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Abstract 

 (C6H7FN)4(Li)2(P6O18)(H2O)6 (I), a new organic cyclohexaphosphate, has been 

synthesized and grown at room temperature by an acid/base reaction between H6P6O18 and 2-

fluoroaniline as an organic template. The crystal structure of (I) was solved by single crystal 

X-ray diffraction analysis and it was found that the material belongs to triclinic system with 

space group P-1 and refined R-factor of 0.0520. Adjacent P6O18 rings are connected via corner-

sharing by LiO4 tetrahedra, generating anionic [Li2P6O18·H2O]4- layers parallel to the (a, b) 

plane. The 2-fluoro-anilinium cations are inserted in the interlayer space and interact with the 
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inorganic framework through N-H…O and O-H…O hydrogen-bonding interactions. Additional 

stabilization is provided by strong N-H…F and weak C-H…O hydrogen bonds. Hirshfeld 

surface analysis reveals the nature of intermolecular contacts of the title compound and their 

enrichment ratio reveals if they are over-represented. The crystal packing is a combination of 

strong electrostatic attractive interactions and of weaker hydrophobic contacts. The title 

compound was further characterized by FT-IR and NMR spectroscopies. Crystal symmetry is 

confirmed by 31P magic angle spinning NMR and the vibrational absorption bands were 

identified by infrared spectroscopy. Electrical conductivity was studied using impedance 

spectroscopy and results showed that the conductivity at 150°C was equal to 4.93×10-4 S.cm-1. 

It is therefore concluded that (C6H7FN)4(Li)2(P6O18)(H2O)6 can be further used in lithium 

batteries. 

Keywords: Cyclohexaphosphate ; Hirshfeld surface ; Contacts enrichment ; 31P MAS-NMR; 

Infrared spectroscopy ; conductivity. 

1. Introduction 

 Much attention has been devoted to the synthesis of open-framework phosphates which 

exhibit a rich structural diversity and have been widely studied as catalysts, ion-exchangers and 

as positive electrode in lithium and sodium batteries [1]. Within this family of compounds, the 

resulting anionic frameworks, generally constructed from PO4 tetrahedra that are vertex linked 

with MOn polyhedra, generate pores and channels offering suitable environment to 

accommodate different other cations. 

 Cyclophosphates are characterized by a cyclic (PO3
-)n anion built by n corner-sharing 

PO4 tetrahedra. Ring anions of this type are presently well characterized for n = 3, 4, 5, 6, 8, 10 

and 12. For each family of cyclophosphates, corresponding to a particular value of n, the 

methods of chemical preparation are very specific and with few exceptions, the development 
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of these methods required the optimization of a procedure for the chemical preparation of an 

appropriate starting material.  

 

 There is considerable scientific and technological interest in the synthesis, structure and 

properties of cyclohexaphosphates (n = 6) because these compounds offer high hydrolytic and 

thermal stability and pronounced complexation ability. In particular, cyclohexaphosphates were 

shown to be potentially attractive as precursors in the solid state synthesis of simple and mixed-

cation polyphosphates for glass making [2, 3]. 

 It has been found that the hydrogen bonds and the nature of organic molecules seem to 

determine the molecular organization of these compounds as to built infinite anionic networks 

with various geometries: ribbons [4], two-dimensional networks [5-7] and three dimensional 

network [8, 9]. 

This paper relates a contribution to the study of cyclohexaphosphates including organic-

monovalent cations. Up to now, few examples of this type of compound are reported [10-13]. 

Here, we report on the synthesis of a new cyclohexaphosphate with formula 

(C6H7FN)4(Li)2(P6O18)(H2O)6 (I). This latter is further characterized by IR and NMR 

spectroscopies. The electrical properties of the above mentioned material and its comparison to 

other results were studied. 

 

2. Experimental 

2.1. Chemical Preparation 

The title compound (C6H7FN)4(Li)2(P6O18)(H2O)6 (I) was prepared by an acid-base 

reaction between the 2-fluoroaniline, purchased from Sigma-Aldrich, and the 

cyclohexaphosphoric acid. An aqueous solution (10 mL) of H6P6O18 (2 mmol) was first 

prepared by passing a solution of Li6P6O18 through an ion exchange resin (Amberlite IR120) in 
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its H-state. The Lithium salt Li6P6O18 was produced according the process described by Schülke 

[14]. The cyclohexaphosphoric acid is cooled and neutralized by adding slowly 2-fluoroaniline 

(8mmol) dissolved in 5mL of ethanol which is supplied by Novachim. The resulting solution is 

then slowly evaporated over few days at ambient temperature to give large rectangular prisms 

of stable crystals of the title compound. 

The lithium existence in (I) resulted from an incomplete Li+/H+ exchange of Li6P6O18 

on the used resin. 

Schematically the reaction can be written: 

 

 

 

 

 

 

 

 

 

(I) 

 

2.2. X-Ray Single Crystal Structure Analysis 

 The crystallographic data were collected on a D8 Venture Bruker diffractometer at room 

temperature using mirror-monochromated MoKα radiation (λ = 0.71073 Å). Data sets were 

integrated with the Bruker APEX Suite [15] and corrected for Lorentz-polarization and 

absorption effects [16]. The structure was solved by direct methods (SIR97) [17] and refined 

by full-matrix least-squares methods with all non-hydrogen atoms anisotropic. Hydrogens of 

the methyl groups were included on calculated positions, riding on their carrier atoms. All other 

Li2H4P6O18 + 4(C6H6FN) + 6H2O                  (C6H7FN)4Li2P6O18. 6H2O
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hydrogen atoms were located in the difference-Fourier map and refined isotropically. All 

calculations were performed using SHELXL-2014/7 [18] implemented in the Olex program 

[19]. Some data collection parameters and results of the structure determination are given in 

Table 1. Selected bond distances and angles are given in Table S2 and Table 2. The drawings 

were made with Diamond [20]. 

 

2.3. NMR and IR measurements 

The NMR powder spectra were recorded on a solid-state high-resolution Bruker 

Avance-500 spectrometer operating at 125.81 MHz for 13C, 50.50 MHz for 15N, 470.38 MHz 

for 19F and 202.51 MHz for 31P with a classical 4 mm BB/1H dual MAS probe allowing 

spinning rates up to 10 - 14 kHz. The 13C, 15N and 31P NMR spectra were recorded by using 

cross-polarization (CP) and decoupling from protons (contact time 2 ms) while the 19F spectrum 

was obtained by direct irradiation. Before recording the spectra, it was checked that there was 

a sufficient delay between the scans allowing a full relaxation of the protons, typically 30 s in 

the present case. A 31P NMR spectrum was also recorded by direct irradiation and proton 

decoupling (recycle delay 100 s) and did not show any difference with that recorded by CP. 

13C, 15N, 19F and 31P NMR chemical shifts are given relative to external tetramethylsilane, neat 

nitromethane, fluorotrichloromethane and 85 wt. % phosphoric acid, respectively (precision 0.5 

ppm). For 31P, the isotropic chemical shift values (iso) of the three NMR species were 

determined from the position of the peaks that did not change in the spectra taken with different 

spinning rates. The analysis of the 31P MAS-NMR spectrum was carried out by using the Bruker 

program WINFIT [21]. The intensities of the side bands were computed by the method of 

Herzfeld and Berger [22]. Chemical shift anisotropy (CS) and the asymmetric parameter () 

of NMR components were then determined (Table 3). The IR spectrum was recorded in the 

4000-400 cm-1 range using a NICOLET IR 200 FT-IR infrared spectrometer. 
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2.4. Electrical measurements 

 The (C6H7FN)4(Li)2(P6O18)(H2O)6 cyclohexaphosphate powder was ground in an agate 

mortar and then pressed at 3 Tons into cylindrical pellet with 12.7 mm in diameter and 1.5 mm 

in thickness.). Complex impedance spectra were obtained using a Hewlett-Packard HP 4192 

analyzer. The impedance measurements were taken in an open circuit using two electrode 

configurations with signal amplitude of 0.5V and a frequency band ranging from         10 Hz to 

13MHz. Both pellet surfaces were coated with silver pastes electrodes while the platinum wires 

attached to the electrodes were used as current collectors. Measurements were performed at 

equilibrium potential at a temperature ranging between 75°C and 150°C. In order to obtain the 

conductivity, the resulting data was analyzed using the equivalent circuit of the Z-View 

software. 

 

3. Results and Discussion 

3.1. Structure description 

 The structural formula of (I) includes various entities: one phosphoric ring lying on an 

inversion center (0, ½ , ½), two lithium atoms, six water molecules out of which four are 

coordinated to the Li atoms and four 2-fluoroanilinium cations. The geometrical configuration 

of these species is depicted in Fig. 1.  

Through corner sharing, the phosphoric rings are linked by lithium atoms and water 

molecules generating a two dimensional inorganic framework extending along the (a, b) plane 

as shown in Fig. S1. 

The P6O18 ring anion is formed by three independent PO4 tetrahedra and adopts a chair 

conformation. The geometric features of the phosphoric ring (P-O and O-O distances, O-P-O 

and P-O-P angles) are reported in Table S1, whereas the calculated average values of their 



7 
 

distortion indices (DI) [23] are illustrated in Table S2. The P-O distances range from 1.4535(2) 

to 1.6061(2) Å with an average of 1.532 Å. In spite of these differences in P-O bond lengths, 

which can be explained by different environments of the O atoms, each PO4 tetrahedron can be 

described by regular oxygen atoms arrangement with phosphorus atom shifted of 0.117, 0.132, 

0.148 Å from the gravity centre (Table S2). Furthermore the DI(PO) = 0.039, DI(OPO) = 0.037 

and DI(OO) = 0.012 (Table S2) values show an above distortion of the O-O distances compared 

to P-O ones. The P-O-P angles values correspond to those generally observed in similar 

cyclohexaphoshates [24, 25], with the exception of the P1-O4-P2 angle of 141.50(1)°, 

significantly different from the value generally observed in such anions; this angle is associated 

with the longest P1-P2 distance (2.991(3) Å). It should be noted that these values display the 

greatest divergence observed so far. The P-P-P angles, ranging from 96.40(3) to 109.37(3) ° 

and with an average value of 104.62°, show that the rings are significantly distorted from the 

ideal three-fold symmetry. In spite of this variance, the distortion is less important if compared 

with that observed in (C8H12N)4(Li)2(P6O18)(H2O)6 [26], in which the average of the P-P-P 

angle is 107.05°. 

 Fig. S2 and Fig. 2 exhibit the complete atomic arrangement of the structure projected 

along the b and a-axis respectively. These projections show that the packing of (I) consists of 

two hybrid layers: the first one, made of inorganic [Li2P6O18·H2O]4- hetero-anions, is developed 

parallel to the (a, b) plane around z = ½, while the second one, made of organic [C6H7N]+ 

cations, is inserted in the space between the inorganic layers. 

 The two independent 2-fluoroanilinium cations (Fig. S3) have (N-C, C-C) bond lengths 

and (N-C-C, C-C-C) bond angles in the range 1.346(9)-1.528(4) Å and 108.4(3)-124.6(4)°, 

respectively, (Table 2) that agree well with those observed in similar cyclohexaphosphates such 

as in [p- (F) C6H4NH3]6P6O18 .2H2O [27]. The cations are anchored onto successive layers 

through medium/strong H-bonds involving the hydrogen atoms of the -NH3 groups, water 
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molecules and some external oxygen atoms of the P6O18 groups with N(O)...O(E,W) distances 

varying between 2.688(4) and 3.202(4) Å and H...O(E,W) distances ranging between 1.87(4) 

and 2.31(4) Å. In addition, a number of stronger N-H...F and weaker C-H…O(E) interactions, 

listed in Table S3, are observed. The two hydrogen atoms of the water molecule O(W2) act as 

a link between successive anions. 

 The lithium atoms present a tetrahedral coordination as well, being coordinated to two 

water molecules O(W) and two O atoms O(E) belonging to two P6O18
6– ring anions (Fig. S1). 

The geometrical features of the LiO4 tetrahedron show that it is as regular as the PO4 tetrahedra, 

being slightly distorted with Li-O distances ranging from 1.890(4) to 2.000(4) Å (Table S1). 

The smallest distance between two tetrahedral centers is 5.649 (1) Å.  

 

3.2. Crystal contacts 

The Hirshfeld surface was generated using MoProViewer [28] around the different 

entities of the (C6H7FN)4Li2(P6O18)(H2O)6 formula. The enrichment ratios [29] of contacts 

between the different chemical species were computed in order to highlight which contacts are 

favored and are likely to be the crystal driving force. 

Globally, hydrogen constitutes the first chemical species (40%) present on the Hirshfeld 

surface, followed by oxygen and carbon (Table 3). The Ho/n…O strong hydrogen bonds 

involving the cyclohexaphosphate, the water and the NH3
+ group are the most abundant 

interaction type and are enriched at E=2.2 (Fig. 3). The weak Hc…O hydrogen bonds are only 

slightly enriched due to competition with the Hn/o…O and Li…O stronger interactions. The 

lithium cation is mostly interacting with oxygen atoms. The P…Hn/o contacts are presumably 

enriched due to the proximity with P-O…H-O-H hydrogen bonds. 

Hydrophobic contacts are also important in the structure, as the C…C contact is the most 

enriched due to systematic … stacking between the two independent fluoro-aniline moieties. 
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The fluorine atom forms mostly hydrophobic contacts with C and Hc atoms. The C…Hc 

interactions are enriched while Hc+…Hc+ contacts are slightly under-represented as they less 

favorable from an electrostatic point of view. The two fluoro-aniline molecules have similar 

environments as their contacts proportions Cxy show a correlation of 89%. Figure 3 shows the 

second fluoro-aniline molecule with the NH3
+ group forming three hydrogen bonds with oxygen 

atoms of the cyclohexaphosphate, following a three-fold pseudo-symmetry. The NH3
+ group of 

the other organic cation interacts, on the other hand, with three different cyclohexaphosphate 

anions.   

3.3. HOMO-LUMO Analysis 

The frontier molecular orbitals, HOMO and LUMO, are the most important orbitals for 

determining the way the molecules interact with other species. The energy gap between HOMO 

and LUMO is a critical parameter to determine the charge transfer process within the molecule. 

HOMO-LUMO orbitals were calculated from the crystal data with the B3LYP/6-31+G* 

method and the Gaussian 09 program [30] and are displayed in Fig. S5. The highest occupied 

molecular orbital (HOMO) is located mainly around the phosphoric rings which behaves as an 

electron donor with a calculated energy of -3.15 eV, while the lowest unoccupied molecular 

orbital (LUMO) is concentrated on the NH3 group of one 2-fluoroanilinium cations which 

behaves as an electron acceptor (calculated energy of LUMO is -2.979 eV). The energy gap 

between the HOMO and LUMO orbitals is 0.836 eV, a value which is relatively small 

suggesting that the title compound is kinetically slowly stable and has a high chemical reactivity 

because it is energetically favorable to add electron to a high-lying LUMO and to extract 

electrons from low-lying HOMO [31]. The energy distribution of the different orbitals for the 

synthesized compound is shown in Fig. S6. 
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3.4. Molecular Electrostatic Potential analysis (MEP) 

The molecular electrostatic potential of the title compound has been computed at the 

B3LYP/6–31+G* level and is shown in Fig. 4. The molecular electrostatic potential (MEP) is 

used to predict the molecular reactive behavior towards electrophilic and nucleophilic attack 

and defined sites of the electrophile and nucleophile. The electrostatic potential maps are color-

coded and are subdivided into many regions where those various colors are used to identify 

different potentials. Intermediate potentials are assigned colors according to the following color 

spectrum: red < orange < yellow < green < blue. As seen from Fig. 4, the positive region is 

localized on the lithium atoms while the negative region is located on the oxygen of the 

phosphoric rings and the green regions are located around the organic cations. 

 

3.5. NMR results 

The 13C CP–MAS NMR spectrum of (C6H7FN)4(Li)2(P6O18)(H2O)6 is shown on Fig. 

S7. Six peaks with different intensities and line-widths are resolved, which correspond to the 

twelve crystallographically independent carbon atoms. Some peaks overlap due to the small 

chemical shift difference between them and the limited resolution power of the solid phase 

spectra. 

The 15N CP-MAS NMR spectrum of the title compound, shown in Fig. S8, is also in 

good agreement with the X-ray structure. Indeed, it exhibits two well-defined resonances at -

361.9 and -364.2 ppm corresponding to the two crystallographically independent nitrogen 

atoms, in agreement with two organic cations in the unit cell. 

Cyclohexaphosphates are formed by tetrahedra sharing two corners with neighboring 

tetrahedra (Q2 units in Lipmaa’s notation) [32], and two other ones interacting with cations. 



11 
 

According to this, the 31P isotropic chemical shift value iso are higher than those corresponding 

to monophosphates (between -10 and +5 ppm) or diphosphates (between -10 and -20 ppm) of 

alkali and alkaline-earth cations [33-37]. Chemical shift values of cyclohexaphosphates are 

similar to those obtained previously in polyphosphates, indicating that iso values are mainly 

defined by tetrahedral condensation of phosphates.  

The solid state 31P spectrum of the sample is formed by three species (Fig. S9) 

corresponding to the three crystallographically independent phosphorus atoms. As the chemical 

environments of all P-atoms are similar in the cyclohexaphosphate, resolved components must 

correspond to different crystallographic sites occupied by P-atoms. On the other hand, 

distortions of the PO4 polyhedra are responsible for the observed chemical shift anisotropies 

and for the detection of numerous spinning sidebands. The spectral domain occupied by these 

sidebands is proportional to the tetrahedral distortions. Hence, NMR patterns could be used to 

detect minor distortions. To analyze this point, experimental envelopes were deconvoluted, 

determining for each component iso, CSand (Table S4). 

The solid state 19F spectrum of the sample is formed by two components with their 

corresponding satellite spinning bands spaced at equal intervals (Fig. S10). This number of 

NMR components is consistent with the presence of two organic entities in the asymmetric unit 

of the compound as revealed by single crystal X-ray diffraction. 

Theoretical calculations with Gaussian 09 were undertaken in order to assign the NMR 

resonances to the different crystallographic non-equivalent carbon atoms of the unit cell. The 

chemical shifts calculations were made on the organic molecules only. X-ray diffraction data 

give C-H or N-H distances which are too small compared to what is usually obtained by 

theoretical calculations or neutron diffraction (typically below 0.1 nm by X-ray instead of 0.109 

nm for C-H and 0.105 nm for N-H) due to the fact that this method is not sensitive to the nuclei 
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but to the electrons and so gives values corresponding to distances between the barycenters of 

electronic charges. As a consequence, the positions of the hydrogen atoms were first optimized 

with the B3LYP/6-31+G* method, the other atoms being frozen. Then, the absolute chemical 

shifts of all atoms were calculated with Gaussian 09 using the GIAO method. Finally, the 

calculated values were calibrated relative to tetramethylsilane with exp = 0 ppm for carbon and 

Me4P+ at 24.4 ppm for phosphorus. The atoms of the organic molecule are labeled as depicted 

below:  

        

Various calculations were made: (i) the two organic molecules separately (isolated 

ligands), (ii) a system with the two organic molecules in order to determine the presence or not 

of interactions, (iii) the cyclophosphate alone, (iv) the cyclophosphate and the four Li+ ions around 

it and finally (v) a full system containing the cyclophosphate, the two organic ligands and the four Li+ 

cations (note that in that case the symmetry of the cyclophosphate was lost). 

The results are listed on Tables S5 and 6. Clearly, there is a very good agreement 

between the experimental and the theoretical values, allowing unambiguously the assignment 

of the different NMR signals, even if the calculated values for the isotropic chemical shifts are 

sometimes far away from the experimental ones. The C2 carbon atom resonates as a doublet 

because of its coupling to the fluorine atom. The signal of the C1 carbon atom is not observed 

beacause this atom is not directly bonded to an hydrogen atom. 

 



13 
 

 

 

3.6. Electrochemical characterization 

The ionic conductivity measurement was performed in air in the temperature range of 

75 °C- 150 °C. A complex plane plot of real impedance, Z’, versus imaginary impedance, -Z”, 

was prepared for the set of data. 

Impedance spectra measured between 75°C-150 °C under air with equivalent circuit is 

illustrated in Fig. S11. The data of the complex impedance spectra was fitted to the equivalent 

circuit of the Rs (R//CPE) type shown in Fig. S11, where Rs is the ohmic resistance of the 

(C6H7FN)4(Li)2(P6O18)(H2O)6 pellet and the connected elements (R// CPE). R is resistance and 

CPE is a constant phase element representing time-dependent capacitive elements [38]. 

For the impedance spectra mentioned above, the conductivity can be obtained using the 

following equation: 

𝛔 =  𝐭/𝐀  ×   𝟏/𝐑           

where t is the thickness of the sample and A is the electrode surface area. The ratio t A is the 

sample’s geometric factor. Activation energies (Ea) were calculated by fitting the conductivity 

data to the Arrhenius relation for thermally activated conduction, given by the following 

relation: 

𝛔 =
𝛔𝟎 

𝐓
 𝐞𝐱 𝐩 −

𝐄𝐚

𝐤𝐓
               

where 𝜎, T, k, Ea and 𝜎  are the conductivity, absolute temperature, Boltzmann constant, 

activation energy and a pre-exponential factor, respectively. 

Fig. 5 shows the conductivity of the (C6H7FN)4(Li)2(P6O18)(H2O)6 sample. It shows that the 

behavior of the samples is very similar to figures published by different authors [39, 40-44].  

The calculated conductivity and activation energy of this composition were equal to 4.93×10-4 

Scm-1 at 150 °C and 1.65 eV, respectively. Conductivity was higher than that found for the 
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lithium gadolinium polyphosphate [44] and also higher than what has been reported in the 

literature [42, 45]. Indeed, this value is larger than what has previously been found for numerous 

olivine-type-phase solid solutions, such as LiMPO4 (M=Ni, Mn and Co) [43]. N. Bounar et al. 

[39] reported that the conductivity of the LiTi2-xSnx(PO4)3 series synthesized by the solid state 

reaction was affected by the Sn3+ content. The ionic conductivity was of the order of 10-4–10-5 

S cm-1. Subsequently, S. Gao et al. [46] studied the effect of the B3+ amount on the ionic 

conductivity for LixB1-x/3PO4 compounds produced using a soft-chemistry route. Their studies 

revealed that the highest ionic conductivity was observed when the B content was 5% (3.35× 

10-5 S/cm at room temperature), which is lower than that for our sample, 3.67× 10-5 S/cm. 

According to Vijayan et al. [39], the conductivity of the LiNi1-xMgxPO4 and LiNi1-xCuxPO4 

series prepared by the citric acid assisted solution combustion technique was affected by the 

Mg2+ and Cu2+ content. The LiNi0.9Mg0.1PO4 and LiNi0.9Cu0.1PO4 compositions exhibit the 

highest conductivity. 

 

3.7. Vibrational analysis 

 FT-IR spectroscopy was used to verify the functional groups present in the crystal and 

to investigate their vibrational behavior in the solid state. The IR spectrum of 

(C6H7FN)4(Li)2(P6O18)(H2O)6 recorded at room temperature is illustrated in Fig. S12. It shows 

the bands corresponding to vibrations of (P6O18)6- anion OH groups and 2-fluoro-anilinuim 

cation 

 According to the previous studies of cyclohexasilicates [47, 48] and based on some 

studies carried out for previous works [49-51] and reported on similar cyclohexaphosphates 

compounds [52], we propose an attempt of assignment of the observed bands. The stretching 

P-O modes of P6O18 ring are observed in the following regions: 1350-1180 cm-1 for νas(OPO)-, 

1180-1060 cm-1 for νs(OPO)-, 1060-960 cm-1 for νas(POP) and 850-660 cm-1 for νs(POP). [53, 
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54]. For the title compound, characteristic bands at 1240 and 1081 cm-1 are related to 

asymmetric and symmetric tretching vibrations of OPO groups, while those at 968 and 763 cm-

1 are assigned to POP groups (Fig. 5). Nevertheless special cautions must be paid in attribution 

of these bands because of their possible overlapping with the stretching ν(C-C) and ν(C-N), 

δ(C-H) and γ(C-H) vibrations [55]. Frequencies below 660 cm-1 are attributed to bending, 

translation and rotation of the P6O18 anion. C-C bending and NH3 torsion may occur in this 

region.  

 The bands in the high-frequency region, between 3400 and 2500 cm-1, correspond to the 

stretching vibrations of the N-H, C-H and O-H groups interconnected by a system of hydrogen 

bonds in the crystal [56]. The band at 1644 cm-1 corresponds to δ(O-H) and δ(N-H) deformation 

vibrations. The two bands at 1570 and 1500 cm-1 are assigned to (C=C)Ar stretching vibrations 

[57, 58]. The C-C stretching vibrations of aromatic groups usually occur as associated with 

other bands below 1650 cm-1 [59].  

 

Conclusion 

The synthesis and characterization of the new organic cyclohexaphosphate, 

(C6H7FN)4(Li)2(P6O18)(H2O)6, has been described. The crystal packing is built by inorganic 

layers of [Li2P6O18·H2O]4- hetero-anions and organic ones made by [C6H7N]+ cations. The 

intermolecular cohesion is ensured by N-H…O, O–H…O, N-H…F and C-H…O hydrogen 

bonds. The enrichment ratio, derived from the Hirshfeld contact surface analysis, allows 

determining which types of contacts are over-or under-represented in crystal packing. 

Investigation of intermolecular interactions in the crystal packing reveals that the O…Hn/o 

intermolecular interactions are the most abundant contacts in the crystal packing and are 

significantly enriched. The C…C weak interactions are the most over-represented due to π…π 

stacking between the two 2-fluoroaniline rings. Weak interaction of hydrophobic nature 
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involving C, Hc and F atoms account for one quarter of contacts while contacts between the 

other more charged atoms represent half of the contact surface. The numbers of 13C, 15N, 31P 

and 19F CP-MAS NMR lines agree with the X-ray structure. DFT calculations allow the 

attribution of the NMR peaks to the independent crystallographic sites. 

 The obtained Electrochemical results show that the new (C6H7FN)4(Li)2(P6O18)(H2O)6 

organic cyclohexaphosphate may be useful in a great variety of devices such as batteries, super-

capacitors and gas sensors. 

  

Supplementary data 

Crystallographic data for the structural analysis have been deposited at the Cambridge 

Crystallographic Data Centre, CCDC No1816761. These data can be obtained free of charge 

via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the CCDC, 12 Union Road, 

Cambridge, CB2 1EZ, UK: fax: (+44) 01223-336-033; e-mail: deposit@ccdc.cam.ac. 
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Fig. 1  ORTEP view of (I). Displacement ellipsoids are drawn at the 40% probability level 
and H atoms are shown as small spheres of arbitrary radii. [Symmetry codes: (i) x+1, y, z, (iii) 

–x, 1-y, 1-z, (vi) –x-1, -y, 1-z] 

 

 

 

Fig. 2 

Atomic arrangement of the title compound projected along the a-axis. 
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Fig. 3  Hirshfeld surface around the cylohexaphosphate moiety along with an interacting 
fluoroaniline cation. (a) colored according inner atoms, oxygen: red, phosphorus: yellow. 

(b) colored according to O…X contact. 

     

 

Fig. 4 

Molecular Electrostatic Potential maps of the title compound. 
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Fig. 5 

Arrhenius plots and activation energies of (C6H7FN)4(Li)2(P6O18)(H2O)6 sample. 
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Table 1. The crystal data and experimental parameters used for the intensity data collection. 

Procedure and final results of the structure determination. 

Empirical formula     C24H40F4Li2N4O24P6 

Formula weight [g mol-1]    522.15 

Crystal color, habit     pink, block 

Crystal temperature [K]    293(2) 

Crystal size [mm3]     0.204 × 0.306 × 0.463 

Radiation, wavelengthÅ]    MoKα, 0.71073 

Crystal system     triclinic 

Space group      P-1 

Unit-cell dimensions:     

a, b, c [Å]      9.839(8), 10.715(8), 11.344(9) 
, [°]      83.75(3), 88.00(3), 63.82(3) 
Volume [Å3]      1066.8(15) 

Z       2 

Density calc. [g cm-3]     1.626 

Reflections for cell determination   25 

 range for unit cell determination [°]  8-10 

Absorption coefficient [mm-1]   0.359 

F(000)       536 

-Range for data collection [°]   2.307 to 30.875 

Limiting indices      -14 ≤ h ≤ 13, -15 ≤ k ≤ 15, -16 ≤ l ≤ 16 

Reflections collected/unique    48403/5642 (Rint = 0.03) 

Refinement method     Full-matrix least-squares on F2 

Data, restrains, parameters (I > 2 )   6517, 0, 337  

Goodness-of-fit on F2     1.025 

R indices (all data, on F2)    R = 0.0520, wR = 0.1110 

 (min, max) [e Å-3]     -0.669 and 0.961 
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Table 2. Selected bond lengths (Å) and bond angles (°) in the organic groups. 

 [C6H7FN(1)]+ group 
 F1 - C2 1.370(3)  C2 - C1 - C6  120.6(2) 
 N1 - C1 1.438(3)  C2 - C1 - N1  118.6(2) 
 C1 - C2 1.373(3)  C6 - C1 - N1  120.8(2) 
 C1 - C6 1.398(3)  F1 - C2 - C1  118.7(2) 
 C2 - C3 1.375(4)  F1 - C2 - C3  121.0(3) 
 C6 - C5 1.367(4)  C1 - C2 - C3  120.3(3) 
 C3 - C4 1.381(5)  C5 - C6 - C1  119.3(3) 
 C4 - C5 1.371(5)  C2 - C3 - C4  118.3(3) 
      C5 - C4 - C3  122.3(3) 
      C6 - C5 - C4  119.3(3)  
      
 [C6H7FN(2)]+ group 
 F2 - C12 1.349(3)  C12 - C7 - C8  119.9(2) 
 N2 - C7 1.449(3)  C12 - C7 - N2  119.4(2) 
 C7 - C12 1.382(3)  C8 - C7 - N2  120.7(2) 
 C7 - C8 1.389(4)  F2 - C12 - C11 119.4(2) 
 C12 - C11 1.369(4)  F2 - C12 - C7  119.2(2) 
 C8 - C9 1.376(4)  C11 - C12 - C7 121.4(3) 
 C9 - C10 1.377(5)  C9 - C8 - C7  119.0(3) 
 C11 - C10 1.377(5)  C8 - C9 - C10  119.9(3) 
      C12 - C11 - C10 118.0(3) 
      C11 - C10 - C9 121.7(3) 
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Table 3. Chemical proportions on the Hirshfeld surface, % contact types and their enrichment 

ratios. N chemical species, whose content is negligible on the surface, was ommitted. The major 

interaction types and the most enriched are in bold. The hydrogen atoms (Ho/n and, Hc) bound to 

O/N and C are distinguished, as their electrostatic properties are different. 

atom Ho/n Li O P F C Hc 

Surface % 23.8 9.2 16.1 22.2 5.3 6.6 16.6 
Ho/n 1.9 

  
   

 
Li 4.6 0.0 

 
  contacts (%) 

O 23.2 10.2 0.1    Cxy 
 

P 8.1 2.3 0.0 0.0   
 

F 2.3 0.2 0.5 0.1 0.0  
 

C 1.3 0.3 0.7 0.6 4.2 8.4 
 

Hc 4.3 0.9 9.6 2.2 3.4 8.3 2.3 

Ho/n 0.33 
  

   
 

Li 1.02 0.00 
 

 Exy  
 

O 2.20 2.41 0.01       
 

P 2.58 1.77 0.01 0.00   
 

F 0.90 0.19 0.22 0.08 0.00  
 

C 0.18 0.10 0.10 0.26 2.47 3.25 
 

Hc 0.54 0.28 1.30 1.01 1.91 1.55 0.84 

 

 


