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Abstract: The solid-state structure of the tri-potassium calix[4]arene dihydroxyphosphonate salt is presented. In this structure, 
two potassium cations bridge between layers of dimeric calixarene diphosphonate units and two other potassium cations bridge along 
the face of the layers. The ubiquitous dimeric association of the calixarenes shows the highest interdigitation value so far observed. 
As expected, the cations are solvated and are complexed exo with respect to calixarene crown. The octahedral coordination sphere of 
the potassium cations is formed by two phosphonate groups of the calixarenes and four water molecules. Electrostatic forces represent 
the major element of interaction in the solid-state system. 
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INTRODUCTION

Complexation of small molecules or ions by calixarenes is a subject of wide interest, which has been the basis for 
a large body of work in the past few years. The calixarenes have been widely used in binding various metal cations [1-3], 
aromatic ammonium and alkyl cations [4,5] or acetylcholine [4-6].

An extraordinary versatility has been shown by these macromolecules as metal binding agents, supramolecular 
systems being formed with metals belonging to all groups in the periodic table [7-9]. Previous studies showed that 
calix[4]arenes are effi cient binders for different alkali and alkaline-earth cations. Small cations, like such as Li+ and Na+ 
are complexes as guest molecules in the aromatic cavity of the calixarene (endo complexation), whereas the larger ones 
(Rb+ and Cs+) do not fi t in the calixarene cavity, existing as  complexes exo with respect to the aromatic core.

Nevertheless, the complexation of the cations depends not only on their size, but also on the nature of the solvent 
used. Thus, for apolar solvents, in the case of neutral calixarene molecules, the complexation of cations is endo. For 
polar solvents, the complexation is exo, the cation being located outside the cone of the host molecule, close to the 
oxygen atoms of the lower rim [4]. 

The recognition properties can be fi ne-tuned through modifi cation of the phenolic lower rim. Substitution at the 
phenolic oxygens are performed in order to render the host molecules more soluble or more complimentary with respect 
to guest molecules.  

A large range of ion-complexing calix[n]arenes have been studied, since Mc Kervey [5], but no such abilities have 
been yet reported for the calix[4]arene dihydroxyphosphonic acid. This water-soluble calixarene derivative has proved 
to have strong complexation capacity with regard to organic amonium cations. Thus a wide variety of packing motifs 
have been observed in the solid state complexes of this derivative with both aromatic and aliphatic ammonium cations 
[10-12]. It is obvious that the anionic aspect of the calix[4]arene dihydroxyphosphonic acid facilitates the non-covalent 
interactions with positively charged molecules.

In this paper we present the fi rst example of a metal cation, potassium, complexed by calix[4]arene 
dihydroxyphosphonic acid.

EXPERIMENTAL SECTION
Crystal Growth
Calix[4]arene dihydroxyphosphonic acid (1) was synthesised according to the literature [13]. A solution of 0.01M 

of 1 was prepared in methanol. In order to set up the pH of this solution at a neutral value (pH 7), careful neutralisation 
was applied, using KOH.  

Crystals were grown from this solution, by slow evaporation at room temperature. 

X-Ray diffraction
The intensity data were collected with a Nonius KappaCCD diffractometer (MοKα radiation 

λ = 0.71073 Å, 100(2) K). All the collected data were corrected for Lorentz and polarisation effects but not for absorption. The
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direct methods technique and Fourier techniques (SHELXS-86) [14] were employed in order to solve the structure and 
the refi nements were done on |F|2 (SHELX-97) [15]. H-atoms were placed in geometric positions. 

RESULTS AND DISCUSSION

In this paper we present the fi rst result of cations binding by calix[4]arene dihydroxyphosphonic acid, where the 
major driving force is the attraction between oppositely charged molecules. 

Table 1 
Crystal data of the complex of 1 with potassium cations

Compound C4diP-K
Formula C28H24O10P2·2K·CH3OH·11H2O
FW 890.83
Temperature, K 100 (2)
Color Colorless
Crystal size, mm 0.25 × 0.15 × 0.10
Crystal system Monoclinic
Space group P21/c 
a, b, c Å 15.5758(7); 13.0023(7); 19.385(1)
β o 111.067(4)
V, Å3 3663.5 (3)
Z 4
ρcalc, Mg·m-3 1.615
F(000) 1872
μ(MoKα) mm-1 0.437
θ range for data collection,° 2.18 to 18.92
Refl ections collected 23811 
Absorption correction none
Data / restraints / parameters 2869 / 0 / 536
Goodness-of-fi t on F2 1.08
Final R indices [I>2σ (I)] R = 0.089, wR = 0. 216
R indices (all data) R = 0.129, wR = 0. 238
Refi nement method Full-matrix least-squares on F2

In the solid state structure of calix[4]arene dihydroxyphosphonic acid (Fig. 1a) with potassium cations, two 
molecules of 1 interact with six K+ cations (Fig. 1b). 
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Fig. 1: (a) Scheme of 1; (b) Dimeric unit of the complex of 1 with K+; solvent molecules are excludes for the 

simplicity of the fi gure.  

As in all the other structures implying the calix[4]arene dihydroxyphosphonic acid, the characteristic generic 
motif is the dimeric association of two molecules of calixarene (Fig. 2a). 
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Fig. 2: (a) Interdigitation of the neighboring molecules of 1, (b) Intramolecular H-bonds in 1, (in green) and the 
electrostatic interactions with K+ (values in blue). 

Here, the interdigiting angle is 163.3° and represents the highest value of interdigitation with respect to the 
previously reported structures:158.8° in the case of uncomplexed dimer [16] or 161° in the complex with 4,4’ bipyridine 
[17]. 

The strong electrostatic interactions involving the phosphonate oxygens determine an opening of the hydrophobic 
core. The angles between opposite aromatic rings of 1 being of 30.9(4)° and 105.2(4)°, notably bigger than in the case of 
uncomplexed calix[4]arene dihydroxyphosphonic acid, the latter structure presenting cone angles of 20.87° and 77.97°. 
As a consequence, the intramolecular hydrogen bonds between the phenolic oxygens are shorter than in the reference 
structure: 2.71(1) and 2.96(1) compared to 2.92(2) and 3.05(1) Å, respectively (Fig. 2b). 

From a general point of view, the complex adopts a 1-D architecture based on layers of dimeric units characteristic 
to dihydroxyphosphonic calixarene, held together by the K+ cations ion-paired with the deprotonated oxygen atoms of 
the phosphonate groups (Fig. 3). Thus, infi nite bridges of electrostatic interactions are connecting the dimeric units of 
1. A stepped like organization is observed, as represented in Fig. 3a, with distances between the layers of 15.6 Å and 
between each dimeric unit of 13.0 Å. A perpendicular view to this motif shows the parallel packing of these sheets of 
dimers (Fig. 3b).  

      

Fig. 3: (a) - View of the packing along c axis; (b) - View of the double chains along b axis.

The electrostatic interactions between the phosphonate oxygens and K+ are multiple, the closed distances being: 
2.24(1), 2.285(9), 2.31(1), and 2.38(1) 2.88(1) Å (see Fig. 2b). Eight water molecules are coordinated to the complex, by 
electrostatic interactions. Some of them form hydrogen bonds with phenolic oxygens or to oxygens of the phosphonate 
groups of 1, while some other are hydrogen bonded between them  (see Tab. 2).

Table 2 

(a) (b)
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Selected interactions:
Interaction Water···water Water···K+ OH···Water OP···Water OP···K+

Electrostatic - K1···O1W  2.28(1)
K1···O2W  2.25(2)
K1···O3W  2.27(1)
K1···O4W  2.33(2)
K2···O5W  2.32(1)
K2···O6W  2.31(1)
K2···O7W  2.32(1)
K2···O8W  2.43(1)

- - K1···O2A  2.88(1)
K1···O4A  2.386(1)
K1···O4A  2.238(3)
K2···O2C  2.285(9)
K2···O2A  2.31(1)

H-bonds O1W···O4W  3.09(2)
O2W···O3W  2.97(2)
O2W···O4W  2.87(2)
O3W···O4W  3.18(2)
O5W···O8W  3.09(1)
O7W···O8W  3.15(2)
O10W···O11W  2.71(3)

- O3C···O7W  2.67(2)
O3A···O5W  2.89(1)
O3A···O9W  2.74(2)
O3A···O10W  2.64(3)
O3C···O2W  2.62(1)
O3C···O4W  3.06(3)

O4C···O5W  2.68(2)
O4C···O11W  2.61(1)
O2C···O8W  2.71(2)
O2A···O6W  3.19(2)
O4A···O1W  3.14(1)
O4A···O3W  3.18(2)
O4A···O4W  3.19(2)

-

Three other water molecules, plus a methanol molecule hydrogen bond with phenolic oxygens or with the 
coordinated solvent molecules. Selective values of non-covalent interactions are presented in Tab. 2.

CONCLUSION
Apparently simple, the solid state structure of calix[4]arene dihydroxyphosphonic acid presents a high degree of 

complexity, from the point of view of non-covalent interactions present in the complex, of the architecture achieved and 
of the effective cationic binding. As expected, ion pairing between phosphonate oxygen atoms and potassium cations 
dominate the forces driving the structural integrity.
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