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The melting diagram of the system 18-crown-6/water has been set up and the existence of
four binary hydrates confirmed. Crystal structures have been determined for three of these,
in addition to that for the hexahydrate already published. The hydrates are monoclinic, a
tetrahydrate (previously reported as a 4.5-hydrate) with space group P2|/c and Z = 2 formula
units per unit cell, an octahydrate with I2/a and Z = 4, and a dodecahydrate with P2i/n and Z= 2.
In each structure the crown ether molecule has the (pseudo) D.^ conformation common for many
of its complexes, and is immediately hydrogen-bonded by a group of four water molecules in
a similar, characteristic pattern. In the tetrahydrate, with one of the waters disordered, the total
connectivity is that of a 1D chain, while the overall structures of the octa- and dodecahydrate
are 3D networks. Four of the six independent water molecules in the dodecahydrate are linked
with each other into a rare 2D ice-like layer.

Introduction
The binary system 18-crow n-6/w ater is o f w ide
spread interest for its significance in coordination
and supram olecular chem istry. M any experim en
tal [2] and com putational [3] studies o f real and
model states o f the hydrated prototype m acrocyclic
poly ether have been reported over the years. Binary
solid phases o f the system have been established
only recently, and crystal structures determ ined, in
part in this laboratory, o f a hexa- [4,5] and a do
decahydrate [5]. The follow ing is a com pletion o f
this work, including the entire m elting diagram o f
the system and the structures o f its rem aining com 
pounds, a tetra- and an octahydrate, as w ell as the
redeterm ined one, for a com parable presentation, o f
the dodecahydrate.
Experiments and Calculations
The melting diagram of the system was set up by
DSC and temperature-dependent X-ray powder diffrac
tion. Mixtures in varied proportion of the crown ether
(Merck-Schuchard, >99%) and distilled and degassed wa
ter were prepared in a nitrogen atmosphere and homoge
nized, where necessary, in a warm water bath. For DSC

* Reprint requests to Prof. Dr. Dietrich Mootz.
0939-5075/97/0500-0615 $ 06.00

©

(Mettler DSC 30), samples of 15 to 45 mg in mediumpressure steel crucibles were rapidly cooled to -150°C
and then heated to 50°C with a rate of 2°C/min. X-ray
powder diffraction, with the samples in thin-walled glass
capillaries, was studied in the same temperature intervall
on a Guinier-Simon camera.
Single crystals of three hydrates of the crown ether
were grown in situ on a four-circle diffractometer
(Siemens AED2) equipped with an adjustable cold gas
stream. A miniature zone-melting [6] was applied, with
samples of stoichiometric composition in glass capillaries
of 0.3 mm diameter. Crystallographic data were obtained
as usual and reflection intensities collected with variable
omega/theta scan. Alle measurements were done with the
crystals at -150°C and using ^raphite-monochromatized
MoKa radation (A = 0.71073 A). Corrections for absorp
tion were not considered necessary.
The structures were solved by direct methods and re
fined on F2 with all independent reflections (Fl > -3 a f).
All H atoms were located in electron density difference
maps and included in the refinement. For structure solu
tion and drawing, the program system SHELXTL PLUS
[7] was used on a VAX-Station 3200 (Digital), for refine
ment SHELXL93 [8] on a PC. Some experimental and
computational details of the structure determinations are
given in Table I. Further details may be obtained from
the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany), on quoting the de
pository numbers CSD 405915 (tetrahydrate), 405916
(octahydrate) and 405917 (dodecahydrate).
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18-Crown-6 • n H2O

n=4

n=8

n = 12

Mp [°C]
Measuring temp. [°C]
Crystal system
Space group; Z
Lattice constants a [A]
HA]
c [A]
ß [°J
V[A3]
Calcd. density [g/cm ]
Range of 2 0 [°]
Unique data: obsd.a; all
Reflections for refinement
Variables in last cycle
R(F) (obsd.); wR(F2)
Weighting: m\ nb
Ap: min.; max. [eA-3 ]

23
-150
monoclinic
P2,/c; 2
7.484(8)
14.26(1)
8.37(1)
95.1(1)
890(2)
1.256
3 -6 5
2350; 3085
3083
177
0.040;0.120
0.062; 0.167
-0.21:0.32

17
-150
monoclinic
I2/a;4
14.727(7)
7.506(4)
20.39(1)
98.73(4)
2228(2)
1.218
3 -7 0
3669; 4908
4855
202
0.051; 0.142
0.033; 1.851
-0.22; 0.40

11
-150
monoclinic
P2,/n; 2
9.357(5)
7.360(4)
19.28(1)
92.99(3)
1326(1)
1.204
3 -6 0
3036; 3863
3842
247
0.046; 0.135
0.043; 0.816
-0.27; 0.29

Table I. Summary of crystallographic
data and some numbers related to the
structure determinations.
4<tf ;
b w = 1l[a2(F20) + (mP)2 + nP}\
P = (F2+ 2Fl2)/3.
a IF0I >

Results and Discussion
Existing hydrates

18-crown-6

—

—

mol% - H20

mol% - H.,0

h 2o

The m elting diagram with liquidus and solidus
effects, albeit not always observed separately, is
show n in tw o parts in Fig. 1. A lower hydrate (pos
sibly a m onohydrate, decom posing above 19°C to
the solid anhydrous crown and its tetrahydrate) is
indicated by dashed lines only since evidence from
the DSC is incom plete. Existence o f this hydrate
is supported, though, by the X-ray pow der work,
w hile attem pts to grow a single crystal failed. Four
m ore hydrates are found and confirm ed both by their
phase relations and crystal structures. These are the
hydrates 18-crown-6 • n H 2O with n = 4, 6, 8 and
12. They m elt at 23, 24, 18 and 11°C, respectively,
the latter tw o incongruently.
In a com prehensive study o f the system by R a
man spectroscopy at liquid nitrogen tem perature
[2], probably the same four solids have been char
acterized, referred to as the hexahydrate o f known
crystal structure [4], a low er hydrate (with n given as
4.5) and tw o higher ones. In that study the liquidus
lines have been determ ined, too, with only slightly
different tem peratures for obviously the same set of
singular points as in the present work.

h 2o

Crystal structures
Fig. 1. The melting diagram of the system 18-crown6/water. Points as obtained by DSC. The range 80-100
mol % water, with an enlarged scale, is shown separately.
No more phases were observed down to -150°C. For the
dashed lines, see text.

The crystal structures presented here are those of
the three hydrates with n = 4, 8 and 12. The crys
tallographic data are listed in Table I. The structure
o f the hexahydrate has already been reported in de-
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Fig. 2. The centrosymmetric macrocycle with (pseudo)
D3d conformation and immediate hydration by four water
molecules each. From top to bottom: tetra-, octa- and
dodecahydrate. For Ow2 disorder in tetrahydrate, see text.
Symmetry code as in Tables III - V.
Table II. Bond lengths and bond and torsional angles of
the crown ether molecule in the three hydrates. Mean
values, with standard deviations a n~\ in parentheses.
18-Crown-6 • n H20

n=4

n=8

n = 12

C-O [Ä]
C-C [A]
C-O-C [°]
C -C-0 [°]
C-C-O-C [°]
O-C-C-O [°]

1.422(6)
1.499(3)
112.0(4)
109.2(7)
177(2)
70(1)

1.426(4)
1.496(2)
111.9(6)
109.3(7)
174(2)
69(2)

1.428(4)
1.500(2)
112.2(10)
109.5(8)
172(2)
69(3)

tail [4]. On the o ther hand, what is published o f
the dodecahydrate structure is only an overall draw 
ing in the abstract o f a m eeting w ithout supporting
data [5].

617

Fig. 3. Larger parts of the structures with all molecules
and most of the hydrogen bonds. H atoms of crown omit
ted. Top: the ID chain in the tetrahydrate; center: the 2D
layer in the octahydrate, when disregarding only one of
the hydrogen bonds; bottom: the dodecahydrate. For tech
nical reasons hydrogen bonds with the proton disordered
are drawn with the line from one of the half-occupied
positions to the other. Symmetry code as in Tables III - V.
In each o f the three structures the crow n ether
m acrocycle is located around an inversion center of
the space group, but com es close to the higher sym 
m etry 0 3 d (Fig. 2; pseudo m irrors and tw ofold axes
through each pair o f opposite O atom s and m id
points o f C-C bonds, respectively). M ean values of
bond lengths and bond and torsional angles are as
sem bled in Table II. For com plexes o f the crown
ether the (pseudo) 0 3 d conform ation is prom inent.
In particular, it has also been observed in the crys
tal structure o f the hexahydrate [4] and for all the
hydrates in the aforem entioned Ram an study [2].
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Table III. 18-Crown-6 ■4 H 2O: Geometry of the hydrogen
bonds.

Table V. 18-Crown-6 • 12 H :0: Geometry of the hydrogen
bonds.

Hydrogen bond

O -O /A O-H/A H -O /A O -H -O /0

Hydrogen bond

O -O /A O-H/A H -O /A O -H -O /0

O w l-H w l 1—01
O w l-H w 1 2 - 0 7
Ow2A-Hw21—0 4 a
O w 2A -H w 22-O w l
O w 2B -H w 22-O w l
Ow2B-Hw23—Ow2Ab

2.875(4)
2.942(3)
2.862(4)
2.684(4)
2.884(4)
3.026(6)

Owl- H w l l - O l
Owl- H w l2 —0 7

2.790(2)
2.804(2)
2.801(2)
2.759(2)
2.744(2)

0.88(2)
0.86(2)
0.74(4)
0.77(3)
1.01(3)
0.75(4)

2.01(2)
2.10(2)
2.14(4)
1.93(3)
1.93(3)
2.29(4)

169(2)
163(2)
163(4)
164(3)
157(2)
166(5)

a 1 —x, 1 - y, 1 —z; b 1 - x, 1 —y, —z.

Table IV. 18-Crown-6 • 8 H 2O: Geometry of the hydrogen
bonds.
Hydrogen bond

O -O/A O-H/Ä H - O/A O-H -O/0

O wl- H w l l - O l
Owl- H w l 2 - 0 7
Ow2- Hw21 - 0 4 a
Ow2- Hw22—Owl
Ow3- H w 32- Ow4b
Ow3- ••Hw42b-O w 4b
Ow3- Hw31—Ow2
Ow3- Hw33—Ow3e
Ow4- H w 41-O w 2
Ow4- H w 4 3 -O w 4 d

2.899(2)
2.873(2)
2.775(2)
2.706(2)
2.769(2)

a 1/2 - x, 1/2 - y, 1/2
d 1/2 - x, y, 1 - z.

2.800(2)
2.797(3)
2.832(2)
2.748(3)

0.83(2)
0.82(2)
0.79(3)
0.85(2)
0.72(5)
0.74(5)
0.81(2)
0.77(4)
0.82(2)
0.75(4)

2.09(2)
2.07(2)
1.99(3)
1.87(2)
2.06(5)
2.04(5)
1.99(2)
2.03(4)
2.01(2)
2.00(4)

168(2)
169(2)
171(2)
171(2)
172(5)
174(4)
174(2)
174(4)
178(2)
176(4)

z; b 1 —x, 1 —y, 1 - z; c 1 —x, - y , 1 —z;

The im m ediate hydration o f the m acrocycle is
also very sim ilar in the three structures, involving
each tim e a total o f four (two independent) w ater
m olecules (Fig. 2). W ater O w l donates hydrogen
bonds to the crow n O atom s O l and 0 7 , secondnearest to each other around the ring, and w ater O w 2
to O w l and - in the tetrahydrate only from position
A o f a tw ofold 50 : 50 disorder - to the rem aining
ring O atom 0 4 a. (For position B o f the disorder see
below, the distance A B is only 0.63 A.)
The arrangem ent is different from that in the hexahydrate [4] w here O w 2 does not bond directly to
O w l but via O w 3 o f that structure. However, the
hydration corresponds to w hat has been found in
the crystal structures o f two ternary hexahydrates
o f the crown with one m ole o f hydroquinone [9] and
two moles of phosphoric acid [10], respectively. The
same pattern has also been obtained in one o f the
M onte Carlo sim ulations o f the crow n in an aqueous
environm ent [11].
Larger parts o f the structures, w ith the crown and
all w ater m olecules and also m ost o f the rem aining
hydrogen bonds shown, are assem bled in Fig. 3

Ow2- Hw21—0 4 a
Ow2- Hw22—Owl
Ow3- Hw32—Ow5
Ow3- •Hw52-Ow5
Ow3- Hw33—Ow6
Ow3- •Hw63-Ow6
Ow3- Hw31—Owl
Ow4- Hw41 —Ow2
Ow4- Hw42—Ow6b
Ow4- ■Hw62b-O w 6b
Ow4- Hw43—Ow5c
Ow4- •Hw53c-O w5c
Ow5- Hw51 —Ow4
Ow6- Hw61 —Ow3d

2.754(3)
2.810(2)
2.731(2)
2.748(2)
2.747(3)
2.779(2)
2.800(2)

0.78(3)
0.88(3)
0.83(3)
0.85(3)
0.81(5)
0.80(5)
0.87(6)
0.85(6)
0.80(3)
0.90(3)
0.88(5)
0.74(6)
0.60(6)
0.86(5)
0.87(4)
0.84(3)

2.03(3)
1.93(3)
1.98(3)
1.91(3)
1.93(5)
1.95(5)
1.89(6)
1.90(6)
2.02(3)
1.84(3)
1.87(5)
2.02(6)
2.22(6)
1.90(5)
1.91(4)
1.97(3)

168(3)
174(2)
172(2)
173(2)
173(5)
172(4)
172(5)
176(5)
168(3)
172(3)
176(4)
172(5)
148(8)
171(4)
177(3)
170(3)

a 1 - x, 1 - y, 1 - z; b 1 + x, y, z; c 3/2 - x, 1/2 + y, 1/2 - z;
d 1/2- x , -1 /2 + y, 1/2- z .

referred to in the follow ing. Distances and angles
for all hydrogen bonds are given in Tables III to V.
In the structure of the tetrahydrate, O w 2 in po
sition B, as shown on the other side o f the crown
(c f Fig. 2), donates one hydrogen bond again to the
respective Ow 1, but the other to an O w 2A o f an adjacent hydrated crown unit. In this way a ID chain
is generated along the c axis direction.
In the structure of the octahydrate alm ost all hy
drogen bonds are contained within a 2D layer par
allel (I 0 1). There is only one rem aining bond, b e
tween two Ow4 across a twofold axis o f the space
group, and consequently with two “h alf” protons,
w hich links successive layers into an ultim ately 3D
network. The layer features a six-m em bered ring o f
w ater molecules, and the proton disorder is spread
over tw o more hydrogen bonds, one across an in
version center and the other in a general position.
In the 3D structure o f the dodecahydrate there is
no sim ilarly eyecatching 2 D segm ent com prising
all m olecules as in the octahydrate. The reason may
be that there is no hydrogen bond of a reduced m ul
tiplicity across a sym m etry elem ent (nevertheless,
there is a twofold disorder of the protons in four o f
the hydrogen bonds). However, on disregarding the
crown and its im m ediate hydration and considering
only the w ater m olecules Ow3 to Ow6, a notew or
thy connectivity pattern does emerge. This is an
ice-like layer (ice Ih) o f condensed six-m em bered
rings, two independent ones, around z - 1/4 (Fig. 4).
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The occurence o f 2D ice as a unit in com plex crys
tal structures is quite rare. Two exam ples, in higher
hydrates o f haloacetic acids, have recently been ob
served in this laboratory [12], and a few more are
referred to in that paper.
In each o f the three structures, hydrogen bonds
also o f the type C -H - O can be recognized. H ow 
ever, because o f the relative w eakness o f these in
teractions, listings o f the respective interatom ic dis
tances and angles are not given.
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Fig. 4. Ice-like 2D layer of water molecules Ow3 to
Ow6 in the dodecahydrate. For hydrogen bonds with pro
ton disorder, see legend to Fig. 3. Symmetry code as in
Table V.
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