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Abstract

:

In this paper, the bromo- and phosphonate-ester-functionalized complexes [Zn(1)2][CF3SO3]2 and [Zn(2)2][CF3SO3]2 (1 = 4′-(4-bromophenyl)-2,2′:6′,2″-terpyridine, 2 = diethyl (4-([2,2′:6′,2″-terpyridin]-4′-yl)phenyl)phosphonate) are reported. The complexes have been characterized by electrospray mass spectrometry, IR and absorption spectroscopies, and multinuclear NMR spectroscopy. The single-crystal structures of [Zn(1)2][CF3SO3]2.MeCN.1/2Et2O and [Zn(2)2][CF3SO3]2 have been determined and they confirm {Zn(tpy)2}2+ cores (tpy = 2,2′:6′,2″-terpyridine). Ongoing from X = Br to P(O)(OEt)2, the {Zn(4′-XC6H4tpy)2}2+ unit exhibits significant “bowing” of the backbone, which is associated with changes in packing interactions. The [Zn(1)2]2+ cations engage in head-to-tail 4′-Phtpy...4′-Phtpy embraces with efficient pyridine...phenylene π-stacking interactions. The [Zn(2)2]2+ cations pack with one of the two ligands involved in pyridine...pyridine π-stacking; steric hindrance between one C6H4PO(OEt)2 group and an adjacent pair of π-stacked pyridine rings results in distortion of backbone of the ligand. This report is the first crystallographic determination of a salt of a homoleptic [M{4′-(RO)2OPC6H4tpy}2]n+ cation.
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1. Introduction


The oligopyridines are archetypal metal-binding domains used as scaffolds for numerous functional architectures [1,2,3]. 2,2′:6′,2″-Terpyridines (tpy) are of particular interest as they are particularly readily accessible through simple synthetic procedures [4], and improvements to synthetic procedures continue to be reported [5]. Furthermore, implementations of oligopyridine ligands to novel target technologies continue to emerge, including optoelectronic devices [6,7]. Dye-sensitized solar cells (DSCs) utilize metal complexes as sensitizers for semiconductors [8] and the vast majority incorporate oligopyridine ligands [9]. The binding of the complex to the surface is through an anchoring ligand [10], which is typically an oligopyridine bearing carboxylic acid groups. Phosphonic acid anchoring groups have been shown to bind more strongly to semiconductor oxide surfaces than carboxylic acids and we have been particularly interested in the use of the phosphonic acid anchoring ligands shown in Scheme 1. The phosphonic acid anchor has been shown to be effective in complexes containing {Ru(bpy)2(C^N)}+ [11,12], {Cu(bpy)2}+ [13,14], and {Zn(tpy)2}+ [15,16] cores (C^N = a cyclometallating ligand such as the conjugate base of 2-phenylpyridine, bpy = 2,2′-bipyridine), and we have demonstrated that, in copper-based dyes, the presence of both a 1,4-phenylene spacer between a bpy metal-binding domain and the phosphonic acid is beneficial to DSC performance [17]. The tpy derivative shown in Scheme 1 has been used in a number of {Ru(tpy)2}+- and {Zn(tpy)2}+-based dyes [15,16,17,18,19,20,21,22], and theoretical studies indicate that the presence of the 1,4-phenylene spacer enhances the rate of electron-transfer across the dye/semiconductor interface [23].



Despite the interest in sensitizers based on polypyridine metal complexes incorporating phosphonic acid anchors, there is remarkably little crystallographic data available to provide insights into structural details, in particular, packing interactions that may influence aggregation of the surface-adsorbed species. A search of the CSD (v. 5.40, November 2018 [24] for metal-bonded {4′-O3P-tpy} or {4′-O3P-C6H4tpy} units gave surprisingly few hits [25,26,27,28,29,30,31,32], with only one featuring a 1,4-phenylene spacer [32]. It is also interesting to note that all of the reported structures relate to phosphonate esters rather than the parent phosphonic acids, and that the majority of the studies were motivated by application of the complexes as logic gates, photosensitizers, and catalysts. Here, we report the syntheses and single-crystal structures of the two zinc(II) complexes [Zn(1)2][CF3SO3]2 and [Zn(2)2][CF3SO3]2 (where ligands 1 and 2 are defined in Scheme 2) and investigate the effects that the phosphonate ester group has on intermolecular interactions in the solid state.




2. Materials and Methods


2.1. General


1H, 13C, and 31P NMR spectra were recorded on a Bruker Avance III-500 spectrometer (Bruker BioSpin AG, Fällanden, Switzerland) at 298 K. The 1H and 13C NMR chemical shifts were referenced with respect to residual solvent peaks (δ TMS = 0), and 31P shift with respect to 85% aqueous H3PO4. A Shimadzu LCMS-2020 instrument (Shimadzu Schweiz GmbH, Roemerstr., Switzerland) was used to record electrospray ionization (ESI) mass spectra. Solution absorption spectra were measured using a Cary 5000 spectrophotometer (Agilent, Lautengartenstr. 6, Basel, Switzerland). Solid-state IR spectra were recorded using a Perkin Elmer UATR Two spectrometer (Perkin Elmer, Bahnstrasse 8, Schwerzenbach, Switzerland).



Compound 1 was prepared by the one-pot method of Wang and Hanan [33], and compound 2 was prepared from 1 by the method reported in [34].




2.2. [Zn(1)2][CF3SO3]2


A solution of Zn(CF3SO3)2 (155 mg, 0.426 mmol) in MeCN (10 mL) was added to a solution of the 1 (347 mg, 0.895 mmol) in MeCN (10 mL). The reaction mixture was heated at 55 °C for 15 h and then the product was precipitated from the colourless solution by the addition of Et2O. The precipitate was collected by filtration, washed with cold CH2Cl2 and Et2O, and dried under vacuum. [Zn(1)2][CF3SO3]2 was isolated as a white microcrystalline solid (437 mg, 0.383 mmol, 89.9%). Slow diffusion of Et2O into a solution of the complex in MeCN gave colourless single crystals suitable for X-ray crystallography. 1H NMR (CD3CN, 500 MHz) δ/ppm: 8.98 (s, 4H, HB3), 8.72 (dt, J = 8.1, 1.0 Hz, 4H, HA3), 8.43 (td, J = 7.8, 1.6 Hz, 4H, HA4), 8.13 (m, 4H, HC2), 7.95 (m, 4H, HC3), 7.88 (m, 4H, HA6), 7.42 (m, 4H, HA5). 13C NMR (CD3CN, 126 MHz) δ/ppm: 156.1 (CB4), 150.9 (CA2/B2), 149.0 (CA6), 148.8 (CA2/B2), 142.2 (CA4), 136.3 (CC1), 133.7 (CC3), 130.9 (CC2), 128.5 (CA5), 126.3 (CC4), 124.2 (CA3), 122.5 (CB3). ESI-MS (MeOH, positive mode): m/z 990.90 [M − CF3SO3]+ (calcd. 990.95), 421.60 [M − 2CF3SO3]2+ (calcd. 421.00). UV-VIS (CH3CN, 2.25 × 10−4 mol·dm−3) λmax (ε) 235 (25700). 256 (sh, 20900), 282 (sh, 32300), 289 (35300), 311 (sh, 25600), 329 (20700), 341 nm (16,800 dm3·mol−1·cm−1). IR (see Figure S1). C44H28Br2F6N6O6S2Zn requires C 46.36, H 2.48, N 7.37; found C 45.57, H 3.17, N 7.30%.




2.3. [Zn(2)2][CF3SO3]2


The method was as for [Zn(1)2][CF3SO3]2 but starting with Zn(CF3SO3)2 (59.6 mg, 0.164 mmol) and 2 (445 mg, 0.337 mmol). [Zn(2)2][CF3SO3]2 was isolated as a white microcrystalline solid (190 mg, 0.152 mmol, 92.7%). X-ray quality crystals were grown by slow diffusion of Et2O into an MeCN solution of [Zn(2)2][CF3SO3]2. 1H NMR (CD3CN, 500 MHz) δ/ppm: 9.00 (s, 4H, HB3), 8.72 (dt, J = 8.1, 1.0 Hz, 4H, HA3), 8.29 (m, 4H, HC2), 8.18 (td, J = 7.8, 1.6 Hz, 4H, HA4), 8.12 (m, 4H, HC3), 7.84 (ddd, J = 5.1, 1.7, 0.9 Hz, 4H, HA6), 7.41 (m, 4H, HA5), 4.19 (m, 8H, HEt), 1.36 (t, J = 7.0 Hz, 12H, HEt). 13C NMR (CD3CN, 126 MHz) δ/ppm: 156.3 (CB4), 151.0 (CB2), 149.1 (CA6), 148.7 (CA2), 142.3 (CA4), 140.9 (CC1), 133.5 (d, JPC = 9.9 Hz, CC3), 132.0 (CC4), 129.3 (d, JPC = 14.9 Hz, CC2), 128.6 (CA5), 124 3 (CA3), 123.0 (CB3), 63.3 (d, JPC = 5.6 Hz, CEt), 16.7 (d, JPC = 6.2 Hz, CEt). 31P{1H} NMR (CD3CN, 202 MHz) δ/ppm +16.3 (s). ESI-MS (MeOH, positive mode): m/z 1103.20 [M − CF3SO3]+ (calcd. 1103.19), 477.65 [M − 2CF3SO3]2+ (calcd. 477.12). UV-VIS (CH3CN, 1.55 × 10−4 mol·dm−3) λmax (ε) 234 (23900), 266 (sh, 29100), 281 (sh, 43000), 288 (47500), 324 (15800), 342 nm (16,000 dm3·mol−1·cm−1). IR (see Figure S2). C52H48F6N6O12P2S2Zn requires C 49.79, H 3.86, N 6.70; found C 48.96, H 4.05, N 6.80%.




2.4. Crystallography


Single-crystal data were collected on a Bruker APEX-II diffractometer (Bruker AXS GmbH, Karlsruhe, Germany); data reduction, solution, and refinement used APEX2, SuperFlip, and CRYSTALS, respectively [35,36,37]. Structure analysis used Mercury v. 3.6 [38,39].



[Zn(1)2][CF3SO3]2.MeCN.1/2Et2O: C48H36Br2F6N7O6.5S2Zn, M = 1218.17, colourless block, triclinic, space group P–1, a = 12.1814(12), b = 14.7510(15), c = 15.1416(15) Å, α = 79.980(3), β = 69.658(3), γ = 71.317(3)°, U = 2410.6(4) Å3, Z = 2, Dc = 1.678 Mg m–3, μ(Cu-Kα) = 4.177 mm−1, T = 123 K. Total 26609 reflections, 8560 unique, Rint = 0.029. Refinement of 8388 reflections (647 parameters) with I > 2δ(I) converged at final R1 = 0.0411 (R1 all data = 0.0416), wR2 = 0.0939 (wR2 all data = 0.0940), gof = 0.9775. CCDC 1879484.



[Zn(2)2][CF3SO3]2: C52H48F6N6O12P2S2Zn, M = 1254.43, colourless block, monoclinic, space group P21/n, a = 15.7260(10), b = 15.6566(10), c = 22.9286(15) Å, β = 106.899(2)°, U = 5401.6(6) Å3, Z = 4, Dc = 1.542 Mg m–3, μ(Cu-Kα) = 2.693 mm−1, T = 123 K. Total 69834 reflections, 9917 unique, Rint = 0.033. Refinement of 9379 reflections (730 parameters) with I > 2 δ(I) converged at final R1 = 0.0372 (R1 all data = 0.0388), wR2 = 0.0923 (wR2 all data = 0.0924), gof = 1.0280. CCDC 1879482.





3. Results and Discussion


3.1. Synthesis and Solution Characterization of Complexes


Ligands 1 and 2 were prepared as previously reported [33,34]. Reaction of zinc(II) triflate with two equivalents of 1 or 2 resulted in the formation of [Zn(1)2][CF3SO3]2 and [Zn(2)2][CF3SO3]2 in 89.9% and 92.7% yield after purification. The electrospray mass spectra of the compounds showed peak envelopes with m/z 990.90 and 1103.20, respectively, arising from the [M − CF3SO3]+ ion; the observed isotope distribution matched the simulation (Figures S3 and S4). The base peak in each spectrum corresponded to the [M − 2CF3SO3]2+ ion with half-mass separations between the peaks in the peak-envelope. The 1H and 13C NMR spectra were assigned by 2D methods. Figure 1 and Figure 2 display the aromatic regions of the 1H NMR spectra, with the full spectra shown in Figures S5 and S6. COSY and HMQC spectra are shown in Figures S7–S10. The shift to lower frequency for the proton HA6 (see Scheme 2 for labelling) ongoing from free to coordinated ligand was typical of the formation of the {M(tpy)2} unit, with HA6 lying over the π-system of the adjacent ligand. For example, in 2 (in CDCl3), the resonance for HA6 appeared at δ 8.74 ppm [34], while in [Zn(2)2][CF3SO3]2 (in CD3CN), it was at δ 7.88 ppm. In [Zn(1)2][CF3SO3]2, the 1H NMR signal for HC2 showed a NOESY cross-peak to the signal for HB3 (Figure S11). Assignment in [Zn(2)2][CF3SO3]2 was also aided by characteristic coupling between the 31P nucleus and protons HC2 and HC3, respectively (Figure 2). [Zn(2)2][CF3SO3]2 exhibited a signal at δ 16.3 ppm in its 31P NMR spectrum. The ethoxy groups in [Zn(2)2][CF3SO3]2 were characterized by multiplets at δ 4.19 and 1.36 ppm in the 1H NMR spectrum and by doublets at δ 63.3 ppm (JPC = 5.6 Hz) and δ 16.7 ppm (JPC = 6.2 Hz. The IR spectra of [Zn(1)2][CF3SO3]2 and [Zn(2)2][CF3SO3]2 are shown in Figures S1 and S2. The most significant difference was an absorption at 959 cm–1 assigned to ν(P–O) in [Zn(2)2][CF3SO3]2.




3.2. Crystal Structures of [Zn(1)2][CF3SO3]2.MeCN.1/2Et2O and [Zn(2)2][CF3SO3]2


Colourless single crystals of [Zn(1)2][CF3SO3]2.MeCN.1/2Et2O and [Zn(2)2][CF3SO3]2 were grown by diffusion of Et2O into MeCN solutions of the compounds. The two compounds crystallized in the triclinic P–1 and monoclinic P21/n space groups, respectively. Despite there being a wide range of crystallographically determined salts of [Zn(4′-Rtpy)2]2+ (4′-Rtpy is a 4′-functionalized tpy), we were surprised to find no salts of [Zn(1)2]2+ in the CSD (v. 5.39 with updates [24]. Figure 3 and Figure 4 display the structures of the [Zn(1)2]2+ and [Zn(2)2]2+ cations, with selected bond distances and angles given in the captions to the figures. The Zn–N bond lengths were typical of {Zn(tpy)2}2+ units, as were the N–Zn–N chelate angles. On going from the bromo to diethylphosphonate derivative, the tpy units become ruffled. In [Zn(1)2]2+, the angles between the planes of adjacent pyridine rings in the two ligands were 12.7° and 3.5°, and 9.7° and 2.6°. In contrast, in [Zn(2)2]2+, the corresponding angles were 8.0° and 19.0°, and 11.3° and 20.6°. Differences in the twist of the C6H4 ring with respect to the central pyridine of the tpy unit (21.0° and 32.3° for the two ligands in [Zn(1)2]2+, and 30.6° and 34.0° in [Zn(2)2]2+) were rationalized in terms of the different molecular packings discussed below.



The packing of [Zn(1)2]2+ cations in [Zn(1)2][CF3SO3]2.MeCN.1/2Et2O involved one of the characteristic 4′-Phtpy...4′-Phtpy (4′-Phtpy = 4′-phenyl-2,2′:6′,2″-terpyridine) embraces described by McMurtrie and Dance [40,41]. This is shown in Figure 5, with the embrace involving ligands containing Br2 and N6i (and N6 and Br2i, symmetry code i = −x, 3 − y, 1 − z). The phenylcentroid...pyridinecentroid separation was 3.73 Å and the angle between the π-stacked ring planes was 8.5°. For the ligand with Br2, the twist of the C6H4 ring with respect to the central pyridine of the tpy unit (21.0°) was smaller than for the ligand with Br1 (32.3°); this difference is associated with the π-stacking shown in Figure 5. By symmetry (in the P–1 space group), the ligand containing Br1 is also involved in a head-to-tail packing interaction with an adjacent ligand (Figure 5), but in this case, the relative positions of the symmetry-related ligands did not allow for an effective embrace [40,41]. Interestingly, there were no short Br...Br contacts, as have been observed for [Fe(1)2][PF6]2 and related complexes [42]. We note that atom Br1 lies 4.13 Å from the centroid of the pyridine ring containing N4ii (symmetry code ii = 2 − x, 2 − y, −z) but at the upper limit of a weak Br...π contact [43]. The triflate ions are involved in F...H–C and O...H–C interactions. However, without crystallographic data for other salts, it was not possible to assess how the counterion affects the packing of the [Zn(1)2]2+ cations.



A comparison of Figure 3 and Figure 4 shows that going from bromo to phosphonate ester functionalities results in a significant “bowing” of the backbone of the {Zn(4′-XC6H4tpy) 2}2+ unit, as is emphasized in the overlay in Figure 6. We have previously noted this feature in a number of compounds containing central {M(4′-XC6H4tpy)}2+ motifs. However, detailed analysis of the packing interactions did not reveal a universal explanation for the phenomenon [44,45,46]. The bowing of the backbone in [Zn(2)2]2+ could be quantified by the C19...Zn1...C40 angle of 168.5° in [Zn(1)2]2+ (Figure 3) vs. the C12...Zn1...C37 (Figure 4) angle of 145.2° in [Zn(2)2]2+. [Zn(2)2][CF3SO3]2 crystallized without solvent in the lattice and solvent effects can be excluded as the cause of the deviation from an ideal C12...C37 vector in [Zn(2)2]2+. Important cation...cation contacts are illustrated in Figure 7. Pyridine rings containing N4 and N4i engage in the face-to-face π-stacking interaction shown in Figure 7a with centroid...centroid and interplane separations of 3.63 and 3.24 Å, respectively. Symmetry-related intercation π-stacking contacts result in the formation of double-chains of cations running parallel to the crystallographic b-axis (Figure 7a). The bending of the backbone of the ligand incorporating atoms P1 and O1 appears to be associated with steric hindrance between the C6H4PO(OEt)2 group and an adjacent pair of π-stacked pyridine rings. This also leads to close P–O...H–C contacts as shown in Figure 7b, parameters for which are O1...H271ii = 2.43 Å, O1...H211iii = 2.58 Å, and O1...H201iii = 2.69 Å (symmetry codes are defined in the caption to Figure 7). Chains are further associated through short P–O...H–C contacts between phosphate ester groups of adjacent cations (Figure 8). This involves atom O5 (attached to P2) and H222iv of the OCH2 group attached to P1iv (Figure 8b). Comparisons of the packing interactions in [Zn(2)2][CF3SO3]2 with related structures are limited by the lack of structural information (see Section 1: Introduction). However, analysis of the structure of [ReCl{4′(4-(MeO)2OPC6H4tpy}2] (which contains a 7-coordinate Re(III) centre) revealed that the dominant features in the packing involved close OMe...πarene contacts rather than tpy...tpy π-stacking (CSD refcode PACXOI) [32].





4. Conclusions


We have prepared the bromo- and phosphonate-ester-functionalized bis(tpy) complexes [Zn(1)2][CF3SO3]2 and [Zn(2)2][CF3SO3]2, and electrospray mass spectrometric and multinuclear NMR spectroscopic data were consistent with the formation of the homoleptic complexes. The single-crystal structures of [Zn(1)2][CF3SO3]2.MeCN.1/2Et2O and [Zn(2)2][CF3SO3]2 were determined and confirmed the expected octahedral coordination of the Zn2+ ion in each complex. Significant bowing of the backbone of the {Zn(4′-XC6H4tpy) 2}2+ unit was observed ongoing from bromo to phosphonate ester functionalities and was associated with changes in packing interactions. The [Zn(1)2]2+ cations engaged in head-to-tail 4′-Phtpy...4′-Phtpy embraces with efficient pyridine...phenylene π-stacking interactions. In contrast, [Zn(2)2]2+ cations packed with one of the two ligands involved in pyridine...pyridine π-stacking; steric hindrance between one C6H4PO(OEt)2 group and an adjacent pair of π-stacked pyridine rings resulted in distortion of the backbone of the ligand. Short P–O...H–C contacts between phosphate ester groups were also observed. This investigation was the first crystallographic determination of a salt of a homoleptic [M{4′-(RO)2OPC6H4tpy}2]n+ cation.
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Scheme 1. Examples of anchoring ligands (cyclometallating H(C^N), bpy N^N, and tpy N^N^N) used in sensitizers in metal complex dyes in dye-sensitized solar cells. 
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Scheme 2. Structures of the ligands 1 and 2. 
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Figure 1. The 1H NMR spectrum (500 MHz, CD3CN) of [Zn(1)2][CF3SO3]2 (see also Figure S5). See Scheme 2 for atom labels. 
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Figure 2. The 1H NMR spectrum (500 MHz, CD3CN) of [Zn(2)2][CF3SO3]2 (see also Figure S6). See Scheme 2 for atom labels. 
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Figure 3. ORTEP-style depiction of the [Zn(1)2]2+ cation. Hydrogen atoms omitted and ellipsoids plotted at 50% probability level. Selected bond parameters: Zn1–N1 = 2.179(2), Zn1–N2 = 2.087(2), Zn1–N3 = 2.198(2), Zn1–N4 = 2.212(2), Zn1–N5 = 2.079(2), Zn1–N6 = 2.169(2), C19–Br1 = 1.896(3), C40–Br2 = 1.900(3) Å; N2–Zn1–N5 = 174.89(9)°, N6–Zn1–N4 = 150.79(9)°, N2–Zn1–N1 = 75.46(9)°, N2–Zn1–N3 = 74.87(9)°, N5–Zn1–N4 = 75.22(9)°, N6–Zn1–N5 = 75.65(9)°. 
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Figure 4. ORTEP-style diagram of the [Zn(2)2]2+ cation. Ellipsoids plotted at 50% probability level; H atoms omitted. Selected bond parameters: Zn1–N1 = 2.2139(16), Zn1–N2 = 2.0760(14), Zn1–N3 = 2.2310(15), Zn1–N4 = 2.1701(15), Zn1–N5 = 2.0793(14), Zn1–N6 = 2.2157(15), P1–O1 = 1.4686(15), P1–O2 = 1.5713(15), P1–O3 = 1.5788(16), P2–O4 = 1.4683(15), P2–O5 = 1.5747(14), P2–O6 = 1.5829(16) Å; N2–Zn1–N5 = 167.72(6)°, N6–Zn1–N4 = 150.52(6)°, N2–Zn1–N1 = 75.28(5)°, N2–Zn1–N3 = 75.06(5)°, N5–Zn1–N4 = 76.23(6)°, N–Zn1–N6 = 74.75(6)°, O1–P1–O2 = 115.15(9)°, O1–P1–O3 = 115.54(9)°, O2–P1–O3 = 101.88(9)°, C12–P1–O1 = 114.01(9)°, C12–P1–O2 = 102.13(8)°, C12–P1–O3 = 106.55(9)°. 
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Figure 5. Packing interactions between centrosymmetric pairs of [Zn(1)2]2+ cations, and schematic representation of the 4′-Phtpy...4′-Phtpy embrace [37,38]. See text for symmetry codes. 
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Figure 6. Overlay of the structures of the [Zn(1)2]2+ (red) and [Zn(2)2]2+ (blue) cations (H atoms omitted). Pairs of atoms Zn1, N2, N5, and N1 were superimposed to within ±0.13 Å. 
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Figure 7. (a) Intercation packing interactions between [Zn(2)2]2+ cations in [Zn(2)2][CF3SO3]2 and (b) expansion of the close P–O...H–C contacts. Anions are omitted. Symmetry codes: i = −x, 1 − y, 1 − z; ii = −x, −y, 1 − z; iii = x, −1+y, +z. 
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Figure 8. (a) Part of one chain of [Zn(2)2]2+ cations in [Zn(2)2][CF3SO3]2 supported by pyridine...pyridine π-stacking interactions. (b) Short PO...HC contact between phosphate ester groups of adjacent cations. Symmetry code iv = 1/2−x, 3/2+y, 1/2−z. 
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