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Free energy perturbation and molecular dynamics simulations were carried out to investigate the relative bind­
ing affinities of [17]ketonand (1) toward alkali metal cations in methanol. The binding affinities of 1 toward the 
alkali metal cations were calculated to be in the order Li+ > Na+ > K+ > Rb+ > Cs+, whereas our recent theoret­
ically predicted and experimentally observed binding affinities for [k]starand (2) were in the order K+ > Rb+ 

> Cs+ > Na+ > Li+. The extremely different affinities of 1 and 2 toward smaller cations, Li+ and Na+, were ex­
plained in terms of the differences in their ability to change the conformation to accommodate cations of dif­
ferent sizes. The carbonyl groups constituting the central cavity of 1 can reorganize to form a cavity with the 
optimal M+-O distance, even for the smallest Li+, without imposing serious strain on 1. The highest affinity of 
1 for Li+ was predominantly due to the highest Coulombic attraction between the smallest Li+ and the carbonyl 
oxygens of 1.

Introduction

Macrocyclic molecules have received much attention 
because they can form a binding cavity for specific ligands 
and possess host-guest complexation properties, providing 
insight into the molecular recognition process especially in 
biological systems. In particular, the design of macrocycles 
featuring metal cation complexation with high stability and 
selectivity is a topic of growing interest not only due to its 
relevance to many biochemical processes but also because 
of many possible applications in various areas.1-4 They can 
serve as model compounds for ion carriers in membranes,5 
metalloenzymes,1 ion-binding proteins,1 and ion channels,6 
and play a central role in establishing a rigorous understand­
ing of the chemistry underlying the biological processes of 
these receptors.1,3 Some examples in various fields of chem­
istry, physics, medicine, and environmental remediation4,7 
include: (1) use in the immobilization of radioactive Rb+ for 
organ imaging and in the delivery of therapeutic doses of 
radionuclide (e.g. 111Ag+ or 224Ra2+) to tumor sites, where the 
subsequent decay of the radionuclide inactivates tumor cells; 
(2) use of chromoionophores consisting of a chromophore 
linked to an ionophore as selective optical sensors toward 
specific cations, in which a measurable change in the photo­
chemical properties of the chromophore upon ion binding of
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the ionophore serves as a signal to specific ion recognition;8 
(3) use in the separation of radionuclides such as 137Cs+ and 
90Sr2+, two major generators of heat in nuclear waste which 
complicates the disposal from waste streams. These syn­
thetic ionophores usually achieve selectivity through their 
rigid and preorganized cavities. Recently, Lee and co- 
workers9-12 have synthesized a series of [1n]ketonands and 
[1n]starands of which [17]ketonand (1) and [18]starand (2) 
are shown in Figure 1. Also we have reported the synthesis 
of [14]ketonand,13 and the theoretical study on the isomerism 
between [LJketonand and [1n]starand.14 An ab initio study 
on the relative stability between [1n]ketonand and [1n] 
starand for n = 4, and 6 was also reported.15 These novel and 
highly preorganized macrocycles were expected to form sta­
ble complexes selectively with specific alkali metal cat- 
ions.9,12 Cui et al. reported an ab initio study on the alkali 
metal cation affinities and selectivity of a model compound 
representing [16] starand in the gas phase.16 We recently 
reported a combined study of an FEP simulation and an 
NMR titration experiment on the relative binding affinity of 
2 in methanol solvent.17 The selectivity determined in the 
NMR experiment was in the order K+ > Rb+ > Cs+ > Na+ > 
Li+, and this was in excellent agreement with the FEP simu­
lation results.17

Here we report a theoretical calculation on the complex- 
ation behavior of 1 with alkali metal cations to elucidate 
their relative binding affinities toward the alkali cations. The 
theoretical study of host-guest systems can offer informa­
tion on the active conformation of the host in complexing 
with the guest and on the molecular-level interpretation of 
the experimental data.18 This in turn permits a much higher 
predictiveness in designing a novel macrocyclic host mole­
cule with a specific selectivity in mind, prior to the synthetic
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Figure 1. Structures of [1?]ketonand (1) and of [1s]starand (2).

effort of constructing the host.19 A thorough understanding 
of ion-host interactions is also fundamental in comprehend­
ing the ion-binding mechanism in various biological pro- 
cesses.3 With these purposes in mind, we performed free 
energy perturbation (FEP) and molecular dynamics (MD) 
simulations on the complexes of 1 with Li+, Na+, K+, Rb+, 
and Cs+ in methanol, since both the alkali metal cations and 
the host 1 can be dissolved simultaneously in methanol and 
thus the results from the present report could be checked by 
experiments performed in methanol solvent.

Calculation Details

FEP simulation20-22 has proven to be a useful tool in study­
ing various host-guest systems.2,19,23-26 It allows for the cal­
culation of the free energy difference (AAG or AAA) between 
two similar structures, such as the difference in binding free 
energies between two different ions bound to the same host 
molecules. Since the most important quantities in chemistry 
and biochemistry, such as binding constants (K) of host­
guest complexes, are directly related to the Gibbs free 
energy (AG = -RT ln K and AAG = AG1 - AG2 = -RT ln K\l 
K2), the free energy calculation by employing FEP simula­
tion is particularly useful in a direct comparison with experi- 
ment.2,3,끄27,28 The thermodynamic cycle shown in Scheme 1 
was used to calculate the relative binding Helmholtz free 
energy (AAA) between two cations M1 and M2 to a host H in 
the solvent phase. Since A is a state function, AAA = AA1 - 
AA2 = AA3 - AA4. The relative binding free energy (AAA) 
between a pair of cations M1 and M2 can be obtained by cal­
culating the free energy changes (AA3 and AA4) for a pertur­
bation or mutation of M1 into M2 in both free and bound

Scheme 1. Thermodynamic cycle for the ions M1 and M2 to a host
H. AA1 and AA2 are the free energy changes involved in the binding 
processes of M1+ and M2+ to a host H. AA3 and AA4 are those 
involved in the mutation of M1+ into M2+ in unbound and host­
bound forms, respectively. 

forms, rather than by attempting the more difficult task of 
calculating those involved in the binding processes (AA1 and 
AA2).20-23 A mutation from M1 to M2 was done by using a 
coupling parameter 九 to smoothly convert the potential V of 
M1 (九=0) into that of M2 (九=1). A hypothetical intermedi­
ate potential Vx is defined as Vx = (1 -九)V1 + M V2 (0 V M 
M 1). Dividing the range of X into a number of discrete 
intermediate values (windows or Gaussian quadrature points), 
X, the free energy change was calculated using the finite 
difference thermodynamic integration (FDTI) algorithm of 
Mezei29,30 as follows:

AA =A (X = 1) - A (X = 0)

= -RTln〈 exp(— 쁨» ，

= -RTim〈 exp (-驰鳴^)〉x
(1)

where the bracket denotes an average over an ensemble sam­
pled during molecular dynamics (MD) or Monte Carlo (MC) 
simulations with a potential Vx at X = X. In our simulations, 
we used the molecular dynamics (MD) simulations at con­
stant volume to generate a canonical ensemble, and thus the 
Helmholtz free energy difference AAA was obtained. The 
experimentally measured free energy difference is AAG, 
rather than AAA, and this should be obtained from the con­
stant pressure simulation. However, considering that the 
PA(AV) contribution in AAG is small in the condensed phase 
for systems such as those we are interested in, direct com­
parison between our calculated results AAA and the experi­
mental data AAG is warranted.31 Harris and Loew had 
calculated both AAA and AAG in their FEP calculations, 
which gave very similar results to each other.32

All simulations were performed using the CVFF (Consis­
tent Valence Force Field) force field implemented in the Dis­
cover molecular dynamics simulation package.30 Parameters 
for alkali metal cations were converted from the AMBER 
parameters of Kollman19 according to the formula, A = 
R2R*)12 and B = 2R2R*)6, and are listed in Table 1.33,34 
These parameters were taken from the work of Aqvist on 
alkali metal ions in water,27 and Aqvist has shown that the 
solvation free energies of alkali metal ions in methanol cal­
culated with these parameters were in good agreement with 
the experimental estimates.27 These parameters have also 
been used in the FEP-MD work of Sun and Kollman on the 
K+-complex of 18-crown-6 in methanol.35

All the FEP and MD simulations were carried out at 300 K 
with a time step of 1 fs. A periodic boundary condition was 
employed with a minimum image model, and a cutoff of 11 
A was used for nonbonding interactions. Throughout the 
simulations, the solvent molecules were treated explicitly 
using a 36.00 A x 35.00 A x 29.89 A rectangular box whose 
size was adjusted to give a density of 0.79 g/cm3 of metha­
nol. It contained 560 methanol molecules. An all-atom rep­
resentation was used for the methanol molecule. The 
arrangement of the solvent molecules was randomized and
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Table 1. CVFF Parameters for Nonbonding Interactions of Alkali 
Metal Cations Converted from the AMBER Parameters of Kollman19 
According to the Formula, A = e(2R*)12 and B = 2e(2R*)6

AMBER CVFF
£ (kcal/mol) R* (A) A B

Li 1.83 X10-2 1.137 349.8941 5.06085
Na 2.77 X10-3 1.868 20481.5198 15.06437
K 3.28 X10-4 2.658 167068.0913 14.80518
Rb 1.71 X10-4 2.956 309928.8651 14.51729
Cs 8.06 X10-5 3.395 774055.9141 15.79733

equilibrated by a 30-ps MD simulation, giving a stable 
potential energy. A bare alkali metal cation was then soaked 
into this solvent box with an overlapping solvent molecule 
removed. To represent an ion-host complex in methanol, the 
cation was located at the center of mass of 1, and the com­
plex was minimized and then soaked into the methanol sol­
vent box with about 30 overlapping solvent molecules 
removed. It was minimized for 100 steps to remove any hot 
spots (any partial overlap between solvent and solute), and 
then pre-equilibrated for a period of 50 ps using MD simula­
tion with a constraint that causes the solute to be located at 
the center of the solvent box.

Then, the FEP simulation was carried out to perturb Li+ 
into Na+, Na+ into K+, K+ into Rb+, and Rb+ into Cs+, respec­
tively. 20 Gaussian quadrature points were used to go from 
the initial (九=0) to the final (九=1) state in each FEP simu­
lation. At each point (九=儿),MD simulation was carried out 
with a time step of 1 fs for 0.5 ps of equilibration and 1 ps of 
data collection. The calculated results were compared to 
those obtained with a time step of 1 fs for 1 ps of equilibra­
tion and 2 ps of data collection. All FEP simulations were 
run in both the forward (from 九=0 to 九=1) and the back­
ward (from 九=1 to 九=0) directions in order to determine 
the hysteresis error as an estimate for the adequacy of the 
phase space sampling in our calculations.21,22,36 Throughout 
this work, we assumed that the cation-counteranion salts 
were completely dissociated in the methanol solvent and that 
the cation and the host form a 1 : 1 complex.

Results and Discussion

R이ative binding affinities for 이kali met이 cations: 
Free energy perturbation calculation. The FEP results 
are presented in Table 2, and Figure 2. The values obtained 
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by 0.5 ps of equilibration and 1 ps of data collection at each 
point (A =儿)showed almost the same trends as those 
obtained by 1 ps of equilibration and 2 ps of data collection, 
and thus we listed only the latter results in Table 2. The rela­
tive free energies of solvation of bare alkali metal cations in 
methanol (AA3) are given in Table 2(a), and the relative free 
energies of solvation of alkali metal complexes of 1 in meth­
anol are given in Table 2(b). These values are the average of 
forward and backward free energy simulations. The hystere­
sis errors are at most 0.2 kcal/mol in all simulations except 
for (Li+ T Na+)-1, and these small errors along with the con­
vergence of the relative binding affinities upon the doubling 
of simulation time, indicate that the length of the simulation 
was adequate to obtain proper sampling and to give a mean­
ingful result.21,끄36,37 The final results, the relative binding 
affinities of 1 for M1+ with respect to M2+ in methanol 
(AAA), are estimated by subtracting the relative solvation 
free energies of bare alkali metal cations (AA3) from those of 
the alkali-complexes of 1 (AA4). If AAA = AA4 - AA3 = AA2 - 
AA1 > 0 for (M1+ T M2+) perturbation, the binding affinity 
of 1 in methanol is larger for M1+ than for M2+.

All the AA3 values were calculated to be positive, and thus 
the stability of the metal cation in methanol is in the order 
Li+ > Na+ > K+ > Rb+ > Cs+, which is in agreement with

Li+ Na+ K+ Rb+ Cs+
Figure 2. Results of the FEP calculation on the relative affinities 
of 1 and 2 toward alkali metal cations in methanol, which is a 
graphical representation of the data listed in Table 2. • : calculated 
free energy change (AAG; in kcal/mol) during the complexation of 
1 with each cation which are shown relative to that of 1 with Li+; ■ 
:calculated free energy change during the complexation of 2 with 
the cations which are shown relative to that of 2 with K+. O : 
experimental free energy change during the complexation of 2 with 
the cations.

Table 2. Results of FEP Calculations for Alkali Metal Cation Complexes of 1 and 2 in Methanol (in kcal/mol)a

(a) AA3b -
(b) AA4c (c) AAAd

1 2 1 2
Li+T Na+ 19.55 士 0.18 22.96 士 1.27 17.86 士 0.41 3.41 士 1.28 -1.69 士 0.45

Na+ T K+ 11.51 士 0.10 12.97 士 0.10 10.41 士 0.16 1.46 士 0.14 -1.10 士 0.19

K+ T Rb+ 3.87 士 0.04 4.85 士 0.13 4.19 士 0.04 0.98 士 0.14 0.32 士 0.06
Rb+ T Cs+ 5.04 士 0.05 6.17 士 0.16 5.34 士 0.06 1.13 士 0.17 0.30 士 0.08

aA simulation time of 1 ps of equilibration and 2 ps of data sampling was used at each Gaussian quadrature point. The positive value in A t B means 
that A has a lower energy than B. "Relative solvation free energies of free cations in methanol. cRelative solvation of free energies of cations complexed 
with 1 and 2 in methanol. dRelative cation binding affinities of 1 and 2 in methanol (AAA = AA4 - AA3).
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experimental2,38,39 and other calculational results.37 All the
AA4 values were positive and the stability of the cation com­
plex of 1 is also in the order Li+ > Na+ > K+ > Rb+ > Cs+. 
This indicates that Li+ forms more stable complex with 1 in 
methanol than any other alkali cation, followed by Na+ and 
K+. However, the extent of the stabilization of Li+ with 
respect to Na+ (and of Na+ with respect to K+) is much larger 
in the complex with 1 than in the complex with 2. Li+-1 is 
more stable than Na+-1 by 23 kcal/mol and Na+-1 is more 
stable than K+-1 by 13 kcal/mol. Li+-2 is more stable than 
Na+-2 only by 18 kcal/mol and Na+-2 is more stable than K+- 
2 only by 10 kcal/mol. As a result, the preference of 1 for Li+ 
over Na+ and for Na+ over K+ (AA4： 23 and 13 kcal/mol, 
respectively) is large enough to compensate the preference 
of the methanol for Li+ over Na+ and for Na+ over K+ (AA3： 
19.6 and 11.5 kcal/mol, respectively), but the preferences of
2 for Li+ over Na+ and for Na+ over K+ (AA4： 18 and 10 kcal/ 
mol, respectively) are not high enough. The relative binding
affinities (AAA = AA4 - AA3) of (Li+ T Na+)-1 and (Na+ 
K+)-1 are positive and those of (Li+ T Na+)-2 and (Na+

T

K+)-2 are negative. So the binding affinity is in the order Li+ 
> Na+ > K+ > Rb+ > Cs+ for 1 and K+ > Rb+ > Cs+ > Na+ >
Li+ for 2. The simulation result for 2 was in excellent agree­
ment with the NMR experiments.17

Structure and energy of each complex: Molecular 
dynamics results. To explain the calculated selectivity of 
1 for Li+, Na+, and K+, we investigated the structures and 
energetics of the alkali metal complexes of 1 obtained from 
the trajectories of molecular dynamics simulations on these 
complexes. The average structures of the complexes are 
given in Figure 3, and the radial distribution function (RDF) 
g(r) of the oxygen atoms around the alkali cation in each 
complex in methanol are given in Figures 4 and 5 in order to 
grasp the coordination details around the alkali cation. Com­
paring RDF with that of the bare cation in methanol, we can 
check out the change in coordination around the cation upon

complexation. The coordination number (CN), n(r), between 
the cation and the oxygen atoms as a function of the M+-O 
distance was obtained by integrating the RDF.24,32 This is 
also given in Figures 4 and 5. In order to see the details of 
energetics involved in these complexes, the interaction 
energy was decomposed into three components as fol- 
lows：3,33

Figure 4. The radial distribution functions (upper) and the 
coordination number (lower) of the oxygen atoms around the 
cation M+ in M+-1 complex in methanol. Solid, dashed, and dotted 
lines represent Li+-, Na+-, and K+-complexes, respectively.

Figure 3. The average structures of the alkali complexes of 1 in methanol obtained from molecular dynamics simulations, along with those 
of 1 in methanol prior to complexation which were also obtained from the molecular dynamics simulations. Side view (upper) and top view 
(lower).
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Figure 5. The radial distribution functions (left) and the coordi­
nation number (right) of the oxygen atoms around the cation M+; 
(a) M+ = Li+, (b) Na+, and (c) K+. Solid and dashed lines represent 
the free M+ in methanol, and M+-1 complex in methanol in 
methanol, respectively.

^total = ^Coulomb + ^VdW + ^Intra, (2)
where Vcoulomb denotes the Coulombic energy component, 
Vvdw the van der Waals (vdW) energy component, and Vintra 

the sum of the bond-stretching, the angle, the dihedral angle, 
and the out-of-plane energy components. Since Vintra involves 
only the intramolecular energy components of a host, the 
amount of strain imposed on a host during the complexation 
can be judged from the change of this energy component. 
The decomposed energy components are listed in Table 3. 
The change in the total energy during complexation includes 
the cost of rearranging the host to accommodate the cation 
and the non-bonded Coulombic and vdW interactions 
between the cation and the host.

It is known that two principles generally govern the com- 
plexation process: complementarity and preorganization.24 
Complementarity involves the steric and electrostatic fit of 
host and guest, reflected in general by a cavity-shape cation­
size relationship. In this work, the electrostatic and steric fit 
is characterized by the two terms: (1) the position of the first 
peak of M+-O RDF and (2) the change in nonbonding 
energy components (Coulombic and vdW energy compo­
nents) accompanied by complexation. By comparing the 
peak position of the M+-O RDF with the optimal distance 
between the cation and oxygen, we can judge the comple­
mentarity. The optimal distance can be obtained from the

Table 3. The Average Total Energies and their Components (in 
kcal/mol) of the Alkali Metal Complexes of 1 Obtained from 
Molecular Dynamics Simulationsa

Li+-1TNa+-1 Na+-1TK+-1
Total 30.36 9.62
Coulombic 37.68 19.46
vdW 2.80 2.28
Intramolecular6 -10.85 -12.53
aOnly their differences between two different metal systems are listed. A 
positive value in A t B denotes that A has a lower energy than B. 6 Sum 
of the bond stretching, the angle, the dihedral angle, and the out-of-plane 
energy components. The higher value of this energy component indicates 
that the higher strain is imposed on the host.

peak position of RDF of bare cations in solvent,24,28 or from 
the sum of the Pauling40/Shannon41 ionic radii of the cation 
and oxygen,3,42 Preorganization43,44 is defined as the absence 
of structural reorganization upon complexation; the more the 
hosts are highly organized for binding, the more stable will 
be their complexes. The conformational modification arising 
from complexation results in decreased stability. In this 
work, the degree of preorganization is measured by (1) the 
root-mean-square (RMS) deviation of the host conformation 
before and after complexation, and (2) the change in the 
intramolecular (or strain) energy component of the host 
accompanied by the complexation.

The average structures of Li+-, Na+-, and K+-complexes of 
1 in methanol are given in Figure 3, along with those of 1 in 
methanol prior to complexation. The RMS deviation between 
the average structures of 1 before and after complexation 
was calculated as a measure of the extent of the conforma­
tional change of 1 induced during the complexation for the 
best fit of the alkali cation. It is found to be the largest for 
Li+-1, and we can see that the smallest Li+ induces the high­
est extent of conformational change of 1 for optimal coordi­
nation. The RDF of the oxygen atoms around the alkali 
cation in each complex in methanol is given in Figures 4 and
5. The maximum of the first peak of the M+-O RDF is 
located at 2.05, 2.35, and 2.65 A for Li+-1, Na+-1, and K+-1, 
respectively. These positions correspond to those of the first 
peak of M+-O RDF of bare M+ in methanol, as shown in 
Figure 5. These values are also close to the sum of Pauling 
crystal radii (2.00, 2.35, and 2.73 A)3,40,45 and the sum of 
Shannon crystal radii (2.16, 2.42, and 2.78 A)41 of alkali 
metal M+ and oxygen atom when M+ is Li+, Na+, and K+, 
respectively. These results indicate that the carbonyl oxygen 
atoms constituting the central cavity of 1 can be rearranged 
to make optimal interactions with all the alkali metals. The 
rearrangement of carbonyl groups of 1 brings about almost 
the same oxygen environment around the cation of M+-1 
complex in methanol as the bare M+ in methanol for each 
M+.24 The carbonyl oxygen atoms in 1 can wrap even around 
the smallest Li+. As a result, the smallest Li+ and the nega­
tively charged oxygen atoms are located in very close prox­
imity, and the electrostatic interaction between the cation 
and 1 is expected to be the most favorable for Li+-1, fol­
lowed by Na+ -1 and then by K+-1.
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This is confirmed from the average Coulombic energy 
component given in Table 3. The Coulombic energies of Li+- 
1 and Na+ -1 are lower than those of Na+ -1 and K+-1 by 37.7 
and 19.5 kcal/mol, respectively. The CN of oxygen atoms 
around the cation increases during the complexation with 1, 
and the nature of this increase is different for each complex 
as shown in Figure 5. The CNs up to the first coordination 
shell were about six for Li+-1 and Na+ -1 and slightly greater 
than six for K+-1, of which five oxygen atoms are from 1 and 
one from the methanol solvent. The corresponding CNs 
were about four for bare Li+, Na+, and K+ in methanol. 
Unlike Li+-1, the CN in Na+ -1 and K+-1 increases more rap­
idly than in bare Na+ and K+, and thus more oxygen atoms 
crowd at the first coordination shell around Na+ and K+ in 
Na+-1 and K+-1 than in bare Na+ and K+. This crowding 
effect can cause an unfavorable repulsive vdW interactions 
in Na+-1 and K+-1. Therefore, it is expected that the vdW 
interaction is the most favorable for Li+-1, followed by Na+ - 
1 and then by K+-1. This is confirmed by the average vdW 
energy components given in Table 3. The vdW energies of 
Li+-1 and Na+ -1 are lower than those of Na+-1 and K+-1 by 
2.8 and 2.3 kcal/mol, respectively. Since the conformational 
change of 1 induced during the complexation for the best fit 
of the alkali cation is the largest for Li+-1, it is expected that 
the energy cost, i.e., the strain for achieving the optimal con­
formation of the host is the largest for Li+-1. The intramolec­
ular energy component Vntra, as a measure of strain imposed 
on 1, is listed in Table 3. The amounts of strain imposed on 
Li+-1 and Na+-1 are larger than those on Na+ -1 and K+-1 by 
10.9 and 12.5 kcal/mol, respectively. However, these energy 
costs are not large enough to change the selectivities of 1 
toward alkali cations, which is determined by the dominant 
Coulombic components.

Concluding Remarks

We performed free energy perturbation and molecular 
dynamics simulations to obtain the relative binding affinities 
of [17]ketonand (1) toward alkali metal cations in methanol. 
FEP simulations gave the selectivity Li+ > Na+ > K+ > Rb+ > 
Cs+ for 1. The highest affinity of 1 for Li+ was predomi­
nantly due to the Coulombic attractions between the smallest 
Li+ and the carbonyl oxygens comprising the central cavity 
of 1 since the carbonyl groups of 1 wrap around even the 
smallest Li+ without causing serious strain on 1.
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