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The solubility behaviour of 8-cyclodextrin in aqueous mixtures was studied by determining the interactions between
the co-solvent and water. Three clear classes of co-solvent are evident. In the first, including ethanol, tetrahydrofuran
and acetone, there is formation of clathrate hydrates by the co-solvent. In these systems the solubilization is a
maximum at the mole fraction corresponding to the minimum in the partial excess molar volume. The second class,
including such solvents as dimethyl sulphoxide and pyridine, forms strong molecular complexes with water, and here
a valley and a plateau region occur in the solubility values. In the third class, including formamide and urea, a steady
increase in the solubility is observed. For these highly polar solvents no maxima are observed in intrinsic solvent

properties such as the partial excess molar volume.

INTRODUCTION

B-Cyclodextrin( 8-CD), a cyclic oligosaccharide having
seven a-1,4-linked glucopyranose units, has been widely
applied for the inclusion and transport of hydrophobic
substrates within its cavity.! However, its utility is
limited by a low intrinsic solubility, 20 gL ™!, coupled
with a decrease in solubility on complexation.
Numerous workers have studied the effects of
co-solutes?~> or co-solvents® !® on the solubility of
B-CD. We have extended this work to cover a wide
range of solvents and the full range of mole fractions
from 0 to 100%. As aresult of this more comprehensive
study, three separate classes of solvent may be defined
in terms of the solubility of 3-CD in agueous mixtures.
A detailed model of the solubility behaviour requires an
understanding of the exact structure of water and how
this structure is modulated by co-solvents.!! An exact
model not being currently available, however, the solu-
bility behaviour may be empirically linked to intrinsic
solvent properties, such as the partial excess molar
volume, which effectively measure this modulation of
the ‘normal’ structure of water by the co-solvent. This
allows a ‘predictive’ approach to the solubilization to
be used for those solvents for which properties depen-
dent on the modulation of the water structure have been
measured (in general, the necessary information may be
found in Ref. 12).
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The three classes show the following characteristics:
type A, a maximum in the solubilization for solvents
forming clathrate hydrate systems; Type B, two regions
separated by a sharp break (a valley and plateau system)
for solvents forming strong molecular complexes with
water; and type C, a simple increase in solubility for
very polar solvents. The last type of behaviour may also
be extended to ionic co-solutes in terms of their activity
constants.

EXPERIMENTAL

The procedure utilized has been described in detail
elsewhere.® In general, solutions of the aqueous mix-
tures are prepared to a set volume, to which 8-CD is
added. The solutions are then stirred in a thermostated
bath (20 +0-5 °C) for 48 h to allow maximum dissolu-
tion to occur. For those systems in which solid §8-CD
remains, it is assumed that saturation has been reached,
and the solutions are filtered and the concentrations
determined from measurement of the optical rotation,
using a Perkin-Elmer Model 241C polarimeter. For sol-
utions in which the B-CD is completely dissolved, a
further quantity of solid 3-CD is added and the exper-
iment is repeated until saturation occurs.

The validity of the use of optical rotation to deter-
mine the concentration is confirmed by dissolution of
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known quantities of 3-CD in the various solvent mix-
tures and subsequent measurement of the optical
rotation. Plots of concentration versus ap for all
solvent mixtures are linear and give values the same as
that in water, 163 °C dm? g~*. ' Validation of the solu-
bility is obtained by taking quantities of 8-CD slightly
above and below the experimentally determined values
and carrying out the solubility measurement. In 95% of
cases confirmation was observed and for the remainder
lower solubilities were observed; repetition of the basic
experiment twice gave solubilities consistent with the
validation experiments in all cases.

In view of the above, we consider the technique used
to be reliable and accurate, giving solubilities accurate
to +0-01 g per 100 mlL.

RESULTS

The complete solubility data for 8-CD in all the sol-
vents used are given in Table 1.

The solubility curves for §-CD in ethylene glycol
dimethyl ether (1), dimethylformamide (2) and for-
mamide (3) aqueous mixtures are presented in Figures
1, 2 and 3, respectively. It is apparent that the behav-
iour in each solvent system is different,

In 1, the solubility rapidly increases from the basal
(100% aqueous) value of 1-8 per g 100 ml to reach a
maximum of 3.8 g per 100 ml at 2% mole fraction 1,
followed by a decrease to give an effective zero solubi-
lity at 100% 1. For concentrations of 1 above 5% the
observed solubility is lower than the basal value.

In 2 the observed solubility remains constant at the
basal value until 30% mole fraction 2, there is then an
increase to 5 g per 100 ml at 35%; between 35 and 40%
mole fraction 2 the solubility increases dramatically to
26 g per 100 ml. After this increase there is a plateau
region of constant solubility to 90% mole fraction, fol-
lowed by small decline to a 100% mole fraction solubi-
lity of 24 g per 100 ml.

For 3, the most polar of these solvents, the solubility
increases linearly to a value of 7 g per 100 ml at 40%
mole fraction 3, there is then a second linear increase
with a steeper slope until the maximum solubility of
40 g per 100 ml~! is observed at 100% mole fraction 3.

Comparison with our previous results using other
solvent systems®!® plus the observed values for
urea—water mixtures’ allow a more general
classification to be obtained: class A solvents are
methanol, ethanol, propan-l1-ol, propan-2-ol, tetra-
hydrofuran, acetonitrile, ethylene glycol dimethyl
ether, acetone and dioxane; class B solvents are
dimethyl sulphoxide (DMSO, pyridine and dimethylfor-
mamide (DMF); and class C solvents or solutes are for-
mamide, urea and ionic salts. '3

The maximum solubilities of 8-CD in the mixtures
and the co-solvent mole fractions for which maximum
solubilization occurs are given in Table 2.

In class A solvents there is a maximura in the solubi-
lization effect, which is solvent dependent but generally
at low mole fractions of co-solvent. In c¢lass B solvents
a valley—plateau system is observed with a break point
occurring at cg 33% mole fraction for both DMSO and
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Figure 1A. Solubility curve for 8-CD as a function of concentration of ethylene glycol dimethyl ether
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Table 2. Maximum solubility of 8-CD in various solvents and mole fraction concen-
tration for maximum solubilization

Mole fraction

Class Solvent for maximum el™
A Methanol 0 (22)! 18-5
Ethanol 10 22
Propan-2-ol 8 70
Acetonitrile 8 37
Tetrahydrofuran 5 22
Ethylene glycol dimethyl ether 2 38
Acetone 7 47
Dioxane 5 23
B Dimethylformamide 40 365
Dimethyl sulphoxide 40 770
Pyridine 65 70
Ethylene glycol 80® 29
C Formamide 100 400

*Methanol shows an inflection in the solubility at 22% corresponding to A type.
®Ethylene glycol shows an initially decreasing solubility followed by a plateau-type behaviour.

DMF and at ca 50% mole fraction for pyridine. In class
C systems there is a steady increase in solubility with
increasing co-solvent or co-solute concentration.

DISCUSSION

In order to understand better the classification of
solvent systems, Figures 4(a), 5(a) and 6(a) show the
solubility plots for propan-2-ol, DMSO and DMF, and
Figures 4(b), 5(b) and 6(b) show the equivalent plots of
partial excess molar volumes, adapted from Franks.!*

The correlation between the two types of measure-
ment is striking, and general for all class A and B sol-
vents. In class A solvents there appears to be a general
curve for the decrease in the solubility of 8-CD which
is overlaid by a solvent-specific effect, the shape and
size of which are apparently related to thermodynamic
measures of solvent structure modulation such as the
partial excess molar volume. In class C formamide
shows a good correlation with such properties, but for
ionic salts a similar inherent property, such as activity,
is a better measure.

Within class A the alcohols show a maximum in the
solubility at the mole fractions observed to give rise to
maxima in the thermodynamic and other data which
may be related to structural modulation.!! In the case
of methanol there is an inflection point in the
decreasing solubility curve at 22% mole fraction, corre-
sponding to the maximum mole fraction for changes in
the thermodynamic functions. Identical effects have
been observed for a- and y-CDs by Okada er a/.'® but
not correlated with solvent properties.

For solvents such as acetone, tetrahydrofuran and
acetonitrile the available thermodynamic data are more

sparse, but still correlates well. Tetrahydrofuran forms
a stable clathrate of stoichiometry 15 H,O:1 THF,"
giving a mole fraction of 5% and thus fitting with the
observed maximum value for the solubilization.
Acetone also forms a clathrate hydrate, * and measure-
ments using infrared spectroscopy on the influence of
acetone on the hydrogen bonding in water show a
maximum effect at 25 °C for a mole fraction of 7%,
again in close agreement with the maximum solubiliza-
tion. Acetonitrile is generally treated as causing a
breakdown in the structure of water and does not
appear to form a clathrate hydrate. The only evidence
for a structural modification of water by this solvent
comes from the modification of the absorption energy
in the ultraviolet spectrum of dilute solutions of KI,
regarded as a measure of the change in water—water
interactions; the observed maximum effect occurs at a
mole fraction of 8%,%° again in agreement with the
value for maximum solubilization of 3-CD.

The classes may now be related to general types of
interaction with water. Franks'’ has detained the class
A solvents as part of the group of ‘solvophobic solutes’
which form clathrate hydrates with water. Such for-
mation leads to a stabilized deformation of the struc-
ture of water until the point where all the water
molecules are involved in cavity formation in the
clathrate hydrate structure. As we have noted pre-
viously, there is an inherent incompatibilty between the
dynamic hexagonal structure of water and the sevenfold
symmetry of 8-CD, hence this restructuring of water
should lead to more favourable interactions with 3-CD
and hence an increased solubility.

At concentrations higher than that for the maximum
in effect on partial excess molar volume, according to
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Figure 4. Solubility curve for 8-CD as a function of concentration of propan-2-ol and the equivalent curve for the partial excess
molar volume

Franks water is ‘squeezed’ out of the clathrate and
relaxes to its normal structure.!® This, coupled with a
low basal solubility of 8-CD in the organic solvents,
leads to a rapid decrease in the observed solubility.

In contrast, the class C solvents belong to the group
of relatively well behaved systems in their interactions
with water, Here the strong polar forces lead to a
gradual reorganization of the structure of water about
the solvent molecule; this reorganization may be treated
in terms of structure making or structure breaking, !’
each of which implies a different restructuring of water;
urea and the other systems discussed here are structure
breakers. This effect reduces as a function of co-solvent
the hexagonal dynamic water structure and hence the
expected increase in solubility is observed.

The class B solvents present a very different problem;
here the systems are typified by the formation of strong
molecular complexes between the co-solvent and water.
The stoichiometry of these complexes is determined by
the hydrogen bond-forming capacity of the molecule;
pyridine bonds to only one water molecule but DMSO
and DMF bond to two. Hence the break points in the

behaviour would be expected to arise at mole fractions
of 50%, 33% and 33% respectively, as is observed. For
these solvents the physical and solvation properties are
best treated in terms of free solvent and a molecular
complex; in the respective zones in which one solvent is
present in excess the system behaves as if this solvent
were pure, hence the plateau. The lack of variation in
the solubility implies that sufficient free solvent is
available to solvate the cyclodextrin outside the zone of
change between valley and plateau; this is reasonable as
in the case of water the low solubility of 3-CD would
involve small quantities of water even if large hydration
numbers are postulated (probably around 25 molecules
in the first hydration sphere), and in the case of the
second solvent the higher solubility is probably com-
pensated for by a much lower solvation and also the
maxima in the solubilities occur at mole fractions
(about 5—-8% above the stoichiometry of the solvent—
water complex) that leave significant quantities of free
solvent. Similarly, in the '"H NMR spectra of the system
for mixtures of DMSO and water, the resonances for
B-CD behave in the valley and plateau regions as those
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Figure 5. Solubility curve for 8-CD as a function of concentration of dimethyl sulphoxide and the equivalent curve for the partial
excess molar volume

observed in the pure solvents, and changes between the
two types of spectra occur only in the region between 30
and 40% mole fraction, i.e. in the break-point zone. At
very high mole fractions (>95%) the solubility behav-
iour becomes more complex with, for example, the for-
mation of gels by anhydrous B-CD cyclodextrin in
rigorously dried pyridine.?!

Ethylene glycol is considered separately. From evi-
dence in the literature, 2? it probably belongs to a fourth
class of solvent combining the structural modulation
properties of the mollo-Ltlcohols at low mole fractions,
proposed by Nakanishi et a/.%? to be similar to that of

methanol and hence in agreement with the observed
solubility plot, with a large basal solubility of SCD.The
large-scale reorganization of the water structure leads
initially to a decrease in the solubility of 8-CD, and
above a mole fraction of about 25% there is an increase
in the solubility which becomes almost constant above
50%. It is interesting that in general many of the partial
molar properties of alcohols are very similar to those of
pure alcohols for mole fractions >50%; hence ethylene
glycol behaves in a manner paralleling that of the other
alcohols but with the above mentioned difference in the
solubility of 3-CD in the pure solvent. We have chosen
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Figure 6. Solubility curve for 8-CD as a function of concentration of formamide and the equivalent curve for the partial excess
molar volume

not classify this solvent as it is the only example of this
behaviour that we have so far encountered.

CONCLUSION

We have shown that the effect of co-solvent on the solu-
bility of 8-CD in aqueous mixtures may be related to
the interaction of the co-solvent with water; and that
this behaviour may be correlated with the intrinsic
modulation of the water structure by the co-solvent.The
use of this knowledge allows the prediction of the solu-
bility of 8-CD in solvents for which parameters such as
partial excess molar volume have been determined.
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