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Introduction

The organization of molecular magnetic building blocks (MBBs) into extended framework to form Metal-Organic Framework (MOF) is a dynamic field of research. 1,2 MOFs have been proposed as a potential way to constrain coordination geometries of metallic ions to form arrays of single-molecule magnets (SMMs) [START_REF] Gao | Molecular nanomagnets and related phenomena[END_REF][START_REF] Benelli | Introduction to Molecular Magnetism: From Transition Metals to Lanthanides[END_REF][START_REF] Jeon | [END_REF] or single-chain magnets (SCMs) [START_REF] Miyasaka | [END_REF][START_REF] Coulon | Single-Molecule Magnets and Related Phenomena[END_REF] . This approach is particularly relevant when MBBs are made of lanthanide ions. [START_REF] Guillou | In Handbook on the Physics and Chemistry of Rare Eaths[END_REF]9 In fact, high performance lanthanide-SMMs possess highly symmetric electrostatic environments that induce strong stabilization of the magnetic ground state. [10][11][12][13] A striking this particular point in this paper. We report herein a MOF where spontaneous organization of the Dy-MBBs into chains is observed. This peculiar feature induces ferromagnetic intra-chain interaction that promotes a fast relaxing MBB into a material with magnetic slow relaxation and opening of a hysteresis at low temperature.

Results and Discussion

Structural description

The reaction of 1,2-phenylenediacetic acid (H2o-PDA) with lanthanide chloride salts affords an isostructural series of three dimensional MOF of general formula [[Ln(o-PDA)3(H2O)2]•2H2O]n. The crystal structures have been reported for Ln=La III , 72 Nd III , 72 Dy III , 73 Pr III , 74 Er III , 74 Tb III , 75 Ho III , 75 with all derivatives obtained through hydrothermal synthesis. In this work, we have been able to obtain the same isostructural microcrystalline powders using soft chemistry reaction (see SI) for Ln=Dy III (latter called Dy) (Figure S1) and for a doped derivative [[Dy0.08Y0.92(o-PDA)3(H2O)2]•2H2O]n latter called Y:Dy (Figure S2). Hereafter, we provide a brief description of the crystal structure. S1). From the magnetic point of view, this last coordination mode is expected to transmit sizeable magnetic interaction between the Dy III ions. [76][77][78] The Dy III ion presents a muffin-like coordination polyhedron (Cs) 79 (Figure 3, Table S2).

Overall, Dy III chains spread along the c axis (Figure 1) and each o-PDA 4). The network can be described as a (6, 3) topologic structure with a honeycomb-like core (Figure 1).

Static magnetic properties

Room temperature χMT value measured on Dy is 13.64 cm 3 .K.mol -1 close to the one of the free-ion (14.17 cm 3 .K.mol -1 ). Upon cooling, a decrease of χMT is observed in line with the thermal depopulation of the MJ states (Figure 2). Below 20K, an abrupt increase is observed and χMT reaches 30.6 cm 3 .K.mol -1 at 2.0 K and a maximum of 50.69 cm 3 .K.mol -1 at 1.0 K. This sharp rise of χMT is followed by a drop until 40.37 cm 3 .K.mol -1 at 0.63 K. It is worth noting that χMT reconstruction from zero-field dynamic magnetic measurement affords very similar temperature dependence (Figure S3) and discards the occurrence of saturation effects. Consequently both ferro-and antiferromagnetic couplings operate in Dy. The doped derivative, Y:Dy, depicts a monotonous decrease of χMT that reaches a plateau below 11K, and validates its use as a magnetically uncoupled analogue of Dy (Figure 2). 

ab-initio calculations and electrostatics

In first approximation, the strong ferromagnetic coupling observed on Dy is expected to be a consequence of the μ2 bridging mode of the oxygen atoms (O3 and O5) that bind the Dy III . 66,67,80 To shed some light on this point, ab-initio SA-CASSCF/SI-SO calculations have been performed (see SI for details). A Dy III ion has been considered together with its two closest neighbours within the chain as Y III ions (Figure 3). All coordinated oxygen
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atoms have been considered explicitly. In fact, some of us have previously demonstrated that a too simplified description of the neighbouring environment of a given Dy III in a Dy-chain can led to a wrong description of the electrostatic features of the compound. 81 This system can be then considered as a good model of the doped compound Y:Dy. The Dy III ion is found extremely anisotropic (gx=0, gy=0.01, gz=19.66) with an almost pure 15/2 ground state that is very well separated from the first excited one by 203 K (141 cm -1 ) (Table S3 and Figure S5). This is a rare feature for a nine-coordinated Dy III ion. 82 The chain direction can be considered as the line connecting the i th and (i+2) th Dy III . The angle of the calculated easy-magnetic axis between two consecutive Dy III is 16.89° so that the angle with the chain direction is 34.12° (Figure 4). This slightly canted orientation is in line with a dipolar ferromagnetic Dy-Dy interaction along the chain. Overall the magnetic component of the chain lies in the (ac) plane at 3.2° of the chain direction.

It is well-known that the Ln-O binding is mainly electrostatic in nature and that the main anisotropy direction is governed by the minima in the electrostatic potential field. We employed then the home-developed CAMMEL code (CAlculated Molecular Multipolar ELectrostatics, see SI) to analyse, at the radius of 1.6 Å from the ligands, the electrostatics extracted from the ab-initio calculations. It is clear from Figure 3 that the orientation of the g tensor is heavily influenced by the contribution of a single oxygen atom (O1); the latter is indeed at the shortest distance of the Dy III ion (Table S1) and generates a more negative potential. However, looking at the single contributions in the multipolar expansion (Figure S4), it is clear that this effect is not driven by the different charges distribution on the oxygen atoms, but by the quadrupole moment (and in a lesser extent by the dipoles). Magnetic interactions in Dy are attributable mainly to dipolar coupling because of the large distances between metal sites.

These interactions have been calculated taking a Dy III ion as reference and considering all its neighbours in a radius of 15 Å, using the Lines model (see SI). The interactions along the chain are all found ferromagnetic, with the one with the first neighbour's particularly strong (J1 dip =3.665 cm -1 in the effective S=1/2 framework, see also Figure 4, Table S4 and Figure S6). The latter is also the only interaction that is expected to be not only dipolar in nature due to a short distance of 4 Å. The interactions with the neighbouring chains called Ch1, Ch2 and Ch3 are found both ferro-and antiferromagnetic, but with a prevalence of antiferromagnetism. Indeed, the sum of all interactions from neighbouring chains interaction leads to interchain coupling of Jinter=-0.048 cm -1 . 

SMM vs SCM behaviour

At that stage, given the strong intramolecular ferromagnetic interaction observed on Dy, and the relatively high distances observed between the chains, one may expect single-chain magnet (SCM) behaviour. [83][84][85][86] Such behaviour is seen when magnetic slow relaxation of a chain-based compound is confined inside the chain. The compound consequently behaves as a one-dimensional molecular magnet that adopts an Ising-spin chain dynamics 7,87-91 and can be described by the following spin Hamiltonian: HIsing=-∑ij JIsing(ij) Siz Sjz (eq.1)
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where Siz are the projection of the pseudospin eigenfunction on the axis of anisotropy of the i th site, collinear with the j th site. On a static magnetic point of view, this implies the creation of magnetic domains within a chain where a given number of spin carriers can relax collectively. These coherent domains create a "correlation length" ξ that is observed when the magnetic interaction along the chain is strong enough when compared to the temperature and possible weak inter-chain interactions. 89,92,93 The growth of ξ induces an exponential variation of χMT according to: χMT α exp(JIsing/2kBT) (eq.2) 7,66,67,80,94,95 On Dy, a JIsing value of 2.89 cm -1 is found in the 2-10 K temperature range. Consequently, we can discard a SCM behaviour on Dy because J is considerably smaller than the energy barrier for spin reversal (vide infra) and the corresponding correlation length can be considered smaller than one repetitive unit Within the Lines model we calculated the same interaction with JIsing=JLinescos(φ) where φ is the angle that projects the noncollinear Lines framework in the collinear Ising model. [START_REF] Chibotaru | [END_REF] The fitted JLines ≈ 3.93 cm -1 with φ ≈ 50° (see Figure S8) provides JIsing=2.53 cm -1 . The difference between JLines and J1 dip (3.66 cm - 1 ) comes from the exchange interaction that cannot be calculated due to the complex network of dipolar couplings. Overall, the observed magnetic behaviour at low temperature (0-1 K) is explained by considering the system as Ising ferromagnetic chains, coupled by antiferromagnetic weak interactions.

Dynamic magnetic properties

Dynamic magnetic measurements have been performed on Dy and Y:Dy. In zero field (Hdc=0 Oe), the two derivatives behave very differently. The relaxation time, τ, measured on Dy is not affected by any temperature independent phenomenon on all the investigated temperature range (0.67-5 K) (Figures S9-S12). This is an extremely rare feature as a levelling of τ is almost always observed on Dy III -based SMMs. 9 Such levelling has been evidenced to be due to the occurrence of quantum tunnelling, Raman or direct relaxation processes that overcome the Orbach one at low temperature. 99 For Dy the strong magnetic coupling that operates between the Dy III ions favours a pure thermally dependant relaxation process that is expected to vary as τ=τ0exp(Δ/kBT) with τ0 the characteristic relaxation time and Δ the energy barrier for spin reversal. For Dy, these parameters are estimated to be τ0= 1.6 10 -5 s and Δ= 9.1 K (6.3 cm -1 ) (see Table S6). One can notice here that the physical meaning of Δ is far from an obvious point as we are looking to an ensemble of coupled SMMs and not to an isolated magnetic molecule. Additionally, the distribution of the relaxation times is small above 1.8 K as demonstrated by the Cole-Cole plots (α1.8K=0.27, see Figure S14 and Table S7) but increases as AF couplings became relevant (≈1 K). These Cole-Cole plots allow estimating for each temperature the isothermal (χT) and adiabatic susceptibility (χS) and consequently provide the relaxing fraction of the sample (1-(χS/χT)). Almost all the sample relaxes slowly with a relaxing fraction of 99% and 93 % at 0.8 K and 1.8 K respectively (Table S7).

In-field measurements have been performed for Hdc=1200 Oe, the field at which the slowest relaxation is observable at 2 K (Figure S15). This induces a crossing between the Arrhenius plots extracted for Hdc=0 Oe and Hdc=1200 Oe (Figure 5) at T ≈ 1 K. This is a rare feature as magnetic relaxation below 1 K is slower in zero-field than in-field and induce an opening of an hysteresis that is not narrowed in zero field (butterfly-like hysteresis) as commonly observed on Dy III adducts. 9,100,101 In-field measurements show a thermally activated behaviour far superior to the one in zero field with τ0=8.0 10 -8 s and Δ=49.6 K (34.5 cm -1 ) (Tables S8-S9). Despite a large relaxing fraction (84% and 96% at 0.8 K and 1.8 K respectively), a very high distribution of the relaxation times is observed (α= 0.60 and 0.50 at 0.8 K and 1.8 K respectively) (Tables S8-S9, Figure S16-S20). This maybe a consequence of the competition between several relaxation processes. [102][103][104] Indeed, a progressive levelling of τ is observed as the temperature is lowered (Figure 5). This is strikingly different from what observed commonly on Dy III -SMMs where the application of a dc field induces a purest magnetic slow relaxation than in zero field. 99 Magnetic dilution is a useful approach to investigate the magnetic property of a given SMM without the influence of its magnetic neighbours. [105][106][107][108][109][110][111][112][113][114][115][116][117] Once crystallized in an isomorphous diamagnetic matrix, the SMM behaviour is generally optimized as intermolecular interactions that are likely to create additional and damaging pathways for the magnetic relaxation are suppressed. 108,117 In the particular case of Dy the magnetic dilution is a simple way to: i) characterize the SMM properties of the isolated MBB ii) test the influence of the magnetic interactions (either along or between the chains) on the relaxing properties of the isolated Dy III ion. Accepted Manuscript S10-S11). It is important to notice here that Δ is by far superior to the one observed on Dy indicating that the isolated ion possess a well isolated ground state and possible good SMM performance. However, quantum tunnelling relaxation processes are very efficient below 4 K and impose a totally thermally independent relaxation (τ ≈ 100 Hz). The relaxing fraction is very large (90% and 95% at 0.8 K and 1.8 K respectively) with a severely damaged relaxation time distribution when compared with Dy (α1.8 K=0.58 whereas it was 0.27 for Dy). In-field measurement on Y:Dy, present a typical enhancement of the magnetic relaxation at high temperature confirming the influence of quantum tunnelling in zero field with τ0=1.6 10 -8 s and Δ=59.5 K (41.4 cm -1 ) (Figure S26-S31, Tables S12-S13). These behaviours are in qualitative agreement with the ab initio magnetization barrier (Figure S5) that suggests a relaxation pathway involving either an Orbach process from the first excited state or a quantum tunnelling process from the second excited state. The fast thermally independent zero-field relaxation is not accounted by the ab-initio calculations. This may suggest that additional fast relaxation processes are involved such as the contribution from hyperfine coupling with yttrium nuclear spin. These findings clearly demonstrate that ferromagnetic couplings in Dy enhance its magnetic relaxation. Overall, Y:Dy has a slowest magnetic relaxation than Dy at high temperature. However below 1K, when the couplings are relevant, Dy is a better SMM than Y:Dy whatever Hdc is. This is further confirmed by hysteresis measurements.

Hysteresis measurements

Hysteresis curves have been recorded for Dy and Y:Dy at 0.47 K with a field sweep rate of 16 Oe.s -1 (Figure 6). Dy shows an opened hysteresis between ±5000 Oe with a coercitive field of 250 Oe, a remanant magnetization of 1.2 μB and saturation at 4 μB. The hysteresis is no more visible at higher fields but a stepped magnetization curve is observed (6500 Oe) that further led to the expected 5 μB saturation at 50000 Oe (Figure S32). This is a signature of AF couplings between the chains. The hysteresis observed at low fields is then suspected to be due to the ferromagnetic coupling between the MBBs along the chain. This is further confirmed by the closed hysteresis over the whole investigated field region on Y:Dy. Dy can be described as a "pure 4f" analogue of 2d-3d, 118 3d-3d', [119][120][121] 3d-5d, 122 or 4f-5d 123 hetero-metallic chains. The strong anisotropy of the Dy-MBBs and the magnetic couplings in Dy preclude the occurrence of AF order as observed on some SCMs. 119,124,125 Ferromagnetic couplings between the MBBs suppress the thermally independent relaxation pathways. Such behaviour has been observed in the past on, among others, antiferromagnetic interacting Mn4 complexes, 126,127 ferromagnetic coupled Fe4 supramolecular chains, 128 cyanidebased SMM, 129 Dy-radical tetramers, 130 Dy III dimers 131 but, to the best of our knowledge, never on 4f-chains.

Conclusions

Dy is a rare example of a compound made of nine-coordinated Dy III ions that presents magnetic slow relaxation. Comparative studies of Dy and its doped derivative Y:Dy shows that the Dy-MBB is strongly anisotropic, but relaxes quickly in zero-field via temperature-independent relaxation processes. Ferromagnetic coupling between the MBBs cancels these processes and a ferromagnetic chain of MBBs is created at low temperature where MBBs displays magnetic slow relaxation. The intra-chain coupling is mainly dipolar but ab-initio calculations evidence a small exchange contribution between nearest neighbours. Additionally, a close analysis of the inter-chain interactions highlights a global antiferromagnetic coupling between neighbouring chains at very low temperature. Contrary to Y:Dy, an hysteretic behaviour is observed on Dy, with opening in zerofield. Overall Dy is an original magnetic object at the frontier between single-chain magnet and single-molecule magnet. Indeed, it combines strong intra-chain couplings with efficient cancelling of magnetic quantum tunnelling.This is a key point as most of Dy III -based slow relaxing compounds show zero-field closed (butterfly-like) hysteresis; that is a severe limitation for their use in low temperature magnetic memory devices.
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Ferromagnetic interactions between Dy-SMM is then an efficient way to open their hysteresis in zero-field. In this study such interactions are tailored by the organization of the Dy ions in a Metal Organic Framework skeleton. The MOF approach is also an efficient way to constrain catalytic clusters, 132 chiral molecules 133 or MBBs 1,2 into peculiar environments and consequently to induce original magnetic couplings. Usually, high-porosity MOF are targeted because of their versatile magnetic dynamics upon guest exchange 60,[134][135][136] or capability to host SMMs. [137][138][139] However, we show here that low-porosity MOFs made of 4f-MBBs, 140 as Dy, should also be carefully considered. Last, the rigidity of these molecular edifices is an asset to minimize spin-phonon fast-relaxation mechanisms 58 and thus may give rise to high-performance molecular magnets.

Experimental Section

Synthetic procedure: All reagents have been purchased from TCI Chemicals and used without further purification.

1.5 mmol of 1,2phenylenediacetic acid is deprotonated by equivalent NaOH in 20 ml H2O. This solution is added directly into a stirred LnCl3•6H2O (1.5 mmol) aqueous solution to produce white precipitates. The precipitates are filtered and washed by distilled water and finally dried in the air. Yttrium doped derivative is obtained with similar procedure by using the appropriate lanthanide chloride salts in a 9:1 (Y:Dy) ratio. X-ray powder diffraction: Experimental diffractograms have been collected with a Panalytical X'pert Pro diffractometer equipped with an X'Celerator detector and a copper source CuKα=1.542 Å. Recording conditions in θ-θ mode are 45kV, 40mA, step size 0.0084°, scan per step 50s. Calculated diffractograms have been produced using mercury software from CCDC. EDS analysis: measurements have been were carried out with a Hitachi TM-1000, Tabletop microscope version 02.11 (Hitachi High-Technologies, Corporation Tokyo Japan) with an EDS analysis system (SwiftED-TM, Oxford Instruments Link INCA). The instrument is equipped with a silicon drift detector with an energy resolution of 165 eV. Samples were observed by means of an electron beam accelerated at 15 kV, under high vacuum. Samples were put on carbon discs, stuck on an aluminum stub fixed at 7 mm from the beam, with an angle of measurement of 22¨°. Reproducibility of the elemental analyses was carefully checked by reproducing several times the measurements on 6 different sample location (see supplementary information). Magnetic measurements: Magnetic measurements have been performed on a Quantum Design MPMS magnetometer using polycrystalline samples compacted in pellets to avoid crystallite orientation under magnetic field. Measurements have been corrected from the diamagnetic contributions calculated with Pascal constants. Hysteresis curves were measured with a 3 He insert in the same magnetometer with a field sweep rate of 16 Oe.s -1 . Electrostatics analysis with CAMMEL code: The home-made CAlculated Molecular Multipolar Electrostatics code (CAMMEL) allows calculating the electrostatic potential generated by the ligands at a given radius from the metallic center, following the equation:

𝑉(𝑟 𝑖 ) = ∑ 𝑞 𝑖 |𝑟 𝑖 -𝑟| + 𝑝 𝑖 • 𝑟 𝑖 |𝑟 𝑖 -𝑟| 3 𝑁 𝑖 + 𝑟 𝑖 • (𝑄 𝑖 × 𝑟 𝑖 ) |𝑟 𝑖 -𝑟| 5
where 𝑞 𝑖 , 𝑝 𝑖 , 𝑄 𝑖 are the charge, dipole moment and quadrupole moment respectively of the i-th atom of the ligand, while 𝑟 𝑖 is the position vector of the i-th atom. All the charges and moments are extracted from ab initio calculations (vide supra) followed by a LOPROP 13 analysis of the electronic density. It is important to stress out that this method is an analysis of the results of calculations done with high level of theory and therefore it does not have any prediction power by itself.The potential is calculated on a sphere with a radius given by the user and its intensity is represented with a color code (blue = low potential, red = high potential).

For the sake of graphics, it can be represented as irregular surfaces in which the height of the surface is also proportional to the value of the potential. This representation is considered more intuitive. The code can also represent individually each component (charge, dipole and quadrupole potential) to give insights on which part is the dominant one. Calculation of dipolar couplings: For the calculation of the isotropic dipolar coupling, we considered the anisotropy of each center as locally Ising (gxx = gyy = 0) and therefore we employed the following equation:

𝐽 𝑖𝑗 𝑑𝑖𝑝𝑜𝑙𝑎𝑟 = 𝜇 𝐵 2
3𝑅 3 (𝑔 𝑧𝑧 𝑖 𝑔 𝑧𝑧𝑗 (𝑐𝑜𝑠𝛾 𝑖𝑗 -3𝑐𝑜𝑠𝜃 𝑖 𝑐𝑜𝑠𝜃 𝑗 )) Where 𝜇 𝐵 2 is the Bohr magneton, 𝑅 is the distance between the centers (the module of the distance vector), 𝑔 𝑖 𝑧𝑧 is the component along the zdirection of the g-tensor for the ith-center, 𝜃 𝑖 is the angle between the distance vector and the eigenvector of the g-tensor corresponding to 𝑔 𝑖 𝑧𝑧 (the anisotropy axis) and 𝛾 𝑖𝑗 is the angle between the anisotropy axis of the two centers. It was not possible to include in our calculation any kind of exchange interaction (not even with a Lines model) between the nearest neighbors: the not-negligible dipolar interactions have an extension until ~12 Å and so, to model properly both dipolar and exchange interactions, it would have been necessary to include a total of 12 metallic ions. Clearly such calculation is too demanding in terms of hardware resources. Moreover the strength of the close range interactions (see J1 and J2 in Table S4) poses a not trivial issue in the fitting of a Jexchange parameter, since we expect it orders of magnitude lower than the first-neighbor Jdip. Therefore, the variance of the exchange parameter, in the Lines model, would be too high to allow a quantitative analysis.

Additional information about ab-initio calculations are provided as supplementary information.
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Figure 1 .

 1 Figure 1. (left) Representation of the Dy III chain that spreads along c axis with labelling scheme. (right) Perspective crystal packing view close to the c axis. Hydrogen atoms omitted for clarity.

Figure 2 .

 2 Figure 2. Temperature dependence of χMT measured via static magnetic measurements for Dy (full symbol, left axis) and Y:Dy (empty symbol, right axis). Note the logarithmic temperature scale. ab-initio calculations are represented as a red line and best fit with Ising model as a blue line (see text).

Figure 3 . 6 Å

 36 Figure 3. (left) Representation of the calculated easy-magnetic axis on a Y-Dy III -Y moiety. (right) Representation of the total electrostatics potential at 1.6 Å around the Dy III ion (the lowest and highest values are in blue and red, respectively), with the easy-axis direction as blue line.

Figure 4 .

 4 Figure 4. (top) Representation of the calculated easy-magnetic axes (blue). (middle) Representation of the easy-magnetic axes (blue) and of the resulting magnetic component along the chain. (bottom) Representation of the different chains considered for the calculations of dipolar coupling in Dy.

Figure 5 .

 5 Figure 5. Plot of the relaxation times versus temperature for Dy (black symbols) and Y:Dy (red symbols) measured with Hdc=0 Oe (squares) and Hdc=1200 Oe (circles). Parameters for best fits are described in the text.

Figure 6 .

 6 Figure 6. Hysteresis measurements of Dy and Y:Dy at 0.47 K with magnetic field sweep rate of 16 Oe.s -1

  2-ligand connects two parallel chains. The shortest Dy-Dy distance within a chain is 4.01(1) Å and the inter-chain Dy-Dy

	distances are 7.82(2), 9.42(3) and 9.96(3) Å depending of the
	considered neighbouring chain (Ch1, Ch2 and Ch3, see Figure
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