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Abstract

The complex stabilities and the thermodynamic data for the complexation of�-cyclodextrin and cucurbit[6]uril with
some amino acids (glycine,l-alanine,l-valine,l-phenylalanine, 6-amino hexanoic acid, 8-amino octanoic acid, 11-amino
undecanoic acid) and dipeptides (glycyl–glycine, glycyl–l-valine, glycyl–l-leucine and glycyl–l-phenylalanine) have been
determined in aqueous solution by calorimetric titrations. The complex formation with�-cyclodextrin is mainly favoured by
entropic contributions due to the release of water molecules from the cavity of the ligand. The values of the reaction enthalpies
are small with the exception of 11-amino undecanoic acid. In case of the ligand cucurbit[6]uril, ion–dipole interactions between
the protonated amino groups of the amino acids and the carbonyl groups take place. By steric reasons these interactions are
lowered for native amino acids because the polar carboxylic groups are always located outside the hydrophobic cavity of
cucurbit[6]uril. The complexes of both ligands with dipeptides in water are characterised by hydrophobic interactions and in
case of cucurbit[6]uril by additional ion–dipole interactions.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

�-Cyclodextrin is formed during the enzymatic
degradation of starch[1,2]. It is a polysaccharide built
from six d-glucose units. Thesed-glucose units are
covalently linked at the carbon atoms C1 and C4 to
form a torus shaped molecule with a rigid cavity. In
this cavity different organic guest molecules can be
enclosed[3–8]. The distribution of hydrophilic and
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hydrophobic groups of cyclodextrins confers them
specific properties with many applications.

Cucurbit[6]uril is a high symmetric molecule like
�-cyclodextrin. It is formed from urea, glyoxal and
formaldehyde during an acid-catalysed reaction[9].
Six glycoluril units form a rigid molecule with a cav-
ity. The structures of both ligands is shown inFig. 1.
Both the natural and the synthetic ligand are closely
related like brother or sisters as can be shown from
Table 1. The most important difference is their sol-
ubility in aqueous solution. The solubility of cucur-
bit[6]uril increases in the presence of salts or acids
[9]. Both ligands are able to enclose a large number of
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Fig. 1. Structures of�-cyclodextrin and cucurbit[6]uril.

Table 1
Properties of�-cyclodextrin[16] and cucurbit[6]uril

Properties �-Cyclodextrin Cucurbit[6]uril

Total formula C36H60O30 C30H36N24O12

Number of monomer
units

6 6

Molecular weight 972 997
Solubility in water (g l−1)

at 25◦C
145 0.018

Cavity diameter (nm) 0.47–0.53 0.55
Height of molecule (nm) 0.79 0.6
Water content of the

crystals (mol)
6.0–7.5 10–12

guest molecules within their cavities. For example, the
formation of nobel gas complexes with cyclodextrins
has been already reported many years ago[10]. The
corresponding xenon complex with cucurbit[6]uril has
been described recently[11]. Both ligands form com-
plexes with e.g. amines[12–20], aliphatic alcohols
[21–23]and carboxylic acids[23,24]. Even large dye
molecules are complexed by cyclodextrins[25] and
cucurbit[6]uril [26]. The number of cyclodextrin com-
plexes studied during the last decades is enormous
[27,28].

Up to now much less is known about the com-
plex formation with cucurbit[n]urils. For a better
understanding of the factors influencing the complex
formation with�-cyclodextrin and cucurbit[6]uril, we
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studied the complexation of some amino acids and
peptides with both ligands.

2. Experimental

The �-cyclodextrin (pharmaceutical grade) was
purchased from Wacker (Germany). The ligand cu-
curbit[6]uril was synthesised and purified accord-
ing to published procedures[17]. The following
amino acids: glycine (gly),l-alanine (l-ala),l-valine
(l-val), l-phenylalanine (l-phe), 6-amino hexanoic
acid, 8-amino octanoic acid and 11-amino undecanoic
acid (all Fluka) were of the highest purity com-
mercially available. The glycyl–glycine (gly–gly),
glycyl–l-leucine (gly–leu), glycyl–l-valine (gly–val)
and glycyl–l-phenylalanine (gly–phe) were obtained
from Fluka. All amino acids and peptides were used
without further purification.

The complexation of amino acids and peptides with
cucurbit[6]uril was carried out in aqueous formic acid
(50% (v/v), Merck) and with�-cyclodextrin in bidis-
tilled water as solvent. The stability constants and
reaction enthalpies were determined by calorimetric

Fig. 2. Temperature changes during the titration of cucurbit[6]uril withl-val (�) in aqueous formic acid (50% (v/v)) and of�-cyclodextrin
with gly–val (�) in aqueous solution at 25◦C.

titrations using a Tronac Model 450 calorimeter
(TRONAC, Orem Utah, USA).

During these titrations a solution of the corre-
sponding ligand (0.04–0.08 mol l−1) was added con-
tinuously to a solution of the amino acid or peptide
((2–5)× 10−3 mol l−1). The measured heatQ is re-
lated to the reaction enthalpy�H and the number of
moles of the complexes formed�n by the following
equation:

Q = �H �n

The�n depends on the stability of the complex. The
calculation of the stability constants from the titration
curves has been described in the literature in detail
[29]. Two typical titration curves are shown inFig. 2.
The reaction of cucurbit[6]uril withl-val is exother-
mic and the complexation of the dipeptide gly–val
with �-cyclodextrin endothermic.

The accuracy of the calorimeter used for these titra-
tions was checked from the reaction of 18-crown-6
with BaClO4 in aqueous solution. The observed sta-
bility constant (logK = 3.55±0.03) and reaction en-
thalpy (�H = −31.9±0.5 kJ mol−1) is in accordance
with published results[30].
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3. Results and discussion

The values of stability constants and thermody-
namic parameters for the complex formation between
�-cyclodextrin and cucurbit[6]uril with amino acids
and dipeptides in water or in aqueous formic acid are
given inTables 2 and 3.

It is well known that at neutral pH, the amino acids
exists as the zwitterionic form bearing amino, car-
boxyl and hydrophobic groups. From the studies of
complexation of�-cyclodextrin withl-isoleucine in
aqueous solution at different pH, the same results at
low pH range and in the neutral pH range have been
reported. At high values of pH the amino acid is in
anionic form differing values of the complex stabili-
ties have been observed. In this case other reactions
between the host and the guest may take place[31].

Table 2
Stability constants logK (K in l mol−1) and thermodynamic values
�H andT �S (kJ mol−1) for the complex formation of amino acids
with �-cyclodextrin in aqueous solution and with cucurbit[6]uril
in formic acid (50% (v/v)) at 25◦C (together with literature data)

Amino acid Value �-Cyclodextrin Cucurbit[6]uril

l-Phe logK 2.41 ± 0.03, 1.18a 3.16 ± 0.01
−�H 1.6 ± 0.9, 7.0a 6.7 ± 1.7
T �S 12.1 ± 1.1, −0.3a 11.3 ± 1.7

Gly logK 2.75 ± 0.05 –b

−�H 2.0 ± 0.6 –
T �S 13.6 ± 0.9 –

l-Ala logK 3.05 ± 0.02 3.02± 0.04
−�H 8.0 ± 0.4 7.0± 0.8
T �S 9.3 ± 0.5 10.2± 1.0

l-Val logK 3.21 ± 0.03 3.15± 0.05
−�H 5.8 ± 0.7 4.5± 0.8
T �S 12.4 ± 0.9 13.4± 1.1

6-Amino
hexanoic
acid

logK 3.18 ± 0.02, 1.34a 3.57c

−�H 4.0 ± 0.6, 1.5a 12.0c

T �S 14.1 ± 0.7, 6.0a 8.4c

8-Amino
octanoic
acid

logK 2.99 ± 0.04, 1.88a 3.27c

−�H 4.7 ± 0.5, 14.8a 12.2c

T �S 12.3 ± 0.7, −4.1a 6.4c

11-Amino
undecanoic
acid

logK 3.16 ± 0.03, 3.34a 1.93c

−�H 30.0 ± 0.8, 26.6a 5.2c

T �S −12.1 ± 1.0, −4.6a 5.8c

a [12].
b Heat effect too small for the calculation of stability constants

and reaction enthalpies.
c [23].

Table 3
Stability constants logK (K in l mol−1) and thermodynamic val-
ues �H and T �S (in kJ mol−1) for the complex formation of
dipeptides with�-cyclodextrin in aqueous solution and with cu-
curbit[6]uril in formic acid (50% (v/v)) at 25◦C

Dipeptide Value �-Cyclodextrin Cucurbit[6]uril

Gly–phe logK –a 3.05 ± 0.04
−�H 9.6 ± 0.8
T �S 7.7 ± 0.9

Gly–gly logK –a 2.90 ± 0.02
−�H 14.9 ± 0.5
T �S 1.6 ± 0.6

Gly–leu logK 2.42 ± 0.09 2.57± 0.07
−�H 0.9 ± 0.1 6.9± 0.3
T �S 12.9 ± 0.7 7.7± 0.7

Gly–val logK 2.45 ± 0.01 3.19± 0.04
−�H −1.0 ± 0.2 1.7± 0.8
T �S 14.9 ± 0.2 16.4± 1.1

a Heat effect too small for the calculation of stability constants
and reaction enthalpies.

All amino acids examined form complexes with
�-cyclodextrin and with the exception of glycine also
with cucurbit[6]uril. Only very few results for the
reaction with�-cyclodextrin are available from the
literature. They have been included inTable 2 for
comparison. With the exception of 11-amino unde-
canoic acid the published stability constants are at
least one order of magnitude smaller than those mea-
sured in this work. No data for the complexation of
the peptides used have been published up to now.

The stabilities of the complexes formed with the
ligands�-cyclodextrin and cucurbit[6]uril are similar.
However, the values of the reaction enthalpies and
entropies are different for both ligands. Thus, dif-
ferent contribution to the measured thermodynamic
parameters have to be considered. In the cavity of
�-cyclodextrin, two water molecules are included
[32]. These water molecules are not able to form
hydrogen bonds as in the bulk phase and therefore
they are named “high-energy water” by Saenger[32].
The release of these water molecules from the cavity
should result in favourable enthalpic and entropic con-
tributions. No strong additional interactions between
the amino acids and�-cyclodextrin are expected dur-
ing the complex formation. As a result, small values
of the reaction enthalpies are observed. Only in case
of 11-amino undecanoic acid a high value of the



H.-J. Buschmann et al. / Thermochimica Acta 399 (2003) 203–208 207

reaction enthalpy is found. The positive and nearly
constant values of the reaction entropies can be at-
tributed to the release of two water molecules from
the cavity. The molar entropy of fusion of water is
T �S = 6.6 kJ mol−1 [33]. Obviously, other possible
contributions as e.g. changes in the solvation or de-
crease of the molecular freedom of the host and guest
molecule have only minor contributions to the overall
reaction entropy.

In the cavity of cucurbit[6]uril, three water mole-
cules are enclosed and additional water molecules are
located at the carbonyl groups of the ligand[34].
As discussed for�-cyclodextrin, the release of water
molecules from the cavity only results in small en-
thalpic contributions. The main contribution to the re-
action enthalpies results from ion–dipole interactions
between the protonated amino group of the amino
acids and the carbonyl groups of cucurbit[6]uril. In
case of the natural amino acids, these interactions are
lowered for steric reasons because the polar carboxylic
groups are always located outside the hydrophobic
cavity of cucurbit[6]uril. The different contributions
to the reaction entropies are comparable to those for
�-cyclodextrin. However, due to the interactions be-
tween the protonated amino groups and the carbonyl
groups additional solvent molecules are released dur-
ing the complex formation.

The complex formation of�-cyclodextrin with
dipeptides is only favoured by the reaction entropy.
Again the release of two water molecules from the
cavity seems to be the most important contribution.
The values of the reaction enthalpies are close to zero.
The formation of complexes with cucurbit[6]uril is
favoured as well by enthalpic as by entropic contribu-
tions. The ion–dipole interactions are the reason for
this behaviour.

Both �-cyclodextrin and cucurbit[6]uril are able
to form complexes with amino acids and dipeptides.
Their chemical structures look very similar. Even the
stabilities of the complexes formed are of the same
order of magnitude. Thus, one may expect these lig-
ands really to act nearly identical. At the end different
enthalpic and entropic contributions to the overall
reaction enthalpies and entropies have to be con-
sidered for both ligands. In case of�-cyclodextrin,
the hydrophobic interactions are responsible for the
observed values. For cucurbit[6]uril, ion–dipole inter-
actions are the important factor.
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