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Abstract

Tetra-n-undecylcalix[4]resorcinarene forms solid adducts with secondary and tertiary amines. Ther-
mal decomposition of these complexes was investigated by means of thermogravimetry (TG) and
differential scanning calorimetry (DSC). It was found that deamination of complexes occurs as
multi-step process. The stoichiometry of complexes was evaluated on the basis of TG studies and to-
tal heats of deamination were calculated from DSC measurements.
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Introduction

Calixresorcinarenes still attract great attention due to their multimode complexation
properties. There are numerous monographs describing their synthesis,
conformational dynamics, complexation abilities, thermodynamics, solid-state struc-
tures, industrial applications, and many other features [1–7]. They can serve as carri-
ers for ion or neutral molecules in transport across liquid membranes, sensors for cat-
ions, anions and neutral species in liquid membrane electrodes [4, 6, 7], sensors for
vapours of organic solvents [8–10], stationary phases for gas and liquid (high perfor-
mance) chromatography [11, 12]. Their complexation and recognition abilities were
investigated preferably in solutions.

Iwanek et al. found that tetra-methylcalix[4]resorcinarene forms complexes with
primary and secondary amines with stoichiometry 1:2 or 1:4, depending on the concen-
tration of amines in acetonitrile solutions [13, 14]. He also observed that secondary
aliphatic amines formed solid adducts with methylresorcinarene in ethanol. Their
stoichiometry was calculated as 1:2 on the basis of 1H NMR spectra [13]. It was interest-
ing to study stoichiometry and thermal stability of complexes of this type with lipophilic
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calix[4]resorcinarene, as they had practical applications mentioned above. We have
demonstrated previously that liphophilic tetra-n-undecylcalix[4]resorcinarene (C11)
forms crystalline solvates with a range of organic solvents. The composition and thermal
stability was followed by thermogravimetric method [15]. Also the crystal structures of
dioxane, dimethylformamide (DMF), and dimethylacetamide (DMA) solvates have been
solved [16–18]. XRD (single crystal diffraction) analysis indicates following ligand:sol-
vent stoichometries: dioxan 1:4, DMF 1:6, and DMA 1:5. On the other hand, TG experi-
ments showed respectivelly stoichiometries as 1:3, 1:3 and 1:4. This discrepancy can be
explained as follows: crystals for XRD measurements were immediately sealed, once
picked out from solution, whereas materials for TG were dried on open air. Figure 1 pres-
ents X-ray structure of lipophilic calix[4]resorcinarene solvate with dioxane.

Lipophilic calixresorcinarene forms molecular dimers in solid-state, in such
way that four long aliphatic chains form cavity which accommodates chains of the
other molecule. Van der Waals forces between long aliphatic tails provides highly or-
dered lamellar layers in the solid-state with interpenetrating alkyl chains and
macrocyclic resorcinol units linked by hydrogen bond. The first stage of decomposi-
tion dioxane solvate can be associated with a loss of molecules placed in lipophilic
parts of the crystal lattice. Inside polar parts, the host-guest interactions are stronger
due to hydrogen bonding. Thus, these bonds are broken at higher temperature [15].
Thermal analysis is frequently used in the studies of molecular inclusion complexes
together with structure studies [19, 20].

The aim of this work was to study solid complexes of tetra-n-undecylcalix[4]
resorcinarene with selected secondary and tertiary amines (Fig. 2), obtained from dioxane
solutions by crystallization. In particular, we were interested in the stoichiometry of these
complexes and in the dynamics of their decomposition.

Experimental

Synthesis of complexes with amines

All reagents (analytical grade) were obtained from Fluka or Aldrich. The
tetra-n-undecylcalix[4]resorcinarene was obtained by method of Aoyama [21] and
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Fig. 1 X-ray structure of tetra-n-undecylcalix[4]resorcinarene solvate with dioxane. The
hydrogen atoms are omitted for clarity. Black circles denoted oxygen atoms



dried at 100°C. The solids of complexes were prepared according to method from
[13] using dioxane as solvent. Calixresorcinarene was dissolved in boiling dioxane,
and amine was added in 1:4 ratio. The precipitate was collected after slow cooling,
then washed with cold dioxane. Complexes were dried at room temperature on air for
one day, allowing weakly bounded solvent to evaporate.

TG and DSC measurements

Measurements were carried out using the DuPont Thermal Analyst 2100 equipped
with TGA 951 and DSC 910 modules. Runs were performed at a scan rate of
10 K min–1 in atmosphere of argon in range of temperatures 295–550 K, below the
melting point of tetra-n-undecylcalix[4]resorcinarene and its complexes with amines.
Experimental details were as published earlier [15, 22].

Results and discussion

Figure 3 presents the most characteristic examples of TG, DTG and DSC curves for
triethylamine, morpholine and 2,6-dimethylmorpholine.
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Fig. 2 Structures of host and guest molecules



The shape of all curves indicates that the decomposition process of
calix[4]resorcinarene complexes is complicated. In the case of triethylamine
(Fig. 3a) this process occurred in two well-separated steps. In contrast, the profile of
thermoanalytical curve of the calix[4]resorcinarene complexes with morpholine and
dimethylmorpholine is quite different and three partially overlapping steps can be
observed (Fig. 3b, c). In the case of dimethylmorpholine, two first steps overlap,
forming one broad peak with inflection at 375 K, only slightly marked on DTG and
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Fig. 3 TG, DTG (upper) and DSC (lower) curves of decomposition
calix[4]resorcinarene complexes with: a – triethylamine, b – morpholine,
c – 2,6-dimethylmorpholine



DSC curves (Fig. 3c). It is worthy to note the different dynamics of decomposition of
these two morpholine complexes.

The decomposition data for calix[4]resorcinarene complexes with amines and
dioxane (for comparison) are presented in Table 1.

The molar ratio of host/guest complexes was evaluated on the basis of DTG re-
sults. Partial overlapping of the peaks is probably due to complex deamination kinet-
ics, as well as may originate from the specificity of the measurement methodology. In
the calculated data this phenomenon has resulted in non-integral stoichiometry. Nev-
ertheless, the total stoichiometry, i.e. the global number of amine molecules bonded
by calixresorcinarene is always an integer quantity. This total stoichiometry of com-
plexes was in agreement with calculated from 1H NMR [13].

The lipophilic calix[4]resorcinarene forms 1:2 complexes with secondary and
tertiary amines in majority of cases. The only exceptions are morpholines, which
form complexes of stoichiometry 1:3. The host molecules can interact with
morpholines not only with nitrogen atom, but also the oxygen atom is able to form
another hydrogen bond as well to hydroxyl groups of resorcinol unit. So, the third
molecule of morpholine can be accommodated in the crystal lattice.

As mentioned above, the measurements were conducted in the temperature
range below the melting point of the calix[4]resorcinarene complexes. Good
complementarity of the DSC and DTG peaks allows to assign the mass losses (DTG)
to heat effects (DSC) determined in the particular temperature range.

Deamination process as well as desolvatation is accompanied by endothermic
heat effect. Total heats of decomposition of amine complexes are always greater than
this of dioxane solvate decomposition. This indicates that the amines form stronger
complexes than dioxane. Thus, in the competition of amine and solvent molecules
during crystallisation, the amine bonding has a priority. The DSC and DTG peaks as-
sociated with the loss of dioxane from the solvate with calix[4]resorcinarene at low
temperatures (ca. 328 K) have been observed sporadically, probably as the remnant
of the fourth molecule present in the dioxane solvate crystal, and released spontane-
ously, while dried on open air at room temperature. These observations allow us to
assign very small mass losses of the complexes at low temperatures due to release of
dioxane molecules. For example, the mass loss of 1.1%, during decomposition com-
plex with diisopropylamine (Table 1), we ascribed to dioxan. Also, the small mass
loss (0.5%), in the range of temperature 312–325 K, can be interpreted as solvent re-
lease in the case of complex decomposition with morpholine (Fig. 3b).

In case of diisopropylamine and triethylamine an interesting phenomenon oc-
curs: the first deamination step is associated with higher thermal effect than that in
the second deamination step. It might be that two phenomena are superimposed in
this case: deamination and crystal lattice rearrangement. The explanation of this fea-
ture calls for further research. This crystal lattice reorganization has been observed in
case of some calixarene and calix[4]resorcinarene solvates [23, 24].

Calixresorcinarenes, as weak phenolic acids, can form molecular associates
with basic compound, such as nitrogen-containing heterocycles and amines. Al-
though the crystal structure of amine complexes with lipophilic calix[4]resorcinarene
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is still unknown, one can suppose, by analogy with the solvate, that the amine mole-
cules are hydrogen bonded with resorcinol units (Fig. 1). Stoichiometry of adducts
suggests that four amines are accommodated between two calix[4]resorcinarene mol-
ecules. Two hydroxyl groups of each of host molecule are engaged in binding of two
amine molecules. If this assumption is right, the partial overlapping of DSC and DTG
peaks observed during deamination process can be explained, besides the possible re-
organisation of the crystal lattice during thermolysis, in terms of disorder of amine
molecules.

Conclusions

Calixresorcinarene forms complexes with amines with stoichiometry 1:2 in the
solid-state. Higher stoichiometry (1:3) was observed for morpholines, due to the abil-
ity of oxygen atom to form hydrogen bond with host molecule.

The shapes of DTG and DSC curves have revealed multi-step process of
deamination. Probably, the phenomenon of steps overlapping is associated with
structural changes during deamination and partial disordering of amine molecules in
polar channels in crystal lattice as well.
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