

  magnetochemistry-04-00034




magnetochemistry-04-00034







Magnetochemistry 2018, 4(3), 34; doi:10.3390/magnetochemistry4030034




Article



Abrupt Spin Crossover Behavior in a Linear N1,N2-Triazole Bridged Trinuclear Fe(II) Complex



Ai-Min Li 1,2[image: Orcid], Tim Hochdörffer 3, Juliusz A. Wolny 3, Volker Schünemann 3 and Eva Rentschler 1,*[image: Orcid]





1



Institute of Inorganic and Analytical Chemistry, Johannes Gutenberg University Mainz, Duesbergweg 10-14, 55128 Mainz, Germany






2



Graduate School Materials Science in Mainz, Staudingerweg 9, D-55128 Mainz, Germany






3



Fachbereich Physik, Technische Universität Kaiserslautern, Erwin-Schrödinger-Street 46, 67663 Kaiserslautern, Germany









*



Correspondence: rentschler@uni-mainz.de







Received: 28 June 2018 / Accepted: 1 August 2018 / Published: 7 August 2018



Abstract

:

The synthesis, structures and magnetic properties of a new trinuclear spin crossover complex [FeII3(pyrtrz)6(TsO)6]·10H2O·2CH3OH (C2) and its analogue binuclear [FeII2(pyrtrz)5(SCN)4]·7H2O (C1), are reported here. These two compounds are synthesized based on the pyrrolyl functionalized Schiff base 1,2,4-triazole ligand 4-((1H-pyrrol-2-yl)methylene-amino)-4H-1,2,4-triazole (pyrtrz), which represent rare discrete multi-nuclear species, with µ2-N1,N2-triazole bridges linking the FeII centers. DC magnetic susceptibility measurements revealed an abrupt single-step spin crossover (SCO) behavior for compound 2 on the central FeII site and single-crystal X-ray diffraction (173 K) showed that this compound crystallizes in the monoclinic space group (P21/c), and multiple intramolecular interactions were found responsible for the abrupt transition. Compound 1 is a binuclear complex with thiocyanate as terminal ligands. This compound stays in high spin state over the whole temperature range and displays weak antiferromagnetic exchange coupling.
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1. Introduction


SCO as a phenomenon of molecular bistability can mainly be observed in first row transition metal complexes with a d4–d7 electron configuration in octahedral ligand geometry. Most common SCO coordination compounds reported are based on iron(II) with N-donor ligands that provide the appropriate ligand field. Currently, special attention is given to SCO compounds exhibiting pronounced cooperative behavior. Here, the mononuclear system [Fe(bpp)2]2+ (bpp = 2,6-di{pyrazol-1-yl}pyridine) [1,2,3,4], as well as the triazole-based mono-/bi-nuclear [Fe2(PMAT)2]4+ system [5,6,7,8], are among the most frequently reported compounds. Recently, we could enlarge the family of binuclear systems showing multiple SCO steps with reports on thiadiazole and oxadiazole complexes for which the cooperativity was studied in detail [9,10]. Similar to these discrete SCO systems, low nuclearity complexes based on the more simple triazole ligand, i.e., binuclear and trinuclear complexes triple-bridged by N1,N2-1,2,4-triazole ligands, are currently receiving great interest [11,12,13,14,15]. This family of compounds shows the attempt and endeavor to explore the famous 1D coordination polymers of general formula [Fe(Rtrz)3](X)2 (Rtrz = 4-subsitituted-1,2,4-triazole, X− = standard monoanions): some of which displayed wide thermal hysteresis loops around room temperature [11,12,13,14,15,16]. Compared to the typical molecular system mentioned above [1,2,3,4,5,6,7,8,9,10], the triazole-based compounds bear benefits of expanding the discrete nuclearities to multinuclear or 1D polymeric complexes, which is of vital importance in the exploration of cooperativity between the covalently linked iron(II) centers. After the first structural report on the 1D polymeric structure [Fe(NH2trz)3](NO3)2 in 2011 [17], there is only one more crystal structure found very recently [18]. However, a series of discrete di-, and tri-nuclear complexes were synthesized and studied, with the intention of better understanding of the 1D polymer at the molecular and inter-molecular scales, such to understand and fine-tune its SCO properties. A detailed summary of these reported discrete N1,N2-1,2,4-triazole bridged complexes has been made (Tables S1 and S2), including five excellent results published very recently [19,20,21,22,23]. The diverse while short list of this family of compounds reveals the long-lasting efforts and smooth progress towards uncovering the mystery of the cooperativity of the SCO behavior. Interestingly, among the limited examples of the discrete polynuclear complexes that displayed SCO, the only four trinuclear complexes with p-tolylsulfonate (Tos−) as counteranion [19,24,25,26] all showed gradual transition with different transition temperatures (Tables S1 and S2). It is suggested that the presence of multiple aromatic anions makes the molecular species well separated, thus a weak communication between the SCO units is presented, which further leads to the gradual spin transition [19,26]. In the present work, we report the first example of a trinuclear complex showing an abrupt spin transition with tolylsulfonate (Tos−) as counteranion. We report the synthesis, structure, and magnetic properties of two poly-nuclear triazole-bridged FeII complexes based on a Schiff base modified triazole ligand, i.e., 4-((1H-pyrrol-2-yl)methylene-amino)-4H-1,2,4-triazole (pyrtrz): [FeII2(pyrtrz)5(SCN)4]·7H2O (1) and [FeII3(pyrtrz)6(TsO)6]·10H2O·2CH3OH (2). Single X-ray diffraction and magnetic measurement reveal that both compounds are bridged by µ2-N1,N2-1,2,4-triazole ligands. Compound 1 is a binuclear FeII complex showing weak antiferromagnetic exchange coupling, while compound 2 is a trinuclear FeII complex exhibiting an abrupt spin transition behavior. Multiple intramolecular interactions were found being responsible for the sharp transition.




2. Experimental Section


2.1. General Methods and Materials


All commercially purchased chemicals (Alfa Aesar, Karlsruhe, Germany; Sigma-Aldrich, Taufkirchen, Germany; and Acros Organics, Geel, Belgium) and solvents were used without further purification. Magnetic susceptibility data were collected with SQUID magnetometer MPMS XL-7 in a temperature range of 2–300 K with an applied field of 1000 Oe. Samples for SQUID measurement were prepared in gelatin capsules and held in plastic straws for insertion into the magnetometer. The obtained magnetic susceptibility values were corrected for diamagnetic susceptibility according to the Pascal’s constants [27]. 57Fe Mössbauer spectra were recorded in transmission geometry using a constant acceleration spectrometer operated in conjunction with a 512-channel analyzer in the time-scale mode (WissEl GmbH, Starnberg, Germany). The source contained 57Co diffused in Rh with an activity of 1.4 GBq. The spectrometer was calibrated against α-iron at room temperature (RT). Variable temperature measurements were performed with a continuous flow cryostat (OptistatDN, Oxford Instruments, Abingdon, UK). Spectral data were transferred from the multi-channel analyzer to a PC for further analysis employing the public domain program Vinda running on an Excel 2003® platform [28]. The spectra were analyzed by least-squares fits using Lorentzian line shapes, Γ. Elemental analysis (C, H, and N) was measured in the microanalytical laboratories at Johannes Gutenberg University Mainz. Infrared spectra (FT-IR) were recorded as potassium bromide pellets in the range from 4000 to 400 cm−1 with a JASCO FT/IR-4200 at the Johannes Gutenberg-University Mainz.




2.2. Single Crystal X-ray Diffraction


Single-crystal X-ray diffraction data (C1 and C2) were collected on a Bruker Smart APEX II CCD diffractometer. The diffractometer was operated at 45 kV and 35 mA with Mo Kα radiation (λ = 0.71073 Å), and a nitrogen cold stream was applied to keep the collection temperature at 173(2) K. Data reduction was performed using the SAINT and SMART softwares [29] and an empirical absorption correction was applied with the SADABS program [30]. Both structures (C1 and C2) were solved by direct methods, refined by full-matrix least-squares on F2 with the SHELXTL program package [31,32], and the Olex2 program [33]. The ordered non-hydrogen atoms in each structure were refined with anisotropic displacement parameters, while the hydrogen atoms were placed in idealized positions and allowed to ride on their parent atoms. In compound 1, the C39 and S4 atoms are disordered over two positions with a ratio of 2:1, respectively. In compound 2, the refinement of the reflection data yielded acceptable resolved structural results with highly disordering fragments: there are four disordering positions over the pyrrolyl fragments (C31 to C35, N36; N54, C56, N57, C58 to C60; N42, C43 to C47, N48; C67 to C71, N72), all with a ratio of 1:1, and four more disordering positions were found over the counter anion p-toluenesulfonate parts (C94 to C100, S4, O16 to O18; C87 to C93; C208 to C214, S6, O22 to O24; C101 to C107, S5, O19 to O20), all with a ratio of 1:1. Even though, with all these disordering positions, we managed to get a final refinement with the final R1 (I > 2σ(I)) value of 0.0852 (completeness of 0.996), the major part of the structure is still reliable and gives us valuable data for the structure and property investigation (see in the main text). In all the structures, the lattice water molecules were refined with anisotropic displacement parameters, while the hydrogen atoms were not defined. Thus, in the discussion of the main text, unless specified, all the lattice water molecules or the disordered parts were not included. The crystallographic data and refinement parameters of C1 and C2 are listed in Table 1. CCDC numbers 1,815,489–1,815,490 contain the supplementary crystal data of the compounds: 1,815,489 (C1) and 1,815,490 (C2), which can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. All structure figures are generated with DIAMOND-3 [34].




2.3. Syntheses


2.3.1. Synthesis of the Ligand


The ligand 4-((1H-pyrrol-2-yl)methylene-amino)-4H-1,2,4-triazole (pyrtrz) (Figure 1) was prepared by the condensation reaction [35,36]: 4-Amino-1,2,4-triazole (1.68 g, 0.02 mol, 1.0 eq.) and pyrrole-2-carboxaldehyde (2.09 g, 0.022 mol, 1.1 eq.) were dissolved in ethanol with the addition of few drops of H2SO4, acting as acidic catalyst. The reaction mixture was slowly heated up to 80 °C until it started to boil, then kept refluxing for 10 h. When it cooled down to r.t., the excess of the solvent was removed by rotary evaporator at 35 °C. The products such obtained was washed with small amount of cold ethanol, diethyl ether and then dried in the desiccator with phosphorus pentoxide as dry agent. Dark purple powder was obtained. Yield: 3.14 g (97.5%), m.p., 207.5–210.7 °C; IR (KBr): 1635 cm−1 (vw), 3127 (w), 1169 (s), 1062 (vs), 860 (s), 762 and 621 cm−1 (Ar, CH-strech); 817 cm−1, 2918 cm−1 (Ar-CH3). 1H-NMR (Figure S1) (CD3OD) 7.91 (s, 1H, Ar–H), 7.99 (s, 1H, Ar–H), 8.92 (s, 1H, H–C=N), 9.07 (s, 2H, triazole).




2.3.2. Synthesis of the Complex


Synthesis of [FeII2(pyrtrz)5(SCN)4]·7H2O (C1)


To a stirring solution of pyrtrz (129 mg, 0.8 mmol) in methanol (5 mL) was added an aquous solution of FeSO4·7H2O (90 mg, ≈0.3 mmol) and NH4SCN (50 mg, ≈0.6 mmol). The solution turned from light purple to dark red immediately. To prevent possible oxidation process, one spatula amount (≈35 mg) of ascorbic acid was added into the reaction solution. The reaction mixture was then stirred for around 3–4 h before filtrated with rapid filter paper. The clear light reddish solution such obtained was kept in a small vial and left stand still to allow the solvent evaporate slowly. After one week, light brown block-like crystals of C1 were deposited at the bottom of the vial. After removing the mother liquid, the single crystals were quickly dried in an argon stream, and stored under argon. Yield: 127.1 mg (34.9% based on Fe). Anal. Calcd (Found) for C39H49Fe2N29O7S4: C, 36.71 (36.38); H, 3.87 (3.63); N, 31.83 (32.62). IR (KBr) n/cm−1: 3125 (w), 2927 (m), 2856 (w), 2078 (s), 1609 (vs), 1523 (m), 1422 (w), 1385 (vs), 1311 (m), 1246 (vs), 1127 (s), 1063 (m), 1037 (m), 985 (m), 881 (w), 759 (m), 621 (s), 593 (m), 506 (w).




Synthesis of [FeII3(pyrtrz)6(TsO)6]·10H2O·2CH3OH (C2)


Freshly prepared Fe(TsO)2 (120 mg, ≈0.3 mmol) in 3 mL H2O was added into a stirring solution of pyrtrz (97 mg, 0.6 mmol) dissolved in MeOH (2–3 mL). After stirring for half hour, one spatula amount (≈35 mg) of ascorbic acid was added. This solution was then stirred for 3–4 h before filtrated. The obtained clear light yellow solution was then kept in a small vial and left stand still to evaporate the solvent slowly. After two weeks, light pink needle-like crystals of C2 were deposited at the bottom of the vial. After removing the mother liquid, the single crystals were quickly dried in an argon stream, and stored under argon. Yield: 257.3 mg (35.8% based on Fe). Anal. Calcd (Found) for C86H116Fe3N30O32S6: C, 42.30 (42.26); H, 4.79 (4.22); N, 17.21 (17.62). IR (KBr) n/cm−1: 3097 (w), 2988 (w), 2922 (w), 2857 (w), 1605 (vs), 1530 (s), 1446 (m), 1423 (m), 1368 (s), 1189 (vs), 1125 (s), 1072 (s), 1035 (vs), 1010 (s), 883 (m), 844 (m), 815 (m), 752 (m), 682 (s), 624 (m), 606 (w), 566 (s), 513 (w).







3. Rerult and Discussion


3.1. X-ray Crystal Structure Description


Crystallographic data for the compounds 1 and 2 are summarized in Table 1 and the selected bond lengths and angles are presented in Table S3.



3.1.1. Crystal Structure of [FeII2(pyrtrz)5(SCN)4]·7H2O (C1)


Compound 1 crystallizes in the triclinic space group P-1. The asymmetric unit contains one full neutral binuclear complex plus 7 lattice water molecule positions. However, some of these positions are partially occupied resulting in a total of 4 water molecules in the structure. As shown in Figure 2, for each molecule, the two FeII centers are linked through three µ2-N1,N2-triazole bridges with the distance of 3.988(7) Å. Each FeII coordination sphere is further completed by one nitrogen (N16 and N22) atom from the terminal triazole ligand, two nitrogen (N26, N27 and N28, N29) atoms via cis-thiocyanate anions. The terminal average Fe−N bond length of 2.113(3) Å is shorter than the central average Fe−N bond length of 2.159(3) Å (Table S3). In both cases, the bond distance confirms the Fe centers being in the high-spin state at 173 K [37], which is further confirmed by magnetic measurements (see below). The NCS− anions are almost linear with the N–C–S angle around 178°; the angle of coordination to iron Fe–N–C is split into two groups with the angle being around 160° and 175° (Table S3). Within the structure, one of the terminal thiocyanates is disordered over the C39–S4 bond part with a relative occupancy of 2:1.



In compound 1, the adjacent neutral binuclear units are interconnected through C31–H31⋯πN15-ring stacking (C31–H31⋯centroid = 2.6070(2) Å) and a group of one-to-two H-bonding (S4⋯H17 = 2.9763(3) Å, S4⋯H16 = 2.6145(2) Å) interactions to form a 1D chain along a axis. (Figure 3) This chain is further connected in bc plane through another two groups of parallel intermolecular π⋯π stacking (centroid⋯centroid 3.5625(2) Å) together with one set of C6−H6⋯πN5 ring stacking (C6−H6⋯centroid = 3.7232(5) Å) to form a 3D supramolecular architecture (Figure 4).




3.1.2. Crystal Structure of [FeII3(pyrtrz)6(TsO)6]·10H2O·2CH3OH (C2)


Compound 2 crystallizes in monoclinic space group P21/c. Within the linear trinuclear basic units, the FeII ions are linked by three µ2-N1,N2-donating triazole ligands, the terminal coordination sites are occupied by three H2O molecules to complete the [N3O3] hexa-coordination (Figure 5). Quite surprisingly, this structure consists of three complete Fe centers within the asymmetrical units, where there are only three other examples among the 17 reported linear trimer analogues, including one new example published February this year (2018) (Table S2) [21,22,38]. While the central Fe2 is in an octahedral [FeN6] coordination environment, the outer FeII ion, Fe1 and Fe3, are in a [FeN3O3] coordination environment due to the coordination of the terminal water molecules. Each trinuclear unit is cationic with a 6+ charge, which is balanced by six free p-toluenesulfonate counteranions. Interestingly, due to different groups of H-bonding and π stacking (Figure 6, Tables S4 and S5), the p-toluenesulfonate ions are distributed unequally around the three linear Fe units. This unique feature makes the Fe centers crystallographically independent reflected by the monoclinic space group with three independent Fe centers within the asymmetrical unit. The X-ray analysis also reveals two methanol and ten water molecules linked to the trinuclear units via different H-bonding interactions, as some atoms are only partially occupied, resulting only in a total of one methanol and 6.5 water molecules identified. The hydrogen atoms from the water molecules are not defined here, thus potential supramolecular interactions involved are not discussed here. Though a significant point needed to be pointed out is that six out of the ten water molecules scattered exclusively along one side of the trimer with another one (O29) embedded in the middle of the trimer units. The uneven distribution of the water molecules is balanced by the unequally distributed p-toluenesulfonate anions. This further supports the uniqueness of the structure (Figure 5).



According to the ligand field theory, the total ligand-field strength is larger for the central iron center (coordinated by six triazole N atoms) than for the peripheral ions (surrounded by three triazole N and three O atoms from water). Considering the coordination environment among the three crystallographically unique iron(II) ions, only the central one (Fe2) is in the expected coordination environment for SCO to occur. According to the magnetic susceptibility measurement, the spin transition between the central FeII sites occurs between 150–95 K with T1/2 around 120 K (details see the magnetic part). The crystal structure determination was conducted at 173 K, right in the beginning of the spin transition. While still, significant differences were observed between the central Fe and the peripheral ones. The examination of the Fe2–N distances reveals bond lengths of approximately 2.08 Å (Table S3) which are consistent with this site being in between the LS and HS state at this temperature. The Fe1–N and Fe3–N bond distances of approximately 2.16 Å are consistent with a HS state as expected for this coordination environment (Table S3, Figure 7).



Numerous intra- and inter-molecular interactions involving the sulfonate oxygen atoms of the free p-tolylsulfonate anions lead to the final crystal packing. These supramolecular interactions explains the unusual sharp transition found in the rather bulky π-rich (conjugated) ligand system [19,26]. A comprehensive list of all the interactions is given in Table S5.





3.2. FT-IR Spectroscopy


The FT-IR spectra of compounds 1 and 2 indicate that the coordinated ligand pytrz here almost exhibit the same vibrations to that in the neat form pytrz. As shown in Figure 8, the spectra of the two compounds are very similar and are dominated by the spectral characteristics of the Schiff base ligand. However, a careful inspection allows the assignment of significant changes due to the coordination in the complexes. The vibration frequencies of the aromatic groups (Car–Car and Car=N) can be found between 1310 cm−1 and 1610 cm−1 in both compounds and the free ligand. The peak at 1508 (s, pyrtrz), 1522 (m, C1) and 1529 (s, C2) cm−1 can be assigned to the characteristic ω-triazole ring vibration. The ≈15 cm−1 hypsochromic shifts between the compounds and the free ligand indicates the coordination of nitrogen atoms to the metal centers [39]. Additionally, the peaks at 1169 (s), 1062 (vs), and 762 (vs) cm−1 can be assigned to the C−H in-plane or out-of-plane bend ring breathing, and ring deformation absorptions. The characteristic azomethine (HC=N) stretching [40] around 1635  cm−1 in the ligand somehow showed as very faint peak [41]. The spectrum of C2 showed strong C=N stretching at 2078 cm−1 suggesting the presence of the thiocyanate in the compounds. The 28 cm−1 hypsochromic shift compared to the spectrum of KNCS (2050 cm−1) indicates the fact that SCN is coordinated to FeII via the nitrogen atoms [42,43]. In addition, the spectrum of C1 showed signature bands for the p-toluenesulfonate counterions: The band at 1446 cm−1 could be ascribed to the –CH3 vibrations of the anion, and the bands at 1035, 1010 cm−1 may be assigned to the internal vibrations of the CH3C6H4 parts [44]. While the broad band at 1189 cm−1 and sharp one at 1125 cm−1 are assigned to νas(–SO3−) and νas(–SO3−) vibrations, respectively.




3.3. Magnetic Susceptibility and Mössbauer Spectroscopy


As shown in Figure 9, the magnetic susceptibility data of compound 1 has been recorded in the temperature range 300−2 K. The χMT value of 6.55 cm3·K·mol−1 (C1) at 300 K can be ascribed to the corresponding two high spin Fe(II) ions. This value remains almost constant at 6.55–6.27 cm3·K·mol−1 for compound 1 from 300 K down to 140 K; below this temperature, it starts to decrease more and more abruptly to reach a final value of 0.88 cm3·K·mol−1 (2 K). This temperature dependent behavior indicates typical antiferromagnetic magnetic coupling between the two Fe(II) ions in the high spin state.



To evaluate the antiferromagnetic coupling through the triple N1,N2-triazole bridge in the binuclear complex, the magnetic data are simulated with the PHI [45] program over the entire temperature range. Considering the multiple supramolecular interactions found between the adjacent dimer molecules, the intermolecular interaction parameter zJ was implemented with the fitting progress. The best fitting result gives us the values g = 1.94, zJ = −0.17(2) cm−1 with coupling constant J = −0.58(2) cm−1 (Figure 9). The result suggests that the antiferromagnetic coupling between the two adjacent Fe(II) centers is weak, and the supramolecular interactions found in the crystal lattice was found assisting for the antiferromagnetic coupling.



Temperature dependent magnetic susceptibility measurements on a bulk crystalline sample of compound 2 was also made from 300 K to 4 K range. As illustrated in Figure 10, the magnetic susceptibility data reveal an abrupt one-step SCO. At 300 K, the χMT values of 9.63 cm K mol−1 are in agreement with all Fe(II) sites being in the HS state per trinuclear unit. This value remains approximately constant until 150 K where the decrease in χMT values becomes abruptly all the way down to 6.75 cm·K mol−1 at 95 K. This process indicates a sharp SCO transition of one-third of the Fe(II) sites to the LS state with a T1/2 around 120 K. No thermal hysteresis was observed.



In order to understand the details of SCO process of compound 2, temperature dependent Mössbauer spectroscopy was performed on a bulk crystalline sample (Figure 11). Spectra were recorded at 77 K, 107 K, 137 K, 167 K and 197 K. The spectra have been analyzed with in total 3 different subspectra. The full parameters (δ: isomer shift, ΔEQ: quadrupole splitting, Γ: line width at half maximum, A: relative spectral area) are listed in Table 2.



As clearly shown in Figure 11 and Table 2, the Mössbauer spectrum at 77 K shows two distinctly different doublets. Doublet 1 (purple) has δ = 0.54 mm·s−1 and ΔEQ = 0.24 mm·s−1. Such a low quadrupole splitting is characteristic for a LS iron(II) embedded in an octahedral ligand field. Doublet 2 (blue) has δ = 1.22 mm·s−1 and ΔEQ = 3.22 mm·s−1, values which are typical fingerprints of a high-spin iron(II) species in an octahedral N/O ligand environment [46]. The relative intensity ratio of 1:2 between these two doublets indicates that the central iron(II) is in its low spin state, i.e., for complex 2, a HS-LS-HS state is stabilized at 77 K, which is in accordance with the magnetic susceptibility results discussed above. With increasing temperature, at 107 K, the intensity of doublet 1 representing the central LS iron(II) decreases while a new doublet 3 (green) emerges which has δ > 1 mm·s−1, an isomer shift typical for Fe(II) HS. The SCO of the central Fe is perfectly reflected in the Mössbauer spectra displayed at this temperature (at 107 K), that is, the intensity increasing of the green doublet 3 (central iron HS) is at the expense of the decreasing intensity of the purple doublet 1 (central iron LS). It is worth noticing that the intensity of LS and HS species here does not reflect the actual concentrations of the different iron sites because of the different Lamb-Mössbauer factors for the LS and HS state [25,47,48]. Nevertheless, the total intensity sum of green doublet 3 and purple doublet 1 still keeps a 1:2 ratio to the blue doublet 2 (external iron HS), confirming the SCO process undergoing on the central iron center only. At 137 K, doublet 1 vanishes, and the approximate 2:1 relative area ratio of the HS doublet 2 and the HS doublet 3 reflects the SCO transition of complex 2 from a HS-LS-HS state to a HS-HS-HS state. Further measurements of higher temperature (167 K and 197 K) reveal good agreement with the steady HS and LS ratio of 1:2, which confirms the stability of HS-HS-HS state after the spin transition. Additionally, the relative intensity ratio of 3:1 between the green doublet 3 and purple doublet 1 at 107 K gives us the hint of the transition temperature being around 120 K. As the spin transition in compound 2 is abrupt, with the help of the derivative plot of the χMT vs. T curve (Figure S2), a spin transition temperature of 120 K is also easily spotted. In conclusion, the temperature dependent Mössbauer spectra displayed in Figure 11 clearly shows that the central iron(II) in complex 2 is able to undergo SCO with T1/2 around 120 K, which is in good accordance with the magnetic susceptibility data shown in Figure 10.



The abrupt SCO behavior of this compound suggests medium strong cooperativity between molecules in the lattice, which is in accordance with the structural analysis. The multiple intra- and inter-molecular H-bonding interactions found in the crystal lattice explain the strong cooperativity between the active Fe(II) centers. Interestingly, even though studies have shown that ligands with bulky aromatic substituents and aromatic anions might have a “dilute or separation effect” on the overall cooperativity of the SCO compounds [19,26]. The abrupt transition observed here stands for an example with the supramolecular interactions overcome the “aromatic dilute effect”. A further study can be followed by synthesis of similar compounds with different degree of aromatic substitutions, either from the triazole ligands or from the counter anions. Furthermore, the relatively low transition temperature (120 K) for this compound is consistent with other similar discrete molecular species containing bulky aromatic 1,2,4-triazole ligands [19,24,25,26].





4. Conclusions


The work presented here shows two new examples of discrete triazole-based multi-nuclear FeII complexes. Based on the ligand 4-((1H-pyrrol-2-yl)methylene-amino)-4H-1,2,4-triazole (pyrtrz), a group of two crystalline coordination FeII complexes, i.e., one binuclear [FeII2(pyrtrz)5(SCN)4]·7H2O (C1) and one trinuclear [FeII3(pyrtrz)6(TsO)6]·10H2O·2CH3OH (C2), has been synthesized and magnetically characterized. An abrupt spin transition (T1/2 = 120 K) was found in compound 2, which was confirmed and explored by the magnetic susceptibility, Mössbauer spectra and structural measurements. The binuclear complex 1 did not show the spin transition, while an weak antiferromagnetic exchange coupling inside the dimer molecules was detected, assisted by the supramolecular interactions in the crystal lattice. The trimer complex described here represent the first example of an abrupt transition found with the accompanying of tolylsulfonate anion. This work suggests that apart from the inefficient communication the bulky aromatic groups might bring into the SCO system, the multiple supramolecular interaction formed can sometimes also lead to a good cooperativity between the active metal centers. The future work might need to focus on the isolation of more similar compounds with different degree of potential supramolecular interactions to examine their effect more quantitatively.
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Figure 1. Synthetic scheme to prepare the pyrtrz ligand. 
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Figure 2. Thermal ellipsoid view of the binuclear molecular structure of C1 at 173 K, shown with 40% probability ellipsoids. All H atoms are omitted, and only selected atoms are labelled for clarity. 
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Figure 3. The 1D chain connected via different intermolecular interactions along a axis. The red dashed lines represent H-bonding, while the blue dashed lines represent π⋯π stacking. 
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Figure 4. The π⋯π stacking in bc plane of compound 1. 
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Figure 5. Thermal ellipsoid view of the linear trinuclear complex C2 at 173 K, shown with 40% probability ellipsoids. All water, methanol solvent molecules and H atoms are omitted for clarity, and only selected atoms are labelled. 
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Figure 6. The different intramolecular interaction found in the trimer units. The red dashed lines represent H-bonding, while the blue dashed lines represent π–π stacking. 
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Figure 7. Labelled core of the linear trinuclear complex. Iron(II) sites (spheres) are coloured differently to distinguish the spin state (high spin (HS): red, low spin (LS): purple). 
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Figure 8. The FT-IR spectra of ligand pyrtrz and compounds 1, 2. 
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Figure 9. The temperature-dependent magnetic susceptibility for compound 1 (the solid line represents the best fit curve). 
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Figure 10. The temperature-dependent magnetic susceptibility (χMT vs. T) for compound 2. 
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Figure 11. Mössbauer spectra of compound 2 at 77 K, 107 K and 137 K. The open circles are the experimental data, the black solid line shows a superposition of the following components: subspectrum 1 (purple) represents the [LS] fraction of central iron (Fe2), subspectrum 2 (blue) is due to the [HS] fraction of terminal iron (Fe1 and Fe3), and subspectrum 3 (green) is the [HS] fraction of central iron (Fe2). Parameters see Table 2. 
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Table 1. Crystallographic Data and Refinement Parameters for Compounds 1 and 2.
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	Compound
	1
	2





	Empirical formula
	C39H49Fe2N29O7S4
	C86H116Fe3N30O32S6



	Formula weight
	1213.90
	2393.76



	Crystal size
	0.14 × 0.13 × 0.07
	0.51 × 0.11 × 0.03



	Crystal system
	Triclinic
	Triclinic



	Space group
	P-1 (No. 2)
	P121/c1 (No. 14)



	a (Å)
	11.9168(13)
	19.3399(19)



	b (Å)
	13.8948(15)
	15.6171(15)



	c (Å)
	18.830(2)
	37.287(4)



	α (°)
	90.543(3)
	90



	β (°)
	101.891(3)
	96.902(2)



	γ (°)
	102.381(3)
	90



	V (Å3)
	2975.4(6)
	1,1180.2(19)



	Z
	2
	4



	Dcalc (g/cm3)
	1.355
	1.422



	μ(Mo-Kα) (mm−1)
	0.691
	0.583



	F(000)
	1240
	4936



	Reflections collected
	28,747
	64,247



	Independent reflections
	10,485 (0.1442)
	26,617 (0.1035)



	Parameters
	668
	1858



	Goodness-of-fit
	0.919
	0.996



	R1 [I > 2σ(I)] a
	0.1123
	0.0852



	wR2 (all data) b
	0.3641
	0.2743







aR1 = Σ||Fo| − |Fc||/Σ|Fo|, b wR2 = {Σ[w(Fo2 − Fc2)2]/Σ[w(Fo2)2]}1/2.













[image: Table] 





Table 2. 57Fe Mössbauer parameters of compound 2 at different temperatures.
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T = 77 K




	
Subspectra

	
HS Fe1 and Fe3

	
LS Fe2

	
HS Fe2 and Fe3




	
δ [mm/s]

	
1.22 ± 0.02

	
0.54 ± 0.04

	
-




	
ΔE0 [mm/s]

	
3.22 ± 0.02

	
0.24 ± 0.03

	
-




	
Γ [mm/s]

	
0.41 ± 0.03

	
0.47 ± 0.03

	
-




	
Rel. Area [%]

	
66.00 ± 1.00

	
34.00 ± 1.00

	
0




	
T = 107 K




	
δ [mm/s]

	
1.16 ± 0.03

	
0.54 ± 0.05

	
1.21 ± 0.04




	
ΔE0 [mm/s]

	
3.22 ± 0.04

	
0.24 ± 0.10

	
2.25 ± 0.02




	
Γ [mm/s]

	
0.34 ± 0.02

	
0.47 ± 0.07

	
0.36 ± 0.04




	
Rel. Area [%]

	
65.00 ± 1.00

	
8.00 ± 2.00

	
27.00 ± 1.00




	
T = 137 K




	
δ [mm/s]

	
1.16 ± 0.03

	
-

	
1.21 ± 0.03




	
ΔE0 [mm/s]

	
3.22 ± 0.04

	
-

	
2.05 ± 0.04




	
Γ [mm/s]

	
0.34 ± 0.02

	
-

	
0.44 ± 0.03




	
Rel. Area [%]

	
65.00 ± 2.00

	
-

	
35.00 ± 1.00




	
T = 167 K




	
δ [mm/s]

	
1.15 ± 0.02

	
-

	
1.21 ± 0.04




	
ΔE0 [mm/s]

	
3.16 ± 0.02

	
-

	
1.93 ± 0.03




	
Γ [mm/s]

	
0.34 ± 0.01

	
-

	
0.36 ± 0.05




	
Rel. Area [%]

	
64.00 ± 2.00

	
-

	
36.00 ± 2.00




	
T = 197 K




	
δ [mm/s]

	
1.15 ± 0.04

	
-

	
1.21 ± 0.03




	
ΔE0 [mm/s]

	
3.16 ± 0.04

	
-

	
1.87 ± 0.04




	
Γ [mm/s]

	
0.34 ± 0.02

	
-

	
0.36 ± 0.01




	
Rel. Area [%]

	
67.00 ± 1.00

	
-

	
33.00 ± 1.00












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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