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Abstract 

The structural characterization of tetraphenylmethane tetrakis-4-phosphonic acid (4a) and its 

closely related Si-analogue tetraphenylsilane tetrakis-4-phosphonic acid (4b) is reported. 

Crystals of 4a, obtained by crystallization at 165°C from water under hydrothermal 

conditions, comprise a dense three-fold interpenetrated hydrogen-bonded network. Lower 

calculated density co-crystals 4b·4 EtOH, attained by recrystallization from ethanol, give rise 
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to a porous honeycomb network that shows no interpenetration. Isolated from the mother 

liquor the encapsulated ethanol is rapidly lost under ambient conditions leaving amorphous 

4b. While the amorphous 4b is reasonably soluble in methanol, crystalline 4a is virtually 

insoluble in common organic solvents. 

 

Introduction 

The construction of porous materials such as MOFs and COFs requires the judicious choice of 

rigid building blocks that contain functional groups suitable for metal coordination to form the 

desired organic-inorganic hybrid framework.1-4 Particularly trigonal planar aromatic 

carboxylates provide structural rigidity and controllable design elements to produce 

isoreticular expansions with well-established secondary building units.5-8 Most of the aromatic 

carboxylates with suitable sizes for MOF synthesis has been exploited to reach the optimum 

surface areas and gas adsorption properties. Although all these efforts to produce carboxylate-

based MOFs have provided valuable insight into coordination chemistry, alternative bridging 

ligands with wider selection of adhesive functional groups such as, phosphonates9-12 and 

arsenates13 have been vastly neglected. The expansion of MOF research into different 

functional groups is required not only to produce novel MOFs with improved properties but 

also to address stability issues. Metal-organophosphonates form a well-known class of hybrid 

frameworks possessing wide range of applications including sorption, separation, optics and 

catalysis.14-16 But their synthesis has been limited mostly to aliphatic diphoshonic acids and a 

comparatively few aromatic phosphonic acids.17-47 Prominent examples include the trigonal 

building blocks 1,3,5-benzene tri(phosphonic acid),34-40 1,3,5-benzene tri(p-phenylphosphonic 

acid),41-45 1,3,5-triazine tri(phosphonic acid)46 and 1,3,5-triazine tri(p-phenylphosphonic 

acid).47 Phosphonates have tetrahedral RPO3
2– structure with three oxygen atoms available for 

metal binding. The rich coordination modes of tetrahedral phosphonates on metal centers are 

expected to produce many new secondary building units with different transition elements.48 
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On the other hand, tetraphosphonates have multiple modes of tunable negative charges 

between 0 and -8, which is dependent on the reaction pH conditions. Therefore, they could 

initiate the formation of interesting metal oxidation states and novel metal clusters to balance 

the negative charges especially with transition metals possessing multiple oxidation states 

such as, vanadium, manganese and molybdenum etc. All these charge balance efforts could 

result in pH controlled tunable coordination chemistry producing interesting magnetic and 

catalytic properties.49-52 MOFs constructed using the aromatic tetrahedral ligands are among 

the ones producing the highest porosities.53-56 This is mostly due to the fact that the tetrahedral 

ligands open into three-dimensions with an angle of 109 degrees at the center of the ligand 

forming four trigonal pyramidal domes (Chart 1).  

 

Chart 1. Tetrahedral building blocks based on tetraphenylmethane and -silane  

 

 

 

As the three-dimensional metal organic framework forms, these pyramidal domes are 

expected to expand into three-dimensional networks via metal centers to form the full 

cavities. The hydrophobic tetrahedral center is surrounded by hydrophilic adhesive functional 
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groups providing that no metal oxides can penetrate into the tetrahedral cavities increasing the 

chances of obtaining void spaces.57-60 On the other hand, planar aromatic ligands like 1,4-

phenyldiphosphonic and 4,4’-biphenyldiphosphonic acids require special coordination modes 

on metal centers and solvent requirements to avoid π-stacking and pillared-layered 

organizations to form void spaces.52 All these information suggests that when synthesized, 

tetrahedral phosphonate ligands would be very interesting linkers to produce more robust 

metal phosphonate frameworks providing diverse functions. Several tetrahedral building 

blocks based on tetraphenylmethane and -silane with different adhesive functional groups 

have already been reported already, which involve the carboxylic acids 1a and 1b,61-65 the 

boronic acids 2a and 2b,66 the silanols 3a and 3b67 and the sulfonic acid 4a68 (Chart 1). We 

were interested to prepare the related arylphosphonic acids 5a and 5b to use them as building 

blocks in supramolecular chemistry. During the course of our work, the synthesis of 

tetraphenylmethane tetrakis-4-phosphonic acid (5a) was already reported by Zaręba and Zoń 

et al. In the same paper, the authors described crystals structures of corresponding pyridinium 

and ammonium phosphonates, however, no structural data of the free acid 5a were 

disclosed.69 Here we describe the synthesis of tetraphenylsilane tetrakis-4-phosphonic acid 

(5b) as well as the molecular and crystal structures of 5a and 5b. 

 

Results and Discussion 

The tetraphenylsilane tetrakis-4-phosphonic acid (5b) was prepared similarly as 

tetraphenylmethane tetrakis-4-phosphonic acid (5a)69 in two synthetic steps starting from 

readily available tetrakis(4-bromophenyl)silane (4-BrC6H4)4Si. The first step involves the 

Pd(0) catalyzed variation of the Arbuzov reaction using triisopropylphosphite as substrate. In 

this way, tetraphenylsilane tetrakis(4-diisopropyl phosphonate) (6b) was obtained after a 

chromatographic work-up and recrystallization in 35% yield as colorless high-melting crystals 

(Scheme 1). The liberation of the acid 5b was achieved by the reaction of 6b with conc. 
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hydrochloric acid. This simple acidic hydrolysis avoids the costly trimethylbromosilane, 

which has been used by Zaręba and Zoń et al.69 Notably, the acidic hydrolysis procedure 

works also for 5a. After recrystallisation from ethanol, 5a and 5b were obtained as ethanol 

solvates in 98% and 89% yield, respectively. Once isolated from the mother liquor the ethanol 

was rapidly lost leaving only amorphous materials. 

 

 

Scheme 1. Synthesis of tetraphenylsilane tetrakis-4-phosphonic acid (5b) 

 

However, when covered by oil single crystals of 5b·EtOH suitable for X-ray crystallography 

were obtained. High quality single crystals of 5a were obtained in the form of rectangular 

plates by crystallization under hydrothermal conditions (165°C, autogeneous pressure) from 

water. Replacing the water by DMF using the same method between 150 and 200 °C 

produced the same crystals of 5a. Under high pressure and temperature, the density of the 

crystals is anticipated to be higher. Consistently, the calculated density of 5a (1.615 g cm–3) is 

much higher than of 5b (1.304 g cm–3), respectively. The molecular structures of 5a and 5b·4 

EtOH and a superimposed stick model are shown in Figure 1. The molecular structure of 6b is 

shown in the ESI (Figure S1). Tetrahedral central atoms are only slightly distorted, which is 

reflected in C-C-C angles of 5a (103.9(3)° and 112.3(2)°) and C-Si-C angles of 5b (106.5(4)° 

and 111.0(2)° that differ only marginally from the ideal tetrahedral angle.  
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Figure 1. Molecular structures of 5a (left) and 5b·4 EtOH (middle) showing 30% 

probability ellipsoids and the crystallographic numbering scheme as well as superimposed 

stick models of 5a and 5b (right). 

 

Together with the high rigidity of the phenyl rings both molecules possess very little 

conformational flexibility and consequently the molecular structure are very similar. Minor 

differences were observed in the alignment of the phenyl groups. In the crystal lattice 

individual molecules are associated by hydrogen bonding, which involves also of the solvated 

ethanol. The hydrogen-bond motifs of 5a (left) and 5b·4 EtOH are shown in Figure 2. 

 

  

Figure 2. Hydrogen-bond motifs of 5a (left) and 5b·4 EtOH (right).  

 

In 5a, four phosphonate groups comprise a finite, 3D cage-like hydrogen-bonded network, 

whereas in 5b·4 EtOH, a rather 2D infinite network propagates through the crystal lattice. 
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Both hydrogen-bonded motifs contain cyclic subunits that can be classified by the ternary 

graph set ��
�(10).70 In all phosphonic acid moieties, the P=O groups accept two hydrogen 

atoms of OH groups  giving to rise to bifurcated hydrogen-bridges typical for phosphonic 

acids.71 While the P-OH groups act only as hydrogen bond donors, the ethanol molecules 

serves as both donor and acceptor of the hydrogen bridge. The short donor-acceptor distances 

of 5a (O3a···O1c 2.579(5) Å) and 5b·4 EtOH (O3a···O4a 2.538(1) Å, O2···O1a 2.563(1) Å) 

are indicative for strong hydrogen bonds and cooperativity.71,72 Notably, in 5b·4 EtOH there 

is also a weaker hydrogen bridge as evidenced by a longer donor-acceptor distances 

(O4a···O1 2.702(1) Å). In order to evaluate the importance of these hydrogen bonds for the 

crystal packing compared to other intermolecular forces, a Hirshfeld surface analysis was 

carried out. A Hirshfeld Surface (HS)73 is the outer contour of the space which a molecule or 

an atom consumes in a crystalline environment. It can be compared to the van der Waals 

envelope which other molecules or atoms come into contact with when interactions are 

present. The directions and strengths of these interactions can be mapped onto the HSs using 

various descriptors such as dnorm.74 This is a ratio encompassing the distances of any surface 

point to the nearby interior (di) and exterior atoms (de) and the van der Waals radii of the 

atoms.74 Red colored regions in Figure 3a,b (i.e. negative values of dnorm) as well as flattened 

regions of the HS itself locally indicate the existence of close contacts. For both 5a and 5b, all 

of these contacts can be identified as classical hydrogen bonds. No other type of interaction is 

structurally directing according to the HS representations. Fingerprint plots75 are a 2-

dimensional projection of the dnorm-mapped HSs visualising contacts as di-de data points. Each 

data point represents the sum of the closest distances from any point on the HS to an internal 

and external atom, which can vary in length. Shortest contacts appear with distinct features 

such as spikes for O···H hydrogen bonds or peripheral spikes for C-H···π interactions, see 

Figures 3c,d. 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
 

Figure 3.  Hirshfeld Surfaces with dnorm mapped onto them for 5a (a) and 5b ·4 EtOH (b). 

Colour code = –0.821 (red ) to 1.691 (blue). Fingerprint plots for 5a (c) and 5b ·4 EtOH (d) 

showing distinct features for characteristic short contacts (such as spikes) together with the 

overall percentage contribution of a contact type to the crystal packing. All pictures generated 

with the program CrystalExplorer.76 

  

As an additional piece of information, the total percentage contribution of each contact type to 

the crystal packing is added to these Figures. Both compounds have very similar fingerprint 
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plots, dominated by hydrogen bonding in terms of both the characteristic spikes and the total 

contribution (46.6% for 5a, 44.9% for 5b). Dispersive H···H contacts follow in terms of the 

contributions (32.5% for 5a, 35.2% for 5b). In contrast C···H contacts that represent C-H···π 

interactions are neither dominant in terms of the features and the contributions (14.8% and 

16.8%). All other contact types (C···O, C···C, O···O) are below 5%. More detailed fingerprint 

information is given in the Supporting information. As anticipated from the very different 

calculated densities, the crystal structures of 5a and 5b·4 EtOH are also significantly 

different. The topological analysis unraveling the connectivity patterns of the hydrogen 

bonded networks are shown in Figure 4. 

 

 

Figure 4.  (a) View of the 3-fold interpenetrating hydrogen bonded networks of 5a. The 

three networks are presented in green, blue, and red. (b) View of the single 3D hydrogen 

bonded network of 5b. 

 

The simplified network of 5a comprises a three-fold interpenetrating array similarly as 

present in textile fabrics, whereas 5b possess honeycomb porous networks without any 

interpenetration.77-79 The inside of these pores is filled by the ethyl groups of the solvated 

ethanol. The high volatility of the ethanol upon isolation from the mother liquor raises the 
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question the stability of the remaining network and the void space. Calculation of the void 

space of 5b·4 EtOH using the crystal data and Crystal Explorer76 (iso value 0.0003) reveals 

that only 1.5% of the cell volume was accessible by small gas molecules.80 Under the 

assumption that the remaining network stayed intact, the ethanol was hypothetically removed 

from the crystal data (by deleting the coordinates from the cif file). In this case the assessable 

void space increased to 28.4%. To verify the validity of the assumption a bulk sample of 5b·4 

EtOH was dried in high vacuum at room temperature until the weight was constant. The 

amorphous sample obtained, hereafter referred to as 5b, remains soluble in methanol. This 

noteworthy as crystals of 5a prepared under hydrothermal conditions are virtually insoluble, 

presumably due the high lattice energy associated with the three-fold interpenetrating 

network. The 31P NMR spectrum (D4-methanol) of 5b shows a single resonance at δ = 16.5 

ppm. Consistent with the loss of crystallinity, an X-ray powder diffractogram exhibits no 

reflections for 5b, which suggests that the remaining hydrogen-bonded network collapsed 

when the ethanol was removed. This was also confirmed by measuring the BET surface area, 

which showed virtually no N2 physisorption of 5b at 77K. The amorphous 5b was further 

characterized by 31P MAS NMR spectroscopy and DTA analysis. The 31P MAS NMR 

spectrum of 5b shows a main signal at δiso = 24.5 ppm and minor intense signals at δiso = 38.2, 

18.5 and 0.2 ppm (see ESI for the spectrum). The number of signals is attributed to the 

different local environments of the phosphorous atoms. The signals at δiso = 24.5 and 18.5 

ppm were tentatively assigned to phosphonate groups being involved in different hydrogen-

bond motifs. The signal at δiso = 38.2 might be due to a phosphonate group in which one or 

both OH groups are not-hydrogen bonded. The small signal at δiso = 0.2 ppm might even 

belong to phosphonate that underwent condensation (see below). The DTA analysis shows 

mass loss of about 10% up to 300°C, most likely water that formed during the condensation 

of phosphonate groups. When a bulk sample of 5b was heated for 14 h at 280°C, a colourless 
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amorphous sample, hereafter named 5b' was obtained and water was detected in the cooling 

trap. In contrast to 5b, the heated sample 5b' was virtually insoluble in methanol or other 

solvents. The 31P MAS NMR spectrum of 5b' gave rise to a main signal at δiso = –1.3 ppm and 

two minor intense signals at 6.5 and –12.6 ppm. The poor solubility and the high-field shift of 

the 31P MAS NMR resonances suggest that the (partial) condensation of P-OH groups into P-

O-P linkages took place. Measurement of the BET surface area confirmed that 5b' also lacks 

any porosity. The DTA analysis of 5b above 300°C indicates complete thermal degradation of 

the material in two mass loss incidents from 300 to 550°C (40%) and from 550 to 800°C 

(20%).  

 

Conclusions 

Besides the very recently reported tetraphenylmethane tetrakis-4-phosphonic acid (5a),69 the 

closely related Si-analogue tetraphenylsilane tetrakis-4-phosphonic acid (5b) was prepared in 

two synthetic steps. Although the molecular structures of 5a and 5b are very similar, the 

crystal structures are significantly different, which can be related to the way the crystals were 

grown. Highly dense crystals of 5a were obtained by crystallization from water at 165°C 

under hydrothermal conditions. The crystal structure of 5a features a three-folded hydrogen-

bonded network, which explains the virtual insolubility in methanol and other organic 

solvents. Recrystallization from ethanol under normal pressure afforded lower density co-

crystals with the solvent, 5b·4 EtOH, the crystal structure of which reveals a porous 

honeycomb network that lacks interpenetration. Once isolated from the mother liquor, the 

ethanol molecules, situated partly in the voids defuse out of the crystal lattice leaving 

amorphous 5b still being soluble in methanol. Heating 5b at temperatures nearly 300°C 

proceeds with condensation of the P-OH groups to give an insoluble cross-linked material 

with P-O-P linkages. Due to conformational rigidity, 5a and 5b hold great potential as 
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tetrahedral building blocks for the preparation of metal organic frameworks (MOFs), which is 

actively being pursued in our laboratories. 
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Tetraphenylmethane tetrakis-4-phosphonic acid crystallized under hydrothermal conditions 

provided a dense three-fold interpenetrated hydrogen-bonded network, whereas the closely 

related tetraphenylsilane tetrakis-4-phosphonic acid crystallized from ethanol to give rise to a 

porous honeycomb network that shows no interpenetration.  
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