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Field-induced Single Molecular Magnetism and Photoluminescence in Rare Cocrystals of Isomorphic Lanthanide (III) Coordination Compounds with Fully Substituted Pyridine-4-carboxamide Ligand

A series of four isomorphous, 1:2 (Complex :L) rare cocrystals of coordination compounds of Ln(III) ions as [Ln(L)(NO 3 ) 3 (H 2 O)] 2 [L] 2 (Ln(III) = Gd (1), Tb (2), Dy (3) and Ho (4)), were synthesized with N, N-diisobutylisonicotinamide (L) using metal-to-ligand ratio of 1:1. All compounds are dimeric in nature with two co-crystallised L molecules centro-symmetrically interspersed between two dimeric units with H bonded bridges between them to form interesting, self-assembled H-bonded tapes along the c axis. Detailed Shape analysis and Hirshfeld analysis are done to demonstrate geometry around the metal centres and various non-covalent interactions present in the systems, respectively. Magnetic studies show that compound 3 is a field-induced Single-Molecule Magnet (SMM) for which the magnetization relaxes through a combination of Orbach ( = 51 K and  0 = 3.1 x10 -7 s) and Raman mechanisms. Solid state luminescence studies reveal that compounds 1, 2 and 3 are photoluminescent in the visible range while 4 exhibits luminescence in the NIR region. Compound 3 shows cold white light emission with CIE (International Commission on Illumination) coordinates (0.31, 0.30) and CCT (Correlated Color Temperature) value of 6942 K.

Introduction:

A high impetus area, in solid-state chemistry dealing with isolation and characterization of various crystal forms of a given molecule, includes phenomena like polymorphism, isomerism and co-crystallisation [START_REF] Bernstein | Polymorphism -A Perspective Cryst[END_REF][START_REF] Aakeroy | Recent advances in crystal engineering[END_REF][START_REF] Bishop | Helical Tubuland Diols: A Synthetic and Crystal Engineering Quest Acc[END_REF][START_REF] Nangia | Supramolecular chemistry and crystal engineering[END_REF][START_REF] Habgood | Conformers, and Cocrystal Stoichiometry: Insights from the Crystal Energy Landscapes of Caffeine with the Hydroxybenzoic Acids[END_REF][START_REF] Moulton | From Molecules to Crystal Engineering: Supramolecular Isomerism and Polymorphism in Network Solids[END_REF][START_REF] Desiraju | Crystal engineering: a holistic view[END_REF][START_REF] Cruz-Cabeza | Facts and fictions about polymorphism[END_REF][START_REF] Stahly | Diversity in Single-and Multiple-Component Crystals. The Search for and Prevalence of Polymorphs and Cocrystals Cryst[END_REF][START_REF] Butterhof | Polymorphism in co-crystals: a metastable form of the ionic co-crystal 2 HBz•1 NaBz crystallised by flash evaporation[END_REF][START_REF] Clarke | Structure-Stability Relationships in Cocrystal Hydrates: Does the Promiscuity of Water Make Crystalline Hydrates the Nemesis of Crystal Engineering?[END_REF] which may impact the physicochemical properties and end up producing materials with improved performance in their applications. [START_REF] Karki | Improving Mechanical Properties of Crystalline Solids by Co-Crystal Formation: New Compressible Forms of Paracetamol[END_REF] Out of these three phenomena, co-crystallization entails the formation of a phase pure material composed of two or more compounds (molecular or ionic) in certain stoichiometric ratios, provided they are not simple salts or solvates [START_REF] Aitipamula | Salts, and Cocrystals: What's in a Name?[END_REF] and intentionally playing with positions of molecules in their crystal lattice, aiming for better products than the parent compounds. Co-crystallisation in organic compounds is well known to give better pharmaceuticals, agrochemicals, explosives and pigments [START_REF] Bolton | High Power Explosive with Good Sensitivity: A 2:1 Cocrystal of CL20: HMX[END_REF][START_REF] Sekhon | Co-crystals of agrochemical actives[END_REF][START_REF] Bucar | Advantages of mechanochemical cocrystallization in the solid-state chemistry of pigments: colortuned fluorescein cocrystals[END_REF][START_REF] Aitipamula | Trimorphs of a pharmaceutical cocrystal involving two active pharmaceutical ingredients: potential relevance to combination drugs[END_REF][START_REF] Aitipamula | Pharmaceutical Salts of Haloperidol with Some Carboxylic Acids and Artificial Sweeteners: Hydrate Formation, Polymorphism, and Physicochemical Properties[END_REF][START_REF] Banerjee | Saccharin Salts of Active Pharmaceutical Ingredients, Their Crystal Structures, and Increased Water Solubilities[END_REF][START_REF] Almarsson | Crystal Engineering of the Composition of Pharmaceutical Phases. Do Pharmaceutical Co-Crystals Represent a New Path to Improved Medicines?[END_REF] while material chemistry has reported co-crystallized materials with enhanced magnetism, luminescence and mechanical strength. [START_REF] Karki | Improving Mechanical Properties of Crystalline Solids by Co-Crystal Formation: New Compressible Forms of Paracetamol[END_REF][START_REF] Yan | A Co-Crystal Strategy to Tune the Luminescent Properties of Stilbene-Type Organic Solid-State Materials[END_REF][START_REF] Sonoda | Fluorinated Diphenylpolyenes: Crystal Structures and Emission Properties[END_REF][START_REF] Hori | Luminescence from π-π Stacked Bipyridines through Arene-Perfluoroarene Interactions[END_REF] Growth in organic cocrystals has been exponential owing to the similar crystallization kinetics and molecular structures of the components, connected through various non-covalent interactions. [START_REF] Allen | The Cambridge Structural Database: a Quarter of a Million Crystal Structures and Rising[END_REF][START_REF] Devogelaer | Cocrystals in the Cambridge Structural Database: a network approach[END_REF] However, such reports are rather limited in the case of coordination compounds [START_REF] Wang | Tuning the Lead Complexes Based on a Double 1,10-Phenanthroline Derivative with Versatile Coordination BehaviorbyDicarboxylates: from 0D Nano-Ring to an Unprecedented 0D + 3DCocrystal[END_REF][START_REF] Mukherjee | Ni 2 ), (Ni 3 ), and (Ni 2 + Ni 3 ): A Unique Example of Isolated and Cocrystallized Ni 2 and Ni 3 Complexes[END_REF][START_REF] Golbedaghi | II) Complexes of Three [2+2] Macrocyclic Schiff Base Ligands. Synthesis and X-ray Crystal Structure of the First Binuclear-binuclear Co-Crystal[END_REF][START_REF] Evers | Cocrystallization of Photosensitive Energetic Copper(II) PerchlorateComplexes with the Nitrogen-rich Ligand 1,2-Di(1H-tetrazol-5-yl)ethane[END_REF] as different coordination modes of the precursor metal complexes result in different lattice packing forces and hence dissimilar crystallization kinetics. Lesser yet are the reports of cocrystals of a coordination complex of a ligand along with the free ligand. Gao et al., reported [START_REF] Gao | Crystal Structures, Photoluminescence, and Magnetism of TwonNovel Transition-Metal Complex Cocrystals with Three-Dimensional H-Bonding Organic Framework or Alternating Noncovalent Anionic and Cationic Layers[END_REF] two, multi-component cocrystals of coordination complexes of Cu(II) and Zn (II) with the corresponding uncoordinated neutral ligand and anions. However, such cocrystallization with Ln(III) as metal ions finds only one report so far [START_REF] Chen | Dynamic Magnetic and Optical Insight into a High Performance Pentagonal Bipyramidal DyIII Single-Ion Magnet[END_REF] and is thus a very rare phenomenon, to the best of our knowledge and belief.

The interest in lanthanide (III) complexes for the past two decades emanates from their exceptional potential in the fields of luminescence and molecular magnets owing to their typical electronic structure. They are the most sought after metal ions in the pursuit of single-molecule magnets (SMM) due to their high spin values and magnetic anisotropy [START_REF] Rinehart | Exploiting single-ion anisotropy in the design of felement single-molecule magnets[END_REF] while wide range intense, narrow and long-lived emission bands of their complexes more than qualify them as the new age luminescent materials. More recently the combination of these two properties to produce multifunctional opto-magnetic Ln(III) complexes is the new craze for research in this area. [START_REF] Pointillart | Uncommon lanthanide ions in purely 4f Single-Molecule Magnets[END_REF][START_REF] Long | Recent advances in luminescent lanthanide based Single-Molecule Magnets[END_REF][START_REF] Wen | Multifunctional Lanthanide Complexes Based on Tetraazacyclolamidophenol Ligand with Field-Induced Slow Magnetic Relaxation, Luminescent and SHG Properties[END_REF][START_REF] Brunet | Exploring the dual functionality of an ytterbium complex for luminescence thermometry and slow magnetic relaxation[END_REF][START_REF] Chen | L A Piezochromic Dysprosium(III) Single-Molecule Magnet Based on an Aggregation-Induced-Emission-Active Tetraphenylethene Derivative Ligand[END_REF][START_REF] Shintoyo | Crystal Field Splitting of the Ground State of Terbium(III) and Dysprosium(III) Complexes with a Triimidazolyl Tripod Ligand and an Acetate Determined by Magnetic Analysis and Luminescence[END_REF][START_REF] Errulat | A Luminescent Thermometer Exhibiting Slow Relaxation of the Magnetization: Toward Self-Monitored Building Blocks for Next-Generation Optomagnetic Devices[END_REF][START_REF] Ren | Lanthanide phosphonates with pseudo-D 5h local symmetry exhibiting magnetic and luminescence bifunctional properties[END_REF][START_REF] Cucinotta | Magnetic Anisotropy in a Dysprosium/DOTA Single-Molecule Magnet: Beyond Simple Magneto-Structural Correlations[END_REF][START_REF] Pointillart | A Series of Tetrathiafulvalene-Based Lanthanide Complexes Displaying Either Single-Molecule Magnet or Luminescence. Direct Magnetic and Photo-Physical Correlations in the Ytterbium Analogue[END_REF][START_REF] Liu | Near-IR Luminescence and Field-Induced Single Molecule Magnet of Four Salen-type Ytterbium Complexes[END_REF][START_REF] Gálico | Triplet-State Position and Crystal-Field Tuning in Opto-Magnetic Lanthanide Complexes: Two Sides of the Same Coin[END_REF][START_REF] Pointillart | Luminescence and Single-Molecule Magnet Behavior in Lanthanide Complexes Involving a Tetrathiafulvalene-Fused Dipyridophenazine Ligand[END_REF] For designing of photoluminescent SMM complexes the choice of the metal ion is the most crucial in terms of the kind of anisotropy in its electron density (prolate or oblate) followed by its emitting state and sensitizing mechanism. The latter depends wholly on the choice of ligand that could both sensitize the ion as well as 2 A c c e p t e d m a n u s c r i p t produce a ligand field further augmenting the anisotropy of the metal ion. The relevant literature shows that for opto-magnetic materials Dy(III) hits the charts followed by Yb(III), Tb(III) and Er(III) essentially in that order [START_REF] Perfetti | Chapter 14: Luminescent Molecular Magnets, Molecular Magnetic Materials: Concepts and Application[END_REF][START_REF] Marin | Shining new light on multifunctional lanthanide single-molecule magnets[END_REF] due to its strong magnetic anisotropy [START_REF] Rinehart | Exploiting single-ion anisotropy in the design of felement single-molecule magnets[END_REF] and possibility of white-light emission. [START_REF] Chorazy | White Light Emissive Dy III Single-Molecule Magnets Sensitized by Diamagnetic [Co III (CN) 6 ] 3-Linkers[END_REF][START_REF] Guo | A zigzag Dy III 4 cluster exhibiting single-molecule magnet, ferroelectric and white-light emitting properties[END_REF][START_REF] Wang | Achieving white light emission and increased magnetic anisotropy by transition metal substitution in functional materials based on dinuclear Dy III (4-pyridone)[M III (CN) 6 ]3-(M = Co, Rh) molecules[END_REF] In the present studies, we are reporting crystal structures of a series of four isomorphous and iso-structural coordination complexes [Ln(L)(NO 3 ) 3 (H 2 O)] 2 [L] 2 (Ln(III) = Gd (1), Tb (2), Dy (3) and Ho (4)), where L is N, N-diisobutylisonicotinamide (Scheme 1), all of which have crystallized as rare cases (vide supra) of 1:2 co-crystals of a dimeric complex unit and uncoordinated ligands L. The presence of both coordinated and cocrystallised free ligands creates a possibility of enhanced antenna effect, both 'through bond' and 'through space' sensitization mechanisms. The dimers and the free ligands are arranged in linear tapes, extending into H-bonded 2D networks. All the complexes have been studied

for their magnetic and emission properties in the pursuit of opto-magnetic materials. L has evidently shown some antenna effect to produce sharp emission spectra for Dy(III) and Tb(III) and Ho(III) complex but not for Gd(III) complex where ligand-based emission dominates the spectrum. Dy(III) complex shows field-induced SMM behaviour with an effective barrier 51 K and also is a white light emitter with Commission Internationale de l'Eclairage (CIE) chromaticity coordinates 0.310, 0.300. 

Procedure for synthesis of complexes:

A c c e p t e d m a n u s c r i p t Methods: Details about Instrumentation, X-ray data collection and structure solutions, Hirshfeld analysis, colour purity calculations can be found in the supporting information. A summary of the crystal data is given in Table 1. 

Result and Discussion

Crystal and molecular structure of compounds:

As all compounds are isomorphous and isostructural therefore the detailed description of only 1 has been given below and the molecular structures of (2-4) and their important bond distances and bond angles are given in the supplementary information (ESI, Table S1, Figure S1-S3). A unit cell packing for complex 1 is shown in ESI Figure S7. Two co-crystallised L molecules are centro-symmetrically interspersed between two successive dimeric units forming a bridge between them via H bonding through their N6 (pyridine) and O11 (amide) atoms (Figure 2). Each dimeric unit is involved in this H-bonding using its water molecule, O1W which acts as a double H-bond donor to N6 (Py) and O11 (amide) of the free L molecules, forming H-bonded tape along the c axis (Figure 2, Table S5 for H-bonding distances and symmetries). This tape is further supplemented by C-H...O interactions between nitrate group and methylene protons of the free ligands. Further, these tapes are extended to a 2D network in the bc plane as these dimeric units are connected to each other Figure 4a shows the self-assembly of two centrosymmetric, co-crystallized ligands between two dimers, along the c axis which gives a robust crystal structure. The absence of these cocrystallised L molecules generates voids between two dimeric units, which are being efficiently filled by these two L molecules (Figure 4b). These free L molecules seem to have stabilized the crystal structure in the ratio M:L 1:2 despite the fact that the reactions were run in the M:L ratio of 1:1. IR spectroscopy: Compound 1 shows a strong band at 1595 cm -1 which describes that amide oxygen is participating in coordination. [START_REF] Lumb | Coordination chemistry of Cu(II), Co(II), Zn(II) and Ag(I) complexes of isomeric pyridine 2-and 4carboxamides and their biological activity evaluation[END_REF][START_REF] Nakamoto | Infrared and Raman Spectra of Inorganic and Coordination Compounds[END_REF] Presence of broad band for ν OH at 3400 cm -1 in 1

[Gd(L)(NO 3 )(H 2 O)] 2 [L 2 ]( 1 
shows coordinating water. The ν C-N (amide) and ν C-H stretching bands are assigned to 1476 cm -1 and 2979, cm -1 , for 1. Three bands at 1423 cm -1 , 1281 cm -1 and 1016 cm -1 appear due to asymmetric NO 2 , symmetric NO 2 and N-O stretching modes of coordinating nitrate group (FigureS7). [START_REF] Gatehouse | Infrared Spectra of Some Nitratoco-ordination Complexes[END_REF] Similar bands have been observed for other compounds (2-4) and are given in the supplementary material (ESI, Figure S8-11, Table S3). 

Powder X-ray Diffraction studies

To confirm the phase purity of the bulk material correspond to the single crystal structure of complexes (1-4), the powder X-ray data were collected at room temperature. The 

Magnetic Properties

Static magnetic measurements: Static magnetic measurements were performed for all compounds (1-4) in temperature range 2-300K are shown in Figure 7. For compound 1  M T is equal to 15.9 cm 3 K mol -1 at room temperature which is in good agreement with the expected value (15.8 cm 3 K mol -1 , 8 S 7/2 , S = 7/2, L = 0, g = 2) for two uncoupled Gd(III) ions. [START_REF] Kahn | Molecular Magnetism[END_REF] Towards lower temperatures the value remains constant up to 20 K after which it decreases abruptly to 14.3 cm 3 K mol -1 at 2 K. For compound 2  M T is equal to 23.5 cm 3 K mol -1 at room temperature which is in good agreement with the expected value (23.6 cm 3 K mol -1 , 7 F 6 , S = 3, L = 3, J = 6, g = 3/2) for two uncoupled Tb(III) ions. [START_REF] Kahn | Molecular Magnetism[END_REF] On lowering the temperature it decreases steadily up to 100 K after which there is an abrupt decrease to a value of 16.9 cm 3 K mol -1 at 2 K. [START_REF] Kahn | Molecular Magnetism[END_REF] For compound 3, room temperature  M T is 28.2 cm 3 mol -1 K which is in good agreement with the expected value (28.3 cm 3 K mol -1 , 6 H 15/2 , S = 5/2, L = 5, J = 15/2, g = 4/3) for two uncoupled Dy(III) ions.  M T remains constant down to 150 K while cooling and then starts decreasing to a minimum of 17.3 cm 3 K mol -1 at 2 K. For compound 4,  M T values are measured as 27.8 cm 3 mol -1 K which is close to the expected value (28.1 cm 3 K mol -1 , 5 I 8 , S = 2, L = 6, J = 8, g = 5/4) for two isolated Ho (III) ions. [START_REF] Kahn | Molecular Magnetism[END_REF] The compound also shows abrupt decrease below 100K and gives a value of 9.0 cm 3 K mol -1 at 2 K. For all the compounds, the decrease of the  M T can be attributed to the thermal depopulation of the m J levels and intermolecular antiferromagnetic dipolar interaction while antiferromagnetic exchange interactions are excluded, analysing the exchange pathway between the spin carriers. At 2 K, the field dependence of the magnetization shows a classical behaviour with values at 50 kOe (ESI, Figure S28-31) far away from the expected saturation values in the multiplet ground state framework. This is due to the presence of magnetic anisotropy and/or low-lying excited states. [START_REF] Jeletic | M An Organometallic Sandwich Lanthanide Single-Ion Magnet with an Unusual Multiple Relaxation Mechanism[END_REF] A c c e p t e d m a n u s c r i p t S4, ). [START_REF] Dekker | Activated dynamics in a two-dimensional Ising spin glass: Rb 2 Cu 1 -xCo x F 4[END_REF][START_REF] Cole | Dispersion and Absorption in Dielectrics I. Alternating Current Characteristics[END_REF] Relaxation time distribution parameter, α is large (0.33-0.52) in the low-temperature range (2-3.0 K) which suggests multiple relaxation processes occurring in this temperature range. This may be due to the presence of dipolar interactions in the lower temperature region. [START_REF] Morita | Near-infrared luminescence and SMM behaviors of a family of dinuclear lanthanide 8-quinolinolate complexes[END_REF] Further, we fitted these relaxation times to the following equation 2 to find the relaxation pathway.

 -1 = 0 -1 exp(-/T)+ CT n ----------2 13 
A c c e p t e d m a n u s c r i p t

From the data fitting it is found that best parameters are obtained by Raman + Orbach pathway (Figure 9) for compound 3 which gives us an activation energy barrier around 35.3(2) cm -1 (51 K) and relaxation time 3.1(1)x10 -7 s that falls well within the limit of a good SMM [START_REF] Jia | Luminescent singlemolecule magnets based on lanthanides: Design strategies, recent advances and magneto-luminescent studies[END_REF] in a temperature range of 2-6 K. Constant value obtained for Raman process is C=1.034(2) and n=4.92(2) (where C and n are the Raman constant and exponential, respectively) which is greater than 4 and falls in the expected criteria for Raman relaxation pathway. [START_REF] Zadrozny | Slow magnetization dynamics in a series of two coordinate iron(II) complexes[END_REF] The absence of slow relaxation in compounds 2 and 4 can be explained on the basis of the fact that both of them (Tb(III) and Ho(III)) are non-Kramers ions. As it is well known that for a Kramers ion like Dy(III), there is always a bistable ground state, which has a necessary contribution to SMM behaviour, the lowest energy doublet has high |M J | and the complexity of the relaxation phenomena is related to the number of relaxation paths available. The latter could be anyone or all of the following i.e. reversal of magnetization in the lowest energy doublet via QTM, thermal mechanism via an excited state or quantum tunnelling of magnetization within an exciting doublet which is thermally activated. Comparing with Dy(III) ion, the Tb(III) and Ho(III) are non-Kramers ions, so their respective complexes will possess a bistable ground state only if they are presented in a highly axial symmetric ligand field. [START_REF] Mandal | Anion-driven structures and SMM behavior of dinuclear terbium and ytterbium complexes[END_REF][START_REF] Harriman | Magnetic Axiality: Design Principles from Molecules to Materials[END_REF] As the coordination geometry is the same in all the complexes being reported here (vide supra) therefore the ligand field shows same amount of distortion from spherical symmetry. This distortion can support an oblate ion to accentuate its magnetic anisotropy, albeit to a limited extent (due to the donor atom at the capping position). Therefore all three complexes (2-4) of oblate ions should show SMM properties but the absence of any such behaviour for 2 and 4 may be due to them being non-Kramers ions, with crystal field not being sufficiently axial. properties in the visible region and compound 4 exhibits luminescence properties in the NIR region. For Compound 1, upon excitation at 382 nm, its emission spectrum gives broadband around 509 nm (19646 cm -1 ) (Figure 10a), which has been assigned as an intra-ligand transition. This is done due to the fact that the free ligand (Figure S40, ESI) also shows a broad band in the same range. It is well known that for Gd(III) ion the energy gap between the ground state ( 8 S 7/2 ) and the excited state ( 6 P 7/2 ) is very large ≈ 32000 cm -1 which makes energy transfer impossible from the triplet state of ligand to the excited state of the metal ion. [START_REF] Jiménez | Silicon-induced UV Transparency in Phosphate Glasses and its Application to the Enhancement of the UV Type B Emission of Gd 3+[END_REF] For compound 2, peaks are clearly visible at 489 nm (20449 cm -1 ), 544 nm (18382 cm - 1 ), 583 nm (17152 cm -1 ), 622 nm (16077 cm -1 ) including less intense peaks at 650 nm (15384 cm -1 ), 668 nm(14970 cm -1 ), 679 nm (14727 cm -1 ), upon excitation wavelength 365 nm (Figure 10b). These correspond to [START_REF] Habgood | Conformers, and Cocrystal Stoichiometry: Insights from the Crystal Energy Landscapes of Caffeine with the Hydroxybenzoic Acids[END_REF] 10c). Compound 4, on excitation at 395 nm, shows emission at 970 nm (10309 cm -1 ) in the NIR region corresponding to 5 F 5  5 I 7 transitions (Figure 10d). Excitation spectra for compound 1-4 are given in ESI Figure S37. "Compound 2-4 show luminescence peaks as expected in compounds due to the successful energy transfer to the excited states of the lanthanides. [START_REF] Jia | Luminescent singlemolecule magnets based on lanthanides: Design strategies, recent advances and magneto-luminescent studies[END_REF] The excitation spectra (Figure S41)

suggests that both antenna effect from the organic ligand and direct f-f excitations are involved in the sensitization mechanisms. From the luminescence data it is expected that triplet state energy of ligand L will lie (2500-4500 cm -1 ) higher than the 5 D 4 (20449 cm -1 ), 4 F 9/2 (20746 cm -1 ) excitation state energies in Tb(III) and Dy(III), respectively and much lower than 6 P 7/2 (32000 cm -1 ) excitation level of Gd(III). [START_REF] Jiménez | Silicon-induced UV Transparency in Phosphate Glasses and its Application to the Enhancement of the UV Type B Emission of Gd 3+[END_REF] It is found that for compound 3 CIE coordinates (0.31, 0.30) lie close to NTSC standard value for white light (0.310, 0.316). [START_REF] Manzur | Tuning White Light Emission in Dinuclear Phenoxo Bridged Dy(III) Complexes[END_REF] Recent literature reports show that Dy(III) compounds are capable of producing white light as one component. [START_REF] Manzur | Tuning White Light Emission in Dinuclear Phenoxo Bridged Dy(III) Complexes[END_REF] In terms of colour purity compound 3 displays very low colour purity which is essential for good white light emitter. [START_REF] Alexander | Novel white light emitting dysprosium oxalate nanocrystals: Competing luminescence quenching by the features of Dy-Oxalate layered structure[END_REF] In general, the accepted CCT values should be greater than (> 5000 K) and (< 5000 K), for cold and warm light emission, respectively [START_REF] Singh | Investigation of structural, spectral and photometric properties of CaTiO 3 :Dy 3+ nanophosphors for the lighting applications Electron[END_REF] The CCT value observed for 3 is 6942 K hence it may serve as a cold, white light emitter in lighting applications. 73 (2-4) display enhanced photoluminescence of the metal ions owing to the efficient antenna effect of the L organic chromophore while 1 shows only L centered luminescence. The Dy(III) complex exhibits good opto-magnetic properties and is a promising multi-functional material. The complex gives cold-white light emission with CIE coordinates (0.31, 0.30) and CRT value around 6942 K which can be used for light-emitting material. The synthetic strategy using co-crystallization approach might be an efficient approach to enhance both luminescent and magnetic properties by i) increasing the amount of organic ligand in the crystal lattice or/and allowing through bond and through space energy transfer to the lanthanide ion and ii) by playing the role of spacer to provide efficient magnetic isolation to the spin carriers. 

Scheme 1 .

 1 Scheme 1. Showing coordination mode of ligand (μ 2 -κ 2 , η 1 :η 1 )

  ):The asymmetric unit (ESI, FigureS4) of 1 shows a Gd(III) ion, coordinated by a bidentate, bridging ligand L, three nitrate ions, one water molecule and a non-coordinating L co-crystallized along with the complex. In the molecular structure of the dimeric compound 1 (Figure1) Gadolinium centres are separated from one another by a distance equal to 8.458 Å. Both Gd(III) metal ions are nine-coordinated with the ligand having a μ 2 -κ 2 , η 1 :η 1 mode (scheme 1) with Gd-N(Py), 2.611(4) Å and Gd-O(amide), 2.301(4) Å. Six positions around the metal ion are occupied by three bidentate chelating nitrate ions (av. Gd-O (nitrate) distance, 2.460 Å) and one remaining position is occupied by a water molecule (Gd-O, 2.344(5)Å). The arrangement around the metal centre leads to a coordination sphere with a spherical capped square antiprism (C 4v ), symmetry. (The deviation from ideal symmetries has been determined by SHAPE analysis[START_REF] Llunell | SHAPE Program for the Stereochemical Analysis of Molecular Fragments by Means of Continuous Shape Measures and Associated Tools[END_REF] , ESI, FigureS5TableS2).

A c c e p t e d m a n u s c r i p tFigure 1 .

 1 Figure 1. Showing the molecular structure of complex 1 along with the co-crystallized ligand.
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  A c c e p t e d m a n u s c r i p t

Figure 2 .

 2 Figure 2. Showing the hydrogen bonding of the dimeric unit with cocrystallized ligand along the c axis forming 1D chains.

Figure 3 .

 3 Figure 3. Showing the hydrogen bonding between dimeric units along b axis.

7 AFigure 4 .

 74 Figure 4. (a) Showing 1D representation of crystal packing along the c axis (cocrystalising L are shown in blue color (b) space-filling representation with and without free L along the c axis.

A c c e p t e d m a n u s c r i p t

  Thermogravimetric analysisThermogravimetric analysis was performed to check thermal stability of compounds (1-4) (FigureS1-S4). All complexes follow the same trend of decomposition, losing two coordinated water molecules up to 150 o C, endothermically. All L molecules (coordinating and free) are decomposed in the temperature range of 200-300°C, exothermally. Further they decomposition coordinating nitrates takes place up to 500 o C, leaving behind the metal skeleton residues after 700 o C. The detailed analysis for each compound is available in the ESI (Figure S12-S15).

  FigureS20) to N(pyridine) and O(amide) of the free L molecules. Similarly, this surface is connected with other dimeric units through hydrogen bonding from oxygens of nitrate group (color light red). In case(II), N(pyridine) and O(amide) from the free L are the potential interaction points (Figure5b, red spots) which are connected via water molecules to two different dimeric units holding them perfectly in a linear tape (ESI, FigureS21).

A c c e p t e d m a n u s c r i p tFigure 5 .

 5 Figure 5. d norm surfaces showing (a) Case I-O(Nitro)⋯H, H(water)⋯O(amide) and H(water)⋯N(pyridine) between the adjacent molecules for the dimeric unit (b) case II Showing the O(amide)⋯H, N(pyridine)⋯H interactions between the adjacent molecules for L. Red spots represent the strong point of interaction on the d norm surface.

Figure 6 .

 6 Figure 6. Showing 2D fingerprint plots for (a) case I (b) case II (c) case III

Figure 7 .

 7 Figure 7. Showing thermal dependence of  M T for 1 (Red), 2 (purple), 3 (Green) and 4 (blue).

A c c e p t e d m a n u s c r i p tFigure 8 .

 8 Figure 8. Frequency dependence of the out-of-phase (up) and in-phase (below) components of the ac magnetic susceptibility under applied field 2 kOe for compound 3.

A c c e p t e d m a n u s c r i p tFigure 9 .

 9 Figure 9. Temperature dependence of relaxation time log τ (black circles) with the best fitting curve (Red solid line) obtained by a combination of Raman and Orbach mechanisms with the parameters give in the text.

Figure 10 .

 10 Figure 10. Room-temperature emission spectra of (a) 1 at  em (nm) = 509 ( ex = 382 nm) (b) 2 at  em (nm) = 489 , 544, 583, 622 , Inset-less intense peaks at 650 nm, 668 nm, 679 nm ( ex = 365 nm) (c) 3 at  em (nm) =482 , 573, 668 ( ex = 360 nm) (d) 4 at  em (nm) = 970 ( ex = 395 nm).
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A c c e p t e d m a n u s c r i p t

  

  A schematic diagram representing the observed transitions and images for solid-state luminescence images under 365nm UV lamp for compound 1-3 are shown in Figure 11. Solid-state UV absorbance spectra for the ligand is shown in ESI Figure S42.

Figure 11 . 68 for 1 - 3 3 A c c e p t e d m a n u s c r i p tFigure 12 .

 116813312 Figure 11. Schematic representation of energy level (Jablonski, Tailbones) diagram of the energy transfer process involved in the luminescence of compounds 1-4. (Inset) Solid State luminescence for compounds 1-3 under 365nm UV lamp.

A c c e p t e d m a n u s c r i p tConclusions

  Four isomorphous and iso-structural complexes of L with Ln(III) having co-crystals with the free ligand L are being reported for the first time in the case of lanthanides. The selfassembly of two-component co-crystals is stabilized due to strong H-bonding interactions between them. Dynamic magnetic studies reveal that compound 3 is a field-induced SMM with an effective energy barrier around 51 K and with 3.1 x 10 -7 s relaxation time. Complexes

u s c r i p t 73 .

 73 Adhikari, G. C.; Thapa, S.; Zhu, H.; Grigoriev, A.; Zhu, P. Synthesis of CsPbBr 3 and Transformation into Cs 4 PbBr 6 Crystals for White Light Emission with High CRI and Tunable CCT. J. Phys. Chem. C. 2019, 123, 12023-12028. For TOC only A series of four isomorphous, 1:2 (Complex :L) cocrystals of dimeric coordination compounds of Ln(III) ions as [Ln(L)(NO 3 ) 3 (H 2 O)] 2 [L] 2 (Ln(III) = Gd (1), Tb (2), Dy (3) and Ho (4)), were synthesized with N, N-diisobutylisonicotinamide (L) along with two cocrystallised L molecules centrosymmetrically. Compound 3 turns out to be a promising optomagnetic material by being a field-induced Single-Molecule Magnet (SMM) ( = 51 K) and shows cold white light emission with CCT value of 6942 K.
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A c c e p t e d m a n u s c r i p t

  

  

  

NO 3 ) 3 (H 2 O)] 2 [L] 2 (1):

  Gd(NO 3 ) 3 •6H 2 O (68 mg, 0.2 mmol) in 20.0 mL of acetonitrile and ligand (L) (66mg, 0.2mmol) in 20.0 mL of methanol, were mixed together and refluxed with continuous stirring overnight, in a 50 mL round bottom flask. A clear solution was filtered out and its volume reduced to half by heating and then kept for slow evaporation. A

	viscous liquid appeared after a week. After 2 weeks crystals appeared in the viscous liquid.
	Crystals are separated from the liquid and washed with few drops of ice-cold methanol. Pale
	white block shaped crystals were obtained in 38% yield. IR (υ max /cm -1 ): 1595, 1281, 2967,
	Anal. Found: C, 40.36; H, 5.32; N, 11.17. Calc. for Complex 1: C, 40.13; H, 5.15; N, 11.22%.
	[Tb(

[Gd(L)(

L)(NO 3 ) 3 (H 2 O)] 2 [L] 2 (2): Compound 2 was

  

	synthesized in a similar way to 1, except that
	Gd(NO 3 ) 3 •6H 2 O was replaced by Tb(NO 3 ) 3 •6H 2 O (68 mg, 0.2 mmol). Pale white, block
	shaped crystals of 2 were obtained in 32% yield.IR (υ max /cm -1 ): 1595, 1284, 2974 .Anal.
	Found: C, 40.52; H, 5.59; N, 11.81. Calc. for Compound 2: C, 40.32; H, 5.68; N, 11.63%.

[Dy(L)(NO 3 ) 3 (H 2 O)] 2 [L] 2 (3): Compound 3 was

  

	synthesized in a similar way to 1, except that
	Gd(NO 3 ) 3 •6H 2 O was replaced by Dy(NO 3 ) 3 •6H 2 O ( 86 mg, 0.2 mmol). Pale white, block
	shaped crystals of 3 were obtained in 31% yield. (IR (υ max /cm -1 ): 1591, 1277, 2964, Anal.
	Found: C, 40.44; H, 5.58; N, 11.79. Calc. for Compound 3: C, 40.61; H, 5.51; N, 11.67%.

[Ho(L)(NO 3 ) 3 (H 2 O)] 2 [L] 2 (4): Compound 4 was

  

	synthesized in a similar way to 1, except that
	Gd(NO 3 ) 3 •6H 2 O was replaced by Ho(NO 3 ) 3 •6H 2 O (88 mg, 0.2 mmol). light orange, block
	shaped crystals of 4 were obtained in 36% yield. IR (υ max /cm -1 ): 1587, 1281, 2978, Anal.
	Found: C, 40.15; H, 5.54; N, 11.71. Calc. for Compound 4: C, 40.35; H, 5.61; N, 11.93%.

Table 1 .

 1 Crystallographic Data for compounds(1-4) 

	Identification code	Compound 1	Compound 2	Compound 3	Compound 4
	Empirical formula	C56H92Gd2N14O24	C56H92Tb2N14O24	C56H92Dy2N14O24	C56H92Ho2N14O24
	Formula weight	1659.93	1663.27	1670.43	1675.29
	T(K)	150(2)	150(2)	150(2)	150(2)
	Crystal system	Monoclinic	Monoclinic	Monoclinic	Monoclinic
	Space group	P 21/c	P 21/c	P 21/c	P 21/c
	Absorption coefficient (mm -1 )	1.759	2.049	1.988	2.113
	Crystal Size (mm 3 )	0.22 x 0.18 x	0.19 x 0.16 x 0.12	0.18 x 0.16x 0.12	0.22 x 0.18 x 0.14
	a (Å)	0.16	13.433(2)	13.785(2)	13.758(2)
	b (Å)	13.926(5)	9.276(6)	9.5764(17)	9.5642(16)
	c (Å)	9.559(3)	28.901(2)	29.667(5)	29.606(5)

  D 4  4 F 6 , 5 D 4  4 F 5 , 5 D 4  4 F 4 , 5 D 4  4 F 3 and less intense (Figure 10b (inset)) 5 D 4  4 F 2 , 5 D 4  4 F 1 , 5 D 4  4 F 0 . For compound 3, excitation wavelength is -1 ), corresponding to 4 F 9/2  6 H 15/2 (blue band), 4 F 9/2  6 H 13/2 (Yellow band), 4 F 9/2  6 H 11/2 (Red Band) (Figure

	m a n u s c r i p t
	A c c e p t e d
	360 nm, which gives emission at 482 nm (20746 cm -1 ), 573 nm (17452 cm -1 ), 668 nm (14970

cm

Table 2 :

 2 Representing CIE coordinates, CCT and % purities for compounds 1-3.

	Compound	CIE x	CIE y	CCT	Purity %
	1	0.30	0.54	6164	53.5
	2	0.26	0.53	7021	41.8
	3	0.31	0.30	6942	11.6
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