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Structure and Reactivity of Ion Pairs
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A correlation between the structure of ion pairs of
alkali iodides and their reactivities as nucleophilic
reagents in ethanol, l-propanol, 1-butanol, and
1-pentanol at 25 °C has been established. Informa-
tion about the structure was derived from Bjerrum’s
theory, which reveals that the tightness of the ion
pair increases with increasing radius of the naked
cation in a given solvent, and with decreasing
permittivity of the solvent for a given salt. The ion
pair reactivity relative that of the unpaired iodide
ion was derived from rate data for the radioiodide
exchange between alkali iodides and methyl iodide.
The reactivity was found to increase with increasing
solvent separation of the ions in the ion pair. Using
a recently developed theory, which relates the
ion pair reactivity to molecular parameters, the
minimum distance between centers of charge in the
ion pair was calculated. The resulting values for the
different systems studied are slightly less than those
derived from Bjerrum’s theory.

Investigations of the rates of nucleophilic displace-
ment reactions are of interest not only from purely
kinetic points of view but also because the kinetic
data may be used to advance our understanding
of the interaction of ions with one another and with
solvent molecules. Examples of such studies may
be found among the isotopic exchange reactions.! ~¢

A systematic investigation of the effect of ion
pairing on the rate of the radioiodide exchange
between alkali iodides and methyl iodide in n-
alcohols at 25 °C has been undertaken.” " !! The
deactivating effect'? of ion association on the
nucleophile showed a marked dependence on cation
and solvent properties. The objective of the present
paper is to discuss these observations in terms of a
theory '3 which relates the ion pair reactivity to the
structure of these species.
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ION ASSOCIATION

Calculation of the fractions of the nucleophile
which are present as free and paired ions requires
access to ion pair association constants, K ,. These
constants were evaluated from conductance data
for the salts under investigation in ethanol,'4
1-propanol,'® 1-butanol,'®!” and in 1-pentanol,*®
using the Fuoss’ 1975 conductance equation'® for
associated symmetrical electrolytes,

A = o[ Ay (1—AX/X)—AA] 1)

in combination with the law of mass action for the
equilibrium between free and paired ions and the
Debye-Hiickel equation!® for the mean activity
coefficient of free ions.

Ineqn. (1) A is the molar conductivity at analytical
concentration, c, of the salt, A, is that at infinite
dilution, and « is the fraction of the salt which is
present as free ions. Expressions for the relaxation
and hydrodynamic terms, AX/X and AA, have been
derived by Fuoss!'® using a model in which an
anion, i, at distance, r, from a reference cation, j, is
defined as paired in the interval, a<r <R, where a
is the minimum distance between centers of charge
in the ion pair and R is the distance from the
reference ion beyond which continuum theory may
be applied.

The following values at 25 °C, £=24.55, 20.33,
17.51, and 13.9 for the relative permittivity,2® and
n=1.078, 1.952, 2.46, and 3.347 cP for the viscosity
of ethanol,*® 1-propanol,?! 1-butanol,?? and 1-
pentanol,?® respectively, were adopted in the cal-
culations.

The method used to evaluate the values of K,
and A, which minimize &(A), i.e. the standard
deviation between experimental and computed
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Fig. 1. Dependence of o(A) on distance parameter,
R, for potassium iodide in 1-propanol at 25 °C. The
arrow indicates the Bjerrum radius.

A-values, for a given value of the distance param-
eter, R, has been outlined.??

Frequently o(A) was found to be quite insensitive
to the value of the distance parameter, cf. Fig. 1
which refers to potassium iodide in 1-propanol.
The a(A)-R curve shown exhibits two minima, one
of which appears close to the Bjerrum radius, g,
while the other one appears at about ¢/2. Such a
behaviour has been observed for other conductance
equations.?*2% Because &(A)=minimum is not
useful as a criterion of “best set” conductance param-
eters we have chosen to set R =g, which for univalent
electrolytes in ethanol, 1-propanol, 1-butanol, and
1-pentanol at 25 °C is equal to 11.41, 13.78, 16.00,

.and 20.16 A, respectively.

The values of K, derived and their standard

deviations are summarized in Table 1.

REACTION RATES

The kinetics of the radioiodide exchange between
alkali iodides and methyl iodide in ethanol,” 1-
propanol,® 1-butanol,’!® and 1-pentanol,'®!! as
solvent media at 25 °C have been investigated over
a range of concentrations of the ionic iodide. Suf-
ficiently low concentrations for triple ion formation
to be negligible were used. The reactions studied
are of S\2 type.

Table 1. Values of K, at 25 °C according to Fuoss’
1975 conductance equation.'® Distance parameter,
R=q.

KAM™1) EtOH 1-PrOH 1-BuOH 1-PeOH
Nal 46.4(10)  168(2) 573(5)  1952(12)
KI 68.4(8) 311(1)  1159(12) 4150(18)
Rbl 90.7(7) 424(2)  1593(6)

Csl 123(1) 592(2)
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Fig. 2. Dependence of overall second-order rate
constant on concentration of ionic reactant for the
isotopic exchange between methyl iodide and
sodium iodide (circles) and rubidium iodide
(squares), respectively, in 1-butanol at 25 °C.

The observed second-order rate constant, k,,
decreases with increasing concentration of the ionic
reactant. Examples to illustrate this statement are
shown in Fig. 2 in which k, has been plotted vs.
concentration of the ionic iodide for the two ex-
change reactions between methyl iodide and sodium
and rubidium iodides, respectively, in 1-butanol as
solvent medium. This concentration effect may be
ascribed to ion pair formation, which reduces the
reactivity of the nucleophilic reagent, ie. the
iodide ion.

Quantitatively this effect may be treated by
splitting the observed rate constant, k,, into the rate
constants, k, and k;, referring to the two different
exchange reactions,

Na*I*"
ok,
CH,I +
I
ke

CH;I*+Na*l" orI™ (2)

involving paired and free ions, respectively. This
splitting may be accomplished by means of the
equation,

ky = ket +ky(1—2) (3)

in which « and (1—«) are the fractions of the
nucleophile, which are present as free and paired
ions, respectively.

To evaluate k; and k, it is convenient to rewrite
eqn. (3) in the form,
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Fig. 3. Graphs according to eqn. (4) for the isotopic
exchange between methyl iodide and sodium iodide
(circles) and cesium iodide (squares), respectively,
in ethanol at 25 °C.

kofoa = ke + k(1 —a)/or 4)

which was applied to the experimental points of
ko/o. vs. (1 —a)/a according to the method of least
squares. Values of a were evaluated using the
K,’s quoted in Table 1. Typical graphs according
to eqn. (4) for the exchange reactions involving
sodium and cesium iodides as nucleophilic reagents
are shown in Fig. 3.

The rate constants, k, and ki, derived and their
standard deviations are given in Table 2.

DISCUSSION

Effect of cation on ion pair reactivity. The values
of K, in Table 1 indicate that ion pairing of alkali

Table 2. Rate constants, k, and ki, referring to
paired and free iodide ions as nucleophilic reagents
in the isotopic exchange reactions between alkali
iodides and methyl iodide at 25 °C.

Solvent Salt k,x 10*  kex 10*  k/k
M-tsg ! M™ig™!
EtOH Nal 48(3) 103.8(2) 0.46
KI 44(2) 103.5(2) 043
RbI 35(2) 103.5(2) 0.34
Csl 25(5) 104.2(4) 0.24
1-PrOH Nal 46(4) 136.4(8) 0.34
KI 37(2) 139.1(6) 0.27
Rbl 34(3) 138.2(11) 0.25
Csl 4(20) 139.7(22) 0.03
1-BuOH  Nal 34(12) 179.2(38) 0.19
KI 33(10) 179.7(50)  0.18
Rbl 36(3) 177.2(14) 020
1-PeOH Nal 44(7) 197.4(58) 0.22
KlI 34(5) 221.9(53) 0.15
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Table 3. Minimum center-to-center distance be-
tween the ions in the ion pair at 25 °C according to
eqn. (5).

a/A EtOH 1-PrOH 1-BuOH 1-PeOH
Nal 5.94 4.55 381 4.17
KI 4.61 347 3.19 3.61
Rbl 3.87 3.15 3.00
2.89

Csl 331

iodides in a given solvent increases with increasing
radius of the naked cation. Qualitatively, this effect
may be explained by decreasing solvent separation 2¢
of the ions in the pair, which determines the
minimum anion-cation distance, a, because of
decreasing solvation of the cation with decreasing
surface charge density. Hence, the character of
solvent separated ion pairs increases in the order,
Cs*I"<Rb*'I"<K*I"<Na*I".

Quantitatively, this effect may be treated by
means of Bjerrum’s theory 2’ of ion pair formation
according to which the association constant on
the molarity scale may be expressed,

K, = (4nL/1000) } r* exp(B/r) dr (5)

where L is the Avogadro constant, f=e%/ekT,
where e is the protonic charge, ¢ is the relative
permittivity of the solvent, k is Boltzmann’s con-
stant, and T is the temperature. For different 1:1-
electrolytes in a given solvent at constant tempera-
ture (g =constant) increasing K, implies decreasing
value of the minimum anion-cation distance, g, in
the ion pairs, compare the values in Table 3
evaluated by means of eqn. (5) from the association
constants in Table 1.

An iodide ion in a loose pair would be more ef-
ficient as a nucleophilic reagent than an iodide ion
in a tight pair. In other words we may expect the
reactivity of the paired iodide ion to increase with
increasing solvent separation. Of the alkali iodides
investigated sodium iodide ought to exhibit the
highest reactivity, while cesium iodide should
exhibit the lowest one. This expectation is verified
experimentally; see Fig. 4 in which the measured
reactivity of the paired iodide ion relative to that of
the free one in ethanol as solvent has been plotted
vs. the alkali metal counter ion. Similar effects were
observed for the other solvents investigated.
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Fig. 4. Effect of cation on ion pair reactivity in the
isotopic exchange reactions between alkali iodides
and methyl iodide in ethanol at 25 °C.

It may be noted that the measured relative ion
pair reactivity (k,/k;) represents an average of the
different reactivities of all more or less tight ion
pairs present, the anion-cation center-to-center
distances of which are in the interval, a<r<g, as
discussed above. Let us, in addition, recall that the
fraction of more tight ion pairs in a given system
dominates over the loose pairs. According to the
Bjerrum formalism the number, dn;, of anions, i,
in a shell of thickness, dr, at distance, r, from a
central cation, j, may be expressed,

dn; = 4nn, exp(B/r)ridr 6)

where n; is the number of anions per unit volume
(bulk concentration). Using eqn. (6) we find, eg.,
for sodium iodide in 1-propanol at 25 °C, that the
number of (paired) iodide ions which on a time
average find themselves in a shell of 0.1 A thickness
at 5 A distance from a central cation is equal to
8x1072'n; while the corresponding number at
10 A distance is only 2 x 10~ 21p,.

Effect of solvent on ion pair reactivity. For a given
alkali iodide in different n-alcohols a number of
factors would act together to reduce the measured
relative ion pair reactivity with decreasing permit-
tivity of the solvent.

(i) The energy required to dissociate an ion pair
at given anion-cation distance, r, into free ions
increases.

(i1) The minimum center-to-center distance, a,
between the ions in the ion pair decreases, cf.
Table 3.

(iii) The fraction of (paired) iodide ions at given

distance from a central alkali metal cation
increases.

As an example, to illustrate the statement (iii)
the number of iodide ions in ‘a shell of 0.1 A
thickness at 6 A distance from a central alkali
metal ion in ethanol, 1-propanol, 1-butanol, and
I-pentanol at 25 °C amounts according to eqn. (6)
to 2x107 %', 4x 1072, 9x 10724, and 37 x
107 2'n,, respectively.

Hence, for a given salt in the different alcohols
concerned the fraction of more tight and less reactive
ion pairs would increase with decreasing permit-
tivity of the solvent. Accordingly, we may expect
the measured relative ion pair reactivity, ky/ks, to
decrease in the order, EtOH > 1-PrOH > 1-BuOH
> 1-PeOH, in these alcohols. Experimentally, it is
verified that this is so; see Fig. 5 in which the effect
of the solvent on k,/k; for the exchange reaction
involving potassium iodide as nucleophilic reagent
is shown. Similar effects were observed for the
other alkali iodides investigated.

Association constant and reactivity. The popula-
tion of more tight ion pairs increases with increasing
value of the ion pair association constant. Hence,
there might exist a correlation between the observed
ion pair reactivity and the association constant.
According to the graph of k,/k; vs. In K, in Fig. 6
a linear relationship between these quantities cannot
be excluded. Extrapolation of the least squares fitted
straight line in this graph,

kp/ke = 0.636—0.0642 In K , (7)

to k,/k;=0 suggests that ion pairs of alkali iodides
in n-alcohols might be practically unreactive for
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Fig. 5. Effect of solvent on ion pair reactivity in the
isotopic exchange reactions between potassium
iodide and methyl iodide in n-alcohols at 25 °C.
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Fig. 6. Dependence of relative ion pair reactivity
(kp/k;) on ion pair association constant for the
isotopic exchange reactions between alkali iodides
and methyl iodide in ethanol (open circles), 1-
propanol (squares), 1-butanol (triangles), and 1-
pentanol (full circles) at 25 °C.

values of K, exceeding approximately 2x 10*
(M ™1Y). Further studies to verify this conclusion are,
however, needed.

Minimum anion-cation distance from kinetic data.
Regarding the solvent as a continuum of relative
permittivity, ¢, the dissociation energy of a univalent
ion pair is equal to D= fkT/r. On the assumption
that the reactivity of the paired iodide ion varies
inversely with the dissociation energy, D,, and that
the distribution of iodide ions around a central alkali
metal ion follows eqn. (6) it can be shown '3 that
the observed ion pair reactivity (k,/k;) and the
minimum and maximum distance parameters, a
and g, are related to each other through the
equation,

(kp/kf) feﬁ/rrz dr=(1/g) feﬂ/"& dr ®)

which may be used to calculate the minimum center-
to-center distance of the ions in the ion pair from
the kinetic data.

By this means the values of a in Table 4 were
derived from the experimental rate constant ratios,
ky/k, in Table 2. Comparison of the data in Tables
3 and 4 reveals that the a values derived from the
kinetic data using eqn. (8) are less, in most instances
by 1—2 A, than those derived from Bjerrum’s
theory using eqn. (5). Anyhow, the kinetic data
yield values of a which appear to be of quite
reasonable order of magnitude. They show the
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Table 4. Minimum center-to-center distance be-
tween the ions in the ion pair at 25 °C according to

eqn. (8).

a/A EtOH 1-PrOH 1-BuOH 1-PeOH
Nal 3.0 2.9 24 33

KI 2.8 25 24 2.7

Rbl 24 24 25

Csl 2.0 <1

same dependence on solvent properties and charac-
teristics of the naked cations as do the correspond-
ing distances obtained from Bjerrum’s equation.
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