached with the organic phase was about
105 times as great in Izatt's experiments as in Rydberg's).
Rydberg!? obtained a thermodynamic formation constant of
logk, = 5.1, which is more likely to be correct than Izatt's
value.

Izatt, Fernelius, and Block found the thermodynamic
formation constants of the acetylacetonatouranyl complexes
UO,A" and UO,A, to be 107-7 and 10°4 respectively. Apply-
ing the necessary corrections for the activity coefficients
in 0.1 M NaClO, solutions, Rydberg!? obtained values of
~107+! and ~ 1038 for the analogous constants (see above).
Thus, although the former value shows satisfactory agree-
ment with Izatt's data, a considerable difference is ob-
served with the latter constant. Such a divergence in the
results may be caused by insufficient variation of the acetyl-
acetone concentration by Izatt and his coworkers. This
would probably not allow him to detect other complexes
formed between UO,?’r and acetylacetonate ions (e.g.
UO,A HA, etc. — see above), and this would produce an
error in the determination of the constants.

* For the mechanism of the hydrolysis of quadrivalent
thorium, uranium, and other actinides, see e.g. refs. 69-72,

On the basis of the results of the study of the acetylacet-
one complexes of actinides by the distribution method*?
Rydberg concluded that the formation constants for quad-
rivalent Th, U, and Pu increase as the ionic radius de-
creases. He was not able to detect any direct relationship
between the distribution constants for the uncharged com-
plex in the organic and aqueous phases and the stability
constants of the complexes (or radii of the metal ions). Nor
did he observe any direct relationship between the distribu-
tion constant for thereagent HA and that for the correspond-
ing uncharged complex MA, with a given solvent. In
Rydberg's opinion this shows that some caution is neces-
sary in comparing distribution data with data on the sta-
bility of internal complexes. However, in investigations
of several reagents of one and the same class a definite
relationship is sometimes observed between the distribu-
tion constants of the reagent and of the complex compounds
formed by it 73",

Apart from the acetylacetone complexes, a number of
complex compounds of thenoyltrifluoroacetone, widely used
in practice for the separation, purification, and study of
various elements, were investigated™%2. Huffman et al. 82,
studying the possibility of separating zirconium and hafnium
by means of various fluorinated g-diketones, showed that in
2 M perchloric-acid solution the species containing Zr(IV)
and Hf(IV) are mainly monomers, the formation of which
can be represented by the equation:

M 4 4HA 2 MA, - 4HY,

The equilibrium constant for the extraction process at con-
stant hydrogen-ion concentration is represented by the
equation

logKeq =1logg —4log[HA] "(46)
where ¢ = [MA,],,,/Z[M], and [HA] is the activity of the
p-diketone in the organic phase.

They established that the logg = f(log [HA]) curves for
different solvents have the same slope, equal to 4, and that
when complexes are formed between isovaleroyltrifluoro-
acetone and Zr or Hf the distribution constants of the cor-
responding compounds in the n-hexane—H,0 system are
higher than those for the benzene—H,O system, whereas
the converse holds for the reagent itself. An equation
analogous to (46) was obtained by Keenan and Suttle™ in a
study of complex formation between praseodymium and
thenoyltrifluoroacetone. They plotted the graph of logg =
= f(pH) and calculated its slope by the method of least
squares, obtaining values of 2.96 and 2.93 for different re-
agent concentrations (the composition of the complex is
thus PrA,). The preparation of complex compounds of
2-furoyltrifluoroacetone, benzoylacetone, and dibenzoyl-
methane with thorium, uranium(IV), samarium, and other
elements, has been described® %, but, as far as we know,
their physicochemical characteristics have so far been
little studied.

A large amount of work using the above methods has
also been carried out on the formation of complexes be-
tween actinides and organic reagents important in analytical
chemistry. Thus Dyrssen investigated complex formation
between therium, lanthanum, yttrium, and uranium and
tropolone ®, cupferron*?, 1-nitroso-2-naphthol and 2-
-nitroso-1-naphthol ®8, and 5,7-dihalogenated derivatives of
hydroxyquinoline®®. In addition, a study was made of the
stability of compounds of samarium, lanthanum, hafnium,
strontium, and other elements with several of these re-
agents -2, HOk-Bernstrom.and Dyrssen investigated the
formation of complexes of thorium, uranium(VI), and in
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TABLE 2. Composition of complex compounds of certain

actinides established by the distribution method.

System Type of complex
. Ref
aqueous organic
M HA Ore phase phase

acetylaceton CeH (h—n)+

The+ e S CL } MAY MAy B

Thét " hexone MA,(Org)s MAN 33
CeH, MA,(OH

wvI) " ciiCh } (0o MAyHA), | =

hexone MA_(HA),

U " CeHe MAU—T MA, 45
U | solicylic hexone | MALOH), | MAyHA), | w
The+ " M MAU-—m+ MAy(HA), 93

methoxybenz-
UVD | ethony " MAL(OH), MA, "
The+ " " (—m+ 93
CHCl3 } MA, MAy

certain cases tervalent lanthanum with salicylic, methoxy-
benzoic, cinnamic, N-phenylbenzohydroxamic, and other
benzene carboxylic acids®-®7. Table 2 shows the results
of a study of the composition of some of these complex
compounds in various solvent systems.

On the basis of the results obtained Dyrssen discussed
the influence of the structure of the organic reagent on the
stability of its complex compounds with metals ®®; he also
worked out methods for separating and determining certain
elements *°,

The values of the successive stability constants of com-
plex compounds make it possible to calculate the percentage
distribution of the metal between complexes of differing
composition and the mole fractions of the latter as functions
of the concentration of free ligand (see p.106). Curves of
this type are given in a number of papers %7,

As can be seen from the above account, with any method
of treating the experimental results it is necessary to know
the functional dependence of the partition coefficient of the
metal on the concentration of free ligand. Calculation of
the latter is impossible without a preliminary detailed in-
vestigation of the reagent under the given experimental
conditions. If the concentrations of metal ions and ligand
are similar, it is necessary to take into account the de-
crease in concentration of the ligand due to complex for-
mation. This always complicates the calculations, and
therefore it is much more convenient to work with sufficient
excess of reagent to make this decrease negligible. This
is quite possible when radioactive isotopes are used. The
distribution of metal between the phases can then be mea-
sured at extremely low concentrations of metal ions, which
allows not only the amount of ligand combined in the com-
plexes to be neglected but also the range of experimental
concentrations to be considerably widened with far less risk
of polymerisation or of exceeding the solubility products of
the compounds under investigation.

The preliminary investigation of the reagent consists in
effect in the determination of its dissociation constants (for
acid dissociation in the overwhelming majority of cases)
and the distribution constants between the aqueous phase
and a few — at least two — organic solvents at a given
ionic strength and temperature. The dissociation constant
of the reagent can be determined spectrophotometrically,
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potentiometrically, by a two-phase titration method,
etc.10-1®  The distribution constants of the reagent in
several two-phase systems (organic solvents which are
subsequently to be used in the study of complex formation
are chosen) are determined at various concentrations of the
reagent inthe organic —solvent layer, covering a sufficiently
wide range. If the distribution constant is practically con-
stant for different concentrations of the reagent, it may be
accepted that the reagent does not undergo molecular asso-
ciation in the organic layer, or in other words that the
molecular weight of the reagent is the same in the two
phases*. Possible association of the reagent molecules in
the organic phase may also be detected spectrophoto-
metrically 112,113, In the absence of any polymerisation of
the reagent in either phase, the concentration of free ligand
in an aqueous solution of a definite low and constant ionic
strength is calculated from the equation

PA = pK diss pia + log [H ] — log [HA)org +
+ log (Kpart a1 + Kgiss nalH 1Y) ,

where pA = -log[A], pK sesuais the logarithm of the recip-
rocal of the dissociation constant and K panua is the dis-
tribution constant of the reagent, both at given ionic strength
and temperature, [HA]‘{,,g is the concentration of the reagent
in the original solution (in the organic solvent used), and
[H] is the hydrogen-ion concentration under equilibrium con-
ditions. If the phases have different volumes, appropriate
correction factors are introduced into Eqn. (47). When such
solvents as CgHg, CHCl;, and certain others are used, the
changes in volume undergone by the phases on prolonged
shaking are insignificant and can be neglected 344,

(47

In certain cases the phenomenon of keto—enol tauto-
merism must be taken into account in calculating the con-
centration of the ligand in the aqueous phase. It is known,
for example, that g-diketones exist in aqueous solution in
two forms, the keto form and the enol form. The latter
dissociates, splitting off a hydrogen ion and forming an
anion which can add on to various metal ions to form inter-
nal complexes. Many workers have investigated the keto—
—enol tautomerism of g-diketones**¢-*17, Rydberg!® de-
termined the keto—enol tautomerism constant for acetyl-
acetone and the distribution constants of its keto and enol
forms in the benzene —water system. (The distribution
constant for acetylacetone between benzene and water
according to Rydberg is 5.95 + 0.05 over the pH range 1-17.)
The acid dissociation constant of acetylacetone and other
B-diketones determined in the usual way [Eqn. (1)] will con-
tain a certain error if the concentration of the enol form is
taken as equal to the total concentration of the reagent.
Frequently, however, this error is insignificant. As
Calvin and Wilson!® remark: “The Ky,, 2s written here
(seep.101) represents a characteristic of the acid strength
of the enol form as such. This, however, is not quite the
constant which we have measured and called K;,,. The
measured value represents the apparent dissociation con-
stant and includes the constant for the keto—enol tauto-
merism in the following manner:

Kenol = Kuappee (1 + K3),

where K, = [keto]/[enol]. It is clear that for aromatic
compounds K, = 0, 80 that Koo & Keppar = Ky,,-  FOr the
aliphatic compounds, however, K, will have an appreciable

* For methods of studying association equilibria of organic
molecules in organic solvents by the distribution method see e.g.
refs. 110 and 111,
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value, thus making K., for these compounds a lower limit
for the acidity of the enol”. The correction for K, will
hardly affect the results in the case of acetylacetone and
similar reagents, and therefore many authors in their cal-
culations employ values of the dissociation constants of
p-diketones without any correction for K,. The acid dis-
sociation constant of acetylacetone was also determined by
Eidinoff 1*®, and the distribution of the reagent between
CHC]; and aqueous solutions of perchloric acid was studied
by Salvinien!?°, The latter found the distribution constant
of acetylacetone in the system to fall from 23.7 to 10.2 with
increase in the HC1O, concentration from 0 to 1.94M. 1In
the water —CCl, system the distribution constant diminishes
from 3.3 to 1.4. Ingeneral, theresults obtained by Salvinien
are in satisfactory agreement with Rydberg's data'®,

The distribution method has been successfully used to in-
vestigate hydrolysis and polymerisation reactions occurring
in aqueous solutions of metal ions. Here we should first
consider, perhaps, the study of the chemistry of aqueous
solutions of zirconium. The great difficulties caused by
the extreme readiness with which this element is hydro-
lysed make it understandable why, until very recently,
nothing definite was known about the state of Zr(IV) in
aqueous solution. The earlier results indicated the for-
mation of polynuclear complexes!?, but the composition of
the latter could not be regarded as reliably established. In
recent years Connick, Reas, and other authors?1-128 have
carried out a series of investigations with the aim of
establishing the composition and in some cases the stability
of the zirconium-containing complexes formed in solutions
of perchloric and other acids. The nature of this element
compelled these workers to pay more attention to com-
plexes of mixed type MA,(OH), than had hitherto been done
by other investigators!®!¢, By studying the distribution of
Zr(IV) between aqueous perchloric acid and benzene in the
presence of thenoyltrifluoroacetone, Connick, Zielen, and
others attempted to establish the composition of the com-
plex compounds extracted and of the zirconium-containing
species present in the aqueous phase, and also to determine
the characteristics of the process of complex formation by
Zr(IV) with the majority of the most frequently encountered
anions. The usual methods of investigating the composi-
tion of complexes in solution (potentiometric, spectrophoto-
metric, solubility measurement, freezing-point determina-
tion, etc.)would not, in the view of the above authors, yield
reliable results owing to the great tendency of Zr(IV) to
hydrolysis even in very acid solutions. They therefore
chose a method based on the distribution equilibria of zir-
conium between the aqueous phase to be investigated and an
organic solvent containing the complex-forming reagent.

In the aqueous phase zirconium forms complexes with
thenoyltrifluoroacetone to an insignificant extent, but the
internal complex formed dissolves readily in the organic
solvent (benzene, chloroform, etc.) and is in equilibrium
with all the species in the aqueous phase. Thus any change
in the complex formation in the aqueous solution should be
quantitatively reflected in the passage of metal into the
organic —solvent layer. Connick and McVey'#, with the
aim of establishing the composition of the complex which is
extracted, studied first of all the variation of the partition
coefficient of the metal with thenoyltrifluoroacetone con-
centration for a constant hydrogen-ion concentration in the
aqueous phase. Using a solvent of low dielectric constant
(benzene) and assuming that only neutral, uncharged par-
ticles pass into the organic solvent layer (similarly as was
done later by Rydberg®~%® and other Scandinavian investi-
gators) Connick and his coworkers examined the process

represented by the equation

Zr (OH)uAR™""™* 4 (p— m)HA 2 Zr (OH)s_pA, + (4— m — m)H* -+ (48)
+(n+ p—4)H,0,
the equilibrium constant of which is
[Zr (OH),_,A,) [H*]*~ ™" [H0]" P4
[Zr (OH), A=+ ] [HA)P~™ )

Keq m.n,p — (49)
(A represents the thenoyltrifluoroacetonate ion.) By means
of (49) and certain transformations we can obtain an equa-
tionrelating the partition coefficient to the reagent concen-
tration and other parameters of the system*:

dlng
dln[HA]

— 4fo— 3fy — 2fs — fs + 4fo + 311 + 2fs + f5 » (50)

where f, is the fraction of the total metal concentration in
complexes with a definite number of ligands (thenoyltri-
fluoroacetonate or hydroxyl ions). By measuring the slope
of the curve for loggq plotted against log [HA] it is possible to
obtain the number of ligands combined with Zr(IV) in the ex-
tracted complex and in all the complexes in the aqueous
phase. By means of the distribution method Connick and
other investigators have obtained the degree of polymerisa-
tion as a function of the variables of the system (concentration
of metal ions, acidity of solution, etc.), and have calculated
the equilibrium constants of the successive polymerisation
processes. The results obtained for analogous systems by
other methods (spectrophotometric, chromatographic,
etc.)12°-1%2 gre fundamentally in agreement with those ob-
tained by the distribution method. Certain divergencies
(e.g. in the degree of polymerisation or the existence of the
unhydrolysed ion Zr*") are perhaps due to different ex-
perimental conditions (ionic strength of the solution, dif-
ference in properties of the individual mineral acids, etc.).

The work of Connick and his coworkers has established
the possibility of using the distribution method to determine
the composition and stability of complexes which are not
extracted by solvents of low dielectric constant. This is
done by adding a secondary ligand (HSO;, F~, and certain
other anions) to a two-phase system containing water,
organic solvent, metal ions, and an organic reagent giving
on dissociation the primary ligands which form a complex
readily extracted by the organic solvent used. The re-
lationship found between the partition coefficient of the
metal and the concentration of the secondary ligand gives an
indication of the composition of the complexes inthe aqueous
solution, and in certain cases makes possible a quantitative
treatment of the complex formation between the metal ions
and the secondary ligand. This procedure (introduction of
a secondary ligand) substantially widens the possibilities of
the distribution method and suggests that it will prove very
effective in many cases for the investigation of other sys-
tems, including both extractable and non-extractable com-
plex compounds. This method has been used to study the
formation of complexes by Th(IV) with iodate ions!%, the
anions of various monobasic acids (HCl, HF, HNO;, HC10,,
HBrO;, CICH,COOH, and HCOOH), and other ligands!34-136,
Day and Stoughton '3 thus demonstrated the existence in the
aqueous phase of mixed complexes of the type Th(NO,)F2*

*  The reader is advised to consult ref. 124, p. 3184
(Ed. of Translation).
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and Th(NO,)F;, and calculated the equilibrium constants
for the following reactions (ionic strength I = 0.5):

Th'*t 4 HF 2 ThF3+ + H* Keq =430

Thé+ 4 2HF 2> ThFZ* 4 2H+ Keq =3.1.10"
Thtt 4 107 2. Th @O+ Keq =76-100
Th** 4 2105 2 Th (105)2* Keq

Th* + 3107 2 Th (109)]

=62.104
Keq =14-107

Th** 4 BrO; = Th(BrOg)** Keq =64 >

Th** + 2BrO; 3 Th( BrOg)2+ Keq =82

Th** 4 CIO3 = Th (CIOs*+ Keq =184 ,

Th4* + NOy == Th (NOs)*+ Keq =4.73 s

Th** + CI™ = ThCI3+ Koq =176 >
Th* + CICH,COOH 22 Th (CICH,CO0)3* 4 H* Keq =1.33 s
Th** 4 Cl,CHCOOH 7. Th (Cl,CHCOO)®+ 4+ Ht Keq =574 ,
Thi* + 2CL,CHCOOH == Th (CLCHCOO);* + 2HY  Koq =127 s
Th** 4 CCI,COOH 7. Th (CCI,COO)%+ + HY Keq =823 g
Th* -+ 2CCCOO0H 3 Th (CCLLCOO)2+ + 2H* Keq =267.

Rossotti and Rossotti!®” investigated the hydrolysis of
In**. They established the existence of the hydroxo com-
plexes In(OH)* and In(OH)}, and calculated their formation
constants. Their results are in good agreement with the
potentiometric data of Biedermann for an analogous sys-
tem* 138,

Allen® gtudied the sulphate complexes of UO2* by the
above method of introducing a secondary ligand, and Betts
and Leigh'*? used the same method to study complex for-
mation between U(IV) and HSO;. The latter detected the
complexes U(SO,)?* and U(SO,),, with formation constants
of 338 and 0.74 respectively**.

Connick, Reas, and their coworkers investigated only
zirconium compounds. The theory of the distribution
method has been more widely developed in recent years by
a group of English investigators led by Irving. In a series
of papers Irving, Williams, Rossotti, and others have con-
gidered the general form of the distribution law for a metal
distributed between organic and aqueous phases, and have
described the application of their results to the investigation
of a number of systems%7,1%4-153,  Irving and his collabo-
rators have considered the case of non-ideal systems and
their proposed methods for interpreting the results are
therefore somewhat more general than those described by
Rydberg and others. The main theoretical arguments of
Irving and his coworkers are briefly examined below.

Irving has considered both ideal and non-ideal systems.
By the former are understood systems in which wide varia-
tion in the experimental conditions produces no changes in
the properties of either solvent, and in which the degree of
solvation (by water or organic solvent molecules) of any
species remains unchanged in either phase. In other words,
in ideal systems the average numbers of water and organic
solvent molecules associated with each species are con-
stant, as are also the stability constants and partition co-
efficients. In non-ideal systems a change in one or more
variables (concentrations of hydrogen ions, metal ions, re-
agent, and ligand) produces changes in the composition of

* For the hydrolysis of In®* in aqueous solution see also
refs.139, 140, etc.
** For complex formation between U(VI) and SO¢~ see,
for example, ref. 143.
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both phases (the mutual miscibility of the solvents changes),
and consequently the partition coefficients, stability “con-
stants”, etc., are no longer constant.

Irving 1% divides all the types of extracted compounds
into the following four main classes: (1) covalent compounds
of the type of SO,, Cl,, 0sO,, etc.; (2) internal complexes
of metals with organic reagents (dithizone, acetylacetone,
dimethylglyoxime, etc.); (3) mineral acids and their salts
and acido complexes (e.g. HFeCl,, etc.); and (4) certain
salts containing bulky anions or cations (e.g. the compound
of Fe(Il) tri-1,10-phenanthrolinate with alkylsulphonates or
alkyl sulphates, etc.) 154,1%5, Extraction of compounds of
the first type is readily explained on the basis of Nernst's
theory®. The interpretation of the extraction results for
compounds of the fourth type is basically similar to thatfor
internal complexes. The greatest differences in behaviour
on partition in two-phase systems are observed with com-
pounds of the second and third types, namely, internalcom-
plexes and complexes with inorganic ligands.

In the case of internal complexes a quite stable unsol-
vated monomeric complex MA , is formed at such a low con-
centration of the ligand A” that the properties of the aqueous
phase as a solvent remain practically unchanged. Internal
complexes which are very sparingly soluble in water are at
the same time, as a rule, readily soluble in non-polar
organic solvents (benzene, chloroform, carbon tetrachlor-
ide, etc.). The organic reagent HA, the anion of which is
a ligand in MA,, also dissolves well in the same organic
solvents. Addition of foreign ions to the aqueous phase and
the resulting change in composition do not affect the com-
position of the (usually neutral) species which is extracted,
and the absence of hydration in the extracted complexes
eliminates the possibility of any change in the composition
of the organic phase. Thus the mutual miscibility of two
phases is practically unchanged even when the concentra-
tion of HA and A" is varied over a wide range in order to
obtain partition coefficients which are more convenient to
measure. In such a case the stability constants of the
complexes in the aqueous solution, and also the distribution
constants of the extracted species, will be constant pro-
vided that the ionic strength of the aqueous phase is kept
constant, and their values can be obtained by carrying out
a sufficiently large number of experiments. In other
words, the system is “ideal”, and when different solvents
are employed the logq = f(pA) curves will be parallel to
one another (see p.104). Parallel curves will not be ob-
tained if the solvation in the different organic solvents is
different.

In the extraction of compounds of the third type, strongly
hydrated species may pass into the organic layer, causing
considerable changes in composition of both phases. Be-
sides, two or more complex species may be extracted to-
gether instead of one extracted with compounds of the
second class. Such a marked change in composition of the
phases may lead to a change in the values of the stability
and distribution constants, or may cause the system to
diverge from ideal behaviour. In certain cases this may
be avoided by appropriate choice of organic solvent or of
the other components of the system 1,47, The main-
tenance of a constant ionic strength in the organic phase
would considerably diminish such complications, but up
to now control of the ionic strength in an organic solvent
has hardly been possible in the study of the distribution of
acido complexes and inorganic salts in two-phase systems.
The extraction of anuncharged internal complex takes place
at an insignificant total concentration, and therefore cannot
produce any appreciable change in the activity coefficients
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in either phase. Addition of a neutral salt to the aqueous
solution to keep the ionic strength constant during extrac-
tion of compounds of the third type can markedly change the
behaviour of the system, and this also distinguishes sys-
tems of the third and second types from one another. Apart
from this the partition coefficient for the extraction of in-
ternal complexes is frequently independent of the concentra-
tion of metal ions (over a certain range of concentrations),
but in the case of acido complexes it may increase, de-
crease, or remain constant depending on the nature of the
extracted species.

The above complications occurring in the extraction of
inorganic salts and acido complexes were taken into account
by Irving and his coworkers in working out a general method
for interpreting distribution data. Their analysis of com-
plex formation using extraction techniques was based on a
combination of Bjerrum's concept of a stepwise mechanism
of complex formation!®® and Nernst's distribution law®.
Irving first considered the equilibria between simple ions
and all the complex species in a system containing two
immiscible solvents. Such equilibria are quantitatively
described by the successive formation constants which de-
termine the relative concentrations of various complexes
in aqueous solutions, and a series of distribution constants
for such complexes in the two-phase system under examina-
tion. Irving etal. did not consider the possibility of a step-
wise equilibrium between the extracted complexes in the
organic phase, since it is not possible to establish from
distribution data whether a particular complex found in the
organic layer has migrated from the aqueous phase or
whether it has been formed in the organic phase from com-
ponents in distribution equilibrium with similar components
in the aqueous solution.

Assuming that, in the aqueous phase saturated with
organic solvent (Org) and containing metal ions M, hydro-
gen ions H', and ligandA~, the concentration of the acid
and the anion A is such that hydrolysis of any cation can
be neglected, all the complexes of type MA,, acido com-
plexes H MA,, polynuclear molecules M;A;, H,M;A,,, etc.,
in equilibrium with one another can be represented as a
complex of the general type (IV):

HhMmAn (Hio)p (Org)s

The concentration of type IV complexes is determined by
their stability constants «:

[HuM,, A, (Hs0), (Org)}
(H]* [M]™ [A]" {H;0F [Org]*

and the distribution in the two-phase system by the dis-
tribution constant:

(51)

nmaps =

[HM A, (qu)p (Org),] org
[HM,, A, (H0) p (Org),] aq

Yh.m.n,p,s = (52)
The partition coefficient of the metal between the phases,
numerically equal to the ratio of the total concentrations of
all forms of metal-containing complexes in the organic and
in the aqueous phases, can be represented as follows:
_ ZmHMaA, H:0), Org)lorg _
S M (20, O 1 (53)

Dthmnps hmmps ™ HIT M7 (AP [HO)° [Orgl®
3 Knmnps ™ [HP (M) [A]" [H,0)° [Orgl*

Eqn. (53) differs from (20) in that its numerator contains
the distribution constants of all the species distributed be-
tween the phases instead of the distribution constant of the
uncharged complex A ,,.v: in Egn.(20). The mean com-
position of the complexes in the organic and aqueous phases

may not be the same. Using the concept of a mean number
E of metal atoms per complex molecule in the organic
phase and the corresponding mean € in the aqueous solution,
and applying similar concepts to the mean numbers of
hydrogen ions, ligand ions, water molecules, and organic
solvent molecules per atom of metal, Irving put forward an
expression for ¢ in the form

SEBIHIEAME [AI1EN EP {ES

g = —SEBUTMIT (AT (HOF” [Oref®S (53a)
ax [H® [M}* [A]** [H,0]7 [Org]* ®

where H and 7 are the mean numbers of hydrogen ions, N
and # are the mean numbers of ligands, P and p are the
mean numbers of water molecules, and S and s are the
mean numbers of organic solvent molecules, per atom of
metal in the averaged complex molecule in organic and
aqueous phases: correspondingly & and B are the distribu-
tion and stability constants of the averaged complex mole-
cule in the organic phase, and ¥ is the stability constant of
the averaged complex molecule in the aqueous phase. On
taking logarithms, (53a) readily yields the expression

logq = log (@) +1og (_—ET) +(EF — 3Ry log (H] + (E —) log [M] +
- ‘i L (53b)
+ (BN — &) log [A] -+ (EP — &) log [H,01 + (ES — & log [Ore]

In ideal systems the stability constants of the averaged
complexes in the organic and the aqueous phases, B and &,
the distribution constant of the averaged complex in the
organic phase 8, and also the indices P, p, S, and § are
constant. With constant ionic strength in the aqueous
phase, the mutual solubility of the solvents is constant, and
expression (53b) may be written in the form

logg="+ log(f:) + (EH —¢eh) log [H] +

+(E—)log M} + (EN — &) log [A], (54)

where ¥ is a constant independent of [M], [H], and [A].
With the help of Eqn. (54) it is possible to draw definite
conclusions as to the composition of the various complexes
existing in the organic and aqueous phases, and it is also
possible, if a sufficient number of measurements are made, .
to calculate the values of the constants which it contains.

To find the mean number of metal atoms per averaged
complex molecule, the so-called“polymerisationfactor” %,
Eqn. (54) is differentiated with respect to the concentration
of metal ions at constant concentrations of ligand and
hydrogen ions. It is easy to show that

( dlogqf)
9log[M]/Hy,[a]
Thus if the value of the partial derivative (55) is found
to be zero, the degree of polymerisation of the metal-con-

taining complexes is the same in each phase. In the
limiting case, when the concentration [M] tends to zero,
the values of E and € tend to unity: i.e. at very low con-
centrations of metal ions only mononuclear complexes are
formed in organic and aqueous phases. This has been
established for the majority of metals, the only possible
exception being elements that are extremely readily hydro-
lysed. It is also obvious that, if (3 logq/d log [M]) uy.1a >
> 0, the degree of polymerisation in the organic phase is
higher than in the aqueous phase, and conversely if the
value of this derivative is less than zero. By means of
Eqn. (55) it is possible to obtain information as to the rela-
tive polymerisation of the complexes in each of the phases,

=E—9) (55)
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but, as noted above, it is impossible to judge the nature of
the species undergoing such polymerisation in the organic
phase. Relationships of the type (55) were investigated in
particular by Connick and Reas in their work on the poly-
merisation of zirconium in aqueous solution!?. All the
cases covered by Eqn. (55) have been described in the
literature. Thus the condition E = € is achieved in prac-
tice in the extraction of internal complexes® ~3%  and cases
of association of the extracted molecules in the organic
phase have been established in a study of the extraction of
halide complexes of iron, gold, and other elements 57,158,
The formation of dimers in the aqueous phase (¢ > E) has
been observed by Irving and Rossetti in the extraction of
In®** from hydrobromic acid solutions 47,

The difference in the mean number of ligands associated
with each complex-forming metal atom in the averaged
complexes in each phase is indicated by the value of the
partial derivative of the partition coefficient with respect
to the ligand concentration for [M] = const. and [H] = const.:

=EN—%n

dlogq

(BlogIA])(m(M} (56)
What has been said about Eqn. (55) is applicable also to

(56). The value of the derivative obtained indicates either
the same or different mean numbers of ligands in each
averaged complex in organic and 1 aqueous phases. If mono-
nuclear complexes are formed, E = € = 1, and Eqn. (56)
may be written in the form:

(m —N—n . (57)

dlog [A] ) [H],[M]

If it is established that a single neutral complex is trans-
ferred to the organic solvent layer (such a case usually
occurs in the extraction of internal complexes by non-polar
solvents), Eqn. (57) can be used to find all the stability con-
stants of the complex compounds formed in the aqueous
phase. A similar equation was deduced by Rydberg for the
particular case of the distribution of acetylacetonato com-
plexes of thorium between benzene and an aqueous phase .
The formation of compounds ThA {~"* was established in
the latter system, the extracted complex having N = 4 (p. 106).
In this way the following equation was obtained:

dloggq =__6logq=4__;;a
ol 1 apA
o (37 (58)
- . dlogg
=4
AT oA

The method of finding the successive stability constants by

means of Eqn. (58) has already been indicated briefly (p. 1086).

The relative degree of association of hydrogen ions with
metal-containing molecules in each of the phases can be de-
termined by differentiating Eqn. (54) with respect to the
hydrogen-ion concentration for constant concentrations of
the metal ions and ligand:

( dlogq (59)

0 log [H])uvu. o (EH —<h),

If MA, molecules, which are not acido complexes, pass
into the organic layer, the value of the derivative (59) is
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equal to zero for the case of mononuclear complexes, pro-
vided that no acido complexes are formed in aqueous solu-
tion, i.e. h = 0. A possible value of this derivative indi-

cates the extraction of acido complexes. If

dloggq )

(0 log [H] )[Ml. Al <0,
the species which had lost hydrogen ions pass into the
organic solvent layer, and acido complexes are present in
the aqueous solution, their distribution constants being ex-
tremely small or zero. In the extraction of internal com-
plexes whose ligands are anions of weak acids HA, mono-
nuclear complexes MA, are generally formed in the aqueous
phase, for whichE =€=1andHF =% = 0. By using well
known equations for the dissociation and distribution con-
stants of HA in the given system and substituting the ex-
pression for [A] in Eqn. (54) it is possible to obtain

logg =¥ + (N — 1) (10g [HAJorg + PH —10g K gigg 2 K papy ta).  (60)
Thus from the slope of the log g = f(pH) curves for
[HA] . = const. or the logg = f([HA]wg) curves for pH =
= const. the value of N = n can be obtained. In the limiting

case equations are obtained which had been deduced earlier
by Kolthoff !° and Irving!*:

log g = ¥’ + N (log [HAJorg + pH), (61)

where the constant ¥' combines ¥ of Eqn. (60) with the re-
maining constants. As can be seen from Eqn. (61), the
slope of the curve logq = f(pH) for [HA],,, = const. is in the
limiting case the value of N, i.e. the mean number of ligands
associated with a metal atom In the case of mononuclear
complexes N defines the composition of the extracted com-
plex (H =% = 0). In certain systems this method was suc-
cessful in establishing the composition of the extracted
molecules 78,%,124,159 Gometimes, owing to a number of
causes (different ratios of stability and distribution con-
stants 144) the value of N - # is obtained instead?#,% ~48,81,
Particular cases of the determination of the composition of
complex compounds in this way will be noted below. In
certain cases it is necessary, in order to establish the
composition of the complex species in each of the phases,
to consider not one derivative but two in combination with
supplementary information obtained by an independent
method. If the acid HA is very strong (mineral acids such
as HCl, HBr, etc.) and if the H* and A™ ions in the agqueous
solution result solely from its dissociation, and provided
that [M] « [HA],, , thenthe concentrations canbe equated:
[H] = [A] = [HA],oua1 . Substituting these values in Eqn. (54)
and differentiating yields the following equation for mono-
nuclear complexes:

( dloggq =E( + )

—1 nn)—(H — 62
o) " D =(F—RH+F—r , (62)

The value of the derivative (62) in combination with such
derivatives as

()
and alog [AT / g, gy

( dlogq
0log [H] /), (a)

can give valuable information about the composition of the
extracted complexes. For example, if the complex MA,
passes into the organic phase, the values of the derivatives

and (___a log 4

( dlogq \) )
3 log (HAlgeal /(v dlog [A] /. (e
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are (3 - 7). At the same time if the organic phase con-
tains an acido complex HMA, which dissociates strongly in
aqueous solution into H' and MA;, the values of these de-
rivatives will no longer be (3 - ), but (5 - %) and (4 - %)
respectively, since for this case H =1, 7 =0, and N = 4.
If the acido complex is appreciably associated in the
aqueous phase, or even if it dissociates appreciably in the
organic phase, the position is greatly complicated and may
require independent determinations of # or measurements
of the electrical conductivity of the organic layer 1,

If it is established that a complex of type MA, is ex-
tracted, it is easy to find its concentration in the aqueous
phase when the extent of its formation, the total concentra-
:{i:n of metal, and the concentration of free ligand [A] are

own:

MAL

_ Ry[A]"
[M]mnl ’

Dxa A

In such a case the partition coeffoicient of the metal is ex-
pressed by the equation

(63)

g= [MAn]org e In-Xa-[A]? )

2 Mg Stk (AR

L

Ananalogous equation was obtained by Rydberg (see p.104)
and other investigators for the extraction of many internal
complexes (e.g. for the distribution of thorium in two-phase
systems in the presence of acetylacetone, oxine, cupferron,
etc.). Eqn. (64) establishes a general relation between the
partition coefficient of a metal, the distribution constant of
the extracted mononuclear complex, and the stability con-
stants of the various complexes in the aqueous phase.

If the acido complex HMA , is involved in the distribu-
tion in addition to the complex MA,, a new term will be
introduced into the equation relating the partition coeffi-
cient to the parameters of the system:

(64)

q =0QnYn + %n+1* Yacido K;ddn [H]7 (65)

where Yaciq4o is the distribution constant of HMA,,,, and
K'ido= [HMA .., ]/[H][MA..,] is its dissociation constant.
The concentration of HMA _, in the organic phase is ob-
viously yuidox;cido[H][MA,‘Hj. If several complexes are in-
volved in the distribution, the equation can be given in the
general form

q= 2 %Yi T %n+1Yacido K;cido [H] . (66)
0

If a sufficient number of experiments are carried out,
Eqns. (64)—(66) can be used to calculate all the constants
(distribution, stability, etc.) occurring in them. On the
other hand, if the values of the stability and distribution
constants are known, the proportion of each complex can be
calculated as a function of the concentration of the free
ligand [A]. More complicated equations are obtained if
alkali-metal salts of acids of the type HMA ;, take part in
the distribution!#, but by appropriate modification of ex-
pressions similar to (65) and (66) formulae convenient for
calculation can be obtained. In order to simplify equations
of this type, it should be noted which of the complexes pre-
dominates in one of the phases, and whether its concentra-
tion in the other phase can be neglected.

A large number of complex compounds of metal ions with
inorganic ligands have been investigated by the above pro-
cedures. Halide complexes have been studied in consider-
able detail, and among them perhaps the greatest attention
has been devoted to the halide complexes of tervalent iron.
The extraction of Fe(IlI) from chloride solutions by means

of ether has been known for very many years!6°7164 hyt the
composition of the compounds formed in the aqueous phase,
or distributed between the phases, let alone the stability of
such compounds, remained unknown for a long time. It
was noted that the partition coefficient depended on the com-
ponents of the system 65,168 and subsequently many investi-
gators, using various methods, studied the formation of com-
plexes between Fe(Ill) and chloride ions, the composition of
the extracted compound and of the camplexes formed in the
aqueous phage1%,157,188,167-176 Byt when the results of all
this work are collated, it is hardly possible to regard the
problem of the composition or stability of these complexes
as finally solved.

Other halide complexes which have been studied include
chloride complexes of gallium !74,179-181  manganese 10,
arsenic 182-184’ thallium 152,174,185, a_nd indium 150-152,186,187,
bromide and iodide complexes of thallium %2, gallium 52,
indium1%°-1%2 and other elements'®. In some cases the
data obtained by the distribution method can be compared
with the results of other methods of physicochemical ana-
lysis (e.g. chromatographic ®® or conductimetric %),

Irving and his collaborators!#-152 made a detailed study
of the processes of complex formation in the systems In®* -
—hydrogen halide —organic solvent—aqueous phase. By
using equations deduced previously'#, representing in a
general form the extraction of complexes of this type, they
were able to show that only the mononuclear complexes*
InBr?*, InBr}, InBr,, HInBr,, and InBr; and free (hydrated)
In** ions are formed at a concentration of In®* < 1075 M in
the aqueous phase in the presence of Br~ ions. At higher
In®** concentrations the formation of polynuclear complexes
becomes possible. Irving and Rossotti found that, with
trace concentrations of In®" and the condition 1.0 M >
> [Br7] < 0.2 M (pH > 3), every In®" ion is combined on
an average with 1.6 Br~ ions, but does not add on H' or
OH-. From solutions of low H' concentration (~1073M)
InBrg and MInBr, (M = alkali metal) pass into the organic
solvent layer. At higher acidities ((H*] > 0.1 M) the acido
complex HInBr, is preferentially extracted, and to a lesser
extent InBr,. Investigation of the extraction of In** from
aqueous HBr solutions by isobutyl methyl ketone and diethyl
ether, with [In®**] > 1078, showed the presence in the aqueous
phase of polymeric (associated) molecules containing In3*.
The value of the derivative —1 < (31logq/a log[In])yp, < 0
[see Eqn.55)] indicates that mono- and dinuclear complexes
exist in the aqueous phase and also that the monomeric form
alone passes into the organic layer. Irving and Rossotti
concluded from their results that the dimer In,Bry (In,Br;
in the presence of KNO,) predominates inthe aqueous phase,
and not hydroxylated dimers.

Recently Horrocks and Voigt!® attempted to establish
the composition of the complex compound extracted by ether
from chloride solutions of TICl,. They showed that the par-
tition coefficient of T1(III) depends substantially on the ionic
strength of the solution, the concentration of the ligand, and
the hydrogen-ion concentration. With high ionic strength in
the aqueous phase and a high C1™ concentration in the ether
layer, the complex of empirical formula HTICl, is extracted,
but not H,TICl;. It was not possible, however, to explain
the extraction process at low C1~ and H* concentrations by

* Data on the stability of halide complexes of indium
obtained by other methods (see for example Carleson and Irving 19)
also indicate that complexes of more complicated composition are
absent,
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this mechanism, and this forced Horrocks and Voigt to
postulate that under these conditions either TICl, is ex -
tracted or else HTICl, dissociates in the organic phase.

The above equations are applicable only to ideal systems.
In the case of "non-ideal"™ systems additional complications
arise, and the distribution results can be interpreted either
from a consideration of the phase diagrams 4 or by applic-
ation of the Gibbs—-Duhem equation, as was done by McKay
et al.®2, In the investigation of complex formation in solu-
tion by the distribution method non-ideal systems are en-
countered comparatively rarely, and they will therefore not
be considered here. :

Certain additional factors, which extend Irving's treat-
ment were considered by Diamond in a series of papers on
the extraction of complex compounds of sexivalent molyb-
denum. Nelidow and Diamond!%-1% measured the partition
coefficient of Mo(VI) between various organic solvents
(ketones, ethers, etc.) and aqueous HC1 and HBr (occasion-
ally with the addition of HC10, or trifluoroacetic acid) and
studied its variation with the hydrogen-ion concentration
and the concentration of the metal ions (between 10-? and
10-2 M). From their results they attempted to deduce the
nature of the complexes which were extracted and of those
which remained in the aqueous phase. It was assumed that
the mechanism of extraction is governed by four main fac-
tors: (1) association and polymerisation of metal-contain-
ing molecules in one or both phases (g should depend on
[M]ag); (2) ionisation of metal-containing species as an acid
(g depends on the hydrogen-ion concentration and on the
concentrations of any substances which dissociate with the
formation of H*); (3) complex formation with halide ions
(g depends on the concentration of these and on the presence
of components yielding halide ions on dissociation); and
(4) solvation and hydration of complexes in each phase (g
should consequently depend on the nature of the solvent).
From a study of the variation of the partition coefficient
with the metal-ion and hydrogen-ion concentrations, it ap-
peared that the first two factors are of little significance,
i.e. that the extracted molecules are monomers possessing
no acidic properties. At the same time the effects of the
third and fourth factors are quite distinct, and this led
Diamond to conclude that the molecule which is extracted is
MoO,Cl, containing a variable number of added water and
organic-solvent molecules (change in solvation with change
in concentration of the acid is probably also significant).

Alimarin and Polyanskii!® and also Zharovskii!®
studied an analogous system and explained the distribution
curves they obtained by the formation of complex acids of
the type H[MoCl,] and H{MoO,Cl,].

Subsequently Diamond 1%4,1% made a further examination
of the influence of the various parameters of the system
(concentrations of halide ions, hydrogen ions, and foreign
halide salts, acid strength, total concentration of metal) on
the partition coefficients of halide complexes between aque-
ous solutions of hydrogen halides and various organic sol-
vents. Apparently on the basis ef considerations put for-
ward in a short but interesting paper by Saldick !®, Diamond
obtained general equations expressing the nature of the
variation of ¢ with change in the above parameters, taking
into account the possible formation of cationic, neutral,
anionic, and polymeric (associated) species containing ions
of the metal under investigation. In contrast to the above
method ' of interpreting results for similar systems, the
work of Diamond showed that the partition coefficient might
be affected by the presence of substances containing an ion
common to the ions of the complex compound formed, if
such a substance predominates in one of the phases.
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Diamond checked his equations for the distribution of
molybdenum between aqueous solutions of HC1, HBr, and
HC1-HNO; and HBr~HC10O, mixtures, and various oxygen- -
~containing organic solvents (diethyl, bis-2-chloroethyl,
and dibutyl ethers, etc.). He showed that the change in
partition coefficient with variation in the concentration of
metal in the aqueous phase [M].‘q might be caused by two
main processes — polymerisation of metal-containing
species in the aqueous phase and the influence of a common
ion — which can be distinguished experimentally. If the
decrease in the partition coefficient is due to polymerisation
of metal-containing species in the aqueous phase, the slope
of the logg = f(log[M],y) curve remains constant with differ-
ent organic solvents and on ‘introducing a second acid,

‘which is more soluble in the organic solvent and dissociates

more strongly in it than the hydrogen halide under investi-
gation. If the change in the partition coefficient is due to
the common ion effect the slope of the curve will depend on
the nature of the solvent, and the partition coefficient of the
metal in the given two-phase system will fall to a lower con-
stant value on introducing the second acid (anions containing
the metal then predominate in the organic phase, and halide
ions in the aqueous phase). In this way it was shown that,
at a concentration of the hydrogen halide below 6 M and a
concentration of molybdenum ions below 0.1 M in the aqueous
solution, polymeric forms can exist, but not monomeric
cations to any appreciable extent, and the predominant
species are apparently anions of acids which are stronger
than HC1.

The distribution method is widely used in the investiga-
tion of nitrate complexes of actinides, lanthanides, and
other elements. Such solvents as isobutyl methyl ketone 1%,
diisopropyl ether % and dibutyl ether 2% are comparatively
seldom used for this purpose, but complex formation is
very often studied by means of the distribution of the metal
between an aqueous phase containing NO; ions and a benzene
solution of tri-n-butyl phosphate 201,202 (occasionally the
benzene is replaced by paraffin oil {kerosene] and other
solvents).

Fomin and Majorova?® investigated the distribution of
HNO, between an aqueous phase and a solution of tri-n-butyl
phosphate (TBP) in benzene. Povitskii and Solovkin and
their collaborators 2%4,2% determined the equilibrium con-
stant for complex formation between HC10, and TBP.
Dyrssen2® gtudied the dissociation, distribution, and di-
merisation of dibutyl phosphate in an organic solvent.

The nitrates of many elements dissolve comparatively
readily in TBP, forming complexes with the latter. The
composition of such complexes can be established either
by direct analysis of the compound formed (if this is pos-
sible, as in the case of UO,(NO,), . 2TBP for example) or
by studying the distribution of M(NO;), between H,O and
TBP. With constant ionic strength in the aqueous phase
and a varying TBP concentration in the benzene (or other
inert solvent) the partition coefficients of M” * are deter-
mined for trace concentrations of the latter. Assuming that
complexes M(NO,), .n TBP exist in the organic layer and
writing the equilibrium constant for the reaction M?* +
+ pNO; +nTBP = M(NOQy),.nTBP, it is easy to represent
the partition coefficient,

(M) oq
as a function of the TBP concentration. From the slope

of the ¢ = £(TBP)) curve we can find the number of TBP
molecules associated with one molecule of the metal nitrate.
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It is found that, depending on the experimental conditions,
complexes are sometimes formed with different numbers
of TBP molecules. In the case of Th(NO,), complexes are
found with two 2°7-212 and four TBP molecules 3!3-215,  For
other elements the following complexes are known:

UO, (Noa)z' 2 TBP 207, 209, 213, 216—217 7t (NOS)‘ .2 TBP 209, 218, 219 Zp (NO,). TBP %30,
ZcCl,-2 TBP 29 21, Y (NO,);-3 TBP , Ce(NOg)s-3TBP , Am (NOjy)g-3 TBP 209233,
Ce(NOy),-2 TP, Np (NOy),-2 TBP , NpOy (NOj)g - 2 TBP %°, PuO4(NOy); -2 TBP
Pu (NOy), - 2 TBP 28,

The composition of the last complex has been confirmed by
spectrophotometric measurements2?¢, The extraction of
compounds of uranium, thorium, ruthenium, lanthanum,
and other elements by means of pure TBP and its solutions
in various inert solvents has been studied by a number of
Russian and foreign investigators 2%,226-231,  The distribu-
tion of nitrate complexes of Ce(IV) between an aqueous
phase and a solution of tri-n-butyl phosphate was studied by
Warf232, Subsequently Blaustein and Gryder % detected
polymeric molecules in aqueous solutions of cerium nitrate.
They showed also that the complex H,Ce(NO,); passed into
the organic solvent layer*. Analogous results were ob-
tained also by Wylie2¥, The distribution method has been
used to study complexes of protactinium with alkyl hydrogen
phosphates 25,236 mixed complexes of thorium with sulphate
and nitrate ions 237, and several complexes of astatine 238
and uranium 239,

A number of investigations have been made into the com-
position of thiocyanate complexes of metals. As early as
1931 Schlesinger and Van Valkenburgh 2¢° attempted to estab-
lish spectrophotometrically the composition of the thio-
cyanate complex of Fe(Ill) extracted by ether. They con-
cluded that the dimer Fe[Fe(SCN),] exists in the ether.
MacDonald, Mitchell, et al.?#,242 by making a detailed
study of all the factors influencing the extraction of iron
thiocyanate, proved subsequently that this conclusion was
erroneous. They showed that the ether layer contains the
complex Fe(SCN),, while the aqueous phase contains a
series of complexes Fe(SCN)?~#* where x = 1-6. The
extraction of thiocyanate complexes of Fe(IIl) and of a num-
ber of other elements by means of n-butyl phosphate, tri-n-
-butyl phosphate, and diethyl ether was also studied by
Freiser 243,2% gnd Bock 2%,

Other types of complex compounds which have been
studied include complexes of nickel with organic acids and
amines 24-2¢4%. compounds of calcium with hydrazine %°,
phosphate complexes of uranium??!, and certain per-
rhenates 22, Work has been done on the reactions of iodine
in aqueous solutions and on other special problems 3-258,
In certain cases results obtained by the distribution method
are in very good agreement with data obtained by other
methods (e.g. potentiometric 52 or chromatographic 249),

---000---

This account shows that appropriate mathematical proce-
dures for treating the experimental results to obtain infor-
mation on the composition and physicochemical character-
istics of complex compounds are available for every sys-
tem. A complete study of the process of complex forma-
tion in systems containing internal complexes falls into a

* These results may be compared with the data of
Newton and Arcand obtained with sulphate complexes of cerium 33,

series of stages, none of which can in general be excluded:
(1) determination of the dissociation constants of an or-
ganic reagent HA for a given constant ionic strength and
temperature; (2) study of the distribution of the reagent
between the aqueous phase and several (at least two) or-
ganic solvents over a fairly wide range of HA concentra-
tions in the organic layer; (3) ascertaining the range of
concentration of metal ions in the aqueous phase within
which formation of polynuclear complexes and hydrolysis
products may be neglected; (4) an examination of the pos-
sible formation of complexes containing molecules of the
organic solvent; (5) establishment of the composition of the
complexes formed in the aqueous phase; (6) plotting of the
distribution curve for a reasonable selection of the above
factors and its mathematical treatment by one or more
methods of calculation 6-52,26° (sometimes both arithmetical
and graphical* methods can be employed in the treatment of
experimental results). The examination of various special
systems (complex formation with organic or inorganic
ligands, employment of polar or non-polar organic solvents,
etc.) may sometimes require appropriate modification of
the above equations to allow for the peculiarities of the par-
ticular system.

The mathematical procedures employed in the study of
complex formation by the distribution method are now quite
well developed. Almost all the types of complexes that can
be formed in aqueous solutions have been discussed theo-
retically. Many such complexes have been studied experi-
mentally, at least in solutions of low and constant ionic
strength.

The theoretical principles discussed here and the brief
account of the vast range of systems investigated by the dis~
tribution method show it to be reliable, rapid, and compara-
tively simple. The determination of the stability constants
of complex compounds, and also of such important proper-
ties as the partition coefficient of the metal and the distri-
bution constant of complex molecules in various two-phase
systems opens up wide opportunities for the solution of both
theoretical and practical problems in analytical and other
fields of chemistry.
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