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We have performed very long simulations of the 18-crown-6 molecule in the gas phase and in
cyclohexane. For the isolated molecule we have used two different sets of charges. For all
simulations the average dipole moment was in moderate agreement with experiment. Therefore we
have examined in some detail the theoretical models used for the interpretation of the experiments.
We propose a new formula, based on the Kirkwood equation, to calculate the molecular dipole
moment from the experimental dielectric constants. With previously published experimental data,
we have calculated a dipole moment that is somewhat larger than the originally reported value. We
conclude that the charges that have been used in all potential models up to now may, at best, be
treated as effective charges and that polarization is expected to be important. We made an extensive
investigation of the structure of 18-crown-6 during the simulations. It was observed that
conformational statistics was almost the samein vacuoand in the apolar cyclohexane. The structure
of the crown ether is found to fluctuate around the centrosymmetricCi conformation. A comparison
is made with previously published statistical mechanical studies. We also examined the average
shape of 18-crown-6 by looking at the mass distribution within the molecule. Again it was found
that the crown ether, on average, displays an elliptical shape, consistent with the other results.
Further, it was found that many of the samples show the same structural features, although they do
not exhibit the same conformation. Finally, the dynamics of the different systems was investigated.
As expected, it has been found that the solvent slows down the dynamics of the crown ether
molecule. ©1995 American Institute of Physics.
l
l
i

y

h
ie
a
p

-

.
n
y

I

s

e
e-
g
lar
,
-
r
nd
a-
ir
y

ion

n-
n
se
-
g
f

at
le,
n-
f
e
he
n-
e

I. INTRODUCTION

Since their discovery by Pedersen in 1967,1 macrocyclic
polyethers have been the subject of numerous studies of
verse character. Their remarkable complexing power has
to considerable interest in the conformations these molecu
can adopt. An enormous amount of x-ray crystallograph
data has been obtained over the years, yielding structu
information of numerous complexes with cations and organ
molecules.

Besides the experimental information from x-ra
studies,2–4 spectroscopic studies5–7 etc., an increasing
amount of detailed information has been obtained by t
application of computational methods to study the propert
of macrocyclic polyethers. For many of these theoretic
studies, one of the simplest flexible polyethers, the prototy
cal crown ether 1,4,7,10,13,16-hexaoxacyclooctadecane~18-
crown-6!, has been used. Semiemperical andab initio calcu-
lations have been carried out by Yamabeet al.,8 Hori et al.,9

and Bruning and Feil10 to examine electronic and complex
ation properties. Wipffet al.11 performed a molecular me-
chanics study on the structural flexibility of 18-crown-6
They minimized the energy of different structures. In an e
vironment with a low dielectric constant the lowest-energ
structure had the same conformation~Ci symmetry! as that
found in the crystal structure of uncomplexed 18-crown-6.
a more polar environment the D3d conformation becomes
more stable. Wipff and co-workers also predicted the exi
ence of a C18 conformation that could explain the
temperature-dependent dipole moment of 18-crown-6. Sin
then, several authors have extended such investigations.12–14
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Because the aim of conformational analysis is to find th
thermally populated conformations of a molecule, and, b
cause of the importance of interactions with a surroundin
solvent, interest has shifted toward techniques like molecu
dynamics and the Monte Carlo method. Sun and Kollman15

for instance, determined the solvation free energy for a num
ber of conformations of 18-crown-6, and found that in wate
the D3d structure is the most stable one. Straatsma a
McCammon16 sampled and discussed numerous conform
tions of the crown ether molecule in aqueous solution in the
article on the treatment of rotational isomers in free energ
calculations. Sun and Kollman17 used 18-crown-6 as a test
case for conformational sampling and ensemble generat
by molecular dynamics simulations. Leuwerinket al.18 simu-
lated different complexes of 18-crown-6 and compared co
formational data from these simulations with informatio
from the Cambridge Structural Database. From all the
studies it is clear that 18-crown-6 is a highly flexible mol
ecule that can adopt many different conformations lyin
within a narrow energy range. The complexing power o
crown ethers and their role as a catalyst19,20can be related to
this flexibility, giving them the possibility to adopt a confor-
mation exhibiting a reaction site toward a given reagent.

Experimental work on the dipole moment suggests th
the conformations adopted by 18-crown-6 are quite variab
depending on the environment and the thermodynamic co
ditions. Perrinet al.,21 who measured the dipole moment o
liquid 18-crown-6, found that it increases with temperatur
in the range 50 °C–100 °C, leading to the conclusion that t
molecule adopts various conformations that are close in e
ergy and have very different dipole moments, and that th
4637)/4637/16/$6.00 © 1995 American Institute of Physicsto¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp



p

e
d
i

1
i

o

r
t
n
a
e

o
e

b

ti

e
s
e
e
l

la

e

h

s
o
u
o

in
la
w

s

v-
e-
em
of
s.
-
K.
-

i-
o-

re
e
in-
ci-
i-

d
s,

n
ds

nd
u-
e
p
d
th
e
ty
s

e

of

n-

en

c

4638 F. T. H. Leuwerink and W. J. Briels: The dipole moment of 18-crown-6
populations of these conformations are temperature de
dent. Caswell and Suvannunt22 measured the dipole momen
of several crown ethers in both benzene and cyclohexan
different temperatures, and found a temperature-depen
dipole moment as well. As in the investigation of Perr
et al., the values of the dipole moment reported by Casw
and Suvannunt clearly show that the uncomplexed
crown-6 does not exhibit the same conformations in solut
and in the solid state. Both groups also presented a sem
molecular mechanics study. For a limited number of conf
mations, taken from crystallographic data and extended w
few hypothetical ones, the relative energies and dipole m
ments were calculated. Again, it was found that the crown
capable of adopting conformations with very different dipo
moments, that are close in energy. A more extensive theo
cal investigation that closely links up with the experimen
work mentioned above, is the Monte Carlo study of Ha a
Chakraborty23 on the effect of solvent polarity and temper
ture on the conformational statistics of 18-crown-6. Th
concluded that temperature and solvent polarity have a la
influence on the crown’s structure. Although many conf
mations are populated, the D3d structure appears to be th
dominant conformation in water and theCi conformation is
the dominant form in a CCl4 solution. Like Perrinet al., Ha
and Chakraborty, too, provided a dipole moment that refle
the presence of many different conformations in solution,
which is in moderate agreement with experiment.

In this paper we study the conformational characteris
of 18-crown-6, both static and dynamic, and bothin vacuo
and in cyclohexane. To this end we have performed sev
molecular dynamics simulations, the computational detail
which are described in Sec. II. In Sec. III A and III B w
describe the statistics of the molecular dipole, while in S
III C we look at the distribution of the mass within the mo
ecule. In Sec. IV we present the derivation of an express
relating the dielectric constant of dilute solutions of po
molecules to the molecular dipoles. We use this formula
calculate the molecular dipole moment from the experim
tal data of Caswell and Suvannunt.22 In Sec. V we study the
dynamical properties of 18-crown-6. In the final Sec. VI, w
present the conclusions.

II. COMPUTATIONAL DETAILS

The molecular dynamics simulations described in t
paper were performed using the simulation packa
GROMOS.24

Several simulations have been performed: simulation
18-crown-6 in vacuum; a simulation of the crown in cycl
hexane; and simulations of pure cyclohexane and of liq
18-crown-6. The simulation of cyclohexane was done in
der to calculate, in combination with data from the solutio
the partial molar volume of the crown ether molecule in c
clohexane~see Sec. IV B!. The liquid 18-crown-6 simulation
was done to see whether the experimental density could
reproduced with the force field used to model the crow
This, to check if the partial molar volume of 18-crown-6
cyclohexane is no artefact of the force field. In all simu
tions described below, the starting structure of the cro
ether molecule was chosen to be the D3d conformation.
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Nov¬2008¬to¬130.89.112.87.¬Redistribution¬subject
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The simulation of the isolated 18-crown-6 molecule wa
done in the NVE ensemble. TheSHAKE procedure25 was ap-
plied to constrain all the hydrogen–carbon bond lengths. E
ery 500 ps, the energy was carefully adjusted until the d
sired temperature of 298 K was reached. Then, the syst
was equilibrated for another 500 ps. Next, a large number
consecutive runs were performed, each with a length of 1 n
The molecule was simulated for a total of 30 ns. The fluc
tuations in the temperature amounted to approximately 30

Two simulations of the isolated molecule were done, em
ploying two different potential models; we will refer to these
simulations asin vacuosimulation I andin vacuosimulation
II. The second simulation was performed in order to invest
gate the effect of different sets of charges on the dipole m
ment. The computational details were the same as forin
vacuosimulation I, but the total length amounted to 15 ns.

The solution of the crown ether in cyclohexane, the pu
solvent, and the liquid 18-crown-6 were all simulated in th
NpT ensemble. The temperature and pressure were ma
tained at ambient values by scaling, respectively, the velo
ties with a coupling time constant of 0.1 ps, and the coord
nates with a time constant of 0.5 ps.26All bonds were kept at
their equilibrium lengths using theSHAKE coordinate reset-
ting procedure. Two starting configurations were prepare
for the solution. Both systems were equilibrated for 250 p
followed by a production run of 1 ns.

The cyclohexane was simulated for 150 ps after a
equilibration of 250 ps. The average volume observed lea
to a density of 0.787 g/cm3. This is slightly higher than the
experimental value 0.774 g/cm3 ~298 K!.27

Because of the crown’s vast configuration space, a
because of the fact that the sampled section of the config
ration space is correlated with the starting conformation, th
system for the liquid 18-crown-6 simulation was heated u
first and simulated for 25 ps at 600 K. Next, it was coole
down stepwise in a total of seven intermediate runs, all wi
a length of 10 ps. The jumps in the temperature during th
cooling process were gradually made smaller in the vicini
of the final temperature of 323 K. At 323 K the system wa
equilibrated for an extra 30 ps. The density of 1.041 g/cm3

calculated from the production run is 4.5% lower than th
experimental value 1.090 g/cm3 ~323 K!.21 In all the simula-
tions, a time step of 0.002 ps was used. A complete survey
the simulation details can be found in Table I.

The molecular interactions were described using the e
ergy expression

Vpot5 (
bonds

1

2
kb~b2b0!

21 (
angles

1

2
ku~u2u0!

2

1 (
dihedrals

1

2
Vn$11cos~nv2d!%

1 (
nonbonded

SC12i j

r i j
12 2

C6i j

r i j
6 1

qiqj
4pe0r

D . ~1!

The parameters for the 18-crown-6 molecule were tak
from the AMBER all-atom force field,28 with a 50% scaling
for the 1–4 van der Waals interactions. Forin vacuosimu-
lation I, the solution and the liquid 18-crown-6, the atomi
o. 11, 15 September 1995¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Summary of simulation details.

Vacuum I Vacuum II Solution Cyclohexane Liquid 18C6

Number of 18-crown-6 molecules 1 1 1 ••• 125
Number of cyclohexane molecules ••• ••• 225 216 •••
Ensemble NVE NVE NpT NpT NpT
Simulation time~ps! 30 000 15 000 2000 150 50
Periodic boundary ••• ••• truncated octahedron cubic cubic
Cutoff radius~Å! •••a •••a 10 14 12.5
tT ~ps! ••• ••• 0.1 0.1 0.1
tp ~ps! ••• ••• 0.5 0.5 0.5
Storage coordinates, etc.~ps! 0.1 0.1 0.1 0.02 0.02
Update pairlists~ps! 0.8 0.8 0.02 0.02 0.02
Density ~g/cm3! ••• ••• ••• 0.787b 1.041c

Reference pressure~atm! ••• ••• 1 1 1
Average temperature~K! 297 300 299 299 322

a. dimensions molecule.
bExperimental value: 0.744 g/cm3 ~Ref. 27!.
cExperimental value: 1.090 g/cm3 ~Ref. 21!.
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charges for the crown ether (qO520.30e) were taken from
the molecular mechanics study of Wipffet al.11 For in vacuo
simulation II the charges for the 18-crown-6 molecu
(qO520.406e) were derived fromab initio electrostatic
potential calculations.29

Each methylene unit in a cyclohexane molecule w
treated as a single force center with appropriate mass.
parameters for this solvent molecule were taken from Ha
and Stillinger,30 who studied the liquid structure of cyclohex
ane. The parameters of their revised Lennard-Jones and
sional contribution, were adapted to the form of the poten
energy function ofGROMOS.

The computational boxes of the solution and the p
solvent were prepared with all cyclohexane molecules in
chair conformation. Calculation has shown that the twis
boat isomer lies 28.6 kJ/mol~expt.: 23 kJ/mol! in energy
above the chair minimum.30

III. CONFORMATIONAL ANALYSIS

In this section we describe structural aspects of the
crown-6 molecules from the different MD runs in relation
their dipole moments. It is to be expected that the distri
tion of its conformations is rather similar in vacuum and
the solution.

A. Conformational sampling and dipole moment
statistics

The production run of the solution altogether lasted 2
During this simulation, numerous dihedral transitions we
observed. The total number of symmetry-unique conform
tions amounted to 408. Like in the case of the study
Straatsma and McCammon,16 who performed a long MD run
of an aqueous solution of 18-crown-6, the simulation d
scribed here was still generating new conformations afte
ns, and the generated ensemble will therefore not be c
pletely representative for the Hamiltonian used. In contras
the crown ether, no dihedral transitions were observed for
solvent. All cyclohexane molecules stayed in the chair c
formation during the entire simulation.
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Nov¬2008¬to¬130.89.112.87.¬Redistribution¬subject¬
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During in vacuosimulations I and II, a total of, respec-
tively, 5628 and 3568 symmetry-independent conformations
were sampled, and, as in the case of the solution, new con
formations appeared continuously along the trajectory, an
no convergence was obtained.~Notice that simulation I was
twice as long as simulation II.! In both cases, theCi confor-
mation was most frequently sampled~resp., 5.90% and
10.67%!, in accordance with previous studies on this
subject.11,17,18The D3d conformation only appeared during
simulation I ~1.18%; number eight in the frequency list!.
Conformations with an occurrence of 0.5% or more~30 and
35 in total with, respectively, potential models I and II! con-
tributed to 34.73% and 40.68% of the total population.

TheCi and D3d structures were not sampled in the cy-
clohexane solution. The conformation with the highest fre-
quency in solution~10.18%! was a structure with a nonzero
dipole moment, and hadC1 symmetry. The 36 conformations
with an occurrence of 0.5% or more, constituted 73.49% o
the total.

The centrosymmetricCi and D3d conformations are all
but the only two structures found in crystals. It is well estab-
lished that when crystallized from apolar, aprotic solvents
18-crown-6 adopts theCi conformation.

31,32 The D3d ar-
rangement is observed in crystals with metal ions, as well a
in complexes where the crown is surrounded by polar O–H
C–H, or N–H bonds.33–35NMR studies in solution suggest
that the conformation of the uncomplexed crown is the sam
in apolar solvents as in the solid phase,7 but other conforma-
tions should be expected in polar media.6

Figure 1 gives the distributions of the crown ether dipole
moments for, respectively,in vacuosimulation I ~top!, the
cyclohexane solution~middle!, and in vacuo simulation II
~bottom!. Corresponding averages are given in Table II. The
distributions of gas phase simulation I and the solution are
almost identical. Both have a maximum at approximately 1.8
D. The statistics of gas phase simulation II is very different.
Here we see two peaks, at 0.8 and 2.5 D. With this force
field, the conformations are distributed more irregularly then
in the other two calculations, which manifests itself in an
average dipole moment of 2.39 D, which is smaller than
o. 11, 15 September 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4640 F. T. H. Leuwerink and W. J. Briels: The dipole moment of 18-crown-6
expected on account of the difference between the set
charges alone. Recently, an MD study was published
Troxler and Wipff,36 in which the conformations and dynam
ics of 18-crown-6 in acetonitrile were studied. They us
nearly the same potential model for the macrocycle we u
in in vacuosimulation II. The distribution of the dipole mo
ments presented by Troxler and Wipff~Fig. 6 of Ref. 36!
shows the same characteristics as the one presented
@Fig. 1~c!#. They also observed two maxima, but the seco
peak is found at a considerable lower value. Further, t
found the D3d and theCi conformations to be the structure
with the largest occurrence. Ha and Chakraborty,23 who used
a united atom force field withqO520.30e, reported an
average dipole moment of 1.92 D at 298 K in CCl4, which
should be compared with the value of 2.04 D we obtain

FIG. 1. Normalized distributions of the dipole moment of 18-crown-6:~a! in
vacuosimulation I; ~b! cyclohexane solution;~c! in vacuosimulation II.
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Nov¬2008¬to¬130.89.112.87.¬Redistribution¬subject
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from the solution~see Table II!. Troxler and Wipff reported
an average dipole moment of 2.1 D~with a mean square
deviation of 1.2 D!. They state that ifqO charges of20.30e
had been used, this would have lead to a dipole momen
1.6 D, which is significantly lower than our result, and th
result of Ha and Chakraborty. We note that the reported v
ues of the dipole moments are quite different from that~0.8
D! calculated by Wipffet al.11

B. Statistics of the dihedral angles

Apparently the statistics of the crown ether is the sam
in the apolar solvent and for the isolated molecule. To elab
rate on this, conformational statistics of the macrocycle w
characterized via the distributions of the CO–CC an
OC–CO torsion angles. The distributions forin vacuocalcu-
lation I are shown in Figs. 2 and 3, together with the m
lecular mechanics predictions for the centrosymmetricCi

and D3d structures asd functions. Only the results for the gas
phase are shown, because those of the solution were foun
be only marginally different.

We also examined the statistics of the torsion angles
in vacuo simulation II. The distributions~not shown here!
display the same features as for the other two runs: both

FIG. 2. CO–CC torsion angle distribution fromin vacuosimulation I~top!,
for the minimal energyCi conformation~middle!, and the minimal energy
D3d conformation~bottom!.
TABLE II. Average dipole moments calculated from the simulations~in Debye!.a

^mx& ^my& ^mz& ^m2&1/2

In vacuo
simulation I

20.0022~0.2801! 0.0455~0.2787! 20.0225~0.3668! 1.98~0.22!

In vacuo
simulation II

20.1577~0.3829! 20.0783~0.4127! 20.1258~0.2716! 2.39~0.25!

Cyclohexane
solution

20.0017~0.7481! 0.0893~0.8107! 20.1105~0.7098! 2.04~0.60!

aStandard deviations are given in brackets.
o. 11, 15 September 1995¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4641F. T. H. Leuwerink and W. J. Briels: The dipole moment of 18-crown-6
CO–CC and OC–CO dihedral angles peak for the gau
and trans conformations. But there are also some discrep
cies. With the charges used in this simulation, slightly few
dihedral angles are found in the trans conformation than
the other calculations, and slightly more in the gauche for
For gas phase simulation I and the simulation of the cro
ether in cyclohexane, the maxima of the distributions of bo
types of dihedral angles are found at 70°. For gas ph
simulation II these are found at 76° and 67°, for, respe
tively, the CO–CC and OC–CO type of torsion angle
Again we see an effect on the distribution of conformatio
with this force field, compared to the other two MD simula
tions. In Sec. III A we already noticed that the average dipo
moment is smaller than to be expected on the basis of
difference between the sets of charges.

Like Ha and Chakraborty conclude for the crown in ca
bon tetrachloride, we too find, that for the cyclohexane so
tion, as well as for the isolated molecule, the average
crown-6 structure is close to theCi conformation. However,
many other conformations are also populated, which is a
clear from the calculated average dipole moment. The dis
bution of the dihedral angles presented by Troxler and Wi
suggests that in acetonitrile the distribution is intermediate
those obtained by Ha and Chakraborty for the solvents wa
and CCl4.

The solvent seems to have only an effect on the dyna
ics of 18-crown-6, which will be discussed in Sec. V, but n
on the distribution of its conformations. This is different fo
a highly polar solvent like water. Ha and Chakraborty ha
shown that the distribution of the torsion angles in water
quite different from that in CCl4. They come to the conclu-
sion that in water the structure fluctuates around the crys
lographic D3d conformation.~The D3d conformation is very
often observed in x-ray structures of 18-crown-6 with me
ions or small organic molecules.! Further, they have shown

FIG. 3. OC–CO torsion angle distribution fromin vacuosimulation I~top!,
for the minimal energyCi conformation~middle!, and the minimal energy
D3d conformation~bottom!.
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Nov¬2008¬to¬130.89.112.87.¬Redistribution¬subject¬
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on the basis of radial distribution functions, that water mo
ecules structure themselves around the crown ether molec
by means of hydrogen-bonding interactions, which is qui
different from that in carbon tetrachloride. These kind o
interactions of water with the macrocycle, which have bee
observed in other studies as well,37–39 tend to stabilize cer-
tain conformations. Straatsma and McCammon,16 for ex-
ample, found from their MD simulation of an aqueous solu
tion of 18-crown-6, that the most populated conformation
are of D3d andC1 symmetry. They pointed out that the sol-
vent plays an important role in the stabilization of certai
structures. A recent Raman spectroscopic study on the c
formational equilibrium in water,40 confirmed this D3d pre-
domination. So, statistics of the crown ether molecule
strongly influenced by these kind of solvents, compared
the free molecule or a solution in a nonpolar solvent.

C. Characterization of the structure of 18-crown-6 by
means of the inertia tensor

Apart from the distribution of the dihedral angles, we
have also studied the conformations and average shape
18-crown-6 by examining the distribution of the mass withi
the molecule. This was done by calculating, for ever
sample, the inertia tensor:

I ab52(
i
mir iar ib1dab(

i
mir i

2, ~2!

and next diagonalizing this tensor. The resulting eigenvecto
were ranged in such a way that thex axis corresponds with
the smallest principal moment of inertia, and thez axis cor-
responds with the largest principal moment of inertia. Notic
that with the smallest principal moment corresponds th
longest molecular axis, and with the largest principle mo
ment the shortest molecular axis. Next, the mass distributi
of every sample was described in its own principal axes c
ordinate system. In the following figures we present the de
sities obtained by projecting the atoms on thexy and xz
planes, respectively. The contour plots in theyz plane are not
shown. No new information results from these projections

In Figs. 4~a!–4~d! the contour plots for oxygen and car-
bon in thexy andxz planes are shown. The plots relate to
vacuum simulation I. From this figure we see immediate
that the average shape of the molecule resembles that o
flattened ellipsoid. This is in accordance with the fact tha
from the distribution of the torsion angles the conformatio
of the molecule was found to fluctuate around theCi confor-
mation, which has an elliptical shape. Besides the avera
shape we recognize, from the projections on thexy plane, a
pronounced structure in the distribution of the oxygen an
carbon atoms. In the case of carbon, some atoms appear to
rather localized@left and right side of Fig. 4~b!#, while others
possess a large degree of freedom~top and bottom of the
same figure!.

Looking at the oxygen distribution, we expect a stron
correlation between the different localized peaks. To inves
gate this, the coordinate sets that have one oxygen atom p
jected in the window in the lower right corner of Fig. 4~a!,
were separated from the rest. 25.7% of the samples satis
o. 11, 15 September 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp



4642 F. T. H. Leuwerink and W. J. Briels: The dipole moment of 18-crown-6
FIG. 4. Contour plots forin vacuosimulation I. ~a! Projection of the oxygen atoms of 18-crown-6 on thexy plane;~b! projection of the carbon atoms of
18-crown-6 on thexy plane;~c! projection of the oxygen atoms on thexz plane;~d! projection of the carbon atoms on thexz plane. For these four plots, all
samples were used that were recorded during the MD simulation.
l
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this condition. The oxygen densities of this group of samp
~group IA! are shown in Fig. 5, together with the correspon
ing carbon densities. The same was done for the coordi
sets, which have an oxygen atom projected in the window
the upper right corner of Fig. 4~a!. 23.3% of the samples
were found to constitute this group~group IB!. The contour
plots for this group are not shown. They are symmetry
lated to those of group IA by a counterclockwise rotati
over 90°.

The distributions of these selections should be compa
with the corresponding results for the optimizedCi and D3d
structures, which are shown in Fig. 9. The positions of
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Nov¬2008¬to¬130.89.112.87.¬Redistribution¬subject
es
d-
ate
in

e-
n

red

e

oxygens of theCi conformation coincidence with the con
tour maxima in Fig. 5~a!. Apparently, the samples of grou
IA are close to theCi conformation. This is confirmed by the
fact that the average principal moments of inertia for gro
IA closely resemble those of the minimizedCi conformation
~Table III!. From Table III we also see that the average m
ments of inertia for group IB are virtually the same as f
group IA.

Next, groups IA and IB were removed from the total o
samples. The remaining samples~group II! constitute 51.9%
of the total. Notice that that this implies that 0.9% of a
samples has one oxygen atom projected in the upper wind
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4643F. T. H. Leuwerink and W. J. Briels: The dipole moment of 18-crown-6
FIG. 5. Contour plots forin vacuosimulation I.~a! Projection of the oxygen atoms of the samples of group IA~see the text! on thexy plane;~b! projection
of the corresponding carbon atoms on thexy plane;~c! projection of the oxygens of~a! on thexz plane;~d! projection of the carbons of~b! on thexz plane.
th
e
y

ca
a

e
h
io

the
.
%

of
he

D

f-
ge
in Fig. 4~a!, and at the same time another oxygen atom in
lower window of that same figure. The distribution of th
samples of group II is shown in Fig. 6. Again, the six ox
gens can clearly be distinguished. Moreover, the oxygen
the left and the oxygen on the right seem to be more lo
ized than the other four. This feature matches with the f
that the corresponding carbon atoms@Fig. 6~b!# involved in
the OC–CO dihedral angles with the neighboring oxyg
atoms are quite fixed as well. The molecule seems some
to be twisted around the remaining two OC–CO tors
angles@top and bottom of Fig. 6~b!#. Finally, group II is split
up into two subgroups~IIIA and IIIB !. All samples that have
a projection in the window, as indicated in Fig. 6~a!, are
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Nov¬2008¬to¬130.89.112.87.¬Redistribution¬subject¬
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separated from the rest. The projections of the oxygens of
two subgroups in thexy andxz plane are shown in Fig. 7
Groups IIIA and IIIB, respectively, contain 39.6% and 12.3
of the total of samples.

In Table III also, the average moments of inertia
groups II and III are presented. The first impression from t
contour plots of these remaining samples~Figs. 6 and 7! is
that they are more symmetric, and perhaps closer to the3d
@see Fig. 9~b!#, than to theCi structure. From Table III, how-
ever, we see that these samples are yet closer to theCi than
to the D3d conformation. Although the two shorter axes di
fer less than in the case of groups IA and IB, the avera
shape of the molecule is still elongated.
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4644 F. T. H. Leuwerink and W. J. Briels: The dipole moment of 18-crown-6
TABLE III. Average principal moments of inertia~*1045 kg m2! for the different groups of coordinate samples~Sec. III C!.a

In vacuo
simulation I Ci D3d

Group

IA IB II IIIA IIIB

x axis 17.390 26.403 19.623~2.350! 19.663~2.457! 20.446~2.407! 20.399~2.358! 20.593~2.552!
y axis 34.720 26.481 31.409~2.548! 31.364~2.704! 29.890~2.344! 29.991~2.210! 29.564~2.702!
z axis 50.881 51.600 48.153~2.647! 48.110~2.770! 46.907~3.039! 47.081~2.876! 46.348~3.454!
Solution
x axis 19.292~2.309! 19.205~2.316! 20.615~2.331! ••• •••
y axis 30.780~2.598! 31.155~2.489! 29.197~2.241! ••• •••
z axis 47.149~2.231! 47.558~1.977! 46.697~2.277! ••• •••

aStandard deviations are given in brackets.
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So, despite the fact that the very flexible crown eth
molecule adopts many conformations—for the vacuu
simulation over 5000 symmetry-independent conformatio
were sampled—they can be classified into a few grou
three maybe four. These groups will contain many differe
conformations that, as far as their structural aspects are c
cerned, show remarkable similarities.

We have done the same analysis for 18-crown-6 in so
tion. Figure 8 contains the distributions of the oxygen atom
of all the recorded coordinate samples@Figs. 8~a! and 8~c!#,
of those samples that have a projection in the window in
lower corner of Fig. 4~a! @Fig. 8~b!#, and finally of the
samples that constitute group II@Fig. 8~d!#. It should be no-
ticed that although theCi conformation is not sampled for
18-crown-6 in cyclohexane, a considerable number
samples are close to this structure. This is confirmed by
average principle moments of inertia for the different grou
given in Table III. The groups IA and IB, which are closest
the Ci structure, contain together 59.8% of all sample
Group II is not split up further into groups IIIA and IIIB.

We conclude that the structure of 18-crown-6 in cycl
hexane is very similar to that of the isolated molecule.

IV. THE DIELECTRIC CONSTANT

Caswell and Suvannunt22 have measured the dielectri
properties of dilute solutions of several crown ethers in bo
benzene and cyclohexane. In order to calculate the m
square dipole moments from their data they have used
approximate formula of Guggenheim and Smith.

In this section we shall first derive an alternative expre
sion for the dielectric constant of a very dilute solution, ma
ing as few approximations as possible, and clearly stat
every approximation. In a second section we compare
results of our simulations with the experimental ones.

A. Theory

As is well known, the actual total mean square dipo
moment of a sample depends very much on its geome
Because the dielectric constant is a material property, i.e
independent of the sample’s geometry, the relation betw
the dielectric constant and the total mean square dipole m
ment must depend on the sample’s geometry. In this pa
we shall base our discussion on formulas that hold good
the case of an infinitely large sample.

Our starting point is the exact formula,41,42
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~e21!~2e11!

3e
5

x0

e0
, ~3!

e is the relative dielectric constant of the solution,e0 is the
permittivity of the vacuum, andx0 is the isotropic quasisus-
ceptibility of the solution. Because we are dealing with
dilute solution, we write

e5e11De, ~4!

where e1 is the dielectric constant of the pure solvent. B
expanding the left-hand side of Eq.~3!, for smallDe we get

~e21!~2e11!

3e
5

~e121!~2e111!

3e1
1
2e1

211

e1

De

3e1
. ~5!

In order to calculate the right-hand side of Eq.~3!, we
write

x05N1ā1
e1N2ā2

e1N2ā2
c ; ~6!

N1 andN2 are, respectively, the number of solvent and solu
molecules per unit volume.ā1

e is the average electric polar-
izability of a solvent molecule in the solution, andā2

e is
defined similarly for a solute molecule. The last contributio
to x0 results from the fluctuating dipole moments due to th
conformational flexibility of the solute molecules. We callā2

c

the conformational polarizability.
Next, we write

ā1
e5a1

e , ~7!

ā2
e5a2

e1Dā2
e . ~8!

Equation~7! says that the electric polarizability per molecul
of solvent in the solution is equal to that in the pure solven
Equation~8! definesDā2

e as the change of the electric polar
izability per molecule of solute, in going from the pure solu
to the solution. A nonzero value ofDā2

e may be found when
the solute molecule in solution has a conformational dist
bution which differs from that in the pure liquid; the averag
electric polarizability will then also be different in both situ
ations. Also, the difference between the dielectric enviro
ments of a solute molecule in solution, and one in the pu
liquid, will cause a nonzero value ofDā2

e. In view of the
results of the previous section, one expects thatā2

e is ap-
proximately equal to the electric polarizability of the ga
phase molecule.
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4645F. T. H. Leuwerink and W. J. Briels: The dipole moment of 18-crown-6
FIG. 6. Contour plots forin vacuosimulation I.~a! Projection of the oxygen atoms of the samples of group II~see the text! on thexy plane;~b! projection
of the corresponding carbon atoms on thexy plane;~c! projection of the oxygens of~a! on thexz plane;~d! projection of the carbons of~b! on thexz plane.
We assume that the partial molar volumev̄1 of the sol-
vent in the solution is equal to the molar volumev1 of the
pure solvent. The number densityr1 of the pure solvent is
then related toN1 andN2 by

r15
1

v1
~N1v̄11N2v̄2!5N11

v̄2
v1

N2 . ~9!

Combining Eqs.~6!–~9! gives

x05x1
01H ā2

c1S a2
e2

v̄2
v1

a1
e1Dā2

eD JN2 . ~10!

By combining Eqs.~3!, ~5!, and~10!, we finally arrive at
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Nov¬2008¬to¬130.89.112.87.¬Redistribution¬subject
De5
3e1

2

2e1
211

M1

M2

r1
e0

H ā2
c1S a2

e2
v̄2
v1

a1
e1Dā2

eD Jw,
~11!

where we have made use ofN25wr1(M1/M2), which fol-
lows for small values ofw from Eq. ~9!, together with the
expression for the weight fraction of the solute,
w5N2M2/(N1M11N2M2). M1 andM2 are the molecular
weights of, respectively, solvent and solute.

The magnitudes of the electric polarizabilities can be
obtained by noticing that at optical frequenciese i5ni

2;43

when introduced into Eq.~3!, this yields
o. 11, 15 September 1995¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp



4646 F. T. H. Leuwerink and W. J. Briels: The dipole moment of 18-crown-6
FIG. 7. Contour plots forin vacuosimulation I.~a! Projection of the oxygen atoms of the samples of group IIIA~see the text! on thexy plane;~b! projection
of the oxygen atoms of the samples of group IIIB~see the text! on thexy plane;~c! projection of the oxygens of~a! on thexz plane;~d! projection of the
oxygens of~b! on thexz plane.
-
a i
e5

e0
r i

~ni
221!~2ni

211!

3ni
2 . ~12!

The conformational polarizability is given by

ā2
c5

^m2&
3kT

. ~13!

Applying Eq. ~11! at high frequencies, whenā2
c may be set

equal to zero, yields a method to measureDā2
e. Once this

value is know, measuringDe at low frequencies yields infor-
J. Chem. Phys., Vol. 103, NoDownloaded¬04¬Nov¬2008¬to¬130.89.112.87.¬Redistribution¬subject¬
mation about̂m2&. From now on we refer to square root of
the mean square dipole moment as the average dipole mo
ment.

B. Results

Experimentally, one measures the coefficientsa andc in

De5aw, ~14!

Dn25cw, ~15!

which according to Eq.~11!, are given by
. 11, 15 September 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp



4647F. T. H. Leuwerink and W. J. Briels: The dipole moment of 18-crown-6
FIG. 8. Contour plots for 18-crown-6 in cyclohexane.~a! Projection of the oxygen atoms on thexy plane: all recorded samples;~b! projection of the oxygen
atoms of group IA on thexy plane;~c! projection of the oxygens of~a! on thexz plane;~d! projection of the oxygens of group II on thexy plane.
e
t,
a5
3e1

2

2e1
211 H M1

M2

r1
e0

^m2&
3kT

1
2n1

411

3n1
4 cJ , ~16!

c5
3n1

4

2n1
411

M1

M2

r1
e0

H e0
r2

~n2
221!~2n2

211!

3n2
2

2
v̄2
v1

e0
r1

~n1
221!~2n1

211!

3n1
2 1Dā2

eJ . ~17!

The corresponding expressions based on the De
equation in the Guggenheim and Smith approximation, r
as
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Nov¬2008¬to¬130.89.112.87.¬Redistribution¬subjec
bye
ad

a5~e112!2H M1

M2

r1
e0

^m2&
27kT

1
c

~n1
212!2 J , ~18!

c5
~n1

212!2

9

M1

M2

r1
e0

H e0
r2

n2
221

n2
212

2
v̄2
v1

e0
r1

n1
221

n1
212

1Dā2
eJ .

~19!

Introducing the experimental values ofa andc into Eq.
~16!, we find ^m2&53.17 D. This value is somewhat larger
then the value of 2.76 D reported by Caswell and Suvannun
o. 11, 15 September 1995t¬to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4648 F. T. H. Leuwerink and W. J. Briels: The dipole moment of 18-crown-6
who used the formula of Guggenheim and Smith. Both v
ues differ appreciably from the average dipole moment o
tained from our simulation~see Table II!. This discrepancy
may be due to a deficient force field and/or to the neglec
the simulation of polarization of the solvent. Notice that,
reality, the relative dielectric constant of cyclohexane is a
proximately equal to 2~see Table IV!, while in our simula-
tion it is equal to 1.

In principle, Eq.~17! can be used to calculateDā2
e. In

order to do so, we need to knowv̄2. From our simulation, we
found v̄2 to be equal to 288.3 Å

3. This value differs substan-
tially from the molecular volumes measured by Letch
et al.,44,45who reported volumes in the range from 364.0 Å3

in the very polar acetonitrile to 390.7 Å3 in the nonpolar
CCl4. The molecular volume of the crown in CCl4 is signifi-
cantly smaller than the value for pure liquid 18-crown-6, b
much larger than the value we calculated for cyclohexane.
have at least a partial check on this value, we also calcula
the molecular volume of 18-crown-6 in its liquid state. O
value of 424.0 Å3 compares rather well with the experimen
tal volume of 404.9 Å3 ~see Table V and Sec. II!.

Because of the remaining uncertainty about the value
v 2̄, we have estimatedr2 Dā2

e/e0 @see Eq.~12!# from Eq.
~17! using three different values ofv̄2. In casev̄25v2 ~ap-
proximation A!, we find r2 Dā2

e/e0520.02, wherer2 is the
number density of the pure liquid. If we take forv̄2 the result
obtained from our simulation, we getr2 Dā2

e/e0520.27.
With the value of Letcheret al.obtained for the apolar CCl4
~approximation B!, we get r2 Dā2

e/e0520.05. Clearly, the
value of r2 Dā2

e/e0 is very sensitive to the value ofv̄2 @see

TABLE IV. Physicochemical constants of solvent~cyclohexane! and solute
~18-crown-6!.

d1 ~g/cm3! 0.774a

0.787b

Solvent n1 1.424a

e1 2.015a

M 1 ~g/mol! 84.162

d2 ~g/cm3! 1.090d

Solute 1.041b

n2 1.4575d

M 2 ~g/mol! 264.32

aValues at 25 °C. Taken from Ref. 27.
bCalculated from MD simulation.
cExperimental values at 50 °C. Taken from Ref. 21.
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Table V. In Table V, also, the values ofr2 Dā2
e/e0 calculated

from Eq. ~19! are given#. The above values ofr2 Dā2
e/e0

should be compared withr2a2
e/e0, which is equal to 0.93.

Assuming thatv̄2 in cyclohexane will be close to that in
CCl4, the correctionDā2

e is seen to be rather small. This
seems reasonable in view of the absence of conjugated
saturated bonds in the molecule.

V. DYNAMICAL PROPERTIES

We have seen in Sec. III that the conformational stati
tics of the crown ether molecule in vacuum and in cyclohe
ane are very much alike. In this section we investigate th
dynamical properties of the crown ether molecule, aga
once in vacuum~potential model I! and once dissolved in
cyclohexane. We shall do this by looking at different tim
correlation functions of the molecular dipole.

In vacuum the decay of the dipole–dipole correlatio
function is caused by intramolecular motions, which in ou
case are as violent as to include not only harmonic vibr
tions, but also conformational transitions. In solution, th
decay of the dipole–dipole time correlation function i
caused by intramolecular motions, as well as rotations of t
whole molecule. In order to separate intramolecular motio
from rotations, we define a molecule-fixed reference fram
whosexy plane coincides with the least squares plane of th
D3d structure. The axes are chosen, such that the project
of one of the oxygen atoms on this plane is situated on thex
axis. The origin of the reference frame coincides with th
center of mass of the molecule. Next, we take those norm
mode coordinates of the D3d structure having nonzero fre-
quency, to describe the conformation of the molecule. Eve
conformation of the molecule may then be specified by gi
ing the center of mass, the Euler anglesv5$a,b,g% of the
molecule-fixed frame with respect to the laboratory fram
and the internal coordinatesQ3N265$Q1 ,Q2 ,...,Q3N26%,
whereN is the number of atoms in the molecule. Instead o
giving v, one may also give the rotation matrix, whose co
umns contain the coordinates of the molecule-fixed coord
nate axes with respect to the laboratory frame. Details of t
algorithm used to calculate these parameters for a given
of atomic positions will be given elsewhere.46

Characteristics of the simulations described below ca
be found in Table I.

In Figs. 10~a! and 10~b! are given the correlation func-
tions ^ma(0)ma(t)&Q for the vacuum and the solution, re-
TABLE V. Several results from simulations and experiment.

v2
a v 2̄

a

r2 Dā2
e/e0 ^m2&1/2

Kirkwoodb Guggenheimc Kirkwood Guggenheim

Simulation 404.9 288.3 20.27 20.05 2.04d

Approximation A 404.9 404.9 20.02 0.02 ••• •••
Approximation B 404.9 390.7 20.05 0.01 ••• •••
Experiment 404.9 ••• ••• 3.17d 2.76d

aIn Å3.
bCalculated from Eq.~17!. Compare withr2a2

e/e050.93.
cCalculated from Eq.~19!. Compare withr2a2

e/e050.27.
dIn Debye.
o. 11, 15 September 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4649F. T. H. Leuwerink and W. J. Briels: The dipole moment of 18-crown-6
spectively, where the components of the dipole moments
taken with respect to the molecule-fixed frame. It is seen t
in solution these functions decay exponentially, with corre
tion times tx5105.5 ps,ty530.3 ps, andtz534.8 ps. The
same does not hold in vacuum. The reason for this is that
number of degrees of freedom is too small to produce ex
nential decay; in solution, however, the solvent friction pr
vides a second mechanism to get this result. In accorda
with the definition of the molecule-fixed frame, thex andy
components of the dipole moment behave rather similar
the vacuum simulation, while thez component behaves dif-
ferent. Surprisingly, in the solution it is thex component that
behaves deviant.

FIG. 9. Projections of the oxygen atoms on thexy plane formed by the
principal axes of inertia for~a! minimizedCi conformation;~b! minimized
D3d conformation.
J. Chem. Phys., Vol. 103, NDownloaded¬04¬Nov¬2008¬to¬130.89.112.87.¬Redistribution¬subject¬
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In Fig. 11 the correlation functions
^m~0!–m(t)&Q5(a^ma~0!ma(t)&Q are given, both for the
vacuum and the solution. Apart from a small slowing down
of the decay, it is difficult to identify the influence of the
solvent on the dipole–dipole time correlation function. To
this end, we we have Fourier transformed these function
and plotted the results in Figs. 12~a! and 12~b!. In order to
calculate the Fourier transform of^m~0!–m(t)&Q , we have,
for the liquid, first fitted the part between 1.0 and 10.0 ps to
an exponential function, and subtracted this from the calcu

FIG. 10. Normalized correlation functions of the components of the dipole
moment:^ma~0!ma(t)&/^ma~0!ma~0!&, a5x,y,z. ~a! For the vacuum simula-
tion; ~b! for the solution. Rotation was eliminated from the system~the y
axis on the log scale!.

FIG. 11. Normalized correlation functions of the dipole moment vector for
the gas phase simulation~solid line! and the solution~dashed line!. For this
figure, properties were sampled every five dynamics steps. Notice that th
functions are shown for the time span 0–1 ps.
o. 11, 15 September 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4650 F. T. H. Leuwerink and W. J. Briels: The dipole moment of 18-crown-6
lated correlation function. The result was a function that w
nearly zero for all times larger than 1.0 ps. Fourier transf
mation of this function and adding the analytic transform
the exponential part yielded a curve that was almost equa
the dotted line in Fig. 12~a!, which was obtained by simply
transforming the curve of Fig. 11. As expected, at low wa
numbers the solvent friction has somewhat smoothed
spectrum. We notice that the absence of frequencies ab
900 cm21 in the case of the solvent simulation is due to th
fact that in that case all bonds were constrained to their eq
librium values.

In Fig. 13 the correlation functionŝêa(0)•êa(t)&v of

FIG. 12. Fourier transforms of the dipole correlation functions of Fig. 1
~a! Showing the low frequencies;~b! higher frequencies. Solid lines corre
sponds to the vacuum simulation, the dashed lines to the solution.

FIG. 13. Normalized correlation functions of the coordinate axesêa ,
a5x,y,z of the molecule-fixed frame.
J. Chem. Phys., Vol. 103, NoDownloaded¬04¬Nov¬2008¬to¬130.89.112.87.¬Redistribution¬subject¬
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the coordinate axesêa of the molecule-fixed frame are plot-
ted for the crown ether in solution. We see that these fun
tions decay like perfect exponentials. The two in-plane axe
behave equivalently while the perpendicular axis behave
slightly slower; the decay times aretx548.3 ps,ty549.0 ps,
andtz556.5 ps.

Finally, we expect that the rotations and the intramolecu
lar motions are decoupled to a large extent. If this holds, w
may calculatêm~0!–m(t)&, with the dipole taken in the labo-
ratory frame, according to

^m~0!•m~ t !&5(
a

(
b

^ma~0!mb~ t !&Q^êa~0!•êb~ t !&v

5(
a

^ma~0!ma~ t !&Q^êa~0!•êa~ t !&v .

~20!

Notice that^êa(0)•êb(t)&v is diagonal att50, and will
certainly be zero for large values oft. We have assumed in
Eq. ~20! that ^êa(0)•êb(t)&v will be diagonal at all times at
which ^ma(0)mb(t)&Q differs from zero appreciably. In Fig.
14 we have plotted̂m~0!–m(t)&, once calculated from the
simulation run, and once according to Eq.~20!. We see that
the agreement is fairly good, and that indeed internal mo
tions and rotations are decoupled. We stress that there is na
priori reason for this to be so, because the fluctuating inert
tensor resulting from internal motion might have coupled
both types of motion.

VI. DISCUSSION AND CONCLUSIONS

In this paper we have studied the dipole moment of 18
crown-6. In practice, the dipole moment of this molecule
which cannot be obtained with sufficient concentrations i
the gaseous state, is determined from the dielectric consta
of dilute solutions in nonpolar solvents. For a flexible mol
ecule like 18-crown-6, it is assumed that the conformation
statistics are, to a large extent, the same in the apolar solve
and in the gas phase.

.

FIG. 14. Normalized correlation functions of the dipole moment vector. Th
solid line is the correlation function calculated according to Eq.~20!, and is
the product of the components shown in Figs. 10~b! and 13. The dashed line
is the correlation function calculated from the dipole moments with respe
to the laboratory frame of axes~the y axis on the log scale!.
. 11, 15 September 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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4651F. T. H. Leuwerink and W. J. Briels: The dipole moment of 18-crown-6
We have performed very long molecular dynamic sim
lations of 18-crown-6in vacuo, and in cyclohexane and
made an extensive comparison of the structural characte
tics of the crown ether molecule in both cases.

A. Structural properties

During the twoin vacuosimulations that we have done
theCi conformation was most frequently sampled. Previo
experimental2,3,6,47 and molecular mechanics studies11,48–51

suggest that theCi structure and the D3d structure are among
the lowest-energy conformers of uncomplexed 18-crown
With the first potential model the D3d conformation was
sampled with rather low frequency, while it was not observ
at all with the second model. This is consistent with the fa
that the D3d conformer has unfavorable intramolecular d
pole interactions in a low dielectric environment. Anoth
reason for not sampling the D3d structure may be related to
its low degeneracy. A nonsymmetrical conformation~C1

symmetry! has six nonequivalent permutations that produ
the same conformation. A high-symmetrical structure like t
D3d conformer has only one nonequivalent permutatio
This symmetry related degeneracy makes the possibility
finding a conformation like the D3d structure six times
smaller than a nonsymmetrical conformation.

In the solution, both theCi and the D3d conformations
were not sampled, although on the basis of the distribution
the dihedral angles the crown ether molecule may be view
to fluctuate around theCi conformation. This is consisten
with the fact that 18-crown-6 crystallizes in theCi structure
from apolar solvents. The distribution for the solution w
found to be almost identical to that forin vacuosimulation I.

Besides looking at the sampled conformations and
distributions of the dihedral angles, we have characteriz
the average shape of the crown ether by means of the di
bution of the mass within the molecule by projecting th
positions of the atoms on the planes defined by the eigenv
tors of the inertia tensor. We have applied this procedure
the sampled coordinate sets fromin vacuosimulation I and
to the 18-crown-6 molecule in the cyclohexane solution. T
results for both simulations showed the same characteris
From the projections of the atom positions on the differe
planes, we clearly recognized that for both systems the a
age shape of the crown ether is elongated like the elliptica
shapedCi conformation. Moreover, we were able to divide
for both simulations, the coordinate sets into a small num
of groups. The samples within such a group show the sa
structural features. Many samples were found to resem
theCi structure, although they could not be characterized
such on the basis of the values of their dihedral angles. T
resemblence with theCi conformer is confirmed by the av
erage values of the principal moments of inertia given
Table III. These findings are in agreement with the resu
from the distributions of the torsion angles.

From the calculations we have done with potent
model I, we arrive to the conclusion that conformational s
tistics is actually all but the same in a nonpolar solvent a
in the gas phase.
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B. Dipole moments

In polar media, solute–solvent interactions may chang
this population of conformations. Troxler and Wipff, for in-
stance, who used nearly the same force field for the crow
ether molecule as we did inin vacuosimulation II, found
that theCi and the D3d structures are the highest populated
conformations in acetonitrile. They observed that the lowes
interaction energies between solvent and solute often corr
sponded with a nearly zero dipole moment for the crown
ether. This explains the difference between the dipole mo
ment calculated from the acetonitrile solution~2.14 D!, and
the value we found fromin vacuosimulation II ~2.39 D!. In
case of the isolated crown ether, the conformations will b
populated according to their Boltzmann factors, and the av
erage structure will be more unsymmetrical.

Wipff et al.,11 and later Weineret al.,48 reported aC18
conformation they had constructed and refined with molecu
lar mechanics. This low-energy structure is a combination o
the Ci and the D3d conformation. They stated that thisC18
conformer, with a calculated dipole moment of 1.9 D, could
contribute significantly to the average solution properties o
18-crown-6. This conformation was the second most fre
quently sampled structure~freq. 3.50%! from in vacuosimu-
lation I. For this conformation we calculated an average di
pole moment of 1.77 D. In case ofin vacuosimulation II,
this conformer appeared as number 12 on the frequency lis
with an average dipole moment of 2.18 D. During the MD
run of the cyclohexane solution, this structure was not ob
served, but the most frequently sampled one~freq. 10.18%!,
also ofC1 symmetry, shows much resemblance with the on
of Wipff and Weiner. It gave an average dipole moment o
1.90 Debye.

All potential models so far yielded a dipole moment of
about 2 D. Although they are consistent among each othe
the predicted dipole moments are at variance with the exper
mental one, which has been reported to be 2.76 D.22 There-
fore we have carefully reanalyzed the formulas used to ca
culate the dipole moment from the measured dielectri
constants. We started off from the exact equation of Kirk
wood. The collective quantityx0 was next written as the sum
of molecular contributions. This yields a definition of the
effective molecular dipole moment, which in liquids having
low dielectric constants may expected to be a true molecula
quantity. In principle, however, this molecular quantity de-
pends on the polarizability of the solvent. This differs from
the usual interpretation of the experimental results that i
based on the Debye theory. This method also yields an e
fective molecular dipole moment but based on the mean fie
approximation. Using our final expression, Eq.~16!, we have
calculated the dipole moment of the 18-crown-6 molecule
and found a value that differs even more from the theoretica
one than the previously reported result. This makes us co
clude that the charges that have been used in all potent
models so far may, at best, be treated as effective charge
which, in combination with the van der Waals part, yield a
reasonable potential energy. In our opinion, to make furthe
progress is to explicitly incorporate polarizabilities into the
potential model. Polarizabilities may be expected to be im
o. 11, 15 September 1995to¬AIP¬license¬or¬copyright;¬see¬http://jcp.aip.org/jcp/copyright.jsp
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portant in 18-crown-6 because of the presence of the ra
polarizable oxygen atoms. Recently, a model for water h
been proposed in which the polarizability was modeled
the use of fluctuating charges.52 This model proved to be
rather successful in reproducing both the diffusion const
and the dielectric properties of water.

C. Fluctuations of the dipole moment

Finally, we have investigated the dynamics of the crow
ether molecule in the gas phase and in solution by looking
the dipole–dipole time correlation functions. Rotations we
removed from the systems. In cyclohexane, friction with t
surrounding solvent plays an important role, leading to
exponential decay of the dipole–dipole correlation functio
For the isolated molecule no exponential decay was
served. We have seen that the solvent slows down the
namics of 18-crown-6. The correlation times determin
from Fig. 10~b! are longer than possible correlation time
from Fig. 10~a!. For the solution we found that rotation o
the molecule in the solvent and intramolecular motions of t
crown ether are almost decoupled.
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