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Introduction

Lanthanide-based molecular architectures have recently attracted a great deal of attention thanks to their intriguing magnetic and optical properties [1,2]. In the last decade, a particular focus has been centred on investigating the slow relaxation of the magnetization in lanthanide complexes (Single-Molecule Magnets, SMMs) and chains (Single Chain Magnets, SCMs) that could give rise to magnetic bistable states. Such features open attractive perspectives in various applications, including quantum computing and high-density data storage [2,3]. More precisely, the steep rise in the socalled "blocking temperature" that has occurred in the last few years with organometallic SMMs [4-6] , hold the promises to exploit these molecular systems in future devices.

The occurrence of a slow relaxation of the magnetization severely depends on both, the nature of the lanthanide ion and its coordination environment created by the ligands in order to maximize the magnetic anisotropy [START_REF] Layfield | Lanthanides and Actinides in Molecular Magnetism[END_REF][START_REF] Zhu | [END_REF][9] and the systematic analysis of the analogous compounds appears decisive to subsequently design molecular systems with improved properties. This is particularly relevant for polynuclear systems for which the effect of the magnetic interactions over the slow relaxation appears difficult to rationalize. Whereas a downturn of the anisotropy barrier in polynuclear Dy 3+ based complexes due to the mixing of the states and/or the QTM increase have been observed [10], a beneficial exchange bias effect that displaces the usual zero-field QTM relaxation has also been reported [11][12][13][14][15][16], possibly leading to large magnetic coercivity [17] .

In this regards, we have been exploring the design of discrete and extended lanthanidebased architectures based on the cinnamic acid derivatives to study the slow relaxation of the magnetization. Remarkably, modulating both, the nature and position of the ether substituent affords changes in the structural organization and dimensionality of the resulting architectures. For instance, whereas the use of 2-methoxycinnamate [18] or 2ethoxycinnamate [19] induces the formation of discrete dinuclear complexes, employing 3methoxycinnamate allows the formation of dinuclear complexes or one-dimensional coordination polymers depending on the experimental conditions [20]. Noticeably, the relatively short intermetallic Ln 3+ -Ln 3+ distances between discrete and extended architectures may allow to assess the influence of the dimensionality over the slow relaxation features.

Finally, these systems also provide interesting examples of unusual slow relaxation of the magnetization based on the isotropic gadolinium(III) ion, most likely arising from a phononbottleneck effect [18,19].

On the other hand, the photophysical properties of lanthanide carboxylate materials [21,22] often benefit from high photostability [23]. As regards its sensitizing properties, cinnamate-based ligands constitute interesting systems owing to the presence of an electron-donor stilbene moiety associated with the electron-acceptor carboxylate function. [24] Additionally, the photodimerization of the cinnamic acid has been widely documented. [25-27] Yet, the investigation of the photoluminescent properties of lanthanide cinnamate and cinnamate derivatives remains relatively scarce [28][29][30][31], despite the potentiality to develop magneto-luminescent molecule-based materials [32][33][34][35].

Following our previous studies, we report in this article four new lanthanide compounds based on two different cinnamate derivatives. Hence, the use of Eu 3+ and Tb 3+ ions in association with 2-methoxycinnamate affords dinuclear complexes, whereas onedimensional compounds based on Eu 3+ and Gd 3+ ions have been obtained when using 3ethoxycinnamate (Scheme 1). Remarkably, both europium compounds exhibit the typical Eu 3+ -based luminescence, whereas the gadolinium analogue shows a field-induced slow relaxation of its magnetization.
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Scheme 1. Structure of 2-methoxy-cinnamic acid (L1) and 3-methoxy-cinnamic acid (L2).

Experimental

Materials and methods

All experiments were carried out under aerobic conditions. All reagents and the solvents in these experiments were analytical grade. The lanthanide chloride salts were purchased from Alfa Aesar. Elemental analyses (C, H, N) was carried out with a Perkin-Elmer 2400 elemental analyzer. FT-IR spectra, in the region 400-4000 cm -1 , were recorded on Perkin-Elmer Spectrum Two on ATR mode. The photoluminescence spectra were recorded in solid state at room temperature with an Edinburg FLS 920 Spectrofluorimeter. All the emission spectra were corrected for detection and optical spectral response of the Spectrofluorimeter. Magnetic susceptibility data were collected with a Quantum Design MPMS-XL SQUID magnetometer working in the 1.8 -300 K temperature range with the applied magnetic field up to 7 Tesla.

The data were corrected for the sample holder and the diamagnetic contributions calculated from Pascal's constants.

Synthesis of the complexes

Synthesis of [Eu(L1)3(DMSO)(H2O)]2 (1).

The complex (1) was synthesized following the procedure previously described. 

Synthesis of [Tb(L1)3(DMSO)(H2O)]2 (2).

The preparation of complex 2 was similar to that of 1 except that TbCl3.nH2O (0.093 g, 0. 

Synthesis of [Eu2(L2)6(DMSO)(H2O)]n•DMF (3).

The preparation of complex (3) was synthesized as previously described. [18] 3-Methoxycinnamic acid (0.13 g, 0.75 mmol) and sodium hydroxide (0.03 g, 0.75 mmol)

were dissolved in a mixture of DMF/water (5:1). 

X-ray diffraction studies

Diffraction intensities for complexes 1-4 were collected on a Bruker-AXS APEX II CCD diffractometer at 293(2) K. The crystallographic data, conditions retained for the intensity data collection and some features of the structure refinements are listed in Table 1. The intensities were collected with Mo Kα radiation (λ = 0.71073 Å). Data processing, Lorentzpolarization were performed using APEX [START_REF]Bruker APEX2 and SAINT[END_REF]. The structure was solved by direct methods and refined by full-matrix least-squares methods on F 2 , using the SHELXL-2104 [37] program package. All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were located from difference Fourier maps, assigned with isotropic displacement factors and included in the final refinement cycles by use of geometrical constraints. Molecular plots were performed with the CrystalMaker and Mercury programs [START_REF] Palmer | [END_REF][START_REF] Macrae | [END_REF]. Geometrical calculations were carried out with PLATON [40]. The DMF solvent molecules in the crystal structure of 3-4 were disordered and could not be modelled properly, therefore, the SQUEEZE [41] function of PLATON [42] was used to eliminate the contribution of the electron density in the solvent region from the intensity data.

Results and Discussion

Synthesis and crystal structures

Synthesis and structural description of the dinuclear complexes

[Ln(L1)3(DMSO)(H2O)]2 (Ln = Eu (1), Tb ( 2)).

The dinuclear complexes were obtained by the reaction between 2methoxycinnamic acid (L1) (3 eq.) (Scheme 1) and lanthanide chloride (1 eq.) in the presence of sodium hydroxide. The single crystal X-ray diffraction analysis reveals that complexes [Ln(L1)3(DMSO)(H2O)]2 (Ln = Eu (1), Tb (2)) crystallize in the monoclinic space group P21/c and contain one crystallographically independent Ln 3+ cation, three L1 -anions, one water molecule and one coordinated solvate DMSO in the asymmetric unit. The compounds are isostructural to the previously reported series with Ce, Nd, Gd and Dy analogues [18]. The structure can be simply described as a dinuclear complex in which two nine-coordinated Ln 3+ cations are linked by six carboxylate groups from six L1 - S1-S3). Note that such types of coordination of the carboxylate groups to lanthanides have previously been reported. [18,43] The Eu 3+ -O-Eu 3+ bridging angle is found equal to 112.82(19)° (Table 2). A quantitative analysis of the coordination arrangement of the Eu(III) ion was carried out using the SHAPE software [44] and can be described as a spherical capped square antiprism (Table S4). The crystal packing analysis (Figure 1b) 

reveals

Synthesis and structural description of one-dimensional coordination polymers

[Ln(L2)3(DMSO)]n (Ln = Eu (3), Gd ( 4))

The reaction between 3-methoxycinnamic acid (L2) (3 eq.) (Scheme 1) and lanthanide chlorides (1 eq.) in the presence of sodium hydroxide in a DMF/water mixture yields to the formation of colourless crystals after re-crystallisation in DMSO. The single crystal X-ray diffraction analyses showed that complexes 3 and 4 crystallize in the triclinic space group 𝑃1 ̅ and are isostructural to the dysprosium analogue we previously described. [18] The structure could be described as a one-dimensional coordination polymer. The asymmetric unit consists of two different crystallographic Ln 3+ ions, six L2 - ligands, one coordinated DMSO and one water molecule (Figure 3). A DMF solvate is also present in the unit cell, but has been squeezed out during the structural determination by using the PLATON program [42]. Each Ln 3+ is coordinated by nine oxygen atoms. Similarly than for 1 and 2, the carboxylate moieties exhibit two distinct coordination modes. The coordination sphere for the Ln1 site is made by eight oxygens provided by three tridentate chelate bridge carboxylates with 2- 2 : 1 mode and by two carboxylates with 2- 1 : 1 coordination mode (Figure 2, right). An additional water molecule completes the coordination sphere. As regards the Ln2 site, the coordination sphere is rather similar, but incorporates a coordinated DMSO molecule instead of water. The SHAPE analysis points out slight differences in the coordination geometry of the two crystallographically independent Ln(III) sites (Table S4). Hence, the deviation from a spherical capped square antiprism appears more pronounced for the Ln2 site. The crystal symmetry generates three different intermetallic Ln 3+ -Ln 3+ distances, which are 3.9747(8), 3.9847(8) and 4.1350(6) Å in complex 3 and 3.924(6), 3.986(6) and 4.137(6) Å in complex 4. The Ln 3+ -O-Ln 3+ bridging angles are ranging from 105.13 (17) to 113.68(11)° for complex 3 and 105.67 (6) to 114.13(11)° for complex 4 (Table 2). We would like to emphasize that such intermetallic short distances are particularly rare in the field of lanthanide based 1-D coordination polymers [18,[45][46][47][48][49][50][51][52][53]. water O-H groups and carboxylate oxygen atoms (Table S3). The shortest interchain Ln(III)-Ln(III) distance is found to be rather large and equal to 15.056(3) and 15.058(3) Å for 3 and 4, respectively. 

Magnetic properties

The europium ion exhibits a diamagnetic ground state at low temperature.

Consequently, the magnetic properties of only 2 and 4 were investigated by using a SQUID MPMS-XL magnetometer working in 1.8-300 K temperature range and up to 70 kOe. The temperature dependence of T vs. T under a 1000 Oe dc field can be found in Figure 4a. In order to simplify the analysis for the one-dimensional compound 4, the data have been expressed using a unique gadolinium ion in the formula. At room temperature, the T values of 23.78 and 8.03 cm 3 .K.mol -1 for 2 and 4, respectively, are in a good accordance with those of 23.64 and 7.84 cm 3 .K.mol -1 expected for two non-interacting Tb(III) ions ( 7 F6) and a single Gd(III) ion ( 8 S7/2). Upon cooling, 2 exhibits a negative deviation of T originating from the thermal depopulation of the Stark sub-levels possibly associated with predominant antiferromagnetic interactions to reach the value of 13.23 cm 3 .K.mol -1 at 1.8 K. For 4, T remains constant when lowering the temperature down to 20 K before showing a decrease to reach the value of 7.35 cm 3 .K.mol -1 at 1.8 K. This behavior reflects the occurrence of antiferromagnetic interactions between the spin carriers. In this sense, the absence of a 1 st order spin-orbital coupling for the Gd(III) could be used to evaluate the strength of the exchange interaction. Using an infinite chain of classical spins S = 7/2 derived by Fisher [54], the Gd 3+ -Gd 3+ interaction were quantified using the following expression (the exchange interaction being equal to 2J):

𝝌𝑻 = [ 𝑵𝜷 𝟐 𝒈 𝟐 𝑺(𝑺+𝟏) 𝟑𝒌 ] [ (𝟏+𝒖) (𝟏-𝒖) ] with 𝒖 = 𝐜𝐨𝐭𝐡 [ 𝑱𝑺(𝑺+𝟏) 𝒌𝑻 ] -[ 𝒌𝑻 𝑱𝑺(𝑺+𝟏)
] (Eq.1)

The best obtained fit parameters are equal to J = -0.0105 ± 0.0003 cm -1 and g = 2.0170 ± 0.0005. In spite of the presence of two different gadolinium sites implying several exchange pathways, the data could be satisfactory fitted considering only one mean exchange interaction. The obtained value has however to be considered with caution since the zero-field splitting and interchain interactions were not taken into account. Noticeably, this constitutes the first gadolinium example in our series of cinnamate compounds that exhibit antiferromagnetic interactions. For comparison, the dinuclear complexes based on 2-methoxycinnamate and 2-ethoxycinnamate showed ferromagnetic exchange interaction of J = + 0.0107 ± 0.0004 cm -1 and J = + 0.0198 ± 0.0009 cm -1 , respectively (based on the H = -JSGd•SGd Hamiltonian) [18,19]. As previously suggested [55], it appears that the Gd 3+ -O-Gd 3+ angle might influence the nature of the interaction although it remains difficult to provide a clear-cut correlation due to the various parameters (carboxylates modes, intermetallic distances...). The antiferromagnetic interaction observed in 4 could be tentatively rationalized by the The field dependence of the magnetization for 4 at 1.8 K reveals a value of 7.08 Nβ under a 70 kOe field, close to that of 7.00 Nβ expected for a gadolinium ion. In addition, both, the susceptibility and magnetization curves were fitted using the PHI package [56] (Figure S2) by considering a dinuclear gadolinium unit giving very close parameters (J = -0.0107 ± 0.0001 cm -1 and g = 2.0120 ± 0.0003) with respect to those found using the Fisher chain model. In contrast, the magnetization curve for 2 does not reach a clear saturation, as expected for systems displaying magnetic anisotropy) and shows a value of under of 10.49 Nβ under a 70 kOe (Figure 2b).

The occurrence of a slow relaxation of the magnetization was then investigated by alternating currents (ac) measurements. Under a zero dc-field, no significant out-ofphase (") component could be detected for both compounds. Yet, applying dc fields induces the appearance of a " component for 4 (Figure S3). The ac susceptibility monitored at 2 K for various dc fields reveals that the out-of-phase maximum is below the investigated frequency range for fields larger than 2500 Oe and that the highest magnitude of " is observed for a 4000 Oe dc field. The frequency dependence of the in-phase (') and out-of-phase component " under this field and for various temperatures exhibits however a complex behaviour with the presence of a broad " signal at low temperatures (Figure 5). For greater temperature (i.e. 4 K), a maximum could be discerned with the presence of a plateau at low frequencies. This is further confirmed by the Cole-Cole plots (Figure S4) for which pertinent fits could not be achieved below 5 K using a generalized Debye model, whereas large  parameters values (< 0.25, Table S5) are obtained at higher temperatures, confirming the wide distribution of the relaxation times. Remarkably, the temperature dependence of the ac susceptibility reveals that out-of-phase signals could still be observed up to 40 K (Figure S5).

The occurrence of a field-induced slow relaxation based on the isotropic gadolinium(III) ions have been previously reported in lanthanide carboxylate-bridged extended structures (1-D to 3-D) [18,51,[57][58][59][60][61]. For most compounds, the origin of this phenomenon was ascribed to a phonon-bottleneck effect arising from the trapping of the resonant phonons that precludes the relaxation from spin bath to the thermal one leading a temperature dependence of the relaxation time that follows a  -1 = AT n (Eq.

2) dependence, with n being usually equal to 2 [62,63]. Moreover, we have also previously evidenced such field-induced slow relaxation in two dinuclear gadolinium complexes with different cinnamate ligands (2-methoxycinnamate and 2ethoxycinnamate) [18,19]. Based on our ac data for 4, the relaxation time, , was extracted, but the broadness of the ac signals clearly complicates the analysis.

However, a rough estimation of  could be tentatively performed and the subsequent fitting with Eq. 2 gives A = 39  15 s -1 .K -n and n = 2.3 ± 0.2 (Figure S6). The n value is close that of 2 expected for a phonon-bottleneck relaxation [18]. It appears that such field-induced slow relaxation in isotropic systems depends on the occurrence of exchange interactions as well as the structural organization. Noticeably, this constitutes the first example of such slow relaxation in our cinnamate series with antiferromagnetic interactions between the gadolinium(III) ions.  / Hz temperature to explore the photophysical behaviour. Upon excitation at 370 nm and 342 nm for 1 and 3, respectively, the typical red luminescence of the Eu 3+ is observed at 580, 593, 617, 652 and 689 nm, corresponding to the 5 D 0 → 7 FJ (J = 0 → 4) transitions. For both samples, the weak 5 D0 → 7 F0 transition corroborates with the low symmetry of the Eu 3+ sites.

Moreover, the symmetric profile of this transition indicates that the two Eu 3+ sites in 3 present only small differences in terms of bond lengths and angles [START_REF] Bünzli | Basics of Lanthanide Photophysics[END_REF][START_REF] Li | [END_REF], which is in line with its crystal structure. Thus, the fwhm for the chain compound 3 is estimated at 25 cm -1 (E00 = 17259.1  0.1 cm -1 ), to be compared with that of 30 cm -1 (E00 = 17258.5  0.2 cm -1 ) for the dinuclear complex 1. For the two compounds, the hypersensitive 5 D0 → 7 F2 transition appears as the most intense emission band. However, the different splitting suggests different coordination environments, as well as different number of Eu 3+ sites for 3 [66]. The room temperature excitation spectra monitored in the 5 D0 → 7 F2 transition shows the presence of broad bands located at 254, 300 and 372 nm for 1, whereas they could be observed at 254, 312 and 342 nm for 3 (Figure 5b). The broadness of the excitation bands points out a sensitization process involving the carboxylate L1 -and L2 -ligands.

In contrast, the dinuclear terbium complex 2 does not exhibit the typical green Tb 3+ luminescence and only a broad emission band located at 410 nm could be observed (Figure S7). This latter most likely originates from a ligand-based emission implying that the cinnamate L1 -ligand could not sensitize the Tb 3+ ion.

Conclusion

In summary, four new lanthanide compounds designed using two cinnamic acid derivatives (3.924 to 4.137 Å), allowing a direct comparison between the two systems. As frequently observed for gadolinium compounds based on cinnamate ligands, a field-induced slow relaxation could be evidenced for 4. Moreover, the two europium-based compounds exhibit the typical room temperature Eu 3+ luminescence, indicating that cinnamate ligands could be employed to design original magneto-optical materials.

  ligands. One molecule of water and a DMSO molecule complete the lanthanide's coordination sphere. As an example, the molecular structure of the europium analogue 1 is shown in Figure1(a). The carboxylate groups adopt two different coordination modes with lanthanide ions in this structure:  2 chelating and 2:  2 - 1 chelating bridging modes (Figure2, left).

Figure 1 .

 1 Figure 1. a) Molecular structure of 1. b) View of packing for the 1. The hydrogen bond interactions are indicated with red dashed lines.

  the presence of two different intermolecular O-H•••O and C-H•••O hydrogen-bonding interactions involving the L1 -anions via methoxy groups and water coordination molecules. This induces the formation of a two-dimensional hydrogen bonded network with a shortest intermolecular Eu(III)-Eu(III) distance of 8.379(3) Å. tridentate chelate bridge 2- 2 :  1 (c) bis-monodentate 2- 1 :  1 (d) tridentate chelate bridge 2- 2 :  1

Figure 2 .

 2 Figure 2. Coordination modes for different forms of L1 and L2 ligands in 1-4.

Figure 3 . 3 .

 33 Figure 3. a) Molecular structure of 3. b) View of packing for the molecules within the structure of 3. The hydrogen bond interactions are indicated with dashed lines.

  overall weaker bridging angles (ranging from 105.6 to 114.11°) with respect to those found in the two previous examples (113.1 and 115.5°).

Figure 4 :

 4 Figure 4: a) Temperature dependence of T measured under a 1000 Oe dc field for 2, 4. The magenta solid line corresponds to the fit. b) Field dependence of the magnetization at 1. 8 K.

Figure 5 :

 5 Figure 5: Frequency dependence of ' and " for 4 for various temperatures under a 4000 Oe dc-field.

Figure 6 :

 6 Figure 6: a) Room temperature solid-state emission spectra for 1 (λexc = 370 nm) and 3 (λexc = 342 nm); b) Room temperature solid-state excitation spectra for 1 and 3 monitored at λexc = 617 nm.

  were synthesized and structurally characterized. The change in the position of the cinnamate methoxy group from 2 to 3, causes a drastic modification in the structural organization and allows the formation of dinuclear complexes 1 and 2 as well as one-dimensional architectures 3 and 4, respectively. The carboxylate ligands adopt different coordination modes in the same compound. In the dinuclear compounds, the intramolecular Ln 3+ -Ln 3+ distances are classical (4.171 to 4.190 Å), however, they are nearly identical for the one-dimensional architectures

  

Table 1 :

 1 Crystal data and structure refinement of 1-4.

	Identification code	1		2		3	4
	Empirical formula	C32H35EuO11S	C32H35TbO11S		C62H62Eu2O20S	C62H62Gd2O20S
	Formula weight	779.62	786.58			1473.67	1473.67
	Temperature/K	293	293			293	293
	Crystal system	monoclinic	monoclinic		Triclinic	Triclinic
	Space group	P21/c	P21/c			P-1	P-1
	a/Å	17.501(5)	17.5094(9)		15.0890(4)	15.0564(18)
	b/Å	22.503(5)	22.4665(12)		15.5721(5)	15.5571(19)
	c/Å	8.379(5)	8.3450(5)		16.0626(5)	16.0602(19)
	α/°	90	90			92.204(2)	92.604(5)
	β/°	98.824(5)	98.686(3)		117.276(10)	117.450(5)
	γ/°	90	90			99.398(2)	99.387(5)
	Volume/Å 3	3261(2)	3245.1(3)		3281.77(18)	3262.2(7)
	Z	4	4			2	2
	ρcalcg/cm 3	1.588	1.610			1.481	1.500
	μ/mm -1	2.046	2.302			1.995	2.117
	Radiation	MoKα (λ = 0.71073)	MoKα (λ = 0.71073)	MoKα (λ = 0.71073)	MoKα (λ = 0.71073)
	2Θ range for data collection/°	7.192 to 52.896	7.94 to 60.176		2.678 to 52.744	2.678 to 52.744
	Index ranges	-18 ≤ h ≤ 21, -28 ≤ k ≤ 28, -10	-24 ≤ h ≤ 20, -31 ≤ k ≤ 31,	-18 ≤ h ≤ 18, -19 ≤ k ≤ 19,	-18 ≤ h ≤ 18, -19 ≤ k ≤ 19,
		≤ l ≤ 10	-11 ≤ l ≤ 11		-20 ≤ l ≤ 20	-20 ≤ l ≤ 17
	Independent reflections	6659 [Rint = 0.1277, Rsigma =	9434	[Rint =	0.0653,	13087 [Rint = 0.0715,	13014 [Rint = 0.0275,
		0.1292]	Rsigma = 0.0643]		Rsigma = 0.0705]	Rsigma = 0.0309]
	Data/restraints/parameters	6659/36/419	9434/36/419		13175/0/770	13014/0/771
	Goodness-of-fit on F 2	1.049	1.052			1.032	1.052
	Final R indexes [I>=2σ (I)]	R1 = 0.0680, wR2 = 0.1598	R1 = 0.0487, wR2 = 0.0891 R1 = 0.0506, wR2 = 0.1220 R1 = 0.0348, wR2 = 0.0864
	Largest diff. peak/hole / e Å -3	0.91/-1.45	0.98/-0.85		3.36/-1.60	1.65/-1.61

Table 2 :

 2 Selected bond distances and angles.

				Shortest intermolecular or
	Compound	Ln 3+ -Ln 3+ (Å)	Ln 3+ -O-Ln 3+ (°)	interchain Ln 3+ -Ln 3+
				distance (Å)
	1	4.1904(14)	112.82(19)	6.661(3)
	2	4.171(6)	113.05(10)	6.655(3)
	3	3.9747(8)/3.9847(8) /4.1350(6)	105.13(17)/106.79(18) /12.05(16)/113.68(17)	15.056(3)
	4	3.924(6)/3.9862(6) /4.137(6)	105.67(11)/106.71(11) /112.17(11)/114.13(11)	15.058(3)
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