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Formation of the charge-transfer complexes between calix[4]crowns (1 – 4) and iodine in chlo-
roform solution was studied using UV-vis spectrophotometry. The stability constants and the ther-
modynamic data of the resulting 1 : 1 complexes were determined and was found to decrease with
increasing the size of the crown moiety of the calixcrown. All complexes formed were found to be
enthalpy stabilized, and all except the complex of 2 were entropy destabilized.
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Introduction

Calixarenes are cyclic oligomers formed by the
base-catalyzed condensation of formaldehyde and p-
tert-butylphenol [1, 2]. They can exist in different con-
formations, among them is the “cone” conformation
with defined upper and lower rims and a central an-
nulus. This cavity thusformed enables calixarenes to
act as hosts for molecules. By modifying either the
“lower” rim and/or the “upper rim” it is possible to pre-
pare various derivatives [3]. The aims of these chemi-
cal modifications are: (i) to enhance the selectivity and
efficiency of their complexation properties, (ii) to con-
trol their conformations and (iii) to enhance their solu-
bilities [4].

Calixcrowns are macromolecular derivatives of
calix[n]arenes which contain crown ethers. Calix-
crowns and their derivatives are known to form com-
plexes with a wide variety of neutral, cationic and an-
ionic guests [1]. They have been demonstrated to be
very effective complexing agents for alkali and other
metal ions [5]. Calix[4]crowns [6] which contain a
single crown ether strap (mono-bridged) or a double
crown ether strap (bis-bridged) have been constructed
from calix[4]arene. It was found that the mono-bridged
calix[4]crown forms 1 : 1 complexes with metal cations
while the bis-bridged calixcrowns generally are able
to form 2 : 1 complexes [5]. The stability of the 1 : 1
complexes appears to be related to the macrocyclic
cavity sizes; it is a maximum when the cavity size
matches the guest size [5]. The type of donor atom in
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Fig. 1. Structures of calix[4]crowns.

the crown moiety has been found to alter the complex-
ing ability towards different guests. The substitution of
one or more oxygen atoms in the crown moiety by sul-
fur atoms enhances the complexation ability of calix-
crowns towards different guests [7]. It has been shown
that the substitution of some of the oxygen atoms in
the crown moiety by nitrogen atoms results in a large
increase in the stability of their iodine complexes over
those of the ordinary crowns.

Calixcrowns with different crown ether moieties
were prepared; such as calix[6]crown, calix[8]crown
and calix[4]crown and their complexations were exten-
sively investigated [8].

Recently [9] we have reported the preparation of the
calix[4]crowns 1 – 4 (Fig. 1). These compounds have
different cavity sizes and different donor atoms, which
makes them potential hosts for the complexation with
metal ions, neutral guests and charge transfer com-
plexes.

The studies of charge-transfer complexes between
macrocyclic crown ethers, thia crown ethers and cal-
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ixcrowns with a variety of acceptor molecules such
as DDQ, TCN, TCNQ, picric acid, and especially
iodine have lately received more attention [10]. In-
creasing interest in the study of such molecular com-
plexes is mainly due to their possible applications in
diverse areas like separation science [11], and con-
version of chemical reactions into optical or electrical
signals [12 – 14]. The analytical applications of com-
plexes of calixcrowns in areas such as solvent-solvent
extraction, solid phase extraction and PVC membrane
selective electrodes have been reported [15]. However,
to the best of our knowledge there is only a limited
number of reports dealing with the complexation of
iodine with crown ethers, thia crown ethers [16], and
calixarenes in solution [17].

In this paper, we report a spectrophotometric study
of the thermodynamics of the complexation reaction
between iodine and calix[4]crowns (1 – 4), and discuss
the factors that affect the stability of the resulting com-
plexes.

Experimental Section

p-tert-Butylcalix[4]crowns (1 – 4) were prepared accord-
ing to the published procedure [10]. CHCl3 (HPLC grade,
Scharlau, assay 99.6%) and iodine (99.8% A.C.S. reagent
grade) were used without any further purifications. Spec-
trophotometric measurements were carried out using a Var-
ian/Cary 2390 spectrophotometer connected to a thermoste
(Haak Mess-Technik GmbH u. Co. Type F3). The total con-
centration of I2 in each solution was 2.742 · 10−4 M, and
the calix[4]crown concentrations changed from 0 to 1.00 ·
10−3 M. Three runs were made for the calculation of a
certain K value. The stability constants were evaluated at
various temperatures by using the Benesi-Hildebrand equa-
tion [18].

Results and Discussion

The electronic absorption spectra of iodine (1.0 ·
10−3 M) in the presence of an excess of compound 4 in
CHCl3 at 25 ◦C are shown in Fig. 2. As seen, the result-
ing complexes have an absorption band at λ = 370 nm.
None of the initial reactants shows any measurable ab-
sorption in the 290 – 450 nm region. Thus, the exis-
tence of this new band must be associated with the
formation of donor-acceptor molecular complexes be-
tween compounds 4 and iodine in chloroform solution.
Compounds 1 – 3 show similar bands while the parent
tert-butylcalix[4]arene did not show this band. The sto-
ichiometry of the molecular complexes determined by
the mole ratio method was 1 : 1 (calixcrown-iodine) in

Fig. 2. Electronic absorption spectra of iodine (first from
the bottom) in the presence of increasing amounts of 4 (0 –
1.00 e-2M) at 25 ◦C.

Fig. 3. Plot of absorbance change versus mole ratio [I2]/[4]
at λ = 370 nm.

all cases. Fig. 3 shows that the of absorbance change of
the [I2]/[4] solution changes significantly and starts to
level off shortly after 1 : 1 mole ratio. It is noteworthy
that a 1 : 1 stoichiometry of the complexes between io-
dine and different crown ethers in solution has already
been reported [16].

Formation constants of the resulting 1 : 1 donor-
acceptor complexes were determined by measuring the
absorbance at 370 nm for a series of solutions with
varying concentration of calixcrowns and constant io-
dine concentration (1.0 ·10−3 M) in chloroform. Since
both donor and acceptor concentrations are very low
and comparable, the following modified form of the
Benesi-Hildebrand equation was used [18]:

[I2]o/∆A = 1/∆ε[calixcrown]K+ 1/∆ε, (1)

where [I2]o is the initial concentration I2, K is the for-
mation constant, ∆A is the absorbance change due to
calixcrowns addition, and ∆ε is the change in mo-
lar absorbtivity. According to equation (1), a plot of
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Table 1. Formation constants (K/M−1) and thermody-
namic parameters for different calix[4]crown-I2 complexes
in CHCl3 solution.

Log K ∆ H ∆ S T∆ S ∆ G
(kj/mole) (j/K·mole) (kj/mole) (kj/mole)

1 2.54±0.05 −31.6±0.5 −60.0±0.9 −17.3 −14.3
2 2.73±0.03 −7.2±0.3 28.8±0.8 8.6 −15.8
3 2.80±0.06 −18.6±0.5 −8.6±0.2 2.6 −21.2
4 2.07±0.03 −16.1±0.4 −36.3±0.5 −10.8 −5.3

Fig. 4. Benesi-Hildebrand plot of absorption data for the I2:4
complex.

[I2]o/∆A against 1/[calixcrown] will result in a straight
line from the slope and intercept of which the K and ∆ε
values can be computed.

Fig. 4 shows a plot of [I2]o/∆A against 1/[4], which
further supports the 1 : 1 stoichiometric ratio. All the
formation constants and molar absorbtivities evalu-
ated for complexes of compounds 1 – 4 with iodine are
listed in Table 1.

In order to have a better understanding of the ther-
modynamics of the complexation reactions, it is use-
ful to consider the enthalpic and entropic contributions
to these reactions. The ∆Ho and ∆So values for the
complexation reactions were evaluated from the corre-
sponding log K and temperature data by applying a lin-
ear least-squares analysis according to the van t’Hoff
equation:

2.303logK = −∆Ho/RT+ ∆So/R (2)

A plot of log K vs. 1/T for the 4-I2 system is shown
in Fig. 5, all other systems give similar linear plots.
The enthalpies and entropies of molecular complexa-
tion were determined from the slopes and intercepts
respectively, and the results are summarized in Table 1.

The data in Table 1 show that the stabilities vary in
the order 3 > 2 > 1 > 4. The cavity size of compounds
1 – 4, and the number and the kind of donating atoms

Fig. 5. Van t’Hoff plot for the iodine complex with 4.

in the crown moiety play an important role in the sta-
bility of the donor acceptor complexes with iodine. It is
known that the sulfur atom is a better donating base to-
ward iodine than the oxygen atom. The increased num-
ber of donating sulfur atoms in the ring as well as their
proper spatial positions are expected to increase the
calixthiacrown – iodine interactions in solution. The
above discussion explains why compounds 1 –3 form
more stable complexes with iodine than compound 4.
The higher stability of 3 over 1 and 2 could be due
to the cavity size ratio of calix to iodine, which gives
more proper spatial orientation for the interaction. That
the 2-I2 complex is more stable than 1-I2 is proba-
bly due to the better spatial orientation of the donating
atoms in 2 rather than in 3. Table 1 reveals that all com-
plexes are enthalpy stabilized and entropy destabilized
except for 2 which is entropy and enthalpy stabilized.

As seen from Table 2 the negative ∆Ho values of
the I2/1 – 3 complexes increase with increasing cav-
ity size and number of sulfur atoms. The less nega-
tive ∆Ho value 2-I2 indicates less interaction between
I2 and 2 which probably due to improper orientation
of the oxadithia. The extent of flexibility is expected
to vary with the size of calixarene, as well as with
the extent of calix-solvent interaction. The interac-
tion of an iodine molecule with the flexible thiacalix
molecule results in the formation a rigid charge trans-
fer adduct in which the preferred conformation of the
two component molecules for maximum overlap will
lead to a negative ∆So during the complexation reac-
tion. This explains the most negative ∆So value for the
1-I2 complex.

The data in Table 1 reveals that a weaker donor-
acceptor binding is associated with an entropy loss
which is partially compensated by a simultaneous en-
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Table 2. Formation constants (K/M−1) and thermodynamic
parameters for different crown ether-I2 complexes in CHCl3
solution [17].

Log K ∆ H ∆ S ∆ G
(kJ/mole) (J/k·mole) (kJ/mole)

5 0.69 −13.7 −32.6 −10.8
6 2.00 −32.9 −72.2 −11.4
7 7.1 −53.0 −41.0 −41.0
8 1.92 −27.7 −56.0 −10.9
9 1.81 −22.3 −40.2 −10.3

Fig. 6. Plot of −T∆S (kJ mol−1) vs. −∆H (kJ mol−1) for
compounds of 1 – 4 with I2.

Fig. 7. Structures of the thiacrown ethers [17].

tropic gain due to the greater degrees of freedom of the
resulting complex. The existence of such a compensat-
ing effect between ∆Ho and ∆So values would cause
the overall change in the complex stability (∆Go) to be
smaller than expected from the change in either ∆Ho or
∆So independently.

The regression of the equation (3) for thiacalix-
crowns. Fig. 6. shows a fairly

T∆So = T∆So
o + α∆Ho (3)

good correlation with −12.6 as intercept, 0.98 as slope
and 0.8 as correlation coefficient. This suggests that
the entropic change consists of two components. The
first is independent of the enthalpy change (T∆So) and
the second is proportional to α∆Ho. The proportion-
ality factor, α , might be considered as a quantitative
measure of the enthalpy-entropy compensation. This
value indicates that only 2% of the increase in ∆Ho

contributes to an increase of the complex stability. The
negative intercept (T∆So) value indicates that the com-
plex formation is not favored in the absence of an en-
thalpic contribution. This emphasizes that the complex
formation is etropy unfavored while it is enthalpy fa-
vored.

In Table 2, the thermodynamic parameters obtained
for calixcrown-iodine complexes are compared with
those reported for crown, azacrowns and thiacrown
ether 5 – 9 complexes with iodine [16]. It is readily
seen that in all cases the complexes are enthalpy sta-
bilized but entropy destabilized as discussed above.
The stability of thiacalixcrown complexes is higher
than that of the analogous thiacrown ethers and this
might be due to the substituents and the rigidity dif-
ference. ∆So values of calixcrowns 1 – 4 are smaller
than ∆So values of thiacrown ethers, mainly due
to due to the higher flexibility of the uncomplexed
crown ethers as compared to the uncomplexed cal-
ixcrowns. Both become more rigid in the complexed
state.
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