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From a purely enthalpic standpoint, the ß-CD hydration, as studied by semiempirical calcula-
tions, appears improbable, in contrast to experiment. For the spontaneous hydration process, a 
compensation mechanism, connected with substrate stabilization and/or entropy increase, is sug-
gested on the basis of simple thermodynamic considerations. The analysis is done on the basis of a 
single parameter £w (> 0), which represents the energy needed to transfer a mole of water from the 
liquid to the ß-CD absorbed phase. 

The model, although simple, allows predictions largely consistent with the experimental results, 
while suggesting possible interpretations. 
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Introduction 

ß-cyclodextrine {ß-CD) is a cyclic oligosaccharide 
composed of seven a,D-glucose units with a toroidal 
symmetry that makes it similar to a t runca ted cone. 
Because of its marked tendency to form inclusion 
complexes, the molecule is very impor tan t in the phar-
maceutical and supramolecular fields. The inclusion 
compounds are normally formed in aqueous medium, 
and thus the role of water in the complexat ion reac-
tion seems very important . 

In a previous paper [1] semiempirical calculations 
(AMI and PM3) were carried out on the experimental 
[2] and c o n f o r m a t i o n a l ^ optimized ß-cyclodextrine 
(ß-CD) undecahydrate ß - C D l l H 2 0 . The calcu-
lated ß-CD-water interaction energies are generally 
very small and indicative for each water molecule un-
der an unfavorable condit ion compared to that of 
pure liquid water. 

In particular, the interaction energies of the differ-
ent dimers ( ß - C D + single water molecule) in the ex-
perimental conformat ion calculated as 

AHint{AB) = A(H(AB) - AfH(A) - AfH(B) 

according to A M I have an average value of 
— 6 k J m o l _ 1 , while that of the water dimer is 
— 22 kJ m o l - 1 , in agreement with experiment. 

N o significant difference was observed between in-
ternal and external waters, a l though most of the inter-
nal waters show very small absolute values of AfH 
indicative of conformat ional instability. Also the wa-
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ter-water interaction energies of the hydrate are so 
small that they rule out the hypothesis that the hydra-
tion process is stabilized by s t rong water-water inter-
actions. 

Very similar results were found for the conforma-
tionally optimized hydrate: in this case the internal 
waters appear to be more stable, but their interaction 
energies with ß - C D are even smaller. 

Thus, f rom a purely enthalpic s tandpoint , the ß-CD 
tendency to hydra t ion appears negligible; this is in 
apparent contras t with the experimental evidence of 
6 - 7 waters within the molecular cavity (i.e. a number 
very close to the maximum allowed by the cavity vol-
ume) of the hydra te which is formed by recrystalliza-
tion of ß-CD f rom water, and moreover with the rapid 
(less than an hour) rehydrat ion of anhydrous ß-CD at 
r oom tempera ture in wet a tmosphere [3]. 

The present paper suggests a possible compensa-
tion mechanism to this unfavorable enthalpic situa-
tion in the spontaneous hydrat ion process. 

1. Model 

When the hydra te is formed by recrystallization 
f rom water according to the process 

ß-CD{s) + n H 2 0 ( 1 ) ß-CD • n H 2 0 ( s ) , (1) 

there is an energy cost (£w > 0/mole of water) given by 
the enthalpy needed to break the original water-water 
bonds of the n absorbed water molecules (i.e. % 22 kJ / 
mole of water) minus that gained by the ^ -CD/wa te r 
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interact ion (i.e. % 6 kJ/water mole), in other words an 
entha lpy increase for water. 

In order to be spontaneous, process (1) must be 
accompanied by a compensat ion mechanism (i.e. a 
subs t ra te enthalpy decrease and/or an internal en-
t ropy increase) that can be generally indicated by a 
positive TzlS a b s term such that 

TASabs >nEw. (2) 

Since equil ibrium is reached with n = « m a x , 

TzlS a b s = nmax £ w . (3) 

The hydra t ion-dehydra t ion process of ß-CD has 
been deeply analyzed in [3] both by thermal measure-
ments (TGA, DSC) and by X-ray and N M R tech-
niques. 

In part icular , this work pointed out that the hydra-
tion process involves a phase t ransformation, that is a 
subs t ra te modification confirmed by X-ray analysis. 

The formal entropic gain associated with the hydra-
tion process could then be ascribed to the substrate 
modif icat ion. The enthalpic nature degree of TASabs 

will depend on the process reversibility, for a globally 
reversible process being 

— T ASabs = A,rans H a b s = — nmaxEw. (4) 

Moreover , if only partial hydrat ion occurs, the 
quant i ty 

- E w ( n m a x - n ) (5) 

is the stabilization energy, or residual energy, i.e. the 
a m o u n t not used in the absorpt ion of the n water 
molecules. In other words, this term represents the 
driving force of hydrat ion. 

Process (1) can then be generalized as (0 < rx < nmax) 

ß-CD • n H 2 0 ( S ) + (N M A X — n) H 2 0 ( 1 ) 

-» ß - C D • nmax H 2 0 ( S ) ( 6 ) 

with thermal effect 

AHabs= -E„(nmax-n)+T AS1, (7) 

AS1 being the measure of the irreversibility of process 
(6). 

O n the contrary, in the dehydrat ion process, energy 
must be supplied to the system to compensa te the 
negative TASdcs term ( = - TzlSabs), i.e. for the re-
versible dehydrat ion process an energy z l t r a n s H d e s 

given by 

Hdes=-TASd<s = nmaxEw. (8) 

2. Discussion 

Bilal et al. [4] have recently measured the heat of 
dissolution in water, AH s o l , of ß-CD crystals contain-
ing various a m o u n t s of water (0 < n < 11): 

ß-CD • n H 2 0 ( S ) + water solvent 

—* ß-CD(waler s o i u , i o n ) • (9) 

They found the following linear dependence of AHsoi 

on n: 

AH s o l = - 91.22 + 10.5 n kJ per mole of ß-CD . (10) 

This equat ion can be readily obtained on the basis of 
the assumed model . 

If the dissolution process is subdivided into the two 
following steps: 

a) hydrat ion of solid ß-CD is reversibly completed to 
n = nmax with the thermal effect A H a b s , 

b) ß-CD • nmaxH2Ois) is dissolved in water with the 
thermal effect AH*ol, 

then according to (7), one obta ins 

AH so l = - Ew(nmax - n ) + A H * , . 

Claudy et al. [5] measured AH *, = 23.2 kJ per mole 
of ß-CD, consequently 

A H s o l = - £ w ( n m a x - n ) + 23.2 

= (-Ewnmax + 23.2) + E„n. 

With nmax = 11 and £ w = 10.5, one obtains 

A H s o l = - 9 2 + 10.5 n . (11) 

Thus the model reproduces fairly well the experi-
mental t rend of AH s o l , only the calculated and exper-
imental £ w value differing, which could be due to the 
irreversibility of the hydra t ion process. In any case, if 
the real behavior is that described by the model, the 
quant i ty 10.5 kJ /water mole is not the energy released 
dur ing the hydra t ion process by water, but instead by 
the substrate. 

It is also interesting to observe that the experimen-
tal [3] value of nmax depends on the type of hydrat ion 
process: nmax = 10.75 ± 0 . 1 5 for the water recrystal-
lized samples, while for those obtained f rom fully 
dehydra ted ß-CD rehydrated in wet a tmosphere 
nmax = 12.6 ± 0.2. According to (4), if £ w can be con-
sidered constant , different nmax values will be obtained 
at different temperatures . 
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Moreover, the model reproduces also the experi-
mental relations found in [3] for the dehydra t ion en-
thalpies AH d e s . 

If the dehydrat ion process is carried out reversibly 
in two steps: 

a) ß-CD • n H 2 0 ( S ) ß-CD(s) + n H 2 0 ( 1 ) , ( 1 2 ) 

b) n H 2 0 ( 1 ) -*• n H 2 0 ( g ) with thermal effect AvapH per 
mole of water, 

according to the model one obta ins 

AH des = Ew (nmax — n) + n AvapH . (13) 

It should also be noted that zlvap H must be equal to 
the sum of two terms, namely Ew plus the enthalpy, W, 
needed to transfer a mole of water f rom ß-CD to the 
vapor phase: 

AV3pH = Ew+W. (14) 

Since A vap H should be in the range 4 0 - 4 5 kJ m o l " 
the W term of the model is in the range 2 4 - 2 9 kJ 
m o l - 1 . 

The results of [3] on many samples with different 
water content showed that the dehydra t ion process is 
characterized by a positive AH d e s which depends lin-
early on n as 

AHdes = A(nmax-n) + (A + B)n (15) 

with A = 19.0 and B = 23.5 kJ m o l " ^ 
Thus, the experimental dehydra t ion enthalpy is that 

described by the model if £ w = A and W = B. 
In this case the experimental Ew value is larger than 

the calculated one: it should be underl ined that dehy-
drat ion measurements were carried out at tempera-
tures varying f rom 20 to 120°C. 

Moreover, (13) can also be writ ten (see (8)) as 

A H des = NM A X £w + Wn , ( 1 6 ) 

which reproduces the other experimental relation 
found in [3] 

A H d e s = A nmax + Bn . (17) 

Finally, it should be observed that no agreement 
was found (see (13)) with the following relation pro-
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posed in [4] for the "enthalpy, AH m e s , of the endother-
mic effect measured during dehydrat ion of ß-CD": 

AH m e s = AdehydrH + AvapH = 9.6 + 40.6 kJ 

per mole of water , 

where the two terms are referred to the steps (12) into 
which the dehydra t ion process was decomposed. 

3. Conclusions 

Although based on simple thermodynamic consid-
erations, the model proposed to describe ß-CD hydra-
t ion/dehydra t ion phenomena appears able on one 
hand to interpret the mechanism through the compen-
sation criterion and on the other hand to describe the 
experimental relations found in literature. 

This model brings into evidence the enthalpic level 
of the absorbed water molecules: in respect to that of 
liquid water it is higher by the quant i ty £ w . 

The Ew values that can be deduced f rom the exper-
imental da ta are % 11 (see (11)) and % 19 (see (15)) kJ 
per water mole in the case of hydrat ion and dehydra-
tion, respectively. The value indicated by semiempiri-
cal calculations is % 16 kJ per water mole. 

If one takes into account: a) the non-isothermali ty 
of the dehydra t ion measurements; b) the part ial irre-
versibility of the processes; c) the experimental uncer-
tainties; d) the approximate nature of the semiempiri-
cal calculations, one must conclude that Ew is 
decisively a positive quantity. Thus the ß-CD ab-
sorbed water is largely "free": this appears consistent 
with other experimental observations, particularly 
with the hydrate N M R studies [6] and with s tructural 
ones [7]: " ß - C D hydrate is an impressive example of a 
solid in which fast diffusion of water molecules is pos-
sible without the presence of permanent diffusion 
channels". 
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