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Copper-Fluorenephosphonate Cu(PO 3 -C 13 H 9 )•H 2 O: A Layered Antiferromagnetic Hybrid

), b = 7.5476(5), c = 22.3702(16) Å, β = 97.794(3)°, V = 1254.23(15) Å 3 , Z = 4]. Its lamellar structure consists of alternating organic and inorganic layers. Its organic sub-network is made up of a double layer of fluorene molecules, and its inorganic layer is composed of copper(II) dimers connected to phosphonate groups. In the

Introduction

Considerable research effort has been devoted to the synthesis of crystalline hybrid materials over the last decades as a result of their numerous applications, which include, to mention but a few, bio-imaging, [1] gas storage, [2] proton conduction, [3] luminescence, [4] bactericidal properties [5] and other bioapplications. [6] In addition, the properties of these hybrid materials can be tuned by modifying the structure of either the organic part or the inorganic network. [7] In recent years, we have reported on the use of rigid organic precursors, [8] with at least one phosphonic acid functional group to act as a linking group between the organic moiety and the inorganic network, [9] for the synthesis of crystalline hybrid materials. We have previously reported on the development of non-centrosymmetric hybrids [10,11] and thermally stable luminescent materials [12] based on this type of rigid organic precursor. In these studies, the rigidity of the organic moiety results from the presence of a benzene or thiophene ring and is due to the fact that the phosphonic acid functional group is directly bonded to the aromatic ring. How-266 structure, the neighbouring fluorenyl planes are almost orthogonal to each other, which indicates the absence of π stacking. A study of its magnetic properties, performed on a polycrystalline powder sample, showed antiferromagnetic interactions between the spin carriers without any ordering down to 1.8 K. The interactions between the two copper(II) species within the dimers were evaluated at J = -6.13(5) cm -1 with respect to the spin Hamiltonian H = -JS Cu1 S Cu2 . A fluorescence study under excitation at 266 nm showed the disappearance of fluorescence emission in the solid state. This has been attributed to fluorescence quenching by the metallic counterpart. ever, we have never explored the use of rigid molecules possessing an extended rigid core as an organic platform for the construction of hybrid materials. Fluorene, which was selected as a rigid organic building block for the study reported herein, was previously used after its functionalization with pyridyl moieties to produce Cu II - [13] and Ni II -based [14] metal-organic framework (MOF) materials. Spiro-bis-fluorene functionalized with four carboxylic acid groups has also been used to produce Cu IIbased MOF materials. [15] These materials adsorb neutral molecules (e.g., H 2 , N 2 [15] or I 2 [14] ) or anionic species (e.g., halides [13] ). Finally, 2,7-fluorenonediphosphonic-based materials have very recently been reported. The copper-coordinated 2,7fluorenonediphosphonic complex also included 2,2′:6′:2′′-terpyridine as a ligand. [16] To the best of our knowledge, fluorenephosphonic acid has never been used to produce metal-organic framework materials without an additional ligand. We report herein the synthesis of fluorene-2-phosphonic acid (2) and its reaction with copper salts in hydrothermal synthesis to produce the hybrid material Cu(O 3 P-C 13 H 9 )•H 2 O (3). Its structure was established by single-crystal X-ray diffraction analysis. The magnetic and fluorescent properties of this hybrid material 3 are also reported.

Results and Discussion

2-Bromofluorene (Scheme 1), which is easily prepared by bromination [17] of fluorene (it is also commercially available), was used as the substrate. The first step consisted of the incorporation of the phosphonate moiety by the nickel-assisted Arbuzov reaction [18] (Tav's method [19] ). Accordingly, the expected phosphonate 1 was isolated in 91 % yield (NMR data are presented in Figure S1 in the Supporting Information). In the last step, the diethyl phosphonate group was hydrolysed in concentrated HCl to produce fluorene-2-phosphonic acid (2) in 96 % yield (NMR data are presented in Figure S2). Fluorene-2-phosphonic acid (2) was then treated with Cu(NO 3 ) 2 •3H 2 O under hydrothermal synthesis conditions at 180 °C for 24 h, after which the temperature was slowly decreased to room temperature over 24 h to favour the formation of turquoise-blue crystalline samples of 3.

TGA was performed on a polycrystalline sample of compound 3 in air to study the weight loss as a function of temperature (Figure 1). The recorded curve can be decomposed into three parts. The compound exhibits thermal stability from room temperature to 156 °C, at which the first plateau is observed. From 156 to 195 °C, a first weight loss of 5.3 wt.-% is observed, which can be attributed to the loss of the single water molecule coordinated to the copper atom (theoretical value: 5.5 wt.-%) leading to a compound of formula CuPO 3 C 13 H 9 . A second plateau is then observed from 195 to 360 °C, showing the remarkable thermal stability of the dehydrated phosphonate. Powder X-ray diffraction (PXRD) analysis at room temperature after drying of the compound at 200 °C for 2 h in a flow of air revealed a disordered lamellar structure (see Figure SI3 in the Supporting Information). Above 360 °C, a series of weight losses are observed, corresponding to the decomposition of the organic precursor, to give, at 1000 °C, a final weight loss of 53.6 wt.-% [theoretical value 53.8 % for the formula Cu(PO 3 -C 13 H 9 )•H 2 O], which corresponds to the formation of the purple copper phosphate Cu 2 P 2 O 7 . This final compound was unambig- uously identified by PXRD (see Figure S4). Elemental analysis (see the Exp. Sect.) confirmed the suggested formula Cu(PO 3 -C 13 H 9 )•H 2 O (3).

The crystal data for Cu(PO 3 -C 13 H 9 )•H 2 O (3; M = 325.74 g mol -1 ) are presented in Table 1. This compound crystallizes in the space group P2 1 /a (no. 14) with the following parameters: a = 7.4977( 5), b = 7.5476(5), c = 22.3702( 16) Å, β = 97.794(3)°. This sample is monophasic, as shown by its powder X-ray diffraction pattern (see Figure S5 in the Supporting Information). 

-C 13 H 9 )•H 2 O (3). Formula Cu(PO 3 -C 13 H 9 )•H 2 O (3) Emprical formula C 13 H 11 CuPO 4 M [g mol -1 ]
325.74 Crystal system monoclinic Space group

P2 1 /a T [°C] 18 a [Å] 7.4977(5) b [Å] 7.5476(5) c [Å]
22.3702( 16)

β [°] 97.794(3) Z 4 V [Å 3 ] 1253.23(15) λ [Å] 0.71073 ρ [g cm -3 ] 1.666 μ [mm -1 ]
1.872 F( 000 Cu(PO 3 -C 13 H 9 )•H 2 O (3) exhibits a layered structure built up of alternating organic and inorganic slices parallel to (001) (Figure 2). Each organic slice consists of a double layer of fluorene molecules that lie parallel to the c axis; van der Waals interactions between the two fluorene layers ensure the cohesion of the structure. The two-dimensional inorganic sub-network [Cu-PO 3 ] ∞ is similar to that previously observed in the hydrated alkyl phosphonates Cu(PO 3 -CH 3 )•H 2 O, [20] [22] It is constructed of isolated copper(II) Cu 2 O 6 (H 2 O) 2 dimeric units interconnected through single PO 3 C tetrahedra (Figure 3). Similar topologies have also been observed in layered copper phosphonates based on 4-(3-bromothienyl)phosphonic acid and 5-(2-bromothienyl)phosphonate. [21] Each dimeric unit consists of two edge-sharing CuO 3 (H 2 O) pyramids and shares six oxygen apices with four PO 3 C groups and has two free apices occupied by H 2 O. The Cu-O distances range from 1.9549 to 2.3832 Å, and the O-Cu-O bond angles range from 81.51 to 170.04°(see Tables S1 andS2 in the Supporting Information; the atom labelling is shown in Figure S6). The distance between two oxygen atoms forming the pyramid is 3.0632 Å, and the distance between two copper atoms forming dimers is 3.1020 Å. The PO 3 C groups are directed towards the outside of the inorganic slice and maintain the fluorene moiety parallel to the c axis. Unlike the hydrated Cu(PO 3 - It is worth noting that compound 3 is isostructural with [20,22] Thus, the rigidity of the fluorenyl moiety, which contrasts with the flexibility of the alkyl chains in Cu[PO 3 -(CH 2 ) n CH 3 ]•H 2 O, has no effect on the topology of the inorganic network. It can be suggested, as previously observed for rigid precursors, [7] that the rigidity of the organic moiety would more likely modulate the structure of the inorganic part when it is functionalized with at least two functional groups that can be engaged in ion-covalent bonds with the inorganic network.

Cu(PO 3 -CH 2 CH 3 )•H 2 O and Cu(PO 3 -CH 2 CH 2 CH 3 )•H 2 O.
Cu[PO 3 -(CH 2 ) n CH 3 ]•H 2 O (n = 0, 1, 2).
Next, we assessed the magnetic properties of compound 3. As already mentioned, the inorganic layer of Cu(PO 3 -C 13 H 9 )•H 2 O exhibits a structure similar to those of the hydrated copper(II) alkyl phosphonates of general formula Cu[PO 3 -(CH 2 ) n CH 3 ]•H 2 O. In Cu(PO 3 -C 13 H 9 )•H 2 O, the aliphatic chains of Cu[PO 3 -(CH 2 ) n CH 3 ]•H 2 O are simply replaced by fluorene molecules acting as spacers. The magnetic interactions in copper alkyl phosphonates have already been described by Le Bideau et al. [23] and Chausson et al. [22] Both groups took into account the structure of the inorganic layers made of isolated copper(II) Cu 2 O 8 dimeric units connected through tetrahedral PO 3 C phosphonates. The large distances between two isolated dimers cannot allow direct exchange, and the super-exchange path was neglected: these main features logically led to the conclusion that the copper(II) dimeric units are magnetically isolated. Here, similar considerations were adopted to describe the magnetic behaviour of Cu(PO 3 -C 13 H 9 )•H 2 O.

The variations in the susceptibility χ and χT product as a function of temperature for Cu(PO 3 -C 13 H 9 )•H 2 O under a magnetic field of 100 Oe are presented in Figure 4. The data (χ and χT simultaneously) are fitted by Bleaney-Bowers' law [24] by using the following spin Hamiltonian Equation (1) in which all parameters have their usual meaning, and the spin operator S is defined as S = S Cu1 + S Cu2 .

H = -JS Cu1 S Cu2 + gβHS (1)
The fit leads to the following values: J = -6.13(5) cm -1 and g = 2.23(2) with an agreement factor R = 1 × 10 -4 . [25] These values are in very good agreement with those found by Le Bideau et al. [23] Fluorescence Optical experiments (absorbance and photoluminescence) were performed on both compounds 2 and 3. The measured absorbance decreases as the energy increases (see Figure S7 in the Supporting Information). As no peaks could be observed for either compound it is difficult to assume the involvement of radiative phenomena.

The fluorescence spectra of 2 and 3 were measured in the range 2.0-3.5 eV. The spectrum of fluorenephosphonic acid 2 (measured in methanol solution) shows that the organic ligand is luminescent: one broad peak is observed at 3.04 eV with a full width at half maximum (FWHM) of 0.28 eV. The maximum energy is close to that obtained for similar compounds [26] and can be attributed to π-π* transitions (see Figure S8 in the Supporting Information). The intensity increases from 3.25 to 3.50 eV, but cannot be explained due to the limitations of the set-up.

In contrast, Cu(PO 3 -C 13 H 9 )•H 2 O (3) is not fluorescent: it seems that the addition of Cu 2+ to the organic moiety completely quenches the emission peak. This phenomenon has previously been evidenced for Cu 2+ complexes featuring fluorophore moieties. [27] Photoinduced electron-transfer mechanisms are usually invoked to explain such a quenching. [28] 

Conclusions

Fluorene-2-phosphonic acid [(HO 2 )PO-C 13 H 9 , 2] has been synthesized in two steps from 2-bromofluorene. This compound, which is a rigid arenephosphonic acid due to the presence of the phosphonic acid group directly bonded to the aromatic ring, was used for the preparation of the copper-based hybrid material Cu(PO 3 -C 13 H 9 )•H 2 O (3). Despite the significant size of the aromatic part (the fluorenyl moiety), the crystal structure of 3 indicates the absence of π stacking within this material. Interestingly, the inorganic layer of material 3 is similar to those observed for copper alkyl phosphonates, which indicates that the rigidity of the organic precursor has no effect on the topology of the inorganic network. This result is likely explained by the fact that the rigid fluorene moiety is functionalized by only one phosphonic acid group. A magnetic study of compound 3 revealed antiferromagnetic properties, and a fluorescence study revealed the complete quenching of the fluorescence emission of 3 [Cu(PO 3 -C 13 H 9 )•H 2 O] due to the presence of copper atoms. Altogether, these results invite the investigation of materials synthesized from di-or polyfunctionalized fluorenes to evaluate the impact of the rigidity of the fluorene moieties on the topology of the materials and consequently on their properties.

Experimental Section

General: Elemental analyses were recorded with an automatic CHNS-O Thermo-Quest NA 2500 apparatus. The IR spectrum of a turquoise-green polycrystalline sample of 3 (2 wt.-% diluted in KBr) was recorded with a Perkins-Elmer spectrometer working in transmittance mode in the range 450-4000 cm -1 at an optical resolution of 4 cm -1 and with a Nicolet Nexus (FTIR) spectrometer in ATR mode in the range of 200-4000 cm -1 for 1 and 2. Thermogravimetric analyses were performed with a SETARAM TGA 92 apparatus on a polycrystalline powder sample of Cu(PO 3 -C 13 H 9 )•H 2 O with a heating rate of 3 °C min -1 from room temperature to 1000 °C under air. Magnetic susceptibility measurements (zero-field-cooled and field-cooled) were performed on a polycrystalline powder by using a Quantum Design Squid-VSM magnetometer from 2 to 300 K under an applied field of 100 Oe. All compounds were fully characterized by NMR spectroscopy using Bruker AC 300, Avance DRX 400 and Avance DRX 500 spectrometers [ 1 H (500, 400 or 300 MHz), 31 P (162 or 121.5 MHz), 13 C (125.8 or 75.5 MHz)]. Chemical shifts δ are given in ppm, and coupling constants J are given in Hz. The following abbreviations are used: s singlet, d doublet, t triplet, q quadruplet, m multiplet, dt doublet of triplets. Mass spectra were recorded with a Shimadzu LCMS-2020 spectrometer in electrospray induction (ESI) mode in MeOH. 2-Bromo-9H-fluorene was purchased from a commercial source (TCI) and used without further purification. The experimental data for analyses are available in the Supporting Information (see Figures S8 andS9).

Synthesis of the Organic Molecules

Diethyl 9H-Fluorene-2-phosphonate (1): NiBr 2 (1.34 g, 6.12 mmol, 6 %), 2-bromofluorene (25 g, 102.0 mmol) and mesitylene (30 mL) were placed under nitrogen and heated at 165 °C for 10 min. Triethyl phosphite (22 mL, 127.5 mmol, 1.25 equiv.) was added carefully (the reaction is highly exothermic!) to this solution by a slow and discontinuous dropwise addition. At the end of the addition, the reaction mixture was stirred at 165 °C for a further 5 h. After cooling, the excess triethyl phosphite and mesitylene were removed by distillation under vacuum (ca. 0.1 mbar). The resulting mixture was dissolved in dichloromethane (100 mL) and mixed with water (300 mL) at room temperature overnight. The resulting two layers were separated, and the organic layer was washed with water (2 × 200 mL). The aqueous phase was extracted with dichloromethane (3 × 200 mL). The organic layers were combined, dried with MgSO 4 and concentrated under reduced pressure to yield a clear oil. The crude product was purified by silica gel column chromatography (CH 2 Cl 2 ) to yield a white powder. Residual triethyl phosphate (formed as a side-product) was removed by Kugelrohr distillation (100 °C, 10 -2 Torr) to yield compound 1 in 91 % yield (28.0 g). M.p. 70 °C. R f (CH 2 Cl 2 /MeOH, 98:2) = 0.24. 1 H NMR (CDCl 3 , 400 MHz): δ = 1.34 (t, J = 6.8 Hz, 6 H, CH 3 ), 3.94 (s, 2 H, CH 2 ), 4.05-4.22 (m, 4 H, CH 2 ), 7.36 (td, J = 7.2, J = 1.2 Hz, 1 H, H ar ), 7.40 (t, J = 6.8 Hz, 1 H, H ar ), 7.80-7.87 (m, 3 H, H ar ), 8.00 (d, J = 12.8 Hz, 1 H, H ar ) ppm. 31 P NMR (CDCl 3 , 162 MHz): δ = 20.4 ppm. 13 C NMR (CDCl 3 , 125 MHz): δ = 16.4 (d, J = 6.8 Hz, CH 3 ), 36.9 (CH 2 ), 62.0 (d, J = 5.3 Hz, CH 2 ), 119.8 (d, J = 16.6 Hz, CH ar ), 120.7 (CH ar ), 125.2 (CH ar ), 125.9 (d, J = 188.7 Hz, C q ), 127.0 (CH ar ), 128.0 (CH ar ), 128.4 (d, J = 10.5 Hz, CH ar ), 130.6 (d, J = 10.5 Hz, CH ar ), 140.5 (C q ), 143.1 (d, J = 16.6 Hz, C q ), 143.9 (C q ), 145.8 (C q ) ppm. 9H-Fluorene-2-phosphonic Acid (2): Compound 1 (25 g, 82.7 mmol) was dissolved in concentrated hydrochloric acid (12 M, 200 mL) and the solution stirred at reflux overnight. The resulting precipitate was filtered and dried under vacuum in a Kugelrohr apparatus (75 °C, 10 -2 Torr) to yield an off-white powder (1.81 g, 96 %). M.p. >260 °C. 1 H NMR (D 2 O + K 2 CO 3 , 400 MHz): δ = 3.97 (s, 2 H, CH 2 ), 7.37 (t, J = 7.2 Hz, 1 H, H ar ), 7.43 (t, J = 7.2 Hz, 1 H, H ar ), 7.64 (d, J = 7.2 Hz, 1 H, H ar ), 7.75 (dd, J = 8.2, J = 11.6 Hz, 1 H, H ar ), 7.87 (dd, J = 8.2, J = 2.4 Hz, 1 H, H ar ), 7.91 (t, J = 11.6 Hz, 2 H, H ar ) ppm. 31 P NMR (D 2 O + K 2 CO 3 , 162 MHz): δ = 12.3 ppm. 13 C NMR (D 2 O + K 2 CO 3 , 125 MHz): δ = 39.3 (CH 2 ), 121.9 (d, J = 13.6 Hz, CH ar ), 122.9 (CH ar ), 128.2 (CH ar ), 129.8 (CH ar ), 129.8 (d, J = 9.0 Hz, CH ar ), 130.0 (CH ar ), 131.8 (d, J = 9.8 Hz, CH ar ), 142.4 (d, J = 166.8 Hz, C q ), 143.8 (C q ), 144.1 (d, J = 3.0 Hz, C q ), 145.7 (d, J = 13.6 Hz, C q ), 146.9 (C q ) ppm. MS 

Hydrothermal Synthesis of Cu(PO 3 -C 13 H 9 )•H 2 O (3):

The inorganic precursor Cu(NO 3 ) 2 •3H 2 O was commercially (Sigma-Aldrich) obtained, and the organic ligand was synthesized as described previously. Both precursors were used without further purification in the hydrothermal synthesis process. A mixture of 1 equiv. of Cu(NO 3 ) 2 •3H 2 O (241.60 g mol -1 , 0.202 mmol, 0.049 g), 1 equiv. of 9H-fluorene-2-phosphonic acid (246.04 g mol -1 , 0.203 mmol, 0.05 g), and 1 equiv. of urea (60.06 g/mol, 0.19 mmol, 0.012 g) was dissolved in deionized water (15 mL) and placed in a 20 mL polytetrafluoroethylene (PTFE) liner. The liner was transferred to a Berghof DAB-2 digestive vessel and heated from room temperature to 180 °C in 24 h, maintained at 180 °C for 24 h and then cooled to room temperature over 24 h. The final product obtained as turquoise-blue crystallites was filtered, washed with water and ethanol and dried in air. Yield: 65 %. IR (KBr): ν ˜= 3279. 22 

X-ray Diffraction:

A suitable single crystal of Cu(PO 3 -C 13 H 9 )•H 2 O was selected, and an X-ray diffraction experiment was performed at room temperature using Mo-K α radiation produced with a microfocus Incoatec Iμ sealed X-ray tube of a Bruker-Nonius Kappa CCD diffractometer equipped with an Apex2 CCD detector. The Olex2 [29] suite was used for structural analysis; a preliminary model was determined by using the "charge flipping" algorithm included in the Superflip program. [30] Refinement was performed by using SHELXL; [31] the analysis of the electronic residue allowed the location of all the missing atomic sites. Harmonic atomic displacement parameters were considered for Cu, P, O and C atoms. Hydrogen atoms were geometrically added. All refinement details are summarized in Table S1 in the Supporting Information. PXRD was performed with an XpertPro diffractometer equipped with a PIXcel detector using Cu-K α radiation. The data were collected at room temperature from 2.5 to 80°(2θ angular range) in steps of 0.01313°. Further details on the crystal structure investigation may be obtained from Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany (fax: +49-7247-808-666; e-mail: crysdata@ fiz-karlsruhe.de), on quoting the depository number CSD-430186.

CCDC 430186 (for XX1) contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre.

Characterization: Absorbance measurements were performed by using a Perkin-Elmer Lambda 1050 spectrophotometer in transmission mode. Powder samples were deposited on Suprasil ® glass slides as optically inactive sample holders. Fluorescence measurements were carried out by using a Lock-in home-built set-up. A 266 nm excitation CryLas CW laser was used as excitation source with a power of 25 mW mm -2 . Fluorescence emission collected by lens was dispersed by means of a Horiba Jobin-Yvon TRIAX180 monochromator. The signal was collected at the exit slit of the monochromator with a Hamamatsu R5108 PM tube and recorded with a computer by means of a Stanford Research SRS830 Lock-in amplifier referenced to the 266 nm laser-chopped frequency. Samples for fluorescence measurements were prepared by placing the powder between to Suprasil ® glass slides.

Scheme 1 .

 1 Scheme 1. Synthesis of fluorene-2-phosphonic acid (2).

Figure 1 .

 1 Figure 1. TGA curve of Cu(PO 3 C 13 H 9 )•H 2 O from 25 to 1000 °C under air recorded at a heating rate of 3 °C min -1 .

Figure 2 .

 2 Figure 2. Structural representation of the stacking of organic and inorganic sub-networks of Cu(PO 3 -C 13 H 9 )•H 2 O viewed along (a) the a axis and (b) the b axis.

Figure 3 .

 3 Figure 3. Structural representation of inorganic sub-networks of Cu(PO 3 -C 13 H 9 )•H 2 O viewed along the c axis: (a) without the fluorene molecules and (b) with the fluorene molecules organized in a herringbone pattern running along the a axis.

Figure 4 .

 4 Figure 4. χ (black circles) and χT (red squares) as a function of temperature for compound 3 under a magnetic field of 100 Oe. Full green lines correspond to the best fit of the data (see text).

  IR: ν ˜= 958 (C-O), 1022 (P-O), 1237 (P=O), 2981 (C-H) cm -1 . MS (ESI): m/z = 303.05 [M + H] + , 605.25 [2 M -H] + , 630.20 [2 M + H + Na] + .

  (ESI): m/z = 247.00 [M + H] + ,493.10 [2 M + H] + . IR: ν ˜= 935 (C-O), 1060 (P-O), 1184 (P=O), 2000-3000 (O-H) cm -1 .

Table 1 .

 1 Crystal data, intensity measurement and structure refinement for Cu(PO 3
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