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Abstract—Interaction energies between crown ethers and cations are discussed on the basis of ab-initic MO
calculations of 12-crown-4, {8-crown-6, and their cation complexes. The field in cavities of these cyclic ethers are
qualitatively discussed by use of the electrostatic potential calculated. The potential suggests that the relation
between a hole size of crown ether and an ion radius does not always decide the selective complex formation with
the special ion. The electrostatic interaction between lone pair orbitals of crown ether and cation does not occupy
the dominant part of the stabilization energy in complex formation. The charge transfer interaction from crown
ether to cation also contributes to the formation of cation complex of crown ether,

It has been known that crown ethers selectively take
cations into their cavities.! Several conditions are con-
sidered to account for the characteristic feature of cyclic
ethers. They are (i) the relation between cavity sizes of
crown ethers and the ion radius of cations, (ii) the energy
for the conformational change in taking an ion, (iii) the
effect of solvation, and (iv) the strength of the interaction
between central metal and crown ether.

At first, the relationship between a hole size of crown
ether and an ion radius is considered to be the most
important for the ion selectivity, For example, 18-crown-
6 forms the most stable complex with K* of all alkali
metal cations in aqueous solution,” where K* is esti-
mated to have the ion radius which nicely fits with the
hole of 18-crown-6. On the other hand, it is pointed out
that the conformational change in taking an ion into a
crowns’s cavity controls the ion selectivity’ on the basis
of crystallographic analyses* and the change of the
dipole moment of dibenzo-18-crown-6’ and so on. The
effect of the solvation was discussed by the results of
TI NMR.* In our previous paper, we also discussed
this effect by use of MO calculations of 18-crown-6,
12-crown-4, and their cation complexes.’

The magnitude of the interaction between crown ether
and cation is considered to be an important factor for the
ion selectivity. However, it is said that the electrostatic
(ES) interaction between lone pair orbitals of cyclic ether
and cation is the dominant part of the interaction energy
without quantitative discussions. On the other hand, the
importance of the charge transfer (CT) interaction was
pointed out.” Ortiz assumed the cyclic geometry like a
crown ether in nerve and discussed the difference of the
CT interaction energy between K” and Na* in order to
accoum for the selective transport of K™ in biological
system.® Therefore, it is very interesting to investigate
nature of the interaction between crown ethers and
cations in relation to the biological importance as well as
the ion selectivity.

In this paper, the stabilization energy accompanying
with complex formation is discussed by use of MO
calculations of crown ethers, 18-crown-6 and 12-crown-4,
and their cation (H™, Li*, Na*, and K™) complexes. In
order to roughly estimate the magnitude of the elec-

67

trostatic interaction and represent the electrostatic field
in the cavnty, the electrostatic potential of 12-crown-4 is
calculated.” Moreover, the stabilization energy is divided
into the energies due to the CT, ES, exchange (EX),
polarization (PL) mteracnons by the energy decom-
position technique.”® The relative size of a hole with
crown ether and cations are also discussed by using
results obtained.

Method of calculations. All the present calculations
are performed within the closed shell MO-LCAO-SCF
frame work. Gaussian-76 and HONDOG"' programs are
used for MO calculations. STO-3G minimal basis sets
including the programs are adopted for all atoms. The
basis set given by Pietro et al. without 3d-orbital' is
used for K complex.

Two types of geometries for 12-crown-4, alternate and
maxidentate ones, optimized by Pullman et al.” are used
for calculations of 12-crown-4 and its cation complexes.
The geometry of the ether is fixed in all calculations.
18-crown-6 and its canon complexes are assumed to have
the Ds, symmetry,” For estimation of the interaction
energy due to the complex formation, the ring size of the
ether is altered without changing bond lengths (C-C;
1.418 A, C-0; 1.504 A, and C-H; 1.09 A) and bond angles
(CCO; 112.6°, COC; 108.5° which are taken from the
crystallographic  data  of  [(18-crown-6)K]SCN.™
Geometries of ethers calculated here are shown in Fig. 1.

RESULTS AND DISCUSSIONS

12-Crown-4 and its electrostatic potential
The photoelectron spectra of 12-crown-4" is com-
pared with orbital energies calculated for two geometries
prior to the discussion of the interaction energy. The
figures show that the result for the alternate geometry
fairly well describes the photoelectron spectra of 12-
crown-4 (Fig. 2b). Total energy for the geometry
(—603.92571 a u.) is lower by about 0.04 a.u. than that of
maxidentate'’. Therefore, the former geometry is con-
sidered to be preferred to the latter in gas phase. Ac-
cording to the calculation of 12-crown-4 with the alter-
nate geometry, three bands within 9-11 eV are assigned
to ionization from lone-pair orbitals of oxygen atoms.
The upper broad band is assigned to that from orbitals
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Fig. 1. Geometries of crown ethers calculated. (a) and (b) are
maxidentate and alternate geometries of 12-crown~4. (c) is that of
18-crown-6 with Dsg symmetry.

concerning with C-C and O-C bonds. These results are
consistent with those of Kajitani et al."”

The electron density map of 12-crown-4 in xz- and
xy-planes are shown in Fig. 3. These figures show that
the relatively large electron density exists on the xy-
plane of the hole of the cyclic ether. A field in which
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positive cations are able to locate stably, the electrostatic
field created by lone pair orbitals of cyclic ether, will be
made by such electron distribution. Therefore, it is very
interesting to calculate the electrostatic potential in the
cavity which can roughly estimate the electrostatic in-
teraction between the crown ether and a cation. The
potential is estimated by eqn (1),

Vir)=- Z Poaxd Urialxud + Z Zaltai (m

where V(r;), P., and Z, represent the electrostatic
potential at the coordinate r;, density matrix of the
molecule, and nuclear charge of atom A, respectively. In
estimating such a potential value, the electron dis-
tribution is supposed to be unperturbed by a unit positive
charge. The sectional plans of the xy- and xz-planes of
the potential calculated for 12-crown-4 are shown in Fig.
4(a) and 4(b), respectively. Full, dotted and broken lines
indicate potential values to be positive, zero, and nega-
tive, respectively. The line of 0.0a.u draws almost a
circle in the xy-plane of Fig. 4(a). The value of the
potential in the cavity of 12-crown-4 is negative within
1.2A from its center and rapidly ascends beside the
ligand framework. On the other hand, the shape of the
potential in the xz-plane is considerably different from
that in the xy-plane. Maxima of the potential exist
around two oxygen atoms which lie at the coordinate,
(-3.5,00,-1.0) and (3.5,0.0,-1.0). There are two
minima at the inner of the cavity. There is also the same
but inverse potential in the yz-plane. Anyway, 12-crown-
4 has potential minima in its cavity and cations can
remain in it. On the other hand, the potential values both
under and over the ether are negative. It is considered
that there are caves through which cations can readily
enter into the cavity. Moreover, the potential value
around the cavity center is about 0.09 a.u. Therefore,
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Fig. 2. Comparison of photoelectron spectra of 12-crown-4 with orbital energies calculated for the two geometries.
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Fig. 3. Density maps of 12-crown-4 with the alternate geometry. Fig. 3(a) and (b) are those in the xy- and xz-planes
in the hole, respectively.
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these figures indicate that 12-crown-4 has the electros-
tatic hole in the cavity. The geometry of the cyclic ether
creates the electrostatic field in which some cations can
stably remain. The complex formation with a smaller ion
than the cavity gives a relatively large electrostatic
stabilization energy. However, the complex which has an
ion with a larger radius than a crown’s hole is very
unstable. Therefore, the relative size of ion and hole
does not always decide the selectivity of crown ethers
for small cations although a larger ion cannot enter into
the hole.

The same trend is also obtained by MO calculations of
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Fig. 5. (a) Potential curves of (12-crown-4)M* (M =H and Lij).

Cations are made to move along the x-axis in the hole (1) Li*

complex, (2) H* complex, (3) Electrostatic potential in the xy-

plane. (b) Potential curves of (12-crown-4)M*. Cations are made to

move along the z-axis. (1), (2) and (3) show those for Li*, Na* and
K*. respectively.

(12-crown-)M™ (M = H and Li). Figure 5(a) is potential
curves in which cations are made to move along the
x-axis in the ether. Li* is considered to have an ion
radius in accordance with the cavity size of 12-crown-4
and the complex with it at the center of the hole is
calculated to be most stable. On the other hand, a double
well potential is obtained for the H complex with the
smaller ion than the hole. The shape of the potential
curves are slightly different from that obtained from the
electrostatic potential. However, smaller ions than the
cavity of crown ether can stably remain in the hole.
Figure 5(b) shows the potential curves of (12-crown-
4M* (M=Li, Na and K) in which cation position is
made to move along the z-axis. The most stable position
of Li* in the ether is also the center of the ether. It has
been considered that the ion size of Na* is larger than
the hole of 12-crown-4 and cannot enter into the hole of
the ether. The complex formation between the crown
ether and the cation gives a large stabilization energy
(90.8 kcal/mol). It may be concluded that Na™ can enter
into the hole of 12-crown-4. The result cannot be expec-
ted only by the hole-ion relation. The potential curve of
the K* complex shows that K™ can enter into the hole of
the ether, which is consistent with the expectation of the
hole-ion relation. Therefore, it is very dangerous to
estimate the stability of complexes on the basis of only
the relation between the hole size and ion radius.

Stabilization energy due to complex formation

One of the factors of ion selectivity is the magnitude of
the stabilization energy due to complex formation.
Figure 6 shows the potential curves in changing the ring
size of 18-crown-6. The ligand with Rog = 2.82 A (Rog is
the longest distance between two oxygens in the ether) is
the most stable. On the other hand, Roo of the ether
becomes small due to complex formation with K™ and
Na™ (lengths between the two oxygen atoms of 18-
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Fig. 6. Potential curve of 18-crown-6 and its cation (Na and K)
complexes. (1), (2), and (3) indicate those for ether, Na* and K*
complexes, respectively.
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crown-6, Na* and K' complexes are 2.82, 2.73 and
2.75 A, respectively). This result indicates that the ligand
is flexible and changes its cavity size in order to take
cations into its hole. Therefore, it can be said that the
conformational change relates to the ion selectivity.’
However, Fig. 6 shows that the energy difference be-
tween two conformations with Roo =282 A and 2.73 A
or 2754 is very small (5-10kcal/mol). The total
energy of 12-crown-4 does not change so much by shrink-
ingits ring."* Therefore, this factor does not sensitive to the
characteristic feature of crown ethers.

Stabilization energies calculated for Na* and K*
complexes of 18-crown-6 are 90.8 and 151.7 kcal/mole,
respectively. The order of these energies is consistent
with that expected on the basis of the relation between
the hole and ion size as usual. However, the energy
obtained for (12-crown-4) Li* is still much larger than
those for (18-crown-6)K~. The latter complexes are
obtained from aqueous solution whereas the former one
has not been observed yet in usual solvents. Therefore,
the effect of solvation must be included for the con-
sideration of the ion selectivity of crown ethers, as
indicated in our previous paper.’

The stabilization energy of the complex of 12-crown-4
with Li* at the hole center is larger than that of H*
complex, which is attributed to the difference of the CT
interaction energy. This difference between two com-
plexes can be interpreted by the number of orbitals
interacted with ligand orbitals. That is to say, H" has
only one orbital (1s orbital of hydrogen) whereas Li* has
2p-orbitals as well as 2s-orbital.

Energy decomposition of stabilization energies

As mentioned above, the stabilization energy due to
the ES interaction between 12-crown-4 and a unit posi-
tive cation is estimated to be about 0.09
a.u(56.1kcal/mol) by the electrostatic potential.
However, total stabilization energies of (12-crown-4)M*
complexes are calculated to be 175.4 and 198.6 kcal/mol
for H and Li~, respectively, are far from that estimated
by the electrostatic potential. Other interactions must be
related to such large stabilization energies. In order to
analyze these differences in more detail, they are divided
into several types of energies (ES, CT, PL and EX
interactions) on the basis of the energy decomposition
technique by Kitaura and Morokuma'® and results are
listed in Table 1.

The stabilization energies due to the ES interaction are
49.4 and 50.1kcal/mol for H* and Li* complexes, res-
pectively. These values are very closely to that estimated
by the electrostatic potential of the ligand in Fig. 3(a)
(0.09 a.u., 56.1kcal/mol). On the other hand, the con-
tribution of the CT interaction is much larger than that of
ES one (106.2 and 126.5 kcal/mol, for H” and Li* com-
plexes, respectively). The contribution of the PL inter-
action is not considered to be large because the energy
difference of HOMO and LUMO of the ether is very
large (0.743 a.u.). In fact, the PL + MIX term is small in
comparison with CT and ES terms. The sum of the latter
two terms are 155.6 kcal/mol and 176.6 kcal/mol for H™
and Li* complexes, respectively. Therefore, it is con-
cluded that complexes of crown ethers and cations are

*The contribution of the CT interaction is apt to be overes-
timated in using STO-3G basis set.'® However, it is not con-
sidered that the trend obtained here changes by using other
extended basis sets.

Table 1. Decomposition of stabilization energies due to complex
formation between 12-crown-4 and cations™

u* Lit Na* k*
8B, o0 175.4  198.6 93.8 -100.8
AE 49.4 50.1 60.6  125.1
AE, 0.0 -7.6  -52.6 -326.5
8E .y 106.2 126.5 60.6 55.3
L N— 19.8 29.6 25.2 45.3

a) kcal/mol

formed due to the stabilization of the ES and CT inter-
actions. The exchange repulsion between 12-crown-4 and
cations gets large with the increase of ion radius. Its
component in the K* complex is much larger than the
other components and AE,.; shows that K* is not able
to remain at the center of the hole. Therefore, the
instability of the complex is attributed to the large
exchange repulsion between the cation and the ether.

Though the CT interaction is much larger than the ES
one in (12-crown-4)M™ complex, the ratio of these inter-
actions will change for each alkali cation. The analysis of
the stabilization energies of M"-OH, (M = Li, Na and K)
are summarized in Table 2.

The sum of energies due to CT and ES interactions
occupies almost the total stabilization energies. In the
case of the Li"~OH, complex, the CT energy is larger
than the ES one. This complex gains considerably large
stabilization due to the CT interaction even if the mag-
nitude of the charge transfer is small. It is attributed to
the fact that Li has 2s2p orbitals with large exponents.
However, the ES/CT ratio of the system is much smaller
than that of (12-crown-4)Li*. The cavity of the ether has
the larger ability to transfer its electron density to the
central metal than a water molecule. In the case of Na*,
the ES interaction is large in comparison with that the
CT one. The two interactions are comparable in the
K*-OH, system. As mentioned above, crown ethers
have the structure which is suitable for giving their
electrons to central metals. Therefore, the contribution
of the CT interaction to the total stabilization energy is
comparable to or, probably, larger than that of the ES
interaction.t

CONCLUSIONS

(1) In the cavity of crown ether there exists the elec-
trostatic field where positive cation can stably remain.

Table 2. Energy Decomposition to interaction energies of the
stabilization energies and ES/CT ratio in the H;O-M~ system®

+ + +

Li Na K
. .5 9.6
8Epg 36.7 28 1
100 20.
AEqq 42.1 18.1 0.3
ES/CT 0.872 1.574 0.965

a) M*-on2 distances are 1.694, 1.994,

2.450 A for M=Li, Na, and K, respectively.
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There are also caves under and over the hole through
which smaller ions than the cavity of crown ether can be
easily introduced in it. The geometry of crown ether is
suitable for taking ions. However, larger ions than that of
crown ether cannot be entered because of the large
exchange repulsion. Therefore, the relation between ion
and cavity is not always decide the ion selectivity of
crown ether.

(2) The ES interaction energy does not occupy almost
the total stabilization energy. Both the CT and ES inter-
actions are important for the formation of crown-cation
complexes.
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