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On the Study of Triple Ion Formation

PER BERONIUS and TURE LINDBACK

Department of Physical Chemistry, University of Umea, S-901 87 Ume4, Sweden

The formation of triple ions of lithium bromide in
1-octanol at 25 °C has been studied by electrical
conductance measurements over the concentration
range 0.42x 10™* to 42x 10™* M assuming equal
probabilities of forming Li,Br* and LiBr, . The
conductivity data at concentrations below 3.5 x 10~
M, where triple ion formation was found to be
negligible, which is in accord with theory, were
employed to calculate the ion pair association
constant (K,) and the limiting conductivity of
simple ions (A, ). The triple ion association constant
(Ky) and the limiting conductivity of ion triples
(A},) were computed from a conductance equation
involving these quantities as adjustable parameters.
A mobility correction factor was incorporated in
this equation to correct for ion atmosphere effects.
Two different forms of this correction factor were
investigated.

There exists a vast literature on ion pair formation in
organic electrolyte systems as studied by means of
electrical conductance measurements, cf. Refs. 1 —5.
A survey of the literature reveals, however, that
comparatively few investigations of this kind con-
cerning the formation of higher aggregates, such as
triple ions, quadrupoles etc., have been performed.
There is an urgent need for further research in this
field.

Previous investigations of triple ion formation
are based on rather arbitrary assumptions con-
cerning the limiting conductivity of these species.
Ion atmosphere effects have not infrequently been
neglected in the calculations. The objective of the
present research is to investigate the formation of
triple ions by means of electrical conductance
measurements taking ion atmosphere effects into
account. In this article, where conductance data for
lithium bromide in 1-octanol at 25 °C are reported,
a method for the derivation of both the triple ion
association constant and the limiting conductivity
of ion triples is outlined.
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EXPERIMENTAL

Materials. The solvent (1-octanol, Fisher, puriss)
was dried by shaking with Drierite (anhydrous
calcium sulfate) for 24 h and fractionally distilled.
The corrected® density at 25 °C, determined by
means of a Lipkin type pycnometer® of 11 cm?
capacity, was 0.82172 g cm 3 (lit.” 0.82209 g cm ™ 3).
The electrolytic conductivity was 1x107!* Q7!
cm ™ !. The literature ® values, e=9.85 for the relative
permittivity, and #n=0.073 P for the viscosity, were
used.

Lithium bromide (Merck, suprapur) was dried for
2 h at 200 °C.

Solutions were prepared by weight. The density,
0.82377 g cm™3, of the most concentrated stock
solution used (0.02623 M) was determined as above.
A linear? relationship between the density of the
solution and the concentration of lithium bromide
was assumed in the calculations.

Measurements. Conductivity measurements were

performed at 25.00+0.02 °C using a Leeds and
Northrup 4666 conductivity bridge. The conduc-
tivity cell, which was fitted with bright platinum
electrodes, was of the Daggett-Bair-Kraus type.!°
The cell constant, determined by several calibrations
using1 aqueous potassium chloride,!! was 0.062026
cm™ !,
A portion of the pure solvent was transfered to
the cell and its resistance established. Several 10 ml
portions from a stock lithium bromide solution
were then added by means of a syringe. The exact
amount of each portion added was determined by
differential weighing of the syringe. After each
addition the cell resistance was established by
measurements at different frequencies between 2
and 3.3 kHz and extrapolation to infinite frequency
performed. :

Because the resistances were in most instances
outside the range of the conductivity bridge a 20 kQ
precision resistor was connected in parallel with the
cell. For checking purposes a few measurements
were performed using a 30 kQ precision resistor.
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Table 1. Conductance data for LiBr in 1-octanol at 25.0 °C.

¢ x 10* A cx10* A

M cm? Q™ ! mol™! M cm? Q™! mol !
0.42394 1.9040 7.2871 0.64228
0.44963 1.8649 7.6699 0.63148
0.85233 1.4983 8.0810 0.61588
0.90227 1.4667 8.4187 0.60814
1.2910 1.2853 8.8939 0.59244
1.3633 1.2565 9.1844 0.58715
1.7017 1.1557 9.6630 0.57270
1.7901 1.1318 11.818 0.53004
2.1024 1.0632 14.054 0.49496
22171 1.0383 16.284 0.46741
2.4953 0.99347 18.456 0.44535
2.6387 0.96949 20.620 0.42675
2.8915 0.93699 22.787 0.41098
3.0533 0.91425 24.635 0.39893
3.6810 0.85067 26.755 0.38686
3.9438 0.82424 28.785 0.37693
4.5339 0.78156 30.626 0.36817
4.8031 0.76075 32.548 0.36020
5.3342 0.73173 34.366 0.35315
5.6220 0.71363 36.251 0.34664
6.1154 0.69227 38.093 0.34061
6.4569 0.67449 39914 0.33497
6.8852 0.65983 41.831 0.32954

Almost identical resistances of the cell were obtained
for the two different shunt resistors used.

RESULTS AND DISCUSSION

The molar conductivity (A), corrected for the
conductivity of the solvent, is given in Table 1 for
several different concentrations, ¢, of lithium
bromide.

Concentration range for ion pair formation. To
determine the upper concentration limit for which
triple ion formation is negligible the following
procedure was used. The conductance equation,

A=A, —Sc¢;'* + Ec;'%log c; +

Ji6=J5¢% — K pcop?A (1)
where
A =lp(Li*)+ A, (Br) 2

and ¢; is the concentration of free ions, was fitted to
the seven lowest concentration points (c,A) to obtain
the values of A, and K, which minimize o(A), the

standard deviation between experimental and cal-
culated A-values. This procedure was repeated
upon increasing successively the upper limit of the
concentration interval studied, i.e. eqn. (1) was
fitted to the eight, nine, etc. lowest concentration
points.

Two different forms of eqn. (1) were used, viz. the
Pitts’ equation'? in the form of Fernandez-Prini
and Prue!? (“PFPP” equation) and the Fuoss-
Hsia equation'#'5 in the form of Fernandez-
Prini !¢ (“FHFP” equation).

The coefficients S and E in eqn. (1), which are of
the same form in the PFPP and FHFP equations,
respectively, are functions of A, & n, and the
temperature. The J-coefficients, which are of dif-
ferent forms for the two conductance equations
concerned are, in addition, functions of R, the
maximum center-to-center distance between the
ions in the ion pair. The distance parameter, R,
was set equal to the Bjerrum radius, cf. Refs. 1719,
which for octanol at 25 °C amounts to 28.45 A for
the charge type of electrolyte concerned.

The degree of dissociation, «, was calculated from
the law of mass action for the equalibrium between
free ions and ion pairs,
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Fig. 1. Dependence of 6(A) on maximum electrolyte
concentration for application of the PFPP and

FHFP versions of eqn. (1) to conductivity data of
LiBr in 1-octanol at 25 °C.

Ky = (1-0)fcy*a?) ©)

where y is the mean molar activity coefficient of
free ions, which was calculated from the Debye-
Hiickel equation,

log y = —11.465¢;'2/(1 +26.401¢;'?) )

corresponding to the values of ¢ and R quoted
above.

The computer program used to calculate A,
K,, and o(A) for a given value of R has been
described.2?

Graphical representations of the dependence of
o(A) on the maximum concentration of lithium
bromide are shown in Fig. 1 for the two different
forms of eqn. (1) discussed. For concentrations
above approximately 3.5 x 10~* M the fit of eqn. (1)
to the experimental points gradually deteriorates
as reflected by the increasing values of a(A). This
is so for both the PFPP and FHFP versions of
eqn. (1). The effect observed may be ascribed the
formation of triple ions, cf. Ref. 21 and references
therein.

For 1:1-electrolyte solutions at 25 °C Fuoss has
derived the following relationship,’

Cmax = 3.2%x 1077 & (5)

between the maximum concentration, for which
triple ion formation is negligible, and the permit-
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Fig. 2. Dependence of o(A) on distance parameter,
R, for application of the PFPP and FHFP versions

of etin. (1) to conductivity data of LiBr (¢ < 3.0533 x
10™* M) in 1-octanol at 25 °C.

tivity of the solvent. For the solvent studied eqn. (5)
yields, ¢pn.,=3.1x10"* M, which is in excellent
agreement with the experimental value of 3.5x 10~ 4
M arrived at above.

It is concluded that the 14 lowest concentration
points in Table 1 may be used to compute the
constants of eqn. (1). With R=28.45 A the following
values were obtained. PFPP equation: A, =3.9214
cm? Q7! mol™!; §=41.07; E=890.4; J,=5610;
J,=123600; K, =56 180 (M~ '); FHFP equation:
A,=39479; S=4121; E=8975; J,=5152; J,=
61 100; K, =57 100.

It may be noted that a(A) is quite insensitive to
the value of R within the 5—30 A range, see Fig. 2.

Triple ion formation. In the interpretation of the
conductivity data in the higher concentration range
(c=>3.681 x 107* M; cf. Table 1) equal probabilities
of forming the two different kinds of triple ions,
Li,Br* and LiBr, ", will be assumed.

The following equilibria will be considered.

Li* +Br~ == LiBr )
LiBr + Li* =Li,Br* (Ila)
LiBr + Br~ = LiBr; (IIb)

The equilibrium constants of (Ila) and (IIb), being
equal according to the assumption above, are
denoted K. Putting,
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[Li*]=[Br ]=ca (6)
[Li,Br*] =[LiBr; ] = cor (7

we obtain eqn. (8) for the concentration of ion pairs.

[LiBr] = c(1 —a—3oy) ®)
Hence,

Ka=(1—a—3ur)/(cy*e?) 9
Ky = ay/[ca(l —a~30r)] . (10)

The molar conductivity is given by the expression,

A =m(aA, + a;AT) (1)
where
AT =4 (Li,Br*)+ 4 (LiBr,") (12)

and m is a mobility correction factor, which corrects
A for ion atmosphere effects. This correction factor
was calculated from the expression,

m= (A, —Sc¢;V'? + Ec;'%og ¢; + J ,¢; — J ,¢;3)/A
(13)

where the coefficients are the same as in eqn. (1)
and,

¢ = clo+ag) (14)

Eqn. (11) was fitted to the experimental conduc-
tivity data of the higher concentration range using
a computer program operating as follows.

For each experimental point (c,A) a first approxi-
mation for a was calculated from eqn. (9) putting
y=1 and oy =0 using the K ,-value computed above
from the conductivity data of the lower concentra-
tion range.

Using a preselected value of Ky a preliminary
value of a; was then obtained from eqn. (10).

A preliminary value for y was calculated from the
activity coefficient expression, eqn. (4), using ¢;
according to eqn. (14).

The new values of a; and y were inserted into
eqn. (9) to obtain a better estimate of «, and so on.

These calculations were repeated until the dif-
ference between successive a-values, as well as
between successive a;-values, was less than 1 x 1076,

After attainment of the desired convergence in «
and a; the mobility correction term was calculated
from eqn. (13) using the values of A, S, E, J,, and
J, computed above.

Using a preselected value of AL eqn. (11) yielded
a calculated A-value and, hence, the difference,

AA = A(exp) — A(calc) (15)
The expression,

B E(A/\)Z 1/2
a(A)—(N_2> (16)

where N is the number of experimental points, was
used to obtain the standard deviation between
experimental and computed A-values.

To find the values of K1 and AT, which minimize
a(A) the dependence of a(A) on K was established
for a series of values of the quotient, AT, /A . Since
it seems improbable that the limiting conductivity
of the triple ions would exceed that of the simple
ions the calculations were restricted to values of
AL/A, <1,

Some results of these calculations are shown
graphically in Fig. 3, which reveals that well-
defined minima are obtained.

In Fig. 4 the conditional minimum ¢(A) has been
plotted vs. the ratio, AT /A,. The corresponding

Ae/Aa=03 i

o %
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—> K, (M)

Fig. 3. Dependence of a(A) on Ky and the ratio,
AL /A, for application of the F version of eqn. (11)
to conductivity data of LiBr (c>3.681x10™* M)
in 1-octanol at 25 °C.
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Fig. 4. Dependence of conditional minimum a(A)
on the ratio, AT /A, for application of the P and F
versions of eqn. (11) to conductivity data for
LiBr (¢>3.681 x10~* M) in l-octanol at 25 °C.

graph of the dependence of K; on this ratio is
shown in Fig. 5. The curves labelled “P” and “F” in
Figs. 4 and S were obtained using the two different
versions of eqn. (11) based on the conductance
parameter values quoted above for the PFPP and
FHFP equations, respectively. According to the
curves in Fig. 4 the F version of eqn. (11) results in
the better fit to the experimental points.

By contrast with the P curve in Fig. 4 the F
curve exhibits a minimum, which appears at a
limiting conductivity of the triple ions correspond-
ing to AT ~04A_. This observation suggests that
the limiting conductivity of the triple ions is about
half that of the single ions. Compare previous
studies in which the limiting conductivity of the

200 | 1

—> K (M)
3
o

1 i 1 L
0

02 04 06 08 10
— /A

Fig. 5. Dependence of Kt on the ratio, AL /A, for
LiBr in 1-octanol at 25 °C.
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Fig. 6. Experimental and calculated values of A vs.
concentration of LiBr in 1-octanol at 25 °C. Curves
1 and 2: PFPP and FHFP versions, respectively,
of eqn. (1). Curves 3 and 4: P and F versions,
respectively, of eqn. (11).

triple ions has been assumed equal to 1/3 of that of
the simple ions in some investigations, e.g. in Ref.
21, and equal to 2/3 in others, see for instance
Ref. 22.

The experimental points (c,A) of the higher con-
centration range are shown graphically, together
with calculated curves, in Fig. 6. Curve 1 is an
extrapolation of the PFPP version of eqn. (1) from
the lower to the higher concentration range, while
curve 2 is the corresponding extrapolation of the
FHFP version of eqn. (1). Curve 3 represents the P
version of eqn. (11) for AL/A,=1 and K;=57
referring to the minimum value of a(A) of curve P
in Fig. 4. Curve 4 is the corresponding representa-
tion of the F version of eqn. (11) referring to the
minimum of curve F in Fig. 4 for AL /A =0.43 and
K;=80. As may be seen from Fig. 6 an excellent
fit of eqn. (11) to the experimental points of the
higher concentration range is obtained in this latter
case.
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As mentioned above previous investigations are
based on rather arbitrary assumptions concerning
the limiting conductivity of the triple ions. Accord-
ing to the present study the minimum value of
a(A) corresponds to a limiting conduetivity of the
triple ions, which is about half that of the single
ions. It is a matter for further research to verify
whether the location of this minimum, cf. Fig. 4,
indeed reflects the true value of the limiting conduc-
tivity of the triple ions.

The present formalism used to analyze conduc-
tance data assuming ion pair and triple ion forma-
tion necessarily involves a great number of adjust-
able parameters. Furthermore, the numerical value
of the triple ion association constant may be rather
strongly dependent on basic assumptions made,
e.g. concerning ion atmosphere effects, cf. Fig. 5.
Consequently, it seems worthwhile to stress that
the calculated value of K; should be used with
caution.
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