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Abstract

:

The coordination reaction of the [Dy(hfac)3(H2O)2] units (hfac− = 1,1,1,5,5,5-hexafluoroacetylacetonate) with the [8′-(Diphenoxylphosphinyl)[1,1′-binaphthalen]-8-yl]diphenoxylphosphine oxide ligand (L) followed by a crystallisation in a 1:3 CH2Cl2:n-hexane solvent mixture led to the isolation of a new polymorph of formula [(Dy(hfac)3((S)-L))3]n (1). The X-ray structure on single crystal of 1 revealed the formation of a mono-dimensional coordination polymer with three crystallographically independent DyIII centres, which crystallised in the polar chiral P21 space group. Ac magnetic measurements highlighted single-molecule magnet behaviour under both zero and 1000 Oe applied magnetic field with magnetic relaxation through quantum tunneling of the magnetisation (QTM, zero field only) and Raman processes. Despite the three crystallographically independent DyIII centres adopting a distorted D4d coordination environment, a single slow magnetic relaxation contribution was observed at a slower rate than its previously studied [(Dy(hfac)3((S)-L))]n (2) polymorph.
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1. Introduction


Single-molecule magnets (SMMs) have fascinated communities of chemists and physicists for the last 30 years because they display slow magnetic relaxation with magnetic bistability and quantum behaviours at low temperatures [1,2]. The latter opens the door to potential applications in molecular spintronics [3,4,5,6,7], quantum computing [8,9,10,11,12] and magneto-optics [13]. The discovery of lanthanide SMMs [14] with blocking temperatures for the reversal magnetisation up to 80 K [15], push back SMMs into the race of applications in high-density data storage [16,17].



To magnetism, another physical property can be added to achieve multi-property materials [18,19,20,21,22,23,24,25]. In this context, the addition of the chirality is probably the most popular choice because it leads to the observation of multiferroic materials [26,27,28,29], for instance when ferromagnetism cohabits with ferroelectricity and magneto-chiral anisotropy [30,31,32,33]. In the particular case of SMM behaviour, the addition of chirality could lead to the observation of circularly polarised luminescent SMMs [34,35,36,37], ferroelectric SMMs [38,39,40,41,42], magnetoelectric coupling in SMMs [43] and magneto-chiral SMMs [44,45]. A few years ago, some of us demonstrated that chirality can indirectly modulate the SMM behaviour through the change of dipolar interaction due to different crystal packings in the racemic SMM mixture and enantiopure SMM [46].



Polymorphism could also play a crucial role in the modulation of the SMM behaviour because it could induce changes in the intermolecular interaction (dipolar magnetic interaction), and local environment of the metal (crystal field) [47,48].



Recently, the (chir)optical and magnetic properties of [Dy(hfac)3((S)-L)]n (2) (L = Diphenoxylphosphinyl)[1,1′-binaphthalen]-8-yl]diphenoxylphosphine oxide) (Scheme 1) were studied [49,50]. A new polymorph of formula [(Dy(hfac)3((S)-L))3]n (1) was then isolated, and its magnetic properties are presented here and compared to those of 2.




2. Results and Discussion


2.1. Synthesis


The coordination reaction between the ligand (S)-L and the precursor Dy(hfac)3(H2O)2 led to the formation of a mono-dimensional polymer of formula [Dy(hfac)3((S)-L)]n (2) [49]. The polycrystalline powder of the latter polymer was obtained by slow diffusion of a large excess of n-hexane into a CH2Cl2 solution of 2 (CH2Cl2/n-hexane 1:40), while a slow evaporation from a solution of the reagents in CH2Cl2 quantitatively yielded the new polymorph of formula [(Dy(hfac)3((S)-L))3]n (1) as single crystal suitable for X-ray diffraction study and confirmed by PXRD studies.




2.2. X-ray Structures


XRD studies on single crystal revealed that the  S  form of this further product crystallises in the space group P21 (No. 4) with formula [(Dy(hfac)3((S)-L))3]n (1) (Table S1), while our previous work concluded that the mono-dimensional polymorph 2 crystallised in the chiral orthorhombic space group C2221 (N°20)49. It is worthwhile to note that the P21 space group is polar and chiral, which is a prerequisite for magnetoelectric coupling due to the combination of ferroelectric behaviour with magnetostrictive effects [43]. Three (S)-L ligands and three Dy(hfac)3 fragments compose the asymmetric unit (Figure 1).



Each DyIII centre is octa-coordinated by six oxygen atoms from three hfac− ligands and two oxygen atoms from two phosphate groups of two different (S)-L ligands. The repetition of the asymmetric unit gives rise to a mono-dimensional coordination polymer. SHAPE [51] analysis suggests that all the first metal coordination spheres significantly deviate from the closest D4d coordination polyhedra, although with different degrees of distortion (Table S2). Indeed, the Dy1 and Dy3 centres, respectively, show distortion degree values of 0.469 and 0.657, while Dy2 adopts a D4d surrounding with a distortion degree of 0.814 close to the deviation from the C2v symmetry (0.997) (Table S2). The average bond and angle values are similar for each Dy(hfac)3((S)-L) fragment. Around each DyIII centre, the Dy-OP=O lengths (2.31(2) Å) are found to be slightly shorter than the Dy-Ohfac distances (2.34(7) Å). The average Dy-OP=O length (range from 2.34(9) to 2.38(7) Å) and P=OO-Dy-OP=O angle values (range from 141.9(8) to 146.3(7)°) are similar between the [Dy(hfac)3((S)-L)] fragments. The dihedral angle between the naphthyl groups have an average value of 85.6(4)°. The shortest intra- and inter-chain Dy-Dy distances have values of 12.144(2) Å and 11.296(2) Å, respectively. The crystal packing is driven by the formation of π-CH, F⋯F (2.718 Å) and F⋯H (2.493 Å) interactions between the polymeric chains (Figure S1). Since it was not possible to obtain 2 crystals of satisfactory quality for XRD structural determination [49], the straight relationship between structure and magnetic properties drives us to deeply compare two polymorphic structures with DyIII and EuIII centres. Therefore, the data at 150 K for the isostructural [Eu(hfac)3((S)-L)]n were used. In the latter, the coordination environment is similar, with an identical bridging mode of the (S)-ligand. SHAPE analysis supported a more regular D4d symmetry of the coordination sphere (SAPR-8 = 0.300) than what has been observed in 1. The P=OO-Dy-OP=O angle values (145.3(3)°) and dihedral angle between the naphthyl groups (77.3°) are similar in both polymorphs. The crystal packing of the 2 polymorph is also driven by very similar π-CH, F⋯F (2.718 Å) and F⋯H (2.545 Å) interactions, leading to the shortest intra- and inter-molecular Dy⋯Dy distances, respectively, equal to 12.647(2) and 11.466(2) Å, which are values close to those observed in the 1 polymorph. In summary, on one side, the SHAPE analysis demonstrated a distortion degree of the dysprosium coordination spheres stronger in 1 than for 2, while on the other side, both crystal packings are comparable. Therefore, neither the symmetry of the coordination spheres nor the crystal packing can reasonably explain the difference of magnetic behaviour. A deeper analysis of the coordination sphere of the DyIII ion in both polymorphs shows (i) close values for the angles between the plans formed by the hfac− ligand (blue one depicted in Figure S2) and the P=OO-Dy-OP=O fragment (drawn in orange in the Figure S2) for both polymorphs 2 (20.6(3)°) and 1 (18.6(7)°) and (ii) significant difference of angle values calculated between the two plans formed by the two “face-to-face” hfac− ligands (drawn in green on Figure S2) for both polymorphs 2 (12.3(5)°) and 1 (26.2(9)°). In other words, the closest ideal symmetry for coordination sphere in both polymorphs is the same regardless of whether the arrangements of the ligands around the DyIII centre are different, leading to different electronic distribution, and then modification in the magnetic properties could be expected.



Finally, the phase purity for the 1 polymorph was checked by powder X-ray diffraction (PXRD) at room temperature. This study confirmed that the single crystal structure of 1 corresponds to the bulk material and its phase purity. Both PXRD patterns of 2 and 1 were compared together with their calculated ones (from single crystal data), showing that no trace of 2 polymorph was detected in the sample of 1 (Figure S3).




2.3. Magnetic Properties


2.3.1. Static Magnetic Measurements


In Figure S4, the experimental temperature dependence of χMT is reported for both 2 and 1 polymorphs for comparison. It should be noted that the magnetic data are reported for 3 DyIII centres for 1 to be in agreement with the proposed formula [(Dy(hfac)3((S)-L))3]n. For 1, the room temperature value of 43.22 cm3 K mol−1 is close to the expected one of 42.51 cm3 K mol−1 for three isolated DyIII ions in 6H15/2 ground multiplets [52]. On cooling down the system, the χMT curve decreases monotonically down to 36.93 cm3 K mol−1 at 2 K. No increase in the χMT product is observed at low temperatures, conversely to the 2 case. This highlights the presence of different dipolar interactions in the two compounds even if the shortest intra- and inter-molecular Dy⋯Dy distances were found to be similar in both polymorphs. Indeed, relative orientation of the main component of the magnetic anisotropy has a crucial role in the intensity and nature of the dipolar magnetic interaction. The field-dependence of magnetisation were measured at 2 K between 0 and 5 T for both polymorphs (Figure S5). At high fields, the magnetisation value of 1 is 15.93 Nβ, about three times the value for 2, and far from the expected saturated value for three DyIII ions of 30 Nβ, a sign of significant magnetic anisotropy.




2.3.2. Dynamic Magnetic Measurements


The 1 polymorph exhibits slow relaxation of the magnetisation in zero applied field (Figure 2a and Figure S6). The complex 1 relaxes about 100 times slower than 2, which was previously published at 2 K. The normalised Argand plot for 1 indicates that the observed slow magnetisation relaxation represents approximately all the signal detected in the static measurements (Figure S7). The dynamic data can be fitted with an extended Debye model (Figure S8 and Table S3). The observed thermal dependence of the extracted relaxation times (τ) could be fitted (Equation (1)) with a combination of QTM and Orbach processes using τTI = 1.57(4) × 10−3 s, τ0 = 1.7(2) × 10−5 s and Δ = 23.6(6) K (Figure S9).


   τ  − 1   =     τ 0  − 1   exp  (   Δ T   )   ⏟   O r b a c h   +    C  T n   ⏟   R a m a n   +       B 1    1 +  B 2   H 2     ⏟    τ  T I   − 1   , Q T M   +    A T  H m   ⏟   D i r e c t    



(1)







However, the thermal energy of the system for temperatures ≤12 K does not appear sufficient for activating this Orbach relaxation pathway. A more reasonable fitting procedure could consider a combination of QTM and Raman processes (Figure 3 and Figure S10). The best fit parameters are τTI = 1.57(4) × 10−3 s, C = 4.0(3) s−1 K−n and n = 3.16(3). In the case of a pure acoustic phonons (lattice vibrations) Raman process, the expected n value is 9 for Kramers ions [53], but the involvement of optical phonons (molecular vibrations) [8,15] can induce the diminution of n between 2 and 7 [54,55,56].



Under a static magnetic field (Figure 2b and Figure S11), the out-of-phase maxima start to move to lower frequencies. While 2 displays a complicated relaxation dynamic, for the polymorph 1, the field dependence of the magnetic susceptibility displays a classic behaviour. Two contributions can be distinguished for the low magnetic field values usually attributed to the presence of dipolar magnetic interactions between the DyIII magnetic centres [57]. By applying field values higher than 500 Oe, only one contribution is significant. Thus, despite the presence of three independent DyIII centres, only one contribution to the magnetisation relaxation is detected once the dipolar magnetic interactions are destroyed. The relaxation times are extracted from the χM curves using two contributions for low magnetic field values (0–400 Oe) and a single contribution for the highest magnetic field values (600–1800 Oe) (Figure S12 and Table S4). The fit output is superimposed on the argand plot in Figure S13. The field dependence of the extracted  τ  can be fit by Equation (2) (Figure 2c) [58,59].


   τ  − 1   =    B 1    1 +  B 2   H 2    + A  H 4  + k  ( T )   



(2)







The fit parameters are B1 = 5(1) × 102 s−1, B2 = 2.1(6) × 10−3 Oe−2, A = 3.2(7) × 10−14 s−1 K−1 Oe−4 and k(T) = 3(1) × 10−1 s−1. The value of 1000 Oe was selected to study the in-field temperature-dependent behaviour of 1 (Figure 2d and Figure S14) because it is close to the optimal field and analogous to the field used in the studies for polymorph 2 [49]. Under 1000 Oe at 2 K, the complex 1 relaxes about   100   times slower than the slowest contribution of the polymorph 2. Such difference has already been observed under zero applied field. Thus, the two polymorphs appear to respond in a similar way to the applied field (Figure 3). The normalised Argand plot for 1 indicates that the observed slow magnetization relaxation under an applied magnetic field represents approximately all the signal detected in the static measurements (Figure S15). The data for 1 can be interpreted with an extended Debye model (Figure S16, Table S5), accounting for only one contribution to the magnetisation relaxation in the temperature range of 2–11 K (Figure 3).



The fit output is superimposed on the normalised argand plot (Figure S15). Based on the fit of the log(τ) vs. H curve (Figure 2c), no remaining QTM nor Direct processes are expected to play a major role in the magnetic relaxation. Thus, only k(T) (thermally activated Raman and Orbach processes) (Equation (2)) should be involved in the magnetic relaxation mechanism. Moreover, as previously mentioned for ac study under zero applied magnetic field, the thermal energy of the system cannot activate a similar Orbach mechanism in the studied temperatures range. Conversely, a Raman process can be satisfactorily employed to interpret the experimental log(τ) vs. T plot (Figure 3). The best fit parameters are C = 2.6(3) s−1 K−n and n = 5.22(8). Therefore, the tunnelling phenomena observed at zero field are efficiently suppressed by applying a static dc magnetic field of 1000 Oe. The values for the Raman process is similar in both zero and applied field for temperature ranging from 612 K. Conversely to 2, no direct pathways seem to significantly participate in the magnetisation relaxation dynamic.






3. Conclusions


In this article, a new polymorph was isolated from the reaction between Dy(hfac)3(H2O)2 and [8′-(Diphenoxylphosphinyl)[1,1′-binaphthalen]-8-yl]diphenoxylphosphine oxide ligand (L). The single crystal X-ray structure of [(Dy(hfac)3(L))3]n (1) revealed that three crystallographically independent DyIII centres composed the asymmetric unit. 1 displayed slow magnetic relaxation in both zero and applied dc magnetic field. Despite the high level of distortion for the D4d coordination sphere around the DyIII ions, the polymorph 1 displayed a slower relaxation of its magnetisation compared to the polymorph 2 which involves a more regular D4d surrounding. This observation was attributed to different arrangement of the coordinated ligands and a more favorable electronic distribution for 1 than 2, demonstrating once more that the electronic distribution is more decisive than the coordination symmetry. Surprisingly, the polymorph 1 displayed one contribution for the slow magnetisation relaxation, whereas 2 displayed multi-contributions under the same applied magnetic field and this despite the presence of three different crystallographic DyIII centres for 1. The observed magnetic behaviour appears counterintuitive, and currently it cannot be fully justified. However, different magnetic dynamic properties as a consequence of differences in the dipolar interactions for similar systems were already documented [46]. This work underlines the effect of subtle structural variations on SMM behaviour.



Interestingly, the polymorph 1 crystallised in the polar chiral space group P21 and involves the hfac− ligands, which could display keto-enol transformation, allowing the switching of molecular polarity. In other words, all the needed prerequisites to observe ferroelectricity are reached [60,61,62]. Thus, 1 appears to be a promising candidate to the exhibition of magnetoelectric coupling [43].




4. Materials and Methods


4.1. Synthesis, General Procedures and Materials


The precursor [Dy(hfac)3(H2O)2] (hfac− = 1,1,1,5,5,5-hexafluoroacetylacetonate anion) [63] and [8′-(Diphenoxylphosphinyl)[1,1′-binaphthalen]-8-yl]diphenoxylphosphine oxide (L) [64] were synthesised following previously reported methods. All other reagents were commercially available and used without further purification.




4.2. Synthesis of the Ligand [8′-(Diphenoxylphosphinyl)[1,1′-binaphthalen]-8-yl]diphenoxylphosphine Oxide (L)


Phenol in a quantity of 1.12 g (11.9 mmol) and 4.7 mL (33.7 mmol) of Et3N were added to a solution containing 0.52 mL (5.96 mmol) of PCl3 in 100 mL of anhydrous toluene at 0 °C under argon atmosphere. After stirring the mixture for 30 min, 0.85 g (2.97 mmol) of (S)-BINOL were added at −10 °C. The mixture was stirred for 1 h at room temperature, then filtered over Celite. The solvent was removed at reduced pressure. The residue was dissolved in EtOAc, washed with H2O, an aqueous 5% NaOCl solution and brine. The organic phase was dried with MgSO4, then the solvent was removed at reduced pressure. The residue was purified by column chromatography on silica gel using petroleum ether/EtOAc (7:3) as the eluent. 0.84 g, 38% yield for (S)-L. 1H-NMR (300 MHz, CDCl3): δ = 7.93 (d, J = 9.0 Hz, 2 H), 7.87 (d, J = 8.1 Hz, 2 H), 7.78 (d, J = 9.0 Hz, 2 H), 7.43–7.37 (m, 2 H), 7.25–7.06 (m, 10 H), 7.00–6.98 (m, 6 H), 6.88–6.85 (m, 4 H), 6.57–6.54 (m, 4 H). 13C-NMR (75 MHz, CDCl3): δ = 150.3 (d, JCP = 8.2 Hz), 150.1 (d, JCP = 7.5 Hz), 146.7 (d, JCP = 6.7 Hz), 133.6, 131.2, 130.5, 129.7, 129.5, 128.1, 127.3, 126.2, 125.8, 125.4 (d, JCP = 1.5 Hz), 125.2 (d, JCP = 1.5 Hz), 121.7 (d, JCP = 9.0 Hz), 120.0 (d, JCP = 5.2 Hz), 119.6 (d, JCP = 5.2 Hz), 119.2 (d, JCP = 1.5 Hz).      [ α ]   D  25   = + 1.2   for (S)-L (c = 1.0, CHCl3).




4.3. Synthesis of Complex [(Dy(hfac)3(L))3]n (1)


[Dy(hfac)3(H2O)2  ]    in   a   quantity   of     16.4 mg (0.02 mmol) was added to a solution containing 15 mg (0.02 mmol) of (S)-L in 2 mL of CH2Cl2. After   15   min of stirring, the solution was slowly evaporated, leading to a colourless and microcrystalline residue. 28.8 mg, 94% yield for 1. I.R. (KBr, range 1800–400 cm−1): 1654 (s), 1591 (m), 1556 (m), 1528 (m), 1490 (s), 1476 (m), 1459 (m), 1254 (s), 1222 (s), 1208 (s), 1194 (s), 1160 (s), 1145 (s), 1102 (m), 1078 (m), 1029 (m), 1015 (m), 1002 (m), 994 (m), 968 (m), 952 (w), 903 (w), 871 (w), 849 (w), 815 (w), 809 (w), 797 (m), 777 (m), 762 (w), 752 (m), 742 (w), 704 (w), 687 (m), 661 (m), 616 (w), 586 (m), 560 (w), 549 (w), 526 (w), 526(w), 513 (w), 500(w), 495 (w), 482 (w), 469 (w) cm−1. Slow evaporation from a solution in CH2Cl2/n-hexane (1:3) led to single crystals suitable for structural X-ray studies. Anal. Calcd (%) for C177H104Dy3F54O42P6: C 46.15, H 2.26; found: C 46.32, H 2.35.




4.4. Crystallography


A single crystal of 1 was mounted on a D8 VENTURE Bruker-AXS diffractometer for data collection (MoKα radiation source, λ = 0.71073 Å) at 150 K, from the Diffractometric Centre X (CDIFX), University of Rennes 1, France (Table S1). The SHELXT program [65] was used to solve the structures with a direct method and refinements were done with the SHELXL-14/7 program [66] using a full matrix least-squares method on F2. The CCDC number is 2112160 for compound 1. X-ray diffraction (XRD) patterns were recorded at room temperature in the 2θ range of 5–30° with a step size of 0.026° and a scan time per step of 600 s using a PANalytical X’Pert Pro diffractometer (Cu-L2,L3 radiation, λ = 1.5418 Å, 40 kV, 40 mA, PIXcel 1D detector). Data collector and HighScore Plus softwares were used, respectively, for recording and analysis of the patterns.




4.5. Physical Measurements


The elemental analyses of the compounds were performed at the Centre Régional de Mesures Physiques de l’Ouest, Rennes. The static susceptibility measurements were performed on solid polycrystalline samples with a Quantum Design MPMS-XL SQUID magnetometer. The following values of magnetic field were used: 0.2 kOe, 2 kOe and 10 kOe, respectively, for the temperature range of 2–20 K, 20–80 K and 80–300 K in order to prevent any saturation effect. The ac magnetic susceptibility measurements were both performed on a Quantum Design MPMS-XL SQUID magnetometer (1–1000 Hz frequency range). Immobilised selected and crunched single crystals were employed to realize the magnetic measurements, and the latter were all corrected for the diamagnetic contribution as calculated with Pascal’s constants.
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Scheme 1. Molecular structure of (S)-L. 
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Figure 1. Asymmetric unit for the complex [(Dy(hfac)3((S)-L))3]n (1). Dy = blue, O = red, C = grey, P = orange, F = green and H = white. 
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Figure 2. (a) Frequency dependence of χM″ at zero applied magnetic field for 1 in the temperature range of 2–12 K. (b) Frequency dependence of χM″ for 1 at 2 K in the 0–1800 Oe field range. (c) Field dependence of the relaxation time at 2 K for 1 with representation of the best fit curve (full green line) and the QTM (red dashed line), direct (orange dashed line) and thermally activated (black dashed line) contributions. (d) Frequency dependence of χM″ at 1000 Oe applied magnetic field for 1 in the temperature range 2–12 K. 
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Figure 3. Temperature variation of the relaxation time for 1 (blue spots, temperature range 2–12 K) and 2 (black spots, temperature range 2–7 K) in zero (triangles) and 1000 Oe (full circles) applied magnetic field. 






Figure 3. Temperature variation of the relaxation time for 1 (blue spots, temperature range 2–12 K) and 2 (black spots, temperature range 2–7 K) in zero (triangles) and 1000 Oe (full circles) applied magnetic field.



[image: Magnetochemistry 07 00150 g003]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png





nav.xhtml


  magnetochemistry-07-00150


  
    		
      magnetochemistry-07-00150
    


  




  





media/file2.png





media/file5.jpg
100 1000

10

v/Hz

L Jow qwo /"%

©

L Jow o / WX

100 1000

10
v/Hz

800 1200 1600
H/Oe

400





media/file3.jpg





media/file1.jpg





media/file7.jpg
4

T/K





media/file0.png





media/file8.png
4

12 8 ©

T/K





media/file6.png
v/ cm® mol™

logt/s

= 22 OONOOPRWN T

/iﬁ".o"‘O
»gflﬁ'g ) o"'§
p-L7 3’. oges
% 0 R
o o '.

400 800
H/ Oe

1200 1600

v/ cm> mol”

%y | cm’ mol™

0.1 1 10

100

1H/Oe

200
400
600
800
1000
1200
1400
1600
1800

1000

v/ Hz

0.1 1 10

100

1T/K

1000





