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Heats of dilution in water and in aqueous 7 mol kg~! urea and 3 mol kg~ ethanol of binary solutions con-
taining cyclomaltohexaose, cyclomaltoheptaose, cyclomaltooctaose, 2-hydroxypropyl-cyclomaltohexa-
ose (HPaCD), 2-hydroxypropyl-cyclomaltoheptaose (HPBCD), methyl-cyclomaltohexaose (MeaCD),
methyl-cyclomaltoheptaose (MeBCD) and 2-hydroxypropyl-cyclomaltooctaose (HPyCD) have been deter-
mined at 298.15 K by flow microcalorimetry. The purpose of this study is to gain information about the
influence of urea and ethanol, which have different effects on water structure, on hydrophilic and hydro-
phobic interactions. The pairwise interaction coefficients of the virial expansion of the excess enthalpies
were evaluated and compared to those previously obtained for binary solutions of cyclomaltohexaose
and cyclomaltoheptaose. The particular behaviour of cyclomaltooligosaccharides in water is put in evi-
dence with respect to that shown by simple oligosaccharides. The values of the interaction coefficients
greatly change in dependence of the solvent medium. They are negative in water for unsubstituted cyclo-
maltooligosaccharides, and positive for the alkyl-substituted ones, thus marking the major role of the
hydrophobic interactions. In concentrated aqueous ethanol, coefficients are negative, while they are posi-
tive in concentrated aqueous urea. Urea solvates the hydroxyl group provoking the attenuation of hydro-
philic and hydrophobic interactions. Instead, the presence of the cosolvent ethanol, which lowers the

relative permittivity of the medium, enhances the strength of hydrophilic interactions.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Cyclomaltooligosaccharides (cyclodextrins, CDs) are (1-—4)-
linked cyclic glucooligosaccharides. The most commonly studied
of these substances are cyclomaltohexaose (aCD), cyclomaltohep-
taose (BCD) and cyclomaltooctaose (yCD) with 6, 7 and 8 glucose
units, respectively.!? The primary and secondary hydroxyl groups
of the glucose units make the exterior of the molecule hydrophilic,
while the interior surface of the truncated cone structure (the
cavity), normally considered as the site of the guest molecule, is
largely hydrophobic. The hydrophobic cavities allow inclusion
complexes to form with a large variety of organic and inorganic
compounds in different solvents, including water.2~” Applications
have been described of molecular modelling techniques to the
study of the static and dynamical features of CDs, as well as their
participation in the formation of inclusion complexes.®

In preceding papers from this laboratory, efforts were made to
understand the factors determining the formation of the com-
plexes between CDs and alkylated substances in solution.~'? The
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purpose of the present study is to obtain more information about
the forces acting in the binary aqueous solutions of parent and
chemically modified CDs. To that, a calorimetric study at 298 K is
reported of the heats of dilution in water and in concentrated
aqueous urea or ethanol of cyclomaltohexaose (aCD), cyclo-
maltoheptaose (BCD), cyclomaltooctaose (yCD), 2-hydroxypropyl-
cyclomaltohexaose (HPaCD), 2-hydroxypropyl-cyclomaltohepta-
ose (HPBCD), methyl-cyclomaltohexaose (MeaCD), methyl-B-cyclo-
maltoheptaose (MepCD) and 2-hydroxypropyl-cyclomaltooctaose
(HPyCD). Urea and ethanol have different effects on water struc-
ture: the former is a well-known chaotropic agent, while the latter
is a prevailingly hydrophobic structure maker. We shall analyze
how the modifications induced in the structure of water by the
two cosolvents modify the interactions between pairs of hydrated
molecules. Through this kind of study, we hope it will be possible
to relate the properties of the binary solutions with the inclusion
requirements in the host-guest complexes.

The parameters that are most commonly used to characterize
nonbonding interactions in solution are the pairwise coefficients
of the virial expansion of the excess thermodynamic properties
of a solution.’>"1> The physical meaning of these parameters is
linked to the variations in thermodynamic properties when two


mailto:giuseppina.castronuovo@unina.it
http://www.sciencedirect.com/science/journal/00086215
http://www.elsevier.com/locate/carres

2772 G. Castronuovo, M. Niccoli/Carbohydrate Research 343 (2008) 2771-2775

hydrated molecules are brought from an infinite separation, where
solute-solvent interactions are dominant, to a finite separation
where solute-solute, water-mediated interactions are operating.
Then, they are very useful to get information about the mechanism
through which two hydrated molecules interact in solution. The
model of overlapping hydration spheres of hydrated molecules
accounts qualitatively for the sign and magnitude of these coeffi-
cients. Just on the basis of the signs and values of the enthalpic pair
interaction coefficients, it has been already inferred that parent
CDs in aqueous solutions are very particular substances, since they
behave very differently from other simple saccharides, rather
resembling higher molecular weight polyhydric alcohols.!®!”
Cyclomaltooligosaccharides, especially their alkylated derivatives,
are essential in pharmaceutical applications as they provide versa-
tile carrier and delivery systems for drug molecules.!®-23 From that
arises the importance of further investigating their binary solu-
tions in different aqueous solvents. Indeed, the possibility to mod-
ify the forces acting in these solutions by changes in the structure
of the solvent can be useful when designing new cyclomaltooligo-
saccharides derivatives with more suitable characteristics to in-
clude specific drugs.

2. Results

Heats of dilution were measured at 298 K in water, and in the
presence of a constant amount of ethanol or urea. For the investi-
gated systems, dilution is an exothermic or endothermic process
and the derived enthalpic interaction coefficients are positive or
negative, respectively.

In Table 1, the pairwise enthalpic interaction coefficients are
reported for the binary aqueous solutions of parent and modified
CDs. In the same Table, some literature data are also shown with
the aim of presenting a complete thermodynamic framework of
the behaviour of the cyclomaltooligosaccharides studied in this
laboratory.%16-26-28

In water, the coefficients for unsubstituted CDs are large and
negative, the most negative characterizing the smallest cyclomal-
tooligosaccharide, aCD. On the contrary, methyl- and hydroxypro-
pyl-substituted CDs are characterized by large and positive
pairwise enthalpic interaction coefficients. Methyl derivatives are
characterized by coefficients which are larger than those for the
hydroxypropyl derivatives. It should be noted that the enthalpic
coefficient reveals to be a useful parameter to distinguish among
CDs of different degree of substitution. For instance, the coefficient
for MepCD (DS =12) is 24,000 ] kg mol 2, while that for MeBCD
(DS =10-14) is 28,000 ] kg mol~2. The same occurs for HPBCD,

DS=3 and DS=6.3, whose coefficients are 4812 and 15,498
J kg mol~2, respectively.

In 3 mol kg~! ethanol, coefficients for parent CDs become more
negative than in water, while those for the alkylated derivatives
change from positive to negative. The more positive the value of
the coefficient in water, much more pronounced is the change in
its value on passing to ethanol (as an example, see MeBCD, DS = 12).

In 7mol kg~! urea, all coefficients are positive. Parent CDs
change from negative in water to positive in urea, cyclomaltoocta-
ose presenting the largest difference. Instead, methyl and hydroxy-
propyl derivatives have only a small decrease in the positive values
of their coefficients. In Table 1, three data refer to oCD, BCD and
MeBCD in phosphate buffer: coefficients are positive, thus indicat-
ing a behaviour qualitatively similar to that in urea.

3. Discussion

The structure of the smallest cyclomaltooligosaccharide, aCD, in
water can be assumed to resemble that of oCD hexahydrate in the
crystalline state. Namely, the ‘void’ molecule of aCD has two
water molecules entrapped in the cavity, hydrogen-bonded to each
other and to two glucopyranose rings.?%3° The pairwise enthalpic
interaction coefficient for aCD is negative: on the basis of this sign,
it can be classified as a prevailingly hydrophilic structure-breaking
solute.3! According to an interaction model that provides the pres-
ence of configurations between two hydrated molecules stabilized
by the juxtaposition of groups having the same action on water
structure, the negative sign is due to the juxtaposition of the exter-
nal hydrated hydroxyl groups.>? For BCD and yCD, coefficients are
negative, too, but smaller than that for aCD, thus indicating that
the larger macrocycles are structure breaker solutes less effective
than oCD. Literature reports that oCD undergoes a tense — relaxed
transition upon formation of a complex,*° hydrogen-bonded water
molecules being squeezed out of the cavity, relaxing to the bulk. To
the contrary, BCD and yCD do not experience that conformational
transition, and they would present relaxed conformations even in
the absence of a guest, with the larger cavities more exposed to
bulk solvent. The negative coefficients characterizing parent CDs
in water make their behaviour to be different from that of other
saccharides, which are characterized by positive coefficient. Cycli-
zation is a factor that greatly influences interactions between mol-
ecules, since the rigidity of the cycles, compared to the flexibility of
a linear chain, leads to face-to-face configurations stabilized by
hydrophilic interactions which act through the juxtaposition of
hydroxyl groups. As a fact, parent CDs mimic the behaviour of
some higher members of polyols, whose enthalpic interaction

Table 1

Pairwise enthalpic interaction coefficients® for parent and modified cyclomaltooligosaccharides in water and in aqueous mixed solvents, at 298 K

Substance Water Ethanol 3 mol kg ! Na,HPO, 0.5 mol kg~ Urea 7 mol kg
aCD —3920 + 60° —7130 £ 50 1360 + 60° 2760 + 609
MeoCD (DS 11) 18,200 + 800 —5200 + 300 12,530 + 60
2HPaCD (DS 4.5) 9400 + 200 —1400 + 100 8500 + 200
BCD —2800 + 200¢ —10,300 + 300° 4200 + 100" 1200 + 30¢
MepBCD (DS 12) 24,100 + 300 —6300 + 200 15,000 + 400
MepCD (DS 10-14) 28,400 + 5007 68,000 + 1000°

2HPBCD (DS 3) 4800 + 100 —7100 + 700 7200 + 300
2HPBCD (DS 6.3) 15,500 + 200 —1000 + 200 10,700 + 600
yCD —3160 + 90 —10,900 + 300 5700 + 400
2HPYCD (DS 4.5) 12,700 £ 200 —2700 £ 300 11,900 + 200

4 Units: ] kg mol~2. Errors reported are the 95% confidence limits.
b
Ref. 16.
¢ Ref. 26.
d Ref. 27.
€ Ref. 28.
f Ref. 9.
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coefficients change sign depending on their stereochemistry.!” For
those substances, the hypothesis was that the separation of the
hydrophilic and hydrophobic domains in the solute molecule
determines sign and values of the pairwise enthalpic coefficients.
Parent CDs should behave in the same way since primary and sec-
ondary hydroxyl groups make them hydrophilic molecules at the
exterior, while the interior cavity is largely hydrophobic. The value
of the pairwise enthalpic interaction coefficient should, then, be
thought as composed of two contributions, one originating from
the overlapping of the hydrated hydrophilic exterior and the other
from the displacement of structured water present in the hydro-
phobic cavity. The former contribution is negative for the hydro-
philic-hydrophilic interactions, while the latter is positive. For
oCD, the cavity is smaller and the negative contribution due to
the overlapping of hydrated external hydroxyls is prevailing. On
the contrary, the cavities of BCD and yCD are larger, and, unlike
oCD, they would participate to the interaction between two
hydrated molecules. That positive contribution makes less nega-
tive the coefficients, notwithstanding the larger size of the macro-
cycles. The finding that interactions between two CD molecules are
prevailingly hydrophilic is in agreement with the literature dealing
with the cyclomaltooligosaccharide capability of self-assembling
in aqueous solutions. In particular, it is found that «CD spontane-
ously forms films, at aqueous solutions/air interfaces, consisting
of self-assembled nanotubes. The building blocks of the films are
CD dimers that are bridged, on average, by 9-10 hydrogen bonds
formed by the hydroxyl groups located at the edge of the truncated
cone.?

Replacing hydroxyl groups with methyl or hydroxypropyl
groups leads to a completely different thermodynamic behaviour.
Coefficients are large and positive: hence, these solutes can be clas-
sified as prevailingly hydrophobic structure-makers. The large
values of the coefficients originate from the relaxation of many
structured water molecules from the cavity and from the hydro-
phobic hydration shell of the external methyl or hydroxypropyl
groups when two hydrated molecules approach each other. The
coefficients for the methyl substituted CDs are very large, while
those for the corresponding hydroxypropyl derivatives are less po-
sitive notwithstanding the fact that the hydroxypropyl group has a
longer alkyl chain. Probably, in front of increased hydrophobic
interactions, there is a negative contribution from hydrophilic
interactions between the terminal hydroxyl groups. Finally, it
should be noted that coefficients increase on going from aCD to
vCD, at a given number of glucopyranose rings and alkyl groups.
That confirms the hypothesis of an increasing participation of the
hydrophobic cavity to the pairwise interaction on passing from
the smaller to the wider CDs.

Several factors can determine the influence of a cosolvent on
the non-bonding intermolecular interactions acting in solution:
among them, the changes in the dielectric constant of the medium,
in the structure of bulk water and in the hydration of the CDs un-
der examination. In concentrated urea, the coefficients for parent
CDs change from negative to positive. That reproduces the behav-
iour shown by glycine, formamide and other hydrophilic solutes,
whose pair enthalpic interaction coefficients become positive or
less negative at increasing urea concentration.>* According to stud-
ies on ternary aqueous solutions of hydroxylated substances, urea
interacts mainly with hydrophilic domains, since hydrophilic-
hydrophilic interactions are favoured for a negative contribution
to the excess Gibbs energy.®® Then, it seems reasonable to hypo-
thesize that, in concentrated aqueous solutions of urea, urea
solvates prevailingly the external hydroxyl groups of the CD so that
the consequent steric hindrance attenuates hydrophilic interac-
tions between them. This transition to a thermochemically unfa-
vourable behaviour has been partially ascribed to the enhanced
relative permittivity of the medium determined by urea, an effect

reducing polar hydrophilic interactions. Both effects reduce the
negative contribution to the enthalpic interaction coefficients,
which become positive.

Alkylated cyclomaltooligosaccharides in concentrated urea are
characterized by positive coefficients, too, but smaller with respect
to those in water, with the only exception of 2HPBCD (DS = 3). For
these substances, coefficients are determined by three contribu-
tions. One contribution, due to the interaction of urea with hydro-
xyl groups, attenuates hydrophilic interactions, and so does the
second one due to the increased dielectric constant of the medium.
The third one originates from hydrophobic interactions between
the hydration shells of the alkyl groups. In preceding papers deal-
ing with the influence of urea on hydrophobic solvation of alkanols,
we found that the favourable interaction of urea with the func-
tional group disturbs the hydrophobic hydration. Also in concen-
trated urea, hydrophobic interactions are attenuated so that,
upon the interaction between two hydrated molecules, the number
of water molecules relaxing to the bulk is smaller. In the present
case, the first two effects should increase the values of the coeffi-
cients, while the third one should lead to a decrease. Indeed, the
coefficients obtained are smaller than those in water (see Table
1), thus indicating that the prevailing effect is an overall decrease
of hydrophobic interactions. On the contrary, 2HPBCD (DS = 3) is
characterized by a coefficient larger than that in water, probably
because the degree of substitution is too low: in that case the
two contributions leading to the increase of the coefficient prevail
on the attenuation of hydrophobic interactions. In phosphate
buffer, coefficients are positive for the natural CDs, and increase
towards more positive values for the alkylated ones, an indication
that phosphate ions behave qualitatively as urea. The very large
coefficient for methyl-cyclomaltoheptaose underlines that the
interaction between two hydrated molecules is a process ruled
mainly by hydrophobic interactions, hence an entropy-driven
process.

Coefficients for parent CDs and their alkylated derivatives be-
come negative or more negative in 3 mol kg~! ethanol than in pure
water. The addition of ethanol, less polar than water, lowers the
relative permittivity of the aqueous medium potentiating hydro-
philic interactions between the external hydroxyl groups of the
CDs. On the other hand, ethanol, a well-known structure maker
solute promotes the ice-like structure of liquid water. Its presence
as cosolvent lowers the energetic level of the bulk: hence, water
molecules released upon pairwise interaction, relax from the
hydration shells to a more structured medium. As a consequence,
with respect to water the coefficients for parent CDs should be-
come more negative than in water, while those for alkylated CDs
should diminish or even change sign. The data reported in Table
1 support this interaction mechanism. Hence, ethanol makes alkyl-
ated CDs, which are prevailingly hydrophobic structure maker sol-
utes (hxx >0 in water), to be described by negative enthalpic
coefficients, which usually characterize prevailingly hydrophilic
structure breaker solutes (hy <0 in water). The same occurs for
1-alkanols, 1,2-diols and o-m-diols in highly concentrated aqueous
ethanol (9 mol kg~ 1).273¢

The behaviour shown by parent and substituted cyclomalto-
oligosaccharides seems to have a common basis. Whatever the sol-
vent, in fact, the coefficients become less positive or more negative
at increasing number of free hydroxyl groups. In concentrated
aqueous ethanol, the coefficients vary between —1000 ] kg mol 2
and —11,000] kg mol~2, following the change in the strength of
hydrophilic interactions. In water or concentrated aqueous urea,
instead, coefficients vary in a wider range of values,
—4000 ] kg mol~2-28,000 ] kg mol 2. This occurs in the presence
of several contributions, among them are the hydrophobic interac-
tions between the hydrated alkyl chains of the alkylated deriva-
tives and the attenuation of hydrophobic and/or hydrophilic
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interactions due to the action of the structure-breaking urea. For
the derivatives with a small number of free hydroxyl groups, coef-
ficients in water are more positive than in urea, an indication that
in the latter medium the attenuation of hydrophobic interactions is
the prevailing effect.

To conclude, cyclomaltooligosaccharides and their alkylated
derivatives are good systems for obtaining information on the
influence of cosolvents on hydrophobic and hydrophilic interac-
tions. Although aware that the hypothesis of conformational
changes experienced by the macrocycles in the different solvent
media cannot be rejected, here the large variability in the values
of the pairwise enthalpic interaction coefficients has been
explained in terms of a balance among various, sometimes con-
trasting effects. This kind of study is very useful in that it tries to
analyze how the features of solutes and solvent media determine
the interaction between two hydrated molecules.

4. Experimental
4.1. Materials

Cyclomaltooligosaccharides employed were purchased from
Cyclolab, with the exception of oCD, BCD and methyl-cyclomalto-
heptaose (substitution degree 10-14) which were Sigma products.
Native cyclomaltooligosaccharides were of the highest commer-
cially available purity (98-99.5% minimum). For methyl-cyclomal-
tohexaose and 2-hydroxypropyl-cyclomaltohexaose, the mean
substitution degree is 11 and 4.5, respectively, as determined by
NMR. For methyl-cyclomaltoheptaose, 2-hydroxypropyl-cyclomal-
toheptaose and 2-hydroxypropyl-cyclomaltooctaose the mean
substitution degree is 12, 6.3 or 3.0 and 4.5, respectively, as deter-
mined by the same technique. All cyclomaltooligosaccharides were
dried on phosphorus pentoxide, under reduced pressure, for 2 h at
25°C. Solutions were prepared by weight: water was twice
distilled and filtered on a Millipore membrane.

4.2. Calorimetry

Measurements of the heats of dilution were carried out using a
Thermal Activity Monitor (TAM) from Thermometric, equipped
with a flow cell and a P2 peristaltic pump (from Watson Marlow)
for the pumping of solutions into the cells of the calorimeter. The
calorimeter operated in a room whose temperature was fixed at
(25.0 £0.5) °C. Thermally pre-equilibrated solutions were used,
and the temperature control in the calorimeter was granted by a
thermostatted water bath whose temperature varies within
0.01 °C. That allows a temperature stability of +2 x 10~* degree
for a long time (about 8 h). The values of the dilution enthalpies,
AHg;, were obtained from

AHg(my — my) = (dQ/dt)/Pu

where (dQ/dt) is the heat evolved or absorbed per unit time, P, is
the total mass flow-rate of water per unit time, and m!, and mf
are the initial and final molalities, respectively. AHg; is given in
Jkg~! of solvent in the final solution.

4.3. Treatment of the data

According to the treatment of solution properties originally pro-
posed by McMillan-Mayer'? and specifically applied to those of
aqueous solutions of nonelectrolytes by Kauzmann'4 and other
authors,'® an excess thermodynamic property can be expressed
as a function of molalities through a virial expansion of pair and
higher order interaction coefficients, j, as follows:

AH,, (J kg")

T T T T T T T T
-1.6x10°  -12x10°  -8.0x10*  -4.0x10™ 0.0

m'(m-m)

Figure 1. Dilution enthalpy versus mf(m’— m') for 2-hydroxypropyl-cyclomalto-
heptaose(DS = 3) in 7 mol kg~! urea; mf and m' are the final and initial molalities,
respectively, of the examined cyclomaltooligosaccharide.

J5=3" " jumimy + higher terms (M

i=1 k=1

For two-component solutions containing a solute x and the solvent,
virial coefficients of the power series of the excess enthalpies, h, as a
function of molalities can be easily derived from the enthalpies of
dilution, AHg;;, as follows:

AHdil(mi — mf)
= hym'(m" —m') + hym'(m? — m?2)
+ higher terms (2)

where m,' and m,f are the molalities of the x solute before and after
the dilution process, respectively. The h coefficients appearing in
Eq. 2 represent the enthalpic contributions to the Gibbs free energy
coefficients characterising the interaction between pairs, triplets, or
higher order interactions. They implicitly account for all variations
of solvent-solvent and solute-solvent interactions.'*'> The values
of the self coefficients for each solute are obtained by dilution of
binary solutions in water or in a mixed solvent. To determine the
coefficients, a least square procedure was used. Owing to the lim-
ited range of concentrations explored, only pairwise coefficients
were found to be necessary for the best-fitting of experimental data.
To show an example, in Figure 1 the dilution enthalpy is reported
against the abscissa mf(mf— m') for 2-hydroxypropyl-cyclomalto-
heptaose in 7 mol kg~! aqueous urea. The good linearity of the data
for all the studied cyclomaltooligosaccharides, whatever the sol-
vent, ensures that only pair interactions are operating in the con-
centration range explored. It is known that CDs are capable of
self-aggregating in water to form columnar structures. However,
different methods indicated that the fraction of the associates is
very small (no more than 1%), or that the aggregation is limited to
the formation of dimers.>*?> From the present data we infer that,
at the concentration employed (1072-102 mol kg™' of solvent),
only pair interactions determine the behaviour of the cyclomaltool-
igosaccharides in aqueous solutions.
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