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Crown ethers have been intensely studied since their initial 
characterization nearly 30 years ago.1 Much of the interest 
stems from their ability to selectively complex cations in 
solution2 and consequently act either as cleansing agents for 
unwanted or dangerous ionic contaminants3 or as possible 
delivery agents for transporting ionic species to specific binding 
sites in living tissues.4 The prototypical systems are alkali ion 
"guests" in the 18-crown-6 "host". These systems have been 
studied at great length using molecular mechanics methods5 and 
recently ab initio6 and mixed quantum mechanics/molecular 
mechanics methods.7 Of interest is the fact that binding free 
energies to 18-crown-6 in a variety of solvents2,8,9 are in the 
order K+ > Rb+ > Cs+ > Na+ > Li+, while the best theoretical 
estimates6 yield "intrinsic" or gas phase binding enthalpies in 
the order of Li+ > Na+ > K+ > Rb+ > Cs+. Clearly solvent 
effects play a major role in the selectivity ordering in solution, 
as recently documented in an extensive review.8 

To understand how the solvent directs host/guest selectivity, 
it is necessary to obtain both thermodynamic and structural data 
in the absence of solvent. The current situation in crown ether 
host/guest chemistry in this regard is reminiscent of the state 
of affairs in the late 1960s and early 1970s, when gas phase 
studies finally began to yield intrinsic basicities and acidities 
of molecules,10-12 resulting in a major rethinking of the factors 
that are responsible for these important properties.13 Recently, 
gas phase studies have begun on crown ethers as well, due 
principally to the development of powerful mass spectrometric 
methods.14 Important data have been obtained by Dearden and 
co-workers on the rate of association of alkali ions with various 
crown ethers, rates of formation of sandwich-like dimer 
compounds, and rates of crown switching reactions on a given 
metal center.15 These studies indicate a general correlation 
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Figure 1. Mass spectrum resulting from matrix-assisted laser desorp-
tion/ionization of a mixture of alkali ion salts in sinapinic acid. Matrix 
peaks occurring near m/z = 200 are not shown. 
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Figure 2. Arrival time distributions (ion chromatograms) for Li+, Na+, 
K+, and Cs+ complexed to 18-crown-6 (see text). 

between crown selectivity and a matching of ionic radius16 with 
the crown cavity radius.17 A recent study also suggests that 
gas phase chiral recognition is possible using crown ethers.18 

In this Communication, we will report the first measurements 
on the gas phase conformations of alkali ion/18-crown-6 
inclusion complexes. In these studies, we use the recently 
developed ion chromatography (IC) technique,19 which allows 
accurate measurement of gas phase collision cross sections of 
the species of interest. We have recently successfully applied 
IC to Na+-catonized poly(ethylene glycol) (PEG) polymers,20,21 

which are functionally closely related to the crown ethers. The 
M+/18-crown-6 ions are made in a matrix-assisted laser des-
orption/ionization (MALDI) ion source described elsewhere.21 

A mass spectrum from a mixture of alkali ion salts in a sinapinic 
acid matrix is given in Figure 1, showing clean formation of 
M+(18-crown-6) adducts and no fragmentation. A 4 ,as pulse 
of a mass-selected crown complex is then injected into a 4 cm 
long cell filled with 3 Torr of He gas at 300 K. The ions drift 
through the cell under the influence of a uniform but weak 
electric field. Upon exiting the cell, an arrival time distribution 
(ion chromatogram) is obtained at a detector. Such distributions 
for M+ = Li, Na, K, and Cs are given in Figure 2. 

In all cases, a narrow, monomodal arrival time distribution 
is observed. These results immediately indicate that in each 
complex only a single structure, or set of very similar structures, 
occurs, since the many collisions with He, while transiting the 
cell, result in spatial and temporal separation of isomers with 
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Table 1. Collision Cross Sections in A2 of M+(18-Crown-6) 
with He 

M-

Li" 
Na" 
K+ 

Cs+ 

experiment" 

95.0 
100.2 
105.0 
104.7 

molecular mechanics''-'' 

94.8 
101.4 
105.7 
105.4 

ab initio'1' 

92.3 
99.1 

104.4 
106.5 

" Absolute experimental uncertainty is about 2ck. but relative values 
are much more accurate. '' This work used the AMBER suite of 
programs (ref 24) as described in the text. Parameters for H, C, O, and 
He are from ref 21, and parameters for Li+ , Na+ , K+, and Cs + are 
from ref 25. ' Reference 6 ' 'The three-dimensional collision cross 
sections were determined from theoretical structures using Monte Carlo 
methods (ref 23) and were converged to 1%. 
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Figure 3. Conformations generated by molecular mechanics for Li+, 
Na+. K", and Cs+ complexed to 18-crown-6 that yield the cross sections 
given in Table 1. Only the side view is shown. In all cases, the alkali 
ion is located on an axis running through the center of the crown cavity 
but perpendicular to the plane of the free crown. The alkali ion has the 
diagonal striping, oxygens are speckled, carbons are darkly shaded, 
and hydrogens are open. 

different collision cross sections. Since the experimental 
conditions were identical for all four systems, the data also 
indicate that Li+(18-crown-6) goes through the cell most 
quickly, followed by Na+(18-crown-6), with K+ and Cs+ 

complexes slower but with nearly equivalent drift times. Hence, 
the Li+ complex is most compact, followed by Na+(18-crown-
6); the K+ and Cs+ complexes are least compact. 

To obtain structural information, the data are quantified by 
determining accurate mobilities in He, Ko, which are inversely 
proportional to the collision cross section in the hard-sphere 
limit.21-22 Candidate structures are then obtained from theoretical 
models for comparison with experimental cross sections. Using 
our work on Na+PEG,, systems as a guide,20-21 we used the 
Amber molecular mechanics force field23 to generate trial 
structures which were subjected to extensive annealing to find 
the global minimum for each of the complexes. Monte Carlo 
methods24 were then applied to obtain cross sections. We used 
no adjustable parameters in this process. 

The experimental and model cross sections are compared in 
Table 1, and the actual structures of the complexes are given in 
Figure 3. We have also calculated cross sections from the ab 
initio results of Glendening et al.6 and included these in Table 
1 as well. It is apparent from Table 1 that the agreement 
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between experiment and both the molecular mechanics and ab 
initio predictions is excellent. Since the errors in both the 
experimental and Monte Carlo modeling of the cross sections 
are of the order of 1 —2%, clearly the almost perfect agreement 
is fortuitous. What is important is the fact the model nearly 
exactly matches the trend in cross sections as M changes. The 
relative values of the cross sections are very accurately 
determined, and the 10% change from M = Li to M = K, Cs 
is far outside of experimental error. 

The global minimum structures given in Figure 3 for the four 
complexes are revealing. As expected, all alkali ions are 
centered on the crown cavity axis. However, only for K+ is 
the complex quasi-planar. The small Li+ ion moves well out 
of the plane along the axis and induces substantial distortion in 
the crown in order to better coordinate with the partially 
negatively charged oxygen atoms. This process is repeated, but 
the distortion is smaller for the larger Na+ ion. Finally, Cs+ is 
too large for the crown cavity and is forced out of plane, with 
the crown distorting to maximize coordination. This dramatic 
structural change with ion size is responsible for the 10% change 
in cross section from Li+ to K+, Cs+ and explains a number of 
additional observed phenomena. 

For example, Li+ and Na+ do not form M+L2 sandwich 
compounds for L = 18-crown-6, but Cs+ readily does, and K+ 

does so very slowly.15b Clearly, only for K+ and Cs+ is the 
alkali ion accessible to a second ligand. The different ordering 
of binding energies in solution and in the gas phase is also 
consistent with these structures. In the gas phase, Li+ is bound 
the strongest,6 reflecting its relatively high charge density and 
its ability to intimately associate with all six oxygen atoms. A 
monotonic trend leading to the weakest binding for Cs+ 

reasonably flows from increasing ion size. In solution, since 
Li+ is essentially fully solvated by the crown, it benefits only 
in a minor way from further solvation, in spite of the fact that 
it has the largest solvation energy of any of the alkali ions. The 
same holds to a lesser extent for Na+. Hence, these two systems 
have the weakest binding energies in solution. Conversely, K+ 

and Cs+ are exposed and can benefit from solvation. In fact, 
theory suggests that water as a solvent displaces the K+ ion an 
average of 0.25 A from the crown center of mass, resulting in 
coordination with two water molecules in its first solvation 
shell.7 In this system, the average K + - O distance is essentially 
equal for all eight O atoms (six on the crown and two on the 
water molecules). Consequently, in water solution, K+ is bound 
most strongly of the alkali ions to 18-crown-6. What is most 
important, however, is the fact the K+ ion is still primarily 
solvated by the crown in competition with water as a solvent. 
This makes sense because K+ is bound much more strongly to 
small ethers than to H2O due to the contribution of larger 
dispersion forces for the ethers.26 Similar reasoning applies for 
the remaining alkali ions.27 
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