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Introduction 
Synthetic macrocycles have drawn much experimental and theoretical interest 

since Pederson first synthesized the crown-ether 18-crown-6 (18~6) in 1967.It2 Crown- 
ethers show a remarkable range of specificity for a wide variety of cations that depends, 
in part, on the size of the ether, the type of donor atoms (e.g. oxygen, nitrogen, sulfur), 
and the polarity of the solvent. 3-5 Crown-ethers and related macrocycles are of 
particular interest to research efforts in chemical separations applied to environmental 
remediation. For example, at the Hanford nuclear facility 9%2+ and 137Cs+ are two 
major generators of heat which complicate the disposal of nuclear waste. One example 
of the use of crown-ethers for radionuclide separation is the Strontium Extraction 
(SREX) process which uses di-t-butylcyclohexano-18-crown-6 for recovering 90Sr2+ 
from acidic solution. A more thorough understanding of fundamental interactions 
of cation/crown-ether solution chemistry may provide the basis for rational design of 
new ligands useful in the separation of these and other radionuclides from 
radionuclide-containing waste streams at hazardous waste storage facilities. There is 
also a growing interest in the use of crown-ethers, cryptands, and other ligands for use 
in chemical sensors. Specifically, fluoroionophores, which consisting of a fluorophore 
(e.g. dye-molecule) linked to an ionophore (e.g. crown-ether), exhibit measurable 
changes in the photophysical properties of the fluorophore upon ion binding by the 
ionophore. Fluoroionophores would be useful for monitoring ground-water 
aquifers and industrial effluent streams for low-levels of hazardous radionuclides and 
other toxic metals. 

Discussion 
A thorough understanding of the fundamental host/guest and solute/solvent 

interactions is central to our research efforts in ligand chemistry. We focus on 
quantum mechanical methods that are as accurate as possible, yet allow us to answer 
questions that include to solution thermodynamics. We are particularly interested in 
the role of electronic polarization in the solution chemistry of host/guest interactions. 
Thus, we have focused on the use of ab initio electronic structure and hybrid 
quantum mechanical/molecular mechanical (QM/MM) methods to study these 



systems. In this talk, we present results from two studies: an ab initio quantum 
mechanical study of crown/cation interactions of a new, recently synthesized, 
macrocycle, and molecular dynamics simulations of crown-ether/cation interactions 
using a force field that employs quantum mechanics. 

Previously, we utilized ab initio methods to compute binding enthalpies of 
18c6 for the alkali metal cations Li+, Na+, K+, Rb+, and Cs+. That study utilized 
large basis sets and results obtained at the second-order Moller-Plesset (MP2) 
perturbation level. The calculations clearly showed that solvation effects strongly 
influence cation selectivity. We have recently extended this work to examine the 
selectivity of an interesting new crown-ether, "s18c6", recently synthesized by Li & 
Still (Figure 1). S18c6 is more ionophoric than 18~6, and shows a remarkable reversal 
of Na+/K+ selectivity. When "Xq = oxygen (Fig. 1) s18c6 is selective for Na+, not K+ as 
one might expect for an 18c6 derivative. However, when "X" = sulfur, the expected 
selectivity for K+ restored. The X-ray crystal structure for the Na+/s18c6("X" = oxygen) 
complex shows the presence of two "capping" water molecules that simultaneously 
interact with both the "X" oxygen heteroatom and the sequestered cation. The 
presence of these two waters suggests their influence on the observed selectivity of 
s18c6. We have carried out large-scale ab initio geometry optimization calculations of 
the Na+ and K+ s18c6 complexes. These data are used to calculate a Na+/K+ exchange 
reaction as we did for our previous 18c6 study. We will present results of 
calculations without and with the capping waters and discuss possible mechanisms for 
the interesting properties of this molecule. 

Thermodynamic properties of fully solvated host/guest systems can be studied 
with computer simulation techniques, specifically molecular dynamics (MD) or Monte 
Carlo approaches. Recently, we have developed a hybrid quantum 
mechanical/molecular mechanical (QM/MM) method useful for MD calculations. 
Here we treat part of the system (the crown-ether) with QM and the remainder of the 
system (solvent and cation) with a classical MM force-field. QM/MM methods have 
the potential advantage of being able to describe the role of the electrons (e.g. 
molecular polarization and charge transfer) as a natural part of the simulation, as well 
as treat chemical reactions. One of our goals is to suggest new or modified crown- 
ethers and related ligands useful for separation of radionuclides from nuclear waste. 

In this talk, we present a QM/MM molecular dynamics study of dimethylether 
(DME), lr2-dimethoxyethane (12DME), and 18-crown-6 (18~6) interacting with K+. 
(DME and 12DME are the smallest "electrostatic" and "rotamer" subunits of 18c6, 
respectively). Our study is the first simulation of crown-ethers that explicitly 
incorporates QM in the force-field. The QM/MM method employs the semi- 
empirical AM1 and TAM1 methods to describe the ethers, the MM parameterization 
of Dang for K+, and the MM SPC/E model for H20. We parameterize the interaction 
Hamiltonian to the binding energies and optimized geometries for K+/DME using ab 
initio HF and MP2/6-3l+G* results. The resulting QM/MM model describes the 



polarization response of both free DME and K+-complexed DME well. The QM/MM 
model gives good agreement with the experimental and ab initio structures for 
K+/18c6. We calculate gas-phase K+/18c6 binding energies of -70.2 kcal/mol and -72.0 
kcal/mol with the QM/MM and MP2/6-31+G* (CP corrected) methods, respectively. 
Our simulation results for K+/18c6 in H20  show that the most probable K+/18c6 
center of mass displacement is 0.25 A which is consistent with K+ having an optimal 
"fit" for the cavity of 18~6. Yet, we find that K+ retains significant solvent accessibility 
coordinating two H 2 0  molecules, on average, in the K+/18c6 simulation. The 
simulation average polarization energy for 18c6 interacting with both K+ and the H20 
solvent is -14.9 kcal/mol which is 17% of the total electrostatic interaction energy. This 
result underscores the potential importance of QM in describing the solution 
chemistry of ion-macrocycle interactions. TAM1 simulations show 18c6 binds two 
bridging H20 molecules that help maintain a preorganized 18c6 cavity in H20. These 
two waters, together, have a simulation average 18c6/H20 stabilization energy of -23.8 
kcal/mol. Lastly, we will also present simulation results of free-energy calculations of 
K+ binding with DME, 12DME, and 18c6. 
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Figure 1. Li & Still's rigidified 18-crown-6, "~18~6".  The central 18-crown-6 ring is 
locked into a D3d configuration by the 6 exo-cyclic rings. Heteroatom "X" can be either 
oxygen or sulfur. 
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