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The conductometric and dielectric behaviour of solutions of Bu,NCIO, in several
solvents of from low to medium static permittivity, from propionic acid (¢ = 3.3) to
acetone (& =20.7) have been studied at 25°C in the 102—10"! mol dm™ range.

In dichloromethane and in solvents of ¢ less than 9 the A-c curves disglay a
minimum in the 10~>—10"2 mol dm~ range and a maximum at ~0.1 mol dm3. The
concentration at which the minimum is observed, c;,, is in accordance with Walden’s
empirical relationship, ec;!®> = const..The value of c,,, decreases slightly with
increasing €. The ratio between A at c,, and A at ¢, increases significantly with
decreasing €. In solvents of € larger than 9 the A-c curves display only an inflection.
This inflection is barely detectable in pyridine (¢ = 12.3) and in acetone.

The static permittivity of the solutions, ¢, increases with the amount of dissolved
salt in all solvents except in acetone. After a rapid increase at low concentrations,
de/dc ranging from ~30 dm® mol™! in propionic acid to ~70 dm® mol™! in
1,2-dichloroethane, the g,—ccurveslevel off to asymptotic values of ¢, which are from 3 to
6 times larger than the permittivity of the pure solvents. The degree of dissociation,
a, has been calculated by Ostwald’s dilution function, K;! = a’c(1—a), based upon
association constants corrected for the increase in the static permittivity of the
solutions according to the Fuoss relation. The calculated values are in satisfactory
agreement with a,,,, equal to A/A°, for concentrations up to Cy,,, ~0,1 mol dm™.

Many of the most efficient and powerful chemical synthetic
routes are based upon the use of ionic reagents, (A*B™).
The reacting part may be A* or B™, depending upon the
character of the reaction partner, C [eqns. (1) and (2)].

C + (A'B") %2 cA* + B )
C + (A'B-) 25 cB- + A* @)

C may also be an ionic reagent, i.e. a carbenium salt,
R,C*X", or a transition metal complex, ML?*X"~. In most
cases a solvent is used to homogenize the reaction mixture
and to control the progress of the reaction. The choice of
solvent is primarily determined by solubility and stability of
reactants and products, the rate of the reaction, the struc-
ture of the transition state leading to the desired product,
etc., but also by tradition, price and availability. Reactions
of the type depicted by eqns. (1) and (2) are so common
that they play a central role in chemistry.

For reactions according to eqn. (2), i.e. nucleophilic
substitution reactions, the rate equation [eqn. (3)] is valid
when opposing or consecutive reactions can be neglected.

d[CB")/dt = k, [C][B7] 3)
*To whom correspondence should be addressed.
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[B7], the concentration of the reacting nucleophile, is set
equal to the concentration of the ionic reagent. Likewise, if
Cis an ionic reagent, the concentration of the reacting part
of Cis set equal to [C]. Eqn. (3), which is the fundamental
key to kinetic and mechanistic studies, will therefore only
be valid when the reactants are completely dissociated, i.e.
in water and in other solvents of high permittivity. How-
ever, a large number of reactions, both in organic and in
inorganic chemistry, have to be performed in media in
which the fraction of dissociated species originating from
one or both reactants is small; cf. phase-transfer reactions
in the organic solvent phase,’ reduction reactions of LiAlH,
in ethers’ and substitution reactions involving transition
metal complexes in halogenated alkanes.? Lithium alkyls in
hydrocarbons, which are the sources of R™ ions in a large
number of reactions, show no evidence of a degree of
association lower than four-fold.*

Numerous studies have shown that small alterations in
the solvent, the concentration of the reagents, the counter
ion, the temperature, etc., may seriously influence the rate,
the mechanism, and the regio- and stereospecifity of a
reaction.>® Apart from solvation phenomena, these com-
plications seem to be due to variations in the concentration
of dissociated ions and of other species, notably various
types of ion pairs, and the rapid equilibria between these
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species.”® Our understanding of the dynamic behaviour of
reactive ions and ion pairs stems largely from the classical
studies of Winstein’ and Eigen.'S Recently, the Winstein
ion pair formulation was elegantly confirmed by Masnovi
and Kochi.'® However, precise information concerning in-
dividual concentrations cannot presently be obtained for
concentrations that are of synthetic and of mechanistic
interest. It is apparent that mechanistic descriptions of a
large number of reactions will remain obscure until these
problems have been solved.

Much of our knowledge concerning electrolytes derives
from static conductometric measurements.'”? The inter-
pretation of this kind of studies, however, suffers from the
lack of reliable relationships between conductance and con-
centration.? Furthermore, the question of whether triple
ions contribute to the conductivity causes an additional
incertitude.'$%%% In the present study we report the re-
sults of a combined conductometric and dielectric study on
solutions of Bu,NCIO, in several commonly used organic
solvents up to ~0.3 mol dm=. One of the basic conclusions
that can be drawn from the fundamental studies of Bjer-
rum® and Fuoss® is that the association constant, K,, is
related to the permittivity of the solvent. Although a num-
ber of exceptions are known,® there is a wealth of data that
confirm the basic idea embodied in the InK, — £ ! relation-
ship.®! The permittivity of the solvent, in spite of being a
macroscopic quantity (cf. the serious limitations in the
Born model’>®) is undoubtedly of profound importance
when association phenomena are considered.

Bu,NCIO, was chosen as a model compound since this
salt has been extensively studied and a large body of data
exists in the literature. The size and structure of both ions
are known from numerous volumetric, viscometric, con-
ductometric and crystallographic studies.** The ions can
hardly be considered as “innocent” ions; cf. particularly the
ability of the perchlorate ion to act as a ligand toward hard
metal cations® and the facile reaction between ClO,” and

Table 1. Survey of solvent properties at 25.0°C.?

BF,.¥ A permittivity study of solutions of several onium
salts in dichloromethane at 20°C has recently been pub-
lished. %

Experimental

Materials. Bu,NCIO, was prepared and purified as de-
scribed.¥* The solvents were of the highest available qual-
ity and were purified according to known procedures.*!
Chloroform was used immediately after purification. Table
1 summarizes relevant properties of the solvents used in
this study. The solutions of Bu,NCIO, were studied from
~5%107* mol dm™ and up to ~3x10"! mol dm™* when
experimentally possible. This concentration range em-
braced the minimum and the maximum in the A-c plots.
Concentrations up to 0.3 mol dm™ were readily obtained in
all solvents except propionic acid (~0.2 mol dm™?) and
ethyl acetate (~0.07 mol dm™). Since the A-c plot in the
available concentration range in ethyl acetate was compa-
rable to that in ethyl benzoate, the dielectric behaviour of
the dilute solutions of Bu,NCIO, in ethyl acetate was not
studied.

Conductivity measurements. The conductivity equipment
has been described previously.® The cell constant,
4.97x107® m, with an estimated accuracy of 0.2 %, was
ideal for all concentrations in solvents of € in the 5-13
range. The cell constant was too small in the case of the
most dilute solutions in propionic acid and chloroform and
too large in the case of the most concentrated solutions in
acetone to give very accurate conductivity data. Since the
results in acetone and chloroform agreed satisfactorily with
published data,*** measurements in the uncertain concen-
tration ranges in the three solvents were not repeated with
more suitable cells. The conductivity experiments were
performed at 25.00(1) °C.

No. Solvent € n./cP wD T./ps®
1 Propionic acid 33 1.036 1.75 50
2 Chloroform 4.7 0.542 1.15 6
3 Ethyl benzoate 5.9 2.24 2.00 36
4 Acetic acid 6.2 1.155 1.68 90
5 1,2-Dimethoxyethane 7.2 0.413 1.71 7
6 Dibromomethane 7.2 0.980 1.43 3
7 Tetrahydrofuran 7.4 0.460 1.75 3
8 1,1,2,2-Tetrachloroethane 8.2 1.844°¢ 1.71 32
9 Dichloromethane 89 0.412 1.55 2

10 1,2-Dichlorobenzene 99 1.271 2.27 23

11 1,1-Dichloroethane 9.9 0.455 1.97 6

12 1,2-Dichloroethane 104 0.788 1.75 7

13 Pyridine 123 0.882 2.25 7

14 Acetone 20.7 0.316 2.69 3

aMainly from Ref. 77. ®This study. ©15°C.
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Permittivity measurements. The time domain (TDS) tech-
nique was used for all measurements. Details of the meas-
uring system including sample cell and computing proce-
dures have been described.”** A time window of 20 ns
was used. The temperature was kept at 25.0(1) °C by means
of a thermostatted jacket surrounding the coaxial line.
Throughout this study the static permittivity of a pure
solvent is denoted by ¢, while ¢ is used for the static
permittivity of a solution.

In total transmission TDS, the transmission coefficient,
T(w) = R(w)/V(w), is obtained by Fourier transformation
of the pulses transmitted through the sample, r(f), and
through the air-filled measurement cell, v(r). The apparent
total complex permittivity € can then be calculated from
the transmission line equation, eqn. (4), where o =
(1-£,"?)/(1+€;?) and c is the velocity of light in free space.

(1—-@»exp—(iwlic)(g,*-1)
1—0? exp—2iwl/c)e;

T(w) = (4)

Measurement accuracy may be improved by measuring
relative to a reference liquid with known dielectric para-
meters. The unknown spectrum can be obtained by solving
eqn. (5) where T (w) is the transmission coefficient of the
reference liquid as calculated from eqn. (4). In the study of
the electrolyte solutions the pure solvents were used as
reference liquids; cf. Table 1 for dielectric parameters.

R®) T(o)
Ru(®)  Tofw)

®)

The total permittivity is generally described by eqn. (6)
where ¢'(w) and —io/we, are the dielectric and ionic con-
ductance contributions to . g, is the permittivity of free
space and o is the conductivity of the solution. Owing to the
conductivity of the solutions, no reliable TDS measure-
ments could be performed for concentrations above ~0.05
mol dm™ in acetone and above ~0.15 mol dm™* in pyri-
dine. In solvents of lower permittivity the solutions could
be studied up to ~0.4 mol dm™3, but the accuracy declined
rapidly above ~0.3 mol dm™.

g(w) = £'(w) — iolwe, = ¢ — &' — iolwg, (6)

The pure solvent data, as measured relative to the empty
cell, were fitted to a Debye model function [eqn. (7)].

. € — &,

€ =€ 9

ot T
1+ ioT,

The experimentally determined relaxation times for the
pure solvent, 1, are listed in Table 1. €, ranged from 2.0 to
2.3, in reasonable agreement with the square of the refract-

Bu,NCIO, IN ORGANIC SOLVENTS

ing index of the solvents, n5. When fitting the electrolyte
solution spectra to a definite dielectric model function the
concentration dependence of the solvent relaxation times
causes an incertitude; dissolution of a salt in associated
liquids is known to have a distinct influence upon the
solvent dielectric relaxation.* In the calculations, the sol-
vent relaxation times were considered to be independent of
the concentration of Bu,NCIO; in all solvents. The possible
error in the solution permittivities and in the ion pair relax-
ation times due to this assumption is difficult to estimate,
particularly in the associated solvents. However, when the
ion pair relaxation time is much greater than that of the
solvent, the ion pair dielectric parameters are not critically
dependent on the solvent parameters.

The model function for the permittivity spectra of the
solutions is given by eqn. (8), where g,—¢, gives the die-
lectric increment for the solvent dispersion. The term g,—¢,

€& — & g — &,
= +
1+ (iot)'™

*

€

1+ ioT, ®
represents the dielectric increment resulting from salt addi-
tion, the increment being due to the presence of ion pairs
with a mean relaxation time t,. The 4 parameter in the
Cole-Cole function is introduced to account for a possible
distribution of relaxation times around t,, generally recog-
nized as a depression of the €'’ vs. €' arc below the semi-
circle expected for only a single relaxation time. Since the
€'’ vs. €’ arcs were generally observed to be depressed, the
value of h for each data set was chosen from the best
computer fit to the Cole-Cole function. The use of values of
h up to ~0.3, instead of # = 0, in eqn. (8) caused a
significant increase in t, but only a modest increase in &,
the permittivity of the solutions. The notable depression in
the €'’ vs. ¢’ arc, however, seemed to justify the use of h
values different from zero. Although a value of the conduc-
tivity, o, can be obtained from the TDS data,* the conduc-
tivity was similarly used as a possible variable parameter in
the fit. The solvent parameters, i.e. 1, (Table 1) and e.,
were fixed as outlined above. Tables of conductivity and
permittivity data together with derived parameters at dif-
ferent concentrations are available from the authors on
request.

Results

Conductivity data. The results from the conductivity study
are presented in Fig. 1, where the molar conductivity, A, in
per cent of the limiting molar conductivity, A°, has been
plotted vs. the logarithm of the concentration of Bu,N
ClO,. The numbering of the solvents is as in Table 1, i.e.
according to their permittivity, from propionic acid (1) with
€ = 3.3, to acetone (14) with £ = 20.7. By plotting 10> A/A°,
instead of A, vs. the concentration, a more reliable com-
parison between the various solvents is obtained since the
greatly different solvent viscosities are eliminated. The A°
values were taken from accurate conductivity stud-
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using an average value of A°n, = 0.55 S cm? mol™! P for
Bu,NCIO, at 25.0°C. Since this product is known to vary
considerably,® viz. from ~0.4 to ~0.7 in organic solvents,
an uncertainty in the ordinate values for some of the sol-
vents will necessarily be introduced; this uncertainty, how-
ever, is small compared with the variations in the solvent
viscosities. Table 2 gives a summary of relevant conductiv-
ity data.

In dichloromethane (9; € = 8.9), and in solvents of lower
permittivity, the conductivity plots display a minimum and
a maximum. In solvents of higher permittivity (¢>9) only
an inflection is observed, which is barely detectable in
pyridine and in acetone. The concentration at which the
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Fig. 1. The ratio, A/A°, between the molar

60 conductivity and the limiting molar conductivity (x 100)
at 25.0°C vs. the logarithm of the concentration of
Bu,NCIO,. For numbering of solvents, cf.
Table 1 [dotted line for chloroform (2), 1074 — 102

mol dm™3, is from Ref. 42].
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minimum occurs, c,,;,, increases with increasing permittivi-
ty of the solvent and is in excellent agreement with Wal-
den’s empirical relationship, ec;* = const.!” (cf. last co-
lumn in Table 2). The value of c,,,, the concentration at
which the conductivity curves display a maximum, de-
creases slightly with increasing € of the solvent. No obvious
relationship between ¢ and c,,, could be derived from the
present data. The ratio between A/A° at c,,, and at ¢
decreases significantly with increasing e.

The A/A° — ¢ plots show the expected trend toward
higher conductivity with increasing permittivity of the sol-
vents. In three solvents, however, viz. tetrahydrofuran (7),
1,2-dichlorobenzene (10) and 1,1-dichloroethane (11), the
solutions of Bu,NCIO, are distinctly less conductive than
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Table 2. A summary of conductivity data and other derived data for Bu,;NCIO, in organic solvents at 25.00°C.

Solvent A%S cm? A°n, Scm? K,
mol~’

102 Cri/M 102 A

102 CogdM 102 A Apax 102 Go/M 102 Ay €518 IM-13

mol~' P A° A° Amin A°

12 53 ~0.55 i

2 110° 0.60 29x10®8 ~0.2 0.3 55 2.4 8 ~35

3 27° ~0.55 i ~0.4 0.7 45 29 4 ~35

4 48° ~0.55 i 0.9 25 45 6.2 2.5 30

5 133% ~0.55 i 1.9 2.2 37 3.1 1.4 27

6 56° ~0.55 i 1.1 29 41 5.0 1.7 32

7 1274 0.58 1.7x10° 14 17 42 2.8 15 31

8 33% ~0.55 i 2.3 8.6 16 9.7 1.2 28

9 109° 0.45 2.2x10* 3.1 10.9 19 11.7 1.1 28
10 42! 0.53 9.3x10* ~7 6 ~13k
11 110/ 0.50 4.7x10* ~9 4 ~13k
12 65° 0.51 6.4x10° ~10 16 ~14*
13 739 0.64 2.5x10° ~10 22 ~16%
14 188¢ 0.59 8.0x10!

aNumbering of solvents as in Table 1. °From Walden’s product, A°n, = const. ~0.55 S Cm? mol~' P. °Ref. 42. “Ref. 47. °Ref. 40.
'Ref. 31. 9Ref. 48. "Ref. 43. 'Not available. ‘Walden's empirical relationship, ec»® = const.'” ¥Assuming ¢,y to be equal to ¢y, (M =

mol dm=3).

Table 3. Calculated and experimental values for the degree of dissociation, o.,., and o, equal to A/A°, for 0.01 and 0.1 mol dm~3

solutions of Bu,NCIO, in some organic solvents.

Solvent 0.01 mol dm~2 0.1 mol dm™3
1 ozacﬂlc‘B 1 Ozuepr uaxp/ Cleale 1 ozacalc 1 Ozasxp aexp/ acalc

2 Chloroform 0.059 0.33 5.6 0.018 1.5 80

7 Tetrahydrofuran 0.76 1.6 2.1 0.24 2.4 10

9 Dichloromethane 6.5 12.3 1.9 21 11.6 5.5

Methyl formate 3.6 6.7°¢ 1.8

10 1,2-Dichlorobenzene 3.2 5.3 1.7 1.0 4.2 4.2
11 1,1-Dichloroethane 4.5 7.6 17 15 5.8 4.0
12 1,2-Dichloroethane 11.7 21.3 1.8 3.9 16.1 41
13 Pyridine 18.1 34 1.9 6.1 222 3.6
14 Acetone 62 59 0.95 27 35.0 1.3

A0eqe = [(4C Ky + 1)"2 = 1)/2¢ K, (K, from Table 2). ®a,,, = A/A° (Fig. 1). “Extrapolated from data in Ref. 50.

anticipated. Recently, Bu,NCIO, was studied conducto-
metrically in methyl formate,® a solvent which is isodi-
electric with dichloromethane (¢ = 8.9). The available con-
ductivity data, up to ~0.01 mol dm™>* lead to a A/A° — ¢
plot below that of 1,1-dichloroethane (11), and thus signifi-
cantly below that of dichloromethane (9). Characteristic
for tetrahydrofuran, 1,2-dichlorobenzene, 1,1-dichloro-
ethane and methyl formate is that the association constant
for Bu,NCIO, is larger than expected from alinear InK, —¢~!
relationship (K, in methyl formate is 7.3x10*, as compared
with 2.2x10* in dichloromethane®-*’). Some of the A/A°
—c plots intersect, but only at concentrations above
~0,1 mol dm3. Apparently, the association constant, K,
in very dilute solution strongly determines the conductivity
up to at least 0.1 mol dm™>. The permittivity of the solvent,
however, governs the form of the A/A° — c plots with
regard to the presence of a minimum and a maximum or
only an inflection; cf. the plots for 1,1-dichloroethane (11)

and for 1,2-dichlorobenzene (10), € in both solvents being
9.9, and the plots for 1,1,2,2-tetrachloroethane (8) (¢ =
8.2) and for dichloromethane (9; € = 8.9).

Based upon Ostwald’s dilution function one can calculate
the degree of dissociation, o, [eqn. (9)]. Table 3 gives a
comparison between o, and a,,,, the latter being equal to

K,Rl = 0'zalc C(l_acalc) (9)

AJA®, at two arbitrary concentrations, viz. 0.01 and 0.1 mol
dm™, in some solvents for which accurate association con-
stants for Bu,NCIO, are available. The results show clearly
that a.,, is distinctly higher than expected, particularly in
the solvents of lowest permittivity, i.e. chloroform and
tetrahydrofuran. In the remaining solvents the ratio be-
tween a.,, and o, is essentially independent of € at 0.01
mol dm~3, ~1.8, but decreases from 5.5 to 3.6 with in-
creasing € at 0.1 mol dm™3. In acetone, in which Bu,NCIO,
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Fig. 2. The static permittivity, ¢ (lower plots), and the ion pair
relaxation time, t, (upper plots) vs. the concentration of
Bu,NCIO, in the halogenated alkanes: chloroform (2),
dibromomethane (6), 1,1,2,2-tetrachioroethane (8),
dichloromethane (9), 1,1-dichloroethane (11) and 1,2-
dichloroethane (12).

0.1 0.2 0.3

c¢/mol dm—3

is significantly less associated, a, is in fair agreement with
Oeyp, €ven at 0.1 mol dm™,

Permittivity data. Figs. 2 and 3 show plots of the permittiv-
ity of the solutions, ¢, and the ion pair relaxation time, t,,
vs. concentration; Fig. 2 for the halogenated alkanes and
Fig. 3 for the remaining solvents. The numbering of the
solvents is as in Table 1 and Fig. 1. The permittivity of the
solutions of Bu,NCIO, in acetone was found to be inde-
pendent of the concentration up to ~0.05 mol dm~3, the
upper limit for reliable permittivity studies in this solvent.
No relaxation phenomena in addition to the usual acetone
relaxation could be detected in the dilute solutions. Ace-
tone is therefore omitted in Fig. 3.

In all other solvents the permittivity of the solutions, &,
increases with the concentration of Bu,NCIO,. After an
initial strong increase at low concentrations, de/dc ranging
from ~25 dm’ mol™! in propionic acid (1) (Fig. 3) to ~70
dm’ mol™! in 1,2-dichloroethane (12) (Fig. 2), the ¢, — ¢
plots level off to asymptotic values of €. These values are
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from ~ 3 [pyridine (13)] to ~6 [acetic acid (4)] larger than &
for the pure solvents. The levelling off in the & — ¢ plots is
significantly slower for propionic acid (1), ethyl benzoate
(3) and 1,2-dichlorobenzene (10) than for the other sol-
vents. It is notable that the initial increase and the asymp-
totic value of ¢, for 1,2-dichloroethane (12) are larger than
for 1,1-dichloroethane (11).

At low salt concentrations the small dielectric increment
due to the ion pairs makes an accurate determination of the
corresponding relaxation time difficult. In the t, — ¢ plots
only T, values for ¢ = 0.02 mol dm™ are therefore consid-
ered. These plots show a complex pattern. In the solvents
of highest ¢, i.e. pyridine (13) and 1,2-dichloroethane (12),
the relaxation time due to the ionic solute initially de-
creases and then levels off to asymptotic values for higher
concentrations. In some solvents of intermediate permittivi-
ty, viz. dichloromethane (9), 1,1,2,2-tetrachloroethane (8)
and 1,1-dichloroethane (11), the relaxation time decreases
slowly with increasing concentration. As ¢ for the solvent
further decreases, a trend toward increasing T, at low con-
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Fig. 3. The static permittivity, ¢, (lower plots), and the ion pair
relaxation time, t, (upper plots) vs. the concentration of
Bu,NCIO, in propionic acid (1), ethyl benzoate (3), acetic
acid (4), 1,2-dimethoxyethane (5), tetrahydrofuran (7), 1,2-
dichlorobenzene (10) and pyridine (13).
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centrations followed by a decrease at higher concentrations
is apparent. Additional calculations of T, based upon a
Debye model function led to slightly different values for
the ionic conductivity, o, and the relaxation time, t,, but
did not alter the general trend as outlined above.

From the Debye model for a rotating spherical dipole of
radius a the relationship between the macroscopic relaxa-
tion time, t;, and the bulk solvent viscosity, 1, given by
eqn. (10) is valid. Based upon the Powles-Glarum relation®!

4 na®
K i

between the microscopic and the macroscopic relaxation
time one obtains the following expression for T, in a dilute
solution of ion pairs [eqn. (11)]:%*

3V 11
NaT™ (11)

T, =

0.4

Here, V3 is the partial molar volume of a salt in a solvent of
viscosity 1,, while N,, k and T represent Avogadro’s num-
ber, Boltzmann’s constant and the absolute temperature,
respectively. Eqn. (11) can be expected to be valid for
dilute solutions only.> The form of the T, — ¢ plots, particu-
larly in the solvents of low €, and the experimental un-
certainty in T, for concentrations less than ~0.02 mol dm™*
prevented reliable values for 1, (c—0) from being obtained.
We have therefore chosen to test eqn. (11) at two arbitrary
concentrations, viz. 0.03 and 0.1 mol dm™. A separate
study has shown that the partial molar volume of Bu,NCIO,
in several organic solvents is in the range 0.300—0.325 dm®
mol~'.* The value for V;, (Bu,NClO,) in dichloromethane,
viz. 0.3045 dm?® mol~!,* was therefore used for all solvents.
The change in viscosity up to 0.1 mol dm™3, usually less
than ~ 10 %,> was sufficiently small to allow the viscosity
of the pure solvents to be used. Fig. 4 shows the 1, — 1,
plots according to eqn. (11). Although a clear correlation
between T, and n, can be observed, it is also apparent that
this equation is poorly obeyed in some of the solvents,
particularly at 0.1 mol dm™>.
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Fig. 4. The ion pair relaxation time, t,, vs. the viscosity of the
solvent, n,; cf. text and eqn. (11) (upper plot, 0.1 mol dm~3;
lower plot, 0.03 mol dm~3).
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Discussion

Comments on the solvents and their properties. The choice
of solvents for the present study was primarily determined
by their static permittivity, €. Additionally, solvents which
are frequently employed in chemical reactions owing to
their price and availability were preferred. Bu,NCIO, had
to be sufficiently soluble, preferably up to ~0.4 mol dm~>,
and sufficiently associated to allow effects due to ion pair-
ing upon conductivity and permittivity of the solutions to
be detected. Due to the limitations in the TDS technique
when applied to samples with too high a conductivity only
solvents with € less than ~ 15 could be examined. Acetone
(e = 20.7) was attempted, but the association constant, viz.
~10?, was too small to allow reliable permittivity studies to
be performed. The limited solubility of Bu,NCIO, in all
alcohols of sufficiently low permittivity prevented the exa-
mination of this class of solvents. The lower end of the
permittivity scale, i.e. propionic acid (¢ = 3.3), was simi-
larly determined by the solubility of Bu,NCIO,. Some of
the chosen solvents are fairly strong acids or bases, both in
the Brgnsted and the Lewis sense. In Bu,NCIO, the ca-
tionic charge is well screened by the alkyl groups, and the
anionic charge is dispersed over several atoms. One may
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therefore hope that the results obtained are not seriously
affected by solvation in the various solvents.

Admittedly, €, being a macroscopic parameter, is a poor
measure for a microscopic description of a solvent. Never-
theless, when association phenomena are considered, the
InK, — ¢! relationship, as can be deduced® from the
Bjerrum? and the Fuoss? equations, leaves no doubt about
the importance of this parameter. However, the large asso-
ciation constant and thus the low conductivity of Bu,NCIO,
in some of the solvents (Fig. 1) indicate that other factors
play an important role. A reasonable assumption is that the
intrinsic dipole moment of the solvent molecules will have
to be considered. A high dipole moment will presumably
favour ion pairs with large interionic distance. Since less
energy will be required to dissociate a “loose” solvent-
separated ion pair than a “tight” contact pair, one may
expect that the dipole moment will influence the associ-
ation constant. The intrinsic dipole moment, however, will
depend upon the degree and the type of association of the
solvent molecules, and may difffer from the usually quoted
gas-phase moment (Table 1). The presence of an ionic
solute may further alter the association pattern.

It has become customary to consider the Kirkwood cor-
relation factor, g, as a measure of the degree of association
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of a solvent. This factor is defined by eqn. (12), where ¢ is
the static permittivity of the pure liquid and u is the gas-
phase dipole moment (Table 1).* N, is the number of
molecules per unit volume and g, is the permittivity of free
space. A deviation from g = 1 is a measure of local order-
ing due to short-range intermolecular forces. Whereas g
factors significantly larger than unity, ~2.5 for most protic
solvents, are explained by chain-wise association through
hydrogen bonds, small g factors, i.e. less than ~0.9, in-
dicate “contra-association” of the dipoles as opposed to the
head-to-tail or “co-association” in water and alcohols.”
The absolute magnitude of the g factor is not of great
significance because of the uncertainty in the value of ... In
the case of dichloromethane (9) a 15 % increment in n}, due
to atomic polarization, i.e. €, = 2.3, will reduce the g factor
from 1.25 to 1.0.% Thus, g factors slightly different from
unity may not indicate some particular type of association.
The variation of the g factor within a series of measure-
ments, however, is often of structural value.>

Table 4 gives a summary of the calculated g factors. €., in
eqn. (12) was set equal to n}, a convention which will
necessarily lead to some doubt with regard to the g factors.
The small g factor for the two acids studied, (1) and (4), is
as expected; the association of this class of compounds to
“contra-associated” dimers is well documented. The high
dimerization constant for propionic acid” is presumably
due to the stability of the cis conformation.*® Less well
known is the apparent association of the carboxylic acid

Table 4. Kirkwood’s correlation factor, g, for the various
solvents, together with the interionic distance in the ion pair, a,
and the preexponential factor, K3 = 4nN,a%3, from the best fit
to K, = K; exp (q/a® k Te) (K, from Table 2).

Solvent? g° a/nm K

1 0.23

2 0.95 0.60 0.54

3 0.45° d d

4 0.67

5 0.79

6 1.13

7 0.78 0.48 0.29

8 0.93

9 1.25 0.59 0.52
10 0.66 0.44 0.22
11 0.88 0.47 0.26
12 1.17 0.57 0.47
13 0.86 0.51 0.33
14 1.06 0.48 0.28
Water 2.45°

2Numbering of solvents as in Table 1. ®Calculated from

eqn. (12) using ¢, = n = 2.0 and pu from Table 1. °0.58 in
ethylacetate and 0.54 in methyl formate.* 90.51 nm and 0.33
in methyl formate. ¢Ref. 55.
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esters, cf. the small g factors for this class of compounds
(0.4-0.6). Gramstad and Snaprud® have concluded from
an IR study that the more polar phosphorus (V) esters are
associated. The two ethers, (5) and (7), and 1,2-dichloro-
benzene (10) also have g factors significantly smaller than
unity. Acetone (14) and chloroform (2), which are believed
to be unassociated liquids,> give g ~1.0, as do the halo-
genated alkanes. The g factors for the two dichloroethanes
are different, viz. 0.9 (11) and 1.2 (12), probably due to the
presence of the more polar gauche conformation in (12).
Ionic compounds are generally significantly less associated
in 1,2-dichloroethane than in 1,1-dichloroethane.®% The
difference in the dissociating ability of the two solvents is
far greater than expected from their permittivity [10.4(12)
and 9.9(11)]. A similar equilibrium between gauche and
trans conformations is known to exist in 1,2-dimethoxy-
ethane (5).%

According to Fuoss® the association constant K, should
be a continuous function of the permittivity. For a 1:1
electrolyte K, is given by eqn. (13), in which K3 includes

K, = K% exp (¢¥lak Te) (13)

the effect of interaction between solvent and solute and the
free volume of solute. g is the electronic charge and a is the
interionic distance. k and T have the usual definition. In
the so-called “new” equation of Fuoss,” K3 is equal to
4nNa*/3 (a in nm). From this equation and eqn. (13), a and
K3 can be calculated when K, is known. The results are
summarized in Table 4 together with Kirkwood’s g factors.
While K}, does not appear to be related to € and g, the
interionic distance in the ion pair, a, seems to decrease with
decreasing g. Since no obvious relation between a and € can
be extracted from the present data, one may conclude that
the structure of the ion pair in very dilute solutions is not
seriously influenced by the static permittivity of the sol-
vent. The shape of the t,-c curves (Figs. 2 and 3) indicates
that solvents of low and of intermediate & respond differ-
ently to the presence of an ionic solute with regard to the
interionic distance in the ion pair; only at concentrations
above 0.1-0.15 mol dm™ do the solvents behave similarly.
This unique effect of the ionic solute upon the ion pair
relaxation time in solvents of low ¢ is further demonstrated
by the 1,—n, plots in Fig. 4.

The interionic distance in acetone (14), 0.48 nm, is re-
markably small when it is taken into account that this
solvent is essentially unassociated. It is known, however,
that K, for Bu,NClO, in this solvent, as in alcohols and in
other solvents with ¢ higher than ~ 15, is distinctly larger
than expected from a linear InK, — €' relation. This
apparent inadequacy in the Fuoss equation [eqn. (13)] for
solvents of intermediate permittivity can partly be removed
by introducing the Gilkerson constant* in eqn. (12). This
constant, based upon Kirkwood’s theory of free volume,
takes into account the changes in the solvation through the
process of association.%
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The static permittivity of the solutions. Figs. 2 and 3 show
that the static permittivity of the solutions, ¢, increases
with concentration. This is as observed in similar studies in
solvents of low permittivity.”% This increase in ¢, with
concentration is generally considered to be due to incom-
plete dissociation. The ions will be associated to pairs
which, due to their large dipole moments, will increase the
permittivity of the solutions. The initial increase in static
permittivity with dipole solute concentration is given by
eqn. (14),% in which , is the dipole moment of the solute

de; N, (g, + 2)? 2x10°
— = % (14)
dec 9¢, k T (2¢* + &.%)

species. Assuming p, to be independent of the solvent and
using €, ~2, eqn. (14) can be simplified to eqn. (15), in
which D includes all the constants in eqn. (14). Eqn. (15)

de, ¢

—&=Dez+2

(15)

states that the initial increase in €, will increase slightly with
increasing permittivity of the solvent. Apart from some
notable exceptions such as pyridine (13) and acetone (14),
the expected trend is confirmed by the present data. For
the haloalkanes, de/dc increases from ~45 dm? mol™! for
chloroform (2) to ~70 dm? mol™! for 1,2-dichloroethane
(13) (Fig. 2). For acetic acid (4), de/dc is ~ 60 as compared
with only ~25 dm® mol™! for propionic acid (1) (Fig. 3).
A number of other factors are known to contribute to the
initial slopes in the € — ¢ plots. First of all, eqn. (14) will
only be valid when the dissolved salt exists entirely as ion
pairs. This will obviously not be the case in the solvents of
highest permittivity. Furthermore, eqn. (14) is simplified to
eqn. (15) by assuming that y, is independent of the solvent.
The calculated interionic distances, a (Table 3), indicate that
solvents with low Kirkwood g factors have to be considered
separately. The Hubbard-Onsager kinetic depolarizing ef-
fect® [eqn. (16)], which will cause a decrease in ¢, is

Ag, = — 24x10° 7t 1,0 (g, — &.)/, (16)

essentially proportional to the relaxation time of the sol-
vent. With t, equal to 2 ps, as in dichloromethane (9) and in
several other solvents, this term will be negligible. In the
two acids (1 and 4), and in ethyl benzoate (3), 1,1,2,2-
tetrachloroethane (8) and 1,2-dichlorobenzene (10), the
solvent relaxation time (Table 1) is too large to justify this
approximation.

Of more importance to de/dc and to the form of the
& —c plots is the contribution by the solvent molecules.
The dispersion ¢, — ¢, in eqn. (8) is interpreted as being
due to the solvent molecules. On salt addition the number
of solvent molecules per unit volume, N,, will be lowered.
Thus, the permittivity of the solvent itself will be lowered
[¢f. eqn. (12)]. The partial molar volume of Bu,NCIO,
at infinite dilution, Ve, and the slope, S,, in the Masson
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equation” are fairly independent of the solvent.* This re-
duction in N, will therefore be of the same magnitude for
all solvents. For a 0.1 mol dm™ solution this reduction
amounts to approximately 4 %, in fair agreement with the
experimental data. Since this reduction in ¢, is essentially
proportional to the reduction in N;, a plot of g, vs. c!?
should be linear.”> When taking the considerable uncer-
tainty in €, into account, this expectation was confirmed for
all solvents except propionic acid (1). In this latter solvent
¢, was found to be essentially independent of the concen-
tration, viz. from 3.4 to 3.6.

Finally, when €, — ¢ curves are to be discussed, one has
to consider the average intrinsic dipole moment of the
solvent molecules. It is known that when an ionic com-
pound is dissolved in a solvent of low static permittivity, the
“polarity” of the solvent will be increased.”™ A plot of the
Kosower Z value vs. the concentration of Bu,NCIO, in
dichloromethane” shows a remarkable similarity to the
corresponding &, — ¢ curve (Fig. 2). Thus, solvent species
of higher dipole moment will be favoured upon addition of
an ionic solute, cf. the & — c plots for 1,2-dichloroethane
(12) and 1,1-dichloroethane (11). Of particular interest is
the & — c curve for acetic acid (4), cf. the large initial slope
and the large asymptotic value of ¢, ~ 12, which is twice as
large as that for the pure solvent. Presumably, the “contra-
associated” dimeric structure is readily broken down by the
ionic solute, whereby the fraction of solvent monomers of
high dipole moment is increased.

Dissociation of Bu,NCIO, in solvents of low ¢. In a solution
of a salt AB in a solvent of low permittivity one may
assume that the following species are present: Single ions
A™ and B~ (with a fraction equal to f;), ion pairs [AB] of
various types (f;), triple ions [ABA]* and [BAB]"~ (f3),
quadrupoles [ABAB] and larger aggregates [AB], (f.).
Provided the activity coefficient of all suggested species is
unity, the following equations are valid:>7

f+h+3h+2f=1 (17)
Bl = Kac (18)
Hff, = Kie (19)
flfs? = Kaac (20)

Here, K,, K; and K, , represent the association constant
for the ion pairs, the triple ions and the quadrupoles,
respectively. At present, two distinctly different theories
are available that can be used to explain conductivity plots
of the type shown in Fig. 1. According to the Fuoss-Kraus
triple ion hypothesis,'s conducting triple ions, formed from
non-conducting ion pairs, will cause an increase in the
conductivity at higher concentrations. The Cavell-Knight
approach® is based upon the assumption that f, and K are
small or negligible. The decrease in K, due to the increase
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Table 5. Static permittivity, €,, association constants corrected for the increase in the permittivity, K3, and the ratio between
experimental and calculated values of a for 0.01 and 0.1 mol dm~2 solutions of Bu,NCIO,.

Solvent 0.01 mol dm™3 0.1 mol dm~3
&° Kib 0~exp":/ c!calcd g Kib Olexp ¥/ Ogaic
2 Chioroform 5.3 2.5%107 1.7 8.1 5.5x10* 1.2
7 Tetrahydrofuran 7.8 7.9x10° 1.8 10.6 1.6x10* 1.0
9 Dichloromethane 9.7 9.4x10° 1.3 125 1.0x10° 1.2
10 1,2-Dichlorobenzene 10.3 5.2x10* 1.2 12.9 4.3x10° 0.9
11 1,1-Dichioroethane 10.5 2.2x10* 1.2 13.2 2.2x10° 0.9
12 1,2-Dichloroethane 10.9 3.9x10° 14 13.8 5.9%x10? 13
13 Pyridine 13.7 1.0x10° 1.3 15.8 3.5x10? 1.4

2From Figs. 2 and 3. °K} = Kzexp(q*/a k T &;); a and Kj from Table 4. a,,, = A/A, from Fig. 1. %ac,, = [(4c K + 1) — 1)/2 ¢ K}.

in the permittivity of the solutions with increasing concen-
tration of the ionic solute (Figs. 2 and 3) will supposedly
generate a sufficient increase in the fraction of ions to cause
an increase in A at high concentration.

Provided the latter approach is correct, it is necessary to
be able to show that the considerable discrepancy between
g and a,,, (Table 3) can be eliminated on taking into
account the dependence of K, upon ¢, according to eqn.
(12). Table 5 gives a summary of recalculated association
constants, K5, at 0.01 and 0.1 mol dm ™3, together with the
corresponding a.,,/a., ratios. Indeed, the Cavell-Knight
approach® leads to a highly satisfactory result, particularly
at 0.1 mol dm™>. It is notable that this procedure correctly
predicts that a.,, will attain higher values for Bu,NCIO, at
0.1 mol dm™ than at 0.01 mol dm™ when the permittivity
of the solvent is less than ~9.5 (cf. Fig. 1). The ratios in
1,2-dichloroethane are significantly larger than in 1,1-di-
chloroethane. This observation strengthens the suggestion
that solvents capable of increasing their intrinsic dipole
moment due to the ionic solute will cause an increase in the
degree of dissociation. This probable effect upon the asso-
ciation constant is not accounted for by the Cavell-Knight
approach,? in which only the increase in ¢, is considered. It
should be emphasized, however, that a,, and thus the
@,/ Tatios, are dependent upon the activity coefficients
of the various species [cf. eqns. (17) to (20)]. A significant
difference in the concentration dependence of the activity
coefficient of particularly the dissociated ions in the various
solvents may invalidate conclusions based upon minor
changes in 0/0,. from one solvent to another.”

calc

Formation of larger aggregates. From the linearity in the
g, — ¢ plots at low concentrations one may conclude that the
fraction existing as ion pairs, f,, is rather constant, i.e.
dfy/dc = 0. At higher concentrations the & — c plots level
off to asymptotic values. Presumably, the ion pairs are
consumed as larger aggregates. Owing to their small or
negligible dipole moments these species will not contribute
to the permittivity of the solutions. Above a certain con-
centration, characteristic for each solvent, the values of
foc,e, and K, will remain constant. Since f; will start to

decrease, the A/A° — c plots will go through a maximum.?
According to Petrucci and co-workers,” the quadrupole
formation constant, K, , [eqn. (20)], will be the determin-
ing factor with regard to the shape of ¢, — c and A — ¢ plots
for concentrations beyond c,,.

Following a procedure devised by Chabanel and co-
workers™ one may obtain an estimate of the quadrupole
formation constants, K, ,, by assuming that the deviation
from linearity in the € — c plots is entirely due to the
formation of quadrupoles.” Table 6 summarizes the results
at two arbitrary concentrations, viz. 0.1 mol dm~3 and 0.2
mol dm™3. The necessary corrections in g due to g, were
extrapolated from the permittivity data. The term f, + 2f,
was setequal to 1 — f; = 1 — a,,.

Due to the numerous assumptions involved in the calcu-
lations, the K,, values should only be considered as ap-
proximate. The data indicate that K,, increases with con-
centration, which is as expected if further association to
species larger than quadrupoles takes place. It is notable
that the two acids (1 and 4), the two ethers (5 and 7),
chloroform (2) and 1,2-dichlorobenzene (10) do not seem

Table 6. Approximate quadrupole formation constants, K,,, for
Bu,NCIO, at 25.0°C.

Solvent Kaa
0.1 mol dm~3 0.2 mol dm™3
1 Propionic acid 0.4 2
2 Chloroform 1.7 4
3 Ethyl benzoate 3 10
4 Acetic acid 0.7 3
5 1,2-Dimethoxyethane 2 6
6 Dibromomethane 4 17
7 Tetrahydrofuran 2 5
8 1,1,2,2-Tetrachloroethane 9 16
9 Dichloromethane 2.5 15
10 1,2-Dichlorobenzene 2 4
11 1,1-Dichloroethane 4 1
12 1,2-Dichloroethane 8 13
13 Pyridine 4
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to favour quadrupole formation. It was expected that the
quadrupole formation constants would tend to increase
with decreasing dipole moment of the solvents. The data in
Table 6 do not confirm this expectation, presumably due to
the increase in the polarity of the solutions due to the
dissolved salt. Irrespective of the uncertainties in the calcu-
lated values it is clear that the K,, values in most solvents
are several orders of magnitude smaller than the associ-
ation constants, K,, for ion pairs. This is as expected from
Coulombic considerations. The triple ion hypothesis with
sizable Ky will invariably lead to much larger K,, to be
able to account for a maximum in A/A° — ¢ plots.

Conclusion

Conductivity and permittivity studies of Bu,NCIO, in se-
veral organic solvents of from low to intermediate permittivi-
ty lead to the conclusion that the Cavell-Knight approach*
with strongly concentration dependent association con-
stants is valid. On the basis of this approach and the Ost-
wald dilution law, the calculated degree of dissociation,
O, is in fair agreement with a,, equal to A/A®, for
concentrations up to ~0.1 mol dm™. Since a,, can only be
obtained when the association constant in very dilute so-
lution is available, accurate conductivity studies are re-
quired.

At higher concentrations the formation of quadrupoles
and higher aggregates causes a distinct decrease in the
fraction of dissociated ions. Quadrupole formation con-
stants, K, 5, have been roughly estimated from the g — ¢
plots and are several powers of ten smaller than K, in most
solvents.

On the basis of Kirkwood’s g factors, the interionic dis-
tance, a, of the ion pairs, and the form of the €, — ¢ plots it
is concluded that solvents with the ability to form solvent
species of increased polarity will have a higher dissociating
ability than anticipated from the value of the static permit-
tivity. In this class of solvents the ion pair relaxation time
and the interionic distance in the ion pair seem to increase
with increasing concentration. Acetic acid is particularly
capable of dissociating Bu,NCIO, at high concentrations.
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