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Abstract. The interaction of the herbicide paraquat dichloride (PQ, 
substrate) with p-tert-butylcalix[6,8]arenes (L, receptor) was inves-
tigated in both the solution and solid states. The isolated paraquat 
calixarene complexes were characterised by UV-visible, 1H NMR, 
ESI-MS, Luminescence and IR spectroscopies and elemental analy-
sis. The stoichiometry of complexes 1 and 2 was 1:1 (1 herbicide:1 
calixarene) and both revealed a biexponential luminescence decay 
with lifetimes depending on the size and the conformational par-
ticularity of the calixarenes. Molecular modelling suggested that both 
calixarenes interact with the herbicide through cation-π interaction. 
PQ is included in the p-tert-butylcalix[8]arene cavity, a situation 
favoured by its pinched conformation in polar solvent while it is par-
tially included in the p-tert-butylcalix[6]arene cavity because of its 
in-out cone conformation. The theoretical results, in particular using 
MOPAC procedures, were in agreement with the experimental find-
ings.
Keywords: Parent calixarenes; Pesticides; Phosphorescence; Aug
mented Molecular Mechanics Calculations; CONFLEX.

Resumen. Se investigó la interacción del herbicida dicloruro de para-
quat (PQ, substrato) con el p-ter-butilocalix[6,8]areno (L, receptor) 
en el estado sólido y solución. Se aislaron los complejos calixaré-
nicos de paraquat y se caracterizaron por espectroscopias de UV-
visible, IR, RMN de hidrógeno, masas-ESI, Luminiscencia, IR y 
análisis elemental. La estequiometría de los complejos 1 y 2 fue 
1:1 (1PQ:1calixarene) y el decaimiento de luminiscencia en ambos 
casos fue bi-exponencial con tiempos de vidas dependientes del 
tamaño y la conformación del calixareno. El modelado molecu-
lar sugirió que ambos calixarenos interaccionan con el herbicida 
mediante interacción del tipo catión-π. PQ se incluye en la cavidad 
del p-ter-butilocalix[8]areno, situación que se favorece por su con-
formación “pinched” en un solvente polar mientras que en el p-ter-
butilocalix[6]areno se incluye parcialmente debido a su conformación 
de cono “in-out”. Los resultados teóricos, en particular, procedimien-
tos MOPAC, concordaron con los experimentales.
Palabras clave: Calixarenos padres, Plaguicidas, Fosforescencia, 
Cálculos de Mecánica Molecular Aumentado, CONFLEX.

Introduction

The introduction of the herbicide paraquat dichloride (PQ) to 
agriculture in the early 1960’s greatly facilitated weed control 
in crops [1]. Weeds that give shade to crops take their water 
and nutrients thus making harvesting difficult for more than 
100 crops, for instance, corn, rice, wheat, apples, bananas, 
oranges, coffee, tea, cocoa and processed crops: cotton, sugar 
and rubber. Therefore, this herbicide is one of the most widely 
used in over 120 developed and developing countries.

The exposure to this herbicide through ingestion, inhala-
tion or skin contact can, in the long term, lead to kidney, liver 
and heart problems as well as the scarring of the lungs and a 
narrowing of the esophagus [2]. Since there is no antidote to 
reverse the effects of this chemical on the human body, the 
current use of paraquat results in a health risk. Although the 
behaviour and properties of PQ in soils and plants have limited 
the interest in the research concerning procedures for its treat-
ment, the research on paraquat from the chemical and envi-
ronmental remediation points of view is of current interest: for 
example, alternatives for its adsorption [3] or immobilization 
[4] have been studied.

From the point of view of supramolecular chemistry, a 
variety of Quats belonging to the viologen family, such as the 
paraquat dichloride and paraquat derivatives, are considered 
interesting guests since they can be used as electron carriers as 

well as for electrochromic transfer, the photochemical energy 
storage process, solar energy conversion and molecular elec-
tronic devices [5]. Calixarenes are highly versatile synthetic 
molecules capable of recognising charged and uncharged 
organic molecules [6]. The tri-dimensional topology of these 
organic macrocycles is revealed in a hydrophobic cavity and 
two rims of different size and polarity; their ability to behave 
as molecular baskets is still being investigated. Quats (quater-
nary ions) are recognised by negatively charged and neutral 
calixarenes receptors where cation (from the substrate)–π 
(from the receptor) interactions have been shown to be the 
main driving force for their association [6, 7].

A considerable amount of work has been carried out on 
viologen-macromolecule complexes [7-9]. Calixarene-based 
pseudorotaxanes or calixarene-based rotaxanes formed with 
paraquat derivatives have been studied over the last ten years 
[10].

To the best of our knowledge, the formation of para-
quat dichloride complexes with parent calixarenes, para-
tert-butylcalix[n]arenes with n = 4-20 [6e] has not yet been 
explored. Since these calixarenes are able to act as recep-
tors towards organic substrates such as organic cations by 
molecular recognition [6] where cation–π interactions can 
occur with quaternary ions [6, 7], it was assumed that the 
receptors, para-tert-butylcalix[6]arene (H6bL6) and para-
tert-butylcalix[8]arene (H8bL8) would be able to recognise 
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the substrate, which is the herbicide paraquat dichloride (PQ) 
(Scheme 1) because of their size, conformation and π-base 
hydrophobic cavity [6b, 7c].

Therefore, the aims of this study were a) to investigate, 
by molecular modelling, the viability of the formation of para-
quat-calixarene complexes through cation–π interactions using 
the MOPAC quantum-mechanical procedures, b) to design 
a methodology for the synthesis of PQ-calixarene molecular 
complexes taking into account these theoretical results and 
c) to characterise the complexes and to study their stabilities in 
the solution and solid states by spectroscopic techniques.

Results and Discussion

Synthesis and characterisation of paraquat calixarene 
molecular complexes

Preliminary results from the interaction of 1 × 10-4 M of 
the substrate paraquat in isopropanol and 1 × 10-4 M of the 
receptors H6bL6 and H8bL8 in chloroform, together with the 
theoretical results discussed below, permitted the design and 
establishment of the methodology to synthesise the paraquat 
calixarene complexes.

The procedure for the synthesis of the paraquat para-tert-
butylcalix[n = 6,8]arene complexes in sizable amounts was 
established. The reaction yield for the complex formed with 
para-tert-butylcalix[8]arene was 19% larger than that with 
para-tert-butylcalix[6]arene.

The elemental analysis and NAA (Neutron Activation 
Analysis) of the isolated complexes yielded the minimum 
formulae: 1PQ:1para-tert-butylcalix[6]arene•H2O•CHCl3, 
(compd. 1) and 1PQ:1para-tert-butylcalix[8]arene•H2O 
(compd. 2) which evidenced 1 herbicide: 1 calixarene stoichi-
ometry. In the solid state, both compounds were yellowish, but 
in solution (chloroform-acetonitrile, v/v: 1:1.2) no colour was 
observed.

The UV-visible spectra of the 2-3 × 10-5 M solution of 
the compds. 1 and 2 in chloroform-acetonitrile mixture (v/v, 
1:1.2) showed neither the absorption band (δmax 396 nm) nor 
the typical yellow colour observed for paraquat macrocyclic 
complexes which had been reported to be due to charge trans-
fer between the electron-rich aromatic rings of the receptor 

and the electron-poor pyridinium rings of the paraquat [6a, 
6b, 9c]. Significant spectral changes (Fig. 1) and a substantial 
increase in the molar absorption coefficients of both com-
plexes, ε (M-1cm-1): 28827 and 26267 at 278 and 286 nm, 
respectively for 1, and 27140 and 30441 at 282 nm and 290 
nm for 2 were observed with respect to the spectra and molar 
absorption coefficients of the free PQ (15721 M-1cm-1 (260 
nm) and of the calixarenes H6bL6 (6225 at 280 nm and 6655 at 
287 nm), and H8bL8 (22445 at 281 nm and 28765 at 290 nm). 
The increase of the εs, of the complexes suggests that they are 
stable (1:1 stoichiometry still exists in solution) and formed by 
cation(PQ)–π(calixarene) interaction. The colourless solutions 
of these complexes indicate that the donor-acceptor interaction 
more than charge transfer interaction dominates the cation–π 
interaction [6d, 7c].

IR spectra of compounds 1 and 2 showed three small 
but well-defined bands between 1650 and 1590 cm-1, two of 
which were located at nearly 1640 and 1560 cm-1 assignable 
to the stretching frequencies of –C=N-C– of bipyridinium 
groups of PQ [11a], and the third one centred at 1605 cm-1, 
corresponding to phenyls of calixarenes [6e]. Changes in 
symmetry and intensity ratio of the doublet band assignable 
to tert-butyl groups (1400-1360 cm-1) with respect to that of 
the free calixarenes were also observed. Below 900 cm-1 the 
out-of-plane H-C aromatic bending vibrations of aryl rings and 
-HCH- rocking [11b-11c] of the calixarenes underwent signifi-
cant changes, thus proving that PQ disturbed the hydrophobic 
calixarene cavity, i.e. the π-base cavity of the calixarene. The 
well-defined band about 470 cm-1 assigned to the out-of-
plane H-C bending vibrations of aromatic rings belonging to 
the pyridinium groups of PQ was observed with no changes. 
This pointed to the cation-π interactions as the main driving 
force to the PQ-calixarene association since no significant 
shift of -OH vibration frequencies (3310- 3110 cm-1) of H6bL6 
or H8bL8 was observed. This confirmed that there was no 
hydrogen bonding of their hydroxyls with the π density of the 
pyridinium rings of PQ and no intramolecular bonding with 

Scheme 1

Fig. 1. Fresh solutions of a) 1.13 × 10-4 M H6bL6, b) 4.7 × 10-5 M 
paraquat dichloride and c) 2.55 × 10-5 M compound 1 in chloroform-
acetonitrile, v/v: 1:1.2. Inset: the spectra of H8bL8 a), PQ (b), com-
pound 2 (c) solutions.
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the counteranion (chloride), which was expected since PQ is 
electron-deficient and the ion pair association is strong in the 
solid state [10b]. It seems then that compounds 1 and 2 are 
molecular complexes bonded by associative forces [6b, 6e]. In 
addition, the spectrum of compound 1 showed an unresolved 
band at 745 cm-1 assignable to CHCl3 and a very weak broad 
band centred at 3590 cm-1 assignable to water molecules. The 
latter is also seen in the spectrum of compound 2, both in line 
with their elemental analyses.

1H NMR spectra of compounds 1 and 2, the calixarenes 
and paraquat dichloride, were recorded in their solutions in 
CDCl3/CD3OD (2:1 v/v) mixture in order to find out the extent 
of the interaction paraquat-calixarene in solution. Figure 2 
displays only the region of interest for compound 2, H8bL8 

and the paraquat dichloride. The spectrum of the paraquat 
dichloride (Figure 2b) shows the signals corresponding to the 
α-bipyridinium protons at d 9.21 and 9.18 and the β-bipyri-
dinium protons at d 8.74 and 8.72. An unresolved quintuplet 
corresponding to N-Methyl protons is centred at d 4.49. [9b-
9e, 10d]. The CDCl3/CD3OD mixture influenced the confor-
mational behaviour of the calixarenes (Figure 2a) and of the 
paraquat dichloride calixarene complexes (Figure 2c); there-
fore, the methylenes are scarcely seen at d 3.8-3.9 and hydrox-
yl groups are not seen at all. The two signals corresponding 
to aryl protons are seen at d 7.46 and 7.21 and the tert-butyl 
protons resonate at d 1.27 and 1.26. The resonance of the 
methylene and hydroxyl protons was confirmed in CD2Cl2. 
According to the molecular modelling (see below) by MOPAC 
procedures, in the absence of solvent the molecule acquired 
a pleated loop-like conformation while in the presence of 
water a pinched-like conformation was the most stable since 
the intramolecular hydrogen bonding was disrupted (Figure 

5). However, if the solvent polarity is not strong enough to 
disrupt the intramolecular hydrogen bonding of para-tert-
butylcalix[8]arene, completely, the pinched or pleated loop 
conformations are probable [6, 12].

The spectrum of compound 2 (Figure 2c) shows little 
change with respect to that of the free calixarene and paraquat. 
The N-methyl protons appear downfield as an asymmetric 
singlet centred at 4.55 ppm. This slight change with respect 
to that of the free paraquat resonance suggests that the two N-
methyl protons are in a similar environment and that the down-
field shift (+Δδ = 0.06 ppm) is due to the interaction of para-
quat with the calixarene, which is expected for this substrate 
when residing in the deshielding environment of the calixarene 
receptor, i.e. close to its hydroxyl phenolic groups. Curiously, 
the most stable structure found by molecular modelling was 
that resulting from the cation-π interactions positioned in the 
double bond located between the meta-Carbon and OH-carbon 
of the phenolic groups, Fig. 5. The α-pyridinium protons are 
moved slightly upfield (-Δδ = 0.03 ppm), probably due to 
the weak effect of the shielding region of the aryl rings of the 
calixarenes. Since the methylenes and hydroxyl protons are not 
adequately seen because of the conformational mobility of the 
calixarene using the solvent mixture, only a partial integration 
of the signals is possible for compound 2. Thus, the relation 
of the ratio of pyridinium protons/methyl –N protons to the 
ratio of tert-butyl protons/ phenyl protons from the spectrum 
is similar to that calculated for 1:1 stoichiometry and found 
by EA in the solid state. Similar resonance behaviour is found 
for compound 1 under the same experimental conditions. 1H 
NMR spectra of these compounds do not afford enough evi-
dence of their stabilities in solution. It has been reported that 
de-tert-butylated hexametoxi calix[6,8]arenes interact strongly 
with N-methyl pyridinium (one Quat) by cation-π interaction 
(-0.250, -0.189 ppm) [7c], while this is weak with para-tert-
butylcalix[5]arene [7b]. At first glance, this implies an adverse 
effect of tert-butyl groups mobility in the Quats-calixarene 
compounds in solution. In compound 2, the pinched confor-
mation of the calixarene is maintained in agreement with the 
literature [12].

The ESI-MS spectra of compounds 1 (1PQ:1para-tert-
butylcalix[6]arene•H2O•CHCl3) and 2 (1PQ:1para-tert-
butylcalix[8]arene•H2O) were obtained in CHCl3/CH3OH 
mixture (1:2 (v)v). Although the ionisation pattern of both 
complexes is similar, it reveals that 1 is much more ionisable 
than 2. The most relevant peaks which suggest that in solution 
both paraquat calixarene compounds seem to exist in 1:1 stoi-
chiometry are at m/z, [1 -Cl-5H], 1327.1; [1 -2Cl-H2O-CHCl3 
+ K]3+, 599.5; [1 -2Cl-3H2O-CHCl3-OH + H]3+, 368.4 for 1, 
and at, m/z, [2 -2Cl-6H], 1496.2; [2 – H2O + 2CH3OH + 2H]2+ 
810.9; [2 -2Cl + CH3OH]2+, 757.9; [2 -2Cl + K]3+, 513.7 for 
2. In both cases the loss of hydrogens is due to the hydrolysis 
of the HO-phenolic rings of the calixarenes [6a,e] in organic 
solvents. A similar fragmentation pattern has been observed in 
several pseudorotaxanes and catenanes derived from paraquat 
derivatives, paraquat halides and paraquat hexafluorophos-
phate [9e,f].

Fig. 2. Partial 1H-NMR spectra of a) H8bL8, b) paraquat dichloride, c) 
compound 2 solutions in 2:1 CDCl3 / CD3OD. A: Aryl- hydrogen of 
H8bL8 (top), compound 2 (bottom). B: Methyl proton of pyridinium 
of paraquat (top), compound 2 (bottom). * solvent residual peaks. 
**residual water and water from the sample.
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The luminescent properties of compounds 1 and 2 and 
those of the free calixarenes and PQ were studied in the solid 
state (powder) and solutions at 293 K and 77 K. Their lifetimes 
were recorded at 77 K. The aim of the study in solution was to 
look for further evidence of the stability and stoichiometry of 
the molecular complexes.

In the solid state at 293 K, the emission fluorescence spec-
tra of PQ, calixarenes and molecular complexes showed extra 
bands due to vibronic contributions from the lattice (OH from 
water molecules, CH of chloroform (compound 1). At 77 K, 
excitation and emission phosphorescence spectra of the calix-
arenes and PQ were less structured than at 293 K, as expected, 
since the vibronic contributions were frozen. The excitation 
spectra of the molecular complexes looked structured, and 
the bands were less intense and slightly shifted (1 to 7 nm) to 
lower energy with respect to those of the calixarenes and PQ. 
This was further evidence of the PQ-calixarene association.

The diagram of energy of the calixarenes, PQ and the 
molecular complexes were built using the parameters of the 
excitation and emission spectra recorded in the phosphores-
cence mode at 77 K, in powder samples, (Figure 3). According 
to these diagrams, if the receptors and the substrate had not 
been bonded, a poor energy transfer from the calixarenes to 
PQ would have occurred because the energy gap ΔE = 3ππ*R 
- 1ππ*S was around 2000 cm-1. However, the formation of 
the molecular complexes yielded a diagram of energy with a 
new distribution of the energy levels pointing to 1ππ* → 3ππ* 
energy transfer from the calixarenes to PQ, with energy gap 

(ΔERS = 1ππR*-3ππS*) equal to 8601 cm-1 and 8673 cm-1 for 
compounds 2 and 1, respectively. Since the triplet state from 
the π bonds of these compounds must be the emitter level in 
the molecular complexes, the magnitude of the energy transfer 
is related to significant cation-π interactions.

In Figure 4, the phosphorescence emission spectra of PQ, 
H8bL8 and compound 2 are given. In the emission spectrum 
of PQ, (Figure 4A,a) which is weak and complex, two main 
broad bands are seen, one centred at 421 nm corresponding 
to the 1ππ* transition state emission and the other centred at 
539 nm, which is indicative of emission from its 3ππ* transi-
tion state. The emission spectrum of H8bL8 (Fig. 4A,c) reveals 
a partial energy transfer from its 1ππ* transition state (at 308 
nm) to its 3ππ* transition state (centred at 423 nm) since a 
complete transfer would imply the absence of the former, at 
least at 77 K.

The feature of the spectrum of 2 (Figure 4A,b) is different 
from that of the free substrate and receptor, revealing the emis-
sion from the 1ππ* transition state of H8bL8, but the intensity 
decreases 50% and the band is 1 nm red shifted. From this 
state the energy is transferred to a transition state whose posi-
tion and shape belong neither to that of the receptor nor to 

Fig. 3. Energy Diagram built from the luminescence spectra recorded 
in powder at 77 K of a) calixarenes and paraquat and b) their isolated 
molecular complexes.

Fig. 4. A) Emission spectra in phosphorescence mode in powder at 
77 K of a) paraquat dichloride, λexc = 265 nm, b) compound 2, λexc = 
275 nm, c) H8bL8, λexc = 279 nm. B) In the frozen solution of a) com-
pound 2, λexc = 281 nm, b) paraquat dichloride λexc = 261 nm, and c) 
H8bL8, λexc = 281 nm.
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the substrate, (Figure 4Aa,c). This is a well-defined band at 
419 nm assigned to a 3ππ* transition state which de-excited 
through a 3ππ* transition state (about 500 nm) to the ground 
state. The evidence points to the energy transfer from H8bL8 
to PQ, proving once more the PQ-calixarene association by 
cation-π interaction. The energy transfer is not complete since 
the emission of both compounds is quenched by the presence 
of water in 2, and even more by chloroform and water in 1. 
Therefore, the emission spectrum of the latter is very weak.

The luminescence lifetime (τ) is a parameter frequently 
correlated with the structure and stability of an emitting spe-
cies [13]. The lifetimes of PQ, H8bL8, H6bL6 and their molecu-
lar complexes, compiled in Table 1, are interpreted as follows: 
two lifetimes for each molecular complex indicated a biex-
ponential decay pointing to two pathways for de-excitation 
from the triplet state to the ground state, while one τ for the 
calixarenes and PQ evidenced a mono-exponential decay. As 
has been established, in PQH6bL6 and PQH8bL8 molecules, 
the QUAT1 -π bond length is different from that of QUAT2- π, 
that of PQH8bL8 being the shorter of the two. This is related 
to the size and the particular conformations acquired by each 
calixarene and to the better shielding of one Quat site over the 
other. Therefore, if the two bonding sites have different sur-
roundings, the de-excitation must be through two pathways, at 
least.

The two lifetimes of 2 are longer than those of 1. This 
demonstrates that in the latter, the presence of CHCl3 apart 
from H2O, contributes to a faster de-excitation. Moreover, it 
is evident that both compounds have the same type of de-exci-
tation pathways through the QUAT-π (calixarene) moieties 
because the τR(receptor)/τRS(complex) ratio of their longer lifetimes 
is similar, 4.2 and 3.9, for compounds 2 and 1, respectively. 
The shorter lifetime indicates the de-excitation through the 
bonding site less shielded from the lattice (Table 1). This 
is revealed also in the τR/τRS ratio of the shorter lifetimes 
5.1 for 2 and 12 for 1. The geometrical parameters and the 
arrangement of the structure of 1 (Figure 5a, Table 2) from 
the molecular modelling suggest that one pyridinium cation 
(QUAT1 or QUAT2) is exposed to the medium which explains 
the significant difference between the lifetimes of 1. The dif-
ference between the lifetimes of 2 is also explained in terms 

of its modelled structural arrangement (Figure 5b). Therefore, 
it is proposed that the effect of paraquat in the π- base cavity 
of the calixarenes is tuned by the size of PQ and the size and 
conformational properties of the calixarenes, which definitely 
affect the strength of their cation–π interactions.

The stability of the complexes in solution was investigated 
by a luminescence study in a chloroform /acetonitrile mixture 
(v/v, 1:1.2) at 293 K and in frozen solutions at 77 K.

At 293 K, the band width decreases about 100 nm with 
respect to the spectrum in the solid state, is asymmetric and 
centred at about 353 nm with a shoulder at about 307 nm. In 
compound 2, the band intensity decreased 60% with respect 
to that of the free PQ and 57 % with respect to the calixarene. 
This demonstrates that in solution the 1:1 stoichiometry of 2 
is kept at approx. 1 × 10-4 M concentration. The spectrum of 
1, decreased only with respect to the substrate (20%). At first 
glance, this indicates an incomplete inclusion of PQ in the 
calixarene or partial de-complexation.

To confirm those findings at 293 K, the solutions were 
frozen (77 K), and their phosphorescence spectra as well as 
lifetimes were recorded. Here, only the bands corresponding 
to the 3ππ* transition state of the substrate and of the recep-
tors were seen; in 1 and 2, it is the 3ππ* transition state which 
receives the energy from the singlet and/ or triplet transition 
states of the calixarenes and which is expected to be close to 
that of PQ. From such a level the light is re-emitted; then the 
intensity of the emission spectra must rise. This is the case 
for compound 2. Its spectrum is given in Figure 4B,a, which, 
compared with that of the substrate and the receptor as well 
as with the spectrum in powder at 77 K, given in Figure 4A, 
reveals that the solvent and lattice effects are eliminated and 
the larger intensity indicates that the 1:1 stoichiometry of the 
compound is preserved. The luminescence behaviour of 1 in 
the frozen solution confirms the fact that such an energy trans-
fer is poor (inset, Figure 4B), but the feature of the spectrum 
together with the luminescence intensity, which is slightly 
larger than that of the substrate, points not to a decomplexation 
of the compound but to an incomplete protection of PQ by the 
calixarene cavity, as suggested by the experimental and theo-
retical results already discussed. The decisive proof was the 
lifetime measured in frozen solutions, Table 1. Three important 

Table 1. Phosphorescence (3ππ* transition state) lifetimes of the free receptors, substrate and molecular complexes in powder and in chloroform-
acetonitrile frozen solutions at 77 K

Compounds Parameters

λ exc (nm) λ em (nm) Lifetime
powder at 77 K

(τphos, ms)

λ exc (nm) λ em (nm) Lifetime
Frozen solution at 77K

(τphos, ms)

PQ 265 538 868 261 448 685
H6bL6 289 429 658 No measured No measured

[PQH6bL6]•H2O•CHCl3 278 528 (55, 169) 279 447 (194, 269)
H8bL8 279 423 970 281 420 777

[PQH8bL8]•H2O 275 481 (190, 229) 261, 281 420 (246, 287)
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(Figure 5). The stablest complex structure resulted from the 
cation-π interactions occurring with the double bonds located 
between the carbon holding the hydroxyl groups and the car-
bon bonded to the methylene groups of the calixarene. Table 2 
shows the energies of the most stable molecules.

The heat of formation of PQH6bL6 and PQH8bL8 mol-
ecules was more negative in the presence of water (Table 2, 
fourth column, H*), thus indicating that solvation with a polar 
solvent such as water could break the intramolecular bond-
ing of the calixarenes formed in the absence of the solvent, 
favouring the interaction of the two bipyridinium units with 
the calixarene cavity. The cation-chloride distances for the free 
paraquat dichloride in the absence of water was < 3 Å while 
> 4 Å in its presence. This behaviour was in agreement with 
experimental results which demonstrate that the weakening 
or disruption of the ion pair association in quats occurs with 
polar solvents [7a,b]. However, in the case of the molecular 
complex in water, the ion pair association is strengthened since 
the cation-chloride bond distance was <<3 Å, in particular for 
PQH6bL6 < 2 Å. According to these calculations the inclusion 
of paraquat dichloride in the calixarenes studied would be 
driven by the size and conformation of the receptors as well as 
by the size of the substrate PQ, Figure 5. It has been reported 
that the binding of quats to neutral receptors in low polar sol-
vents is strongly influenced by the counterion nature [7a,b] 
in particular when the counteranion is spherical. It has been 
reported that para-tert-butyl substituents at the upper rim of 
the calixarene exert steric interference with substrate inclusion, 
thus affecting the stability of the inclusion complexes[7b,c].

PQH6bL6 association, Fig. 5a, (Table 2) revealed longer 
cation-π interaction bond lengths than those of PQH8bL8 
(Figure 5b). The dihedral angles (Column 6) pointed to a more 

aspects of compounds 1 and 2 can be seen. The first is that the 
luminescence decay is kept bi-exponential as in the solid state, 
which indicates non-decomplexation in any case; otherwise, 
the lifetimes would be similar to those found for the free calix-
arenes and PQ. Secondly, the shortest lifetime of 1 increases 
substantially, 3.5 times with respect to the solid state, and the 
longest lifetime increases moderately; in the case of 2 both 
lifetimes increase slightly and similarly (1.3 times). Once more 
it is demonstrated that in 1 one Quat is much more exposed to 
the lattice than the other and that the solvent destroys the lat-
tice effect without affecting the stability of the complex. In 2, 
the entire PQ is definitely shielded by the calixarene cavities, 
resulting in 2 being more stable than 1. Thus, the luminescence 
studies in solution at 293 and 77 K confirm stronger QUAT–π 
interactions in 2 than in 1. The extent of their stability is high-
ly influenced by the conformations and sizes of the substrate 
and the receptors. We conclude that the 1:1 stoichiometry of 1 
and 2 in the solid state is kept in solutions of aprotic solvents 
even at a lower concentration than 1 × 10-4 M. However, in 
polar/protic solvents, H’NMR and ESI-MS did not allow us to 
confirm such stability.

Molecular modelling

Semiempirical computational procedures are useful tools in 
supramolecular chemistry [7, 14] which can be used to discern 
the conformational behaviour of large organic molecules and 
to explore the possibilities of molecular recognition between 
neutral or charged molecules [6b, 6e, 7a-e, 8]. The calixarene-
paraquat interaction lies in this field. Usually, computational 
calculations of complex molecules formed between Quats 
and organic receptors similar to calixarenes, (i.e., naphthale-
nophanes) do not take into account the counteranions of the 
Quats (substrate) or solvent effects [8b]. The counteranion 
and solvent effects on the complexation of Quats by neutral 
calixarene receptors [7a, 6b, 7c, 10c], either parent calix-
arenes [6b-c] or functionalized calixarenes, [7a,7b] including 
sophisticated ones such as calixarene wheels, have been dem-
onstrated [10c]. The main driving force, the cation–π interac-
tions, behind the formation of Quat-calixarene complexes is 
influenced by the counteranions while the solvent polarity 
affects the complexation. In this study, the molecular model-
ling including or excluding the effect of these parameters was 
necessary in order to explore the possibilities of molecular 
recognition between the parent calixarenes and the paraquat 
dichloride to find adequate theoretical evidence for a suitable 
experimental design for synthesising the complexes and to dis-
cern the conformational behaviour of the paraquat, calixarenes 
and the molecular complexes as well as to obtain some calcu-
lated structural parameters.

X-ray diffraction structures of some Quat-calixarene com-
plexes have shown that the cation interacts with the π-electron 
density of the calixarene rings [8,10]. By molecular modelling, 
the best approach was by anchoring the two pyridinium cat-
ions of PQ to the double bonds of two specific phenyl groups 
of each calixarene, thus forming localised cation-π interactions 

Fig. 5. Refined structures of Paraquat Dichloride-calixarene molecu-
les from MOPAC/PM5/COSMO calculations a) top left, PQH6bL6, 
b) top right, PQH8bL8 both enhanced by Diamond software. In the 
middle, another view of the complex molecules. At the bottom, other 
view of the structures showing the Cation-π interactions. Hydrogens 
bound to carbons are not shown for simplicity.
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distorted molecular complex for PQH6bL6 than for PQH8bL8. 
The bond angles, dihedral angles and improper torsion angles 
(Columns 5 and 6) between the two pyridinium units and the 
phenyl rings provide evidence that the paraquat is not planar in 
the complexes. For instance, the angles between 164 and 169o 
were found under the solvent effects of water. In the absence 
of water and/or completely ionised paraquat, the planarity of 
PQ in the complexes was little disturbed since angles between 
172-180o were found.

In the absence of water, hydrogen bonding between a 
hydrogen of one pyridinium cation with its chloride occurred 
in PQH8bL8 while in PQH6bL6, hydrogen bonding between 
a chloride and a hydroxyl of the calixarene is formed. In any 
case, chloride ions would affect the degree of stability of the 
species. The latter has been already proven experimentally [7a, 
6b, 10c].

The calculated structural parameters, together with the 
potential energies and the heat of formation, demonstrated 
that H8bL8 has sufficient cavity size to include PQ, Fig. 5b. 
Consequently, relatively strong cation-π interactions were 
expected in PQH8bL8. In contrast, in the case of PQH6bL6 
(Figure 5a) the paraquat was not well included in the calix-
arene. Therefore, it must have been more exposed to the 
medium. In addition, the N-Cl distance in PQH8bL8 is > 2.6 Å 
while in PQH6bL is < 1.8 Å, which implies a competition 
between the cation and anion for the binding sites in the calix-
arene and then an adverse effect in the strength of the cation-π 
interactions. These aspects favour a major exposition to the 
medium in PQH6bL6 than PQH8bL8.

From a qualitative point of view, the positive sign of the 
estimated heat of reaction (H), (Table 2, fourth column) cal-
culated from the heat of formation under the solvent effects of 
water suggested that the formation of the paraquat dichloride 
calixarene complexes, even in the polar solvent, would be 

governed by an endothermic reaction which would mean that a 
calorific energy would have to be supplied to the experimental 
reaction medium. The PQ-calixarene complexation should be 
entropically disfavoured with the loss of calixarene mobility. 
However, the calculated potential energy (at 0 K, entropy is 
cero) is high with respect to those of free PQ and calixarenes. 
Therefore, up to the stage of our semiempirical calculations, 
we can propose only that any reaction between the substrate 
and the receptor would require heating in order to obtain the 
PQ complexes in low polar solvents.

Testing the stability in water of the PQ calixarene 
complexes

The aim of this preliminary study was to discover any use-
fulness of the parent calixarenes for the herbicide paraquat 
in an aqueous medium. Samples of the isolated molecular 
complexes were treated with water in order to investigate the 
extent of the stability of PQH6bL6 and PQH8bL8 in tap water 
(TW, pH = 7.72) and distilled water (DW, pH = 5.44)) at their 
own pH. The IR spectrum of the dried fraction from compd. 
1 after being treated with TW demonstrated that the remain-
ing PQ was still linked to the calixarene since a shoulder at 
1635 cm-1 corresponding to the bipyridinium cation of PQ 
was seen on the left side of the aromatic calixarene band (at 
1610 cm-1). The spectrum of the dried sample from DW treat-
ment revealed structured weak bands at 1560, 1508, 1442 
cm-1 and at 1639 cm-1 also associated with PQ [11a]. In both 
cases, spectra showed a broad band centred at about 3431 
cm-1, indicative of imbibed water and at about 3140 cm-1 for 
HO-calixarene vibration, the latter shifted 14 cm-1 towards 
higher energy with respect to that of the molecular complex 
and free calixarene (discussed above). The calculations from 
UV-visible spectra data of the corresponding transparent aque-

Table 2. Calculated energies of the modelled molecules using computational procedures. The energies are given in kcal mol-1.

Modelled
Compound

MM3 CONFLEX MOPAC/PM5/
COSMO

Selected structural parameters of the paraquat dichloride 
calixarene molecules

a PE of the 
optimized 
structure

a PE of the 
lowest-energy 

conformer

H* of the most stable 
structure with water 

effect; bH

Bond lengths (Å)/Bond 
angles (o)

QUAT1-π site; QUAT2-π site

Dihedral angles (o)/ Improper 
Torsion angles (o)

QUAT1-π site; QUAT2-π site

H6bL6 81 51 -330
H8bL8 23 15 -447

H6bL6-PQCl2 681 650 -324; 50 N165-C4-C5: 4.51/ 14.8; 
N159-C43-C44: 5.67/ 14.2

Cl-N165-C5-C4:-78.3/57.2,
C4-C5-N165-Cl: -78.3/63.1;

Cl-N159-C43-C44:19.4/23.98
C43-C44-N159-Cl:19.4/21.93

H8bL8-PQCl2 602 462 -403; 88 N220-C58-C57: 5.31/15.2
N214-C112-C111: 4.06/19.5

Cl-N220-C57-C58: 46.2/49.6,
C58-C57-N220-Cl: 46.2/49.3;

Cl-N214-C112-C111:119.4/39.6
C111-C112-N214-Cl: 119.4/59

PQCl2 126 122 -44

a PE: Potential Energy; bH: estimated heat of reaction.
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ous fractions and the PQ content of the molecular complex 
indicated that TW removed about 63% of PQ, being retained 
37% by H6bL6 while DW treatment left only 8% of PQ in the 
calixarene. It was discussed above the low stability of compd. 
1 in polar and protic solvents, therefore it was expected that 
the stability would be much lower in water as it was but it was 
also pH dependent; pH < 6 provoked PQ-H6bL6 de-associa-
tion while pH > 6 had a less drastic effect. The transparency 
of both water fractions indicated no presence of the molecular 
complex in it, and their UV-visible bands were indicative of 
PQ only. It was assumed that in the slightly acidic medium, 
the cation-calixarene interactions were broken by protonation 
whereas at a slightly basic pH, less H+ concentration would 
not destroy drastically such interactions and then part of the 
molecular complex would survive. Paraquat is ionised in water 
then in Compd. 1 its exposure to the medium though partially 
contributed to increase the acidity of water due to chloride 
ions, which were liberated by the PQ ionisation.

The IR spectrum of the dried fraction from compound 
2 after the treatment with DW showed a red shift of the OH-
calixarene vibration band (12 cm-1) with respect to the free 
calixarene and the untreated compound; weak bands indica-
tive of PQ were also noticed, and changes in the intensities 
of bands associated with tert-butyl and methylene groups, 
and CH of out-of -the plane of the aromatic rings were seen. 
In the IR spectrum of the dried sample treated with TW was 
observed: a slightly broad band in the OH vibration regions, a 
semi-broad band centred at 1116 cm-1 assigned to C-O stretch-
ing vibration of the HO-C- phenol groups of the calixarene 
and a strong band centred at 538 cm-1, indicative of bending 
vibration of CH of aromatic rings apparently from PQ. Water 
imbibed in H8bL8 calixarene was not revealed. Aqueous frac-
tions from both treated samples of the molecular complex 
looked emulsified and in their UV-visible spectra, bands about 
248 and 273 nm and 256-259 nm indicated the presence of 
H8bL8 and PQ. H8bL8 retained about 48% of PQ independent 
of the water source and pH, since the emulsified aqueous frac-
tions contained about 52% of 2. The emulsification indicated 
that PQ remained linked to H8bL8 in water. The latter was 
proven when the separation of PQ from aqueous phases was 
attempted at pH: 3.0, 5.5 and 7.97 with H8bL8 in saturated 
chloroform; both organic and aqueous phases were transpar-
ent, and even in the presence of acetonitrile as a synergic 
agent, no extraction of PQ to the organic phase or H8bL8 to the 
aqueous phase was revealed. Therefore, it can be established 
that the stability of PQH8bL8 complex does not depend on 
pH; one part of the sample remained in the aqueous fraction 
and the other in the solid fraction in both fractions as a stable 
molecular complex. The emulsification of 2 in water seems to 
be caused by hydrogen bonding between water molecules and 
the hydroxyl groups of the calixarene, such a bonding being 
favoured apparently by the particular pinched cone-like con-
formation of the calixarene in the molecular complex (Figure 
5b), where the hydroxyls are exposed to the medium while 
the substrate is hidden by an endo-like structural arrangement. 
In the case of 1, its low stability in water could result from 
the highly distorted in-out cone conformation (see Figure 5a) 

acquired by the calixarene, which leaves the ionised bonded 
substrate in an exo structural arrangement thus without any or 
with little shielding from the medium.

Conclusions

Para-tert-butylcalix[6]arene and para-tert-butylcalix[8]arene 
calixarenes form stable 1:1 complexes with paraquat dichlo-
ride in the solid state. In solution, the stability of these com-
plexes could be affected by the solvent polarity and the con-
formation and size of the macrocycle, mainly. However, 
the increase of the molar absorption coefficient and of the 
luminescence intensity of the complexes with respect to that 
of the calixarene receptors evidence cation–π interactions. 
The biexponential decay of the luminescence and the extent 
of the lifetimes proved that in both complexes the quats of the 
paraquat were not in the same environment. This fact was cor-
related with the molecular modelling since two de-excitation 
pathways were present with very different lifetimes, the longer 
associated with one methyl-pyridinium head closer to the aryl 
rings and the shorter with the methyl-pyridinium head far from 
the aryl rings, the former being more shielded than the latter.

The molecular modelling was also useful in assessing 
structural parameters since the attempts to obtain crystals for 
X-ray diffraction structures failed. The preliminary test in 
water suggests that the stability of PQ-pt-butylcalix[8]arene 
complex does not depend on the pH while that of PQ-pt-
butylcalix[6]arene does, and in any case the former is much 
stabler than the latter in an aqueous medium. Then it can be 
envisaged that pt-butylcalix[8]arene would be useful if it were 
required to stabilise the paraquat dichloride in solid, organic 
and water solutions for its deposition/de-activation as waste.

To the best of our knowledge, this is the first time that 
paraquat calixarene molecular complexes formed with parent 
calixarenes and the herbicide paraquat dichloride have been 
synthesised, isolated and studied in solid and solution states.

experimental Section

Materials

Paraquat dichloride, (1,1’-Dimethyl-4,4’-bipyridinium dichlo-
ride) was bought from Fluka, Germany; 5, 11, 17, 23, 29, 
35-hexabutyl 37, 38, 39, 40, 41, 42-hexahydroxicalix[6]aren
e, para-tert-butylcalix[6]arene, (H6bL6) was prepared in the 
laboratory [14], and 5, 11, 17, 23, 29, 35, 41,47-octabutyl 
49, 50, 51, 62, 53, 54, 55, 56 octahydroxicalix[8]arene, para-
tert-butylcalix[8]arene, (H8bL8) was recovered from H6bL6 
purification. Anhydrous chloroform (Aldrich) and isopropa-
nol (Baker or Sigma) were analytical grade and used without 
further purification for the synthesis. Anhydrous and spectro-
scopic grade chloroform and acetonitrile from Aldrich were 
used for UV-visible and luminescence studies. KBr for IR 
spectroscopy was purchased from Fluka.
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General techniques

UV-visible spectrophotometric measurements were carried 
out with a Perkin-Elmer Lambda 10 spectrophotometer. IR 
spectra of the compounds in KBr matrix were recorded on 
a FTIR Nicolet Nexus spectrometer. 1H NMR spectra were 
recorded on a Bruker-Avance-300 MHz-F spectrometer on 
sample solutions in CDCl3/CD3OD mixture (2:1 v/v, 300 K); 
chemical shifts were referenced to TMS. ESI-MS spectra were 
measured on a Bruker Daltonics DataAnalysis 3.2 esquire6000 
spectrometer in chloroform-methanol mixture (1:1.2 v/v, 300 
K). Elemental analysis of calixarenes, PQ and the paraquat 
calixarene molecular complexes were performed using a 
Perkin Elmer model 2400 Series II. C, H and N elements were 
determined, and acetanilide was used as a reference. Chlorine 
content in PQ and the molecular complexes was determined by 
NAA (Nuclear Activation Analysis), using the nuclear reactor 
Triga Mark III of ININ and a Ge/hyperpure solid-state detec-
tor coupled to a 2048-channel pulse-height analyzer. (38Cl, t1/2 
= 37.18 min and E = 1642 keV).

The luminescence study in the solid (powder) and solution 
states (≈ 1 × 10-4 M of the samples in chloroform-acetonitrile 
mixture (v/v = 1:1.2) as well in their frozen solutions at 77 K 
was carried out as follows: the samples were put in capillaries 
of luminescence grade and measured on a Perkin Elmer LS55 
Luminescence spectrometer with a Xenon lamp. Emission and 
excitation spectra in fluorescence and phosphorescence modes 
were recorded at 293 K (room temperature) and in phospho-
rescence mode at 77 K. Excitation and emission slits between 
7 and 10, and emission filters of 290 and 350 nm were used to 
eliminate spurious bands. Their luminescence lifetimes were 
measured in powder and frozen solutions at 77 K.

Synthesis and characterization of paraquat calixarene 
molecular complexes

In a three-necked round bottom flask containing the corre-
sponding amount for 0.1 mmol of each calixarene (97.33 mg 
for H6bL6 and 129.6 mg for H8bL8), 35 mL of chloroform 
was added to dissolve the calixarenes. A reflux column with 
a drying tube containing silica gel with indicator of humidity 
was attached to one neck. An addition funnel which contained 
the corresponding amount of PQ (25.77 mg) for 0.1 mmol, 
suspended in 25 mL of isopropyl alcohol was attached to the 
second neck. The reaction flask was heated in a silicon oil 
bath at 50° C; then the PQ solution was added dropwise. Small 
amounts of chloroform were added through the third neck in 
order to maintain the solvent level. The reaction mixture was 
heated and stirred for 24 h under anhydrous and dark condi-
tions. The progress of PQ-H6bL6 and PQ-H8bL8 reactions was 
monitored by UV-visible spectrophotometry, which permit-
ted the determination of the reaction time. Once the reaction 
ended, the mother liquor was refrigerated for 24 h and then 
stored at room temperature (20oC); the solid was separated by 
centrifugation and dried under vacuum (~133.322 mPa and 
80°C). The slightly yellowish isolated paraquat calixarene 

compounds were kept in silica gel to protect them from the 
environment. These, as the starting materials, were anal-
ysed by UV-visible spectrophotometry, IR spectroscopy, 1H 
NMR, ESI-MS, elemental analysis and NAA. Anal. Calcd. 
for C79H101O7N2Cl5, (1367.95 g/mol),compound 1, (%): C, 
69.36; H, 7.44; N, 2.05; Cl,12.96. Found: C, 69.69; H, 7.87; N, 
1.73; Cl, 13.25. Yield = 62%. For C100H128O9N2Cl2, (1573.03 
g/mol), compound 2: C, 76.36; H, 8.20; N, 1.78; Cl, 4.51; 
Found: C, 76.56; H, 8.46; N, 1.38; Cl, 4.59. Yield = 81%. 1H 
NMR (ppm) CDCl3/CD3OD (v/v: 2:1). Compound 1, C(CH3)3: 
s,1.26; s, H- Aryl: s, 7.16; CH3-N: s, 4.55; H-β-pyridinium: 
d, 8.73, 8.71; H-α-pyridinium: d, 9.18, 9.16. Compound 2, 
C(CH3)3: 1.27, 1.26sh; H-Aryl: 7.47sh, 7.211, 7.482, 7.481; 
CH3-N: s, 4.55, 4.54sh; H-β-pyridinium: d, 8.74, 8.72; H-α-
pyridinium: d, 9.18, 9.16. CD2Cl2. H8bL8: -CH2-: s(semi-broad), 
4.38 and 3.53; H-O-aryl: 9.67; H6bL6: -CH2-: s(broad), 3.66; H-
O-aryl: s, 10.29.

Testing the stability in water of the isolated PQ calixarene 
complexes

 1 (1 mg) and 2 (3.5 mg) were mixed with 5 mL of distilled 
water (DW, pH = 5.44), and 1.3 mg of 1 and 3.8 mg of 2 with 
5 mL of tap water (TW, pH = 7.72). Each mixture was shaken 
at a speed of 230 rpm for 10 min and centrifuged for 5 min at 
5000 rpm to separate aqueous fractions from solid fractions. 
However, compd. 2 samples required 10 min more at 10 000 
rpm for an adequate separation of the fractions. In all cases, 
both fractions were analysed. After drying the solid fractions 
under vacuum (26.7 mPa) at least for 48 h, their IR spectra in 
KBr pellets were recorded and UV-visible spectra of their cor-
responding liquid fractions were measured. Aqueous solutions 
of PQ at 1 × 10-4 M in de-ionised water and at pH 3.0, 5.5 and 
7.97 were prepared and used as references.

Molecular modelling

Molecular modelling was performed using CAChe 
WorkSystem Pro 5.04 program packages for Windows® 
(Fujitsu Ltd., 2000-2002). H6bL6, H8bL8 and PQ molecules 
(chemical samples) were built and their geometries optimised 
by Molecular Mechanic calculations (MM) using Augmented 
MM3 force field. The latter enables minimisation calculations 
for square planar, trigonal, bipyramidal and octahedral atoms. 
Therefore, Augmented MM3 yields an optimum molecular 
geometry, i.e. a structure with an energy minimum [7e, 14b]. 
This structure is the basis for calculating the heat of formation 
of the molecule with an optimum geometry determined by the 
CAChe MOPAC ((Molecular Orbital Package) application 
by solving the Schrödinger equation using the semiempiri-
cal Hamiltonian PM5 (MOPAC/PM5). The COSMO method 
contained in MOPAC/PM5 is applied in order to evaluate the 
solvent effects (water) in the heat of formation of the mol-
ecule with optimum geometry. The conformer with the lowest 
energy (the most stable) is calculated using the CONFLEX 
procedure [15] once Augmented MM3 has been applied. In 



152      J. Mex. Chem. Soc. 2010, 54(3)	 Irma García-Sosa and Flor de María Ramírez

this paper, for the molecular modelling, the theoretical calcu-
lations were carried out in the sequential order: Augmented 
MM3 /CONFLEX/ Augmented MM3/ MOPAC/PM5 and with 
solvent effect: Augmented MM3 /CONFLEX/ Augmented 
MM3/ MOPAC/PM5/COSMO.

Thus, the energy minimum of the optimum molecular 
structure (Augmented MM3 calculations), the lowest energy 
of its conformer (CONFLEX calculation), and the energy of 
the molecule (heat of formation) at a geometry-optimized 
energy minimum (MOPAC/PM5 and MOPAC/PM5/COSMO 
calculations) [7d,e,14b] were obtained for each chemical 
sample. The same procedures were followed for calculating 
the PQ-calixarene molecular structures in order to simulate the 
formation of the paraquat calixarene complexes. For this pur-
pose, the two pyridinium cations of PQ, the Quats, (Scheme 
1) were simultaneously interacted with all the double bonds of 
the phenyl groups of each calixarene, inducing localised cat-
ion–π interactions, i.e., each pyridinium (Quat) was anchored 
in a specific position to the double bond in order to link the 
substrate to the receptor through the cation–π interaction. In 
each case, the calculated molecules yielding the lowest energy 
and the lowest heat of formation are those reported here.

From the calculated heat of formation (H*) of the reagents 
(PQ, H6bL6 and H8bL8) and of the products (PQH8bL8 and 
PQH6bL6) an approach to the heat of reaction (H) was esti-
mated for each PQ calixarene molecule, using the formula H 
= H*Product - ∑H* Reactants which is commonly used for 
calculations of H using experimental heats of formation. These 
estimated H values were useful for designing the experimental 
procedure for the synthesis of the complexes which has been 
described in experimental section.
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