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The aim of the present work is to analyse the dependence of the interaction energy between β-cyclodextrin and linear guest molecules on the atomic distribution of the latter. The intermolecular energy is modelled by a Lennard-Jones potential where the molecular composition is represented by two different pairs of parameters ( )

, ; , σ ε σ ε , and a continuum description of the guest and cavity walls. The shape of the interaction potential does not depend on the symmetry of the molecular configuration, but it is related to the position of the larger atoms in the linear guest. For the differences in the interaction energy between isomers to be appreciable, the molecule must be longer than 8 Å and there must be a sudden change rather than multiple variations in the atomic size.

The aim of the present work is to analyse the dependence of the interaction energy between β-CD and linear guest molecules on the atomic distribution of the latter. The shape of the interaction potential does not depend on the symmetry of the molecular configuration, but it is related to the position of the larger atoms in the linear guest. 

Introduction

Cyclodextrins (CDs) are macrocyclic molecules composed of glucose units (7 in β-CD) forming truncated cone-shaped compounds. Their capacity for catalysis and chiral recognition is due mainly to the formation of inclusion complexes, when some lipophilic part of a molecule enters the hydrophobic cyclodextrin cavity [START_REF] Szejtli | Comprehensive Supramolecular Chemistry[END_REF][START_REF] Dodziuk | Cyclodextrins and their complexes. Chemistry, analytical methods, applications[END_REF]. The type of molecules that can be introduced in the cavity to form an inclusion complex, depends mainly on geometric factors rather than on chemical properties, however these are evidently not the only factors, it is shown that the ability of CDs to form supramolecular assemblies is also due to the effect of conformational adaptation of the host and the guest molecules. In some cases the CD hardly modifies his atomic positions by the inclusion complex formation [START_REF] Liu | [END_REF]4], but there are some compounds capable of changing the truncated cone shaped structure of CDs to nanocylinder-like blocks [5,6]. The present work considers the CD cavity like a conical geometry, to take into account these structural changes it could be applied the characteristics of a continuum model for the interaction energy of a cylindrical structure for CDs studied in previous work [7].

In the last few years there has been an increase in bionanotechnology research involving CDs, given that their ability to discriminate between enantiomers like ibuprofen [8] makes them particularly useful as molecular adapters in stochastic biosensors. Therefore, characterising the stereochemistry of their interaction with potential analyte molecules is important. Although CDs are often employed in chiral separations [9][10][11], they are equally applicable to separations involving other molecular geometry differences such as structural and positional isomers [12][13][14]. However, these studies focus on particular systems and there is no comparative study of the influence of The van der Waals term is the main contribution to the total energy, particularly inside the cavity, so it directly determines the configuration of the inclusion complex [15][16][17]. This potential energy represents the attractive and repulsive interactions acting between all atoms and molecules, even totally neutral ones; in contrast to other types of forces present, or not, according to the properties of the molecules, such as electrostatic charges, dipoles or hydrogen bonds. To take into account the effects of the solvent, other interaction energies must be considered. An example of the way in which the entropy of the solvent affects the interaction between solute molecules is the hydrophobic effect, which is one of the driving forces responsible of the inclusion complex formation with CDs. On the theoretical side, the hydrophobic interaction between two molecules is much more complex because it is of longer range than that arising from any simple additive potential, and the hydrogen bonds network must be included in any computer simulation [START_REF] Israelachvili | Intermolecular and Surfaces Forces[END_REF][START_REF] Stone | The Theory of Intermolecular Forces[END_REF].

In previous work, we proposed a model for the interaction energy between β-CD and guest molecules of different structure and size [START_REF] Alvira | [END_REF][21][22]. The intermolecular energy was then modelled by a Lennard-Jones potential and a continuum description of the guest and cavity walls. This simple model is able to reproduce several quantitative and qualitative features of the interaction energy between β-CD and cyclic, spherical or linear molecules. To simulate the potential energy for linear guests obtained by standard methods of molecular mechanics, in that study we proposed two possible ways to represent the composition of the guest: one pair of potential parameters ( ) ε σ , [20], where the parameter ε governs the strength of the interaction and σ defines a length scale, or two pairs ( )

1 1 2 2
, ; , σ ε σ ε [21]. The penetration potential is different in both cases, a well potential was found for the former, whereas the latter presented the two minima inside the cavity, separated by a potential barrier deriving from a rotation of the linear molecule. In the model of guest molecule considered in that work, the atoms whose interaction with β-CD is characterized by ( ) The shape of the interaction energy for linear molecules is important because the possibility of confinement inside the cavity is related above all to the potential barrier, as we established from the dynamic study of these systems [23]. The different form of interaction energy was assigned to the asymmetric distribution of atoms in the guest, but we did not study the influence of atomic distribution along the linear molecule on the physisorption in β-CD using the continuum model.

The aim of the present work is to analyse the dependence of the interaction energy between β-CD and linear molecules on the atomic distribution of the guest.

Section 2 presents the model, then the main results and comparison with the all-atom model are discussed in Section 3. The influence of molecular stereochemistry on the mobility of the guest into the cavity will be the aim of a forthcoming work based on molecular dynamics. 

The model

The intermolecular energy is modelled by a Lennard-Jones potential combined with a continuum description of the cyclodextrin cavity and the guest molecule. Since continuity is assumed for the guest and the host, this interaction energy is not capable of reproducing the hydrogen bonds formed between the linear molecule and CD. In the present study, we consider the interaction between the atoms of the system composed of two different parameter pairs ( )

1 1 2 2 
, ; , 

σ
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where the guest molecule-CD interaction is represented by an average of the uniformly distributed atoms in the CD and in the linear molecule. CD ρ is the superficial density of atoms in the CD cavity, mol ρ is the linear density of atoms in the guest molecule, l d r is the differential of length (on the linear molecule) located at l r r , and r d r is the differential of surface (on the cavity) located at CD r r (Fig. 1). The interaction energy integral ( ) mol W r r cannot be obtained as an analytical expression, it is necessary to resolve it by numerical methods even if the guest is located along the cavity axis. ( ) mol W r r depends on the length L of the linear molecule, its composition and the distribution of atoms in it. In previous work we have analysed the influence of molecular length L, p and the parameters ( )

1 1 2 2 
, ; , σ ε σ ε on the interaction energy; the present study is focused on the influence of atomic distribution on ( )

mol W r r .
The linear molecule can be symmetric or asymmetric, depending on the atomic distribution, for instance when

1 2 m m = - and 
( ) 2 1 2 L m p = -
the atoms whose interaction with β-CD is characterized by ( )

, σ ε are distributed together around the centre of the linear molecule, which turns out to be a symmetric molecule.

We place the origin of the reference system at the centre of mass of the CD and the space-fixed frame over the principal axis of the β-CD. The configuration of the linear guest mol r r is given by the coordinates of its centre of mass 0 r r and its molecular orientation. The latter is defined by the polar angles ( ) Z). For all the atoms, the interaction energy is determined at each position of the centre of mass 0 r r after minimization over the Euler angles of the guest molecule [24]. In the present model, the potential energy is also calculated for different molecular orientations which result in rotation of the two polar angles at intervals of 6º and 12º respectively (about 900 orientations), and the minimum for these values is assigned to the position ( )

0 0 0 0 , , z y x r = r
. Since we are dealing with a conical continuum geometry, for every plane Z = constant, the potential energy is the same for points ( ) 0 0 , y x located at the same distance d from the cavity axis ( )

2 2 0 2 0 d y x = +
. In these positions, the linear molecule adopts different orientations to minimize the energy:

while the polar angle formed with the cavity axis θ is the same, the value of ϕ is different from one point to another. Therefore, some configurations of the guest molecule ( 0 r r , θ , ϕ ) are equivalent in that they have the same energy; for this reason we characterize the guest configuration for each energy by the centre of mass position (defined by the distance d from the cavity axis and the Z coordinate) and the molecular orientation (characterized only by the polar angle θ ).

The potential energy is determined by Eq. ( 1) for different configurations of the guest mol r r , inside and outside the CD. In each plane Z = constant, about 500 points are explored (the distance between two consecutive points for each axis being 0.2 Å), and the range of variation along the Z axis is about 10 Å (with a path equal to 0.1 Å). The results obtained are represented by the potential energy surfaces, penetration potentials and the inclusion complex configuration, as in previous work [START_REF] Alvira | [END_REF][21][22]. The curve joining the minimum potential energy for every plane Z = constant defines the penetration potential, which describes the variation in interaction energy when its path through the 

Results and discussion

The present study performs a comparative study of the function 
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, σ ε . Some samples of real molecules are represented in Figure 2. d z θ in the inclusion complexes are included in Table 1. One type of curve looking like a well potential can be seen and another which presents two minima separated by a potential barrier. There are symmetric atomic distributions like f whose interaction energy with CD presents two minima and asymmetric molecules like b whose energy resembles a well potential, therefore the shape of the interaction energy is not a consequence of the symmetry of the atomic distribution in the guest.

There are some common features in the interaction energy for guests with the smaller atoms at the top of the linear molecule (b and c) and different from the distributions e and f ; the cases d and g also have similar behaviour but different in turn from the rest. In previous work we verified that the potential barrier for an asymmetric molecule is due to a rotation of the guest of about 180º with respect to the cavity axis [21]. The molecules for which the intermolecular energy looks like a well potential (b and c) also present configurations for 0 Z ≤ rotated about 180º with respect to those for 0 Z > , and since these cases correspond to distributions where the smaller atoms are at the top of the guest there are small differences in the intermolecular energy between the two types of configuration. Therefore the difference in the shape of the interaction potential does not depend on the symmetry of the atomic distribution, but rather on the position of the larger atoms in the linear guest. The least difference occurs between the cases b and c, which also contain the absolute minimum. The deeper intermolecular energy for these distributions is a consequence of the guest configuration in the inclusion complex, where the linear molecule is located near the cavity centre, forming an angle of about 30º with the cavity axis (Table1), while molecules e and f are located near the wide rim of the CD nearly parallel to the cavity axis and therefore further from the cavity walls.

The Z coordinate of the potential barrier is nearly the same for e and f (also for a) (Fig. 4a), but the height of these barriers decreases as the symmetry of atomic distribution increases. On the contrary, the Z coordinate of the relative minima for these cases tends toward positions nearer the CD rims as the potential barrier decreases.

The molecules d and g show unusual behaviour because the shape of the penetration potential does not depend on the position of the largest atoms on the guest, as in the other cases. We can conclude that the energy reflects a sudden change better than multiple variations in the atomic size. There are no great differences in the inclusion complex formed with the molecules d and g, although the differences in angle θ of guest configurations allow them to approach the CD and lower the interaction energy for d. 10 L = Å, although the magnitude of these differences is smaller, due mainly to the similar guest configuration in the absolute minimum (Table 1).

Figures 3b and 4b

Figures 3c and4c show the variation in the potential energy along the cavity axis for a linear molecule with 10 L = Å, 1 2.5

σ = Å, 1 0.07 ε = kcal/mol, 2 3.7 σ = Å, 2 0.18 ε =
kcal/mol, p = 0.5 and different atomic distributions. The interaction energy is lower in this case because the guest is composed of larger atoms, although it can be seen that a 30% decrease in molecule length leads to less than a 30% variation in interaction energy, whereas a small variation in composition nearly triples the energy (Table 1). Moreover the differences in the intermolecular potential between the isomers, and the characteristics of the potential barriers or relative minima in a, e and f are similar to those of molecules with the same length and different composition. Therefore we can conclude that the magnitude of the interaction energy depends mainly on the molecular composition rather than the length, although the shape of this curve is a consequence of the atomic distribution. This conclusion is important in order to analyse the influence of atomic distribution on the mobility of linear molecules inside the CD (in a forthcoming study), because the possibility of confinement or temporary residence inside the cavity depends on the potential barrier, as occurs for the asymmetric linear molecules studied in Ref. 21. The main differences in the guest configuration in the inclusion complexes formed with molecules of the same length and different composition correspond to b: the molecule with 2 3.5

σ =
Å is oriented such that the part with larger atoms is located near the narrow opening of the CD cavity. However this part is near the wide rim in the inclusion complex formed with the guest where 2 3.7 σ = Å, therefore there is a rotation of about 180º between them. To analyse the variations in the interaction energy inside the cavity, not only along the axis, we represent the differences between the potential surfaces near the top of the cone (Fig. 5a), near the centre of the cavity (Figs. 5b,5c) and near the cone base (Fig. 5d) [START_REF] Alvira | [END_REF]21] for molecules with 10 L = Å, 1 2.5

σ = Å, 1 0.07 ε = kcal/mol, 2 3.5 σ = Å, 2 0.09 ε =
kcal/mol, p = 0.6 and atomic distributions c and f. The equipotential zones where the molecule c is more stable than f are represented by solid curves (red) and those where the energy is deeper for f as dashed curves (blue). The greatest differences occur near the cavity walls, whereas near the cavity centre the potential energy is approximately the same. These results can be applied to other compositions, therefore a molecule with smaller atoms located at its top tends to locate its centre of mass nearer the cavity centre forming a greater angle with the cavity axis than a molecule with larger atoms at its extremes.

In previous work we determined the interaction energy between β-CD and some different molecules, in particular the isomers diethyl fumarate and diethyl maleate using a force field method [24]. The results allowed us to determine the potential parameters representing some of these molecules in the continuum model, as with diethyl fumarate [21], but we could not simulate the interaction energy between β-CD and diethyl maleate despite both isomers having the same composition. The results obtained in the present study indicate that the difference in the interaction energy of the isomers is due to the atomic distribution: type a for diethyl fumarate and between b and d for diethyl maleate. , ; , σ ε σ ε , and a continuum description of the guest and cavity walls. We conclude that the orientation of the guest changes about 180º with respect to the cavity axis for positions of its centre of mass at 0 Z < and 0 Z > , giving rise to representations of the intermolecular energy resembling well potentials or two minima separated by a potential barrier. The magnitude of the interaction energy depends mainly on the molecular composition, although the shape of this interaction potential does not depend on the symmetry of the atomic distribution, but on the position of the larger atoms in the linear molecule. For the differences in the interaction energy between isomers to be appreciable, the molecule must be longer than 8 Å and there must be a sudden change rather than multiple variations in the atomic size.

Conclusions

Inclusion complexes formed with linear molecules with smaller atoms at their tops are more stable than those formed with molecules with the larger atoms at their extremes. In these complexes, the first type of guest tends to locate its centre of mass nearer the cavity centre, forming wider angles with the cavity axis than the molecules with the larger atoms at their extremes. These configurations give rise to great differences in potential energy near the cavity walls, whereas near the cavity centre it is approximately the same. 

d (Ǻ) Z (Ǻ) θ W d (Ǻ) Z (Ǻ) θ W d (Ǻ) Z (Ǻ) θ W a 1.

  the interaction energy between guest and host, to determine the decisive factors giving rise to different inclusion complex configurations for the isomers.

  the centre of the linear molecule. To take into account a different distribution of atoms along the guest molecule, a new parameter is necessary to study the stereochemical features of inclusion complexes formed with linear molecules and β-CD, since we can represent some guest molecules with the same composition but different atomic distribution. The resulting configurations give rise to structural isomers not stereoisomers, as a consequence of the geometry and continuum model for the guest.

ε σ ε and linear molecules with length 5 L.

 5 ≥ Å. The molecular composition is characterized by these potential parameters and the ratio p of each pair, 1 0 ≤ ≤ p , p = 0 being when the interaction is represented by the values In the model of guest molecule considered in previous work, the atoms whose interaction with β-CD is characterized by , from the top to the centre of the linear molecule [21]. To consider a different distribution of atoms along the guest molecule, for instance i m are necessary to represent the positions of different compositions on the linear molecule. Therefore the interaction energy W can be calculated as:

,
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1 σ being 2 σ<

 12 different atomic distributions and configurations (orientation and centre of mass position represented by mol r r ). We consider 7 cases ( ): (a) the atoms whose interaction with β-CD is characterized by ( ) the top to the centre of the linear molecule; (b) an asymmetric atomic distribution ( )

,

  

Figures 3a and 4a show the variation in the potential energy along the cavity axis for a linear molecule with 10 L

 10 Figures3a and 4ashow the variation in the potential energy along the cavity axis for a linear molecule with 10 L = Å, 1 2.5 σ = Å, 1 0.07 ε = kcal/mol, 2 3.5 σ = Å,

  Figures3b and 4bshow the variation in the potential energy along the cavity axis for a linear molecule with 7 L = Å, 1 2.5 σ =

  has analysed how the interaction energy between β-CD and linear molecules depends on the atomic distribution of the guest. The intermolecular energy is modelled by a Lennard-Jones potential where the molecular composition is represented by two different parameter pairs ( )

Table 1 .
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Fig. 1

 1 Fig. 1 Schematic representation of the coordinates of the CD and linear molecule.

Fig. 2 Fig. 3 (

 23 Fig. 2 (a) Diethyl fumarate, molecular structure type a (b) Diethyl maleate, between b and d, Ref. 24 (c) 1-butanol, type a (d) 2-butanol, type b, Ref. 4 (e) 2-[4-(1-hydroxy-4-[4-(hydroxy-diphenylmethyl)-1-piperidinyl]-butyl)-phenyl]-2-methylpropionic acid HCL, type a (f) 2-[3-(1-hydroxy-4-[4-(hydroxydiphenylmethyl)-1-piperidinyl]-butyl)phenyl]-2-methyl-propionic acid HCL, type between e and f, Ref. 13. Fig. 3 (a) Variation in the potential energy along the cavity axis for a linear molecule with 10 L = Å, 1 2.5 σ =

Fig. 4 7 L

 47 Fig. 4 (a) Variation in the potential energy along the cavity axis for a linear molecule with 10 L = Å, 1 2.5 σ =

Fig. 5

 5 Fig. 5 (a) Differences between the potential surfaces near the top of the cone, (b) and (c) near the centre of the cavity and (d) near the cone base for molecules with 10 L = Å,
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