


A Literature Survey On Homo- and Hetero-metallic Complexes of Manganese Exhibiting SMM Behavior


Abstract
Single molecule magnets (SMMs) have been extensively studied in last few years due to their wide range of potential applications in information storage, molecular electronics and quantum computing. In the early 1990s the storage of information at the molecular level became certainly feasible owing to the discovery of multinuclear transition-metal complexes acting as SMMs. Among them, clusters containing Mn(III) often have abnormally large spin ground states and this, in combination with the anisotropy derived from a Jahn–Teller distorted ion, result in Mn(III) to be an excellent candidate for building new SMMs or Single chain magnets (SCMs). Owing to coordination labile sites the magnetic properties of the Mn(III) salen-type complexes can be regulated by modulating the Schiff base ligand and thus they can act as coordination-acceptor building blocks. As a result, most fascinating linear type 1D chain complexes have been developed by using quasi-planar chelating Mn(III) salen compounds along with bridging co-ligands. Introduction of heteroatom e.g. sodium, cobalt, nickel etc. in Mn(III) salen complexes either enable the orbital overlap leading to antiferromagnetic coupling or an electron spin polarization leading to a ferromagnetic coupling. Some heterometallic complexes of lanthanides and manganese possess frequency-dependent magnetic properties, exhibiting single-molecule magnet behavior. In this literature review the synthetic strategies, diverse structural and magnetic properties of twenty two homo- and hetero-metallic complexes containing manganese have been discussed. Homometallic manganese complexes are classified into two groups e.g. discrete Mn complexes, one-dimensional chains and their magneto-structural correlations are also been highlighted. 
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1. Introduction
The enduring popularity of coordination complexes of manganese is a result of following facts:  (i) the designed synthesis of model complexes of manganese in biological systems [1–4] (e.g., photosystem II [5,6], manganese catalase [7,8], superoxide dismutase [9], ribonucleotide reductase [10], and acid phosphatase of sweet potato [11]), (ii) the use of manganese based catalysts for various oxidation reactions [12,13] (e.g., epoxidation,[14,15] aziridination of olefins [16,17], oxidation of sulfides [18,19]), and (iii) study on magnetic properties of homo- and hetero-metallic complexes of manganese [20]. Besides, the coordinating ligands must have the potential to stabilize manganese ions in the complex and also regulate ligand fields around the metal. Thus it can control not only the reactivity and functionality of the complexes with reactants or Co-ligands but also oxidation states and spin states of the manganese ion. In case of Mn(III) salen-type complexes, there are two coordination labile sites in cis- or trans- position as the Schiff-base ligand takes a stereoscopic chelate form and a quasi-planar, respectively, being a coordination-acceptor building block. Especially, in the quasi-planar form, the coordination labile sites face the direction of the Jahn–Teller elongated axis occupying the dz2 orbital with an unpaired electron. Owing to this characteristic orbital arrangement, the activity and magnetic–electronic properties of the Mn(III) salen-type complexes can be regulated by modulating the Schiff base ligand occupying the equatorial positions around the Mn(III) ion and coupled with the empty dx2−y2 orbital. The high-spin Mn(III) salen-type complexes (having S = 2) exhibit strong magnetic uniaxial anisotropy, in which the magnetic easy axis can be unambiguously found as the Jahn–Teller axis. Thus, out-of-plane alignment of the quasi-planar Mn(III) salen-type complexes facilitates to attain the easy axes of the Mn(III) ions. This strategy develops unique magnetic systems having molecular super paramagnets such as single-molecule magnets (SMM) and single-chain magnets (SCM). So far, variously assembled systems employing Mn(III) salen-type complexes as oligomers, one-dimensional chains, and two- or three-dimensional networks have been designed. Besides, manganese oxo cluster [Mn12O12],[21] [MnII2MnIII2O6]4+ core,[22] [MnII3MnIII4],[23] hexanuclear MnIII,[24] [MnIII2MnII4O2]10+,[25] valence-Sandwich complex [MnII4MnIII4MnII4] [26] exhibiting SMM behavior have also been reported. Now a days, design and synthesis of hetero-metallic complexes of manganese have been carried out to fabricate new routes to SMM and they have been investigated in order to understand quantum tunneling effects through synergy of hetero metal spins. Various complexes containing [MnIIINiII],[27] [MnIIINa],[28]  [MnIIICoII],[29]  [LnIIIMnIII][30] hetero-metallic core have been synthesized and investigated in this regard. 
Manganese complexes possess a diverse range of spin states e.g. Mn4, Mn12, Mn18, Mn21, Mn25, Mn7, and Mn10 [31] owing to the highest S= 61/2. Thus, the magnetic properties of homo- and hetero-metallic complexes of manganese is of continuing interest of researchers as it promotes stable and multifaceted complexation with themselves or other metal ions resulting in polynuclear arrays. Additionally, the recent interest in molecular super paramagnets such as single-molecule magnets (SMMs) [32] and single-chain magnets (SCMs) [33,34] where uniaxial anisotropy arising from metal ions plays a crucial role, has accelerated the exploration of magnetic properties of Mn(III) salen complexes. In this review, we have focused on manganese Schiff base complexes that can act as highly useful building blocks for the design of magnetic assemblies leading to bulk magnets and also molecular super paramagnets.
2. A literature survey on Salen type Schiff base ligands
Schiff bases are the class of organic compounds characterized by imine group, C=N and obtained by the condensation of an amine with a carbonyl compound (aliphatic or aromatic) and was first reported by H. Schiff [35]. The study of the bridging modes of Schiff base ligands to various transition metals has proven to be one of the hottest areas of research for decades. One of the important reasons for the enormous works on the synthesis of Schiff bases and their metal complexes is due to their ability to connect two or more metal ions owing to form multinuclear transition metal complexes. Schiff base complexes have also been studied extensively as reagents for oxygen separation and transport, as models for biological dioxygen carriers, metallo-enzymes, in catalytic reactions and also in magnetism and medical imaging. The literature clearly shows that the study of these diverse ligand systems is linked with many of the key advances made in inorganic chemistry. Moreover, Schiff base complexes are also important in the field of optoelectronic technologies for their large nonlinear responses that are known since 1940s.
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Scheme 1. Some Salen type Schiff-base ligands
	Mn(III) salen complexes can be regarded as a coordination acceptor building block, with two ligand-substitution-labile sites adopting a hexa-coordination mode (Scheme 2), whereas complexes possessing coordinatable ligand group(s) are defined as coordination-donor building blocks. The benefits of using such building blocks for assemblies would be (i) its variable magnetic nature (i.e., intrinsic magnetic–electronic aspect) and (ii) flexibility of the coordination-acceptor ability (i.e., structural aspect). Since these aspects are closely related to each other, Mn(III) salen complexes are a useful source of spin for the design of multiple magnetic assemblies. The family of Mn(III) salen-type Schiff-base complexes acts as an magnificent building-unit for designing SMMs and SCMs because such complexes possess relatively higher uniaxial magnetic anisotropy in the out-of-plane direction. Besides, Mn(III) salen-type complexes can act as a coordination-acceptor building block as they have two coordination labile sites in cis- or trans- position, as the Schiff-base ligand takes a stereoscopic chelate form and a quasi-planar chelate form, respectively.
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Scheme 2. The arrows show coordination labile sites.
3. Metal-organic Frameworks
Molecular materials with two or more properties, such as porosity, conductivity, photoactivity, and magnetism have recently attracted intense interest because these so-called multifunctional materials offer the possible synergism of different functions and thus new potential applications. Hybrid metal-organic frameworks (MOFs), where the inorganic and organic parts can both contribute different properties, provide one good approach to these materials [36]. Greater tunability of porous MOFs should allow for their use in catalytic reactions that cannot be realized with zeolites. The Lin group has prepared a number of homochiral MOFs based on 1,10- binaphthyl-derived bridging ligands that contain additional functional groups for potential enantionselective recognition and separation processes. For example, homochiral lanthanide bisphosphonate MOF [Ln2(H2L1)2(CH3OH)].H4L.3HCl.6H2O was built from chiral bridging ligand L1 containing crown ether groups [37], which are potentially useful in bulk chiral separation of racemic ammonium salts (such as protonated amino acid derivatives). Kitagawa and coworkers have utilized size-tunable MOFs as reactions hosts for radical polymerization of activated monomers, such as styrene, divinylbenzene, substituted acetylenes, methyl methacrylate, and vinyl acetate [38]. Para-dicarboxylate linkers of different sizes, were used to link Cu2+ and Zn2+ centers to form 2D sheets [39] which were further linked by triethylenediamine to form 3D frameworks (for Cu2+) and  (for Zn2+) that possess 1-D channels [40]. However, construction of magnetic MOFs based on manganese coordination compounds is limited till date as it is difficult to retain and/or transmit the inherent properties of the metallic cluster to the extended system. A porous MOF containing mixed-valence hexa-nuclear [MnIII2MnII4O2(pyz)2(C6H5CH2COO)10] has been reported to exhibit dominant antiferromagnetic interactions within the discrete [Mn6] cluster. Another MOF {[Mn4(Cx)3(etdipy)5]·2ClO4}n showed dominant antiferromagnetic interactions along the metal ion chain within this complex. A series of MOFs containing manganese centers and oligothiophene dicarboxylate spacers possess antiferromagnetic properties and one of them exhibits spin canting transition at 40 K. [41]

4. The intrinsic magnetic nature of Mn(III) ion in octahedral ligand fields
The high-spin free Mn(III) ion with spin state S = 2 has a 5D ground term, which splits into5T2g and 5Eg terms in octahedral ligand fields. In case of Jahn–Teller distortion having a tetragonal geometry (D4h symmetry), these terms split from 5T2g to 5B2g and 5Eg and from 5Eg to 5A1g and 5B1g. The ground term becomes 5B1g when the complex assumes an axial-elongated geometry. Whereas, the ground term is 5A1g if the complex has a axial-compressed geometry. The ground state spin degeneracy is further removed by the second-order spin–orbit coupling (so-called zero-field splitting, ZFS) (Fig. 1). Gerritsen and Sabinsky [42] have experimentally demonstrated that the anisotropy of the Mn(III) ion depends on its Jahn–Teller distortion hugely, leading to a negative ZFS parameter (D) in most cases. Moreover, Mn(III) Salen complexes afford axial-elongated Jahn–Teller distortion in most of the time, thus exhibiting a negative D parameter with finite uniaxial anisotropy. As a result, Mn(III) Salen complexes have recently been attracting much attention as a uniaxial anisotropic magnetic source for the design of molecular super paramagnets. 
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Fig. 1.5D term (d4) splitting in octahedral and tetragonal (axially elongating) fields and by second-order spin–orbit coupling (ZFS).
5. Magnetic properties of homo- and hetero-metallic manganese complexes
Homo- and hetero-metallic complexes of manganese are characterized by X-ray single crystal analysis and variable temperature magnetic study. The Schiff base ligands and other spacer along with some additional bridging coligands e.g azide, thiocyanate, carboxylates, hydroxo, oxo, nitrite, nitrate etc, favours the formation of multinuclear transition metal complexes showing interesting magnetic exchange interactions. They are classified into three groups and their magnetostuctural correlation is discussed below.
i) Discrete Mn complexes
A di-Mn(III) complex and its one-electron oxidized product, mixed-valent (MnIII/MnIV) complex were  synthesized by Kirk and Pecoraro et al. using bridging deprotonated H3DCBI ligands. The di-anionic variant of the ligand (HDCBI2−, in which one proton would be located on either of the two carboxyl groups) yielded the former complex and the tri-anionic ligand (DCBI3−) yielded the latter one [43]. In both of these complexes the ligands act as chelating/bridging ligands, resulting in each [Mn(Schiff-base)] moiety to adopt the stereoscopic chelating mode (cis-coordination mode). The latter is the first example of a ferromagnetically coupled MnIII/MnIV dinuclear complex (J = +1.4 cm−1).
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[bookmark: _GoBack]Image 1: ORTEP view of [Mn2III/IV(dtsalpn)2(DCBI)] (1)

Another Schiff base complex [MnIII6O2(sao)6(O2CH)2-(CH3OH)4]·2MeOH (2) synthesized in a microwave-reactor and characterized by X-ray single crystal diffraction. The room temperature χMT value of approximately 16.7 cm3Kmol-1 decreases with decreasing temperature to 7.3 cm3K mol-1 at 20 K before increasing to a value of approximately 11.1 cm3Kmol-1 at 5.0 K. Because the spin-only (g=2) value for six noninteracting MnIII ions is 18 cm3Kmol-1, this behavior is indicative of dominant antiferromagnetic exchange interactions between the metal centers, with the low-temperature maximum in χMT indicative of an S=4 ground state.
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Fig.2. Molecular structure of 2	Fig.3. Out-of-phase (χM´´) ac susceptibility measurements for 2 in the temperature range of 1.8-5 K and frequencies 50 (▲), 250 (O), 1000 (♦) Hz.
[Mn4(anca)4(Hmdea)2(mdea)2]·2CHCl3 (3) consists of an oxo-bridged [MnII2MnIII2O6]4+ core resembling two face-sharing cubanes is synthesized and structurally characterized. To determine if 3 is a SMM, oriented single crystal magnetization versus field hysteresis experiments were performed. Because the projections of the easy axes of the four symmetry-independent molecules are not collinear, the angle of the applied field relative to the easy axis of each molecule was calculated to be 45°. Steps in the exhibited temperature-dependent (Figure 5) and field-sweep rate- dependent (S2) hysteresis loops, indicative of QTM. 
ii) Mn(III) one-dimensional chains
1D chains using assemblies of Mn(III) salen complexes are one of the the most fascinating compounds. These linear type 1D chain complexes can be synthesized by using quasi-planar chelating Mn(III) salen compounds along with bridging ligands and coordination-donor building blocks. Table 1 lists the alternating chain Mn(III) salen complexes with bridging ligands (L), having a [MnIIIL] repeat unit, together with their magnetic properties. The carboxylate group such as acetate (CH3CO2−) can coordinate to these Mn(III) complexes in several modes. It can act as monodentate [44,45,46] and bidentate end-cap ligands [44,45,47], probably forming discrete complexes in both ligands. Meanwhile, carboxylate-bridged Mn(III) alternating chains having a [–MnIII–O–CR–O–] bridging motif have also been synthesized (Table 1) (discrete compounds with a similar bridging scheme were described in the previous section). Gatehous et al. reported the first example of this type of compound in 1973: [Mn(salen)(μ-O2CCH3)] [48]. In this compound, the Mn· · ·Mn intra-chain distance is 6.536A°. The magnetic interaction between the Mn(III) ions via the carboxylate group was estimated as very weak antiferromagnetic with J =−1.4±0.1 cm−1 by simulating the susceptibility in the temperature range of 300–80 K. 
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Fig. 4 ORTEP drawing of 3 with thermal	Fig.5 Plot of temperature-dependent magnetization
ellipsoids at 30% probability.	vs. field hysteresis loops for complex 3. 

Other carboxylate-bridged chains having a similar bridging motif were found in various combinations of salen ligands and carboxylate groups, CH3CO2− [49, 50–53], EtCO2− [54], PhCH2CO2− [54], (N-4-cyanophenyl)glycinate [55] (Table 1). Evidently, the magnetic exchange between the Mn(III) ions via the carboxylate group lies in the range J≈−1 to −2 cm−1.
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Fig. 6 One-dimensional chain structure of [MnIII(salen)(μ-O2CCH3)] (4)
On the other hand, studies on SCM behaviour in simple alternating chains containing manganese salen-type coordination unit is relatively fewer. Recently, Miyasaka et al. reported a carboxylato bridged alternating chain of Mn(III) salen-type complex to behave as SCM depending on the canting angle (φ lower than 90°).[56]

iii) Hetero-metallic complexes
A trinuclear hetero-metallic complex [MnIII–NaI–MnIII] was formed by sandwiching a Na+ ion between two Mn(III) salpn units using phenolate groups of the Schiff base ligand (salpn2−) and additional carboxyl bridges (colignad) connecting the Mn(III) and Na+ ions.[28] On this basis, the least-squares fitting of the experimental data led to J=1.74 cm-1, zJ´=-0.125 cm-1, g=1.96, and R=9.03×10-5, exhibiting that weak ferromagnetic interactions are present in the Mn2III unit. Magnetic interaction approach between both the Mn(III) ions in complex 6 can be usually considered to be either the orbital overlap leading to antiferromagnetic coupling of the Mn(III) ions, or an electron spin polarization leading to a ferromagnetic coupling.
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Fig. 7 ORTEP diagram of the backbone 		Fig.8 Experimental molar susceptibility 
{Mn2Na(salpn)2(μ-OAc)2-(H2O)2}+	(χM, 5-300 K)and effective magnetic moment (μeff, 5-100 K) of temperature dependence for complex 5.

[MnIII2MII4O2(PhCOO)10(DMF)4] (with M= Co (6), or Ni (7)) which were synthesized by a novel strategy based on a so-called in situ ligand redox generation and magnetic measurement was performed. 
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Fig. 9 Scheme representing the two 		Fig. 10 Temperature dependence of χT for 8. 
[MnIII2MII2O]tetrahedra with exchange 
pathways between the local spins.
Another similar compound [Mn2Ni3X2L4(LH)2(H2O)2] (8) exhibit quite strong ferromagnetic exchange interactions throughout (JMn-Ni≈ 40 K JNi-Ni≈ 22 K) that lead to an Stot= 7 ground state, and a sizable uniaxial magneto-anisotropy with Dmol values -0.45 K. 
Recently, smaller complexes of LnIII and transition metal ions have shown SMM behavior. Among them a novel LnIII4MnIII6 complex possesses interesting magnetic properties. Two complexes [HoIII4MnIII6(H2shi)2(shi)6(sal)2(O2CCH3)4-(OH)2(CH3OH)8]·4CH3OH (9), [HoIII6MnIII4MnIV2(H2shi)4(Hshi)2(shi)10(CH3OH)10-(H2O)2 (10) and analogous DyIII complexes (11) has been synthesized and possess frequency-dependent magnetic behavior, indicating possible single-molecule magnet behavior.[30] Variable-temperature dc magnetic susceptibility measurements indicate that complexes 9 and 11 are dominated by antiferromagnetic exchange interactions at low temperatures. The χT product at 300 K (9, 66.7 cm3Kmol-1; 11, 69.1 cm3Kmol-1), initially increases with decreasing temperature and then decreases to 39.3 and 45.5cm3Kmol-1, respectively, at 5 K. For 9 and 11 the room temperature χT value is less than that expected for the four isolated LnIII ions and six isolated MnIII ions (~74 cm3Kmol-1 for both 9 and 11). Neither the spin nor the zero-field splitting of the ground state was able to be determined from variable-field dc magnetization measurements of 9 and 11 at 5 K. Additionally, the magnetization data do not saturate infields as high as 5.5 T, indicating a high density of states within kT of the ground spin state.
[image: ]	[image: ]
Fig. 11 X-ray crystal structure of 9.	Fig. 12 Variable-temperature in-phase ac magnetic susceptibility of 11 in DMF frozen solution. Inset: highlight of low-temperature data. (●, 1000; ■, 500; ♦, 100; ▲, 10 Hz).
Table. 1 Magnetic properties of some 1D alternating chains of Mn(III) salen complexes with non-metal bridging ligands
	Complex
	Bridging Ligand
	μeff at 300K (μB)
	μeff at low T (μB)
	JMn-Mn (cm−1)
	DMn (cm−1)
	Reference

	[Mn(salen)(O2CCH3)] (12)
	CH3CO2−
	4.68
	No data
	−1.4±0.1
	~0
	[48]

	[Mn(salpn)(O2CCH3)]·1.5H2O (13)
	CH3CO2−
	No data
	No data
	No data
	No data
	[50]

	[Mn(salphen)(O2CCH3)] (14)
	CH3CO2−
	No data
	1.65(4.7K)
	-1.32
	-0.72
	[51]

	[Mn(salpn(2-OH)(O2CCH3)] (15)
	CH3CO2−
	4.85
	Nd
	-1.72
	-- 
	[49]

	[Mn(salen)(NO3)] (16)
	NO3–
	4.79
	3.80(4 K)
	−0.55
	−0.43
	[57]

	[Mn(salen)(N3)] (17)
	N3–
	4.53
	Nd
	−5.42±0.1
	−0.18 ±0.05
	[58]

	[Mn(salen)(dca)] (18)
	NCNCN− (=dicyanamide)
	4.70
	4.23(5 K)
	−0.24
	--
	[60]

	[Mn(5-Brsalen)(NCNH)] (19)
	HNCN− (=hydrogencyanamide)
	No data
	No data
	−0.99(3)
	
	[59]

	[Mn(salpn)(NCS)] (20)
	NCS−
	4.75
	No data
	−3.2
	--
	[61]

	[Mn(salpn)(N3)] (21)
	N3–
	5.14
	No data
	−4.3
	--
	[62]

	[Mn(salpn)(O2CEt)] (22)
	EtCO2−

	4.6
	No data
	No data
	No data
	[45]




6. Conclusion
It is well known from the previous development of materials chemistry that the designed synthesis of new molecular based magnetic materials involves the strategy of using “a coordination-donor building block” and “a coordination-acceptor building block” resulting in formation of an assembly possessing interesting magnetic properties. In this review the family of Manganese-salen complexes has been discussed as an excellent candidate for such coordination-acceptor building blocks. In particular, Mn(III) complexes with the quasi-planar form of the salen ligand acts asa trans-bi-coordination-acceptor unit (linear-type linker). In these complexes, as the coordination-acceptor sites correspond to an elongated Jahn–Teller distortion, the coordination ability and mode (e.g., bond distance) are sensitively affected by: (i) equatorial ligand fields from the Schiff base ligand used, (ii) the coordination-donor ability or ligand field of a given axial ligand, and (iii) packing effects of the assembled compounds. Here emphasis has also been given on super paramagnetism in Mn(III) salen assemblies. The Mn(III) salen complexes act not only as a simple paramagnetic building blocks but also as a uniaxial anisotropic building block required for formation of SMM or SCM, which generates a relative large anisotropy of DMn/kB≈−1 to −8K. The Jahn–Teller axis corresponds to the magnetic easy axis. When these complexes are assembled into a linear 1D chain form with a trans-bridging ligand or trans-coordination donor unit, the individual MnIII Jahn–Teller axes are necessarily aligned to the bridging direction. It has been found from previous report that this strategy is very useful for the outline of SCMs, leading to a simple system with an easy axis of the magnetization parallel to the chain direction. The SCM system dramatically varies its magnetic properties dependent on intra-chain exchange. Therefore, we can conclude that the family of 1D chains constructed by varying Mn(III) salen complexes and the above mentioned synthetic strategy provides useful data to understand the mechanism of the SCM system.
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