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Abstract

The solubility isotherms of nineteen aromatics and terpenes in aqueous hydroxypropyl-b-cyclodextrin were
determined to be straight lines. This is explained by the host–guest complexation which is characteristic for the whole
class of cyclodextrins and derivatives. The slopes of the solubility isotherms correlate with Sterimol L and log Pow as
descriptors of the steric fit and hydrophobicity match, in accord with the qualitative representation of the
phenomenon. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Monoterpenes and monocyclic aromatics,
that is, the majority of the compounds of
interest in the flavor and fragrance field, form
readily host–guest complexes with b-cyclodex-
trin (cyclomaltoheptaose). The use of b-cyclo-
dextrin itself in formulations is limited, how-
ever, by its low water solubility. Several cy-
clodextrin derivatives, where the hydrogen of
the hydroxyl groups is substituted by hydrox-
yethyl-, hydroxypropyl-, or methyl groups, ex-
hibit a dramatic increase in solubility of up to
60% w/w in water. Such derivatives can play

in flavor formulations simultaneously the
function of solvent, fixative and stabilizer [1].

The present note reports the solubility data
in aqueous solutions of hydroxypropyl-b-
cyclodextrin of a group of aromatic com-
pounds and terpenes. Taking advantage of the
conceptual understanding of the host–guest
complexation involving cyclodextrins [2–5],
the derivation of a quantitative structure–
property relationship (QSPR) is attempted.

2. Experimental

Materials.—Hydroxypropyl-b-cyclodextrin
(CAS 94035-02-6) was a commercial product
from American Maize-Products Comp., Ham-
mond, IN, USA, sold under the trade name
Encapsin™ HPB. It is manufactured under
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license from Janssen Biotech N.V. The aver-
age degree of substitution, reported by the
manufacturer, is 4.5. Anisole (CAS 100-66-3),
p-anisaldehyde (CAS 123-11-5), E-anethole
(CAS 4180-23-8), phenylethyl alcohol (CAS
60-12-8), phenylethyl acetate (CAS 103-45-7),
ethyl phenylacetate (CAS 101-97-3), vanillin
(CAS 121-33-5), ethyl vanillin (CAS 121-32-4),
thymol (CAS 89-83-8), E-cinnamaldehyde
(CAS 14371-10-9), E-cinnamyl acetate (CAS
103-54-8), acetophenone (CAS 98-86-2),
methyl salicylate (CAS 119-36-8), R-(− )-car-
vone (CAS 6485-40-1), b-damascone (CAS
23726-92-3), linalool (CAS 78-70-6) and g-
nonalactone (CAS 104-61-0), were all of ana-
lytical purity, purchased from Aldrich Chem.
Co., and used as received. Anisyl acetate
(CAS 104-21-2) and anisyl phenylacetate
(CAS 102-17-0) were of practical grade, pur-
chased from Givaudan and Bell Flavors,
respectively.

Solubilities.—The solubilities at 25 °C in
water and 10, 20 and 30% w/w Encapsin™
HPB in water were determined by the shake-
flask method. Excess of the solute was shaken
overnight with the solvent on a thermostated
shaker. The saturated solution was separated
by filtration through 0.25-mm cut-off dispos-
able filters. The concentration of the solute
was determined by UV spectrophotometry af-
ter the appropriate dilution in methanol. The
spectra in range of 200 to 400 nm were
recorded at pathlengths of 0.2 to 1 cm, using a
Varian DMS 100/DS-15 UV–Vis spectropho-
tometer. The absorbances at the lmax of the
solutes were used to compute the correspond-
ing concentrations. Reference spectra of the
solutes in MeOH were recorded under identi-
cal conditions. The solubility isotherms were
calculated using the RS/1 software package
[6].

The steric parameters of the solutes, Steri-
mol L [7] were calculated with the aid of the
software suite ChemOffice [8]. The procedure
used involved the following steps:
� draw the structure of the solute molecule in

the ChemDraw module of the software
suite;

� export the structure into the Chem3D
module;

� execute a MM2 minimization;

� minimize the conformational energy using
the quantum chemistry program MOPAC
(Fujitsu), an integral part of the software
package; this part of the procedure, run on
a Pentium Pro PC at 133 MHz clock speed,
took from 15 to 90 min, depending on the
size of the molecule;

� read the coordinates of the most distant
pair of atoms in the molecule;

� compute Sterimol L as the Euclidian dis-
tance between the extreme atoms plus the
Van der Waals radii of the extreme atoms.
Experimental data for the octanol–water

partition coefficients were available from the
compilation of C. Hansch et al. [9] for eight
solutes of the set. For eight compounds, the
log Pow were calculated using the semi-empiri-
cal Hansch–Fujita P methodology [10,11]. Fi-
nally, for three terpenes, the log Pow was
calculated using the Rekker’s fragmental con-
stant approach [12].

The multiple linear regression calculations
were carried out using the statistical software
package SYSTAT [13].

3. Results and discussion

The solubility isotherms at 25 °C of the 19
solutes in aqueous hydroxypropyl-b-cyclodex-
trin are well described by straight lines. The
host and guest concentrations are expressed in
molar units:

Cm[guest]=slope×Cm[host]+ intercept

The hydroxypropyl-b-cyclodextrin–En-
capsin™ HPB molecular weight was calcu-
lated based on an average degree of
substitution of 4.5. The parameters of the lines
and the pertinent statistics are listed in Table
1. The linear fit of the solubility data ranges
from passable to excellent.

Two factors could account for the
monotonic increase of the guest concentration
as a function of the host concentration. First,
the host–guest complexation; as the host con-
centration increases, more of the guest is
transferred into the solution. The second, less
obvious factor, is the hydrotropic effect. The
hydrotropic effect is a phenomenological de-
scription of the simple fact that a solution is
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not the same as the pure solvent. In other
words, some increase of the solute concentra-
tion with the increasing hydroxypropyl-b-cy-
clodextrin concentration would be expected
even in the absence of any complexation. In
some cases, the hydrotropic effect can be sig-
nificant. For example, the solubility isotherms
of a number of aromatic compounds in
methylated b-cyclodextrin are well represented
by second-degree polynomials [14]. The up-
ward curvature of the graphs is attributable to
the hydrotropic effect. An alternative explana-
tion is the formation of higher order com-
plexes, like 1× [guest]:2× [host]. In this later
case, again a curvature of the solubility
isotherm is to be expected. The data of the
present paper show a linear increase of the
guest concentration as function of the host
concentration. It is reasonable to assume that
the dominant factor accounting for this de-
pendence is the host–guest complexation.

The qualitative representation of the host–
guest complexation implies two elements, the
steric fit and the hydrophobicity match [4,5]:
the guest has to fit into the cavity of the
cyclodextrin host, and its hydrophobicity
needs to match the relatively hydrophobic en-
vironment of the host’s cavity.

The parameter chosen for the steric factor
was Sterimol L [7]. The simplest description of
it is the length of the rectangular box the
molecule could fit into. The members of the
guests set are all monocyclic aromatics or
monoterpenes. The other dimensions of the
‘box’, the width–Sterimol B1, B2, etc., are
about the same in this set of molecules.

The natural choice for the hydrophobicity
parameter was the logarithm of the octanol–
water partition coefficient, log Pow, by far the
best documented and the most frequently used
hydrophobicity parameter in QSAR studies.
The steric and hydrophobicity parameters of
the data set are listed in Table 2.

The two descriptors: Sterimol L and
log Pow, are essentially noncorrelated (correla-
tion coefficient 0.264). The quantitative struc-
ture–property relationship derived from the
data set is:

Slope=2.86−0.11×Sterimol L

−0.34× log Pow

Multiple R 0.788
Standard error of the estimate 0.336

Table 1
Solubility isotherms at 25 °C in aqueous hydroxypropyl-b-cyclodextrin (Encapsin™ HPB)

F ratioSTDintercept P significance levelIntercept (mol/L)STDslopeSlope (mol/mol)

0.088 0.0019801.973Acetophenone 502.50.0110.096
0.416 0.006 0.001Anethole 0.001 4608.8 0.000217

Anisaldehyde 0.0007676882.50.0020.0390.0131.730
1531.90.0030.0100.023 0.0006520.924Anisole

27529 0.000002Anisyl acetate 0.890 0.005 0.011 0.001
0.204 0.001 442.9 0.0022500.010Anisyl phenylacetate 0.002
0.984 0.002 4255.8 0.0002350.014Cinnamic aldehyde 0.014

0.001580629.40.0020.001Cinnamyl acetate 0.0190.500
0.930 0.001 11757 0.0000850.009Carvone 0.011
0.314 0.050 0.001b-Damascone 0.008 393.2 0.001190

0.0004202377.70.0020.009Ethyl phenylacetate 0.0140.660
0.963 0.012 0.019Ethyl vanillin 0.002 6442.8 0.000155

0.012 0.001 6444.5 0.000155Linalool 0.0110.920
0.719 0.005 0.004Methyl salicylate 0.001 18280 0.000055

g-Nonalactone 0.264 0.076 0.059 0.014 119.1 0.007470
0.710 0.002270Phenylethyl acetate 438.90.0040.0130.035

0.0005861705.70.0050.172Phenylethyl alcohol 0.0431.850
1.109 0.013 0.006 0.002 7619.4Thymol 0.000131
1.363 0.101 0.048 0.013 179.5Vanillin 0.005520
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Table 2
Steric and hydrophobicity data

Guest molecule log PowSterimol L

Acetophenone 1.58 a7.90
3.33 b10.57Anethole

9.70Anisaldehyde 1.48 b

7.64Anisole 2.11 a

1.96 b11.46Anisyl acetate
Anisyl phenylacetate 15.74 3.36 b

1.90 b9.45Cinnamic aldehyde
11.75Cinnamyl acetate 1.98 b

8.90Carvone 2.51 c

4.36 c9.67b-Damascone
11.00Ethyl phenylacetate 2.39 b

2.39 b8.89Ethyl vanillin
3.13 cLinalool 7.43
2.34 a8.34Methyl salicylate
2.16 bg-Nonalactone 10.82
2.30 a11.01Phenylethyl acetate
1.36 aPhenylethyl alcohol 8.48
3.30 a8.55Thymol

7.69Vanillin 1.21 a

a Experimental data [9].
b Using Hansch–Fujita method [10].
c Using Rekker’s fragmental constants method [12].

ward interpretation. The longer the molecule,
the more of it protrudes from the host’s cavity
and is not protected from the polar environ-
ment of the bulk solvent. It is also possible
that molecules with high Sterimol L are in-
volved in 2:1 complexes, less favored entro-
pically. The net effect is the higher the Steri-
mol L, the lower the solubility.

The hydrophobicity term also has a nega-
tive coefficient, something rather unintuitive.
It is not the hydrophobicity, but the hydro-
phobicity match that counts. The cyclodex-
trin’s cavity was estimated to correspond in
hydrophobicity to ethanol or 1,4-dioxane, i.e.,
corresponding to a log Pow�−0.3 [5]. The
range in hydrophobicity of the data set is
from 1.2 to 4.4. For this particular set, the
higher the hydrophobicity, the bigger the mis-
match, and the lower the solubility.

In conclusion, the solubility of a set of 20
aromatics and terpenes in aqueous hydroxy-
propyl-b-cyclodextrin can be described by a
quantitative structure–property relationship
involving steric and hydrophobicity parame-
ters. This is in accord with the representation
of the phenomenon being controlled by the
host–guest complexation.
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