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Abstract. The binding of K™ by dibenzo-pyridino-18-crown-6 (B,-py-18-C-6) and 1,10-N,N’-
didecyl-diaza-18-crown-6 (22-DD) has been studied conductometrically at 10, 15, 20 and 25°C in
acetonitrile. The complexes formed were assumed to have 1 : 1 stoichiometry. The complexes of K
with 18-crown-6 (18-C-6) and dibenzo-18-crown-6 (B2-18-C-6) were also studied for comparison
purposes. The stability constant, K, of agiven complex and itsmolar conductance, A, were obtained
by subjecting the conductance datato anon-linear |east-squares curvefitting procedure. The values of
theenthal py change, A H, theentropy change, A S and the Gibbsfreeenergy, AG, associated withthe
formation of the 1 : 1 complexes were derived and compared with relevant literature data. The values
of AG at 25 °C indicate that the binding capacity of the four macrocycles follows the order 18-C-6
> 22-DD > B;-18-C-6 > B,-py-18-C-6. The difference between the molar ionic conductance of the
free KT cation and that of the bound cation, KL, was estimated and the trend in such differences
correlates with the molecular size of the macrocycle, L.
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1. Introduction

Extensive thermodynamic and kinetic data concerning cation—macrocycle inter-
actions have been tabulated in several review articles [1-3]. The most numerous
thermodynamic dataincluded in these reviews are the stability constants of cation—
macrocycle complexes which were determined under a variety of experimental
conditions. The major parameters involved in ion—macrocycle interactions have
been discussed and specific examples are given in Refs. [1-5].

The purpose of the present study isto derive the valuesof AH and AS for the
complexes of K+ with less popular macrocycles of the 18-crown-6-type structure,
namely dibenzo-pyridino-18-crown-6 and 1,10-N,N’-didecyl-diaza-18-crown-6,
whose structural formulae are given in Figure 1. 18-Crown-6 and 1,10-dibenzo-
18-crown-6 were included in the present study for comparison purposes.

* Author for correspondence.
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Figure 1. Structural formulae of macrocycles. 18-crown-6 (18-C-6), 1,10-dibenzo-18-C-
6 (B2-18-C-6), 1,10-dibenzo-pyridino-18-crown-6 (B-py-18-C-6) and 1,10-N,N’-didecyl-
diaza-18-crown-6 (22-DD).

2. Experimental

Themacrocycleswere purchased from Merck. 18-Crown-6 was purified by forming
asolid addition compound with acetonitrile, followed by freeing from acetonitrile
under vacuum [6]. Dibenzo-18-crown-6 was recrystallized from acetonitrile and
then dried in an oven at 100 °C. Its melting point was found to be 163-164 °C (lit.
[7], 164 °C). Dibenzo-pyridino-18-crown-6 and didecyl-diaza-18-crown-6 were
recrystallized from acetonitrile. In the case of the diaza crown ether the traces of
acetonitrile were removed by drying under vacuum, while the dibenzo-pyridino
crown ether was dried at 100 °C in an oven for 24 h before use.

Sodium tetraphenylborate, NaBPhy, (Fluka) wasrecrystallized from an acetone—
toluene mixture, as described in the literature [8]. Potassium tetraphenylborate,
KBPh, was prepared by mixing a dilute agueous solution of NaBPh,, with an
equivalent amount of KCI (Fisher Scientific) and was recrystallized from acetone
as described in the literature [6]. KClIO,4 (Fluka) was recrystallized from deionized
water and dried at 120 °C before use. Acetonitrile (BDH, M & B Laboratory
Chemicals) was dried by treatment with molecular sieves and distillation over
CaH; [9, 10]. The middle 70% of the distillate was used with specific conductance
lessthan 1.0 x 10~7 Scm~? (the detection limit of the conductometer).
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A Metrohm E518 conductometer and a Metrohm EA645 conductance cell (cell
constant 2.140 cm~1) were used for measuring the specific conductance of the
solution. The stoppered cell was kept in a thermostating unit with temperature
controlled to +0.02 °C. A Cordata PC was used for the least-squares analysis of
the conductance data. Microburettes of 10 mL capacity and £0.01 mL sensitivity
were used for volume measurements.

Acetonitrile solutions of KBPh, with concentrations of ca. 4 to 6 x 10~ mol
dm~—3 were used. Similar solutions, having the same total KBPh, concentration,
were also used as solventsfor preparing the macrocycle solutions. In atypical run,
25.00 mL of KBPh, solution was placed in the conductance cell, thermostated to
the required temperature and the reading of the specific conductance of the salt
solution was then recorded. The cell was removed from the thermostat and thefirst
increment (ca. 0.10 mL, macrocycle concentration ca. 8 x 103 mol dm~3) of
the macrocycle solution was added. After stirring for a few minutes, the cell was
replaced in the thermostat and the steady reading of the specific conductance was
recorded. Addition of the increments of the macrocycle solution was continued
until the change in the specific conductance was negligible

NaCl wasused for checking the precision of the conductometer and for detecting
the effect of viscosity changes (caused by the addition of macrocycles) on the
conductance measurements in a manner similar to that reported previously [11].
It was concluded that the precision of the conductometer amounts to ca. 1% and
any variation in the molar conductance caused by the effect of macrocycles on the
viscosity of the medium was not detected by the conductometer.

3. Resultsand Discussion

The stoichiometry of the binding of alkali cations with macrocycles of the type
studied in the present work is 1 : 1 in dilute solutions [1, 2]. Consequently, the
binding of K* by the macrocycles, L, can be given by the following equilibrium

K
KT +L=KL™" Q)
with

K = {[KLT]/KT]IL]} - {f(KLT)/F(KT) (L)} 2

where [KL*], [KT], [L] and f represent the molar concentrations (mol dm—3) of
the K™ complex, uncomplexed cation, uncomplexed macrocycle and the activity
coefficient of the speciesindicated, respectively. Since the solutions are dilute, the
activity coefficient f(L) is essentialy unity. On the basis of the Debye—Hiickel
limiting law, the ratio f(KL™)/f(K™) is also unity [12]. Therefore the activity
coefficients cancel out in Equation 2 and the equilibrium constants reported in the
present study are essentially thermodynamic constants.
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The usual practice [13] followed in dealing with systems similar to the present
study isto define A, the measured molar conductance of the test solution under the
assumption of complete dissociation of KBPh, and KLBPhy, as

A=ah, +(1—a)A. €

where a represents the degree of dissociation of the complex, A,, and A. are
the molar conductances of the uncomplexed and the complexed salt, respectively.
« is given as the ratio [KT]/[K; ], where [K;] is the total concentration of the
potassium salt. Equation 3 is an approximate expression which states that A is
calculated by the simple additivity rule. However, solutions containing K™ and
KL with the common anion BPh; can be viewed as mixtures of two electrolytes
with a common anion at a constant ionic strength, such as mixtures of KCl and
LiCl. For such systems Kell and Gordon [14] have shown that the deficit in the
molar conductance of the mixture as compared with that calculated by using the
simple additivity ruleis negligibly small.

In Equation (3) A istreated asacalculated quantity in the Simplex program [15,
16] while K and A, are adjustable parameters. The reported values for K and A,
correspond to the condition that 3~ (A — Aca )% isaminimum, at which the program
terminates. For each data set the computational procedure was repeated several
times by changing the program variables in order to get the K and A. values as
the average of the best agreeing program outputs. For each K*/macrocycle system,
three trials were carried out to find K and A, at a given temperature. The details
of the computational procedure were reported previously [12].

Table | summarises our results as obtained by the non-linear least-squares
method at 10, 15, 20 and 25 °C. Figure 2 illustrates the behavior of A as a
function of the ratio [L]/[K;"] at 25 °C. The figure indicates that the observed
molar conductances decrease significantly for mole ratios less than unity. The
value of log K for the 1 : 1 complex of KT with 18-crown-6 as determined in the
present study at 25 °C in acetonitrile is 5.72 and is in good agreement with the
literature values of 5.70, 5.72 and 5.72 given in Refs. [7], [9] and [17], respectively
under the same conditions. The corresponding log K value determined for the
K*/1,10-dibenzo-18-crown-6 complex is 4.77 which is in reasonable agreement
with the literature values of 4.81 [7], 4.83 [9] and 4.78 [17]. The value of log K
for the K+ complex with dibenzo-pyridino-18-crown-6 determined in the present
study at 25°Cis4.06. To the best of our knowledge, no literature data are available
on this system. On the other hand the value of log K determined in this study for
the K+ complex with 1,10-V,N’-didecyl-diaza-18-crown-6 is 5.52. The literature
valuefor the same systemin methanol is4.00[18] and no literature valueisreported
in acetonitrile.

Thevaluesof AH and AS of the1: 1 complexesof K* with the macrocycles
shownin Figure 1 were determined from the values of the stability constants given
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Tablel. The molar conductances, A and A¢, and the stability constants of the macrocycles—potassium
tetraphenylborate 1 : 1 complexes in acetonitrile.

Macrocyde  T/K  [K;F]-10°'M  Am Ac K
(Sem*moal™)  (Sem?mol~Y)  (dm® mol~?)
18-C-6 298 3510 13415+ 250 114.01 + 0.90 (5.23 + 0.16) x 10°
293  3.987 129.66 +£ 2.30 110.16 + 0.75 (7.54 £ 0.54) x 10°
288  3.987 12527 £ 1.50 106.40 £+ 0.80 (9.82 + 0.58) x 10°
283  3.987 117.87 £ 1.00 100.33+0.60 (13.52+ 0.52) x 10°
B»-18-C-6 298 6.039 13412 + 3.00 105.46 + 0.70 (5.95 £ 0.05) x 10*
203  4.987 131.87 £ 250 103.56 + 0.30 (6.74 £ 0.02) x 10*
288 6.160 122.33 £ 1.50 95.61 £+ 0.25 (7.50 + 0.43) x 10*
283 6.160 116.89 £ 2.00 91.71 £ 0.15 (9.25 + 0.24) x 10*
Bo-py-18-C-6 298 3.753 13589+ 250 105.68 4+ 0.80 (1.15+ 0.03) x 10*
293  4.025 126.20 + 3.10 98.99 + 0.63 (1.35+£ 0.03) x 10*
288 4.024 120.98 £+ 1.90 93.41 £+ 0.27 (152 £+ 0.01) x 10
283 4.024 11453+ 145 87804025 (172 0.05) x 10°
22-DD 298 4.702 136.06 £ 2.50 97.95 + 0.15 (3.35 + 0.47) x 10°
293 4.701 129.69 £ 1.30 93.67 £+ 0.36 (6.08 + 0.43) x 10°
288  4.708 123.24 + 2.00 90.41 + 0.50 (6.93 £ 0.61) x 10°
283  4.708 116.23 +£ 1.50 85.32 + 0.20 (9.07 £ 0.50) x 10°
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Figure 2. Plot of the molar conductance, A, vs. moleratio [L,][K;] for the binding of K* by
the indicated macrocycles in acetonitrile at 25°C.
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Table II. Values of the thermodynamic quantities AH, AS and AG of K
complexes with the macrocycles given in Figure 1 in acetonitrile.

Macrocycle ~ —AH? ASP —AG®© Ref.
18-C-6 436+22 -366+74 3274+ 0.0 Thiswork
9.9 75.8 25 [17]
B,-18-C-6 201+ 21 238+71 272+ 0.0 Thiswork
186 28.9 27.2 [17]
28.6 _753 26.4 [19]
Bo-py-18-C-6 186+ 1.1 155+ 3.8 2324+ 0.0 Thiswork
22-DD 436+98 —-395+336 31.84+0.2 Thiswork

aKkImol~t. 2 IJmol~* K—1. ¢ Calculated at 25 °C from AH and AS values.

in Table | by applying a linear least-squares analysis according to the following
thermodynamic equation

2.303Rlog K = —AH(1/T) + AS (4)

Tablell showsthevauesof AH, AS and AG derivedin the present study together
with the relevant literature data. By comparing our resultsfor AH and AS for the
K*/18-crown-6 complex with the compilation of the corresponding values [1-5]
in water, agueous methanol, methanol and propylene carbonate, we find that the
signof AS and the magnitude of A H in acetonitrile arein general agreement with
expectations based on solvent properties. The smallest magnitude of A H and the
only positive A S are the quantities reported by Buschmann [17]. In the case of the
K*/1,10-dibenzo-18-crown-6-complex, the values of AH and AS derived in the
present work are in good agreement with those determined by Buschmann [17] in
acetonitrile. The corresponding values determined by Sabirov et al. [19] are quite
different, especialy the magnitude of AH and the sign of AS.

Based on the values of AG givenin Table 1, the stability of the K complexes
with the macrocycles studied in the present work follows the order

18-C-6 > 22-DD > B,-18-C-6 > B,-py-18-C-6.

Itisobviousthat thetotal number of atoms constituting the macrocyclering, aswell
as the number of donor atoms is the same for all four macrocycles. However, the
macrocyclesdiffer in: (i) the basicity of the donor atom; (ii) the type of substituents
in the macrocycle ring; and (iii) the flexibility of the macrocycle ring. Factors (i)
and (iii) explain the stability order 18-C-6 > B»-18-C-6 since the replacement
of two CH,—CHy units by two benzo units reduces the flexibility (unfavourable
orientation of donor atoms) and weakensthe electronegativity of the oxygen atoms
of the macrocycle. Consideration of all three factors explains the stability order
B,-18-C-6 > B»-py-18-C-6, where the incorporation of the pyridino unit has the



POTASSIUM BINDING BY AZACROWNS IN ACETONITRILE 21

effect of both reducing macrocycle flexibility and donor atom basicity. In the case
of the K*/22-DD complex, the replacement of two oxygen donor atomsin 18-C-6
by two nitrogen atoms reduces the overall affinity of the crown ether towards K.
On the other hand, the two akyl groups of 22-DD have no dramatic effect on the
complex formation when compared with the substituent effects in B,-18-C-6 and
B2-py-18-C-6. Asamatter of fact thevaluesof log K in methanol for the complexes
of K+ with 22-DD and its analogues (Cz3H7—, C4Hg—, CgH13—, CoH1g—) are
nearly independent of the size of the alkyl groups attached to the two nitrogen
atoms of the macrocycle [18, 20-22]. The values of the equilibrium constants of
the general reaction defined by Equation 1 were found to be essentially the same
when KCIO4 was used instead of KBPh, in the complexation reaction. This result
implies that the counter-anion is not involved in the K*—macrocycle reaction.

By considering the Debye-Hiickel-Onsager equation and substituting the cor-
responding parameters of acetonitrile [23] at 25 °C and the value of the molar
conductance of KBPhy at infinite dilution [10], the values of Ay, given in Table
| at 25 °C were found to be 3% lower than expected. This difference is most
likely due to errors encountered when working with dilute electrolyte solutions
prepared by volume measurements and inadequate temperature control, as indi-
cated by the uncertainties given in Table |I. Since the electrolytes KBPh, and
KLBPh, are assumed to dissociate completely in dilute solutions, the difference
Am — Ac = A+ — AL+ can be used to deduce the relative order of the mobilities
of the KLT ions at a particular temperature. By using the data of Table I, the
relative order of the mobilities of the KL ions was found to be K(22-DD)* <
K(B2-py-18-C-6)* < K(B2-18-C-6)" < K(18-C-6)". Thistrend isin accord with
the expected bulkiness of the KL T cation where 18-C-6 hasthe smallest molecular
size and 22-DD hasthe largest molecular size among the four macrocycles.
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