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Abstract

:

Herein, we report a novel Tb(III) single chain magnet with the chemical formulae [Tb(μ-OH2)(phen)(μ-OH)(nb)2]n by using 4-nitrobenzoic acid (Hnb) and 1,10-phenanthroline (phen) as ligand system. The single-crystal X-ray diffraction reveals that 4-nitrobenzoic acid acts as a monodentate ligand, water and hydroxyl ions are the bridging ligand and the phen serves as a bidentate chelating ligand. The static magnetic susceptibility measurement (from 2 K to 300 K) shows ferromagnetic interaction at very low temperature (below 6 K). The alternating current (AC) susceptibility data of the complex show temperature and frequency dependence under an applied 2000 Oe DC (direct current) field. The phen moiety behaves as an antenna and enables the complex to show the green light fluorescence emission by absorption-energy transfer-emission mechanism. To calculate the exchange interaction, broken symmetry density functional theory (BS-DFT) calculations have been performed on a model compound which also reveals weak ferromagnetic interaction. Ab initio calculations reveals the anisotropic nature (gz = 15.8, gy, gy = 0) of the metal centre and the quasi doublet nature of ground state with small energy gap and that is well separated from the next excited energy state.
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1. Introduction


Single molecule magnets (SMMs) have attracted great attention due to their potential applications in the field of quantum computing, molecular spintronics, magneto-optics and high density data storage [1,2,3,4]. These low dimensional magnets, such as single ion magnet (SIM), single molecule magnet (SMM) [5,6] and single chain magnet (SCM) [7,8,9] show slow magnetic relaxation due to the presence of an energy barrier between different mJ states. The height of energy barrier of magnetization reversal (Ueff) depends upon the ground spin state and the magnetic anisotropy of the metal centre [10]. In SCMs, it is additionally affected by the intrachain interactions between the metal centres and the orientation of anisotropic axis for individual metal ions. Lanthanide elements are most preferable metal ions to achieve the high ground spin state value and by choosing the suitable ligand field high anisotropy can also be obtained [11,12,13]. Out of all molecular magnets the single chain magnets (SCMs) have shown a great importance due to its tune-ability towards the creation of anisotropic axes with high exchange interactions and dipolar interactions [14,15,16,17]. This leads to an enhancement to the effective energy barrier of magnetization reversal (Ueff) and stimulate the hysteresis loop with large coercive field [18,19]. Huge numbers of SCMs have been constructed from 3d metals [20,21,22], 3d–radical [23,24], 3d–3d [25,26,27], 3d–5d [28,29], 3d–4f [30] and 4f–radical systems [31] and characterized. Terbium is one of the most preferred non-Kramer lanthanide elements for the design of SIMs [32,33,34,35,36], SMMs [37,38,39,40], due to its high intrinsic magnetic anisotropy which favours the slow relaxation of magnetization; however, terbium based SCMs are relatively less explored [41]. In 2005, Bernot et al. reported a series of rare earth element based single chain magnet using radical as a bridging ligand, where Tb(III) based SCM has also been reported [18]. In 2012, Pasca et al. reported a cyanido bridged one dimensional chain of tungsten and terbium [42]. In 2012, Liu et al. and in 2014, Hu et al. reported Tb(III) based 1D chain where the bridging ligand was the basic unit of nitronyl nitroxide based radical [43,44]. In 2016, Turta et al. reported a carboxylate bridged Tb(III) SCM by using α-furon carboxylic acid [41].



Interestingly, Tb(III) based co-ordination polymers and complexes may also be considered as luminescent materials [45] and their emission can be explained by absorption-energy transfer-emission mechanism [46]. This can be achieved by using an attached ligand “antenna” which can absorb light and then transfers the energy to sensitize metal centre Tb(III)) efficiently, eventually emitting the characteristic lanthanide bands [47]. Pyridine based lanthanide complexes are very well studied in the arena of luminescence, particularly 1,10-phenathroline which is having three aromatic rings and very well known for sensitizing Ln3+ Ions [48,49].



Even though there are many SCMs have been reported but the main challenges are to achieve the strong Ising type anisotropy in magnetic centres and weak inter-chain interaction [14] to achieve best results. Herein, we report the synthesis, characterization, structure determination, magnetic study, luminescence property study and ab initio calculation of the Tb(III) based single chain magnet, [Tb(μ-OH2)(phen)(μ-OH)(nb)2]n (Complex 1) by using 4-nitrobenzoic acid (Hnb) and 1,10-phenanthroline (phen).




2. Result and Discussion


2.1. Synthesis and Spectral Characterization


The complex 1 was obtained by the reaction of phen, 4-nitrobenzoic acid and TbCl3.6H2O by using water and ethanol as solvent under solvo-thermal condition by following the synthetic procedure reported in literature [50]. The colourless crystals were manually separated from the reaction mixture for the further characterization and measurements.



The complex 1 was crystallized in the orthorhombic space group Pnma with Z = 4. The complex 1 shows a zig-zag chain with [N2O6] eight-coordinate Tb(III) metal ions propagated by μ2-H2O and μ2-OH− hetero-bridges. As shown in Figure 1a (basic structural unit), the N2O6 co-ordination sphere of centrosymmetric Tb(III) ion is occupied by one chelating phen molecule (bidentate), two carboxylate O atoms (monodentate) from two symmetric 4-nitrobenzoate anions, two bridging hydroxyl groups and two bridging water molecules. The systematic analysis of the co-ordination geometry around the metal centre using SHAPE 2.1 program [51] reveals the approximately triangular dodecahedron coordination sphere of the Tb(III) in complex 1 with D2d geometry having the agreement factor of 0.723 (detailed geometric analysis is described in Table S2). A detailed comparisons reveal that the complex 1 has an apparent shortest Tb1−O1 bond (2.230(2) Å) as compared to already known Tb(III) based single chain magnets [43] (Table S4). The appearance of the shortest Tb1−O1hydroxyl bond may significantly increase the single-ion anisotropy of the oblate Tb(III) spin responsible for the slow magnetic relaxation. Notably, the μ2-OH− and μ2-H2O bridges and Tb(III) ions lie in the same equatorial plane. Along the crystallographic a axis, the Tb(III) ions are bridged by pairs of μ2-H2O and μ2-OH− groups to generate an infinite zig-zag chain (Figure 1c). The bridging angles of ∠Tb1-O2/O1-Tb11 (1 = −1/2 + x, +y, 3/2 − z) are 103.49°(8) and 118.60°(10) for water and hydroxyl bridges, respectively and the intrachain Tb1(III)···Tb11(III)(1 = −1/2 + x, +y, 3/2 − z) distance is 3.896 Å(2). Apparently, the Tb(III)···Tb(III) distance separated by μ2-H2O and μ2-OH− bridges is much shorter than those previously reported terbium(III) chains connected by carboxylate linkages and nitronyl nitroxide radical (5.196−8.427 Å) [43,44]. The distinct chains present strong π···π stacking interactions of phen moiety with distances of 3.780 Å (Figure S1a,b in the Supporting Information) and weak intrachain and interchain C−H··· O interaction (distances and angles have been mentioned in Table S3). This leads to the generation of a two-dimensional layer (Figure 2) with interchain Tb…Tb distance of 11.286 Å which ensures lack of interchain magnetic exchange.




2.2. IR Spectroscopy


In the complex 1, the presence of aqua molecules and/or hydroxyl groups was confirmed by a strong and broad absorption band at 3412 cm−1 (characteristic stretching vibration of O−H) [52] (Figure S12 in the Supporting Information). The stretching frequency peaks at ca. 1622 and 1398 cm−1 are due to asymmetric (νasyCOO–) and symmetric (νsCOO–) stretches of carboxylate, respectively. νCOO– [νasy(COO–)–νsym(COO–)] is 224 cm−1 (>200 cm−1), typical of monodentate carboxylate [53]. The stretching frequencies observed at ca. 1514 cm−1 and 1344 cm−1 reflect the asymmetric and symmetric stretching modes of the nitro group [54].




2.3. PXRD and Thermal Stability


PXRD was performed on complex 1 to confirm the bulk phase purity. The experimental PXRD of the bulk sample of complex 1 match well with the simulated pattern generated from the single crystal data which indicates the equitable phase purity (Figure S2). Thermogravimetric analysis (TGA) was performed in the temperature range of 30–800 °C under N2 flow with a heating rate of 10 °C min−1 that shows stability up to 150 °C followed by a gradual weight loss. Further heating resulted in the decomposition of whole framework finally leading to a residue which most likely amounts to the formation corresponding Tb2O3 (Figure S11 in the Supporting Information).




2.4. Magnetic Properties


2.4.1. Direct Current Magnetic Susceptibility


The magnetic susceptibility of the complex was measured on polycrystalline sample in the temperature range of 2–300 K under an applied DC field 0.1 T. The phase purity of the complex 1 was confirmed by the good agreement of experimental powder X-ray patterns with simulated ones (Figure S2). At room temperature, the χMT (where χM is molar magnetic susceptibility) product is 12.07 cm3 K mol−1 for per mole of Tb atom [55] which is slightly larger than the expected to the value C = gJ2J (J + 1)/8 = 11.8 cm3 K mol−1 for a free Tb(III) ion with a ground state 7F6 and gJ = 3/2(g = gyromagnetic ratio) [44,52]. Upon cooling down temperature, the value of the χMT decreases down to 10.48 cm3 K mol−1 at 6K (Figure 3), this behaviour often observed in 4f paramagnetic ions which are mainly ascribed to the depopulation of the excited Stark sublevels [56] and also the intra-chain antiferromagnetic exchange between the different Tb centres. Then it drastically increases to a value of 13.3 cm3 K mol−1 after further cooling to 2 K which indicates the presence of weak ferromagnetic interaction between the Tb ions in the 1D chain.



The field dependence of magnetization was measured at different temperature and in range of field 0–7 T. It shows rapid increase of the magnetization occurs at low magnetic field and with increasing the magnetic field it gradually increases and reached up to the value 4.95 NμB at 7 T (Figure 4a). The sigmoidal nature of the curve also indicates the weak interactions between the Tb centres. This value is much smaller than the theoretical magnetization saturation value of 9 NμB. Furthermore the magnetization value do not saturate even at available highest magnetic field. In addition the reduced magnetization curve (Figure 4b) do not collapse on the same master curve which can be attributed to the presence of pseudo ground doublet and the significant anisotropy for Tb centre caused by the crystal field effect [57].



In addition to get the quantitative information about the extent of ferromagnetic interaction, the programme PHI [58] with crystal-field (CF) perturbation was employed to fit the magnetic susceptibility and magnetization. The following Hamiltonian has been used for slightly distorted D2d symmetry as given in Equation (1).


H^CF=−2J(S1.S2)+B02O02+B04O04+B06O06



(1)







(J, Bqk, Oqk are the exchange interaction, crystal field parameter and Stevens operator respectively).



The exchange interaction and crystal field parameters (Table 1) obtained by the concurrent fitting of χMT versus T and M/NμB versus H plots. With the above Hamiltonian the fitting data is in good agreement with the experimental data especially at low temperature. Also, we have included mean field term as dipole-dipole interaction during the fitting which results Jex = +0.107 cm−1 and Jdip= +0.009 cm−1 (can be neglected). The best fit gives Jex = +0.107 cm−1 and R = 0.306 × 10−6 (R = Σ[(χMT)obsd − (χMT)calcd]2/Σ[(χMT)obsd]2) which indicated weak ferromagnetic interaction present between the Tb centres.




2.4.2. Dynamic Magnetic Measurement


To pursue the SMM behaviour alternating current (ac) magnetic susceptibility data were collected in the temperature range of 2-10 K under zero dc field with a constant ac field of 3.5 Oe of oscillating frequencies. The in-phase χM′ ac susceptibility data show no frequency dependence between 2 K and 10 K as shown in Figure S3b in the Supporting Information. While the χM′′ (T) curves exhibit small frequency dependence, hinting at slow relaxation at lower temperature however no clear peak maxima is observed above 2K which is mainly due to the fast quantum tunnelling of magnetization [59,60] (Figure S5a). We performed ac measurements on complex 1 at different fields in the range of 500 Oe to 3000 Oe and optimal dc field of 2000 Oe was selected because it invokes the slowest relaxation in the range of in the 2000-3000 Oe fields (see Figures S6–S9, Supporting Information). So to suppress the QTM and have more insight of SMM behaviour, ac susceptibility data have been collected with an applied dc field of 2000 Oe. At 2000 Oe dc field the frequency dependency of out of phase ac susceptibility (Figure S10) and the temperature dependency of in phase (χM′) (Figure 5b) and out of phase (χM″) (Figure 5a) ac susceptibility clarifies the SMM behaviour of complex 1. Although the values of χM″ at higher temperature goes negative (Figure 5a) [54,61] and lower than the expected range also indicates the small fractions of the molecules are participating the slow relaxation of magnetization. And may be for the same reason the χM′′ values are quite smaller as compared to χM′′ value in the AC susceptibility plots (Figure 5a,b).



As χM″ versus T plots do not show any peak maxima above 2 K, so the τ0 the energy barrier (Ueff) cannot be determined by using the Arrhenius method [62,63]. So by using another method, which assumes that there is only one single relaxation process with one energy barrier and one time constant that can be extracted by the following equation (Debye Model) [64],


ln(χM′′/χM′) = ln(ωτ0) + Ueff/kBT…………………… 2 (ω = angular frequency).











The best fit of Debye equation yielded an energy barrier of 2.5 K (Figure 6) and τ0 is 6.6 × 10−7 s. It is worth noting that these are only approximate values and therefore should be taken with caution [61]. The low value of energy barrier in case of non-Kramers ion mainly attributed to the quantum tunnelling of magnetization (QTM) and Raman processes (occurring through some virtual states) which are more favourable for slow relaxation [65].





2.5. Theoretical Calculations


2.5.1. Exchange Interaction Calculations


Due to first order spin-orbit coupling effects the wave function of the energy states on Tb are complex and multi-determinantal. Thus BS-DFT cannot be applied directly for the description of exchange interaction. Recently Vieru et al. reported [66] an approach regarding this problem where anisotropic metal centre was replaced by isotropic Gd centre keeping the position constant for other atoms. So, we have employed similar approach (See Supporting Information for details), by replacing Tb centre by isotropic Gd centre which can be well described by single determinant wave function and remaining the position constant for other atoms. We have computed the exchange coupling between the adjacent Gd centres and then we rescaled the obtained J = +0.044 cm−1 (Gd-Gd) from the spin 7/2 of Gd and the spin 3 of Tb by multiplying former by 49/36. This rescaling procedure can also give a satisfactory estimation of the exchange coupling between the anisotropic centres. Even with its simplicity, this approach produced reliable result to the description of exchange coupling between the anisotropic systems for a series of multimetallic complexes [67,68]. The calculated exchange between the two Tb centres is +0.06 cm−1 is given in Table 1 (detailed explanations are given in Tables S6 and S7 in the Supporting Information) which is very close to the experimental value obtained from the fitting. In addition the magnetic orbitals of Gd centre (Figure 7) in complex 1 shows a tails towards the bridging O atoms which connect the next Gd atoms, resulting very weak ferromagnetic interaction between the magnetic centres.




2.5.2. Ab Initio Calculations


To estimate the energy levels structure of Tb(III) multiplet and the anisotropy of the low-lying states we have performed ab initio calculations using CASSCF/RASSI-SO/SINGLE_ANISO method as implemented in MOLCAS 8.2 (See Supporting Information for details). The calculations were performed on the experimentally determined X-ray structure without optimizations. In this case all Tb(III) ions are in similar environment. Thus, we have used a cluster model where one Tb(III) ions and two La(III) ions are present. In this model also we have included bridging OH− and H2O molecule in the both side of the studied Terbium ion. We have consider 8 electrons in 7 ‘4f’ orbitals [CAS (8,7)] in the active space. The CASSCF calculations were performed with 7 septets, 140 quintets, 195 triplets. Further we have noticed that the first excited state is separated from the ground by 9.4 cm−1 as shown in the Figure 8b. The ground state is mainly composed of state MJ = 6 with some mixture from MJ = 5. So the two lowest energy states can be considered as a quasi-doublet. In addition, the second excited and third excited states are at relatively higher energy level, 91 cm−1 and 171 cm−1 respectively (Figure 8b). The uniaxial magnetic anisotropy is also observed in the ground state with gz = 15.8, gy, gy = 0 which is nearly perpendicular to the c axis (Figure 8a). Again as we move from the ground state to the higher excited states the uniaxial nature of the states are gradually decreases. The two non-degenerate ground states at low temperature and other excited states in high temperature are also expected for non-Kramers ions [44].





2.6. Photoluminescence


The unique photo-physical properties of lanthanide complexes make them attractive class of compound and because of the minimally perturbed f-f electronic transitions they show sharp line like emission with high colour purity [69]. Spin and Laporte rules of fluorescence emission forbids these electronic transitions partly which results the longer excited sate lifetimes (millisecond to microsecond range) [70,71]. The introduction of strong light-harvesting chromophore can solve the problem of low extinction coefficients in lanthanide complexes by a process known as the antenna effect (absorption of light by chromophore ligand and transfer of energy to the metal centre) [72,73,74].



In the present case the emission spectrum of complex 1 displays characteristic strong emission bands of Tb(III) at 485, 543, 585 and 617 nm upon excitation at 300 nm (Figure 9) [75,76,77]. These bands are assigned to transitions between the first excited state, 5D4 and the ground-state multiplet 7FJ (J = 6, 5, 4, 3). The green luminescence emission of complex 1 was observed because of the strong 5D4→7F5 transition at 543 nm.





3. Materials and Methods


3.1. Starting Materials


All the reagents and solvents employed were commercially available and used without further purification. The synthetic reactions and work-up were done in the open air.




3.2. Preparation of the Complex


Synthesis of [Tb(μ-OH2)(phen)(μ-OH)(nb)2]n (1). Hnb (16.7 mg, 0.1 mmol), phen (60 mg, 0.3 mmol) and TbCl3·6H2O (36.4 mg, 0.1 mmol) were added to a mixture of solvents containing distilled water (5 mL) and ethanol (1 mL). After 30 min of constant stirring the reaction mixture was transferred to Teflon vessel (23.0 mL) sealed in a stainless steel container and heated at 140 °C for 72 h under autogenous pressure. Colourless block-shaped crystals were obtained after cooling down the reaction mixture to the room temperature and washed with distilled water. The grown crystals were highly suitable for single-crystal X-ray structural determination, separated manually and dried in air (yield: 34%). Calcd. for C26H19TbN4O10: C, 44.21; H, 2.71; N, 7.93%. Found: C, 44.06; H, 2.611; N, 7.88%. IR (KBr, cm−1): 3412 (s), 1948 (w), 1579 (s), 1514 (m), 1398 (m), 1344 (s), 1097 (w), 858 (w), 792 (w), 723 (w), 516 (w).




3.3. X-ray Data Collection and Structure Refinement


Intensity data were collected on a Brüker APEX-II D8 venture diffractometer using a graphite monochromated Mo-Kα radiation (λ = 0.71073 Å) at 120 K. Data collections were performed using φ and ω scan. Using Olex2 [78] as graphical interface, the structure was solved with the ShelXT [79] structure solution program using intrinsic phasing. The model was refined with ShelXL [79] with full matrix least squares minimisation on F2. All non-hydrogen atoms were refined anisotropically. Crystallographic data for complex 1 have been summarized in Table S1. Bond lengths and angles are listed in Tables S4 and S5 in the Supporting Information.




3.4. Physical Measurements


The elemental analyses were performed on an Elementar Micro vario Cube elemental analyser. FTIR spectrum (4000–400 cm–1) was recorded for KBr pellets with a Perkin Elmer Spectrum BX spectrometer. Powder X-ray diffraction (PXRD) data were collected using a PANalytical EMPYREAN instrument (Cu-Kα radiation). Magnetic measurements were performed by using a Quantum Design magnetometer. The measured values were corrected for the experimentally measured contribution of the sample holder, whereas the derived susceptibilities were corrected for the diamagnetism of the samples, estimated from Pascal’s tables [55]. Absorption studies were recorded with an Agilent Cary 100 UV/Vis spectrophotometer. Thermogravimetric analysis was conducted with a Perkin–Elmer Thermogravimetric analyser with a heating rate of 10 °C min–1 in the temperature range of 30–800 °C. The photoluminescence spectral measurements were recorded with a Horiba Jobin Yvon Fluoromax-4 spectrofluorometer.





4. Conclusions


In conclusion, we have synthesized a new non-Kramers Tb(III) single chain magnet which shows ferromagnetic behaviour at very low temperature (below 6.1 K) which is very well supported by the BS-DFT calculations. The complex also shows field induced slow relaxation of magnetization. The sharp luminescence of the complex confers its application in the field of multifunctional material. The ab initio calculations manifest the highly anisotropic nature of the Tb(III) SCM with gz = 15.80 and the quasi doublet nature of ground spin state with small energy gap which leads to fast relaxation. Future work will adjoin the appropriate coordination sphere around the Ln(III) centre to create the high anisotropy and reasonable bridging ligand to have maximum exchange coupling for excellent SMM properties.








Supplementary Materials


Crystallographic data for the structural analysis have been deposited with the Cambridge Crystallographic Data Centre No. 1865187 for complex 1. Copy of the data can be obtained free of charge from the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax: +44(0)-1223-336033; or e-mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk].
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Figure 1. (a) Coordination sphere of Tb(III) ion the complex 1. (b) Polyhedron of coordination environment around Tb metal centre. (c) The one dimensional chain of complex 1 with Tb(III) ions propagated by water and hydroxyl bridges (Hydrogen atoms were omitted for clarity, colour code: Tb = green, O = red, C = grey, N = blue). 
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Figure 2. Intrachain and interchain C−H⋯ O interaction, with interchain Tb…Tb distance of 11.286 Å. 
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Figure 3. χΜΤ versus T plots at 1 KOe for complex 1. 
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Figure 4. (a) DC magnetization as a function of the applied field, M(H), at 4 K and, (b) reduced magnetization plot in the field range of 0–7 T and temperature range of 2–10 K for complex 1. 
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Figure 5. (a) Out of phase (χM′′ vs. T) and, (b) in phase (χM′ vs. T) AC plot for complex 1 at 2000 Oe dc field. 
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Figure 6. The solid lines represent fit to the Debye model according to Equation (1). 
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Figure 7. Magnetic orbitals on one of the Gd centre in complex 1. 
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Figure 8. (a) Ab initio computed orientation of the principal magnetization axis of the ground state (b) CF split energy levels calculated by ab initio for Tb(III) centre in complex 1. 
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Figure 9. Solid state fluorescence emission spectra of complex 1 at room temperature. 
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Table 1. Exchange coupling and crystal field parameters of complex 1.
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Complex 1

	
Fitting (cm−1)

	
From Calculations (cm−1)






	
Exchange Coupling Parameter (J)

	
+0.06




	
Crystal Field Parameters

(B02, B04, B06)

	
(−566, 155, 5.4)

	
(−356, 78.8, 4.6)
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