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Abstract-Calculation using CNDOR method have been performed for the crown ethers and their cation 
complexes. The photoelectron spectra of I&crown-6 and 12-crown-4 are well described by the present MO 
~cu~ations. The orbital intentions between the crown ligand and the cation indicate the evince of the charge 
transfer interaction for the complex formation. The destabilization energy due to the ring-shrinking (- 0.5 eV) is 
very small compared with the complex&on energy (S-8 eV). The stability of the complex was reasonably explained 
by the considering the hydrated species of the cation and the complex, indicating the important role of the 
salvation effect in the selectivity of the crown ether to the cation. 

“Crown ethers” originally prepared by Pedersen’ in 1%7 
have an interesting property in that they selectively take 
alkali ions into their cavities to form stable complexes. 
Many experiments have succeeded following Pedersen’s 
guides, i.e. (1) the relative size of the ion and the hole of 
polyether, (2) the number of 0 atoms, (3) the basicity of 
0 atoms, (4) the steric hindrance in polyether ring, (5) the 
tendency of the ion to associate with solvent. 

Especially, the relationship between the ion size and 
the crown cavity has been extensively investigated and 
established as the primary principle for the cation selec- 
tivity. However it was recently found that this relation- 
ship is not absolute,2 and the conformational change 
before and after complexation has been discussed. 
Experimental data of IR: NMRP.5 and dipole moment 
measurements, often indicate that the crown confor- 
mation after complexation with the metal ion is different 
from that before complexation. For example, l&crown-6 
has Ci symmetry in the crystal? but after complexation 
of the potassium ion, it has 4d symmetry, where the six 
0 atoms are nearly co-planar and form a hexagon.” 

The c~s~lo~aphic data’” indicate that the &and 
conformation in the (l&crown-@ Na’ complex is 
remarkably difFeient from that of the potassium com- 
plex. Thus, the conformational change of crown ethers is 
considered to be closely related with the cation selec- 
tivity and is often demonstrated that the energy for the 
conformational change determines the selectivity of 
crown ethers.’ 

On the other hand, there are many experiment 
results which can not be easily explained only by the 
conformational change. For instance, U-crown-5 has a 
cavity where Na’ ion can be nicely fitted.’ But the stabil- 
ization constant of the Na‘ complex, (Gcrown-5) Na’, in 
various solvents is almost equal to or smaller than that-of 
the K’ complex.* The activation energy required for the 
conformational change with the rapid exchange of the 
metal represented in eqn (1) is constant for some alkali 
ions in various solutions, though the stabilizatioc con- 

tWe measured “C NMR (JNM FX-100 at 25.05 MHz) of 
18-crown-6 in 40 and CDC!, solvents at Ihe room temperature, 
and obtained only a sharp signal which indicated only one kind of 
the C atom in this ligand. Therefore, we assumed &,, symmetry for 
I&crownd. 

stants largely change.2’4 

M+(DBC) + n(solv)~M+~solv~ + DBC 

(DBC; Dibenzo-18-crown-@ 

(1) 

Srivanavit et al? also suggested the impo~ance of the 
solvent effect for the selectivity of crown ethers against 
the alkali ions, though they did not make clear the reason 
of the difference in selectivity between the K’ and the 
Na’ complex with 18-crown-S. 

From the theoretical view point, Pullman et al.‘” per- 
formed ab initio calculations of 12-crown-4 and its Li’ 
complex and obtained a huge interaction energy as cu. 
200 kcalimol. The Li’ complex, however, has not been 
obtained in any solvent. Only loosely-bounded Na’ 
complex was found in MeOH solvent.” This discrepancy 
may be due to the calculation without the consideration 
of the solvation energy. 

In the present paper, we first investigate the properties 
of MO’s of crown ethers, by comparing the results with 
phot~lec~on spectroscopy, then the confo~ation~ 
change after complexation, and the nature of the orbital 
interaction between the crown ligand and cations (Na+, 
K’ and NH4+). Next, we compare hydration energies for 
the tetra- and hexa-hydrated ions with the compkxation 
energies of the crown ethers and finally discuss the 
stability of the complex in aqueous solution, related to 
the selectivity of crown ethers for the special ion. 

Method of calculation 
We used CNDOi2 method in the present calculations. 

As the parameters of alkali ions (Na’ and K’), we 
employed K = 0.75 in H, = KS,, (&t /3.)/Z which gave 
reasonable results for molecules including second and 
third row atoms.‘* The orbital exponents were taken 
&= 1.05 and & = 1.18, so as to make the distance 
between the metal and the oxygen of water coincide with 
that of ab initio results’3 (the notations of H,, S,, etc. 
are the same as Ref. 12). 

For the geometry of l&crown-ti, we assumed Dkl 
symmetryt determined in the crystal of (18-crown- 
6) KSCN complex3’ and used aver 
angles; CC = 1.418 A, CO = 1.504 

e bond lengths and 
7 , LCOC = 112.6”, 
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(b) neq(16eg) 

Fig. 3(a). Molecuiar orbitais of 18-crown-6 i&and. 

CC) 8b 

Fig. 3(b). Molecular orbitaIs of 12-crown-4 i&and. 

one.7b The conformation of the &and in this complex is 
almost the same as that possessed in the free state, 
whereas the Na’ complex closes the ring and changes the 
ligand conformation so as to achieve the more profitabIe 
interaction with the Na’ ion which has a smaller ion 
radius than its cavity. The destabilization energy for 
closing the ring (from R = 2.77 %r to 2.67 A) is estimated 
co. 0.4 eV (9.2 kcaljmol) from Fig. 4(a). 

For the NH,+ complex, the N atom ties at LNm= 
0.43 di out of the ring plane with R = 2.75 %I, almost equal 
to the original ligand conformation as shown in Fii. 5. It 
means that NH,+ ion can not lie at the center of the 
crown, being consistent with the crystallographic data” 
(see Fig. 5). 

-5648.c 

0 ..’ M’ Distance ( % ) 

2.6 2.0 3.0 

50 60 70 60 

Torsion Angle Q~c (* ) 

Fig. 4(a). Potential curves of the B-crown-6 and its cation com- 
plexes as a function of the torsion angie 7coM: about C-C bond 

of the crown ether. 

0.0 0.5 

Metal Position ( % ) 

1.0 

Fig. 4(b). Potential curves of the complex, Wcrow~WM’, as a 
function of the metal position. 

Similar cahzulations were performed for the com- 
plexes, (12-crown-4) M” (M’ = Na+ and K’) and the 
potential curves are shown in Fig. 6 as a function of the 
distance (L) from the ring plane constructed by four 0 
atoms in 12-crown-4. It is clear that both complexes have 
the ion out of the plane by LK = 2.00 il and L,, = 1.50 A 
for the K” and the Na” complex, respectively. The same 
trend has been also found in Li’ complex which was 
calculated to be LU = 0.4 A with the same geometry,‘o In 
this case, the complex of the diierent geometry with this 
ion at the center of 12-crown-4 has ahnost the same 
stabilization energy as that with it out of 12-crown-4 
4 - A&, = 220.6 kcallmol, - A&,,, = 220.1 kcaiimol). 
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Fii. 9. Potential curves of the complex, (l~rown~)N~+, as 
functions of the torsion angle and the nitrogen position. 

(3) Bonding naiitres and orbital inte~~ct~ns in the 
crown-cation complexes 

The complexation energiest with inclusion of only 
s-orbital of the metal were given the values of 1.4 and 
-0.9 eV (destabilization) for the K+ and the Na’ complexes, 
respectively. The interaction of the metal orbital with 
crown ligand orbitals is restricted to that with the low- 
lying 1,3,Sac orbit& as shown in Fig. 7. Accordingly, 
the binding energy (EMo) between the metal (hi) and 0 
atoms in the crown @and is small (Table 1). This result 
suggests the inclusion of metal p-orbitals to get the 
effective interaction, particularly with Na” and K’. 

As is expected, calculations including p-orbitals give 
larger complexation energies such as 6.89eV for Nal’ and 
6.19eV for K’ complexes, respectively. The increment of 

Wefined by the difference between the sum of the energies of 
inetai and ligand and that of the complex (eqa 3). 

-38991 1 1 

\ K’ 

~ 

Ni 
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Pii, 6. Potential curves of the complex, (12-crown-l)M+, as a 
function of the metal position. 

the complexation energy is dominantly caused from the 
increase of b&o, which is almost twice as huge as that in 
the case of only s-orbital as indicated in Table 1. 
Obviously, it comes from the fact that the p-orbitals of 
the metal ion can interact with the higher molecular 
orbitals with e,, Sykes as shown in Fig. 7. 

The complexation energy between the crown and al- 
kali ion may be divided into the electrostatic and 
covalent interaction. The former is the iondipole inter- 
action and the latter is mainly the charge transfer inter- 
action from the crown to the cation. The electrostatic 
interaction may be estimated in the calculation of only 
s-orbital basis because the amount of the charge transfer 
is fairly small (Na‘ = 0.134, K’ = O.oS9) in comparison 
with the case of sp-orbital basis set (Na* = 0.330, K’ = 
0.318). The p-orb&& mainly contribute to the charge 
transfer interaction which is ~ornj~~t in the complexation 
energy in this case. 

It is interesting to note in Table 2 that the charge 
‘transfer to cation is apparently supplied from all H atoms 
through the orbital interaction, because the electron 
densities of both 0 and C atoms rather increase after 
complexation, although small. The charge density of the 
H atoms slightly decreases. This result is consistent with 
the experimental fact that the proton chemical shift to a 
lower field due to the complexation is small. 

In the case of NH,‘- complex, the pattern of the orbital 

Table 1. Total energy (I?& EM, - AkQW sad the electron density” of (I&rown-6)Mc complexes (M+ = Na’ and 
K+) c&&ted with only s-orbital and with sp-orbitals as the valence orbital of alkali cation 

Na+ complex K+ complex 

S SP A (8-q) S SP A (s-p) 

=t -5849.8 -5855.3 5.5 -5847.5 -5854.6 7.1 

-6 EcOmp 1.40 6.89. -0.90 6.19 

%3 O-M -1.78 -3.09 1.31 -1.51 -2.60 1.46 

C-M 0.42 0.31 0.21 0.45 0.08 0.37 

Electron 0 6.250 6.299 - 6.251 6.230 - 

density M 0.134 0.330 - 0.089 0.318 - 

“Energies are given in eV unit and electron density in e unit. 
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W-al9 5.1 3eu 6,1&e, 

Fig. 7. Schematic representation of the orbital interactions between l&crown-6 and potassium ion. The notation 
under each picture represents the assignment of the molecular orbitah for the complex, being of DM symmetry. 

leu 

Table 2. Electron density on each atom of IS-crown-6 and its cation complexes and the amount of the charge 
transfer, AQ, from the crown tigand to the cation” 

0 C Hb' Cation ACI 

18-crown-6 6.211 3.589 1.023 

(18-crown-6)Na+ 6.229 3.864 0.997 0.330 0.330 

(~~-c~owxI-~)Nc~+(oE~~)~ 6.223 3.863 1.000 0.447 

18-crown-6)X+ 6.230 3.865 0.997 0.318 0.318 
+ ~18-crown-6)x (oH2)2 6.225 3.864 0.999 0.404 

(18-crown-~)NH: 6.258') 3.865 0.994 N 5.140 f5*079fe) 0.090 

H 0.727') (0.730)e) 

“These values are in the most stable conformation (e unit). 
‘Mean value of two ditTetent H atoms. 
‘0 atoms connecting to three H atoms in the ammonium ion (see Fig. 5). 
dThis value is that of the H atoms associating with the O’atoms of the crown ether. 
‘Values in parentheses are those of the free ~rn~i~ ion. 

interaction is quite diierent from the alkali ion complex The crown ligand is designated in the abbreviated form 
as shown in Fig. 8 and the amount of the charge transfer as [ I, and n and m are the number of hydrating water 
in this case (0.09) is considerably less than in the alkah ion molecules to the ion and those to the complex, respec- 
complexes. Moreover, the electron densities of the 0 and tively. - AE ati is the stabilization energy in the aqueous 
N atoms increase whereas those of three H atoms in 
ammonium ion decrease (0; 0.047, N; 0.061, H; -0.03). 
Such a trend of the electron density suggests a H-bond like 
nature in the bonding between the crown ligand and NHs’ 
ion, like N-H.**0.‘6’” 

The orbital interaction between alkali ion and 12- 
crown-4 is similar to those of alkali ion complexes, 
(18-crown+ M’. 

(4) Hydration and complexation energy of Na+, K’ and 
NH*’ ions 

In his original paper, Pedersen has predicted the im- 
portance of the salvation effect, which was supported by 
the fact that the ,cation rapidly changes its position 
between the crown and the solvent in NMR time scaie.4 
It seems reasonable, therefore, to estimate the ion selec- 
tivity of crown ethers by including such an effect. 

The exchange reaction in aqueous solution is . . 
represented by Fig. 8. Wematic representation of the orbital interactions be- 

tween B-crown-6 and NH; ion. The notations are used the 
M’(OHa)~ + [ l#t[Ml(OH& t (n-m)HzO+ AE-. (2) simihu representation‘as in Fig. 7. 
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Fig. 9. Geometries of the complexes, (a) (la~rown~)NH,+(OH~, 
fb) #3-crownd)M+(OH3~, (c) M+(OH&, (d) M+(OH&: (a) and(b) 
are the hydrated complexes,(c) and(d) are the hydrated ions having 

0, and Td symmetry, respectively. 

solution, We assumed m = 2 for the alkali ion complexes 
and m = 1 for the ammonium ion complex as shown in 
Fig. 9t. Equation (2) can be divided into following three 
elementary processes; 

M++[ ]-,[M+]+AL (3) 

M’ + I I+ mHz0 --) fM’](OH& + AE,,tim) (4) 

M’ + nHzO + M+(OH& t AEi& (5) 

tThe hydration energy of the complex, [Ml, should be defined 
by such a value that the increase of the hydration number m in 
[M)(OH&, causes no more increase of the hydration energy. But 
this is no doubt difficult. Accordingly, taken were m = 2 and 1 for 
the alkali ions and ~monium ion for the scion of the 
stabilization energies, respectively. 

where - AE,-,,, -A&-& and - dEbti designate the 
comptexation energy, that in aqueous solution and the 
hydration energy. - AE&, is then estimated by 

- AEzti = -A&omp(ti + AE:yd. (6) 

The observed hydration energies of Na’ and K+ ions 
are 4.69 and 3.73 eV’s in aqueous solution, whereas 3.18, 
2.56 eV for the tetra-hydrated ions and 4.61, 3.44 eV for 
the hexa-hydrated ions in gas phase,” respectively. It is 
suggested from these ex~rimen~ values that the ions 
take her-Hyatt forms in the aqueous solution. On the 
other hand, from the X-ray diffraction data,” it has been 
demonstrated that the alkali ions take the tetrahydration 
in the first hydration shell of aqueous solution. Then, we 
calculated the hydration energy for n = 4 and 6 to com- 
pare with the above experimental values and to estimate 
the stabilization energy, - AH,,.+ 

In Table 3 are listed the calculated energies for various 
ions. The hy~ation energies of alkali ions increase 
roughly pro~~ion~ to the c~rd~tion number n. For 
exam le, those of the K’ ion were calculated to be 1.18 
(2.60 x ), 3.90 (2.65 A) and 5.55 eV (2.67 A) for the mono-, 
and tetra-(T,+), and the hexa-hydration (03, respectively 
(tire values in parentheses are the optimized distance 
between the metal and 0 atom). For the Na’ complex, 
they are 1.86 (2.20&, 5.95 (2.3Oj0 and 8.76eV (2.35 I() 
for the mono-, the tetra-, and the hexa-hydration, res- 
pectively. These tendencies are consistent with the result 
of the calculations of Li’ (OH& complex (n = I- 6).2’ In 
the case of NH4’ ion, the calculated tetra-hy~ation 
energy (2.8OeV) is in good agreement with the experi- 
mental value.” Similar to the alkali ions, they are known 
to increase with the coordination number of aqueous 
solvents.” 

The complexation energy of the K’ ion was calculated 
to be 6.19eV, which was close to the hexa-hydration 
energy. Moreover, the distance between K’ ion and 0 
atoms in 18-crown-6 is 2.70%1 which is almost equal to 
that in the hexa-hydrated K’ complex (2.67&. On the 
other hand,. the comple~tion energy of Na’ ion is 
6.89eV. largely less than the calculated hexa-hydration 

Table 3. Hydration energy, - AE&, Complexation energy, - hEcons.. that in aqueous solution, - AEso~p(lqr, and 
Stabilization energy, - AEL, for the cation complex of M-crown-6 and 12-crown-4 

18-crown-6 1%crown-4 

Na+ K+ NH; Na+ R+ 

1 
-AEhyd 

4 
-A%ya 

6 
-AEhyd 

-AE colnp 

-A"comp(aql 

-AELb 

-AEs6tab 

-AHobs 
log K2S0 

1.86 ev 1.18 eV - ev 
(1.04) 11.291 

5.95=) 3.90 2.80 
(3.18) (2.56) (2.55) 

8.76 5.55 - (4.61) (3.44) 
6.89 6.19 2.82 

9.10 7.54 3.74 

3.15 3.64 0.94 

0.34 1.99 - 

0.17 0.27 0.10 

0.80 2.03 1.23 

1.86 eV 1.18 ev 

5.95 3.90 

8.76 5.55 

6.13 3.96 

8.67b) 5.61b1 

2.72 1.71 

-0.09 0.06 

not observed 

“Values in parentheses are observed ones. 
*Estimated value. 



energy (8.76eV). This discrepancy is attributed to the 
fact that the O...Na” distance in the crown ether 
(2.47 1%, is larger than that in the her-hy~ted Na+ ion 
(2.35 A). It means that the ion radius of Na’ is smaller 
than the cavity of 18-crown-6. It should be noted here 
that the complexation energy of Na’ itself is larger than 
that of K’, as easily understood from the larger inter- 
action between HB and Na” than that between Hz0 and 
K’ even at 2.67A as shown in Fig. 10. This result 
suggests that the Na” complex is more stable than the 
K’ complex. Nevertheless, the experimental evidence’ 
shows an opposite result. This discrepancy will be dis- 
cussed in the succeeding section. 

In order to discuss the stability of the complex in 
aqueous solution, it may be reasonable to treat the 
complex in its hydrated form; di-hydration for the alkali 
ion complexes and mono-hydration for the NH,+ ion 
complex as shown in Fig. 9. As a matter of fact, each 
complex is stabilized due to the hydration by 2.21, 1.35 
and 0.92 eV for the Na+, the K’ and the ammonium ion 
compIexes, respectively. 
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the K’ complex is less stable than Na+ complex, 
opposite to the tendency seen in the experimental stabil- 
ization energy, - AHN. < -AI&. As previously men- 
tioned, a more realistic system to be compared with 
experimental results is the hydrated species rather than 
the complex itself. For the hydrated complex, IM”1 
(OH&, the stabilization energies defined by the energy 
diierence between the di-hy~at~ complex and n- 
hydrated alkali ion are listed in Table 3, where - Al%+ 
is of the hexa-hydrated model and - AEzti of the tetra- 
hydrated model, For both models, the stabilization 
energy decreases in the order, - AELwu > - AELm.,, 
which is consistent with exigent results. Thus, it is 
possible to explain the relative stability of K’ and Na’ 
complexes in aqueous solution by comparing with these 
energy difference. It is also shown in Table 3 that the 
complexation energy and the hydration energy in this case 
are larger than in the K’ ion. The Na” complex, though the 
larger complexation energy is gained by the complex 
formation, is unstable, since the hydrated ion has a 
comparable stability with its crown complex. On the other 
hand, the K+ complex, although the complexation energy 
is smaller than that of Na+ complex, is stable owing to the 
smaller stability of the hydrated K’. 

In the case of NH,’ ion, the stabilization energy is 
positive, notwi~s~ndi~ the complexation energy in- 
cluding aqueous ligand is fairly small. It follows from the 
fact that the hydration energy of NH4+ ion is smaller. 
This result also explains the existence of NH.,+ complex, 
though the complexation energy is small. 

For the 12-crown-4, the complexation energy is fairly 
large, but these alkali ions form no complexes in aqueous 
solution. The reason is also explained by the estimation 
of the stabilization energy including the solvent effect, 
I.e., -AE,,,ti_j is similarly estimated as 8.67 and 
5.61 eV for the Na’ and the K’ complex, respective1y.t 
Hence, the stabilization energy of the hexa-hydrated 
mqdel is small as indicated in Table 3. 

The charge density of alkali ion in the complex in- 
creases according to the coordination of the two water 
molecules above and below the l&crown-6 (Table 2). 
This result suggests that the charge density of metal ion 
in the complex changes according to kinds of solvents. In 
fact, the ZOsTl chemical shift in the complex (l&crown- 
6)Tl’, largely changes by the difference of the solvent.9 
Though Tl’ is dBerent from cations in our calculation, 
these results suggest the complex formation associated 
with the salvation. 

(5) Selectivity of 18-crown-6 to the special ion 
According to our calculations, the ~nformation~ 

change of the ligand when the Na ion is taken in needs 
cu. 0.4 eV (9.2 kcallmol), which is, however, compensated 
by the gain of the complexation energy. On the other 
hand, the ligand conformation of K” complex is almost 
the same as that of the free ligand. Anyway, the energy 
difference in the conformational change due to the kind of 
cation is small compared with the complexation energy. 
The calculated results show that the complexation 
energy of Na” ion is larger by 0.7 eV (16.1 kcal/mol) than 
that of K’ ion, i.e., - AEz& > - AI?:&,. It implies that 

CONCLUJMNG REMARKS 

From the present results of the calculation and from 
many experimental evidences, followings may be said; 

Yl’he geometry of this complex was not optimixed. The stable 
geometry of the complex (12-crown-4)W and 0.. . A4 distance, 
LOMO angle were taken as equal to those in the hexa-hydrated 
alkali ion. 

(1) For the process of the complex formation, the 
charge transfer interaction seems to be important 
through the orbital interactions between the cation and 
the cavity field created by the particular structure of 
l&crown& Such an orbital interaction might be also 
considered for the interpretation in some antibiotics like 
v~inomycin, nonactin, and so on. 

(2) The relationship between the number of 0 atoms in 
the crown ligand and the complex stability may be poin- 
ted out. For example, the order of the stability was found 
to be (18-crown-6)K” > (15-crown-5)K+ > (lZcrown- 
4)K’. The stability of the complex, 
S(C~H,OC~H.OC~H~)SK “,23 where the numbei of the 0 
atoms are reduced to four, was less than that of (18- 
crown-6)K” complex. Thus the polyether must have the 
suflicient number of the 0 atoms in order to get the large 
complexation energy which is required for the desolvation 
of the cation. 

-2.0 ’ 
2.0 2.5 3.0 

0-.I4 Distance ( f ) 

Fig. 10. Poteatial curves of the mono-hydrated alkali ions as a 
function of the distance between the metal ion and the oxygen _ . _ 

(3) The solvation effect seems to have the largest 
~on~bution to the selectivity of 1%crown-6 in regard to 
the complexation with special ions. 

atom of the water molecules. 
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