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Abstract

The partition of salts between two polar immiscible solvents results from the partition of the cations and anions. Because
electroneutrality rules in both phases, the partition of cations is affected by that of anions, and vice versa. Thus, the
partition of a salt is determined by the chemical potentials of cations and anions in both phases, and it is limited by the
boundary condition of electroneutrality. Whereas the partition of neutral molecules does not produce a Galvani potential
difference at the interface, the partition of salts does. Here, the equations to calculate this Galvani potential difference are
derived for salts of the general composition Cats,éj‘“')JrAnsﬁ )= and for uni-univalent salts Cat™An~. The activity of a
specific ion in a particular phase can thus be purposefully tuned by the choice of a suitable counterion. Finally, the
distribution of a salt between its solid phase and its saturated solution is also presented, together with a discussion of the
Galvani potential difference across the interface of the two phases.
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e Electron
E Electrolyte
E Electric potential
f Activity coefficient
F Faraday constant (9.64853383(83) x
10* C mol ™)
g Free energy (Gibbs energy)
G Molar free energy (molar Gibbs energy)
Standard Gibbs energy of transfer of A from
phase o to phase

Kip Formation constant of ion pairs (association
constant)

Ky, rp  Partition constant of species A

Ky Solubility product

i Chemical species i

1P Ion pair

In Natural logarithm (logarithm to the base e, with
e being the Euler constant)

log Decadic logarithm (logarithm to the base 10)

M Metal phase

n Amount of substance (unit: mol) of atoms,
molecules, ions or electrons

nb Nitrobenzene

Ox Oxidized form of a redox pair

P Partition

p Pressure

pic™ Picrate (2,4,6-trinitrophenolate)

R Universal gas constant
(8.31446261815324 T K ' mol ™)

Red Reduced form of a redox pair

S Indicates a solid phase (here a salt phase)

sol Indicates a solution phase

T Absolute temperature

TBA™ Tetrabutylammonium ion

TEA™ Tetraethylammonium ion

TMA™* Tetramethylammonium ion

TPA™ Tetraphenylarsonium ion

TPB Tetraphenylborate ion

w Water

Z Charge of an ion, number of exchanged

electrons

Greek symbols

Phase alpha (Greek letter alpha)

Phase beta (Greek letter beta)

Chemical potential (Greek letter mu in italics)
Electrochemical potential

Stoichiometric number (Greek letter nu in
italics)

Inner electric potential (Greek letter phi in
italics)

=" T ™R

<
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Ay g Difference of inner electric potentials of the
phases phase o and f, i.e. the Galvani potential
difference between these two phases. It is
defined as Ay ) = ¢ — &,

As ol ¢091/ Formal potential of ion transfer

Other symbols
< Plimsoll symbol, as superscript indicating standard
quantities

Introduction

The partition of neutral compounds between immiscible
solvents is very well covered in textbooks of general,
physical and analytical chemistry; however, the partition of
salts can be found only in special monographs, where it is
often presented in a form which is not easily understand-
able for students. Here, we provide an introductory text
discussing salt partition on the basis of the thermodynamics
as taught in Bachelor courses.

The partition of salts is of high importance in many
fields of science: ion transfer (e.g. of drugs) through
membranes, ion transfer catalysis in organic synthesis, and
extraction of metal ions in analytical chemistry are just the
most common examples.

When the partition of compounds between liquid phases
is treated, usually the phrase ‘partition between two
immiscible liquid phases’ is used. However, completely
immiscible liquids do not exist. That phrase just points to
those systems where the mutual miscibility is so small that
the phases can be considered as pure phases, at least for a
simplified treatment.

Partition of neutral compounds
between two immiscible solution phases

The Nernst distribution law describes the partition of a
neutral compound A between two immiscible liquid phases
o and B

A, = Ag. (Equilibrium I)

An example is the distribution of iodine between water
and tetrachloromethane. Walter Nernst published the
respective equation in 1891 [1]. In modern terms, it states
that the ratio of activities [2] of the compound in the two
phases is constant at constant temperature (7)) and pressure

D):

Kpa)1p = aa p/an o (1)

Ky(a)rp 1s called the partition constant of A, and the

upright p in the subscript stands for partition. In
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equilibrium, the chemical potentials u, , and i, g of the
distributed compound A must be the same in both phases:

Ha 0 = Ha,p- (2)

Remember, the chemical potential is the partial deriva-
tive of the Gibbs energy over the amount (unit: mol) of
substance (atoms, molecules or ions) (here of A), at con-
stant temperature, pressure and constant amounts (unit:
mol) of all other compounds (e.g. B, C, etc.):

Og )
= —_— . 3
Ha (anA T.p,ng,nc,... ( )

This means that the chemical potential is a measure of
the ability to produce or consume work. Since a system
does not produce or consume work when it is in equilib-
rium, the chemical potentials of A in the phases o and B
must be equal at equilibrium, as otherwise a flux of A from
one phase to the other would occur. Since the chemical

potential of A can be split into a standard term MAG (the

chemical standard potential) and an activity-dependent
term:

Up = uA@JrRTlnaA (4)
it follows from the condition (2) that

Uy + RTInas o = iy + RT Inaa p, (5)
u?a — ,u?ﬁ =RTInas g — RTInay 4. (6)

The difference of chemical standard potentials is a
constant:

= 2.303RT log -8 (7)
aa. o aa o

,ue ,uAeB =RT ln

defined as
Koa),rp = aA,B/aA‘u (1), the following equation results
from (7) and (1):

Since the partition constant has been

“i}.u 7“?[3

— 10 230&T (8)

aa, o

Equation (8) nicely shows that Kj(a) 1, is larger than 1

when /J?a > u?ﬁ, and smaller than 1 for ,uAe,a< ”AQ{T

Equation (8) can also be written using the standard Gibbs

energy of transfer AOHBGA9 of A from phase o to phase f,
defined as

A pGY = 1S g — 1S - 9)

Because a Gibbs energy difference always refers to a
certain direction of the reaction, the arrow in the subscript
indicates here the transfer from phase o to . With Eq. (9)
it is possible to write Eq. (8) as follows:

aap _ 10—%. (10)

K =
P(A).Tp o

Partition of a salt Cat zcat)+An(zAn)—
between two |mm|SC|bIe solutlon phases

For a very simple reason, the partition of a salt between
immiscible solvents is more complex than that of neutral
compounds: the two constituents of a salt, i.e. cations and
anions, are on one side free in solution, but on the other
side, their transfer to the other phase is restricted by the
condition of electroneutrality in both bulk phases. The
electroneutrality is the boundary condition for the partition.
Only in the interfacial region (double layer region), where
the two phases meet, is the condition of electroneutrality
violated. This causes the occurrence of an interfacial
potential difference called Galvani potential difference. A
salt Cat{Z) " An{in)=
cible solvent phases o and  according to
(zcar)+

partitions between two polar immis-

+VAn7BAnEBZA")7.

(Equilibrium IT)

vcm,uCatffC“‘H+vAn7aAngZA")7 = veapCaty

Since the stoichiometry of the salt is the same in both
phases, i.e. Vcao = Vca,p = Vcar aNd Vano = Vang = Van,
one can write

Veat "An
Cat(ecat)+ An(An)—
K (e nan- = ~Vex s VA . (11)
p(Cat\Cm Angd ),T,p a’, a’.,
Cat(ca)t o " Anlan)= o

Equilibrium II indicates that the salt is assumed to be
completely dissociated in both phases, i.e. no ion pairs

exist in the two phases. Ton pairs, e.g. [Cat*An’]ionpblir of a

uni-univalent salt, form when the electrostatic attraction
between the opposite charged ions is not overcome by the
free energy of solvation of the single ions (see the example
of [TBATpic™] at the end of this paper). This happens
especially in solvents which have a low dielectric constant,
i.e. which are rather nonpolar. Neglecting ion pairs is
certainly a simplification, as ion pairs are in principle
ubiquitous in electrolyte solutions. However, if the liquid
phases have a high polarity, their formation may be neg-
ligible. When one liquid phase is water (a polar solvent),
and the other solvent is also polar, like nitrobenzene, ion
pairing can be neglected in both phases. Further, the par-
tition could be affected by complex formation or any other
chemical equilibria involving the partitioning ions. All
these side reactions are excluded in the present treatment.

Figure 1 shows a scheme of the Equilibrium II as the
result of the partition equilibria of the cations and anions.

@ Springer
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Although the two bulk phases maintain electroneutrality
by having equal numbers of negative and positive charges,
at the interface of the two phases a Galvani potential dif-
ference builds up if the two partition constants

a .
Cat(‘C*“H,B
Kp(Cat(zc‘“H),T‘p = (12)
Cat(ca)t o
and
Qp(ean)—
Anan)= B
K\ o =—" (13)
AnAn) T T
p( PTGy oan g

do not have identical values. When these constants differ
from each other, which is the case for almost all salts, a
minute charge separation occurs across the interface,
resulting in the Galvani potential difference:

Aa‘qu = ¢B - ¢oﬁ (14)

where ¢, and ¢ are the inner electric potentials of the two
phases. The determination of the two equilibrium constants
would need to know the activity of each single kind of ion,
i.e. of the cations and the anions. The situation at the
interface shown in Fig. 1 is to some extent similar to that at
the interface of an electrode, where an oxidation and
reduction can proceed: quantification of a redox equilib-
rium at an electrode needs to define the zero point of the
Galvani potential difference. For the basics of interfacial
and especially electrochemical thermodynamics, we sug-
gest the papers by Lang [3] and Inzelt [4]. In the case of
redox equilibria the convention is that the Galvani potential
difference at the platinumlsolution interface of the standard
hydrogen electrode is zero. In the case of ion partition
equilibria, the commonly accepted convention (there are
also other conventions) is that tetraphenylarsonium (TPA™)
cations and tetraphenylborate (TPB ) anions have identical
partition constants [5], because they are equally bulky ions
and both are single charged:

Korpat)rp = Kp(res ), 1p- (15)

Partition of this salt produces a zero cell voltage (see the
end of this text) of the electrochemical cell:

M; | E; i salt bridge 1 { phase o | phase B i salt bridge 2 i
E2 | M2

M, is the metal phase of reference electrode 1, E; is the
electrolyte of reference electrode 1, M, is the metal phase
of reference electrode 2, E; is the electrolyte of reference
electrode 2, the vertical bar | symbolises a phase boundary,
and the dashed vertical bar stands for a junction between
miscible solutions. When the two reference electrodes are
identical, the measured cell voltage is the Galvani potential
difference across the interface of o with B defined as
Aypp = dp — ¢y, plus the diffusion potentials at the
junctions of the different solutions. The latter can be

@ Springer

Phase o Phase B

(Gead)+ (Zea )+
Cat/" &= Cat/j™

a. .
Cat#Cat )+. B
p(Cat"Ca)y T p

¢ aCaI(:CmV, o ¢
(i (]
(Zan)— (2an)—
An, M 2 Ang?
a

e
Kp(An(ZAn)’), T.p -
AnFAn)- g
w“wo N
Au,ﬁ¢ = ¢p - ¢u

Fig. 1 The partition of the ions of a salt having the formula
Cat{)* An{*)~ between two phases is the result of the partition
equilibria of anions and cations

minimised, so that the Galvani potential difference
between the phases o and f is the major contribution. The

calculation of the partition constant K - a )=
p p(Catf.”CCaf‘HAn‘(x*n") ),TA,p

of the salt can be attempted by calculation of
Kp(Cat(’Cm’*), Ty and Kp( Anan)-), 70 3 the three constants are

related as follows:

Veat VAn
K _ aCm(ZCal)*, B aAn(ZAn)*,B
(zcat)t 4 1 (GAn)— ) = v
Cat, An, ,T, Cat An
p( VCat VAn P aCat("Cal)*,OtaAn(:Aﬂ)"ot

VCat VAn
= (Kp(CalGCm)A), T,p) (Kp(An(jA“%% T.p) .
(16)

lon partition between two immiscible
solution phases

Since ions are charged particles, the transfer from one
phase to another phase involves electric work, when the
two phases have different inner electrical potentials. This
work, expressed as a molar quantity, is the charge of the
ion z; multiplied by the charge of one mole unit charges
(the Faraday constant), multiplied by the difference of
inner electric potentials ¢, and ¢ between the two phases,
ie. ziF (¢B — ¢a) The sum of chemical and electrical work
for the transfer of ions from infinity (outside the respective
phases) to the inner of the respective phases is the so-called
electrochemical potential, here f; , and [ g:

ﬂim{ = Hi, o +ZiF¢a7 (]7)
Mg = ti,p + ziF dg. (18)
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The equilibrium condition for ions is the equality of
electrochemical potentials, i.e. Vi,afli o = Vi, i, s since the
electric work cannot be neglected:

Vi, alli o + Vi,aZiF Py = Vi g g + Vi pziF Pp. (19)

When the partition is not affected by any chemical
reactions, the stoichiometry of the salt remains unaffected
in both phases, and for the cations and anions the relation
Vi,o = Vi, g, must hold true:

Hi o + ZiF¢a = Wi p + ZiF¢B~ (20)

This allows the calculation of the Galvani potential
difference caused by partition of the ions, either cations or
anions:

il — zF by = 14 — i (21)
Hi o — 1,
Aa,ﬁ¢i = d)[s - ¢o¢ = O(ZTB (22)

Since the chemical potential of a species i is p; =
,uieJr RT Ina; (Eq. 4), one can write Eq. (22) as follows:

1
Aypp; = F (uﬁ +RTna; 4 — ,u% — RTlnaiA[;), (23)
Zi ’ ’ :

© ©
By — Mg  RT .  ay
Ayppy =————+—In——. 24
m,B¢1 oF oF aip ( )
‘llefll.e . .
The term = L defines the standard potential of ion

transfer (cf. Eq. 9):

© <
g9 = s

F F (25)

since Ay_pGY” = (i — 47, which is the standard Gibbs
energy of transfer of the ions from phase o to B, Eq. (24)
can be written as follows:

RT g
Aoty = Ay D + S n o>
4pPi = Ao p; toF M
AOHBG?+RT i
il ik ap

The Ky, 7, used here is defined in Eq. (1) as Z‘—i, but
one needs to remember that this is the chemical equilib-
rium constant for which equality of the inner electric
potentials of the two phases is a prerequisite. Hence,
ap A pyGZ

InK,q 1, — In BB — : 27
n p(i),T.p nai,u RT ( )

Table 1 Standard Gibbs energies of transfer of ions from water to
nitrobenzene Awﬂanie , and the standard Galvani potential differ-
ences Aw_nb(/ﬁie (corresponding  to Au.[id’i@ in this text, i.e.
Avand = i,enb - 4’i,8w)

Ton Ay-GZ (I mol™ Ay (mv)  References
K+ 22.65 -235 [13]
Rb* 19.80 -205 [13]
TI* 19.30 —200 [13]
Cs* 17.80 —184 [13]
TMA* 9.60 -99 [13]
TEA™ -0.50 5 [13]
TBA™ —-8.20 85 [13]
TPB~ -35.90 -372 (1]
Picrate -3.00 -31 [13]
clo; 8.00 83 (1]
r 18.80 195 [11]
Cloy 25.40 263 [13]
cr 31.40 325 [11]
e o
Kp(i)-TvP =e = ’T = 10 2307 (28)

(For comparison, see also Egs. (8—10)). Alternatively,
one can give the relations

ZiF l=Y

In Ky, 7p = o7 Bap®i” (29)
Koy 7p = errhapd — | grabErdand; (30)

. | qeaia _ AgGE .
Since 1nm =In ap = RT it follows with
; . A yGZ | RT
Eq. (26) that Aygd; is zero: Aypg; = — =+ 7%
L BpGE L ApGE ; ;
Ing—— = —=F—+ =37~ =0, which was the condi-

tion to define the chemical equilibrium constant.

In Table 1 standard Gibbs energies of ion transfer and
the corresponding standard Galvani potential differences
are given for selected ions.

The hydrophilicity of cations increases with increasing
A\,Hani9 and with decreasing Aa,ﬁdbi@. The hydrophilicity
of anions also increases with increasing Awﬁanie , but

with increasing Au‘yg(bi@. The latter is a result of the nega-
tive charge of the anions. In the case of the transfer of ions

from water to nitrobenzene, increasing values of AWHani6
imply that fewer ions are transferred to nitrobenzene.

@ Springer
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Partition of Cat z‘j"*An(zA")' between two
immiscible solution phases

Now we need to consider the interplay of cation and anion
partition: The chemical interaction of the ions with the two
solvents is always different for the cations and anions (with
the exception of very few salts, like the TPATTPB™ men-
tioned above). Therefore, the partition of cations is affected
by that of anions, and vice versa. The difference of inner
electric potentials A, g¢; is not zero, as in the theoretical
case of single ion partition discussed in connection with
Eq. (27). The Galvani potential differences caused by the
cations Ay g, ¢c,0+ and anions A, g¢h, .- must be equal
to the overall Galvani potential difference
A“’Mb(Caﬁzcﬂ‘”Anf,j\An")’)’ as only one potential difference can

exist at one interface.

Af“vB(l’)Cat(*”Cal)Jr = AfxaﬂqﬁAn("A")’ a B¢(C t) <Cat) An( A") )

YCat
(31)
Now, Eq. (26) can be formulated for the cations

Au,ﬁqscat(ZCatH = a Bd)(C 1 Ca\ An( An)— )

RT aca[(ZCm)*a (32)
In————.

Zcal Acaglca)t g

_ <
= Au,Bd)Ca[(szH +

For the anions Eq. (26) follows

Ao B antean)- A%B('b(Cats,zcclfl“HAnE;An")i)
A d)e_ RT = appGan)- o (33)
= _ _ n—
%BP Aptan) anF Appenn- B
or
AQ,B¢AH(~"A“>’ - Aa,ﬁ¢(Cat‘(’rc(z‘?HAnEz\nn)f)

RT _ apenn-,  (34)

= Auﬁ(rbAn (zAn)— |ZAn|Fln

aAn(fAn>’7 B .
To solve the equations for A“vﬁd)(Catf."c‘;?‘”/\nf;’*n")f)’
Eq. (32) has to be multiplied by zca, and Eq. (34) by |zan|:
= ZCatAoc,Bd)gl(zcm*
RT Acatca)t o

zcaAy ﬁ(f)(c (e A~

+ —In 35
F Acagleca)+ | B ( )
|ZAn|Aa,B¢(Cat(:CM>+ ) = zanlAapdS o)
YCat
RT | GppGan)-
L M (36)

F Aantan)- B

Now, Egs. (35) and (36) can be summed up:

@ Springer

ZCaIAa,[i¢ (Cat(ZC“‘HAnEZ\n“)*) + |ZAn|Aa.B¢ (Catféca‘:‘HAnf;A““)*)

- ZCatAot l;;d)Cal;( Cat) + |ZAH|A°‘ B¢An< ZAn)—
+ Ell’l Acgeca)t o Eln aAn(V\n)ﬂ ol 7
F a(jat(fauH7 B F aAn(fAn)j )
(37)
and hence
(ZCa; + |ZAn|)Aa,B¢ (Catfg‘[“HAn&“%)
©
= ZCthot B¢Cat< Cat)+ + |ZAH|A0(«,B¢AH(ZA11)* (38)
+ ﬂ ln aCa[LCm)*’aaAn(fAn)*’ ﬁ 7
F cyeenr pGanean- o
Avp¢p (Cal<cc“..>+ AniAn)~ )
AopBS e + 12an A
_ ZCatBa P eyt T 1ZAN Do BP 4 epn)- (39)

(ZCat + |ZAn |)
RT aCat(ZCa()‘

(zcat + |zan])F

,aaAn(ZAM’, B
Aearca)t BAAnGan— o

Although Eq. (39) is reminiscent of the Nernst equa-
tion, the argument of the logarithm is not the partition

YCat YAn

a a
_cal CA[H’_I} An(ZAn)jﬁ _
constant K (Catica anieaw) 7 = g
p VCat VAn » Lp (‘“< Cat) T o An(«’An)’7q

VCat VAn
(Kycurcoryrp)  (Kpawinyzp)  (F Eq. 16), but

the term e ambanp 5 Eq. (39) is the ratio of the

Cat< Cat)+ B An( An)~ o

a(iAn)
partition constants: M

p(CatGca)ty 1

Taking into account that the activity g; is defined as
a; = fic cl*, where f; is the activity coefficient of i, ¢; is the
molar concentration of i, and ¢* is the standard concen-

tration (1 mol L™, Eq. (39) assumes the form
uB¢(C (ical* ppfinl-)

<
o ZCatAmB‘f’Cat(zcw + |ZAn|Au.B¢An<zAn>—

(zcat + |zan])
RT Ceatlica)* g€ Antan)- B

(ZCat + |ZAn|)F Catlca)t BCAn(ZAn)’
+ RT fCat (zCat)+ oefAn( An)—
(ZCat =+ |ZAH|)F fca[( cat)t BfAn An)~ o

From the stoichiometry of the salt Cats,chj‘HAnE,i:")’ it
follows that in the bulk of the two phases the conditions

— Y — Ya
CCat(ZCm)*,B - vAL: CAn(ZAn)’,B and CCaI(ZCm)*,a - v,:: CAn(ZA")’,ot
hold true. With these relations follows
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Aupdp (catica antan”)

ZCatAot Bd)Cat (2cat)+ Lt |ZAn|Acx B¢An< An)—
(zcat + |zan])
RT Yan Cantoan), oCAnCan)—, p (41)

(ZCdt + |ZAn|) C‘CAn( 2An)~ 7BCAn(5An)77q
+ RT fCat (zcar) *7&«fAn(ZAn)’, B
(ZCat + |ZAn|)F fCa[(ZCmH_ ﬁfAn(lAn)’, o .

Since the second term on the right side of Eq. (41)
equals zero, the final equation is

Aot (cqgfcn anlin

ZCtha Bd)cdt( zCat)+ + |ZAn|A<x B¢
(ZCat + |ZAn|)
RT fca[(zcﬂ[H 7qun(ZAn)*7 B

+ In .
(zca + [zan)F foutcaw plantan o

An(An)—

Equation (40) can be also applied to the solubility of a
salt, when this is considered as the result of distributing the
cations and anions between the solid salt phase and the
saturated solution: see Sect. “Distribution of ions between
the solid salt phase and the salt saturated solution”.

For very diluted systems, the activity coefficients
approach unity, and then the last term in Eq. (42) also
vanishes, and the overall Galvani potential difference
Ay pop (Carica® Ao ) can be calculated according to

ZCatAa,B(ﬁg[(:CmH + |ZAn|Aa,B¢i(:An)—
(ZCat + |ZAnD

Am,B (z) (CatE.ZCC“‘HAn‘(,X*"%) =
(43)

To calculate the partition constant of the salt

) - the partition constants of cations and
s 1P

K
p(Cath‘:‘“) An( A")

anions must be used in Eq. 16:

a\’cm ‘An
K . Cat(zca)+ B An 2An)— B
<Ca:)+ (zan)— — W v
Cal An ,T, Cat An
p( VAn ) P aCat("C“l)*,aaAn(:A")*,a

VCat VAn
= (KP(Cat(ZCal)‘*),T‘p) (KP(AH(:AI\)7>’T‘/7) )

InK ;| = Veu INK
Cat)t 5, (2An)— Cat “Cat)+
p(ca anlan ") 7 T p(Catca)®). 7p (44)
+ Van In Kp(An<zA")’),T7p'

For the cations, we can formulate Eq. (29) according to

ZcaF

_ <
In Kp(Cat@C“‘)*)?T.p ~ RT Au’Bd)Ca[(ZCa[H’ (45)
and for the anions
ZAnF
In K p(An‘A) ) Tp = RT Aa’ﬁd)i(zlxn)" (46)

Inserting Eqs. (45) and (46) in Eq. (44) gives

Zcal

_ (o4
In Kp (Catf.‘"c(zﬁ‘)JrAns;A““)*) Tp VCat RT A%B‘f’cagzcmn
Zank (=%
+ Van RT A:X,B¢AH(ZA“)7 .

(47)

Since vear = |zan| and van = zcar, and za, in the second
term on the right side has a negative sign, it finally follows

ZCaI‘ZAn‘F
InK (C 5 ) An< An) ).T.p = ? < o, quca‘(c“ Au.B(]&i[;A“),)
_ zea|zan|F o o
log Kp(Catff'(gnv:\)+A“f_E:\J ).T_’p = W( m.ﬁd)cm(:cm)» - Aa,ﬁd’An(:A,,) )

(48)

It is interesting to remember that Eq. (48) has the same
structure as that for calculating the equilibrium constant of
a redox reaction v{Red;+v,0x, = v;Ox;+v,Red, with
the two redox equilibria Ox; +me~ &= Red; and
Ox,+ne” & Red,, where the relation vin; = vynp, =2
holds, and the equilibrium constant is

_ _ F

InkK = (Eg(z/Redz Egl/Redl) or  logK = 253557
(Eg J/Red> Egg ] /Red]) [6]. These equations are similar
because in both cases two interdependent equilibria deter-
mine the overall equilibrium.

In the case of a uni-univalent salt Cat™An~
for Ad»ﬁ(b(Cat*An’)

Au‘gd)e L+ Aqﬁqﬁ?,

Au,B(f)(Cm*An’) = B . (49)

Acart, pdAn— B

, it follows

and for K, cartan), 7p = -

F
In Kp(Cat*An’),T,p = ﬁ (Aa,ﬁv(bgﬁ - Aaﬁ‘l”?rr )
F
IOgK p(Cat"An™),T,p 2.303RT (A%B(j)gﬁ - Ad,ﬁ(b%f )
(50)

Figures 2 and 3 illustrate how a lipophilic anion, here
TPB™ can affect the partition of a hydrophilic cation, here
K*; whereas K'Cl™ has a partition constant
log K +ci-yrp = —9-5, the partition constant of K*TPB~

is log K,k +1pg-) 7, = 2.3, i.e. the potassium concentration
in nitrobenzene is much larger when K™ TPB™~
tioned than in the case of K*Cl™.

Figure 4 illustrates how the chemical affinities of the
anions and cations for the two phases conflict with the
necessity of electroneutrality in each phase. The result is a
compromise, a trade-off reflecting the (mostly) different
affinities of the anions and cations, so that electroneutrality
in the bulk phases is maintained. One may say that the

cations partition in such way that they—to some extent

is parti-

@ Springer
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Fig. 2 a Standard Galvani
potentials of ion transfer of KT,
Cl” and TPB™
(tetraphenylborate), b standard

TPB™
—0.372

—0.235

K" Clr
325 A

w,nb 7ion

Galvani potentials of salt
partition of K™CI~ and
K*TPB™, and (see Eq. 43) ¢ log
partition constants of K*Cl~
and KTTPB™, for the system
water—nitrobenzene

(A) /\ /
~0.304 o 045 Ao s

(B)
©
K'Cl
A
e
(— e e e
=
e © =
Phase o Phase 3
(B)
e = e
e
e —
Phase a e Phase B
K* @cr @ TPB

Fig. 3 Illustration of the partition of a KCI between water (phase o)
and nitrobenzene (phase f3), b KTPB between water and nitrobenzene

Dear Plus, but | do

not like your
phase!

Come over, beloved
Minus, we need your|
charge!

Phase a Phase 3

Fig. 4 Cartoon illustrating how the different affinities of cations and
anions for the two phases conflict with the condition of electroneu-
trality in the bulk phases

—*“respect” the affinity of the anions, and vice versa. This
compromise leads (i) to a potential difference at the

@ Springer

1Og Kp (Cat™An"™), T.,p
K'TPB~
i i i
bl =
Water

i . |
- 71\ gl

DCM E
- = ! 4 & J
Na“pic” H'pic TBA pic”

Fig. 5 Partition of sodium picrate (Na™pic™), picric acid (H"pic™)
and tetrabutylammonioum picrate (TBA™pic™) between water and
dichloromethane (DCM)

interface (if the affinities are not equal, as in the case of the
example TPATTPB") and (ii) to different concentrations of
the salt in both phases (if the affinities are not identical).
The tuning of partition constants of salts by choosing
appropriate combinations of cations and anions is illus-
trated in Fig. 5: picric acid (2,4,6-trinitrophenol) is a rel-
atively strong acid in aqueous solution (pK, around 0.4).
Although the picrate anion (2,4,6-trinitrophenolate)
rather hydrophobic, the partition of sodium picrate
(Na'pic™) between water and dichloromethane (DCM)
is such that the salt almost completely stays in water.
A (Na+tpic—),DCM

The partition constant is Kp(Naeric*)AWfDCM =

A(Nat pic™),water
=2.5 x 1073 [7]. This is illustrated by Fig. 5, where the
aqueous phase is strongly yellow, the colour of picrate
ions, whereas the DCM phase is colourless. The same
result is obtained for the partition of picric acid (see Fig. 5)



ChemTexts (2020) 6:17

Page 9 of 12 17

because the transfer of protons to the DCM phase is
strongly disfavoured. However, when the sodium ions are
substituted by the rather hydrophobic tetrabutylammonium
(TBA™) cation, the partition strongly favours the presence
of picrate in DCM. Figure 5 shows for the partition of
TBA*pic™ a yellow DCM phase and a colourless aqueous
phase. In fact, the partition of picrates is not as simple as
presented here: in DCM, the formation of ion pairs has to
be taken into account. The formation constant of the ion
pairs [TBA*pic™] in water-saturated DCM is rather large:
log Kipirp+pic-|,pmc = 3-82 £ 0.06. The formation con-

stant of [TBATpic™| in water is comparably small
(log Kipirpa tpic-)w = 1:033 £ 0.008). The partition con-
stant of TBA "pic™ for water—-DCM is
long(TBNpin)waCM =5.52+£0.03 (all data from [8]),

which is clearly a result of the hydrophobic nature of
TBA™, as well as of the favourable ion pair formation in
DCM.

Experimental considerations concerning
the partition of a salt between two
immiscible solution phases

The partition constants of neutral molecules are experi-
mentally accessible without any principal constraints. It is
just necessary to have analytical techniques at hand,
allowing the determination of the concentration of the
partitioned compound in both phases. For salts, this can be
done in the same way; however, the individual partition
constants of the anions and cations are not so easily
accessible. Since the individual partition constants are a
measure of the interaction of the individual ions with each
of the two solvents, e.g. with water and the organic solvent,
it is important to know these data. They provide informa-
tion about the hydrophilicity/hydrophobicity and
oleophilicity/oleophobicity of the ions!

Let us consider a uni-univalent salt, for which

K . __ Gcart,p%An—, B, Ccart, pCAn—, B
- = =~
P(Cat™ An"),Tp ™ dcyt 4dan—,a  Ccat.oCAn— o

is experimentally

accessible by measuring the concentrations ¢(cy+an-), and
C(cat* An),p- According to Eq. (44) the relation for a uni-
univalent salt is

In Ky(car an ) mp = In Kycactyrp In Kyan),rp -

When K, cyct an-) 1, 1S determined by measuring the salt
concentrations in both phases, the partition constant of
either the cation must be known to calculate that of the
anions, or vice versa. This is a serious problem which can
be solved only by making for some salts the extrathermo-
dynamic (i.e. not strictly based on thermodynamics)
assumptions that the partition coefficients are identical for

the anion and cation. This is reasonable in the case of very
bulky organic ions, e.g. tetraphenylarsonium (TBA™)
cations and tetraphenylborate (TPB™) anions. The latter
salt was first proposed by Grunwald et al. [S]. On the basis
of this extrathermodynamic assumption, it is possible to
build up a system of consistent Kp(CmmT’p and Kpan),7p

data from analysis of the salt concentrations in the two
phases, when different salt combinations are used, among
which are salts with TBA™ cations and TPB™ anions.

The experimental determination of individual ion par-
tition constants can also be achieved with the help of
electrochemistry. Dating back to first experiments by
Nernst and Riesenfeld [9], now voltammetric techniques
[10] are available with which the individual transfer of ions
across liquid-liquid interfaces can be measured, and from
the characteristic potentials of the voltammograms, the
standard potentials of the individual ions can be estimated,
of course always relying on an extrathermodynamic
assumption, like the mentioned Grunwald assumption
[11-14]. These measurements need a four-electrode
potentiostat, and they are rather limited with respect to the
solvent systems. There exists another electrochemical
approach, where an electrochemically generated redox
probe drives an ion transfer across a liquid—liquid interface
[15-17]. For this, a three-electrode potentiostat is sufficient
and the number of solvent systems is considerably larger. A
complete discussion of the experimental approaches to
measure the individual transfer of ions (i.e. ion partition)
cannot be given here, and the interested reader should
consult the mentioned sources.

Distribution of ions between the solid salt
phase and the salt saturated solution

The solubility of a sparingly soluble salt can be considered
as the result of distributing the cations and anion between
the solid salt phase (s) and the saturated solution (sol):

Cat] + An; = Cat; + Ang, (Equilibrium TIT)

sol

Of course, Cat] and An; build up the solid phase
{Cat"An" },. Equilibrium III has the following equilibrium

constant:
_ Acatt sol%An~ sol

(51)

K .
Cat" An™),T,
p( e Acatt sAAn~ s

The exact quantity of the activities of the ions in the
solid are not known; however, it is clear that they are
constant. The solubility product K,y an- 1, Of the salt is

Ksp(Cat‘An’),T‘p = dcat* sol%An~ sol 5 (52)

and this is the relation between the solubility product and
the partition constant:

@ Springer
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K p(Cat"An~),Tp Kp(Cat‘An’),T,paCalJr,SaArr75' (53)

For the cations, Eq. (26) can be written as follows:

RT Acart s
s, sol(,zscafr — s sol ¢Cat+ + 71 -
Acart sol
RT RT
= Assol ¢Cat+ + In Acatt,s — F In Acatt sol-

(54)

The first and second terms on the right side of the
equation can be combined to the formal potential of the

cation transfer A Solqb S,SOIQ')gﬁ + gln gyt s (the

c CatJr
subscript ¢ of AS,501¢C Cat* stands for ‘conditional’ because
formal potentials relate to fixed conditions), and thus:

RT

As,sol(pratJr = As,sold)cﬁcaﬁ - 711’1 Acatt sol - (55)

For the anions, Eq. (26) is

RT Aan~ s
As.sol - = As sol e* ——In—=>=
¢An ' (]")An F aan sol
= A b 1 BTy,
= Ass01Pcye+ F Ndan s F AAn~ sol-
(56)
The formal potential of the anion transfer is
As st nn =Ass1 05 — L Inaan- 5. With that follows
/ RT
As,solqun’ As,sold)ceAH* +—1In AAn~ sol- (57)

F

Like at the liquidlliquid interface, also here only one
Galvani potential difference can be established:
AssolPcarr = Assolan- = AssolP(Carr An-)-  Summing  up
Eqgs. (55) and (57), and substituting activities with the
products of activity coefficients and concentrations allows

one to calculate Ag o1 (cartan):

As,sol ('b?Cat* + AS.sol ¢?An’

As,sold’(Cat*Alf) = 2 (58)
RT . fan- sol CAn” sol
+55In 55 )
2F f Cat™ sol 2F CCat* sol
AS,SOI ¢ce(jal+ + AS’SOI (bng
As,sol(l)(Cat*AIf) ~ ’ 2
RT -
+—"1n CAn sol (59)

2F CCat* sol

For the saturated solution of the pure sparingly soluble
salt, the concentration of the cations equals the concen-
tration of the anions (no excess of one ion sort) in the
solution.

In the equilibrium, A s01¢)(cqr+ an-) Must be zero, because

in both phases an excess of cations or anions does not exist.

@ Springer

It can be also shown that A o1 (caran-) 1S zero, when
the following relations are considered: Defining the two
partition constants K, c,+ = a;Li" and Kp an- = % and

’ Catt s ’ n s
taking into account that the activities in the solid are
constant (although not necessarily equal) gives acy+ o =
\/ Ksp - Cdttacdﬁ and aAn~ sol = \/ Kp An~dAn~s-
Using the relatlon between equlhbrlum constants and the
formal Galvani potentials yields RTln( b.Cat*ACat* ):

FAssolquCaN =RTIn /Ky, and RT In(Kp an-aan-s) =
—FAs 501 <Z5c an- = RT1In /K, This means that the relation
FAcol$S g = —FAsc$py
As,sold)c,caﬁ + As‘sol(f)?/;n* = 0. Hence, in Eq. (59) both
terms of the right side are zero and thus A o1 (cartan-) 1

holds true, i.e.

also zero. The partition constants K, c,+ and Kj an- are
defined for a zero potential difference, as was done in the
case of the partition constants of ions between two liquid
phases; see discussion following Eq. (26). Hence, it is not
surprising that in the end a zero potential difference results,
but it shows that the entire description is consistent.

If the concentration of the cations or anions in the
solution is changed by addition of a salt containing the
same cation or anion (e.g. by addition of silver nitrate or
sodium chloride to the saturated solution of silver chlo-
ride), a potential difference at the saltlsolution interface

/ /
As,,sol ¢?Cm‘ +As 501 ¢3“—

builds up. Since the term in Eq. (59) is
zero, but the anion and cation concentrations are no longer
equal, this equation can be used to calculate the potential

difference at the saltlsolution interface:

RT] CAn~ 0l E] fAn’,sol

Asw attAn") T T 0
) ld’(Ct An”) 2F nccatﬂsol—i_zF nfCat*,sol ( )

When anion addition is considered, the concentration
Ccar* 5ol €aN be substituted by

K

CAn~ 0l

(61)

Ccat* sol =

Inserting Eq. (61) in Eq. (60) gives

RT Clzkn’,sol RT fAn ssol

Asso Sy 2"
ssolP(Cat* An") 2 Ky 2F " featt sol

Equation (62) nicely shows that the potential difference
at the saltlsolution interface A so1(cartan-

(62)

)y = qssol,(Cat*An’)
— s (car-an-) becomes positive. In the case of addition of
the cations to the solution (e.g. addition of silver nitrate to
the saturated solution of silver chloride), the potential

difference is

RT Ksp RT fAn ,s0l
As.sol(l’)(Cat*An’) = ﬁln 2 *oF 2F nfcdt+ ;s0l

Cat™ ,so0l

(63)
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excess of anions
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/—/_7 AgBr
/’// AgCl
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K AgCl
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Fig. 6 Top: dependence of the potential difference at the saltlsolution
interface As sol @(car* an~) = Psol(Cartan-) — Ps,(cartan-) ON the concen-
tration of added anions or cations in the solution. Bottom: same
potential difference as function of the logarithm of concentration

i.e. the potential difference becomes negative. Figure 6
illustrates the dependencies (62) and (63) for the case of the
silver halides AgCl, AgBr and Agl. Since the interfacial
potential difference is defined as AS,S(,](l')(caﬁ An) =
(t)sol,(Cat*An’) - d)s,(Cat*An’)’ a positive sign of
As501P (cart an-) Means a negatively charged surface of the
silver halides with respect to solution, and vice versa. In the
case of titrations of halides with silver ions, the sign of
A 501D (car an-) Changes at the equivalence point. Before the
equivalence point Ao (caan-) has a positive sign, i.e.
the solid AgX is negatively charged. After the equivalence
point, when silver ions are in excess, As ol (cartan-) has a
negative sign, i.e. the surface of the silver halides is posi-
tively charged. This is used in the Fajans methods [18-20]
of indication using adsorption indicators, where, as an
example, fluorescein anions are used as they are adsorbed
on the positively charged surface of silver halides. The
adsorption changes the colour of the silver halide

precipitate, which serves as indication of the equivalence
point. In Fig. 6 deviations between concentrations and
activities are not taken into account.

At this point, it is interesting to note the similarities of
the solid saltlsolution interface with the processes under-
lying the function of the glass electrode: whereas in the
case of the silver halides, the cations and anions are cap-
able of partitioning, in the case of the glass electrode, only
the cations, i.e. the protons, can partition and the anions, i.
e. the “surface silicate groups”, are unable to partition
because they are immobile. This results in the well-known
pH response of the Galvani potential difference at glassl-
solution interfaces [21-23].

Conclusions

In this lecture text the partition of salts between two
immiscible solution phases is presented, and the equation
describing the Galvani potential difference across the lig-
uidlliquid interface is derived. The meaning of standard
potentials of transfer of single ions from one solution phase
to the other is discussed on the basis of an extrathermo-
dynamic assumption. Further, some experimental details of
the determination of the standard potentials of ions are
mentioned. Finally, the equilibrium of a solid salt phase
with its saturated solution phase is presented on the basis of
ion partition equilibria, and the resulting surface charge of
the solid phase is discussed in connection with adsorption
indicators.

In this text, the structure of the double layers at the
interfaces could not be considered.
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