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Thermo gravimetric analysis of ammonium-p-tert-butylcalix[6]arene salts were carried out to determine the stoichiometry of the inc
ompounds and the temperature of leaving of the ammonium cation, as amine, from the solid phase by a reverse proton transfe
alixarene. The chain length of the amine molecules and their relative basicity order are the main factors which determine the deco
emperatures for the ammonium salts of piperidinium, diethylammonium, ethylenediammonium, morpholinium,s-butylammonium, butylam
onium, hexylammonium and triethylammonium salts ofp-tert-butylcalix[6]arene anion. The solid state structure of bis-diethylammon

-tert-butylcalix[6]arene dianion is reported. The calix moiety adopts a 1,2,3 alternate conformation, with one ammonium asexo-calix and
ther asendo-calix, with an intricate array of hydrogen bonds between phenol, phenolate and ammonium cations.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Molecular inclusion has attracted an increased interest by
he new properties of the included molecules and kinetic
f decomplexation for controlled deliver of drugs[1]. Cal-

xarenes and their derivatives[2] are synthetic receptors with
hydrophobic cavity which has the ability to interact by hy-
rogen bonding, CH· · ·� and N+ H· · ·� with a great vari-
ty of guests,[3] from apolar compounds as fullerenes[4] to
harged molecules as metallic cations[5] and with organic
6] and inorganic anions[7]. These abilities make calixarenes
uitable for the construction of selective sensors[8].

∗ Corresponding author. Tel.: +55 5133166284; fax: +55 5133167304.
E-mail address:marcio@iq.ufrgs.br (M. Lazzarotto).

Complexes of ammonium cations with calixarenes
formed in solution, inendo-[9] or exo-calix position[10],
with a complementary fit of the sizes of the calix cavity
the ammonium. Substitution of calixarene onpara-position
expands the size of the hydrophobic cavity and provides
tional contact points for molecular interactions between
and guest. There are few examples of structures of salts
mooxacalixarene[11] or calixarene anions and ammoni
cations determined by X-ray crystallography[12] and they
show a variable position of the ammonium cation, whic
some complexes bind the cavity by interactions with th�
clouds and others only by hydrogen bonding to the phe
oxygens.

Calix[6]arenes have been less studied than calix[4]ar
due to the increase in conformational mobility, which
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creases the pre-organization of the host and makes it more
difficult to assign the structure of complexes and nature of
the host–guest interactions in solution.

The aim of this work is to provide additional results on
this kind of structure and molecular interactions and to use
the thermo gravimetric analysis, not very often used in this
context[13], to provide valuable insight on supramolecular
interactions and particularly on the forces involved in com-
plexation.

2. Experimental

The complexes ofp-tert-butylcalix[6]arene and ammo-
nium cations (Scheme 1) in solid phase were obtained by
addition of the respective amine to a suspension ofp-
tert-butylcalix[6]arene in 95% ethanol (hexylamine, piperi-
dine, butylamine,s-butylamine) or ethanol:acetonitrile (mor-
pholine, diethylamine, dipropylamine, dibutylamine, tri-
ethylamine and ethylenediamine) mixtures, observing com-
plete or partial solubilization. The amine added was in
excess of 20:1 for all crystallization experiments, so that
the overall ability of the proton transfer by the calixarene
for each tested amine was reached. The solutions were
filtered to remove unreacted calixarene and after slow
evaporation of solvent, the colorless solid was filtered,
w ine,
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2.1. X-ray crystallographic study

Single crystals of the complex of bis-diethylammonium
p-tert-butylcalix[6]arene diphenolate were obtained by slow
evaporation of its acetonitrile/ethanolic solution. Data
were collected on an Enraf–Nonius Kappa-CCD diffrac-
tometer with graphite monochromated Mo K�radiation
(λ = 0.71073Å), up to 50◦ in 2� and final unit cell param-
eters were based on all reflections. The temperature was con-
trolled using an Oxford Cryosystem low temperature device
operating at 120 K. Data collection was carried out using the
COLLECT program[15]. Integration and scaling of the re-
flections were performed with the HKL Denzo–Scalepack
system of programs[16,17], and numerical absorption cor-
rections were performed. The structure was solved using di-
rect methods with SHELXS-97[18]. The model was refined
by full-matrix least-squares on F2 by with SHELXL-97. Hy-
drogen atoms were located on stereochemical grounds and
refined with the riding model; for methyl and phenolic hy-
drogens, the rotating model was used. Hydrogen atoms were
set isotropic with a thermal parameter 20% greater than the
equivalent isotropic displacement parameter of the carbon to
which each one is bonded; this percentage was set to 50%
for the hydrogen atoms of methyl groups. One of thet-butyl
groups was refined in two different positions of equal weight,
rotated approximately 60 degrees from one another. Crystal
s n the
C
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rt-butyl
ashed out with hexane to remove the excess of am
nd stored in dry atmosphere by 1 week prior to
nalysis.

The thermo gravimetric analysis were carried out u
GA TA2960SDT equipment. The average sample size
mg and the nitrogen flow was maintained at 70 cm3/min,
ith a constant heating ratio of 20◦C/min until 350◦C,
hen begins the decomposition of thetert-butyl-calix moi-
ty. Amines were purchased from Sigma–Aldrich andp-

ert-butylcalix[6]arene was synthesized as described in
iterature.[14]

Scheme 1. Ammoniump-te
tructure has been deposited with the number 234165 o
ambridge Crystallographic Data Centre.

. Results and discussion

.1. Thermal analysis behavior

The profile of the thermo gravimetric analysis
mmonium-calix[6]arene salts shows a weight loss betw
40 and 210◦C, corresponding to the leave of the rela

calix[6]arene salts analyzed.
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Fig. 1. Thermo gravimetric analysis profiles for ammonium calixarene complexes.

amine from the solid phase, as seen inFig. 1. The data allow
the determination of the stoichiometric ratio between cal-
ixarenes and ammonium cation in the solid phase, as well as
the temperature of leaving of the amine or decomplexation
temperature (dT) from the solid.

With raise of the temperature, there is a decomplexa-
tion of the ammonium cation, which leaves from the solid
as amine, promoted by a reverse proton transfer from the
ammonium cation for the calixarene moiety, as seen in
Scheme 2. We can analyze the absolute values ofdT, for
comparison between the complexes, or the difference of the
temperature fromdT, and the boiling point of the amine
(�t = dT−bp), which reflects in a qualitative form, the molec-
ular forces in solid phase between ammonium cation and
calixarenes compared with the aggregation forces in the
liquid phase. The values were assigned by differentiation
of the TG curve and the maximum values are reported in
Table 1.

Complexes of butylammonium cations have a high (3:1)
stoichiometric relation with calixarenes, probably because
the short chains ofn-butyl ands-butylammonium are more
able to accommodate in the free spaces of the crystal. The
variable ratio of host:guest with the length of the chain is also
described for complexes of calixarenes with alkanes[19].
Complexes of hexylammonium and secondary ammonium
cations have a 2:1 stoichiometry forp-tert-butylcalix[6]arene
a tio,
w

Table 1
values of decomplexation temperatures

Amine Amine:calix dT (◦C) bp (◦C) �T (◦C)

Butylamine 3:1 196 78 118
s-Butylamine 3:1 194; 201 63 131; 138
Dibutylamine 2:1 136 159 −23
Diethyamine 2:1 176; 188 55 121; 133
Hexylamine 2:1 146; 178 132 12; 46
dipropylamine 2:1 142 110 32
Triethylamine 1:1 159 89 70
Piperidine 2:1 200; 217 106 92; 111
Morpholine 2:1 177 129 48
Ethylenediamine 3:2 200 118 82

of the calix[6]arene triethylammonium salt, of which struc-
ture was determined by X-ray crystallography. This differ-
ence should be related with the pKa of both calixarenes,
following the same trend of the pKa order of t-butylphenol
(pKa = 10.9), which compared with phenol (pKa = 9.9), is 10-
fold less acid. So, the proton transfer for the amine is less
effective for thet-butylcalix[6]arene than for calix[6]arene.
This behavior do not be attributed for sterical effects, once
than the salt of triethylammonium reported isexo-calix and is
not proximal to the groups located atparaposition. The 1.5:1
stoichiometry of the ethylenediammonium complex should
be related to a 3:2 structure, with one ethylenediammonium
molecule interacting with more than one calix unit, but we
were not able to obtain crystals suitable for X-ray analysis
to confirm this hypothesis. Other inclusion compounds from

of ammonium cations by temperature.
nd only triethylamine shows a 1:1 stoichiometric ra
hich is in apparent contrast with the 2:1 stoichiometry[20]

Scheme 2. Decomplexation
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calixarenes and diamines exhibits fractionary stoichiometry
[21].

The relative order ofdT for the different amines is depen-
dent of several factors and it is often not possible to define
which one is playing a major role. Piperidine and morpholine
have similar structures and number of hydrogen atoms avail-
able to interact by hydrogen bonding, so the highdT value
may be attributed to the relative basicity of the amines, which
is higher for piperidine (pKaH = 11.22) than for morpholine
(pKaH = 8.36)[22]. Piperidinium cation is more stable than
morpholinium and remains as an ammonium cation in the
solid until higher temperatures.

There is an unexpected decrease ofdT for amines with
longer chains, for which higher values were expected by their
higher boiling temperatures of the corresponding amines.
This effect may be exemplified for butylamine and hexy-
lamine and for the series diethyl, dipropylamine and dibuty-
lamine. This effect can not be related to pKaH of the am-
monium cations, which are very similar. This order may be
related with the increase of repulsive van der Waals interac-
tions of these ammonium cations in a crystal lattice, an effect
which becomes more important for longest chains at higher
temperatures inendo-calix, which imposes severe sterical re-
strictions to the complexed ammonium cationic species. The
increase of atomic vibrations of the ammonium cations of
longer chains will cause the collapse of theendo-complex,
a rates
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equivalent places in the crystal cell of the solid phase. For the
piperidinium salt, the DTA peaks were far enough to allow
the integration of weight loss areas, which resulted identical
for both values ofdT, corresponding to the consecutive loss of
amines at 198 and 217◦C, as seen inFig. 2. For s-butylamine,
the second weight loss appears only as a shoulder on the DTA
profile.

This assertion is confirmed by the X-ray structure of the di-
ethylammonium complex withp-tert-butylcalix[6]arene di-
anion reported below in this article, which reveals that the
diethylammonium cations occupy different sites in the lat-
tice. Above 350◦C, the profile of all analysis is identical for
thep-tert-butylcalix[6]arene with loss oft-butyl, followed by
decomposition of organic material.

Thermo gravimetric analysis of some ammonium-
calixarene complexes shows weight losses prior to 100◦C:
piperidine (2.5%), ethylenediamine (1%), dipropylamine
(2%) and diethylamine (2.5%), attributed as solvent of crys-
tallization, which correspond to less than one molecule per
salt unit. The ethanol molecule is maintained in the crystal
by hydrogen bonds with the calixarenes and the ammonium
cation. The knowledge of the thermal stability of these com-
plexes can provide a better understanding of the molecular
forces and contribute to the development of specific sensors
and sequestering agents for nitrogenated compounds. We are
not able to compare the values of energy exchange by the
v t in
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i

3
b
c

b -

C) of b
nd the leave at lower temperature. This factor also ope
or the lowdT of triethylamine, whose branched structur
ot expected to be well accommodated in the lattice.

The differences in the behavior of the longest chain am
omplexes are more accentuated when�Ts are analyze
ecause in the liquid phase prevail attractive Van der W

orces, which become more important with chain elonga
Hexylamine, diethylamine, piperidine show two disti

alues ofdTfor the corresponding ammonium cations in s
hase, indicating that the ammonium cations occupy

Fig. 2. Thermal analysis (TG, DTA and DS
ariable stoichiometry of the complexes in the solid, bu
ll cases the leave of amine is endothermic by the loss o

onic hydrogen bonds.

.2. X-ray structure of
is-diethylammonium-p-tert-butylcalix[6]arene dianion
omplex

The X-ray diffractometric analysis shows that thep-tert-
utylcalix[6]arene is in dianionic form with two diethylam

is-piperidinium-p-tert-butylcalix[6]arene dianion.
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Table 2
Selected hydrogen bond lengths (Å) and angles (◦) in the crystal structure
of dihexylammonium–p-tert-butylcalix[6]arene diphenolate

Donor Acceptor D–A D H◦· · ·A
N7–H7B O61 2.606(2) 176
N8–H8A O21 2.743(3) 153
N8–H8B O1 2.926(3) 168
O11–H11 O61 2.5920(19) 164
O21–H21 O31 2.455(2) 167
O41–H41 O31 2.577(2) 170
O51–H51 O61 2.590(2) 168

monium cations, which supports the finding from the TGA
analysis. The solvent molecules of ethanol and acetonitrile
are very labile after removal of the crystals from the mother
liquor, which required the use of protective oil in mounting
the sample for X-ray data measurements.

Diethylammonium cations are located at different places
in the unit cell, one of them out (exo-ammonium) of the
calix cavity and the other included in the inner space (endo-
ammonium) defined by the benzene rings of the calixarene.
The calix[6]arene dianion adopts a 1,2,3 alternate confor-
mation, forming twosemi-calixessub-structures with one of
them occupied by one diethylammonium and the other is
empty.

Phenolate oxygens are in distal positions, forming two
OH· · ·O−· · ·HO arrays of hydrogen bonds, with short dis-
tances between oxygen atoms, as reported inTable 2. The
intricate hydrogen bond network is shown (top vision) in
Fig. 3. The angle formed by the twosemi-calixeswas mea-
sured as the angle between planes defined by their methylene

Table 3
Calixarene molecules generated by symmetry operations

Molecule/interaction H· · ·X Distance H–X (̊A)

Exo-diethylammonium
N H· · ·� H7A· · ·C51a 2.5914
N H· · ·� H7A· · ·C52a 2.4544
C H· · ·� H72A· · ·C35 2.8932
C H· · ·� H74A· · ·C61b 2.6811
C H· · ·� H74A· · ·C66b 2.8628

Endo-diethylammonium
C H· · ·O H82A· · ·O41 2.5941
C H· · ·� H81A· · ·C15 2.8421
C H· · ·� H82B· · ·C62 2.8793
C H· · ·� H84B· · ·C52 2.7787
C H· · ·� H84B· · ·C53 2.7368

a x, (1/2)− y, − (1/2) +z.
b 1− x,− (1/2) +y, (1/2) +z.

units (C12′, C23′, C34′, C45′, and C12′, C61′, C56′, C45′)
and has the value of 230.43(5)◦.

The exo-diethylammonium unit is located parallel to the
aromatic ring of one phenolate of the calixarene molecule
shown in asymmetric unit and has one CH· · ·� contact
with this one (H72A· · ·C35). Furthermore, it interacts with
a second calixarene molecule through one hydrogen bond to
the phenolate oxygen O61 and CH· · ·� interactions, and
with a third calixarene molecule though NH· · ·� contacts
(Tables 2 and 3).

Endo-ammonium interacts by hydrogen bonds with one of
the phenolic units and with ethanol, that also interacts with
other phenolic unit (Table 2). Furthermore, the diethylammo-
nium molecule has CH· · ·O (H82A· · ·O41) and C H· · ·�

F ium,exo
e ms om
ig. 3. Hydrogen bond network formed by calix unit,endo-diethylammon
thanol, as described inTable 2. Acetonitrile molecule and hydrogen ato
-diethylammonium (generated by symmetry: 1− x, (1/2) +y, (1/2)− z) and
itted for clarity.
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Fig. 4. ORTEP diagram of thep-tert-butylcalix[6]arene dianion bis(diethylammonium)acetonitrile. Ethanol structure.

contacts with benzene rings of the semi-calix in which it is
included (Table 3). The molecule ofendo-ammonium is bent
with an approximately gauche conformation (torsion angle of
79.6(3)◦ for C81–N8–C82–C84) due to the sterical crowding
by the calixarene benzene ring bound to O51, as shows the
ORTEP diagram inFig. 4.

Crystal data: C66H82O6, 2(C4H12N), C2H6O, C2H3N;
FW = 1205.72, crystal size: 0.12 mm× 0.20 mm× 0.20 mm,
monoclinic, P21/c, Z= 4, µMo = 0.069 mm−1, a= 12.5880
(10) Å, b= 22.6890(10)Å, c= 25.9040(10)Å; β = 102.400
(10)◦, V= 7225.8(7)Å3, 12689 reflections measured, 8951
unique,R(int) = 0.0590, finalR1 = 0.0941.

4. Conclusions

Thermo gravimetric analysis is a valuable tool for the
analysis of inclusion compounds of calixarenes, providing
also a comprehensive method to analyze qualitatively the
trends of molecular forces involved in the complexation.
The ammonium-p-tert-butylcalix[6]arene complexes from
aliphatic amines have a variable stoichiometry in solid state,
and the amine:calix ratio is higher for amines of shorter chain.
The increase of temperature promotes a reverse acid–base
reaction, with the loss of the amine of the solid, and the
t gest
c salt
s and
C
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