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In this article we carried out a comprehensive investigation of true minima on the potential energy surface
(PES) for theR-cyclodextrin molecule using ab initio Hartree-Fock (HF) and density functional theory (DFT)
quantum chemical methods, employing basis sets ranging from 6-31G(d,p) to 6-311++G(2d,2p) triple-ú
quality. Thermodynamic quantities and the solvent effect were evaluated at the DFT level of theory. We
believe that the most relevant conformers present on the multidimensional PES were sampled in our work,
using an adequate treatment of electron correlation effects to describe the intramolecular hydrogen bonds
that are present in cyclodextrin species. We present new structures not reported so far and discuss, in detail,
the relevance of the DFT gas-phase equilibrium structures for the experimental and theoretical studies involving
cyclodextrins and corresponding inclusion complexes, in the condensed phase. In addition, among the various
true minimum energy structures located on the DFT PES, the preferred structures in the gas phase and aqueous
media, needed to be used as representative minima on the PES in further studies involving the interaction of
R-cyclodextrin with other species, were unambiguously identified.

Introduction

Cyclodextrin (CD) is a cyclic oligomer ofR-D-glucose
structured by the action of certain enzymes on starch. Generally
described as shallow truncated cones, cyclodextrins present a
hydrophobic cavity of different sizes, depending on the number
of elementary glucose units, and two different rims, a wider
(head) containing all secondary hydroxyl groups and a narrower
(tail) containing all primary hydroxyl groups. There are three
cyclodextrins readily available having six, seven, or eight
glucose units namedR-CD, â-CD, andγ-CD, respectively. The
applicability of cyclodextrins is closely related to the ability of
this class of carbohydrate to form inclusion complexes with a
very wide range of guest species in aqueous solutions.1,2 The
importance and use of CDs in the supramolecular context have
been widely addressed in the literature. Due to its unique
architecture, these molecules can be employed in synthesis of
a large number of molecular devices such as molecular reactors,
molecular nanotubes, molecular wires, and molecular shuttles.3-6

In addition, CDs have been also used in molecular recognition
due to their stereoseletivity.7-10

The inclusion complexation comprises secondary interactions
often of solvophobic nature. In general, each weak interaction
such as van der Waals, hydrophobic, or hydrogen-bonding is
not sufficient individually to lead to inclusion complex forma-
tion. Thus, the driving force responsible for the inclusion
phenomena is the sum of such interactions.11 Furthermore, it
cannot be ignored that those interactions may be strongly
affected by the geometry of the species involved in complex-

ation. In addition, a remarkable aspect, the nonrigidity of CDs,
plays an important role in inclusion complex formation.12

Therefore, the structural elucidation of CDs and their
complexes, in solid and in solution, is fundamental to understand
host-guest interaction. In this respect, theoretical information,
associated with classical characterization techniques, can play
an expressive role to clarify fundamental aspects concerning
the chemistry of CD complex formation, being useful for
experimentalist interpretation. Nonetheless, the size of the CDs
and their compounds make theoretical investigation a difficult
task. Due to the existence of a complex potential energy surface
(PES) for this class of compounds, more than one structure
should be taken into account in theoretical studies, fundamen-
tally the most populated species at ambient temperature.13,14The
choice of the theoretical methodology is important to correctly
interpret and compare results. Despite distinct levels of theory
available, the computational cost usually plays a decisive role
in the choice; therefore, care is necessary. Classical mechanics-
based theoretical methodologies can be applied to systems
containing a considerable number of atoms, due to low
computational effort demanded in such calculations. The ap-
proximate form of force fields and their small degree of
flexibility provide strongly dependable structures which could
show poor geometries. Therefore, due to the poor description
of interaction energies, theoretical investigation based on
classical mechanics, such as molecular mechanics (MM), even
when performed with a considerable number of conformers,
should not give reliable information.15 Another classical method
in current use, molecular dynamics (MD), has been frequently
applied in studies concerning CD complexes.16-20 Nonetheless,
the results obtained can be sensitive to the length of the dynamic
simulation.21 On the other hand, the choice of one quantum
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mechanical method is strongly dependent on the number of
atoms present in the systems to be modeled and the use of such
methodology may be criticized, if the solvent effects, which
are known to play an important role in the complex formation,
are neglected.15

The large size of the CD’s precludes the use of computational
methods based on high-level ab initio molecular orbital theory.
In spite of that, considerable experience has been acquired
combining distinct theoretical methodologies, such as semiem-
pirical and density functional theory (DFT), to obtain reliable
structures and interaction energies of hydrated CD’s systems.22,23

Very recently, an alternative and efficient procedure was
proposed to make feasible quantum mechanical calculations of
CD’s aggregates, in particular of hydrated species.24 It was
pointed out that through the use of a mixed basis set, the
computational costs can be considerably reduced, allowing the
inclusion of electronic correlation effects in the calculations and
increasing the quality of the theoretical results, by employing
DFT-based methods.24

If we keep in mind the complexity of the multidimensional
PES for isolated CDs, at least representative low-energy
minimum structures should be considered in quantum mechan-
ical investigations. In the gas phase, on the basis of chemical
sense, the most representative structures are those which favor
the largest number of hydrogen bonds. Recently, gas-phase
structures of free CDs that contain a complete hydrogen bond
belt in the wider size and all possible alcohol-alcohol type
hydrogen bonds in the narrower size have been discussed.25

There is no doubt about the stability of such kind of spatial
arrangement in the gas phase, despite the almost closed cavity
displayed in the conformers reported. However, depending on
the size of the guest molecule, one cannot obtain an inclusion
complex using such primary hydroxyl spatial disposition.
Besides, these hydroxyl groups could be forbidden to make
hydrogen bonds with solvent molecules.

The main experimental structures resolved forR-cyclodextrin
reported hydration water molecules in their crystal data.26-28

These works attested that water molecules located inside the
cavity were capable of maintaining the conformational state of
cyclodextrins in solid state, as has been extensively discussed
in crystallographic studies.26-29 According to the available
literature, the exclusion of the solvent molecules from inside
the cavity can occur before or simultaneously with the inclusion
of the guest molecule. In the same way, their exclusion could
govern a conformational change necessary to accommodate the
guest molecule providing a complete understanding of the
mechanism of complex formation which produces inclusion
compounds.10b,11,30,31In this context, a more complete study of
the minimum energy conformations of freeR-cyclodextrin,
mainly in solution, can produce important data for understanding
the inclusion mechanism of guest molecules.

In this article, we carried out a quantum mechanical study
concerningR-CD and pursued the structures which contain the
maximum possible number of hydrogen bonds as well as other
conformers sampled in the ab initio PES. We performed ab initio
Hartree-Fock (HF) and DFT calculations to study the relative
energies for what we believe to be the most representativeR-CD
conformers employing our previously reported methodology,24

allowing the use of 6-31G(d,p) and 6-311++G(2d,2p) triple-ú
quality basis sets, to all structures investigated. In addition,
harmonic frequencies that are needed to evaluate thermodynamic
quantities (along with geometrical parameters) were calculated
with the fully optimized DFT geometries and also the solvent
effect was assessed using the polarized continuum model (PCM)

to clarify our fundamental discussion about the stability of these
structures including the aqueous medium effect. On the basis
of our previous works22-24,31 and in the theoretical results
presented here, we discuss the existence of such structures in
the gas phase and in condensed state and the relevance to further
studies involving cyclodextrin inclusion compounds.

Theoretical Details

Cyclodextrins can form different types of intramolecular
hydrogen bonds from the interaction of primary and secondary
hydroxyl groups with either OH groups or glycosidic oxygens
of adjacent glucoses. In this sense, to investigate the relevant
stationary points on the PES ofR-cyclodextrin, six distinct
conformations chosen with criterion among various other
minima were fully optimized without any geometrical or
symmetry constraints using HF and DFT levels of theory. These
conformations were selected to assess the main possibilities of
intramolecular hydrogen-bond formation. The procedure used
for finding stationary points on the PES ofR-CD consists
basically of a comprehensive search using a low computational
semiempirical level of theory,22,23 followed by a single point
energy calculation at the HF or DFT level, and then the best
candidate structures are selected on the basis of ab initio relative
energies. Various DFT functionals, such as BLYP,32,33,34were
employed in the calculations. What concerns the HF and BLYP
geometry optimizations and single point calculations is they have
been done using mixed basis sets as described in ref 24, where
a better quality basis set was attributed to all oxygen and some
selected hydrogen atoms to describe O‚‚‚H interactions more
appropriately and consequently the hydrogen bonds. In this
approach, the STO-3G35,36 minimum basis set was assigned to
the remaining CHn groups. The mixed basis sets, named here
MBS, were defined as for MBS1 6-31G(d,p)37 for O-H and
STO-3G for CHn and for MBS2 6-311++G(2d,2p)38 for O-H
and STO-3G for CHn. It was shown in ref 24 that the use of
mixed basis set (MBS1) for the calculation of relative energies
for R-CD hydrated monomer, dimer, trimer, and tetramer leads
to an average deviation with respect to the full 6-31G(d,p) basis
set calculation of 6% (systematically underestimating the relative
energies), which adds confidence to the use of MBS where
cyclodextrins are concerned. In addition, HF and BLYP
harmonic frequency calculations were carried out at the BLYP/
MBS1 level of theory for all structures, characterizing them as
true minima on the PES (all frequencies are real). The harmonic
frequencies and fully optimized geometrical parameters were
then used for the evaluation of the thermodynamic quantities,
such as entropy, with the aid of the well-known formulas of
statistical thermodynamics.39

The crystallographic data used in our studies for comparison
were obtained from the Cambridge Crystallographic Data
Center40 (CCDC). These structures provide distinct geometries
for theR-CD in the solid state. The structure named here X-ray
I was obtained by the deposition code CHXAMH26,27and shows
a hexahydrated structure with two water molecules located inside
the cavity almost coincident with theR-CD molecular axis and
four water molecules surrounding it, stabilized by hydrogen
bonds between them. The other crystal structure, named X-ray
II, which was deposited with the GOQZUH41 code at the CCDC
data bank,40 has no water molecules included in the cavity;
however, there are four hydration molecules outside theR-CD
cavity defining a hydrogen-bond chain. The hydration water
molecules were not considered in the search for stationary points
on the BLYP/MBS1 PES for the freeR-CD species.

To evaluate the plausibility of existence of the obtained gas
phaseR-CD conformers in the condensed phase, the solvent
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effect was taken into account using the polarizable continuum
model within the integral equation formalism (IEFPCM)42,43in
single point calculations, employing BLYP and HF fully
optimized gas-phase structures, through the use of the previously
defined MBS1 basis set. All calculations in solution were carried
out in water (ε ) 78.39). To improve the quality of the
calculated thermodynamic quantities a sequential computational
strategy was used for the distinct individual contributions to
enthalpy and Gibbs free energy (T ) 298.15K,p ) 1 atm).
The thermal and solvation energy contributions were evaluated
at the BLYP/MBS1 level, and the electronic plus nuclear
repulsion energy for a single molecule in a vacuum was
calculated using an improved basis set (BLYP/MBS2). The
adequacy of this procedure, generally represented by eq 1, has
been discussed in refs 22 and 23:

Here∆Gsol is the relative Gibbs free energy in solution (water)
calculated at BLYP/MBS2//BLYP/MBS1 and∆GT andδ∆Gsolv

are the thermal correction to Gibbs free energy and relative
solvation energy, respectively, obtained at the BLYP/MBS1
level.

All calculations were performed at the Laborato´rio de
Quı́mica Computacional e Modelagem Molecular (LQC-MM),
Departamento de Quı´mica, ICEx, UFMG, and Nu´cleo de
Estudos em Quı´mica Computacional (NEQC), Departamento
de Quı´mica, ICE, UFJF, using the Gaussian Program 200344

quantum mechanical package.

Results and Discussion

On the basis of the distinct possibilities of hydrogen bond
orientations, as mentioned before, some representative freeR-CD
structures have been submitted for theoretical investigation in
the light of the quantum mechanical formalism. In the search
for minima on the ab initio PES, various distinct equilibrium
structures were found, which do not constitute a complete list.
However, six relevant low-energy structures could be selected
to be representative conformers of theR-CD. The structures
comprise some spatial hydrogen bond arrangement such as
alcohol-alcohol or alcohol-ether type in the narrower rim of

CD cavity. The conformers studied have been named1-4, and
their optimized geometries are depicted in Figure 1; the notation
will be explained.

Structure 1 represents a possible arrangement, reported
recently,25 where the cavity is almost closed in the narrower
rim forming a kind of methanol hexamer, while structure2
exhibit an alcohol-ether type hydrogen bond interaction yield-
ing a close H-bond belt involving both primary and secondary
hydroxyls. In the wider rim, the intramolecular H-bonds leads
to the formation of rigid belts, named “left-oriented” (-), if
the OH group in position 3 acts as the proton donor and the
oxygen atom of the OH group in position 2 of the adjacent
glucose fragment is the proton acceptor, or “right-oriented” (+),
if the OH group in position 2 acts as the proton donor and the
oxygen atom of the OH group in position 3 is the acceptor.
This is in accordance with the widely used atom numbering
for cyclodextrins and the definitions previously reported by
Rudyak et al.45

It is important to note that structures1 and2, (+) or (-) are
relatively rigid due to the complete hydrogen bond belt formed
in both sides of CD’s cavity leading to a reduced conformational
freedom. According to our results, the right-oriented structures
(+) are more stable than the corresponding left-oriented ones
(-), with structure1(+) being the gas-phase global minimum.
The structures3 and 4 are also shown in Figure 1. These
structures were obtained from modifications on the symmetric
structure2(+), where the secondary hydroxyl groups are right-
oriented (best orientation). For clarity, the notation+ for the
structures3 and 4 was omitted along the text. The primary
hydroxyl groups are pointed outside the cavity, in mode parallel
(3) and perpendicular (4). In both structures the primary OH
groups do not make intramolecular alcohol-ether type hydrogen
bond interactions, therefore being available to interact with
solvent and guest molecules.

In Figure 2, the two X-ray structures mentioned previously
are also depicted. It is interesting to compare theR-CD X-ray
structures (where the hydration waters were omitted) shown in
Figure 2 with the relevant minima reported here. It can be clearly
seen that our structures3 and4 resemble quite well the X-ray
II structure, with the primary hydroxyl groups orientation
agreeing very well with the X-ray data. The only small

Figure 1. Relevant minimum energy structures located on the BLYP/MBS1 PES forR-CD. In this work, the conformers1 and 2 exhibit two
distinct orientations for secondary hydroxyl groups: right-oriented (+) and left-oriented (-), in accordance with Rudyak et al.45 The conformers
1(-) and2(-) are not shown in this figure. The structures3 and4 have the secondary hydroxyl groups right-oriented (+) and the primary OH
groups not making intramolecular hydrogen bonds. For clarity, the notation+ for the structures3 and4 was omitted, along the text.

∆Gsol ) ∆Eelec-nuc
BLYP/MBS2 + ∆GT

BLYP/MBS1 + δ∆Gsolv
BLYP/MBS1 (1)
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difference is the orientation of the secondary hydroxyl groups
that in the X-ray geometries were obtained through the aid of
a simple calculation, where the positions of the hydrogen atoms
were estimated from the difference in Fourier maps,29,43

therefore, not being truly determined from the X-ray experiment.
As will be seen next, this comparison provides a strong
indication that the secondary hydroxyl groups are correctly
placed in a right-oriented sequence (+), as predicted by our
BLYP/MBS1 geometry optimization calculations.

To expand the discussion concerning a comparison of the
most similar X-ray structure II to our theoretical results, we
carried out a partial geometry optimization keeping the carbon-
oxygen backbone frozen (as in the experimental X-ray II
structure), employing in the analysis the parameter defined in
Figure 3. This was done from the original X-ray structure II.
Two partial optimizations have been carried out, both with the
frozen X-ray framework, one with orientations of the hydroxyl
groups similarly right-oriented as our BLYP/MBS1 structure
3(+) and another obtained by a partial optimization of the
original X-ray structure II (not having a regular (+) or (-)

orientation). The data concerning the parameters defined in
Figure 3, energy difference and dipole moment, are compiled
in Table 1.

It can be seen from Table 1 that there is a good agreement
for hydrogen-bond length between the BLYP/MBS1 partially
optimized geometrical parameters (keeping the carbon-oxygen
skeleton geometry unchanged at the experimental X-ray spatial
orientation but optimizing all primary and secondary OH
distances, bond angles, and dihedral angles) and the values
proposed in the determination of the X-ray structure from the
previously cited references. However, the relative BLYP/MBS1
energy values favor considerable our proposed geometry, where
the secondary OH groups are all right-oriented (+). The
experimentally proposed orientation for these OH groups does
not follow a regular right-oriented pattern, as we found to be
the best orientation in the gas phase, being rather an irregular
mix of oriented and nonoriented H-bond patterns. It was found
in this work that the average values for the right- (+) and left-
oriented (-) dihedral angles for the secondary hydroxyl groups
in structure2 are respectively 100 and-140 deg. The values
reported in the second column of Table 1 agree nicely with the
average value for the+ structure. However, for the structure
optimized using as input the X-ray structure II, only the dihedral
anglesD2 and D3 resemble the expected values for the (+)
species. The other four dihedral angles deviate significantly from
the average expected values for the (+) and (-) orientations;
therefore, the structures optimized on the basis of the X-ray II
H-bond pattern lead to nonregular spatial orientations, not having
defined (+) and (-) symmetry characteristics. We might be
wondering why in the solid state there would be a preference
for a totally nonregular H-bond pattern as once based on the

Figure 2. X-ray structures without the water molecules that were
excluded for our analysis.

Figure 3. Schematic representation of the partial covalent linked
dihedral angleDi, formed between the identified atoms HA-OA‚‚‚
Hi,D-OD, where the labels “A” and “D” stand for proton acceptor and
proton donor, respectively, andi varies from 1 to 6, according to the
number of atoms inR-CD. In addition, we defined the distanceRi as
being the distance between Hi,D‚‚‚OA. This dihedral angle definition is
for the right-oriented (+) H-bond mode.

TABLE 1: Comparison of Theoretical Data Obtained from
BLYP/MBS1 Partial Geometry Optimizations Where the
Carbon-Oxygen Skeleton of the X-ray Structure II Was
Kept Unchanged and All Primary and Secondary Hydroxyl
Groups Were Fully Optimizeda

param

secondary
OH similar
to struct3

secondary
OH similar to
struct X-ray II

∆Eelec-nuc(kcal mol-1) 0.0 18.8 (39.0)c

µ BLYP/MBS1 (D) 8.637 9.618 (8.894)d

H-bond dist (Å)b

R1 1.907 1.981 (1.939)
R2 2.174 2.192 (2.156)
R3 1.853 1.862 (1.907)
R4 1.750 1.759 (1.713)
R5 1.966 1.916 (1.950)
R6 2.006 2.109 (1.999)

dihedral angle (deg)b

D1 98.6 -15.5e (-5.4)
D2 99.6 101.5 (124.0)
D3 99.6 106.9 (108.9)
D4 99.4 -13.2e (137.7)
D5 93.4 -145.3e (-119.9)
D6 100.4 -16.2 (-73.3)

a Two orientations for the secondary hydroxyl groups have been used
as input in the BLYP geometry optimizations: our global minimum
right-oriented (+) pattern spatial disposition and the experimental
nonregular pattern. The H-bond distance and dihedral angle values in
parentheses were obtained from the original nonoptimized X-ray
structure II reported in refs 40 and 41.b The parameter was defined in
Figure 3.c BLYP/MBS1 single point energy value for the experimental
X-ray II structure from refs 40 and 41.d BLYP/MBS1 dipole moment
for the experimental X-ray II structure from refs 40 and 41.e In this
intramolecular H-bond dihedral angle, the secondary hydroxyl is left-
oriented (-) with the D and A oxygen atoms being exchanged. So, the
new dihedral angle definition is different from the one given in Figure
3: Hi,D-OD‚‚‚HA-OA.
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BLYP calculations this is disfavored by almost 20 kcal mol-1

(see Table 1).
The central point of this discussion relies on the determination

of the best spatial orientation for the hydrogen atoms belonging
to the secondary hydroxyl groups that makes intramolecular
H-bonds in the solidR-CD and also in water solution. The
estimate done in the experimental X-ray made use of a kind of
empirical procedure. Our theoretical proposal is based on ab
initio calculations for a single molecule, taking into account
the electrostatic and van der Waals nature of the intramolecular
interactions, which is well-known to be essential for an adequate
description of hydrogen bonding. It is quite tempting to believe
that our right-oriented mode of interaction should be preferred
in the solid state over the irregular hydrogen-bonding pattern
proposed in the X-ray determination of theR-CD structure. In
the absence of accurate experimental determination of the
hydrogen position in the solid-state cyclodextrins, we believe
that the approach used here, optimizing only the primary and
secondary hydrogen atomic positions keeping the heavy atoms
geometry at the X-ray values, provides a satisfactory determi-
nation of the hydrogen spatial orientation in cyclodextrins.

Two additional points must be discussed regarding our last
statement. First is the adequacy of the theoretical methods to
correctly reproduce the hydrogen positions, especially when
these atoms are engaged in hydrogen bonding or other kinds of
weak interactions. In this case, a high level of theory is needed,
including electronic correlation and extended basis sets with
inclusion of polarization and diffuse functions. In our methodol-
ogy such level of theory has been reached for OH groups,
supporting the use of the mixed basis set approach to assist the
definition of spatial forms of cyclodextrins. The second point
is the lack of explicit solvent molecules in the calculations. The
X-ray measurements were carried out for hydrated crystals; thus,
the flexibility of R-CD allows the molecule to distort in aqueous
media. In a previous molecular dynamic study ofâ-CD in
water,14 using the hybrid QM:MM method, it was showed that
the angles¥ andΩ, defining the spatial arrangements of primary
OH, are even more flexible than in the gas phase, following
the direction of intermolecular bridges with nearby waters.
Hence the intramolecular hydrogen bonds are opened and
intermolecular bonds are formed instead. This was also observed
for secondary OH,14 justifying the random orientation of OH
groups. Nonetheless the previous arguments do not exclude the
forms found in the gas phase, which can play a major role in
nonprotic solvents. It is also opportune to mention that in the
case of the occurrence of strong hydrogen bonds the correct
determination of the proton position is strongly dependent on
the level of calculation employed, what becomes a hard
computational task.

To describe and compare the structures obtained, we em-
ployed in the analysis a considerable number of geometric
parameters, most of them reported recently by Brito et al.46 In
addition, we define a new geometric parameter named glucose
torsion angle (GTA), basically a parameter that indicates the
relative torsion between two glucose units in a sequence, as
observed in CDs. The maximum glucose torsion angle (MGTA),
in module, is a useful parameter to compare distinct geometries
and to infer about the symmetry of CDs. Distorted structures
present larger MGTA values. All parameters employed to
compare our theoretical fully optimized structures were defined
in Figure 4. The parameters used to compare the geometries
consist of arithmetic average values between six equivalent
distances, bond angles, and dihedral angles inR-CD, taken from
each of the four structures. It is noticeable that, except forâ,

all the other parameters are not sensitive to (+) or (-) secondary
hydroxyl group orientations.

A comparison of all parameters is given in Figure 5. The
backbone ofR-CD structure, described byΓ, Τ, Θ, Π, ν, ·,
Λ, E, θ, and R parameters, is kept almost rigid for the four
conformers, with the values in good agreement with the solid-
state geometry. TheΦ andΨ dihedral angles are related to the
relative position of different glucose monomers. For theΦ
parameter, an agreement can be observed for structures1(+)
and X-ray I with the others, including the X-ray II structure,
giving larger values by about 15°. In what concerns theΨ
parameter, a similar behavior can be seen for structures1(+)
and X-ray I, with smaller values by about 10° being found for
the others. The dihedrals¥ andΩ are defined with respect to
the primary hydroxyls (O6), which can rotate almost freely for
structures3, 4, X-ray I, and X-ray II. Nonetheless, as discussed,
the 1 and 2 forms are relatively rigid due to the complete
hydrogen bond belt formed on both sides of CD’s cavity. Despite
the rotational freedom observed for X-ray structures, a consider-
able number of conformational changes, focused on the primary

Figure 4. Schematic representation of two glucose units with respective
atom numbering, according to the definition of the following geometric
parameters employed in this work:Φ, [C2C1O4′C4′]; Ψ, [C1O4′C4′C3′];
Ω, [O5C5C6O6];Γ, [C1C2C3C4];Τ, [C3C4C5O5];Κ, [O2C2C1O5];
Υ, [O3C3C4C5];Θ, [C2C3C4C5];Π, [C4C5O5C1];¥, [C4C5C6O6];
ν, [O4C4C5O5];·, [O4C4C5C6];Λ, [O4′C1O5C5];Ε, [O4′C1C4C5];
θ, [C1O4′C4′]; R, [O4O4′O4′’]; â, [O2O3′H2]; GTA (glucose torsion
angle), [O5C2C2′O5′].

Figure 5. Comparison between all previous defined geometric
parameters (Figure 4) for the relevant BLYP/MBS1 fully optimized
structures and the two reported X-ray structures. It is noticeable that,
except forâ, all the other parameters are not sensitive to (+) or (-)
secondary hydroxyl group orientations.

Low-Energy Conformers ofR-Cyclodextrin J. Phys. Chem. A, Vol. 111, No. 48, 200712131



hydroxyl groups, are likely to occur, bearing in mind the process
X-ray I or II f 1(+), in order to increase the¥ average value.
Thus, due to the large value of the¥ parameter, the conforma-
tion 1 is incompatible with any X-ray structure. Similar
arguments are valid for structure2, in what concerns the
parameterΩ.

Different from the flexibility of primary hydroxyls, for all
structures studied, the secondary OH groups have quite fixed
positions as shown by the constant values ofΚ andΥ torsion
angles. The average hydrogen-bond angle for secondary hy-
droxyls (â) is also close to the observed one, although we
showed in previous analysis that the predicted relative orienta-
tion of O3H and O2H moieties, defined by the dihedralD in
Figure 3, is quite different from X-ray data (see Table 1). Thus,
it can be clearly seen in Figure 5 that the BLYP/MBS1 gas-
phase global minimum structure1(+) has no significant
similarities with any of the two X-ray structures. In addition,
structures3 and4 show high similarities with the X-ray II, being
that the values of the parameters related to structure4 are very
close to the values reported for X-ray II. Considering that X-ray
II is stabilized by a ring sequence of six intermolecular hydrogen
bonds41 and its conformation could be predicted as a reasonable
intermediate state to the inclusion formation after the exit of
the included water molecules and before the entering of the guest
molecule, our conformer4 is the most trustworthy for further
studies. However, it does not mean that structure3 must be
rejected, since a conformational interconversion between3 and
4 would have no energy barrier, once the primary OH groups
can rotate freely.

Figure 6a reports HF/MBS1 and single point DFT/MBS1//
HF/MBS1 relative energies using as reference the global
minimum energy structure in the gas phase, structure1(+),
employing various exchange-correlation functionals (BL-

YP,32,33,34B3LYP,32,33,47BP8632,48, PW91,49,50PBE50,51). It can
be seen that the five distinct exchange-correlation functionals
used produce the same energy profile, within an uncertainty
below(5 kcal mol-1. Also, the HF relative energies exhibit a
considerable deviation compared to the DFT ones, reaching a
maximum value of∼15 kcal mol-1, a quite sizable value, which
can be seen as an indication of the importance of electron
correlation effects. From the results shown in Figure 6a, it can
be concluded that the electron correlation effects, necessary for
the description of hydrogen-bond interactions, are consistently
reproduced by all functionals used. As it has been reported for
some hydrogen-bonded dimers,52 for molecular complexes
where the electrostatic interaction is more relevant than the
dispersion contribution to the interaction energy,53 the BLYP
functional performs very satisfactory as compared to high-level
ab initio post-HF correlated methods, which validates the use
of the BLYP functional to handle the electron correlation effects
for the intramolecular hydrogen bonds present in theR-CD
species that have definitively an electrostatic nature. Therefore,
as long as electrostatic O‚‚‚H type H-bond interaction is present,
there is no need for MP2 or higher correlated level calculation
to evaluate relative energies. In this work we will use the BLYP
functional to calculate relative energies, as we have done in
previous works.22,23 Figure 6b shows a comparison between
BLYP/MBS2//BLYP/MBS1 and BLYP/MBS2//HF/MBS1 rela-
tive electronic plus nuclear repulsion energies. From Figure 6b
it can be said that, as far as large relative energy values are
concerned, the effect of using HF or BLYP fully optimized
geometries is not pronounced, with virtually the same energy
profile being predicted. The BLYP/MBS2//BLYP/MBS1 and
BLYP/MBS2//HF/MBS1 relative energies match very nicely,
with a maximum deviation around 2-3 kcal mol-1 being
observed. This result gives strong support to the use of HF/
MBS1 geometries in further theoretical studies involving
cyclodextrins. The reason for using the HF level in geometry
optimization for large molecular systems is basically the
significantly lower computational cost compared to the BLYP
level (our experience says that the HF level can be up to five
times faster than BLYP to locate a stationary point on the PES
for cyclodextrins). In this work, geometry optimizations,
harmonic frequency calculations, and the evaluation of PCM
relative solvation energies have been done thoroughly at the
BLYP level for reason of consistency only. Regarding the PCM
solvation energy, in the original work by Barone, Cossi, and
Tomasi,42 all calculations were performed at the HF level
employing a standard Pople’s split valence basis set37 and their
analysis of the results was also carried out at the HF level.
Therefore, it seems natural to calculate geometrical parameters,
frequencies, and relative solvation energies at the HF level,
which is computational affordable for large molecular systems.

What makes structure1(+) the global minimum is the
existence of a hydrogen-bonded cluster structure in the smaller
cavity side or narrower rim (tail). The alcohol hexamer structure
involving the primary hydroxyls present in the gas-phase global
minimum structure1(+) is shown in Figure 7; first as it appears
originally in structure1(+) linked to the glucose groups and
then as the BLYP/MBS1 fully optimized isolated methanol
hexamer structure. The H-bond distance values for the free
(MeOH)6 (1.66 Å) are shorter than the corresponding values
for the (MeOH)6 present in the cavity of structure1(+) (1.77
Å). This can be explained due to the lack of the glucose units
in the free hexamer which allow a closer contact of the hydrogen
and oxygen atoms. It can be seen that the extra and large
stabilization of theR-CD structure1(+), in relation to2(+), is

Figure 6. (a) HF/MBS1 and single point DFT/MBS1//HF/MBS1
relative energies for the minimum energy structures located on the PES
for the freeR-CD species. (b) Comparison between single point BLYP
relative energies using BLYP/MBS1 and HF/MBS1 optimized geom-
etries.
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due to the presence of an alcohol hexamer structure in the cavity
side of the primary hydroxyl groups. Our BLYP/6-311++G-
(2d,2p) relative energy calculations for (MeOH)6 free structure
compared to the corresponding methanol-ethyl-ether dimer,
which model the structure present in conformer2(+), match
nicely the relative preference of structure1(+) over structure
2(+) by 15.6 kcal mol-1 reported next in Figure 8. The (MeOH)6

structure is 16.8 kcal mol-1 more stable than six times the
MeOH-Me2O ether-alcohol type dimer,54 which explain the
higher preference of structure1(+) over 2(+). This is always
expected in the gas phase, where the formation of larger clusters,
encompassing a number of hydrogen-bonding interactions,
brings a considerable cooperative effect, therefore, leading to
significantly “lower” relative conformational energy values. An
interesting point, to be discussed later, is how the situation may
be changed in condensed phase, for example in aqueous media.

The individual contributions to the relative Gibbs free energy
in solution, i.e.,∆Eele-nuc, ∆GT, and δ∆Gsolv (see eq 1), are
given in Figure 8. Systematically the thermal correction shifts
the equilibrium toward the less symmetric forms3 and4, with
the ∆GT contribution being larger for structure4. The solvent
effect plays a major role in the equilibrium position, favoring
the conformers2(+), 2(-), 3, and 4. Therefore, in water an
equilibrium mixture would be anticipated as confirmed by the
relative Gibbs free energy values in solution, which will be
shown later in Figure 10.

To complete our investigation of the thermodynamic proper-
ties in solution, it may be interesting to analyze the variation

of the relative solvation energy values (δ∆Gsolv) with the dipole
moment (µ) of each conformer, which is shown in Figure 9 for
the H2O solvent at the BLYP/MBS1 level of theory. It can be
seen that there is a rough linear dependence between dipole
moments and solvation energies, with the more polar form4
exhibiting the highest solvation energy. Nonetheless other

Figure 7. (a) MeOH hexamer original configuration fromR-CD
structure1(+) as found from the BLYP/MBS1 optimized structure
(carbon atoms indicated in Figure 7 link the alcohol cluster to theR-CD
molecule). (b) (MeOH)6 free structure fully optimized at the BLYP/
6-31G(d,p) level.

Figure 8. Three individual contributions to the relative Gibbs free
energy in solution as given by eq 1.∆Eelec-nuc was evaluated at the
BLYP/MBS2//BLYP/MBS1 level, and the∆GT andδ∆Gsolv quantities
were evaluated at the BLYP/MBS1 level of theory.

Figure 9. BLYP/MBS1 PCM solvation energies as a function of the
gas-phase dipole moment for the relevant minimum energy structure
located on the BLYP/MBS1 PES for the freeR-CD species.

Figure 10. Relative Gibbs free energy (∆G) values in the gas phase
and including solvent effects, calculated using the individual contribu-
tions given in Figure 8 at the BLYP/MBS2//BLYP/MBS1 level.∆Gg

) ∆Eelec-nuc + ∆GT and∆Gaq ) ∆Gg + δ∆Gsolv as given by eq 1. The
conformer1(+) was taken as reference.
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structural and electronic distribution aspects of each minimum
energy structure may also play an important role, according to
the PCM continuum solvation model.42 It was observed (data
not shown) that the water solvent produces larger relative
solvation energy than CHCl3 (ε ) 4.9), except for structure1-
(-), which can be easily rationalized in terms of the lowest
dipole moment value, as can be seen from Figure 9. Therefore,
we expect that the PCM model may be satisfactory for the
investigation of the plausible structures ofR-CD that can coexist
in equilibrium in water solution. It is opportune to say that the
ability of the PCM model to reproduce accurately absolute
solvation energies in water may be questioned, owing to the
presence of empirical parameters and definition of the cavities,
and also it may exhibit a lack of physical significance in the
evaluation of free energy of solvation terms. However, when
relative energy values are calculated, as presented here forR-CD
species, a significant error cancellation is expected to take place
and so relative solvation energies can be considered as
satisfactorily reliable to be used in the area of supramolecular
chemistry.

Finally, in Figure 10 the relative Gibbs free energy, including
all contributions, is shown, taking the form1(+) as reference
for calculation. Considering only the enthalpy values (data not
shown), the structure1(+) is still preferred in aqueous media
by at least 5 kcal/mol; however, when entropic effects are
accounted for combined with the PCM solvation model,
structure3 is the preferred one in water solution. Due to the
small free energy difference in solution, it can be said that there
will probably be a conformation mixture at room temperature
containing as strong candidates in water solution structures1-
(+), 2(+), 3, and4, with a significantly larger proportion of
structures3. The main results from this work are compiled in
Table 2, calculated at the BLYP/MBS2//HF/MBS1 and BLYP/
MBS2//BLYP/MBS1 levels (where the double slash means that
a BLYP/MBS2 single point energy calculation was performed
at either HF/MBS1 or BLYP/MBS1 fully optimized geometry).
Using as reference the BLYP/MBS2//HF/MBS1 level of cal-
culation, the predicted relative stability of the relevant six
minimum energy structures located on the HF/MBS1 PES of
R-CD in the gas phase is (with relative energies in kcal mol-1

given in parentheses) the following:1(+) (0.0); 1(-) (3.1); 3
(12.9); 2(+) (15.2); 2(-) (16.7); 4 (32.0). This same trend is
found when BLYP/MBS1 geometry is considered. It can be seen
from Table 2 that structure3 is preferred in water solution at
both levels with the solvent playing a primary role. As shown
in Figure 6b, the use of the HF/MBS1 geometry accounts for a
deviation of 2-3 kcal mol-1 in the relative energy values;
however. the solvation energy contribution provides a larger
stabilization of the other structures in relation to the gas-phase
global minimum structure1(+).

Conclusion

The PES for theR-CD species was extensively investigated
at the ab initio HF and BLYP levels of calculation, using a

mixed basis set, 6-31G(d,p)/STO-3G (named MBS1). Six true
minimum energy structures were located on the BLYP/MBS1
PES, characterized through harmonic frequency calculations.
Thermal correction and solvation energy (using the PCM model
and water as solvent) contributions were evaluated at the HF/
MBS1 and BLYP/MBS1 levels of theory. Therefore, relative
enthalpy and Gibbs free energy values in the gas phase and
water solution could be calculated. We found that structure1-
(+), having an alcohol hexamer structure at the smaller rim, is
the preferred one in the gas phase at room temperature, while
structure3, which resembles the crystallographic structure II,
is expected to be predominant in aqueous media.

By comparing relative energies from HF and DFT levels, we
conclude that while the HF method is satisfactory for structural
determination, ab initio methods including electron correlation
effects must be used to calculate relative energies for cyclo-
dextrin and also other supramolecular systems where intramo-
lecular hydrogen bonds are present. Therefore, the BLYP/
MBS2//HF/MBS1 approach may be a valuable procedure,
computationally affordable, for investigating the structure and
thermodynamic properties in the gas phase and water solution
of supramolecular systems.

From the analysis of the structural parameters, we observed
that the number of hydrogen bonds formally formed contributes
in a majority way to the stabilization of the conformations
showed here. The electronic plus nuclear repulsion energy is
directly affected by the formation of this kind of interaction.
Nevertheless this contribution loses main status in the condensed
phase due to the increasing importance of symmetry, represented
by the dipole values, and the intermolecular interactions which
could exist in solution.

Probably in aqueous solution the structural arrangement of
R-CD would be similar to the crystallographic geometry X-ray
II, through its relative stability at condensed phase calculations.
To guide future theoretical works about cyclodextrins and their
inclusion complexes in aqueous solution, we could say that care
is needed to handle the theoretical results. The stabilization and
predicted existence of these structures can be drastically changed
with the inclusion of solvent effect and, therefore, modify the
conclusions and the understanding of the thermodynamics of
the inclusion formation process.

Acknowledgment. We thank the Brazilian agencies CNPq
(Conselho Nacional de Desenvolvimento Cientı´fico e Tecno-
lógico) and FAPEMIG (Fundac¸ ão de Amparo a` Pesquisa do
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