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Abstract

:

Two different phase-pure cobalt(II) cyanoguanidine bromide coordination compounds, Co(C2N4H4)2(H2O)4·2Br·2H2O (1) and Co3(C2N4H4)8(H2O)8·6Br (2), were precipitated from aqueous and methanol solutions, respectively, and their structures were solved and refined from X-ray single-crystal data at 100 K. Both 1 and 2 crystallize in the triclinic system with space group P   1 ¯   . The structure of 1 consists of two crystallographically distinct isolated CoO4N2 octahedral units plus bromide anions and crystal water molecules, whereas 2 is built from both isolated octahedra and discrete binuclear cluster units made from edge-sharing octahedra. Diffuse reflectance spectra and IR analysis then go on to highlight optical and vibrational differences between these two compounds. The magnetic susceptibility of 1 is consistent with either isolated or very weakly interacting Co2+ centers whereas the magnetic susceptibility of 2 evidences the potential weak antiferromagnetic exchange interactions that may arise from superexchange within the binuclear clusters.
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1. Introduction


Over the last two decades, a large number of cyanoguanidine coordination compounds have been reported, such as Zn(C2N4H4)2Cl2 [1,2,3], [Ag(C2N4H4)2]F, [Ag(C2N4H4)2](BF4) [4], Cu(C2N4H4)2Br2·2H2O [5] and others [6,7,8,9]. As a nitrogenous ligand, cyanoguanidine was discovered by Beilstein and Geuther at the end of the 19th century [10], and since then it has attracted widespread attention because of its interesting structure and important role in medicinal and industrial applications [11,12,13]. Cyanoguanidine is known to exist in two planar tautomeric forms, one with the cyano group at the imine nitrogen (Figure 1a) [14] and the other at the amine nitrogen (Figure 1b) [15]. Furthermore, cyanoguanidine is not only capable of acting as a monodentate ligand bonded to the metal by the cyano nitrogen alone, but also as a bridging ligand when it coordinates to two metal centers via the terminal (cyano) and inner (imine) nitrogens.



As a late transition metal, divalent cobalt possesses an abundant coordination chemistry. In previous studies, many coordination compounds composed of cobalt and ligands of guanidine derivatives were found [16,17,18] but no coordination compound composed of cobalt and simple cyanoguanidine has been reported.



The structural motifs of coordination compounds are affected by several factors, not only the nature of the central metal atoms and the performance of ligands, but also the coordinated counter ions or small neutral molecules, the solvent system, temperature, pressure and so on [19,20]. Even if the same ligand reacts with the same metal salt in different solvents, the ligands, neutral molecules and the solvent often play an important role in the structural formation of the crystal such that different crystal structures will be obtained [21,22].



In order to investigate the combination of the coordination ability of cyanoguanidine with magnetic cobalt(II), we have designed two cobaltous bromide (CoBr2) cyanoguanidine coordination complexes, Co(C2N4H4)2(H2O)4·2Br·2H2O (1) and Co3(C2N4H4)8(H2O)8·6Br (2), in distilled water and methanol, respectively. Single-crystal X-ray diffraction revealed the structural differences of these two crystals, as also mirrored from diffuse reflectance and IR spectra in terms of optical differences. As is well-known, cobalt(II) compounds are particularly interesting as regards their magnetic properties [23,24,25], due to the 3d7 electron configuration of Co(II) and three unpaired electrons per ion (S = 3/2). The magnetic susceptibility of 1 was in agreement with either isolated or very weakly interacting Co2+ centers whereas the magnetic susceptibility of 2 evidenced the potential weak antiferromagnetic exchange interactions in terms of a superexchange model.




2. Materials and Methods


2.1. Synthetic Procedures: All Reagents Were Commercially Bought (Alfa, Kandel, Rheinland-Pfalz, Germany) and Used without Further Purification


1 Co(C2N4H4)2(H2O)4·2Br·2H2O: stoichiometric 1:2 molar ratios of CoBr2 (1 mmol) and C2N4H4 (2 mmol), according to the empirical formula, were dissolved separately in 10 mL of distilled water. The solutions were then mixed in a 100 mL beaker and stirred for 30 minutes. After filtration, the clarified rose-red solution was left in a fume hood to evaporate naturally, yielding light-red crystals at the bottom of the beaker. After all of the solution was evaporated, the remaining crystals gave a 92% yield. (Figure S1).



2 Co3(C2N4H4)8(H2O)8·6Br: A similar method was used for synthesis; that is, CoBr2 (1.5 mmol) and C2N4H4 (4 mmol) with 3 to 8 ratios were dissolved separately in 10 mL of methanol. The solutions were then mixed in a 100 mL beaker and stirred for 30 minutes. After filtration, the clarified blue solution was left in a fume hood to evaporate naturally, resulting in dark-red crystals in the bottom of the beaker. The remaining crystals corresponded to a 90% yield (Figure S1). For illustration, in a methanol solvent, cyanoguanidine reacts with solvent molecules, displaying a clarified blue solution, and this reaction is reversible [26]. As the methanol solution evaporates, the reaction runs in reverse, so 2 is eventually formed. In contrast, the preparation of copper(II) and nickel(II) complexes under reflux conditions results in substituted cyanoguanidine ligands cnge-OCH3 [12,27].




2.2. PXRD Measurements


The PXRD patterns of 1 and 2 were recorded on a STOE STADI-P powder diffractometer with a flat sample holder (Cu Kα1, linear PSD, 2θ range 5−60°, with individual steps of 0.01°) at room temperature. The powder X-ray diffraction (PXRD) patterns match well with the simulated data generated from the single-crystal models, thereby demonstrating the purity of 1 (Figure S2) and 2 (Figure S3).




2.3. CHN Measurements and Thermogravimetric Analysis (TGA)


The CNH analysis for 1 and 2 was carried out using a CHN Rapid VarioEI analyzer from Heraeus. The TGA was performed on a STA1600 from Linseis, a combined system that measures HDSC and TGA simultaneously.




2.4. IR Spectra


The infrared spectra of the two samples were performed on a SHIMADZU IR Spirit QATR-S spectrometer in ATR mode using a diamond crystal.




2.5. UV-Vis Spectra


The UV-Vis diffuse reflectance spectra for 1 and 2 were recorded on a UV-2600 Shimadzu spectrophotometer in the range of 200–800 nm at room temperature, with barium sulfate pellets as background standard.




2.6. Single-Crystal Diffraction


The single-crystal X-ray diffraction data for 1 and 2 were collected on a Bruker D8 goniometer at 100 K (Oxford Cryostream 700), equipped with an Incoatec microsource (Mo Kα radiation, λ = 0.71073 Å, multilayer optics). The crystal structures were solved by intrinsic phasing as implemented in SHELXT, and SHELXL-2018 was used for full-matrix least-squares refinements on F2. All non-hydrogen atoms were refined with anisotropic thermal parameters, and all hydrogen atoms were isotropically refined as riding on the parent atoms. In addition, the N−H, O−H bond lengths and H−N−H, H−O−H angles were restrained according to neutron-diffraction data [28,29]. All data reported in this paper were deposited in the Cambridge Crystallographic Data Centre (CCDC, numbers 2196005 for 1 and 2196006 for 2) and can be obtained from there (12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033).




2.7. Magnetic Measurement


Magnetic data of 1 and 2 were collected on a Quantum Design MPMS-5XL SQUID magnetometer. A cylindrical PTFE capsule was used to immobilize the microcrystalline sample. Experimental data were collected in different sets, namely, at 2.0 K in the magnetic field scale 0.1–5.0 T and in the temperature range 2–290 K at 0.1 and 1.0 T. All experimental data were collected for the diamagnetic contributions of both sample holder and compound [χm,dia (10−4 cm3 mol−1) = −2.48 for 1 and −7.37 for 2].





3. Results and Discussion


3.1. Stability and Structure


After slow evaporation of the solutions in a fume hood for several weeks, light-red (1) and dark-red (2) crystals were obtained (Figure S1, Supporting Information, SI). In the thermogravimetric analysis curve of 1 (Figure S4), one finds several steps for thermal decomposition. With increasing temperature, crystal water and coordinated water molecules (20.20%) are first lost between room temperature and 600 K. Then the ligands (35.54%) are sequentially removed (Table S1). As regards 2 depicted in Figure S5, the presence of a first step at 373 K is attributed to the loss of absorbed solvent [30]. The second step in the 400–600 K range corresponds to coordinated water molecules (9.51%). The final loss between 600–850 K indicates removal of ligands.



To reveal the structural differences, single-crystal X-ray diffraction data were collected at 100 K (Table S3). Both 1 and 2 crystallized in the triclinic system with space group P   1 ¯    (No. 2, Table S3) but differed structurally. For 1 (Co(C2N4H4)2(H2O)4·2Br·2H2O, in accordance with the CHN analysis (Table S4)), the cell parameters were a = 6.946(2) Å, b = 11.173(3) Å, c = 12.485(3) Å, α = 114.642(4)°, β = 98.284(4)°, γ = 100.028(4)°, Z = 2 and V = 841.5(3) Å3. As shown in Figure 2, 1 was composed of two isolated Co-centered octahedra, bromide anions and additional crystal water molecules. The two crystallographically distinct octahedra were located at the centers of the (100) and (010) faces. In both octahedral units, the cobalt ion was coordinated by two N-containing cyanoguanidine ligands and four water molecules. It is also noteworthy that the two different octahedral units in every cell were both slightly distorted, as inferred from the divergence of the bond lengths. For example, the bond lengths for the Co1-centered octahedra were 2.046(2) Å for Co1−O1, while the Co1−O2 bond was 2.180(2) Å and Co1−N4 was 2.087(2) Å (Table S5). A similar situation could be observed in the other isolated Co2-centered octahedral unit (Co2−O4 = 2.056(2) Å, Co2−O3 = 2.142(2) Å and Co2−N8 = 2.091(2) Å). Moreover, the isolated octahedra, crystal water molecules and bromide ions were connected by weak O−H⋅⋅⋅O, O−H⋅⋅⋅N, O−H⋅⋅⋅Br and N−H⋅⋅⋅Br hydrogen bonds (Figure S6).



In contrast, 2 Co3(C2N4H4)8(H2O)8·6Br, in accordance with the CHN analysis (Table S6)) crystallized with a = 10.731(2) Å, b = 11.658(2) Å, c = 12.318(2) Å, α = 94.173(3)°, β = 114.733(3)°, γ = 108.593(3)°, Z = 1 and V = 1288.0(3) Å3 (Table S3). In Figure 3, there are two types of structural moieties with distinct crystallographic configurations in the structure of 2, namely, isolated octahedra and discrete binuclear clusters made from edge-sharing octahedra. For convenience, the binuclear cluster units and octahedra were labelled type A and type B, respectively. In type A, the framework consisted of edge-sharing octahedra, in which the adjacent central cobalt atoms are connected by two bridging oxygen atoms. In addition, every cobalt atom is coordinated to two ligands and two terminal oxygen water molecules. Interestingly, the edge-sharing octahedra could be considered almost regular, deduced from the statistically irrelevant divergence of the bond lengths (Co1−O2 = 2.073(4) Å, Co1−N4 = 2.064(6) Å, Co1−O1 = 2.048(5) Å and Co1−N5 = 2.062(6) Å, (Table S7)). In the isolated type B octahedra, the central atom, Co2, was coordinated to four ligands and two water molecules in a trans fashion along c. A modest distortion of the Co2 octahedra was also observed with distinct bond lengths of Co2−N12 = 2.118(6) Å and Co2−N13 = 2.072(6) Å. Moreover, the isolated octahedra, discrete binuclear clusters and bromide ions were bonded through weak O−H⋅⋅⋅O, O−H⋅⋅⋅N, O−H⋅⋅⋅Br and N−H⋅⋅⋅Br hydrogen bonds (Figure S7). As previously stated in the introduction, the presence of two hydrogen atoms at the terminal nitrogen atoms (1: N1, N2, N5, N6; 2: N1, N2, N7, N8, N9, N10) in 1 and 2 prove these to be amino nitrogen atoms. This indicates that in both 1 and 2 the cyanoguanidine ligand favors the cyanoimine form. In addition, 1 and 2 differ from compounds that were structurally characterized before such as Zn(C2N4H4)2Cl2 [1,2,3], [Ag(C2N4H4)2]F, [Ag(C2N4H4)2](BF4) [4], Cu(C2N4H4)2Br2·2H2O [5] and similar compounds [6,7,8,9]. In these earlier examples, the metal cations were coordinated by cyanoguanidine (cnge) and anions, whereas the cobalt cations in 1 and 2 were bonded to cnge and aqua ligands while the counter anions remained uncoordinated.



Compounds 1 and 2 are based on the same constituents but adopt different structures, in particular, with respect to their water content. The water capacity for 1 was 21.82%, much higher than for 2 with 9.78%. The reason is that compound 1 was synthesized in an aqueous solution, whereas compound 2 was obtained from methanol as a solvent. The presence of coordinated water in 2 presumably arose because the preparation was performed in ambient atmosphere and moisture was not excluded. The effects of solvent were obviously observed in the deviation of the coordination polyhedra from ideal octahedral symmetry. Notably, in 1, the bond lengths subtended a wider range (Co1–O2 = 2.180(2) Å, Co1–N4 = 2.087(2) Å) than in 2 (Co2–O4 = 2.136(5) Å, Co2–N13 = 2.072(6) Å).




3.2. UV−Vis and IR Optical Properties


The UV-Vis absorption spectra for compounds 1 and 2 were measured on a UV-2600 Shimadzu spectrophotometer. As shown in Figure 4a, both spectra displayed two well-resolved bands, one at 266 nm, which was attributed to the π⋅⋅⋅π* transitions of the cyanoguanidine ligand, and another one at 484 nm (1) and 505 nm (2) characteristic for d-d transitions in hexa-coordinate complexes [23,24], indicating that the ligands adopted an octahedral arrangement [31,32] around Co(II). In addition to that, Figure 4a reveals that the absorption peaks of 2 (505 nm) occured at a slightly higher wavelength than that in 1 (484 nm), coinciding with their divergent colors. Due to the presence of discrete binuclear clusters in 2, there were four peaks in the range of 640 to 740 nm, whereas no peaks were observed in 1.



The IR spectra of both compounds (Figure 4b) showed an appreciable hypochromatic shift of the nitrile group (Table S8), compared to the free cyanoguanidine ligand, because of the coordination to the cobalt atoms [33]. Moreover, the separations of υ(C≡N) vibrations (45 cm−1) were observed with a doublet character, which resulted from a Fermi resonance through the Sukhorukov and Finkel’shtein analyses [34,35]. The peaks at 1655 cm−1 (1) and 1637 cm−1 (2) were assigned to be υ(C=N) vibrations, while those at 3529 cm−1 and 3432 cm−1 were attributed to the υ(NH) vibrations [9,36,37].




3.3. Magnetic Properties


The magnetic data of 1 are shown in Figure 5 as χmT vs. T and Mm vs. B plots. At 290 K, the χmT value was 2.84 cm−1 K mol−1 at 0.1 T, and slightly smaller (2.81 cm−1 K mol−1) at 1.0 T. These values were well within the range 2.3–3.4 cm−1 K mol−1 that is expected [38] for an isolated octahedral high-spin Co2+ center. Note that this range is above the spin-only value (1.876 cm−1 K mol−1) due to relevant contributions of the orbital momentum that is typical of octahedral 3d7 metal centers. Upon cooling the compound, the values continuously decreased, significantly falling off at values below 100 K. At 2.0 K, χmT = 1.55 cm−1 K mol−1 at 0.1 T, and 1.31 cm−1 K mol−1 at 1.0 T. The observation regarding the decreasing values, in particular below 100 K, was due to the thermal depopulation of the energy states that originate from the 4T1g ground term, which is accordingly split due to the combined effects of spin-orbit coupling, electron–electron inter-repulsion and the ligand field. In addition to the energy splitting, the corresponding energy states are usually considerably mixed with respect to the mJ eigenstates. Below 10 K, χmT data at 0.1 and 1.0 T diverged due to the Zeeman effect, which becomes a relevant contribution at larger fields. At 2.0 K, the molar magnetization Mm rapidly grew with increasing fields up to about 2 T, and subsequently slightly increased up to 2.1 NA μB at 5.0 T without reaching saturation (see inset in Figure 5). This value was also well below the saturation value of about 3.7 NA μB (estimated from the χmT value at 290 K) due to the mixed nature of the ground state. Besides the latter, the cobalt centers were characterized by a medium magnetic anisotropy. Such anisotropy resulted in smaller values in powder measurements, since the data represent the mean value over randomly oriented crystallites.



Therefore, the data are in agreement with either isolated or very weakly interacting Co2+ centers, and, thus, with the structural model.



For 2, the χmT vs. T and Mm vs. B plots are shown in Figure 6. At 290 K, the value of χmT was 8.51 cm−1 K mol−1 at 0.1 and 1.0 T. This was in agreement with the range 6.9–10.2 cm−1 K mol−1 expected [38] for three non-interacting octahedral high-spin Co2+ centers. Upon decreasing temperature, χmT continuously decreased. Below 100 K, the values distinctly decreased, and dropped off below 5 K. At 2.0 K, χmT was 4.94 cm−1 K mol−1 at 0.1 T, and 4.20 cm−1 K mol−1 at 1.0 T. The shape of the curve, in particular, below 100 K, was—as for 1—due to the thermal depopulation of the energy states originating from the 4T1g ground term. In addition to the Zeeman effect resulting in diverging χmT vs. T curves at 0.1 and 1.0 T below 10 K, the drop off observed below 5 K even at 0.1 T hints at antiferromagnetic exchange interactions. However, their magnitude was weak due to the rather small impact on the curves.



The molar magnetization Mm at 2.0 K rapidly increased with increasing field up to about 2 T (see inset in Figure 6). At higher fields, Mm increased with a distinctly smaller rate reaching at 5.0 T a value of 6.3 NA μB without being saturated. This value was well below the saturation value of about 11.1 NA μB (estimated from the χmT value at 290 K) due to the reasons mentioned in the discussion of 1.



Therefore, the data are in agreement with the structural information that shows in good approximation an isolated Co2+ center besides a dimeric unit of two Co2+ centers. In this unit, the two Co2+ ions were bridged by two oxygen atoms from water molecules forming Co–O–Co angles of 100.6° [39,40,41], which could explain the potential weak antiferromagnetic exchange interactions in terms of a superexchange model.





4. Conclusions


Two solvent-induced Co(II) cyanoguanidine bromides were synthesized and characterized. X-ray crystal structure determinations revealed different structural features, as 1 consisted of isolated octahedral units around Co with additional bromide anions and crystal water molecules whereas 2 contained both isolated octahedral units and discrete binuclear clusters. In the UV-vis absorption spectra, the absorption maximum of 2 (505 nm) was at lower energy than of 1 (484 nm), which was reflected in divergent crystal colors. The IR spectra displayed an appreciable hypochromatic shift of the C≡N nitrile groups because of the coordination to Co(II). Magnetic susceptibility measurements of 1 were consistent with the presence of isolated or very weakly interacting Co2+ centers, in accordance with the crystal structure, whereas 2 evidenced potential weak antiferromagnetic exchange interactions, which may have resulted due to superexchange between Co2+ centers via the bridging O in the binuclear clusters.



	
Synopsis Two solvent-induced Co(II) cyanoguanidine bromides (1 and 2) were synthesized in water and methanol, respectively. X-ray crystal structure, UV-vis absorption spectra and IR spectra analysis highlighted similarities and differences between these two compounds. Magnetic susceptibility measurements were consistent with the presence of cobalt(II) and evidence for weak antiferromagnetic interactions observed in 2.
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Figure 1. The two forms of cyanoguanidine with the cyano group at (a) imine (cyanoimine) nitrogen and (b) amine (cyanoamine) nitrogen. 
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Figure 2. Crystal structure of 1 with Co in rose-red, O in red, N in green, C in black and H in white. 
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Figure 3. Crystal structure of 2 with Co in rose-red, O in red, N in green, C in black and H in white. 
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Figure 4. (a) Diffuse powder reflectance spectra for 1 (ochre line) and 2 (blue line); (b) IR spectrum of free cyanoguanidine (red line), 1 (ochre line) and 2 (blue line). 
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Figure 5. Temperature dependence of χmT of 1 at 0.1 (open circles) and 1.0 T (full circles); inset: molar magnetization Mm vs. applied magnetic field B at 2.0 K. 
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Figure 6. Same as before but for 2. 
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