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Crystalline Complex of 18-Crown-6 with Water and a Phase Diagram of the Binary

System as studied by Raman Spectroscopy
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The formation of a crystalline complex of 18-crown-6 with water has been shown for the first time by Raman
spectroscopy; the Raman spectral observations, incorporated with the measurement of the liquidus, lead to a phase
diagram of this binary system, indicating that the molar ratio of 18-crown-6 to water in the complex is

approximately 1:4—6.

The importance of water in complexation by crown ethers has
been discussed by various authors! and a number of complexes
in which metal ions and water molecules, or neutral organic
molecules and water molecules, are simultaneously bound to
the crown ether ligand have been reported.2—8 Exclusive
inclusion of water molecules in the complex has also been
found for several macrocyclic polyethers.?—11 It is surprising,
however, that no crystalline complex of a binary system of
18-crown-6 and water has been reported.>-11 We report here
the first experimental evidence by Raman spectroscopy for the
formation of a stable complex of 18-crown-6 with water.
Raman spectroscopy!? is a powerful technique for studying the
structure of molecules in various states of aggregation; the
spectra are particularly sensitive to the conformation of the
molecule. The nature of the normal vibrations responsible for
the Raman spectra of 18-crown-6 and other oxyethylene
compounds has been investigated in detail in our previous
studies.13.14 The results have been utilized in the present work
to identify the conformation of 18-crown-6 in the complex. A
phase diagram of the 18-crown-6-water system is also presen-
ted in this communication on the basis of the Raman spectral
observations and measurements of the liquidus (freezing
curve).

Components of the 18-crown-6—water system with various
compositions were prepared and maintained at appropriate
temperatures between 40 and —195 °C. After equilibrium
had been reached, Raman spectra were measured on the
crystalline solid phase at fixed temperatures. The spectra
observed at various compositions and temperatures were
examined with reference to the spectra of 18-crown-6 and a
number of its complexes whose structures have been estab-
lished by X-ray diffraction studies; typical examples are
uncomplexed 18-crown-6 with C; molecular symmetry!> and
complexes with KSCN, LiSCN-H,O, and urea with a ring

symmetry of D3y, Cs, and C; (of different conformation from
the uncomplexed 18-crown-6), respectively.16—18

Of the various compositions of the 18-crown-6—water
system studied, we discuss the phase behaviour and Raman
spectral observations for several selected compositions, which
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Figure 1. Raman spectra of the crystalline solid of the 18-crown-6-
water system (b—d) and related substances: (a) uncomplexed neat
18-crown-6 crystal at —195 °C; (b) 92 wt% composition at 25 °C; (c) 92
wt% composition at 0°C; (d) 92 wt% composition at —195°C; (e)
KSCN complex of 18-crown-6 at —195°C.
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Figure 2. Raman spectra of the crystalline solid of the 18-crown-6—-
water system: (a) 70 wt% composition at 22°C; (b) 70 wt%
composition at —195°C; (c) 49 wt% composition at 0°C; (d) 49 wt%
composition at —195°C.

suffice for construction of the phase diagram and hence
confirmation of the hydration complex formation. The Raman
spectra for these compositions at various temperatures are
shown in Figures 1 and 2. When the liquid substance of the
binary system with a 92 wt% composition of 18-crown-6 was
gradually cooled, crystals began to grow at 28 °C and the
coexistence of the liquid and crystalline solid phases persisted
down to 23 °C. Below this temperature, the liquid phase
disappeared and transformed completely into the crystal. The
Raman spectra of the crystalline solid for this composition
show interesting features depending on the temperature.
Although the crystal is partly melted, the spectrum at 25 °C
(Figure 1b) coincides completely with that of the uncomplexed
neat 18-crown-6 crystal (Figure 1a). The Raman bands at 416
and 582 cm~! are characteristic only of the C; conformation.14
It is indicated, therefore, that the 18-crown-6 molecule in the
crystalline solid phase in equilibrium with the liquid phase
takes the C; conformation. The spectra observed below 23 °C
(Figures 1c and d) are essentially the same, but are appre-
ciably different from the spectra observed above 23 °C;
namely, the lower temperature spectra give several new bands
which are not found at higher temperatures. Spectral exami-
nation indicates that these additional bands coincide entirely
with the bands observed for the KSCN complex with the D3,
conformation (Figure le) but do not agree with the bands for
any other complexes with different conformations. These
spectral observations demonstrate that, at the 92 wt%
composition of the 18-crown-6—-water system, the molecules in
the C; and Ds,; conformations coexist in the solid phase at
temperatures below 23 °C.

In the 18-crown-6-water systems with compositions of 70
and 49 wt%, crystallization started at 24 and 15 °C, respec-
tively, when the substance was cooled. The crystallization was
completed at —2°C. The Raman spectra of the crystalline
solid phase are substantially the same irrespective of the
composition and temperature (Figures 2a—d) and are in
agreement with the spectrum of the KSCN complex (Figure
le). The molecule in the crystal is thus shown to have the Dsy4

+ The observed wavenumbers and the results of normal co-ordinate
calculations for 18-crown-6 and various complexes are available from
one of the authors (H. M.) on request.
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Figure 3. Approximate phase diagram of the binary system of
18-crown-6 and water. L: liquid (aqueous solution of 18-crown-6);
18C6 (C;): solid of uncomplexed 18-crown-6 with the C; conformation;
18C6-H,0(D3y): solid of the 18-crown-6-water complex with the D1y
conformation. O: experimental points of liquidus (freezing curve): @:
experimental points of solidus (melting curve).

conformation. The Raman bands observed at 285, 365, and
549 cm~—1 are consistent only with the D3, conformation.!4 Itis
noteworthy that these spectra exhibit distinctive Raman bands
in the region above 3450 cm~!, assignable to the O-H
stretching vibrations of water molecules bound firmly to the
ether oxygens of 18-crown-6. For temperatures below —2°C,
the spectra show the O-H stretching bands due to ice I'%in the
region 3050—3350 cm—!. These spectral observations for the
70 and 49 wt% compositions indicate that, in the higher
temperature region down to —2°C, the 18-crown-6-water
complex with the D3, conformation is in equilibrium with the
liquid phase, while in the lower temperature region, this
hydration complex coexists with ice.

Measurements of the liquidus are essential for determining
the molar ratio of the component compounds in the complex.
The results for the 18-crown-6-water system show a maximum
freezing temperature (congruent melting point) at a composi-
tion of 70—80 wt%; the ill-defined maximum makes sharp
determination of the exact composition difficult. The phase
behaviour thus observed and characterized by the Raman
spectra and the liquidus leads to a phase diagram as shown in
Figure 3. This is typical of phase diagrams for condensed
two-component systems with stable compound formation
(e.g., the p-toluidine—phenol system).20 At a composition of
70—80 wt%, the stable crystalline solid of the hydration
complex solely exists at temperatures below the congruent
melting point (approximately 24 °C). This composition corres-
ponds to a molar ratio of 18-crown-6 to water of 1:4—6.
Although the exact stoicheiometry is undetermined in the
present work, the formation of a real hydration complex of
18-crown-6 is now proved by the existence of the congruent
melting point.2¢ In the phase region denoted by [18C6-
H,O(D3,)] + [18C6(C;)] in Figure 3, the solid of the hydration
complex 18-crown-6—water with the D5, conformation and the
solid of uncomplexed 18-crown-6 with the C; conformation
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coexist, while in the region [18C6-H,O(Ds,)] + ice, the
hydration complex and ice coexist. In the latter region, all the
18-crown-6 molecules are complexed with a surplus of water
molecules, but in the former region, there are insufficient
water molecules to complex all of the 18-crown-6 molecules.
The Raman spectra have thus presented clear evidence for the
Ds3, conformation of 18-crown-6 in the complex.

According to the Monte Carlo calculations,?! the Djy
conformation of the 18-crown-6 molecule is most stabilized in
an aqueous environment. The present experimental finding of
the D3, conformation in the crystalline complex agrees nicely
with this theoretical prediction. The previously evaluated four
co-ordinating water molecules for both faces of the macro-
cyclic ring?! also conform with our results.
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