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Selectivity of 12-Crown-4 to Cations in CH3OH: A Monte Carlo Simulation Study
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Crown ethers1 display the ability to selectively bind
specific metals cations in the presence of complex aqueous
mixtures of chemically similar ions. For example, 15-crown-
5 binds Na+ and 18-crown-6 binds K+ selectively, although
the configuration of crown depends on the solvents used.
That ability is thought to be dependent on the size of the
crown cavity, a balance between cation-ether and cation-
water interactions, the polarity of solvent2 and the nature of
the electron donor atoms in the ring. These characteristics
have been used in the design of novel materials for such
processes as isotope separations,3,4 ion transport through
membrane,5 and transport of therapeutic doses of radiations
to tumor sites.6 Theoretical calculations based on molecular
mechanics (MM) and molecular orbital (MO) theories give
structures in a vacuum, however, those results cannot be
directly compared with those of experiments. In the host-
guest interaction, factors in the selective extraction of any
host species include the relative free energy of desolvation
of the guest molecules and the free energy of organizing the
host into a suitable conformation having remote substitution
for binding.7 Because of the large number of particles form-
ing these systems and the variety of different interactions
established, molecular dynamics (MD) and Monte Carlo
(MC) statistical mechanics computer simulations are well-
suited theoretical tools for understanding and predicting the
physicochemical properties of those solutions at the micro-
scopic level.8 Several statistical mechanical procedures have
evolved for computing free energy differences.9-11 It is
known that solvent effects often play an important role in
determining equilibrium constants, transition states and rates
of reactions, π-facial selectivity, conformations, and other
quantities of chemical, chemical physics and biochemical
interest.12 Therefore, computational chemists have focused
their interests on the crown ethers as those molecules are the
simplest that show enzyme-like specificity. However, few
molecular dynamics (MD) and Monte Carlo (MC) statistical
mechanics computer simulation studies of both the selec-
tivity of 12-crown-4 (1,4,7,10-tetraoxacyclododecane) to
univalent cations and ∆log Ks, are available. This prompted
us to study the selectivity of 12-crown-4 to univalent cations
and ∆log Ks using Monte Carlo simulations of statistical
perturbation theory (SPT) in CH3OH.13 Experimental studies
of the selectivity of 12-crown-4 to univalent cations in
methanol and ab initio studies of 12-crown-4 with univalent
cations have been reported.14 In this note, we present the first
calculation to computing on the selectivity of 12-crown-4 to

entire series of univalent cations and ∆log Ks of 12-crown-4
to entire series of univalent cations in CH3OH using a Monte
Carlo simulation of SPT.15 We found 12-crown-4/cation
complexes with the 12-crown-4 of almost Cs symmetry
never found in any crystal structure of the cation complexes
of 12-crown-4. Those are the reasons why this study is
communicated as note.

The calculated relative binding Gibbs free energies (selec-
tivity index) of 12-crown-4 complexes and the published
data of the relative free energies14(a) and Dlog Ks

16 (the
difference of stability constant of binding) obtained using by
(1) shown in Scheme 1, are listed in Table 1. We have
noticed that 12-crown-4 binds K+ more tightly than the other
cation in CH3OH, i.e., the selectivity of 12-crown-4 to K+ is
more favorable than to other cations in CH3OH. A similar
trend has been observed in the study of alkali cation com-
plexes of 18-crown-6 and its derivatives in CCl4 solutions7

and in the study of alkali cation complexes of 18-crown-6 in
diverse solutions.13(a),(b) Binding selectivity is often associat-
ed with the ionic radius of the cation and the size of the
crown ether cavity that it will occupy. The larger mismatch
is existed between the ionic radius of the cation and the size
of the crown ether cavity, the smaller chance that the cation
binds favorably to the crown ether cavity. 12-crown-4 has
distances between diagonal oxygen atoms of 4.0 Å and
selectively binds K+ over the other cations in CH3OH where
the cationic radius of K+ is 1.38 and the others are 0.74, 1.02,
1.49, and 1.7 Å, respectively.13(b) Selectivity is apparently
the result of a delicate balance of the forces that the cation
experiences as the crown ether and solvent molecules
compete for the cation in solution. In this study, the cations

Scheme 1. Thermodynamic Cycle Perturbation Theory. 
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have one positive charge and the binding cores of the hosts

consist of four oxygen atoms with large partial negative

charges. Electrostatic interactions are also expected to play

an important role in the determining the cation-binding

ability of 12-crown-4 systems as noted in ref. 14(b). We

address the selectivity of 12-crown-4 to cations in CH3OH

solution by computing the relative binding free energies of

12-crown-4 complexes for an entire series of univalent

cations. Comparing the relative binding free energies of 12-

crown-4 complexes, in CH3OH in this study with those in

ref. 14(a), those of 12-crown-4/Na+ to Li+ complexes and

12-crown-4/K+ to Na+ complexes in CH3OH of this study

are −3.81 and −0.18 kcal/mol, those of CH3OH in ref. 14(a)

are −1.92 ~ −3.12 and −0.16 ~ −0.23, respectively. In con-

trast to them, those of 12-crown-4/Rb+ to K+ complexes and

12-crown-4/Cs+ to Rb+ complexes are expected to be

reliable. From those data, the calculated binding free energy

of 12-crown-4/Na+ to Li+ complexes in CH3OH solutions are

found to be a little underestimated compared with the

experimental data. However, the selectivity of 12-crown-4 to

cations followed the sequence as Cs+ > K+ > Rb+ > Na+ > Li+

i.e., the selectivity of 12-crown-4 to Cs+ is more favorable

than to other cations in CH3OH. 

The calculated differences in stability constant (∆log Ks)

of binding of cations to 12-crown-4 can be on the basis of

relative binding Gibbs free energies. The signs of differences

in stability constant (∆log Ks) of binding of univalent cations

to 12-crown-4 are negative except for 12-crown-4/Rb+ to K+

complexes. A negative sign of ∆log Ks implies that 12-

crown-4 binds larger cations more tightly than smaller ones

but positive sign implies that 12-crown-4 binds smaller

cations more tightly than larger ones. Comparing ∆log Ks of

12-crown-4 complexes, in CH3OH in this study with those

in ref. 14(a), those of 12-crown-4/Na+ to Li+ complexes and

12-crown-4/K+ to Na+ complexes in CH3OH of this study

are −2.79 and −0.13, those of CH3OH in ref. 14(a) are −1.41

~ −2.29 and −0.12 ~ −0.17, respectively. In contrast to them,

those of 12-crown-4/Rb+ to K+ complexes and 12-crown-4/

Cs+ to Rb+ complexes are also expected to be reliable. It is

necessary to note that the sign and magnitude of the

calculated ∆log Ks closely parallel the relative binding Gibbs

free energies

When 12-crown-4 is in uncomplexed, 12-crown-4 has

minimum-energy geometry with S4 symmetry that is quite

different from C4 geometry of ligand when it is complexed.

A critical difference in these two geometries is orientation of

the oxygen atoms in the ring. The S4 symmetry has two

oxygen atoms pointing to one side of the ring and two

pointing to the other side, such that the oxygen dipoles

interact weakly with one another. In the C4 symmetry, all of

oxygen atoms point to one side of the ring, such that an

alkali cation can interact strongly with all four oxygen

atoms. 

The stereo-plots of the configurations of 12-crown-4/M+

(here, M+: Li+, Na+, K+, Rb+, and Cs+) complexes without

solvent molecules for clarity are given in Figure 1. From

those configurations, all cations are displaced away from the

12-crown-4 center of mass plane. The 12-crown-4 of among

12-crown-4/Li+ ion complex, 12-crown-4/Na+ ion complex

and the 12-crown-4/Rb+ ion complex in CH3OH solutions

has almost the C4 symmetric conformation with each of its

oxygen centers directed outward from the ether backbone as

shown in Figure 1(a), (b), and (d). The crystal structure of

many cation complexes of 12-crown-4 shows C4 sym-

metry.14 Kim et al.
14(b) reported ab initio structure of the Li+

ion complexes of 12-crown-4 under C4 symmetry. They also

found that 12-crown-4 of S4 symmetry and Li+ ion com-

plexes of 12-crown-4 of C4 symmetry are the most stable

conformers. Feller et al.14(c) also reported ab initio structures

of the cation complexes of 12-crown-4 under C4 symmetry.

They14(c) also found that Cs+ ion is displaced far away from

the crown ether center of mass plane more than other cations

are. From the xyz coordinate obtained by our simulations,

we also noted that Cs+ ion is displaced away from the crown

ether center of mass plane more than other cations are. For

clarity, the data are not listed.

However, the 12-crown-4 of both 12-crown-4/K+ ion

complex and the 12-crown-4/Cs+ ion complex in CH3OH

solutions shown in Figure 1(c), (e) has the Cs conformation17

with three oxygen pointing to one side of the ring and one

pointing to the other side. Those 12-crown-4/cation com-

plexes with the 12-crown-4 of the Cs conformation with

Table 1. Relative Binding Gibbs Free energies (∆∆G, kcal/mol) and
Differences in the Stability Constant of Binding (∆log Ks) in
CH3OH 

System
∆∆G of binding ∆log Ks

Cal. Exp.a Cal. Exp.a

Na+ → Li+ −3.81 −1.92 ~ −3.12 −2.79 −1.41 ~ −2.29

K+ → Na+ −0.18 −0.16 ~ −0.23 −0.13 −0.12 ~ −0.17

Rb+ → K+ 0.25 − 0.18 −

Cs+ → Rb+
−0.28 − −0.21 −

aRef. 14a.

Figure 1. Side-view stereo plots of the 12-crown-4/cation complexes without solvent molecules for clarity; (a) 12-crwon-4/ Li+ (b) 12-
crwon-4/Na+ (c) 12-crwon-4/K+ (d) 12-crwon-4/Rb+ (e) 12-crwon-4/Cs+
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three oxygen pointing to top of the ring and one oxygen
pointing to the other side have been never found in any
crystal or ab initio structure of the cation complexes of 12-
crown-4. From our results, we found that 12-crown-4/cation
complexes with the 12-crown-4 of the Cs conformation with
three oxygen pointing to top of the ring and one oxygen
pointing to the other side are more stable in CH3OH
solutions than 12-crown-4/cation complexes under C4

symmetry. 
Both the calculated and the experimental results are

sensitive to the definition of coordination number. A wide
range of experimental hydration numbers is available from
mobility measurements. Those values correspond to the
number of solvent molecules that have undergone some
constant critical change due to the complex, a change that is
susceptible to measurement by a particular experimental
technique. Such hydration numbers are often quite different
from coordination numbers based on a structural definition,
like those from diffraction experiments. Mezei and
Beveridge obtained their values by integrating the ion-center
of mass of water radial distribution function(RDF)’s up to
the minimum of the first peaks.18 These values will not be
significantly different if they are based on ion-oxygen
RDF’s. This is a straightforward definition and this has been
adopted for all the calculated value for 12-crown-4/M+ ions.

The RDF of 12-crown-4/M+ ions complexes in CH3OH is
plotted in Figure 2. As shown in Figure 2, the first maximum
sites of the 12-crown-4/M+ ions complex CH3OH follows
12-crown-4/Li+ < 12-crown-4/Na+ < 12-crown-4/K+ < 12-
crown-4/Rb+ < 12-crown-4/Cs+. The heights of the first peak
of the g_MO(r) are changed from 12-crown-4/Li+ ion
complex to the 12-crown-4/Cs+ ion complex. That may be
attributed to interaction changes among 12-crown-4/M+ ion
complex molecules and solvent molecule i.e. the coordi-
nation number (CN) changes of solvent molecules in the
first coordination shell from 12-crown-4/Li+ ion complex to
the 12-crown-4/Cs+ ion complex. In Figure 2, the second
peaks are located between 6 and 8 Å in CH3OH. As shown
in Figure 2, the second peak of 12-crown-4/Li+ ion complex
has the bigger peak intensity than the other, which indicates
that 12-crown-4/Li+ ion complex in CH3OH has the clear

second solvation shell. Those could be explained by the fact
that the relatively stronger complex molecule-solvent
molecule interactions exist in 12-crown-4/Li+ ion complex.
In RDF, the g_MO(r) s of 12-crown-4/Li+ ion complex drop
to zero between the first peak and the broad second one,
which indicates the absence of solvent exchange between
the first and second shell in simulations. From our results,
we have noted that the degree of the complex-solvents
interactions is dependent on the electron pair donor
properties of the solvent and the differences in solvation.19

Computational (or Experimental) Section

Monte Carlo simulations of SPT were carried out in the
isothermal-isobaric ensemble at 25 and 1 atm. The model
systems typically consisted of the ion and 12-crown-4 plus
250 solvent molecules in a cubic cell with periodic boundary
conditions.13 In order to study the equilibrium thermo-
dynamics of binding, we have used Monte Carlo simulations
with the thermodynamic cycle-perturbation theory10(a) shown
in scheme 1 and doublewide sampling. The OPLS (optimiz-
ed potential for liquid simulation) potential parameters are
used for solvent and those are based on a united-atom model.
The 12-crown-4 is represented with the OPLS-AA force
field in this study.15 In all the calculations, the bond lengths,
bond angles and dihedral angles have been varied in energy
minimization step of 12-crown-4-ion complex molecule and
in simulations. The intermolecular interactions were spheri-
cally truncated at 10 Å, depending on box-sizes of solvent
and the reaction field method was used for long-range
interactions. The cutoff correction to the solvent-solvent
energy for non-aqueous solvents is applied to only Lennard-
Jones potential functions.

Acknowledgment. This work was supported by Korea
Research Foundation Grant (KRF-2003-015-C00259). 

References 

  1. (a) Perdersen, C. J. J. Am. Chem. Soc. 1967, 89, 2495, 7017. (b)

Perdersen, C. J. Science 1988, 241, 536.
  2. De Jong, F.; Reinhoudt, D. N. Adv. Phys. Org. Chem. 1980, 17, 279.

  3. Chiarizia, R.; Horwitz, E. P.; Dierz, M. L. Solvent Extraction and

Ion Exchange 1992, 10, 313, 337.
  4. Frazier, R.; Wai, C. M. Talanta 1992, 39, 211.

  5. Lehn, J.-M. Angew. Chem., Int. Ed. Engl. 1988, 27, 123.

  6. Kozak, R. W.; Waldmann, T. A.; Atcher, R.W.; Gansow, O. A.
Trends Biotechnol 1985, 4, 359.

  7. Wang, J.; Kollman, P. A. J. Am. Chem. Soc. 1998, 120, 11106.

  8. (a) Schulz, W. W.; Bray, L. A. Sep. Sci. Technol. 1987, 22, 191. (b)
Kozak, R. W.; Waldmann, T. A.; Atcher, R. W.; Gansow, O. A.

Trends Biotechnol. 1985, 4, 259. (c) Florian, J.; Warshel, A. J.

Phys. Chem. B 1999, 103, 10282. (d) Allen, M. P.; Tidelsley, D. J.
Computer Simulation of Liquids; Oxford University Press:

Oxford, 1987. (e) Simkin, B. Y.; Sheikhet, I. I. Quantum Chemical

and Statistical Theory of Solution: A Comprehensive Approach;
Ellis Horwood: London, 1995. 

  9. (a) Valleau, J. P.; Torrie, G. M. Statistical Mechanics, Part A; B. J.

Berne, Ed.; Plenum, New York, 1977; p 169. (b) Jorgensen, W. L.
J. Phys. Chem. 1983, 87, 5304. (c) Rebertus, D. W.; Berne, B. J.;

Chandler, D. J. Chem. Phys. 1979, 70, 3395. (d) Mezei, M.;

Figure 2. Radial distribution function g-MO(r) of 12-crown-4/M+

ions in CH3OH. Distances are in angstroms.



318     Bull. Korean Chem. Soc. 2006, Vol. 27, No. 2 Notes

Mehrotra, P. K.; Beveridge, D. L. J. Am. Chem. Soc. 1985, 107,
2239. (e) Chandrasekhar, J.; Jorgensen, W. L. J. Am. Chem. Soc.
1985, 107, 2974.

10. (a) Zwanzig, R. W. J. Chem. Phys. 1954, 22, 1420. (b) Bayly, C.
I.; Kollman, P. A. J. Am. Chem. Soc. 1994, 116, 697. (c) Postma, J.
P. M.; Berendsen, H. J. C.; Haak, J. R. Faraday Symp. Chem. Soc.
1982, 17, 55. (d) Tembe, B. L.; McCammon, J. A. Comput. Chem.
1984, 8, 281. (e) Åqvist, J.; Warshel, A. Ann. Rev. Biophys.

Biophys. Chem. 1991, 20, 267.
11. Kollman, P. A. Chem. Rev. 1993, 93, 2395.
12. Kim, K. S.; Tarakeshwar, P.; Lee, J. Y. Chem. Rev. 2000, 100,

4145. (b) Hawkins, G. D.; Liotard, D. A.; Cramer, C. J.; Truhlar,
D. G. J. Org. Chem. 1998, 63, 4305. (c) Lee, I.; Kim, C. K.; Han, I.
S.; Lee, H. W.; Kim, W. K.; Kim, Y. B. J. Phys. Chem. B 1999,
103, 7302.

13. (a) Kim, H. S. J. Phys. Chem. B 2004, 108, 11753. (b) Kim, H. S.
Chem. Phys. Lett. 2001, 346, 135. (c) Kim, H. S. Phys. Chem.

Chem. Phys. 2000, 2, 1919. (d) Kim, H. S. Bull. Kor. Chem. Soc.
2003, 23, 751. (e) Kim, H. S.; Chi, K. W. THEOCHEM. 2005,

722, 1.
14. (a) Izatt, R. M.; Bradshow, J. S.; Nielsen, S. A.; Lamb, J. D.;

Christensen, J. J. Chem. Rev. 1985, 85, 271. (b) Cui, C.; Cho, S.;
Kim, K. S. J. Phys. Chem. A 1998, 102, 1119. (c) Hill, S. E.;
Feller, D.; Glendening, E. D. J. Phys. Chem. A 1998, 102, 3813.
(d) More, M. B.; Ray, D.; Armentrout, P. B. J. Phys. Chem. A

1997, 101, 7007.
15. (a) Jorgensen, W. L. BOSS Version 4.1; Yale University: New

Haven, CT, 1999. (b) Jorgensen, W. L. Free Energy Changes in

Solution in Encyclopedia of Computational Chemistry; Schielyer,
P.v.R. Ed.; Wiley: New York, 1998; Vol. 2, p 1061. (c) Jorgensen,
W. L.; Maxwell, D. S.; Tirado-Rives, J. J. Am. Chem. Soc. 1996,
118, 11225.

16. Gorkel, G. W. Crown Ethers and Cryptands; The Royal Society of
Chemistry, London, 1990.

17. Seid, E. T.; Schafer III, H. F. J. Phys. Chem. 1991, 95, 3589.
18. Mezei, M.; Beveridge, D. L. J. Chem. Phys. 1981, 74, 6902.
19. Christian, R. Solvents and Solvent Effects in Organic Chemistry,

2nd ed.; VCH: 1988; p 20.


