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Inclusion complexations of �- and �-cyclodextrin (CD) with a series of phenol and benzoic acid derivatives both in
vacuo and in water were investigated by semiempirical PM3 method. The inclusion systems with a higher negative value
of complexation energy or interaction energy were found to have also a larger value of formation constant (Kf) in aque-
ous solution. The stability of �-CD inclusion complexes depended on the size/shape-fit between host and guest. A good
size fitting between the volume of a guest molecule and the free space size of CD cavity effectively improved the
stability of CD inclusion complex of the guest. Even though there was no appropriate molar volume ratio (MVR) of
a guest to �-CD cavity, a good structural matching between the shape of a guest molecule and the arrangement of
�-CD cavity should also obviously improve the stability of �-CD inclusion complex of the guest. Moreover, the CD
cavity size exerted a big influence on the stability of these supramolecular complexes. There was an energetic advantage
of larger than 45 kJmol�1 in favor of the intermolecular complexations between �-CD and mono-ortho-substituted
phenol derivatives relative to phenol or mono-para-substituted phenol derivatives.

Cyclodextrins (CDs, Fig. 1) are cyclic oligosaccharides
connected by �-1,4 linkages, frequently characterized as a
doughnut-shaped truncated cone.1,2 The primary hydroxy
groups (OHs) of glucose units are located on the narrower rim
of the cone, and the secondary OHs are on the wider one. The
diameters of the free space of �-CD cavity are approximately
0.54 nm at the wider rim and 0.47 nm at the narrower rim,
whereas for �-CD cavity, the diameters were 0.65 and 0.60
nm, respectively.1 Thus, the central region of CDs can be con-
sidered to be a frontier dividing the cavity into two different
regions, one close to the primary OH rim and the other close
to the secondary OH rim.3 The free space sizes of �- and �-
CD cavity are 104 and 157 cm3 mol�1, respectively.1

Inclusion complexations between various guest molecules
and CDs in aqueous solution have been the subject of numer-
ous experimental studies for many years.1,4,5 Intensive theoret-
ical works have also been performed over the past few years
on inclusion complexations between CDs and guests.6,7 In
view of the relatively large molecular size of CDs and their
complexes, most of these theoretical studies were done using
molecular dynamics (MD), molecular mechanics (MM),8,9

and semiempirical quantum mechanics (MNDO, AM1, and
PM3) methods.10,11 Higher levels of theoretical methods, such
as ab initio and density functional theory, generally give a
better level of agreement with experimental data. However,
the use of semiempirical MO methods rests on the fact that this
method is significantly faster than either the ab initio method
or the density functional theory. The PM3 method, which per-
mits the modeling of large systems beyond the capacity of ab
initio method, has been shown to be a powerful tool for the

theoretical study of supramolecular systems.12,13 Theoretical
calculations of CD–guest complexations are very useful, and
they may provide a valuable insight into the nature of inter-
molecular interactions between CD and guest.14,15 A great
majority of these works have focused on the driving forces of
inclusion processes of CDs with guests, as well as on the ar-
rangement and stability of CD–guest inclusion complexes.14,15

However, only very few theoretical investigations have
been performed to evaluate the influence of CD cavity size and
molar volume of guest molecule on the stability of inclusion
complexes, though many reports on inclusion phenomena in
solution have indicated that size/shape-fit plays an important
role in CD–guest inclusion complexations.3,16,17

In the present work, �- and �-CD were selected as hosts,
and a homologous series of phenol and benzoic acid deriva-
tives were chosen as guests. The chemical structures and molar
volumes of these guest molecules were all in Fig. 2.

The semiempirical PM3 method was used to investigate the
inclusion complexation behaviors between CDs and the guests
both in vacuo and in water, to determine the complexation
differences of the two parent CDs possessing different internal

Fig. 1. Chemical structures of �- and �-CD.
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diameters and to evaluate the effects of molar volume ratio
(MVR) of guest to CD cavity or/and structure matching be-
tween the shape of guest and the free space size of CD cavity
on the stability of the host–guest complexes.

Method

The inclusion complexations between �- and �-CD, and the
twelve guest molecules, illustrated in Fig. 2, both in vacuo
and in water were investigated using PM3 method18 in the
present work. All theoretical calculations were performed
using the Gaussian 98 software package.19 The initial geome-
tries of �- and �-CD were built based on their respective
crystal strutures20,21 and then fully optimized by PM3 method
without any symmetrical restrictions. All guest molecules were
also fully optimized. Harmonic frequency analyses were then
performed to make sure that the stationary point was a true
minimum.

The glycosidic oxygen atoms of �- or �-CD were placed
onto the xy plane, and the center of the hexagon or heptagon
composed of six or seven glycosidic oxygen atoms was desig-
nated as the origin of the Cartesian coordinate system. The sec-
ondary OH rim of CD was placed pointing toward the positive
z-axis. The longer dimension of a guest molecule was initially
placed along z-axis, and the center of benzene ring of a guest
was designated as the center of the guest molecule. The calcu-
lated energy values of CD inclusion complexes depended on
the starting geometries of host and guest.22 Many published re-
searches on the inclusion complexation between CDs and ben-
zoic acid or phenol analogs in solution have shown that most
of the CD inclusion complexes of these guests adopted one
of the two different orientations: ‘‘head-first’’ and ‘‘tail-first’’
positions.11,12,22 In connection with the fact that the diameter
of CD cavity was comparable with the widths of benzoic acid
and phenol molecules, two starting geometries were tried in
this work, i.e., taking into account the penetration of a guest
molecule into the inner cavity both from the primary OH
rim and from the secondary OH rim of CD. It should be noted
that, for some of the guest molecules calculated in this study,
one of the two starting geometries as starting guesses could be
in good agreement with the reported experimental results.9,11

Figure 3 is a representative schematic sketch illustrating the
relative positions of CD and guest molecules. As shown in
Fig. 3, the host–guest complexation process was simulated
by making a guest molecule penetrate into the cavity of CD
from either the wider rim (Fig. 3A) or the narrower rim
(Fig. 3B), then letting it pass through the cavity in steps. In

every step, the geometry of host–guest inclusion complex
was completely optimized by PM3 without any restrictions.
The value of Z, which is the distance between host and guest
in a complex, was determined along the z-coordinate between
the center of benzene ring of a guest molecule and the origin of
the Cartesian coordinate system.

The formation of the host–guest inclusion complex (HG) of
guest (G) and CD (host, H) could be represented by Eq. 1 as
follows:

Hþ G ¼ HG: ð1Þ

The complexation energy (�Ev
c ) between guest and CD in

vacuo was the difference between the energy of the inclusion
complex (�Ev

HG) and the sum of the energies of guest
(�Ev

e,G) and CD (�Ev
e,H) at their respective optimized equilib-

rium geometries in vacuo. Thus, �Ev
c could be calculated23

according to Eq. 2:

�Ev
c ¼ �Ev

HG ��Ev
e,H ��Ev

e,G: ð2Þ

It is inevitable that the molecular inclusion resulting from
the insertion of a guest molecule into CD cavity will be accom-
panied with deformation behaviors of both CD and guest
molecules.24 Accordingly, the deformation energies of CD
and guest molecules during complexation processes could not
be neglected. The deformation energy (�Ev

f,X) of a component,
X, here X represented host or guest at its optimum position
before and after inclusion in vacuo, was calculated25 from
Eq. 3 or Eq. 4 as follows:

�Ev
f,H ¼ �Ev

e,H ��Ev
c,H; ð3Þ

�Ev
f,G ¼ �Ev

e,G ��Ev
c,G; ð4Þ

where �Ev
f,X corresponds to the energy difference between the

energy of free X at its optimized equilibrium geometry (�Ev
e,X)

and the energy of complexed X at its optimized complex
geometry (�Ev

c,X) in vacuo. Upon inclusion, the total deforma-
tion energy (�Ev

f ) of host and guest in vacuo was calculated
by Eq. 5:

�Ev
f ¼ �Ev

f,H þ�Ev
f,G: ð5Þ

Interaction energy (�Ev
i ) between host and guest in vacuo

was defined as the difference between the energy of the inclu-
sion complex at its optimized equilibrium geometry and the
sum of the energies of both partners (H and G) at their com-
plex geometries.24 Hence, �Ev

i could be represented by
Eq. 6 as follows:

�Ev
i ¼ �Ev

HG ��Ev
c,H ��Ev

c,G: ð6Þ

Fig. 2. Chemical structures and molar volumes of the
selected organic guests. The center of the benzene ring
was designated as the center of a guest molecule.

Fig. 3. Schematic sketches illustrating the relative positions
between host and guest molecules.

2314 Bull. Chem. Soc. Jpn. Vol. 80, No. 12 (2007) Stability of CD Complexes of Organic Guests



Rearranging Eqs. 2, 3, and 4 gave the expressions of �Ev
HG,

�Ev
c,H, and �Ev

c,G, respectively. Then, substituting them into
Eq. 6 afforded Eq. 7 as follows:

�Ev
i ¼ �Ev

c þ�Ev
e,H þ�Ev

e,G

� ð�Ev
e,H ��Ev

f,HÞ � ð�Ev
e,G ��Ev

f,GÞ:
ð7Þ

Accordingly, �Ev
i could also be calculated as the sum of their

complexation energy and their total deformation energy (see
Eq. 8).

�Ev
i ¼ �Ev

c þ�Ev
f : ð8Þ

Furthermore, the intermolecular interactions of CDs and
guests with solvent molecules during CD–guest complexation
process is inevitable. Therefore, solvent effects on the forma-
tion of an inclusion complex in solution must be taken into ac-
count throughout all calculations.14 Calculations of the solva-
tion energy, i.e., hydration energy, in the present work, were
carried out using PM3 method. The solvation model for calcu-
lating hydration energies of a variety of organic solutes in
water was the Conductor-like Screening Model (COSMO).26

The COSMO algorithm was invoked using the keyword
NSPA = 60, 1SCF EPS = 78.4, PM3 CHARGE = 0.

�Ew
c ¼ �Ew

HG ��Ew
e,H ��Ew

e,G; ð9Þ
�Ew

f ¼ �Ew
f,H þ�Ew

f,G; ð10Þ
�Ew

i ¼ �Ew
c þ�Ew

f : ð11Þ

Accordingly, by applying COSMO-based methods the val-
ues of the complexation energy (�Ew

c ), total deformation ener-
gy (�Ew

f ), and interaction energy (�Ew
i ) in water could be rep-

resented by Eqs. 9, 10, and 11, respectively. Thus, the hydra-
tion energies (�Ew

h ) in the inclusion process between CD and a
guest molecule could be expressed by Eq. 12:

�Ew
h ¼ �Ew

i ��Ev
i : ð12Þ

Results and Discussion

Complexation Energy and Interaction Energy. The low-
est values of �Ev

c , �Ew
c , �Ev

i , and �Ew
i of each inclusion

system were listed in Table 1. The values of ��Ew
i represent-

ed the energetic advantages of �- and �-CD complexes in
comparison with �-CD–1 and �-CD–1 in water, respectively.
According to Eq. 1, the formation constants (Kf) of the
host–guest inclusion complexes in aqueous solution could be
represented by Eq. 13 as follows:

Kf ¼ ½HG��ð½H��½G�Þ�1; ð13Þ

where [H], [G], and [HG] represent the equilibrium concentra-
tions of CD, guest, and CD–guest inclusion complex, respec-
tively. The measured values of Kf and the calculated values
of �Ev

f , �Ew
f , �Ew

h , MVR, and Z are summarized in Table 1.
The values of �Ev

i and �Ew
i should directly reflect the

stabilities of CD supramolecular complexes in vacuo and in
water, respectively. As shown in Table 1, the sufficiently large
negative values of �Ew

i clearly demonstrated that the forma-
tion of the inclusion complexes in water was energetically very
favorable. Theoretically speaking, if the calculated �Ew

i value
of an inclusion system is more negative, the obtained inclusion
complex should be more thermodynamically stable in water.

The calculated values of complexation energies and interac-
tion energies of the nineteen inclusion systems in vacuo and in
water are plotted as bar-graphs in Figs. 4A and 4B, respective-
ly. The bar graphs depicting two kinds of energies were found
not only to have the same trends from left to right both in
vacuo and in water, but also to be quite similar to each other,
except for some slight differences in the heights of the bars.

Table 1. The Formation Constants (Kf) of the Host–Guest Complexes in Aqueous Solution, and the Complexation Energies, Deforma-
tion Energies, Hydrate Energies, and Interaction Energies of the Inclusion Systems in kJmol�1

Complex
Kf

/mol�1 dm3 Refs.a) MVR �Ev
c �Ew

c �Ev
f �Ew

f �Ew
h �Ev

i �Ew
i ��Ew

i

Z

/pm

�-CD–1 4:07� 101 27 0.844 �13:4 �12:8 3.7 3.3 0.2 �9:7 �9:5 0 200
�-CD–2 2:04� 102 22 0.959 �19:3 �17:4 2.4 2.4 1.9 �16:9 �15:0 �5:5 300
�-CD–3 1:43� 103 28 0.964 �39:4 �35:7 �2:2 �1:4 4.5 �41:6 �37:1 �27:6 100
�-CD–4 1:47� 105 29 1.075 �65:9 �57:1 �10:6 �8:2 11.2 �76:5 �65:3 �55:8 500
�-CD–5 4:95� 104 5 1.502 �62:1 �59:0 �1:8 �1:5 3.4 �63:9 �60:5 �51:0 200
�-CD–6 6:31� 10 28 1.135 �20:7 �17:9 6.0 5.2 2.0 �14:7 �12:7 �3:2 0
�-CD–7 6:31� 104 30 0.959 �65:5 �62:0 �4:5 �2:0 6.0 �70:0 �64:0 �54:5 400
�-CD–8 8:11� 102 12 0.980 �33:5 �31:1 4.2 2.8 1.0 �29:3 �28:3 �18:8 �200b)

�-CD–10 5:01� 102 30 1.002 �26:8 �24:3 3.5 3.4 2.4 �23:3 �20:9 �11:4 200
�-CD–11 2:14� 102 31 0.752 �25:2 �23:0 �2:8 �1:8 3.2 �28:0 �24:8 �15:3 �300b)

�-CD–12 8:13� 102 32 1.137 �35:4 �32:1 �2:3 �2:0 3.6 �37:7 �34:1 �24:6 �300b)

�-CD–1 9:33� 101 27 0.559 �20:5 �19:2 1.8 1.6 1.1 �18:7 �17:6 0 0
�-CD–2 1:91� 102 33 0.635 �17:7 �18:0 3.0 2.5 �0:8 �14:7 �15:5 2.1 300
�-CD–3 5:21� 102 34 0.639 �26:3 �24:7 4.3 3.5 0.8 �22:0 �21:2 �3:6 0
�-CD–4 1:53� 104 29 0.712 �52:8 �48:4 3.5 3.7 4.6 �49:3 �44:7 �27:1 300
�-CD–5 3:96� 105 5 0.995 �78:9 �72:4 9.5 8.0 5.0 �69:4 �64:4 �46:8 200
�-CD–8 5:49� 102 35 0.649 �32:2 �29:8 4.2 3.0 1.2 �28:0 �26:8 �9:2 �300b)

�-CD–9 1:95� 105 36 1.392 �67:5 �62:3 7.4 6.0 3.8 �60:1 �56:3 �38:7 0b)

�-CD–10 5:00� 102 34 0.664 �30:2 �28:1 6.1 4.4 0.4 �24:1 �23:7 �6:1 300

a) Refs represents references. b) The Z values obtained based on the starting geometry in Fig. 3B, the others based on the starting
geometry in Fig. 3A.
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For example, the inclusion complex �-CD–5 had the most
negative �Ev

c value (�78:9 kJmol�1) among the nineteen in-
clusion systems, but it did not have the lowest �Ev

i value
among these inclusion systems.

The linear correlation coefficient (r) of the regression line
for the data set of �Ev

i and �Ev
c was 0.976. For the data set

of �Ew
i and �Ew

c , the r value was 0.981. Since the two bee-
lines in Fig. 5A appeared to be a near superposition, �Ev

i

and �Ev
c of the inclusion systems could to a great extent be

regarded as their respective �Ew
i and �Ew

c . In other words,
the contribution from the sum of both deformation energy
and hydration energy of the inclusion systems to �Ei in vacuo
and in water should be approximately equivalent.

Deformation Energy and Hydration Energy. The bar-
graphs depicting the values of �Ev

f and �Ew
f of the nineteen

CD–guest inclusion systems are drawn in Figs. 4A and 4B,
respectively. The highest and lowest points of these orange
bars appeared for �-CD–5 and �-CD–4, respectively.

The distribution of �Ec values of the nineteen CD–guest in-
clusion systems with different �Ef values is shown in Fig. 5B.
It should be noted that a great majority of the nineteen host–
guest inclusion systems both in vacuo and in water appeared
in the area with a horizontal and vertical dimension of �4 to
7 kJmol�1 and �53 to �15 kJmol�1, respectively. The maxi-
mum and minimum �Ev

f values of the eleven �-CD inclusion

systems were 6.0 and �10:6 kJmol�1, respectively. However,
for the eight �-CD inclusion systems, these values became 9.5
and 1.8 kJmol�1, respectively. Accordingly, for all the CD
inclusion systems, the energy contribution from deformation
energy to interaction energy in vacuo was insignificant, though
it could not be completely neglected (see Fig. 4A). Moreover,
the maximum and minimum values of �Ew

f were 5.2 (�-CD–
6) and �8:2 (�-CD–4) kJmol�1 for the eleven �-CD inclusion
systems, whereas for the eight inclusion systems of �-CD,
these values were all higher than zero (see Fig. 4B), and the
maximum and minimum �Ew

f values were 8.0 (�-CD–5)
and 1.6 (�-CD–1) kJmol�1, respectively.

The results revealed that there was no significant difference
between the two calculated �Ef values both in vacuo and in
water as described before. In addition, the energy differences
in the �Ef,X values of the host and guest molecules in an
inclusion complex, such as �-CD–1, between in vacuo and
in water were only 0.02 kJmol�1 for �-CD and 0.35 kJmol�1

for guest 1.20 The weak deformation behaviors of host and
guest upon complexation could be attributed to the rather rigid
skeleton of �- and �-CD,9 and to the structural rigidity of the
benzene ring on the substituted phenols and benzoic acids.

Intermolecular interactions of water, used as reaction
medium, with CD and guest molecules is important for making
a CD–guest inclusion complex in aqueous solution. This is

Fig. 4. Calculated energy values of nineteen inclusion systems (A) �Ev
c , �Ev

f , and �Ev
i in vacuo and (B) �Ew

c , �Ew
f , �Ew

i , and
�Ew

h in water.

Fig. 5. (A) Linear relationships between �Ei and �Ec of the nineteen inclusion systems of CDs; (B) plots of the distribution of
�Ec values of the CD–guest inclusion systems with different �Ef values.
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because the water environment around CDs and guests would
surely influence the CD–guest complexation process.14 As can
be seen in Table 1 and Fig. 4B, when solvent effects were
taken into consideration during calculation, the values of �Ew

c

and �Ew
i became obviously less negative relative to the values

of �Ev
c and �Ev

i .
Furthermore, ��Ew

i represented the energetic advantages
of �- and �-CD complexes in comparison with �-CD–1 and
�-CD–1 in water, respectively. Based on the data summarized
in Table 1, it was easily seen that the ��Ew

i values were
higher than the values of ��Ev

i . For example, as for �- and
�-CD inclusion systems, the minimum values of ��Ev

i were
�66:8 and �50:7 kJmol�1, respectively. However, the mini-
mum ��Ew

i values of the two inclusion systems had increased
to �55:8 and �46:8 kJmol�1, respectively. The energy in-
crease in the inclusion system in water clearly reflected that
the intermolecular complexations between host and guest were
impeded, at least to a certain extent, by water molecules
around the host and guest molecules. These findings indicate
that water molecules weaken the intermolecular interactions
between CDs and the substituted benzenes.

The maximum and minimum hydration energy (�Ew
h )

values of the �-CD inclusion systems listed in Table 1 were
11.2 and 0.2 kJmol�1, respectively. The values of �-CD inclu-
sion systems were 4.6 and �0:8 kJmol�1, respectively. The
sum values of �Ef and �Ew

h were all above zero, which are
unfavorable for the formation of the CD inclusion complexes.
It was also found that, although �-CD–4 and �-CD–5 did not
possess the lowest sum value of �Ef and �Ew

h , they were the
most stable complexes in the �-CD inclusion systems and
�-CD inclusion systems respectively. Therefore, it gave us a
strong impression that the contribution from the structure
matching between the shape/size of a guest molecule and
the cavity size of CD was dominant to stabilize the inclusion
complexes, though the energy contribution of �Ef and �Ew

h

could not be neglected.
Linear Relationships between the Interaction Energy

and the Natural Logarithm of Kf . As can be seen in
Table 1, strikingly, if an inclusion complex possessed a higher
negative value of the interaction energy whether in vacuo or in
water, by and large, it would have a larger value of Kf mea-
sured in aqueous solution. In Fig. 6, the two nearly linear rela-
tionships between the natural logarithms of Kf and the interac-
tion energies calculated both in vacuo and in water were appar-

ent in Fig. 6A with the r value of 0.967 and in Fig. 6B with the
r value of 0.974, respectively. Two suitable mathematical
representations describing the linear relationships are given
in Eqs. 14 and 15 as follows:

�Ev
i ¼ �7:12 lnKf þ 16:6; ð14Þ

�Ew
i ¼ �6:45 lnKf þ 14:6: ð15Þ

Two plots of these data were well fit by straight lines, both
with similar slopes and intercepts, and two equations exhibited
a similar tendency. Since both formation constant and interac-
tion energy could reflect the stability of a supramolecular in-
clusion complex, accordingly, a good linear relationships be-
tween lnKf and �Ev

i or �Ew
i of the nineteen inclusion systems

seemed to be reasonable.24

The data in Table 1 shows that the order of the absolute
values of�Ei as well as�Ec is in approximate agreement with
that of the Kf values. In addition, the linear relationship in
Fig. 6 suggests that the values of �Ei linearly decrease with
an increase in lnKf values in these inclusion systems. Hence,
the linear equations as shown in Eq. 14 especially in Eq. 15,
should reflect the intrinsic correlations between the inclusion
energies and the formation abilities of the CD supramolecular
complexes of the substituted benzenes. Clearly, this observa-
tion in the present work will help us to further understand
the nature of intermolecular interaction between CD and guest
and to predict the formation and stability of novel CD inclu-
sion complexes in solution, only using theoretical studies.

Furthermore, this finding should be very important especial-
ly for some unique CD–guest complexations that are difficult
to examine in aqueous solution. For example, these guest
molecules could be those possessing some minor structural
units of CD, such as glucose, maltose, and some other saccha-
rides, those that are light, air or moisture sensitive, such as
many transition-metal organic compounds, and those that are
either rather difficult to be prepared or quite expensive.

However, the approach was only tested on a limited number
of CD inclusion systems of substituted benzenes. Therefore,
the broad applicability of the linear relationship presented in
Eq. 15 remains to be established by applying a validation set
including a large number of guest molecules.

Effects of the Values of MVR on the Stability of CD
Complexes. Figure 7 displayed clearly a significant interac-
tion energy difference, ��Ew

i , between CD–1 and all other
CD–guest inclusion systems.

Fig. 6. Linear relationships between lnKf and (A) �Ev
i or (B) �Ew

i of the nineteen inclusion systems of CDs.

L. X. Song et al. Bull. Chem. Soc. Jpn. Vol. 80, No. 12 (2007) 2317



As can be seen in Fig. 7A, the inclusion complexes of
guests 4, 5, and 7 with �-CD, and guests 5 and 9 with �-
CD, in which �Ew

i was lower than �55 kJmol�1 and Kf was
larger than 104 mol�1 dm3, were much more stable than the
complexes of all other guests with the same CD, in which
�Ew

i was higher than �45 kJmol�1 and Kf was smaller than
2� 103 mol�1 dm3. The inclusion complexes of �-CD with
guest 1, 2, or 6, in which �Ew

i was higher than �20 kJmol�1

and Kf was smaller than 2:5� 102 mol�1 dm3, and �-CD with
guest 1, 2, or 3, in which �Ew

i was higher than �25 kJmol�1

and Kf was smaller than 2� 102 mol�1 dm3, were much less
stable than all other complexes of the same CD.

Figure 7B illustrated that the �-CD complexes of 2, 3, 4, 5,
8, and 10 had more than a 5.5 kJmol�1 energetic advantage,
i.e., ��Ew

i , when compared with �-CD–1 in water. And the
energy advantages between �-CD complexes of the guests
such as 3, 4, 5, 8, and 10 and �-CD–1 were all 3.6 kJmol�1

above.
The bar diagrams on the left and right side in Fig. 7A or 7B,

respectively corresponding to �-CD and �-CD complexes,
looked somewhat alike in their profiles, indicating that there
existed, as a whole, similar inclusion behaviors between the
same guest and the two parent CDs. However, the guests in
those complexes located at the vertex and nadir in each group
were completely different for different CD. The guests in
�-CD complexes were 1 (the lowest) and 4 (the highest),
and those in �-CD complexes were 2 (the lowest) and 5 (the
highest), respectively.

These results suggested that the CDs cavity size might exert

a big influence on the stability of these inclusion com-
plexes.37,38 That is to say, the effects of the values of MVR
on the stabilities of CD complexes of the phenol and benzoic
acid derivatives should be important.

The�Ew
i values of the inclusion systems of �-CD as a func-

tion of the values of MVR are plotted in Fig. 8. As can be seen
in Fig. 8A, the absolute values of �Ew

i of the �-CD inclusion
systems nonlinearly increased with an increase in the MVR
value within the range from 0.635 to 0.995, and then gradually
decreased. The curve is shaped like an asymmetric arch. Its
profile seemed to be similar to that of the arch-shaped curve
resulting from the Kf values listed in Table 1 as a function
of MVR (see Fig. 8B).

The MVR value of guest 5 to �-CD was 0.995, indicating an
appropriate fit between the cavity size of �-CD and the molec-
ular volume of the guest, 4-allyl-2-methoxyphenol. Conse-
quently, as shown in Table 1, Figs. 8A and 8B, it can be easily
seen that inclusion complex �-CD–5 had the highest stability
among all these inclusion complexes whether measured (Kf ,
3:96� 105 mol�1 dm3) in aqueous solution or calculated both
in vacuo (�Ev

i , �69:4 kJmol�1) and in water (�Ew
i , �64:4

kJmol�1). The molecule volume of guest 9 was quite larger
than free space size of the cavity of �-CD. Hence, as shown
in Fig. 8B, the absolute value of �Ew

i (56.3 kJmol�1) in �-
CD–9 is obviously lower than the absolute value of �Ew

i

(64.4 kJmol�1) in �-CD–5. That is to say, if a guest molecule
is too large, for example, �-CD–9 with a MVR value of 1.392,
to fully penetrate into the cavity, or too small, for example, �-
CD–1 with a MVR value of 0.559, to be effectively embedded

Fig. 7. Interaction energy difference (��Ew
i , kJmol�1) of two inclusion systems, (A) between �-CD–1 and all other CD–guest

complexes, (B) between the same CD complexes of guest 1 and guest 2, 3, 4, 5, 8, or 10.

Fig. 8. The �Ew
i values of the inclusion systems of �-CD (A) as a function of MVR, and lnKf of �-CD inclusion complexes as a

function of MVR (B).
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within the cavity, the guest will form a less-stable inclusion
complex with �-CD. These results showed that a good size fit-
ting between the molecular volume of a guest molecule and the
free space size of �-CD cavity would effectively improve the
stability of �-CD–guest inclusion complex.2,39

However, the relative sensitivity of the �- and �-CD cavity
to the molecular volumes of the guests could not be established
only based on the limited data listed in Table 1. This is be-
cause the stabilities of the inclusion complexes might be influ-
enced by the polarity, hydrophobicity, and position of the sub-
stituted groups in the guest molecules as well as molecular vol-
umes of the guests. The effects of the substitution position, es-
pecially, the Y-position of the guests in Fig. 2 on the stabilities
of CD complexes were evaluated in the present work.

Effects of the Substitution Position of the Guests on the
Stabilities of CD Complexes. On the basis of the calculated
values, it was found that the stabilities of the inclusion com-
plexes were obviously influenced by the substitution positions
of the guests.

The stabilities of �-CD inclusion complexes of the mono-
ortho-substituted phenol derivatives (Y 6¼ H in Fig. 2) was
markedly higher than those of the complexes of �-CD with
phenol or the mono-para-substituted derivatives of phenol
(Y ¼ H in Fig. 2). For example, guests 2 and 7 had the same
molar volumes but differed in the position of the NO2 group
on the benzene ring. As can be seen in Fig. 9, the stability
of the inclusion complex of the mono-ortho-substituted guest
7 (�Ew

i , �64:0 kJmol�1) with �-CD was significantly higher
than that of the inclusion complex of �-CD with the mono-
para-substituted guest 2 (�Ew

i , �15:0 kJmol�1). A significant
difference was also observed between the stabilities of the �-
CD inclusion complexes of the mono-ortho-substituted guest 4
(�Ew

i , �65:3 kJmol�1) and mono-para-substituted guest 6
(�Ew

i , �12:7 kJmol�1).
There was an energy advantage of larger than 45 kJmol�1 in

favor of the intermolecular complexations between the mono-
ortho-substituted phenol derivatives and �-CD. For example,
the difference in �Ew

i between �-CD–4 and �-CD–6 was
52.6 kJmol�1, and the energy difference between �-CD–7 and
�-CD–2 was 49.0 kJmol�1 according to the data shown in
Fig. 9 and Table 1. These results suggest that in the complexes

of the guests 4 and 7, the NO2 or OCH3 groups in Y-position
of the guests should be located in the hydrophobic cavity of
�-CD, but not in Z-position of the guests 6 and 2.

Furthermore, due to the existence of some polar and bulky
substituents, such as –OCH3 and –NO2, at the Y-position on
the guests 4, 5, and 7, the five inclusion complexes of CDs
with these guests showed rather larger negative values of
�Ew

i (<�40 kJmol�1, see Fig. 9). The inclusion complexes
of CDs with phenol, benzoic acid, and their mono-para-substi-
tuted derivatives, such as guests 1, 2, 3, 6, 8, 10, 11, and 12, all
of which has a proton H at Y-position, were less stable
(�Ew

i > �40 kJmol�1). In addition, no significant difference
in the values of �Ew

i values between the inclusion complexes
of �- and �-CD with guests 2, 5, 8, and 10 was found.

It should be noted that the guest 9 bearing two extremely
bulky substituents, i.e., –CH(CH3)COOH group and –CH2C-
(CH3)3 group at the X- and Z-position on the benzene ring, re-
spectively, formed a more stable inclusion complex, �-CD–9,
(�Ew

i < �40 kJmol�1, see Fig. 9) than any other mono-para-
substituted guests. This phenomenon could be attributed to the
structure matching between CD cavity and the guest.

Structures of the CD–Guest Inclusion Complexes. The
optimum position of a guest in CD cavity was determined
according to relative values of �Ew

i between two starting ge-
ometries described above. Although the two starting geome-
tries could produce their respective lowest values of the inter-
action energy between host and guest, only the starting geom-
etry with a lower calculated value of �Ew

i (see Table 1) was
considered to be present for the formation of a stable CD–
guest complex. The Z values of the nineteen inclusion systems
in water corresponding to their respective lowest values of
�Ew

i are listed in Table 1. Two representative pictures, which
illustrate the relationships between Z and �Ev

i or �Ew
i , are

depicted in Fig. 10.
As can be seen in Fig. 10, fifteen of the nineteen inclusion

systems formed their respective inclusion complexes in the
range from cavity center (Z ¼ 0 pm) to the exterior near the
secondary OH rim of the cavity (Z ¼ 500 pm) both in vacuo
and in water. These results are in accordance with those pub-
lished recently.10–12 Among the inclusion systems calculated in
vacuo, ten of the nineteen CD–guest inclusion complexes
appeared in the central area with a horizontal and vertical di-
mension of 0 to 300 pm and �15 to �60 kJmol�1, respectively
(see Fig. 10A). In water, the systems in the central area, with a
horizontal and vertical dimension of 0 to 300 pm and �12 to
�57 kJmol�1, respectively, were still the 10 inclusion systems
(see Fig. 10B).

Typical pictures of two representative complexes, �-CD–1
and �-CD–9, given in Figs. 11A and 11B respectively, could
to a certain extent reflect the effect of size fitting or structure
matching between CD and guest on the formation and stability
of CD–guest inclusion complexes. As shown in Fig. 11A,
guest 1, a tortoise-shaped guest with a maximum breadth of
0.433 nm, which is obviously shorter than the diameter of
the free space within �-CD cavity, should be able to pass
through this cavity freely. At the same time, the two inclusion
complexes of guest 1, �-CD–1, and �-CD–1, were found to be
significantly less stable (see Table 1) when compared with
the other complexes. Figure 11B shows a schematic picture

Fig. 9. Plots of the Y-position of the guests vs. the�Ew
i val-

ues of the nineteen CD–guest inclusion systems in water.
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of �-CD–9, where with an upper width R1 of 0.644 nm and a
lower width R2 of 0.540 nm, guest 9 looked like a special-
shaped column structure. The column-like structure makes it
possible to fill the free space within the �-CD cavity.16,17

Figure 12 illustrated the complexation processes between
guest 9 and �-CD in two different starting geometries. As
can be seen in Figs. 12A and 12B, the difference in interaction
energy of guest 9 and �-CD between two different arrange-
ments was 8.7 kJmol�1. Based on the lowest energy principle,
guest 9 should enter into �-CD cavity from the primary OHs
rim (see Fig. 12A). Although the lowest �Ew

i values of two
arrangements were different from each other, their correspond-
ing values of Z were the same, i.e., upon inclusion, their Z

values were equal to 0 pm. This result indicates that there is
an optimal superposition between the designated centers of
�-CD and 9 in the complex, �-CD–9. After inclusion, whether
the Z value decreased or increased, the absolute value of �Ew

i

for �-CD–9 should decrease swiftly and sharply as displayed
in Fig. 12. Therefore, guest 9 cannot form a stable complex
possessing a �Ew

i value of lower than �40 kJmol�1, unless
it penetrates fully into the cavity of �-CD. Structurally, upon
inclusion the guest molecule could be adequately locked
within this cavity as shown in Fig. 11B and Fig. 12A.

The stability of �-CD–9 was only less than that of �-CD–5,
but greater than those of all other complexes listed in Table 1.
It should be noted that the molecular volume of guest 9 was

Fig. 11. Structural sketches of two inclusion complexes,
(A) �-CD–1 and (B) �-CD–9. Dp and Ds are the diameters
of the narrower and wider rims of the free space in the
inner cavity of �-CD, respectively. R1 and R2 are widths
of the upper and lower portions of guest molecules,
respectively.

Fig. 12. Schematic drawings depicting complexation process between guest 9 and �-CD in two different arrangements, (A) migra-
tion of guest 9 into �-CD cavity from the primary OH rim and (B) from the secondary OH rim.

Fig. 10. Plots of the Z values vs. the �Ei values of the nineteen CD–guest inclusion systems in vacuo (A) and in water (B).
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remarkably larger than the cavity size of �-CD. Among the
studied �-CD complexes, the molecular volume of guest 10
was rather close to the cavity size of �-CD (MVR, 1.002),
but the absolute value of �Ew

i was obviously smaller than that
of the inclusion complex of �-CD with 4 (MVR, 1.075) or
with 7 (MVR, 0.959). Accordingly, these results suggest that,
even though there did not exist an appropriate MVR between
host and guest, a good structural matching between the shape
of a guest molecule and the arrangement of CD cavity could
also effectively improve the stability of CD–guest inclusion
complexes.2 In other words, if a guest molecule with an appro-
priate shape or spatial structure acclimatize itself to the free
space of CD cavity, it could form a comparatively stable CD
complex, even though its molecular volume was obviously
larger the size of CD cavity.37,40,41

The PM3 optimized structures of two structural forms of �-
CD–9 are illustrated in Fig. 13. As can be seen, with a column-
like structure, guest 9 was perfectly accommodated into the
cavity of �-CD. However, no intermolecular hydrogen bonds
between the hydroxy groups of �-CD and –COOH or –OH
in guest 9 were found in the two structures of �-CD–9. Ac-
cordingly, it seemed to be reasonable to conclude that the driv-
ing forces for the formation of the inclusion complex should be
mainly from the van der Waals forces between CD and guest
molecules and the pairwise hydrophobic interaction between
the hydrophobic inner surface of CD cavity and hydrophobic
groups of guests.
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