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Abstract To simulate the interaction energy between
f-cyclodextrin and some linear molecules, a model was
constructed from a simple pairwise-additive Lennard-
Jones potential combined with a continuum descrip-
tion of the cyclodextrin cavity and of the guest mole-
cule. Depending on the molecular length, one or two
pairs of potential parameters are needed to reproduce
the main features of the physisorption energy obtained
by the all atoms model. From the continuum model,
the relationship between the microscopic interaction
energy and the macroscopic structural parameters of
the molecules can also be established.
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Introduction

The interactions between f—cyclodextrin (f-CD) and
linear guest molecules of different sizes and composi-
tions were previously investigated, by a model con-
sidering the interaction energy as made up of
contributions from van der Waals, hydrogen-bonding
and electrostatic functions, as in the AMBER force
field. In these studies, the potential surfaces, energies
and configurations of several inclusion complexes were
obtained describing the f-CD and guest molecules by
all atoms [1, 2]. The model presented in this work does
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not consider the molecules as consisting of rigid
spherical particles (atoms or assemblies of atoms) but
as continuum distributions of matter (without electrical
charge) [3-6], and this assumption has two advantages:
it can be applied to many kind of systems and extends
the information of the system, relating a microscopic
property (such as the interaction energy) with macro-
scopic properties (such as the structural parameters of
the molecules). Also, the suitability of the interaction
potential proposed in this work is demonstrated by
comparing the results obtained by this model for dif-
ferent linear molecules with those obtained by a force-
field method [1, 2].

The model

The guest-CD interaction is simulated by an average of
the interaction energy, represented by the van der
Waals contribution, over the uniformly distributed
atoms in the CD and in the linear molecule. If we make
the approximation of replacing the discrete summation
by means of a continuous integration, the interaction
energy W can be calculated as:
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where pcp is the superficial density of atoms in the CD
cavity (pcp ~ 0.73 A*Z), Pmol 18 the linear density of
atoms in the guest molecule, L is the length of the
linear molecule, 4 is the axial length of the CD, b the
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radius of the base and a the radius of the top of the
B-CD truncated cone (b~ 5A and a~ 4 A) [7], a = -7
(¢« = hl/(a-b)) is a parameter derived from the
geometry of the f-CD cavity [3] and V is a simple
pairwise-additive Lennard-Jones potential. The Z-
axis is collinear with the cone axis (thus the XY
plane is parallel to the cone base), and the origin of
the coordinates lies at the centre of mass of the
cavity (which does not correspond to 4/2). For the
conical surface we used a parametric representation
[8, 3]

F(u, v) = u cosvi+usinvyi+o(a—u)k (2)

For the linear molecule we also use a parametric
representation [8]:

71(7o, 0, @) =(xo + [ sin 0 cos )i
+ (yo + 1 sin 0sin @)

—

+(zo+ 1 cos 0) k (3)

where 7y = (xo, yo, z0) is the position of the guest’s
centre of mass and the angles (0, ¢)€[ 0, n ] X[ 0, 27 ]
define the orientation of the molecule with respect to
the absolute frame (X, Y, Z).

The interaction energy W (7, 0, ¢) depends on the
configuration of the linear molecule (7, 6, ¢) , and on
its structural parameters, such as the length L and the
composition and distribution of atoms on the mole-
cule, characterized by p.,o and the ¢ and & parame-
ters of the Lennard—Jones potential corresponding to
the interaction between the atoms of the CD and the
molecule.

In order to reproduce the main features of the van
der Waals interaction between -CD and the linear
guest molecule obtained by the all atoms method, we
analysed two possibilities: the simplest case, where the
interaction between the atoms is represented by one
pair values (g, € ) for the potential parameters, and the
case where the interactions are represented by two
different pairs (a1, &) , (02, &) (being g1 < g,). In this
last case, a new parameter, p, is required to symbolize
the rate of each pair that expresses the composition of
the molecule: 0< p< 1, p = 0 the interaction is repre-
sented by the values (a3, &) and p = 1 corresponds to
the pair (o1, &) . Due to the asymmetry of the guest
molecule in this case, the polar angle formed with the
cavity axis 6 (6 €[ 0, = ]) is related to the orientation of
the linear molecule with respect to the cavity: if 0
< 90°, the part of the molecule with values (g, &) is
pointing to the top of the cone, if § > 90° this part is
pointing to the base.
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Results and discussion

The interactions between f(-CD and several linear
molecules (acrylonitrile, methyl vinyl ketone, diethyl
fumarate, methyl-, ethyl-, propyl- and butyl- acrylate)
were previously investigated using a model based on
the all atoms methods. The obtained results were
represented in terms of potential energy surfaces,
penetration potentials and inclusion complex configu-
rations [1, 2]. The curve defined by the positions (X, Y
) for every plane Z = constant, in which the potential
W is minimum, characterizes the penetration trajectory
and the curve joining these minima for every plane
Z = constant is the penetration potential. The position
and orientation of the guest molecule for which we
obtain the absolute minimum potential energy gives
the geometry of the guest in the inclusion complex.
The potential energy surfaces were represented by
partitioning the variation range of the Z-axis in the
p-CD cavity into four parts, depending on the position
of the centre of mass of the guest molecule: near the
top of the cone (region I), near the centre of the cavity
(regions I and I1T) and near the cone base (region IV).

When we apply the continuum model to the same
molecules we observe that it can reproduce the main
results of the all atoms model: the order of magnitude
of the interaction energy (with an error of about 2.5%),
the shape of the penetration potential, the configura-
tions of the inclusion complexes (orientation of the
linear molecule and approximate position of its centre
of mass) and the main features of potential energy
surfaces. Thus, in Table 1 the numerical results of the
continuum model are included along with some
parameters that simulate the interaction with the guest
molecules (p, g,¢) . Fig. 1 shows the penetration
potentials obtained. The following features can be
pointed out:

(a) For linear molecules with length L <6 A
(acrylonitrile and methyl vinyl ketone) only one pair of
potential parameters (g, ¢ ) were needed to reproduce
the main features of the physisorption energy. From
the results obtained by the all atoms model [1, 2], the
parameters used in the simulation of acrylonitrile and
methyl vinyl ketone were derived, because the role of
the potential parameters in the interaction energy W is
similar to that in the Lennard—Jones potential between
a pair of atoms: ¢ governs the strength of the interac-
tion and ¢ is related to the position of the minimum
energy (rmin = 1.12 o) [9]. By the continuum model, the
variation in the potential energy along the cavity axis
was found to resemble a potential well, in agreement
with the results obtained by the all atoms model.
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Table 1 Minimum of potential energy W inside the cavity for some linear molecules and parameters used in the continuum model

Guest molecule L (A) p 01 (A) & (eV) JZ(A) & (eV) Position A Position B
d(A) Z(A) 0 (rad) W (eV) d(A) Z(A) 0 (rad) W (eV)
Acrylonitrile 4.5 - 3.0 0.003 - - 1.3 -02 0209 -0436 - - - -
Methyl vinyl ketone 4.5 - 42 0.0015 - - - - - - 0.0 0.8 0.000 -0.615
Methyl acrylate 6.0 0.70 2.7 0.003 3.7 0004 08 -1.6 0314 -0703 1.2 0.8 2722 -0.724
Ethyl acrylate 65 075 2.7 0.003 3.7 0005 09 =21 0314 -0789 1.2 1.0 2722 -0.815
Propyl acrylate 7.5 0.80 2.7 0.004 3.7 0.005 1.1 =21 0209 -0854 14 1.4 2722 -0.895
Butyl acrylate 80 090 2.7 0.004 3.7 0009 12 26 0209 -0873 1.6 1.9 2722 -0.923
Diethyl fumarate 10.0  0.60 2.5 0.003 35 0.004 10 -26 0419 -1.017 15 1.4 2722 -1.052
P ———— interaction with the CD (p, o, ¢) have a decisive
——&—— methyl vinyl ketone influence on the depths or the positions of the minima,
e Eﬁi‘f;ﬁff but the relation with them is not as direct as in the case
0 — —&— Pracrylate of one pair of potential parameters.
—=#—— Bu-acrylate .
% diethyl fumarate The values of ¢, and o, are the same for the dif-
ferent acrylic esters, but different ¢ and ¢, parameters
N have been necessary to reproduce the magnitude of the
interaction energy. The parameter p increases with
04 | molecular length L. As it represents the degree to
which each pair (o1, &) and (o2, &) expresses the
> composition of the molecule, it seems that the values
E n a1 and & characterize the interaction between the ac-
rylic ester and -CD to a higher degree. This result
0.8 — together with the orientation of the guest molecule in
the minima of potential energy inside the cavity [1]
B imply that the values (o1, &) represent the interaction
between the acrylic ester radical and -CD.
The interaction potential for diethyl fumarate
12 | shows the highest potential barrier inside the cavity
3 4 0 4 g and the deepest minima of the energy. This is due to

Z(A)

Fig. 1 The penetration potential obtained with the continuum
model for different linear molecules

In the cases of acrylonitrile and methyl vinyl ketone,
the interaction energy can also be represented by two
parameter pairs such as (6 = 2.3 A, & = 0.005 eV),
(02 =2.5 A, &, =0006eV), p =04 and (5, =25 A,
&1 =0.005¢eV), (o, =27 A, & =0.006eV), p=05
respectively.

(b) For linear molecules with length L > 6 A (acrylic
esters and diethyl fumarate), two pairs of potential
parameters (o1, &) , (02, &) were needed to reproduce
the main features of the physisorption energy obtained
by the all atoms model. The penetration potential
presents two minima inside the cavity (position A for
Z < 0 and position B for Z > 0), separated by a
potential barrier associated with a rotation of the linear
molecule of about 180° with respect to the cavity axis.
For these molecules, the parameters that simulate the

the confluence of three factors: the highest molecular
length L, lowest parameter p and the difference
between o; and o5.

(c) Concerning the orientation of the guest in the
inclusion complex (Table 1), the angle formed with the
cavity axis is about 24°, similar to the angle obtained by
the force-field method (30°). The main discrepancies
between the intermolecular potential presented in this
work and that computed by the all atoms model derive
from the position of the guest’s centre of mass in the
configuration of the inclusion complex. In the contin-
uum model the Z coordinate of the absolute energy
minimum is nearer to the cavity centre than to the base
of the cone, and, moreover, this model is only able to
reproduce the position in the plane Z = constant by the
distance from the cavity axis d, instead of the (X, Y)
coordinates.

For guest molecules with length L > 6 A the section
of the molecule characterized by parameters o and ¢
is pointing towards the smaller top of the conical cavity
in position A; in position B this section is pointing
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Fig. 2 Potential energy
surfaces for (a) acrylonitrile,
and (b) diethyl fumarate
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towards the larger base of the f-CD. Taking into ac-
count the length of the molecule and the Z coordinate
of its centre of mass in positions A and B, it seems that
the part of the molecule characterized by parameter
a,(05 > o1 ) is included into the cavity. The parameter
o of the Lennard—Jones potential reflects the size of
particles when they approach each other [9], therefore
it can be concluded that the guest tends to introduce
the atoms with bigger size into the cavity, probably to
achieve maximum contact between the molecule and
the internal surface of the CD cavity and then to
minimize the interaction energy.

Figure 2a shows the potential energy surfaces for
acrylonitrile and Fig. 2b for diethyl fumarate. The
following features can be pointed out:

(a) The potential surfaces have a more corrugated
shape as the size of the guest (L or parameters
related with composition) increases, as in the all
atoms model.
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(b)
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(b) The size of the regions where the energy is
attractive (or repulsive) is similar for different
parameters, which is a consequence of the cavity
geometry and the effective structural parameters of
the p-CD.
(c) The main discrepancy occurs in the potential
surface of the region I, because the circular symme-
try observed for points located at the same distance
d from the cavity axis is a consequence of the
continuum model, which cannot distinguish the
different points (xo , yo ) on the surface Z = con-
stant such that x3 + y% = d>
The agreement observed between the results ob-
tained with the continuum and all atoms methods
confirms the suitability of the parameters selected for
the cavity and guest molecules.
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