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Abstract

:

Magnetically switchable molecular solids with stimuli-responsive ON/OFF characteristics are promising candidates for smart switches and magnetic storage. In addition to conventional spin-crossover/charge-transfer materials whose magnetic responses arise from changes in the electronic structure of the metal centers, peripheral chemical entities that exhibit tunability provide an alternative and promising tactic for the construction of magnetic multi-stable materials. Temperature changes can trigger a reversible structural phase transition that can affect the coordination environment of a transition-metal center because of the thermal-induced motion of ligands, counterions, neutral guests, and/or changes in coordination number, thus potentially realizing magnetic bistability which can arise from a concomitant spin state change or the modulation of orbital angular momentum. Perspectives and challenges are also highlighted to provide insights into its development.
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1. Introduction


Switchable molecular solids with significant magnetic switchability exhibit rich and controllable stimuli-responsive behaviors under external perturbations such as heat [1,2,3], light [4,5,6], or pressure [7,8,9]. This field can realize the modulation and manipulation of molecular structures, electron energy levels and macroscopic magnetoelectric properties and has broad application prospects in sensors, magneto-memory materials, molecular switches, and spintronic devices [2,3,4]. Molecular magnets sandwiched between two metallic electrodes via covalent bonding or two ferromagnetic electrodes have been realized in recent years [10,11]. Molecular spintronic devices have emerged as having a high potential for electronic control of molecular magnets associated with different spin states. For a more in-depth study, the dynamic changes in the magneto-structural relationship and other relevant physical properties of many multi-stable complexes have been reported in detail.



The magnetic switchability of many coordination complexes is closely associated with the reversible regulation of electronic structures, crystal field (CF), orbital angular momentum and magnetic anisotropy. The best-known system is the conventional spin-crossover (SCO) complex. When the 3d transition metal centers with d4-d7 electronic configuration have an appropriate ligand field strength, a similar splitting energy and spin pairing energy can enable a spin multiplicity switch between high-spin (HS) and low-spin (LS) states under external stimulation, producing a significant magnetic response (Figure 1b) [1,2,3]. Another representative example is the charge transfer (CT) complex, which exhibits redox state transitions in response to external stimuli [9,12,13,14,15]. Although the magnetic switching of most conventional SCO and CT materials can also be accompanied by structural changes, these magnetic switchable properties are driven by the electron rearrangement of the metal centers induced by external stimuli, and thus the choices of metal centers and ligands are limited.



Apart from the two typical magnetic multi-stable materials dominated by electronic structure changes, the inherent structural changes of tunable molecules can also be used to induce spin transition and the modulation of orbital angular momentum to achieve magnetic switchability (Figure 1) [14,15,16]. On the one hand, the inherent structural change in the molecule does not depend on the rearrangement of the electronic structure of the metal center, which greatly improves the design diversity of switchable magnetic molecules. On the other hand, its combination with spin state transition or the modulation of orbital angular momentum provides a rich and efficient approach to realize switchable magnetic materials.



From the thermodynamic point of view, the first-order phase transition occurs when the first derivative of thermodynamic potential, such as entropy or volume, is discontinuous at the critical temperature (Tc); the second-order phase transition happens if the first derivative is continuous while there is a singular point in the second derivative, such as specific heat [17,18]. The Landau theory proposed the concept of an “order parameter” to describe phase transition [19,20], in which the thermodynamic potential is a function of the order parameter. In the high-temperature phase (the order parameter is zero), the substance exhibits a low degree of order and high symmetry. In the low-temperature phase, the degree of order increases (the order parameter is non-zero), which leads to the occurrence of symmetry breaking. In a crystal, structural phase transition refers to the transformation of crystal structure between different phases in response to external perturbations, accompanied by changes in physical properties without any changes in chemical compositions [21,22].



How is the orbital angular momentum of coordination complexes modulated upon phase transition? Both the electron spin magnetic moment and the orbital magnetic moment contribute to the magnetism of matter. However, the crystal field can act on the central metal orbitals, leading to the removal of its degeneracy, the partial quenching of orbital magnetic moment and the rearrangement of energy levels [23,24,25,26,27]. The cooperation of spin–orbit coupling (SOC) and crystal-field (CF) effect results in zero-field splitting (ZFS). For most 3d ions, the latter is much stronger than the former [23,24,25]. For example, when the distorted octahedral 3d ion is further elongated, the energy gap (∆) between the excited and the ground terms caused by crystal-field splitting decreases (Figure 1c). Since the ZFS parameter D is inversely proportional to ∆, D increases and the magnetic anisotropy enhances accordingly.
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The change in the coordination environment is often accompanied by the modulation of the crystal field, which may directly or indirectly affect the contribution of orbital angular momentum and the change in magnetic anisotropy [12,13,14,15,16,28,29,30]. Therefore, modulating orbital angular momentum by affecting the coordination geometry of the metal center through structural phase transition is an effective strategy for constructing switchable magnetic molecules.



Inspired by the intriguing working mechanisms and fascinating functions of biological molecular machines, various artificial molecular machines (AMMs) with switchable properties have developed over the last few decades [31,32,33,34,35,36,37]. One of the visions in this field is to amplify microscopic molecular-scale motion to controllable modulation of macroscopic physical properties under appropriate external stimuli, thus promoting its potential application in smart materials and responsive molecular systems. This idea of precisely controlling the ON/OFF behavior coincides with the design strategy of switchable magnetic materials. By introducing AMMs into magnetic complexes, there may be a great opportunity to trigger structural phase transitions, leading to controllable and reversible magnetism dynamics and diverse functionalities.



For most molecular solids, the control over magnetism is triggered by heat. However, the optical, pressure, electrical, and magnetic control of molecular magnetic properties are also fascinating topics. For instance, a lot of efforts have been devoted to studying light-induced excited spin-state trapping (LIESST) effect, light-induced valence tautomerism, pressure-induced spin transition and magnetic-field-induced valence tautomerism, etc. [7]. Since thermal stimulation is more widely used, we focus on typical types of thermal-induced structural phase transition (first-order phase transition) in this review. These phase transition behaviors affect the coordination environment of metal centers and lead to the spin state transition or the modulation of orbital angular momentum. It is noted that although the examples of solvation/desolvation, etc., show single-crystal-to-single-crystal (SCSC) structural transformations, they would not be described herein due to the changes in chemical compositions [38,39,40]. Depending on what triggers the structural phase transition, we outline four thermal-induced dynamics of ligands, counterions, coordination numbers and neutral guests, respectively (Figure 1). Finally, our perspectives and suggestions for the further developments of this family are put forward.




2. Thermal-Induced Dynamics of Ligands


The flexibility of intramolecular building blocks is crucial to the stimulus-responsive behavior of molecular structures [41,42]. The resulting changes in the molecular structure and the packing mode can directly or indirectly affect the coordination geometry of the metal centers and the synergistic effect, thus generating the regulation of various physical properties [43]. Numerous complexes that undergo such dynamic structural changes in ligands have been reported.



Depending on the species of thermal-induced-motion ligands, this section is divided into two categories: the alkyl chains and the non-alkyl groups.



2.1. Alkyl Chains


The rotation around C-C bonds is considered to be one of the most studied molecular motions [44]. Since the alkyl chains are unstable and prone to multi-conformational changes in the ground electronic state, entropy can be stored to adjust the relative thermodynamic stability of the aggregate state of the complexes [45]. Moreover, the coordination environment of the metal centers with long alkyl chains may show synchronization with the alkyl chains. These backgrounds provide an excellent platform for investigating magnetic multi-stable alkylated complexes. Some dynamic complexes based on alkyl chains have been described due to their lability as well as their potential for multiple conformational changes.



The long alkyl chain ligand complex [Co(C16-terpy)2](BF4)2 (C16-terpy = 4′-hexadecyloxy-2,2′:6′,2″-terpyridine) was first reported by Hayami and coworkers in 2005 [43]. Notably, the reverse spin transition (rST) (T↓ = 217 K, T↑ = 260 K, ∆T = 43 K) was observed for the first time in this complex, which is by virtue of the structural phase transition related to the entropy-driven motion of the alkyl chains (Figure 2a). In addition, the complex [Co(C14-terpy)2](BF4)2 also exhibits similar rST behavior with a wider hysteresis (T↓ = 250 K, T↑ = 307 K, ∆T = 57 K).



Three years later, they reported a similar long alkyl chain CoII complex [Co(C14-terpy)2](BF4)2∙MeOH (C14-terpy = 4′-tetradecyloxy-2,2′:6′,2″-terpyridine) with two high-spin states (HS1 and HS2) [46]. HS1 and HS2 states exhibit abrupt (T1↑ = 50 K) and gradual (T↑ = 175 K) SCO behavior, respectively (Figure 2b). The SCO behavior at T1↑ = 50 K (without hysteresis) is only due to the shortening of the Co-N bond lengths caused by the change in the interaction between the alkyl chains. The incomplete rST with thermal hysteresis of 22 K between T2↑ = 206 K and T2↓ = 184 K owes to the structural phase transition induced by the thermal motion of alkyl chains. In the IS (incomplete spin) phase, the symmetry of the coordination environment around the CoII ion is higher.



Interestingly, based on previous studies, an unprecedented work of field-induced slow magnetic relaxation coexisting with rST was reported in 2019 (Figure 2c) [47]. After changing from the high-temperature phase (LS state) to the low-temperature phase (HS state), the packing mode of the alkyl chains in [Co(C16-terpy)2](BF4)2 changed from gauche-form to anti-form. The structural phase transition triggered the large distortion of the coordination geometry of CoII ions and the rST behavior. The resulting enhancement of magnetic anisotropy makes the complex exhibit typical field-induced single-ion magnet (SIM) behavior. Collectively, these works all induce interesting magnetic properties through the movement of the long alkyl chains, which confirm the feasibility of introducing flexible alkyl ligands into complexes.



In 2013, Real et al. synthesized an alkylated complex [Fe(nBu-im)3(tren)](PF6)2 (nBu-im = n-buthylated 1H-imidazol-2-aldehyde, tren = tris(2-ethylamino)amine) [48]. By simply altering the sweep rate of temperature, two independent and strong cooperative SCO behaviors can be separated (Figure 3b). One of them is between the HS state and the LS1 state with a hysteresis of 14 K (T↓ = 115 K and T↑ = 129 K) at the sweep rate of 4 K·min−1, while the other is between the same HS state and the different LS2 state with a wider hysteresis (∆T = 41 K, T↓ = 135 K and T↑ = 176 K) at 0.1 K·min−1. In addition, at the intermediate sweep rates, the two hysteresis loops will be partially merged. Such unique magnetic properties could be attributed to the conformational changes in alkyl chains and the reorganization of the intermolecular interactions (Figure 3a). Although the SCO behaviors of this complex occur at temperatures far below room temperature, which limits its further practical application, this work presents a new system with magnetic multi-stability.



In 2018, magnetic tristability was achieved at room temperature by utilizing SCO behavior and ligand-driven magnetic changes for the first time (Figure 3d). Clérac and coworkers designed an iron(II) complex [Fe(C10-pbh)2] (C10-pbh = (1Z,N′E)-4-(decyloxy)-N′-(pyridin-2-ylmethylene)-benzo-hydrazonate) with one LS phase and two HS-LS phases (denoted, respectively, as HS-LS1 phase and HS-LS2 phase) [49]. Upon cooling to 290 K, due to the entropy-driven isomerization of the decyloxy chains from a gag conformation to a more stable aaa conformation, the complex changes from HS-LS1 phase (P21212) to HS-LS2 phase (P21) (Figure 3c). The symmetry breaking affects the intermolecular interactions (including C-H∙∙∙Fe and C-H∙∙∙O) and results in the modification of the coordination sphere of FeII, thereby realizing non-SCO magnetic bistability (Figure 3d). With continued cooling to 220 K, the “breathing” of the alkyl chains leads to the deformation of the crystal packing, which is accompanied by the second symmetry breaking and the appearance of the LS phase (P21/n). Both Fe-N bond lengths and the large distortion of the coordination environment suggest a typical SCO behavior. However, only the SCO behavior of LS→HS-LS1 (P21/n→P21212) was observed upon heating. This complex has a wide thermal hysteresis (ca. 35 K) around room temperature, which is rare in molecular magnetic materials.



Similarly, a mononuclear iron(II) complex with one-step incomplete SCO behavior, [FeII(H2Bpz2)2(C9bpy)] (H2Bpz2 = dihydrobis(1-pyrazolyl) borate, C9bpy = 4,4′-dinonyl-2,2′-bipyridine), was reported by Yao and Tao et al. in 2021 [50]. The slow dynamics in magnetic switchability can be attributed to the entropy-driven isomerization of long alkyl chains. Magnetic measurements show that various approaches, such as varying the scan rate, can accelerate the spin equilibrium of this complex, thus effectively improving the SCO completeness.
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Figure 3. (a) Overlapping diagrams of [Fe(nBu-im)3(tren)](PF6)2 between different spin states (including LS1, LS2 and HS states) and (b) the SCO behaviors under different sweep rates. (c) Dynamic changes in the molecular structures of [Fe(C10-pbh)2] on decreasing temperature and (d) the magnetic multistability near room temperature. (e) The molecular structures and the packing diagrams along the crystallographic c−axis of [Co(NO3)2(n-butyl-2,6-di(1H-pyrazol-1-yl)isonicotinate)] in the low− and high−temperature phases and (f) the length of single crystal along the crystallographic [001] direction undergoes reversible expansion and contraction. (a,b) Reproduced with permission from [48]. (c,d) Reproduced with permission from [49]. (e,f) Reproduced with permission from [51]. 
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Other than the research into the above alkylated SCO complexes, an interesting work on converting the alkyl rotation to a non-SCO behavior was published by Sato et al. They used the potential of alkyl chains as rotors to design an n-butyl functionalized divalent cobalt complex [Co(NO3)2(n-butyl-2,6-di(1H-pyrazol-1-yl)isonicotinate)] [51]. By heating from 123 K to 303 K, the n-butyl group rotates approximately 100° around the C13–C14 bond and its conformation changes from the ordered anti-form to the disordered gauche-form (Figure 3e). To reduce intermolecular repulsion to accommodate the rotation of the n-butyl group occupying more space, the adjacent intermolecular distance along the crystallographic c-axis increases. This extends to the positive thermal expansion of the crystal size along the c-axis (6~7%) through cooperative intermolecular interactions (Figure 3f). In addition, the crystal size expands by 5% along the a-axis. The change in the coordination environment of the metal center leads to the modulation of the orbital angular momentum near the phase transition point.



The structural flexibility of alkyl chains is an important factor affecting the coordination environment and intramolecular/intermolecular interactions of the complexes. Furthermore, on heating, the entropy increase originating from its conformational change can partially supplement the enthalpy increase in the first-order phase transition. It is feasible to use long alkyl chains to modify ligands to fabricate novel and intriguing functional materials. On the one hand, it provides the possibility for conformational isomerization or altering the molecular packing, which will affect the SCO centers, and then generates reversible thermo-responsive SCO behaviors through the intermolecular cooperative effect [48]. On the other hand, the use of alkyl chains may modulate the orbital angular momentum by altering the coordination environment of the metal center, thus enabling the response of magnetic properties to thermal stimuli [51].




2.2. Non-Alkyl Groups


In addition to alkyl chains, incorporating other types of temperature-sensitive rotatable portions into the ligands also has the potential to trigger structural phase transitions, which demonstrates the universality of this method. More crucially, the utilization of non-alkyl group functionalized ligands can result in greater structural diversity in the complexes.



Most of the reported spin crossover complexes have small hysteresis width and are not in the vicinity of room temperature, which hinders their application. Recently, Real et al. realized a record-wide thermal hysteresis of 105 K spanning the room temperature range by introducing a built-in switching mechanism in the spin transition system to lock/unlock the deformation between LS state (less distorted) and HS state (strongly trigonally distorted) (Figure 4a) [52]. When the solvent-free iron(II) neutral complex [FeII(2-(5-(3-methoxy-4H-1,2,4-triazol-3-yl)-6-(1H-pyrazol-1-yl))pyridine)] is heated above 550 K, an exothermic monotropic transformation is observed, accompanied by the decrease in crystallographic symmetry from orthorhombic Pbcn to monoclinic P21/c. This complex exhibits an outstandingly wide and reproducible thermal hysteresis of 105 K (T↓ = 255 K, T↑ = 360 K). Structural analysis suggests that the hexagonal arrangement of the supramolecular chains leads to the steric coupling of the conformational change and the peripheral 3-methoxy groups (3MeO). When the 3MeO groups are in the elongated conformation, they lock the strongly trigonally distorted FeII from the adjacent molecules and maintain the HS state in a wide temperature range (Figure 4a). Upon choosing the bent conformation, the adjacent molecules have enough space to return to a less distorted geometry and switch to the LS state, namely, the large trigonal distortion of the central ions is unlocked. The most impressive aspect of this work is the purposeful programming of the thermal bistability of spin transition by employing the supramolecular latch mechanism, which offers a prospect for constructing new systems with practical applicability.



Recently, some attempts to create multi-stable molecular materials by introducing order–disorder type structural phase transition in combination with spin crossover have been reported. One of the interesting works is the mixed-valence trinuclear iron complex {FeIII2FeII} designed by Zhang et al. in 2022 (Figure 4b) [53]. According to the single crystal X-ray diffraction data, the solvent-free complex {[(pzTp)FeIII(CN)3]2[FeII(L)]} (pzTp− = tetrapyrazoylborate, L = N,N′-bis-benzyl-N,N′-bis(2-picolyl)-ethylene-diamine) was obtained by heating {[(pzTp)FeIII(CN)3]2[FeII(L)]}∙2CH3OH∙5H2O to 350 K. An irreversible desolvation-involved SCO transition from LS10 phase ({FeIIILSFeIILSFeIIILS}) to HS1 phase ({FeIIILSFeIIHSFeIIILS}) occurred in this process, which was accompanied by the disorder of pyrazolyl rings in pzTp ligands. Magnetic measurements show that there is a reversible three-step transition with wide thermal hysteresis in the solvent-free complex {FeIII2FeII} (Figure 4b), which is attributed to one structural phase transition and a two-step SCO process. Interestingly, the wide thermal hysteresis associated with the former is near room temperature (T↓ = 256 K, T↑ = 300 K, ∆T = 44 K), and its width shows a hidden switchable behavior depending on the scanning rate. The unique SCO behaviors all occur due to the reconstruction and the adjustment of the supramolecular framework, which is closely related to the intermolecular contacts and π∙∙∙π stacking of aromatic rings. This study successfully assembles magnetic multi-stable molecules via a dual mechanism based on spin and non-spin transitions.



In 2009, Yoshizawa and Sato et al. reported a high-spin cobalt(II) complex [Co(NO3)2(2,6-di(pyrazol-1-yl)pyrazine)] with magnetic bistability, in which two nitrate ligands adopt a symmetric bidentate coordination mode [54]. The complex undergoes structural changes, involving symmetry twisting and significant displacement of nitrate ligands (Figure 4c). According to DFT calculations, the thermal hysteresis of the magnetic susceptibility between 228 and 240 K occurs mainly due to the quenching of orbital angular momentum caused by the symmetry twisting of nitrate ligands. This is the first time to realize the magnetic multi-stability of transition metal complexes through orbital angular momentum quenching rather than controlling their spin states. Another work by Sato et al. was published in 2021 to modulate orbital angular momentum by using the rotation of water molecule ligands [55]. They reported that the orientation of the water molecule ligand in the complex [Co(ONO2)2(H2O)(mprpz)] (mprpz = 2,6-bis(3-methylpyrazol-1-yl)pyrazine) is adjusted accordingly with the change in the position of the nitrate ligand to maintain the strongest hydrogen bond interactions. The structural phase transition results in the modulation of orbital angular momentum. The reversible rotational reorientation of equatorial coordinated water molecules can significantly affect the magnetic anisotropy through the metal–ligand π* anti-bond interaction (Figure 4d). Especially when the water molecules rotate by 21.2 ± 0.2°, the directional susceptibility varies by about 30% along the crystallographic a-axis. This work explored the effect of structural phase transition on magnetic anisotropy at the single crystal level for the first time.



In short, the thermal-induced motion of alkyl chains and non-alkyl groups as the dynamic parts of ligands may induce entropy-driven structural phase transition of the complexes, thus realizing the reversible control of magnetic properties. More importantly, by virtue of the thermo-reversibility of such structural phase transition, the switchable magnetic behavior could be repeated without fatigue, affording a potential route for high-performance magnetic multi-stable materials.





3. Thermal-Induced Dynamics of Counterions


Another promising strategy is to induce magnetic responses by the thermal-induced motion of counterions. The majority of works based on counterion motion are accompanied by order–disorder type phase transitions. There are three main kinds of order–disorder transitions: positional disordering in solids, directional disordering that can be static or dynamic, and disordering linked with electron and nuclear spin states [18]. Such phase transitions might modify the crystal lattice properties or symmetry, thus affecting the orbital angular momentum and, consequently, the magnetic properties. This section will be described in two parts: the countercations and the counteranions.



3.1. Countercations


In 2005, Saito and coworkers used complex [Cs2(18-crown-6)3][Ni(dmit)2]2 (dmit2− = 2-thioxo-1,3-dithiole-4,5-dithiolate) to study the interaction between the motion of the crown ether rotors of cylindrical supramolecular cations and electronic system [56]. The [Ni(dmit)2]− ions (S = 1/2) form a π-dimer structure possessing a magnetic ground state sandwiched between the supramolecular cation layers, and the π-planes contact with the supramolecular cations. Above 220 K, the crown ethers of Cs2(18-crown-6)3 unit start to rotate. As the temperature increased, the occupancy of the two-fold disorder in 18-crown-6 gradually changed until it reached the same level at 300 K, and the rotation angle reached 30°. A significant deviation exists in fitting χM vs. T using the singlet-triplet thermal excitation model at high temperatures. This is due to the lattice modulation caused by the motion of crown ether, which induces the conformation of [Ni(dmit)2]− slightly distorted and improves the intra-dimer transfer integral interaction as well as the magnetic exchange energy. This study illustrates the feasibility of manipulating the magnetic interactions of magnetic units in the solid state via molecular rotors in supramolecular cations.



Due to the advantages of structural tunability and versatility, considerable efforts have been devoted to creating novel metal–organic frameworks (MOFs) with advanced functionality [57]. Given that the structures of perovskite-type MOFs can be tuned by well-matched rigid cages and dynamic guest molecules, they can offer the exciting possibilities of building switchable materials. As a class of well-designed switchable molecular dielectrics, a series of perovskite-type (ABX3) MOFs, [(CH3)2NH2][M(HCOO)3] (M = MnII, FeII, CoII, NiII, ZnII) and [(CH3)2NH2][KCo(CN)6] have attracted extensive attention. Both of these MOFs undergo reversible order–disorder phase transitions at critical temperatures [57,58,59,60,61,62,63,64,65]. According to these studies, it is the orientation of the polar [(CH3)2NH2]+ (dimethylammonium cation, DMA+) under different temperatures that is responsible for this order–disorder phase transition.



Inspired by these works, a series of azido-bridged MOFs of the perovskite-type structure [(CH3)nNH4−n][Mn(N3)3] (n = 1~4) were synthesized by Wang et al. in 2013 [66]. They all have flexible lattices, which can not only accommodate cations of different sizes and shapes, but also adapt to structural phase transitions generated at different temperatures. Interestingly, they also demonstrated the cation-dependent magnetic ordering in these MOFs. With the cation size increasing, the magnetic ordering temperature decreases in order, which means that there is stronger magnetic coupling in the denser structure. Due to the antiferromagnetic coupling transmitted by the azide bridges, the χMT values of all complexes at high temperature are smaller than the expected spin-only value for an isolated MnII ion. Thermal magnetic hysteresis near room temperature is observed in these complexes, which is the result of modification of the magnetic coupling caused by the order–disorder phase transition. In fact, the authors believe that the driving force of this phase transition is not obvious. They speculate that it may be related to the N-H∙∙∙N hydrogen bonds formed by [(CH3)nNH4−n]+ cations and MnII-N3− network and the symmetry of cations, which allows the exploration of different cations in the future to construct novel magnetic bistable materials. These results have indicated that introducing flexible or polar moieties undergoing order–disorder transition into complexes may lead to switchable magnetic and dielectric properties, and even more diverse functionality.



Because ferroelectricity and magnetism are mutually exclusive in a single phase, it is difficult to obtain multiferroic substances (referring to materials with two or three different switchable ferroic orders, that is, ferromagnetism, ferroelectricity and ferroelasticity) [67]. This is because ferroelectrics need empty d-shells of transition-metal ions, while magnetic materials need partially filled d-shells [68]. Xiong and coworkers proposed the first organic–inorganic hybrid multiferroic complex [(CH3CH2)3(CH3)N][FeBr4] in 2012, which shows strong magnetodielectric coupling above room temperature (Figure 5a) [67]. The complex undergoes a first-order structural phase transition from ferroelectric (polar space group P63mc) to paraelectric (centrosymmetry) phase, which is caused by the disorder of cations at ca. 360 K. This process is accompanied not only by significant dielectric anomalies but also reversible magnetic phase transitions, which may be attributed to orbital angular momentum modulation, resulting in strong magnetodielectric (MD) coupling. This work provides guidance for exploring molecule-based materials with magnetodielectric coupling effect and developing multiferroic materials.



Another work of this group with multiferroic properties is the two inorganic–organic hybrid complexes [(CH3)4P][FeCl4] and [(CH3)4P][FeBr4], which display the coexistence of switchable dielectric, magnetic and optical responses (Figure 5b) [68]. Similarly, both complexes exhibit dielectric anomalies that can be tuned in three dielectric states and switchable second harmonic generation (SHG) effects, corresponding to continuous reversible temperature-triggered phase transitions above room temperature. The complex [(CH3)4P][FeBr4] not only exhibits a stronger antiferromagnetic interaction, but also shows an obvious magnetic phase transition with a thermal hysteresis of 6 K due to the quenching of orbital angular momentum, which does not exist in [(CH3)4P][FeCl4]. This work concludes that the major reason for the phase transitions in both complexes is derived from the thermally actuated rotation of [(CH3)4P]+ cations.



Three years later, Luo and coworkers demonstrated dielectric bistability and magnetic response in a similar inorganic–organic hybrid complex, N-methylpiperidinium tetrabromoferrate(III) [C6H14N][FeBr4] (Figure 5c) [69]. This complex undergoes a symmetry-breaking phase transition at ca. 340 K. Correspondingly, the space group of this crystal transforms from P21/c at room temperature into Cmcm. Strikingly, the complex displays switchable dielectric activities. In addition, a weak magnetic anomaly is observed near the phase transition point in the magnetic susceptibility measurement. Like [(CH3)4P][FeCl4], the phase transition is closely relevant to the order–disordering of organic cations. It is worth mentioning that even though organic cations are highly disordered at high temperature, the framework remains in order. This further confirms the indispensable role of combining flexible and stable components in such dynamic crystals. Consequently, such a novel class of hybrid complexes has shown great potential as promising multifunctional materials.




3.2. Counteranions


A typical example is the order–disorder structural phase transition and the accompanying mechanical response at the macroscopic level triggered by the thermal motion of oxalate anions. In 2014, Sato and coworkers determined that the ox2− anion in complex [Ni(en)3](ox) (en = ethylenediamine, ox2− = oxalate dianion) would undergo reversible rotation reorientation (90°) with the change in temperature (Figure 6a). The disappearance/appearance of the crystallographic three-fold axis caused by its order/disorder will lead to symmetry-breaking (P21/n↔P−31c) [70]. The rotational reorientation of ox2− leads to an increase in the Ni∙∙∙Ni distance along the crystallographic c-axis, and transfers rapidly in the crystal through the cooperative movement of N-H∙∙∙O hydrogen bonds around the anions. Thus, the significant expansion and contraction of the crystal are observed at the macroscopic scale (corresponding to a change of approximately 5% in the length of the c-axis). Based on this study, the authors replaced the metal center with divalent cobalt, which is prone to modulation of orbital angular momentum.



An analogue complex [Co(en)3](ox) was reported in 2017, and a similar reversible rotation reorientation of 90° of ox2− anions and a change in crystal shape were observed [71]. From the high-temperature phase to the low-temperature phase, the symmetry-breaking (the space group changes from P−31c to P−1) occurs in the CoII complex, suggesting a ferroelastic phase transition. Near the phase transition temperature, the magnetic susceptibilities measured perpendicular to and parallel to the long axis of the crystal exhibit abrupt changes of 2% and 12% respectively, which implies the magnetic susceptibility of the single crystal is anisotropic and demonstrates the modulation of orbital angular momentum (Figure 6b). This is due to the loss of the C3-axis of the [Co(en)3]2+ cations in the low-temperature phase accompanied by the slight distortion of the ideal D3 coordination environment of the CoII ions, which directly affects the orientation of the magnetic anisotropy.



Not satisfied with the ferroelastic phase transition in [Co(en)3](ox), Yao et al. aim to manipulate the spin–orbit coupling of the transitionmetal magnetic center by introducing dynamic polarized anions so as to achieve cooperative switching of magnetic and ferroelectric properties [72]. During the cooling process, the complex [Co(en)3](SO4) achieves a paraelectric–ferroelectric–paraelectric phase transition (the space group changes from trigonal P−31c at 185 K to polar trigonal P31c at 160 K, and then to nonpolar P−3 at 140 K) through the gradual ordering of sulfate dianions (Figure 6c). The motion (including rotation and unidirectional displacement) of SO42− causes the change in the coordination environment in the metal center through the strong synergistic interaction of abundant N−H∙∙∙O hydrogen bonds, thus showing a reversible two-step magnetic switching behavior owing to orbital angular momentum modulation. The paraelectric–ferroelectric–paraelectric phase transition results from competing hydrogen bond and dipole–dipole interactions between [Co(en)3]2+ cations and SO42− anions.



The order–disorder motions of counterions have the potential to cause tiny changes in the coordination geometry of the metal centers, resulting in crystallographic symmetry-breaking and the modulation of orbital angular momentum. Therefore, these works of entropy-driven order–disorder-type molecular rotors provide a promising strategy for the development of magnetic multi-stable materials, anisotropic magnetic switches, and even strong magnetoelectric coupling.





4. Thermal-Induced Dynamics of Coordination Number


Compared with the perturbation of the coordination environment of the metal centers through the dynamic structural changes, the more robust approach is to directly change the coordination number (C.N.) [73,74]. The reversible changes in coordination number can induce the transition of the spin state. In addition, the energy levels of the corresponding d-orbitals can be adjusted, resulting in a great change in the energy gap between the ground and the excited crystal-field terms, thus leading to significant modulation of the orbital angular momentum [54,75,76].



In 2007, using a typical iron complex, [FeIIL(CN)2]∙H2O (L = 2,13-dimethyl-6,9-dioxa-3,12,18-triazabicyclo[12.3.1]octadeca-1(18),2,12,14,16-pentaene), Guionneau et al. demonstrated a reversible thermal-induced modification of the metal coordination number in the solid state and associated with a spin crossover at 155 K [76]. The metal center undergoes a structural phase transition from the 7-coordinate (N3C2O2) HS state to the 6-coordinate (N3C2O) LS state, accompanied by a molecular volume change of ca. 40%. The significance of such non-destructive reversible metal–ligand bond breakage and formation in solid phase transition is revealed for the first time.



In 2019, Murrie et al. studied the single-crystal-to-single-crystal phase transition of single ion magnet (SIM) [CoII(NO3)3(H2O)(HDABCO)] (DABCO = 1,4-diazabicyclo[2,2,2]octane) [77]. The axial coordination atoms are a nitrogen atom from protonated [HDABCO]+ and an oxygen atom from H2O, respectively. The reversible change in coordination number (C.N. = 5 or 7) is attributed to the thermal-induced dynamic structural change in NO3− at the equatorial plane (Figure 7a). Because the nitrate at the N5 position, one of the three monodentate NO3− (ƞ1-ONO2) ligands, exhibits disorder between two different positions, the CoII complex has a mixed coordination environment (75~95% trigonal bipyramidal and 25~5% vacant octahedron) at high-temperature phase. Upon cooling below 140 K, the nitrate at the N5 position becomes ordered, and the coordination mode along with the nitrate at the N4 position changes from monodentate to bidentate (ƞ2-ONOO). Meanwhile, the CoII center adopts a 7-coordinate pentagonal bipyramidal coordination environment. The anomaly in the decreasing rate of variable–temperature magnetic susceptibilities between 140 and 160 K during cooling is related to the change in the coordination environment (Figure 7b). However, this phenomenon is not significant.



In 2020, Sato and coworkers also synthesized a divalent cobalt complex [Co(NO3)2(ethyl-2,6-di(1H-pyrazol-1-yl)isonicotinate)] by thermally induced modulating the mono/bidentate coordination mode of NO3− ligands, i.e., dynamic bond approach (Figure 8a) [75]. With the change in coordination number (C.N. = 6 or 7), the variation in the χMT value on the powdered sample is 10.0~11.0% with a thermal hysteresis of 14 K (Figure 8b). The variation value along the easy axis for the oriented sample even increases up to 20%. A plausible explanation for these phenomena is that the breaking and reformation of the Co−O coordination bond effectively adjust the increase and decrease in the energy of the first singly occupied d-orbital. The significant change in the energy gap between the excited and ground states leads to a significant quenching and restoration of orbital angular momentum. Notably, this strategy of dynamic bond has realized the largest change in the modulation of orbital angular momentum reported to date.



The above studies reveal that the reversible changes in coordination number through thermal perturbation can effectively tune the magnetic properties of molecular magnetic materials, which provides a new pathway towards molecular memory and switching devices.




5. Thermal-Induced Dynamics of Neutral Guests


Many studies mentioned above have shown that introducing polar or flexible components into molecular magnetic materials can induce first-order phase transitions, thus generating novel multifunctional responses. Introducing the concept of AMMs into the design of molecular magnetic materials can trigger the dynamic spatiotemporal changes in chemical and electronic structures under the external stimuli, thereby generating the synergistic modulation of molecular structure and magnetoelectric properties and realizing the output of physical properties [78]. Structurally flexible crown ethers, which can act as the rotators of molecular rotors in the order–disorder-type phase transition, are one of the important building units in the field of AMMs and powerful candidates for precisely controlling magnetism through external stimuli. However, according to the existing reports, crown ethers and their derivatives are usually used to build supramolecular cations with alkali metals, amines, pyridiniums and oxoniums, while few works used neutral crown ethers to construct rotor units [56,79,80,81,82,83,84,85,86,87]. Therefore, to manipulate the magnetoelectric properties, taking good advantage of supramolecular interaction between the neutral crown ether guest and the metal–ligand complex has broad prospects.



Based on the tactic mentioned above, Liu et al. recently selected the flexible 18-crown-6 molecule and the CoII ion with Jahn–Teller effect to accurately design and synthesize an order–disorder-type phase transition complex [Co(NCS)2(H2O)2(4-amino-3-chloropyridine)2]∙(18-crown-6) (Figure 9a) [78]. Crystallographic data show that “Rw–S–Rw” (where Rw is the rotating water molecule and the S is the “stator” CoII) fragment and the guest 18-crown-6 rotator (denoted as Rc) assemble into “Rc···Rw–S–Rw···Rc” type supramolecular one-dimensional chain through intermolecular hydrogen bonds. There are no counterion “stator” fragments for charge balancing. The complex exhibits a reversible switch of Jahn–Teller axis and thermally induced rotation of the 18-crown-6 rotor near room temperature. The thermally activated intermolecular motion of crown ethers and coordination water molecules is the key to triggering a single-crystal-to-single-crystal first-order phase transition with T↑ = 282 K and T↓ = 276 K. After changing from the low-temperature phase to the high-temperature phase, the single-crystal angular-resolved magnetometry measurement showed that the easy axis and the hard axis rotate by 14.6° and 14.1°, respectively, indicating that the magnetic anisotropy has changed significantly before and after phase transition (Figure 9a).



In addition, in recent years, inorganics have occupied the main part of single-phase magnetodielectric materials [88,89,90,91], but few works of molecular magnets have been found [67,92,93,94,95,96,97,98]. Among them, most of the molecular magnets exhibit positive magnetodielectric effect. For example, the first organic–inorganic hybrid multiferroic complex [(CH3CH2)3(CH3)N][FeBr4] mentioned above in the section of “Counterions” shows a large MD ratio (ca. 18%) at 600 kHz [65]. Additionally, the MD ratio of alkylated CoII complex, which exhibits the co-occurrence of liquid crystal, ferroelectric, and field-induced single molecular magnet properties, is even as high as 83.4% [98]. Nevertheless, the complex [Co(NCS)2(H2O)2(4-amino-3-chloropyridine)2]∙(18-crown-6) shows an ON/OFF negative magnetodielectric effect in the high-temperature/low-temperature phases, respectively, suggesting that the rotation of 18-crown-6 and coordination water molecules may lead to a stronger spin–lattice interaction in the high-temperature phase (Figure 9b).



There are two highlights in this work: (1) Inspired by the similarities between AMMs and switchable magnetic materials, the crown ether rotor was introduced as a neutral guest to realize the reversible switching of magnetoelectric properties. (2) The synergistic modulation of the magnetic anisotropy and magnetodielectric effects in magnetic molecular solids was accomplished for the first time.




6. Summary and Perspective


We have described recent advances in switchable magnetic complexes whose magnetic properties are remarkably modulated under external thermal stimuli. This is achieved by structural phase transition rather than conventional spin crossover or charge transfer. This review summarizes four types of thermal-induced dynamic structural changes, which occur in flexible ligands, counterions, coordination numbers and neutral guests, respectively. Essentially, temperature-sensitive tunable structural moieties are introduced to induce reversible structural phase transitions in the crystal, thus potentially achieving magnetic bistability accompanied by thermal hysteresis.



Although switchable magnetic properties modulated by dynamic structural changes have been demonstrated in many of the aforementioned studies, the limitations and challenges of this method still exist. Hence, we attempt to put forward some perspectives here to foster the development of functional magnetic materials.




	(1)

	
One of the most important goals of magnetic switches is to achieve wide thermal hysteresis centered at room temperature. This means that both states can be accessible at the same temperature for such materials. The thermal hysteresis width varies greatly among the complexes with thermal-induced phase transitions summarized herein (Table 1). Apparently, the modulation of the orbital angular momentum is usually accompanied by a narrower thermal hysteresis compared to those of the spin transition. The thermal hysteresis of [FeII(2-(5-(3-methoxy-4H-1,2,4-triazol-3-yl)-6-(1H-pyrazol-1-yl))pyridine)] can even reach 105 K, which is not inferior to the conventional SCO complexes with large hysteresis [99,100,101,102]. This demonstrates the potential of flexible complexes that can undergo structural phase transitions. The supramolecular interactions (hydrogen bonding, π···π stacking, etc.) may have an important influence on the intermolecular cooperative effect, which in turn can regulate the phase transition temperature as well as the thermal hysteresis width. As a result, when designing structural phase transition complexes, supramolecular cooperativity should be appropriately introduced and explored. However, the detailed mechanism has not yet been elucidated at present. A lot of exploration is still needed to achieve a deeper understanding by further realizing targeted design and synthesis.




	(2)

	
The reversible switching of coordination number is more pronounced to modulate the orbital contribution, and it has the potential to facilely construct the supramolecular structures by using neutral guests, since the neutral guests do not require compatible counterion fragments to compensate for the charge imbalance. However, there are few studies of these two types. To disrupt this scarcity, the tactics for designing these types need to be further explored.




	(3)

	
Likewise, the stimuli of light, electric or magnetic field may cause reversible changes in the crystal structure to regulate magnetic properties, thus providing research interest and promising applications in optical switches and magnetoelectric devices. Furthermore, apart from the sole control of heat, light and electric or magnetic field, it is wonderful to realize the response of a single moiety to multiple stimuli, as well as the cooperative response of multiple moieties to multiple stimuli.




	(4)

	
Finally, the precise design of materials with switchable magnetic characteristics is still challenging. To guide the development of high-performance functional materials, it is necessary to have a deeper understanding of the roles between crystal structures and structural phase transition, as well as magneto-structural correlation. More importantly, designing and realizing multifunctional materials with strong synergistic effects between magnetic, electric, fluorescent, and other physical properties is very helpful.









Magnetic memory and switching devices fabricated from multi-stable materials can convert external signals into useful output signals and perform related tasks. However, this field is still in its infancy, which presents ample opportunities for their design. The control of dynamic structural change provides a feasible and promising strategy for modulating the magnetic properties of molecular solids and the development of switchable devices. In order to achieve this, chemists will need to make great efforts in the future.
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Figure 1. (a) Schematic representation of four types of thermal-induced dynamics of ligands, counterions, coordination number and neutral guests in switchable magnetic molecules. Orange atoms represent the metal centers. The blue and red boxes represent the coordination environment of the metal center at the low-temperature and high-temperature phases, respectively, which can be reversibly switched with the thermal-induced structural phase transition. (b) Energy potential well of spin crossover complexes for high-spin (HS) and low-spin (LS) states (d4~7) with lattice vibration. (c) Schematic illustration of changes in the coordination environment of 3d metal centers accompanied by changes in spin–orbit coupling and magnetic anisotropy. 
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Figure 2. (a) Left: molecular structure of [Co(C16-terpy)2](BF4)2∙MeOH and its packing in the crystal. Middle and Right: the reverse spin transition (rST) properties of [Co(C16-terpy)2](BF4)2 and [Co(C14-terpy)2](BF4)2, respectively. Reproduced with permission from [43]. (b) Left: molecular structures of [Co(C14-terpy)2](BF4)2∙MeOH in low−spin (LS), high−spin (HS) and incomplete spin (IS) states, respectively. Right: the SCO behavior and incomplete rST behavior. Reproduced with permission from [46]. (c) Schematic representation of the rST initiated by the structural transition of the alkyl chain conformations and the field−induced slow magnetic relaxation of [Co(C16-terpy)2](BF4)2. Reproduced with permission from [47]. 
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Figure 4. (a) Top: the overlapping diagram of [FeII(2-(5-(3-methoxy-4H-1,2,4-triazol-3-yl)-6-(1H-pyrazol-1-yl))pyridine)] between different spin states and the conformational change in the 3MeO group. Bottom: the influence of the conformation changes in the 3MeO group. Reproduced with permission from [52]. (b) Overlapping diagrams of the solvent-free complex {FeIII2FeII} between the different spin states and the temperature-dependent magnetic susceptibility for {FeIII2FeII}. Reproduced with permission from [53]. (c) Left: changes in molecular structure and the specific dihedral angle of [Co(NO3)2(2,6-di(pyrazol-1-yl)pyrazine)] before and after phase transition. Right: the abrupt step in the magnetic susceptibility around the phase transition critical temperature suggests the modulation of the orbital angular momentum due to the structural phase transition. Reproduced with permission from [54]. (d) Left: the schematic diagram of the test direction (x, y and z) in the single−crystal magnetic susceptibility measurement of [Co(ONO2)2(H2O)(mprpz)] and the corresponding experimental value. Right: the magnetic anisotropy before and after phase transition. Reproduced with permission from [55]. 
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Figure 5. Inorganic–organic hybrid complexes composed of [FeBr4]− anions and various cations, and their magnetic properties. (a) Molecular structure and temperature−dependent magnetodielectric properties of [(CH3CH2)3(CH3)N][FeBr4]. Reproduced with permission from [67]. (b) Molecular structure and temperature−dependent magnetic susceptibility of [(CH3)4P][FeBr4]. Reproduced with permission from [68]. (c) Molecular structure and temperature−dependent magnetic susceptibility of [C6H14N][FeBr4]. Reproduced with permission from [69]. 
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Figure 6. (a) The rotation of oxalate dianion for [Ni(en)3](ox) and the change in distance between Ni2+ ions before and after phase transition. Reproduced with permission from [70]. (b) Variable temperature−dependent magnetic susceptibilities of single−crystal and powdered samples of [Co(en)3](ox). Reproduced with permission from [71]. (c) Packing diagrams of [Co(en)3](SO4) in the different phases. With the change in temperature, sulfate dianions show gradual ordering/disordering. Reproduced with permission from [72]. 
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Figure 7. (a) Molecular structures of [CoII(NO3)3(H2O)(HDABCO)] in the different phases. The dynamic structure change in nitrate causes the reversible switching of the coordination number of the CoII metal center. Color codes: gray (C), blue (N), red (O), and purple (CoII). (b) Variable−temperature dependent magnetic susceptibility of the complex. Inset: the weak anomaly between 140 and 160 K.Reproduced with permission from [77]. 
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Figure 8. (a) Complex [Co(NO3)2(ethyl-2,6-di(1H-pyrazol-1-yl)isonicotinate)] realizes the reversible switching of the coordination number (C.N. = 6 or 7) of the CoII metal center through the motion of the nitrate. Color codes: gray (C), blue (N), red (O), and purple (CoII). (b) Temperature−dependent magnetic susceptibility of the powdered sample (top) and along the magnetic easy axis for the oriented sample (bottom). Reproduced with permission from [75]. 
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Figure 9. (a) The changes in molecular structure and magnetic anisotropy of [Co(NCS)2(H2O)2(4-amino-3-chloropyridine)2]∙(18-crown-6) before and after phase transition. Color codes: white (H), gray (C), blue (N), red (O), yellow (S), green (Cl) and orange (CoII). (b) Single−crystal magnetodielectric effect with the magnetic field applied in crystallographic a axis direction. Reproduced with permission from [78]. 
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Table 1. Transition temperature and their thermal hysteresis (related to structural phase transition) from magnetic susceptibility for the selected complexes discussed in this review.
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Complex

	
T↓/K

	
T↑/K

	
∆T/K

	
Comment

	
Ref.






	
[CoII(C14-terpy)2](BF4)2

	
250

	
307

	
57

	

	
[43]




	
[CoII(C16-terpy)2](BF4)2

	
217

	
260

	
43

	

	
[43]




	
[CoII(C14-terpy)2](BF4)2∙MeOH

	
184

	
206

	
22

	

	
[46]




	
[FeII(nBu-im)3(tren)](PF6)2

	
115

	
129

	
14

	
Scan rate: 4 K min–1

	
[48]




	
135

	
176

	
41

	
Scan rate: 0.1 K min–1




	
[FeII(C10-pbh)2]

	
–

	
ca. 298

	
1.2

	

	
[49]




	
[FeII(2-(5-(3-methoxy-4H-1,2,4-triazol-3-yl)-6-(1H-pyrazol-1-yl))pyridine)]

	
255

	
360

	
105

	

	
[52]




	
{[(pzTp)FeIII(CN)3]2[FeII(L)]}

	
256

	
300

	
44

	
0.5 or 1 K min–1

Scan-rate dependence

	
[53]




	
[CoII(NO3)2(2,6-di(pyrazol-1-yl)pyrazine)]

	
228

	
240

	
12

	

	
[54]




	
[CoII(ONO2)2(H2O)(mprpz)]

	
–

	
ca. 110

	
7

	
Low-temperature phase ↔ intermediate phase

	
[55]




	
155

	
165

	
10

	
Intermediate phase ↔

high-temperature phase




	
[CH3NH3][MnII(N3)3]

	
264

	
277

	
13

	

	
[66]




	
[(CH3)2NH2][MnII(N3)3]

	
286

	
298

	
12

	




	
[(CH3)3NH][MnII(N3)3]

	
363

	
356

	
7

	




	
[(CH3)4N][MnII(N3)3]

	
305

	
309

	
4

	




	
[(CH3CH2)3(CH3)N][FeIIIBr4]

	
361

	
366

	
5

	

	
[67]




	
[(CH3)4P][FeIIIBr4]

	
368

	
374

	
6

	

	
[68]




	
[CoII(en)3](ox)

	
–

	
ca. 250

	
4

	

	
[71]




	
[CoII(en)3](SO4)

	
–

	
ca. 177

	
4

	

	
[72]




	
[CoII(NO3)2(ethyl-2,6-di(1H-pyrazol-1-yl)isonicotinate)]

	
–

	
ca. 128.5

	
14

	

	
[75]




	
[CoII(NCS)2(H2O)2(4-amino-3-chloropyridine)2]∙(18-crown-6)

	
277.6

	
281.2

	
3.6

	

	
[78]
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