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Cyclodextrins (CDs) are cyclic oligomers of glucose having the toroid of sugars elaborating a central cavity
of varying size depending on the number of glucoses. The central hydrophobic cavity of CD shows a binding
affinity toward different guest molecules, which include small substituted benzenes to long chain surfactant
molecules leading to a variety of inclusion complexes when the size and shape complimentarity of host and
guest are compatible. Further, interaction of guest molecules with the outer surface ofR-CD has also been
observed. Primarily it is the electrostatic interactions that essentially constitute a driving force for the formation
of inclusion complexes. To gain insights for these interactions, the electronic structure and the molecular
electrostatic potentials inR-, â-, andγ-CDs are derived using the hybrid density functional theory employing
the three-parameter exchange correlation functional due to Becke, Lee, Yang, and Parr (B3LYP). The present
work demonstrates how the topography of the molecular electrostatic potential (MESP) provides a measure
of the cavity dimensions and understanding of the hydrogen-bonded interactions involving primary and
secondary hydroxyl groups. InR-CD, hydrogen-bonded interactions between primary-OH groups engender
a “cone-like” structure, while inâ- or γ-CD the interactions from the primary-OH with ether oxygen in
glucose ring facilitates a “barrel-like” structure. Further, the strength of hydrogen-bonded interactions of
primary-OH groups follows the rank orderR-CD > â-CD > γ-CD, while the secondary hydrogen-bonded
interactions exhibit a reverse trend. Thus weak hydrogen-bonded interactions prevalent inγ-CD manifest in
shallow MESP minima near hydroxyl oxygens compared to those inR- or â-CD. Furthermore, electrostatic
potential topography reveals that the guest molecule tends to penetrate inside the cavity forming the inclusion
complex inâ- or γ-CD.

Introduction

Cyclodextrin (CD) or cycloamylose (CA) represents a family
of macrocyclic oligosaccharides consisting of six (R-CD), seven
(â-CD), or eight (γ-CD) D-glucose units linked byR(1f4)
glycosidic bonds. The specific coupling of glucose monomers
engenders a rigid conical molecular structure with a hydrophilic
exterior and hollow hydrophobic interior of a specific volume.
This internal cavity is capable of accommodating a wide range
of guest molecules, ranging from polar compounds such as
alcohols, acids, amines, and small inorganic anions to nonpolar
aliphatic and aromatic hydrocarbons.1 The inside cavity of
appropriate dimension is conducive to binding to various guest
molecules to form inclusion complexes in aqueous solution2

which find potential applications in pharmaceutical science,3

catalysis,4 and separation technology,5-7 and in affinity chro-
matography8,9 as chiral discriminators against optically active
molecules. Owing to multifunctional characteristics and bio-
adaptability,R-, â-, andγ-CDs have been explored in biochem-
istry and drug research. Recent investigations have shown that
inclusion complexes of CDs can act as carriers for biologically
active substances.10-15 The principal advantages of natural CDs
as drug carriers may be traced back to their well-defined
chemical structure, offering a multitude of potential sites for
chemical modification, availability of different cavity sizes, low
toxicity and low pharmacological activity, and protection of the
guest molecule from biodegradation.16-18 Inclusion complexes
of CDs serve as ideal models mimicking enzyme-substrate

interactions.19 TheR-, â-, andγ-cyclic oligomers are useful for
phase transfer in catalysis20 and have further been explored as
building blocks in supramolecular structures and functional
units21 and in asymmetric catalysis.22

To understand host-guest interactions, the structural elucida-
tion of CDs and their inclusion complexes in the liquid and
solid states are studied using NMR spectroscopy.23 The crystal
structure of CD hydrates and cyclodextrin inclusion complexes
have been determined by X-ray and neutron diffraction.24-29

The effect of alkali metal chlorides on the self-association of
decanoic acid and its inclusion inâ-CD has been studied with
the help of1H NMR spectroscopy.30 The solid-state inclusion
complex ofâ-CD and 2-phenoxyethanol and its properties have
been characterized31 for different humidities using powder X-ray
diffraction (PXRD), thermogravimetry, Fourier transform (FT)
Raman spectroscopy, and13C cross-polarization (CP) MAS
NMR. In contrast, the synthesis of CD hydrates and complexes
with no guest molecule inside the cavity, for example,R-CD
complexes of benzene and iodoanilide trihydrate, are also
reported in the literature.24,32,33The binding constants of a variety
of guests with cyclodextrins in water are reported in the
literature.34 Association binding constants of phenol and CD35

have been obtained by near-infrared spectroscopic measure-
ments. It has also been observed that phenol and CD interaction
in the ionic liquids turns out to be external adsorption.

Thermodynamic studies on cyclodextrin complexation of
aromatic guests in water and urea-water mixtures have also
been reported.36 Along with these experiments theoretical
methods,37 including molecular mechanics (MM),38 have been
useful to a certain degree to understand the host-guest
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interactions in CD complexes. Accordingly, the inclusion
complexes ofâ-cyclodextrin with aliphatic alcohols are inves-
tigated using empirical force fields.39 Calculated vibrational
frequencies are subsequently used to estimate the Gibbs free
energy and related thermodynamic parameters. Thermodynamic
and NMR studies40 have shown that the reactions ofR- and
â-CDs with acids, aliphatic amines, and cyclic alcohols can be
qualitatively understood in terms of van der Waals forces and
hydrophobic effect. It has been shown further that the standard
Gibbs free energy correlates well with the structural features
of ligands. Molecular dynamics (MD) simulations have widely
been used recently to derive the thermodynamic parameters of
the CD complexation.41 Estrada and co-workers42 have utilized
the simulations on the complexes ofR- and â-CDs with
substituted benzene derivatives and obtained the quantitative
structure-property relations. MD simulations onâ-CD hydra-
tion43 have shown that hydrophobicity dominates inside the
cavity, whereas at the top and bottom interactions with water
are mostly hydrophilic in nature.

Crystallographic data for the spontaneous hydration process
of a CD crystal in wet atmosphere concur with the calculated
results.43 Complexation with organic and inorganic guest
molecules have also been studied using semiempirical quantum
chemical calculations. Calculations based on the Parametric
Method-3 (PM3) have been carried out to predict the structure
of theR-CD and 4-fluorophenol complex.44 These calculations
have shown that the-OH group of the guest directs toward
the primary hydroxyls ofR-CD in solid state. It has also been
remarked that solvation has a profound influence and may
reverse the orientation of the guest. Lipkowitz,37 however, has
questioned the use of semiempirical methods to yield the
structures of cyclodextrins. Semiempirical quantum chemical
methods have attained some success; however, they have failed
to account for weak intermolecular interactions.45 Recently the
Hartree-Fock and second-order Møller-Plesset (MP2) theories
have been utilized to characterize the structure and normal
vibrations of substrate in the inclusion complex of CH3HgCl
andR-CD.46 Thus, explicit inclusion of water molecules favor,
the inclusion with the guest CH3HgCl orientingperpendicular
to the CD ring. On the contrary, the structure with the guest
orientingparallel to the ring has been observed experimentally.
Single-point hybrid density functional calculations on the
structure consisting of two water molecules inside the cavity
and four outside the cavity are used to obtain the thermodynamic

parameters, viz., entropy, enthalpy, and Gibbs free energy of
hydration of theR-CD hexahydrate,47 which compare well with
those from experiment. Quantum chemical calculations at the
electron correlation level of theory could not be utilized for the
optimization of such large systems.

Very recently, the molecular structure, stabilization energy,
and thermodynamic properties of the interaction ofR-CD
dimers48 (head to head, tail to tail, and head to tail) with water
clusters were derived successfully using density functional
calculations with the PM3 optimized geometries. From these
calculations it has been shown that the inter-R-CD hydrogen-
bonded interactions render stability to the dimeric structures and
no water tetramer was found between the twoR-CD subunits

Figure 1. Atomic numbering scheme in glucose.

Figure 2. B3LYP optimized structures of (i)R-CD, (ii) â-CD, and
(iii) γ-CD (top view).
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in the lowest minimum structure. Thus, binding of water
molecules to theR-CD dimer or their inclusion complexes in
aqueous media has to be accounted for in the theoretical
calculations. It should further be remarked here that electrostatic
interactions constitute an important driving force in cyclodextrin
complexation.49 Alternatively, electronic repulsion between
frontier orbitals of the host and guest has been conjectured to
be a driving force42 in theR-CD-benzene derivative complex.
The benzene ring is placed outside the cavity in these complexes.
Complexation ofâ-CD with benzene derivatives, on the other

hand, is controlled by topological and topographic parameters
indicating the relevance of the van der Waals and hydrophobic
interactions.42 In â-CD complexes the guest penetrates deeply
into the hydrophobic cavity of the host. Inclusion complexes
of γ-CD, on the contrary, are less well studied. A few reports
where steady-state fluorescence and calculations based on
molecular mechanics have been used to determine the stoichi-
ometry and binding constants of the inclusion complexes of
2-methylnaphthoate andγ-CD have appeared in the literature.50

Complete penetration of the guest has been observed in both
â- andγ-CDs. Time-resolved emission spectra measurements
have been carried out to understand the influence of cavity size
on the excited-state dynamics of methyl 4-(dimethylamino)-
benzoate and cyclodextrin complexes.51 In pursuance of under-
standing of underlying differences in the complexation at the
molecular level, we derive the electronic structure and molecular
electrostatic potential (MESP) ofR-, â- and γ-CDs utilizing
the hybrid density functional calculations. The computational
method employed for this study has been outlined below.

Computational Method

Conformers ofR-, â-, andγ-CDs exhibiting different types
of hydrogen-bonded interactions from the primary hydroxyl
groups interacting with either primary hydroxyl groups or ring
oxygens of adjacent glucoses were considered. These conformers
possess the clockwise hydrogen-bonding network in the upper
rim and the counterclockwise hydrogen-bonding patterns in the
lower rim. Geometric optimizations were carried out using the

TABLE 1: B3LYP Optimized Geometric Parameters (Bond
Distances in Å and Bond Angles in deg) inr-, â-, and
γ-Cyclodextrins

R-CD â-CD γ-CD

B3LYP expt B3LYP expt B3LYP expt

C1O4′ 1.409 1.416 1.410 1.419 1.411 1.421
C1O5 1.412 1.418 1.420 1.414 1.419 1.406
C1C2 1.534 1.533 1.531 1.524 1.532 1.525
C2C3 1.532 1.510 1.529 1.527 1.529 1.527
C2O2 1.415 1.430 1.411 1.439 1.410 1.425
C3C4 1.527 1.522 1.524 1.485 1.523 1.555
C3O3 1.423 1.440 1.425 1.439 1.424 1.436
C4C5 1.541 1.535 1.543 1.536 1.542 1.526
C4O4 1.429 1.441 1.432 1.453 1.432 1.440
C5C6 1.534 1.516 1.539 1.527 1.539 1.512
C5O5 1.444 1.445 1.455 1.450 1.455 1.458
C6O6 1.427 1.440 1.408 1.392 1.408 1.431
C1C4 2.898 2.878 2.906 2.852 2.908 2.888
C1C4′ 2.463 2.454 2.461 2.467 2.451 2.436
O2O3 2.894 2.910 2.809 2.895 2.794 2.887
O2O3′ 3.154 2.981 2.830 2.858 2.800 2.823
O4O4′ 4.370 4.235 4.444 4.378 4.551 4.501
O5O6 3.187 2.870 3.644 2.823 3.644 2.828
O4O6 4.036 3.645 3.092 3.853 3.073 3.847
O4′O5 2.337 2.335 2.332 2.331 2.333 2.328

C4′O4′C1 120.4 118.4 120.0 118.3 119.1 116.8
O4′C1O5 111.9 111.0 111.0 110.8 111.1 111.0
O4′C1C2 106.6 107.6 109.1 108.1 109.6 108.7
C1C2C3 109.5 110.2 109.2 110.0 109.6 110.7
C1C2O2 112.7 108.1 114.3 109.4 114.5 110.3
C1O5C5 114.2 114.0 116.1 114.0 116.7 114.5
C2C3C4 111.9 111.0 110.7 109.1 110.0 109.8
C2C1O5 110.5 109.2 109.5 110.2 109.8 110.9
O2C2C3 110.9 110.6 110.8 110.9 110.9 110.5
C2C3O3 111.2 109.0 109.7 109.8 109.4 109.4
C3C4C5 109.6 112.0 110.3 111.6 109.7 109.7
C3C4O4 105.3 106.0 106.9 106.9 107.7 106.6
O3C3C4 108.4 108.8 109.0 110.0 109.2 109.4
C4C5C6 116.4 113.3 115.3 114.0 115.5 114.1
C4C5O5 108.8 109.2 109.0 108.1 108.6 107.5
O4C4C5 111.1 108.1 111.4 108.0 111.9 109.7
O5C5C6 106.9 106.1 104.5 105.5 104.3 105.8
C5C6O6 111.7 112.5 113.6 110.8 113.7 110.3
O4O4′O4′′ 120.0 119.9 128.6 128.3 135.1 134.9
C5C6O6H 108.5 73.4 74.9
HC5C6O6 -22.5 49.8 51.2
C5O5C1O4′ 56.4 60.2 63.1
O5C1O4′C4′ 98.9 113.6 114.0
O5C1C2O2 178.5 -178.1 -179.1
C2O2HO3′ 109.3 111.9 112.8
C3O3HO2 20.4 19.2 19.4
C3C4O4C1′′ 135.6 125.1 124.5
C4C5C6O6 -143.1 -73.5 -72.6

TABLE 2: B3LYP Optimized Average Hydrogen-Bonding
Distances (in Å) in r-, â-, and γ-Cyclodextrins

R-CD â-CD γ-CD

O6-H‚‚‚O6 1.804
O6-H‚‚‚O5 1.920 1.922
O3-H‚‚‚O2 2.424 2.290 2.270
O2-H‚‚‚O3 2.243 1.882 1.854

TABLE 3: MESP Minima (in kJ mol -1) in r-, â-, and
γ-Cyclodextrinsa

R-CD â-CD γ-CD

w1 -59.5 -235.2 -234.3
w2 -58.5 -235.5 -234.1
w3 -56.3 -235.6 -234.2
w4 -60.3 -234.9 -233.6
w5 -57.3 -235.1 -234.3
w6 -56.6 -235.4 -233.9
w7 -235.2 -234.0
w8 -233.8

x1 -76.8 -88.3 -92.0
x2 -76.9 -88.5 -92.1
x3 -76.9 -88.4 -91.9
x4 -76.5 -88.4 -91.9
x5 -76.3 -88.5 -91.9
x6 -76.3 -88.9 -91.9
x7 -88.3 -91.9
x8 -91.9

y1 -184.8 -176.1 -174.9
y2 -184.3 -176.2 -174.9
y3 -183.9 -176.2 -174.9
y4 -183.9 -176.2 -174.7
y5 -184.0 -176.4 -174.7
y6 -183.8 -176.3 -174.7
y7 -176.2 -174.8
y8 -174.7

z1 -146.5 -117.3 -111.3
z2 -146.4 -117.4 -111.5
z3 -146.0 -117.2 -111.0
z4 -146.6 -117.1 -111.3
z5 -146.7 -117.7 -111.3
z6 -144.9 -117.6 -111.3
z7 -117.2 -110.8
z8 -111.5

a Critical points near O6 (primary hydroxyl group), O4 (glycosidic
linkage), and O2 and O3 (secondary hydroxyl groups) are denoted by
“w”, “x”, “y”, and “z”, respectively. See text for details.
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semiempirical PM3 calculations. The lowest energy conformers
thus obtained were subjected subsequently to optimizations using
the density functional theory incorporating the B3LYP correla-
tion functional.52,53 The Gaussian 03 program54 was used for
all these geometric optimizations. The internally stored 6-31G-
(d,p) basis set was employed. The MESP,V(r ), is given by the
classical expression55

In eq 1N is the total number of nuclei in the molecule and
ZA defines the charge of the nucleus located atRA; F(r ) is the
electron density. The two terms above refer to the bare nuclear
potential and the electronic contributions, respectively. The
balance of these two terms brings about the effective localization
of electron-rich regions in the molecular system. The MESP

topography is then mapped by examining the eigenvalues of
the Hessian matrix at the point where the gradientV(r ) vanishes;
the MESP critical points (CPs) were thereby located. A Fortran
package UNIVIS-200056 was used for visualization of the MESP
topography. It is customary to characterize57 the CPs in terms
of an ordered pair (R,σ), whereR and σ denote the rank and
the signature (the sum of algebraic signs of the eigenvalues) of
the Hessian matrix, respectively. These CPs can further be
grouped into three sets, viz., (3,+3), (3,+1), and (3,-1). The
(3,+3) CPs correspond to the local minima, whereas (3,+1)
and (3,-1) correspond to the saddle points. These (3,+3) CPs
represent potential binding sites for the electrophilic interactions.

Results and Discussion

The optimized geometry of a glucose residue cut out of CD
is shown in Figure 1 along with the atomic labels used. B3LYP/
6-31G(d,p) optimized geometries of theR-, â-, andγ-CDs are

Figure 3. Hydrogen bonding and MESP minima in (i)R-CD, (ii) â-CD, and (iii) γ-CD.

V(r ) ) ∑
A)1

N ZA

|r - RA|
- ∫F(r ′) d3r ′

|r - r ′|
(1)
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displayed in Figure 2. The input geometries ofR-, â-, andγ-CDs
subjected to the B3LYP optimizations are comprised of the
hydrogen-bonded interactions between the primary (top rim)
hydroxyls as well as those involving the secondary hydroxyl
(bottom rim) groups, which are qualitatively similar. The single
and double primes used hereafter refer to atoms from different

(neighboring) glucoses. The optimized geometry ofR-CD thus
obtained shows that the O6-H‚‚‚O6′′ interactions in the initial
geometry are conserved. This engenders a cone-type structure.
In â- andγ-CDs O5′′‚‚‚H-O6 interactions prevail and a “barrel”-
shaped structure has been predicted. B3LYP optimized geo-
metric parameters ofR-, â-, andγ-CDs are compared with those
determined from X-ray crystal structures27-28,58-60 in Table 1.
Calculated average bond distances and bond angles in the
glycosidic linkage and those in glucose units agree fairly well
with their experimental counterparts. However, it should be
noted here that the observed structures refer to the crystal data
of hydrated CD whereas the calculated ones correspond to an
isolated molecule in the gaseous state. The glycosidic C1O4′
bond distances (1.409 Å) in which O4 does not participate in
hydrogen bonding are unchanged in theR-, â-, and γ-CDs.
Hydrogen-bonded interactions in primary-OH groups ofR-CD

Figure 4. MESP isosurface (V ) -105 kJ mol-1) of (i) R-CD, (ii) â-CD, and (iii) γ-CD.

TABLE 4: Cavity Diameter (Top and Bottom Rims) and
Cavity Height (in Å) in r-, â-, and γ-Cyclodextrinsa

R-CD â-CD γ-CD

dw 4.3 7.6 9.5
dx 6.6 7.6 9.5
dwx 3.1 3.4 3.2
diameterb 4.7-5.2 6-6.4 7.5-8.3

a dw anddx, diameters of top and bottom rims;dwx, height of cavity.
See text for details.b The range of cavity diameters given in ref 60.
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leads to a larger O6H bond distance (0.983 Å) compared to
corresponding distances inâ-CD andγ-CD (0.971 Å in both).
On the other hand, O5′′‚‚‚H-O6 hydrogen-bonded interactions
in the â- and γ-CDs engender longer C1O5 and C5O5 bond
distances.

The hydrogen-bonding pattern inR-, â-, andγ-CDs is shown
in Figure 3. Owing to interactions in the secondary hydroxyl
groups, the C2O2 bond length ofR-CD turns out to be 0.005 Å
longer than those inâ- andγ-CDs. The strength of interactions
in secondary hydroxyl groups in a glucose unit follows the rank
order R-CD < â-CD < γ-CD. These are in accordance with
the O3-H‚‚‚O2 bond distances reported in Table 2. The inter-
glucose O2-H‚‚‚O3′ hydrogen-bonded interactions follow the
same rank order as O3-H‚‚‚O2 interactions in glucose. As shown
in Table 1, the O5-O6 and O4-O6 distances from the present
calculations and those observed are different since the experi-
mental data refer to the crystal structure whereas the calculated
distances refer to the isolated molecule in the gas phase. The
former interactions are, however, predicted to be relatively
strong. Generally, most of the bond angles in glucoses differ
by less than 2° in R-, â-, andγ-CDs. The larger cavity size of
the γ-CD can be seen from the opening of a bond angle of
glycosidic oxygens, i.e., O4O4′O4′′ from 120° in R-CD to 135°
in γ-CD. A closure of the bridge angle C1O4′C4′ on encompass-
ing from R-CD to γ-CD has been noticed due to the release of
strain with the increase in cavity size. As shown in Table 1,
the C4C5C6O6 dihedral angle inR-CD is calculated to be-143°
compared to-73° in â- or γ-CD. This large difference in the
dihedral angle stems from the O6-H‚‚‚O6′′ hydrogen-bonded
interactions from the primary hydroxyl groups inR-CD. In â-CD
as well as inγ-CD the O5′′‚‚‚H-O6 interactions prevail and
the C4C5C6O6 dihedral angle results in a barrel-type structure.

How the hydrogen-bonding patterns in the top and bottom
rims of CD influence the overall dipole moment is intriguing.
In this respect the conformers exhibiting either clockwise or

counterclockwise hydrogen-bonded interactions in the top or
the bottom rim of CD and the combinations thereof have been
investigated by the semiempirical PM3 method. The following
inferences may be drawn. (i) Both clockwise and counterclock-
wise hydrogen-bonding patterns in the top rim are present only
in R-CD, and the dipole moments of these conformers are
predicted to be nearly the same. (ii) Dipole moments ofR-, â-,
andγ-CDs are insensitive to the clockwise or counterclockwise
hydrogen-bonding patterns in the bottom rim. In the framework
of B3LYP theory, calculated dipole moments predict the rank
orderR-CD (1.6 D) < â-CD (7.2 D) < γ-CD (8.1 D), which
agrees well with the conclusions drawn earlier. Thus, it may
be inferred that the hydrophobic cavities ofâ- andγ-CDs are
more polarized. As pointed out earlier, the MESP brings about
the effective localization of electron-rich regions in the molec-
ular system. The isosurface ofV ) -105 kJ mol-1 is depicted
in Figure 4 along with the (3,+3) CP in the electrostatic potential
denoted by “w” (green), “x” (blue), “y” (black), and “z” (pink),
representing minima near O6 (primary hydroxyl), O4 (glyco-
sidic), and O2, O3 (both from the secondary hydroxyl group),
respectively. From Figure 4 it is transparent that the electron-
rich regions are projecting outward from the top rim inR-CD
while in â- andγ-CDs these are pushing inside the cavity. This
partly explains whyR-CD favors interaction of the guest from
the outside surface of the cavity while inâ-CD the guest
penetrates inside the cavity.42

MESP minima in theR-, â-, andγ-CDs defining different
sets of CPs given by “w”, “x”, “y”, and “z” are given in Table
3. As may be readily noticed, the minima near hydroxyl groups
are deeper than those near glycosidic oxygens inâ- andγ-CDs.
In R-CD the minima of primary hydroxyl oxygens (“w”) are
shallow compared to those near the secondary hydroxyl oxygens
(“y” and “z”). However, this is not found inâ- or γ-CD. In
other words, the inner cavity ofR-CD is relatively less
hydrophilic in nature. The deeper minima near O2 than those

Figure 5. (a) Top view of array of CPs in MESP topography in (i)R-CD, (ii) â-CD, and (iii) γ-CD. (b) Lateral view of array of CPs w, x, y, and
z in MESP topography in (i)R-CD, (ii) â-CD, and (iii) γ-CD. Planes defined by sets of w and x are shown. See text for details.
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near O3 (cf. Figure 4) suggest that the inter-glucose O2-H‚‚‚
O3′ hydrogen-bonded interactions are stronger than the O3-H‚
‚‚O2 interactions in the glucose unit of CD. This can also be
inferred from the localized electron-rich regions near O2 and
O3 in the MESP isosurface displayed in the figure. Thus, the
strength of different hydrogen-bonded interactions can be gauged
from the MESP topography.

As pointed out earlier, the MESP topography through its
distributions of positive and negative potential regions provides
insights for orientation of the guest molecules in the CD
complexes. An average separation of radial opposite CPs yields
a measure of the cavity diameter. Figure 5 shows an array of
critical points “w”, “x”, “y”, and “z” in the R-, â-, andγ-CDs.
MESP minima are viewed from the top in Figure 5a, and a
side view has been displayed in Figure 5b. For the sake of clarity
the skeleton of CD is not shown. The “w” and “x” CPs in Figure
5a reveal a cone-like structure for theR-CD, while for â- and
γ-CDs those yield a barrel-shaped structure. The plane contain-
ing CPs “w” and another one containing “x” are shown in Figure
5b, where the path joining “w” and “x” define the top rim and
the bottom rim of the CD cavity. A separation of top and inner
rims of the cavity has been estimated as follows. All the
coordinates of CPs in the electrostatic potential are transformed
to a new coordinate by setting of coordinates of “w” to zero by
the appropriate rotational transformation. The plane containing
critical points “x” is seen to be parallel to the earlier plane.
Thus a separation of the two planes formed by “x” and “w”
CPs yields the “cavity height” (cf. Table 4). The cavity
dimensions ofR-, â-, andγ-CDs are given in Table 4. Saenger61

has reported the range for the cavity diameters from the distance
between H5 and H3 hydrogen in CD. Effective cavity size
diameters of the top and bottom rims calculated from the present
work compare well with those reported in ref 60. Owing to a
cone-like structure and relatively small diameter,R-CD can form
a 2:1 inclusion complex with ferrocene whereasâ- andγ-CDs
are expected to yield 1:1 inclusion complexes, which has also
been observed in the experiment.62 The large cavity diameter
of γ-CD allows the ferrocene molecule to interact along the
diameter of the barrel in the inclusion complex withγ-CD.

In summary, the present work demonstrates how the MESP
topography can be used to analyze hydrogen-bonded interactions
and provides a measure for the effective cavity dimensions of
R-, â-, andγ-CDs with consequent insights for the host-guest
interactions.

Conclusions

This work presents the electronic structure and the molecular
electrostatic potential topography inR-, â-, and γ-CDs and
shows how the MESP topography provides insights for CD
complexation. Electrostatic potential investigations are used as
the motif for hydrogen bonding in these molecular systems. In
brief, the following conclusions may be drawn. The geometric
parameters of the glycosidic linkage and those in glucose units
of R-, â-, and γ-CDs from the B3LYP theory predict inter-
glucose hydrogen bonds (O2-H‚‚‚O3′) to be relatively stronger
than the intra-glucose O3-H‚‚‚O2 interactions. InR-CD the
hydrogen bonding between primary hydroxyl groups (O6-H‚
‚‚O6′′) prevail. For â-CD and γ-CD the hydrogen-bonded
interactions of ether oxygen in the glucose ring with primary
hydroxyl group engender a “barrel-like” structure. MESP
topography qualitatively explains the binding patterns of the
guest molecule with the host, which can either interact externally
as in R-CD or form inclusion complexes where the guest
penetrates inside the cavity, which is observed inâ- andγ-CDs.

The orientation of the guest inside the CD cavity in the complex
can be predicted a priori from the electrostatic potential
investigations and the cavity dimensions. Estimates of cavity
dimension partly explain the stoichiometry of inclusion com-
plexes.
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