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Abstract Ab initio calculations at the HF/6-31G(d) level of

theory were performed on a series of thiacalix[4]arenes and

calix[6]arenes in presence and in absence of monovalent (Li?,

Na? and Cs?) and divalent cations (Ca2? and Ba2?) respec-

tively, in order to evaluate their particular bonding properties

as host systems towards electrically charged species. NBO, as

well as NBO deletion calculations were undertaken to eval-

uate the energy difference in the circular hydrogen bonding at

the lower rim once an ion was placed inside the cavity. Dis-

ruption of this H-bonded system is dependent on the position

of the ion within the guest and not on its ionic ratio. The basis

set superposition error and the NBO deletion energy between

the host and guest species were calculated in order to assess the

interaction energy between them.

Keywords Calixarenes � Host–guest systems �
Molecular recognition agents � Ab initio calculations

Introduction

The realm of molecular recognition is based on the control

of specific interactions between two or more chemical

species; such interactions range from van der Waals

interactions to electrostatic ones and chemical bonding,

including coordination bonds. The use of macrocycles as

hosts to form inclusion complexes is one of the many

strategies employed for the purpose of selectively trap

different chemical species; some kinds of these macrocy-

cles include crown ethers, cyclodextrins and calixarenes.

Calix[n]arenes are a family of bowl or cone shaped mac-

rocycles synthesized through the condensation of phenol

derivatives with an aldehyde [1, 2], which in recent times

have known a growing interest as far as their hosting

properties as molecular recognition agents are concerned

[3–9]. This is because these molecules have very wide

application in sensor chemistry, they are applied in

electrochemical [10] or fluorescent sensors [11] and

sensing potential ranges from toxic metals [12] to proteins

[13]. They also play a considerable role as carrier mole-

cules extracting ionic media to nonpolar solvents and

otherwise thus improving the solubility of nonpolar spe-

cies into aqueous or other solutions having high permit-

tivity [14, 15].

In our recent works we have shown that the flexibility

of the skeleton of host molecules affects significantly the

stability of host–guest complexes [16]. This is because the

inclusion of the guest molecules usually associated with

the change of the conformation of the host and the flexi-

bility of the host skeleton also changed by the formation

of the complex. This effect highly depends on the coor-

dination site of the guest species towards the host skeleton.

We also have shown previously that the charge of the

guest iron ion have determinant role according to the site
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of coordination to the host’s skeleton [17] and the coor-

dination site of the metal ions affects the complexation

ability of host towards neutral species [18]. As one pos-

sible approximation, chemical reactivity principles of

electronegativity and chemical hardness have been applied

recently to describe the affinity towards guests at molec-

ular level [19–21].

Due to the flexibility of the macrocyclic backbone,

which becomes larger with the number of phenol units

involved in its formation, several conformations are pos-

sible to be attained; in the specific case of a generic

calix[4]arene, four major distinct conformers are observed,

namely cone, partial cone, 1,2-alternate and 1,3-alternate

[22]. Such conformers are shown in Fig. 1. The number of

available conformers increases with the size of the mac-

rocycle, providing a larger flexibility towards guests of

various sizes, which in turn may serve as scaffolds or

templates to stabilize the host in a given conformation

according to the major interactions in role.

Specific affinity of these macrocycles may be tuned

through proper selection of functional groups attached to

the upper rim as well as by modifying their size, con-

trolling thus the specific interactions between host and

guests. In this regard, theoretical calculations help

designing appropriate calixarene skeletons by computing

the specific values of different classes of interactions

between them and potential guest molecules. In this work

we intend to shed light on the electronic properties of

calixarenes towards the inclusion of different cations in

their cavities.

Computational methods

All calculations were performed with the Gaussian03 Rev.

D.02 [23] suite of programs at the HF/6-31G(d) level of

theory. NBO and NBODel calculations were carried out

with the NBO3.1 program [24] as included in the afore-

mentioned Gaussian package.

Upper rim sulfonato-functionalized calixarenes and

thiacalixarenes were considered; two sizes were employed

throughout this study: {n = 4, 6}. With the former, Li?,

Na? and Cs? ions were used as guest species whereas with

the latter Ca2? and Ba2? were employed. The purpose of

such selection was to evaluate the different scenarios in

which an ion could lie on the lower rim, inside the cavity

and on the upper rim depending on the chemical environ-

ment in each of these regions.

Results

Geometry optimization calculations at the RHF/6-

31G(d) level of theory were performed on all compounds.

In the case of compounds (3), (4) and (5) (M = Cs?, Ca2?

and Ba2?) the Hay and Wadt [25] pseudopotential along

with its corresponding basis set was employed on the

metallic ion. Vibrational analyses were then undertaken in

order to ascertain that the obtained structures corresponded

to minima on their respective potential energy surfaces. No

imaginary frequencies were observed. Figure 2a recollects

the optimized structures of free hosts while Fig. 2b shows

Fig. 1 Four main conformers

exhibited by calix[4]arene:

a cone, b partial cone, c 1,2-

alternate, d 1,3-alternate
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those of the formed inclusion compounds (1) through (5).

Upon inclusion of the ionic guest the common circular

Hydrogen bonding on the lower rim in the case of calix[4]

is preserved, whereas in the case of calix[6] it is lost due to

the transition to a conformation which could be described

as intermediate between cone and 1,4-alternate; phenol

units 1 and 4 become almost coplanar due to the H bonding

between units 3 and 6 through the SO3H groups on the

upper rim.

In cases where possible, the skeleton of the calixarene

host molecule formed intramolecular hydrogen bonds

between the sulfonato moieties located on the upper rim.

Such is the case of compound (1) (M = Na?) complex in

which it is possible to observe how the formation of a

hydrogen bond between two sulfonato moieties opposite

each other across the upper rim closes the cavity of the host

molecule on the ion keeping it trapped in a pocket fashion.

This feature along with the cavity-ionic radius ratio will

allow us to design host molecules with an enhanced

capability of sequestering ions based on the relative size

ratio (fitting) of the host–guest system and the possibility of

strong electronic interactions across the upper rim which

keep the ions trapped. The same hydrogen bond locking

effect across the upper rim is observed for compounds (4)

and (5) for which the regular geometry of the cone con-

formation (C6 point group) is lost upon inclusion of the

alkaline earth cation. The clasping of the guest by the host

yields the geometry of the latter best described as a pressed

cone.

In order to evaluate the necessary energy to switch the

hydrogen bonding in the lower rim three different PES

scans were calculated, with and without a cation inside the

cavity: A rigid scan in which the equilibrium structure of

the host (A) was used as a starting point, dihedral angles

(see Scheme 1 for numbering) C22–C23–O3–H39; C14–

C15–02–H38; C7–C6–O1–H40 and C30–C31–O4–H5

were simultaneously varied by 20� increments starting

from their original values until reaching a structure similar

to the corresponding enantiomer without allowing for any

other variable to be optimized (a); a fully relaxed scan (all

Fig. 2 a Optimized geometries

for the free hosts. b Optimized

geometries for compounds (1)

through (5) at the RHF/6-

31G(d) level of theory
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variables were optimized at each step) in which the same

incremental procedure as in (a) was employed; and a par-

tially relaxed scan for which the dihedral angles were kept

frozen at every step but all the other variables were opti-

mized at each step (c). Both in (b) and (c) procedures the

obtained structure of each step was used as input for the

following one. The computed values for all energy barriers

calculated are summarized in Table 1.

Figure 3 shows the energy profile along the scan for all

three procedures performed on host (A). In the case of the

fully relaxed scan, the structure keeps on returning to the

original equilibrium geometry, hence the short or negligible

change in energy from one step to the next, until the near

90.0� point is reached. At this point, all H atoms in the lower

rim are pointing towards the center of the lower rim. In all

subsequent steps the structure reaches the geometry of the

enantiomer and once again keeps on falling to the equilib-

rium geometry with the complete circular H bonding.

Both the fully rigid and the partially relaxed scans

exhibit a normal distribution with energy barriers of

Fig. 3 Plots for the energy barrier scan in the circular H bonding

inversion of (1) a Rigid scan. Only dihedral angles under study are

changed at every step; b fully relaxed scan. At every step all variables

are optimized; c partially relaxed scan. Dihedral angles under study

were kept frozen at each point while the rest of the variables were

optimized; d all three scans are shown together for comparison

Scheme 1 Numbering system for host (a). Only the lower rim view

is shown for clarity

Table 1 Energy barriers for circular H bonding inversion in lower rim

Procedure for the PES scan Rigid (a) Fully relaxed (b) Partially relaxed (c)

Energy barrier [kJ/mol] 429.3578 70.7834 180.9034
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429.3578 and 180.9034 kJ/mol, respectively. The latter is

lower since the system is allowed to relax and the angle

between planes changes continuously throughout the pro-

cess. Furthermore, two sulfonato groups directly across

from each other on the upper rim form a hydrogen bond

which accounts for some stabilization of those states close

to the energy maximum. At this stage of the scan two

phenol units become almost parallel allowing for the for-

mation of the intramolecular Hydrogen bond which in turn

stabilizes the intermediate conformation. In Fig. 4 the

change of the interplanar angle between opposite aromatic

rings along the PES scan is shown. Such angles are labeled

as alpha and beta according to Scheme 2. In this plot we

observe how the cone shape, in a near C4 symmetry, is

broken into C2 when reaching the fourth step of the scan.

Starting with the fourth point, rings 2 and 4 remain prac-

tically parallel due to the hydrogen bond formed between

their corresponding sulfonato groups. Rings 1 and 3 push

the skeleton back into a near C4 symmetry by closing the

plane angle between them.

The presence of these hydrogen bonding groups across

the molecule offers a clamping effect that keeps the guest

inside the cavity as discussed earlier. Figure 5 provides a

closer view of compound (1).

In Fig. 6 the molecular electrostatic potential (MEP) is

mapped upon the electron density calculated at the HF/6-

31G(d, p) level of theory for both hosts (A) and (B),

respectively. Therein it is possible to observe that the

aromatic rings that form both cavities have different values

of MEP despite having the same composition. In host

(A) the electrostatic potential around the aromatic rings has

a value close to -0.04 esu while in host (B) the value is

closer to -0.05 esu. The larger macrocycle is thus slightly

more nucleophilic than the smaller one.

The sulfur atoms located on the upper rim substituents in

host (A) exhibit a more negative potential than their cor-

responding counterparts in host (B), thus giving the smaller

host (A) a higher affinity towards coordinating ionic spe-

cies through the upper rim which in turn might lead to a

higher recognition capability.

NBO and NBO deletion computations were employed to

evaluate the bonding properties of the circular hydrogen

bonding system present in the lower rim of host (A). Table 2

shows the energy change when the H���O elements are

deleted from the Fock matrix and this is once again diago-

nalized. Only host (A) was included in this part of the study

due to the larger flexibility of host (B) and its consequent lost

of the circular H-bond upon complex formation.

In order to assess the influence of the ion in the dis-

ruption of the hydrogen bonding at the lower rim we also

performed the same deletion analysis on the equilibrium

geometries of the complexes but without the ion, which

was simply removed from the structure. The values for

these calculations are included in Table 3 along with the

energy change values in presence of the ion for the same

equilibrium geometry.

Since the Cs? ion lies on the upper rim on account of its

large size compared to the internal diameter of the host

cavity, its influence on the H bonding at the lower rim is

much lower than in the other two cases; the large difference

in H bonding energy for the parent calixarene and the Cs?

complex (127.9878 and 45.3660 kJ/mol, respectively) is

due to the conformational change in the host molecule,

Scheme 2 Numbering scheme for dihedral angle measurements

(hydrogen atoms are omitted for clarity)
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Fig. 4 Change in interplanar angle during H bonding PES scan

Fig. 5 Optimized structure for compound (2). The Na? cation is

trapped inside the thiacalix[4]arene tetrasulfonate cavity pocket
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deviating from C4 to a near C2 symmetry. In the case of

the Li? complex, compound (1), the circular H bonding is

almost lost, which can be observed by the change in the

relative orientation of the OH bonds towards their neigh-

boring OH groups (See Fig. 7), which is not collinear as in

the case of the free host. Complexation of the Li? ion is

performed through the O electron lone pairs; a similar

effect is observed to a lesser extent in the Na? complex due

to the location of the ion closer to the center of the cavity.

In order to further assess the bonding strength between

the host and guest species we calculated the basis set

superposition error (BSSE) through the counterpoise

method [26, 27]. Values for the energy correction obtained

at the optimized conformations are presented in Table 4.

BSSE values for compounds (1) and (2) are close to each

other, which suggest that the orbital part of host–guest

interactions is not dependent of the location of the ion

within the cavity, which in turn suggests that the electro-

static part of the interaction governs the formation of the

complex. The same reasoning is employed for the values

obtained for compounds (4) and (5), although a larger

Fig. 6 Molecular electrostatic Potential mapped onto the electron density calculated at the HF/6-31G(d, p) level of theory. Electron density

plotted at the 0.02 e/Å3 isosurface value

Table 2 Energy change upon deletion of all interactions concerning

the circular H bonding at the lower rim

Ion inside the cavity Energy change (kJ/mol)

None 127.9878

Li? 11.6835

Na? 16.8846

Cs? 45.3660

Table 3 Energy change upon deletion of all interactions concerning

the circular H bonding on the lower rim in the absence of the ion

Ion in

host (a)

Energy change with

ion (kJ/mol)

Energy change without

the ion (kJ/mol)

Change

(%)

Li? 11.6835 15.4458 32.20

Na? 16.8846 20.7887 23.12

Cs? 45.3660 47.3903 4.46

Fig. 7 Optimized structure for compound (1). The Li? cation lies

closer to the lower rim disrupting the circular H-bond system by

means of reorienting the lone pairs on oxygen atoms

Table 4 BSSE corrections to total energy for compounds (1) through

(5) (kJ/mol)

Compound (1) (2) (3) (4) (5)

Ion Li? Na? Cs? Ca2? Ba2?

BSSE energy 18.5320 19.5921 9.6614 25.7551 23.6198
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difference is observed than in the previous case despite a

higher similarity between their conformations and the rel-

ative positions of the ions within their respective cavity. The

value for compound (3) differs from the corresponding ones

for (1) and (2) due to the presence of the pseudopotential.

For comparison, the total deletion energy between host

and guest were computed for compounds (1) and (2). The

change in energy for the former is 527.263 kJ/mol while

for the latter the obtained value is 1110.906 kJ/mol.

Conclusions

Hydrogen bonding in the lower rim of calixarenes becomes

disrupted by the presence of a small or medium sized

cation in the cavity. Large cations lying on the upper rim

disrupt the H bonding system by means of general structure

distortion of the skeleton on the guest molecule but not by

means of direct bonding interactions with the correspond-

ing OH groups in the lower rim. Thus, not only the charge

in a charge-dipolar interaction, but also fitting of the cation

within the cavity is essential for optimizing the interactions

between host and guest.

The presence of hydrogen bond donor/acceptor func-

tional groups at the upper rim allows the host to stabilize

the closed-pocket conformations as seen in compounds (1),

(4) and (5), giving the hosts the ability of closely trapping

ions within their cavities. The nucleophilicity of the upper

rim substituents, as well as that of the aromatic groups

forming the cavity can be increased by decreasing the size

of the ring at the expense of the size fitting component of

the inclusion process.

Similar BSSE values for compounds (1) and (2) suggest

the ionic ratio is of little importance in the total interaction

energy which in turn suggests a stronger electrostatic

contribution. The same reasoning can be applied to the low

difference observed between compounds (4) and (5)

whereas compound (3) has a lower BSSE value given the

fact that it lies almost completely outside the macrocycle.
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