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Molecular Dynamics Simulation Study of 18-Crown-6 in Aqueous Solution. 1. Structure and

Dynamics of the Hydration Shell
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Using molecular dynamics simulations crown ether 18C6 as well as the complex 18C6/K* is examined in
aqueous solution. As the most noticeable feature of the D34 crown’s hydration shell, on both sides of the crown’s
plane a distinct water molecule is translationally fixed by preferably two H-bonds. The close proximity of three
equivalent hydrogen-bond acceptor sites for each of these two water molecules produces enhanced and strongly
anisotropic rotational mobility, permitting even coverage of all three crown oxygens on each side of the ether.
The third crown oxygen, in this way unsaturated at a given moment, is loosely coordinated by a singly bound
and rapidly exchanged water molecule. Structural as well as dynamical properties of the hydration shell allow
a clear distinction between hydrophilic and hydrophobic regions. A complexed K* ion stays about 1 A outside
the crown’s center and can be regarded as replacing one of the two “complexed” water molecules. During the
simulation run of 262 ps K* is oscillating several times between the two equivalent sites on both sides of the

ring.

1. Introduction

Crown ether 18-crown-6 (18C6) is the archetype of the great
family of crown ethers. These oxygen heterocycles represent
treatable, but already sufficiently demanding, model compounds.
Best investigated, both experimentally and theoretically, are 18C6
and its numerous complexes (e.g. ref 1). The most prominent
feature of 18C6 is its capability to complex alkali-metal ions in
its polar cage of oxygens by undirected Coulomb forces (“spherical
recognition”) and to transport them eventually into lipophilic
phases. The crown is able as well to bind neutral polar guest
molecules by H-bonds and directed dipolar forces (“molecular
recognition”). In a more abstract sense, crown ethers and
analogously constituted protonated N-heterocycles (as counter-
parts for anionic guests) might even be considered as the most
simple model systems for fundamental enzyme properties.! The
basic principle of the underlying host-guest interrelationships is
the noncovalent interaction between a host and a complementary
guest molecule, complementary in several possible respects: in
a geometric or stereochemical or electrostatic respect.

On the experimental side, the quest for designing a steadily
increasing number of modified host substrates is directed toward
finding out how far such widely modifiable parameters such as
cavity diameter, nature of heteroatoms, steric arrangement of
functional groups, or the solvent affect the stability of host—guest
complexes and the discriminating capability for different guest
molecules (e.g. ref 2). On the theoretical side, the potential energy
of different 18C6 conformers and the potential complexation
energy for various ions and neutral guests have been the target
of numerous molecular mechanics studies (e.g. refs 3-7).

Most interesting for MC and MD simulations are surely
aqueous solutions. Water is by far not a simple, little involved
solvent, but has a particular impact on the generally solvent-
dependent conformational equilibrium and on the stability of
18C6 complexes. A MC study for three different rigid 18C6
conformers in an aqueous surrounding was carried out in ref 8.
It revealed considerable differencies concerning the accessibility
for water molecules and concerning the H-bond pattern in the
first hydration shell. By conformational and hydration energy
the D, geometry proved to be most favorable. In this case special
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importance was attached to a quasi-centrosymmetric and highly
cooperative arrangement of four tightly H-bound water molecules.
In a following article, Auffinger and Wipff’ examined the
hydration pattern of a cryptand in different conformers. Here
too, they pointed out the role of immobile bridging water molecules
for the solvent-induced conformational preorganization and
preferential stabilization of certain well hydratable conformers.

Because of its conformational flexibility 18C6 can adapt itself
to a variety of guest molecules in differing conformers.! Mainly
caused by the ring closure condition, these various conformers
are separated by pretty high energy barriers. Prior to a MD
simulation, experimental results concerning two aspects are of
interest: the equilibrium distribution of conformers in a given
solvent, determined by the relative free energies, as well as the
time scale of conformational isomerization, among other things
determined by the height of internal energy barriers.

The most valuable key informations concerning conformation
in solution are provided by spectroscopic studies. In refs 10-13
empirical correlations between the peak positions in Raman/IR
spectra and the local conformation of oxyethylene compounds
are established. Inrefs 10 and 13, it is reported that the Raman
spectrum of an aqueous solution of 18C6 resembles that of the
K* complex. This means that by accommodation and insertion
of water a similar D3, geometry as in the K* complex is adopted.
In methanol on the other hand, this is achieved not until it is
cooled down to-90 °C.1! Ina recent MC study of 18C6 in water
as well as in CCly, the exploration of the conformation space was
promoted by an umbrella sampling procedure.!4 In the resulting
dihedral angle distribution for the aqueous solution, the char-
acteristic dihedral angles of the D3, conformer were dominating,
too.

The time scale of conformational isomerization emerged from
ultrasonic absorption studies of different crown ethers in various
solvents and with various cations present. For 18C6 in water, a
relaxation process with a concentration-independent absorption
maximum at f= 101 MHz (25 °C) is observed that shifts to 5-20
MHz after K+ complexation.!5!¢ This is interpreted as a
conformational rearrangement CR; = CR;, between two (ficti-
tious) conformers CR; and CR; with a characteristic relaxation
time 7 = 1/w= 1.6 ns for the free crown. Consistently, relaxation
times are increased for smaller and more rigid crowns!? and
lowered in methanol.!819
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An access to conformational dynamics is also permitted by
quasielastic neutron scattering. However, in solution experimental
information is superimposed by the molecule’s translational and
rotational motion. Furthermore, the access is only an indirect
one, because a parametrized theoretical model for the internal
dynamics is needed, to which the measured dynamic structure
factors S(q,w) are to be fitted. Characteristic conformational
jump frequencies are reported for the pure liquid?® (» = 1.5 X
1012 g1y and for the dilute aqueous solution?! (» = 10.72 X 1012
s71). Both neutron scattering studies agree in displaying a
remarkably fast conformational isomerization of the free crown,
in contrast to the ultrasonic absorption studies.

In conclusion, there is experimental evidence for the Dsy
geometry to be prefered in aqueous solution. In this respect,
water is of comparable efficiency as a K* ion. Conformational
relaxation involves the concerted motion of a group of atoms over
barriers. Experiments directed toward the time scale of con-
formational isomerization, however, yield strongly different
results. In MD simulations, conformational flexibility depends
sensitively on the employed potential model. Considerable
differences between different models are not at all amazing,
because potential parameters are in general fitted to equilibrium
states, so that extrapolation to the height of torsional barriers in
larger flexible molecules bears considerable uncertainty.

Insection 2, the employed interaction potentials are presented.
Section 3 contains a detailed analysis of the structural and
dynamical properties of the hydration shell. In the following
paper (ref 22, henceforth referred to as part 2), the free energy
profile of the complexation of a K* ion is given.

2. Potential Energy Function

Potential Energy Function. Compared to already simulated
macromolecular biomolecules, the oligoether 18C6 is a fairly
small molecule, but yet sufficiently large, so that there is no
individual potential available for its intramolecular interactions
and interactions with water. For this reason a simulation has to
start from parameter sets originally devised mainly for proteins
and nucleic acids (e.g., refs 23-26). Our MD simulations were
performed with the program package GROMOS86.27

For the Lennard-Jones part of nonbonded interactions the
corresponding GROMOS parameters were employed. CH,
groups were handled within the “united atom approximation” as
provided by GROMOS, and using sugar parameters CS2. Since
ether oxygens are not incorporated in GROMOSS86, the param-
eters for ester oxygens OS were selected, which, e.g.,in AMBER,2
are also among the same class as ether oxygens. Due to the high
portion of heteroatoms, the used point charges are integral to the
potential function. For this work they were transferred from an
ab initio calculation?® and amount to —0.4e for the ether oxygens.
In ref 28 the polarization effect due to K* is evaluated as 0.05¢.
According to ref 28 the values of —0.3¢e and —0.6e proposed in ref
4—in the absence and presence of a K* ion respectively—are
overestimating the polarization effect.

To represent the torsion potential, the most decisive term for
the conformational flexibility, two alternative approaches are
made use of in the literature. Toavoid parametrizing all possible
quadruples i—j~k-1, in GROMOS in general the torsion potential
is only supplied for the central atom pair j—k in terms of a cosine
function. The atomsiand 1 affect the torsion potential by their
nonbonded Lennard-Jones and electrostatic 1,4 interactions.
However, since the short- and long-range part of nonbonded
intramolecular interactions cannot be represented simultaneously
by one 6-12-1 potential, the 1,4 Lennard-Jones term is to be
lowered explicitly in GROMOS. Straatsma and McCammon?®
applied for 18C6 additionally a scale factor of 0.5 for the Coulomb
part of the 1,4 interactions.

The alternative route that is preferred here is to fit the torsion
potential by a convenient Fourier series without nonbonded 1,4
terms and controversial scale factors.? For the crown ether, one
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Figure 1. Potential energy profiles for 1,2-dimethoxyethane for rotation
around the central CC bond V(180°, ¢cc, 180°) (a, top) and for rotation
around a CO bond M(¢co, 65°, 180°) (b, bottom). Depicted are the
GROMOS result, the GROMOS result after additionally scaling the 1,4
Coulomb interaction by 0.5, and the MM2 result from ref 30, used in
this simulation.

can benefit from the great theoretical interest in polyethylene
oxides and related acyclic compounds, being composed of the
same building blocks as crown ethers. Inarecently reported MC
study of 1,2-dimethoxyethane, a torsional potential was presented
that emerged from fitting the MM2 result for the three-
dimensional conformation space (¢co, dcc, ¢co).?® For one
selected conformational reaction coordinate, the fit was verified
by 6-31G* ab initio calculations.® In Figure 1 MM2 potential
energy profiles for 1,2-dimethoxyethane from ref 30, as used in
our simulation, are compared with the generic GROMOS results,
calculated by

kcal
Vromos(180°, ¢cc, 180°) = 1.4—-—-1[1 + cos(3¢co)] +
mo

(VLJ + VCoul)

{1,4 to 1,6}

keal

(VLJ + VCoul)
{1,410 1,6}

For the central CC bond, GROMOS predicts too small a barrier
for the transition (180°, ¢cc = gauche, 180°) — (180°, ¢cc =
trans, 180°) (a possible conformational reaction path for the D34
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TABLE 1: Energetical and Geometrical Properties of a
Single Crown Ether Molecule in Vacuo after Energy
Minimization?

Dy
G Dya (in presence of K*)

Eger, kJ/mol 0.7 1.0 0.4
Eyy, kJ /mol 17.1 49 9.4
Eyy, kJ/mol -12.3 -5.7 6.2
Ecou, kJ/mol 199.1 205.6 213.2
Ega1, kJ /mol 204.6 205.9 216.8
inclination ¢coc, deg - 40.7 32.1

4 gcoc denotes the inclination angle of a COC segment with respect
to the crown’s plane.
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Figure 2. Isoenergy contour diagram (kJ/mol) for SPC water in the field
of the D34 crown (orientation of water molecule optimized at each grid

point).

crown), butattainsthe MM2 profile after scaling the 1,4 Coulomb
interaction energy by 0.5 as Straatsma and McCammon.?* For
the CO bond, GROMOS and MM2 results agree in the vicinity
of the trans minimum (adopted by the D3, crown). However,
toward the cis conformer GROMOS overestimates the potential
energy, since the 1,4-CC distance in the cis conformer (rcc = 2.5
A) gets smaller than the sum of the van der Waals radii of the
CH; units, even with the lowered GROMOS parameters (occ =
3.4 A). For water, the SPC model from Berendsen et al.}! was
used, which best conforms the nonbonded parameters from
GROMOS. For the K* ion (¢ = +1.0¢) the Lennard-Jones
parameters from Aqvist32 that are especially optimized for use
with SPC water were employed.

Visualization of the Potential Function. For small flexible
molecules (e.g., butane, cyclohexane) there are only a few
conformers, whose relative potential energies can be determined
experimentally and provide points of reference for checking
intramolecular potentials. Owing to its multidimensional con-
formation space, such reference values are lacking for 18C6. In
the literature there is even disagreement whether the C; crystal
conformer or the D;,; geometry is the most stable in vacuo. The
sequence of conformational energies for the C; and D3, form is
strongly influenced by the nature of the selected torsional potential.
If a 1,4-nonbonded interaction term is incorporated, as is done
in the majority of former molecular mechanics studies,3*¢ our
test calculations revealed the D3, geometry (¢pocco = £gauche)
to be destabilized with respect to the C; form by considerable
electrostatic OO repulsion. The energy difference amounts to
roughly 20 kJ/mol and depends directly on the chosen partial
charges. However, a similar energy for both conformers, as
obtained with our potential (Table 1), agrees with ab initio- and
MM2-calculations in ref 28.

Figure 2 shows the isoenergy contour diagram for a SPC water
moleculein the field of a fixed, energetically minimized Dsscrown

Kowall and Geiger

—-35

1

-55

I ) | 1
0 60 120 180 240 300 360
o/
Figure 3. Energy profile for rotation of a complexed SPC water molecule

around the crown’s C3 axis. The three minima refer to the three possible
1,7-O0-bridges.

after the water molecule orientation was optimized at each grid
point. Comparing to a similar plot that had been presented in
ref 8, in our model a water molecule seems to be able to penetrate
deeper into the crown’s center. Due to the ether’s threefold
symmetry there are three equivalent oxygen positions of minimum
energy (Emin =-51.1kJ/mol) on each side, the separating barrier
of 8.9 kJ/mol (Figure 3) being quite small compared to the
decomplexation energy (also refer to the study of 18C6/RNH;*
in ref 33). As will be shown in part 2, after minimization the
interaction energy between Dj,4 ether and a K* ion amounts to
-247.2 kJ/mol (ab initio value ~263.0 kJ/mol 28),

Normal-Mode Analysis. Prior to MD simulation a normal-
coordinate analysis allows a certain test of the intramolecular
potential in harmonic approximation by comparing normal
frequencies to vibrational spectra. Incontrast to purely harmonic
force fields that are striving for a perfect reproduction of
experimental spectra by inclusion of numerous coupling terms,!1-13
the claim of a MD potential is basically different. It is rather
intended to represent the intramolecular potential over a wider
anharmonic range comprising, e.g., torsional barriers and to
merely reproduce the overall characteristics of vibrational
spectra.2? Table 2 compiles the obtained normal frequencies
together with their symmetry. Comparison to experimental
spectra is restricted to deformation and torsion modes of the
crown skeleton, because CH; modes are starting beyond 650 cm-!.

With those deformation constants Ky COC) = 200 keal/mol/
rad? and Ky(CCO) = 160 kcal/mol/rad? from AMBERZ2 that
were specifically enlarged to improve the results of normal
coordinate analysis, the mean deviation between experimental
and calculated frequencies for the D3z and C; conformer amounts
to 22 cm-! (column A; results for the C; conformer are not listed
here) and can be regarded as satisfactory for a MD potential.
With the softer (“effective™) deformation constants from GRO-
MOS used in this work (B), the modes with a high portion of
deformation appear toolow in frequency. Especially encouraging
is the reproduction of the vibrational frequency of the D34 crowns’s
totally symmetric “breathing” mode that is experimentally
observed at 279 cm-! and dominates Raman spectra of the Dy,
conformer.!2 '

3. Simulation Outline

The MD runs were carried out on a SNI S400/10-vector
computer after upgrading GROMOS routines to double precision
(REAL*8). For calculation of the neighbor list and the
nonbonding interactions the well vectorizable routines supplied
for CONVEX computers were applied, with updating neighbor
lists at each step. Table 3 summarizes the most important
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TABLE 2: Normal-Mode Analysis for the Ds; Crown: (A)
Using AMBER Deformation Constants, (B) GROMOS Force

Field
caled/cm™!
expt!2 Raman A B
569.3 380.2 Asy
555/550 521.2 367.6 E;
369/364 3938 308.0 Eg
261 297.8 223.8 E;
279 296.0 2730 Ay
236 228.0 167.7 Ay
157.7 149.7 E;
156.3 1323 Ay
89.0 87.3 Asyg
65.4 55.0 E;
caled/cm™!
expt!2 IR A B
552.2 391.4 Ay
528 541.4 364.4 E,
419.2 331.0 Ay
303.5 273.6 E,
294.4 213.1 E,
258.7 1704 Ay,
170.5 158.4 E,
1445 124.0 Ay
124.8 125.4 Ay
45.5 424 E,
TABLE 3: Overview of Simulation Parameters
A B
no. of 18C6é molecules 1 1
no. of SPC molecules 254 254
no. of K* ions 0 1
time step At/fs 1.0 1.0
simulation time, ps 262 262
stored configurations 8192 8192
mean box length, A 25.18 25.14
periodic boundary trunc. octa. trunc. octa.
rcos 9.5 9.5
7T, PS 0.1 0.1
Tp PS 20 20
density, g/cm? 1.00 1.02
temp, K 301 302
E yater-water, kJ/mol —-41.51 —41.21
E18¢6-water, kJ/mol -358.50 -140.95
Ex+_water, kI /mol - -357.28
Erscex+ kJ/mol - -223.06

parameters of the two simulation runs, which were preceded by
equilibration periods of 60 ps each. The cutoff radius rco is
applied to neutral charge groups consisting of COC units in the
case of the solute. 71 and 7, are the relaxation times effective
inthealgorithm of Berendsen et al.34to keep the system at ambient
temperature and pressure. Bond lengths of the 18C6 molecule
and the geometry of the water molecules are fixed by the procedure
SHAKE.** Withinsimulation times of a few hundred picoseconds
one is facing serious ergodicity problems concerning the explora-
tion of the crown’s conformation space. The sampled section of
the conformation space is closely correlated with the starting
conformation and in general no representative distribution of
conformers can be generated. With reference to the previous
sections D3, symmetry was selected as starting conformation
throughout.

4. Structure and Dynamics of the Hydration Shell

4.1. Radial Pair Distribution Functions. 18C6/Water (Simu-
lation A). For molecular solutes like 18C6 the pair distribution
function solute-water is more difficult to interpret than, e.g., for
spherical solutes. To provide an illustrative insight into the
structure of the hydration shell a kind of graphical representation
is used that has been introduced by Remerie et al. in their MD
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Figure 4. Structure of the hydration shell: “dot plot” of water oxygens
and crown (pseudo) atoms.

simulations of dioxane in water36 and that in a certain way is
more instructive than the more quantitative pair distribution
approach. In Figure 4 for 400 configurations the positions of the
water oxygens and of the crown atoms have been accumulated
for two perpendicular slices through the MD box. The mean
plane of the first crown has been rotated into the exterior xy
planeand all further configurations have been shifted and rotated
in such a way that the crown molecules get superimposed to a
maximum degree.?’

By this procedure a first density maximum, the following
minimum, and a hint for a second maximum are perceivable in
the hydration shell. The most conspicuous features in Figure 4
are the two dark patches above and below the crown center close
to the energy minima of the pair interaction 18C6-SPC water,
depicted in Figure 2. Here, in the concave part of the hydration
shell, two outstanding “complexed” water molecules are staying
with high probability. To achieve a certain distinction between
the concave and convex part of the hydration shell the pair
distribution function g(r) between the crown’s center and the
water atoms is evaluated separately for two parts of the angular
space: the water oxygen’s elevation angle e with respect to the
crown’s plane being either larger or smaller than 30° (Figure 5).
In g(r) for the concave part of the shell the two complexed water
molecules result in a distinct maximum at rcg_ow = 1.6 A and
a noticeable minimum for adjacent distances. Integration of g(r)
for the water oxygens up to r = 3.0 A yields very precisely a
coordination number of n = 2.0.
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Figure 5. g(r) between the crown’s center and water, separately for the
concave (left) and convex (right) part of the shell.

Whereas for guest molecules with threefold symmetry like
acetonitrile, nitromethane, or organic ammonia ions 2:1 complexes
with 18C6 have been characterized by X-ray studies,’ this has
not been accomplished yet for water except for the H;O* cation3®
orinthe presence of activating transition-metalions.’® Apparently
because water offers solely two H-bonds, water is not an ideal
guest molecule. Recently the existence of a crystalline 1:(4-6)
18C6/water—complex has been derived from the melting phase
diagram.40 The authors in ref 40 note that this composition
conforms with the stable 1:4 18C6/water—complex observed in
the liquid state by Ranghino et al.® in their MC study of rigid
18C6 conformers. In the light of the present simulation the
crystalline state also comprises water molecules that are only
weakly bound in the liquid state examined here (see section 4.4).
This view is supported by the uncertain stochiometry, stated in
ref 40.

Wipff et al.84! put special emphasis on bridging water
molecules as decisive for the conformational preorganization of
crown ethers and cryptands by selective stabilization of certain
conformers. Accordingly, the two strongly complexed water
molecules are regarded as playing a crucial role in keeping the
crown cavity open and in stabilizing the D;,; geometry. A typical
example of such a symmetry-increasing template effect is the K+
ion in its crown ether complex.

18C6/Water/K* (Simulation B). For comparison a second
simulation with a K* ion close to the crown’s center was carried
out. In a first attempt the complex dissociated already after 46
ps. Thereafter a weak harmonic potential ¥(r) = !/,K,Ar?
between the crown’s center-of-mass and the ion was introduced
to prevent solely irreversible dissociation without perturbing the
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Figure 6. Distance ri3csk+ versus time (simulation B).

system for small ether-ion distances. After pretrials finally a
262-ps simulation with K, = 0.04 kcal/mol/A? was performed.
As after 180 ps nevertheless decomplexation took place (induced
by a water molecule pushing itself between ether and ion), K, was
switched to 0.20 kcal/mol/A?2 for an intermediate period of 16
ps (using an appropriate restart file stored prior to the separation).
As will be shown in part 2, the free energy profile for a central
approach (or separation) has two energy minima, at r = 0.9 A
and r = 4.3 A, corresponding to a contact pair and a solvent
separated pair of K* and 18C6. We also give evidence that the
barrier between these twostates can be bypassed by a more lateral
path of the ion. Thus the observed separation would correspond
to a transition from the contact to the solvent separated form of
the complex, rather than to a “decomplexation” process. For
further details see part 2.2

Figure 6 monitors the distance Ar between the crown’s center
and the ion as a function of time, distances above and below the
molecular plane being distinguished by sign. Asalready concluded
in refs 42 and 43 from the static free energy profile W(r), the ion
prefers to stay about 1 A outside the crown’s center, in this way
optimizing the interaction with both the crown and its water
shell. As Figure 6 shows, the ion oscillates several times between
both states above and below the crown plane during the simulation.
Illustratively, the K* ion can be regarded as taking over the role
of one of those two complexed water molecules, in a structural
and energetic respect. Integrating gerown-water(#) up to 3.0 A now
gives a coordination number of # = 1.0. For the free crown the
hydration energy, i.e., the interaction energy between 18C6 and
the surrounding water molecules up to the cutoff, amounts to
Ep(18C6-water) = 359 kJ. This corresponds for the com-
plexing ether roughly to the sum of interaction energy with the
ion and the solvent E(18C6—K*) + E«(18C6-water) = -364
kJ (see Table 3). In part 2, the complexation reaction is studied
in more detail.

4.2. Orientational Distributions. In the following section the
properties of the hydration shell are examined in closer detail for
the free crown in water (simulation A). This serves partly the
purpose of comparing with the results of the MC study in ref 8.
Furthermore, a detailed analysis is a prerequisite for a better
comprehension of the manner in which the crown’s binding sites
are occupied by water molecules and blocked for cation com-
plexation (see part 2). The analysis relies on a geometrical
classification of all water molecules into four types in order to
allow a separate determination of their properties.

Type 1 comprises the two complexed water molecules that are
closest to the crown’s center.

Type 2: Therest of the concave part of the first hydration shell
constitutes type 2, that is, those water molecules that do not
exceed a distance of 3.5 A to at least one crown oxygen.
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TABLE 4: Mean Interaction Energy and Number of
H-Bonds between 18C6 and Water Molecules

Egw/ Esw/
type N kJ mol-! kJ mol"! Pupsw
1 2.0 -1.75 -33.80 1.47
2 3.6 -4.64 -11.62 0.33
3 38.6 -2.85 -1.45 0.00
4 209.8 -0.18 -0.06 0.00

Type 3: The outer convex part of the shell is assigned to type
3; here those water molecules are grouped that are closer than
4.5 A to at least one crown atom (without type 1 and 2).

Type 4; The remaining water molecules are denoted as bulk.

To make visible the orientating influence of the crown solute
on the solvent, orientational distribution functions are shown for
water molecules of types 1, 3, and 4 and for three molecule fixed
vectors, namely the dipole vector uD,p and the HH- and OH-
connecting vectors uHH and jioy. The corresponding distribution
functions p(cos ¢) are displayed in Figure 7. The angle ¢ is the
angle between one of the vectors upip, #HH, tou, and a vector
connecting the water oxygen to a reference site in the crown
molecule. For type 1 this reference site is the crown’s geometric
center, whereas for types 3 and 4 the crown atom next to the
water oxygen was chosen.

Type 1 molecules prefer an orientation where the dipole vector
resides perpendicular on the crown’s plane. Accordingly, the
distribution for the intramolecular HH vector yields a maximum
for parallel alignment with respect to the crown’s plane. The OH
distribution function for type 3 is especially indicative for the
hydrophobic character in the convex part of the shell. Maxima
at ¢ = 60° and ¢ = 180° correspond to the picture of the solvation
of apolar solutes in water.# An orientation of the hydration shell
water molecules such that three of its favorable hydrogen-bonding
directions are straddling the hydrophobicsolute and one is pointing
outward results in optimized water—water mteractnon (also refer
to section 4.3.2).

4.3. Interaction Energies. 4.3.1. H-Bonding between 18C6
and Water. A closer inspection of the 18C6/water interaction
for the separate groups of water molecules supports the usefulness
of the division proposed in section 4.2. ELy, and ES%” in Table
4 denote the Lennard-Jones and Coulomb parts of the mean
interaction energy between a water molecule of the given type
and the crown ether. In Figure 8a the distribution of these pair
interaction energies (Lennard-Jones plus Coulomb part) is
depicted. Besides the mean number N of water molecules, which
belong to the different classes, Table 4 gives the average number
of hydrogen bonds Aypsw between 18C6 and those water
molecules. The geometric definition of a H-bond was adopted
from ref 45 and demands a OW-~O distance shorter than 3.3 A
and a OW-HW...O angle larger than 145°. In Figure 8b the
mean number of H-bonds is expanded into the distribution
functions. As the histograms show, type 3 water molecules con-
stitute a truely “hydrophobic” part of the total hydration shell,
avoiding any hydrogen bonds to the solute, whereas type 1
molecules interact with 18C6 preferentially with two, sometimes
even with three hydrogen bonds. Inevitably, in the latter case
bifurcated H-bonds must be present.

4.3.2. Water—Water Interaction. The hydrophobic character
of the convex part of the hydration shell can also be seen from
the water connectivity and the water-water interaction. Here
we apply a procedure of Linse.#6 For each water molecule we
determine the number of nearest neighbors #i up to a distance of
r = 3.5 A, the average number of H-bonds Ay, the average pair
interaction energy Eww between nearest neighbors, and the
average pair energy of hydrogen-bonded neighbors Eww us (Table
5). Allthisrefers only to water neighbors, excluding interactions
with 18C6.

The monotonic increase of Aiyp for types 14 is mamly due to
the increasing number of geometric water neighbors #. The
quantities shown in the last three columns of Table 5 all show
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Figure 7,_Distribution of the angle ¢ between three water molecule fixed
vectors (up.,, #un, and poy) and a vector connecting the water oxygen
to a reference site in the crown molecule (see text).

a maximum of interaction for type 3 water molecules, a clear
indication of the so-called “structure making” effect of hydro-
phobic solutes, which means increased H-bond connectivity and
increased water—water interaction within the hydrophobic part
of the hydration shell compared to bulk water. The considerable
partial charges on the crown’s large exterior surface are unable
to disturb the H-bond network.

4.4. Dynamic Properties.

4.4.1. Residence Probability of a Water Molecule in the
Hpydration Shell. The residence probability p(¢) as a function
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TABLE §: Interaction of a Water Molecule with Its Water
Neighbors

Ewwns/ Eww/
type A Ay P/ ANN kJ mol-! kJ mol!
1 3.17 1.97 0.622 -16.9 -10.52
2 4.44 2.99 0.674 -17.2 -11.56
3 4.80 333 0.693 -17.7 -12.25
4 5.16 3.34 0.647 -17.4 -11.23

of the residence time ¢ (Figure 9) offers some insight into the
time scale of mixing between the different types of water molecules
and indicates up to which correlation times an analysis of
dynamical quantities separately for types of water molecules is
meaningful.

Considering Figures 8 and 9, the dominating role of the two
complexed water molecules in the hydrophilic center of the crown
(type 1) is reconfirmed. By preferably two H-bonds they
contribute the major part of the solvent’s Coulomb interaction
with the crown and are firmly bound to the crown. Type 2 water
molecules contribute the rest of hydrogen bonds between crown
and water. At most they are singly bound to the “third” crown
oxygen that is not coordinated by type 1. Accordingly they are
exchanged quiterapidly. Being unable tointeract with the crown—
solute by hydrogen bonds type 3 is sharply distinguished from
type 1 and 2. Nevertheless, the enhanced H-bond interaction
with its water neighbors within the hydrophobic hydration shell
contributes to a certain slowdown of its exchange dynamics.

4.4.2. Reorientational Dynamics of Water Molecules. Re-
orientational time correlation functions for three vectors upip,

Kowall and Geiger

— typel
9 L\ type 2
i type 3

0 10 20 30 40 50
t/ps

Figure9. Probability thata water molecule belongs totype i after residence
time ¢, if it was also of typeiat ¢ = 0,

TABLE 6: Reorientation Times of Water (ps)

dipole vector HH vector OH vector
type 71 T2 71 72 7y T2
1 80 23 2.3 1.4 22 1.3
3 7.8 4.0 44 38 6.1 3.6
4 4.1 23 32 2.3 32 1.5
SCP water’ 3.2 1.3 3.0 1.6

ton, and Hun, fixed in the water molecule, are defined as

C7) = (Pu0)p(r))) 1=1,2

where P; are Legendre polynomials of order /.

Ci(7) is shown in Figure 10. Since water molecules of type
2 are rapidly exchanged, they are excluded from the analysis for
the sake of clarity. Characteristic reorientational time constants
from an exponential fit are summarized in Table 6. Somewhat
larger reorientational times for the bulk part (type 4) compared
to pure water4’ are due to the demobilizing influence of the solute
that still extends beyond the first hydration shell. In the
hydrophobic shell (type 3), water for all three vectors exhibits
lowered mobility compared to bulk water as anticipated.#

A comparison between the two complexed water molecules
(type 1) and bulk water gives rise to a distinct and interesting
difference. For type 1 the mobility of its dipole vector is strongly
reduced, since a complexed water molecule simply tends to
preserve its perpendicular orientation with respect to the crown’s
plane. In sharp contrast, however, the correlation times for the
OH vector and particularly the HH vector are markedly smaller
than in bulk water. Thus the reasoning concerning the restricted
translational mobility of a complexed water molecule may not be
simply transferred to the picture of the rotational behavior. The
selectively enhanced revolving motion around its dipole axis
enablesa type 1 water molecule with solely two possible hydrogen
bonds to coordinate all three crown oxygens on each side of the
molecule efficiently and evenly. This mechanism modifies the
static picture in ref 8, where a quasi-centrosymmetric 1:4 18C6/
water—complex was observed, involving a very stable and immobile
arrangement of water molecules. In a vacuum MD simulation
an analogous effect has been reported for the spinning motion of
the threefold and ionic guest molecule RNH;* in its complexes
with 18C6.33

In a more abstract sense a relation to the mechanism of
enzymatically catalyzed biochemical reactions might be con-
structed. Basically the reactive species must be strongly bound
together. Beyond that the reaction demands a definite relative
orientation of host and guest, so that a certain rotational mobility
within the complex bears some advantages.

Moreover, the above observation is in agreement with recent
MD simulation studies, which showed for pure water that those
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water molecules are more mobile, which have an excess of
hydrogen-bonding possibilities by the presence of more than four
nearest neighbors.#® The same mechanism has also been
confirmed by experimental studies of aqueous mixtures.4S

8. Conformational Dynamics of the Crown Ether

The considerable conformational flexibility of crown ether 18C6
has been emphasized in numerous theoretical studies. However,
to explore the entire multidimensional but finite conformational
space, involving plenty of local minima and torsional barriers,
overdemands a conventional MD simulation. In this regard, one
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has to be aware of the fact that a precise determination of the
gauche/trans ratio even for acyclic n-butane calls for very long
simulations or special sampling techniques.30

In a 1500-ps simulation at 298 K of Straatsma and McCam-
mon?® 18C6 in water presented itself extraordinarily flexible,
During their simulation more than 1000 different conformations
were sampled. Sun and Kollman3! sampled the crown’s con-
formation space by MD simulations in vacuo at 500 K and
estimated 6 ns to be necessary to achieve conformational
equilibrium. In contrast to Straatsma’s study in the present
simulation, the crown proved to be amazingly little inclined to
undergo conformational transitions on a time scale of a few
hundred picoseconds and preferably stayed within D;4 geometry
chosen as starting conformation. This difference in conforma-
tional behavior underlines how sensitively the conformational
flexibility depends on the employed (torsional) potential. Onthe
other hand, a conformational relaxation slow on the time scale
of typical MD simulations accords to the ultrasonic experiments
mentioned in section 1.

The dihedral angles as a function of time exhibit a few short-
lived transitions over the rotational barrier (e.g. Figure 11a). On
the long term the D34 crown is apparently not entirely captured
in its conformation. For a closer characterization of flexibility
the distribution of inclination angles ¢coc of the COC segments
with respect to the molecular plane is depicted in Figure 11band
substantiates the crown’s flexibility along this coordinate. Inthe
energy-minimized isolated Ds, conformer the inclination angle
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amounts to ¢coc = £41° (see Table 1). In aqueous solution
(simulation A) the crown compacts and the average angle shrinks
to pcoc = £36.8°. Becausein the presence of K+ the ether oxygens
tend toward the cation, a slight asymmetry is encountered in
simulation B. The mean inclination angle attains ¢coc = +41°
on the ion’s side, compared to ¢coc = —32° on the averted side.

6. Summary

In accord with the ionophoric abilities of 18C6, its hydration
shell shows a mixture of different hydration phenomena and can
be clearly divided into three categories. The properties of the
water molecules in the exterior convex part of the shell fit into
the picture of hydrophobic hydration of apolar solutes, despite
of substantial partial charges placed on the crown atoms. These
water molecules do not form H-bonds with the crown but are
instead morestrongly connected among themselves. Initsinterior
concave part the crown is suited for strongly bound bridging
water molecules, as already described in the literature. Such a
bridging water molecule—at the same time blocking cation
complexation—is encountered on each side of the crown during
the entire simulation (forming a 1:2 ether-water complex). A
strongly anisotropic and enhanced reorientational mobility around
its dipole axis compensates for water not being an ideal guest and
offering only two possible H-bonds. The third ether oxygen on
each side, vacant at a given moment, is coordinated by a singly
and loosely bound water molecule.

A complexed water molecule may be functionally replaced by
a K*ion. The ion stays likewise about 1 A outside the crown’s
center and oscillates several times through the crown’s plane during
the course of the simulation.
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