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Abstract: A comprehensive model of the inclusion process of a-cyclodextrin is presented herein, van der Waals interaction en
ergy, Allinger's conformation energy, solvation energy of apolar solute in water, hydrogen bond energy of water molecules in 
the cavity of a-cyclodextrin hexahydrate, and all other possible energies were taken into account for the calculation of free-
energy change by complexing an apolar guest molecule by a-cyclodextrin. Motional freedoms of all of the particles relevant 
to the inclusion process were taken into consideration. The calculated values of the net stabilization free energy of a-cyclodex
trin complexes with benzene, methyl orange, and p-iodoaniline were 4.50, 6.20, and 8.99 kcal mol-1, respectively, which were 
in good agreement with the observed values. The largest value of 10.09 kcal mol-1 was obtained as the van der Waals stabiliza
tion energy of the a-cyclodextrin-p-iodoaniline complex which was most easily understood as a result of large atomic polariz-
ability of iodine atom and/or better fit of the iodide substrate to a-cyclodextrin's cavity than the other substrates. The value 
of the solvation energy (-Ay/sc,uster) ranges from 4.1 to 7.1 kcal mol-1, depending upon the size of the apolar moiety of the 
guest molecule, or the number of water molecules in the first layer of water clusters. The increase in entropy which accom
panies breaking of the water clusters around the apolar guest has been found to be a nonnegligible term which contributes to 
the net stabilization of the inclusion complex. A true aspect that a-cyclodextrin in the complex has a larger conformation ener
gy by ca. 4 kcal mol-1 than that in the hexahydrate is also pointed out. Therefore, a speculation presented early by others that 
the strain relief is the main driving force of the formation of the inclusion complexes of a-cyclodextrin is to be corrected based 
on the present results. 

Cyclodextrin (cycloamylose), which is well known to form 
inclusion complexes with a variety of organic molecules, has 
attracted widespread interests in structural chemistry,1 

pharmacological applications,2 and especially as a model for 
studies of enzyme-substrate interaction.3 The quasi-enzyme 
behavior that cyclodextrin exhibits in substrate binding 
suggests that the interaction is specific between cyclodextrin 
and some guest molecules. Hydrogen bonding,4 van der Waals 
interaction,5 and/or hydrophobic interaction6 had been the 
forces proposed for the interaction, but still a great deal of 
uncertainties remain to be clarified as to the nature of binding 
force, the nature of structured water around (or in proximity 
to) the inclusion complex in water, molecular dynamics of 
inclusion, and so on. 

It is a fairly reasonable hypothesis that the molecular 
structure of a-cyclodextrin in water closely resembles that of 
a-cyclodextrin hexahydrate in the crystalline state, lb 'd al
though these are not necessarily the same in details. a-Cy-
clodextrin holds two water molecules in the cavity hydrogen 
bonded to each other and to two glucopyranose rings which are 
more normal to the axis of the a-cyclodextrin torus than the 
other glucopyranose rings. Strain energy associated with the 
anomalous rings of the hexahydrate was intuitively attributed 
by Manor and Saenger to the driving force of the formation 
of inclusion complexes with organic molecules,lb'7 since no such 
anomaly was seen in the latter complexes. Among the forces 
proposed for the interaction between the host (cyclodextrin) 
and the guest (organic molecule), hydrophobic binding seems 
to have the most solid basis given by experiments. For instance, 
an expansion of the hydrophobic region of cyclodextrin by 
"capping" its cavity had been found to enhance the substrate 
binding.3f-8 The importance of hydrogen bonding in the in
clusion complex is very questionable, since no drastic drop of 
the substrate binding was observed for a modified cyclodextrin 
which is incapable of hydrogen bonding.9 The first theoretical 
approach to the aspects of driving force of inclusion by cyclo
dextrin was reported by Harata with partial success in the 
estimation of the binding force.10 His approach, however, 
clarified that point charge and dipole model are not fruitful 
bases for evaluation of polar bonding in the inclusion process. 
It is evident, therefore, that the bonding nature of inclusion 

complexes of cyclodextrin is a current subject of controversy 
on which more light must be shed. 

The authors now present here thus far the most compre
hensive model of the inclusion process of a-cyclodextrin. The 
hypothesis of a thermodynamic process of the inclusion to
gether with tools of semiempirical potential functions of van 
der Waals11 and Allinger's conformation energy12 has been 
found to give successful results in the evaluation of complex 
stabilization. Additionally, the present theoretical and quan
titative analyses of the inclusion phenomenon have led us to 
the conclusions that (1) van der Waals interaction between the 
host and the guest is critical in the stabilization of the complex, 
(2) the stabilization is largely compensated for by the term of 
water clusters, (3) the conformational change is unfavorable 
to the inclusion complex. This is the first case where cyclo-
dextrin's conformation energy is taken quantitatively into 
consideration for studies of inclusion complexes. 

Thermodynamic Picture of the Inclusion Process. The 
phenomenon of inclusion is a composite process which is un
derstood by thermodynamics. In Figure 1 is schematically 
shown the thermodynamic process of inclusion proposed by the 
authors. Then the net stabilization of the inclusion complex 
can be evaluated as the sum of the free-energy changes of the 
four processes. For this purpose, the following assignments of 
thermodynamic quantities and assumptions were made. 

(1) a-Cyclodextrin in water includes two water molecules 
hydrogen bonded to each other and to cyclodextrin, in the same 
manner as a-cyclodextrin hexahydrate does. lb 'd These water 
molecules have neither translational nor rotational freedoms. 
Release of the two water molecules from the cavity is the first 
hypothetical process for the inclusion. The process accompanies 
losses of van der Waals interaction (#w

vdw) and hydrogen 
bonding (—2A//H-bond), gains of motional freedoms of two 
water molecules as to translation (25,w

trans) and three-di
mensional rotation (2Sw

rot(3-D)), and a change in conformation 
energy of a-cyclodextrin. Vibrational freedoms both of water 
molecules and the guest molecule were assumed constant. 

(2) The second step is the transformation of the extruded 
gaseous water molecules into a liquid phase. As the enthalpy 
change ( -AH w

v a p ) and entropy change (ASw
gas^iiq) for the 

condensation of water at 25 0 C, reliable values of 10.46 kcal 
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Figure 1. Schematic representation of the thermodynamic process of inclusion of an organic guest molecule by a-cyclodextrin in water solution. 

Table I. Calculated Values of Enthalpy Change" 

G u e s t WCvdw - #""vdw 

Benzene -3.75 
p-Iodoaniline -10.09 
Methyl orange —8.35 

" conf " Conf 

+4.38 
+4.38 
+ 3.83 

— A//g
ciuster 

+4.10 
+7.08 
+6.71 

-2A#w
v a p 

-20.92* 
-20.92* 
-20.92* 

— 2 # H - b o n d 

+ 12.2 
+ 12.2 
+ 12.2 

^•"inclusion 

-3.99 
-7.35 
-6.53 

0 kcal mol-1, 25 0C. * A value of 10.46 kcal/mol as the vaporization enthalpy of water was derived from the following experimental values: 
the heat of vaporization of water at 100 °C = 9.716 71 kcal/mol;14 the work bringing 1 mol of water from 25 0C to 100 0C = 1.349 kcal/mol;15 

the work bringing a mole of gaseous water from 100 0C to 25 0C = —0.604 kcal/mol.16 

Table H. The Calculated Values of Entropy Changes" 

Guest 

Benzene 
p-Iodoani-

line 
Methyl 

orange 

" cal deg-

58FOt(I-D) 
- SSroUa-D) 

^ trans 

-52.0 
-62.9 

-67.6 

1 mol-', 25 

—ASg
ciust 

+20.1 
+34.8 

+32.9 

-2(-5w
rot(3.D) 

CW 
° trans 

-L 9 A Cw b 
' L L-^J gas-liq 

+ 33.6 
+ 33.6 

+ 33.6 

3C. * Reference 15. 

"^inclus ion 

+ 1.7 
+5.5 

-1.1 

mol - 1 (derived from the reported value, see footnotes in Tables 
I and II) and 16.80 cal deg - 1 mol - 1 (reported) were adopted, 
respectively. 

(3) An apolar solute (guest molecule) is transferred from 
water to the ideal gaseous state leaving a structured cavity 
behind. The cavity then collapses with redistribution of the 
water molecules. According to the theory of Nemethy and 
Scheraga,6 icelike structured water (water clusters) forms a 
cavity which fits an apolar solute with van der Waals contact. 
They had shown that the work requisite to break the water 
cluster is proportional to the number of hydrogen bonds or the 
number of water molecules in the first layer of water clusters. 
Application of their theory to the present study, i.e., counting 
the number of water molecules in the water cluster of the guest 
molecule (see Calculation Method) using a space-filling model, 
gives us the estimated value of the free-energy change for the 
present step. Such an estimated value is sufficiently reliable 
in magnitude at the present stage, since the calculation pro
cedure taken by Nemethy and Scheraga was a reconciliation 
of their theory with experimental data observed for typical 
apolar solutes like methane or benzene. 

(4) Binding of the guest molecule, the last hypothetical step 
of inclusion, accompanies van der Waals stabilization (//g

vdw) 
and a change in conformational energy of cyclodextrin. A 
freedom of one-dimensional rotation was allowed for the in
clusion complex between the aromatic guest molecule and 
cyclodextrin (Figure 2). 

Figure 2. The schematic representation of the rotational freedom allowed 
for the guest molecule in the binding state. 

The enthalpy change (A.rYjnciusion) and entropy change 
(ASjnciusion) relevant to the inclusion of organic molecule by 
a-cyclodextrin in aqueous solution now can be calculated using 
eq 1 and 2, respectively, where superscripts, c, w, and g cor
respond to inclusion complex, water molecule, and guest 
molecule, respectively. 

"" inc lus ion = V-" vdw — " vdw) T ( " conf — " conf) 

— A//gcluster — 2 A / / W
v a p — 2#H-bond ( 1 ) 

ASinclusion = (^8I-Ot(I-D) — S8I-OtQ-D) — S^trans) 

- 2 ( - 5 ' w
r o t ( 3 . D ) - S w t rans) + 2 A 5 w

g a s ^ ] i q - A . S \ i u s t e r ( 2 ) 

Calculation Method. Evaluations of &Hc\uster and ASciuster 

were carried out as follows. A guest molecule, in general, in its 
binding state was assumed to preserve a portion of water 
cluster, since as was shown for a-cyclodextrin-methyl orange 
complex by crystallographic x-ray studies, the size of the hy
drophobic cavity of a-cyclodextrin is by no means deep enough 
to include a whole of a guest molecule longer than ca. 7 A. This 
strongly indicates that, for instance, the 20 water molecules 
in the cluster around benzene must be too much to be evaluated 
as the number of "frozen" water molecules to be liberated into 
the bulk water from the cluster when benzene is included by 
a-cyclodextrin. Eleven is the estimated difference in number 
of water molecules of the cluster between uncomplexed and 
complexed state of benzene. Both the nature and the size of a 
guest molecule are the critical factors which control the 
number (Figure 3). In these estimations atomic coordinates 
of complexes were taken from reported x-ray studies and 
counting the number of water molecules in the first layer of the 
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Figure 3. Estimated difference in number of water molecules in the first 
layer of the water cluster. 

cluster was carried out using a space-filling model. Some such 
anomalies were seen in reported atomic coordinates taken from 
x-ray results that makes abnormally long C-O, C-C, or C-H 
bond lengths.'J,k Since these anomalies seem to be associated 
with errors for difference Fourier synthesis, these atomic 
coordinates were corrected so that the strains of the corre
sponding bonds are minimized.13 Corrected coordinates were 
used for the following calculations too. 

van der Waals interaction energy was calculated using Hill's 
potential (eq 3), where r is the interatomic distance, r* is the 
sum of van der Waals radii of the interacting two atoms, and 
«is a parameter which is defined individually for each pair of 
the interacting two atoms.1' 

£Vdw = -2.25e(r*/r)6 + 8.28 
X 105eexp(-/-/0.0736r*) (3) 

Allinger's method12 was used for the calculation of confor
mational energy (#conf), which is composed of bond stretching, 
bond angle strain, torsional, and nonbonded interaction 
energies. All of the atoms were taken into account in the cal
culation of van der Waals and conformational energies except 
atoms whose bond freely rotates. Thus 36 carbon atoms, 24 
oxygen atoms, and 30 hydrogen atoms of a-cyclodextrin were 
chosen. Nonbonded interaction was calculated only for sets 
of two atoms whose interatomic distance is less than 4 A. 

One-dimensional rotational, three-dimensional rotational, 
and translational entropies are given by eq 4, 5, and 6, re
spectively, where /VA is Avogadro's number, k is the 
Boltzmann constant, h is the Planck constant, M is the mo
lecular weight, T is the absolute temperature, P is the pressure 
in atomic units, / is the moment of inertia, and a is the sym
metry number. 

>rot(l-D) = N.k I- + ^In 
1 , 1 , 8Tr2IkT 

h: — In <j\ 

c _ v , . [ 3 i (^kTyIj2I3 

o rot(3-D) - ^V\k J - + - In —: In (T3 

- I n (1.01325 X 1 0 5 ) + | l n A / + | l n r - l n / > 

(4) 

(5) 

(6) 

Calculations were aided by a digital computer FACOM 
230-75 at the Computation Center of Kyushu University. 

Results and Discussion 
In order to show the applicability of the proposed repre

sentation to a general case of inclusion process, the authors 

Guest 

Benzene 
p-Iodoaniline 
Methyl orange 

a kcal mol-1 

^ J J inclusion 

-3.99 
-7.35 
-6.53 

250C. 

i iAo inclusion 

-0.51 
-1.64 
+0.33 

" v / inclusion 

Calcd Obsd 

-4.50 
-8.99 -5.9 
-6.20 -5.1 

adopted three guest molecules with considerably different size 
and structure, i.e., benzene, p-iodoaniline, and methyl orange; 
for the latter two the atomic coordinates of inclusion complexes 
had been determined by x-ray studies. 1J-11 The calculated 
thermodynamic parameters are grouped in several terms 
(Table I and II), in order to provide easy access to quantitative 
analyses of molecular aspects of inclusion complexes. The 
calculated net stabilizations of the complexes are shown in 
Table III. 

The first thing to note in the results in Table I is that the 
value of Ai/indusion is largely dependent on the van der Waals 
stabilization of the complex and the water cluster. The 
markedly great van der Waals stabilization of thep-iodoani-
line-a-cyclodextrin complex (A/7c

vdw = -10.09 kcal mol-1) 
is most easily rationalized as a result of the large atomic po-
larizability of iodine and/or better fit of the a-cyclodextrin-
substrate complex than the others. 

The larger the van der Waals stabilization is, the more the 
extent of the collapse of water cluster is accompanied by the 
inclusion process. Thus a change in extent of the compensation 
of these two major terms reflects the increase in net stabili
zation of the complex in the enthalpy term in a series of ben
zene, methyl orange, and p-iodoaniline. The stabilization of 
the gaseous water molecules in cyclodextrin's cavity (#w

vdw 
+ 2//n-bond = —16 kcal/mol) is less than the enthalpy change 
for the condensation of these gaseous wafer molecules into the 
liquid phase (2A//W

vap = -20.92 kcal/mol). This supports a 
naming of "high-energy water" given by Saenger et al.7 to the 
included water molecules of cyclodextrin hexahydrate. The 
freeze of motional freedoms of the guest molecule (—50 to —60 
cal deg-1 mol-1) is to a large extent compensated for by en
tropy increases from other origins, especially from loss of the 
water cluster around the guest molecule in the bulk medium. 
It has been approved, therefore, that breaking the water 
clusters is one of the most important factors which are favor
able to the formation of the inclusion complexes. This means 
that "hand-counting" the number of hydrogen bonds or the 
number of the water molecules in the water clusters is an un
satisfactory aspect of the theory of Nemethy and Scheraga, 
despite the wealth of theoretical details and its satisfactory 
coincidence with experimental data. For extensive development 
of the present approach and applications to a variety of sig
nificant biological interactions, non- or semiempirical theory 
to evaluate the number of water molecules in the water clusters 
should be exploited on the one hand, and much more accurate 
experimental data should be accumulated on the other. As to 
specificity in the substrate binding by cyclodextrin, a general 
rule may be presented based on our results. Since the com
pensation of A//Vdw with A//Ciuster leaves yet some net stabi
lization of the complex in the enthalpy term as clarified above, 
specificity in the complex formation is to be observed for a 
substrate which has the best host-guest fit (van der Waals 
stabilization) among guest molecules with a similar structure. 
In fact, this is usually seen in the specificity of the substrate 
binding by cyclodextrin that many authors so far reported. 

Two orthogonal glucopyranose rings of a-cyclodextrin 
hexahydrate had been assumed to bear strain energy and re
lease it upon complexing a guest molecule. Manor and Saenger 
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speculated that the strain relief with a concomitant expulsion 
of "high-energy" water molecules from the cavity is the major 
driving force of inclusion of organic molecules.7 However, an 
opposite conclusion is for the first time drawn from the results 
of the present calculations. The change in conformation energy 
from the hydrate to an inclusion complex was found to be of 
a magnitude of ca. 4 kcal mol-1 (Table I), being unexpectedly 
large with a positive sign. The calculation results have shown 
that each of the strain energies of the C-O-C bond (a-1,4 
linkage) between any pair of glucopyranose rings of a-cyclo-
dextrin hexahydrate is not so large, despite a less symmetrical 
conformation of the torus and the presence of two orthogonal 
pyranose rings. It is concluded, therefore, that the conforma
tion energy accumulated on the complex is attributable to the 
ellipsoidal conformation of cyclodextrin torus. 

In conclusion, it has been shown that van der Waals inter
action, conformation energy, and water clusters are the most 
important terms which govern the inclusion process as far as 
specificity in the substrate binding by cyclodextrin is con
cerned. The present concept of the inclusion phenomenon and 
calculation procedures has been shown to be tools fruitful 
enough to be extended to significant and sophisticated prob
lems of host-guest complexes such as active-site directed 
binding of substrates (or inhibitors) to enzymes or antigen-
antibody interactions. 
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not change a little upon the coordinates corrections. If one still uses the 
original x-ray coordinates, the bond stretching energy of a-cyclodextrin 
(vide infra) is so large that the complex formation is no longer allowed 
(AHinC|US|0n = +1.84 kcal/mol for p-iodoaniline complex and +40.46 
kcal/mol for methyl orange complex). 
Conformation Energy of a-cyclodextrin Inclusion Complex3 

Bond 
Stretch- angle Non-

Guest ing strain Torsion bonded Total 
Hexahydrate X" 8.85 22.62 16.21 -27.34 20.34 
p-lodo- X" 17.68 24.86 18.54 -27.17 33.91 

aniline C0 8.00 24.50 18.60 -26.39 24.72 
Methyl X6 38.06 32.16 22.28 -21.34 71.16 

orange Cc 3,98 27.11 18.85 -25.77 24.17 
a kcal/mol, * Based on the x-ray coordinates (ref 1j,k). c Based on the 

corrected coordinates. 
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(1939). 
(15) N. E. Dorsey, "Properties of Ordinary Water-Substance", ACS Monogr., 

No. 81 (1940). 
(16) H. M. Spencer, J. Am. Chem. Soc, 67, 1859 (1945). 


