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Abstract. The formation of ammonium complexes with several crown ethers and cryptands in
nitrobenzene, acetonitrile and dimethylformamide solutions was investigated by conductometry
at 25°C. Stability constants of the resulting 1 : 1 complexes were determined from the molar
conductance-mole ratio data and found to vary in the order DC18C6 > 18C6 > DB30C10 >
DB21C7 > DB24C8 > DB18C6 > 15C5 > B15C5 > 12C4, in the case of crown complexes, and
in the order C222 > C221 > C211 > C22 > C21 for the ammonium cryptates. The stabilities of the
complexes varied inversely with the Gutmann donicity of the solvents. Influences of the number of
members in the macrocycle, nature of the substituents in the polyether ring, cavity size and dimen-
sionality, conformations of the free and complexed ligands and number of N -H bonds available for
hydrogen bonding are discussed.
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1. Introduction

The synthesis of macrocyclic [1] and macrobicyclic polyethers [2] and the discov-
ery of their ability to strongly and selectively complex the alkali, alkaline earth and
primary ammonium ions have led to an extensive study of these ligands and their
complexes [3-5]. Because of their similarities in many respects to cyclic antibiotics
and biological transport agents, macrocyclic ligands have been used as important
model compounds for the study of the molecular effect on membrane permeabil-
ity [6,7]. Since ammonium ion is among those cations which play a fundamental
role in different biological processes [8,9], the study of the thermodynamics of its
complexes with crown ethers [10-17] and cryptands [18,19] has been of special
interest.

We are currently involved in the study of the thermodynamics [20-24] and
kinetics [25-27] of the complexation of a number of cations with different crown
ethers and cryptands in nonaqueous and mixed solvents. Since the previous studies
on the complexation of ammonium jon with macrocyclic ligands were mainly
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limited to aqueous and methanolic solutions [10-19], it was of interest to us to
extend such studies to different nonaqueous solvents in order to investigate the
influence of solvent properties on the stoichiometry and thermodynamics of the
resulting ammonium complexes. In this paper we report a conductance study of
ammonium complexes with several crown ethers and cryptands in nitrobenzene,
acetonitrile and dimethylformamide solutions at 25°C.

2. Experimental

Reagent grade ammonium perchlorate (BDH) was of the highest purity available
and used without any further purification, except for vacuum drying over P2Os.
Reagent grade 12-crown-4 (12C4), 15-crown-5 (15C5), C211 and C221 (all from
Merck) were used as received. 18-Crown-6 (18C6, Aldrich), dibenzo-18-crown-6
(DB18C6, Aldrich), dibenzo-21-crown-7 (DB21C7 Parish), dibenzo-30-crown-10
(DB30C10, Parish), benzo-15-crown-5 (B15C5), dibenzo-24-crown-8 (DB24C8),
dicyclohexano-18-crown-6 (DC18C6), 1,7-diaza-15-crown-5 (C21), 1,10-d1aza-
18-crown-6 (C22) and cryptand C222 (all from Merck) were purified and dried
using previously reported methods [20,21,24,28]. Reagent grade dimethylfor-
mamide (DMF, Merck), acetonitrile (AN, Fluka) and nitrobenzene (NB, Merck)
were purified and dried by the previously described methods [29]. The conductiv-
ities of the solvents were less than 1 x 10772 lem™".

Conductivity measurements were carried ont with a GR 160 8-A Impedence
Bridge. A dip-type conductivity cell, made of platinium black, with a cell constant
of 0.8441 cm~! was used. In all measurements, the cell was thermostated at
25.00 + 0.03°C using a Lo-Temprol 154 Precision Scientific thermostat.

The experimental procedure for a typical run is as follows. The ammonium
perchlorate solution (50 mL) in the desired solvent (1.0 X 1074 M; 1 M = 1 mol
dm~3) was placed in the titration cell, thermostated to 25°C and its conductance
was measured. A known amount of the ligand, prepared in the same solvent, was
then added in a stepwise manner using a calibrated micropipette. The conductance
of the solution was measured after each addition. Addition of the ligand was
continued untif the desired ligand-to-ammoninm ion mole ratio was achieved.

The 1: 1 binding of NHI ion with the ligands can be expressed by the following
equilibrium

Ky
NHj + L & NH,L* (1
The corresponding equilibrium constant, K is given by

_ INHLY) F(NHLY)
K= Neii Foveg) 70 @

where [NH4L 71, {NH:{}, {L] and f represent the equilibrium molar concentra-
tions of complex, free ammonium ion, free ligand and the activity coefficients
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of the species indicated, respectively. Under the dilute conditions we used, the
activity coefficient of uncharged ligand, f(L), can be reasonably assumed as unity
[21,22,30,31]. The use of the Debye—Hiickel limiting law of 1 : 1 electrolytes [32]
leads to the conclusion that f(NH]) ~ f(NH4L™), so the activity coefficients in
Equation (2) cancel.

Thus the complex formation constant in terms of the molar conductance can be
expressed as [33,34]

_ [NH4L+] _ (Am_Aobs)

- — 3
"TINHFL T (Aoks — Ac) [L] 2
where
Capt+ (Am — Aobs
L =g - Sl = Ao @)

(Am - Ac)

Here, Ap, is the molar conductance of ammonium ion before addition of ligand, A,
the molar conductance of the complexed ammonium ion, Agps the molar conduc-
tance of solution during titration, Cj, the analytical concentration of ligand added
and CNH;f the analytical concentration of ammonium perchlorate. The complex for-

mation constant, Ky, and the molar conductance of the complex, A, were obtained
by computer fitting of Equations (3) and (4) to the molar conductance-mole ratio
data using a nonlinear least-squares program KINFIT [35].

3. Results and Discussion
A. AMMONIUM-CROWN ETHER COMPLEXES

The molar conductance of ammonium perchlorate solutions in acetonitrile, nitroben-
zene and dimethylformamide was monitored as a function of crown ether-to-
ammonium ion mole ratio at 25°C and the corresponding molar conductance—mole
ratio plots are shown in Figures 1-3. As can be seen, in all cases studied, addition
of crown ether to the ammonium ion solutions causes a continnous decrease in
the molar conductance of solution, indicating the lower mobility of the complexed
NH;lF ion compared to the solvated cation. From Figures 1 and 2 it is obvious that
in the case of 18-crowns and large crown ethers (i.e. larger than 18C6) in nitroben-
zene and in the case of 18C6 and DC18C6 in acetonitrile, addition of the ligands to
NH;{ ion solution results in a rather sharp decrease in the molar conductance which
begins to level off at mole ratios greater than unity. The slope of the corresponding
mole ratio plots changes sharply at the point where the ligand-to-cation mole ratio
=1, indicating the formation of a fairly stable 1 : 1 complex. However, in the other
cases, a gradual decrease in molar conductance of ammonium upon addition of
the ligands is observed, which does not exhibit any considerable change in slope
at the mole ratio ~ 1 and, in most cases, the mole ratio plots do not tend to level
off, even at mole ratios = 5. This behavior is indicative of the formation of weaker
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Fig. 1. Aoss(Q ™ 'em?mol ™) vs. CL/Cyyy+ curves for crown ether-ammonium perchlorate
4

systems in NB.

1 : 1 complexes. It should be noticed that, in DMF solution, the change in molar
conductance upon addition of crown ethers other than 18C6 and DC18C6 was very
small and, thus, the corresponding curves are not included in Figure 3.

Equations (3) and (4) were fitted to the molar conductance-mole ratio data, in
order to evaluate the formation constants Ky of the resulting 1 : 1 complexes. A
sample computer fit of the mole ratio data is shown in Figure 4. Our assumption
of 1 : 1 stoichiometry seems reasonable in light of the fair agreement between
the observed and calculated molar conductances. It should be noticed that, in the
procedure used for calculating stability constants, the association between NHZ'
and C10; ions was considered negligible under the highly dilute experimental
conditions used. Since the concentration of ligands was kept below 6 x 1074 M
during these experiments, corrections for the viscosity changes were also neglected.
All the calculated formation constants are summarized in Table L
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Fig. 2. Aws(Q 7 'em?mol™") vs. CL/Cy,+ curves for crown ether-ammonium perchlorate
n

systems in AN.

From Table 1, it is immediately obvious that the nature of the solvent has a
very fundamental effect on the stability of the resulting complexes. In all cases, the
stability of the complexes increases with decreasing solvating power of the solvents,
as expressed by the Gutmann donor number [36]. Nitrobenzene is the solvent with
the lowest donicity (see Table I) and, therefore, shows the least competition with
the ligand molecules for the NHj ion, which in turn results in the most stable
complexes in the series. The same type of solvent effect on the complexation of
macrocyclic ligands has been reported previously [21,22,24,28]. It is interesting
to note that all solvents used in this study have about the same dielectric constant
(Table I). Thus, the electrostatic contribution to the bond formation should remain
more or less constant during the complexation reactions investigated.

As can be seen from Table I, in all three solvents used, the stabilities of ammo-
nium complexes with different crown ethers vary in the order DC18C6 > 18C6
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Fig. 3.  Aos(Q™'em?mol™") vs. CL/Cyy+ curves for crown ether-ammonium perchlorate
Y

systems in DMF.

> DB30C10 > DB21C7 > DB24C8 > DB18C6 > 15C5 > B15C5 > 12C4. A
similar trend has already been reported in methanol solution [37]. There are at
least four different factors that make significant contributions to the stability of
ammonium complexes with crown ethers: (1) the ammonium diameter—cavity size
relationship; (2) the number of donating oxygen atoms in the macrocyclic ring
and number of N-H bonds available for H-bonding; (3) the conformations of the
complexed and free crown ethers; and (4) the solvation energies of the species
involved in the complexation reactions.

As reported previously {13,16,38], the tetrahedral ammonium ion can nicely
bind to three of the six available oxygen atoms in the 18C6 ring to form a stable
complex (see Figure 9). In this case, one of the four Nij hydrogens presumably
protrudes upward from the center of, and perpendicular to, the plane of the oxygens.
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Fig. 4. Computer fit of molar conductance~mole ratio data for NHf—lSCS in AN: (x)
experimental point; (o) calculated point; (=) experimental and calculated points are the same
within the resolution of the plot.

In the case of smaller rings — 15C5 and especially 12C4 — the ammonium ion
presumably binds to only two donating oxygen atoms, resulting in much weaker
complexes.

Comparison of the data given in Table I shows that, among the 18-crowns
used, where the ring frame remains the same, NHj—crown interaction is a strong
function of the nature of the substituents on the ring which control the electron-pair
donicity as well as the flexibility of the macrocyclic molecules. The presence of
two cyclohexyl groups allow the pumping of electrons into the ligand ring and
thus increases the basicity of the oxygen atoms, while the flexibility of the ligand
remains more or less the same as 18C6. Thus, it is not unexpected to observe a
higher stability for NH} -DC18C6 complex compared to the other 18-crowns used.

The effect of substitution of two benzo groups on the 18C6 ring is a marked
lowering of the stability of the ammonium complex. It should be noted that the
introduction of two electron withdrawing groups reduces the donicity of the oxygen
atoms in the ring and hence reduces the cation—crown interaction. On the other
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TABLE L. Stability constants of NH] complexes with different crown
ethers in nitrobenzene, acetonitrile and dimethylformamide solutions at

25°C.
log K;
Solvent: NB AN DMF
Ligand (e = 34.8, (e = 38.0, (g = 36.1,
DN =44 DN =141 DN =26.6)"
12C4 2,72+ 0.09 <2 <2
15C5 3274+£006 3.67£0.02 <2
B15CS 324 +£0.08 3021006 <2
18C6 >6 5.56 + 0.07 2.97 + 0.07
DC18C6 >6 5.90 £0.08 2.86 £ 0.06
DB18C6 570+£0.10 3.84+0.06 <2
DB21C7 >6 4.16 £0.03 <2
DB24C8 >6 391 £0.03 <2
DB30C10 >6 5.13 £ 0.06 <2
 Ref. [36].

hand, DB18C6 is a more rigid molecule than 18C6, so that the existence of two
bulky benzo groups on the ring of 18C6 prevents the macrocycle from finding the
optimum configuration for NH; binding. Combination of these two factors causes a
drastic decrease in the stability of the ammonium complex with DB18C6. A similar
effect was also observed for the 15C5 and B15C5 complexes with ammonium ion
(see Table I).

The data given for acetonitrile in Table I show that the stability of ammo-
nium complexes with large crown ethers decrease in the order DB30C10 >
DB21C7 > DB24C8. Ammonium ions with a diameter of 2.88 A [39] perch more
comfortably into the cavity of DB21C7 with the size of 3.4-4.3 A [40] to bind
with three available oxygen atoms of the ring than into that of DB24C8 which has
a cavity size greater than 4 A. However, DB30C10, desplte its largest cavity size
in the series, forms the most stable complex with NH ion. It is well known that,
because of its increased number of ring atoms, as well as the increased flexibility,
DB30C10 can easily tw1sg@round a cation of suitable size (such as KT ion, ionic
size 2.66 A) [39] to form a stable three-dimensional ‘wrap-around’ complex in
which all oxygen atoms of the ring participate in the bond formation with the
central cation [22,26,28,41]. The ammonium ion, with about the same ionic size as
the potassium ion, seems to fit properly inside the twisted DB30C10 molecule to
form a kind of three-dimensional structure in which all four N-H bonds could be
involved in H-bonding with the oxygen atoms of the twisted crown ether molecule.
Such an inclusion complex between NHJ ion and some spherical cryptands has
already been reported [19]. The DB24C8 molecule has neither a proper size for
the formation of a two-dimensional structure nor enough flexibility for a complete
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Fig. 5. Aws(Q 'em’mol™) vs. CL/ Cyp+ curves for cryptand-ammonium perchlorate
4
systems in AN.

wrap-around complex with ammonium ion, so that the resulting complex is the
least stable among the series.

B. AMMONIUM CRYPTATES

The molar conductance vs. Cp / CNH‘+ plots of C21, C22,C211,C221 and C222 in

three different solvents that have been used are given in Figures 5-7. As Figore 5
shows, the addition of ligands to ammonium ion solution in acetonitrile causes
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Fig. 6.  Aos(Q 'em’mol™) vs. CL/Cyy+ curves for cryptand-ammonium perchlorate
4

systems in DMF.

a drastic linear decrease in the molar conductance, which begins to level off at
a ligand-to-NHj mole ratio of 1, indicating formation of a very stable 1 : 1
ammonium cryptate (K; > 10°). It is interesting to note that the molar conductance
of the resulting cryptates, A., increases in the order C222 < C221 < C211 <
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Fig. 7. Aops(Q2 'cm?mol™!) vs. CL/Cyyy+ curves for cryptand-ammonium perchlorate
4
systems in NB.

C22 < C21, which nicely reflects the decrease in the molecular weights of the
cryptands; the heavier the ammonium cryptate, the lower the mobility and the
smaller its limiting molar conductance. It should be noted that the method described
in the experimental section for the evaluation of the formation constant from the
molar conductance-mole ratio data generally becomes unreliable for very strong
complexes with K¢ > 10° [28,31]. Thus, no value for the stability constant of
ammonjum cryptates in AN solution is reported in this paper.

The resulting molar conductance-mole ratio plots for ammonium cryptates in
dimethylformamide solution (Figure 6) revealed a more or less different behavior
from that in AN solution. As it is seen, in the case of cryptands C211, C221
and especially C222, addition of the ligand to NH] solution causes a continuous
decrease in A, which begins to level off at mole ratios > 1. The slope of the
corresponding mole ratio plots changes sharply at the point where the ligand-to-
cation mole ratio = 1, emphasizing the formation of relatively stable 1 : 1 complexes.
However, in the case of C21 and C22, the gradual decrease in molar conductance
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Fig. 8. Computer fit of molar conductance-mole ratio data for NH;{—CZZI in DMF: (X)
experimental points; (o) calcualted point; (=) experimental and calculate points are the same
within the resolution of the plot.

of NHJ ion upon addition of the ligands does not exhibit any considerable change
in slope at the mole ratio ~ 1, indicating the formation of weaker complexes.
Equations (3) and (4) were fitted to the mole ratio data in order to determine the
K values of the resulting 1 : 1 complexes in DMF solution. A sample computer
fit of the data is shown in Figure 8 and the resulting stability constants are given in
Table II.

The data given in Table I show that, in DMF solution, the stability of ammonium
cryptates decreases in the order C222 > C221 > C211 > C22 > C21. The results
clearly indicate a pronounced ‘cryptate effect’ [42], brought about by connection of
another bridge onto the macrocyclic rings of C22 and C21 to form the corresponding
macrobicyclic ligands C222, C221 and C211. In fact, in comparison to the inclusion
of metal cations in macrobicyclic ligands [43], the ammonium complexes are also
expected to be of the cryptate type [17]. Cryptand C222 seems to have the most
convenient cavity size for the inclusion of NH; ion [40] and therefore forms the
most stable cryptate in the series.
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TABLE II. Stability
constants of ammonium
cryptates in dimethylfor-
mamide solution at 25°C.

Ligand log K

Cc21 3.64 £ 0.07
C22 391£0.10
C211 439+£0.03
C221 512+ 0.05
c222 >6

/"§u
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\

Fig. 9. H-bonding of ammonium ion to C22.

Comparison of the data given in Tables I and II clearly indicate that the stability
of ammonium complexes with 18C6 based diaza macrocyclic and macrobicyclic
ligands varies in the order C222 > C22 > 18C6. As mentioned before, the 18-
membered rings provide the most convenient configuration for the binding of the
tetrahedral ammonium ion to the three available heteroatoms of the macrocyclic
ring (Figure 9). Since it is well known that N™—H-N hydrogen bonding is stronger
than N*-H-O [44-46], it is not surprising to observe a significant increase in
the stability of the NHj complex by substitution of two oxygen atoms by two
nitrogens in the 18C6 macrocyclic ring. On the other hand, connection of a —
CH;CH,OCH,CH,OCH,CH,- bridge onto the C22 ring results in the formation
of a rigid macrobicyclic ligand C222 with a suitable three-dimensional cavity for
the formation of an inclusion type ammonium complex with the highest stability
in the series.

Surprisingly, an unexpected conductance behavior was observed in the case
of the complexation of ammonium ion with different cryptands in nitrobenzene
solution (Figure 7). As can be seen, addition of cryptands C222, C221 and C211
to NB solution of NH] causes a rather rapid and nonlinear decrease in the molar
conductance of the solution until a mole ratio of 1 is reached. Further addition of the
ligands results in a gradual increase in molar conductance which does not show any
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tendency to level off even at a mole ratio of ~ 5. A similar conductance behavior
was previously observed in the study of the interactions between hydronium ion
and crown ethers 18C6 and DC18C6 in nitrobenzene solution [21].

In the case of C21 and C22 ligands, the conductance behavior seems even
more complicated. Addition of the ligands to ammonium ion solution results in a
relatively large decrease in A, reaching a minimum value at a ligand to cation mole
ratio of about 0.5. A further addition of the ligands causes a rather rapid increase
in the molar conductance until a mole ratio of 1 is reached, after which A remains
more or less constant.

1t should be noted, however, that nitrobenzene is a solvent with an intermediate
dielectric constant and low Gutmann donor number (¢ = 34.8, DN = 4.4) [36],
in which the existence of some ion pair formation of ammonium perchlorate is
actually expected. Strong evidence for ion pair formation in this solvent is the
low initial molar conductance of its 1.0 x 10~* M solution of NH,C104 solution
(~ 33) compared with those observed in DMF (~ 89) and, especially, AN solutions
(~ 195). Thus, the ion pair formation of ammonium perchlorate in NB solution
was studied by monitoring the molar conductance of the salt solutions vs. molar
concentration (1.0 x 107> — 1.0 x 10~* M). The resulting conductance data were
fitted to the Fuoss equation [47,48] and log K, was evaluated as 2.7 £ 0.1.

Thus, it seems reasonable to assume that the observed unusual conductance
behavior is a result of some change in the ion pairing of ammonium perchlorate,
brought about by addition of cryptands, and/or the formation of a second sandwich
adduct with either 1 : 2 or 2 : 1 (cryptand to NHZ’ ion) stoichiometries (e.g. NHZ’
C22C10; NH{ triple ion).

However, some additional studies (e.g. NMR study) on the ammonium perchlor-
ate—cryptand systems are necessary in order to fully understand the.origin of such
unexpected conductance behavior in the corresponding selutions. .
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