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Abstract Interactions of the b-cyclodextrin (b-CD)

ligand with Na?, Cu?, Mg2?, Zn2?, and Al3? cations were

investigated using density functional theory modeling. The

objective of this study was to give insight into the mech-

anism of cation complexation. Two groups of conformers

were found. The first group preserved the initial orientation

of glucopyranose residues inside the b-CD ligand. The

mutual orientation of glucopyranose residues was strongly

affected by the cation in the second group of conformers.

The system interaction energy was decomposed into elec-

trostatic (ES), Pauli and orbital contributions using the

Ziegler–Rauk energy partitioning scheme. The total elec-

trostatic energy, i.e., the sum of ES energy and polarization

energy, is the dominating term in the interaction energy.

In vacuum, the complexes formed with Al3? were found to

be more stable than with di- and monocations. The vacuum

stability sequence was changed in aqueous solution.

Keywords b-cyclodextrin � Guest–host complexes �
Energy decomposition scheme � Natural orbitals for

chemical valence � Cation binding

1 Introduction

Beta-cyclodextrin (b-CD) is a cyclic oligomer of a-D-glu-

cose units. It contains seven glucopyranose residues (see

scheme 1). The b-CD molecule is a shallow truncated cone

with primary and secondary hydroxyl groups of smaller

and bigger rims exposed to the solvent. The smaller ring is

defined by primary hydroxyl oxygen atoms (O6 oxygens).

The secondary hydroxyl groups (O2 and O3 oxygens) form

the bigger rim. The molecule forms a hydrophobic cavity

and is able to embed many organic molecules. Inclusion

into the b-CD cavity can modify the physicochemical

properties of the ‘‘guest’’ molecules (solubility, diffusion,

sublimation, volatility, chromatographic mobility, hydro-

phobicity, reactivity, etc.) [1]. Taking into account bio-

adaptability of b-CD, it is not surprising that b-CD has

found widespread applications as encapsulating material

for medicaments and food ingredients. Among other pos-

sible applications are those in the cosmetic, chemical, and

biotechnological industries. Different aspects of cyclo-

dextrin chemistry are addressed in recent reviews [1–5].

Even though b-CD attracts attention of many research-

ers, only a few ab initio investigations have been reported.

High-level ab initio techniques are practically excluded due

to the system’s size. However, Hartree–Fock (HF) and

density functional theory (DFT) based methods can be

applied. Liu et al. [6] performed single point calculations at

HF and DFT levels of theory on crystalline and PM3

optimized structures. The geometrical structure of b-CD

was analyzed by Santos et al. [7] and Pinjari et al. [8]
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Structure and dynamics of b-CD were investigated by

Duarte et al. [9] at DFT tight binding level. A DFT study

(B3LYP/6-31G**) of b-CD was reported by Wolschann

et al. [10] Much more computational works can be found

for the a-cyclodextrin (a-CD) molecule which is composed

of six glucopyranose residues. Low-energy conformers of

a-CD were investigated by Almeida et al. [11] at HF and

DFT levels of theory with several basis sets ranging from

split-valence double-f [6-31G(d,p)] to split-valence triple-f
[6-311G(2d,2p)]. Conformational analysis was also repor-

ted by Alderete and Jimenez [12] using PM3, HF/STO-3G,

HF/6-31G(d), B3LYP/6-31G(d), and X3LYP/6-31G(d)

calculations. Geometries of a-CD dimers for three possible

orientations (head to head, tail to tail, and head to tail) were

reported by Almeida et al. [13] at the BLYP/6-31G(d,p)//PM3

level.

It has been reported that metal cations can assist

host/guest interactions [14]. Cai introduced Fe2? and Mg2?

to enhance the detection of b-CD/toluene complexes [15].

Using electrospray mass spectroscopy, he proved the

existence of ternary complexes (dication/b-CD/toluene).

Metal cation introduced to b-CD molecule can act as a

catalytic center. Zhang and Xu showed that M2?/b-CD

(M = Fe, Co, Cu, Ni Zn) catalyzes asymmetric aldol

condensation [16]. In this paper, we have investigated

(metal cation)/b-CD complexes. Five cations were con-

sidered: Mg2?, Zn2?, Cu?, Al3?, and Na?. We have taken

into account closed shell cations. For open shell cations,

static correlation may be important and single-determinant

approaches are not adequate. Unfortunately, the system

size excludes multi-reference techniques. Our analysis was

focused on stable conformers, binding energies, and their

components obtained by applying the extended transition

state (ETS) energy partitioning scheme [17]. The main

charge reorganization channels were discussed using the

natural orbital for chemical valence (NOCV) formalism

[18]. Finally, conclusions and future prospects are discussed.

2 Computational details

All calculations were performed with the Gaussian 09 [19]

suite of programs. Geometries for all investigated systems

were optimized at density functional level of theory. We

applied B3LYP hybrid functional [20] with 6-31G* basis

set. The located minima of b-CD molecule were verified by

Hessian eigenvalues. In Mg2?/b-CD and Al3?/b-CD sys-

tems several starting geometries with cations located on the

smaller rim surface, as well as 1 Å above and below this

surface, were considered. The gradient optimization was

employed. The existence of local minima was confirmed by

Hessian eigenvalues. Every local minimum of Mg2?/b-CD

was taken as starting configuration for the remaining cat-

ions. The complexes with lower rim oxygen atoms were

considered. It has been suggested that cations in ternary

complexes are located in the smaller rim and our aim is to

build and characterize a model that can be used later on

to study ternary systems and catalytic activity. In order to

check for the existence of other conformers, a network

controlled dynamic evolutionary algorithm was applied.

The neural network dynamically tunes parameters of the

evolutionary process. Each global optimization step was

followed by a local gradient based optimization procedure.

The MM2 force-field was applied. The optimization pro-

cess was repeated ten times. More information about the

algorithm is given elsewhere [21]. The lowest energy

structures obtained at MM2 level of theory, those pre-

serving chirality, were further optimized at B3LYP/6-31G*

level of theory. The bond-order (BO) analysis was per-

formed with the GAMESS package [22, 23]. The same
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Scheme 1 b-CD molecule (a) together with glucopyranose residues (b) and the assumed numbering of C and O atoms
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functional and basis set were applied. Two types of BOs

were considered. The first included covalent BO (CBO)

data. [24, 25] In the second, covalent and ionic BO (CIBO)

data [26, 27] were taken into account. The ETS-NOCV

analysis [28] was done using ADF package [29] with basis

set of triple-f (TZP) quality [30] at B3LYP level of theory

using B3LYP/6-31G* geometry. Polarizable continuum

model (PCM) with full geometry optimization was used

with UFF radii and Van der Waals surface. The symmetry

of b-CD molecule was not taken into account explicitly.

The reported geometrical parameters were averaged over

all symmetry related atoms (arithmetic mean over seven

symmetry related values).

3 Structure of b-CD in vacuum

In Fig. 1, we have shown the most stable conformers of

b-CD in vacuum. The plots were prepared with the use of

visual molecular dynamics (VMD) package [31]. The

system is highly symmetric. The primary hydroxyl groups

form a ring of hydrogen bonds. Such spatial hydrogen bond

arrangement, a kind of methanol heptamer (alcohol-to-

alcohol hydrogen bond orientation) makes the cavity

practically closed from the smaller rim side. The results are

consistent with those of Walschann et al. [10] obtained

with a slightly larger basis set. The same situation was

observed for a-CD [11, 12]. The hydrogen bonds are also

formed in the bigger rim. Depending on the hydrogen

donor and acceptor, left-hand (-) and right-hand (?) ori-

entations can be distinguished. In the former orientation (-),

the intramolecular hydrogen bond is formed by OH group

in position 2 and oxygen atom in position 30 of the

neighboring residue. In the later orientation (?), the

hydrogen bond is formed by OH in position 3 and O atom

in position 20. The left-hand (-) and right-hand (?) ori-

entations correspond to counter-clockwise (cc) and clock-

wise (cw) orientations of Ref. [10]. Correspondingly, the

orientation of the smaller rim hydrogen bonds consistent

with the bigger rim is called left (-, counter-clockwise) or

right-hand (?, clockwise). The orientation can be seen

when looking from the smaller rim side. The existence of

hydrogen bond belts from both sides of the cone is

responsible for the rigidity of b-CD molecule and is

probably responsible for the low water solubility of all

cyclodextrins [1]. The other possible structures of b-CD

result from internal rotation of the primary hydroxyl groups

within the glucopyranose residues. In these structures, one

can distinguish alcohol-to-ether hydrogen bonds as was

reported in the case of a-CD [11]. The secondary hydroxyl

groups form a net of hydrogen bonds. Figure 2 shows two

examples of these structures. The structure shown in panel

(a) has alcohol-to-ether hydrogen bonds in the ‘‘smaller

rim’’. The plots were prepared using VMD package [31].

This structure is open (o) to the environment from the

smaller rim side and is called o(??) since both hydrogen

belts have clockwise orientations. The second structure

(panel b) has no hydrogen belt in the smaller rim. The

hydrogen donor oxygen is at the shortest distance from the

hydrogen atom of H-CHOH moiety. The structure will be

named o(--).The first and second signs in the bracket

denote the smaller rim and the bigger rim orientations,

respectively. The same convention was adopted for all

conformers.

In Table 1, the relative stabilities of (-?), (--), (?-),

and (??) conformers are summarized. It is clear from this

table that the orientation of the smaller rim hydrogen bond

belt is responsible for the relative stability of conformers.

The left-hand conformers are more stable than the right-

hand conformers. It is due to stronger hydrogen bonds in

the smaller rim. The O–O distance is of 0.02 Å shorter for

(-) than for (?) orientation. The bigger rim inter-residuum

hydrogen bond is much longer. Even though the intra O–O

distance is short and comparable to that of the smaller rim,

the hydrogen bond belt isn’t formed since hydrogen atoms

have unfavorable positions with respect to hydrogen donor

Fig. 1 A top view of the most

stable conformers of b-CD

molecule. a and b correspond to

(-?) and (--) conformations,

respectively
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oxygens which are forced by the ring geometry and all kind

of distortion will strongly increase the steric strain. The

O–O distances obtained are very close to those obtained

with a larger basis set and do not differ by more than

0.01 Å. Differences in relative energies are slightly more

pronounced. The (?-) and (??) are about three times less

stable than (-?) and (--) as was shown by our results.

Single point calculations for slightly enlarged basis set

(polarization function on H atoms bonded to oxygen

atoms) performed on B3LYP/6-31G* geometries practi-

cally didn’t change the relative energies. Therefore, the

differences can be attributed to small change in the

geometries obtained at B3LYP/6-31G**. The open-type

structures, o(??) and o(--), are less stable in vacuum as

compared to other structures. A relatively higher stability

of the o(??) structure was observed. Both of these struc-

tures display much stronger hydrogen bonds in the bigger

rim as compared to the closed-type structures. As was

observed with closed-type structures, the open ones, o(?-)

and o(-?) should be similar to o(??) and o(--)

structures, respectively. The obtained hydrogen bond

lengths are close to the experimental values of 2.850 Å [32].

The geometrical parameters obtained at B3LYP/6-31G*

level are summarized in Table 1 of supplementary mate-

rials. The reported data clearly indicates that for the open

structures the values are closer to the experimental results

[33]. The biggest discrepancies appear with primary

hydroxyl oxygen atoms due to a practically free rotation of

these groups. These groups may form hydrogen bonds with

water molecules (crystal of b-CD contains about 9 waters

per 1 b-CD molecule).

4 b-CD as a ligand

As was stated by Norkus [34], most of the thousands of

papers published each year on cyclodextrins concern

cyclodextrin inclusion complexes and only a few deal with

cyclodextrin metal complex chemistry. Metal ion com-

plexes with cyclodextrins can be considered as models of

metallo-enzymes. Such situation is not surprising because

the presence of donor oxygen atoms in the smaller and

bigger rims of b-CD should stimulate the complex for-

mation. In order to give insight into this particular field of

the cyclodextrin chemistry, we have considered the com-

plexes of b-CD with Na?, Mg2?, Al3?, Cu?, and Zn2?.

Taking into account that the distance between the opposite

oxygen atoms is two times shorter within the smaller rim as

compared with the bigger rim, we have considered co-

ordination to the smaller rim. Undoubtedly, the mobility of

the primary hydroxyl is also of great importance. It was

also suggested that cation in ternary complexes is located

in the smaller rim. The complexes formed by primary

hydroxyl oxygen atoms belong to first group. We have also

considered other types of coordination, mainly by sec-

ondary hydroxyl atoms (O2 and O3). Formation of such

complexes results from rotation of glucopyranose residues

Fig. 2 The structures of b-CD

opened from smaller rim side.

The structure in a has clockwise

orientation of hydrogen bond

belts (??). The second has no

hydrogen belt in smaller rim

Table 1 Relative energies (kcal/mol) of located conformers of b-CD

at B3LYP/6-31G* level of theory, together with distances between

oxygen atoms involved in hydrogen bond formation (Å)

Conformer DE RO–O

(smaller

rim)

RO–O (intra-

residuum)

RO–O (inter-

residuum)

(-?) 0.0 2.81 3.08 2.87

(--) 0.1 2.81 3.09 2.90

(?-) 2.6 2.83 3.11 2.89

(??) 2.8 2.83 3.10 2.86

o(??) 18.0 4.31 (2.86) 2.83 2.77

o(--) 20.2 4.44 (2.84) 2.86 2.82

The numbers in parentheses are oxygen–oxygen separation (alcohol-

to-ether hydrogen bonds) for o(??) structure (see Fig. 2a) and

oxygen-hydrogen separation for o(22) structure (see Fig. 2b)
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around linkage C4–O4 and C1–O40 bonds. These com-

plexes constitute the second group. Other types of com-

plexes are less stable at MM2 level of theory than these of

first and second groups.

The structures of located complexes are shown in Figs. 3

and 4. All plots were prepared using VMD package [31].

The calculated interaction energies are given in Table 3.

The reported data are not corrected for basis set superpo-

sition error. We have presented the structure of Mg2?/b-CD

complexes. The remaining systems (Cu?/b-CD, Na?/b-CD,

Zn2?/b-CD, and Al3?/b-CD) are close in structure to the

one of Mg2?/b-CD. Two groups of conformers are illus-

trated. Those from the first group (Fig. 3) preserves the

bigger rim of b-CD. In other words, the initial orientation of

glucopyranose residues in the b-CD ligand isn’t changed. In

the second group (Fig. 4), one or two glucopyranose residue

is rotated around C1–O40 and C4–O4 bonds.

The first group of conformers includes four main

structures, denoted as 1A–1D. In the complex, the high

symmetry is lost. The cation is bonded to at least three

primary hydroxyl oxygen atoms. In the structure, 1A three

neighboring primary hydroxyls form coordination bonds

with the cation. The coordination number of cation is equal

to 3. This type of coordination wasn’t observed for Al3?/b-

CD; Al3? tends to build into the wall of b-CD and

coordination number equals 4. In structure 1B, every sec-

ond primary hydroxyl is involved in the bond formation.

Namely, the primary hydroxyl groups of the first, the third

and the fifth residues are involved in the complex. As a

result of geometry distortion, three hydrogen bonds

between primary hydroxyl groups are broken. Instead,

three others are formed. New bonds are of alcohol-to-ether

type. The geometrical structure of Al3?/b-CD complex is

different since all primary oxygen atoms coordinated to

Al3? lose hydrogen atoms or protons which are shifted to

neighboring hydroxyl groups or ring oxygen atoms (O6–

H–O60 or O6–H–O50 hydrogen bonds). In water solvent,

the protons should be trapped by water molecules. The

proton can be shifted to other oxygen atom, including

bigger rim secondary hydroxyl oxygen. We checked the

stability of a few such systems. They are less stable by

about 1.0–3.0 kcal/mol depending on the position. In other

complexes, hydrogen atoms remain in their original posi-

tions. The coordination number is equal to 3. In struc-

ture 1C, the primary hydroxyl oxygens of the first, the

second and the forth residues form coordination bonds with

the cation. The coordination number is equal to 3. In Al3?/

b-CD complex, a partial deprotonation takes place. Two

primary hydroxyls which are involved in the bond forma-

tion lose protons. In structure 1D, the cation has a higher

Fig. 3 Four different

geometrical structures of Mg2?/

b-CD complexes which

preserve initial orientation of

glucopyranose residues
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coordination number. Except for Al3?/b-CD complex it is

equal to 5. Three neighboring primary hydroxyls (O–6),

linkage O–4, and ring O–5 oxygen atoms form coordina-

tion bonds. The coordination number of Al3? is equal to 4;

O–4 oxygen doesn’t participate in the bond formation. One

of the primary hydroxyls that is involved in a coordination

bond loses a proton. Such partial deprotonation takes place

for each cation. One can expect that the structure 1D could

be favored in dinuclear type complexes. The number of

conformers can be doubled when taking into account the

hydrogen bond belt in the bigger rim.

The second group of conformers is shown in Fig. 4. It

includes five main structures, denoted as 2A–2E. The

coordination numbers are equal to 6 (2A) and 5 (2B–2E),

respectively. Structures 2A–2C are similar to some

degree. Namely, both secondary hydroxyl oxygen atoms

(O2 and O3) of the opposite residues (residues 1 and 4)

are involved in bond formation. The differences are

connected with the remaining coordination bonds. In

structure 2A, two primary oxygen atoms (O6) from third

and fifth residues form coordination bonds. The primary

oxygen atom from third/fifth residuum doesn’t form bond

with cation in structure 2B/2C. Two primary hydroxyl

oxygen atoms, two secondary O2 and one O3 form bonds

with cation in structure 2D. In structure 2E, O5 and O6

from first residue O2 from the second residue and both

secondary hydroxyl oxygen atoms from forth residue are

involved in bond formation. Deprotonation doesn’t take

Fig. 4 Five different

geometrical structures of Mg2?/

b-CD complexes where the

mutual orientation of

glucopyranose residues was

strongly affected by cation
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place for structure from the second group. Interaction

energies

Eint ¼ EX=b�CD � EX � Eb�CD

X ¼ Naþ; Mg2þ; Al3þ; Cuþ; Zn2þ� �
;

ð1Þ

are collected in Table 2. The lowest energy structure of

b-CD is taken, therefore, difference in the interaction

energies for the same cation indicates the relative stability.

For Zn2?/b-CD system, we have also checked the influence

of polarization function on hydrogen atoms bonded to

oxygen atoms on relative stabilities. The relative energies

were changed by less than 0.8 kcal/mol when single point

energies obtained at B3LYP/6-31G* geometries were

applied. Both groups of conformers are possible for dica-

tions. The structures of b-CD resulting from second group

of conformers are less stable than these discussed in Sect. 2

by more than 60 kcal/mol. This cost is compensated by

additional coordination bonds. The differences between

Eint of the most stable conformers from both groups are less

than 4 kcal/mol. The differences are more pronounced for

monocations and Al3?. Monocations prefer structure 1C

while Al3? prefers structure 1B. The most stable is the

Al3?/b-CD system. Dicationic systems are next in the

stability sequence; Mg2?/b-CD is less stable than Zn2?/b-

CD. Monocationic systems are the least stable; Na?/b-CD

is less stable than the Cu?/b-CD system.

The charges on the cations and their total valences are

summarized in Table 3. The former are listed in the first

line, whereas the latter are in the second line of each

entries. Three population analyses were considered,

namely Mulliken, Hirschfeld, and Voronoi population

schemes. In addition, two types of valences are reported.

The first valences are from CIBO scheme and they include

covalent and ionic contributions [26, 27]. The second

valences are from CBO scheme and they include covalent

contributions only [24, 25]. The Mulliken charges indicate

a relatively big charge transfer (CT) from b-CD to the

cation. Approximately, half of electron was transferred to

the monocation. The amount of CT increases to one for

dications and to two for Al3?. Quite different picture

results from Hirschfeld charges; the amount of CT is small.

The charges on Na and Mg atoms are close to 1 and 2,

respectively. These results support common practice used

in classical molecular dynamics simulation that these ions

are treated as free species (without bonded interactions).

The Voronoi charges are intermediate between Mulliken

and Hirschfeld charges. The Hirshfeld charges are almost

the same for all coordination modes. Except a few systems,

the Voronoi charges are the same for both groups of

complexes. Differences among both groups of complexes

are more pronounced by Mulliken charges. The choice of

population analysis is always problematic since atomic

charges are not observables. The better idea is to choose

population which is consistent with given observable

quantities, see for example Refs. [35, 36].

The charge reorganization is also visible in BO data.

The two BO data sets are different. The CBO valences are

always smaller than the corresponding CIBO counterparts.

This indicates a significant ionic contribution to the BOs.

Despite this, the covalent contribution is bigger than ionic

one. The strongest covalent bonding is observed for Al3?/

b-CD complex. It is reflected by the smallest difference in

CIBO and CBO values. We would like to stress here that

for covalently bonded atoms CBO and CIBO total valen-

cies are almost identical.

5 ETS-NOCV energy decomposition analysis

In order to analyze different aspects of bonding, the

interaction energy was decomposed into chemically

meaningful contributions. Many decomposition schemes

were proposed in the literature [17, 37–41]. We have

chosen ETS scheme of Ziegler and Rauk [17]. Its recent

development [28], the so-called ETS-NOCV scheme, links

NOCV with the orbital energy. By merging energy parti-

tioning and bond-order approaches, ETS-NOCV scheme

provides a compact analysis of the chemical bond forma-

tion in terms of charge rearrangement channels and their

corresponding energy contributions. Such detailed

Table 2 Interaction energies in

kcal/mole for structures 1A–1D

(see Fig. 3) and 2A–2E (see

Fig. 4)

Na?/b-CD Mg2?/b-CD Al3?/b-CD Cu?/b-CD Zn2?/b-CD

1A -67.1 -269.5 -154.0 -336.2

1B -65.9 -279.0 -776.2 -144.7 -331.3

1C -72.7 -288.3 -766.7 -156.7 -342.3

1D -65.6 -290.8 -769.4 -116.3 -345.4

2A -37.3 -281.9 -750.7 -115.8 -336.5

2B -35.8 -283.7 -762.9 -113.3 -329.9

2C -35.9 -287.0 -760.1 -109.6 -334.0

2D -23.8 -283.5 -754.6 -101.1 -328.7

2E -45.1 -294.7 -752.7 -127.5 -342.5
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description gives us information about charge penetration

effects (polarization and charge transfer). These effects are

usually disregarded in classical force-field calculation,

where cations are considered as separate individuals. It

means that interaction between cation and other atoms is

modeled via electrostatic and Van der Waals contributions.

The ETS scheme decomposes Eint into four

contributions:

Eint ¼ EAB � E0
A � E0

B ¼ Edist þ EES þ EPauli þ Eorb; ð2Þ

where EAB, E0
A, and E0

B are energies of supermolecule AB

(complex), reactant A (acid, cation) and reactant B (base,

ligand). The first component on the right-hand side of Eq. 2

describes geometry distortion Edist ¼ EA þ EB � E0
A � E0

B.

Geometries of reactants in the supermolecule are different

from their minimum energy structure. The second component

on the right-hand side of Eq. 2 is the electrostatic (ES)

contribution. It represents the change in electrostatic

interaction energy when the distorted fragments A and B

are combined in the final supermolecule with the densities

of noninteracting fragments kept frozen. EPauli is the

exchange-repulsion contribution. The last component in

Eq. 2 is the orbital interaction contribution. It represents the

interactions between the occupied molecular orbitals on A

(B) with the unoccupied molecular orbitals of B (A) and

the interactions between occupied and virtual orbitals within

the same fragment A or B. The interfragment polarization

corresponds to charge-transfer energy while the intrafrag-

ment polarization corresponds to polarization energy. This

contribution includes other energy components that are well

defined within perturbation approaches. This contribution can

be further decomposed into NOCVs:

Eorb ¼ trðDDFTSÞ ¼
XN=2

k¼1

mkðFTS
kk � FTS

�k�kÞ ¼
XN=2

k¼1

Eorb
k ;

ð3Þ

where FTS is the Kohn–Sham matrix computed for

transition-state density qTS¼ðqþq0Þ=2 and DD = D - D0.

Here, q (D) and q0 (D0) are densities (density matrices) of

supermolecule and promolecule, respectively. The

weighting factor mk is the eigenvalue of the equation: DD

Ck = mkCk. The NOCV eigenvectors appears in

complementary pairs uk¼
P

j Ckj/j;u�k¼
P

j C�kj/j

� �

with the same absolute values of mk but opposite signs. In

the NOCV representation, orb electron density can be

decomposed into main charge reorganization channels:

Dqorbðr~Þ ¼
XN=2

k¼1

mk ukðr~Þj j2þ u�kðr~Þj j2
� �

¼
XN=2

k¼1

Dqkðr~Þ:

ð4Þ

The energy contributions are listed in Table 4. The

negative or positive sign of a given contribution indicates a

stabilizing or destabilizing effect. The energetic

requirements for each energy component are obviously

based on their definitions. Correspondingly, the EPauli

energy must be positive for closed shell subsystems,

Table 3 The Mulliken/

Hirschfeld/Voronoi charges on

cations (first entry) and CIBO/

CBO total valences (second

entry)

Na?/b-CD Mg2?/b-CD Al3?/b-CD Cu?/b-CD Zn2?/b-CD

1A 0.54/0.97/0.77 1.05/1.88/1.41 0.47/0.77/0.79 0.91/1.60/1.30

1.59/0.89 2.58/1.76 2.29/1.36 2.45/1.98

1B 0.49/0.96/0.77 1.08/1.88/1.39 1.08/2.76/1.73 0.44/0.78/0.76 1.06/1.61/1.31

1.69/1.00 2.54/1.71 3.66/3.21 2.19/1.29 2.29/1.74

1C 0.52/0.97/0.76 1.11/1.88/1.38 1.16/2.76/1.74 0.46/0.78/0.75 1.06/1.62/1.31

1.65/0.93 2.53/1.66 3.42/3.07 2.23/1.26 2.30/1.73

1D 0.45/0.96/0.75 0.80/1.88/1.34 1.11/2.76/1.81 0.37/0.79/0.84 0.88/1.63/1.33

1.96/1.06 3.18/2.19 3.58/3.19 2.48/1.77 2.57/2.12

2A 0.34/0.96/0.74 0.91/1.88/1.37 1.24/2.76/1.84 0.42/0.80/0.83 1.05/1.64/1.34

2.19/1.26 3.30/2.03 3.67/3.02 2.42/1.72 2.58/1.99

2B 0.44/0.97/0.74 0.95/1.88/1.37 1.19/2.76/1.80 0.46/0.71/0.80 1.10/1.64/1.35

2.02/1.09 3.11/1.95 3.69/3.10 2.29/1.43 2.47/1.90

2C 0.36/0.96/0.74 0.92/1.88/1.35 1.25/2.76/1.81 0.55/0.81/0.89 1.09/1.64/1.35

2.15/1.24 3.21/2.01 3.68/3.03 2.46/1.86 2.54/1.95

2D 0.39/0.96/0.74 0.93/1.88/1.37 1.26/2.76/1.83 0.50/0.77/0.86 1.09/1.65/1.36

2.16/1.17 3.19/1.99 3.62/3.01 2.40/1.73 2.51/1.93

2E 0.43/0.96/0.74 0.96/1.88/1.35 1.23/2.76/1.35 0.51/0.80/0.80 1.09/1.64/1.34

2.14/1.11 3.09/1.94 3.56/3.01 2.31/1.52 2.46/1.91
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whereas the orb energy must be negative. The electrostatic

energy can be either positive or negative. As can be

expected, ES energy is negative for all complexes due to

the interaction of oxygen lone electron pairs with cations.

Each term of the energy partitioning is sensitive to the

cation. The stabilizing contributions show a tendency

consistent with that displayed by the interaction ener-

gies (Table 2): EES(Al3?/b-CD) \ EES(Zn2?/b-CD) \ EES

(Mg2?/b-CD) \ EES(Cu?/b-CD) \ EES(Na?/b-CD) and

Eorb(Al3?/b-CD) \ Eorb(Zn2?/b-CD) \ Eorb(Mg2?/b-CD)

\ Eorb(Cu?/b-CD) \ Eorb(Na?/b-CD). The Pauli energy

exhibits a different behavior. With only a few exceptions,

the Pauli energy is less destabilizing for main group

elements than for transition metal cations: EPauli(Cu?/

b-CD) [ EPauli(Zn2?/b-CD) [ EPauli(Al3?/b-CD) [ EPauli

(Mg2?/b-CD) [ EPauli(Na?/b-CD). Such behavior does not

invert the order observed for the stabilizing contributions.

There is no general rule concerning stabilization of a given

conformer. Interaction energy is a result of a strong

interplay between different energy components including

deformation energy. For Zn2?/b-CD system, the conformer

1D is preferred while ES, Pauli and orb energies favor 1A,

2D, and 1D conformers, respectively.

Except for Al3?/b-CD, the absolute value of EES is the

biggest. Thus, the electrostatic energy is the main source of

stabilization. For Al3?/b-CD system, the orb energy is the

main source of stabilization. It is connected with distance

between cation and oxygen atoms: rX–O. In the first group

(structure 1A–1D), the bond length in Al3?/b-CD complex

ranges from 1.66 to 1.79 Å and is the shortest as compared

to other systems. In Zn2?/b-CD complex, rZn2þ�O ranges

from 1.86 to 1.94 Å. In the case of Cu?/b-CD complex,

rCuþ�O ranges from 1.87 to 2.07 Å. For Mg2?/b-CD

rMg2þ�O changes from 1.92 to 1.98 Å. Bonds between

cation and oxygen atoms are the longest for Na?/b-CD and

ranges from 2.23 to 2.31 Å. Short bonds observed in Zn2?/

b-CD and Cu?/b-CD complexes are responsible for the

increase in EPauli. For Cu?/b-CD complexes, EPauli is the

second largest contribution to the interaction energy.

The similar observation is valid for second group of con-

formers. However, all rX–O bonds are longer as compared

to first group. The rAl3þ�O bond length ranges from 1.86 to

2.09 Å. In Zn2?/b-CD complex, rZn2þ�O ranges from 2.00

to 2.44 Å. In the case of Cu?/b-CD complex, rCuþ�O ran-

ges from 1.90 to 2.53 Å. For Mg2?/b-CD, rMg2þ�O changes

from 2.02 to 2.25 Å. Again the longest are bonds for Na?/

b-CD complex and range from 2.27 to 2.94 Å.

The data listed in Table 5 are obtained by separating orb

energy into main charge reorganization channels. All

reported numbers are negative. Such behavior is obvious

since this energy contribution includes polarization and

charge-transfer energies stabilizing the system. The corre-

sponding charge reorganization plots are shown in Fig. 5.

In order to limit the number of Dqkðr~Þ isosurfaces (Eq. 4),

Table 4 ETS energy decomposition (kcal/mole) of X/b-CD complex, where X = Na?, Mg2?, Al3?, Cu?, and Zn2?

Complex 1A 1B 1C 1D 2A 2B 2C 2D 2E

Na?/b-CD

ES -67.7 -69.2 -75.5 -72.0 -88.2 -91.3 -89.6 -96.7 -91.3

Pauli 20.1 17.8 21.0 18.4 19.3 18.2 16.0 18.3 24.2

orb -30.7 -33.3 -32.0 -35.8 -37.9 -34.6 -36.7 -38.7 -38.1

Mg2?/b-CD

ES -185.7 -198.7 -211.0 -277.3 -229.3 -235.7 -241.4 -238.4 -226.1

Pauli 59.6 54.5 62.7 66.3 45.5 50.3 53.4 48.1 55.1

orb -176.5 -181.1 -176.9 -210.5 -207.4 -196.7 -204.4 -208.1 -202.3

Al3?/b-CD

ES – -595.0 -527.8 -458.3 -411.42 -469.8 -429.0 -413.3 -396.6

Pauli 136.0 139.1 123.2 84.02 100.8 99.4 93.2 95.0

orb -627.9 -599.3 -613.3 -596.18 -595.6 -595.2 -597.8 -584.9

Cu?/b-CD

ES -172.9 -165.6 -181.7 -210.6 -173.0 -185.8 -161.5 -175.2 -180.7

Pauli 151.2 127.7 146.1 155.6 125.6 146.5 116.9 122.4 135.4

orb -99.6 -90.4 -93.9 -100.8 -88.5 -93.6 -88.9 -88.5 -88.0

Zn2?/b-CD

ES -343.1 -261.0 -280.0 -332.3 -278.4 -280.3 -287.5 -282.9 -272.8

Pauli 147.8 116.5 132.3 124.1 109.3 98.7 102.5 97.6 105.3

orb -251.6 -233.4 -231.1 -253.6 -248.5 -237.1 -244.4 -248.4 -242.6
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Table 5 ETS/NOCV decomposition of Eorb (in kcal/mol) for X/b-CD complexes (X = Na?, Mg2?, Al3?, Cu?, and Zn2?)

Complex DEorb,k

Conformer 1A

Na?/b-CD (-7.80), (-4.61, -4.33), (-2.11)

Mg2?/b-CD (-37.02), (-22.67, -20.06), (-16.41)

Cu?/b-CD (-86.21), (-11.65, -8.75), (-8.48, -6.20, -5.66)

Zn2?/b-CD (-75.99), (-32.71, -24.66), (-22.97, -16.65, -11.45)

Conformer 1B

Na?/b-CD (-7.97), (-4.88, -4.82), (-1.56)

Mg2?/b-CD (-38.10), (-23.50, -23.18), (-11.87)

Al3?/b-CD (-88.70), (-77.45, -63.55, -63.47, -54.14), (-39.15, -36.23, -35.22, -28.54)

Cu?/b-CD (-50.19), (-19.31, -19.27), (-7.47)

Zn2?/b-CD (-71.42), (-31.23, -30.26), (-15.74)

Conformer 1C

Na?/b-CD (-7.78), (-4.85, -4.47), (-1.53)

Mg2?/b-CD (-36.32), (-23.13, -21.99), (-12.24)

Al3?/b-CD -95.5, -87.5, -62.8, -58.9, -57.7, -31.1, -29.8, -22.3, -19.4

Cu?/b-CD (-62.14), (-17.18, -16.56)

Zn2?/b-CD (-70.67), (-31.77, -28.58), (-16.33, -10.71)

Conformer 1D

Na?/b-CD (-8.14), (-4.53, -4.25, -3.73)

Mg2?/b-CD (-29.60), (-22.69, -19.65, -17.53, -14.78, -11.99), (-14.34)

Al3?/b-CD (-85.69), (-82.94, -60.97, -60.86, -49.97, -40.01, -28.28, -21.03), (-15.79, -13.87, -11.41)

Cu?/b-CD (-64.20), (-14.52, -11.01, -10.70)

Zn2?/b-CD (-69.64), (-29.51, -26.15, -22.49)

Conformer 2A

Na?/b-CD (-8.19), (-4.36, -4.35, -4.00, -3.33)

Mg2?/b-CD (-35.65), (-20.61, -19.79, -19.36, -13.52, -12.25), (-6.08, -4.85, -4.85)

Al3?/b-CD (-97.60), (-57.93, -57.48, -55.20, -37.09, -34.30), (-17.43, -17.12, -15.28, -11.07, -10.22, -10.19)

Cu?/b-CD (-41.31), (-15.39, -15.02, -9.98, -7.73, -7.15), (-6.68, -6.59, -6.50)

Zn2?/b-CD (-64.44), (-28.50, -26.37, -25.73, -10.90), (-7.37, -6.56, -6.38, -5.89, -5.25, -4.37, -4.05, -3.88, -3.53)

Conformer 2B

Na?/b-CD (-7.93), (-4.57, -4.06, -3.84, -3.75), (-1.26)

Mg2?/b-CD (-35.81), (-20.91, -20.26, -20.13, -15.22), (-6.83, -5.56, -5.24)

Al3?/b-CD (-97.52), (-66.15, -57.13, -56.25, -39.43, -24.14), (-22.52, -19.16, -18.67, -13.01, -11.58, -11.55)

Cu?/b-CD (-66.64), (-16.06, -13.71, -8.28), (-5.49, -5.22, -4.97, -4.49)

Zn2?/b-CD (-65.41), (-27.78, -26.27, -25.36, -11.14), (-7.30, -6.11, -6.08, -5.51, -5.07)

Conformer 2C

Na?/b-CD (-8.21), (-4.62, -4.15, -3.99, -3.39, -1.92), (-1.59)

Mg2?/b-CD (-35.19), (-20.59, -20.32, -20.13, -15.18), (-7.13, -6.79, -4.89, -4.63)

Al3?/b-CD (-94.51), (-59.69, -59.24, -58.21, -40.61), (-21.70, -20.93, -19.41, -18.28, -12.53, -11.60, -11.17)

Cu?/b-CD (-38.49), (-16.94, -16.46, -12.99, -7.74, -7.55, -8.03), (-6.51, -6.37, -0.57, -0.01)

Zn2?/b-CD (-63.83), (-27.10, -26.50, -26.17, -11.15), (-7.84, -7.73, -7.50)

Conformer 2D

Na?/b-CD (-7.79), (-4.46, -4.37, -4.23, -3.32, -2.20), (-1.25, -1,08)

Mg2?/b-CD (-35.32), (-20.70, -20.41, -20.12, -14.18), (-9.29, -6.49, -6.43)

Al3?/b-CD (-96.59), (-60.97, -59.05, -57.68, -39.35), (-22.92, -20.64, -19.68, -16.89, -13.18, -10.95, -10.49)

Cu?/b-CD (-34.13), (-15.94, -14.59, -14.32, -8.36, -8.04, -7.66, -7.47, -7.04)

Zn2?/b-CD (-63.08), (-27.57, -26.94, -25.73), (-11.20, -9.02)
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we have classified them as follows: r charge-transfer

channel, r-coordination channels and r, p- polarization

channels inside b-CD ligand. The data listed in Table 5 are

grouped into these three categories. First, second and third

parentheses in each entry correspond to CT, coordination

and polarization channels, respectively. Figure 5 illustrates

examples of such channels. In structures 1A, 1B, and 1C,

the central cation and the nearest oxygen atoms are almost

coplanar. The angle between the surface defined by the

oxygen atoms and plane defined by any other of three

atoms is no larger than 3�. Assuming ideal C3 symmetry in

the nearest environment of the cation, the symmetry

adapted linear combination (SALC) of oxygen lone pairs

(r1, r2, r3) can be obtained. The lower indices denote the

oxygen atoms. One of SALC, namely, uA ¼ ðr1 þ r2 þ
r3Þ=

ffiffiffi
3
p
Þ belongs to irreducible representation A. The other

two, uE
1 ¼ ð2r1 � r2 � r3Þ=

ffiffiffi
6
p
Þ and uE

2 ðr2 � r3Þ=
ffiffiffi
2
p
Þ,

belong to irreducible representation E. Of course, rotation

between uE
1 and uE

2 is allowed and gives other E-type

SALCs. Central cation 3s or 4s orbitals belong to irre-

ducible representation A and they overlap with uA. As a

result, one bonding and one anti-bonding molecular orbi-

tals are obtained. The bonding molecular orbital is the main

component of charge-transfer channel The 3px (4px) and

3py (4py) orbitals belong to irreducible representation E and

they overlap with uE
1 and uE

2 . Taking into account the

energy gap between s and p atomic orbitals, linear com-

bination with the latter is less effective and molecular

orbital is dominated by SALCs of the ligand oxygen atoms.

These orbitals, belonging to irreducible representation E,

define the coordination channels. Similar analysis can be

performed for other types of local symmetries, e.g., C3v

and C4v observed in the second group of conformers. One

should remember that the plots shown in Fig. 5 are density

plots composed of two complementary densities ( ukj j2 and

u�kj j2). Nevertheless, the charge-transfer and coordination

channels can be recognized for all coordination types and

cations. In the case of Na?/b-CD, CT channel can be

considered as coordination channel since contribution of

3sNa is very small. For Mg2?/b-CD, the contribution of

3sMg is bigger, however, not as big as for the remaining

cations. This is illustrated in Fig. 5, panels a and b, with CT

channels corresponding to Zn2?/b-CD and Mg2?/b-CD

complexes. The CT channels are the most stabilizing

contributions. In the case of transition metal cations, this

channel is at least two or three times more stabilizing than

the next one in the energy hierarchy. Figure 5, panels c and

d, shows the coordination channels of the Na?/b-CD

complex. Examples of polarization channels are shown in

panels e and f, respectively. They are dominated by

2p orbitals of oxygen atoms and are prepared to take part in

back-donation from cation to ligand.

Even though, Eorb
CT is the biggest stabilizing contribution,

the remaining channels are also an important source of

stabilization. They can be considered as polarization

channels. The polarization energy (second-order electro-

static energy) is the next most important stabilizing con-

tribution in X/b-CD complexes. The most important is the

first-order electrostatic contribution. It is in agreement with

results obtained using different energy partitioning

schemes for crown ether complexes [42].

6 Solvent effects

The interaction energies indicate that binding of Al3? in

b-CD is stronger than binding of other cations considered

in this study. The stability is not an intrinsic property of

cations. In other words, the original stability sequence,

Al3?/b-CD [ Zn2?/b-CD [ Mg2?/b-CD [ Cu?/b-CD [
Na?/b-CD, can be changed by solvent. It has been dem-

onstrated that explicit solvent molecules in the first solvent

shell [43–46] are of crucial importance for describing

geometries, energies and spectroscopic properties of solute.

The effect beyond the first solvation shell was also inves-

tigated [44, 45]. The PCM approach can yield relative

stabilization energies comparable to the predictions based

Table 5 continued

Complex DEorb,k

Conformer 2E

Na?/b-CD (-7.80), (-4.34, -4.19, -4.10, -4.06), (-1.17, -1.03, -0.93, -0.91)

Mg2?/b-CD (-35.77), (-21.43, -20.62, -18.95, -15.43), (-7.16, -5.64, -5.36)

Al3?/b-CD (-98.50), (-61.00, -58.76, -56.61, -40.74), (-20.76, -20.02, -18.21, -17.84, -13.04, -12.94, -11.05, -10.36)

Cu?/b-CD (-39.09), (-16.26, -16.20, -10.44, -9.12), (-7.24, -7.04, -7.03)

Zn2?/b-CD (-65.91), (-28.52, -27.84, -23.44, -11.49), (-7.27, -6.45, -5.95)

Each number corresponds to the k-th contribution to Eorb in the order of decreasing energy. First, second and third parentheses in each entry

group CT, coordination and polarization channels, respectively. Only the most significant contributions have been listed
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on discrete solvent models, but at significantly lower

computational cost. One should remember that PCM model

is only applicable when such a model can even get the

correct experimental species and conformer, which is not

always the case [43, 44, 46]. Hence, one must be very

careful when one uses the PCM model for strongly inter-

acting solvents like water, which can stabilize structures

and species not stable in the absence of the hydrogen

bonded water-solute network which stabilizes the complex.

Hence, the concept of a hydrated species and/or complex.

The best agreement between the explicit-solvation and the

PCM results for two types of solvents has been obtained for

Van der Waals surface [45]. This surface type and UFF

radii were applied in this work. It is assumed that b-CD

molecule forms the first coordination shell. For complexes

with low coordination number (1A–1C), one explicit water

molecule was taken into account since complexes with

lower coordination number are more sensitive on the

number of solvent molecule beyond the first solvation

shell.

In Table 6, we have listed PCM interaction energies.

The interaction energies in aqueous solution are smaller

(a)

CT channel  
(structure C of Zn2+/β-CD) 

(b)

CT channel  
(structure C of Mg2+/β-CD) 

(c)

coordination channel  
(structure C of Na+/β-CD)

(d)

coordination channel  
(structure C of Na+/β-CD) 

(e)

polarization channel  

(structure B of Zn2+/β-CD)

(f)

polarization channel 

(structure C of Al3+/β-CD) 

Fig. 5 The main NOCV

channels in X/b-CD systems.

a and b correspond to charge-

transfer channels in Zn2?/b-CD

and Mg2?/b-CD, respectively.

c and d are the coordination

channels for Na?/b-CD. e and

f illustrate polarization

channels. The value of

isosurface is equal to 0.003 for

a–d and 0.001 for e and f
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than in vacuum. This is not surprising since in the solvent

the stabilization of a free ion is larger than the stabilization

of the complex and b-CD molecule. Geometries of all

located conformers were re-optimized. 1D-type vacuum

conformers for monocations (Cu?/b-CD and Na?/b-CD)

disappear. They transformed into 1A-type conformers. The

coordination number for 1D-type conformers of Zn2?/b-

CD and Mg2?/b-CD is equal 4. These structures resemble

Al3?/b-CD one (1D conformer in vacuum and in water).

Except for Mg2?/b-CD (conformer 1D) and Na?/b-CD

(conformer 1B), interaction energies of the first group of

conformers are negative. In the second group of conform-

ers, negative interaction energies are for Al3?/b-CD and

Cu?/b-CD. For Zn2?/b-CD, only conformers 2B and 2E

have negative interaction energies. None of the interaction

energies is negative for Na?/b-CD and Mg2?/b-CD. The

interaction energy of the most stable conformer from the

first group is more negative than for the most stable con-

former from the second group.

The interaction energy for conformer 1D is preferred

by Al3?/b-CD. Dications prefer conformers 1C. Mono-

cations prefer coordination mode 1A. Differences in rel-

ative stabilization energies for Zn2?/b-CD, Mg2?/b-CD,

and Na?/b-CD complexes are not so pronounced as was

observed in vacuum. PCM calculations reduce the spread

in relative energies compared to standard vacuum calcu-

lations. Water molecule that was introduced to increase

coordination number of complexes 1A–1C affects the

interaction energies. All interaction energies (Eint ¼
EX=b�CD � EX � Eb�CD � EH2O), expect for Mg2?/b-CD,

are more negative. In the case of Cu?/b-CD conformer,

1C is more stable than 1A; however, the difference is

subtle. Based on data in Table 6, the following stability

sequence is obtained: Al3?/b-CD [ Cu?/b-CD [ Zn2?/

b-CD [ Mg2?/b-CD [ Na?/b-CD.

7 Conclusions

This theoretical DFT study on the interactions between

b-cyclodextrin and Na?, Mg2?, Al3?, Cu?, and Zn2? ions

evidenced formation of two groups of conformers. The first

group structures preserved the initial orientation of gluco-

pyranose residues. In the second group of conformers, the

initial orientation of the glucopyranose residues inside

b-CD ligand was modified on binding, showing the

so-called induced-fit binding effect. The smaller rim

hydroxyl oxygen atoms of the ligand formed bonds with

cation in all structures of the first group. One of coordi-

nation modes in this group allowed O4 and O5 atoms to

form bonds. Apart from primary hydroxyl oxygens, sec-

ondary O2 and O3 hydroxyl oxygen atoms formed bonds

with cation. Such coordination pattern required reorienta-

tion of glucopyranose residues.

The nature of cation binding by b-CD ligand was

investigated by energy decomposition analysis. The system

interaction energy was decomposed into ES, orb and Pauli

contributions using Ziegler–Rauk scheme. Further parti-

tioning of orb energy into NOCV contributions allowed

one to distinguish r-charge-transfer, r-coordination and

r, p-polarization channels. The total electrostatic energy,

i.e., the sum of ES energy and polarization energy (coor-

dination and polarization channels) is the dominating term

in the interaction energy. The r-charge-transfer channel

dominates orb energy especially for Cu? and Zn2?. Strong

contribution of coordination and polarization channels

Table 6 PCM interaction energies in kcal/mole for both groups of conformers (structures 1A–1D see Fig. 3; structures 2A–2E see Fig. 4)

Na?/b-CD Mg2?/b-CD Al3?/b-CD Cu?/b-CD Zn2?/b-CD

1A -8.2 -23.3 -96.4 -19.2

1B 2.5 -12.1 -359.9 -79.4 -24.2

1C -5.6 -24.3 -368.2 -93.4 -37.0

1D 4.7 -379.5 -10.3

2A 27.8 12.0 -354.5 -59.8 3.5

2B 20.5 8.6 -365.2 -74.1 -1.4

2C 21.8 13.2 -361.5 -63.8 4.3

2D 32.8 13.5 -362.8 -51.3 2.9

2E 21.5 0.7 -365.3 -70.7 -12.5

Na?/b-CD/H2O Mg2?/b-CD/H2O Al3?/b-CD/H2O Cu?/b-CD/H2O Zn2?/b-CD/H2O

1A0 -15.6 -14.2 -103.7 -29.2

1B0 -8.4 -25.4 -397.8 -102.1 -34.5

1C0 -13.6 -36.2 -410.5 -104.5 -45.6

The last part of the Table includes interaction energies of systems 1A–1C with additional water molecule coordinated to central atom
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indicates that polarizable force-fields should be used in

classical molecular dynamic simulations instead of non-

polarizable force-fields.

The stability of b-CD complexes in vacuum increase

with the cation charge. Complexes formed by transition

metal ions were more stable than these of the same charge

but from the main groups. Both located groups of con-

formers were close in energy for dications. Monocations

and Al3? preferred the conformers that preserved orienta-

tion of glucopyranose residues. The stability sequence

changes in an aqueous environment. The complexes

formed with Cu? are more stable than complexes formed

with dications. The conformers from the first group were

more stable than from the second group.
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